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Pr6face 
Les mdthodes experimentales appliquees ?i 1'8tude de la combustion ont et6 pr6- 
sentees dans un manuel AGARD publie il y a sept ans. Depuis cette Bpoque, les 
methodes decrites dans ce  livre ont et6 developpees et de nouvelles methodes, fort  
importantes ont 6th d6couvertes. Le  Groupe de Travail  AGARD s u r  la Propulsion et 
1'Energetique a donc jug6 opportun de tenir une Reunion Technique ?i Munich du 11 
au 15 Septembre 1967 afin de discuter ce s  nouvelles techniques experimentales et 
le present document es t  la version finale des Comptes Rendus de cette reunion. 

La  plupart de ces  nouvelles techniques ont et6 d6velopp6es pour l'analyse d'8coule- 
ments 3 grande vitesse - supersoniques et  hypersoniques - t e l s  par exemple que 
ceux qui ont lieu dans les statoreacteurs hypersoniques. 

La recherche s u r  la combustion qui met en oeuvre la cinetique chimique a 
largement profit6 du developpement de techniques utilisant le tube ?i choc. L'6tude 
des reactions de combustion, qui n'ont que des dure'es t rk s  faibles, presente un 
grande int6rCt. L a  comparaison des techniques de tube ?i choc avec celles qui ont 
6te developpees dans 1'6tude des regimes permanents doit btre faite. Les  deux 
techniques donnent des informations incompl'etes , mais elles semblent complemen- 
ta i res .  

Les me'thodes de visualisation si fructueuses dans tous les domaines de l 'aero- 
dynamique semblent en revanche difficilement applicables aux probl'emes de 
combustion 0; les faibles variations de pression n'induisent que de faibles variations 
de densite, donc un contraste optique insuffisant. Les  progr'es obtenus dans certains 
laboratoires de recherche ont donne l'espoir que des techniques optiques am6lior6es 
pourraient se rv i r  5 l'investigation des zones de combustion; les methodes utilisant 
le laser en sont un exemple. 

La combustion dans un courant gazeux pose toujours le probl'eme de la description 
du developpement dans le temps des  reactions chimiques prenant place dans le 
sein du fluide. Si ce probl'eme n'a pas encore et6 resolu, c 'est  d6 au fait que les 
methodes de prglhement  et d'echantilonnage sont encore incertaines et les methodes 
d'analyses imparfaites. Pour ces  derni'eres, il faut insister s u r  le developpement 
de l'emploi du spectrom'etre de masse dans l'industrie. La  simplicit6 de ces  
instruments, l'amelioration de leur temps de reponse et  de leur sensibilite ont 
considdrablement augment6 la precision des mesures effectuees. 

Cependant, le domaine dans lequel le plus de techniques nouvelles sont apparues 
est  sans  conteste celui de la  recherche su r  les  plasmas. Et msme, s'il n'est pas 
tout ?i fait permis de considerer les gaz issus de la combustion comme des  plasmas, 
i ls  sont neanmoins suffisamment ionises pour que les techniques initialement 
c o n p e s  pour le diagnostic et  la description des plasmas puissent leur btre trans- 
pos6es. Les  etudes sur la combustion n'ont pas 6td p r i d e s  du benefice de ces 
techniques: quelques unes ont et6 adaptees avec un succ'es certain. 

Tels sont les developpements decrits dans cet ouvrage. Nous avons eu quelques 
difficult& pour le rendre clair et concis et nous esp'erons qu'il sera utile pour les 
Chercheurs et Ingenieus  travaillant dans le domaine de la combustion. 

David Andrews 
Jean Surugue 
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Preface 
GAR Experimental methods fo r  the study of combustion were the subject of an 1 

The 
h idbook  published seven years ago. Since that time, the methods then described 
have been further developed and important new methods have been discovered. 
Propulsion and Energetics Panel of AGARD therefore considered it timely to hold 
a Technical Meeting in Munich from the 11th to the 15th September 1967 in order to 
discuss these new experimental techniques, and this present volume is an edited 
version of the Proceedings. 

Most of the new techniques have been developed for the diagnosis of high velocity 
flow -both supersonic and hypersonic,- such as occurs,for instance, in hypersonic 
ramjets. 

Combustion research,which brings into prominence questions of chemical kinetics, 
has been stimulated by the development of techniques employing shock tubes. 
Great interest is being shown in the study of combustion reactions taking place in 
very short intervals of time. The comparison of these techniques with those that 
have been developed for studying steady-state conditions is the question of the day. 
Both give incomplete information, but they seem to be complementary. 

Visualisation methods,which are so valuable in a general way in aerodynamicgare 
difficult to apply to the problems now in question because the relatively small  
changes in pressure  level cause small  changes in density and hence weak optical 
contrasts. 
ies has raised hopes of improvements in techniques for measuring conditions in 
combustion zones; one in particular, of which much is expected, in the use of 
lasers .  

Combustion occuring in gas s t reams always poses the problem of describing the 
t ime history of the chemical reactions taking place. 
olved already is due in part  to the uncertain validity of sampling methods and in 
part  to the analytical methods that have to be  employed. On the latter point, how- 
ever, there is justification for drawing attention to the growth in the industrial use 
of mass  spectrographs. Their simplicity and the improvements made in their 
speed and sensitivity have greatly increased the accuracy of the measurements 
obtained. 

The field in which the greatest novelty is seen however is without doubt in plasma 
research. 
mas, they are nevertheless sufficiently ionised for techniques originally evolved 
for the diagnosis and description of plasmas to be used for them too. 
bustion studies have not been deprived of the,benefit of these techniques : some have 
been transposed already with satisfactory results. 

These then are the developments described in this volume. 

Progress  made as a result of the work of several research laborator- 

That this has not been res- 

And even if  it is not permissible to speak of combustion gases as plas- 

Indeed coni- 

We have been at some pains to make the volume lucid and concise, and hogc that it 
will be useful to Scientists and Engineers working in this field. 

David Andrews 
Jean Suruguc 





Part 1 

1 Shock Tubes and Related Techniques 
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1-1 

New Experimental Techniques for Kinetic 
Studies in Shock Tubes 
K.L. WRAY. 
Avco Everett Research Laboratory, Everett, Massachusetts, U. S. A. 

&"my 

Since about 1960 the number of techniques available to the experimentalist to investi- 
gate kinetic processes in  shock tubes has grown significantly. It is the purpose of 
this chapter to review the advantages and limitations of these new techniques and to 
illustrate their applications. Older methods which have already been reviewed in 
detail elsewhere are excluded. Those that are discussed here can conveniently be 
divided into two categories: 1) diagnostic techniques applicable to monitoring time 
histories behind shock waves; and 2) techniques which may be used in the prepara- 
tion of nonequilibrium distributions, either in  the unshocked gas or behind the shock. 
In the f i rs t  category are such methods as infrared emission and absorption, electron 
absorption and scattering, the hook method, which uses a spectrometer crossed with 
an interferometer, mass  spectrometry, laser interferometry, and some new con- 
cepts in single pulse shock tubes. In the second category are techniques such as 
electric discharges, flash photolysis, and the production of f ree  radicals by shocking 
unstable molecules. 
Sommaire 

Le nombre de techniques expgrimentales mises 3 la disposition des chercheurs pour 
6tudier la cinetique des reactions a conside'rablement augment6 depuis 1960. Dans 
le present expos6 les  avantages et l es  limitations de ces  nouvelles techniques sont 
analyses et leurs applications sont pr6sent6es. On n'indique pas les  m6thodes plus 
anciennes qui ont d6j2 6t6 analys6es en dbail .  Les  m6thodes d h i t e s  ici peuvent 
e t r e  classees en deux cat6gories: 1) techniques de diagnostic pouvant btre utilis- 
Bes pour la commande de l'histoire du ph6nome'ne en aval de l'onde de choc; 2) 
techniques que l'on peut utiliser pour la pr6paration de distributions hors Bquilibre 

dans le gaz frais ou en aval du choc. La premie're cat6gorie comprend des m b h -  
odes telles que 1'6mission et l'absorption infra-rouge, l'absorption et la dispersion 
d'glectrons, la m6thode dite du crochet (elle utilise un spec t romare  et un inter- 
f&om&re crois&), la  spectromBtrie de masse, l ' interftkomarie laser et quelques 
nouvelles techniques utilisables dans les  tubes ?I choc 8 simple impulsion. Dans la 
seconde, on trouve des techniques telles que les  decharges Blectriques, la photo- 
lyse par Bclair et la  production de radicaux libres par chocs sur des mol6cules in- 
stables. On comprend dans cette catggorie le tube a' choc ?4 deux phases. 

Introduction 

In this Chapter 'kinetic processes' a re  considered in a broad sense so as to include 
not only the classical chemical processes but also energy relaxation processes such 
as translational and vibrational relaxation, collisional excitation and de-excitation 
of electronic states, and chemiluminescent processes including those involving elec- 
trons. Techniques strictly applicable to monitoring electron concentration, such as 
microwaves, Langmuir probes, and various coil techniques, are deliberately not 

b considered. 

Also included in  this category is the two phase shock tube. 
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It is not the purpose of this Chapter to review older techniques that have already 
appeared in review articles and books, though the distinctions drawn might, in a 
few cases, be considered rather arbitrary. Deliberately excluded from this review 
are such well established methods as ultraviolet and visible absorption and emiss- 
ion, line reversal, conventional single pulse shock tubes, X-ray densitometry, con- 
ventional interferometry and schlieren, pressure pickups, and heat transfer gages. 
These methods a re  reviewed in references (1) to (6). 
chapter on measurement of temperature which, in particular, covers the spectral 
line reversal  method in detail; (4) has a good discussion of the single pulse techni- 
que; (6) is a reference book for those starting to do chemical kinetics in shock tubes. 

The new experimental techniques discussed in this Chapter can conveniently be div- 
ided into two categories: 1) diagnostic techniques applicable to monitoring time 
histories behind shock waves; this would include densities, temperatures, and 
concentrations; and 2) techniques that may be used in the preparation of nonequil- 
ibrium distributions, either in  the unshocked gas or behind the shock. 

New Diagnostic Techniques 

Low Density Shock Tubes 

In 1960 Lin and co-workers (7) designed and built a 24 in. diameter low density 
shock tube at the Avco Everett Research Laboratory. The original purpose for 
this apparatus was to study the rate of ionization in shock heated air at tempera- 
tu res  sufficiently high so  that the kinetics could not be resolved at initial shock tube 
pressures  above 1 to r r ,  which is about the lower limit for conventional 1.5 in. shock 
tubes. The low density shock tube was constructed of stainless steel, with a low 
pressure section having an inside diameter of 24 in. and a length of 54 f t .  
driver which was  only 5 in. inside diameter and 6 ft. long was coupled to the low 
pressure section via a 4 ft. long transition section, located immediately downstream 
of the diaphragm. Shocks could be initiated in the conventional manner either by 
pressure or combustion breaks. The shock tube wa8 found to operate satisfactorily 
down to initial pressures  (PI) of 1 0 ~  . In these initial studies (7) (8) Lin measured 
the curvature of the shock front. 

In his ionization experiments (9) Lin inserted the microwave probe several inches 
into the shock tube to avoid the boundary layer flow nearthe tube walls. To mini- 
mize aerodynamic disturbances to the flow due to the presence of the microwave 
probe, the probe, a waveguide, was terminated with a knife edge plate at i ts  end. 

The knife edge technique has invariably been used in association with this facility. 
For example, Wray (10) used i t  to study the coupling of the 0,-Ar ra tes  of dissocia- 
tion and vibrational relaxation. Incident shocks covered the temperature range 
between 5000 and 18,000'K; PI was varied from 0.25 to 10 tor r .  W absorption 
at 1470 d was  used to monitor the 0, concentration as a function of time. The 
microwave technique was used to simultaneously monitor the electron concentration 
to ensure that electrons were not produced during the chemical relaxation of the 
oxygen. 

Using four heat transfer gages, mounted 90' apart around the circumference of the 
shock tube, Wray showed that under the conditions of the experiment, tilt was in- 
significant. 
along the center line from the shock front to the plane formed by the intersection of 
the shock front and the shock tube walls) to be independent of the shock speed and to 
vary inversely as the square root of the initial pressure.  

Reference (3) has a good 

The 

Lin (7) had found the shock front curvature (defined as the distance 

His data for curvature 
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as a function of initial pressure, P,, is fitted by the following equation (10): 
1 I 

6 (mm) = 1.75.P1-” torr -”) (Eq. 1-1-1) 

At the lowest P, used in these experiments, shock front curvature would amount to 
3.5 mm. The optical slits used for all the experiments were 1 mm wide. Hence 
curvature represented a serious loss in resolution. 

To avoid this difficulty the optical path was reduced to 12 in. by inserting 1 in. dia- 
meter, 6 in. long pipes into opposite sides of the shock tube (Fig. 1-1-1). Each of 
these pipes was terminated inside the shock tube by a flat plate 2.5 in. high and 
1.5 in. wide, the edges of which were tapered at an angle of 9’ 44‘ to form knife 
edges. The width of the plate was  arrived at by making the leading edge project 
twice the standoff distance of the bow shock formed in front of the pipe, and the 
height w a s  such that the Mach wave formed at the upper and lower corners  of the 
leading edge would not c ross  the window located at the center of the plate. 
t e r  of each knife edge plate contained a flush calcium.fluoride window, behind which 
was located the slit. 

Assuming the shock front surface to be spherical, the amount of curvature between 
two parallel planes, the knife edges, placed within the shock tube decreases as the 
square of the ratio of the distance between the two planes to the shock tube dia- 
meter. Hence for the runs at 0.25 t o r r  the shock front curvature was effectively 
reduced to 0.87 mm. Furthermore, this technique reduces the problem of 0-atom 
recombination in the cold, dense boundary layer, since on these plates the boundary 
layer grows only to a steady state thickness rather than continuously as on the shock 
tube wall. 

The cen- 

In subsequent work, using the low density facility, Wray and Freeman (11) studied 
the shock fr nt structure in oxygen at high Mach numbers, again using W absorp- 
tionat 1470 W. This work was  carr ied out in pure 0, at a PI of 15 and 30 p ,  the 
Mach number range covered was 4 to 21. The knife edge technique made the ex- 
periment possible. In this work the optical system extended into the shock tube 
10 in. on each side leaving only a 4 in. optical path between plates. At PI = 1 5 ~  
the shock front curvature across  the 24 in. tube is equal t o  14 mm, so with knife 
edges placed 4 in. apart the curvature across  the optical path was  reduced by a 
factor of 36 or 6 = 0.4 mm. 
Since at 15p the upstream mean f ree  path in  0, is 3.6 mm, this experiment had a 
resolution equal to 0.25 ambient mean f ree  paths. 

Infrared Emission and Absorption 

The infrared emission technique for monitoring the concentration of heteronuclear 
diatomic molecules and polyatomic molecules has proved to be extremely valuable 
in recent years. The technique has also been used to monitor the time history of 
the vibrational energy behind incident and reflected shock waves. Indeed the first 
use of the IFt emission technique in shock tube work was by Windsor, Davidson, and 
Taylor (12) in 1957, who used a lead sulphide infrared detector with a r i s e  time of 
30 p sec  to follow CO vibrational relaxation, monitoring its first overtone at a 
wavelength of 2.35~ . A germanium filter was used to isolate a band pass  between 
2.0 and 2.8 JJ . Both incident and reflected shock waves in a pyrex shock tube were 
employed. 
ers clearly demonstrated the important effect of trace amounts of H,O. 

Since the work of Windsor et a1 (12), the IR technique has been used successfully to 
follow the time history of a variety of species. 

With 0.5 mm slits, the total resolution was 0.9 mm. 

Some crude vibrational relaxation t imes were measured and the work- 

Included in these studies are the 
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I SHOCK 
WAVE 

PROPAGATION 

1 1 " 
1 "  END VIEW /- KNIFE EDGE 

Ku BAND e- 1=15 KMC 

SHOCK TUBE WALL 

PHOSPHOR COATED 
SHOCK TUBE PHOTOMULTIPLIER 

Fig. 1-1-1 Schenintic diagram of the 24 in. diameter low density shock tube 
showing the use of knife edges on a UV absorption and microwave 
reflection esqeriment. 

DRIVER SECTION 

ABSORPTION SIGNAL 

SCILLOSCOPE 

MONOCHROMATOR 

Fig. 1-1-2 Schematic diagram showing the apparatus used to sim'ultaneously 
measure IR absorption and emission on the shock tube. 
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thermal decomposition of NH,, (13, 14), CO, (15-l?), H F  (18), HCL (19, 20), DCI 
(20), and N,O (21). The IR technique has also been used along the original lines of 
following the vibrational relaxation by Taylor et a1 (22) in which work the vibration- 
fibration coupling in gas mixtures such as NO-CO, NO-N,, and CO,-N, were stud- 
ied. 
lucite, a material which the authors claim has a very low reflectivity in the IR, thus 
eliminating reflection problems. 
Everett 24 in. diameter shock tube using the knife edge technique. 

Although measurements of radiation per se a re  not to be dwelt on in  this chapter, we 
might mention here studies carr ied out by Taylor (23) on the emission continuum 
from air and nitrogen. He worked at wavelengths out to 8p, taking intensity meas- 
urements asa functionof wavelength pointbypoint. Recently Camm et a1 (24) have 
constructed a high speed scanninginfrared spectrometer that can be synchronized 
witha pulse source and triggered within 15 p . This was an f/12 Ebert type mono- 
chromatorwhich a d a  scanningrate of 200 lJ:sec, a range of 2 to6p,  anda spectral 

netic field, this being produced by a current pulse through a coil wrapped around the 
mirror .  When pulsed, the mirror  accelerated for about 1 5 ~ s e c  andthen coasted at 
constant speed. The mirror  position could be manually set  and the instrument had a 
built in wavelength-defining signal. A ribbon type InSb detector was used. This 
device was employed inmaking continuum measurements behind reflected shocks. 
Wilson (25) has used free-free radiation from ions at 6 p,  where there is no line 
interference, t o  monitor electron production behind very strong shocks in air. 
He used a 6 in. diameter, a rc  driven shock tube to get shock speeds between 9 and 
12.6 mm/p sec. Even at the low initial pressure used in this experiment (50 p Hg), 
microwave and coil techniques were not capable of the necessary spatial resolution. 
Wilson used gold and copper doped germanium detectors which, with the aid of 
knife edges, enables a spatial resolution of 1 mm and a rise time of 0.1 p sec. In 
this way, he was able to extend the high temperature limit of the ionization meas- 
urements in air significantly. 

Recently the IR technique of simultaneously monitoring emission and absorption to 
obtain equilibrium temperatures has been successful. The work of Lauver et a1 
(26) and Penzias et nl (27) are very similar and both groups have obtained CO, 
temperatures behind incident and reflected shock waves in good agreement with 
theory. The temperatures that were covered in these measurements are in the 
range 1000 to 4000°K. This tech- 
nique involves the simultaneous measurement of the spectral radiance N A  and the 
spectral absorptivity which is, of course, equal to the spectral emissivity E A . 
By Kirchhoff '8  law: 

In this work the shock tube was supplied with a test section constructed of 

Some of their work was  carr ied out in  the AVCO 

resolution of 700 P . The scanningwas accomplishedby spinning a mirror  with a mag- 

Both CO,-Ar and CO,-N, mixtures were used. 

(Eq. 1-1-2) 

where N 
immediately yields a temperature. 

The details of the technique are best realized by examining figure 1-1-2 which 
shows schematically the experimental setup. There is no need for the continuum 
source used to make the emissivity measurement to be as bright as the shock tube 
source itself, since the absorption and emission signals a r e  separated using a 
narrow band amplifier set  to pass  only the modulated chopping frequency. In the 
work of Penzias (27) the light was chopped at 165 kc, while Lauver et a1 (26) used 
80 kc. 

@b) @) is the spectral radiance of a black body, and which, of course, 

Although this technique has  not yet been applied to  measuring chemical 
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Fig. 1-1-4 Schematic diagram showing the arrangement of the electron beam 
scattering experiment in the 24 in. diameter shock tube. 
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kinetics in shock tubes, it certainly has potential to do that, apparently with great 
precision. The advantages such a technique has over the line reversal  technique 
are: a) there is no need to introduce a t racer  species such as Na or Cr; and b) it 
is applicable over a wide range of temperatures, there being no limit set  by the 
brightness temperature of the source. 

I 

Electron Beam Scattering 

The technique of measuring densities behind shock waves employing the absorption 
of an electron beam originated with Ballard and Venable (28), and has been reviewed 
elsewhere (6). Although electron beam absorption has recently been used (29, 30) 
in large diameter shock tubes running at low initial p ressures  to get shock front 
density profiles in Ar and He over the Mach number range of 1.65 to 9.5, it is felt 
that the technique that utilizes the scattered electrons has more future in shock tube 
chemical kinetic applications. 

The electron beam scattering technique w a s  developed by Camac (31), originally to 
study shock front thicknesses but has since been applied to more conventional chem- 
ical problems in the shock tube. In this technique the electrons scattered through 
small angles a r e  monitored. 
shock thicknesses of argon and nitrogen at a P, of 15 to 60 p . 
The equation for Rutherford scattering of electrons gives the scattered beam inten- 
sity in electrons/sec-ster as: 

In the original work (31, 32) Camac measured the 

where I,, = electron/sec in the incident beam, n = the number density of particles 
of atomic number, 2, 1= the path length, V = the electron energy, and 8 = the 
scattering angle. Camac used 90 keV electrons and a pr imary beam having an in- 
tensity of 100 p amps. 
ting conditions; note the strong forward scattering in this phenomenon. 
equal to or less than 20" a 1 %density determination can be  made in t imes of the 
order of 1p sec (i.e., S/N 2, J'O4). Clearly this is a major design criterion. 

The effects of shock front curvature - which a r e  present at the low densities em- 
ployed in this study - were minimized by utilizing knife edges on the electron gun 
and detector as shown in figure 1-1-4. Also seen in figure 1-1-4 is the beam stop 
that defined the scattering region. Because of the strong angular dependence (Fig. 
1-1-3), most of the counts came from the  region near the beam stop. A drift tube 
passed the beam from the electron gun to within 1 in. of the scattering region. A 
collector cup was  used to  measure the intensity from the primary beam. In these 
experiments the electron beam was turned on before the shock arrived at the meas- 
uring station, but after the recording oscilloscope had been triggered. Hence, the 
signal due to  scattering by the P, gas was recorded and represented a calibration 
that was available for each run. 

Equation 1-1-3 is plotted in figure 1-1-3 for typical opera- 
For angles 

Although Camac did his original work using a solid scintillator, it had been shown by 
Duff (33) that these tended to acquire a charge withifi the material producing a non- 
linear response. 
effect. 

Applying the electron beam and IR techniques to CO2 relaxation, Camac (17) meas- 
ured the translational-rotational, vibrational, and chemical relaxation of CO2 from 

Duff showed that liquid scintillators did not have this spurious 
In subsequent work Camac (17) used a liquid scintillator. 
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Mach 5 to 25 in the Avco Everett 24 in. shock tube; P, ranged from 0.015 to r r  to 
0.12 torr .  
measurement at 4 . 3 ~  yielded the vibrational energy of the v3 mode. 
tem utilized an InSb detector with a rise time of 0.5 p sec. 
ployed utilizing an optical path length of 12 in. 
up was 0.5 in. upstream from and perpendicular to the electron beam apparatus 
which was essentially as described above. 

In a seriesof papers Muntz and co-workers (34-36) have described the development 
of a technique i n  which an electron beam is used to excite ground state nitrogen 
molecules directly to the Nz+ (s) state which gives rise to the Nz+ (1-) band system. 
Fgr high electron energies, optical selection rules  are obeyed and there is no inter- 
action of the electron with the angular momentum of the nuclei. 
the quenching collisions are negligible, making the intensity directly proportional to 
the density. 
gives directly a point measurement of the density. 
beam width and the length of the beam actually observed. 
earlier work by Schumacher and Gadamer (37) who passed a thin electron beam 
across  the viewing field of a low density air wind tunnel. 

Muntz (34) used a 17.5 kV, 250 g amp, 1.65 mm diameter electron beam. The 
nitragen pressure was  0.33 to r r ,  but the electron gun was differentially pumped 
down to 7 x 10-5 torr .  Spectral plates were taken of the (0, 0), (0, I), and (1,O) 
bands of the NZ+ (1-) system, and rotational temperatures were deduced by plotting 
rotational line relative intensities in the appropriate spectroscopic manner. 

The scattered electron beam yielded the density variation, while the IR 
The Et sys- 

Knife edges were em- 
The optical axis of the infrared set- 

At low densities 

Under these conditions comparison of the data with calibration data 
The point size is given by the 

This work was based on 

After making some detailed measurements in static systems, the beam experiment 
was mounted 2.5 mm downstream of an exit nozzle on the center line of the flow. 
The radiative lifetime of the N; (1-) band system is 6.5 x 10-8 sec, thus the radia- 
tion is localized even in  high speed flows. In these low density flow experiments 
they were able to evaluate rotational temperatures to 2 2%, vibrational tempera- 
tu res  to 2 lo%, and the density to - + 8 9,. 

In (35) and (36) Muntz and co-workers have applied this technique to measuring the 
density in hypersonic shock tunnel flows and the density and temperature in laminar 
hypersonic near wakes behind 10" cones. 

In (38) Muntz and Marsden reviewed the earlier work and included some new work 
on the factors affecting the resolution of the electron beam excitation technique. 
They also gave a detailed analysis of some electron beam excited spectra obtained 
inHe,  N,, NO, CO,, 0,, and&.  

Muntz (39) used the electron excitation technique in a f ree  jet experiment to meas- 
ure  the velocity distribution. 

f )  The technique was f i rs t  tr ied out in  static tests in He at 0.1 to r r .  Tempera- 
tu res  in the neighborhood of room temperature were measured within 1%. In the  
jet expansion experiment the beam passed through the center line of the He jet but 
could be moved to any position along the direction of flow. The beam was  used to: 
a) provide flow visualization for photographic studies of the jet; b)  measure the 
temperature ahead of and behind the standing shock wave; c )  obtain the relative 
density profiles as functions of distance along the jet; and d) obtain some velocity 
measurements by observing the blue shift looking directly upstream. The results 
of all these measurements were in good agreement with theory and were capable of 
extremely high precision. 

The basic principle involved here  was to measure the 
He used the helium line at 5015.67 ppler profile of the atomic lines in emission. 
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Recently, Robben and Talbot (40) applied the electron beam fluorescence method to 
the study of shock thicknesses in a low density wind tunnel operated with He, Ar, and 
N, from Mach 1.5 to 17.4. In further work (41, 42) they measured the rotational 
temperature (via the N2+ (1-), 0,O band analysis described by Muntz (34) ) in the 
tunnel employing various nozzles and actually measured the rotational temperature 
profile through the shock. 

It is to be noted that the work described in (34 to 42), which a re  reviewed in the 
above paragraphs, is not shock tube work, although Muntz (39) suggests that the 
electron beam excitation technique should have useful applications in shock tube 
work. Indeed, recently Camac (43) has applied the work of Muntz and co-workers 
to a chemical kinetic study in a shock tube. 
excite Nz+(l-) system radiation behind incident shocks in pure N, at a PI of 0.05 to 
0.5 to r r .  To 
date the process has  been studied by him at room temperature and at 2650°K behind 
the incident shock. The apparatus used by Camac in these recent studies is essen- 
tially the same as that which was used in his electron beam scattering experiments 
(31, 32) with the addition of a PM-filter combination monitoring the radiation at 
3914A, i.e., theN$(l-)O, Oband. Theradiationwasobservedatrightanglestothe 
electron beam direction. 
shortly before the shock wave arrived at the test  station and the radiation was seen 
to r i s e  as the shock wave made i ts  transit across  the optical slit. 
radiation is due to the compression across  the shock front but is somewhat less  than 
a factor of p ,/ p ,  due to the increased collisional quenching of the B state. 
is the effectthat is studied. 

He has used the electron beam to 

The process under study is N$@) + N2(X). - N$(A or X) + N,(X). 

In this experiment the electron beam was turned on 

The r i s e  in 

This 

Mass Spectrometry 

In carrying out kinetic experiments the ideal diagnostic tool would allow the experi- 
menter to have a continuous record of all the chemical species during the course of 
the experiment. In 
1961 Bradley and Kistiakowsky (44) coupled a time-of-flight mass  spectrometer to a 
shock tube. 
whether the gas is being cleanly sampled from the f ree  s t ream or whether a finite 
amount of the sample comes from the boundary layer gas, or from gas that has con- 
tacted the inlet surface. 

In order to test the technique, these workers chose to measure the thermal de- 
composition of N,O over the temperature range 1780 to 2000'K. This reaction has  
a known temperature dependence and the mechanism involves a f ree  radical; name- 
ly, atomic oxygen. P, was  varied between 2 and 10 to r r ,  and the gas was analyzed 
at intervals of 50 or 100 p sec behind the reflected shock. 
through a 5 mil diameter hole in a 1 mil thick gold foil window in the end plate. The 
pressure behind the reflected shock was  equal to 0.4 atm so that the 5 mil diameter 
hole was about 100 mean free paths across. The gas was sampled for t imes of the 
order of 0.5 msec during which time a cold boundary layer grew out from the end 
plate, the thickness of which was calculated to be 40 mils at the end of the test time. 
It was  estimated by the authors that only 3% of the sampled gas was taken in  from 
the boundary layer. 

The ion source was, of course, differentially pumped, the pressure during the run 
being of the order of 10-8 atm. 
collisions of molecules with the walls. 
than 10% of the ions. that were detected arose from molecules that had struck the 
walls. 
ment with predictions. 

The mass spectrometer comes close to satisfying this ideal. 

As we shall see, the question with this experimental technique is 

The gas w a s  sampled 

The mass spectrometer was designed for minimum 
It was estimated by the authors that less 

The mass analysis showed the presence of N,O, N,, 0,, and 0, in agree- 
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In a subsequent paper, Bradley and Kistiakowsky (45) studied the polymerization of 
acetylene (CzH2) over the temperature range 1800 to 2700°K in C,H,-Ar mixtures, 
and the oxidation of C,H, between 950 and llOO'K in C,H,-0,-Ar mixtures. They 
found polymers of approximate masses  51, 75, and 97 probably corresponding to 
molecules C4H4, C,H4 or C,H, and C,H ?. 

In 1964, Kistiakowsky and Michael (46) modified the Bendix time-of-flight mass  
spectrometer to allow detection of ions. 
acetylene and found the first ion produced to be  C,H,+. 

In 1965, the apparatus that had been used by Bradley and Kistiakowsky was modified 
by Dove and Moulton (48) s o  that it was a considerably more advanced instrument 
than the old one. They increased the pumping speed in the ionization region and 
modified the electronics so as to increase the repetition ra te  of the mass  analysis to 
20 p sec. 
shock heated gas was eliminated by rejecting these ions. Also the pinhole sampling 
technique was modified to the extent that the sample was drawn through a small cone 
of base diameter 1.1 mm and height 0.3 mm projecting into the shock tube; at its 
apex was a 0.08 mm diameter hole. 

In work similar to that of Bradley and Kistiakowsky, Diesen and Felmlee (49) studied 
the thermal dissociation of C1, over the temperature range 1700 to 3200°K. 
used 0 . 5  %Cl,-0. 5 8Kr-998 Ar mixtures, PI was varied between 1 and 10 to r r .  
The krypton was added as an internal pressure  standard. 
spectral analysis was car r ied  out in 25p s, with a t ime resolution on individual mass  
peaks of better than 1 p sec. The sampling leak in the end plate was a small  (2 mil) 
diverging nozzle; they used a thin (30 mil) end plate, which was located close (80 
mil) to the electron beam of the spectrometer to minimize effects of back scattering 
and background build-up. 
difficult to assess; however, the data are in reasonable agreement with literature 
values. 

They studied the oxidation of methane and 

Some of the background noise caused by chemi-ions produced in the 

They 

In their work the mass 

The effect of the boundary layer at the end plate was 

In a subsequent investigation, Diesen (50) studied the thermal decomposition of 
hydrazine (N2Y4) in dilute mixtures with Ar over the temperature range 1200 to 
2500'K. 
ies N,H,, NH,, N,, H,, and NH . 
in the experimental e r r o r  of 10 %?, clearly indicating the power of this technique. 

In this work the mass spectral analysis gave the time history of the spec- 
These species accounted for all the mass  with- 

In subsequent work Diesen studied the thermal dissociation of fluorine (51) and the 
decomposition of NF, (52). 

In a recently published report, Felmlee, Petrella, and Diesen (47) describe an ex- 
periment in which the time-of-flight mass  spectrometer is used to sample shock 
heated NO, that has also been subjected to flash photolysis subsequent to shock 
heating. The flash photolysis of NO, is known to proceed in the following way: 

NO, + hv -NO ('n) + 0 (,P) (RI) 

(R2) 
k, 0 + NO, - 0, + NO. 

The quantum yield for (Rl) is of order unity, and the rate of (R2) has been measured 
near room temperature and is known to be  fast. 

The photolysis was accomplished by means of a semi-torus shaped argon flash lamp 
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which fitted around the end of the pyrex shock tube. The initial mixture was 0.33% 
NO, - 0.17% Kr in Ne. 
photons/cm, were emitted in the wavelength interval 2000 to 3500 1; 15-25Wof the 
NO, was decomposed in the flash. 
though data on 0 were rather poor due to fragmentation of the other species. 
the reflected shock temperature (1035'K) the rate constant k, was found to have 
twice the value that it did at room temperature; this agreed well with the calculated 
value using the temperature dependence also obtained near room temperature. 

This report  (47) also gave an excellent treatment of sampling based on considering 
the leak in the shock tube end plate as a source of a freely expanding jet. 
molecule reactions are found to be  of most concern. 

The flash duration was 8 p  sec during whi h t ime 10'8 

Mass spectra showed NO, NO,, 0, and 0, al- 
At 

Ion 
For reactions of this type: 

@3) 

the following relationship between the parent ion R+ and the false ion C+ is der ived  

(Eq. 1-1-4) 

where D is the hole diameter, X, is the distance from the orifice to the electron 
beam, t is the pulse time, (R)o is the concentration of reactant behind the reflected 
shock wave, and k3 is the rate constant of (R3) (k3 <, 1 x 1012 l i t e rsbole-sec) .  
On the basis of this equation the authors have questioned the significance of some 
observations made under certain conditions using the mass spectrometer/shock tube 
technique. The sampling technique of Kistiakowsky and co-workers and Diesen and 
co-workers has  been questioned by numerous workers. M a s t e r s ,  Bauer and 
Resler (53) have made some admittedly crude calculations of the effects of the end 
plate boundary layer on these sampling techniques, and concluded that the boundary 
layer must completely dominate the sample. They abandoned the technique of 
sampling through the end plate and instead employed a technique which utilizes just 
the incident shock as shown schematically in figure 1-1-5. As can be seen, an 
inner sleeve cuts out the central portion of the shock wave. After reaching the end 
of the sleeve the gas behind the incident shock undergoes a free expansion. The 
first nozzle which has  a diameter of 2mm produces a Prandtl-Meyer expansion 
and is designed in such a way that it will have an attached shock associated with it, 
but there will be no shock across the nozzle so that the state of the gas is undis- 
turbed. Somewhere within the second nozzle (diameter = 8") the flow goes free 
molecular and, hence, thereafter there are essentially no collisions. 

The experiment was designed for studies over a temperature range 800 to 3000°K. 
Although there have not been any extensive data published utilizing this sampling 
technique in conjunction with the time-of-flight mass  spectrometer, Prof. Resler 
(54) has indicated that the aerodynamics seems to be quite clean and that the samp- 
ling procedure is unquestionably sound. If further work bea r s  this out, undoubted- 
ly the mass  spectrometer will become an extremely powerful and trustworthy dia- 
nostic instrument to be used in chemical kinetic studies on the shock tube. 

The mass  spectrometric experiments described so fa r  have all been carried out with 
time-of-flight instruments. 
quadrupole mass  filter instrument on a shock tube. 
the great advantage of being able to scan Over the entire mass  range, as do the 
time-of -flight instruments, and the sensitivity of both type mass  spectrometers 
s eems  to be comparable. 

Recently Gutman et a1 (55, 56) described the use of a 
These instruments do not have 

However, the quadrupole type does enable one to  monitor 
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Fig. 1-1-5 Highly schematic diagram showing the sampling technique fo r  a time- 
of-flight mass  spectrometer employing a free jet expansion of the gas  
behind the incident shock wave. 
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Fig. 1-1-6 Schematic diagram showing the incorporation of a He-Ne laser into 
an a r m  of an interferometer for employment on the shock tube. 
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Schematic diagram showing the employment of a He-Ne laser in a 
high sensitivity schlieren apparatus coupled to  a shock tube. 
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continuously a single mass  peak. The sampling technique used in this work was 
similar to that used by Diesen. Shock waves were made into 1, 2, and 4%N2O in 
Ar mixtures at temperatures between 1800 and 3500'K behind the reflected shock. 
The species N,O, 0,, N,, NO, and 0 were monitored. Note that the time history 
of only one of these species could be monitored for each shock, hence, five times as 
many runs had to be made in this study than if a time-of-flight mass  spectrometer 
had been used. Hay (57) has done a similar study on the decomposition of COS in 
which COS, CO, S, S,, CS, and SO were monitored. 

Single Pulse Shock Tubes 

The f i rs t  single pulse shock tube resulted from the work of Click, Squire, and 
Herzberg (58). 
in single pulse shock tubes, and the technique has been reviewed in several places 
(4) (6). 

Lifshitz, Bauer, and Resler (59) have added a dump tank 3.5 in. downstream from 
the diaphragm. Rapid cooling of the heated gas behind the reflected shock is ach- 
ieved by the generation of the expansion wave due to the intersection of the reflected 
shock with the contact surface. Further cooling is accomplished by the expansion 
wave generated in the driver section when it reflects off the driver end plate and 
eventually reaches the test  section. In order to achieve the best cooling rate the 
tube can be tuned, so  that the reflected shock wave meets the gas interface and the 
reflected expansion wave coming from the driver section at approximately the same 
point. The tuning is accomplished by varying the length of the driver section with 
a screw fed piston. The detrimental effects of reflected waves, which under ordin- 
ary circumstances would reheat the sample, is eliminated in this experiment by the 
presence of the dump tank. 
butene-2 (59) samples were removed from the shock tube and analyzed by vapor 
phase chromatography in the usual manner of single pulse shock tube work. 

In subsequent work (60) mixtures of cyanogen (C,N,) and argon were heated to 
temperatures between 1900 and 2300°K behind the reflected shock producing CN 
radicals. Following the arrival of the expansion wave, the association of the rad- 
icals was monitored by absorption spectroscopy at 3883 d;, the 0,O band head of the 
CN violet system. The optical station was located 7 mm from the end wall. 

There has been a number of excellent chemical kinetic studies made 

We give here only some recent modifications of the technique. 

In the initial work on the cis-trans-isomerization of 

This same apparatus w a s  used by Tsang (61) for measurement of the relative ra tes  
of decomposition of two compounds in the same reflected shock. The ra te  of de- ' 

composition of one of these compounds, namely isopropyl bromide, was well known 
and was used as a standard. The molecules under study were tert-butyl chloride 
and tert-butyl bromide. 
ide were run in the shock tube and their relative r a t e s  of decomposition were eval- 
uated. Analysis was  made by gas  chromatographic techniques which gave the per-  
cent reaction for each component of the mixture. This method of measuring rela- 
tive rates eliminates the uncertainties involved in the single pulse technique of the 
detailed temperature time history and has great promise for measuring accurately 
the chemical kinetic ra te  constants in the shock tube. 

In another type modification of the single pulse technique, Jacobs et 01 (62) used an 
expansion chamber located a few tube diameters from the end of the shock tube. 
This expansion chamber had a cylindrical diaphragm separating it from the shock 
tube proper. The pressure behind the incident shock as it  passed this diaphragm 
was insufficient to rupture it. After reflection, the wave once again passed the 
diaphragm, the pressure now being large enough to rupture the diaphragm at which 
point a centered expansion wave rapidly cooled the gas behind the reflected shock. 

Mixtures of each of these compounds with isopropyl brom- 
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Fig. 1-1-8(&) Schematic diagram showing the crossing of an interferometer and 
spectrometer (the hook technique) in shock tube work. 

(b) Fringe pattern in the vicinity of an absorbing line 
without the plane parallel plate. 

(c) Fringe pattern in the vicinity of an absorbing line 
with the plane parallel plate showing the hooks. 
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The apparatus was designed to be able to investigate three body atomic recombina- 
tion ra tes  at temperatures and pressures  close to those in rocket chambers and 
nozzles. 
time is inversely proportional to the distance from the point at which the measure- 
ment is being made to the origin of the wave. Hence, it is clear that one wants to 
locate the observation station very near the auxiliary diaphragm, although one must 
be certain that the wave is one dimensional by the time it reaches the observation 
point. For the 3 in. diameter shock tube used by Jacobs et al, this distance was 
approximately 6 in. For their experimental setup these workers claim a tempera- 
ture drop from 4000 to 3040°K in 0.3 msec or 3 x 106 de ees  per second. They 

in absorption, and simultaneously monitored the pressure history with transducers 
as a function of time. 

In recent work Brabbs and Belles (63) used a single pulse technique to measure the 
ra te  constant for the three body recombination CO + 0 + M - - C 0 2  + M. 
shocked dilute CO,-A mixtures to temperatures between 2800 and 3600°K behind the 
reflected shock. Subsequent to the arrival of the expansion wave, they monitored 
the pressure and the intensity of the CO + 0 recombination continuum 6 mm from 
the endplate. 

Although it is a little out of place, we should mention here  for the sake of complete- 
ness  the work of Wilson (64) in which the three body recombination ra te  of atomic 
oxygen was  measured at 2700°K. Here the 0, was dissociated behind relatively 
strong shocks to produce the 0-atoms. 
foils at an appropriate angle to cause a Prandtl-Meyer expansion sufficiently rapid 
to freeze the chemistry through the expansion. 
flow was then cut out with a constant a rea  ch el  and optical measurements of the 

the initial expansion point, 

Although substantial progress has been made in the single pulse type shock tube and 
i ts  various modifications, there are still serious problems with knowing the tempera- 
ture time history of the cooling process. Recombination processes are of great 
interest to the chemical kineticist and the shock tube is the most appropriate way 
of preparing a sample of f ree  radicals under known conditions. It is clear that 
more progress is highly desirable in the understanding and design of techniques 
which allow these f ree  radicals to be rapidly cooled and monitored during their re- 
combination. 

For a centered expansion wave the ra te  of change of temperature with 

made observations 1 in. from the end wall on 1 %c1,-99 f A mixtures following C12 

They 

The shock wave then passed between two air 

The central portion of this expanded 

0, concentration using W absorption at 2283 .Y were made 11 cm downstream from 

Laser Interferometry and Schlieren 

The schlieren and interferometer techniques are well established diagnostic methods 
that have been applied to shock tube studies for many years. 
laser with i ts  properties of coherent radiation, narrow band width, and high intensity 
has added new possibilities to these old techniques. 

Thornton and co-workers (65) (66) have incorporated a laser into an arm of an inter- 
ferometer and have used i t  to measure the pressure jump at the shock front and sub- 
sequent electron formation in argon shocks at a temperature of 10 800'K. 
the fringe shift they calculated an electron density of 2.8 x 1016 electrons/cm3, 
which is in good agreement with theory. 
A helium-neon laser putting out light at 0.63~ was used. The laser w a s  used with 
one plane and one spherical mirror  adjusted so that but one laser mode was obser- 
ved. It provided a source of high enough intensity to override the plasma source 
in the shock tube. As can be seen in the figure, the laser was used in one a rm of 
the Mach-Zehnder type interferometer. However, the beam was not split in the 

The invention of the 

From 

The apparatus is shown in figure 1-1-6. 
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usual manner: 
both ends of the laser was used in the  two a r m s  of the instrument. 
extremely narrow beam angle of the laser, long path interferometry could be  accom- 
plished. 
to measure the degree of ionization in a Mach 18 shock in argon as a function of 
time. 

instead, since laser radiation is coherent, the light coming from 
Because of the 

A similar instrument is described by Besse and Kelley (67) who used it 

Also employing a He-Ne laser, Kiefer and Lutz (68) (69) have built a quantitative 
schlieren system of high sensitivity. 
cribe the utilization of the laser schlieren device for the study of the vibrational 
relaxation of deuterium (69) and hydrogen (70), and the vibrational relaxation of 
oxygen by oxygen atoms (71). 
system of Resler and Scheibe (72), but is about four t imes more sensitive. 

The apparatus is shown schematically in figure 1-1-7. 
magnified at T, by a factor of 6 before going through the glass windows on the shock 
tube. 
focused onto the knife edge lokated directly in front of the photomultiplier, which 
was 7 m from the  shock tube. The laser beam itself was monitored simultaneously 
in order to make base  line corrections. The laser put out 5 mwatts of total power 
with a beam divergence of 2 . 7  x 10-4 radians. The demagnification at TI increased 
the beam divergence by a factor of 6 so  that the increase in the beam diameter bet- 
ween telescopes on either side of the shock tube was not negligible. The geometry 
employed represented a best compromise. 

The experiments on vibrational relaxation of deuterium (69) were car r ied  out in a 
3 in. shock tube in D,-Ar mixtures, P, was varied from 5 to 220 t o r r  and the tem- 
perature range covered was 1000 to 3000°K. 
tensity of 15 percent or less, the deflectiondetector was linear to 2 percent. The 
experimental resolution was limited by shock curvature at the tube walls. 
minimum detectable density gradient (with Ar) was less than 5 x 10-5 g/lhnm, 
which corresponded to a fractional signal change of less than 10-3. 
correspond to 0.002 fringe/" in an experiment car r ied  out with an interferometer 
using the same diameter shock tube. 
still lie in the 2 percent region was equal t o  1 x 10-2 g/l/mm. 

The Hook Method 

In 1962 Dunaey et af (73) published a paper entitled 'The Application of Rozhdest- 
venskii's Hook Method'in the Investigation of Gas Dynamic Processes  in Shock 
Tubes. ' 
that the hook technique is an extremely powerful one and might profitably be  more 
frequently applied to shock tube investigations. 
old. It was originated by Rozhdestvenskii, who, over the years, has utilized the 
method in many spectroscopic investigations. In fact, the method seems to have 
been utilized extensively in Russia, where it is well known. 
many instances to the measurement of oscillator strengths of vapors in ovens and 
electric discharges. 
treatment of the theory, where pertinent equations describing the hook phenomenon 
are developed for single lines, multiple lines, and various cases  of broadened lines. 
Penkin's excellent review (75) leans more toward a description of the experimental 
aspects. 

Basically the technique c rosses  an interferometer with a spectrometer. 
schematic diagram of Dunaev's (73) apparatus is shown in figure 1-1-8a. If no 
optical path difference existed between the a r m s  of the interferometer, i.e., if 

In th ree  excellent papers, these authors des- 

This technique is similar to the integrated schlieren 

The laser beam was de- 

The beam diameter atthis point was equal to 0.8  mm. The beam was then 

For fractional changes in light in- 

The 

This would 

The maximum density gradient that would 

Although I don't believe there have been any subsequent papers, it is clear 

The hook method is some 55 years  

It has been applied in 

The review by Marlow (74) is primarily a mathematical 

A brief outline of the hook method can be found in (76). 

A highly 
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there were a vacuum in the shock tube and no extra plane parallel plate, then in the 
When 

the dispersion curve, i.e., Sellmeier 's formula for dispersion in the neighborhood 
of an absorbing line. 
shock tube work, is shown in figure 1-1-8b. In principle, such data could yield the 
product of the concentration t imes the oscillator strength, but such an analysis is 

plate, the fringes near the absorbing line take on a hook shape as can be seen in the 
photograph (75) shown in figure 1-1-8c. 
plate effect is equal but opposite to that of the dispersing vapor in the test cell. The 
product of the concentration of the absorbing atoms and the oscillator strength, Nf, 
can be  readily obtained from a photograph such as is shown in figure 1-1-8c by 
means of the following relationship: 

I focal plane of the spectrometer, the zero order fringe would be horizontal. 
the dispersing medium is put into the shock tube, the zero order fringe t races  out 

A photograph (75) taken under such conditions, but not of 

~ , neither easily done nor very accurate. By introducing the extra plane parallel 

The hooks form at the wavelength where the I 
1 

(Eq. 1-1-5) 

1 

~ 

where is the optical path length in the cell, ro is the classical electron radius, 
X o  is the wavelength of the absorbing line, and (X, - X obtained directly from 
the picture, is the separation of the hooks in a given fringe in wavelength space. K 
is a calibration factor for the apparatus which is equal to PX where P is the number 
of fringes per unit wavelength measured at wavelength X which should be in the vic- ' inity Of 
Dunaev et a1 (73) used the hook method to measure densities, temperatures, and 
some new f-numbers for mercury. 
gular c ros s  section 3.8 x 7.6 cm. 
was heated to 250°C to  get the desired pressure  of mercury. 
ween 6 and 11.5 were obtained. 
mm, had three cameras covering the range 2500 to 5800 A .  
source was pulsed and had a lifetime of about 3 to 5 p s .  
currents coming off the hot windows from disturbing the optical system, these 
workersoused evacuated side tubes over the windows (Fig. 1-1-8a). 
at 2537 A the number of mercury atoms in the ground state was determined using 
the known f-number for that transition. 
atoms was obtaiged from the hooks near the lines of the mercury triplet at X = 4047, 
4358, and 5461 A.  
before and after the shock, they were able to compute the density ratio,and from the 
ratio of excited to ground state atoms they got the temperature ratio. 

In their work they used a shock tube of rectan- 
The entire downstream section of the shock tube 

Mach numbegs bet- 

The continuum light 
The spectrometer, withoa dispersion of 5A per 

To prevent convection 

From the hook 

I The concentration of excited mercury 

From the relative number densities of the ground state atoms 

~ 

It would seem that these workers chose a particularly hard experiment to first  t ry  
the hook technique on the shock tube, namely working with mercury in a heated low 
pressure  section. However, their results were certainly very encouraging. The 
Rozhdestvenskii hook method would seem to  have a future in following the concen- 
tration of atoms and especially the excited atoms in chemical reactions behind shock 
waves. 

New Techniques for Sample Preparation 

Electric Discharges 

The use of an electric discharge to prepare an initially nonequilibrium distribution 
in a shock tube was developed in 1963 by Wray and Teare (77) (78) and in 1965 by 

the first using a single condensed discharge over the entire downstream end of the 
1 c Hartunian and co-workers (79) (80). The two techniques are substantially different, 
I 
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Fig. 1-1-9 Schematic diagram of the condensed electrical discharge technique 
coupled to the shock tube. 
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Fig. 1-1-10 Schematic diagram of the FW glow discharge shock tube along with 
an x-t diagram. 
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shock tube, the latter using a continuous RF discharge over a small region of the 
shock tube just downstream of the diaphragm station. 

Wray (77) (78) studied the excitation of the N,(l+) and NZ+ (1-) systems in shock 
heated N-N, mixtures. The electric discharge was used to make the nitrogen atoms 
before the shock wave arrived. The apparatus is shown schematically in figure 1-1-9. 
The shock tube used in this work had a stainless steel dr iver  section and the low 
pressure side was a 10 ft. long Corning glass pipe, I .  5 in. in diameter. Stainless 
steel ring electrodes whose inside diameters were also 1 . 5  in. were placed at both 
ends of this 10 ft. length. The driver and dump tank were insulated from the ring 
electrodes with 6 in. lengths of Corning pipe. 

After the nitrogen flow was started through the test  section and the driver was loaded 
with the combustion mixture necessary to produce the desired shock strength, the 
run was initiated by triggering switch 1 which allowed the capacitor bank across  the 
electrodes on the test  section of the shock tube to discharge through the N, gas. At 
the same instant a time delay generator w a s  activated, which, after a preset time of 
about 50 msec, f ired a trigger box that activated switch 2, igniting the combustion 
mixture. 
moved into the test  gas. 

Runs were made covering the temperaturerange 7000 to 18 6OO0K, the temperature 
before vibrational relaxation, at a PI of 1 to r r .  The ratio of atoms to molecules 
was N/N2 = 0 (no discharge), 0.025, 0.07, and 0.27. The N,(l+) system, monit- 
ored in a broad raqat ion band between 6600 and 8000 A, and the NZ+(l-) system, 
monitored at 4272 A ,  were followed as functions of time with photomultipliers be- 
hind the incident shock. Comparison of the experimental radiation slopes with 
theory yielded rate constants for the production of triplet state nitrogen molecules 
in N-N, collisions. 

The motivation for the work on the so-called glow discharge shock tube (79) came 
from the need for a technique to produce a known step function of atoms capable of 
producing fluxes of the order of 1019 particles/sec to catalytic probes with rise 
times 
probes which were to be used in hypersonic shock tunnel tests and to identify the 
source of some time dependent heat transfer measurements made with catalytic 
gages in a shock tube. 

Figure 1-1-10 shows a schematic diagram of theglow discharge shock tube along 
with an x-t diagram. 
pyrex tubing; oxygen gas at 0.6 tor r  pressure was flowed through the apparatus a t  
10 to 30 ft./sec. 
partially dissociated the gas just downstream of the diaphragm station. 
step function of dissociated gas was within about 1 f t .  of the catalytic probe, the 
diaphragm was ruptured,moving a shock out into the predissociated gas. 
shocks were sufficiently weak so that no thermal dissociation occurred, the shock 
wave serving simply to compress and accelerate the atoms produced in the dis- 
charge. With the slow flow it took of the order of 100 msec for the front to c ross  
the probe, behind the shock it took only 0.5 msec ( A ts, in figure 1-1-10). In 
their initial experiments they established that for a silver oxide catalytic probe the 
surface kinetics are such as to allow rapid response to changes in the atom flux. 

In subsequent work Hartunian et a/ (80) used the glow discharge shock tube to study 
chemiluminescent reactions at elevated temperatures. In this work the radiation 
coming from the reactions CO + 0 + CO, + h v and NO + 0 -NO, + hv was  monit- 
ored before and after shock heating and compression. The same experimental set- 

Within a few milliseconds the diaphragm ruptured and a shock wave 

0 . 5  msec. Such a device was  needed to properly calibrate catalytic 

The test  section of the shock tube was  made of 4 in. diameter 

The run was initiated by suddenly turning on the RF energy which 
When the 

The 
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Fig. 1-1-11 Schematic diagram showing the coupling of the flash photolysis techn- 
ique to a shock tube. 



37 

up was used as described above for the earlier investigation. 
the R F  discharge was established and NO o r  CO was mixed into the dissociated 
stream 4 ft. downstream from the discharge. 
ored with a collimated photomultiplier at an optical station located 15 ft. downstream 
of the discharge. 
Mach number range coveredwas 1.2to  4.5.  
photomultiplier output, the rate constant at the elevated temperature can immediate- 
ly be evaluated from the relation: 

The flow of 0, with 

The pertinent radiation was monit- 

The initial pressure in the shock tube was 1 t o r r  of 0, and the 
From the oscilloscope records of the 

(Eq. 1-1-6) 

From a ser ies  of such measurements, the authors have evaluated the temperature 
dependence for the above two chemiluminescent reactions. 

Flash Photolysis 

The flash photolysis technique has been used for many years to produce large con- 
centrations of free radicals. Many room temperature recombination experimeiits 
have been carried out using this method. In 1960 Burns and Hornig (81) combined 
the flash photolysis method with a shock tube in order to study bromine recombina- 
tion at elevated temperatures. They used a 3 in. diameter pyrex shock tube and 
worked with 0.6% Br,-Ar mixtures at a P, of 114 to r r .  The photolysis was acc- 
omplished with 8 xenon-filled quartz lamps arranged around the tube inside a re- 
flecting container. 
pulse width at half height of 7 p  sec.  
approximately 20 percent of the bromine into atoms, the shock wave then compres- 
sed and heated the mixture to 950'K. The Br, concentration was monitored down- 
stream from the dlash photolysis region employing a photomultiplier filter com- 
bination at 4420 A .  
holds extreme promise. 

Bradley and Tuffnell (82) also used a flash photolysis technique coupled to a shock 
tube. 
larger than 100 p sec in order to get adequate quantum efficiencies. This obviously 
leads to relatively poor t ime resolution. 
leading to the temperature dependence of reaction rates in ordinary flash photolysis 
experiments. 
removes the photolyzed gas from the region of the source. 

In this work (82) the gas was photolyzed subsequent to the arrival of the shock wave. 
The gases studied were COCI, and (COCl!,, both of which yield COCl upon photo- 
lysis. The shock tube employed was of 
square c ros s  section 8 x 16 cm, and was made out of a copper wave guide. 
rectangular shaped optical quality quartz windows mounted on opposite sides of the 
shock tube admit the radiation from the U shaped photolysis flash lamp which had a 
duration of 95p sec. Both thephotolytic flash and the spectroscopic flash were 
monitored as a function of time with photomultipliers. 
which served as the light source for the absorption measurements, had a dugation of 
11 p sec; the absorption spectrum was recorded on film from 2500 to 5000 A .  The 
spectrometer could also be used as a monochromator by putting an adjustable slit 
in the focal plane. 
being BOOK, but the gas  flow velocity behind the shock was 0.39 mm/psec which 
was the reason for coupling the flash photolysis experiment to the shock tube. 

As already mentioned in Section 2.4, Diesen and co-workers (47) have used a flash 

The lamps all discharged within 1 p sec of each other with a 
Typically the flash photolysis dissociated 

Very few runs were made in this experiment, but the technique 

In ordinary flash photolysis it is often necessary to use flash durations 

Also, it is difficult to get information 

In coupling the photolysis to a shock tube, the rapid flow continuously 

The apparatus is shown in figure 1-1-11. 
Two 

The spectroscopic flash, 

Extremely weak shocks were used in this study, the temperature 
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photolysis technique in conjunction with a mass  spectrometer on a shock tube. 

The Ozone Technique 

In order  to measure the three body recombination of oxygen atoms by argon catalysts 
at elevated temperatures, Wray (83) in 1963, shocked dilute ozone (O,)-Ar mixtures 
in a conventional 1.5 in. diameter stainless steel shock tube. 
the mixtures were 0.25, 0.5 and 1.0 WO, in Ar at initial p ressures  of 800, 400 
and 200 tor r ,  respectively. 
atomic oxygen behind the shock. 

The thermal dissociation of ozone has been investigated by shock tube techniques 
and other means. 

The compositions of 

The purpose of the ozone was to produce an excess of 

The mechanism is as follows: 

034) k 4  0, + M- 0 + 0, + M 

k5 0, + 0 -t 20, 

At high concentrations of M and at relatively high temperatures, (R4) can be made 
sufficiently fast so that (R5) plays no role. Under these conditions if the tempera- 
tu re  is not too 'high, there will be an overabundance of 0-atoms which must subseq- 
uently recombine by the reaction: 

0 + O  + M-0, + M . (R6) 

The 0, formed via @6) was monitored behind the shock wave by absorption of 1270 d; 
radiation. The temperature range covered in the experiment was 1340 to 2920°K. 
The low temperature limit is set by the overbearance of (R5) and the high tempera- 
ture limit by the reverse  of @6). Over this temperature range, (R4)(and (R5) ) is 
extremely fast compared to (R6). The 0, disappears in small  fractions of a micro- 
second for the conditions of this experiment. 
(0) produced at the shock front is given by (83): 

The concentration of oxygen atoms 

where (03)i and (M) are the concentrations of ozone and catalysts before any react- 
ion occurs. 

The r a t e  constants, k4  and k5, were measured by Jones and Davidson (84) in a shock 
tube experiment covering the temperature range 769 to 910°K. Wray's work (83) 
yielded the oxygen concentration just behind the shock front. When these measure- 
ments were compared with equation 1-1-7,  using the ra te  constants of Jones and 
Davidson, there was a clear disagreement, the data indicating a value for k,/k4 as 
much as ten t imes  larger than that given by extrapolation of the Jones and Davidson 
rates. 

The ozone technique was used by Kiefer and Lutz (85) to measure the recombination 
of 0-atoms by 0, at high temperature. The techniquewassimilar to that just des- 
cribed except that the 0, and 0, concentration was varied between 10 and 30 per- 
cent, the rest being made up of either argon or krypton. The diagnostic technique 
used by Kiefer and Lutz was the x-ray densitometer method which has  been re- 
viewed elsewhere (5) (6). In this work a discrepancy of about a factor of 5 was 
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also found in the ratio k,/k,. 

These same authors (71) used the ozone technique to measure the catalytic efficiency 
of 0 in vibrationally relaxing 0,. The diagnostic technique used here  was the laser 
schlieren described elsewhere in this review paper. 
case were 0.3-1.2%0, in 0,. 
Davidson rates were off by approximately a factor of 10. 

Recently Fishburne and Edse (86) have employed the ozone technique to measure 
reactions between atomic oxygen and nitrous oxide over the temperature range 1700 
to 2300°K. The mixtures shocked were 2% N,O, 0.5-2 WO,, the rest being 0,. 
The diagnostic technique employed was to follow the infrared emission from N,O. 
Therefore, in this workthe authors did not have a measurement of the amount of 
atomic oxygen produced at the shock front. They assumed this to b e  correctly 
given by equation 1-1-7 using the r a t e  constants of (84). Their data are all 
analyzed on the basis of this assumption, making their conclusions very suspect. 

Because of the great importance of reactions involving atomic oxygen, it is antici- 
pated that the ozone technique will be employed in a great many studies in the future. 
The mechanism by which ozone decomposes in the shock front, and precise meas- 
urements of the reaction ra tes  for the processes involved, are of paramount im- 
portance. 

Two-phase Shock Tubes 

Ever since emission spectroscopy experiments were conducted in  shock tubes, 
radiation from impurities (including dust) has been a problem. 
have attempted to introduce dust into a shock tube in a controlled manner. 
Nicholls and Parkinson (87) used the shock tube to excite spectra of astrophysical 
interest under controlled temperature conditions. A few grams of the powdered 
material were placed near the end plate of a shock tube and spectroscopic plates 
were taken through a quartz window mounted in the end plate. The driven gas was 
Ar at Pl between 3 and 60 to r r .  The temperatures behind the incident shock were 
2100 to 5500°K and behind the reflected shock 4800 to 12 000°K. Such materials 
as MgO, A1,0,, CaO, TiO, Cr,O,, SrO, BaO, WO,, Fe203, a n d a s a m p l e o f  the 
1939 Dresden meteorite were subjected to shock heating. 

Nicholls, Parkinson and co-workers (87-91) have investigated many different spectra 
on the shock tube. 
or mylar tape, or sometimes just spread out on a steel platform mounted in the 
center of the shock tube. 
a review of seven years  of work in the field. 

In 1961 Berry et a1 (92) studied the W absorption spectra of RbF, RbBr, C s F  and 
CsCl.  The shock tube employed was of square c ros s  section, 8.5 cm on a side. 
The optical path involved 4 t raverses  across  the shock tube. The samples were 
prepared by depositing solutions on cellulose tissue or thin perforated aluminum 
foil and allowing them to  dry; 
support. 
tube at a location 90 c m  upstream from quartz windows. The downstream Section 
of the shock tube was filled with Ar at a Pl between 15 and 25 to r r .  

For both CsCl and RbCl sharp absorption edges at 3424 b; and 3325 d; were identi- 
fied, this energy difference corresponding very closely to the spin orbit splitting of 
C1- with the larger energy giving a precise measurement of the electron affinity of 
C1. 
the alkali metal in these experiments is necessary to produce sufficiently high 

The mixtures shocked in this 
These data also indicated that the extrapolated 

Recent workers 
In 1957 

The powders are usually put in the shock tube on kleenex t issue 

Thereferences given here are only a partial list - (90) is 

f rom 0.1 to 1 gram of material was deposited on the 
The salt impregnated t i s sues  or foil were then mounted across  the shock 

The process observed is, of course, C1- + hv  - C1 + e. The presence of 
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I Fig. 1-1-12 Schematic diagram showing the technique for producing a cesium 
aerosol and introducing it into the shock tube. 
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electron concentrations and thence sufficiently high ion concentrations so that these 
can be  observed in absorption. 

In subsequent work Berry  and co-workers (93) observed the absorption spectra of 
Cl-, Br-, and I- in the vapors of their rubidium and cesium salts. 
in this work the ion densities were determinedfrom the width of the alkali metal 
atomic lines. These concentrations in conjunction with absolute intensity measure- 
ments at various wavelengths yielded cross  sectionsfor the processes X- + h v - X 
+e. Using stronger shocks to vaporize and dissociate the fluoride salts, the same 
kind of information was obtained for the fluoride ion (94). 
done in emission, yielding results in good agreement with the absorption measure- 
ments (95). 

Furthermore, 

Similar work has been 

Recently Berry et af (96) have stgdied the process 0 + e - 0- + h v in emission 
around threshold at 7800 to  8800 A by shocking the vapors produced from K,O, and 
Rb,O. 

A group at Heliodyne Corporation has been working on a dusty shock tube facility for 
several  years, they call this SAPAG, which stands for shock accelerated particles 
and gases (97-99). The principal effort here has been to learn how to distribute a 
dust uniformly throughout a shock tube. 
dust, although other materials also were investigated. 

Vertical and horizontal glass and steel shock tubes were t r i e d  ultimately a hori- 
zontal metal shock tube was used because it was found that glass attracted the highly 
desiccated injected teflon powder by electrostatic charge. The burning'criterion 
within the test  t ime requires that the particles be of submicron size. 
large surface areas involved, handling the dust becomes a major problem. 
dust is made by grinding the plastic at  liquid nitrogen temperatures where i t  i s  quite 
brittle. Subsequent to grinding, the particles must be cleaned up by outgassing in a 
dry  box. 
which the outgassed dust was loaded directly into a transfer chamber in the dry box, 
put into an injection tank, premixed with high pressure  gas, and then expanded into 
the driven section of the shock tube. 

Powder distributions in the shock tube were determined from weight measurements. 
Aluminum foil s t r ips  were placed in the tube for several  hours during \ahich time the 
dust settled out on the strips: these were then carefully removed and weighed. The 
distribution was found to be fairly uniform about 1 m away from the injector. 
ical  mixtures in the shock tube would be a P, of 40 t o r r  plus 1 mole per cent teflon 
powder. 

W absorption measurements were made behind incident shocks looking at the CF, 
radical. Calculations indicated that the burnup t imes  were short compared to the 
test  time, and furthermore, that the CF, radical would go to local equilibrium rap- 
idly. These experiments indicated that a uniform test  slug in the dusty shock tube 
had been accomplished. 

Using the Nicholls and Parkinson technique of spreading a sample on mylar film, 
Ti  te (100) looked at shock heated metal powders in an oxidizing atmosphere. 
samples were small  spheres 38 to 147 p in diameter. 
the blue-green A10 system with t ime resolution. The purpose of this investigation 
was to t ry  to distinguish whether the primary means by which the radius of the par- 
ticle decreases is by a combustion o r  an ablation type process. 
that the process is primarily one of combustion. 

Many workers have tried to design and construct a hot shock tube so as to be able 

Most of the work done was with teflon 

With such 
Teflon 

Many injection schemes were tried; the best one seemed to be  one in 

Typ- 

The 
In particular, he looked at 

It was concluded 
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to study materials whose vapor pressures  at room temperature are too low to allow 
their use. The problem 
of keeping a uniform temperature over the entire shock tube is indeed overwhelming, 
although several  people have t r ied  to study alkali metal ionization processes in such 
a tube. 

However this has never been a very productive endeavor. 

Louis (101) avoided this problem by filling his shock tube with an aerosol of cesium. 
He examined the problem of uniform suspension and evaporation of the particles in 
the shock front. His work showed that a uniform slug of test  gas can be obtained a 
short distance behind the shock. Use of the pure alkali metal eliminates the prob- 
lem of dissociation of ionic compounds and the presence of anions. 
settling out of the aerosol particles negligible, an area/volume ratio much greater 
than unity 'rind a high flow velocity of the aerosol down the tube are needed. 

Stokes' law corrected for slip - since the particles involved here are smaller than 
the mean free path- gives the settling velocity as: 

To make the 

v = -  - pL r2g (1 +A!/r), 
s 9  P (Eq. 1-1-8). 

where pL i s  the density of the particles of radius r, p i s  the viscosity, A is Milli- 
ken's constant, and 1 i s  the mean free path. Using this equation, one finds that 
settling i s  negligible for particles a few tenths of a micron in diameter when the 
flow velocity down the tube i s  3 1 m/sec. 

Figure 1-1-12 i s  a schematic diagram of Louis' apparatus. 
a liquid nitrogen t rap  to minus 60°C. 
in a1 oven. The partial pressure of cesium, and hence i t s  concentration in the 
aerosol, up to a few weight percent, i s  governed by the temperature of the liquid 
cesium. 
i s  mixed with more argon aid  particles greater t ha i  1 micron a r e  centrifuged out 
of tlie stream. 

Argon is cooled through 
It is then blown over a pool of liquid cesium 

After tlie aerosol is formed, it goes next to a cyclone separator where it 

The apparatus seems to function particularly well. Electromicrograms yield 
particle diameters less than 0 . 3 ~  and light scattering experiments show the aerosol 
to be uniforhly distributed in the shock tube. Theoretical calculations of particle 
evaporation t imes indicate them to be much smaller than the test  time, which is of 
the order of 3 x 10-3 seconds. Furthermore, diffusion t imes between particles is 
of the order of a microsecond, hence a uniform slug of test gas is rapidly formed 
behind the shock. 
tained with this apparatus. 

Conclusion 

Meaningful information on chemical kinetic ra te  has been ob- 

This review of the new techniques available for monitoring time histories in the 
shock tube has shown that in recent years  several methods have been developed 
which enable the kineticist to obtain detailed information. In addition, various 
techniques have been outlined which enable the kineticist to prepare novel initial 
conditions in the shock tube and so investigate atomic and free radical reactions at 
high temper atur es . 
Sufficient details, such as the pressure  and temperature ranges covered by the 
various workers, have been mentioned in the hope that this paper will prove useful 
to investigators who are looking for the 'right technique' to answer aparticular 
kinetics question. 
to obtain 'state of the art' information on the chosen technique. 

The extensive bibliography included here can then be  utilized 
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Commentary on Chapter 1-1 

K.G. Sulzmann 

Dep.of the Aerospace and Mechanical Engineering Sciences, and Institute for Radia- 
tion Physics and Aerodynamics, University of California, San Diego, La  Jolla, 
California. 

Dr. Wray has undertaken the formidable task of presenting an instructive chapter on 
recent techniques for shock tube kinetic studies. In the opinion of this reviewer, 
he is one of the few most suited men for this undertaking, because Dr. Wray h a s  
participated in and contributed to  many of the applications of shock tube techniques 
to kinetic studies, and he has the privilege of working with one of the organizations 
where research with shock tubes is done on a large and, for many workers in the 
field, overriding scale. 

Since Dr. Wray has specialized his chapter in a well defined way, excluding many 
techniques which had been established until about ten years ago, I might add to his 
list of general references the recent book by Zeldovichand Raizer ( I ) ,  this excellent 
treatise contains a rather unbiased listing of all important references in the field 
up to about 1963, including the AGARDograph No. 41, while at the same time this 
book provides the reader with an extensive background 011 the physics of shock waves 
and high-temperature hydrodynamic phenomena which is essential for the success- 
ful use of present methods and the development of future techniques. 

Also, since schlieren techniques are of considerable advantage for density measure- 
ments related to  relaxation phenomena, and since these techniques will presumably 
find even wider applications in the future because of their increased sensitivity when 
used with laser light sources, I would like to  point out a recent paper by DeBoer (3) 
on modifications and improvements of the system by Resler and Scheibe, referred 
to by Dr. Wray; in this art icle the optical design parameters for integrating sch- 
lieren systems are discussed in great detail and a simple method for calibrating the 
density scale is given. 

Furthermore, with reference to the fast scanning spectrometers and the interfer- 
ence techniques pointed out by Dr. Wray, I would like to  mention an interesting 
interferometric method for high speed scanning of spectral lines which has been 
developed by Cooper and Burgess (4) (5), although this method has not yet been 
applied to shock tube studies, it appears very promising to  this reviewer for the 
determination of time resolved electron and neutral densities by measurements of 
line shifts and line shapes. The technique involves essentially a fast scanning 
Fabri-PBrot or Fizeau interferometer with a time resolution and a repetition time 
for  individual line scans of better than 10-6 seconds. Furthermore, the general 
a r ea  of optical dispersion, the interesting Hook Method mentioned by Dr. Wray, 
and related techniques are also discussed in any early review article by Korff and 
Breit (6). 

In connection with sampling techniques for chemical reaction studies, I might also 
add to  Dr. Wray's l ist  of recent techniques a method developed and used by Lauer 
and co-workers (7) for the continuous sampling of shock tube reaction products 
which is based upon the idea of the multiple shock machine (8) as examplified by the 
Cornel1 Aeronautical Laboratory superheater (3). For this method essentially the 
concept of single pulse shock tubes is combined with continuous operation by arrang- 
ing a small  and rotating shock tube in  such a way that a repetitive cycle can be 
maintained for reactant loading, shock heating, product expansions and product re- 
moval; the apparatus has been used in conjunction with gas chromatographic pro- 
cedures for the quantitative analysis of t race constituents in the pyrolysis of hydro- 
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carbons with the advantage, that product to reactant mole fractions of less  than 1 
percent could be determined as a function of temperature in  argon diluted mixtures 
containing only 1 percent of hydrocarbons. 

Because the accurate and reproducible determination of species concentrations is of 
great concern in chemical kinetic studies, I might also add that with the infrared 
techniques, mentioned by Dr. Wray, very good concentration measurements can be 
performed if sufficient care  is taken in carrying out the necessary calibration pro- 
cedures. 
ployed by Penner and collaborators, (10) for intermittent emission and transmission 
measurements, this reviewer (11) was able to demonstrate for a particular applica- 
tion that CO, concentrations on the order of 1 mole percent can easily be deter- 
mined behind incident shock waves with an accuracy of about 5 percent. 

But rather than add further material to the already extensive list of references given 
by Dr. Wray, I want to  close with the general remark  that the need for methods 
which allow the determination of kinetic data with sufficient precision, as well as 
with sufficient reproducibility, cannot be overemphasized. 
to diagnostic techniques for time resolved measurements but it applies equally to 
the preparation of reactant mixtures and their initial state, so that the rate of in- 
c rease  in precision of shock tube kinetic data will keep pace with the rate of increase 
in sophisticated techniques required for the understanding of detailed kinetic mech- 
anisms. 
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of the radiation a re  performed, and in which full utilization is made of the vast body 
of published wavelength data and of the established energy level diagrams. 
objective of the research in this area  is to determine the fundamental constants that 

The 

1-2 

, 
TheRoleof Shock Tubes in Opacity 
Measurements 

I w. wuRmER 
Aerodynamic Research Department Cornell Aeronautical Lab., Inc. Buffalo, 
N.Y. U.S.A. 

-ary 

Quantitative spectral studies of the radiation from molecules, atoms and electrons 
will be discussed. 
shock tube in obtaining the fundamental radiative constants for these systems. 
strumentation unique to such studies, from the infrared to the vacuum ultraviolet, 
will be described. Critical problems associated with spectral purity and species 
identification will be stressed. Finally, the discussion will include the extension 
of these techniques to the study of radiation from normally solid species. 

I 

These studies are chosen to demonstrate the usefulness of the 
In- 

I 
1 
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These studies depend on the measurement of radiation from species excited under 
conditions in which thermodynamic equilibrium is established and to which a mean- 
ingful temperature can be ascribed. 
conditions, and this chapter shows i t s  use in basic studies to determine the optical 
properties of radiating systems. 

The principal features of shock tube spectroscopy can be illustrated by discussing 
typical experiments in which were measured the discrete line radiation of atoms, 
the band spectra  of molecules and the continua from free-free and free-bound elec- 
tron transitions. 
field, covering a wavelength range that extends from 700 A in the vacuum ultraviolet, 
to 5 microns in the infrared. The design of the instrumentation is generally dictated 
by the shock tube operating parameters, and i t  is this correlation that will  be 
stressed. 
ditions for gases, i t  has several inherent limitations that will also be discussed. 

General D i s ~ s i o n  

In recent years  several books have been published, describing shock tubes, their 
operation and their application to problems of physics and chemistry (1) (2) (3) (4). 
The discussion here  relates just to properties of importance to radiation measure- 
ments and is in effect a supplement up-dating a review by S. S. Penner (46). 

Shock Tubes 

There exists today a great variety of shock tubes, mostly being essentially two un- 
equal lengths of tubing, separated by a diaphragm. 
driver-section is filled with a gas under high pressure, and the other comprises the 
test- o r  driven-section, in which is placed the gas to be processed by the shock 
waves. When the diaphragm is ruptured, the high pressure driver gas expands into 
the driven section with sufficient velocity to form a shock wave ahead of it, which 
heats, compresses and accelerates the test gas. At a given station along the shock 
tube, f i r s t  the incident shock wave passes, then the heated test gas, and finally the 
expanding driver gas. 
shock wave moving back upstream can also be utilized to further process and heat the 
oncoming test  gas. 
when this reflected shock interacts with the oncoming driver gas. 

Driver section diameters range between 1 inch and 8 inches, and some are designed 
to accommodate pressures  as high as 30 000 lb/in2. The diaphragms range from 
very thin mylar to copper or  steel  plates 1/4 inch thick. The driven sections of 
shock tubes also vary greatly, with diameters ranging between 1 inch and 24 inches, 
and lengths exceeding 100 feet. Cross sectional geometries of circular, square and 
rectangular design have been used. Many tubes a re  designed with electric-arc 
heating of driver gases, and recently a novel imploding-wall system has been em- 
ployed to create  extremely fast shock waves (5). 

The major fraction of shock tube research today is in the field of kinetics where 
departures from conventional shock tube design are frequently needed. For exam- 
ple, in experiments where the structure of shock waves, or the chemical ra te  
processes  in gases, is under investigation i t  is often desirable to decrease collision 
r a t e s  by lowering the overall pressure levels of the experiment. However, the low 
pressure limit is dictated by the growth of the boundary layer on the tube walls, 
which adversely affects the state of the test gas. 
tube diameters alleviate this problem, and hence, for such studies, a family of 
large diameter shock tubes, up to 24 inches (7) (8) has been developed in a number of 
laboratories. 

The shock tube can be utilized to produce such 

A variety of instruments has been used by the researchers  in this 

While the shock tube offers the capability for very unique excitation con- 

In operation, the shorter- or 

At a station near the end of a closed tube, the reflected 

In such cases  the experiment is usually considered terminated 

It has been shown (5) that larger  
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Another general comment that relates to design differences between kinetic studies 
and equilibrium radiation studies concerns the required purity of the test gases. For 
the radiation experiments, the most adverse effect of impurities arises when the 
radiation from unwanted species overlaps the desired data. This problem can gen- 
erally be surmounted by better wavelength resolution, so that spectral  discrimina- 
tion can be employed against impurity radiation. On the other hand, for kinetic 
studies, the effects of contaminants can enter the data directly. For example, a 
few par t s  per million of oxygen can significantly affect the dissociation ra te  meas- 
urement of hydrogen (9). 
shock tubes have been built. 
being bakable to  high temperatures, and capable of evacuation to better than lo-' 
to r r  with leak r a t e s  as low as 10-3 microns per minute. 

Such stringent c r i te r ia  do not normally apply to shock tubes for equilibrium radia- 
tion measurements. 
knowledge of the thermodynamic state of the test gas that has  been processed by the 
shock waves. This  applies to either the incident shock wave alone, or to the com- 
bined effects of the incident and reflected shock waves in a closed tube. 

For reasons such as these, a number of high-purity 
They feature, for example, assembly without O-rings, 

The most critical parameter for such measurements is the 

The most sensitive characteristic of the gas is its temperature. 
equilibrium at elevated temperatures, use is made of the Boltzmann distribution for 
the determination of the populations of the excited states that contribute to the meas- 
ured radiation intensity. Since this dependence is exponential, it is greatly affected 
by the temperature. For example, at 6000"K, and for radiation from an energy 
level at 60 000 cm-1 (such as from a nitrogen band system) an e r ro r  of only 0.5 
percent in the temperature gives rise to an e r ro r  in the population of 10 percent. 
This e r ro r  applies directly to the final transition probability for that state. The 
value of the temperature and density of the processed test gas is generally calcul- 
ated, making use of the measurement of the incident shock velocity, the initial 
pressure in the test  section, and the thermochemical properties of the test gas in- 
volved. In some cases, use is made of h e - r e v e r s a l  techniques which provide an 
independent experimental measurement of the temperature. This complicates the 
instrumentation considerably, but is warranted by the importance of the tempera- 
tu re  in such experiments. It thus becomes clear that quantitative shock tube spec- 
troscopy re l ies  very heavily upon the instrumentation required to determine the 
state of the gas and to verify that equilibrium conditions prevail while the data are 
being recorded. 

When studies are performed in the gas behind the incident shock wave, the test time 
begins as the shock wave passes  the viewing port, and ends when the interface 
appears, marking the transition to driver-gas flow. Because the shock wave has a 
higher velocity than the interface, the test time increases  with the distance along 
the driven tube length. The tube length is limited, however, by increasing shock 
wave attenuation, which results in enthalpy gradients in the region of the t e s t  gas 
between the shock and the interface. Also, the expansion wave, reflected from the 
end of the driver section, will eventually overtake the test  gas and destroy the flow. 

In a shock tube 30 feet long, calculated test t imes in air under ideal-gas assumptions 
range from about 1 msec with a Mach 4 shock to 200p sec  with a Mach 12 shock. 
The equilibrium temperatures are 1200" and 5600"K, respectively. 
show the increased need for fast-response instrumentation for high temperature 
work. In practice, because of the non-ideal nature of interface mixing, the test  
time is usually reduced by 1/3 to 1/2, which decreases the time sti l l  more. 
this reason, high temperature studies are usually conducted behind the reflected 
shock wave. 
behind incident shocks, while affording the advantage of higher temperatures and 
densities for a given shock strength. The incident shock temperatures of 1200" 
and 5600°K are increased to 2400" and 8500"K, respectively. 

For a gas in 

These figures 

For 

Testing t imes behind the reflected shock are  comparable with those 

In addition, the 
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heated gas behind the reflected shock is ideally at rest with respect to the shock tube. 

Optical Instrumentation 

In principle, the purpose of the optical instrumentation is to yield quantitative inten- 
sity data as a function of wavelength, over the wavelength interval subtended by the 
radiating system being studied. 
account in instrument design, depending upon the particular experiment being con- 
ducted. Most difficulties are probably attributable to  the low light levels. 
into account the available intensity and the short testing times, there are only a 
limited number of photons available for counting and analysis. 

Usually, when poor signal-to-noise levels a r e  encountered, wavelength resolution has 
to be sacrificed. That this should be a last resor t  in any situation cannot be too 
strongly emphasized. It is through the recognition and identification of spectral 
features that the experimenter can most readily verify that the recorded intensities 
which constitute his data correspond only to transitions in the species under study. 
Impurity radiations in various degrees are invariably present, and if chemically 
or mechanically unavoidable, must be accounted for in the data analysis. 

Both photographic and photoelectric (or photoconductive) types of radiation registra- 
tion have been utilized in shock tube spectroscopy. Clearly, the maximum amount 
of spectral detail can be obtained through the use of photographic plates. However, 
in emission work, they are useful only for atomic lines and some strong molecular 
bands that form bandheads. 
tu res  to obtain more radiation at a given emissivity, whereas most molecules diss- 
ociate appreciably at temperatures between 4000 and 9000'K. 
studies, the limit is determined by the lamp used as a background source. Today, 
flashlamps are available (10) (11) that emit continuum spectra  at extremely high 
brightness temperatures, and with fair reproducibility, permitting reliable values 
of nonabsorbed signals to be obtained. However, the photographic plate is an in- 
tegrating detector, so in absorption as well as in emission work, care  must be 
taken to avoid plate exposure to unwanted radiation from the shock tube. Several 
high speed shutters have been developed to meet this need (12) (13). 

Photoelectric detection, with its inherently higher sensitivity, is the diagnostic 
most commonly used in shock tube research. Furthermore, i t s  output can be ob- 
tained as a function of time, making this method indispensable for kinetic analyses. 
Even for equilibrium studies, this feature is beneficial, since it permits  assess- 
ment as to whether equilibrium (or at least steady-state) conditions have been ob- 
tained in the experiment. 
tubes is most critically measured in this manner. 

The price for such convenience is lower wavelength resolution. Because of physical 
size, a choice must be made between a multichannel system, and a rapid-scanning 
single-channel system. Both have been used to advantage. In the multi-channel 
approach, the radiation appearing at the focal plane of a dispersing system is divided 
and directed to several  detectors. Units using as many as 12 channels have been 
employed with shock tube work (14). The wavelength interval subtended by each 
detector depends on the dispersion of the spectrograph and the dimensions of the 
aperture at the focal plane. 

Better resolution can be obtained using a rapid-scanning technique (15), one of which 
will be described later. By sweeping the desired portion of the spectrum across  a 
fixed exit slit, it is converted into a time-varying potential, that can be displayed and 
recorded by oscillographic means. The spectral resolutioh in this case depends on 
dispersion, slit size and scan rate.  This technique also requires the assumption, 
or preferably, the experimental check that all properties of the radiating gas sample 

In practice, several  factors must be taken into 

Taking 

This follows naturally from requiring high tempera- 

For absorption 

Indeed, the determination of useful testing times in shock 
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remain constant over the scanning time interval. In addition, the t ime constant for 
the actual detector must be shorter than in the multichannel case, in order to adeq- 
uately record spectral variations of the scan within the available shock tube test 
time. 

Filters are extremely convenient to define wavelength intervals, because they can be 
coupled directly to a detector. On the other hand, they offer no flexibility in the 
choice of wavelength (except for the small change resulting from tilting interference 
filters). This  is a handicap when good filters with well-defined transmission pass- 
bands a re  specified, because they a re  expensive which essentially precludes their 
use for survey work. It is generally true that f i l ters  a r e  at best only suitable after 
spectrally resolved exploratory measurements have been made, in which the desired 
radiating species has been identified and shown to be free of unwanted impurity or 
background radiation. Even then, their use involves the convolution of their t rans-  
mission curves with the spectral intensities under measurement. Quantatitive re -  
sults obtained with the use of filters must generally be very critically appraised. 

The following experiments, chosen to illustrate the general features already dis- 
cussed, highlight those experimental aspects that are relevant to the measurement 
of different types of spectra over a wide range of wavelengths. Where applicable, 
they have been chosen from research performed at the Cornell Aeronautical Lab- 
oratory, with which the author is most familiar. 

Molecular Band Spectra 

Interest in the radiative properties of pure and contaminated air was a strong stim- 
ulus for initiating much of the shock tube research that has been done on molecular 
spectra. Such species as N,, O,, NO, N$, CN, C , OH and NH have been ex- 
tensively studied in a number of laboratories (14), (f6-28) and the reports (29) 
(30) tabulate the radiative properties of air over broad ranges of temperature and 
density. 

Figure 1-2-1 shows an example of the spectral detail that can be obtained under fav- 
orable circumstances with the use of photographic plates. It shows a portion of the 
band spectrum of the 0, Schumann-Runge system in the near ultraviolet (18). The 
spectrum was obtained in an absorption experiment, wherein the continuum radiation 
from a flashlamp was passed through shock heated 0, and into a large quartz spec- 
trograph. The 0, had been processed to the revealed conditions by the incident and 
reflected shock wave, and the flashlamp was triggered to radiate during the test- 
t ime interval. The intensity distribution of the rotational lines in this band is shown 
below the spectrum. The high wavelength resolution in this case permitted the 
spectral line shapes, and hence the absorption of each line to be measured. The opa- 
cities for some 18 bands were obtained by making use of the absorption coefficients 
for each line of these band distributions and the transition probability for the 0, 
Schumann-Runge system was obtained. 

When photographic methods are not feasible, recourse must be had to electronic 
means of detection, introducing problems of lower wavelength resolution, and cor r -  
espondingly less knowledge of the spectral detail. The first positive band system 
in N, is illustrative of such a case (14). This band system extends throughout the 
near infrared toabout 1.5 microns. 
f rared spectrometer was constructed, with a resolution compatible with the known 
vibrational structure of the band system. 
shock tube-spectrometer systems, and is shown for illustrative purposes in figure 
1-2-2. 
along the spectrum for successive shock tube tests.  
figure 1-2-3. 

To measure the spectrum, a 12-channel in- 

I ts  deployment was typical of many 

The entire spectrum was covered by moving the 12 wavelength intervals 
The results are shown in 

It was found that the N, spectral distribution could not be made to fit 
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the measurements in the 0.95 and 1 . 1 ~  regions, even though the prominent N, band 
sequence heads at 0.76, 0.88 and 1 . 0 6 ~  were well matched. 
plained by postulating the presence of a second radiating source. 
common shock tube impurity, and N$ were known to have band systems in this 
region. From the f i t  of the combined spectrum to the data, there is little doubt 
that the second component is real. The transition probability for the N,(l+) system 
w a s  determined by the scale factor required to fit the N, component to the predicted 
spectrum. It was subsequently shown that the radiation of the second component 
does not scale  properly with N: concentration, and it was concluded that it a r i ses  
f rom about 10 ppm of CN. The advantage of multichannel viewing with good dis- 
persion is evident, since failure to discriminate against the contaminant corres-  
ponds to a factor of two in the intensity at the CN bandhead positions. 

As demonstrated in  this example, the analysis of many molecular band studies a re  
made by comparing the recorded intensities arising from many discrete lines in a 
given wavelength bandpass with intensity distributions of a "synthetic" spectrum. 
These distributions a re  generated by using the known spectroscopic constants for 
the molecule excited to the conditions which apply to the measurement. The 
arbi t rary scale factor which matches the amplitudes of the observed and theoretical 
spectrum is related to the desired f-number. Line-by-line analyses a r e  tedious 
and costly, and increasing use is being made by approximate methods, where mole- 
cular band distributions a re  developed from just-overlapped line models, or 
smeared models (30, 50-52). These calculations a r e  more tractable and have been 
shown to compare favorably with more exact treatments. 

When the spectroscopic constants for the radiating system a re  unknown, analysis 
is more difficult and opacites cannot be determined precisely. Consider figure 
1-2-4, which shows the results of spectral measurements in air (21), using the 
same instrumentation. In this case the source of the radiation was unknown. It 
was clear that the radiation in this wavelength region in shock-heated air was about 
five t imes that which could be attributed to N, alone. By making a se r i e s  of 
measurements in which the N,-0, ratio was varied, and by measuring the tempera- 
ture dependence of the prominent peaks in the spectrum, it was shown that the rad- 
iation could be explained by considering transitions among excited electronic states 
in NO. Radiation from these states had not previously been considered in air rad- 
iation analyses. 
particular states was not possible and the analysis required for definitive opacity 
determinations could not be performed. 
troversial (15) (31), and has only recently gained acceptance. 
an arc-heated airs t ream is now mapping this NO spectrum in detail, from which 
transition probability assignments can then be made. 

Atomic Line Radiation 

Quantitative measurement of line radiation presents yet another difficulty, which 
again can be t raced to low light intensities. 
radiating layers does not require a detailed knowledge of spectral line shapes and 
widths. 
small (E << 1 ), self-absorption is negligible and every volume of the gas can con- 
tribute equally to the recorded intensity. To permit this assumption to be made, the 
power is limited by the gas temperature and an emissivity of order  10-1. The signal/ 
noise ratio that can be accepted in a given experiment is thus determined by the 
efficacy of the instrumentation in gathering, dispersing and recording the radiation. 
In molecular spectral recording, the radiation from many lines in a small  wave- 
length interval can be added to increase the signal. 

Thus, to bring about these increased signal strengths, most experiments on line 
radiation require a radiating particle density corresponding to an optically thick 

The data were ex- 
Both CN, a 

Because of inadequate wavelength resolution, assignment to 

Hence, the NO-hypothesis was  quite con- 
Dr. K. Wray, using 

The analysis of data for optically thin 

It is just necessary that the emissivity of the gas at the line centers is 
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sample. 
since the details of the spectral  line shape now play an important role. 
growth analysis is usually used (32), which relates the recorded intensity to  the 
density of radiators and the line strength, through a parameter, which is the ratio of 
the width of the collision-induced line to that of the Doppler line. Unless this para- 
meter can be measured, the collision width must be calculated, and may introduce a 
sizeable e r r o r  in the final determination of the transition probability. 

At the Universities of Michigan and Maryland, line-strength or f-number measure- 
ments on atomic lines using the shock tube on Ne, C, 0, N, A and Cv have been 
made. Wilkerson (33) has measured the strengths of many lines of chromium atom 
and ion. He recorded photographically many emission lines of these species from a 
mixture of shocked neon with a t r ace  of chromium carbonyl. A range of tempera- 
tu res  and Cr concentrations were used in the experiments, and the datawere reduced 
by the thick-gas curve-of-growth analysis. 

The f-numbers for  some 21 lines of the chromium ion were measured by Shackleford 
(53). By using a window in the end wall of the shock tube, and viewing the growing 
volume of test gas behind the reflected shock, the curve-of-growth of the radiation 
could be observed directly. A linear rise in the intensity was taken to  correspond 
to  optically thin radiation. 

It should be mentioned that most studies have been of species that a r e  pure gases, or 
that are in the form of volatile compounds that can readily be put into the shock tube 
in gaseous form. This facilitates calculation of the concentration of radiating 
atoms. 
of aluminum in connexion with astrophysical problems, has used a mixture of 
aluminum and calcium sulphides in a known ratio, finely ground, placed on cellulose 
t issue suspended in the shock tube, and subjected to excitation by the shock waves. 
Absorption spectra were recorded, using an intense flashlamp (lo), and the atomic 
lines were then analyzed by densitometric techniques. 
was deduced from measurements on the accompanying calcium lines, whose line 
strengths were known. 

The same group recently reported (35) a study of iron and chromium line strengths, 
in which correction for the line emission from the shock-heated gas was made in the 
data analysis. 

Continuum Radiations 

Interest in superorbital reentry has promoted research  to measure the radiation . 
arising from electron reactions. 
molecules are almost entirely dissociated, and appreciable ionization prevails. 
The radiation from such a gaseous sample is composed of atomic and ionic line 
radiation, and the continua associated with free-free and free-bound electron trans- 
itions. Even though the testing t imes  are short (< 100 p sec), the shock tube is 
virtually the only technique that produces equilibrium thermal excitation of the 
species under study. 

In this case  the analysis for the line strength is no longer straight forward, 
A curve of 

However, the Harvard Group (34) studying the auto-ionized line strengths 

The aluminum concentration 

At temperatures exceeding 10 OOO'K, diatomic 

To study the infrared bremsstrahlung radiation from electrons scattered by neutrals 
and molecules, Camm, Taylor and Lynch (15) have developed a novel scanning 
spectrometer, designed specifically for use with shock tubes. It is a grating in- 
strument, with a mir ror  placed in front of the focal plane. The mir ror  is rotated 
by electromagnetic pulses and, by sweeping the spectrum across  the detector, per- 
mits scanning at the rate of about 1 p in 50 p s .  The principal advantage of the in- 
strument is the output display of a continuous spectrum, which permits the contin- 
uum to be separated from overlapping lines and bands. 
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The coupling of image intensifiers with spectrometers has advantages for shock 
tube research in that they can be readily synchronized with the motion of the shock 
wave, have the high light gain characteristics of photoelectric devices and yet pro- 
vide the continuous spectral coverage given by photographic plates (36). 

A very strong continuum ar i ses  in the vacuum ultraviolet region of the spectrum 
when electrons recombine radiatively with nitrogen and oxygen ions. In such 
cases  the continuum has a sawtooth profile, with a leading edge at the wavelength 
corresponding to the ionization energy, followed by a monotonic decrease to short- 
er wavelengths. 
from the N+ + e recombination in air. The figure also demonstrates the spread 
in the predictions (3'7) (38). The superposition of sawtooth profiles results from 
the fact that recombination transitions can take place to various levels of the neutral 
atom from several states of the ion. 

Figure 1-2-5 showsa theoreticalpredictionof the spectrum arising 

It is obvious that a measurement of the intensity of the continuum places no great 
demands on spectral resolution. Fairly broad wavelength intervals can be used, 
and require only the assumption or knowledge that no strong line radiation is pres-  
ent in that interval. On the other hand, since the continua are generally feature- 
le?s, species identification on this basis is almost impossible. In this case, how- 
ever, the intensity jumps across the leading edges of the different levels may be 
utilized. 

However, no window materials exist that transmit radiation below 1100 k g s t r o m s ,  
and as most of this radiation l ies in that range, the detector must be coupled dir-  
ectly, without windows, to the radiating gas sample. 

Recent shock-tube experiments (39-42) measuring total wavelength-integrated radia- 
tion in air, illustrate problems of quantitative spectroscopy in the vacuum ultraviolet. 
Hoshizaki and coworkers (39) examined the radiation behind a reflected shock wave 
in air at temperatures as high as 17 000'K. 
by using an electric arc-heated driver gas, capable of driving a Mach 30 shock wave 
into 2 0 0 ~  pressure of air in the test  section of the shock tube. 
reflecting wall, a splitter plate was used to core out a portion of the shock tube 
flow, and apertures in the plate permitted the detecting gages to view the shock 
heated air. 
in cavities, all contained within the shock tube. The test  time was  about 1 5 p  s 
terminated when the shock wave that was formed in the cavity struck the gages. 
virtue of this configurationwas the opportunity it gave for varying the optical path- 
length. Provisions were also made to insert various windows in the optical path. 
The radiation recorded with and without windows was compared with the available 
theoretical predictions of the radiation. 

A different approach to the same problem was taken by Gruszczynski and Warren 
(40). They permitted the shock wave and gas-flow in a shock tube to impinge upon 
a gage mounted on a sting in the tube. The measurement made was  of the radiation 
from the stagnation region of the bow shock in front of the gage. The gage itself, 
called a cavity gage, was  a small enclosed cylinder, with a slot that permitted rad- 
iation to enter and strike the inner platinum surface, which served as a fast-res- 
ponse resistance thermometer. In operation, the gage was sealed off from the test  
gas by a small latex membrane, and filled with a transparent gas. 
impingement, the membrane w a s  broken, so that during the test, no air would ex- 
pand into the gage cavity. 
absorbing, and thereby decrease the recorded intensity signal. 
shock tube was  used, with Mach numbers as high as 25 driven into 300 p of initial 
air pressure. Again, the wavelength-integrated data, with and without windows, 
were compared with available radiation predictions. Because the measurements 

This high temperature w a s  obtained 

Just ahead of the 

The thin film, heat transfer gages of blackened platinum, were isolated 

A 

Prior  to shock 

Such expansion would cool the air, rendering it strongly 
An arc-heated 
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were broad band, the details of the various contributions of the continua andlines 
to  the radiation could not be resolved, and hence extrapolation to  other thermodyn- 
amic conditions was difficult (41) (42). 

At CAL we have begun to  measure the wavelength distribution of the continuum from 
the N+ + e recombination. A schematic diagram of the apparatus used is presented 
in figure 1-2-6. Here is shown a vacuum grating spec rometer with three detectors 

The detectors a r e  bare photomultiplier tubes constructed of stainless steel. The 
spectrometer is separated from a small  aperture in the shock tube, which serves  
as the entrance slit, by a hollow plunger. 
and is explosively driven across  the shock tube aperture, permitting the detectors 
to view the shock-heated gases during a 50 p s interval of the test  time. The shock 
tube in this case is a conventional pressure  driven tube, and the temperatures bet- 
ween 9000 and 14 000°K a r e  achieved by using neon as a diluent with 1 to 5 percent 
nitrogen. 

The plunger being hollow, this configuration permits the effects of vacuum or vary- 
ing pressures  using different “window” gases to  be assessed. One finding to date 
has  been that the  use of any gas - even one that is transparent - that  res t r ic ts  the 
flow of test gas into the spectrometer tends to block or absorb radiation. 
seems to indicate that the thin layer of cool gas in the boundary layer absorbs rad- 
iation originating in the shocked-gas volume. By evacuating the plunger and drain- 
ing off some of the boundary layer, higher radiation levels have been obtained. 
This phase of experiment is still in progress. So f a r ,  the radiation intensity dis- 
continuity at the  photoelectric edge in nitrogen has been identified, and the contin- 
uum intensities for optically thick nitrogen concentrations have been measured and 
found to scale properly with the black body radiation as a function of temperature. 
Measurement with optically thin concentrations, from which the opacity can be 
determined, will be made when the boundary layer behavior is better understood. 

Spectra of Normally Solid Species 

Questions of stellar abundances of the elements in astrophysical studies, and the 
interaction of ablative material with hypersonic flow fields in re-entry studies, 
have both given r i s e  to a new phase of shock tube research. 
quantitative spectroscopic measurements of radiation emitted by species that nor - 
mally occur as solids. Nicholls et a1 (43) reported a series of experiments on a 
large number of compounds. The technique used was to place powders on plastic 
tape suspended in the shock tube. 
partially vaporized and the product species became thermally excited. 
peratures between 3000 and 6000°K, many molecular spectra were obtained, while 
at 5000 to 8000°K, the atomic line radiationwas dominant, due to  the dissociation of 
the diatomic species. These studies resulted in a bibliography of spectra for these 
species, but the experiments were of a qualitative nature and were not designed to 
yield opacities or transition probabilities for the bands observed. This was due to  
inability to  determine the concentrations of the radiating species. A recent report 
by Drake et 01 (44) described a similar but quantitative study of one of the B e 0  
molecular band systems. The concentration of B e 0  in that case was estimated by 
thermodynamic calculations, in which the energy required for powder vaporization 
and excitation was deduced from the difference between the ideal and measured 
temperatures. 
2 to 3. 

At CAL we have developed (45) a different approach which we anticipate will permit 
good quantitative results to be obtained for metallic species. In this case, a wire 
of suitable material is exploded in a small  chamber containing a controlled atmos- 
phere, thereby forming a metallic aerosol. The aerosol is then expanded into the 

in the focal plane, permitting the radiation in three 30 d intervals to be measured. 

This plunger acts  as a shutter-valve, 

This 

This deals with 

Under shock processing, the powder became 
At tem- 

The resultant emissivity of the band was stated to within a factor of 
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test section of the shock tube and is subsequently vaporized and excited by the shock 
waves. The aerosol particles are very small (- O.O5p), ensuring complete vapor- 
ization and an equilibrium gaseous mixture. In the present study of the blue-green 
band system of A10, the concentration of A10 is obtained by a measurement of the 
A1 atoms in the equilibrium mixture containing Al, A10, 0, and Argon. 
the technique has proved very promising, yielding clean spectra of the atomic lines 
and band spectra (Fig. 1-2-7). 
been monitored photoelectrically by detectors placed behind the focal plane of the 
spectrometer, and have yielded data from which a preliminary transition probability 
of this band system was  obtained. 

The method is quite general and it is planned to extend these studies to other metallic 
oxides. 
tics, and by the thermochemical data needed to obtain species concentrations in  the 
equilibrium mixture. 

Conclusion 

A general discussion has been presented on the use of shock tubes for the determina- 
tion of the basic radiative properties of excited chemical species. 
portray the broad scope of such research, and by a description of several  experi- 
ments, to promote an appreciation of some of the specific problems in this field. 
Several aspects of the experiments, as, for example, the absolute intensity cali- 
bration of the detectors have not been included, but can be found in the references to 
the individual publications. Quantitative shock tube spectroscopy, not only for opac- 
ity measurements, but also for chemical-kinetic studies, is a very active research 
area. The shock tube, by virtue of its unique capabilities, is providing fundamental 
data needed to solve some of the technological problems of today andtomorrow. 

So f a r  
l The bands of A10 and the doublets of A1 have also 1 

I It is limited by the available f-number data for the atoms used as diagnos- 

It was hoped to 

, 
i 
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Commentary on Chapter 1-2 

K.G. Sulzmann 

Within the last 20 years, the shock tube has become an indispensable tool for the 
determination of quantitative spectroscopic data of high temperature systems. 
view of the many books and review articles on this subject, Dr. Wurster in his 
chapter has elected generally to demonstrate the mer i t s  of shock tube techniques for 
opacity studies; at the same time he has outlined some of the inherent problems 
encountered in shock tube spectroscopy with the help of several examples. 

Although by no means exhaustive, additional references for  books and general review 
articles on the subject are given at the end of this review (1) ( 2 )  the chosen examples 
can be  considered as typical for  the application of well known spectroscopic tech- 
niques to shock tube research. Since the emphasis of the paper is on the general 
usefulness of the shock tube as a tool primarily for the production of thermally ex- 
cited radiating and absorbing systems for quantitative spectroscopic analysis, this 
reviewer feels it is worthwhile to amplify some of the general points mentioned by 
Dr. Wurster; at the same time, I would like to take the liberty and add a few re- 
marks about some additional problems related to precision opacity measurements 
in shock tubes. 

In 

Dr. Wurster has  rightly pointed out, that for a meaningful analysis of spectroscopic 
data in t e rms  of transition probabilities the thermodynamic state of the system un- 
der investigation has to be known. 
species concentrations, the population numbers or the temperature in the system 
as well as the spacial distribution of these parameter along the line of sight. Evid- 
ently, thermodynamic equilibrium, including uniformity of the state parameters 
along the line of sight, constitutes the preferred situation for quantitative measure- 
ments because of the inherent simplifications in the data analysis under this con- 
dition. I want to stress the point, that this condition can neither be  assumed nd hoc 
nor can it be  inferred f rom the existence of steady state absorption and emission 
signals alone. Rather, the validity of the assumptions concerning the uniform dis- 
tribution of radiators and absorbers and theexistence of partial o r  complete equili- 
brium, including the existence of a meaningful temperature, requires experimental 
justifications. 

In this connection, the combination of plate spectroscopy with photoelectric meas- 
urements, a s  mentioned, by Dr. Wurster, is of considerable help in the regions of 
the photographic spectrum. Additional measurements of excitation temperatures 
can also be performed without doing plate spectroscopy, and the unwary investigator 
may be referred to the literature on this subject, e.g. ,  references 6 through 9 a t  
the end of this review. 
ring in the high temperature system under study is a valuable and often necessary 
prerequisite for  meaningful opacity measurements related to  life times, particularly 
in systems where collision limiting can occur; here, knowledge of the kinetics will 
aid in the selection of experimental conditions under which a Boltzmann distribution 
is established by collisional excitation and de-excitation over the relevant radiating 
and absorbing states. A s  an example, I might mention the work by Skackelford on 
measurements of gf-values for  singly ionized chromium (7)  and a l so  refer to 
review literature on non-equilibrium phenomena and relaxation processes in shock 
waves ( 8 )  not mentioned in the chapter. 

Furthermore, I think it is worthwhile to stress the importance of impurity control 
mentioned by Dr. Wurster; at the same time I want to emphasize the equally im-  
portant problem of reproducible test sample preparation for precision opacity 
measurements on homogeneous and heterogeneous systems. 
under investigation usually different techniques are required, I might refer for  a 

This knowledge has to include the relevant 

Furthermore, knowledge of the kinetic mechanisms occur- 

Since for each system 
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typical example to the procedure developed by R. Watson for water vapor studies 
(9 ) or to the methods developed for studies of other heterogeneous systems which 
a r e  reported on during this meeting. Since prolonged flushing of the shock tube 
with the relevant test  mixture is often the only way to ensure the presence of the 
wanted mixture composition, it seems possible, that many of the techniques which 
have been developed for  the preparation of uniform flows of homogeneous and heter- 
ogeneous test  mixtures for flame studies 00) may be attractive for future shock tube 
applications. Finally, in this connection, I want to emphasize the need for, and the 
cri t ical  importance of, sufficient reliability checks on the procedures used for and 
on the result obtained by shock tube techniques for absolute opacity measurements. 
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L n t r O d U C t h  

Motivation for Two-Phase Shock Tube Development 

The powder injection shock tube described in the following sections was originally 

I 1-3 
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SHOCK VELOCITY Us ,  mmlp sec 
Fig. 1-3-1 Shock tube testing times and particle burn-up times in air for  various 

materials versus shock velocity. T-Teflon; D-Delrin; R-Phenolic 
Refrasil; G-Graphite; 265 
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Fig. 1-3-2 Wave and particle trajectories for 0 . 2 ~  diameter phenolic refrasil 
powder. 
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testing time in order to produce a gaseous mixture near the end of the available 
testing time with predictable chemical composition. 
the carr ier  gas and the particulate products of decomposition are to be studied, the 
particle vaporization time must be much less  than the sum of the experimental 
testing time and the observed reaction times. Conversely, if the properties of the 
particulate matter in the shock-heated mixture are to be studied, the particle v q -  
orization time must be greater than the experimental testing time. 

The particle vaporization t imes shown in figure 1-3-1 were calculated on the 
assumption of free molecular energy and momentum transfer to the particles from 
pure, equilibrium air. The basic formulations for these calculations followed the 
works of Ashley (1) and Sauer (2). 
ient of unity was assumed this has  been verified experimentally (3) for teflon. 
What is clearly seen from figure 1-3-1 is that all materials, even those with heats 
of vaporization as large as that of graphite, vaporize in t imes that a r e  very short 
compared to available experimental testing times. 
tion t imes a r e  short compared to the large majority of observed chemical reaction 
times. The vaporization t imes for particles with different initial diameters scale 
linearly with size (3). 

The curves of figure 1-3-2 show that submicron size particles a r e  accelerated to 
the local shocked gas velocity virtually instantaneously. 
transfer processes assumed in these calculations were the same as those used in 
deriving the curves of figure 1-3-1. 

When the flow behind the incident shock wave becomes a continuum with respect to 
the particle diameter, the particle acceleration can be computed on the basis of 
pressure  drag forces. 
ing particle to  reach 90 percent of shocked gas velocity can be read off from the 
curves of figure 1-3-3 (following (3)). 

Powder Injection Shock Tube Facility 

Mechanical Operation 

The powder injection system used now is represented in figure 1-3-4. 
agglomeration, the powder is processed under moisture-free conditions, and the de- 
mountable powder chamber, shown on top of the injection tank, is loaded with a 
measured amount of powder in  a dry box. 
the injection tank by a small electrically-controlled valve. 
controlled valves separate the injection tank from the shock tube and the dummy vol- 
ume from the shock tube. The shock tube dump tank is isolated from the shock tube 
by an aluminum foil diaphragm. In order to avoid interference with the powder 
injection process, the diaphragm is contoured to match the inside of the tube. The 
powder chamber is just large enough to contain a few grams of powder, the injection 
tank has a volume about equal to that of the shock tube, and the dummy volume is 
approximately 6 t imes the volume of the shock tube. 

Just  before injection the shock tube and dummy volume are evacuated, the injection 
tank is pressurized to several  cm Hg, and the powder chamber is pressurized to 
1,000 psig. The valve between the dummy volume and the shock tube is open; the 
other valves a r e  closed. Upon initiation of an electronically-timed automatic firing 
sequence, the powder chamber valve is opened and the powder is blown violently into 
the injection tank. 
mixing of the powder with the gas in the tank, the valve connecting the injection tank 
with the shock tube is opened and the contents of the injection tank rush into the dri- 
ven section of the shock tube and into the dummy volume tank. The injection tank 
valve and the dunmy volumevalve are closed immediately after injection; and as 

If gas phase reactions between 

In all cases, a thermal accommodation coeffic- 

Indeed, the calculated vaporiza- 

The momentum and energy 

For strong shock waves in air, the time for a non-vaporiz- 

To prevent 

The powder chamber is separated from 
Larger electrically- 

About one second later, long enough to achieve reasonable 
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SHOCK VELOCITY, US. (mm/psec)  

Fig. 1-3-3  Particle Acceleration and Shock Tube Testing Times versus Shock 
Velocity. 
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I t IMNR .-- .- . . .  --.. ~, 
(54 LITERS) 

CONTOURED DUMP 
TANK DIAPHRAGM 

Fig. 1-3-4 Schematic diagram of the powder injection shock tube. 
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IFLON POWDER DENSITY, MlCROGRAMSlcc 

2 2  GRAMS OF TEFLON 
POWDER CHAMBER PRESSURE,lOOOPSIG 
PRESSURE, ICM HG 
I INCH x 1 ~ N C H  COLLECTOR SLIDES 

A 

y " i  
OBSERVATION APPROX. 3 METERS OF NEARLY 

SECTION UNIFOfW POWDER DISTRIBUTION 
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MEAN DENSITY = 3 . 2 L  ~ ~ I c c  
STD. DEVIATION =0.29 u g k c  
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Fig. 1-3-5 Teflon powder density distribution along the driver section, ob- 
tained by direct weight measurements. 

TEST 2 
ZERO 
TRANSMISSION- 

TEFLON /A 
TRANSMISSION 

TEST 3 TEST L 

TRANSMISSION 

Fig. 1-3-6 Teflon powder distribution along the driven section of the shock tube 
as determined by CF2 absorption at 2536A in argon in four shock 
tube tests.  The gain settings a r e  the same for a l l  four records; 
tes ts  1 and 2 are at  slow sweep speeds while tests 3 and 4 are fast. 
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START OF INJECTION 
PROCESS SHOCK ARRIVAL 

1 SEC 

Fig. 1-3-7 Transmitted and scattered light signals from a suspension of carbon 
particles in air. 

SOURCE AXIS PERPENDICULAR 
TO SHOCK TUBE AXIS 

CONTACT SHOCK 

FRONT 

SPECTROGRAPH SLIT WIDTH-’ !r - 
Fig. 1-3-8 Schematic of the optical system for a conventional spectrographic 

absorption measurement in a shock tube. t 

- X  
OBSERVATION WINDOW 

Fig. 1-3-9 Shock tube wave (x-t) diagram 
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soon as they are closed, the shock tube is fired. 

Powder Distribution by Direct Weighing 

The amount of powder suspended in the shock tube and the uniformity of the distri- 
bution of the powder have been measured by several  means, the most direct of which 
are weight measurements of the quantity of powder that settles on smal l  squares of 
stainless steel foil arranged at one-meter intervals along the inside of the shock 
tube. Because the weight differences are very small, and because absorption of 
water from the atmosphere can cause large weighing e r ro r s ,  one of the shock tubes 
has been coupled to a dry box and the measurements are made without ever exposing 
the powder samples to the laboratory room atmosphere. 
results of two such tests. 

The lines on the figure at 1.5 
for which a nearly uniform powder distribution is desirable. 
standard deviation of the weighings from the mean of 3.24 pg/cm3 is 0.29 pg/cm3. 
Powder to the left of this region is never seen at an observation point and powder on 
the right gets turbulently mixed with driven gas at the contact front. 

Powder Distribution by Gas Phase Optical Absorption 

Another technique for measuring the powder distribution makes use of the fact that 
all the powder/gas mixture upstream of an observation station in a shock tube is 
swept by the station in a shock-heated condition when the shock tube is fired. If the 
powder decomposes rapidly to form a stable gas-phase compound, a measurement of 
spectral  absorption from this compound as a function of t ime will give a measure of 
the original powder distribution along the length of the tube. This measurement has 
been made on the teflon powder, which decomposes to the relatively stable compound 
CF,(4) when heated in an inert  argon diluent. 
traces of CF, absorption at 2536 A for  four shock tube tests in which all parameters 
were maintained constant in order  to deduce reproducibility of injection; both slow 
and fast sweep traces are shown to  indicate the overall duration and uniformity of 
absorption. The 10 microsecond rise time on the fast sweep traces is the t ime re- 
quired for the shock wave to t raverse  the observation port. The initial driven arg- 
on pressure  for these tests was maintained at 1 cm Hg, and the injected teflon pow- 
der was maintained at approximately 4 mole percent. In each case, zero  and one- 
hundred percent transmission lines were put onto the film shortly before the teflon 
powder/argon mixture was injected. 
mixture prior to shock arrival does not coincide with the one-hundred percent 
transmission line because of the loss of light by scattering from the teflon powder 
initially suspended in the test  section. It is seen from figure 1-3-6 that the powder 
concentration is quite uniform in the useful test gas  length upstream of the observa- 
tion port. 

Powder Distribution by Light Scattering 

A third technique for measuring injected powder uniformity is the light scattering 
method. Monitoring scattered light at a given station along the  shock tube driven 
section provides a measure of injection reproducibility, as well as the settling rate 
of powder at that station. In (5), Deirmendjian shows by numerical computation 
that the intensity of radiation scattered approximately 40" from the forward direction 
is a direct measure of the total number of particles in the scattering volume, in- 
dependent of their s ize  distribution. 
powder injection shock tube experiments, and an oscilloscope record of such a 
measwement is shown in figure 1-3-7. 

In figure 1-3-7 t ime increases from left to right. 

Figure 1-3-5 shows the 

and 6.5 meters  from the injector bound a region 
In this region the 

Figure 1-3-6 shows oscilloscope 

The transmission through the teflon/argon 

We have made use of this phenomenon in the 

The top t race  corresponds to the 
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WAVE LENGTH c 
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SPECTROGRAPH SLI 

1 DENsiioMETER 
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Fig. 1-3-10 Schematic of the plate record for a conventional spectrographic 
absorption mepsurement in a shock tube. 

S 
SOURCE AXIS PARALLEL TO SHOCK 

SPECTROGRAPH SLIT HEIGHT 
A I B  

Fig. 1-3-11 Schematic of the optical system for the TRASE (Time Resolved 
Absorption Spectra Experiment) spectrographic absorption measure- 
ment in a shock tube. i 

--SHOCK WAVE 

,X 
OBSERVATION WINDOW 

Fig. 1-3-12 Shock Tube wave (x-t) diagram for the TRASE system. 

I 



79 

intensity of light transmitted across  a diameter of the shock tube, while the bottom 
trace corresponds to the intensity of light scattered at 43" from the forward direct- 
ion. I, is the intensity of the transmitted light in vacuo, and I is the net intensity 
transmitted after the powder has been injected; 1430 is the intensity scattered at 
43". After an initial transient of approximately one second, associated with the 
opening and closing of the injector valves, the I and intensities a r e  seen to be 
quite steady for several seconds, indicating that a quiescent powder/gas dispersion 
of uniform distribution has been achieved. The sharp change in signals at the time 
indicated by 'shock arrival '  is due to water vapor behind the contact front from the 
combustion driver. 
testing time is immeasureably small, being on the order of 1OG p S. 

Summarizing the material of this section, it is seen that the techniques required for 
producing a uniform and reproducible powder/gas dispersion in the driven section of 
a shock tube have been developed satisfactorily. 

Trase 

(rime Resolved Absorption Spectra Experiment) 

The optical technique discussed in this section was developed to make it possible to 
obtain reaction rate  data on complex chemical systems in a shock tube. It is simi- 
lar to a technique used in flame studies. 

A schematic diagram presented in figure 1-3-8 shows the optical arrangement for a 
conventional flash absorption apparatus on a shock tube. The wave diagram of fig- 
ure  1-3-9 shows that the plate absorption record obtained defines the state of the gas 
at a pre-selected position behind the incident shock wave. If the degree of comple- 
tion of any particular chemical reaction in the system under study is measured as 
shown in figure 1-3-9, then the complete reaction curve can be obtained only by a 
se r i e s  of reproducible experiments with varying exposure delay times. This, in 
general, is a prohibitive procedure due to the large number of test  runs required, 
and the difficulties involved in providing reproducible conditions. 
cedure is generally only useful for obtaining absorption spectra for systems in 
chemical equilibrium. 

Shown in figure 1-3-10 is a schematic diagram of a spectroscopic plate record ob- 
tained using the optical arrangement illustrated in figure 1-3-8. In a typical plate 
absorption spectrum, the height of the densitometer slit which scans the plate to 
produce a density/wavelength plot, is small compared to the actual spectrograph slit 
image height. Since t races  at various positions along the image height produce the 
same absorption records, since conditions a r e  uniform across  a cross-section of a 
shock tube, the bulk of the information recorded is redundant and, hence, wasted. 
The TRASE (Time Resolved Absorption Spectra Experiment) apparatus w a s  designed 
to make better use of the information handling capability of a spectrograph plate 
record. 

The optical arrangement of the TRASE apparatus is shown in  figure 1-3-11, and a 
wave diagram for this experiment is shown in figure 1-3-12. The feature central 
to the operation of the TRASE equipment is thedirect conjugation between positions 
along the shock tube ~s and positions along the spectrograph slit height. 
produces a one-to-one relationship between positions along the spectrograph plate 
record obtained and distance behind the shock wave in the shock tube. 
tion behind the shockwave is directly proportional to time, the TRASE spectrograph 
plate is a record of absorption strength versuswavelength and chemical reaction 
time behind the shock wave. 

A schematic diagram of a TRASE spectrograph plate is shown in  figure 1-3-13. 

On the 1 sec/cm time scale shown, the actual experimental 

In fact, this pro- 

This 

Since posi- 
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Fig. 1-3-13 Schematic of the plate record for  the TRASE spectrographic absorp- 
tion measurement in a shock tube. 

10% TEFLON1 9 0 %  AIR 
P z h  1 m m  
12% 1300.K SHOCK WAVE 

Fig. 1-3-14 Densitometer t races  of a TRASE plate record obtained with a teflon/ 
air mixture in the two-phase shock tube. 
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Fig. 1-3-15 Impact of a particle onto a "smooth" and a "rough" surface a t  a velo- 
city U, and angle of incidence, 0 .  
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Densitometry of the portions of the record corresponding to position in front of the 
shockwaveproduces a record of incident flash source intensity (Io) versus  wave- 
length. The ratio of the net transmitted intensity (I) to Io at any wavelength v s  time 
produces a record of the concentration of absorbers responsible for the observed 
spectral absorption, i.e., the reaction ra te  curve. Densitometry at all wavelengths 
corresponding to known spectral transitions produces a comprehensive reaction rate 
profile for the chemical system studied. 

The densitometer record from an experiment involving the vaporization of teflon 
powder in air is presented in figure 1-3-14. As shown in the inset to figure 1-3-14, 
the densitometer t races  were made at fixed wavelength intervals for both the Refer- 
ence Flash,(obtained with a vacuum in the shock tube prior to firing)and the Experi- 
ment Flash. 
interval over which there is measurable absorption from the CF, radical (4) (6). 
The principal features of this record are the following: 

(a) at each wavelength the plate density of the Reference Flash is greater than 
the Experiment Flash due both to the scattering of light by the teflon powder, and to 
gas phase molecular absorption. 

@) the dip in the density records at all wavelengths in the Experiment Flash 
just behind the position indicated by 'Shock Wave' is due to the increased scattering 
of light by the teflon powder that is compressed behind the shock wave; the total 
vaporization t ime of the teflon particles can be derived from the length, (time in- 
te rva l )  of the dip; 

(c) 
spectral interval of 2540 to 2760 A indicates the r a t e  of disappearance of the CF2 
radical due to oxidation; if the CF, oxidation reactions had been sufficiently fast to 
have achieved completion within the physical distance behind the shock wave viewed 
in this measurement, tine overall ra te  history of CF, disappearance would have been 
determined; 

(d) the plate density behind the shock wave, i.e., the net optical transmission, 
increases at longer wavelengths where CF, absorption is no longer important, and 
eventually surpasses the density in front of the shock wave; 

(e) the monotonic increase in plate density with wavelength is due to the com- 
bination of spectrograph plate response (Eastman 103-0 plate) and flash source 
radiant energy distribution (Suntron X-6 Xe lamp with 6/e emission width of app- 
roximately 6 microseconds). 

The plate record of figure 1-3-14 is only of qualitative usefulness insofar as specific 
reaction r a t e  information is concerned. However a large aperture system current- 
ly under design at our laboratory, combined with a shorter duration flash source, 
also under development at our laboratory, will provide a powerful new tool for 
complex reaction r a t e  studies. 

Two-Phase Shock Tube Hypervelocity Impact Experiments 

In the very extensive literature (7 through 15) on hypervelocity impact phenomena, 
it is demonstrated that good correlation is obtained between the mass  of target 
crater removed and the normal component of kinetic energy of the impacting pro- 
jectile; the cosine-squared, o r  Newtonian, approximation. The proportionality 
constant is dependent on the target and projectile materials, but has been found to 
be  independent of projectile s ize  for projectile diameters ranging from several  
inches down to 1/64 inch (400 microns). 
with projectiles in the micron-size range would thus provide an important extension 

The wavelength region presented in figure 1-3-14 corresponds to the 

the slope of the density t rgces  behind the shock wave in the approximate 

Performing hypervelocity impact tes t s  
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Fig. 1-3-16 Schematic of particle injection shock tube, and associated distance- 
time (x-t) diagram., 
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Fig. 1-3-17 Schematic of the targets used in the shock tube particle impact tests. 

Fig. 1-3-18 Target used in the shock tube impact tests. 
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of the available literature data. 

Further comideration at this laboratory of the mechanics of interaction of micron- 
size projectiles with material surfaces revealed that the scale  of the surface rough- 
ness  of the target, when compared to the projectile dimension, could be important. 
This is illustrated schematically in figure 1-3-15. All of the hypervelocity impact 
data reported in the open literature were obtained under test  conditions similar to 
those shown in figure 1-3-15 (a). 
surface inclination is clearly defined, and a meaningful impact angle 8, is obtained. 
However when the dimensions of the impacting projectile are reduced to the micron- 
size range, test  conditions similar to those shown in figure 1-3-15 (b) can be ex- 
pected. In this latter situation the impact angle is not uniquely determined, and 
the Newtonian scaling relationship can be expected to become invalid. Thus the 
ratio of surface roughness to projectile dimension can be expected to be an important 
scaling parameter. 

Shown in figure 1-3-16 is a schematic diagram of a powder injection shock tube 
facility for performing hypervelocity impact tests. The shock tube used for the 
tests to be described later in this chapter did not have the sliding gate valves shown 
in figure 1-3-16: instead, the entire driven section of the shock tube was  filled with 
the injected particles. A schematic diagram of the target rake used for these stud- 
ies is shown in figure 1-3-17. The three blunt targets and the conical target were 
arranged so that the bow shock waves generated by the supersonic flow behind the 
primary shock wave did not interfere with one another. 
was of a material different from that of the remainder of the target so as to elimin- 
ate any effects of near normal impact near the nose of the target. The technique 
used for determining hypervelocity impact damage in these experiments was to 
measure the total weight loss from the impacts. A view of the actual targets used 
in these experiments is shown in figure 1-3-18. 

A preliminary series of shock tube measurements has been made by us  to determine 
the angular dependence of mass  removal by hypervelocity impact, and the influence 
of surface roughness on this mass  removal. The particles used were 5 micron 
diameter Alundum. The shock tube conditions chosen for these experiments were 
an initial pressure of 1 cm Hg and a shock velocity of approximately 4 mm/psec. 
Pr ior  to each experiment, the four lead targets were carefully weighed and then 
mounted in the holder. After the experiment, the lead models were re-weighed, 
and the mass difference noted. Since it was not possible, in this initial se r ies  of 
measurements, to determine the actual number density of material particles in the 
shocked flow, it was decided to compute the mass loss from an impact on the conical 
model by normalizing it to the mass  loss on the blunt models, as is shown below. 

If, as is shown in figure 1-3-17 we let: 

L 

Under these circumstances, the mean target 

The tip of the conical target 

= the length of the column of particles between the shock front and the 
contact front, 

= the particle number density, and 

= the projected, or swept, area of the target, 
nP 

AP 

then the total number of particles, NT, striking the target during the testing time is 
given by: 

NT = A, Lnp 

Therefore, the maas removed, M, , per impact is given by: 

4s. 1-3-1) 
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Fig. 1-3-20 Ratio of the mass removed per conical impact, (MR ) cOne, to the 
mass removed per blunt impact, ( M R ) b l u n t ,  versus sample number. 
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(Eq. 1-3-2) 

where MT is the total mass  removed from the target. 

During any one shock tube experiment, L and n p  are fixed, and the mass  removed 
per  impact on the conical surface divided by the similar quantity for the blunt sur -  
face is given by the ratio: 

(Eq. 1-3-3) 

f 9  3. Hooker, W.J., Watson, R., Morsell, A.L., 'Measurements with Powdered 
Solids in Shock Tubes: I. Vaporization Rates of Small Particles; 
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List  of Symbols 

particle radius, microns 
target projected area, cmz 
particle drag coefficient 
delrin 
graphite 
transmitted light intensity, w - cm-2 
incident light intensity, w - cm-2 
scattered light intensity at 43" from the forward direction, w - cmz 
separation between the shock and contact front, cm 
target mass  removed per impact, g 
total target mass removal, g 
particle number density behind the shock wave, cm-3 
total number of particle impacts 
reference pressure = 1 atm 
pressure in front of the shock wave, mm Hg 
pressure behind the incident shock wave, atm 
phenolic refrasil 
t ef lon 
time, P sec 
particle velocity, mm - psec-1 
shock velocity, mm - p sec-1 
distance along the shock tube axis, cm 
time for a particle to be accelerated to 90% of shocked gas velocity, p sec 
micron = lO-4cm 
microgram = 10-6 g 
microsecond E: 10-6 second 
standard air density at STP, 1.29 x 10-3g-cm-3 
gas density behind the shock wave, g-cm-3 
particle bulk density, g-cm-3 
angle of incidence between an impacting particle and the surface normal, 
degrees 

T ~ ~ ~ ,  15 

T , , ~ ,  35 
Subscripts 

experimental shock tube testing times at distances of 15 ft. and 35 ft. ,  
respectively, f rom the diaphragm (similarly for other distances). 

blunt 
cone 

quantity for a blunt (flat) surface 
quantity for a conical surface 
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Commentary on Chapter 1-3 

J. Valensi 

Les  auteurs doivent etre felicit6s du souci qu'ils ont eu de contr8ler par des meth- 
odes differentes les conditions des essais et, en particulier, l'homogeneite des  
suspensions. 
pour l e s  tubes 8 choc, de nouvelles techniques de mesure. 

Je ne retiendrai de cet excellent mdmoire que quelques points: 

Suspension des particules solides dans un gaz porteur 

La methode de production de suspensions dans le gaz porteur decrite par les auteurs 
est une m6thode essentiellement discontinue. On peut la rapprocher des methodes 
d6j8 suggbrees par d'autres auteurs, par exemple par Lau en 1964, pour ensemen- 
cer  un gaz afin d'obtenir une valeur determinee de la conductivit6 Blectrique. Ces 
dern i t res  m6thodes cependant, se trouvent restreintes au cas  de substances 8 1' 
etat de vapeur 3 la temperature ambiante, alors que la m6thode qui vient d'&tre 
ddcrite posstde le t r t s  grand merite de s'appliquer 8 une classe importante de mat- 
6riaux te l s  que ceux qui entrent dans la composition des boucliers thermiques des  
capsules spatiales ou dans celle des poudres solides dont la vaporisation se produit 
seulement 2 haute tempkrature. 

Dans la mkthode de Lau que je dkcrirai brisvement, un jet de gaz est projet6 contre 
la surface libre d'une substance liquide, de tension de vapeur notable 3 la temp6ra- 
ture ambiante. Une certaine quantit6 de vapeur est ainsi entrZln6e avec le gaz dans 
une chambre comportant un orifice ferm6 par une vanne 2 ouverture rapide. 
Lorsque la quantitk de vapeur nkcessaire a 6t6 introduite dans la chamhre, la vanne 
est  ouverte et le brouillard se r6pand dans le tube 2 choc, 3 la pression voulue. 
Or, les mesures ont montrk que la conductivit6 du gaz ainsi ensemenc6 d6pendait 
largement de l'intervalle de temps skparant l'ouverture de la vanne de la rupture 
de la membrane du tube 3 choc. 
particules sur les parois du tube par gravit6. 

Par opposition, Louis, chez A.V.C.O., utilise un flux continu de gaz ensemence'. 
I1 s'agit d'un courant d'argon froid qui l&he d'abord la surface libre d'une certaine 
masse de niktal alcalin 2 l'ktat liquide, placke dans una creuset, puis qui t raverse  le 
tube d'essais, le dkbit ktant entretenu par une pompe a palettes. 

I1 semble que cette mkthode permette d'atteindre une trEs bonne homog6nkitk de la 
suspension car,  2 aucun instant, le flux gazeux ne se trouve interrompu et la vitesse 
de chute des particules microscopiques de m6tal condensees dans le courant d'argon 
froid est  beaucoup plus faible que la vitesse de ce  courant. 

Or, dans le mkmoire, l'intervalle de temps separant l'instant 03 la vanne distributrice 
de poudre est  ouverte de celui oa la membrane est rompue n'est pas  precisd, et, 
les r6sultats des  mesures de distribution de densitk effectuees par les auteurs, par 
pesees directes, prksentent une dispersion notable. 

Dans ces  conditions, je voudrais demander au Dr. Hooker s'il pense que sa methode 
pourrait etre encore perfectionn6e et si, en particulier, il pourrait envisager une 
mdthode continue, pour le remplissage du tube d'essais. 

Temps d'gvaporation des particules 

En raison de leur masse, un certain temps est nkcessaire pour que les particules 
soient mises en vitesse 3 l'aval du choc, tandis qu'elles subissent l 'baporation. Le  

11s doivent etre aussi  felicites pour le souci qu'ils ont eu d'adapter 

Le  phknomsne doit &tre attribuk au dkppbt des  
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Dr. Hooker a montrg que le temps d'6vaporation pouvait Stre tres court par rapport 
5 la dur6e utile de la rafale. Par consgquent, une colonne homogene peut dtre 
obtenue z? faihle distance de l'aval du choc, 6tant admis que la suspension est  uni- 
forme. Cependant, si des 6tudes de cin6tique chimique doivent stre r6alis6es 
de r r i s r e  le choc primaire,  il y a lieu de prendre en considdration la cindtique du 
processus d'gvaporation, tandis que la vitesse des particules croft en tendant 5 
devenir dgale celle du gaz. Les  atomes et l e s  mol6cules qui s'6vaporent de la 
surface des particules peuvent, par  le jeu des collisions, atteindre des temp6ratures 
sup6rieures 3 la temperature de translation du gaz. D'autre part, la concentration 
des substances chimiques au voisinage immddiat des particules peut ^etre beaucoup 
plus blev'ee que ne l'indique la  pression partielle de la vapeur dans le tube d'essais. 

Pour ces  deux raisons, la cinhtique du processus d'6vaporation peut e t r e  une cause 
de non Bquilibre. I1 ne faut d'ailleurs pas perdre de vue que la dur6e utile de la 
rafale peut s t r e  t r e s  courte, en particulier lorsqu'on emploie des chocs tres in- 
tenses. 

Conditions des essais  

Des informations pr6cises, qui manquent dans le m6moire, sur les  conditions des 
essais  seraient tres utiles: nombre de Mach du choc, pressions initiales, nature du 
gaz men6, mode de fonctionnement du tube 5 choc. I1 ne faut d'ailleurs pas perdre 
de vue que la temp6rature du gaz, aussi bien que sa densith, sont d6terminhes par 
les conditions initiales et par le nombre de Mach du choc, donc par le rapport de la ' 
pression initiale du gaz menant 3 la pression initiale du gaz menb. 

Inddpendamment donc de tout effet de gaz rdel, on voit que certains groupes de 
valeurs de la pression, de la temperature et de la densitd volumique derr ibre  le 
choc, peuvent &tre impossibles 3 realiser simultanbment. I1 serait  donc inter-  
essant de trouver dans le memoire une discussion su r  les  conditions optimales que 
l'on peut realiser en vue d'une Qtude d6terminbe. 

Si, maintenant, on prend en consideration les  effets de gaz r6els, on voit immediate- 
ment que, si l'on fai t  des etudes de cinetique chimique, 1'6tat du gaz mend peut 
jouer un r81e important, suivant qu'il est dissocie ou non. Si le gaz utilise est  
facilement ionisable, comme l'argon par exemple, a lors  les  pressions et  tempera- 
tures  requises pour 1'8tude peuvent s t r e  telles que ce gaz soit fortement ionise. 

Simulation d'impacts aux hypervitesses 

Le memoire fait etat d'un resultat nouveau et trks interessant, qui concerne les cas  
oa les  particules sont de dimensions comparables 5 celles des asperites 2 la surface 
du modkle. 

Cependant, il faut remarquer que le tube 2 choc ne  saurait,  en aucun cas,  permettre 
la simulation des  impacts de meteorites dans I'espace. 
le tube 2 choc est  relativement klevee, o r  le comportement mgcanique d'un m6ta.l 
dans le vide de l'espace diff&e beaucoup de celui sous pression, mcme faible. 
D'autre part, en tube 2 choc, une onde de choc se forme devant l'obstacle puisqu'il 
y a Bcoulement gazeux; une telle onde n'existe Bvidemment pas dans le vide spatial. 

Enfin, la vitesse des particules que l'on peut obtenir dans le tube ?i choq qui est au 
plus Bgale 5 la vitesse de l'dcoulement gazeux, ne d6passera gu&e 3 km/s alors que 
la vitesse relative des me'teorites est de l 'ordre de 30 km/s. 

En effet, la pression dans 
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Reply to  Commentary 

W.J.  Hooker 

. I  

1. 
initiation of shock propagation, is typically several  seconds. 
set  of tests in figure 1-3-7 of the chapter. 
1 sec/cm, was  left off, although the time is quoted in the text. 

2. 
corresponds to a standard deviation of approximately 10 percent, which is actually 
quite good for the microgram quantities of powder involved. The gas phase absor- 
ption measurements of figure 1-3-6 and the light scattering measurements of figure 
1-3-7, indicate that the dispersion is generally less  than indicated by the direct 
weighings. 

3. We have considered several continuous flow powder injector devices, but 
have not devoted sufficient effort to produce a working model. However, in one 
version of the injection tank, a small  fan was installed to provide continuous agitat- 
ion, and it was found that the injected powder tended to quickly collect along the 
periphery of the tank. 

4. 
He) for the powder shock tube. 
several mass  percent of powder in air and argon at initial pressures ranging from 
0.5 to  10 cm Hg; 1 mm Hg initial pressure  is the lowest at which reasonable pow- 
der suspension has been achieved. Shock velocities in the range of 1.5  to 5 mm/p 
sec a r e  regularly generated. 

In this connection, it should be noted that the temperature-density operating map 
attainable by a conventional shock tube is the same for the powder shock tube, with 
modification for the powder heat of vaporization. 

In closing, much more development work couldbe devoted to  the improvement of 
the powder shock tube technique. However, the present state of development is 
sufficient to perform meaningful experiments, unattainable by conventional shock 
tube procedure. 

The elapsed time between the opening of the injection tank valve, and the 
This is shown for one 

Unfortunately the time scale viz. , 

The dispersion in the measured weight distribution shown in figure 1-3-5 

In the light of this, we have emphasized the 'batch' approach. 

We have used a light gas driver (€I,, He), and a combustion driver (€I2 + 0, + 
The bulk of our experimentation has been with 



91 

1-4 

Combustion Research ina Shock Tunnel 

J. SWITHENBANK and R J. PAFtSONS 
University of Sheffield, UK 

Summary 

The flight corridor for scramjet operation extends to about Mach 20 at altitudes up 
to 50,000 metres. Simulation of the combustion chamber conditions for research 
and development therefore requires air at extremely high enthalpy and pressure. 
The tailored interface shock tunnel is an economic test facility which can attain the 
required conditions, despite the short testing time. The supersonic combustion 
test  chamber may be directly connected to  the shock tunnel nozzle. Starting of the 
flow in the test  section is accompanied by a transient shock whose strength may be 
reduced by pre-evacuation. Fuel (usually hydrogen) is injected into the test section 
and the mixing, reaction and aerodynamic processes are investigated. 

In addition to conventional pressure and shock speed instrumentation, the feasibility 
of the measurement of gasvelocity by electromagnetic induction has been studied and 
shown to be a promising technique at the higher flight speeds. The electrical con- 
ductivity of the gas Limits the range of applicability and radio frequency probes have 
been used to  indicate its magnitude. High speed gas sampling valves may be used 
to measure the fuel concentration in the mixing region, however care  must be taken 
with probe design. 
attained by high speed cine photography. 

The proven value of flow visualization techniques may be 

Sommaire 

Le corridor de vol des statore'acteurs supersoniques s'6tend presque vers  des Mach 
de l 'ordre de 20 d des altitudes allant jusqu'd 50 km. La simulation des conditions 
de fonctionnement des foyers n6cessite donc la fourniture de l 'air 6 des enthalpies et 
pressions tre's e'leve'es pour permettre les  recherches et les mises au point'de ces  
engins. Le tube 2 choc d tuye're profile'e est  un moyen d'essai e'conomique et peut 
fournir l e s  conditions de'sire'es malgre' la brie'vet6 de son fonctionnement. 

Le  foyer de combustion supersonique 5 essayer est  directement place 8 la sortie de 
la tuydre de la soufflerie 
section d'essais est  accompagne' par le passage d'une onde de choc instationnaire 
dont l'intensite' peut 6tre re'duite par vidage pre'alable de la chambre. Le  combust- 
ible (en g6n6ral de l'hydroge'ne) est  inject6 dans la section d'essais et on e'tudie les 
processus de mGlange, la re'action chimique et l'e'coulement des gaz. 

En plus de l'instrumentation classique pour la mesure de la pression et de la vitesse 
de choc, on a e'galement e'tudi6 la possibilite' d'utilisation de l'induction 6lectro- 
magngtique pour la mesure directe de la vitesse du gaz. 
specialement intdressante aw vitesses e'leve'es. 
du gaz limite l e s  possibilite's d'emploi de cette technique et on utilise des sondes H F  
pour dgterminer la valeur de cette conductivite'. 

tube 5 choc. Le  de'marrage de 1'6coulement dans la 

Cette technique semble 
La faible conductivite' 6lectrique 
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On peut 6galement utiliser des  vannes 2 ouverture rapide pour prelever des  e'chan- 
tillons de gaz et pour mesurer la concentration en combustible dans la zone de  
mglange, cependant la forme de la sonde joue un grand r6le dans cette manipulation. 

La  cin6matographie 5 grande vitesse donne 6galement dYnt6ressant.s resultats, car 
elle permet la visualisation de l'icoulement . 
Introduction 

At the present time, the scramjet (supersonic combustion ramjet)  appears to be 
the most promising power plant for hypersonic propulsion. 
calculations (1) (2) have been car r ied  out based on hypothetical efficiency of the in- 
take, combustor, nozzle and vehicle. 

However experimental investigation of these components is sti l l  at an early stage. 
Although a complete understanding of aerodynamics and chemical kinetics would 
permit confident predictions of component behavior, such an objective is too vast, 
and it is necessary to confine attention to the actual conditions likely to be encoun- 
tered. Experimental research programmes must therefore be  closely associated 
with the hypersonic mission to be achieved if the accumulation of irrelevant data 
is to be avoided. 

Figure 1-4-1 (a) shows the flight corridor of a scramjet powered vehicle, since this 
illustrates the range of stagnation pressure  and stagnation temperature to be con- 
sidered. These parameters are plotted on figures 1-4-1 @) and (c) for both ideal 
air (y  = 1.4) and r ea l  air (equilibrium), and it can be  seen that real gas effects 
must be included in this speed range when stagnation conditions are required. 
cruise missions a maximum speed of about Mach 15 appears likely (3), whilst for 
boost acceleration missions, speeds up to Mach 20 are conceivable. 
figure 1-4-1 (a), cruise vehicles would also operate at lower dynamic pressure 
(higher altitude) than boost vehicles, and flight stagnation pressures  and tempera- 
tu res  up to 5000 bar s ,  6000°K. and lo5 bars, 14000°K. for the cruise and boost 
missions respectively. 

Combustion Chamber Conditions 

Extensive performance 

For 

As shown in 

In this particular study interest is centered on the combustion chamber conditions 
rather than the ambient conditions, and an air stream corresponding to that at the 
exit of an intake is therefore required for experimental research. 
do not diffuse the air with complete efficiency and the intake efficiency decreases 
with the amount of diffusion required. In general, two parameters are required to 
specify the amount of diffusion and efficiency of diffusion, and in this study velocity 
ratio V,/V, and diffusion factor M,/M, will be used to define the former,  whilst 
kinetic energy efficiency qD and process efficiency KD will be  used to define the 
latter. 
though the velocity ratio V,/V, and kinetic energy efficiency q,, a r e  the more ob- 
vious intake performance parameters, the Mach number ratio M,/M, mid process 
efficiency K, remain more nearly constant for scramjet engines as flight Mach 
number and amount of diffusion a r e  varied. 
value of M,/M,;is approximately 3 and the likely value of K D  is approximately 0.9 
in the hypersonic speed range. The static pressure  p, and temperature t, at the 
entry to a scramjet combustor therefore depend on the flight Mach number MI,  
dynamic pressure  q, diffusion factor M,/M, y d  process efficiency KD of the intake. 
It will be  shown that the temperature t, i s  normally below 2000°K. mid therefore 
ideal gas relations can be  used to illustrate the relationship between these para- 
meters  with 'ittle loss in accuracy. 

Considering first the static temperature t,, it is apparent that for ideal gas this i s  

Practical intakes 

Reference stations through the engine are illustrated on figure 1-4-2. Al- 

As shown in (3) and (4) the optimum 
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independent of the intake efficiency, thus: 

3 , 3 =  t 1 +  v 2  1 . v,2 
t l  h l  2Jhl 

(Eq. 1-4-1) 

or in te rms  of the diffusion factor: 

(Eq. 1-4-2) 

These functions a re  plotted on figure 1-4-3 (a) for the hypersonic speed range, and it 
can be seen that the velocity in the combustion chamber is only a few percent below 
its f ree  s t ream value, especially at the higher hypersonic speeds. Since the stan- 
dard ambient temperature t, is defined by the ARDC atmosphere, the value of the 
combustion chamber entry temperature t 3  can be plotted as a function of the flight 
Mach number M, for any given value of dynamic pressure. In figure 1-4-3 @), t 3  
is plotted against M, for q = 2 bars ,  and a range of intake diffusion factors. Tak- 
ing Ml/M, - 3 it is apparent that the combustion chamber entry temperature lies 
between 800°K. and 2000°K. in this speed range, the higher temperatures being 
associated with the higher flight speeds. The small effect of dynamic pressure on 
t, is illustrated on figure 1-4-3 (c) for q = 0.1, 0.5 and 2 bars. 

Turning now to the pressure in the combustion chamber, this is given by: 

I I 

or in te rms  of the diffusion factor and process efficiency: 
(where VD = KD + (1 - KD ) (V3/Vl)', see  (5) ). 

(Eq. 1-4-3) 

This latter function is plotted in figure 1-4-4 (a) for the relevant range of KD and 
Ml/M,, and i t  can be seen that the static pressure is normally increased by about 
two orders  of magnitude in the intake. Again the Mach number/altitude relationship 
given by particular values of the dynamic pressure can be used to obtain the absolute 
value of the parameter - in this case combustor entrance pressure. 
0.1, 0.5 and 2 bars at KD = 0.9 and Ml/M 
ure 1-4-4 @) are obtained and it is apparent ;hat the ps range of interest l ies bet- 
ween 0.1 and 5 bars. 

Taking q = 
5, the characteristics plotted in fig- 
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In a flight scramjet these pressures, temperatures and Mach numbers at entry to 
the combustor are derived from the flight stagnation conditions by non-isentropic 
diffusion in the intake. In the ground test facility, isentropic expansion from a 
stagnation reservoir  can be obtained in a Laval nozzle designed for the appropriate 
Mach number. 
pressure P, that is considerably lower than P,, however the stagnation enthalpy 
must be the same in both systems for complete simulation. 
effects become more significant as the stagnation conditions are approached, the 
magnitude of the reduction in stagnation pressure in the intake can be conveniently 
illustrated by ideal gas relations thus: 

Thus the ground test  facility only needs to provide a stagnation 

Although real gas 

This function is plotted in figure 1-4-5 for a range of KD and M,/M,, and it is 
shown that the stagnation pressure in the  ground facility is about an order of magni- 
tude less  than the equivalent flight case. 
1-4-1 (b) and 1-4-1 (c), this still represents extremely high pressures, well in ex- 
cess of 1 kilobar at the higher hypersonic speeds. 
stagnation pressure is a welcome feature, and means that it is much more practic- 
able to  car ry  out realistic 'connected' tests of a scramjet combustor than tests of 
an engine complete with intake. 

Scaling Parameters  

The above discussion shows that complete simulation of all gas dynamic parameters 
in a scramjet combustor is an arduous task for any facility, and we must consider 
which scaling parameters a re  likely to be most significant so that some of the re- 
quirements may be relaxed. The important phenomena to be studied a re the  turbul- 
ent mixing of fuel and air, with simultaneous chemical reaction, and the interaction 
of the resulting pressure gradients with the duct geometry: 

a) The mixing is governed by the velocity and density ratios, Reynolds numbers, 
and the boundary layer at the fuel jet entry. 

b) The chemical reactions a re  governed by the local pressure, temperature, 
concentration and mixedness of the fuel and air throughout the reaction zone. 

c )  The interaction between area changes in the duct and the heat addition pro- 
cess  can be very large, especially at transonic flow conditions and near combustion 
limits. 

To study all these factors simultaneously, i t  is necessary that the pressures ,  tem- 
peratures, velocities and dimensions of the fuel and air streams should be  correctly 
simulated. Of course facilities which study only one factor e.g. mixing, chemical 
kinetics, or aerodynamics, have been used but we now wish to study the integrated 
effect, and little compromise is possible. 

As can be seen by reference to figures 

However, this reduction in 
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Fortunately sufficient is now known about supersonic combustors that the critical 
regions can be identified and i t  is found that the major problems can be studied 
without maximum test  facility capability, i.e. 105 bars at 14 000°K. Considering 
first the higher hypersonic speeds, Fe r r i  et a1 (6) showed that the combustion 
time is sufficiently short (less than 100 p s ) that the system is controlled by mix 
processes. The pressure and temperature can then be reduced with little loss in 
accuracy since the mixing depends predominantly on velocities and densities. In 
addition, at these speeds a large par t  of the stagnation energy is associated with the 
velocity, and a small  reduction in velocity greatly reduces the required stagnation 
conditions. It is therefore concluded that for flight speeds between Mach 10 and 
Mach 20, connected combustion testing can be adequately covered by stagnation 
temperatures of 5000°K. and stagnation pressures  of 200 bars. If however an in- 
take is to be included, as in complete engine tests,  then the Mach Number in the 
intake is important and the reduction in temperature must be carefully matched to 
the reduction in velocity so that the Mach number is unchanged. In this case at M, 
= 20 a combustion chamber temperature of 1500°K. would correspond to a stag- 
nation temperature of - 8000°K. rea l  gas, which is much more readily attainable 
than 14 000°K. required for true simulation. Thecorresponding stagnation pres-  
sure  is approximately 105 b a r s  at M, = 20, however this can be reduced if higher 
stagnation temperatures a re  available. This follows because the overall combust- 
ion time is a function of both pressure and temperature, and a reduction in com- 
bustor static pressure can be compensated for by an increase in static temperature. 

Consider next the intermediate flight speeds between Mach 7 and Mach 10, at which 
the supersonic combustion is usually controlled by the chemical kinetics. 
case the Mach number in the combustor is not a critical parameter, whilst tempera- 
ture, pressure, mixture strength andresidence time a r e  important. The stagnation 
conditions can therefore be reduced significantly provided the mixing is simulated 
by retaining the correct velocity relationship between the two s t reams (7). 
nation temperature of - 2200°K. is adequate to study this region. 

In this 

A stag- 

Finally consider the lower flight speeds below Mach 7 when the combustion chamber 
is operating transonically. Dobrowolski has shown (8) that the critical condition of 
thermal choking, which is M, = 1 in a constant area ducf occurs at other Mach num- 
be r s  in non-constant area ducts. It is essential therefore that the Mach number is 
correctly simulated if this limit is approached. This  phenomenon is particularly 
important below a flight Mach number of 7 - which is also the region at which the 
combustor static temperature is too low for spontaneous ignition of the fuel, and 
some form of recirculation or piloting (9) is necessary to stabilize the flame. The 
spread of flame from a pilot is only slightly affected by the static temperature of the 
main stream, hence t rue temperature simulation is not too critical in this region. 
Indeed some transonic combustion tes t s  have been carr ied out with no air preheating 

Facilities 

From the foregoing i t  is apparent that supersonic combustors for the different flight 
regimes can be conveniently studied with different facilities. Conventional super- 
sonic wind tunnel systems modified to handle the potentially explosive exhaust, with 
vitiation or heat exchanger preheating up to say 1000"K.,can be used for studies up 

(10). 

to MI = 7. 

Ceramic preheaters e.g. pebble beds or a rc  heaters can give temperatures above 
2200°K. and are therefore useful to cover the intermediate range between MI = '7 and 
M, = 10. 

The higher speed range from Mach 10 to Mach 20 requires minimum stagnation con- 
ditions of 5000°K at 200 bars  for connected tests, and up to 8000°K. at lo5 b a r s  for 
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complete engine tests. 
attainable by any present day continuous ground test  facility and intermittent faci- 
lities must be considered. 
wind tunnel could be developed to this capability, although f ree  flight tests using a 
rocket boosted test vehicle will  offer a cheaper alternative in the immediate future. 

Two types of intermittent facility can attain the required conditions - the hot shot 
tunnel and the reflected shock tunnel. Current hot shot tunnels are expensive to 
build since they need considerable electrical energy storage, and also suffer from 
the disadvantage that the oxygen in the air is depleted during heating. It is antic- 
ipated that these disadvantages can be largely overcome. 

However the reflected shock tunnel appears to be an attractive alternative at the 
present time. 
cms  (6") shock tunnel built at Sheffield University, to the study of supersonic com- 
bustion for scramjet operation between Mach 10 and Mach 20. 
this facility is given in figure 1-4-17. 

Although connected test  techniques are being used at present with this facility, 
complete engine tes t s  will eventually be essential. This arises because the velocity 
profiles at the exit of a rea l  scramjet intake are likely to be very non-uniform, since 
different streamlines are processed by vastly different shock and boundary layer 
conditions. It may be possible to extend the applicability of connected testing by 
the designof nozzles which give deliberately non-uniform flow, thus duplicating the 
intake diffuser exit flow determined independently on a hypersonic wind tunnel. 

The Shock Tunnel 

Many references, e.g. (1l)detail the design of shock tunnels, and only the points 
relevant to supersonic combustor testing will be discussed here. 

The main disadvantage of the shock tunnel arises from the short testing time of a 
few milliseconds. 
the important combustor processes. In the flight speed range being considered, 
figures 1-4-3 and 1-4-4 show that the intake velocity ratio V /VI is about 0.9, 
hence the air velocity in the combustor is greater than - 3080 m/s. In (3) i t  is 
shown that the fuel injection velocity will be about half the air velocity, i.e. 
m/s, hence all the gases will flow through a combustor of 1 metre length in less 
than 0.75 milliseconds. 
adequate to study the combustion process. 

The tailored interface mode of operation of the reflected shock tunnel gives the 
longest running time for a given length of driven tube, and the capability of such a 
facility is shown on figures 1-4-6 (a) and 1-4-6 b) as a function of primary shock 
Mach number (12). It can be seen that air stagnation temperatures of - 5000°K. 
and 8000°K. required for direct connected and complete engine tests, can be pro- 
duced with cold hydrogen, hot hydrogen and hot helium driver gases. The cor res -  
ponding testing t ime var ies  from 0.3 to 0.15 m. sec/metre and hence a driven tube 
length in excess of 7 metres  is required. A great excess in length can result in 
shock attenuation problems: the supersonic combustion research shock tunnel at 
Sheffield University has a length of 8 . 7  metres. 

With cold hydrogen driving, the diaphragm is simply burst by pressure. 
helium driving follows the technique developed by General Electric (13), in which a 
mixture of 70 percent helium and stoichiometric hydrogen: oxygen, is ignited by 
eight high energy discharge igniters, each 4 pF at 1500 volts. The combustion r e -  
sults in a smooth six to seven fold pressure r i s e  over a period of about 20 m. sec., 
at which time the diaphragm opens. The required driver pressure is usually about 

These pressures  and temperatures are beyond those 

It would however be most valuable if the a rc  heated 

This study will therefore be concerned with the application of a 15 

A general view of 

The important point is that this t ime should be long compared to 

-1500 

Testing t imes in excess of one millisecond are therefore 

The hot 
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20 percent greater than the final air stagnation pressure.  
of the facility design and calibration is given by Wood (12). 

It is interesting to note that hot hydrogen driving would be very suitable for scram- 
jet testing; and in view of the high cost of helium, a rapid electrical hydrogen heat- 
ing technique, in which the driver tube is cooled by thermal inertia, could be well 
worth developing. The alternative of combustion heating of hydrogen, burning some 
hydrogen with oxygebcan result in undesirable detonations, and indeed less than 70 
percent helium mixtures have produced very rough combustion in our facility. 

In addition to the  familiar limitation of testing t ime due to the arrival at the nozzle 
of the tail or reflected head of the expansion from the diaphragm, recent studies 
have shown that contact surface interactions in the driven tube may also curtail the 
useful running period. This process has been analysed (14) where it is shown that 
two phenomena are responsible, namely contact surface instability and shock bi- 
furcation caused by shock interaction with the boundary layer. This latter process 
results in annular jets of driver gas  penetrating the shock heated gas  in the stag- 
nation region and diluting the test gas flowing through the nozzle. The onset of 
these two processes usually occurs at similar shock Mach numbers, and calculated 
critical shock Mach numbers for the two driver systems in current use at Sheffield 
are shown in figure 1-4-7 (a). 
Mach numbers but experiments are in hand to investigate this problem and will be 
reported in due course. 

Since the stagnation temperatures are so high, the air is dissociated a few percent, 
and the possibility of the flow freezing in the nozzle must be considered. It is well 
known that the flow f reezes  in hypersonic nozzle; with an area ratio of about lo3, 
however in this study area ratios are approximately 10 and the test section static 
pressures  and temperatures are sti l l  comparatively high. 
hypersonic nozzle has been analysed by Bray (15) based on results calculated at 
Cornell Aeronautical Laboratcry. Data from this reference are plotted in figure 
1-4-7 (b) together with the combustion chamber conditions corresponding to a range 
of flight Mach numbers, dynamic pressures  and diffusion factors. It can be seen 
that the flow is frozen for al l  conditions, hence the translational temperature will 
be  lower than would be obtained with equilibrium flow. However i t  will be noted 
that the freezing occurs only at temperatures just above those being considered, So 
that the effects of freezing will be slight. In general it is expected that freezing 
effects will increase the oxygen atom level above its equilibrium value at  entry to 
the combustion zone. 

A detailed description 

Fortunately these limits are above the tailoring 

The freezing point in a 

Test Section 

Flow Starting 

The design of a connected combustion test section poses some interesting problems 
when compared to the hypersonic shock tunnel since the ratios of test section area 
to throat area are much smaller, and the test section static pressure is usually 
much greater. In fact with test section static pressures  of about 1 bar as shown 
above, it might appear that the conventional evacuated dump tank couldbe dispensed 
with, and the exhaust discharged direct to atmosphere. Indeed our .facility is not 
fitted with a dump tank, and free jet tests at M, = 3 have been successfully con- 
ducted with a robust M = 3 nozzle. However when a 1 metre  long combustion 
chamber is fitted, the tunnel starting conditions must be considered since high 
pressures  can be  built up during the starting process. This phenomenon is con- 
sidered in (16) and (17) and in this case can be  interpreted as follows. 

On bursting of the nozzle diaphragm, a shock wave travelling at M* is initiated at 
the throat and advances through the nozzle gas followed successively by the contact 
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surface, a backward facing shock and air at the required test  conditions. 
pressure between the two shocks by) is determined by the initial pressure in the 
nozzle (pN) and the shock Mach number, which decreases from M,* to M,, as it 
passes down the  nozzle. 

For any given stagnation pressure and nozzle area ratio, there  is a maximum initial 
nozzle pressure that will restrict  this starting pressure to the required level. Any 
further decrease in pN will  give a decrease in p, even though it  results in an in- 
crease in  the starting shock Mach number. As a second requirement, in order 
that the starting process should be rapid, there exists a minimum value of M,* 
which is a function of the nozzle area ratio (15). 
combustor test  Mach number (M,) on figure 1-4-8 (a) and it can be seen that M, 
increases as the test  Mach number increases. 
pressure ratio (P,/pN) to give this Mach number is plotted against the test  Mach 
number in figure 1-4-8 (b), thus the nozzle section should be evacuated to give at 
least this pressure ratio to ensure rapid starting. 
starting shock Mach number in the test  section is given by: 

The 

T h i s i s  interpreted in te rms  of*the 

The corresponding minimum starting 

At this minimum level, the 

(Eq. 1-4-6) 
(A , /A*) '4  - I i  M,, = 1 + I 

This  valueis plotted on figure 1-4-8 (a) and it can be seen that the minimum value of 
M,, is approximately Mach 5 throughout the interesting range of tes t  section Mach 
numbers. 
approximately 30. Referring again to figure 1-4-8 (bJ it can be seen that the running 
pressure ratio is approximately an order of magnitude less than the minimum start- 
ing pressure ratio, so that if the test  section is evacuated to about one tenth to one 
thirtieth of the test static pressure (p, = p3), then the starting process will be rapid 
and the overpressure during the starting shock will be reduced to negligible proport- 
ions. Since test  section pressures  of about 1 bar are usually required, the connect- 
ed test  shock tunnel configuration does not require such high vacuum as the csnven- 
tional hypersonic shock tunnel, however some evacuation is essential if the test  
section is not to be damaged by the starting shock. 

Our shock tunnel is therefore fitted with a blast tube 6 metres  long and 0.25 metres  
diameter exhausting to atmosphere through a Melinex diaphragm. This tube is 
normally evacuated to about 0.1 bars, and tes t s  have proved this arrangement to be 
satisfactory - necessary even, since earlier omission of the vacuum resulted in 
failure of the test  section! 

The corresponding static pressure rise (p /t, N )  through this shock is 

Test Section Design 

The scramjet combustor test section is very similar to a conventional supersonic 
wind tunnel, having a nozzle to accelerate the flow, followed by the test  section 
proper. 
diffuser unless the scramjet exhaust nozzle is included with the combustion chamber, 
and even in this case it would be better to use a large evacuated dump tank. 
present we do not include the exhaust nozzle,and the combustor is simply a variable 
area duct about 1 metre  long. The length is determined by the combustor mixing 
and kinetics that we wish to study, and in common with other supersonic wind 
tunnels the length determines the minimum acceptable cross-sectional area due to 
friction considerations. 

Due to the high static pressure it is not usually necessary to include a 

At 

For a scramjet combustor the boundary layers  are almost invariably turbulent (3), 
whilst in  the test  section the Reynolds numbers are -106 and the boundary layer is 
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marginally turbulent (transition will occur at a Reynolds number of about 5 x 106). 
The corresponding mean skin friction coefficient can be taken as - 0.0025, and 
figure 1-4-9 (19) shows that the flow in  a constant area duct will then decrease 
from Mach 4 to Mach 3 over a length equal to 11 duct diameters with a correspond- 
ing reduction of stagnation pressure  to 25 percent of its initial value. It is there- 
fore essential that the length/diameter ratio of the test sectionshould be as small  
as possible, especially at the higher test Mach numbers, and a maximum value of 
10 is suggested. 
diameter is approximately 10 cms. at the exit of the shock tunnel nozzle. 
nozzle area ratio then determines the throat area as - 6.5 cmz., and since the 
shock tube driver to throat area ratio should be  about 25, the corresponding mini- 
mum diameter of the shock tube is - 0.145 metres  i.e. approximately 6 inches. 
When these dimensions are associated with the stagnation pressure  capability of 
> 103 b a r s  as described above, the result  is a large shock tunnel compared to  many 
University shock tubes, but is nevertheless the minimum practicable size for this 
particular field of work. 

Returning to the  friction considerations in a constant area tube, the large effect of 
friction coefficient is also illustrated in figure 1-4-9 (a). 
0.0025 was assumed above, the value var ies  from about 0.0015 to 0.0035 for lam- 
inar and turbulent boundary layers respectively (19), and the length required for a 
given change in Mach number is inversely proportional to C f .  It may therefore be 
possible to take advantage of this difference between the boundary layers  in flight 
engines and those in connected model tests by scaling the diameter down in inverse 
proportion to the change in friction coefficient, i.e. by a factor of approximately 
3. The change in duct static pressure  and temperature resulting from the friction 
is illustrated in figure 1-4-9 @), and it can be  seen that a factor of two can be 
readily induced. The large effect of such a change on the combustion kinetics will 
be appreciated, as will the fact that measurements of wall static pressure  can be  
interpreted as due to either heat release or friction effects. Experimental results 
can not therefore be analysed in t e r m s  of one dimensional inviscid flow, and de- 
tailed knowledge of the flow field is necessary. 

Although a constant area test section has been discussed above for  simplicity, 
practical combustors will usually vary in area to produce, for example, combustion 
at constant pressure,  constant Mach number, etc. The required variation of pres -  
sure  with flow area is often specified by the Crocco relation (8) (20) : 

Since the combustor length is one metre, the minimum useful 
The 

Although a value of 

(Eq. 1-4-7) 

and the area of the combustor should be variable along its length to  constitute a 
versatile research  apparatus. 
use of a two dimensional test section with flexible walls supported on screw jacks. 
If the side walls are transparent, conventional optical techniques can be used for 
flow visualization and temperature measurement. The two dimensional geometry 
is also suitable fo r  the essential flow profile measurements, as discussed above. 
A diagram of a basic Mach 4 test section is given in figure 1-4-10, together with a 
photograph of the nozzle section in figure 1-4-18. 

Fuel Injection 

The supersonic combustion process can be investigated by using either small  dis- 
turbance methods or near stoichiometric fuel injection. In the former,  the prin- 
ciple of equivalence between heat, mass  and volume sources can be invoked to show 
that a small  fuel jet, even with combustion, will not greatly alter the flow pattern in 

This variation is most readily accomplished by the 
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to  a known pressure, and following opening of the valve will discharge exponentially 
in a period of about one second. 
essentially constant during the tunnel running time, and is readily monitored by 
means of a pressure transducer. 
placed in a furnace, and the ducts to the test  section heated. 

Standard Instrumentation of the Shock Tunnel 

The pressure, and hence the flow rate, remains 

If heated fuel is required, the reservoir can be 
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method there did not seem to be any lack of sodium vapour. Quartz iodine lamps 
were used, as these gave a higher brightness temperature than the tungsten filament 
lamps previously used (12). The vibrational and translational temperatures were 
assumed to  be in complete equilibrium, so that the temperature measured by this 
method, the vibrational temperature, was taken as equal to  the t rue gas temperature. 

Piezo-electric transducers were used to measure the pressure  levels throughout the 
shock tunnel. In the test  section two separate methods of measurement were used. 
The wall static pressures  were found by Kistler 701 transducers set in antivibration 
mounts, and exposed to the flow via small  holes. Alternatively a sting arrangement 
permitted the use of a static or pitot p ressure  probe built to  a National Physical 
Laboratory design (11). The signals from the charge amplifiers were usually 
filtered to reduce the noise level from mechanical vibrations, despite precautions 
taken to avoid this noise. 

Two alternative mechanisms were used to measure the shock of the primary speed, 
depending on whether the tunnel was driven by combustion heated helium or cold 
hydrogen. For combustion driving with the primary shock speed M, > 10, ionisa- 
tion gauges were used. These consisted of a central electrode held at 300 volts 
and surrounded by an earthed electrode. 
down and a pulse was obtainable. At lower shock speeds pressure  transducers 
were used because of the low level of ionisation present. 

The Measurement of Gas Velocity by Electromagnetic Induction 

The possibility of measuring velocity by electromagnetic induction has been known 
for a long time and commercial instruments a r e  available to meter liquid flows. 
The application of the method to metering ionised gas flows has not received so much 
attention, and this study presents the application of this technique to  velocity meas- 
urement in the supersonic combustion test  section. 
will be ionised and therefore the method should be applicable to measuring its vel- 
ocity. If this test  gas is passed between the poles of a magnet so that the magnetic 
field is perpendicular to the velocity vector, the magnitude of the induced voltage is 
given by: 

On passage of the shock, the gap broke 

The tes t  gas after expansion 

, 

v = B V, D volts (Eq. 1-4-8) 

This equation gives the magnitude of the measured voltage only if all the walls of 
the test section are non conducting (23); i f  this is not so, the observed signal will 
be less  than that given by equation 1-4-8. The ratioof the observed signal to the 
theoretical signal is defined a s  the sensitivity. 

J.M. Shaw of the Royal Aircraft Establishment, Farnborough, has  reported privately 
that early workers in the field (24) experienced difficulty due to the appearance of a 
voltage when there was no imposed magnetic field. 
order of magnitude as the induced voltage (ca 1 volt) and made interpretation of the 
results difficult. 
tube, and found that the voltage could be of either polarity. 
necessary to have the induced voltage as large as possible and also to  use a differ- 
ent measuring circuit. 

Cason (25) used the technique to  measure velocity in a plasma jet. He found r e -  
sults to be in agreement with calculations, although no direct comparison with other 
forms of velometer was reported. The results using a d. c. excited magnet were 
found to be affected by thermionic emmission at the electrode surfaces and an a.c. 
excited magnet w a s  substituted to eliminate such effects. A shock-tube induction 
flowmeter is described by Croce (26) but once again the results given are only 
compared with theoretical induced voltage values although the sensitivity of this type 

This voltage was of the same 

Holbeche (24) investigated this phenomenon in a 2 inch shock 
It therefore seems 
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of instrument can be over 100 percent (27). B. Edwards has informed u s  privateiy 
that at Rolls-Royce Ltd, Derby, velocities have been measured with an induction 
system, during studies on ethylene-oxygen detonations. 
camera measurements they found that it was necessary to apply a calibration factor 
of between 1 .5  and 1 .7  to  the velocity predicted from the induced voltage. 

Conductivity of the Tes t  Gas 

Equation 1-4-8 predicts the induced voltage provided that the fluid has a finite value 
of electrical conductivity. 
determine the external impedance necessary to  accurately determine the induced 
voltage. If a 10 percent loss  in uncorrected voltage is acceptable, then the equiva- 
lent circuit yields R L 3 9R, where RL is the load resistance and R, the gas re- 
sistance. Even if a ,  the gas conductivity is known, the determination of R pres-  
ents some difficulty, because ollly when A > > D2, where A is the area of the a e c -  
trodes,is it equal to  D/A a .  The technique used by Pain and Smy (28) was there- 
fore  adopted. 

A small  perspex box was constructed, with the same internal dimensions as the  test 
section, and with provision for placing a pair of electrodes in the side walls. 
box was filled with salt solution of known conductivity ( a ') and the resistance bet- 
ween the electrodes (€2, ') found using an a. c. bridge circuit, then R, = R; a ' / ~ .  
Using flush electrodes made of 1.59 mm. diameter silver steel  rods, it was found 
that R = lO3/0. All types of electrode can be  tested in this way before fitting to  
the t e a  section. 

By comparison with drum 

The level of the conductivity in the tes t  section will 

The 

The expression for R, is a function of U ,  the gas conductivity and some estimate of 
its value is needed. 
thermally ionised air above 3000'K. for various pressures.  
has been made to  find conductivities below this level of temperature as the degree 
of ionisation becomes so small. 
ivity of a slightly ionised gas as: 

Viegas and Peng (29) have calculated the conductivity of 
Very little attempt 

Coombe (30) gives an expression for the conduct- 

7.05 x 10-13 T 3/4 

aJp exp (~v,/~KT) 
a =  (Eq. 1-4-9) 

where Vi is the ionisation potential of the gas and a an appropriate average for the 
electron-atom collision cross-section. Using this equation it has been uossible to 
extend the data given in Ref. (12) down to a temperature of 1500°K. Figure 1-4-12 
shows the result  of these calculations for three pressures .  The graph shows the 
effect of the exponential t e rm in equation 1-4-9 and it can be seen that the resis t -  
ance of the gas will be very high over most of the range of static temperature of 
interest. 

The conductivity of the gas is therefore likely to be in the order of 10-8 mho/m so 
that the resistance between the flush electrodes will be - lo1' ohms. The meas- 
uring circuit must therefore have an impedance of at least 10l2 ohms unless either 
an estimate of signal loss  can be made or the conductivity increased. Using a 
1OO:l o r  1OOO:l attenuating circuit, the input impedance of a sensitive oscilloscope 
can be  raised to 1 0 8 4  lo9 ohms. 
lifier based on an electrometer valve must be used. 

For higher values of input impedance, an amp- 

Seeding of the test gaswith materials of low ionisation potential such as caesium or  
potassium can increase the conductivity by several  o rders  of magnitude. 
(31) has calculated the conductivity of various seeded atmospheres and the results 
for argon can be compared with the results of Lim, Resler and Kantrowitz (32) 
despite the pressure  differences. 

Frost 

Seeding with 0.02 atm K., increases the con- 
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ductivity lo3 times. Since the same improvement can be expected with air then the 
limit on the external measuring impedance will be lowered to N 109 ohms. 
arises because the air is. only very weakly ionised and the majority of the ionisation 
comes from the seed (31), and is therefore generally independent of the car r ie r  gas. 
An exception a r i ses  when the gas contains OH which strongly absorbs electrons, 
hence difficulties are anticipated when the electromagnetic velocity meter is used 
in supersonic hydrogen flames. On the other hand hydrocarbon flames a re  elec- 
trically conducting due to the reactions: 

CH + 0 -+- CHO+ + e 

This 

CHO+ + H,O 3 H30+ + CO 

which produce electrons and thus may provide an alternative source of conductivity. 

Range of Applicability of the Method 

The conditions within the test section must correspond to the simulated conditions 
within a scramjet combustion chamber. For a specific flight Mach number, the 
combustor conditions at any altitude can be found from figures 1-4-3 and 1-4-4 and 
hence the conductivity found from figure 1-4-12. Within the range MI = 5 to 20 
and with K, = 0.9, Ml/M3 = 3,4 the combustor pressure will lie between 10 and 
0.1 bars, hence conductivity will not be greatly affected by pressure within this 
range. 

From the previous discussions it appears that for a measuring circuit of impedance 
10l2 ohms and the resistance between electrodes equal to lO3/0, the lower limit of 
applicability l ies between M, 7.0 and M, - 11 depending on M,/M,. This limit 
is illustrated on figure 1-4-13. 
the external impedance or  reducing the internal impedance by (a) different electrode 
structure or @) seeding of the gas. 
tunnel but is impracticable in the scramjet. It is likely that seeding can reduce the 
limit to M, - 5 when Ml/M3 = 4. 
measuring technique within the range of some continuous facilities such as the 
pebble bed heated hypersonic wind tunnel. 

Electrode Geometry 

Shercliffe (23) has examined many types of electrode configurations to give some 
estimate of the sensitivity to be expected from any particular arrangement. 
tical calibration is practically impossible and all types of meter need empirical 
calibration. One of the simplest cases  is that of a channel with non-conducting 
walls and internal wetted electrodes. 
ersonic application as no obstacle is presented to the flow. 
a sensitivity greater than 1 depending on the aspect ratio ( a b )  and on the velocity 
profile within the duct. In a shock tunnel test section with a contoured nozzle the 
velocity profile should be reasonably flat, hence reducing the sensitivity to near 
unity. Growth of the boundary layer in the duct may have adverse effects on the 
voltage recorded by wall  electrodes and i t  may be necessary to use projecting elec- 
trodes. The possibility of using a pair of closely spaced electrodes to explore the 
duct velocity profile can also be examined. 

In order to overcome the electrode effects present, i t  will be necessary to use a 
large value of B. 
to which D may be reduced. 

At the edges of the magnetic field the induced voltage will decrease and hence cause 
internal currents to flow. 

The limit may be further reduced by increasing 

Seeding is easily accomplished in the shock 

This would bring the electromagnetic velocity 

Theore- 

This geometry is also very suitable for sup- 
Such a meter can have 

The maximum value of B attainable will therefore limit the extent 

This means that the electrodes must be sufficiently re- 
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mote from the edges of the field to  eliminate these end effects. 
has analysed the two-dimensional case with an abrupt field and with a fringed mag- 
netic field and finds that for a 1 percent loss in signal, the ratio of length of steady 
magnetic field to the interelectrode distance must be at least 3.04. Current leak- 
age through the Hartmann boundary layer is negligible with the ionised gas flows 
being considered, because the distance taken for such a boundary layer t o  form is 
many times greater than the length of magnetic fields likely to be  used. 

Apparatus used 

A test section, designed and built t o  give Mach 4 flow with two-dimensional expan- 
sion only (34), was manufactured from non magnetic materials, and the internal 
surfaces were electrically non conducting. This rectangular section was chosen 
so  that the whole test section could be placed between the poles of a large electro- 
magnet (Fig. 1-4-19). The interelectrode distance could be varied from zero to 
7.5 cms. and B could be altered to a maximumvalue of 0.75 webers/m2. The ex- 
pected range of velocity of the test gas could be computed from a knowledge of the 
stagnation conditions, assuming isentropic expansion through the nozzle. Alter- 
natively it could be  found from the static temperature and pressure by the use of 
real gas data. in the Mach 4 test section, the velocity range would be from 2300 
m/sec. to 4000 m/sec. if scramjet combustor conditions were reproduced in the 
shock tunnel. 

Figure 1-4-14 shows the theoretical values calculated from equation 1-4-8, of the 
induced voltage per cm., as a function of velocity, for three values of B. 

If the maximum interelectrode distance is used (D = 7.5 cms)  then from this graph 
it can be seen that the induced voltage is likely to be approximately 150 volts. 

Shercliffe (33) 

Results 

We found that at supersonic combustor conditions, the electrode voltage in the ab- 
sence of a magnetic field was less than 0.1 volts, which at the maximum field 
corresponded to a minimum D of 0.25 cms., for 2 percent accuracy. 
ably accurate velocity profiles were obtainable and if some means could have been 
found to eliminate the spurious voltage, even higher resolution should have been 
possible. Preliminary results using a magnetic field confirmed that the cutput 
voltage was two orders  of magnitude greater than the spurious voltage, (Fig. 1-4-15) 

Thus reason- 

(a)). 

The Measurement of Conductivity 

Several methods have been used to monitor conductivity levels in shock tubes, each 
having been developed to suit a particular piece of apparatus. The simplest form of 
a conductivity meter consists of two probes held at  different potentials. The volt- 
age across them and the current flowing is recorded continuously. The passage Of 
a medium of different conductivity causes a change in current andthe unknown con- 
ductivity can therefore be  found. 
flow in the test section, and frequently prove noisy. 

Lin et a1 (32) (35) measured the conductivity of ionised argon and air by means of 
an electrodeless technique. A search coil surrounding the shock tube was placed 
upstream of a field coil. The passage of the conducting medium gave rise to an in- 
duced voltage across the search coil due to displacement of the magnetic field. A 
knowledge of the  velocity of the gas is required for calibration, hence this method 
is unsuitable for  use  where it is required to  find the velocity. 

Unfortunately the probes may upset the Supersonic 
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A most promising electrodeless technique is that of Olson and Lary (36) in which 
the dissipation of energy in a 20 Mc/s radio frequency field is related to the con- 
ductivity of the surrounding fluid. 
section of our shock tunnel as follows. 

This technique has  been adapted to the test 

T o  avoid flow disturbance the R. F. coil, 1.27 cm. x 3.18 mm was set in a piece 
of perspex 3.8 cm. diameter and the surface covered with an insulating material. 
By using a diameter of perspex that was large relative to the size of the coil size 
the effects of the b ra s s  walls, into which the probe fitted, were minimised. The 
associated circuit was that used by Harris, the details of which are given in (34). 
Calibration was accomplished by means of electrolytic solutions of known conduct- 
ivity and an output of about 2 volt metre/mho was obtained. This design has been 
used extensively at our laboratory for MHD research and is capable of measuring 
conductivity down to -10-4 mhos/metre at frequencies above 10 kilocycles. Al- 
though this sensitivity is not as high as would be desirable, i t  is sufficient for 
feasibility studies. Results to date showed that the conductivity was of the order 
of 10-3 mhos/metre (Fig. 1-4-15 @)) and therefore adequate for the velocity meas- 
uring technique. There are still some doubts as to the extent to which this meas- 
urement was influenced by high enthalpy boundary layers. 

High Speed Gas Sampling 

A knowledge of the composition of the gases in the test section is essential for ex- 
tensive supersonic combustion research. 
ition information: 

a) 

b) 

These two aspects may be  investigated independently and although various optical 
and spectroscopic methods are applicable, gas sampling and analysis provides a 
valuable technique. Since the running t ime of the tunnel is only a few milliseconds, 
the gas  sampling process must b e  particularly rapid. A fast  acting solenoid valve 
developed by B. P. with a sampling t ime of 0.5 milliseconds was available, and 
this period was adequately short. The valve was triggered electrically by suitable 
delay circuits controlling the discharge of a 300pF condenser charged to 200 v. via 
a thyratron. 
mounted on the valve stem. 
by a gas chromatograph using argon as the carrier gas. 
and nitrogen could be  detected with a hot wire catharometer. 
the column. 
could be  determined. 

Two particular aspects require compos- 

Mixing of the driven test  gas (air) with the driver gas. 

Mixing of the fuel with the air in the combustor, 

The solenoid valve motion was monitored by a capacity transducer 
The gas sample of about 0.5 ml. could then be analysed 

Hydrogen, helium, oxygen 
Water is absorbed in 

It follows therefore that the concentration of all the gases of interest 

The design of the sampling head is particularly important and a supercritical 'intake' 
design is proposed. 
must be  small  compared to the running t ime of the tunnel, so that the areas of the 
inlet and exhaust holes must be carefully calculated. 
been used in the shock tunnel, however the results will be  reported in due course. 

High Speed Cine Optical Techniques 

The starting process in the test section, and the fuel/air mixing process both require 
a certain t ime to become established. 
evaluated very conveniently by high speed cine optical techniques, using framing 
speeds in excess of 10,000 frames/sec. 
is capable of speeds up to 35,000 frames/sec. and is therefore very suitable for 
this purpose. 

(Figure 1-4-16). The time constant of the sampling chamber 

This apparatus has not yet 

These time dependent phenomena can be 

The Beckman and Whitley Dynafax caniera 

The total number of f r ames  is 224, corresponding to a duration of 
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6.4 milliseconds at the maximum framing rate. Synchronization of the camera to 
the test period presents a problem, however, since there is insufficient light from 
the combustion to  expose the film, a separate light source must be used which can 
therefore be used for synchronization. A flash source, giving a square wave light 
output of variable duration (8-22 milliseconds), is available and has been success- 
fully used with the Dynafax camera in a conventional Toepler Schlieren system. 

An off-axis, single pass optical system based on 15 cms. parabolic mi r ro r s  was 
se t  up to photograph events in the test section a short distance downstream of the 
nozzle. 
using an argon-spark light source having a duration of less  than 1 psec.  (constructed 
from details givenin (37)). 
either an ionisation gauge or direct from an oscilloscope gate using appropriate 
delays. A mechanical shutter was arranged to close after the light source had 
triggered, to prevent overexposure of the film due to  the luminosity of the driver 
gases. 

As an alternative to the cine Schlieren, a single exposure was often taken 

Triggering of the light sources was accomplished from 

When the Dynafax camera is placed in the optical system, direct projection of the 
image on the film must be made to obtain sufficient exposure and retain good qual- 
ity. During setting up the image must be observed directly on the film because of 
the nature of the camera optics. 

Conclusions 

(a) 
supersonic combustion research corresponding to scramjet operation between Mach 
10 and Mach 20. 

(b) 
number, connected testing can be  carried out in a test section very similar to the 
conventional supersonic wind tunnel. 
be carried out with stagnation pressures  200 bars and stagnation temperatures 
3 5000°K. 

(c) 
air at shock Mach numbers in the range 7 to 13. 
result in curtailment of testing t ime due to contact surface instability. 
tube length of about 10 metres  is required to obtain sufficient running time for com- 
bustion experiments. 

(d) The dimensions of the connected test section a r e  determined by (i) m&ng 
and kinetic processes which indicate that 1 metre is a convenient length, and (ii) 
friction effects which indicate that the maximum length/diameter ratio should be 
about 10. 

(e) 

The tailored interface hypersonic shock tunnel is a suitable facility for 

Since the combustion chamber operates at about one third of the flight Mach 

With this technique reasonable simulation can 

These conditions can be realized with hot hydrogen or hot helium driving 

A driven 
Operation above tailoring will 

The starting phenomena in the test  section require 

(i) 

(ii) 

a starting pressure ratio about an order of magnitude greater than the 
running pressure ratio for rapid starting, and 

pre-evacuation of the test section to about 1/30th of the safe operating 
pressure to prevent damage by the starting shock. 

(f) 
section resulting in an above equilibrium concentration of oxygen atoms. 

(g) 
fuel into the combustion test section at the required instant. 

The flow is expected tof reeze  in the nozzle just before entering the test 

A solenoid valve or electrically ruptured diaphragm can be used to introduce 
Detailed knowledge of 
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the flow field is required for satisfactory interpretation of' performance. 

(h) 
vestigated. 
magnetic test section has been used to produce Faraday voltages proportional to 
velocity. 

(i) This technique is applicable above (i) equivalent flight Mach numbers of 11 
without seeding, (ii) equivalent flight Mach numbers between 5 and 7 with seeding. 

(i) 
radio frequency probe technique. 
ion is sufficiently conductive to  permit the use of a load impedance of > 108 ohms 
in the velocity measuring instrument. 

&) 
used to study the concentration of species in the test section. 

(I) 
solved flow visualization techniques. 
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gas conductivity 
Subscripts 

1,3, 5, 7 
D diffuser 

stations defined in Fig. 1-4-2. 

I List of Symbols 
A area 

~a semi-width of test section (in field direction) 
B magnetic field strength 
b semi-width of test-section (perpendicular to field direction) 

skin friction coefficient 
D interelectrode distance 
c, 



122 

Commentary on Chapter 1-4 

G. Wint erf eld 

I'd like to make two general remarks on experimental investigation of supersonic 
combustion. First, presently used facilities allow stagnation temperatures that 
correspond to flight Mach numbers of about 6-7. 
range of application of supersonic combustion. 
way to simulate combustor inlet conditions corresponding to  flight Mach numbers 
above 10. 
at relatively low cost. 
running time, which, as one has to deal .with combustion in non-premixed gases, 
requires extensive development work in the field of testing h d  measuring techni- 
ques. However, for flight Mach numbers above 10 there is no alternative, if one 
disregards flight tests. 

However a considerable number of problems, which have to be  solved experiment- 
ally, lie in the range of flight Mach numbers between 6 and 10. Examples include 
the problem of ignition and starting of the reaction processes. 
these problems it is sufficient to equip the existingfacilities with a r c  heaters, thus 
avoiding all the complications in test techniques. 
the advantage of longer running t imes as well as the use of more conventional 
measuring techniques. 

The second problem arises in connection with the increase in stagnation tempera- 
tu res  and is related directly to our method of experimental investigation. 
inlet of a real scramjet combustor the air is in chemical equilibrium. 
hand, in a ground test  facility, a high enthalpy equilibrium gas is expanded through 
a de Lava1 nozzle in a time that is relatively short compared with recombination 
times. 
which is not very well known. As a consequence, all ignition processes are in- 
fluenced, as has been shown by experiments on shock induced combustion. Al- 
though in these cases the special method of introducing the fuel has played a con- 
siderable role, a rough calculation shows that in the range of 1800 to 2000°K stag- 
nation temperature the deviation from equilibrium of the air itself can be  of import- 
ance. If we wish to transfer results on ignition tests in a ground facility t o  a real 
scramjet combustor, we have to consider these deviations from equilibrium. 
possible way to do this could be  to define a higher equivalent temperature that corr- 
esponds to the static temperature at the combustor inlet so as to make the ignition 
delays for both temperatures the same. This requires further investigation of re- 
combination processes in nozzle flow as well as systematic investigations on ignition 
delays in shock induced combustion. 

This i s  at the lower limit of the 
Dr. Swithenbank has shown the 

Although the technique itself is not new, it provides versatile facilities 
The disadvantage of this method is the extremely short 

In order to study 

Additionally this method offers 

At the 
On the other 

This results in a non-equilibrium gas at the combustor inlet, the state of 

A 
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1-5 

Shock Tube Techniques for Fuel Droplet 
Combustion Studies 
F. JAARSMAandW. MERKSEN 
N. L. R., Amsterdam, Netherlands 

Summary 

Several investigators have been interested recently in the interactions of shockwaves 
with several  physical disturbances in the medium such as vortices, pressure waves, 
heat sources, flames and liquid or solid particles. The passage of a shockwave 
over such a disturbance usually causes distortions of the wave, of the flow field 
behind the shock and of the disturbance itself. The present paper treats the inter- 
action between shockwaves and burning or non-burning fuel droplets in a pure oxygen 
atmosphere. Particular attention is given to the distortion of the initial disturbance 
due to the passing shockwave. This means that the droplet shattering process is 
studied in the burning and non-burning mode as well as the distortion of the flame 
and the wave. 

In the open literature much work is done on the droplet shattering process behind 
shockwaves, but the initial shockwave Mach numbers are only limited to about 2. On 
the other side it has been shown that a detonation wave can be generated in oxygen 
containing a fuel mist, so that there  exists a gap of experiments on the mechanism 
of droplet shattering and flame dynamics between M=2 and the detonation Mach 
number of about 5. 
the range of extreme weak shocks @I= 1.04) up to shockwaves of the detonation 
speed in pure oxygen atmosphere at different initial pressures,  containing a single, 
well defined burning or non-burning fuel (Diethylcyclohexane) droplet. 

The first part  of t he  Chapter pays attention to the calibration of the shock tube. The 
determination of the properties of the flow behind the shockwave becomes difficult 
when the shockwave Mach number approaches unity since the accuracy of these 
properties becomes one or two orders of magnitude less than the accuracy at which 
the Mach number of the shock can be determined. 
by proper detector signal amplification and pressure measurements behind the 
shock. 

Furthermore a description is given of the shock tube, droplet injection system, ig- 
nition system, Cranz-Scharding optical observation system, triggering sequence and 
safety precautions. The experimental technique is compared with other techniques 
on studies of the droplet and liquid jet shattering process. 

The experimental results show that at almost all shockwave Mach numbers and 
initial p ressures  (from 0.2 to 4.7 ata) the fuel droplets shatter in the sheartype 
mode. Except a t  very low Weber numbers the characteristic deformation time and 
break-up t ime or burning t ime depend primarily on the dynamic pressure of the 
flow behind the shock and also weakly on the pressure  step across  the shock. These 
characteristic t imes can be reasonably well predicted from a simple theoretical 
model. 

Therefore the investigations which have been carried out cover 

This problem has been solved 
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The results indicate further that the question of flame blow-off or no flame blow-off 
from a burning droplet depends strongly on the initial oxygen pressure in the shock 
tube and only weakly on the shockwave Mach number and initial droplet size. The 
critical blow-off pressure is about one atmosphere. 
consistently blows off; at higher pressures  the flame stays attached to the droplet 
while it is shattering. 

It has been shown that the flame,even if i t  stays attached to the droplet, does not 
alter the shattering process. 
front of the droplet is not influenced by the existence of a flame. This drag co- 
efficient stays constant at about 2.5  at Reynolds numbers (based on the initial drop- 
let diameter) ranging from 103 to 6 x 10s in subsonic, transonic and supersonic 
flows. 

Series of unique time instant photographs of the interaction process between shocks 
and flames around fuel droplets a r e  given. The pictures clearly show the develop- 
ment of the torus  shaped vortex of the initial flame behind the shock. Also unique 
pictures of the burning and shattering droplets in  subsonic, 
sonic flows a re  presented. 

Sommaire 

Below this pressure the flame 

Also the drag coefficient of the displacement of the 

transonic and super- 

De nombreux expbrimentateurs Btudient actuellement l'interaction des ondes de choc 
avec diverses perturbations physiques dans des milieux tels que des tourbillons, 
des ondes de pression, des sources de chaleur, des flammes et des particules 
solides ou liquides. Le passage d'une onde de choc sur une telle perturbation 
ame'ne ggn6ralement une distorsion de l'onde de choc, de 1'6coulement derr ikre  le 
choc et de la perturbation elk-mdme. 
interaction d'ondes de choc et de gouttelettes de combustible brillant ou non dans 
de l'oxygene pur. Une attention particuliere est donnde 3 la distorsion de la per-  
turbation initiale sous l'effet du passage d'une onde de choc. 
fragmentation de la gouttelette est  btudie en presence ou non de flamme, ainsi que 
la distorsion de la  flamme et de l'onde de choc. 

I1 existe de nombreuses publications sur la fragmentation des gouttelettes der r ie re  
une onde de choc, mais celle-ci ne dbpasse pas un nombre de Mach de 2. On peut 
par ailleurs montrer qu'on peut produire une onde de detonation dans une suspen- 
sion de combustible dans de l'oxygsne, de telle sorte qu'il n'existe pas  de donn6es 
expbrimentales sur  la fragmentation des gouttelettes et la dynamique des flammes 
entre M = 2 et M = 5 (onde de dhtonation). Crest pourquoi les  essais  rapportes ici  
comprennent le  domaine de Mach allant des chocs tr'es faibles @I = 1,04) jusqu% 
la  detonation dans l'oxygkne pur, 3 diverses pressions initiales, mais toujours avec 
une gouttelette d'un fluide bien defini (diethylecyclohexane) avec ou sans combustion. 

La premiere partie de l'exposh dhfinit l'etalonnage du tube 2 choc. La determinat- 
ion des propri&t&s de l'bcoulement en aval de l'onde de choc devient difficile lorsque 
le nombre de Mach du choc est  voisin de l'unite, puisque la  precision sur la d6ter- 
mination des diverses grandeurs est  d'un ou deux ordres  infkrieure ?i la precision 
de la mesure du nombre de Mach. 
dgtecteur convenable pour les  mesures de pression en aval du choc. 

On ddcrit en dktail le tube h choc, l'injection de gouttelette et le systsme d'allumage, 
ainsi que la visualisation par le proc&d6 Cranz-Scharding, le  cycle de mesure et l es  
precautions pr i ses  pour la sBcurit6 des essais. 
mentale utiliske aux autres techniques de fragmentation de gouttelettes ou de jets 
liquides. 

Les r6sultats expdrimentaux montrent qua presque tous les nombres de Mach et  

Dans le present expos6 on examine 1' 

Le processus de 

Ce problkme a i t 6  resolu par emploi d'un 

On compare la technique exp6ri- 
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toutes les pressions initiales (de 0, 2 % 4,7 bars )  les gouttelettes se fragmentent 
par  cisaillement. Sauf pour des nombres de Weber trBs faibles, le temps carac- 
tbristique de dkformation et le temps caractkristique de fragmentation ou de com- 
bustion dbpendent essentiellement de la pression dynamique de l'bcoulement en 
aval du choc et un peu dy saut de pression 'a t r t v e r s  le choc. 
istiques peuvent 6tre prevus avec une bOMe precision par  la theorie. 

Les  rbsultats indiquent aussi que l'extinction ou non-extinction de la flamme d6pend- 
ent de la pression initiale de l'oxyg'ene dans le tube 'a choc et tr'es peu du nombre de 
Mach du choc et du diam8tre initial de la goutte. 
l lo rdre  du bar.  Pour des  pressions infkrieures la flamme est  systbmatiquement 
soufflge; % des pressions supgrieures la flamme re s t e  attachbe a la gouttelette qui 
se fragmente. 

On a pu montrer que bien que la flamme rests attachge, le processus de fragmen- 
tation n'est pas  alterg. 
deplacement du front de la gouttelette n'est pas modifie pas l'exfstence de la flamme. 
Ce coefficient de resistance aune  valeur constante de l 'ordre de 2,5 pour desnombres 
de Reynolds (calculhs avec le diami?tre initial de la goutte) allant de 103 jusyu'% 
6.105 en bcoulements subsonique, transsonique et supersonique. 

On prhsente des  p r i se s  du vues instantanhes montrant le processus d'interaction 
entre le choc et la flamme entourant des gouttes de combustible. 
montrent clairement le dBveloppement d'une tourbillon torique dans la flamme init- 
iale en aval du choc. 
des gouttelettes en Bcoulements subsonique, transsonique et supersonique sont 
egalement pr6sentBes. 

Introduction 

Shock tubes have so f a r  been used mainly to measure physical and chemical phenom- 
ena within the shock wave or in the region compressed and heated by shock at high 
shock wave Mach numbers. 
interaction of relative weak shocks with physical disturbances in the medium such 
as vortices (l), heat sources (2), (3), flames (4) and liquid or solid particles (5), 
(6),  namely the interaction of shock waves with burning and non-burning fuel drop- 
lets. 

A great deal of work has already been done on the fragmentation o r  shattering of 
liquid droplets by a passing shock wave. These experiments were motivated by 
two interests; the disintegration of rain drops in the vicinity of airfoils flying at 
supersonic speeds; and the disintegration of fuel droplets in liquid rocket engines 
operating under unstable conditions. 
the development of large liquid rocket engines, combustion instabilities in the 
screaming mode appeared to be very destructive. 
ly associated with shock type pressure  fronts and therefore often re fer red  to as a 
transverse o r  spinning detonation (7). The sustaining mechanism of these detona- 
tive instabilities is not understood but its conduct is very nonlinear. 
driving mechanisms is very probably the shattering process of propellant jets and 
droplets at the injection plate (7). 

Webber (8) has shown that a burning kerosine mist  in an oxygen atmosphere can 
easily amplify a shock wave if its initial strength i s  above a critical, though small  
value. 
wave. 
test conditions. 
liquid fuel droplets behind shock waves is much higher than can be predicted from 
droplets burning under forced convection only. 

Fes temps caractbr- 

La  pression d'extinction est de 

De mbme le coefficient de resistance correspondant au 

Les photographies 

Des vues instantanges de  la combustion et de la fragmentation 

This Chapter however deals with one aspect of the 

The latter was particularly strong because in 

This screaming mode was usual- 

One of the 

He also showed that non-burning fuel mist in oxygen can sustain a detonative 
This has  been verified by Cramer (9) and Nicholls (10) under more controlled 

From these experiments it was concluded that the burning rate of 

This  increase in burning ra te  must 
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Fig. 1-5-1 Diagram of the shock tube 

Fig. 1-5-2 The shock tube 
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be  due to distortion and fragmentation of the individual fuel droplets. 

Engel (ll), Hanson (12), Dickerson (13), Wolfe (14) and their co-workers have 
studied the disintegration of liquid drops behind shock waves in shock tubes varying 
the diameter, surface tension, density and viscosity of the droplets. 
(15) were the f i r s t  to determine the interaction process between shock waves and 
burning o r  non-burning fuel droplets. Gordon (16) proposed a theoretical model of 
the shattering process and derived an equation for the total breakup time as a 
function of the dynamic pressure of the flow around the droplet, droplet diameter, 
liquid surface tension, density and viscosity. The experimental work by Wolfe (14) 
indicated that the trend of this theoretical model was correct, but that the theoretical 
breakup times were a factor three t imes the average experimental values. Morel1 
(16) (17) and Clark (18) studiedthe similar problem of liquid jet breakup caused by 
a transverse flow. Their results can be  compared to some extent with the results 
of liquid droplet shattering. 

All these experiments have been performed at relatively low primary shock wave 
Mach numbers, never exceeding M, =2, o r  low flow velocities. In case of a deton- 
ation in a fuel spray in oxygen, the detonation front Mach number.is about 5 and the 
flow behind the leading shock front is supersonic. Droplet shattering under these 
extreme conditions has not yet been studied. Also the question of what happens to 
a burning droplet and the flame around it if it is passed by a shock front of consid- 
erable strength, has not been yet answered. 

A simple realistic model of the shattering process and the resulting change in burn- 
ing rate and burning t ime should be very helpful in theoretical work, examples being 
that by Busch, Laderman and Oppenheim (19), describing the transient in a two- 
phase detonation, and by Chinitz and Agosta (20), treating the mweinent of a shock 
front through a liquid fueled combustion region of a rocket engine. A se r i e s  of ex- 
periments has therefore been car r ied  out at NLR to study the interaction between 
burning and non-burning liquid fuel droplets and shock waves ranging from M, = 
1.04 to 4.7 at th ree  initial p ressure  levels of 0.2, 1.04 and 4.7 kg/cmzabs. 
fuel used was diethylcyclohexane (DECH). 
perties similar to ordinary hydrocarbon fuels. 
no excessive decrease in droplet diameter occurs before firing. 
(9), (lo), (15) have used DECH for these reasons. 
cial oxygen in nearly all experiements. 

Fzperimental Equipment and Procedure 

Shock Tube 

The experiments were carried out in a conventional b ra s s  shock tube 62 mm square 
with fillet radii of 5 mm in the corners.  
withstand a pressure  of 100 kg/cm2. 
The centre of a 30 cm long transparent test  section was located at a distance of 
267.5 cm behind the diaphragm separating the low and high pressure sections. The 
side walls of this test section were formed from 45 mm high by 25 min thick schlie- 
r en  quality glass plates mounted flush with the inside of the tube. 
could withstand a pressure of at least 25 kg/cmz. 
milliseconds depending on test  conditions, which was sufficient for the interaction 
studies. 
including the associated systems. 

Upon firing, the diaphragm between the driver and the driven section was punctured 
by a spring actuated spear on the axis of the driver. 
t ials across the diaphragm, aluminum o r  soft copper sheets were used: these were 
grooved across the diagonals by a 60 V-shaped roller under constant pressure.  For 

Rabin et al 

The 
This is a pure compound fuel with pro- 

It has a low vapor pressure so that 

The test gas used was commer- 
Many investigators 

The driver had a length of 90 cm and could 
The driven section had a length of 324 cm. 

This section 
The testing time was 2 to 4 

Figures 1-5-1 and 1-5-2 and also (21) give more details of the shock tube, 

For high pressure differen- 
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M, AS DETERMINED FROM SHOCK SPEED 

1.4E 

1.35 

1.25 

1.17 

1.15 

1.09 

1.07 

1.06 

1.04 

1.03 

+ THEORETICAL POINTS FROM 
SHOCK TUBE RELATIONS 

DATA POINTS 

. . .  
"103 ' 1.05 1.07 1,09'1,15 1.17"1.25 1.35 1.45 

M, AS DETERMINED FROM PRESSURE RISE 

Fig. 1-5-3 Comparison of shock wave Mach numbers ( M , )  as determined from 
different sources. 

* 
0.5 m sec/cm 

100 mm H g  I 
Fig. 1-5-4 Registration of a pressure rise across a Ms = 1,040 shock wave 
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low pressure  differentials, slightly grooved Melinex or cellophane diaphragms had 
been used. In many cases  however, shattering of the diaphragm or non-complete 
opening occured, causing a substantial reduction in the Mach number of the shock 
wave. 
and 0.05 mm thick) which opened completely, and from which diaphragm material 
did not become detached. Furthermore,shock wave Mach numbers as measured 
were closer to the theoretical values. 

Much better results were obtained with grooved hard b ras s  foils (0.025 mm 

Safety Precautions 

Downstream of the driven section, a stainless steel dump tank with a volume of five 
t imes  that of the driven section was connected to the tube. 
separated from the driven section by a weak diaphragm that broke at primary shock 
wave contact. 
loaded by the reflected shock. Furthermore the oxygen containing the burning or 
non-burning fuel droplets would flow into the nitrogen filled dump tank, so that a 
burning droplet was extinguished by mixing and cooling, as for any f i r e s  that might 
have been caused by the droplet flame. In case one of the two diaphragms did not 
rupture after droplet ignition, the flame of the droplet could be  extinguished by a 
hand operated nitrogen shower in the test section. It was found that this was nec- 
essary  when the initial oxygen pressure  in the driven section was higher than at- 
mospheric. 

When a low initial oxygen pressure in the driven tube was required, the pressure  
could be rapidly released by dumping the excess pressure  into a vacuum, tank since 
the droplet had to be  applied at atmospheric pressure.  
oxygen into the vacuum pump and the evaporation of excess fuel before firing. 

The tube operators were protected from possible shattering of the window by thick 
steel screens. 

Determination of Shock Wave Properties 

In many shock wave interaction experiments it is desirable to generate very weak 
shock waves in the shock tube. If the shock wave Mach number apgroaches unity 
many properties of the flow behind the shock are proportional to M,-1. 
that by measuring the shock speed only, the accuracy with which these properties 
can be  calculated'is one or two orders  of magnitude less than that with which the 
shock wave Mach number (M s) can be  determined. 
1 %in M, means a 50 %inaccuracy in the dynamic pressure of the flow behind the 
shock if  M, = 1.04. 

Three methods are available for the determination of flow properties: 
properties may be derived from the one-dimensional shock tube relations starting at 
the pressure ratio across  the diaphragm; b) an attempt may be made to measure 
the shock speed and speed of sound with extreme accuracq  and c) a property may 
be  measured that is also approximately proportional to M ,-1. 

With respect to the f i r s t  method, which was used by Morel1 (17), appreciable dev- 
iations f rom the  theoretical values may occur in practice. 

The second method has been followed by Selberg (22), who measured the average 
shock speed between two points, using as sensors two piezo-electric pressure 
transducers coupled to two very similar amplifiers. 
is very important here, it is thought that hot film gauges with a sensiting length of 
only 1 mm (versus a few millimeters for a pressure transducer) are probably more 
suitable for th i s  purpose than pressure  transducers. 
Wheatstone Bridge. 

The dump tank was 

This prevented the windows of the test section from being over- 

This prevented the flow of 

This means 

For example, an inaccuracy of 

a) the 

As shock position identification 

The hot film is placed in a 
A small  change in electrical resistance excites a highly 
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r---- - 1 

Fig. 1-5-5 Test section 

BURNING MS = 2,57 P I =  1,03 Do-- 0,8 

A = SHOCK WAVE POSITION 
t = TIME AFTER SHOCK WAVE PASSAGE (U sec). PICTURE NUMBERING INDICATES SEQUENCE 

1 .  
-7 
2 

13 
23 
33 

NON- BURNING MS = 2,59 PI = 1,03 Dox0.8 

Fig. 1-5-6 Example of two film plate showing five schlieren pictures of the 
fragmentation process of a burning and non-burning droplet, 
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damped 0.25 MC oscillator, the first pulses of the oscillators stopping or starting 
a 10 MC counter. Using these hot film detectors, shock waves as slow as M,= 
1.04 at NTP, yielding a temperature rise of the film of only O.O4"C, can be detect- 
ed. Precautions must be taken, however, not t o  have the oscillator excited by 
disturbing electromagnetic fields (21). Hot film signal amplifiers based on the use 
of tunnel diodes are even more sensitive to resistance changes, and less  sensitive to 
external disturbances. Such amplifiers are now under development. Care must 
be exercised in determining the speed of sound of the test  gas, which means that 
the composition and temperature must be  accurately knowqthe temperature for ex- 
ample, to better than 0.5"C. 
shock tube and gas  reservoi rs  in a temperature controlled room. 

The third method of determining the properties of shock waves has turned out to be 
more accurate at low Mach numbers, as may be  seen in figure 1-5-3. In this 
case, the static pressure  behind the shock wave is measured by a piezo-electric 
pressure  transducer (Vibro meter 12 QP 250 c )  mounted flush with the wall. These 
pressure  gauges can be  accurately calibrated in a quasi-dynamical way and show 
excellent linearity and reproducibility for pressures  amounting to only one percent 
of their range. Figure 1-5-4 depicts such a pressure recording. The accuracy 
obtained in this way is better than 5 percent and the uniformity of the pressure level can 
easily be  observed. Dewey approached this shock tube calibration problem by 
recording the particle paths of smoke traces behind the shock at different statioFs 
along the tube (23). The determined flow velocity was again proportional to M,-1 
and he obtained an accuracy of 5 percent. 

Droplet Injection and Ignition 

In all experiments dealing with the interaction between shock waves and some 
physical disturbance, it is important to define the disturbance accurately. 
characterizing parameters such as position, size and intensity must either be  pre- 
set or measurable. 

For  droplet injection into a shock tube many methods have been used. 
and Wolfe (14) worked with freely falling droplets formed at the tip of a hypodermic 
needle. 
was related to bore diameter. 

More uniform freely falling droplets of a predictable s ize  can be generated by vib- 
rating capillars (10). 
are based on Rayleigh's analysis of the instability of capillary jets. 
of single droplets is not possible by this method. 

For his droplet shattering experiments, Hanson developed an acoustic liquid drop 
holder (24). 
vibration: the vibration field (50 kC) was maintained between a vibrator and a re- 
flector. The droplets stayed at rest at the pressure  nodeand could be  injected at 
these locations by a hypodermic needle. 

Other techniques of droplet injection make use of a sudden retraction of a thin wire 
(15), endothermic needle (13) or web (25) from which the droplet i s  suspended. 
The shock wave passes  the droplet before it starts to fall. Although the initial 
volume of the droplet can be  accurately predetermined using a syringe, the droplet 
diameter will be  less after retraction because of the wetting of the suspension dev- 
ice and the formation of secondary droplets (satellite droplets). 
disadvantages this technique has been used in the NLR experiments since it is an 
easy and controllable way of droplet injection, in addition, the droplets can be  eas- 
ily ignited before wire retraction. 
acoustic holder, and free droplets are difficult to ignite. Droplet suspension from 

It is therefore advisable to locate the complete 

The 

Engel (11) 

In that casethe droplet size was not preset, but the approximate size 

These devices for producing a stream of uniform droplets 
The production 

The principle of which employed the pressure  resulting from acoustic 

In spite of these 

Burning droplets cannot be supported by an 
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TRIGGER PULSE?LO- LIGHT SOURCES \ 

Fig. 1-5-7 Electrical system of the shock tube 
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syringes is not possible, because after ignition vapour forms in the tube and the 
droplet immediately falls. The droplets were suspended from a thin (0.5 mm) 
stainless steel  wire which was withdrawn by a strong spring (Figure 1-5-5). 

Ignition was accomplished by a short duration spark from an automobile coil. The 
spark gap was formed by the droplet suspension wire and a stainless steel  electrode 
rising from the bottom of the test section. A few milliseconds before the wire w a s  
retracted, the droplet was ignited leaving a f ree  burning droplet. 
of the droplet or flow field behind the shock due to the spark has been detected. 

In the initial experiments, an electrically exploding wire beneath the droplet was 
used as an ignition source. 
pitting the glass surface, as may be seen in some photographs. 

Other ignition techniques such as the use of small hydrogen flames (15) seemed to 
be more troublesome than the method employed. 

Optical System 

The optical system consisted of a five-fold Cranz-Schardin shadowgraph-schlieren 
system. This has the advantage over framing and high-speed cameras, which a r e  
usually used in the U. S. (13), (14), because the spark sources can be  triggered by 
the event, in this case the shock wave. 
the flashes can be arbitrarily chosen between 1 and 2000 p sec at each run by adjust- 
able time delays, built by Lunatron, U.K. 
is short enough for good time resolution. 
system is the change of observation angle of each picture. 
l ess  than one degree with respect to  the system axis and can be easily accounted for. 
The linear magnification of the test section on the plate camera (Polaroid Land) can 
be continuously changed from 0.1 to  10. 

The Cranz-Schardin system is easy and fast to  operate. 
t ime interval between the pictures at a se r i e s  of similar runs a complete insight 
into the process can be obtained. 
burning and non-burning droplet under equal test conditions. 
flame of the stationary droplet exposes the polaroid film so that no details in this 
vicinity can be observed. 
considered a disadvantage of the Cranz-Schardin system. 

At some runs, streak films were made of the luminescence of the droplet flame by 
means of a Frcngel drum camera running at different speeds. 

Operation and Trigger Sequence 

Before filling the tube with oxygen and driver gas, the complete tube was evacuated 
to 1 to r r .  As soon as the  oxygen pressure in the driven section became atmospher- 
ic, the fuel droplet was suspended from the spring loaded pin in the test section by 
putting the syringe through a hole underneath the pin. During this operation a small 
oxygen out flow from the tube was maintained, preventing air from entering the test 
section. 
decreased to  its value (PI) and the driver w a s  loaded. 
pressures,  the manual shutter of the camera was  opened, causing two microswitches 
to close (Fig. 1-5-7). 
that the light of the spark did not expose the film. 
solenoid which unlocked the spear in the driver. 
spear, on its way towards the diaphragm, closed a third microswitch which powered 
the locking solenoid of the droplet suspension pin. 
the fuel droplet it had passed the two hot films (820 mm and 114 mm from the test 

No disturbance 

However molten metal particles struck the glass walls 

Furthermore the time intervals between 

The effective flash duration of O.2psec 
The disadvantage of the Cranz-Schardin 

This angle is however 

By properly selecting the 

Figure 1-5-6 yields hvo picture sequences of a 
As is shown, the 

This film exposure by luminous events could also be 

Immediately after this procedure the oxygen pressure was increased or 
After adjustment of the 

The f i r s t  switch caused ignition of the droplets in such a way 
The second switch powered a 

At some adjustable position, the 

Before the shock wave reached 
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Fig. 1-5-8 Drag coefficients of shattering droplets a s  determined from the lead- 
ing side displacements and based on the initial droplet diameter Do 

Fig. 1-5-9 Example of hat type breakup process, water droplet in air. 
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section centre) for shock velocity determination, and a third hot film (520” from 
the centre) for oscilloscope triggering purposes. 
oscilloscope recorded the pressure rise across  the shock and the times of the spark 
flashes of the schlieren system. 
trigger pulse and the first spark flash was registrated by a 1 M. C. counter. 
Determination of the shock position on the f i rs t  schlieren photograph also yielded 
information on the shock speed. 

Tes t  Results 

The features of the interaction process of fuel droplets with shock waves of interest 
to scientist and engineers working in the field of liquid rocket engines, scramjets  
and detonation waves in two phase flow systems are the following: 

a) 
ample, the windward face. 

b) 
type), characteristic deformation time, f i rs t  microdroplet appearance, droplet 
widening and complete breakup times. 

c )  The question whether an already burning droplet will lose i t s  flame by the 
action of a passing shock wave, the nature of the characteristic process and how it 
influences the shattering process. 

d) The deformation, displacement and widening of the initial hot flame region 
around a droplet due to the passage of a shock wave and the resulting distortion of 
the shock wave. 

From previous work on droplet shattering (10 to  18) the significant parameters 
appears to be the droplet diameter, the relative velocity, density and viscosity of 
the gaseous medium, and the density, surface tension and viscosity of the liquid. 
The resulting dimensionless parameters turned out to be the Reynolds number @e = 
p U Do/p), Weber number (We = pu2Do ) and Mach number of the flow behind 

In the experiments under consideration two droplet diameters were used, Do = 1.7 
mm and Do = 0.8 mm. 
runs where water drops in air were used. Parameters  such as liquid surface ten- 
sion and density were not studied since i t  was felt that the surface tension had little 
influence on the fragmentation process if the Weber number w a s  high, as was  the 
case in the NLR experiments, while the density of many practical fuels does not 
vary much. The variables of gaseous media depend on shock wave Mach number 
and the initial pressure. The shock wave Mach numbers have been chosen such 
that the flow velocity behind the shock (uz) is roughly doubled at each subsequent 
Mach number. 
t ic flow properties. 

The next paragraphs describe the interesting phenomena and the influence of the 
important parameters. 

Droplet Displacement 

Many authors have determined the drag coefficients of droplets and spherical part- 
icles. Rabii et a1 
show a wide scatter. From these comparisons i t  appears that deviations from the 
steady state values occur if  the particles are accelerating. 

The Tektronix 555 dual beam 

The exact value of the time interval between the 

The displacement of a characteristic point of a shattering droplet, for ex- 

The shattering process that gives the type of shattering (bag, hat or shear 

- 
the shock. U 

The fuel used w a s  diethylcyclohexane, except in the earlier 

Table 1-5-1 gives the range of test conditions and the characteris- 

(15) and Selberg (22) give comparisons of different data that 

Burning or evaporating 
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Fig. 1-5-10 Picture sequences showing the shock wave burning and non - burning 1 

interaction process under various conditions. See also fig.  1-5-6 1 
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droplets show drag coefficients that are somewhat smaller than under steady dia- 
meter conditions. Drag coefficients under shattering conditions at high Reynolds 
numbers have not yet been determined. 

From the present experiments, the drag coefficients of the shattering droplets were 
determined from the displacement of the windwardfaces, and based on the initial 
droplet diameter. Measurements on the individual photograph ser ies  indicated that 
these windward faces of the droplets had a more or less  constant acceleration during 
fragmentation. 
diameter was constant during fragmentation. As f a r  as could be observed, burning 
and the flow conditions (subsonic, transonic and supersonic) relative to the moving 
droplet did not appear to have any influence on the drag coefficient. Figure 1-5-8 
shows that the drag coefficient was  independent of Reynolds number (from 103 to 3 x 
lo5) and had an average value of 2.5. Figure 1-5-8 can be considered an extension 
of Rabins results. 

The total droplet displacement before complete breakup is less than 15 initial drop- 
let diameters, so that in many practical cases  the shattering droplet can be con- 
sidered stationary. 

Shattering process 

If a droplet is subjected to the effects of a sudden increase in the velocity of its 
surrounding medium, three types of fragmentation of the droplet may occur. 
low Weber numbers or low relative velocities, the droplet f i rs t  deforms into a torus 
shaped ring with a very thin liquid membrane inside. This membrane expands, 
taking the shape of a bag and finally breaks down into many microdroplets like a 
soap bubble. Subsequently the ring, having its axis parallel to the main flow, dis- 
integrates into small droplets which are larger however than those originating from 
the bag. 
dynamic forces a re  just capable of deforming the droplet against surface tension 
forces  (15). 
at all in these experiments. 

If the relative velocity increases, giving an increase of the Weber number, a hat 
type fragmentation process occurs. In this case the leeward face of the droplet 
flattens and even becomes concave. The windward face also flattens but stays 
convex. 
wise to the droplet back. 
the meantime the droplet is flattened completely, perpendicularly to the flow direct- 
ion, and loses small droplets at the periphery. 
uence of this process of a 1 ~1 l i tre water droplet in air. 
Weber numbers up to 200 approximately. 

The most important and most frequently observed shattering process is the shear 
type process that occurs at all Weber numbers in excess of 200. Microdroplets 
are sheared off the liquid surface, probably due to aerodynamic shear forces, 
while the droplet is flattened perpendicularly to theflow direction. On the surface 
of the droplet, small waves are generated which yield the microdroplets. 
1-5-10 gives twelve picture sequences of the fragmentation process in subsonic, 
transonic and supersonic flows at different pressure levels. 

Tne time interval between the passage of the shock wave and the f i rs t  appearance of 
microdroplets is an important factor, since i t  determines for example the beginning 
of the reaction zone in a two-phase detonation if i t  is assumed that it is shattering 
that limits the reaction rate. These time intervals could not be determined accur- 
ately in the present experiments due to insufficient optical resolution .and lack of 
information on the sizes of the f i rs t  microdroplets. What could be dcterniined was 

This means that the drag coefficient based on the initial droplet 

At 

This bag type breakup process is very slow and occurs only if  the aero- 

This process is adequately described in (12) but was  hardly observed 

Around the periphery a small liquid ring is formed which moves s t ream- 
Here the ring leaves the droplet and fragmentates. In 

Figure 1-5-9 gives a picture seq- 
This process occurs at 

Figure 
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Fig. 1-5-11 Characteristic deformation time 
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the time interval in which microdroplets could be definitely observed. Table 1-5-2 
gives these time intervals for the various test  conditions, also including the appear- 
ance t imes of microdroplets released from satellite drops. 
smaller the droplet, the sooner microdroplets were formed, indicating that inertia 
forces of the liquid were involved and not the surface tension. 
waves microdroplets a r e  formed within only a few microseconds they assume al- 
most instantaneously the flow velocity. 

It appears that the 

At strong shock 

~ ' 
~ ' 

1 
1 
[ 
1 

It is felt that the time of first microdroplet appearance is closely related to a char- 
acteristic deformation time, which can be determined with a higher accuracy. In 
this case the characteristic deformation time has been defined as the time interval 
in which the droplet width has doubled (T Do). 
the gas density ( p 2 ) ,  liquid density be), hop le t  diameter @J and the characteristic 
time ( T )  a r e  assumed to  be the imgortantgarameters in deformation and shattering, 
the dimensionless number p2ui  T /pe Do can be formed according to  ref. OS). This 
number can be derived from dimensional analysis but also from considerations of 
liquid motion perpendicular to  the flow direction due to aerodynamic pressure  for- 
ces. Neglecting viscosity and surface tension, Gordon (16) arrived at the same 
result. Making use of Gordon's analysis it has turned out that viscosity can be 
completely neglected here, but at low Weber numbers (< 100) the dimensionless 
group may be expressed as: 

If the relative gas velocity (u2), 

1 Figure 1-5-11 represents the characteristic deformation time T Z D O  as a function of 

The simple theore- 

tical model of Clark (18) is also included and shows a good order of magnitude fit of 
the experimental data. However, when the flow behind the shock has low dynamic 
pressure,  the model underestimates the characteristic deformation times, with at 
high dynamic pressures  the model gives an overestimation. If at low Weber num- 
be r s  surface tension is included, the characteristic deformation time T~ Do can be 
expressed as: 

showing to some degree a linear relationship. /2 

I 

Under the same experimental conditions it has been shown that flame attachment does 
not alter the fragmentation process as may be seen infigure 1-5-10. The time of com- 
plete burning and breakup was found to  be equal, as for the displacement of burning 
and non-burning droplets. 
breakup time, streak fi lms were made of the self luminosity of the flame attached to 
the droplet: Figure 1- 5-12 is atypicalexample, showingaccurately tlle time of colnplete 

Probably at low Weber numbers a correction similar to  the above can be applied. 
Again a l inear relationship is obtained for various pressures  and droplet diarieters 
yielding: 

In order to determine more accurately the burning or  1 

1 breakup. Figure 1-5-13 givestheseburningtimes ( ~ ~ ) a s a f u n c t i o n  Of p.l Do 2 2  /p2u2. 
I 

These data a r e  compared in figure 1-5-13 with the burning t imes theoretically due 
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NO SHATTERING 

Fig. 1-5-13 Burning or breakup times. 
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Fig. 1-5-15 Droplet deformation due to 
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Fig. 1-5-16 Possible flame attachment 
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Fig. 1-5-17 Reignition of the micro- 
droplet cloud by a 
satellite droplet flame 
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to forced convection if shattering did not occur. 
obtained f rom (27) and (28) by taking into account a 0.4 power law of the pressure 
dependence. 
mentally determined. 
is 2 orders  of magnitude larger than that due to convection only. 

It is apparent from the picture series of figure 1-5-10 that the Mach number of the 
flow behind the primary shock @I,) did not influence the fragmentation although the 
flow field altered appreciably. The fragmentation r a t e  could not be observed in 
these experiments. In general however, the rate of microdroplet formation in- 
creased with t ime after shock passage and reached a maximum at about half the 
complete breakup time. 
droplet size, until complete breakup, as may be seen in figure 1-5-14. 
rodroplet distribution was not uniform in space, clouds usually being formed. 
total width of the complete microdroplet cloud was about one order of magnitude 
larger than the initial droplet diameter. 

Although the characteristic deformation and breakup times can be correlated with 
properties of the flow behind the shock, the influence of shock wave passage can 
probably not be neglected in everyrespect. During the time interval of shock wave 
passage (order of one p s) the droplet is subjected to a high pressure  differential 
across  its faces. 
to the flow direction. 
causes a characteristic deformation t ime that is 3 to 10 t imes longer than that ob- 
served. 
was located extremely close to the end plate of the shock tube. 
passed the droplet twice (primary and reflected shock) leaving the droplet in a 
motionless atmosphere except for the t ime interval between both shock passages, 
taking only a few microseconds. 
figure 1-5-15. 
single shock passage. 

Flame Blow-off 

So f a r  no information was available as to whether a burning droplet would lose i t s  
flame if  a shock wave were passed over it. If the flame stayed attached to the drop- 
let, shattering would have meant a substantial increase in burning r a t e  as has been 
shown in the preceding paragraph. 
flame or hot region was available to reignite the microdroplets leaving the main 
droplet, a shock wave passage would have meant a complete quenching. 

Under the conditions existing in the shock tube (pure oxygen atmosphere, single 
droplet and DECH fuel) it was observed that the answer to this question depended 
primarily on the initial pressure. At all Mach numbers at 0.2  kg/cm2abs the 
flame consistently blew off the droplet. At N.T. P. the flame stayed attached to 
the droplet in about half the runs, independent of Mach number. At 4.7 kg/cm2abs 
the flame did not blow off the droplet. This phenomenon was also observed at the 
much smaller satellite droplets so that it can be concluded that flame blow-off is 
independent of droplet diameter and shock wave Mach number. 

Estimation of order of magnitude indicates that the blow-off did not depend on 
shattering which can be considered an aerodynamic process. Some runs were per- 
formed in air at N.T. P. and at 4.7 kg/cmzabs. 
blew off but at the higher pressure  the flame had a tendency to stay attached, as may 
be  seen in figure 1-5-16. This indicates that flame blow-off depends on partial 
oxygen pressure  and that the process is governed by chemical kinetics. Figure 
1-5-17 shows the rapid ignition of the microdroplet cloud by the flame which stayed 
attached to a satellite droplet indicating a high flame propagation speed in such a 

This empirical relationship is 

The burning ra te  (It,) has been taken as 0.084 cm2/sec as experi- 
It can be seen that the burning rate controlled by shattering 

Subsequently the ra te  was decreasing due to a decrease in 

The 
The mic- 

This pressure  pulse will start to  flatten the droplet perpendicular 
Order of magnitude estimation indicates that this phenomenon 

This has been confirmed by some runs in which a suspended water droplet 
A shock wave 

The droplet was also flattened as may be seen in 
The deformation ra te  was about 30 percent of that experienced at a 

However, if the flame blew off and if  no other 

At the lower pressure  the flame 
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cloud, and fast chemical reactions. 

The last pictures of figure 1-5-10 show the shattering and ignition of a non-burning 
droplet by a shock wave which approached the detonation speed. The intense lum- 
inosity w a s  clearly visible during the run. 

Interaction of Shock Waves with the Hot Initial Flame Regions 

The phenomenon of the interaction of shock waves with hot regions is well described 
for similar cases  by Hamernik (2), Dosanjh (3) and Markstein (6) although the shock 
wave Mach numbers in these investigations were small, not eirceeding 1.35. Little 
attention will therefore be paid to  it here. 

The shock front assumes a curved, convex shape when passing through the flame. 
Due to the acceleration of this shock wave an expansion wave is emitted upstream 
from the cold-hot interface, causing the centre of the flame region to  move at 
greater velocity than the average velocity behind the shock. 
toroidal vortex of the flame region as it is moving down the tube. 
formation is clearly shown in the photographs of figures 1-5-6, 10 and 17. 
flow acceleration due to expansion during the first instant of interaction, causes the 
droplet to experience a higher flow velocity than under non-burning conditions. This 
increase in  flow velocity has no noticeable influence on the shattering process. 

Concluding Remarks 

It is shown that under liquid rocket engine conditions, the burning rate of the liquid 
droplets near the injection plate can be increased many orders  of magnitude by 
shock waves. The increase depends on the dynamic pressure of the flow behind the 
shock and it is due to  shattering and flame attachment. 
length of the reaction zone behind the shock can be computed if the shock strength 
and droplet size distribution a r e  known. 
zone is less  than a characteristic length of the combustion chamber, for example, 
diameter, a back and forth bouncing or spinning detonation like wave may develop. 
This occurs when an initial p ressure  disturbance is strong enough to produce the 
required short reaction zone 1,ength. 
of the burner is small  a strong disturbance will not cause instability. 

This trend has been well observed in the experiments of Ref. (7). The effectlveness of 
baffles in  the combustion chamber near the injection plate may also be explained in 
the same way. 
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Subscripts 
1 

2 Conditions behind the shock 

1 Liquid 

Initial conditions ahead the shock 

Table 1-5-1. Range of Test Conditions and Some Important Properties of the 
Conditions behind the Shock Wave 

~~ 

p1 M, Pa T2 u2 M2 Do=l.7mm Do=0.8 mm 

kg/cm2 kg/cm2 OK m/sec Re We Re We 
abS abS 

0.2 
0.2 
0.2 
0.2 

1.03 
1.03 
1.03 
1.03 
1.03 
1.03 
1.03 
1.03 
1.03 

4.7 
4.7 
4.7 
4.7 
4 .7  

2 0.9 
2.4 1.3 
2.8 1.8 
4.6 4.9 

1.04 1.15 
1.07 1.2 
1.16 1.5 
1.3 1.9 
1.7 3.3 
2 4.6 
2.2 5.7 
2.6 8.1 
2.8 9.3 

1.04 5.2 
1.07 5.5 
1.16 6.5 
1 .3 .  9 
1.7 15.5 

500 

600 
72 5 

1500 

300 
3 10 
325 
3 50 
430 
500 
5 50 
6 70 

72 5 

300 
3 10 
325 
3 50 
430 

410 
5 40 
6 70 

1200 

23 
36 
80 

150 
300 
410 
480 
610 
6 70 

23 
36 
80 

150 
300 

1 
1.2 
1.3 
1.6 

0.07 

0.11 
0.23 
0.4 
0.8 
1 
1.07 
1.24 
1.3 

0.07 

0.11 
0.23 
0.4 
0.8 

19000 
25700 
31500 
50800 

2800 
4800 

10800 
24300 
60000 
93000 

11 7000 

160000 

12900 
23700 
51000 

120000 
291000 

8000 
15400 
25700 

119000 

41 1330 
140 2250 
630 5000 

2900 11650 
16500 29000 
3 7400 
59000 

73000 
13 4000 

190 
640 

2900 
15000 
81000 

19 
65 

3 10 
1400 
8000 

52000 
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Table 1-5-2. Time Interval After Which Microdroplets could be Clearly Observed 
fp sec).  

P1 Ms 

satellite droplets main droplets @/em2 
abS 

0.2 

0.2 

0.2 
Do =l. 7mm 

0.2 

1.03 

1.03 

1.03 

1.03 

1.03 

1.03 

Do=l.  7mm 

1.03 

1.03 

4.7 

4.7 

Do=l.7mm 4.7 

4.7 

4.7 

1.03 

1.03 

1.03 

1.03 
Do=O. 8mm 

1.03 

1.03 

2 

2.4 

4.6 

4.6 

1.04 

1.07 

1.16 

1.3 

1.7 

2 

2.2 

2.8 

1.04 

1.07 

1.16 

1.3 

1.7 

1.04 

1.07 

1.16 

1.3 

1.7 

2.6 

30 

17 

506 

160 

480 

161 

45 

8 

44 

28 

13 

7 

3375 

1530 

315 

80 

12 

11 

6 

4 

48 1 

163 

32 

15 

9 

2570 

640 

245 

66 

21 

4 
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1-6 

Shock-Induced Combustion by High Speed 
Shots in Explosive Gas Mixtures 

H. BEHRENS, H. LEHR, W. STRUTHandF. WECKEN. 
Deutsch-Franzasische Forschungsinstitut St. Louis. 

Summary 

Shock-induced combustion phenomena were studied by firing spheres or cone-cylin- 
ders  into mixtures of hydrogen with air or with oxygen and taking shadow photographs 
of the disturbances they created. The tests were carr ied out at pressures  of 0.24- 
0.72 atm and velocities up to 2900 m/s. The missiles of 9 mm calibre of the ear -  
lier experiments were f i red  without spin, later cone-cylinder configurations of 15" 
calibre were spin-stabilised. Amongthe topics studied were the relative 
amount of heat added to the flow, ignition temperatures andboundary layer combustion. 

Experiments with cone-boattail configurations show separation of flow. This is ex- 
plained by the generation of a pressure increase in the flow direction because of the 
addition of heat by combustion in supersonic flow. The implications for hypersonic 
propulsion with external burning a re  considered. 

While a qualitative discussion of the experiments demonstrates the potential power 
of the missile technique to study shock-induced combustion of gas mixtures at high 
Mach numbers at well-defined conditions difficulties remain in the quantitative 
theory of conical flow of detonating gases under real gas conditions, taking into 
consideration ignition and reaction times. 
ical flow with heat addition in the shock front neglecting rea l  gas effects. 

Sommaire 
Les phenomsnes de combustion induits par onde de choc ont et6 6tudi6s dans un 
montage balistique 03 on t i r e  des projectiles spheriques ou en forme de c6nes- 
cylindres dans des melanges d 'hydroghe et d'air ou d'oxyg&ne 8 des pressions 
allant de 0.24 a 0.72 bar s  et une vitesse inferieure a 2900 m/s, en utilisant la 
methode du ombres. 
tires sans rotation, des configurations c6ne-cylindre des essais ult6rieurs de 
calibre 15 mm ont 6t6 staJ$lis6es par rotation. Parmi l e s  caracteristiques 6tud- 
ices, on doit citer l'accroissement d'enthalpie de 1'6coulement, la tempdrature d' 
inflammation et  la combustion de la couche limite. 

Des experiences effectuees avec des c h e s  munis de derive montrent une separation 
de l'bcoulement. Ceci s'explique par l'accroissement de pression dans le sens de 
lf6cou1em6ni, par suite de l'addition d'enthalpie due % la combustion supersonique 
et on considere le problime de la propulsion hypersonique avec combustion externe. 

Bien que lknalyse qualitative des experiences montre l ' int6rh de cette technique 
pour 6tudier la combustion induite par choc dans des melanges gazeux aux nombres 
de Mach Qlkes, il reste des difficult& pour la theorie quantitative de l'ecoulement 
conique des gaz reels detonants, si on veut faire intervenir le d6lai d'allumage et le 
temps de reaction. 
avec rapport de chaleur, 0% les effets de gaz ree ls  sont ngglig6s dans l'onde de choc. 

An outlook is given on the theory of con- 

Les projectiles de calibre 9 mm des premiers  essais ont et6 

On presente une analyse sommaire de l'icoulement conique 
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Fig. 1-6-1 Combustion in supersonic flow, 9" projectile, 
U, = 2555 m/s, M, = 6.30  6,  = 40", u = 52",.P, = 0 .55  atm 

U, = missile velocity or free stream velocity 
M,= free stream Mach number, P, = free stream pressure 
6, = half cone angle, u = half shock angle 
Combustion in subsonic flow, 9mm projectile, 
U, = 2080 m 1s M, = 5.14, 6, = 40°, u = 67' P, = 0 .55  atm 

Fig. 1-6-2 
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Introduction 

While experiments in shock-induced combustion by means of a combustion tunnel 
require an expensive facility, the missile technique is a rather simple method. As 
missile velocities up to 3000 m/s a re  obtainable by solid propellants, corresponding 
to Mach numbers of 7 - 10 and to shock wave temperatures up to 3000"K, ignition 
with an adequate short delay of the explosive gas mixture is assured. 
allows perfect mixing of the components and avoids turbulence, or disturbances 
from the walls. 
handle, since small quantities only a r e  necessary. 
mixtures of hydrogen with air or oxygen are discussed, the phenomena being studied 
using high-speed shadow photography. 

E q e r i m e n t s  with 9 mm Projectiles without Spin 

The material of the projectiles was Lexan, a polycarbonate plastic. 
experiments the projectiles were spherical and some of the phenomena observed 
have been described elsewhere (1) (2). 
projectiles of cone/cylinder configuration. 
without spin, like the spheres, they normally flew in a more or less  oblique attitude. 
A photograph of a projectile in a nearly horizontal attitude at M o3 = 6.3 in a stoi- 
chiometric hydrogen-air mixture of 0.55 atm, is shown in figure 1-6-1. The half 
cone angle was 40" and the half-shock angle w a s  52" which compares with the half- 
shock angle of 47" when heat is not added. On the basis  of the theory of detonative 
conical flow, the relative amount of heat added, as expressed by the Damkohler 
parameter q, may be calculated (3). Behind the shock the flow was supersonic so 
that the heat addition occurred in supersonic flow. 

Figure 1-6-2 was  obtained in an experiment at M, = 5.14 resulting in a half-shock 
angle 6 = 67". 
convex shape, and large disturbances arose at the boundary of the combustion gas in 
contrast to the rather smooth combustion shown in figure 1-6-1. 
supersonic flow is smooth because supersonic flow will not propagate pressure dis- 
turbances upstream, unlike subsonic flow in which instabilities may occur (4). 

However, periodic combustion may occur in supersonic flow behind the shock, 
similar to the phenomena found with spherical projectiles. 
projectile in a mixture 1.7 H, + 0, with p , = 0.24 atm and M, = 5.30. 
roximate evaluation suggests that the length of the periods may be due to ignition 
delays. 
ing. 

The photograph in figure 1-6-4 shows a firing in which the angle of attack was as 
usually found the behaviour behind the bow wave was  evidently asymmetric. 

E q e r i m e n t s  with Spin-Stabilised Projectiles of 15 mm Calibre 

Because of difficulties caused by the oblique attitudes of the projectiles, an attempt 
was made to stabilise the projectiles by spin, at the same time increasing their 
calibre to 15 mm. Because the 
projectile travelled only 0.40 m in gas at a pressure of about 0.5 atm, this stabili- 
sation proved to be adequate. 

Subsequent experiments with projectiles having half-cone angles (6 =) of 35" or 40", 
fired at Mach numbers around M, = 6, confirmed the results gained in earlier 
experiments with 9 mm calibre projectiles. A decrease of the angle (6 = )  to 32.5" 
revealed the phenomenon shown in figure 1-6-5. 
sharp dark line can be seen extending some distance beyond the end of the projectile. 

The method 

Experiments may be carr ied out in gases that a r e  difficult to 
In this paper experiments in 

In the earliest 

This report describes experiments using 
When these projectiles were fired 

There was subsonic flow behind the shock, the shock front had a 

Combustion in 

Figure 1-6-3 shows a 
An app- 

With hydrogen-air mixtures however we have not found this periodic burn- 

The twist of the rifled bar re l  used was 2'40'. 

Parallel to the cylinder wall, a 
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Fig. 1-6-3 Unstable periodic combustion. Mixture 1.  7 H, + 0,, 9 mm projectile. 
P, = 0 . 2 4  atm, U- = 2695 m/s, M, = 5.30, 6 c  = 40°, U = 55". 

Fig. 1-6-d Combustion in supersonic flow, separation of flow on lee side. 
9 mm projectile. 
U, = 2450 m/s, M, = 6.05, 6 ,  = 40", U = 54O, P, = 0.55 atm. 
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We interpret this as boundary layer combustion. 
with the theoretical value for conditions without heat addition, suggesting that there 
may have been no combustion in the conical flow region. 

To check this assumption about the existence of a boundary flame, projectiles were 
firedat the same velocity into an inert atmosphere having the composition 2H, + 
4.78N2, i.e. the oxygen in the explosive mixture had been replaced by nitrogen. 
Since oxygen and nitrogen have approximately equal molecular weights, sonic vel- 
ocities in the two mixtures are nearly the same, and equal missile velocities cor r -  
espond to nearly equal Mach numbers and temperatures. Figure 1-6-6, the photo- 
graph of this experiment, showed no indication of a similar line. We conclude then 
that the phenomenon in figure 1-6-5 was not causedby ablation, one further possible 
cause of such a dark line. 

A further experiment in a hydrogen-air mixture, but with a missile velocity about 
100 m/s lower than in the preceding experiments, gave resu l t s  shown in figure 1-6- 
7. The fact that this also showed no flame line suggests that there may be an ig- 
nition temperature that was not attained under the conditions of this experiment. 

The projectile shown in figure 1-6-8 had an angle (6 c )  of 32.5' and an angle of 
attack of about 2.5'. 
shock angle without heat addition. 
starting at the cone/cylinder shoulder while on the windward side there was laminar 
boundary layer combustion at first, turning to turbulent combustion towards the end 
of the cylinder. Flow separation occurred first  on the lee side and then propagated 
obliquely round the cylinder to the opposite side. Ahead of the separated combust- 
ion layer there was a shock wave evidently caused by the expansion of the burning 
layer. 

Reverting now to figure 1-6-4 a separation of flow can again be  seen combined with 
turbulent combustion on the lee side. 
ed in the conical flow region, demonstrating that flow separation was not dependent 
on the absence of heat addition in the conical flow region. 
addition does seem to be helped by a small angle of attack. 

We deduced from these results, however, that flow separation ought t o  occur also 
in experiments with projectiles in a horizontal attitude provided they had surfaces 
inclined in relation to the flow direction. A projectile was therefore constructed 
with the nose cone followed by a boat-tail as shown in figure 1-6-9. Figure 1-6-10 
shows the result of experiments using it: flow separation caused by combustion can 
be  seen, not starting at the shoulder but towards the rear of the projectile. 

The cork-like body following the projectile is the sabot needed to fire such a model. 
However the distance between the projectile and the sabot is rather short. Recent 
experiments in inert gases have shown that the sabot interferes with the projectile, 
causing separation of flow, if the distance between projectile and sabot is as short 
as in this figure. Further experiments with an increased distance are in progress 
to demonstrate separation of supersonic flow with heat addition. 

Figure 1-6-11 shows a projectile like that used in the preceding figures but with the 
point broken off. 
shock front, where the flow was subsonic. 
became supersonic. In contrast t o  the conditions shown in figure 1-6-10 there was 
no separation of flow from the rear part  of the projectile. 

Discussion of Separation of Supersonic Flow with Combustion 

Flow separation is a well-studied phenomenon caused by an increase in pressure 

The shock angle is in accord 

The shock angle was again consistent with the theoretical 
On the lee side turbulent burning can be seen 

In that case combustion was already establish- 

Flow separation with heat 

Because of the bluntness, ignition occurred behind the detached 
Further around the corner the flow 
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Fig. 1-6-5 Laminar boundary layer combustion, 15" spin stabilized projectile 

U, = 2410 m/s, M, = 5.95, 6c = 32.5", U = 37.5", P, = 0 .55  atm 

Fig.. 1-6-6 MO combustion or ablation, inert atmosphere. Mixture 2H, + 4.78 N,, 
15" spin stabilized projectile 
U, = 2395 m/s,  M, = 5.91, 6, = 32.5", U = 37.5", p, = 0 .55  atm 
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Fig. 1-6-7 No ignition or combustion, because of lower missile velocity (cf. 
Fig. 1-6-5), 15" spin stabilized projectile. 
U -  = 2295 m/s, Mw = 5.66, 6, = 32.5', U = 37.5", P, = 0.55  atni 

Fig. 1-6-8 Laminar boundary layer combustion on one side, separated flow will1 
turbulent combustion on opposite side, 15111111 spin stabilized projcrtilr. 
U- = 2387 m/s, Mm = 5.90, 6, = 32.5",  U = 37.5", P, = 0.55  at111 

' 
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c 

Fig. 1-6-9 Diagram of cone boattail projectile 

Fig. 1-6-10 Cone boattail projectile. Separation of flow with turbulent com- 
bustion, 15 mm spin stabilized projectile. 

U, = 2425 m/s, M, = 6.0,  6, = 30°, U = 35.0°, P, = 0.55 atm 
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Fig. 1-6-11 Cone boattail projectile with the Point broken off. No separation of 
flow, 15 mm spin stabilized projectile. 

' U, = 2290 m/s, M, = 5.66, U = 35. O", P, = 0.55 atm. 
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Fig. 1-6-12 A lifting propulsive body with detonation wave. (Kichemann (7)) 

Fig. 1-6-13 Shock angle vs .  cone or wedge angle; 
Mm = 10, y = 1.34, F = 1 and 
various relative heat .additions 

Fig. 1-6-14 Shock angle vs. cone or wedge angle; 
M,=Gandm, y =l.34, F = l  
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in the direction of flow (dp/dx 0) (A decrease in pressure has  a stabilising effect). 
Consequently flow has a tendency to separate in subsonic flow around the corner, 
where the expansion induced by the corner effects a pressure increase. In super- 
sonic flow around a corner however there is a pressure decrease; this stabilises 
the flow and hence there  is no separation. Now, heat addition in supersonic flow 
increases the pressure. Strong heat addition by combustion may more than com- 
pensate for the effect of expansion, so that the pressure may increase around the 
corner. That this is a rea l  case has been shown by quantitative studies of non- 
ideal detonations with lateral expansion (5). 

The pressure increase caused by combustion is still more pronounced when the 
flow has passed the corner and pressure decrease by expansion is no longer effect- 
ive. 
region, as in figure 1-6-4, provided that the reaction is still continuing. However, 
when the reaction is complete there  is no further pressure increase and no separat- 
ion, as can be seen in figure 1-6-11. 

Combustion, associated with separation of flow, has been studied previously by 
Townend (6) (7) who called i t  'base-burning' because i t  was observed at the end of a 
cylinder where the flow inevitably separated. His studies showed that the pressure 
in the wake of the body was increased by combustion just to ambient pressure or 
slightly above, but was clearly less  than the pressure that would have been estab- 
lished with combustion in laminar attached flow. His  results a r e  interesting in  
connexion with the development of hypersonic ramjets  having external combustion. 
Well-known sketches of hypersonic lifting propulsive bodies (Fig. 1-6-12) assume 
detonative combustion to be stabilised at the shoulder of the body, the rear part 
forming a half-open nozzle (7). 

The coneboat-tail projectile shown in figures 1-6-9 and 1-6-10 may be considered 
as a simple model of such a propulsive body converted into a symmetrical body of 
revolution, so that it produced no lift. 
that when combustion occurred there  was no attached flow in the r ea r  part: the 
separated flow might reduce the drag but would give no propulsive force. 
essary to achieve the combustion without separation of flow, e.g. in a combustion 
chamber before the gases will pass to the tapered rear  part in a manner that con- 
tributes to propulsion. 
illustrated in figure 1-6-12, because there would no longer be heat addition along the 
tapered rear  part. 

Some Remarks on the Theory of Hypersonic Flow of Detonating Gases 

Separation may also occur when the reaction has started in the conical flow 

The experiments using it demonstrated 

It is nec- 

In such a case the combustion gases would not separate as  

The experiments described above are particular examples of the general case of 
hypersonic flow around bodies with either external heat addition or heat release by 
combustion, which has the same physical effect. Whencombustion is induced by 
shock waves, the phenomena may be classified as oblique detonations. When com- 
bustion occurs in laminar boundary layers or  in turbulent flow separation, the phen- 
omena belong to  the field of viscous supersonic flow with heat addition. 

It would have been more convenient theoretically had these experiments used wedge- 
shaped bodies like those used by Gross (8) in his supersonic tunnel experiments. 
However in photographic studies of high speed projectiles, the use of wedge shapes 
introduces so much complication that experimenters prefer conical missiles, even 
though the analysis of conical flow fields does involve more complex mathematics. 

We have extended the theoretical work of Bartlett (9) on the flow of detonating gases 
around conical bodies, covering the whole range of shock angles up to 90" and Mach 
numbers up to infinity (i.e. M OD = Like Bartlett we have used the dimension- 
l e s s  parameter F as a measure of heat addition, defined as: 

). 
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Q 
Q max 

= + d P  - 
where Q is the amount of heat added per  unit mass  of gas  and Qmax its maximum 
value for a given upstream flow. 
addition is 2, and with maximum heat addition, as in a Chapman-Jouguet detonation 
is 1. For  strong or overdriven detonations 1 < F < 2 is valid. 
showed the usefulness of this parameter, which had been introduced into the theory 
of detonation by Adamson and Morrison (11). 

Some of our results (12) are shown in figure 1-6-13. To demonstrate their relat- 
ionship to the second Damk8hler parameter curves of constant q have been added 
defined as g = Q 
pressure  and T, = absolute static temperature of the upstream flow. 
computation programme has been worked out, it is very easy to evaluate experi- 
ments of conical flow with heat addition, varying M , y (the ratio of the specific 
heats) F (or q) and the cone angle 6 

The usefulness of the param.eter F is shown in the case of M , + m for  F = const. 
< 2, where q -L m . 

figure 1-6-14 gives results for Chapman-Jouguet detonations (F = 1) in wedge and 
conical flows at M, = 6 and M, = 00. 

there is a definite limiting behaviour for  M , + m . The flow pattern 'freezes' in 
the hypersonic regime with infinitely increasing Mach numbers. 
to flow with F = 2, the density ratio p I / p p  = E 
when y - 1  

The value of F for a shock wave without heat 

Townend (10) 

where cp = specific heat capacity at constant 
C p  ' T m  

Once a 

(or shock a n d e  U ). 

There are no difficulties in the numerical procedure and 

As i n  flow without heat addition (F = 2) 

But in contrast 
does not approach zero even 

y +  1 - F = ( y - 1) + (2 - F ) lim c = l im% = 
M,- p2 Y +  1 r +  1 

From the expression on the right it is seen that for E -c 0 it is necessary for 

density ratios, namely for E - 0 , break down for strong or Chapman-Jouguet 
detonations (F < 2). 

However, the theory in this  form assumes that heat addition proceeds immediately 
behind the shock front, and does not allow for  the ignition delay and reaction time. 
A preliminary analysis of the shock angles measured in our experiments shows that 
chemical equilibrium is in fact not established. 
theory in its simple form does not adequately describe our experimental findings. 
In principle, theoretical methods already evolved for dealing with the  flow of re- 
laxing gases should be applicable to flow with heat addition without having to  restrict 
the latter to a discontinuity. A more advanced theory that could allow for real- 
gas effects like this should also be appropriate for analysing the flow of detonating 
gases around blunt bodies like spheres. The careful measurements that Ruegg 
and Dorsey (13) made of the stand-off distances of bow waves are helpful. here. 
Samozvantsev (14) also, who investigated the role of ignition delay in flow round 
spheres, showed that th i s  caused a detonation wave to decay into a shock wave and 
not to be transformed into a Chapman-Jouguet wave expected from the theory. From 
his work it seems that the diameter of a sphere would need to be at least 400 mm to 
stabilise a Chapman-Jouguet wave in a hydrogen-air mixture. 

Hence, fo r  use in experiments to investigate combustion in supersonic flow, & any 

' y - 1 and F -. 2. Consequently approximations that are justified for small  

It is evident therefore that the 

. 
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rate as f a r  as boundary phenomena a r e  concerned, there appear to be no essential 
differences between wedge-shaped and cone-shaped projectiles. 

In conclusion we suggest that the technique we have described may be comparable 
in its range of application in supersonic flow with heat addition to  the Bunsen burner 
method in the subsonic field. 
setting aside the problems of mixing during the experiment. 
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1-7 

Aerophysics Research Based on Free Flight 
Range Measurements 
A. Q. ESCHENROEDER, €I. E. IUNG, andK S. WEN 
AC Electronics Defense Research Laboratories, California 

Summary 

Recent advances in technique have significantly extended the application of f ree-  
flight ranges to  the study of high temperature gas-dynamic phenomena. Progress 
in ballistics permits the launching of complex models at high velocity. Improved 
sensitivity and resolution in physical measurements have enriched the information 
gained from laboratory scale flight investigations. 
the range in a unique position between most of the laboratory experiments and full 
scale test  programs. 

Two approaches are followed in relating sub-scale and full scale observations: 
(a) direct scaling and (b) evolution of theoretical description. 
classical results of similitude must be extended to include modeling of nonequilib- 
rium chemistry. 
usually limited to binary collision dominated flows. 
a detailed mathematical model that contains the essential physical features of in- 
terest. Within the 
scope of this theoretical system observations of both small and large scale events 
are predictable. Evidently, the analytical approach is the more general of the two. 

Examples of research based on free flight range measurements can be found in pro- 
blems of flight vehicles and in the study of fundamental processes. Reentry body 
wake structure and ionization phenomena have been extensively investigated. Ex- 
periments are in progress to study the performance of supersonic combustion ram- 
jets. Future work in some of the basic areas may now be contemplated using free 
flight range techniques. 
figlds under hypersonic conditions. 
successfully launched. 
to a jet-like flow. 
the study of turbulent combustion. 
tion measurements are of primary interest in these experiments. 
Sommaire 

Les  progrss re'cents des techniques experimentales ont permis d e' tendre de facon 
importante l'application des essais en vol libre 5 l'etude de la dynamique des gaz 
?i temp6rature &levee. 
Bles complexes a grande vitesse. 
mesures physiques ont permis de compl6ter lea informations obtenues 3 partir  de 
maquettes en vol a 1'6chelle du laboratoire. 
er lea essais en vol entre lea essais au laboratoire et les essais en grandeur. 

Pour relier lea essais  obtenus su r  maquette et sur  le montage r6el on peut: (1) 
tenir compte directement de 1'6chelle du montage ou (2) approfondir la description 
the'orique du phihomhe.  
de l'effet d'gchelle doivent & r e  6tendues au cas  des rgactions chimiques hors- 

These factors combine to place 

In the first  approach, 

Because of the complexity of real gases, this procedure is 
The second approach requires 

The model may be refined using the experimental findings. 

Flying grids have been employed to generate turbulence 

Within feasible rates  of inj ection, the wake is transformed 
Models with base flow injection have been 

Introduction of reactive gases above the critical ra te  permits 
Neutral composition, temperature and ioniza- 

Lea progrBs en balistique permettent le lancement de mod- 
L a  sensibilitg accrue et la bonne rhsolution des 

Ces facteurs permettent de bien plac- 

Dans le premier cas, lea m6thodes classiques d'6tude 
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bquilibre. Par suite de la complexit'e des gaz r6els, ce procede est gdnhralement 
limit6 aux Bcoulements oa les collisions binaires prbdominent. Le  second pPoc6d6 
ngcessit e un schema mathhmatique detail16 qui comprend les particularit& physiq- 
ues essentielles du modkle. Le  schema peut Qtre amelior6 au fur et a mesure de 
l'obtention des rbsultats. 
les phBnom8nes a petite ou grande Bchelle peuvent &re predits. C'est naturelle- 
ment cette m6thode analytique qui est  la plus puissante des dew.  

Des exemples de recherches basees sur  des mesures en vol l ibre peuvent &re 
trouv6s dans 1'Btude des v6hicules aussi bien que dans celle des processus fonda- 
mentaw. 
ionisation ant 6t6 btudibs en detail. 
bustion supersonique dans les stator6acteux-s. 
fondamentaw peuvent & r e  envisages maintenant par  emploi de la technique du vol 
libre. 
en vol hypersonique. 
succks. 
en un bcoulement en forme de jet. 
centration superieure & la valeur critique permet l'etude de la combustion turbul- 
ente. 
sont du plus grand intbrst dans c e s  essais. 

Introduction 

In the solution of propulsion and energetics problems the complexity of the inter- 
action of fluid dynamics with chemical kinetics constitutes a major obstacle. 
Theoretical syntheses based on a combination of fundamental information from the 
fields of atomic and molecular physics, fluid dynamics, and conibustion, have met 
with only limited success. It has become apparent that the gap between basic lab- 
oratory data and full scale flight behaviour is often too broad to span satisfactorily 
with existing theory. 

Highly resolved observations of sub-scale flight tes t s  in the laboratory range pro- 
vide an intermediate step that promises to bridge this gap. 
provides a synthesis of the physical processes in flight phenomena. 

The free flight of an object through a controlled environment is intuitively appealing, 
but the object is so much smaller than i t s  prototype that the results must be inter- 
preted with care.  
f r ee  flight range, but the chemical kinetic phenomena do not completely submit to 
scaling. 
deficiency when they are developed in conjunction with range results. 

Recent advances in techniques have extended the application of f r ee  flight ranges to 
the study oi high temperature gas dynamics. Progress  in ballistics permits the 
launching of complex models at high velocity and improvements in the sensitivity and 
resolution of the physical measurements have enriched the information obtainable 
f rom laborslory scale flight investigations. 

Operational Roles of the Free Flight Range 

Detailed reviews of the problems of scaling are available (1-5) the present treatment 
therefore summarises briefly just the significant physical aspects, the limits of 
scaling, and the experimental consequences, all in the context of free flight sub- 
scale experimentation. 

Compressibility and viscosity influence the motion and energy partitioning in the 
classical sense of fluid dynamics. 

Dans la mesure 05 ce  systeme th6orique est valable, 

La  structure du sillage des  corps de rentr6e et les ph6nomenes d' 
Des essais sont en cours pour 6tudier la com- 

Des t r a v a w  dans des  domaines 

Des "grilles volantes" ont Bt6 utilisges pour c rder  des  champs de turbulence 

Dans un domaine r6alisable de taw d'injection, le sillage est transform6 
Des maquettes avec injection au culot ont 6t6 lanc6es avec 

L'introduction de gae reactifs avec une con- 

La  composition des neutres, l es  mesures d'ionisation et de temperature 

The ballistic range 

Bulk fluid dynamic behaviour is reproduced in sub-scale, in the 

However, theoretically based mathematical models can remedy this 

Wave phenomena which establish the distribution 
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of pressures  in high velocity flows are scaled by the Mach number. Shear stresses 
and heating arise from viscous effects in the flow. 
ious combinations of it with the Mach number provide the scaling parameters for the 
latter. Duplication of the fluid dynamic parameters is essential in order to rep- 
resent faithfully the aerodynamic flow that results in lift, drag, or thrust forces. 
More significant in the present context, however, are the controlling effects exerted 
by compressibility and viscosity on the pressure  and temperature levels in the flow 
field. These levels ultimately determine the frequency and energy of the molecular 
collisions that control chemical activity. 

Chemical reactions give rise to some effects of primary interest in propulsion and 
energetics applications and the simulation of kinetic processes, as well as of the 
necessary fluid dynamical conditions, is therefore needed for scaling. We may 
treat  kinetics and fluid dynamics separately only if  conditions of weak coupling pre-  
vail i.e., energetic feed-back of the chemistry is negligible. An example of weak 
coupling is provided by ionisation in rocket exhaust or re-entry wakes. By con- 
trast ,  strong coupling must occur in chemical propulsive applications because the 
desired effect is the generation of force by reactive energy deposition. In this 
case, the flow not only acts as a heat bath, but receives major perturbations from 
reactions via the temperature and density, primarily through the energy budget. If 
the flow is supersonic o r  faster, momentum perturbations introduc ed by reactions 
are usually secondary in magnitude. 

Simultaneous scaling of both flow and chemistry therefore seems to be  an indicated 
requirement. For rate processes, two sets of Damkiihler numbers must be  pres -  
erved (1): one set consists of ratios of residence t imes  to reaction times; and the 
other, of ratios of chemical heat release to total enthalpy. Each member of each 
set corresponds to an elementary reaction step. 
numbers measures the potential of the chemical system for perturbing the sensible 
energy of the flow, while the first  set measures the extent to which the reactions 
drive to completion during a specified flow event e.g. diffusion through a boundary 
layer, o r  convection through a hot stagnation shock layer. 
Damkijhler numbers, Mach number, and Reynolds number must be simultaneously 
preserved for geometric similitude of flow fields. 

Limits of simplification are usually set if  some parameter becomes particularly 
small  or large. 
number independence for high Mach numbers, and incompressible flow for chemi- 
cally frozen gases at low Mach number. Direct scaling of reacting flows is possible 
only under certain of such limiting conditions and only for certain specific regions 
of the flow. The most useful special case is that of binary collision modeling. The 
small  parameter in this case is the Damktlhler f i r s t  number for each three-body 
reaction path. In hypersonic flows with nonequilibrium chemistry, the free s t ream 
velocity is the main determinant of temperature levels in decelerated portions of the 
field. Thus i f  we are confronted with conflicting requirements in temperature dep- 
endence among the first set of Damktlhler numbers, we may resolve the difficulty by 
matching model and prototype velocities. If two-body collisions control the react- 
ion processes the remaining simulation requirements can then be met by an approp- 
riate choice of ambient density in relationship to the model size. 
binary collision number in proportion to the decreased residence time, the ambient 
density in the model experiment must be  at a high level. 
properties such as local speed of sound, transport coefficients and rate coefficients 
and velocity dependent properties, such as inertial force and residence t ime are 
automatically adjusted by duplicating the flight speed. References (3) and (4) con- 
tain discussions of the binary scaling limit showing that viscous and compressible 
interactions scale simultaneously under these constraints. 

The Reynolds number and var -  

The second set of Dammhler 

In principle then, the 

Examples are boundary layers for large Reynolds numbers, Mach 

To increase 

Temperature dependent 
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Theoretical Models 

The' laws of conservation and the constitutive equations for reacting gas flows 
serve  as foundation stones on which theoretical models are constructed to enable 
prototype conditions to be  predicted. The procedure lies somewhere between an 
abstract analysis and a numerical analogue to the experiment. 
u re  of the partial  differential equations is complete in the macroscopic sense but 
the detailed description of certain coefficients is not. The lack of detail in both the 
kinetic molecular and turbulent transport representations must therefore be  supple- 
mented by laboratory data of a more Lundamental nature than those obtained in 
flight tests. 

For example, shock tube measurements may provide chemical r a t e  data for each 
of a large set of elementary reaction paths. 
tion of gas  composition permits their consistency with other notions of fluid behav- 
iour to be  checked when free flight range observations are available. 
sense laboratory flight measurements may b e  employed to improve fundamental 
understanding of unit processes in hypersonic Ilows. The inverse approach of 
deriving basic data from measurements of the flow field has elements of danger 
however because independent control of masking effects is difficult. 

Turbulent flow is only approximately represented in a mathematical statement of 
the model. Since eddy scale s i zes  are not f a r  removed from the macroscopic scale 
range, turbulence is influenced primarily by the  specific characterist ics of the 
boundaries and gradients in any flow configuration. Fluid dynamic scaling is usual- 
ly accessible so that turbulent mixing relationships derived from range experiments 
describe similar behaviour in many other systems. 

A converse function of the theoretical model is to feed information back to the experi 
ment. 
set of data. 
state variables which are spatially distributed. The choice of measurements must 
be  restricted to something less than the complete list and must deal with finite sets 
of independent parameter values. The theoretical model assists the identification 
of the quantities of interest and the estimation of the essential parameters of the 
instrumentation e.g. dynamic range and sensitivity and is, therefore, an invaluable 
tool for the design of the experiment. 

Choice of Laboratory Range Flight Conditions 

Assume, as a first premise, that fluid dynamic similarity is assured for continuum 
flows by duplicating the flight speed and the density length product of the prototype 
(5). Then, as a second premise, accept the restriction that only the binary collis- 
ion chemical kinetics will b e  similarly scaled, the tertiary-controlled effects re- 
quiring the theoretical model. 
equilibrium throughout the field and either viscous or chemical simulation must be 
abondoned because of conflicting density requirements. 
to this if  the dissociation is complete over a wide range of ambient densities (2). 

The formal struct- 

Folding these data into a flow calcula- 

In this 

One of the objectives of simulation studies is the definition of an optimum 
High enthalpy flows a r e  characterised by an overwhelming variety of 

At sufficiently high pressures  there is then chemical 

There may be  an exception 

As examples of free flight range simulation consider: a)  a supersonic coiiibustioii 
ramjet (scramjet)  climbing along an acceleration trajectory restricted by f k e d  
aerodynamic pressure  (4 .8 x lo5 dynes/cm2): and b) a heavy object decelerating in 
the te r res t r ia l  atmosphere (ballistic coefficient of 1 . 2  x 106 dynes/cm2) after enlcr- 
ingat sub-meteoric initial velocity. 
familiar map of flight altitude versus velocity. Phantom lines show loci of constant 
reservoir pressure  and temperature for expanding flow-type tunnel facilities. O le  
millisecond melting time for  a typical nozzle throat lies aIong a nearly vertical line 
from the centre (7) : Limitations of physical test  length for  wakes, and of purity 

Figure 1-7-1 shows these trajectories on the 
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Fig. 1-7-4 Range pressure requirements for binary scaling flight conditions of 
scramjet 
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for reaction-sensitive flows apply to the right hand side of the map. 

Unlike the wind tunnel, the free-flight range experiment almost completely de- 
couples flow velocity from free-stream pressure. 
excitation of the test medium a re  either absent or independently controllable. 
velocity capability of light gas guns covers the right hand portion of the map. 
Easily accessible ambient pressures  satisfy total Reynolds number (binary-collision 
parameter) duplication due to recent developments of large gun facilities (8). 
facility described in (8), for example, has launched slender conical models at speeds 
exceeding 6.5 km/sec. 
grams in a 57 mm bore launch tube (9). 
performance of light gas guns employing the accelerated-reservoir mode of operat- 
ion (10). 
atory manner. 

Let the scramjet scale model to be flight tested in a laboratory range at speeds of 
3.2 and 4.8 km/sec, simulating the 4.8 x lo5 dynes/cmZ acceleration trajectory, be 
3 cm diameter. Then, if the full scale prototype to be simulated is, for example, 
150 cm in diameter, it is necessary to employ the range ambient pressures shown 
in figure 1-7-4 to preserve binary collision similarity. 
l ies in the range 148 to 320 torr ,  which is easily attainable using present practice. 

Hypersonic engine configurations have mostly external flows which lend themselves 
well to laboratory-fixed observational instruments. The flight medium is of con- 
trolled composition and is f ree  of vitiation, nonequilibrium and erosive contaminat- 
ion, any one of which would throw doubt on the experimental conclusions. Scramjet 
performance which is extremely sensitive to component efficiencies is influenced by 
chemical perturbations arising from these test-device artifices. Besides being an 
adjunct to wind tunnel tests, therefore, f ree  flight range testing can serve usefully 
as an economical intermediate between laboratory research and full scale flight 
tests.  

Impurities and nonequilibrium 
The 

The 

Total launch mass  of model plus sabot approximates 300 
Figure 1-7-2 summarises launch-mass 

Figure 1-7-3 shows the operating sequence of such a gun in a self-explan- 

The ambient pressure 

Sub-scale studies of observable phenomena in re-entry vehicle wakes, along with 
measurements of aerodynamic coefficients, a r e  among the earliest applications of 
f ree  flight ranges. 
dynes/cm2 with a 25' entry angle from an initial speed of 6.9 km/sec. Figure 1- 
7-1 shows that there is essentially no deceieration until some altitude well below 
30 km. For a fixed prototype scale length and model scale length, the required 
range pressure increases with decreasing altitude in direct proportion to the atmos- 
pheric pressure.  This leads to rather large values, since the ambient atmospheric 
pressure increases tenfold from 30 to 15 km in altitude. 
tests, therefore, an additional degree of freedom may be employed a s  indicated on 
figure 1-7-2 lower velocities permit larger models, and larger models permit 
lower pressures  for a fixed value of the binary similitude parameter. Gun perfor- 
mance must be calculated for various model and launch tube sizes during the design 
of the experimental procedure. 
been adapted and applied to guns of various geometries (12) and from this a curve of 
mass  versus velocity can be obtained for each gun size. Assuming that a family of 
model-sabot designs for slender conical flight vehicles retains geometrical similar- 
ity, launch mass  can be related to  model size. 
ween model size and launch velocity is obtainable. In the present example, model- 
size to bore-size ratio is conservatively taken to be 2:3. 

Assuming that the diameter of the prototype was 60 cm, and that the gas pump tube 
was 25.4 cm internal diameter by 32.5 metres  long and varying the gun size to take 
advantage of larger models at lower speeds, range pressures have been held down 
to a few atmospheres to simulate flight conditions down to 12 km. 
gives the pressure requirements under these constraints. 

The example chosen has a ballistic coefficient of 1.2 x los 

In planning simulation 

The Richtmeyer-von Neuman technique (11) has 

Consequently, a relationship bet- 

Figure 1-7-5 
Vehicles with lower 
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$= 12.5q DB=6.35mm, VR -0.06, = 75 torr, Uoo= 5.1 km/sec B- 

Fig. 1-7-7 Hypersonic wake behind clean cone in air 
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ballistic coefficients decelerate at still higher altitudes thus permitting still lower 
pressures  to be used in the range for the same scale length-velocity restrictions 
on the model. 

Cone Wake Ionization 

Objectives of the Study 

For many years  physicists have used the scattering of radio waves as a diagnostic 
of meteor trails. The residual ionization provides information about the body and 
its flight: blunt bodies ionize the air primarily through sudden heating behind the 
strong detached shock wave wrapped around the forward surfaces while slender 
bodies generate electrons primarily in the viscous boundary layer through frictional 
heating; however, even slightly blunt leading surfaces can ionize the air by shock 
as vigorously as the boundary layer produces electrons. 

For altitudes well in excess of 30 lun, the behaviour of a slender conical body can 
be simulated in the free flight range using models of the order of a centimeter in 
s ize  at sub-atmospheric ambient pressures.  Full re-entry velocities (6 to 7 km/ 
sec) are also attainable. 
ar and turbulent regimes, and how the free electron distributions decay. A s  such 
experiments (13) and their interpretations (14) are described in the literature, a 
brief summary will suffice. 

Experimental Methods 

Note that during the launch of a slender conical model the reflection of stress waves 
from the conical tip leads to high tensile pulses, which can cause failure. 

Initial tests were directed toward zero angle-of-attack, non-ablating flights in 
order to idealize the wake conditions so that analysis was possibie. 
posite model designs shown in figure 1-7-6 were evolved to meet these require- 
ments, and the final basic design has served successfully for some years. Prob- 
lems  are that: angles of attack exceeding a moderate fraction of the cone-angle 
cause unacceptably large turbulence asymmetries in the wake; and that tip or edge 
ablation of the model deposits metallic impurities leading to spurious initial levels 
and decay rates of wake ionization; attempts to utilise hollow-based cones to meet 
model design objectives must be  viewed with caution until controlled tests have been 
carried out to study sensitivity of the wake ionization to base flow geometry. 

Two types of instrumentation are appropriate fo r  the wake measurements: flow vis- 
ualization apparatus and microwave plasma diagnostics. Schlieren photography 
using a single mir ror  double-pass system has yielded the information needed on 
flow structure, as reported by Wilson (1 5) (16). Both spark and giant-pulse laser light 
sources have been used. Figure 1-7-7 shows examples of the photographs obtained 
from the system. The flight conditions were those to which the discussion below is 
directed. Behind the slender cone, laminar wake flow was followed by persistent 
periodic instabilities. Low turbulence Reynolds numbers for such a case indicate 
that inertial randomisation barely outpaced the dissipation by viscous stresses. 
Finally, some semblance of turbulent flow appeared. 
measurements were carried out using millimeter wave focused interferometer 
probes and resonant focused probes as described by Primich, Hayami, and others 
(17) (18). Although the transverse line integral of electron density is the instru- 
mental output considered here, radial profiles have also been obtained using in- 
strumentation of this type (19). 

The object is to learn how the wake spreads in the lamin- 

Ballasted com- 

The microwave transmission 
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Interpretation of Results 

Wilson (15) (16) showed that by duplicating flight speed and total Reynolds numbers, 
full simulation of the wake flow structure was obtained. Ionization, at levels high 
enough to be governed by binary reactions, also scales under the same rules (20) 
(21). Behind cones however ionization is low and three-body electron attachment 
is an important feature, and it is then necessary to construct a theoretical model, 
which may be tested in the range. 

Early attempts to analyse the cone wake results using conventional laminar and tur- 
bulent transport approximations were unable to  explain the observations. Laminar 
transport gives too slow a decay and although fully turbulent transport gives a very 
rapid rate at first, it also breaks down eventually because the velocity deficiency 
calculated for the flow rapidly becomes too small. Figure 1-7-8 shows data ob- 
tained from our experiments plotted within the alternative limits predicted from 
theories of laminar and fully turbulent flow. 

Using an axisymmetric, finite-difference, viscous-wake code (22) (23) and a kinetic- 
overlay code (24), K.S. Wen has studied individually the effects of initial conditions, 
mixing model, and kinetic model on the cone wake ionization (14). AS suggested by 
the Schlieren photograph (Fig. 1-7-7) he found that a transitional form of the trans- 
port process w a s  needed to describe wake growth and ionization between the incip- 
iently unstable region and the fully turbulent region. 
be included in the calculation that is shown in figure 1-7-9. 

Attachment kinetics must also 

In this example theoretical analysis was needed because the dissimilarity of certain 
microscopic mechanisms precluded direct sealing. 
was relied on to  establish confidence in the theory used. 

Supersonic Combustion Ramjet Performance 

Objectives of the Study 

In contrast with the foregoing example, the use of the free  flight range to investigate 
the performance of supersonic combustion ramjets is still in the preliminary devel- 
opment stage. This discussion deals mainly with future work that appears feasible 
on the basis of evaluation studies of new experimental techniques. The most novel 
aspect is the use of models having complex hollow shells that contain fuel storage 
and delivery systems. The instrumentation required is based on extensions of and 
improvements in existing methods. 

The discovery that fuel can be mixed and burnt within a practical space in a super- 
sonic airflow has suggested vast extensions of airbreathing engine performance (25) 
(26) (27). The principal processes within a scramjet include compression, mixing, 
heat addition, and nozzle expansion, but in an actual engine these components are 
difficult to  identify. High 
Reynolds and Mach numbers lead to interactions between a turbulent boundary layer 
and a shock layer on the large configurations under consideration. Separation, due 
to  the reimpingement at shock from the inner surface of the cowl to the centre-body, 
can be suppressed by boundary layer turbulence in  many cases. 
jected into a turbulent mixing zone burns in the after portions of the combustor and 
releases heat in the nozzle. 
and high component efficiencies are essential. 

Experimental Methods 

Compared with the model used in the re-entry physics problem, the scramjet model 
is more delicate because it must have a thin cowl, a fuel cavity and an infection 

However experimental evidence 

The compression occurs on inclined forward surfaces. 

Gaseous fuel in- 

At high Mach numbers the thrust margins a r e  small 
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Fig. 1-7-10 Fuel injection model 
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mechanism. 
re-entry velocities, and with the longer launch tube lengths on the newer facilities, 
(8) the launch accelerations are nearly an order of magnitude less than the 106 
g-levels encountered in re-entry physics testing. 

The model must deliver fuel at an equivalence ratio near t o  unity during flight 
through the instrumented portion of the range. 
fuel is hydrogen, which is most conveniently stored in the model as a gas at room 
temperature. For simulation of a full scale engine at 3 to 5 km/sec with a 3 to 6 
cm diameter annular combustor model, the required hydrogen flow rate may be  as 
high as several hundred grams per second. 

Since the storage density of gaseous hydrogen is at best of the order of .06 grams/ 
cm3, at most a few grams can be stored conveniently in the model. At 3 km/sec 
under uniform delivery conditions of approximately 100 grams per second, 1 gram 
of fuel is delivered for every 30 met res  of model flight. 
ment of thrust a range length of at  least 30 metres is probably required. The con- 
flicting requirements of high fuel delivery rate, small  available storage volume and 
fuel delivery over a reasonable distance therefore dictate a fuel system with a t ime 
delay feature. Typically the delay required is about 20 to 35 milliseconds, which 
allows sufficient of the length of the range to be used to measure the drag  of the 
model without fuel injection. 

Figure 1-7-10 illustrates a test  vehicle for a fuel delivery system having a time- 
delay mechanism. When the model is launched, the acceleration in the launch tube 
drives the ball valve into a locked position by lodging it in the tapered section. The 
plunger remains in the aft position during acceleration but when the model leaves 
the launch tube the inertia becomes negligible and the pressure force predominates. 
At this point the loosely held disk sea l  breaks f r ee  of the timing orifice plug, and 
the timing fluid flows forward into the receiver chamber. A computer code has 
been developed to predict the dynamics of the system, delays of 10 to 50 milli- 
seconds being practicable. Appropriate contouring of the aft end of the plunger 
permits the gas flow rates to be kept constant for  several  mi!listconds. 

Fortunately, the required flight speeds are only about one half the 

Technically the most interesting 

For accurate measure- 

A proposed design for a scramjet flight test  vehicle nominally designed for Mach 12 
is illustrated in figure 1-7-11. 
the extreme narrowness of the combustor channel that results from axisymmetric 
compression. 
ric configurations in actual engines (27), this form is chosen to mrtvimise success 
in launching. 
jection pulse by increasing the  flow area as the pressure  decays. 
nose mounted in a titanium afterbody provides ballasting. 

A mock-up of an external burning manoeuvre control vehicle is shown in figure 1- 
7-12. 
occurs at  the slot. 
jet  control. 
so that lift forces  deflect it from i t s  original flight path. 

Both mock-ups are preliminary designs: flight tests await completion of the devel- 
opment of the launch system. 

The range instrumentation and the analysis needed to reduce the data into aerodyna- 
mic coefficients is given in detail in the review by Charters (28). 
presently in progress  to evaluate laser illuminated ranging devices for measuring 
flight dynamics at high data rates. 
photography has  been extensively employed for  flow visualisation, giving information 

The extremely narrbw cowl passage illustrates 

Although practical limitations militate strongly against axisymmet - 

Note that the valve piston is contoured to flatten the top of the in- 
The tungsten 

The valve design is similar to that in the scramjet but asymmetric injection 
A test model like this could provide data on inert  o r  burning 

P res su re  builds up on the afterbody, altering the t r im  of the vehicle 

Studies are 

Spark - and laser - illuminated Schlieren 
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on shock angles, wave cancellation effects, shock-boundary layer interactions, and 
plug nozzle expansion structure. Absorption spectroscopy is useful in determining 
the concentrations of key chemical species in the exhaust stream. Line reversal  
techniques (29) have been adapted for wake temperature measurements, and a new 
technique involving the capture and analysis of wake gases i s  under study to  give an 
indication of overall combustion efficiency in flight. 
conjunction with a timing piston for the measurement of combustor static pressure 
in flight are also being investigated. 

Interpretation of Results 

Compressibility and viscosity effects in the inlet act to produce laminar and turbulent 
hypersonic interactions. 
will scale these, as well as the further interactions within the cowl. 
necessary for the latter process to produce the correct separation-reattachment 
behaviour of the boundary layer under conditions of shock impingement. 

Turbulence structure in the fuel mixing zone is also susceptible to Mach-Reynolds 
scaling; however the ensuing chemical kinetic steps demand that the ratios of r e s -  
idence time to reaction time be preserved for each elementary process. 
ratios a r e  called Damkohler numbers and may be defined in te rms  of either diffus- 
ively or convectively determined residence times. When comparing ignition rate 
with mixing rate the turbulent mixing time is appropriate in the LlamkOhler numbers. 
Chemical time for ignition is approximately proportional to the reciprocal of the 
density, and to a mixed algebraic dependence on temperature, which is usually 
dominated by an exponential. The complexity of the ignition Damkbhler number 
demands that the velocity, temperature, and the density x length product a r e  indivi- 
dually duplicated. However, a s  Fe r r i  has indicated (27), if mixing is the rate 
controlling process for both model and prototype conditions, it is unnecessary to be 
concerned with ignition delays. 

Completion of combustion in the stages of heat release and recombination during 
expansion is controlled by three-body reactions. Hence, chemical times a r e  pro- 
portional to reciprocal density2 x length products, accompanied by a power law 
temperature dependence. Residence time is simply the average convection velocity 
divided by the characteristic length. The Damkthler parameters derived for these 
processes require the preservation of velocity, the temperature, and density2 x 
length for  proper modeling. The higher order density dependence for the tert iary 
reactions poses a conflict with the previous requirements. 

As in the re-entry case, the final reactions in the flow field do not obey binary 
scaling, and theoretical models must be developed to use range measurements for 
full scale predictions. Since it is probably necessary to operate near equilibrium 
conditions, a computer code for combustor flows has been developed to solve simu- 
taneously the mass-action laws and the conservation equations. 
constraint is a Crocco pressure-area duct family as employed by Billig (30). The 
basic programme is adapted from existing programmes for equilibrium flow (31). 
A characteristic code with finite ra te  processes is used for the nozzle flow but a 
simpler approximate approach is the calculation of a pressure  field assuming frozen 
characteristics, followed by streamtube (32) calculations of reaction histories. 
These analytical methods must be used for the portions of the flow where reaction 
scaling no longer applies. 

The provisional methods of predicting pressure distribution that have been developed 
use the shock-expansion procedure for the forebody, the quasi-one-dimensional code 
for the combustor, and Prandtl-Meyer relationships for the afterbody surface con- 
ditions. These approximate techniques are used during preliminary design, when 
numerous production computer runs are needed for various shapes and flight condit- 

X-ray techniques used in 

Duplication of Mach number and total Reynolds number 
Modeling is 

These 

The boundary 
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ions. 
the mass distributions, so that static stability estimates are also available. 

Computer techniques that utilise tabular readouts from design layouts &e 

The design of the fuel injection system evolves from a code that couples fluid 
dynamics with rigid body dynamics for the internal par ts  accounting for non-ideal 
gas behaviour at high pressures.  
flow fields. 

A viscous layer code is being developed for inlet 

Since thrust measurements require the optimisation of the deployment of the range 
instrumentation, a random variable analysis is in hand to identify the best config- 
uration of spark stations. Radar techniques are being evaluated as an alternative 
to  spark stations because of their potentially higher data rates. They hold out the 
possibility of using a shorter test section which may be necessary because of the 
limitation of fuel storage within the models. 

Mixing and Reaction Ehperiments 

Objectives of the Studies 

Free-flight experimental techniques, while being unsuitable for fundamental kinetics 
measurements, are unparalleled for examining the chemical process in a turbulent 
flow under conditions appropriate to high speed flight. 

The experiment may be considered at three levels of complexity, the cases  being: 

a) 

b) 

c)  

Detailed information regarding the concentration field and the velocity field is re- 
quired in each case. 
on the turbulent motion (33) (34). Investigators at several  laboratories are devising 
steady flow systems i n m  attempt to study such effects, but limitations on Damkahler 
number hamper their efforts. The second and third cases  introduce inhomogenei - 
t iesand anisotropieg which render their interpretation difficult in te rms  of statis- 
tical turbulence theory. They serve  as a basis for testing theoretical models pro- 
posed to  describe the r m s  fluctuation levels and the profiles of mean quantities in 
flow fields. 
Experimental Methods 
One technique suitable for  studying homogeneous turbulence utilises a perforated 
'flying grid model'. 
ment of Uberoi and Kovasznay carr ied out by Charters at the US Army Ballistic 
Research Laboratories (35) to  study compressibility effects in a non-reacting gas. 
Attempts to achieve similar results by using a group of small spheres flying together 
were quickly ruled out in hypervelocity flight conditions because the flight pattern 
was not reproducible. 

The model we chose was a 22-1/2' truncated cone of 13 mm base diameter with five 
symmetrically disposed holes bored parallel to  the axis. A Schlieren photograph of 
the model in flight at a speed of approximately 5 km/sec in air at 150 t o r r  pressure 
is shown in figure 1-7-13. The model was constructed of copper plated aluminum. 
The holes however were unplated, and the microwave probe records indicated that 
the bare aluminum surfaces were heavily ablated. Ablation can be suppressed by 
taking appropriate precautions in model design and by choosing suitable operating 
parameters. 

Homogeneous turbulence in a reacting gas; 

Supersonic mixing of an inert contaminant having a low Schmidt number; 

Diffusion combustion of a reactive gas in a supersonic turbulent flow. 

The first case considers the influence of chemical energetics 

This was first employedin the so-called 'swiss cheese' experi- . 
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Fig. 1-7-13 Schlieren photograph of flying grid model in flight - velocity 5.05 km/ 
sec,  pressure 150 torr 

GAS CAVITY 

7 
1 

19” 

Fig. 1-7-14 Base injection model - schematic 
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(a) Before launch 

(b) After launch 

Fig. 1-7-15 Valve position in X-ray photograph of base injection 
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(a) Zero injection 

(b) 5% of intercepted mass flow 

Fig. 1-7-16 Base injection effects (model shown in Fig. 1-7-14 in flight at 3 . 2  km/ 
sec  through air at 100 torr ambient pressure) 
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By bleeding gas from the stagnation region into the base flow the nose drag was 
reduced and the recompression pulse in the near wake was  suppressed. 
ently nearly homogeneous turbulent flow at constant pressure was obtained for some 
distance behind the body. 
ed by adjusting the ambient pressure. Different gas compositions yield different 
values of the ratio of the chemical energy stored in overdissociation to the kinetic 
energy present in the turbulence. Seeding the central hole with an ablative t racer  
creates  diffusion into a homogeneous turbulence field. 

Ekperiments into the second and third cases rely on injecting a foreign gas into the 
base flow of a model. Zakkay (36) and others have demonstrated that an injected 
mass flow equal to a few percent of f ree  stream flow is sufficient to remove the r e -  
circulation region. Under these conditions the flow behaves like a jet, the initial 
profiles of which are known f a r  better than are those of a wake at hypersonic 
speeds. The wake-jet effect can be obtained in the free-flight range by using the 
base-injection model shown diagrammatically in figure 1-7-14. 
base on a plenum chamber i s  more desirable than the single orifice, i t  will be in- 
corporated in future designs. 
back during launch acceleration, and the exposure of the holes in  the central tube 
allows the stored gas to flow out of the base orifice. The collar remains stationary 
after i t  has been set  back, because i t  is driven up an external taper. 
e r s  and J. Andon first defined the design of this model, and 0. P. Prachar developed 
it into flight hardware. 

Flight test  results on such a model are illustrated photographically in figures 1-7-15 
and 1-7-16. 
previous to firing, and during free flight respectively. 
was sucessful and the model maintained its integrity. 
km/sec and the ambient pressure was 100 to r r .  
had a blunted tip for ease in launching. The mass flow of gas injected was  approxi- 
mately five percent of the mass flow of air swept out by the frontal a r ea  of the model. 
The Schlieren photographs in figure 1-7-16 permit a comparison of wake structures.  
The sensitivity of the instrumentation to gradients highlights the turbulence struc- 
ture. The influence of injection on transition is reminiscent of the conditions in a 
boundary layer. 

Helium is a suitable inert gas to inject into the base flow in the inert gas experiment, 
but hydrogen could be used if the flight speed is low enough to prevent ignition or if 
the car r ie r  gas is inert. 

Hydrogen is best used in the reactive mixing experiment because of ease of ignition 
and because the high temperature kinetics of the hydrogen-oxygen system have been 
studied with a high degree of success in recent years. 

In the mixing problem where velocity fluctuation fields a r e  the main interest, dopp- 
ler measurements of laser light scattered from small  particles have been employed 
for statistical studies i n  liquid flows (37). 
under study. 
reference light. 
lems of agglomeration before the test, and the thermochemical survival in  the flow 
field. 
cence fluctuation along an intense pencil beam of light. 
properties or their integrals follows closely the pattern of previous free-flight range 
practice. 

Interpretation of Results 

Consequ- 

The ratio of reaction time to eddy lifetime can be select- 

Since a porous 

The internal collar with the '0' ring seals is set 

A. C .  Chart- 

The X-ray pictures in figure 1-7-15 show the valve collar positions 
The se t  back of the collar 
The flight speed was 3.2 

The 19 mm base diameter model 

Application to high speed flows is now 
One difficulty is the optical mixing of the scattered light with the 

The inclusion of sub-micron particles is accompanied by prob- 

Statistics on species concentration may be accessible by measuring fluores- 
The determination of mean 

The output of these experiments is dependent on the sensitivity and resolution of the 
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measurements. Assuming that both mean flow and statistical information become 
available, we have theoretical developments available for interpreting the results. 
For experiment (a) our statistical theories of turbulence spectra in the presence of 
chemical energy release (34) have yet to be tested. 
number concentration are important in the studies of light gas mixing for combustion 
and of ionization fluctuations in re-entry wakes. Experiment (b) could yield infor- 
mation to resolve the disagreement among theoreticians (38-41), about the inertial- 
diffusive sub-range. Also ,many predictions are available but untested regarding 
r m s  concentration fluctuation levels in wakes and experiment (c) covers the statis- 
t ics  of a reacting contaminant, which have been the subject of other recent studies. 
Experiments (b) and (c) could be  pivotal in pointing out the best path for future 
theoretical development. 
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1-8 

A Facility for Hypersonic Flow Simulation 
over Blunt Nosed Bodies 
V. ZAKKAY and W. H. MAK 
New York University, U. S. A. 

Su"ary 

A facility for simulating re-entry flow fields over bluntnosed bodies is presented 
here. By using H 2 0 - 0 ,  mixture, it is shown that simulation may be achieved at 
lower stagnation temperatures. In this manner, the test  gas has not dissociated 
and therefore the absence of the complicated chemistry in trying to understand the 
fluid mechanics aspect of the problem. The cr i te r ia  for simulation of supersonic 
flow over blunt-nosed bodies using any gaseous test medium have been found to be 
the dynamic pressure and the density ratio across  the normal shock. 
y for different gases chiefly affects the surface Mach number distribution. Com- 
bustion gases may be used as an aerodynamic test  medium, provided that water vapor 
condensation is avoided and that equilibrium flow conditions a re  ensured. 
H,O-0, mixture family, a mixture of equivalence ratio y = 0.2035 has been found 
to yield density ratios of the order of ten across  a normal shock in equilibrium flow 
by suitably adjusting the pressure level. 
proposed to use the H 2 0 - 0 ,  ( Y  = 0.2035) mixture as the test  medium. Flow Mach 
numbers of the order of ten can be attained at a static temperature of 300'K. Op- 
erating conditions have been determined for the heated air driver, the helium buffer 
and the H,O-O, mixture, such that tailored condition of the reflected shock is ach- 
ieved for maximum testing time. 

Sommaire 

On pr6sente dans cet expos; un montage expihimental pour la simulation de 1' 
6coulement auto? de corps i bord d'atta-que 6mouss6 dans les  conditions de l? 
rentr6e atmospherique. 
temp6rature d'arr6t et le gaz actif n'est pas dissocie, ce, qui evite les  equati,ons 
$himiques compliqu6es et facilite l'analyse de l'aspect aerodynamique du phenom- 
ene. Les c r i te res  de simulation de l'ecouleyent supersonique autour de corps 
6moussis sont quels .*e soient 1$s gaz utilises, la pression dynamique et le rapport 
de masse volumipe a la t raversee d'un choc droit. La variation de Y ne joue de 
r6le que sur la repartition du nombre de Mach sur  la surface de l'obstac!e. On 
peut utiliser des gaz de combustion comme fluide actif, pourvu que l'on evite la 
condensation de lapapeur d'eau. Dans la famille des melanges HzO-02, un mj l -  
ange de rapport d'equivalence = 0,2035 fournit un rapport de densites de 10 a 
t r a v e r t  une onde drqite lorsque le niveau de pression a une valeur correcte. Un 
tunnel a choc avec reservoir  tampon et le melange H,O-0, ( A = 0,2035) sont prop- 
os& pour ces  essais. On atteint un nombre de Mach de l 'ordre de 10 % la temp&-a- 
ture  statique de 300°K. Les  conditions de fonctionnement ont et6 dbterminees pour 
de l'air chauffb comme gaz moteur, un tampon d'helium et le  melange H 2 0 - 0 ,  de 
t a p  telle que le choc reflechi ne perturbe pas l'kcoulement durant la  majeure 
partie du temps d'essai. 

The effect of 

In the 

A buffered shock tunnel test  facility is 

L'emploi du melange H 2 0 - 0 ,  permet la simu!ation a basse 
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ALTITUDE, F E E T  x lo3 

VELOCITY, F E E T  x 103ISEC 

Fig. 1-8-1 Tunnel reservoir pressures and temperatures required for. flight 
duplication in equilibrium air 
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Fig. 1-8-2 Comparison of chemical kinetic with rarefied gas regimes for blunt- 
nose flow (8)  
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Introduction 

The development of hypersonic vehicles such a s  intercontinental ballistic missiles, 
satellites and space probes has given rise to numerous environmental problems, 
especially in the areas of fluid dynamics and physics of high temperature gases. 
When the gas temperature is above about 2000°K, dissociation as well as caloric 
'imperfections' are present. At satellite speeds all of the oxygen and a consider- 
able fraction of the nitrogen molecules are dissociated. 
ionization and chemical reaction between some of the constituents need to be taken 
into consideration. 

Current methods of hypersonic flow simulation usually consist of expanding high' 
temperature and high pressure air to high velocity. Various facilities have been 
developed. Bray (1) has evaluated the hypersonic gun tunnel which works on the 
principle of a free piston compressor. 
stagnation temperatures to low values. 
performance limit of the reflected shock tunnel and concluded that reservoir con- 
ditions will be limited to about 2000 atmospheres pressure at 9000'K. 
associated with this type of facility is the nonequilibrium phenomenon in the nozzle 
expansion and the short testing time. 
a high energy electrical arc can produce high enthalpy flows for a period of time up 
to  two minutes. 
exceed about 100 atmospheres. The development of magnetohydrodynamic accel- 
e ra tors  has shown that velocities of 30,000 to 40,000 ft/sec can be attained at den- 
sities corresponding to altitudes greater than 90 km. The estimated performance 
of such an accelerator has been reported by Ring (4). Both the arc heater and MHD 
accelerator have serious disadvantages. Electrode contamination of the flow; local 
variation in the high energy air properties due to nonuniform heating; effect of high 
energy electric and magnetic field on measuring instruments; and the problem of 
accurately calculating theoretical conditions are some of the problems yet to be 
overcome. 

In addition, thermal 

These phenomena are referred to as real gas effects. 

The piston strength requirements limit the 
Recently, Bird .et a1 (2) discussed the 

The problem 

Direct heating of the air-by passing it through 

However C a m  and Buhler (3) showed that the pressure  will not 

In recent years  considerable interest has been shown in the utilization of other gases 
as a test medium for the simulation of aerodynamic data. 
conditions, the use of helium has  been quite successful in simulating air under the 
hypersonic approximation, and the theoretical work and experimental results have 
been reported by Love et a1 (5) and Ladson (6 and 7), respectively. At higher 
temperatures and pressures  where real gas effects become important, attention 
has been focused on using combustion gas mixtures for simulating combined loading 
and heating such as that obtained in hypersonic flight. There has been considerable 
knowledge gained on the thermodynamics and flow properties of reacting gas mix- 
tu res  expanding through a nozzle, e. g. the expansion of combustion gases through a 
nozzle to obtain thrust as in the case of turbojet and ramjet engines. In this case 
however the combustion generally takes place under very high pressure in order to 
achieve the desired flow for simulation. The purpose of this study is to seek a 
suitable gas mixture which meets closely the c r i te r ia  for simulation of re-entry 
flowfields, and the production of which involves few engineering difficulties. 

Flow Simulation 

Simulation Requirements in Air 

In wind tunnel testing, complete duplication in both scale and ambient flow conditions 
over the wide portion of the flight corridor indicated in figure 1-8-1 is impossible 
to achieve. 
parameters or flow conditions most intimately associated with the phenomenon being 
studied, e. g. Mach number M, , Reynolds number Re 
parameter M,[I (where [I is the thickness ratio or angle of attack), viscous inter- 

For low temperature 

Simulation is the technique of duplicating only those dimensionless 

hypersonic similarity 
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action parameter M3,/Re,, flow velocity U,, and ambient density P, . 
sequently each experiment is set  up in order to determine the important parameters 
or conditions requiring duplication, and an analysis of the flow phenomenon is nec-- 
essary. 

For aerodynamic testing in the regime where real  gas effects are important, Har-  
vey (8) has  shown that, for flight velocity above 13,000 ft/sec and in the altitude 
range of 100,000 ft to 30,000 ft, the flow chemistry is neither frozen nor in equili- 
brium. Thus, in addition to the parameters and ambient conditions cited, 'chem- 
ical kinetic simulation' must be provided. 
be accomplished. One of the most serious problems in hypersonic wind tunnels is 
chemical nonequilibrium in the test section freestream. 
the test  gas in the reservoir reaches chemical equilibrium due to the high tempera- 
tu re  and pressure and the long residence time. On expansion, chemical equilibrium 
is maintained at local temperature and pressure for some small distance through the 
nozzle. Farther downstream, however, the temperature and pressure decrease to 
a point where the chemical reactions are no longer fast enough to maintain equili- 
brium. As a result, the composition departs from the equilibrium values and fin- 
ally 'freezes' out in some nonequilibrium state. Much effort has been applied to 
solve the nonequilibrium flow chemistry in a nozzle. 
where 'chemical kinetic simulation' is desired, the freestream dissociation level 
should be sufficiently low so that the energy in dissociation is small compared to 
the total freestream energy, and also the freestream dissociation should be small 
compared to the maximum dissociation fraction in the flow over the body. The 
former condition ensures that the freestream velocity corresponds with that of the 
flight condition, and the latter ensures that the flow behind the shock wave app- 
roaches equilibrium in nearly the same manner as that encountered in the flight; 
thus the aerodynamic properties of the flow are not changed. 

The next problem in simulating the flowfield is deciding whether model scaling is 
permissible. Gibson (9) has shown that when chemical recombination can be neg- 
lected for nonequilibrium flows about blunt bodies at high altitudes, binary scaling 
keeping p, L = constant, where L is the characteristic body length, is possible for 
a given flow speed. Since the model is usually scaled down one to three orders  of 
magnitude in wind tunnel testing, the corresponding increase in flow density is 
difficult to obtain. 
so that the binary scaling is not valid where one would like to use it. 

Figure 1-8-2 is the velocity-altitude chart of Harvey (8) showing the viscous and 
chemical kinetic regimes of hypersonic, high allitude flight. By superposing fig- 
u re  1-8-2 on figure 1-8-1, one may notice that the flight corridor is divided into a 
portion above 100,000 f t  altitude and 13,000 ft/sec flow speed in which nonequilibr- 
ium and frozen chemistry dominates. Thus to simulate the hypersonic flight con- 
ditions, one must provide: 

1. 

2. 

3. 

Velocity duplication, however, requires high stagnation temperatures. 
velocities of 16,000 ft/sec and 20,000 ft/sec requires temperatures of about 7,500'K 
and 10, O O O O K ,  respectively, as illustrated in figure 1-8-1. To duplicate the am- 
bient density simultaneously along the flight corridor, stagnation pressures  in ex- 

Con- 

It is not well understood how this can 

In these wind tunnels, 

Therefore in the regime 

Moreover, three-body recombination will become important, 

Freestream velocity and density on a large scale model, 

A low freestream dissociation level, and 

Sufficient t ime for testing to obtain the desired data. 

To produce 
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cess  of the 2,000 atm limit are necessary. This difficulty may be overcome by 
expanding from a total enthalpy slightly higher than flight total enthalpy to a Mach 
number low than flight Mach number, and an ambient temperature greater than 
flight temperature in order to achieve the desired flow velocity. 

Flow Simulation in Other Gaseous Tes t  Media 

The phenomenon in high enthalpy, hypersonic flow generally involves temperatures 
above 1800°K at the subsonic region behind the detached shock of a blunt-nosed 
body. 
7 ,  the effective ratio of specific heats o r  the isentropic exponent, before and behind 
the normal shock. 
shock at the same freestream conditions of p 
cause significant changes in shock detachmen? distance, shock shape, pressure dis- 
tribution, etc. in the inviscid flow. 
flowfields will be  the differences in the viscosity and thermal conductivity of the 
test  gases. 
stagnation point we can easily show the stagnation pressure  coefficient to be: 

One of the differences between air and other test gases is the difference in 

Another difference is in the deilsity rise across  a normal 
and U m  . These differences may 

The properties that will influence the viscous 

Considering the pressure  recovery behind the shock wave and the 

P m  cp ,  = 2 - 
p2  

@q. 1-8-11 

which depends on y 2  only on the second order term. 
i s  of the order of 0.12, so that the pressure  chmges by about six percent across  the 
shock layer. The values of Cp,,, vs. pm/p2 are plotted in figure 1-8-3 for 
equilibrium air, nitrogen, carbon dioxide, argon, and an oxygen-steam (A = 0.2035) 
mixture. It is seen that equation 1-8-1 is a good fit to the computed points and that 
the stagnation pressure  coefficient depends only on the density ratio across  the 
shock. 

In flight simul?kion, the problem is to find out the variation of the aerodynamic data 
with the type of test gas used. Table 1-8-1 shows the values of Cps and pm/p2 
for five different test  gases at the same freestream velocity and at two different 
freestream densities. It is evident that Cp, and pm/p2 differ quite markedly from 
the value for air. 

The density ratio Pm/p2 

The shock detachment distance A has been used frequently for comparison of var -  
ious flow theories and for comparing theories with experiments. 
the regime of equilibrium flow chemistry, A must be  large compared to the diss- 
ociative relaxation lengths, s o  that there is a lower limit on the model radius in 
wind tunnel testing, below which nonequilibrium effects cannot be neglected. 

In order to show the simulation of pressure  and Mach number distribution around 
the body Inouye (10) gives a curve fitted to the nuinerical results for equilibrium 
air, nitrogen, argon and carbon dioxide, independent of 

For simulation in 

: 

Cp = Cp, (1.0 - 1 . 2 5 s i n 2 @ + 0 . 2 8 4 s i n 4 @ )  (Eq. 1-8-2) 

The variation of Cp/Cp , with the flow Mach number dong  the surface is shown in 
figure 1-8-4. The points are calculated for the H,O-0, ( X  = 0.2035) mixture at 
stagnation conditions of T = 2500, 2800, 3100°K and p , = 0.1, 0.3, i. O'and 3.0 
atmospheres by assuming isentropic expansion. 
the results for air, so that both the pressure  and Mach number distribution are 
expected to be  unaffected by using a combustion gas mixture. 

The value of the stagnation point velocity gradient is important in heat transfer 
problems. 

They are seen to agree well with 

The modified Newtonian Theory predicts it to be: 
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(Eq. 1-6-31 I 

where R is the body radius of curvature at the stagnation point. 
sulting from the solutions of (10) are 9 percent to 15 percent higher than 
the values obtained f rom equation 1-8-3. For a given freestream condition, d i f f -  
erences in the velocity gradient among the test  gases (see Table 1-8-1) may be as 
high as 38 percent. 

The values r e -  

For the case of stagnation point heat transfer, the most widely used result  on stag- 
nation point heating was developed by Fay and Riddell (11). 
bodies, this can b e  used in the form: 

For axisymmetric 

(Eq. 1-8-4) 

in which equation 1-8-3 has been substituted for dx x=o. It can be seen that 6 
is weakly dependent on the thermodynamic and transport properties except for the 
bracket term. 
energy becomes an appreciable fraction of the total energy. 

3,000"K and 1 atm for H,OtO, (A = 0.2035) Le = 1.728, hde -'', = 0.30 and the 

bracket t e rm is 1.099. For  air, Le = 1.327 and - = 0.08, so that the 

bracket t e rm is 1.013. The ratio h H  o , o  /qa,= turns out t o  be  1.18, i.e. the 
Fay-Riddell theory predicts a SignificAtly fiigher heat transfer rate in the  combus- 
tion mixture. Therefore, in choosing a particular mixture as a test medium, it is 
desirable to choose one with the least dissociation, while meeting with the other 
criteria of equilibrium flow and large density ratio across  the normal shock. 

Flow Simulation in H,O-0, Mixtures 

The use of steam-oxygen mixtures has several  advantages. 
limit can be extended in view of the relatively simple and well understood H,O-0, 
reaction. In order  to suppress nonequilibrium effects in the nozzle expansion at 
temperatures above 2200"K, high pressures  are required. When short running 
t ime is not a restriction, then pressures  up to 1000 atm can be  readily achieved in 
the shock tunnel type of operation. 
ity will be described, based on the above principle. 

Further remarks need to be made on the use of H,O-0, mixtures as a teat medium 
at high temperatures.  
these temperatures, therefore the test duration should be  kept short in order to re- 
duce oxidation and corrosion effects. Secondly, from the consideration of the chief 
quantities to be simulated we may conclude that the density ratio is the most import- 
ant par-ameter that affects the data. The dependence on y alone shows up in the 
pressure  and Mach number distribution. However, in the range of temperature and 
pressure  considered, both the combustion gas  mixtures and air have comparable 
values of y (see Table 1-8-1). 
in flow simulation, the density ratio must be simulated in addition to Gibson's 
criteria of the- freestream density and velocity. 

Thirdly, the chemical relaxation distance must be  small  compared with the shock 
detachment distance in order to ensure equilibrium flow. 

(9 
This t e rm will make a large contribution when the dissociation 

For  example, at 

hde -hdWhe -hw 

h e  - h w  

The upper temperature 

In the following section an experimental facil- 

First ,  the oxygen atoms are chemically very reactive at 

Therefore, in using another gaseous test medium 

Figure 1-8-5 shows the 
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Fig. 1-8-5 Chemical relaxation distance behind a normal shock wave in a H20- 
0, ( A  = 0.2035) mixture 
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variation of the relaxation distance with pressure behind the normal shock for a 
typical temperature of T, = 4500°K in a H,O-0, (A = 0.2035) mixture. It can be 
seen that simulation of the equilibrium flow can be achieved for stagnation press -  
u re s  behind the normal shock of the order of an atmosphere. 

Finally it is necessary to decide on the specific composition of the mixture. 
four mixtures chosen for comparison are pure 0,, pure H,O (steam), H,O-0, 
(A = 0.2035) and H,O-0, (A = 0.4177). 
perties are conveniently tabulated by Svehla (12). All the four gases are assumed 
to  have the same reservoir temperature and pressure  (3400"K, 300 atm ). They 
are allowed to expand isentropically and the shock characteristics are determined 
for at least two different Mach numbers. 
and the density ratio is plotted in figure 1-8-6. 
high in H,O. However there is a considerable increase in the density ratio by 
comparing H,O-0, (k = 0.2035) with oxygen. The difference between H,O-0, 
(A = 0.2035) and H,O-0, (A = 0.4177) is not much, but the latter shows a faster 
decrease in the pressure.  
occur. Thus i t  seems that H,O-O,(X = 0.2035) is comparatively better than the 
others f rom the point of view of high density ratio and the requirement of equili- 
brium flow. 

The 

Their thermodynamic and transport pro- 

The results are tabulated in Table 1-8-2 
Dissociation is less in  oxygen and 

This means that nonequilibrium flow is more likely to 

A Proposed Buffered Shock Tunnel Facility 

The proposed experimental facility will utilize a H,O-0, mixture of equivalence 
ratio X = 0.2035 as the test medium. 
tion, high enthalpy, equilibrium gas flow simulating conditions that correspond to 
a density ratio of ten or more across  a normal shock. 

In order to generate the combustion gas mixture in the range of temperatures 
greater than 3000°K and pressures  in excess of 100 atm , the shock tube is the most 
promising. While the testing t ime that can be achieved is brief, in the order of 
milliseconds, the flexibility and convenience of this device has made it an attractive 
research tool. The basic theory and techniques of operation of shock tubes have 
been extensively reported in the literature (13) (14) (15) and therefore will not be 
discussed here. In this section, we shall determine the performance character- 
istics of such a shock tube with a H,O-0, mixture as the driven gas. 

The proposed experimental facility is shown diagramatically in figure 1-8-7. 
consists of a driver section, a buffer section and a driven tube. The following 
performance calculation has  been carried out using air as the driver, helium as 
the buffer and a H20-0, mixture of mass  ratio one to thirty-nine as the driven gas. 
A double diaphragm system separates the driver from the buffer gas  from the 
combustible mixture in the driven tube. If the conditions in the helium buffer are 
such that p2 and u2  are equal to or greater than the Chapman-Jouget values, the 
detonation in the H,O-0, mixture will be followed by a region of quasisteady flow. 
The wave diagram is shown in figure 1-8-8. 

In order to increase the testing time, the conditions of the helium buffer and the 
burnt mixture at the interface are matched ('tailored') to avoid additional waves 
from the interaction of the reflected shock and the interface. The tailoring con- 
ditions for the helium buffer gas are presented in Table 1-8-3 as well as the con- 
ditions behind the reflected shock. From these results it is seen that the press -  
u re  level is particularly sensitive to the detonation velocity. 

The basic arrangement of the 'unsteady-expansion' type of buffered shock tube is 
shown in figure 1-8-9. In this case, the stagnation sound speed and pressure  in 

It will be capable of generating a short dura- 

It 
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Fig. 1-8-7 Schematic arrangement of the proposed buffered shock tunnel 
facility 
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region (7) have to match those required for tailoring. 
reflected shock type of buffered shock tube, which is a shock tube with an area 
contraction at diaphragm B. The shockreflection occurs because of this area 
contraction, and thewavediagram is shown in figure 1-6-10. 
analysis of the second configuration is a more difficult problem. 
ment of the optimum performance of buffered shock tubes is given by Fetz (16). 
The first configuration is not preferred, even though there  are fewer disturbances 
arising from the interaction at the diaphragm B station. This is due to the diffi- 
culty in matching u7, a7 and p, to u3, a3 and p3. for various tailoring requirements. 
The second configuration affords the flexibility for various tailoring requirements 
because the helium is brought to r e s t  behind the reflected shock. 

Table 1-8-4 gives the required conditions for the operation of the buffered shock 
tunnel. The method of analysis is reported in detail (16) and will not be outlined 
here. A temperature of 1000°K has been assumed for the driven air, which gives 
a sound speed of about 2370 ft/sec, taking into account the bulk compressibility at 
high pressures  (- 600 atm ). 
N. Y. U. hypersonic tunnel facility, which has an operating pressure  of 20,000 lb/ 
in,. 
in the analysis. The wave diagram for the flow at an area reduction is shown in 
figure 1-8-11. 
P5) is required in the driver to attain the desired pressure  P, in the H,O-O, 
mixture behind the reflected shock. 

The above calculations ignore the phenomena of non-ideal diaphragm opening bound- 
a r y  layer growth and interfacial mixing of the gases. These will reduce somewhat 
the testing time, which is of the order of s ix  milliseconds for most shock tunnels in 
operation. 
tion in the microsecond range, is adequate for the type of operation anticipated 
here. 

A second possibility is the 

In general the 
A detailed treat-  

This temperature is currently attainable in the 

An area reduction of four at the double diaphragm station A was also assumed 

From the results in Table 1-8-3, it  is seen that less pressure  

However, present day instrumentation, capable of giving t ime resolu- 

Equilibrium Nozzle Flow Calculations 

In order to design appropriate hypersonic nozzles and to define the test  conditions, 
various flow properties must be determined. 
properties of this H,O-0, system have been tabulated by Svehla (12). 
of this subsection is to present for specific reservoir pressures  and enthalpies the 
following properties as a function of the flow Mach number: temperature, p ress -  
ure, density, velocity, area ratio, Reynolds number and isentropic exponent. An 
isentropic expansion of the gas from the reservoir to downstream stations in the 
nozzle was assumed. An iterative procedure was used to obtain the equilibrium 
pressure  ratio, density ratio and temperature ratio across  a normal shock. 
brevity, the results of the nozzle flow properties calculation are given in figures 
10 to 19 of (17) for T, = 3400°K and 3800°K at reservoir pressures  of 300 and 
1000 atm , respectively. The results for the variation of density ratio, and Y ,  
with flow Mach number across  a normal shock, are given in figures 1-8-12 and 
1-8-13. 
with this test gas  without dissociation. 

Freezing Criterion 

In an actual nozzle, it is necessary to determine whether the flow is in complete 
equilibrium. Two effects have to  be  considered, namely molecular dissociation 
and molecular vibration, and the problem is reduced to the calculation of their 
apparent-freezing points. Recently Fine (18) studied the kinetics of hydrogen 
oxidation downstream of lean, flat hydrogen-air flames and the result  of gas sanip- 
ling has  yielded a ra te  equation for an overall reaction: 

The thermodynamic and transport 
The purpose 

For  

It is clearly seen that a density ratio of the order of 12 may be  obtained 
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Fig. 1-8-12 
Variation of density 
ratio with flow Mach 
number across a 
normal shock 
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Fig. 1-8-13 
Variation of isen- 
tropic exponent 
behind a normal 
shock ( y z )  with flow 
Mach number 
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Fig. 1-8-14 Determination of freezing point 
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(Eq. 1-8-5) 

A ra te  equation for the decay of hydrogen downstream of a flat flame was found to 
be  best described by 

8 100 -- d[H21 = 1 . 7  x 1010[Hz]3'2[02]e - dt (Eq. 1-8-6) 

The effect of diffusion has been neglected, so that the above rate probably repres- 
ents a lower limit. 
flames f a r  exceed their equilibrium values, the rate equation is essentially a re- 
combination rate. 
pansion is defined as: 

Since the concentrations of hydrogen downstream of these 

The Bray criterion, (19) for the freezing point in nozzle ex- 

(Eq. 1-8-7) 

where K is of the order of unity and the left side represents the net ra te  of change 
of the dissociating gas. For  the overall reaction given by equation 1-8-5, the net 
rate of change of [H20] equals the total r a t e  minus the change in the partial molar 
density due to the expansion: 

where the concentrations are given by: 

c 1P 
m [ l i = -  

(Eq. 1-8-8) 

(Eq. 1-8-9) 

(Eq. 1-8-10) 

A graphic solution of equations 1-8-6 and 1-8-8 using the density, velocity and 
concentrations from the equilibrium flow calculations will give the freezing point. 
The case chosen to  check this dissociation nonequilibrium is the most extreme 
case studied corresponding to reservoir conditions of p t  = 300 atm and T, = 
3800°K). A conical nozzle of 20" included angle with a throat radius of 0.20 in- 
ches was zssumed. 
the static temperature. 
6, = 5.4 atm ). At this temperature dissociation in the gas mixture is less than 
$ percent so that dissociation equilibrium prevails. 

It is noted that the rate equation for the decay of hydrogen (Eq. 1-8-6) which Fine 
found experimentally may not be  applicable at temperatures of the order of 3000"K, 
when the OH concentration is appreciable, such that a more complex reaction of 
H,O-0, will take place. For example, eight reactions were written to describe 
the chemical reaction for the hydrogen and oxygen system in (20). It is, therefore, 
advisable to further check the conclusion reached above by the simple rate equation, 
by considering the different rates of reaction for this more complicated process. 

Equations 1-8-6 and 1-8-8 are plotted.in Fig. 1-8-14 against 
A freezing point is indicated at a temperature of 2200°K 



204 

However the freezing point at - 2200°K i s  close to the temperature (-1600°K) at 
which the experiments were performed, and the conclusion at least gives u s  a 
qualitative, if not quantitative picture of dissociation equilibrium in the nozzle flow. 

As for vibrational nonequilibrium, a similar freezing criterion can be  defined. 
Since the vibrational relaxation for the mixture is not known, one can only infer the 
actual situation by considering H,O-H,O and 0,-0, relaxations. 
smal l  t r aces  of water vapor in oxygen reduce the relaxation t ime by orders  of mag- 
nitude, so that the relaxation t ime of H,O-H,O will be  used as a guide. 
and Kantrowitz (21) have investigated water vapor with the jet method at tempera- 
t u re s  up to 800°K. The relaxation time, corrected to 1 atm is of the order  of: 

It is known that 

Huber 

T~ - 3 x 10-8 atm sec 

The relaxation distance for a particle velocity of 104 ft/sec is - 3 x 10-4 atm f t .  
For  P, = 300 atm , T, = 3800°K in H,O-0, ( A  = 0.2035), P = 0.1 atm at T = 
1000"K, i.e. the relaxation distance is - 3 x 10-3 ft  which is sti l l  small  compared 
with any characteristic length in the flowfield. Therefore it may b e  assumed that 
the flow maintains vibrational equilibrium as well. 

Conclusion 

The results of this investigation indicate that the criteria for simulation of hyper- 
sonic flow over blunt-nosed bodies using other gaseous test media are the dynamic 
pressure  and the density ratio across  the normal shock. The effect of Y shows 
chiefly on the pressure  - Mach number distribution. Since the pressure  distri- 
bution is independent of y , the effect of y then a l te rs  the Mach number distri- 
bution on the surface. 

Combustion gas mixtures may be  used as a test medium, provided that condensation 
of the water vapor formed is avoided and that equilibrium flow conditions are en- 
sured. In the H,O-0, mixture family, a mixture of equivalence ratio h = 0.2035 
has been found to yield a density ratio of about ten in equilibrium flow by suitably 
adjusting the pressure  level. 

A buffered shock tunnel facility is proposed using the H,O-0, (h = 0.2035) mixture 
as the test medium. 
driver air, the helium buffer and the H,+O, mixture, such that tailored condition6 
of the reflected shock are achieved. This will yield the maximum testing t ime 
of the order of six milliseconds for a normal size shock tunnel. This test t ime 
will be  reduced somewhat when such flow phenomena as boundary-layer growth, 
interfacial mixing, non-ideal diaphragm opening occurs  in the actual shock tube 
flow. Nozzle flow properties and normal shock characterist ics in the test section 
have also been computed. The computation was terminated arbitrari ly at a static 
temperature of 300"K, even though the temperature of saturation has  not been 
reached. With the increased reservoir temperature which can be  produced by the 
reflected shock method, flow Mach numbers of the order  of ten can b e  achieved at 
this temperature. 
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List of Mathematical Symbols 

A 
a 
C 

CP 

e 

AEC 
g b  1 

h Ll 

h 

k 

kR 9 kD 
L 

LR 
Le 
M 
m 

P 
Pr 

h 
r 
R 

Re 

r~ 9 r~ 
S 

T 

area 
sound speed 
mole fraction of the ith species 

pressure  coefficient 

internal energy per unit mass  
heat of chemical reaction per unit mass  
function of density in equation 1-8-10 
absolute enthalpy per unit mass  
dissociation energy per  unit mass  
constant 
recombination, dissociation ra te  coefficients 
characteristic length 
chemical relaxation length 
Lewis number 
Mach number 
molecular weight 
pressure 
Prandtl number 
heat transfer ra te  in equation 1-8-5 
radius 
universal gas constant; also used for  body radius 
Reynolds number 
recombination, dissociation rate respectively 
entropy 
temperature 
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t 

U, U 
UD 

V 
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Z 

LY 
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Subscripts 

etc. 
b 
D 
e 
f 

i 

P 
r 

1 1  21 5, 

S 

t 
max 
* 
W 

0 

W 

t ime 
speed in laboratory coordinates 
detonation speed 
speed in stationary shock coordinates 
distance from stagnation point along surface 
compressibility factor 
thickness ratio, angle of attack; also used as dissociation fraction 
isentropic exponent, specific heat ratio 
shock detachment distances 
equivalence ratio 
viscosity 
density 
relaxation t ime 
angle between free stream direction and normal to body surface 

denotes regions of quasi-steady flow in shock tubes;l,  2 are also used as 
conditions upstream and downstream of a normal shock 
body 
detonation 
external flow at edge of boundary layer, also equilibrium 
frozen 
number of the species , 

piston 
recovery condition 
stagnation condition 
reservoir condition also time 
maximum 
condition at minimum area, sonic 
wall condition 
standard condition at 273. 16°1r, 1 atm 
freestream conditions 
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Table 1-8-1 - Shock Conditions at Plight Velocity of 10, OW ft/sec in -brim 
Gas Mixtures 

2.377 x 10-4 air 8.95 0.1253 1.879 1.191 .485 
8.94 0.1458 1.860 1.280 .521 
9.51 0.0711 1.931 1.111 .370 
8.22 0.2569 1.758 1.511 .672 A 

HzO +O, 9.05 0.0965 1.920 1.118 .430 
@=O. 2035) 

2.377 x 10-6 air 8.95 0.1113 1.892 1.147 .459 
8.94 0.1438 1.862 1.241 .517 
9.51 0.0634 1.938 1.090 .350 
8.22 0.2402 1.775 1.317 .653 A 

HZO + 0 2  9.05 0.0850 1.032 1.094 .405 
(X =O. 2035) 

N, 
CO, 

N2 
CO, 

Table 1-8-2 - Comparison of Various H,O-0, Mixtures across  a Normal Shock 
Wave 

Mole 
Fraction 
H,O 

0, 

Equivalence 
Ratio 

0 

1 .ooooo 

0 

300 600 

8.30 5.73 

.118 .134 

85.7 39.3 
8.23 4.84 
x10-L 

2915 3070 

1.046 1.033 

1.146 1.165 

T,, = 34OO0K, P,, - 300 atm 

.33818 

.66182 

.2035 

.58918 

.41072 

.4177 

300 600 

9.08 6.31 

.096 .lo8 

104.2 48.3 

2.79 1.83 
x10-1 
2770 2945 

1.082 1.063 

1.118 1.130 

300 600 

9.32 6.61 

.091 .098 

107.9 52.9 

1.45 1.09 
x10-1 ' 

2700 2895 

1.096 1.076 

1.109 1.119 

1 .ooooo 

0 

1.0000 

300 600 

10,.28 7.14 

.0725 .0825 

131.3 61.6 

4.78 4.00 
x10-2 x10-1 
2545 2735 

1.134 1.111 

1.100 1.111 
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Table 1-8-3 - Requirements of Tailoring Condition for an Overdriven Detonation 
in a Shock Tube 

I 

T, = 298.15"K Y 4  = 5/3 

Ml Pl 
atm 

4.9 1.0 
5.0 

10.1 
5.0 1.0 

5.0 
10.0 

5.1 1.0 
5.0 

10.0 

p2 
atm 

19.76 
93.26 

182.17 
21.69 

104.24 
204.99 

23.43 
113.53 
224.14 

p5 
atm % 

59.1 3410 
262.5 3511 
501.6 3545 
69.6 3490 

218.8 3617 
616.1 3663 

79.6 3557 
369.9 3703 
719.2 3759 

h5 
cal/gm 

650.7 
619.9 
607.7 
710.4 
689.0 
680.2 
764.1 
747.0 
740.0 

U3 
ft/sec 

3465 
3261 
3180 
3744 
3592 
3529 
3980 
3851 
3800 

a3 
ft/sec 

4669 
4692 
4684 
4700 
4733 
4734 
4730 
4731 
4769 

a4 
ft/sec 

5080 
5058 
503 1 
5175 
5168 
5155 
5260 
5223 
5251 

~ 

p4 
p5 
- 

.5095 

.5142 

.5190 

.5037 

.5074 

.5094 

.5003 

.5028 

.5038 

Table 1-8-4 - Operating Conditions in the Driver and Buffer Section 

Driver: T, = 1000°K T,. = 295'K 
a6 = 3315ft/sec 

A,/A4 = 4.0 Buffer: 
a, = 2370ft/sec 
7, = 1.4 Y6 = 5/3 

Ml Pl p5 p, a4 T, - '7 M6 p, 
p5 T6 '6 p5 atm atm 

4.9 1.0 
5.0 

10.0 
5.0 1.0 

5.0 
10.0 

5.1 1.0 
5.0 

10.0 

59.1 .5095 
262.5 .5142 
501.6 .5190 
69.6 .5037 

318.8 .5074 
616.1 .5090 

79.6 .5003 
369.9 .5028 
719.2 .5038 

5080 
5058 
503 1 

5175 
5168 
5155 
5260 
5223 
5251 

2.348 2.990 1.610 
2.327 2.957 1.602 
2.303 2.918 1.592 
2.436 3.130 1.644 
2.430 3.121 1.642 
2.418 3.102 1.638 
2.517 3.260 1.676 
2.482 3.203 1.662 
2.508 3.245 1.672 

.7416 

.7330 

.7229 

.7774 

.7750 

.7700 

.eo91 

.7953 

.8056 

.592 

.606 

.603 

.637 

.637 

.632 

.659 

.650 

.663 
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The Use of a Gun Tunnel for Hypersoni 
Intake Calibration 
R HAWKINS and E. CHARLTON 
Bristol Engine Division, Rolls-Royce Ltd., Bristol, England. 

! 

Summary 

The use of a gun tunnel as a low temperature tes t  facility for hypersonic intake r e -  
search has necessitated the development of many new experimental techniques. 
Techniques suitable for calibrating intakes for both supersonic and subsonic com- 
bustion ramjet engines have been studied, and developed to  the extent that an acc- 
eptable standard of data has been achieved. 

One of the major advantages of the gun tunnel which emerged from this study was  
the ability to establish supersonic throat flow within the intake, without recourse to 
variable geometry. 
(typically 30 to 100 milliseconds) has led to great simplification and economy in 
intake model construction. 

This, coupled with the fact that the flow duration is short 

Although standard strain gauged diaphragm transducers are suitable for pressure 
measurement in a gun tunnel, specialised techniques are necessary to ensure an 
accurate mean pressure is obtained at the combustor entry. 

In the case of an intake for a supersonic combustion engine where the blockage of 
multi-tube rakes would be unacceptable, a high speed pitot t raverse  technique has 
been successfully developed. 

For the more difficult case of the subsonic combustion intake, it is necessary to  
cover a range of back pressures up to the cri t ical  value. 
by fitting a specified volume to the intake, i n  which the rate of pressure  rise is slow 
enough to permit a transient calibration procedure to be adopted. 

Tes ts  have been made in  a conventional wind tunnel facility to check the validity of 
the results obtained in this way. 

Sommaire 

L'emploi des souffleries-cFon comme montage exphmen ta l  2 basse thmpbrature 
pour les recherches d'entree d'@r hypersonique a nhcessit; la mise au point d'un 
grand nombce de techniques experjmentales nouvelle?. 
s'appliquer a la calibrati?n#d'Fntr?es d'ai; de staforeacteucs a combustion subson;- 
ique ou supersoniqu: ont ete etudiees et developpees jusqu'a un stade ou des donnees 
convenables ont pu etre  obtenues. 

L'un des princiQaux avantages pes  souffleries-canon qui est apparu de c,es ;tudes 
est  la possibilite d ' p o r c e r  up ecoulement supersonique ay col de l 'entree d'air, 
sans avoir recours a la geometrie variable. 

This has been achieved 

Des techniques pouvant 

Ceci, couple avec le fait que la 
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I 2 3 4 5  6 1  

A B c  D E F 

1 DRIVER SECTION 2 BREECH SECTION 3 BARREL SECTION 

L NOZZLE 5 TEST CHAMBER 6 DIFFUSER 

7 VACUUM VESSEL 

A PRIMARY DIAPHRAGMS B BREECH RESTRICTOR 

C NYLON PISTON D SECONDARY DIAPHRAGM 

E DEBRIS TRAP F SAFETY DIAPHRAGM 

Fig. 1-9-1 B. S. E. L. gun tunnel arrangement 

- - EX PANS ION 
SHOCK - 

-PISTON 

- 
DISTANCE 0 

CORRESPONDING BARR E 1 
DRIVER BARREL PRESSURE7 TIME HISTORY 

POSITION OF PRESSURE TAPPING 

Fig. 1-9-2 Schematic wave diagram for  gun tunnel 
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dur6e de l'ikoulement est  breve (30 5 100 millisecondes) a permis une grande 
simplification et  des iconomies notables dans la rhalisation de la maquette de pr ise  
d'air . 
Bien que des capteurs standards i diaphragmes munis de jauges extensom6triques 
conviennent pour le! mesures dans l e s  souffleries-canon, des techniqu$s mieux 
appropriies sont necessaires pour s 'assurer  que la  pression moyenne a l'entr6e du 
foyer a la valeur correcte. 

Dans le cas  d'une pr ise  d'air pour moteur i combustion supersonique et par suite 
du blocage, des p e i p e s  ne peuvent &re util isis ,  une technique utilisant la  travers6e 
rapide d'un pitot a et6 mise au point. 

Dams le cas  plus difficile d'une pr ise  d'air pour combustion subsonique, il est  
necessaire de pouvoir couvrir un domaine de pression allant jusqu'i la pression 
critique. 
volume mffisamment 6levi pour que la montie en pression soit lente et on a adopt6 
une mahode de calibration en r igime transitoire. 

Des essais  ont i t 6  effectuis dans une soufflerie classique pour virif ier la validit6 
des rhsultats. 

On a pu obtenir cela en connectant la pr ise  d'air 6 une enceinte de 

Introduction 

The assessment of airbreathing propulsion systems for hypersonic flight has led to 
the need for more detailed performance data on hypersonic intakes. 

At low hypersonic speeds where rea l  gas effects in the intake a re  confined to caloric 
imperfections, there is a strong case for attempting to separate the gas dynamics 
from aerodynamic phenomena. 
hypersonic wind tunnels that provide a 'cold' a i rs t ream will be suitable for basic 
intake research. 

One form of 'cold' hypersonic facility is the gun tunnel. Such tunnels have been 
developed extensively in Europe and the UK during the last decade, and exploratory 
studies (1) have indicated their suitability for hypersonic intake research. The 
present paper examines critically the flow conditions in  a particular gun tunnel, 
and describes techniques that have been developed to permit reliable intake calibra- 
tion studies to be made in it. 

If this can be done with realism, conventional 

Description of the Gun Tunnel 

A large gun tunnel, capable of simulating a Mach numberfieynolds number corridor 
thought typical of that to be followed by airbreathing hypersonic vehicles, has been 
installed at the Bristol Engine Division of Rolls-Royce Limited. 

A diagram of this facility is shown in figure 1-9-1. 
several components are as follows: 

Driver Section: Length 18 feet; 549 cm 
Internal Diameter 14.2 in; 36.1 cm 
Maximum working pressure 4000 lb/inz 270 atm 

Barrel: Length 30 feet; 914 cm 
Internal Diameter 3.79 in; 9.63 cm 

Principal dimensions of the 
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i 

BARREL 
PRESSURE 

I 

BARREL 
PRESSURE 

I 

Fig. 1-9-3 

Po TRANSDUCER CALIBRATION: 415 lb/in'/cm 
SCAN RATE : 10 m. secslcm 

- TIME 

NO RESTRICTOR PL 2: 1615 lb/in' 
P = 60lb/in' 

- TIME 
25"/0 RESTRICTOR P4 = 1615 Ib/inz 

P = 60 Ib/in' 

Effect of breech restrictor on barrel stagnation pressure I 
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Test Chamber: Length 
Width 
Height 

3 feet; 91.4 c m  
2 feet; 61.0 c m  
2 feet; 61.0 c m  

Diffuser: Length 9 feet; 274 cm 
Minimum Internal Diameter 12 in; 30.5 cm 

Vacuum Vessel: Volume 1000 ft3; 28.3 X 106 cm3 
Minimum working pressure  lmm. Hg 

The tunnel is equipped with interchangeable axisymmetric 
profiled nozzles having the following characteristics: 

Nozzles: 

Mach Nozzle Throat Nozzle Exit 
Number Diameter Diameter 

inches c m  inches cm 

Maximum Unit 
Reynolds Number 
(pe r  foot) (pe r  cm) 

6 .0  0.75 1.91 5.86 14.9 5 x 107 5 x 108 

7.0 0.75 1.91 8.30 21.1 4 x 107 12 x 108 

8 . 0  0.75 1.91 11.10 28.2 3 x 107 9 x 108 

The Mach 7 nozzle was used for the majority of the tests discussed herein. 
desired unit Reynolds Number (107 per  foot) and stagnation temperature (750°K) 
were obtained with an initial driver pressure  of 1600 lb/inz. 
operating conditions the following diaphragms and piston were u s e d  

Primary Diaphragms: 0.125" Aluminum sheet L. 17 fully annealed and scored to 
a depth of 0.015". 

Two sheets of 0.001" thickness Scotch Brand Polyester 
adhesive tape Type 56. 

The 

For these tunnel 

Secondary Diaphragm: 

Piston: Nylon to specification Nilonic Engineering Type 31  (Grade 
6) stress relieved during machining. Mass 0.26 lbs. 

Uniformity of Stagnation P res su re  

When the facility was designed, emphasis was given to all features that could con- 
tribute to uniformity of the flow in the test  section both in t ime and space. 
ever, the gun tunnel - along with the shock tunnel - is a facility that depends on 
transient compression processes to provide the stagnation conditions. 
uently the usable test duration is short (about 50 milliseconds), and the steadiness 
of the stagnation conditions throughout this interval must b e  assessed accordingly. 

A schematic wave diagram for the RR /Bristol gun tunnel is shown in figure 1-9-2, 
together with the corresponding ba r re l  stagnation pressure  as measured at a wall 
orifice near the end of the barrel. The interval covered is the t ime between the 
bursting of the pr imary  diaphragm and the arrival of the head of the expansion wave 
reflected from the closed end of the driver. For the  first third of this interval, 
the pressure  transducer clearly shows the passage of discrete shockwaves between 
the piston and the  bar re l  end, and these collectively build up the stagnation pressure  
to its 'steady' value (Po). 

Half way through the interval there is an expansion resulting from a wave inter- 
action at the change in cross sectional area between the driver and the barrel .  
This influences the trajectory of the piston, and leads to a significant perturbation of 

How- 

Conseq- 
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Fig. 1-9-4 Stagnation pressure/initial barrel pressure v. initial driver 
prcssure/initial barrel pressure 

Fig. 1-9-5 RR/BRISTOL gun tunnel running time for Mach 6 .0 ,  7 . 0  and 8 .0  nozzles 
(0 .75  inch diameter throat) ' 
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about 10 percent of the stagnation pressure.  
stagnation pressure  remains relatively steady until the end of the run. 
terminated by the arrival of thepiston at the end of the barrel ,  which occurs typ- 
ically about 80 milliseconds after the primary diaphragm bursts. This event is 
not shown in figure 1-9-2, but coincides approximately with the a r r iva l  of the re- 
flected head of the expansion wave from the closed end of the driver. 

The perturbation of the stagnation pressure  that occurs about half way through the 
run has proved particularly troublesome when using the facility for calibrating in- 
takes. If a mixed compression intake is operating near its maximum pressure  re- 
covery, a rapidchange in free s t ream conditions can lead to the intake unstarting. 
It would be  impossible to make reliable intake performance measurements near the 
critical point under such conditions. Consequently, an exacting maximum toler- 
ance on the fluctuations in the stagnation conditions must be met if the gun tunnel is 
to b e  used successfully for the calibration of high performance intakes. 
fying such a tolerance it is more important to consider the maximum acceptable 
rate of change in stagnation pressure  than the overall variation in pressure.  

As the pressure  history shown in figure 1-9-2 proved to be  unacceptable, attempts 
were made to improve the uniformity of the bar re l  stagnation pressure  by using a 
restriction in the region of the breech. 
attenuate (ideally to neutralize) the waves crossing th i s  station. A smoothly pro- 
filed convergent-divergent nozzle was used immediately downstream of the second 
primary diaphragm to provide the local restriction, and some success was achieved 
in reducing the overall fluctuation of the stagnation pressure  over the last 40 milli- 
seconds of the run. Figure 1-9-3b shows a typical oscillogram of the bar re l  stag- 
nation pressure for a run with a 0.25 breech restrictor fitted, whilst figure 1-9-3a 
shows the corresponding pressure  fluctuations without the restrictor.  It will be  
noted, however, that the relatively sharp-edged perturbation midway through the 
run was still present, and that the change in pressure  associated with it was not 
significantly reduced by the presence of the breech restrictor.  

Profiled convergent-divergent nozzles having restrictor ratios of 0.33 and 0.50 
were tr ied also, but neither of these nozzles influenced significantly the shape or 
magnitude of the mid-run perturbation. 
studies car r ied  out at the D.V.L. Porz Wahn - Germany, suggest that an orifice 
plate used instead of a profiled nozzle would be  more effective in attenuating waves 
at the breech section. ) Since the 0.33 restrictor appeared to give the most uni- 
form stagnation pressure  trace, all further intake calibration tes t s  made were with 
that restrictor fitted. 
p ressure  ratio of 27, the overall fluctuation of the stagnation pressure,  including 
the midpoint perturbation, did not exceed f 5 percent of the mean level; while for 
the last 30 milliseconds of the run the stagnation pressure  was steady to within about 
f 3 percent. This is a very uniform stagnation pressure  by shock tunnel and gun 
tunnel standards, and has  been shown to be acceptable for intake calibration studies. 
If the midpoint perturbation could be eliminated, the t ime for which the stagnation 
pressure  remains sufficiently steady would be increased by 10 milliseconds. 

With a breech restrictor fitted, the mean level of stagnation pressure  achieved from 
given initial conditions was reduced. 
compression ratio was lowered by the use  of a restrictor,  and figure 1-9-5 the 
corresponding total running time. 
creased by the use  of a restrictor.  

Duration and Uniformity of Test Section Flow 

The runningtimes presented in figure 1-9-5 are not the usable test  t imes but the 
intervals between the primary diaphragm bursting and the cessation of the tunnel 

Following this perturbation, the 
The run is 

In speci- 

The function of this restriction was to 

(More recent gun tunnel development 

Using this breech restrictor and an initial p r imary  diaphragm 

Figure 1-9-4 shows the degree by which the 

It will be  noted that the running t ime was in- 
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flow when the piston arrived at the end of the barrel .  
or so of the total running time was taken up by the primary shock wave traversing 
the bar re l  ahead of the piston. Flow through the test  section was fully established 
by about 20 milliseconds, and became relatively steady 30 to 40 milliseconds after 
the primary diaphragm burst .  The 'mid run' perturbation referred to in the pre-  
vious paragraph occurred at about 45 milliseconds. 
breech restrictor the usable test  duration for which the stagnation pressure  re- 
mained relatively constant was from 35 milliseconds to the time when the piston 
arrived at the end of the barrel .  
p ressure  ratio, and varied from about 5 milliseconds with P,, = 100, to 50 milli- 
seconds with P,, = 25. 

The uniformity of the test section flow from about 30 milliseconds after the primary 
diaphragm bursts have been studied in some detail. Pitot pressure surveys have 
been used to determine the Mach number distribution through the test section, and 
a thermocouple probe to measure the variation of stagnation temperature with time. 
Fluctuations in the angularity of the flow in the test section have been studied by 
taking a sequence of Schlieren photographs, each of one microsecond exposure at 
a framing rate of 2800 per second. The exposure time for each f rame was suffic- 
iently short to freeze the position of any local disturbances that might have existed 
in the flow. The angularity of the flow through the test  section was assessed by 
examining the linearity and steadiness of the shock wave propagated from a large 
9" wedge. 

The contoured Mach 7 nozzle gave a test flow distribution of high quality across  85 
percent of the nozzle diameter between axial stations at the nozzle exit and at one 
diameter downstream. The Mach number within this region was M = 7.0 f 2 per- 
cent and was thus comparable with the best uniformity in test section flow achieved 
in conventional hypersonic wind tunnels. 

The variation of the stagnation temperature throughout the usable test duration is 
shown by the upper curve in figure 1-9-6. The slight rise in temperature between 
30 and 45 milliseconds corresponds to the continuing slow rise in stagnation press -  
u r e  immediately prior to the arrival of the 'mid-run' perturbation (Fig. 1-9-3b). 
From 60 milliseconds the stagnation temperature fell at a ra te  of about 2.5"C per 
millisecond. 
typical run is shown in figure 1-9-7. 

These results show that an acceptable test  flow existed for intake calibration stud- 
ies: at a Mach number of 7, for which the minimum P,, required to avoid lique- 
faction in the test section was 25 : 1, the usable test  duration was about 50 milli- 
seconds. 

The first 15 milliseconds 

Hence, with an effective 

This interval was a function of primary diaphragm 

The free stream unit Reynolds number variation with time for a 

Intake Calibration Technique 

Class of Intake Selected for Study 

Hypersonic intakes may be divided broadly into two classes; those delivering a 
supersonic air flow to the engine o r  combustor, and those in which the delivery air 
flow is subsonic. 
ting regime is independent of the conditions existing downstream of the intake del- 
ivery plane. 
flight environment. This is not the case with intakes having subsonic diffusers. 
In this c lass  of intake the pressure  recovery depends upon the blockage imposed 
at the diffuser exit. When such an intake is operating at full capture mass flow, 
it may give any pressure  recovery up to a certain maximuin value - the critical 
p ressure  recovery. When operating at pressure  recoveries below the critical 
value, an intake is said to be  supercritical, whilst attempts to increase the press -  

In the former class, the pressure recovery in the normal opera- 

The intake performance is a function solely of i t s  geometry and 
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INTAKE RESERVOIR 
MULTI ORIFICE PLATE 

Fig. 1-9-8 Photograph and diagram of intake model and reservoirs 
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ure  recovery beyond the critical value leads to subcritical operation. When opera- 
ting in the latter regime, the internal flow through the intake may be  unstable giving 
rise to violent fluctuations in capture mass flow and pressure  recovery. 
phenomenon is known as 'buzz'. 
ical  pressure recovery usually coincides with the maximum attainable pressure  re- 
covery, there being no usable subcritical regime. 

Basic calibration of an intake having a subsonic diffuser involves: 

(a) 

This 
In high performance hypersonic intakes the c r i t -  

Establishing the internal flow with the intake operating supercritically, 
(establishing internal super sonic flow normally requires the use of variable 
geometry components in the intake), 

@) Throttling the diffuser exit until the pressure  recovery is raised to its 
critical value, and then 

(c) Further throttling the flow until the subcritical stability limit is reached. 

Measurements must be  taken from which the capture mass flow and pressure  re- 
covery characterist ics can be computed. More detailed calibration may include 
pressure  surveys and drag measurement. 

Attempts have been made to calibrate both classes of intake in gun tunnels. How- 
ever, more effort has been devoted to perfecting a technique that would permit the 
calibration of intakes with subsonic diffusers, and the present chapter is mainly 
concerned with that. 

Proposed Calibration Technique 

Conventionally, some form of mechanical throttle is used to vary the back pressure 
when calibrating intakes with subsonic diffusers. 
in a gun tunnel is sufficient to use  movable components it was considered desirable 
if possible to avoid a moving throttle because of the complication in programming its 
motion. The method proposed required a reservoir attached to the exit of the in- 
take, and a calibrated orifice through which the air in the reservoir could exhaust. 
The arrangement is shown diagrammatically in figure 1-9-8., fitted to an intake in 
which the same method is used to throttle the flow through a boundary layer bleed 
duct. 

Pr ior  to the tunnel run the intake and its reservoir were evacuated, along with the 
test section and dump tank. 
section started, the flow over the intake was fully established and a i r  was swallowed 
by the intake at a constant rate.  
low, the intake started with a low back pressure and operated very supercritically. 
The rate at which mass flowed into the reservoir was dictated by the intake aid i t s  
environment, while the rate at which mass left through the orifices was dependent 
primarily on the reservoir pressure.  Consequently, the reservoir pressure rose  
rapidly at the start of the run, when the outflow was small compared with the intake 
flow, but the rate of rise became less as the reservoir filled. If the a rea  of the 
calibrated orifices had been chosen carefully, the mass flow from the reservoir 
equalled the intake capture mass  flow when the reservoir pressure had risen to the 
maximum intake pressure  recovery, at which point the back pressure  reniained 
steady. By selecting a suitable reservoir volume, the t ime taken to reach this 
point could be  chosen to avoid the fluctuations in tunnel stagnation pressure  that 
occurred in the first 35 to 40 milliseconds of the run. 
operating near its maximum pressure  recovery only when the tunnel flow conditions 
were steady. The rate of change of back pressure  was then relatively slom through- 
out the usable test duration, and gave adequate t ime for sampling intake performmice 
data. 

Although the duration of a test  

A few milliseconds after the flow through the test  

Since the reservoir pressure  was initially very 

In this way the intake n m  



222 

RESERVOIR AND STAGNATION PRESSURE HISTORIES 

Pb 20.7 Ib/in'/cm 
Po 415 Lblin'lcm 
PRESSURE ! Pb - Po 

TIME (10 m. secs/cm) 

RESERVOIR TEMPERATURE AND PRESSURE HISTORIES 

TIME (10 m. secslcm) 

Fig. 1-9-9 C. 32 intake calibration (long reservoir) 
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TRACE'E' 

- - .  
2 F I G  tOb 
3 F I G  1Oc 
L F I G  10d 
5 INTAKE UNSTARTS 
6 E N 0  OF RUN 

Fig. 1-9-10 (a) Reservoir pressure rise characteristics (b), ( c )  & (d) 
Schlieren photographs of intake flow 
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Oscillograms which illustrate this technique of intake throttling are shown in figure 
1-9-9a. Considerable development was needed before a successful calibration 
test such as this could be made repeatedly. 

Assessment of Calibration Technique 

There  are a number of fundamental limitations to this technique, perhaps the most 
important of which is that the reservoir filling process is initially of a wave-type 
nature. Since the wave transit t ime for a typical intake model is only an order of 
magnitude less than the t ime available for filling the reservoir, steps must be taken 
to ensure that the waves are attenuated rapidly. 

During preliminary tes t s  with the model shown in figure 1-9-8, a single orifice was 
used at the rear end of the reservoir.  
satisfactorily when the tunnel started, the shock which preceded the internal flow was 
reflected without significant attenuation from the rear end of the reservoir and t ra -  
velled back upstream through the intake. On reaching the entry of the intake the 
capture flow was interrupted and was not re-established during the remainder of 
the test  run. This problem was overcome by replacing the single orifice with a 
number of small  orifices uniformly distributed across  the end plate of the reservoir.  
However, the first 30 milliseconds of the reservoir filling time was still dominated 
by the passage of discrete waves, and only in the final stages of the run did the rise 
in reservoir pressure  approximate to a continuous process. 

Empirical studies of wave attenuation by multi-orifice plates (2) suggested that an 
optimum ratio for the open to closed area of the plate should be about 1/3. Con- 
sequently the c ros s  sectional area of the intake reservoir was modified until, with 
the orifice area required for mass  flow compatibility when the intake was at the 
critical point, the ratio of open to closed area at the rear end of the reservoir was 
equal to 0.4 .  This gave much increased attenuation of the internal waves, and 
the filling process more rapidly approached a continuous process. 
for the model shown in figure 1-9-8 are given in figure 1-9-10. The pressure  
t races  of figure 1-9-loa were given by transducers mounted in the main reservoir 
downstream of the intake diffuser (trace A) and in the bleed duct reservoir (trace 
B). The t r aces  show that the intake unstarted when the critical point was reached 
(point 5), and that approximately 20 milliseconds were available for intake pressure  
surveys. 

Having established the basic feasibility of this method for calibrating intakes with 
subsonic diffusers, three more elaborate models were designed with which to refine 
the technique and to measure intake performance: 

a) 

Although the intake flow was established 

Typical results 

The C32; a two-dimensional mixed compression intake with the internal 
compression achieved by multiple reflections of an oblique shockwave giving 
9" deflections of the flow. 

The SFA 104; an axisymmetrical mixed compression intake with the in- 
ternal compression achieved by multiple reflections of a weak shockwave 
between conical surfaces. 

b) 

c )  The C40; a high performance two-dimensional mixed compression intake 
with part-isentropic compression. 

No provisions for boundary layer bleed were made in any of these intakes. 

When designing the intake reservoi rs  a theoretical analysis of the filling process 
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was made in order to select the optimum reservoir volume and its proportions, i. e. 
length and cross-section. 
continuous filling process to a final steady pressure p,,, when the mass  flow through 
the reservoir orifices is equal to the intake capture mass flow. 
lationship between reservoir pressure  and t ime is: 

The analysis, which is given in Appendix I, assumes a 

The derived re- 

0 

- k ( t - t  ) !! = 1 - e  o 
Pm a x  

R Q * A * ~ T *  
V where k = 

and to is the t ime from which the reservoir pressure  begins to rise. 
were chosen so that the pressure rise time would either be equal to the available 
run time, in which case the critical p ressure  recovery would be approached slowly, 
and the intake would operate near to i t s  critical point only when the tunnel stagnation 
conditions were steady, or so that the pressure  rise time was one half of the avail- 
able run time, in which case the approach to critical would be more rapid but, pro- 
vided the intake was not unstarted by the mid-run perturbation, there would be suff- 
icient run t ime still available for making internal pressure surveys and capture 
mass  flow measurements at a constant back pressure.  

Four different volume configurations have been studied, two giving long rise times, 
and two giving shorter times. Their geometries are listed in the table below, and 
the cri teria governing their selection are as follows: 

i )  

Volumes 

The effective exit orifice area (A*) is specified by the intake capture area 
and estimated critical pressure recovery, 

The internal volume (V) is specified by the required pressure  rise time, 

The internal length is limited so that the total transit t ime for a wave should 
not exceed one millisecond, and 

ii) 

iii) 

iv) The cross-sectional area of the reservoir at the orifice plate is specified 
by the requirement that the ratio of open to closed area of the plate should 
be 0.4. 

To some extent these c r i te r ia  are mutually incompatible, particularly in so f a r  as 
(i) and (iv) are concerned. Since it was necessary to cover a range of A* so that 
different levels of pressure recovery could be obtained, a wire mesh screen having 
an open/closed area ratio of 0.4 was fitted in the reservoir. This ensured effec- 
tive attenuation of internal waves and relaxed the restriction on the orifice plate 
area ratio. 

INTAKE TYPE MAXIMUM CAPTURE INTERNAL INTERNAL 
AREA (MO = 7) VOLUME LENGTH 

9.75 in 
24.8 c m  

-2----- 4.35 in2 2 6 7  
426 cm3 

C 32 
(Short Reservoir) 28.1 cm -- -- 

C32 4.35 in: 52 in3 16.5 in 

SFA 104 6.28 in' 24 in3 10.5 in 

C 40 IO. 9 in' 280 in' 22.0 in 

(Long Reservoir) 28.1 cm 852 cm3 41.9 cm 

40.5 cm2 393 cm3 26.7 cm 

70.3 cm2 4590 cm3 55.9 cm 

-- - - 
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Fig. 1-9-11 Intake reservoir pressure rise Characteristics C.  32 intake 

Fig. 1-9-12 Intake reservoir pressure rise characteristics C. 40 and S. F. A. 104 
intakes 
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Typical results for these intake reservoir combinations are shown in figures 1-9- 
11 and 1-9-12. 
rise times, the quoted values of k and to  being empirical. 
ment between theory and experiment is obtained when the internal waves have been 
damped, so justifying the assumption that the latter stages of the reservoir filling 
process may be considered continuous. This conclusion is supported also by high 
speed cine sequences which show a steady advance of the terminal shock as the 
critical point is approached. 

Intake Instrumentation 

Determination of basic intake performance requires accurate measurement of intake 
pressures  and capture mass flow. Assuming a knowledge of the effective area of 
the reservoir orifices, the latter parameter depends upon the measurement of pres -  
su re  and temperature in the reservoir when the inlet and outlet flows have equilib- 
rated. 

As the reservoir pressure level for the models studied was generally between 3 and 
10 atmospheres, no difficulty was experienced in achieving adequate response from 
conventional pressure  transducers mounted on or close to the reservoir.  Solartron 
Mi' 4-313 unbonded strain gauge transducers have been used exclusively for the 
measurement of reservoir pressure.  The transducer diaphragm was mounted over 
a cavity of 0.003 cu.ins. ( 0 . 0 5 ~ ~ ~ )  with a short communicating drilling to the inside 
wall of the intake reservoir.  Typical rise times to a pressure  of 5 atmospheres 
for this transducer installation were 1 to 2 milliseconds, and the accuracy achieved 
when used in conjunction with a Tektronix Type 502A oscilloscope was about 2 
percent. 

Stagnation temperature in the reservoir was measured using an unshielded thermo- 
couple probe having a rise time of about 20 milliseconds. 
type developed by East and Pe r ry  (3) and consisted of a Chromel-Alumel thermo- 
couple junction supported by a stainless steel hypodermic tube of 3mm outside dia- 
meter. The thermocouple bead was approximately 0.003 ins. (0.076 mm) in dia- 
meter and was formed by welding 0.001 ins. (0.025 mm) diameter wires in an 
inert  atmosphere. 

A similar thermocouple probe but shielded with a platinum element furnace was 
used for free s t ream stagnation temperature measurement. 
it is necessary to pre-heat the shield to a temperature close to that which is to  be  
measured. 

Also shown in these figures are the corresponding theoretical 
Reasonably good agree- 

The probe was of a 

When using this probe 

Typical records from tes t s  with the C32 intake where temperature measurements 
were made, are shown in figures 1-9-6 and 1-9-9b. 
nation temperature of the air in the reservoir was significantly lower than that of 
the free stream. Heat transfer to the walls of the intake is inevitable since the 
desired ratio of tunnel stagnation temperature to model wall temperature is 2.7 
and remains sensibly constant at this value throughout the test. In calculating the 
mass  flow rate from the reservoir it is important to use the instantaneous local 
temperature and pressure.  Provided these measurements were made when the 
reservoir flow had equilibrated, repeatability of the derivedniassflow ra t e  for a 
given intake geometry was within f 3 percent. 

In order to record as much pressure  data as possible during the t ime for which the 
intake back pressure  remained constant, the maximum switching ra te  of a standard 
Scannivalve was determined. 
Scannivalve Type 485. At that time, the normal switching rate for this device was 
48 ports per second. 
the Scannivalve was removed and the rotor driven by a Servomex variable speed 

It will be  noted that the stag- 

The pressure  switch used was the General Design 

For high speed switching the Ledex sequencing solenoid on 
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Fig. 1-9-13 C.  40 model intake and reservoir 
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Fig. 1-9-14 Empirical intake starting and minimum running contraction ratios 
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I motor. 
have been obtained with no signs of damage to the rotor and stator faces. 

The Scannivalve was fitted with a Solartron pressure transducer Type 4-312. In 
order to obtain the maximum response, the size of the cavity over the transducer 
diaphragm was optimised using experimental data for a transducer of similar 
design. 
showed (4) that with a cavity of 0.008 in3 (0.13 cm3) a response t ime of 2 milli- 
seconds - including a 1 millisecond pulse application time - could be achieved if  the 
final pressure was above 0.5 atmospheres absolute. 
switching ra te  of 250 ports per second, and would allow reliable measurement of 
up to 10 internal pressure points during a run. 

Test Results and Discussion 

The intake calibration technique was used to measure the performance of a number 
of external/internal supersonic compression intakes, one of which - the S. F.A.  104 
- had previously been calibrated in a conventional hypersonic wind tunnel. The 
intakes are described in paragraph 5.3, and a photograph of the C. 40 appears in 
figure 1-9-13. 
surface design. 

The conditions under which these intakes were calibrated in the gun tunnel were: 

Free stream Mach number 7.0 

Free stream Unit Reynolds number 

Reynolds number based on height of free 

With this drive, continuous switching speeds up to 500 ports per second 

1 
The data, which were obtained from a CEC Type 4-327 transducer, 

This is equivalent to a 

The C. 32 intake is similar tothe C. 40 except in the compression 

I 

I 

107 per  foot 

i 
s t ream capture tube C. 32 1.0 x 106 

C. 40 2.2 x 106 
S.F .A.  104 2 .4  x 106 

Ratio of intake surface temperature to 
free stream stagnation temperature 

Maximum Internal Contraction Ratio for Impulsive Starting 

0.38 

When calibrating external/internal compression intakes in a conventional facility, 
variable geometry is needed to establish supersonic flow at the internal throat. 
The degree of variability required expressed in t e rms  of the total contraction 
ratio, is shown in figure 1-9-14. 
first increasing the throat area with low back pressure  until supersonic flow is 
established through the internal contraction. 
the throat to capture area ratio required for starting is about 0.6. The throat 
area is then reduced towards the maximum running contraction ratio and the intake 
performance measured at various contraction ratios until the limiting ratio is 
reached. 

Preliminary intake tests in the gun tunnel suggested that internal contractions 
could be started at area ratios very near the running limit. 
led to a systematic study with the above mentioned intake models at a f r ee  stream 
Mach number of 7. 

Performance results for the C. 32 intake are shown in figure 1-9-15 where the 
critical total pressure recovery is presented at various overall contraction 
ratios. The intake was operated as a fixed geometry intake, the contraction ratio 
being varied between runs by moving the compression ramp relative to the cowl so  

A typical intake starting sequence would involve 

At a free stream Mach number of '7 

These observations 

O* 
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Fig. 1-9-15 Critical pressure recovery characteristic C. 32 intake - original 
fixed geometry 
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Fig. 1-9-16 Critical pressure recovery characteristic of intake model in a gun 
tunnel facility 
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as to increase or  decrease the throat height. 

The results show that the intake could be started simultaneously with the test  sect- 
ion flow at all contraction ratios down to 0.108. 
starting is that the intake lip shock be  attached, thus ensuring full capture mass  
flow. 
supersonic flow could not be established through the contraction) and the intake 
operated at reduced mass  flow throughout the run. Reference to figure 1-9-14 
indicates that the maximum contraction ratio at which the C. 32 could be started 
in the gun tunnel was the same as the expected maximum running area ratio for 
that intake. 

The maximum starting area ratio for the axisymmetric S. F. A. 104 intake was 
determined also in the gun tunnel at MO = 7. This was found to occur at A, /Ao = 
0.148, which agreed with the maximum running a rea  ratio for the same intake 
when calibrated in a conventional continuous running facility (Fig. 1-9-19). These 
calibration results seemed to confirm the impression that internal contractions 
could be started impulsively in a gun tunnel provided the contraction did not exceed 
the maximum running a rea  ratio. However, the critical pressure recoveries ob- 
tained from the intakes in the gun tunnel exhibited an anomalous discontinuity close 
to the contraction limit. Such discontinuities had not been observed in continuous 
facilities, so a close examination of this phenomenon was made in the gun tunnel 
using the C. 32 intake. 

The criterion for successful 

With small  throat areas, the internal contraction could not be  started (i.e. 

It was found that a stable operating regime existed near the non-start limit in which 
the intake was technically started, i.e. the lip shock was attached, but the flow at 
the internal throat was choked. This resulted in the flow through the contraction 
being transonic rather than supersonic, and on being throttled the intake gave a 
lower critical p ressure  recovery than that for the fully started contraction. The 
different operating regimes are illustrated in figure 1-9-16. 
quasi-started flow regime was well defined by the discontinuity in cri t ical  p ressure  
recovery, and was reproducible. In this regime the critical pressure recovery 
appeared to be independent of contraction ratio up to the non-start limit and sig- 
nificantly lower than the recoveries obtained by conventional calibration techniques 
in a continuous facility. 
flow through the contraction led to the same internal flow field and critical pres- 
su re  recovery as were obtained in the continuous facility. 

Attempts were made to avoid the  quasi-started flow regime by using a variable 
geometry contraction. 
1-9-17, to allow the internal contraction to be increased during the test  run. By 
setting the lip in a lowered position prior to the run, the internal confraction was 
reduced to a value which could be started impulsively, The aerodynamic force 
acting on the lip and external flap when the tunnel was operating caused rotation 
about the pivot so that the lip moved towards i t s  design position. This position 
was reached about 35 milliseconds after the primary diaphragm burst a i d  the 
spring loaded locking pin prevented further movement of the lip during the run. 

Analysis of high speed cine and internal pressure records showed that, although tlic 
actuation of the moving lip and locking device was satisfactory, the flow througli 
the contraction with the lip lowered was not established fully at  the coniiiicnccmcnt 
of the run. This  was traced to the disturbance at the trailing edge of the moving 
lip which caused local choking of the internal flow, and resulted in a quasi-started 
condition at all lip positions. 
modification to the lip are shown in figure 1-9-18. 
formance of the two geometries was essentially the s:inie, a i d  that the moving lip 

The boundary to the 

Up to this quasi-start limit, impulsive starting of the 

The lip of the C. 32 intake was modified as shown in figure 

Results for the C. 32 intake before and after tlic 
It cai be seen that thc per- 
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Fig. 1-9-17 
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Fig. 1-9-18 Critical pressure recovery characteristics C. 32 intake original and 
modified geometries 
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Fig. 1-9-19 Comparison of intake results from Bristol Siddeley gun tunnel and 
Svenska Flygmotor continuous facility intake model S. F. A. 104 
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did not permit an extension of the calibration range up to the minimum running area 
ratio. It is considered that an alternative design of moving lip for which the in- 
ternal profile remained continuous at all lip positions would have overcome this 
problem. However until this has been demonstrated, the range of contraction 
ratios over which impulsive starting will lead to representative internal flows 
cannot be  said to extend to the maximum running limit. 

Critical Pressure  Recovery 

/ 

The reproducibility and validity of performance results obtained in the gun tunnel 
facility have been assessed in some detail. The scatter in capture mass flow and 
internal pressure  measurements was discussed previollsly and stated to be f 3 per- 
cent and f 2 percent respectively. This scatter i s  greater than is usually exper- 
ienced when calibrating intakes in continuous facilities, but i s  probably acceptable 
for many intake studies. . 

With regard to measurement of critical p ressure  recovery , provided ca re  was 
taken to ensure that the rate of change of reservoir pressure  was low as the critical 
point was approached, and that the intake was not unstarted as a result  of fluctuat- 
ions in free stream conditions, the results were very reproducible (Figs. 1-9-18 
and 1-9-19.) 
in the gun tunnel are compared with those obtained in a conventional facility in fig- 
u re  1-9-19. The latter results were obtained by the Aerodynamics Department 
of Svenska Flygmotor AB., Trollhattan, Sweden, to whom the S. F. A. 104 intake 
belonged. 

The two sets of results compared favourably over the range of contraction ratios 
where the internal flow could be  established fully in the gun tunnel. 
ted in the gun tunnel the intake was operated with fixed geometry and the contraction 
s ta r ted  impulsively, whereas axial translation of the compression spike was re- 
quired to establish the internal flow when tested in the continuous facility. The 
consistent difference between the results is largely due to the difference in f ree  
s t ream Mach number for  the two facilities - MO = 6.8 in the continuous facility and 
MO = 7.0 in the gun tunnel. Although there was a factor of 10 between the unit 
Reynolds numbers for the facilities, a transition fixing device was used on the in- 
take when in the continuous facility. 
boundary layer interactions made during the tes t s  showed that the device was effec- 
tive in simulating the higher test  Reynolds number of the gun tunnel calibration. 

The critical pressure recovery for the quasi-started regime in the gun tunnel is 
clearly a non-representative result. 
u re  1-9-14 together with that for the C. 32 intake. 
of the intake contraction ratio range could be  covered reliably in the gun tunnel 
without recourse to variable geometry. 

Although i t  has been shown that large internal contractions may be started impul- 
sively in a gun tunnel this process was possible only if i t  occurred simultaneously 
with the commencement of the test  section flow. If for any reason the intake un- 
s ta r ted  during a test, the internal flow could not be re-established. 
critical characteristics of the S. F. A. 104 intake when calibrated in the gun tunnel 
were in qualitative agreement with those from the continuous facility. With con- 
traction area ratios between about 0.18 and the maximum running contraction, 
unstarting the internal flow led to stable subcritical operation. Buzz occurred 
with contraction ratios beyond 0.18, the frequency being about 260 cycles per 
second. 

Critical p ressure  recoveries for the S. F.A. 104 axisymmetric intake 

When calibra- 
I 

Observations of boundary layer and shock/ 

The boundary to this regime i s  shown in fig- 
It will be seen that the majority 

I 

The sub- 
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Comparison of Gun Tunnel with Wind Tunnel 

The main disadvantages which the gun tunnel appears to have compared with a 
conventional hypersonic wind tunnel for intake studies, are a shorter running t ime 
and possibly a poorer quality test flow. The advantages of the gun tunnel include: 

a) The ability to s ta r t  internal contractions impulsivelyalmost up to the 
maximum running limit without the need for variable geometry, 

b) The ability to simulate the ratio of intake compression surface temperature 
to free stream stagnation temperature without cooling or  heating the model, 

The ability to maintain the model and i t s  associated instrumentation at 
ambient temperature. 

c) 

These features combine to yield a considerable simplification in intake model des- 
ign, with consequent reduction in cost. 
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A a rea  
k = RA*Q*,~T* 

V 
M Mach number 

P 
P stagnation pressure 

reservoir pressure during filling process 
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Q 

R 

Re 
t 
T 
V 

V 
W 
w 

gas c o n s t a t  
Reynold's number 
t ime 
stagnation temperature 
velocity 
intake and reservoir volume 
air mass 
air mass  flow ra te  

Subscripts 
0 free stream conditions 
1 initial bar re l  conditions 
4 initial driver conditions 
b reservoir conditions 
T intake throat conditions 
Super script 
* choked reservoir orifice conditions 
Definitions 

APmh 

Analysis of Reservoir Filling Time 

Po Po 

' A* 
I T* 
I 

* 

Capture mass flow rate = W O  lbs/sec = constant where: 

= QoAoPo = rate at which mass enters the intake and reservoir. 

J T O  

Let the final steady pressure (at t = t a )  be p, Bx when the rate of mass  flow through 
the choked reservoir orifices will be  equal to WO lbs/sec. 
flow rate leaving reservoir: 

Then maximum mass 
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= Q * A * P ~ ~ ~  = w, 

J T' 

(Eq. 1-9-i) 

At any general t ime (t) and reservoir pressure (p) the mass  of air in the intake 
and reservoir whose combined volume is (V) will be: 

W = Qlbs and assuming this air is at near-stagnation conditions and 
RT 

that i t s  temperature is steady with time: 

dW - V dp 
KT Tif  dt 

- -  (Eq. 1-9-ii) 

The instantaneous rate at which mass  leaves the reservoir will be: 

W = Q*A*p 

J T *  

so  that: 

- dW = w, * - w = Q*A*P (pmaX - P I  dt (Eq. 1-9-iii) 

J T* 
Equating 1-9-ii and 1-9-iii: 

E.*  = -  Q*A* bmaX - P) 
RT dt f m* 

Assuming no loss in stagnation temperature within the intake and reservoir, then 
T = T * a n d :  

dp RQ*A:/T* . dt 
(P,,-P) - V 

Integrating, putting p = o when t = to 

-k(t - to) bmax - P) = e 
P m a x  

where k = RQ*A* T*  J V 

(Eq. 1-9-iv) 

(Eq. 1-9-v) 
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Commentary on Chapter 1-9 

I.M. Auriol 

L'utilisation de moyens de simulation a6rodynamjque fonctionnant pendant d,es, 
temps courts est  t r e s  tentante, car  elle conduit a p e s  iyee t i ssements  moderes, 
pour des performances d'installation q+ peuvent @<e elevees. Les  posFibilites 
de telles installations ainsi  que leurs  defauts ont ete mis clairement en evidence 
par les  auteurs. 

En France, dans le domaine des entr6es d'air, des essais analogueqont &te' fai ts  
'a 1'0. N. E.R. A. et je crois qu'il est  int6ressant de comparer les methodes et les 
r6sulpts .  L'installation et les perfprmances des souffleries de 1'0. N. E.R.A. 
utilisees pour ces  essais sont indiquees sur  la figure A1-9-1. 

On remarquera que l'installation Rb a des performances et des dimensions tout 
2 fait analogues a celles de la soufflerie qu'ont dgcrite les  auteurs. A noter, 
toutefois, une difference: Cette soufflerie est  b piston lent. La compression 
obtenue dans le tube est une compression seFsiblement !sentropique. Cette solut- 
ion a &t6 choisie pour &iter les  irr6gularites mentionnees par  les auteurs et dues 
2 la formation d'ondes de choc dans le tube de compression. 

Mais ce  n'est pas mon but de discuter des avantages comparis des souffleries 'H . 
pisto? lent ou 3 piston rapide. Dans ce domaine, comme dans celui des canons a 
gaz iegers, on peut discuter longuement des avantages et inconvenients des deux 
systemes. J e  noterai seulement que l'on a peu de renseignements sur  le taux de 
turbulence dans l'un ,et l 'autre genre d'installation et que - comme le souqgnent 
les  auteurs - le degre de turbulence pourrait avoir une influence sur  le? resultats. 
A mon avis, la turbulence devrait &re plus faible dans les  souffleries a piston 
lent. 

Les essais faits  2 1'O.N. E.R. A. cpncernaient essegtiellement les  conditions d' 
amorcage et ils n'ont pas comporte de mesure de debit. 

La figure -A 1-9-2 donne des renseignements sur ces  essais. L'entrhe d'air du type 
pitot de revolution etait placee dans la veine et une observation strioscopique per.- 
mettait de voir si l'entr6e 6tait amorc6e ou non. 
able sur  l'amorsage de l 'entr6e d'air de la pression eGstant dans le caisson avant 
l'amorcage de la  souffleri:. 
de cette pJessiop caisson a la pression de veine en cours de fonctionnement. 
determine que1 etait le rapport limite d 'amorpge. 

Les  auteurs mentionnent la possibilit6 d'un faux amorqage avec d6collement dans le 
convergent. 
montre qu'une strioscopie soignge permet de surveiller efficacement l'ckoulement 
et aurait dG permettre de ditecter de tels disamorcages. 

La  figure Al-9-4indiquelesr6sultats obtenus. I En abscisse est port6 le  rapport de 
la pression caisson 5 la pression de veine en cours de fonctionnement ainsi 
que le rapport de cette pression caisson a la pression reservoir - , en ordonnee 
le rapport de la section de sortie 2 la section d'entree. 

Une variation sur  l'axe des ordonnhes correspond donc pour un 4 donnb 3 une varia- 
tion de longueur de l'entrhe d'air. 
limites d'amorGage. 
caisson. 

On a note l'importance consider- 

Pour une maquette donnee, on a fait varier le  rapport 
011 a 

Nous n'avons jamais observ6 un tel ph&om&e et la figure A 1-9-3 

Pc 
pi0 

Les courbes correspondent aux conditions 
Elles montrent l'int&ri?!t d'un abaissement de la pression 

La courbe suphrieure est  relative a une entr&e conique de r6volution de 
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demi-angle au sommet 4 = lo",  la courbe inf6rieure i 4 = 5". 

La figure A1-9-5 compare les  rdsultats obtenus dans plusieurs souffleries de ca r -  
actgristiques diff6rentes et montre que les  conditio?s d'amorgage sent tout a fait 
comparables pour ces  souffleries malgr6 des ghometries assez differentes. 

Les  auteurs ont i nd iF6  qu'ils avaient observh de faux amorcages avec onde d$ 
choc avalge, mais decollement dans le convergent. Ce rhgime n'a jamais hte 
observ6 dans les essais de 1'0. N. E.R. A. Les entrees d'air ne sont pas du m6me 
type, mais la cause de cette difference peut &re due a l'e+stence d'un reservoir 
derrik-e l'entr6e d'air. I1 p o u r r s t  y ayoir une so r t e  de resonance acoustique con- 
duisant dans certaines $onditions a un desamorgage partiel  : l e s  a,uteurs ont not6 
des g6samorGages dus a la &flexion de l'ond? de choc au fond du reservoir et y ont 
rhmedie en intrpduisant un pillage dans le reservoir.  Mais ce  grillage est peut- 
&e inefficace a certains regimes ou pour des ondes acourjtiques plus faibles. I1 
est possible que le niveau de turbulence de la soufflerie joue aussi un r6le. 
serait  inthressant de savoir si les conditions du faux amorcage ne sent pas influ- 
encdes par la capacit6 et la forme du r6servoir, ainsi que par la presence de 
grillages amortisseurs.  

De toute manibre, qu'il soit & 2 l'installation, ce  qui me parah probable, ou qu'il 
soit-possible en v01, le r i g i p e  mention& par les auteurs est t r b  important. Les 
experimentateurs devront, a l'avenir, tenir compte de cette possibilite. 

En resume, les  rgsultats obtenus par les  auteurs confirment, pomme c e w  obtenus 
5 1'0. N. E. R. A:, la possibilith d'utiliser des moyens d'essai a temps de rafale 
court pour les etudes d 'entrie d'air. Les moyens de mesure actuellement dis- 
ponibles perniettent d'obtenir des rhsultats quantitatifs. 

I1 

Enfin, notons que les  a6rodynamiciens doivent res ter  vigilants pour d6tecter !es 
phinomgnes fondamentaux ou parasites que ce genre d'essais peut mettre en evid- 
ence. 
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Interferometric Measurements in Optical 
and Microwave Frequency Ranges on 
Electromagnetically Accelerated ShockWaves 
H. MUNTENBRUCH. 
Institut f&- lJlasmaphysfk, Miinchen, Germany. 

Summary 

Fast shock waves can be produced in light gases electromagnetically. 
then often of a blast wave character. With such shock waves a distinction has to be  
made between two regions - the shock wave heated gas immediately behind the 
shock front and the plasma cloud heated in the electric discharge. Interferometric 
measurements on shock waves in hydrogen show that these regions are only separa- 
ted  from one another up to about M = 20. 
can be  clearly observed both in the t ime dependence of the shock front velocity and 
in the density distribution behind the front. These results are confirmed by micro- 
wave measurements, which, however, also show different behaviour of the electron 
density owing to  relaxation effects. 

Sommaire 

Des ondes de choc rapides peuvent &re  produites par  int6raction 6lectromagn6tique 
dans des gaz le'gers. Avec de tels chow, une distinction doit Gtre faite entre deux 
rGgions, le domaine du gaz chauffepar choc immediatement en aval du front de 
l'onde et le nuage de plasma chauffe par la d6charge Glectrique. Des mesures  
interferomktriques sur des ondes de choc dans l'hydrog&e montrent que ces  rgg 
ions ne sont skparkes que jusqu'i des nombres de Mach de l'ordre de 20. 
caractere d'onde balistique peut Etre clairement mis  en 6vidence a la fois par la 
loi d'e'volution en fonction du temps de la vitesse du front d'onde et par  la distribut- 
ion de densite der r iz re  le choc. Ces re'sultats sont confirm& par  des  mesures  
effectue'es au moyen.d'ondes ultra-courtesl qui mettent ggalement en gvidence le 
comportement particulier de la densit; d'electrons, dQ aux ph6nom8nes de relaxat- 
ion. 

These are 

The blast wave character of the  waves 

Le  

Introduction 

Since 1900, when Vieille (1) invented the diaphragm shock tube, it has been possible 
to produce shock waves under well-defined conditions. 
such shock waves are stationary i.e. the velocity remains constant during the pass- 
age of the wave, and all variables of state at points a fixed distance from the shock 
front remain constant with time. However in light gases the attainable shock Mach 
number, which is a function of the initial p ressures  in the high and low pressure 
sections, and of the types of gas used, is not very high. 

Fowler and co-workers (2) therefore attracted a great deal of attention in 1951 with 
their first experiments using fast electric discharges to generate shock waves. It 
soon became clear that in this way velocities of a few million cm/sec, i.e. Mach 
numbers of, say, M = 50, could be attained in hydrogen, deuterium and helium. 

To a good approximation, 
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Fig. 2-1-1 Various driver systems for electro-magnetic acceleration of shock 
waves 

Fig. 2-1-2 Streak photograph of a shock wave in hydrogen 
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Further improvements were then made to the driver systems used in the electro- 
magnetic production of shock waves, Kolb (3), for instance, demonstrating in 1957 
that, in addition to the input of energy by ohmic heating, an input of momentum 
obtained from the magnetic field of the backstrap in T-tubes also could be  used to 
generate shock waves. 
and a whole number of other drivers were developed as well. 

Driver systems can b e  divided into two groups. 
those used to supply a gas or plasma with energy or momentum in a very short 
time,e.g. in a few psec.  
and continues more or less on its own after the driver has been switched off. 

Josephson (4) used the conical Z-pinch as a driver system, 

The first (Fig. 2-1-1, top) includes 

In this way the shock wave is given a push, so to speak, 

The second group comprises those systems in which the accelerated plasma is con- 
tinuously supplied with energy and momentum so that a steady state can be  achieved 
with the right kind of energy storage. 
has been used for a large number of experiments with a pronounced bearing on 
plasma physics and magnetogasdynamics. 

We are concerned here only with shock waves produced with T-tubes, i.e. with a 
driver system from the first group. 
t e rms  of theories applicable to stationary shock waves have presented serious con- 
tradictions between theory and experiment. 
waves produced by instantaneous energy or momentum input can now be successfully 
described, i.e. experimental results and theoretical predictions are in good 
agreement. 

This group of electromagnetic shock tubes 

Attempts to describe such shock waves in 

However, the free-running shock 

The experiments discussed here contributed to this success. 

Shock Fronts and Luminous Fronts 

Electromagnetic shock waves were not completely understood in the past because 
luminous fronts were invariably identified as shock fronts. It was the luminous 
fronts, an example of which is given in the streak photograph (Fig. 2-1-2) that most 
experimentalists investigated. Velocities of a few million cm/sec were measured, 
or up to a few tens of millions cm/sec near the starting point. At such high veloc- 
ities the gas in the shock front should of course have been sufficiently excited for 
luminescence. 

Streak photographs are simply x-t diagrams and the velocity distribution derived 
experimentally from them yielded the relationi 

o! x v .  t 

as one would expect for instantaneously accelerated shock waves,owing to the con- 
servation of either momentum or  energy as shown by Harr i s  (5), Sedov (6) and 
others. 

Quantitatively however there were many discrepancies, both in the determination of 
the exponent CY and primarily between the values of the measured state variables 
behind the front in the luminous plasma and the values calculated on the basis of 
the Rankine-Hugoniot relations and the equations of state. 

Like Blackman and Niblett (7) and other experimentalists, we concluded that the 
t rue  shock front must actually precede the luminous front. To make the shock 
front itself visible, therefore, we decided to use an interferometric method and 
chose a Mach-Zehnder interferometer, the beam.path of which is reproduced in the 
experimental set-up shown in figure 2-1-3. 

The light beam of the lamp, which is pulsed to increase i t s  intensity, is split and 
superimposed again, producing an interference fringe system in the image plane. 
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Fig. 2-1-3 Beam path in the interferometer/streak camera set-up 

6 10 20 LI sec 

Fig. 2-1-4 6 interferograms of shock waves in hydrogen (p, = 5 torr) with 
various velocities 
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Change in the optical path of the measuring beam leads to a displacement of the 
fringes. Only a narrow slit,to which the fringes are perpendicular, is imaged. 
This is done with a streak camera so that the fringe shift can be resolved in time. 
An interference filter allows or prevents simultaneous imaging of the plasma lum- 
inescence, depending on i t s  position. 

Using an interferometer/streak camera set-up like this is practically the same as 
photographing x-t diagrams. 
shown in figure 2-1-4. All of them show shock waves in hydrogen at an initial 
pressure of 5 to r r  with Mach numbers M = 6.5, 10.4, 11.8, 12.2, 17.1, 18.5. In 
the f i r s t  four the luminescence was photographed as well. The bright region in 
the fringes is due to the pulsing of the lamp and constitutes a t ime mark. The 
sudden deflection of the interference fringes indicates a jump in the density, i.e. 
the shock front. At M = 6.5 the luminous front lags so f a r  behind that it is not 
seen in the figure. 
a clear difference in velocity. At M = 12 the discharge plasma defined by the lum- 
inous front approaches the shock front, par t s  of it sometimes breaking away and 
advancing even closer to the shock front (4th set of fringes), and for Mach numbers 
up to M = 20 the luminous and shock fronts remain merged, this being why the 
luminescence was suppressed here, otherwise the fringes could not have been re- 
cognized. 

Velocity of the Shock Front 

Like the luminous front, the actual shock front, which is often made visible only 
by an interferogram, has a velocity distribution of the form: 

A few of the pictures taken by Brinkschulte (8) are 

At M = 10.4 the luminous front can be  recognized and there is 

This can be seen  particularly well in figure 2-1-5. The photographs are seen to 
have been arranged alongside one another to form a continuous shock front, but in 
fact each section was placed in the position previously calculated for  it with respect 
to time. Extremely good reproducibility of the shock waves was needed. For  a 
travel time of about 70 psec  Brinkschulte was able to obtain differences of only 
f 1/2 psec  in the a r r iva l  t ime a t  the end of the tube. 

From these and similar photographs it was possible to determine the exponent of 
the similarity solutions that describe these non-stationary shock waves and as 
already mentioned provide information on the velocity distribution. 
found that one particular solution, namely the 'standard' solution among the 'homo- 
logy' solutions that were obtained by von Weizsacker and co-workers, best des- 
cribed the shock waves: 

Brinkschulte 

x = const . t'-Ko 

or : v = const . t-Ko 

with: 

The value of the exponent KO = 0.45, which was measured by Brinkschulte for hydro- 
gen agrees very well with the theoretical value. 

Density Profile Behind the Shock Front 

The similarity solutions also provide information on the behaviour of the variables 
of state behind the shock front. They show, for instance, that pressure and density 
should drop again with increasing distance from the shock front, and that the tem- 
perature should rise. The solutions for y = 1.4 are shown in figure 2-1-6. 

KO = KO (y)and0.37<Ko<0.5for  3 > y >  1 
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Fig. 2-1-5 Interferogram in 8 sections showing the complete progress of the 
shork wave (hydrogen, 5 torr, Power Crowbar Discharge U ,  (t=O) = 
7 kV. U, ( t = O )  = 4 , 5  kV 

/ 4-0.1 

Fig. 2-1-6 Homology solutions for y = 1.4: Behaviour of various parameters 
behind the shock front 
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Fig. 2-1-7 . Evaluation of the fringe shift in 3 cases 
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Fig. 2-1-8 Reflectometer with variable coupler for Doppler measurements of 
the velocity 

Fig. 2-1-9 Doppler signals of the velocity distribution of the reflecting fronts 
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Fig. 2-1-12 Transmission and reflection interferometer with high spatial res-  
olution (with Lecher wires) for ne and vc2 measurements 

Fig. 2-1-13 Transmission and reflection signals of shock waves in argon 
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5 is essentially a spatial coordinate. 
density. This drop can be  clearly seen in the interferograms offigure2-1-4where 
the return of the fringes to their original position, which starts immediately behind 
the shock front, shows the drop in density in exactly the form corresponding to the 
theory. Quantitative evaluations, a few examples of which are given in figure 2-1- 
7, provide even more details. The density jumps to values conforming exactly to  
the jump conditions, taking into account the law of mass  action for the dissociation, 
i.e. the dissociation equilibrium sets in immediately without relaxation. 
the degree of dissociation rises with increasing velocity, with the result that y 
should become smaller and KO larger,  the theory shows that the density should drop 
and this also is clearly seen. 

The interferometric investigations thus confirm so many details of von WeizEker 's  
homology solutions that we believe that these solutions correctly describe other 
variables as well. 

Discussion is limited here to the drop in 

Since 

Velocity Measurements with Microwaves 

Like the theory of stationary shock waves, the homology theory does not take re- 
laxation phenomena into account, and so it does not have anything to say, for ex- 
ample, about the electron density distribution behind the front. It was therefore 
necessary to study the behaviour of the electrons separately. Since in the freq- 
uency range of visible light electron densities below 1016 cm-3 did not cause any 
fringe shifts that could be  measured i n  practice, we were obliged to measure at 
other frequencies. For his investigation Makios (9) used various versions of the 
4 mm interferometer. 

The first question to answer was whether in the shock front the jump in the mass 
density was accompanied by a jump in the electron density. 
ments with an interferometer of the type sketched in figure 2-1-8 showed that at 
low velocities no such jump existed (Doppler signals observed by Makios (Fig. 2-1- 
9) gave velocities corresponding to  those of the luminous front, i.e. of the front of 
the plasma cloud produced in the discharge gap, and not t o  the velocity of the non- 
luminous shock front travelling ahead of it. ) 

At high velocities, on the other hand, the velocities measured with microwaves 
corresponded to those obtained interferometrically by Brinkschulte for the shock 
front itself. Such 
velocity distributions are shown in figure 2-1-10. 

In an intermediate region, beats in the Doppler signals allowed the velocities of 
both the shock front and luminous front to be  recognized, i.e. the electron density 
jump in the shock front was sufficient to cause reflection, but part  of the micro- 
wave radiation crossed this threshold and was not reflected till it reached the lum- 
inous front. 
shown in figure 2-1-11. 

Distribution of ne and ue behind the  shock front 

Once the early microwave measurements had shown that at higher velocities free 
electrons were present immediately behind the shock front, transmission measure- 
ments were made to find the electron density distribution behind the shock front. 
The interferometer used for this purpose is shown in figure 2-1-12. 

In the case of argon, which exhibits pronounced relaxation behaviour, signals of 
the form contained in figure 2-1-13 were evaluated and compared with calculations 
of the transmission coefficient as a function of the electron density for various coll- 
ision frequencies U, (Fig. 2-1-14) in order to determine the electron density distri- 

Reflection measure- 

This means that there  was an electron density jump as well. 

The two velocities obtained with beats from a Doppler signal are 



254 

TlNG 

Fig. 2-1-14 Transmission coefficient a s  a function of the electron density for 
various collision frequencies U, 
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Fig. 2-1-15 Electron density distribution behind shock fronts of various velo- 
cities in argon 
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bution behind the shock front (Fig. 2-1-15). 
displayed the familiar relaxation behaviour. 

As the bottom signal in figure 2-1-13 clearly shows, electrons left over from the 
precursor ionization are also compressed in the shock front. This explains why 
the  microwaves are reflected at the shock front in spite of the relaxation effects. 
It also becomes clear, however, that these electrons are not released in the shock 
front. 
jump in the electron density that again agrees exactly with the density jump calcul- 
ated from the jump conditions of the shock front. 

In th i s  respect, too, the picture of the shock waves that is obtained by microwave 
interferometry thus agrees with that obtained by Mach-Zehnder interferometry. 
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Visualisation a faible masse volumique 

CLAUDE VERET 
Office National'd'Etudes et de Recherches Aerospatiales Chatillon SOUS Bagneux, 
France 

Summary 

The schlieren method is frequently used for the visualization of supersonic flow, but 
its sensitivity is much reduced in hypersonic flow experiments because of the low 
gas density that normally has to be used for these. 
trast method offers certain advantages. 

In such cases, the phase con- 

Both methods a r e  described and their sensitivities a r e  compared. 
wind-tunnel hypersonic flow visualizations are given. 

Examples of 

The conditions for the application of these methods to the visualization of flows that 
are themselves luminous (plasmas and flames) a r e  indicated. 

Sommaire 

La strioscopie es t  une m6thode de visualisation des Qcoulements alrodvnamiques 
trks utilis6e en supersonique. En hypersonique et dans tous les  cas  0; la masse 
volumique du milieu est  faible, la sensibilit6 est  tr&i rhduite. Il est  alors avan- 
tageux d'utiliser la m6thode du contraste de phase. 

Ces deux m6thodes sont decrites et leys sensibilit6s sont compare'es. Des exem- 
ples d'application i la visualisation d'ecoulements hypersoniqyes en soufflerie sont 
pre 'sentb.  
ables 'a la visualisation d'6coulements luminew par eux-mimes : plasmas OU 
flammes. 

On indique les conditions dans lesquelles ces methodes sont applic- 

Introduction 

La  strioscopie est une m6thode de visualisation des Qcoulements ae'rodynamiques 
utilis6e dans le domaine supersonique. 
pressions genhratrices, plus les vitesses d'6coulement sont ilevhes, plus l'air 
dans lequel on les obtient est  rare'fie'. La sensibilith $e la strioscopie, qui est 
proportionnelle a la masse volumique du milieu, decroit donc progressivement 
lorsque la vitesse de 1'6coulement augmente. 

En hypersonique, la sensibilite' devient trks faible, mais il est  possible de 1' 
am6liorer en faisant appel 5 une mhthode plus sensible, le contraste de phase. 

La d6termination de la limite de sensibilite' de la strioscopie et la comparaison avec 
le contraste de phase font l'objet d'e'tudes 5 la Division Optique de 1'O.N. E. R. A. 
depuis plusieurs anndes (1). 

Cet expos6 presentera les  me'thodes utilise'es pour visualiser un hcoulement hyper - 
sonique et montrera les re'sultats obtenus. On indiquera les possibilit6s d'applica- 

Compte tenu de la limitation pratique des 
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Fig. 2-2-1 Schema optique d'une strioscopie 

-7 ' -3  M = 8,2 - P, =8,7.10 g . c m  

Fig. 2-2-2 Ecoulement Fig. 2-2-3 Ecoulement 
bidimensionnel de r6volution 



I 
I 

2 59 

1 tion de ces  m6thodes 5 la visualisation d'kcoulements dans des milieux luminew 
par eux-mbmes : flammes ou plasmas. 

I Sensibilite limite des m6thodes optiques 

Strioscopie 

Considkrons le schema optique d'un strioscope de soufflerie (Fig.2-2-1). 
phragme d'entr6e D, trou, source, fente ou couteau eclair6 par une source lumin- 
euse intense est placd dans le plan focal d'une lentille L,. 
traverse la chambre d'expkrience aerodynamique perpendiculairement 3 la direction 
de l'kcoulement et tombe sur  une seconde lentille L, L'image du diaphragme D, 
s e  forme dans le plan focal de L2 od est place un diaphragme de sortie D, masque 
ou couteau. 
6cran d'observation E. 

L'kcoulement akrodynamique autour d'une maquette e n t r a h e  une certaine rkpartition 
de masse volumique 8 l'interieur de la chambre d'exp6rience. Comme, d'apr'es la 
loi de Gladstone, l'indice de rhfraction est  une fonction de la masse volumique, 
l'onde lumineuse plane incidente sur  l'bcoulement est  accelerke ou retardke locale- 
ment selon la valeur de l'indice en chaque point. L'onde lumineuse kmergente est 
ainsi dbformbe, cette dbformation pouvant e t re  caractkriske par l e s  diff6rences de 
chemins optiques A sur  chaque rayon lumineux 3 la traverske du milieu : 

Un dia- 

L a  lumiere issue de L, 

Un objectif 0 conjugue ensuite la chambre d'expkrience et  le plan d'un 

I A = Zndl (Eq. 2-2-1) 

I dl : longueur dgmentaire prise sur  un rayon lumineux au voisinage d'un point de 
ce rayon 06 l'indice est n. 

Cette difference de marche A peut varier d'un rayon 4 l'autre de sor te  qu'elle es t  
fonction des coordonnkes (x, y) des points d'un plan perpendiculaire 5 l'axe optique 
de l'appareil. 

A une difference de marche A correspond un dkphasage rp de l'onde lumineuse 
transmise donnee par : 

I 

(Eq. 2-2-2) 

X : longueur d'onde de la lumisre. 

Cela signifie que l'onde lumineuse qui, en l'absence d'6coulement serait reprksen- 
te'e par la fonction : 

iZnvt  s = a e  

devient, en presence de l'ecoulement : 

I 
I 
I 8 6, Y) = a e  iPd+Cp 6, YII = .,iCp (x, Y) (Eq. 2-2-4) 

Cela signifie que 1'6coulement akrodynamique constitue un objet optique dit 'de 
phase' car  i1 n'agit que @r la phase de l'onde sans modifier la partie rhelle a de 
l'amplitude complexe aeV comme ce serait le c a s  si le milieu t raverse  etait 
absorbant. 

(Eq. 2-2-3) 
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Au voisinage de la limite de sensibilit6, les d6phasages sont petits de sorte qu'on 
peut simplifier l'expression de l'amplitude complexe b : 

b(x, y ) = a e i c p ( x 7 y )  = a(coscp  + i s i n c p )  

= a 11 + i cp (x, Y)l (Eq. 2-2-5) 

C'est la somme de deux te rmes  dont l'un reprksente l'amplitude de l'ond: non dif- 
ormde et l'autre, en quadrature avec le premier, est proportionnel au dephasage. 

Cette onde lumineuse se propageant dans le syst6me optique atteint le plan focal 
de la lentille L2. Dans c e  plan, l'expression de l'amplitude complexe est la trans- 
form6e de Fourier (TF) de celle obtenue dans le plan x, y (2). 

D'aprks equation 2-2-5, on a : 

TF b (x, Y) = a [6 (U, v) + i I#J (U, VI] (Eq. 2-2-6) 

U et v coordonn6es des  points du plan focal de La. 

6 (U, v) : fonction de Dirac, 6gale i 1 pour U = 0, v = 0 et & 0 en tout autre point, 
qui represente l'image du diaphragme d'entree D, suppose'trou source 
ponctuel. 

frkquences spatiales. 
I#J (U, v) : TF de  la fonction objet de phase cp (x, y) qui correspond 2 son spectre de 

Le diaphragme de sortie D,, plac6 dans ce plan (U, v) a pour effet d'attinuer 1' 
amplitude de l'image de la source sans modifier le rkpartition I#J (U, v). 

L'aiiiplitude complexe de l'onde apr& traversde du diaphragme D, devient ainsi : 

B (U, v) = a [e6 (u,v) + i $  (U, v)] (Eq. 2-2-7) 

0 : facteur de transmission en amplitude du diaphragme D, qui est la racine carr6e 
du facteur de transmission en intensit6. 

L'objectif 0 conjuguant le plan objet (x, y) et le plan d'6cran (x', y'), l'amplitude 
dans ce dernier plan est, de nouveau, la transform6e de Fourier de celle du 
plan (U, v)  : 

b' (x', y') = TF [B (u,v)] 

= a [e + (I? W, Y')] (Eq. 2-2-8) 

L a  &partition des intensit& dans le plan image est ainsi : 

I (u',y',) = b'.b'* = a2[02 + c p 2  (x', y')] (Eq. 2-2-9) 

b'* htant l'imaginaire conjugu6e de b'. 

Le sensibilit; de la mhthode est caractdrisde par le contraste de l'image dans le 
plan d'bcran E : 

c, = I - - I, (Eq. 2-2-10) 
IF 
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I, : intensite' du fond obtenue pour cp = 0 

d'ou : C ,  = $- (Eq. 2-2-11) 

En pratique, l ' intensiti du fond contient une certaine quantith de lumie're parasite 
due aux diffusions su r  les surfaces optiques ou & la diffraction au bord des  objets 
materiels places dans le champ. 
intensit6 d'dclairage A,, de sorte que si P est  un facteur de lumiere parasite, le 
contraste image devient: 

L'intensitg parasite est propor!ionnelle 'a 1' 

(Eq. 2-2-12) 

La  limite pratique s'obtient pour un contraste de l 'ordre de 0 , l  et un facteur de 
lumidre parasite de l 'ordre de 0,05. 
7.10-2 ce qui correspond d'aprss l'equation 2-2-2 
de X/lOO.  

Contraste de phase 

Le  contraste de phase s'obtient avec le mzme appareillage que celui d6crit pour la 
strioscopie. 
support transparent su r  lequel est di5posi5e une couche mince, en forme de masque 
ou de couteau, dgphasante de n /2 et absorbante. 

Si est facteur de transmission en amplitude du d6p6t, l'expression de l'amplitude 
complexe a p r b  travershe du diaphragme devient, au lieu de l'equation 2-2-7: 

Le  dhphasage minimal est  ainsi de l'ordre de 
une difference de marche voisine 

Seul, le diaphragme de sortie D, est chang6. I1 est constitu6 par un 

in/2 
B2 C, v) = a[ Te 6 (U, v) + i+ (U, VI] 

Comme: ein" = i (Eq. 2-2-13) 

on a : B, (u,v) = a i [ T  6(u,v) + $J (u,v)] 

Dont la TF reprisentant l'amplitude dans le plan d'6cran est: 

b i  b ' ,y ')  =ai[r + c p  b', Y ' ) ]  (Eq. 2-2-14) 

L'intensith dans l'image est ainsi: 

I, (x ' ,y ' )=b '2 .  b ' ;=az[T+cp (?c',y')]' (Eq. 2-2-15) 

Compte tenu d'un facteur de lumiGre parasite P comme pre&demment, le contraste 
par  rapport au fond es t  donne par: 

Dans les conditions limites pour la strioscopie, soit: 

cp = 7.10-2 

T 2 + P  = 5.10-2 

et en prenant : r = 10-1 

(Eq. 2-2-16) 
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on obtient : C, = 0,38 

Le  contraste de l'image est environ 4 fois plus fort  en contraste de phase qu'en 
strioscopie. 

Le  dephasage minimal pour obtenir un contraste limite de 0,l est  de l 'ordre de 
2.10-2 auquel correspond une difference de marche limite de k/300 soit 3 fois 
plus faible qu'en strioscopie. 

Amelioration de la sensibilite 

D'aprss les relations (Eq. 2-2-12) et (Eq. 2-2-16), on voit que le facteur de lum- 
i&re  parasite P joue un r6le pr6ponderant dans la limitation du contraste. En 
effet, si P Btait nul, le contraste serait  augment; en rhduisant l e s  facteurs de 
transmission 0 ou T .  

Examinons donc les moyens de r idu i r e  ce  facteur de lumi$re parasite. 

Diffusion par  les surfaces optiques - L'une des causes de lumi'ere parasite est  la 
diffusion sur  chacune des surfaces optiques rencontr6es par la lumiere utile entre 
le diaphragme d'entre'e et l e  diaphragme de sortie. 
des defauts rksiduels du poli de ces  surfaces, soit de d6pots g ra s  ou de poussi&es 
sur  elles. I1 es t  donc t rks  important de r6duire au minimum le nombre de ces 
surfaces, de les nettoyer au m i e w  et de les prkserver de toute salissure. 

C'est pourquoi, pour les  &tudes en hypersonique, il est nicessaire de placer 1' 
appareillage optique 'a l'int6rieur de la chambre d'expkrience, des hublots &ant 
placCs, pour l'entrde de la lumikre, avant le premier diaphragme D, et pour la 
sortie de l'image, en arrikre du second diaphragme D,. Les  seules surfaces op- 
tiques sont ainsi celles des lentilles L, et  L,, ou des miro i rs  qui peuvent les rem- 
placer, et ces  surfaces 6tant 5 l'int6rieur de la chambre en d&pression, se saliss- 
ent moins. 

Diffraction par les objets mat6riels - Dans l'ktude de l'e'couiement a6rodynamique 
autour d'une maquette, la presence de cette maquette dans le champ 6clair6 a pour 
effet de diffracter la lumikre. Cette lumizre diffractke se presente dans l'image 
sous l'aspect d'une ligne brillante le long du contour exterieur de l'objet et d'un 
certain nombre de franges parallkles 5 cette ligne. L a  ligne et l es  franges para- 
issent d'autant plus intense par rapport au fond que le coefficient de transmission 
0 ou 7 du diaphragme de sortie es t  plus faible. La sensibilite de la visualisation 
est  ainsi reduite dans ces regions qui sont cependant t r &  interessantes du point de 
vue ahrodynamique puisqu'elles sont proches de la surface de la maquette. i , + 

L'effet nuisible de ces  franges de diffraction peut e t re  fortement attenu6 par 1' 
emploi d'une m6thode de superposition de cliches photographiques (3). 

Un premier clich6 de r6f6rence est p r i s  avant mise en marche de la soufflerie sur  
lequel sont enregistrees les variations d'eclairement dues 5 tous les defauts &id- 
uels de l'appareillage (poussikres, taches . . . ) et aux franges de diffraction prod- 
uites par  le contour des objets. 

Les  r6glages etant rigoureusement conserv&s, un second clich6 est  ensuite p r i s  en 
prdsence de l'ikoulement . 
Aprks ddveloppement des deux cliches dans l e s  me^mes conditions, une copie positive 
par contact es t  effectuee sur le clich6 de rifkrence. 
au contact du second cliche avec ecoulement et l'ensemble est copie pour obtenir un 
positif. 

Cettc diffusion provient soit 

- 

Cette copie tst ensuite mise 

De cette manigre, toutes les variations d'eclairement qui ont impress- 
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ionnk les d e w  clichks sont kliminkes et il subsiste uniquement l e s  variations pro- 
duites par 1'6coulement. 
effet de la lumi&e parasite. 
d6tecter des differences de phase de l 'ordre de 6.10-4 et des differences de marche 
voisine de lO-'%,soit environ 100 fois plus faibles qu'en strioscopie courante. 

Ekemple de Visualisation d'un Ecoulement Hypersonique 

Conditions limites de visualisation d'une onde de choc 

L'application de la m6thode du contraste de phase sera illustr6e par la visualisation 
d'une onde de choc en hypersonique. 

Si p, es t  la masse volumique de l'air en amont de l'onde de choc et p la masse 
volumique en aval, le rapport 
5 lorsque la vitesse de l'tkoulement augmente ind6finiment (1). 
trss approximativement atteinte 2 partir  d'un nombre de Mach de 10. 

Cette mkthode permet de reduire considerablement 1' 
Appliquke en contraste de phase, elle permet de 

- p,)/p, tend ve r s  une limite constante et 6gale 'a 
Cette limite est 

En faisant intervenir la relation de Gladstone: 

n - l = k p  (Eq. 2-2-17) 

n : indice de &fraction 

k : constante 6gale 5 0,227 g-1 cm3 pour l 'air 

La  diffe'rence de marche entre l'amont et l'aval de l'onde de choc est: 

A - A ,  = 5ekp, (Eq. 2-2-18) 

e : longueur traverske par la lumisre dans l'onde de choc approximativement 
Bgale 5 la longueur d'un profil bidimensionnel perpendiculairement a la 
direction de l'bcoulement. 

La  diffkrence de phase est donc : 

10 n ekp, 
x v - v o  = (Eq. 2-2-19) 

En contraste de phase, une valeur approch6e du contraste don& par  (is), obtenue 
en admettant P petit devant T 2 es t  : 

Ainsi, la valeur limite du produit ep,, obtenue en prenant: 

c2 T = 0 , 1  

T = 3.10-2 

A T = 5.10-5cm 

k T = 0,227g- l  cm3 

est: ep, 7 = 10-8 g cm-2 

(Eq. 2-2-20) 
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Exemple de visualisation d'un ecoulement hypersonique 

Des experiences sont en cours ?i la soufflerie hypersonique du CNRS 'a Bellevue (4). 
Le nombre de Mach de l'bcoulement est de 8 , 2  et la masse volumique en avant de 
l'onde de choc est de 8,7.lO-7 g/cm3. 

Le cliche 2 montre 1'6coulement autour d'un profil bidimensionnel de 6 cm de long- 
ueur et le cliche' 3 celui autour d'une maquette cylindrique de 20 mm de diamelre. 

Ces cliches ont ktk obtenus par la methode de superposition. 

Conclusion 

Les  me'thodes optiques sont utilisables msme pour la visualisation des  Gcoulements 
hypersoniques en milieu rare'fie'. 

Pour les t rds  faibles masses  volumiques, inf6rieures 'a 10-6 g/cm3, le contraste de 
phase apporte un gain notable de sensibilite' et sa limite de sensibilit; est  environ 
100 fois plus basse que celle de la strioscopie. 

Cependant, comme pour toute mkthode t r& sensible, il importe d 'diminer au. 
m i e w  les effets parasites. 
interieur de la chambre d'exp6rience est  qre'conis8 et que la m6thode de super- 
position de deux clichGs, l'un p r i s  ?i l 'arret, l'autre en marche,a 6th mise au point. 

C'est pour cela que le montage de l'appareillage a 1' 

Ces  m6thodes de visualisation sont susceptibles d'&tre appliqu6es h 1'6tude de 
milieux luminew par eux-m&mes, flammes ou plasmas, en utilisant une source 
lumineuse d'hclairage intense et monochromatique, laser a gaz ou 5 impulsion. 
est alors possible de placer devant l'appareil de pr i se  de vues un fi l tre s6lectif 
centri! sur  la longueur d'onde d'6mission de la source qui a pour effet d'att6nuer 
fortenient la 1umii.re &mise par le milieu 6tudi6. 

Ref6re'nces 

1. Philbert, M., 'Visualisation des Qcoulements 3 basse pression'. La  
Recherche A6rospatiale no. 99. Mars-Avril 1964. p. 39-48. 

2. Markha l ,  A . ,  Francon, M., 'Diffraction Structure des images'. Edition 

I1 

de la Revue dOptique Th6orique et Instrumentale, Paris, 1960. 

La  m6thode de superposition a 6t6 proposke par M. Philbert et mise en 
application par R. Beaupoil et G. Cadinot de la Division Optique. 

Les  exp6riences aerodynamiques sont effectuies par B. Monuerie de la 
Direction Akrodynamique et l'appareillage optique a 6t6 mis  en oeuvre par 
M. Philbert, J. Surget, R. Beaupoil et G. Cadinot de la Division Optique. 

3. 

4. 



265 

Commentary on Chapter 2-2 

H. Oertel. 

In order to stimulate discussion,. I should like to have a few words in view of Mr. 
Veret's veryinteresting paper and its particular importance in the field of experi- 
mental hypersonic research. 

Hypersonic flight always is high altitude flight. The higher the altitude is, the less 
we know about the flow. The air density is very low there, hence the mean free 
path of the air particles is long. Consequently, the boundary layers  are very thick 
and the relaxation t imes of the molecular oscillations as well as of the chemical 
and electronic reactions are so long that we are no longer in a position to rely upon 
thermal equilibria. Thus, we focus our attention on studies at gas densities which 
are as low as possible. These studies can only be done in the wind tunnel at very 
low densities. This is due to a number of reasons; the most important of them is 
that we are unable to increase the reservoir pressure  arbitrarily. 
figure A-2-2-1 that the reservoir pressure  po must be much higher than the stag- 
nation pressure  ps. 
only be  generated with an air density equal to that existing at an altitude of H > 67 
km. 
of H = 37 km, we have to compress the air to po = 10 000 atm. 

Experiments conducted in the field of hypersonic flows, however, will become prob- 
lematic i f  there is no possibility of visualizing at least the bow wave. Unfortunate- 
ly, within short blowing t imes and with model dimensions of some centimeters, one 
is able to do so only in the case of air densities existing at altitudes below 50 km. 
We, therefore, are very interested in all studies on visualisation of low densities. 

There are quite a series of theoretical and experimental investigations of the limits 
of visualisation with respect to shadow, schlieren and interference methods. Fig- 
ure  A-2-2-2 lists some results (1) (2) (3) that have been obtained recently. All 
studies conducted until now suggest nearly the same conclusion: these techniques 
leave us  in the lurch when we have to deal with air densities at altitudes of more 
than 50 km. Directly comparable information on phase-contrast methods were 
not available even though the formulas to do the calculations can be found in many 
books. In th i s  connection, I should like to mention a hand-book article of Wolter 

It is seen from 

For example, at  a po = 1000 atm, a flow of U = 5000 ms-l  can 

If we want to generate this flow with an air density like it exists at an altitude 

(4). 

Now Mr. Veret has made a calculation in order to demonstrate that in the case of 
an optimum set -up, the phase-contrast method would allow operation at altitudes 
up to 67 km. 
possible to reach an altitude of about 84 km. 

This would be  sensational if one really happened to do so. 
the mean free path s is about 9 mm. 
order  of magnitude. 
sity variation in a shock front. 
doubts: 

1. 

When superposing two phase-contrast images, it would even be  

At an altitude of 84 km, 

It would then even be possible to take photographs of the den- 
The thickness of the shock front has  the same 

Nevertheless, I should like to discuss a few 

The shock front is many light wave lengths thick. 
a calculation taking into account only the light phase ahead of and behind the 
shock front is corresponding to reality. 

The light source was supposed to be very narrow. 
have a certain width. 
the contrast of the image sharply decreases? 

The question arises whether 

2. In reality it must always 
Isn't it a matter of fact that as this width increases, 
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3. We need a good reproduction not only of the shock, i.e. of a phase object, but 
also of the edge of the model, i .e. of an amplitude object. 
instance, i f  we wish to measure the detachment distance of the bow wave. 
However, the phase-contrast methods suffer from the disadvantage of reprod- 
ucing the amplitude objects with a large halo. The proposed superposition of 
two pictures compensates the influence of the halo on the reproduction of the 
shock. But where is the edge of the model? For the sake of comparison with 
the phase contrast images shown even now, I should like to project a differen- 
tial interferogram (Fig. A-2-2-3). 
Mach number and of the same density around a 30 mm diameter cylinder of 
10 cm in length. 
it i s  possible to observe even the stagnation boundary layer. 
that a reproduction of this quality can be achieved by means of the phase- 
contrast method? 

We need it, for 

It shows a hypersonic flow of the same 

The edge of the body is reproduced in such a good way that 
Is it to be hoped 
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Fig.A2-2-1 Reservoir pressures p, which are needed to produce hypersonic flows 
with stagnation pressures p,, velocities V and densities existing at  
altitudes H. 

Method Q/2n P / P ,  

Shadow 3.10-1 10-2 

2- 10-2 8.10-4 
Schlieren 

10-2 4'10-4 

Interference 6.10-2 2.10-3 

Diff. Interference 10-1 4.10-3 

Diff. Interference 6.10-2 Z *  10-3 
Colour 2- 10-2 8- 10-4 

Phase contr as t 3.1'0-3 10-4 

Phasec.+ Comp. 2-10-4 8.10-6 

Acp = observable light phase difference 

p = density, p o  = sea level density 

h = corresponding altitude 

h km 

33 

52 

58 

44 

39 

44 
52 
67 

- 
s / h  Author 

10 North 

200 North 

400 V6ret 

80 North 

Oertel 

North 

80 North 
200 Philbert 

1000 V6ret 

40 

84 20 000 V h e t  

s = particle mean f ree  path 

h = light wave length 

- 

Basis 

E 62 

E 62 

T 67 

E 62 

E+T 61 

E 62 

E 62 
E+T 61 

T 67 

T 67 

Fig. A2-2-2 Results of some theoretical (T)  and experimental (E)  investigations 
on the limits of visualisation of strong shock waves observed with an 
optical path of 1 cm. 
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Fig. A2-2-3 Differential interferogram of Mach number 8 flow about a ciscular 
cylinder. Diameter 30 mm. Length 100 mm. Density 6.10- sea 
level density. Stagnation temperature 3000°K (5)  
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R6ponse de M. VBret 

1. 

2. 

3.  

Le saut de masse volumique de par t  et d'autre d'une onde de choc a it6 choisi 
comme dle'ment de comparaison car  c'est lui qui caractdrise le m i e w  la  
sensibilitd d'une mdthode de visualisation d'un 6coulement adrodynamique. I1 
est  certain que, si 
conditions de propagation de la lumi8re ne sont pas  les  mgmes que pour une 
onde de choc t r & s  mince. 
d'autre du choc res te  un d6ment de comparaison valable entre diffgrentes 
m6thodes de visualisation. 

La source lumineuse utilise'e en contraste de phase es t  effectivement t rk s  
6troite; c'est une fente fine dont la largeur est  de l 'ordre de grandeur de la 
frange centrale de diffraction dans son image sur  la lame de phase. I1 est  
vrai  que, si cette largeur augmente, le contraste dans l'image visualisde 
diminue . 
Le but de la mdthode de superposition des cliche's est  d'eliminer l'effet des 
ph6nomenb de diffraction au bord des objets d'amplitude (maquette). 
qualitd de la restitution du bord de ces  objets de'pend 2 la fois des conditions 
photographiques pour l'obtention du contretype du cliche' sans e'coulement et de 
la  pre'cision de superposition de ce contretype et du cliche' avec e'coulement. 
I1 est  the'oriquement possible d'obtenir une aussi bonne ddfinition du bord des 
objets que par les  autres methodes. 
est  le but d'une 6tude en cours. 

faible masse volumique, l'onde de choc est  Bpaissie, l e s  

Cependant, le saut de masse volumique de part et 

La 

L'obtention du rdsultat pratique optimal 
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Diagnostics Laser, situation actuelle des methodes 
utilisant la diffusion Thomson de la lumiere 
F. ROSTAS 
Centre de Recherches de la C. G. E. Marcoussis, Essonne, France 

Summary 

The availability of lasers has brought about a rapid evolution in optical methods of 
plasma diagnostics. We have endeavoured here to summarize the results already 
obtained by the different workers making use of Thomson diffusion. This method 
has reached a degree of maturity which allows its use in many practical applica- 
tions. It is particularly interesting because of the wealth of information obtainable : 
depending on conditions, one can deduce the electron density and temperature and 
the ion temperature. 
seconds and a few "3); measured densities are of the order of 1015 to 1017 cm-3. 
The light sources used are in general Q-spoiled solid qttate lasers with powers 
ranging from 10 to 100 MW and pulse durations of 10 to 30 nsec. 
tically predicted characteristics of the diffused spectrum have been observed, and 
this justifies the confidence granted to this diagnostic method. 

Sommaire 

L'apparition des  lasers a provoqub une bvolution rapide des  m6thodes optiques de 
diagnostic des plasmas. 
A c e  jour par les diffbrents expbrimentateurs utilisant la diffusion Thomson. 
mhthode ar r ive  actuellement 3 un degrb de maturitb qui r p d  possible son emploi 
dans de nombreux cas pratiques. 
de la richesse des informations qu'elle fournit : suivant les conditions on peut 
obtenir la densite et la tempdrature dlectroniques ainsi que la tempe'rature ionique. 
Les  r6solutions temporelle et spatiale sont excellentes (quelques nanosecondes et 
quelques mm3) et les densitbs mesur6es sont de l'ordre-de lo1: 8 lo1' ~ m - ~ .  Les  
sources employbes sont en g h b r a l  des lasers so!ides declenches dont la puissance 
peut aller de 10 'a 100 M W ,  la dur6e d'impulsion etant en gbnkral de 10 ?i 30 nsec. 
Toutes les caracthristiques de la lumikre diffusbe prbvues thboriquement ont main- 
tenant pu &re mises  en hvidence, ce  qui justifie la confiance que l'on peut avoir 
dans ce genre de mesures.  

Introduction 

Depuis l'apparition des  sources intenses de lumisre cohbrente que constituent les 
lasers, les diagnostics optiques des plasmas ont suscith un grand intbrgt et fait de 
grands progres. On peut distinguer trois grandes m6thodes mettant en oeuvre des 
lasers: 

L'interfBrom6trie optique, qui permet d'atteindre la densitb hlectronique par la 
mesure de l'indice de rhfraction. 

L a  mesure de la dispersion rotatoire des  blectrons dans un champ magn6tique : on 
mesure ici la rotation du plan de polarisation de la l u m i h e  et l'on en d6duit le 

Time and spatial resolutions are both excellent (a few nano- 

All of the theore- 

On s'efforcera de faire le point sur  les resultats obtenus 
Cette 

Elle prbsente un int6ret tout particulier du fait 
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produit (Ne B) du champ magnitique et de la densit6 6lectronique. 

La diffusion de la lumikre par l e s  i lectrons,  enfin. La m6thode repose ici sur  le 
fait que la diffusion dite de Thomson, c'est-;-dire provoquee par les  electrons 
mis  en mouvement par  le champ Blectrique de l'onde, est bien plus importante que 
la diffusion de Rayleigh provenant de la polarisation des particules neutres. La 
lumikre diffus6e d6pend donc uniquement des 6lectrons libres, et son 6tude permet 
d'atteindre leurs  caracteristiques. 

Nous nous efforcerons, dans la pr isente  contribution, de d6finir I t i ta t  actuel des 
etudes concernant la diffusion Thomson envisag6e comme diagnostic de plasma. 

Cette mithode avait d'abord 6th propoeie et essay6e aux frequences radioelectriques 
pour fa i re  des mesures dans l'ionosphere. La  theorie complkte du phenombne 
avait et6 faite par differents auteurs (l), (2) et assez bien verifiee par l'expkrience 

I1 nWait gubre concevable cependant de l'htendre aw plasma: de laboratoire, vu 
leurs  dimensions forcement restreintes,  sans la transposer a des longueurs d'onde 
beaucoup plus faibles. 
de lumiere monochromatique extraordinairement intense perTettait  d'envisager de 
telles experiences et plusieurs groupes se mirent au travail  des que la suggestion 
fut avancbe par T. P. Hughes en 1962 (6). 

De tr8s grands p r o g r b  ont kt6 r6alises depuis c e s  d6buts difficiles et toutes les 
caracteristiques du spectre de diffusion prkvu ont pu 8 r e  ob2ervees. 
Thomson constitue donc maintenant un diagnostic s<r et extremement ricpe puis- 
qu'elle permet d'atteindre, simultaniment, la densit6 et  la tempgrature electron- 
iques et aussi la temperature ionique. 
chercher 3 en t i re r  dgalement des informations su r  la distribution des vitesses 
blectroniques. 

Caracteristiques de la 1umiQre diffuske par les electrons d'un plasma 

Diffusion par un 6lectron seul 

Suivant le resultat classique concernant la diffusion dite 'de Thomson' un Blectron 
soumis a l'action d'une onde 6lectromagnetique representee par son champ Blec- 
trique (Fig. 2-3-1). 

(31, (41, (5). 

L'apparition des l a se r s  5 c r i s t a w  qui constituent une source 

La diffusion 

Des 6tudes sont en cours actuellement pour 

+ - -  - a . +  

E = Eo exp j (coot - KO . r )  

rayonne dans une direction 0 et > une distance R, une onde : - -  - -  
E' = E exp j (coot - K, . r)  e 

avec: 

ro = e2 = 2,82.10-13 cm 
2 mc 
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r, es t  le rayon classique de IWectron, m es t  sa masse et  e sa charge. 

L'intensite diffusee est  donc libe ?I l'intensiti! incidente par: 

rz sin2 e I (e) = I, 
R2 

et la puissance rayonnhdans unangle solide dQ = - dS e s t :  
R2 

d P  (e) = I ( 0 ) d S  =r: s i n 2  6 I , d n  

On dhfinit l a  section efficace diff6rentielle de diffusion par: 

d P  (e) = a, (e) I, dbl 

et la section efficace totale par : 

P = a, (e) I, dbl = U, I, 
4 n  

d'oi : 

a, (e)  = rz sin2 e = 0,795.10-25 sin2 e (cm21 

Diffusion par un ensemble d'glectrons indipendants soumis 

Chacun des ilectrons, du fait de sa vitesse Cagitation, 
placee par effet DUppler par rapport 
l'onde qu'il &met es t  de nouveau diplac6e en fr6quence. 
que les i lectrons sont distribues au hasard sur des  distances de l'ordre de la long- 
ueur d'onde, les intensit& diffus6es s'ajoutent. 

On montre alors ais6ment que, si les vitess$s de ces  i lectrons sont r6parttes suiv- 
ant une distribution maxwellienne, l'intensite diffusee dans une bande de f rypence  
dw suivant une direction difinie par les angles 0 et 

l'agitation thermique 

voit une frhquence db- 

Si l'on peut admettre 
la frequence de l'onde incidente; en outre, 

(Fig.2-3-1) est donnee par: 

0;. T, est la temp6rature des Blectrons et  Ne leur densit&. 

L'intensitb diffusee dans toute la bande de frequence ne depend que de 0 et non plus 
de a, elle est Bgale 
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Fig. 2-3-1 GBomBtrie de la diffusion 

TEMPERATURE ELECTRONIQUE (eV) 

DENSITE ELECTRONIQUE (cm-3) 

Fig, 2-3-2 Droites is0 - a dans le plan Ne - T, 
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L a  largeur de la raie diffusee d6pend, elle, de 6 mais non de 8 

Log, 21 ll2 e 2 k T e  Aw = 4 KO sin - 2 [---Ti-- 

(largeur totale h mi -hauteur). 

Influence des  effets collectifs 

On ne peut pas  toujours consid6rer que les hlectrons sont rhpartis  au hasard dans 
le plasma. Les  ph6nom'knes d'interactions collectives provoquent, en effet, des 
fluctuations &@likes de densiti! sur  des distances qui sont de l 'ordre de la long- 
ueur de Debye: 

Tant que la longueur d'onde de la lumi'er: incidente est t r b  in fb ieu re  'a X,, tout se 
passe comme si les hlectrons 6taient independants. Si X devient egal ou suphrieur 
h h, on doit cons idke r  que la diffusion se fait, non pas  su r  les hlectrons individ- 
uels, mais sur les "quasi-particules" que reprhsentent les fluctuations de densith. 

Salpeter (3) fait intervenir un param'etre fondamental qui dgfinit la nature de 1' 
interaction envisaghe: 

Ne e2 1/2 
1 x X 

T 2 
4 n s i n +  X, - - sin 2 [T 

U =  

et il montre que la section efficace de diffusion est donnhe par: 

o'u Ze est la charge de l'ion. 

On v6rifie que pour a= 0, on retrouve la section efficace U, et on constate que U I (0) tend ve r s  5 U, (e), pourcc tr'es grand (si Z = 1). 

Si la valeur globale de la puissance diffushe dhpend peu du coefficient a, il n'en va  
pas  de m$me de sa &partition spectrale. Celle-ci est constituee de  deux parties 
distinctes dont l'importance relative varie suivant la nature et  lWat du plasma. 

La  premi'ere partie, que nous qualifierons d'hlectronique, prhdomine aux faibles 
valeurs de a;, elle provient des fluctuations de la densit6 Qlectronique sans corrk- 
lation avec les fluctuations ioniques. L a  largeur de son spectre de friquence es t  
relativement grande et elle correspond approximativement 5 1'6largissement 
DBppler d i  aw vitesses thermiques des electrons. 

Si l'on rapporte l'intensit; diffushe 2 une variable rdduite: 
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INTENSITE DIFFUSEE 
(VALEURS RELATIVES) 

Fig. 2-3-3 Repartition spectrale de la lumikre diffusee ( 3 ) .  

PUISSANCE DIFFUSEE 
(UNITES ARBITRAIRES 1 

-1 
10 - 

COMPOSANTE ELECTRONIQUE 

ECART DE FREQUENCE IAl  

Fig. 2-3-4 Rkpartition spectrale de la lumiere diffuske (5). 
Cas d'un plasma d'hydrogbne - 0 = y = a/2, T, = Ti = 10 eV 
0 .69  p. Les  intensitds relatives, correspondant aux diverses valeurs 
de one  aont pas respectees. 

A = 
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w -0, 
W e  

x = -  

oh : 
a 2 kT, 1/2 

2 me 
w e  = 2 K 0 s i n -  [- 1 

sonspectrealaformerepr6sentEe sur lafigure 2- 3-3 et savaleur totale es t  proport- 
ionnelle 'a la section efficace dectronique. 

1 
0, (0)  = o0 ( 0 )  

+ (y2 

Le restant de l'intensiti! diffus6e est  dc am ilectrons dont les fluctuations de den- 
sit6 sont en phase avec les fluctuations des ions. 
li6e a l'hlargissement IXppler correspondant aux vitesses thermiques des ions, et 
son intensit6 globale est proportionnelle a une section efficace que nous qualifier- 
ons d'ionique. 

Sa largeur spectrale est donc 

Le spectre de la composante ionique a la m6me forme que celui de la composante 
klectronique, mais la variable r6duitecu doit &re  remplac6e par : 

w - W O  

wi 
y = -  

0ii: 

% 2 k T i  1/2 
w i  = 2K0sin-[- 2 M i  1 

et le param'etre (Y par : 

Pour en revenir 'a la composante ilectronique, on remarque que,* lorsque (Y crolt, 
son hergie se concentre dans les raies satellites qui sont ecartees de la frkquence 
centrale d'une quanti& 

2 2 *  1/2 ~ 

O P  4 KO sin - ] 2 3 k T e  
2 A W  = [Up +- 

me 

oii : 

2 

u p = [  4n Ne e P2 
est la pulsation de plasma. 
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C HROMAT EUR 

STRICTION AZIMUTALE 
("0- PINCH") LASER A 

RUBIS 

Fig. 2-3-5 Diffusion 5 angle droit 

FAISCEAU DU 
LASER 

osc I LLOSCOPE 

1 - Lentille conique 
2 - Diaphragme de s6lection angulaire 
3 - Interfe'rom'etre de FABRY-PEEJOT 
4 - Diaphragme de se'lection de frequence 

Fig. 2-3-6 Diffusion aw petits angles (montage typique) 
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On retrouve ici l'bquation de dispersion des oscillations de plasma. 
interpreter la pr6sence des ra ies  satellites comme provenant de l'interaction de 
l'onde lumineuse incidente et des oscillations de plasma ayant le vecteur d'onde 
(2Ko sin @/2). 
s'y attendait, de forme gaussienne avec une largeur totale a mi-hauteur : 

On peut donc 

Par contre, la distribution obtenue pour a: 0 est  bien, comme on 

1/2 = 4K, sin -[- Loge 2 I 
2 me 

A w  

comme pour une assemblhe d'Glectrons sans corrhlation. 

Le rapport de l a  composante hlectronique 5 la composante ionique est, pour Z = 1 : 

oe (0) 1 + 2 o c 2  qn = = 4  

La composante ionique prhdomine donc dzs que a s'approche de 2. 

On aport6 sur la figure 2-3-4 la distribution spectra le de la lumiere diffu.de, compte 
tenu ues deux composantes pour Z = 1, T e  = T i  = lOeV et une masse ionique corres- 
pondant 'a celle de l 'hydroghe. 

On voit que la composante ionique est  extrGmement ktroite par rapport h la com- 
posante electronique. 
donc & prbvoir qu'elle est tr2s difficile h observer car  elle risque d&re perdue 
dans la lumigre parasite provenant directement du laser.  

R6sultats Experimentam 

Conditions expkrimentales 

La distribution spectrale de la lumi'ere diffuske dkpend entibement,  nous l'avons 
vu, de la valeur du paramstre  =. 
donnkes, 01 peut &re  modifi6 en changeant la direction d'observation par rapport 2 
la direction de la lumi'ere incidente. 
ion d'observation 6tait toujours perpendiculaire au faisceau incident (@ = I /2). On 
obtenait ainsi, en ghngral, des valeurs de a inferieures a l'unith. 

Elle le serait  encore plus pour des ions plus lourds. I1 est  

Pour un plasma de densit6 et de temphrature 

Dans les  premi'eres experiences, la direct- 

Le dispositif employ6 par F b f e r  et s e s  collaborateurs (7) htait de ce  type (Fig. 2-3- 
5). 

En r6duisant suffisamment la valeur de l'angle G, c'est-a-dire en observant la 
lumi&e diffushe aux petits angles, i l  est, en principe, toujours possible d'augmen- 
t e r  suffisamment a p o u r  voir apparaitre toutes les  structures prhvues du spectre 
diffusB. Ascoli-Bartoli et ses collaborateurs (8) ont 6t6 les premiers  & utiliser de 
tels montages (Fig. 2-3-6) et a mettre en hvidence des ra ies  satellites nettement 
sBpar6es. Depuis, la diffusion aux petits angles a p r i s  une grande importance et 
les r6sultats les  plus inthressants ont 6th obtenus su r  c e  genre de montage. 

Le section efficace de diffusion des electrons est  tres faible et ceci en t r ahe  de 
grandes difficultBs exp6rimentales. 
d6tect6e etanalysbe, il faut qu'un certain nombre de conditions soient remplies : 

La puissance diffusbe et repe  sur le photomultiplicateur doit &re supirieure 'a la 
puissance Bquivalente de bruit du r6cepteur. 
cm-3 et des longueurs de plasma de l 'ordre du centimstre, il faut une puissance 

Pour que la lumisre diffus6e puisse &re 

Pour des densit& de l'ordre de 101s 
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incidente minimum de 105 watts environ. 

La luminosite propre du plasma ne doit pas  couvrir la lumi'ere diffusee. 
profiter du fait que la lumikre diffusee est  polarisee alors que celle Bmise par le 
plasma ne l 'est pas. Dans les premikres experiences, des montages differentiels 
Qtaient utilises 5 cet effet. 11s ont pu &re abandonnes ultgrieurement lorsque la 
puissance des lasers a pu dtre augmentee. Avec un laser declanche de 10 MW et 
un plasma dont la densit6 electronique est de 1015 cm-3 environ et la temperature 
hlectro?ique de quelques klectrons volts, l'intensit6 diffusee est superieure ?i 1' 
intensite emise par le plasmadans le fond continu Bremsstrahlung. 

.La lumikre parasite provenant du laser doit h e  soigneusement 6limin6e par un 
choix judicieux du montage exphrimental. 
une densiti! de 1015 cm-3 et une longueur de plasma de 1 cm est pratiquement de 
lO1o 2 10l1 fois plus faible que la puissance incidente. 
permettaient pas  d'observer le centre du spectre diffuse car la lumiere parasite y 
etait souvent lo2 5 103 fois plus intense que la lumi i re  diffus6e. Fort  heureuse- 
ment le spectre de la lumigre incidente est toujours beaucoup plus &oit que celui 
de la lumisre diffusee, ce  qui a permis de les distingue?, m;me,dans les premi'eres 
experiences. Depuis, la ggomktrie des enceintes a ete amelioree, de m8me que 
le taw de rejection des monochromateurs, de telle sorte que 1'0 observe mainten- 
ant le spectre 'ionique' diffuse qui a une largeur de l 'ordre de 1 1 . 
Exploitation des resultats 

Les renseignements qui peuvent &-e  obtenus 5 partir  du spectre de la lumi'ere 
diffusee dkpendent de la valeur du coefficient 'y. 
suivants: 

Ici on peut 

En effet, la puissance diffushe pour 

Les  premieTs montages ne 

Nous pouvons distinguer les cas 

A. Observation de la composante.'i!lectronique' 

A-a) cu << 1 - La rkpartition de l'intensiti? dans le spectre est gaussienne. 
obtient T, % partir  de la largeur du pic et  Ne ?i partir  de l'intensit; totale diffushe. 
Cette intensiti! est  en gbni?ral comparhe 5 celle qui est diffushe par un gaz neutre 
dont on connaa la section efficace de Rayleigh, ce qui permet de calibrer d'un seul 
coup tout systgme optique. 

A-b) (Y C 1 - Le  spectre prksente des kpaulements de part  et  d'autre de la raie 
centrale (apparition de raies satellites). On obtient simultanhment Ne et T, en 
cherchant la courbe thhorique qui s'adapte le  mieux aux mesures. 

A-c) > 1 - Le spectre klectronique est  r6duit aux raies satellites. Leur 
Qcartement permet de d6terminer Ne. T, est  obtenu en observant le spectre 
ionique ou en effectuant simultan6ment des observations suivant deux directions. 
Le plus souvent, la condition (Y > 1 es t  obtenue en observant la l u m i h e  diffusee 
ve r s  l'avant (+ 2 10'). 
< 1 et l'on peut alors dhterminer T,. 

B. Observation de la composante 'ionique' 

Cette composante s;observe principalement lorsque cu S, 1 car son intensit; est 
alors grande devant celle de la composante electronique. 
plus simple lorsque cuest nettement superieur B l'unitk. 

On 

En g6n;ral l'observation 5 angle droit permet d'obtenir cu 

Son interpretation est la 
Dans c e  cas : 

Si cu n'est pas  grand, il faut c o n n a h e  sa valeur pour interpreter le spectre ionique 
et en d6duire T, et T,. 
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'B-a) p << 1 - La  largeur du pic ionique ( - 1 b )  permet de dhterminer directment 
T i  - (re et Ne doivent &re dk te rminh  par ailleurs). 

permet de delerminer Ti  et 

I 

I B-b) p - 1 - L'ktude de la forme du spectre comparhe aux spectres thboriques 
et donc T, si CY est connu ou si l'on sait  que CY >> 1. 

B-c) p >> 1 - L'kcart en frhquence des deux pics composant le spectre ionique 
permet de determiner la densite ionique car il est bgal ?t la frhquence de plasma 
ionique. 

Experiences mettant en evidence la diffusion incoherente sans effets collectifs 

Ce type de diffusion se caracterise, comme nous l 'aIons vu, par une distribution 
gaussienne de l'intensite dans le spectre; il apparait pour des valeurs de (Y infhr- 
ieures  a l'unite. On obtient ce s  spectres,  en ge'nhral, lorsque la direction d'ob- 
servation est perpendiculaire la direction de propagation de la l u m i h e  (#J = 90"). 
Lorsque la densitb du plasma est forte, et sa temphrature relativement kasse, on 
peut obtenir, m?me 5 go", des  spectres mettant en evidence des phbnomenes coll- 
ectifs ( C Y -  I). Les  premibres expbriences faites utilisaient toutes la diffusion i 
90" et la plupart permirent d'observer la diffusion incohhrente. 

Thomson et Fiocco (9) essayzrent tout d'abqrd de mettre en Bvidence la diffusion 
par  un faisceau d'electrons, mais la densite et la pu i spnce  du laser etaient t rop  
faibles pour que l'exp6rience soit concluante. Les  memes auteurs ont ensuite (10) 
effectue des  mesures  s u r  un a r c  k cathode creuse (Ne - 1013 cm-3, Te - 5 ?t 10 eV) 
mais, 1% encore, les r6sultats furent decevants. M e r  et colla firent l e w s  pre- 
mie r s  essais su r  un plasma de striction azimutale oh la temperature e'lectronique 
etait relativement faible; CY htait  de l'or+e de 2 mais les raies satellites ne furent 
pas  observees. Dvs une dewisme shrie 
d'expbriences (11) la temperature hlectronique htait bien superieure (-lOeV) la 
puissance lumineuse avait 6th port6e i 10, puis 100 MW, en utilisant un laser 
d6clanch6 (30 ns), la valeur de (Y h i t  alors de 0, 5 2 1 et ils purent observer les 
deux spectres de  la figure 2-3-7 0; l'on voit nettement l'apparition des  effets 
collectifs c a s  (b). 

Ces spectres ont 6t6 re lev is  avec un polychromateur k 6 canaux, ce qui permet 
d'en faire l'analyse au c o w s  d'une seule dbcharge, d'o; il rbsulte une bien meill- 
eure  precision. 

La  puissance du laser etait de 100 kW. 

Davies et Ramsden (12)ont fait Ggalement une mesure dans des conditions semblables 
s u r  une striction azimutale. 
d'impulsion de 30 ns. 
puissance incidente et la l u m i b e  diffus6e &it 10 fois plus intense que la luminosit; 
propre du plasma. 
centre de la raie (sur 20 A )  que 19 lumiGre diffusce. Le spectre dtait relev; en 
effectuant un certain nombre de decharg$s et en decalant le monochromateur 'a 
chaque fois. La  tempira ture  mesur i e  etait de 3,3 ev et la densit6 hlectronique 
Qvaluee 'a 5.1015 cm-3 en comparant l'intensitb diffusee par les dlectrons B celle 
diffusSe par un gaz neutre. 

Certains auteurs se sont attaches i faire des  mesures dans des plasmas inoins 
denses, tels que ceux que l'on rencontre dans les post-d6charges ou da i s  dcs a rc s  
'a basse pression. 

Le  laser avait une puissance de 10 MW et une dur6e 

La lupibre parasite, par coqtre, htait 103 fois plus intense au 

La  puissance diffus6e htait 1013 fois plus faible que la 

I 

S. E. Schwartz (13) a 6tudi6 la post-luminescence de decharges dans l'h6lium 5 dcs 
densiths de l 'ordre de 1013 2 1014 cm-3. Dans des  experiences de c e  type, la 
lumizre bmise par  le plasma ne coFstitue pas  la limitation la plus draconicnnc. 
En effet, elle varie comme le carre de la densite electronique alors que la lumi'erc 
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I [INTENSITE DlFFUSEEl I [INTENSITE DlFFUSEEl 

100 - 100 - 

6850 6900 6943 6850 6900 . 6 9 U  
LONGUEURS D'ONDE [AI LONGUEURS D'ONDE IA1 

Fig. 2-3-7 Rksultats obtenus par FUNFER et COL (11). Les  courbes trackes 
correspondent aux rkpartitions thkoriques qui rendent le mieux 
compte des points experimentaux, on en dCduit l e s  paramdtres suiv- 
ants: 

a )  

b)  

T, = 90 000" K, Ne,- 2. l0lG ~ m - ~ ,  (Y-  0.53 
T, = 55 0OO"L f 205., N, = 4.10'6 f 302 cm-3, a =  0.97 

SIGNAL 

02 
01 

6920 6940 6960 
LONGUEURS D'ONDE 

SIGNAL 

05 
04 
03 
02 
01 

6900 6920 6940 6960 6980 
LONGUEURS D'ONDE 

(A)  
(Bl 

6943A 6951 A 6943 A 6951A 

Fig. 2-3-8 Mise en dvidence des raies satellites. Rhu l t a t s  de RAMSDEN (20).  
Oscillogrammes A et C - Signal de reference (Intensitd du laser) 
Oscillogramme B - Lumidre diffusCe 
Oscillogramme D - LumiSre parasite. 
Echelle 0.5 ps/cm - A 6943 A, un fi l tre g r i s  de densitd unite a et& 
interpose devant le rdcepteur 
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diffusde varie lindairement avec Ne. 
kliminbe trks soigneusement, c e  qui n ' e s t p y  possible dans toutes les configurat- 
ions. L'auteur a mesur6 ainsi les densites electroniques en comparant la puiss- 
ance totale diffus6e B celle fournie par un gaz neutre. 

Gerry et Rose (14) ont fait des expiriences su r  un arc ?i basse pression 5 cathode 
creuse entretenu dans de l'argon. 
diffusd est analys6 en faisant tourner progressivement un filtre interfbrentiel. 
densite electronique est de 1013 'a 1014 cm-3 et la tempbrature de 4 eV. 
lumi8re diffuse'e est plus intense 'que la lumi&g parasite (10 5 100 fois), d& que 
l'on s'6carte de la raie laser de plus de 3 5 4 A .  Par contfe la luminosi.t6 propre 
du plasma est toujours plus intense (2 'B 10 fois) que la lumiere diffusGe, a cause de 
la proximite d'une forte raie d'emission de l'argon. 

D'autres auteurs encore ont utilise' la diffusion incohhrente 'a 90" : Consoli et coll. 
(15) sur une striction azimutale dans l'hydroggne Patrick (16) su r  une onde de choc 
magnbtohydrodynamique dans l'argon (p - 0 , l  Torr ,  M - 2, Ne - 1016 cm-3 Te = 
60 eV), et Malyshev (17) su r  un a r c  dans l'hi!lium i 0,2 Torr .  

Izawa et coll. (18) s u r  un tube 'a choc i!lectromagn{tique, (10<M<20, 1016<N,< 
lo1*, T, 23 OOO'K), ont mis  en hvidence un leger epaulement sur  le spectre diffusi, 
correspondant a a = 0,85. 

On peut dire, d'une facon gGnkrale, que pour les  valeurs de a inferieures 2 ou 
proches de l'unit6, les mesures faites par diffusion Thomson sont en bon accord 
avec les autres mesures et que cette technique, si elle est employke avec un soin 
suffisant, permet de mesurer des densit is  electroniques k partir  de 1013 cm-3 et 
des temperatures B partir  de 1 2 2 eV. 

Mise en 6vidence des effets collectifs 

Ces effets apparaissent lorsque le coefficient a est suphrieur ?+ l'unith. La thhorie 
prdvoit alors l'apparition de raies satellites espacbes de la frbquence incidente de 
i w p, w Nous avons vu que la diffusion 'a SO" avait 
fait apparaitre d&s les premi'eres exphriences des raies satellites peu marquees 
correspondant ?i des valeurs de a proches de l'unit6. Pour obtenir des  valeurs plus 
BlevBes, Ascoli-Bartoli (8) et collaborateurs mirentoau point un montage permettant 
de recueillir la lumie're diffusee ve r s  l'avant (a -.3 ). Ce montage qui utilisait 
des  lentilles prismatiques 'Axicon' a servi de modele aux autres expertmentateurs 
qui ont pu l'am6liorer suffisamment pour obtenir des rhsultats t r h  interessants. 
Notons toutefois l'expbrience de Chan et Nodwell (19) effectuee sur un chalumeau 5 
plasma (Ne N 1016, T, - 1 eV, a = 45" (Y - 4,4) et qui se classe tout 'a fait 3 part, 
mettant en jeu q p l a s m a  de faible bnergie mais ayant une forte densit6. L'expi!r- 
ience fait apparaitre deux for tes  raies satellites mais la precision des  mesures est  
insuffisante pour en d6duire de faqon certaine la densiti! electronique. Les  raies 
semblent blargies du fait de l'inhomogbnbitb du plasma. 

Ascoli-Bartoli et COL (8) purent mettre en hvidence les raies satellites, mais leur 
montage prgsentait des  imperfections dges 'a un manque de reproductibilith du plas- 
m a  et des impulsions lasers. 
ionique sur le meme montage. 
et Davies (20) leur permettant d'observer le mdme plasma 5 13'5 f 0,s" et 90" 
(Fig. 2-3-8). 

Par contre, la lumie're parasite doit erre 

l 

L'arc fonctionne de facon continue et le spectre 
La 

La 

1 
$ant la fr6quence de plasma. 

1 

~ 

11s purent aussi mettre en hvidence la composante I 
Un dispositif semblable a 6th utili& par Ramsden 

I 
11s ont alors pu mettre en bvidence, su r  une striction azimuta;e,, des  pics satellites 
extremement nets et, de leur s&paration, en d6duire la densite electronique. L a  
raie ionique est visible et se distingue bien de la lumizre parasite mais elle n'est 
pas  rksolue dans cette exphrience. Les  observations 2 90" donnent un spectre de 
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Fig. 2-3-9 Mise en evidence simultanee du pic ionique et de la composante 
dlectronique. ( 2 4 ) .  
Les courbes tracdes sont des courbes thhoriques correspondant 2 
trois valeurs d'essai du parambtre a 
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Fig. 2-3-10 Analyse du pic ionique ( 2 6 ) .  Les courbes t r a d e s  sont des courbes 
thboriques: 
a )  p =  1, T, = T i  = 200 eV 
b )  p =  2, T', = 800 eV, Ti = 200 eV 
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diffusion incohkrente dont la largeur permet de detkrminer T,. L'obtention simul- 
tanke de ces deux spectres permet des recoupements intkressants: le spectre a 
13" 5 permet de d6terminer la densite blectronique d'apr'es l'bcartement deos ra ies  
satellites., Dans l'exemple donnb, les raies sont distantes du centre de 8 A ce qui 
correspond 3 une densitb blectronique de 2, 4. 1015 cm-3. Le rapport de l'intensitb 
des raies satellites 5 celui de la raie ionique permet de determiner CY . On trouve 
ici  CY = 3, 0 f 0, 25, ce qui, compte tenu de la densitb trouvee plus haut, permet 
de dbterminer la tempbrature blectronique, soit 1, 1 eV. Le spectre relevb 'B 90" 
donne une tempbrature de 1, 0 eV, ce qui, pour une densit; !e 2,4 .1015 cm-3 
correspond 'a 01 = 0,5 ,  en accord avec la valeur pr&vue d'apres le rapport des sinus 
des angles. Enfin, l'intensitb totale diffusbe, btalonn6e d'aprzs la diffusion de 
l'azote, conduit 'a une densitb Ne = (2 ,  4 f 0, 5 )  1015 cm-3. L'excellente cohirence 
de tous ces  resultats montre la valeur des prhvisions theoriques mais elle n'est 
possible que grlce au soin apport6 au syst8me optique qui permet de rhduire la 
lumih-e parasite e t  d'obtenir des r i su l ta t s  reproductibles. 

Evans et coll. (21) ont 6galement observe la lumikre diffusbe ve r s  l'avant s u r  une 
striction azimutale. En effectuant les mesures 
3 divers instants au cours de la compression, les auteurs ont pu relever des spec- 
tres pour des valeurs de CY bgales % 1,2 ,  1 , 3  et 1 , 5 .  Pour ces valeurs proches de 
l'unitk, on peut determiner simultanbment Ne et T,. PourJ'un de ces spectres, 
les auteurs trouvent les rbsultats suivants : CY = 1 , 3  f 0 ,05  ecart entre une raie 

~ 

L'angle d'observation est de 5". 

satellite et la raie centrale : A h  = 16 f 1 , Ne = (6, O T i ,  6) loi5 cmm3, Te = 
+2 9 

I 103 eV. 

Ici, comme prbckdemment, la precision des mesures  atteint 25% environ, ce 
qui est excellent. 

Mise en hvidence du pic ionique 

&s que CY est de l 'ordre de 2 unites, la puissance diffus6e dans le pic ;ionique' es t  
du m&me ordre  de grandeur que celle qui es t  r6partie dans le gpectre electronique. 
La difficult6 de sa  mesure tient surtout 5 sa faible largeur (1 A environ). 
donc indispensable, pour l'atteindre, d'bliminer presque totalement la lumiere 
parasite diffus4e. I1 faut kgalement disposer d'un laser ayant une grande finesse 
de raie (s 0 , 5  A). On sait que la structure du pic ionique ressemble a celle du 
spectre klectronique, elle permet donc d'atteindre la temp6rature ionique, c e  qui 
est capital dans les exphriences de fusion thermonuclhaire. Flusieurs expbri- 
mentateurs ont pu mettre ce pic en e'vidence e t  certains ont meme pu h d i e r  en 
ditail  sa structure. 

Ascoli-Bartoli et coll. (22) ont pu le montrer, g r k e  5 un syst5me original de poly- 
chromateur, su r  le montage expGrimenta1 qu'ils avaient utilisb prbcbdemment pour 
la diffusion B 3'et en stabilisant convenablement leur laser vis 'a vis des  ddrives 
thermiques de longueurs d'onde. 

Auparavant De Silva et coll. (23) avaient dhtectb sous UII angle de 10" un pic t r &  
Gtroit (< 2 h )  qu'ils avaient attribue' % l'effet ionique, inais la r6solutiqn de leur 
systsme dispersif e'tait insuffisante pour perinettre une analyse detaillee. 

Anderson (24) a puL su r  une striction l i n k i r e  applatie 'Triax', t racer  un spectre 
complet de la lumiere diffusie, y compris la composante ionique pour uiie valeur de 
cuproche de l'unitb (Fig. 2-3-9). 

Kronast et coll. (25), d'une part, et  Hansden et  coll. (26), d'autre part,, qnt pu 
analyser de facon plus dbtaillee ce pic et  en tirer la valeur de la densite electroni- 

!l es t  
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que et des t empka tu res  ioniques et Qlectroniques. 

ConsidGrons, % titre d'exemple, les r6sultats de Ramsden (Fig. 2-3-10). e laser 
a rubis employ6 avait une puissance de 50 MW, une largeur de raie de 0 , 3  P e t  une 
dur6e d'impulsion de 30 ns. 
elle 6tait 1011 fois moins intense que la lumibre incidente. Le  spectre btait anal- 
ysd % l'aide d'un interferometre de Fabry-PBrot. 

Les  resultats pr6sent6s su r  la figure 2-3-10 se rapportent a deux instants distincts 
(4 et 5 p s )  d'une dbcharge de striction azimutale (100 kJ). 
trac6es en r6p6tant l'expbrience pour divers r6glages de  l'interferomktre, alors 
que Kronast et  coll. utilisent un polychromateur. Pour la mesure faite a 4 ps la 
courbe theorique qui s 'ajuste le m i e w  aux rhsultats donne /3 = 1 donc T, = Ti. 
La largcur de la raie donne T, = 200 eV, son intensite totale permet de calculer 
N, = 2,O i 1, 4 .  l o t 7  cm-3, la valeur de Q correspondante est de 5, 5. 

A 5 p s  on constate un changement important de l 'allure $J spectre. 
deux pics, ce  qui correspond 5 une valeur p sup6rieure a l'unit6. 
theorique qui s 'ajuste le mieux donne p = 2, Ti = 200 eV, donc T, = 4 T, = 800 eV. 
L'intensitQ totale diffus6e donne Ne = 2. 1017 cm-3 donc Q = 3. 
h i  que l'on es t  bien dans les  conditions o'u les effets collectifs dominent, ce  qui 
justifie l'analyse faite. 

On voit donc, avec ce dernier groupe de rdsultats, que toutes les caracthristiques 
prdvues du rayontiemetit diffusi ont pu &e mises en Qvidence et exploit6es de fason 
5 donner des renseignenients prdcis sur  le plasma. 

Tout rdcenimeiit Evms  et coll. (27) ont pu observer un pic icnique nettemqnt s6p- 
are en deux parties d ' intensitk in6gales. 
par Kronast et  coll. (25). 
atifs su r  le phknom'ene suppose gtre la  cause de cette asymdtrie. 
attribuc'e ?I une instabilit; ionique provoqu6e par un dbplacement relatif des  6lectrons 
et  des ions. 
calculer la vitesse relative de ce  d6placement. On voit donc apparaitre la possib- 
ilit6 d'obtenir p'ar ces  nikthodes de diagnostic des renseignements touchant certains 
phhoni'enes profonds apparaissant dans le plasma. 

Nouvelles expkriences envisag6es 

A notre conndssance, un certain nombre d'exp6riences sont actuellement en cours 
de r6alisation ou ont 6tk rCcemment proposees. 

A. A. Offenberger (28) a entrepris de dhterminer la  distribution des vitesses 6lec- 
troniques dans un arc 5 cathode creuse en 6tudiant en de'tail la lumisre diffuse'e 3 
10,6 b .  I1 ne s'agit plus ici d'exphriences pulse'es mais de mesures en continu. 
La possibilit6 d'utiliser des m6thodes de d6tection synchrone compense le fait que 
la puissance du l aser  est  beaucoup plus faible que dans les exphriences dbjj'a rbal- 
i d e s  (100 W au lieu de 107 5 10s Watts). 

W. B. Johnson (29) a 6galenient entrepris des  exp6riences utilisant un laser continu. 
I1 s'agit ici d'un laser i argon. Le but recherchk est  Ggalement une d6termination 
plus fine de la distribution des vitesses e'lectroniques g r k e  8 une 6tude plus d&- 
taillee du spectre cliffus6 (30). 

Kroll et coll. (31) et Schkarofsky (32) ont propos6 et 6tudi6 les modalitds d'une 
determination de la distribution des  vitesses utilisant la diffusion d'un faisceau 
laser sur  des oscillations de plasma provoqu6es par  un autre faisceau. 

La  lumikre diffusbe btait recueillie entre 4,9" et 5, lo, 

Les  courbes sont 

On observe 
La  courbe 

On vkrifie (1 posstrr- 

Cette observation avait d6jz ete faite 
11s-ont pu en dhduire des  renseignements semi-quantit- 

Celle-ci est 

Appliquant une th&orie de Rosenbluth et Rostoker (4), iis ont pu 
I 
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Conclusion 

Nous nous sommes efforce's de re 'sumerici  les principaux travaux publies jusqu's 
la fin de 1966 su r  la diffusion de la lumiere par les i lectrons d'un plasma. 

I1 semble que cette technique soit maintenant bien au point, tant sur  le plan expCi-  
mental que sur celui de l'interpritation des re'sultats. Toutes les caracte'ristiques 
pr ivues  pour le spectre de la lumisre diffuse'e ont pu &re qualitativement et souv- 
ent quantitativement vCifi6es. Les  deheloppements en cours permettent d'attendre 
de nouveaux perfectionnements et des renseignements plus d&aille's encore sur les 
caracteristiques du plasma. Le8 derniers re'sultats semblent montrer la possib- 
ilit6 de mettre en Bvidence des  phe'nomznes d'instabilite' et d'oscillation p r ivus  
thhoriquement . 
Aprks avoir 6t6 e'tudiee pour elle-m&me, cette m6thode de mesure a maintenant 
atteint un stade oil elle peut se rv i r  dans la pratigue et fournir des  renseignements 
utiles sur  des plasmas rencontre's dans des  experiences r6elles. 
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Commentary A on Chapter 2-3 

VI. H. Kegal 

Light scattering has become a very powerful tool in plasma diagnostics due to the 
high spatial and t ime resolutions achievable and due to the fact that the interpretat- 
ion of the measured data is not complicated in most cases. 
survey on recent experiments. He also discussed the most important results of 
the theory and demonstrated the excellent agreement between theory and experi- 
ment. 

Dr. Rostas gave a 

I would like to add a few more remarks  on the theory essentially pointing out the 
underlying assumptions and by that the limitations of the method. 

The light scattered by an ensemble of particles may be considered as the interfer- 
ence pattern which one obtains by summing up the waves scattered by the different 
single particles. 
formula: 

In doing this summation one derives the well known (1) scattering 

dI, (w s1 k,) = U (e) I, (w ol <) < ( n ( w l x )  1 2 >  do (Eq. A2-3-1) 

with: 
-z. * +  
k, = k , * k  ; w ,  = w ,  f w (Eq. A2-3-2) 

where dI, is the intensity of the light with frequency w , scattered into the solid 
angle do, I, is the primary intensity, U e ( e )  is the differential scattering cross- 
section for a single particle and: 

iF f 
n (wl 5 = n 6, w ) e  d 3 r  (Eq. A2-3-3) 

V 

is the Fourier transform of the density fluctuations, where w a n d z a r e  determined 
by equation A2-3-2. 

Equation A2-3-1 is a linear approximation corresponding to the first  Born appros- 
imation. Nonlinear effects and multiple scattering are neglected and the linear 
dimensions of the particles are assumed to be small  compared to the wavelength. 
Otherwise the formula is quite general. It shows that from a light scattering ex- 
periment one obtains direct information about the density fluctuations of the 
scattering particles. In order to connect these fluctuations with quantities as 
density and temperature further restrictive assumptions have to be made. 

If one considers free streaming noninterazting particles the fluctuation spectrum 
gives directly the velocity distribution in k-direction. 

In the case of Thomson scattering in a plasma one has  to take into account the 
Coulomb forces between the particles. 
from the linearized Vlasov equation, assuming a stable and homogeneous plasma. 
In this theory one further assumes that there are many particles in the Debye vol- 
ume: 

In this case one may derive the fluctuations 

ne De3>>  1 ; ni Di?> 1 (Eq. A2-3-4) 

and that the average spacing between particles is small  compared to the wavelength 
of the fluctuation considered: 

ne k - 3  >> 1 (Eq. A2-3-5) 
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'A result of the theory is, that i f  @ 3 (k De)-1 < < 1, (i.e. in the case that the wave- 
length of the considered fluctuation is small  compared to  the Debye length) the 
electrostatic interaction of the particles plays no role (i.e. the spectrum is that of 
free streaming particles). As in the case of noninteracting particles the condition 
of equation A2-3-5 is not necessary, one is led to conclude that the same i s  true 
in the case of a plasma as long as < < 1. In a plasma in which the Debye length 
De is SO large, that for k = n1/3 one obtains a<< 1, let say @ Q 0.2 which is 
equivalent to the condition: 

n,1/3 D, > 5 (Eq. A2-3-6) 

there is no limitation to k as either the condition of equation A2-3-5 is fulfilled o r  
Figure A2-3-1 gives the range of validity of the theory in t e rms  of den- 

sity and temperature. 
theory is not applicable as there is less than one particle in the Debye volume. 
the part  to the upper left, the condition of equation A2-3-6 is fulfilled. In the 
intermediate range there  is (because of the condition in equation 4 - 3 - 5 ) a  lower 
limit to the density for a given k. For  ruby laser light (A = 6943 A )  and a scatter-  
ing angle of 90" this limit is 2.05 . 1015 cm-3. 

With these assumptions the theory gives general expressions for the fluctuation 
spectra, allowing for arbitrary stable distribution functions. In actual numerical 
calculations (1) (2) one usually assumes a Maxwell distribution for the electrons and 
ions but allows for different temperatures and a drift velocity between the two spec- 
ies. 
mean velocity of the electrons is large compared to that of the ions, have been dis- 
cussed by Dr. Qostas. 

It should further be noted that i f  one is interested in narrow features in the spec- 
trum (@>> 1) the influence of collisions have to be  considered (3). 

Finally I would like to remark, that in applying light scattering as a diagnostic 
method one assumes that the plasma is not seriously disturbed by the laser light. 
On the other hand one actually takes the most intense light source one knows, SO 
that in some cases  the above assumption may become a serious limitation to the 
method. 
sec  and focusses its beam in a hydrogen plasma with ne = 1017 cm-3 and T = 
60 000°K to an area of 1 mm2, the absorbed energy i s  about 27 percent of the 
thermal energy in the scattering volume. 

Summarizing this discussion it may be said that i f  one applies the method of light 
scattering to cool and dense plasmas, the interpretation of the spectra becomes 
questionable. 

<< 1. 
In the hatched part  to the lower right of the diagram the 

In 

The results one obtains in this case, with the additional assumption that the 

For example if one takes a 10 MW laser with a pulse duration of 
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Commentary B on Chapter 2-3 

B. Fontaine 

La  mahode de diagnostic que nous rapportons ici est analogue dans son principe 5 
celle bien connue propos6e par Ashby et Jephcott (1) (2). Elle prksente l'intkret 
d'une bande passante nettement plus grande 0 5 MHz) tout en gardant les avantages 
de l'utilisation de l'infrarouge (A = 3,39p), c'est-a-dire une meilleure sensibiliti? 
pour la mesure de la densit6 ilectronique et 1'6limination de l'effet des  atomes 
neutres su r  l'indice de &fraction. 

L e  schema de l'interfkromktre est pr6sent6 dans la figure B2-3-1. 
utilise la longueur d'onde 3,39p d'un laser 1 gaz hhlium-ngon. Le faisceau du 
laser, apr& avoir traverse le plasma d'e'paisseur d, est  rkflkchi par un miroir 
plan M,. Ce miroir  M, forme avec le miroir M, du laser une cavitk rksonante 
M, - M, couplee 2 la cavit6 du laser MI - M,. 
cavit6 annexe est modifii par la presence du plasma, son mode de rksonance varie 
egalement, de telle sorte que l'intensit6 du faisceau laser decrit un cycle complet 
de modulation lorsque ce mode change d'une unit&. 

Le  faisceau modul6 sortant 
sensible d'un ditecteur ig ra- royge  2 antimoniure d'indium, 2 effet photomagnhto- 
Qlectrique, fonctionnant a temperature ambiante. 
interfiromktre es t  de l 'ordre de 0 ,2  p s  (1) (2). Par contre, le montage d'Ashby 
et Jephcott, utilisant le couplage entre les longueurs d'onde 0,6328 /.I et 3,39 p se 
trouve limit6 2 une bande passant e de 500 KHz, la detection s'effectuant sur  la 
radiation visible. 

L'indice de re'fraction p est  lie' aux caracthristiques du plasma par la relation: 

L e  montage 

Lorsque l'indice de refraction de la 

l 'autre extremitd du laser es t  dirigi? su r  la partie 

L e  temps de r6ponse de 1' 

CI - 1 C k , N ,  0; N, est la den+& du idme composant et 
k, sa r6fractivite spkcifique 

Dans le cas pre'sent, pour l'argon: 

La  contribution des  atomes neutres peut s'bcrire, lorsqu'on est  6loigne' d'une raie 
de r6sonance de l'argon, c e  qui es t  le c a s  ici, et en utilisant les coefficients num- 
Briques donn6s par Alpher et White (3). 

(cr - l)A = (1,03 + 

La  contribution des  Blectrons est exprimhe par la relation classique: 

N, e 2 n  c et w =.- x ou w est la WfrCquence plasmall : w = ~ 

l o  

de plus, w >> w d'oa : 

(MKSA Units) 



29 4 

M1 
R=5m 

M2 
MlROlR 
PLAN 

MlROlRS DE LASER 
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Fig. B-2-3-1 Montage interf&ome/rique 

IONISATION 
ZONE DE 
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T C 5  

M 0 ~ = 1 4 5  
Pi = 2.5 mbars 
N~ MESURE =  io cm-3 

Fig. B-2-3-2 Enregistrement laser dans l'infrarouge 
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Ne = 4,46 X 2 Ne O-r-l)N = - e' x2 
e 8 n 2 m e  cifo (MKSA Units) 

La  contribution des ions, (cr - l)* +, es t  nbgligeable car  leur rhfractivit; sphcifique 
est du mgme o rd re  que celle des atomes neutres et leur nombre es t  kgal ?i celui 
des  electrons. 

Les  effets relatifs des blectrons et  des atomes neutres su r  l'indice de refraction 
peuvent ^etre exprimes par le rapport: 

j 

c - I)* + = - 4,33 1013 x 2  (Y 
- N  

a 
I 

Ne 
'a 

oii a = - est trki approximativement le degri! d'ionisation. Pour X = 3 , 3 9 ~  et 

0-r - 1)N 
a = 0 , l  a lors  = - 50. 

a 

' 
1 
~ 

L'effet des  atomes neutres est donc n6gligeable par  rapport 2 celui des  hlectrons 
pour la longueur d'onde choisie, ce qui est tre's important pour l'utilisation d'un 
interfkromgtre 2 une seule longueur d'onde. 
neutres ne serait  plus du tout n6gligeable pour X = 6328 A. 
L e  montage pri!ckdent a i t6  utilisi! pour la mesure de la densit$ 6lectronique du 
plasma d'argon produit par une onde de choc ionisante en tube a choc. 

section droite carr6e,  45 x 45 mm2, de longueur 500 mm. 
ont 6t6 plac6s su r  les parois lat6rales. 
variation de la densit6 6lectronique: 

I1 faut remarquer que l'effet des  

I L e  tube 5 choc est du type 5 combustion; il comporte une section de mesure de 
Des hublot? en quartz 

Une 'frange' correspond donc a une 
i ', l2 lol5 = 7,33 1015 cm-3 

Xd  AN, = 

Dans la plupart des expiriences effectdees, une colonne de gaz ionis6 d'environ 
30 cm de long, se propageait devant la section d'essai, a une vitesse de 4000 m/s. 
Les  conditions des essais Gtaient alors les suivantes: 

gaz d'essai : argon 

MO, = 15 

P, = 2 , 5 m b a r s  

P, = 0,86bars  ' 

T, = 11800 OK 

ff = 4 1 2  

Ne = 5,6  10IG cm-3 
thborique 
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DES IMPlIRETES 
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Quelques expkriences ont, toutefois, &e' effectuee's a des  nombres de  Mach plus 
faibles, toujours avec PI = 2,5 mbars. 

L a  figure B2-3-2 repr6sente un enregistrement-type obtenu 'a l'aide de l'int6rfero- 
m h - e .  
de relaxation e t  la recombinaison jusqu'a la surface de contact. 

Les  mesures ont fourni simultan6ment 3 s h e s  de r6sultats: 

On distingue bien le saut de de@6 volumique der r idre  le choc, la zone 

En premier lieu, une estimation du temps de relaxation d'ionisation der r ikre  1' 
onde de choc qui Concorde assez bien avec les  rikultats de Johnes (4) pour des  
t a u  d'impuret6s 6leves (Fig. B2-3-3). 

Ensuite, une mesure de la densite Blectronique 2 I'Bquilbre qui montre une bonne 
concordance (Fig. B 2-3-4)entre les valeurs obtenues 5 partir  des relations de 
Rankine-Hugoniot (5) et 1'6xp6rience. L'incertitude dans le depouillement est 
d'un quart de frange. 

Enfin, la mesure du profil de disionisation B partir  de l'bquilibre. L a  figure B2- 
3-5 su r  laquelle a &e port6 un r6sultat exp6rimenta1, met en 6vidence un certain 
d6saccord avec la courbe th6orique port,6e Cgalement su r  la figure. I1 y a lieu 
pourtant de remarquer que la courbe theorique a $6 calcul6e en prenant seulement 
en considhration la recombinaison radiative par emission d'un spectre continu (6) 
a lors  qu'il y a 6videmment emission d'un spectre de raie. D'aprss Horn (7) cette 
derni&-e &mission pourrait contribuer pour 20 2 30 percent aw per tes  radiatives 
totales se produisant dans les conditions de la pr6sente 6tude. 

L'interf6rom6trie laser dans l'infrarouge a permis,  grgce 5 son faible temps de 
r k p o n s e  et  2 sa sensibilit6, d'observer des ph6nomsnes tr& rapides, de l 'ordre 
de la fraction de microseconde te l s  que la relaxation d'ionisation ou d'autres 
p h h o m h e s  transitoires se produisant dans les plasmas en 6coulement en tube 'a 
choc pour des  valeurs de la densite' e'lectronique se p r a a n t  peu, jusqu'ici, 5 des  
mesures precises.  

L'extension du pr6sent travail 'a l'6tude de l'e'volution de la densit6 Clectrpnique du 
plasma d'argon produit en tube ?I choc et  soumis 5 l'influence de champs electriques 
et magnltiques, conversion directe ou acc616ration, est actuellement en cours. 
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3-1 

Measurements with Aerodynamic Probes in 
Plasma Jets produced by Electrothermal 
and Hall Current Accelerators 
S. KRAUSE, 
Deutsche Versuchsanstalt f k  Luft - und Raumfahrt e. V. 
Stuttgart - Vaihingen, Germany. 

Summary 

The measurement of macroscopic aerodynamic quantities in plasma jets may con- 
tribute largely in obtaining a better understanding of the phenomena in electric 
plasma accelerators. A survey i s  given of early and recent experiments perfor- 
med at the Institut fur Plasmadynamik, D.V.L., Stuttgart, with common and new 
types of aerodynamic probes. Radial distributions of Pitot pressure,  stagnation 
enthalpy, mass  and energy fluxes and other quantities in plasma jets emerging 
from electrothermal and Hall current accelerators are presented. A graphical 
iteration method i s  described for the determination of any thermodynamic values 
and the plasma velocity from the measured quantities. An interesting example 
shows the calculation of an unknown quantity by simultaneous use of aerodynamic 
and non-aerodynamic experimental results: the axial velocity in a Hall current 
accelerator is derived from aerodynamic yaw probe determination of the swirl  
angle and spectroscopic Doppler effect measurement of the azimuthal velocity. 

Sommaire 

La mesure de grandeurs a6rodynamiques macroscopiques dans des je t s  de plasma 
peut aider conside'rablement la comprehension des processus 616mentaires dans les 
accdlerateurs de plasma. 
Plasmadynamik, D. V. L., Stuttgart, avec de! sondes aerodynamiques classiques 
et  des  sondes de conception nouvelle. On presente les distributions radiales de 
pression Pitot, d'enthalpie d'arret, de de'bit-masse, de flux d'6nergie et d'autres 
grandeurs dans un jet de plasma issu d'un accdlerateur dectrothermique et d'un 
accdldrateur de Hall. Une mkhode graphique d'approximations successives est. 
delicate pour la de'termination des grandeurs thermodynamiques et de la vitesse a 
partir  des mesures effectuges. 
grandeur inconnue par emploi simultand de r6sultats expe'rimentaux ah-odynamiques 
et non-ae'rodynamiques:lavitesse axiale dans un acce'ldrateur de Hall es t  diduite de 
l'angle de la ligne de courant d6termin6 par une sonde 5 incidence et  de la vitesse 
azimutale mesure'e spectroscopiquement par l'effet DGppler. 

Introduction 

Plasma producing and accelerating machines are suitable for wind tunncl purposes 
and fo r  propulsion in space. 
optimization of these machines, plasma diagnostics must be used. 

In addition to spectroscopic and microwave techniques which csscntially do not dis- 
turb flowing plasmas, mechanical probes working on the basis of elcctroningnetic 
o r  aerodynamic principles may be used. 
the disturbances resulting f rom their insertion into a plasnia j r t  may be iicgligible. 

On ddcrit les expdriences effectu6es 'a 1'Institut fiir 

Un exemple int6ressant montre le calcul d'unc 

To obtain a better understanding, so as to perinit 

If such probes a r c  sufficiently sninll, 
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Fig. 3-1-2 Electrothermal plasma accelerator. Nozzle designed for uniform 
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Fig. 3-1-3 Hall current (MPD) plasma accelerator 
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/ 

E 
Fig. 3-  1-4 Coaxial calorimetric probe. Scheme 
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Being particularly o r  even exclusively appropriate to the measurement of certain 
quantities, none of the diagnostic methods mentioned above may be called super- 
fluous. 
enthalpy, and mass flux are directly accessible only by aerodynamic probes. 

A development of aerodynamic probes as well as of other diagnostic methods was 
therefore started parallel to the development of electric propulsion engines at 
Institut fiir Plasmadynamik, D.V. L., Stuttgart. 

The size of the probes was determined by the diameter of the plasma jet to be in- 
vestigated. With probes that were too small, the theoretically difficult phenom- 
ena of slip and molecule flow would be encountered whereas with probes that were 
too large, local measurements would become impossible. 
ise was found in all cases.  

For  example, macroscopic quantities like Pitot pressure,  stagnation 

An acceptable comprom- 

A survey will be  given of the most important types of probes and the measurements 
performed in plasma j e t s  from electric propulsion devices which have undergone 
rapid development during the last few years.  
argon. 
ented, all  examined by aerodynamic probes. 
periods of days produce stationary plasma jets. 
therefore somewhat simplified though difficult cooling problems are encountered. 

Plasma Jet at Atmospheric Pressure 

Apparatus and Purpose 

The pressure in the jet of an electric propulsion engine for space is of course many 
orders  of magnitude less than one atmosphere. However, the pressure  encounter- 
ed at the throat of a plasma wind tunnel supersonic nozzle or  in some industrial 
applications of plasma jets is frequently about one atmosphere, so that an ability 
to measure quantities in atmospheric plasma jets is necessary. Because energy 
supplies are often limited, atmospheric plasma jets tend to be restricted in dia- 
meter, and the probe diameters need to be at least one order of magnitude smaller 
still. 
diameter as small  as possible. 

The arc engine shown produces a 0.6 cm diameter subsonic plasma jet (2) discharg- 
ing into the atmosphere (Fig. 3-1-1). To avoid the destruction of the probe placed 
at 0.08 cm from the nozzle exit, the nozzle exit was surrounded by a large open 
plexiglass cylinder into which a small  amount of nitrogen was constantly injected 
parallel to the jet. The direct current arc within the engine (Fig. 3-1-1) was kept 
at a power of 4.29 kW during all experiments, with the mass flow ra t e  of 1. 59gS-1 

Probes 

In all cases  the working gas was 

Engines that can be operated for 
Measurement techniques are 

In figure 3-1-1 through 3-1-3, three types of electric arc engine are pres-  

Consequently, the technical problem is that of making a probe having a 

Three different types of probes were used to determine the stagnation enthalpy by 
calorimetric means, i.e. the hot plasma drawn into the water-cooled probe trans- 
fe r red  i t s  energy to the cooling water, the temperature rise of which was measured. 

Coaxial Calorimetric Probe - The coaxial calorimetric probe was f i r s t  developed 
by Grey et uf (3). W. Fischer-Schlemm succeeded in reducing i t s  overall dia- 
meter from about 0.3 cm to 0.15 cm. 

A s  may be seen in figure 3-1-4, it  consists of three concentric thin walled tubes 
forming three ducts. 
o r  as a suction channel for measurements of stagnation enthalpy. 
ducts lead the cooling-water into and out of the probe. 

The central duct is used for  Pitot p ressure  measurements 
The two annular 

The in-going and out-going 
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water temperatures are measured by two thermocouples. A third thermocouple is 
used to  determine, from its temperature, the small amount of energy remaining in 
the gas. The mass of gas that passes through the probeina certaintime interval is 
determined by measurements of temperature and pressure  in a glass burette. 

To determine the energy of the gas sucked into the probe, the rise in temperature 
of the cooling water when no gas is sucked in, AT, I ,  is deducted from the tempera- 
tu re  rise when it is sucked in, ATwI I ,  taking into account the energy remaining in 
the gas, C.p. * T, . 
does not dlffer significantly and consequently whether gas enters the probe or  not. 
The stagnation enthalpy is then given by: 

This assumes that the flow about the exterior of the probe 

(Eq. 3-1-1) 

where: 

C, = specific heat of water 

C,, 

mw = mass  flow of water in unit time 

% 

T, stagnation temperature of gas 

= specific heat at constant pressure of gas at normal temperatures 

= mass of gas  sucked in during time At 

Perpendicular Calorimetric Probe - In the co-axial probe, discussed above, the 
cooling water is led to the probe tip and then returned. In the new perpendicular 
probe it passes the suction hole in one direction only (Fig. 3-1-5) and therefore 
needs only two concentric tubes instead of three; this allows the diameter of the 
probe to be made considerably smaller (0.1 cm in the present case). However, 
because the main axis of the probe is now placed perpendicular to the jet, the 
latter is perhaps disturbed more than by the co-axial probe, but the difference in 
the flow around the probe, with and without suction i s  now much smaller.  The 
probe may be used for Pitot pressure measurements also, provided the suction 
hole i s  properly machined. 

Injector Type Probe - The next step in the simplification of the enthalpy probe is 
to suck the gas sample directly into the cooling water. This is done by placing a 
baffle in the cooling water stream just ahead of the suction orifice in order to pro- 
duce the necessary suburessure (Fig. 3-1-6). 

Two thermocouples measure by difference the temperature r i s e  of the cooling 
water. This temperature rise results from heat transfer through the copper- 
walls of the probe as well as from the energy of the swallowed plasma. The tem- 
perature rise due to the latter by itself can be determined by deducting the tem- 
perature rise due to heat transfer through the copper walls. This can be  obtained 
by measuring the temperature rise in the water cooling of a second probe geomet- 
rically similar to the main probe, but without a suction hole, and isolated into the 
jet at the same position and tested under the same conditions. 

Part of the gas swallowed by the cooling water is separatedfrom the cooling water 
in a burette, while the remainder is dissolved in the water. A theoretical cor r -  
ection must be  made for  the latter. 
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COOLING WATER 

Fig. 3-1-5.  Perpendicular calorimetric probe. Diagram and photograph 

COOLING WATER GAS SAMPLE 
\ 

__ ( a )  -.-- 

-.__ THERMOCOUF'LE 

Fig. 3-1-6. Injector type calorimeter. Diagram and photograph 
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The stagnation enthalpy is now given by: 

using the additional expressions: 

AT,,, - 

ATW I l- 
Tw, I2 = 

Temperature rise of coolingwater of the injector type probe and 

of the probe without suction hole, respectively 

Temperature of cooling water during suction, taken at the position 
where no more heat transfer occurs 

= 

x&L = 

The mass of dissolved gas, mGL, may be calculated from: 

Gas accumulated in burette during t ime At 

Mass of gas dissolved in and removed per unit time by cooling water. 

&L = PoPBhW (Eq. 3-1-3) 

where: 

Po = Standard atmospheric density of dissolved gas 

PB = Pressure  in burette 

x = Technical solubility coefficient at temperature in burette 

The injector type calorimeter is unsuitable for Pitot p ressure  measurements. 

Test  Results and Derived Quantities 

Under the conditions of section 2.1 the radial distribution of the stagnation enthalpy, 
0.08 cm from the nozzle exit (Fig. 3-1-1), was determined by all three types of en- 
thalpy probes. Fig. 3-1-7 shows that the difference between the measurements ob- 
tained by the different probes never exceeded 30 percent. Since the a r c  discharge 
was not accurately reproducible, this may be considered a good result. 

At atmospheric pressure and with electric and magnetic fields absent the argon 
plasma under consideration should be in thermodynamic equilibrium. 
entropy-diagram including l ines of constant thermodynamic quantities may there- 
fore be  used in the subsonic case to derive graphically any thermodynamic quantity 
from the stagnation enthalpy, 
each probe position. The static pressure  is assumed to be constant throughout the 
jet and equal to the surrounding pressure.  From the static and stagnation enthalp- 
ies, the plasma velocity is given by the energy re1 a t '  ion: 

An enthalpy- 

Pitot pressure,  and static pressure measured at 

(Eq. 3-1-4) 

where w = plasma velocity and h = static enthalpy. 
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Fig. 3-1-8 
Radial distribution of temperature 
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As examples of derived quantities the radial distributions of static temperature and 
plasma velocity are given in figures 3-1-8 and 3-1-9 respectively. 

Conclusions 

The stagnation enthalpy and temperature distributions show that the atmospheric 
plasma jet may be  regarded as a hot core coated by a cooler layer. 
uniform plasma jet needed for wind tunnel purposes, a settling chamber with a 
second nozzle should be added to this plasma producing mechanism. 

Integration of Mass Flux and Energy Flux 

Denoting the plasma density by p , the mass and mergy fluxes are p w andp who, 
respectively. 
c ros s  section of the plasma jet, 

To obtain the 

The total mass flow, m, i s  obtained by integrating p w over the 

r i 1 = J p w d ~ = 2 n J p w r d r  
A r 

Similarly, the total power in the jet is given by: 

(Eq. 3-1-5) 

(Eq. 3-1-6) 

With h,, p ,  w all known as shown previously, and by graphical integration of equat- 
ions 3-1-5 and 3-1-6, the result may be compared with the corresponding directly 
measurable values. 

In the present case, the mass flow as calculated by equation 3-1-5 was 8.3 percent 
and 9.5 percent larger than the directly measured value of 1.59 g/s for  the coaxial 
and the perpendicular calorimetric probes respectively. Integration of the energy 
flux resulted in a total jet energy 0.5 percent and 7.5 percent larger than the dir- 
ectly measured value for the coaxial and perpendicular probes respectively. The 
measured total jet power was taken as being equal to the electric a r c  power supplied 
to the engine minus the heat lost by water-cooling the cathode and the nozzle, and 
the heat losses were determined from the water flow as measured using flow meters 
and the water temperature rise as measured using thermistors. 

Supersonic Plasma Jet Emerging from an Electrothermal Plasma Accelerator 

Apparatus 

For a long time the electrothermal a r c  jet engine was the only stationary a rc  dev- 
ice available for accelerating a gas to high velocities. Within that engine, the gas 
is heated by an electric a r c  at high pressure  with subsequent, preferably isentropic 
expansion to supersonic velocities by a de Laval nozzle. 

Figure 3-1-2 shows such an engine. 
shown in figure 3-1-1 except for the additional supersonic part of the nozzle. 
supersonic nozzle was designed using the method of Foelsch (5) to produce a uni- 
form parallel jet with constant static pressure within the whole jet. The nozzle 
throat andnozzle exit diameters are 0.3 and 1.8 cm respectively. In figure 3-1- 
10, the jet which was examined by aerodynamic probes in this study (4), i s  shown. 
The axial positions (0.25 cm and 5.5 cm from nozzle exit) where measurements 
of the radial distributions of some quantities were made, are indicated on the photo. 
The following operating conditions obtained throughout: 

It is essentially the same engine as that 
The 

t* 
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Fig. 3-1-10 Supersonic plasma jet with parallel stre!amlines 

Fig.3-1-11 Scheme of mass flu measurement 
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direct current 

a r c  voltage 

mass flow, argon 

static pressure within jet = pressure in 
surrounding vacuum tank 

Probes 

140 A 

32 V 

0.987 g/s 

3 T o r r  

Pitot Pressure  Probe - The impact tube used for Pitot pressure measurements in 
gas dynamics may also be used in plasma dynamics. 
cooling is necessary. 

If small  p ressures  a r e  met during the experiments, outgassing of long pressure 
leads, and thermal transpiration at high temperatures may cause e r r o r s  in Pitot 
p ressure  measurement. In the present case it was estimated that those e r r o r s  
were negligibly small. 

At probe Reynolds numbers below about 100 considerable viscosity effects are to b e  
expected. 
pressure  first decreases to a value some percent smaller than the theoretical Pitot 
pressure,  and then, after a minimum, it rises again to a value considerably above 
the theoretical. This 
effect is describedin detail by Potter and Bailey (6). 

The exact experimental determination of the Reynolds number in plasma flow is 
difficult. In the present case it was estimated to be  eventually smaller than 100. 
Thus it was necessary to  verify that the probe Reynolds number was not so small  
that e r r o r s  were introduced due to  viscosity effects. For that purpose the Pitot 
p ressure  distribution at one axial station of the jet was measured by two probes 
with nose shapes that were geometrically extremely different: essentially similar 
results were obtained, which means that viscosity e r r o r s  were not involved. 

Mass Flux Probe - The mass  flux may be measured directly by sucking gas into a 
small  auxiliary vacuum tank for a certain period of time (Fig.3-1-11). 
thispossible, thin-lipped, externally chamfered probe tips are used to meet the 
following requirements: 

(a) 
probe mouth and no more and no less must enter the probe. 

(b) The flow ahead of the probe tip must be undisturbed. 

In other words, the axisymmetric bow shock forming ahead of the probe should be 
swallowed by the robe duringsuction, leaving the oblique part  of the shock attached 
to the probe lips &ig. 3-1-11). 

The mass  of gas sucked into the probe during the t ime interval At i s  given by: 

For stationaryflow, water 

In this region, with decreasing Reynolds number the measured Pitot 

The e r r o r s  depend largely on the nose shape of the probe. 

To make 

The gas is contained in the s t ream tube, that has the same diameter as the 

% = p w  A, At (Eq. 3-1-7) 

where A is the probe tip area. 
temperdure rises in the auxiliary tank: 

m, may be determined from the pressure  and 

(Eq. 3-1-8) 
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Fig. 3-1-12 Mass flux probe during suction (above) and non-suction 
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I where: 

V = volume of auxiliary tank 

R = specific gas constant of cold gas  

I = pressure  and temperature, respectively, of gas in 

Tv, p v p n  n I auxiliary tank before and after suction 

T, = tank wall temperature e room temperature 

Equations 3-1-7 and 3-1-8 give: 

V . P n - P v  2 
RT, AP At At  p w  = (Eq. 3-1-9) 

Stationary Calorimetric Probe - The stationary calorimetric probe uses  the same 
principle as the coaxial calorimetric probe designed for subsonic atmospheric plas- 
m a  flows, as shown previously. It is shown in figure 3-1-13. 

A supersonic plasma jet is generally considerably larger than the jet described 
previously, and the probe diameter may therefore be  much larger also. Heat 
insulation can thus be  incorporated between two now separated coolant flows, the 
outer one protecting the probe, the inner one being used for the measurement. 
comparative measurement without suction (Eq. 3-1-1) drops out and the stagnation 
enthalpy becomes: 

The 

1 
(Eq. 3-1-10) 

With the bow shock swallowed by the probe, an interesting quantity, i.e. the energy 
flux, may also be  directly obtained by the measurement. 
lated to an area and is given by: 

It is an energy flow re- 

c, * m, AT, + CpG TOG - %/At s =  
A, 

so that from equations 3-1-7, 3-1-10, 3-1-11: 

(Eq. 3-1-11) 

(Eq. 3-1-12) 

Equation 3-1-12 is also valid for the subsonic case as shown previously. Thus one 
single probe meets all requirements for the measurement of four partially inter- 
dependent quantities, namely Pitot pressure,  mass  flux, energy flux, and stagnation 
enthalpy . 
Nonstationary Calorimetric probe - In some cases  this stationary calorimetric 
probe may suffer the disadvantage of the temperature rise of the inner coolant 
s t ream during suction, and this may lead to a wide scatteringof the measured 
results. 

A considerably larger temperature rise may be  obtained by replacing the inner 
coolant double tubing by one solid copper tube having mass m,.. . 
then be  stored up in the mass of copper instead of being carried away by the cooling 

I 

The energy will 
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Fig. 3-1-13 
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Fig. 3-1-14 Non-stationary calorimetric probe. Scheme 
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water. 
the flow through the probe may be called nonstationary. 

The increase in temperature of the copper, ATcu, can be determined by thermo- 
couple measurement, but as the temperature of the copper has a gradient with 
higher values at the probe tip, three thermocouples were imbedded into the copper 
tube. Stagnation enthalpy and energy flux (the latter only for the supersonic case 
and with bow shock swallowed) are then given by: 

As the temperature of the copper now increases with t ime during suction, 

(Eq. 3-1-13) 

and : 

L( CCU s *Tcu h c u  + C,G mc TOG) 
(Eq. 3-1-14) At mcu s =  

A, 

with Cc 

If the bow shock remains swallowed by the probe during the whole suction time, the 
probe may be used also for mass  flux measurement. 

Experimental Results 

Mach Number - Figure 3-1-15 shows Mach number profiles that were obtained 
from Pitot pressure measurements assuming that the static pressure  was constant 
over the jet. In the subsonic part  of the jet, the Mach number was obtained from 
the isentropic relation between Mach number, Pitot pressure, and static pressure. 
In the supersonic part  of the profile, the Mach number was derived from the Ray- 
leigh equation. 
out the jet, the Mach number distribution is only an approximation. 

Figure 3-1-16 shows the measurement described previously proving that the Rey- 
nolds number in the probe is large enough to avoid viscosity e r r o r s  in the inter- 
pretation of the Pitot pressure measurements. 

Mass Flux - The radial distributions of mass flux are plotted in figure 3-1-17. 
Close to the nozzle exit, distinct maxima occur at the jet boundary; these may be 
explained by the water cooling, which creates a cooler layer around the plasma 
flow within the nozzle. Because the pressure may be regarded as constant over a 
cross-section within the nozzle, the density is larger in that layer than in the core  
of the flow. At a distance of 5.5 cm from the nozzle exit, the maxima mentioned 
above have completely disappeared (Fig. 3-1-17). 

The influence of suction time on the pw-measurement i s  demonstrated by figure 
3-1-18 in which the ratio Ap/At (-pw, s ee  Eq. 3-1-9) is  plotted against the suction 
time interval. A certain mass of gas is contained in the probe and in  the tube 
leading from the probe to the electromagnetically operated valve that regulates the 
suction time. This gas is sucked into the auxiliary tank with the sample gas and 
causes positive relative e r r o r s  that a r e  inversely proportional to the suction time 
interval. From figure 3-1-18 it may be concluded that the suction time interval 
in the present case must exceed 25 seconds. 

Energy Flux and Stagnation Enthalpy - Radial distribution of energy flux, obtained 
f rom measurements with the stationary calorimetric probe by way of equation 3-1-11 

written for the specific heat of copper. 

Since the isentropic exponent was assumed to be  constant through- 
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are shown in figure 3-1-19. Figure 3-1-20 shows the corresponding radial dis- 
tributions of the stagnation enthalpy as calculated from the mean curves of figures 
3-1-17 and 3-1-19 (mass and energy fluxes respectively) by the aid of equation 3- 
1-12. 

With increasing distance from the nozzle exit the stagnation enthalpy in the centre 
of the jet remains essentially unchanged within the range of the present experiments. 
However, considerable enthalpy losses occur at the jet boundary within the same 
range. 

Up to now, the non-stationary calorimetric probe has been used only for rather 
crude experiments, for instance the temperature rise of the thermocouple in the 
central portion of the copper heat capacitor was taken as representative of the tem- 
perature rise in the whole of the copper tube. These experiments yielded enthalpy 
distributions about 40 percent below those obtained with the stationary probe. 
expected, the scattering of the plotted points was much less when the non-stationary 
probe was used instead of the stationary probe. 

Derived Quantities 

If thermodynamic equilibrium is applicable to the present supersonic case, the 
enthalpy-entropy-diagram mentioned previously can be used for the unambiguous 
determination of the remaining thermodynamic quantities. For the supersonic 
case, however, and with knowledge of the aerodynamically measurable quantities, 
p;; h,; p, pw, the graphical method becomes iterative. It is described in 
detail in (4) and consists essentially of the following steps: 

Estimate the total pressure, p, by using p, p; and the Rayleigh formula: this gives 
to a first approximation, the static conditions on the line of constant static press -  
ure in the enthalpy-entropy diagram, whence first approximations of enthalpy, h, 
and density, p , may be  read. 

Calculate by equation 3-1-4 the first approximation of the plasma velocity, w. 

Compare the f i r s t  approximation of p .w with the measured value (pw). 

Choose better approximations on the line of constant static pressure  in the neigh- 
bourhood of the first approximation until both become equal. 

For the present case, in the jet centre, the above method yielded a static tempera- 
tu re  of 1586"K, a stagnation temperature of 8200aK, a total temperature of 8400"K, 
and a Mach number of 3.724. The Mach number agreed well with the value derived 
from the Rayleigh formula for conditions in the centre of the jet shown in figure 
3-1-15 to be 3.67 ( y = 1.67). 

Strictly, at least within the de Laval part  of the nozzle, relaxation effects should be 
taken into account. 
freedom, for example, cannot equilibrate within the short t ime available to the plas- 
ma a s  it passes at high velocity through the nozzle, where the pressure  undergoes 
rapid decrease. An enthalpy-entropy-diagram cannot be designed in these circum- 
stances, nor should the equilibrium diagram be used. 

Fortunately, in this case, the temperatures were relatively low and the static 
pressure was relatively high. 
confirm that the values obtained using the equilibrium diagram were a good approd- 
mation. 

As 

The distribution of energy among the different degrees of 

The good agreement of the Mach numbers tends to 
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Integration of Mass Flux and Energy Flux 

After graphical integration of mass flux and energy flux following equations 3-1-5 
and 3-1-6, the comparisons described previously may be made: 

The integration yielded: 

(a) 
between -13.4 percent and + 10 percent. 

(b) 
well with some integrally measured ratios obtained earlier with similar engines 
at similar conditions. 

Mass flows differing from the integrally measured values by percentages 

Ratios of the jet power to the power supplied bythe electric arc that agree 

Plasma Jet Emerging from a Hall Current Accelerator 

Apparatus 

At present, the Hall current accelerator of which a recent variation is shown in 
figure 3-1-3, is the most promising and most intensively investigated electric a r c  
thrustor for space applications. It may be shown from theory that extremely high 
plasma velocities, e. g. more than 105 m/s (Hydrogen) may be achieved at extreme- 
ly low flow rates. 

Apart from some aerodynamic contribution, the main acceleration of the plasma with 
the Hall current accelerator is perfcrmedJy electromagnetic body forces given by 
the vector product 7 x 3, where j and B are the electric current density and the 
magnetic field strengthrespectively. The latter may be composed of the self-mag- 
netic and a superimposed external magnetic field. 
principle of this type of plasma acceleration may be found in (7). 

In the jets of the atmospheric plasma engine and the thermoelectric engine, electric 
currents and magnetic fields do not exist. In the free jet of the Hall current accel- 
erator, however, particularly close to the nozzle exit, considerable electric currents 
are present, and these interact with the two types of magnetic fields. 
3-1-21 shows schematically the geometric form of the electric stream lines ranging 
f a r  out into the free jet. 

It follows that, when aerodynamic probes are inserted into a jet containing electric 
currents, measurements made may depend on whether or not some current flows 
through the probe body. 
ends largely on the size and material of the probe. 

The measurements to be described were performed at the following conditions of 
the Hall current accelerator: 

A detailed description of the 

Figure 

.Furthermore, the behaviour of the electric current dep- 

electric current 800 A 

arc voltage with magnetic field present 46 V 

mass flow rate .22 g/s 

pressure  in the jet surroundings . 5 Tor r  

magnetic field strength produced by 2 coils in 
a typical point 1350 Gauss. 
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Fig. 3-1-21 Electric streamlines and magnetic lines in the jet from Hall current 
accelerator. Scheme 
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Fig. 3-1-22 Radial distribution of Pitot pressure, 17 cm from nozzle exit 
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Pitot Pressure,  Mass Flux, Stagnation Enthalpy 

The diameter of the jet was about 8 cm. 
diameters (1 cm at the mouth), that were needed at the low Reynolds numbers r e -  
sulting from the low densities. 

The radial distribution of Pitot pressure at a position 17 cm from the nozzle exit is 
presented in figure 3-1-22 to show the influence of the external magnetic field. 

Because of technical difficulties, no quantitative results could be  obtained from 
mass  flux and stagnation enthalpy measurements. 
however,, showed that the mass flux profile at this particular axial position should 
have been very similar to the Pitot pressure profile of figure 3-1-22, with external 
magnetic field present. 

Swirl 

Production of Swirl - Consider the generalized Ohms law: 

Probes could therefore have the large 

Qualitative measurements, 

. - c -  - 
E* = E + W X  B (Eq. 3-1-15) 

The above equation gives the direction of the force j X B. 
the plasma velocity should have the same direction. 

Now, t h e  second expression in the brackets of equation 3-1-15 is essentially a 
vector directed axially and radially, while the first t e rm is a vector with azimuthal 
direction. 
the range of action of the electromagnetic forces. 
firmed the existence of swirl  in the jet of their annular arc,  which was similar in 
principle though different geometrically from the Hall current accelerator. 

In order to verify experimentally-the existence of swirl  in the exhaust jet of the 
present engine, a suitable swirl probe was constructed. As in (a), it  was used to 
determine the local swirl angle between the axial and azimuthal components of the 
macroscopic plasma velocity. 

The acceleration and 

Consequently it may be  expected that some swirl is produced within 
Patrick and Powers (8) con- 

Then the swirl  angle CY is obtained from 

(Eq. 3-1-16) 

The radial component of the velocity is not of interest in this connection, but it can 
be assumed that i t  is small  at large distances from the nozzle exit. 

Swirl Probe - The swirl probe is a variation of the well-known aerodynamic yaw 
probe. 
1.6 cm diameter and 5 cm long in which two orifices of 0.2 cm diameter are 
located 1 cm from one end, their center lines forming an angle of 90’ where they 
intersect at the axis of the cylinder. 

Slip flow or transition flow deviations need not be considered since absolute press -  
ures are not measured. 
until the uressure differential between the two orifices is zero. 

Essentially it consists of an intensively water-cooled copper cylinder 

The swirl  angle is measured by rotating the cylinder 
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There was no evidence of any electric current passing through the probe. 
difference was observed in the non-insulated case when a great part  of the probe 
was insulated with boron nitride (Fig. 3-1-23). 
change in arc voltage when the probe was inserted into the jet. 

No 

Also there was no measurable 

Measurements - In figures 3-1-23 through 3-1-26 different symbols are used for 
different se t s  of experiments to demonstrate the repeatability of the results. 

Figure 3-1-23 shows the radial distribution of the swirl  angle, indicating that when 
w , is assumed constant the jet is rotating like a solid body. 

Figure 3-1-24 demonstrates that the swirl angle is proportional to the external 
magnetic field, B. 

Figure 3-1-25 shows the swirl angle growing very slowly with a r c  current in the 
interesting region of high currents. 

Figure 3-1-26 shows the swirl angle becoming smaller as the distance from the 
nozzle increases. 
to the nozzle. 

Radial Distribution of Axial Velocity as Derived from Swirl Angle and Spectroscopic 
Doppler Effect Measurements of the Azimuthal Velocity 

While measurement of the radial distribution of the axial plasmavelocity of a jet 
still presents difficulties using the spectroscopic Doppler 'method. Beth. et ~l (9) 
have succeeded in using this method to determine the radial distribution of the azi- 
muthal velocity. Knowing the swirl angle and the azimuthal velocity from (9), the 
axial velocity can be  obtained readily from equation 3-1-16. Figure 3-1-27 shows 
the results of such an evaluation, the radial distribution of the axial velocity being 
given at two axial stations. 
mentioned previously, except that the magnetic field was 1200 Gauss and one of the 
axial stations was 8 cm from the nozzle exit instead of 10 cm. 
these small  differences, interpolation corrections were made by the aid of figures 

Thus the swirl  seems to b e  produced essentially within o r  close 

The operating conditions were the same as those 

To account for 

3-1-24 and 3-1-26. 

Conclusions 

In all cases the probe measurements gave a swirl  direction consistent with the 
swirl  direction that is predicted by the first term in the brackets of equation 3-1-15. 
Reversing the direction of the external magnetic field should reverse  the swirl  
direction with the axial and radial acceleration remaining unchanged. 

Figure 3-1-27 shows that there is: 

(a) 
nozzle exit indicating that a significant part  of the axial velocity is developed a t  
a great distance from the nozzle; 

(b) 

(c) 

(d) 
velocity obtained from W ,  =F using values F = thrust and m =  mass  flow rate, 

as measured by Ungerer (10); from this i t  is assumed that the maximum velocity 
has been attained at a station 17 cm from the nozzle. 

A considerable increase of w between stations 8 cm and 17 cm from the 

A velocity minimum in the centre of the jet, 

A relatively uniform distribution of velocity a t  17 cm from thc nozzle, 

Excellent agreement between the measured axial velocity and the mean axial 

m 
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Because of the good agreement it may De concluded that no significant entrainment 
of ambient gas exists in this special case, otherwise m would be larger than 
Ungerer measured. 

Assuming that at the station of 17 cm downstream of the nozzle exit electromagnetic 
forces are no longer important, in other words that an essentially constant distri- 
bution of static pressure has developed over the jet  radius, an interesting conclusion 
regarding the radial temperature distribution may be drawn from two independent 
measurements. 

i A maximum Pitot pressure measured in the centre of the jet (Fig. 3-1-22) 
at constant static pressure signifies a peak in the Mach number distribution. 
Because M = !!- with M and a written for the Mach number and the sonic 
speed respectively, and because WF;: const. (Fig.3-1-27), it follows that 
both a and the temperature are at a minimum in the centre of the jet. 

With the first measurements of p w indicating a maximum in the centre of 
the jet (see section 4. 2), and w being approximately constant (Fig. 3-1-27), 
p also must be  a maximum. With p assumed constant and p exhibiting a 
maximum, the temperature in the centre of the jet  must be a minimum. 

The deduction that there is a minimum in the temperature distribution at 17 cm 
from the nozzle has been further supported by a photograph showing that the jet 
has a relatively darkconewhen compared with the brighter outer regions. 
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thrust of Plasma accelerator 
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power 
pressur e 

Pitot pressure,  meaning p, for subsonic and 
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specific gas constant 
jet radius 
enerLy flux 
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time 
volume of auxiliary vacuum tank 
ve lo city 
downstream coordinate, with origin a t  nozzle exit 
swir l  angle 
isentropic exponent 
technical solubility coefficient 
cyclotron frequency 
density 
electrical  conductivity 
collision time of electrons 
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Cu copper 

G gas 
J jet 
L dissolved 
P probe 
R room 
W water 

n, v conditions in auxiliary vacuum tank after and kfure suction, respectively 
total 

I r, p, z cylinder coordinates 
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Fig. A3-1-1 Mass flow probe. Scheme 
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Fig. A3-1-2 Total enthalpy probe. Scheme 
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Commentary A on Chapter 3-1 

Aerodynamic Probes for the DVL Low-Density Arc Tunnels 

M. Fiebig, K. Kindler. 

Introduction 

The DVL arc tunnels have been designed for the study of low density flows of high- 
temperature and high-Mach number. Typical operating conditions for the tunnels 
are (1): 

stagnation temperature ( K )  

Mach number 5 < M  < 1 5  

3000" < To < 10 000 " K  

static pressure (Tor r  ) 10-3< p < i o  

Aerodynamic probes have been designed fo r  profile measurements of mass  flow 
total enthalpy and pitot-pressure in the free jet test section. In the following the 
main design features and measurement cri teria for the probes will be discussed. 

Mass flow Probe 

A cross-section of the mass  flow probe is shown in figure A3-1-1. The outer probe 
diameter is 20 mm, the entrance diameter 9 mm. The high a r c  jet temperatures 
make a cooled probe necessary. The inlet design is of special interest. To f i x  the 
probe's capture area to i ts  lip in a low-density, high Mach number flow it is necess- 
a ry  to design an  entrance lip which possesses cylindrical symmetry and which is 
also symmetrical  about the lip itself, (2). Therefore a 15"half-angle blunted 
double wedge has been chosen for the lip, the radius of curvature of the blunted lip 
being 0.2 mm. Even when the front shock is swallowed by the probe an  unsym- 
metrical  wedge for the lip geometry is not sufficient to force the stagnation s t ream-  
line to the tip of the lip, as an attached lip shock cannot be established at low 
densities, high Mach numbers and high temperatures. In a high Mach number low 
density flow the shock stand-off distance cannot be neglected, as the high stagnation 
temperature will erode any sharp  lip to a blunted one. If an unsymmetrical lip 
design is chosen the finite shock stand-off distance will lead to a flow field where 
the probe's capture area is not identical with the nominal entrance area of the probe, 
and the exact capture area cannot be determined. For small  probes an uncertainty 
of the capture diameter of a few tenths of a millimeter will result  in an Uncertainty 
of the mass flow on the order  of 10 percent. 

The low static pressure in the free jet test section necessitates large cross-sectional 
area tubing and a vacuum pump which operates down to 10-4 T o r r  at  a capacity of 
200 m3/h. The mass flow can be measured continuously by metering the mass flow 
pumped from the vacuum tank with turbometers and monitoring the prcssure and thc 
pressure and temperature history of the vacuum tank. The mass flow through tllc 
probe is determined either from the conservation mass flow through the system or  
from the energy flux through the vacuum tank. 

Total Enthalpy Probe 

The principal difference between the total enthalpy and the mass flow probe lies in 
their cooling system, (Fig. A3-1-2 ). The geometry of the gas-sampling clinllwl 
is identical for both probes. 

Extreme care has been taken to insulate the outer and inner cooling systems. The 



330 

Fig. A3-1-3 Pitot pressure probes 

Fig. A3-1-4 Triple probe selector 
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outer cooling system has the sole purpose of cooling the outer probe structure. 
The inner cooling system should absorb all  the heat energy from the gas that enters 
t h e  probe. To achieve this purpose while allowing for continuous measurements of 
the total enthalpy, the inner and outer cooling systems a r e  insulated by stagnant 
gas. The stagnant gas in the probe's head stems from the hot free stream while 
the stagnant gas in the main body of the probe s tems from room-temperature am- 
bient air. The stagnant ring of hot gas i s  designed s o  that the free s t ream stag- 
nation streamline terminates within the stagnated gas region. This facilitates 
separation of the heat flow from the outer and inner gas flow to the outer and inner 
cooling system. The capture a rea  itself does not enter the total enthalpy calcula- 
tions. A ceramic o r  synthetic insulator se rves  as heat resistance between the hot 
and cool stagnant gases. 

To establish the heat balance for the sampled gas flow, which determines the f ree  
s t ream total enthalpy, water inlet and outlet temperatures and sampled gas tempera- 
ture are measured a t  the same axial position at  the r e a r  of the probe. In addition 
the water flow ra te  and gas mass flow have to be monitored. To avoid any heat 
flow between the two cooling systems and to achieve the water temperature r i s e  for 
exact determination of the heat balance, the water flow rates can be adjusted. 
Because the inlet areas of the mass flow and total enthalpy probe are identical, 
comparison of the measured mass flows gives information on the location of the 
stagnation ring for the total enthalpy probe. 

Pitot Pressure Probes 

Both the mass flow and total enthalpy probe can be operated as impact pressure 
probes. In addition a se r i e s  of impact pressure probes of different geometry have 
been designed to determine low Reynolds number effects on impact pressure meas- 
urements. The viscous effects on the probe measurements change with the external 
geometry of the pitot probe. Therefore flat-nosed and hemispherical probes were 
investigated. The diameters of the three water cooled probes were 15  (4) mm, 
10 (3) mm, 5 (2) mm. The values in brackets are orifice diameters. The con- 
dition for reasonable response time limits the probe size. The time lag for the 
smallest  probe of the pressure system (Fig.A3-1-3) was below five minutes in the 
range of 1 to 10 mm Hz. 

Further one must study the effect of orifice-to-probe diameter ratio. A s  shown in 
(3), in low density flow, this has a remarkable influence on the measured impact 
pressure.  For  changing the orifice-to-probe diameter ratio, short tubes with 
different bore holes were inserted into the probe orifice. 

The probes were mounted on a triple probe selector shown in figure A3-1-4. By 
this probe holder three probes could be tested in a given flow. The two lateral 
probes were interchangeable, e. g. for mounting mass flow, total enthalpy o r  pitot 
probes of other shapes. 

Pltot Pressure Measurements 

Impact pressure measurements a t  low Reynolds numbers require to take into acc- 
ount viscous effects for data reduction. To determine these viscous effects probes 
of different diameters are used to establish the Reynolds number effect. 

Considerations of (3) concerning the correlation parameter have shown that in 
hypersonic flow Re, - is a reasonable parameter to avoid Mach number 

dependance of the data. If the pressure ratio of the measured and inviscid pitot 
pressure % is plotted as a function of the free s t ream Reynolds number Re, 

4 ;I 
Pt 2 1  
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MEASURE TO INVISCID 
PITOT PRESSURE 

0 A B  BAltEV(1962) 42<M,4137, 2900°K~T~L43000K 
0 J L POTTER and AB BAILEV(1963) 37<M,<71, 1300°K~T,~29000K 

K KINDLER (1967) 10 6-Mr13 8 ,  320O0K~TI~520O0K Pt 21 

0 

I . . . ' '  . ' ' * - . . . . . a  - . I 
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REYNOLDS NUMBER BEHIND VERTICAL SHOCK TIME Re& SQUARE ROOT OF DENSITY RATIO ACROSS THE SHOCK P ,  

Fig. A3-1-5 Relationship of pressure ratio and Reynolds Number 

MEASURED NOZZLE THROAT 
PITOT PRESSURE DIAMETER 6mm 

NOZZLE EXIT 
DlAMET€R 913mm 
MASS FLOW RATE 

PRESSURE 1775mmHg 

-50 -10 -30 -20 -10 0 IO 20 30 10 50 
RADIAL DISTANCE FROM NOZZLE AXIS r lmml 

Fig. A3-1-6 Pitot pressure profiles of one arc jet 



333 

this ratio increases with increasing Mach number. 

In a flow with an axial Mach number gradient the influence of varying shock stand- 
off distance has to be eliminated before the measured data can be interpreted. If 
the Mach number is increasing axially a larger pitot p ressure  will b e  measured 
with probes having a larger shock stand off distance. 
by taking into account the variation in shock stand off distance can be  seen from 
figure A3-1-5. 
ered in (3), (5). 

Figure A3-1-5 shows a decreasing pressure  ratio with decreasing Reynolds num- 
be r s  to about R e , F  f 50. This behaviour is caused by two effects: viscous 
and rarefaction effects. The decrease of the pressure  ratio accounts for the vis- 
cous effects in the shock layer predicted by theoretical studies (6), (7), (8). The 
increasing pressure  ratio is caused by additional rarefaction effects on the shock. 
The shock thickness and stand-off distance increase and we get more and more the 
pressure  ratio behaviour of low Reynolds number subsonic flow. 

Pitot Pressure Profiles 

The correction which results 

The axial pressure  gradient was neglected in (4), but was consid- 

P l  

Two pitot p ressure  profiles of the same a rc  jet are shown in figure A3-1-6. The 
measurements were taken with different diameter probes by rotating the tr iple 
probe holder. The explanation of the differences in the two profiles may be  as 
follows: 

If probes of different size are inserted into the a r c  jet it can be' expected that the 
flow ra te  pumped from the test  chamber is changed. This effect should be pron- 
ounced when the distance between probe and diffusor inlet is relatively short. Any 
obstacle in the test  chamber should increase the static pressure of the chamber. 
The test  conditions for the jet figure A3-1-6 were that static pressure,  calculated 
from isentropic relations using settling chamber pressure and pitot pressure, is a 
factor of two lower than the pressure sensed with the probes a t  the jet boundary. 
This latter pressure  corresponds to the test chamber pressure.  Hence, the static 
pressure in the outer part  of the jet will be pressed upon the jet by the test  chamber 
while the test  chamber pressure will not influence the hypersonic jet core. The 
jet core pitot profile is, therefore, insensitive to probe size.  The edge of the jet 
will have a decreased Mach number due to compression from the test  chamber; this 
in turn gives r i s e  to the peaks in the pitot pressure profiles. The test chamber 
pressure will be slightly higher for the larger probe than for the smaller probes; 
hence the peaks in the pitot pressure profiles will be more pronounced for the 
larger probe because a slight variation of test  chamber pressure can cause a large 
pitot pressure rise a t  the edge of the jet core. 
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Commentary B on Chapter 3-1 

V. Sprengel 

I am myself working with the type of C O - ~ a l  calorimetric probe developed by Grey, 
and I wish to question whether the teflon cylinder used by the author as heat insula- 
tion in his stationary and non-stationary probes is adequate in view of the small size 
of the gas samples sucked in, which make very small  changes to the measured 
temperature of the coolant water flows. 

As shown in figure 3-1-4 there is in the Grey probe only one single coolant circuit 
for  cooling both the outer surface and the inner, calorimetric one. 
between this probe and the stationary probe is that two measurements must be made, 
one with and one without suction of the sample. With suction the heat transfer to 
the coolant flow is increased just by the enthalpy of the gas sample. 
the conditions of flow at the probe tip remain the same for both of these measure- 
ments, the stagnation enthalpy can be obtained in this  way, with the advantage that 
a possible transfer of heat to the inner flow of coolant is compensated for. 

If the same principle is adopted for the author's stationary and non-stationary 
probes, the difficulty of insulating the inner coolant from the outer coolant can be 
evaded. A second measurement without suction would indicate just what that add- 
itional heat f lux  is. Alternatively, would it be possible to replace the teflon cylin- 
der by a vacuum in a simple manner, so as to obtain more effective heat insulation? 

When blunt or chamfered probe t ips are used for measuring stagnation enthalpy a 
further problem is to know where thestagnationpoint is, when the resulting shock a t  
supersonic flow is sucked into the probe. 

With the Grey probe, it is assumed that both the shock and the stagnation point are 
located in front of the probe tip. 
the probe must be  sensitive enough to measure limited temperature changes. 

The exact location of the stagnation point is of great interest, precisely because it 
is the stagnation enthalpy that it is necessary to measure. 

The difference 

Provided that 

The suction must therefore be not too strong, and 
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3-2 

Etude experimentale d'une couche limite 
laminaire figee avec rbaction catalytique a la paroi 
G. LASSAU et E.A. BRUN 
Laboratoire d'Abrothermique, C. N. R. S. Meudon, France 

Summary 

During the re-entry of a vehicle into the atmosphere, the components of the air 
undergo a transformation across  the shock wave because of the marked increase in 
temperature. 
but in the vicinity of the wall the temperature is lower; chemical equilibrium no 
longer exists, the reaction time being too large in comparison with the residence 
time in the boundary layer. 
erally the wall hasacatalytic effect on the reaction rate that is sufficiently big to 
re-establish equilibrium state. 

Experimental evidence of the catalytic effect of the f l a t  wall parallel to the flow on 
the concentration in the boundary layer is given. The theory shows that from the 
concentration profiles in the layer, the wall concentration can be obtained. 

A gas flow in a metastable state is obtained f rom a low pressure a rc  in nitrogen. 
flat plate is placed in the plasma jet. 
effect of the plate. 

Concentration curves a r e  obtained by three different methods: 

1. 

One may assume that there is an equilibrium flow in the shock layer, 

Along the wall the gas is in a metastable state. Gen- 

A 
The luminous phenomena show the catalytic 

By means of an enthalpy probe giving the activated nitrogen concentration in 
the boundary layer; 

By injecting a carbide in the activated nitrogen and studying the luminosity; 

By mass  spectrometry of cyanhydric acid. 

2. 

3. 

The three methods give similar results. 

Sommaire 

Lors de la rentrhe des engins dans l'atmosph&e, les composants de l'air subissent 
une transformation 5 la travers6e de l'onde de choc, par suite de la forte 616vation 
de temp6rature. On peut admettre qu'il existe un 6coulement en equilibre dans la 
couche de choc mais, au voisinage de la paroi, la temperature s'abaisse;. 1'6quil- 
ib re  chimique n'existe plus, la constante de temps de la reaction etant tres grande 
devant le temps de sejour des gaz dans la couche limite. 
long de la paroi, un gaz dans un etat metastable. 
effet catalytique qui rend la vitesse de reaction suffisamment grande pour retablir 
l'6tat d'ikpilibre. 

Un ecoulement de gaz dans un 6tat metastable est  obtenu par un a rc  
ion dans de l'azote. 

Nous aurons donc, le 
Genbralement, la paroi a, un 

basse press -  
La lum- Une plaque plane est  plac6e dans le jet de plasma. 
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Fig. 3-2-1 La concentration parie'tale donn6e par la relation universelle 

PAR01 DE LA SOUFFLERIE 

ENTREE DE CEAU 

. .  1 

SORTIE DE (EAU---.. 

Fig. 3-2-2 La tuyhre refroidie en cuivre pur, qui constitue l'anode 
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inosit6 du ph6nomkne montre l'effet catalytique de la paroi. 

Les courbes de concentration peuvent &e obtenues de trois facpns differentes: 

1. 
couche limite; 

2. 
obtenue; 

3. 

Les  trois methodes donnent des rhsultats voisins. 

par une sonde d'enthalpie donnant la concentration en azote act$ dans la 

par injection d'un carbure dans l'azote active et en etudiant la luminositd 

par spectrometric de masse de l'acide cyanhydrique. 

Introduction 

L'6tude des rhactions catalytiques dans une couche limite laminaire es t  justifihe 
par diverses applications. De telles &actions interviennent notamment dans 1' 
e'chauffement des  capsules spatiales au cours de leur rentrhe dans 1'atmosphk-e. 

Lors  de cette rentree (l), les composants de l'air subissent, par suite de la forte 
e'le'vation de tempdrature, certaines transformations g la travers6e de l'onde de 
choc (dissociation, formation de NO, ionisation). L'hquilibre chimique depend de 
la vitesse et de l'altitude. 

Au voisinage de la paroi, la temperature subit au contraire une diminution rapid:, 
mais le gaz ne prend pas  en chaque point 1'6tat thermodynamique correspondant a 
l'bquilibre chimique, car  le temps des  reactions est grand devant le temps de 
sbjour des gaz dans la couche limite. 
etat metastable. 

Cependant, en gGnbra1, la paroi a un effet catalytique qui rend la vitesse de &act- 
ion suffisamment grande, au contact m@me de la paroi; il y aura  a lors  dans la 
couche limite, non seulement un transfert de chaleur, mais encore un transfert  de 
masse, puisque la concentration n'est pas  la mCme aux deux fronti6res de la couche 
limite. 

Nous nous attacherons ici au problsme des  relations entre la diffusion d'un constit- 
uant et sa production ou sa destruction su r  une paroi placee dans un e'coulement. 

On trouvera dans les refthence$ (?) 2 (20) les travaux thhoriques effect& 
sujet. 
les profils des concentrations pa r  une mdhode d'inthgration g6ne'rale des  hquations 
de la diffusion et par  une rhsolution analogique de c e s  equations. 
distribution des concentrations pari6tales rhduites ap ne dhpend que d'une variable 
Z d6finie par: 

L a  couche limite est alors form6e de gaz en 

ce  
Dans une publication precedente (20), il a 6t6 montrb que l'on peut conngt re  

En outre, la 

z = 2,98 D s2'3 J+ = 2,98 D s2'3 R,1'2 

Dans cette formule: 

(Eq. 3-2-1) 

S repr6sente le nombre de Schmidt, rapport de la viscositd cindmatique 
v ?i la diffusivite massique D 
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D es t  le nombre de Damkzhler catalytique, difini par l'expression: 

o t  k, et ki sont les  vitesses de la  r6action chimique directe et inverse. 

Ainsi i l  existe u n e  relation universelle qui donne la  concentration parietale relative 
en fonction de 2 (Fig. 3-2-1) ce  qui en t rdne  une relation entre x et Z. 

Bien entcndu, pour trouver I'expression num6rique de ces profils et  de ces distri- 
butions, il  f aut introduire dans les  6quations, Ies valeurs des grandeurs qui car -  
act6risent la r6action. 
I C s  coefficients cin6tiques de la rCaction catalytique de l'azote atomique su r  une 
plaque, soit: 

Le but de c e  travail est  de d6terminer experimentdement 

N + N + P a r o i  N, + Paroi. 

Nous somnies partis  d'un Gcoulement fig6 d'azote atomique, obtenu ?I basse pression. 
La basse pression a pour effet d'augmenter considirablement les dimensions de la 
couche liniite (5 cni d'6paisseur 
suite,d'y faciliter l es  mesures de gradient de cpncentration. 
u res  de t en ip th tu re  et  de pression sont t r &  delicates du fait de la  rar6faction du 
gaz . 
Nous allons d6crire d'abord l'appareillage utilise' pour obtenir un Gcoulement d'azote 
5 basse pression, partiellement dissoci6, ensuite les dispositifs de mesure des 
concentrations en azote atomique. 
p'zr trois mdtliodes diffirentes concordent entre eux et vkrifient la th6orie signalee 
ci-dessus. 

RBalisation d'un Je t  de Plasma ?t basse Pression 

la distance x = 7 cm du bord d'attaque) et, par 
Par contre, les mes- 

Nous verrons enfin que les resultats obtenus 

Soufflerie 

Les  mesures ont &e' effectuges dans la soufflerie S R  2 du laboratoire d'A6rother- 
mique du C.N.R. S. 

Le groupe de ponipage es t  
pour une pression d'aspiratipn comprise entre 50 et 500 microns de mercure. 
caisson d'expirience a un debit de fuite de l 'ordre de 1 t o r r .  1s-1. 
qui peut 6tre atteint est  de l 'ordre de 5 microns de mercure. 

Nous avons diminui le gradieni de vitesse longitudinale dans le jet en pJacant le 
point d'aspiration des pompes a un me'tre environ de la sortie de la tuyere. 
garde ainsi une section sensiblement constante. 
charge non n6gligeable qui divise le dhbit d'aspiration au niveau du caisson par un 
facteur 3. 

Nous rappelons brisvement s e s  caract6ristiques (21). 

deux &ages. I1 fournit un d6bit volumique de 3 m3s-1 
Le  

Le  vide limite 

Le  jet 
Ce long tube introduit une perte de 

Obtention de l'azote atdmique 

Un 6coulement d'azote est  chauff; par un arc electrique. 

La tuy'kre, en cuivre pur, est refroidie par une circylation d'eau; elle constitue 
l'anode; sa section au col est de 11 mm et son dia-metre de sortie es t  de 80 mm 
(Fig. 3-2-2). 
barreau de cuivre pur refroidi par une circulation d'eau (Fig. 3-2-3). 

La cathode es t  un barreau de tungstene tho& emmanche sur  un 
L'ensemble 
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est isold de la masse suivant le montage de la figure 3-2-2. 

L'arc est aliment6 par une batterie pouvant donner jusqu'i 2 000 amp6res sous 120 
volts. 
Une resistance refroidie est  incorporge dans le circuit pour stabiliser l'intensitk du 
courant (22). La  difficult6 principale es t  le refroidissement au col. Une double 
chemise permet d'obtenir un meilleur 6change thermique dans cette r6gion. 
autre part, un champ magn6tique d'un dixisme de tesla es t  produit par une bobine 
centree su r  l'axe du jet (22); il a pour r8les de faire tourner l ' a rc  et de restrein- 
dre les  dimensions de 1'6coulement au col (22), (23); ainsi, nous avons pu fonction- 
ner avec la t u y h e  pr6c6demment d6crite sans aucune usure du col durant plusieurs 
semaines. 

Des instabilite's d'arc peuvent apparaltre apr& un certain temps de fonctionnement; 
elles disparaissent lorsque l'on augmente ou diminue la distance entre Glectrodes. 
Ce phe'nomdne peut s 'interprgter par une augmentation de la r6sistance de surface 
de l'anode, o?I se forment des nitrures de cuivre. 
distance entre electrodes ont peu d'influence sur la puissance dissipee dans l 'arc 

Un g6n:rateur haute frgquence, plack en skrie, permet d'amorcer l'arc. 

D' 

Cependant, ces vyia t ions  de la 

(23). 

Le  jet de plasma 

Le jet de plasma ainsi obtenu es t  cylindrique. 
ment jusqu'8 une distance de l 'ordre de 10 cm en aval de la tuysre, puis il devient 
constant et &gal 'a 14 cm. 

La &action catalytique est dtudide sur  une plaque plane d'acier, refroidie par une 
circulation d'eau et plac6e dans la partie cylindrique du jet, entre la t u y b e  et le 
conduit d'aspiration des  pompes; le  convergent du conduit es t  refroidi par une c i r -  
culation d'eau. 

Le  debit massique total d'azote inject6 est  de 4, 5 10-4 kg. s-l. 
le caisson est  a lors  de 200 microns de mercure. 
sous une tension de 60 V; celle de la bobine, de 600 A sous une tension de 20 V; 
on obtient ainsi une temperature dans le jet voisine de 2 000°C. 

Mesure des Concentrations 

Mesure par le spectrographe de masse 

(a) 
faible puisqu'a basse pression et 3 haute t6mperature. 

Le spectrographe de masse est le seul moyen d'analyse qui soit adapt6 i ces  faibles 
densites; cet appareil ne ne'cessite en effet, qu'une pression totale des gaz de 
l 'ordre de 10-5 mm de mercure. I1 res te  la difficult; de transporter les gaz dans 
le spectrographe de masse sans modifier leur Bat. 
pas  en Bquilibre chimique dans 1'6coulement: sa concentration est sup6rieure a la 
concentration 'a l'equilibre et, mBme si un tel Gquilibre existait dans l'&coulement, 
le refroidissement au cours du trajet dans la sonde conduirzit ?I une concentration 
nulle au niveau du spectrographe de masse. 
atomique instable en un corps stable avant tout transport 'a l'endroit meme 03 l'on 
veut que l'analyse soit faite (24) (25). 

(b) On sait que les carbures d'hydrog'ene donnent, avec l'azote actif, des com- 
p o s & ~  'i base d'acide cyanhydrique et des t races  de radicaux C N et de gaz cyano- 
g h e  C,NZ. 
instantanee. 

Le diambtre du jet augmente legkre- 

La pression dans 
L'intensit6 de l ' a rc  es t  de 230 A 

L e  melange gazew que nous avons 1 analyser a une masse.vo1umique t r &  

Or, l'azote atomique n'e@ 

I1 faut donc transformer l'azote 

L a  reaction (26) est sgfisamment rapide pour Btre consid6r;e comme 
L'id6e est de faire reagir l'azote atomique avec l'hydrocarbure, puis 
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lERE ENTREE EAU 
,ERE ENTREE REFROIDISSEMENT TUYERE 

GAZ I I 
SORTIE EAU 

UNGSTENE THORIE 

- 

EAU ENTREE 

2EME ENTREE 1 ' 2 EME ENTREE EAU 
GAZ REFROIDISSEMENT 'IUYERE 

Fig. 3-2-3 La cathode refroidie qui es t  isole'e de la  tuyere 

Fig. 3-2-4 La sonde, utilisee d'abord, avec une chambre placee 
en arrikre de l'entrbe 

I -  - .  

Fig. 3-2-5 Lasonde, finalement utilisee, de quoi 
l e s  gaz s e  melange en dehors 

UU 
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de transporter les produits stables dans le spectrographe de masse. 

La sonde utilis&e, 0; s'effectue la &action, es t  en quartz: ce  matgriau, qui a une 
constante de rkaction catalytique t r& faible et un coefficient de rayonnement not- 
able, ne fond pas  dans l'&oulement, alors que la  surface d'un barreau d'acier non 
refroidi bout en moins d'une minute. 

Dans un premier dispositif, l'hydrocarbure 6tait introduit (Fig. 3-2-4) dans une 
chambre placde en a r r i b e  de l'entrke de la sonde. Avec cette g&om&trie, nous 
n'avons pu observer aucune formation d'acide cyanhydrique dans le spectrographe 
de masse. Ce resultat ktait Cru au fait que, les gaz rargfiks ayant une viscositi 
cinbmatique t r h  grande, la vitesse dans le tube d'entr6e de la sonde est faible, et 
l'azote atomique a le temps de s'y recombiner avant d'entrer en contact avec le 
c arbur e. 

La sonde que nous avons finalement employ6e est reur6sent6e su r  la figure 3-2-5 : 
les e z s e  m6langent endehors de lasonde,et l'on prdlkve, der r ie re  cette zone, une 
fraction de gaz stable que l'on analyse dans le spectrographe de masse. 
diminuer le temps de rGponse, l e  gaz 5 analyser est aspir6 par une pompe a vide; 
le spectrographe est  branch6 entre cette pompe et la sonde. 

(c) 
isation s'accompagne d'une cassure  d'un certain nombre de molfxules, de sorte 
que des  pics parasites apparaissent dans le spectre obtenu. 
pas  avoir de compose's autres que l'acide cyanhydrique de masse molhculaire 27. 
La  plupart des carbures donnent l'ion C, H?j qui a prkciskment la masse mole- 
culaire 27. Mdme l'ace'tylkne de masse 26, donne un certain pourcentage de mold- 
cules de masse 27, par suite de la recombinaison de mole'cules d'ace'tylkne avec 
des atomes d'hydrogsne provenant du craquage. 
seul le m6thane ne donne pas le pic vingt-sept parasite. Le spectre obtenu 5 l'aide 
de l'azote actif et  du methane pre'sente en outre, le pic 26 ncgatif, que l'on attribue 
d des ions CN-provenant de la de'composition de H C N. (Fig. 3-2-6). 

Dans ces conditions, la concentration molaire en azote atomique (nombre de moles 
d'azote atomique/nombre de moles total) sera obtenue en faisant le rapport de la 
somme des hauteurs des pics 26 (C N) et  27 (H C N) % la somme des hauteurs des  
pics 26 (C N), 27 (H C N), 28 (N,) et de la moiti6 de la hauteur du pic 14 & l a  
dissociation de N,. 
tion des atomes d'azote provenant de la dissociation de N, dans le spectrographe 
de masse est 6gale 'a 0,08 fois la concentration de N,. 

(d) La  sonde a d'abord kt6 plac6e au milieu du jet, c'est-;-dire dans la zone 
de concentration maximale. Pour e t r e  sdr que tout l'azote atomique aspirc par la 
sonde a rdagi avec le mdthane. nous avons Qtudi6 comment variaient les concentra- 
tions d'azote atomique mesurkes, en fonction de la quantit6 de mkthane injectke 
dans la sonde, lorsque toutes l e s  autres conditions restent 6gales. 
fait la mesure dans les conditions de concentration maximale (au centre du jet, en 
l'absence de plaque). On voit, su r  la figure 3-2-7, que, dans ces  conditions, pour 
une concentration de methane aspire supdrieure 'a 40%8,le pourcentage d'acide 
cyanhydrique mesure' ne varie plus. 

Le  spectrographe travaillant 5 pression constante, l e s  mesures seront d'autant plus 
pre'cises que la proportion d'azote et d'acide cyanhydrique dans le mblange s e r a  
plus 6lev6e. 
aire 'a la transformation compl'ete de N en H C N (4O'kdu melange). Ceci correspond 
'a une injection de methane de 40 mm3 s-1  rapport6 a w  conditions normales. 

P?ur 

Dans le spectrographe, les molkcules 5 detecter sont ioniskes. Cette ion- 

L'essentiel es t  de ne 

I 

L'expe'rience nous a montre' que 

Dans les conditions expgrimentales employe'es, la concentra- 

On a d'abord 

On a donc int6r6t 5 travailler avec le dbbit minimal de CH, nbcrss- 
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SPECTRE DE LPZOTE MDLECULAIRE SPECTRE DU METHANE 

SPECTRE DE L'AZOTE MOLECULAIRE SPECTRE DE L ' k O l E  MOLECULAIRE 
ET DU METHANE DE L'AZOTE ATOMIOUE ET DU 

METHANE ' 

Fig. 3-2-6 Les  spectres des coniposks obtend 5 l'aide de l'azote et  du methane 

2 5 7. 504 75% ICHJ 100% 
m 

Fig. 3-2-7 La concentration d'acide cyanhydrique niesur; en fonction de l a  
concentraion me'thane aspirB 
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Cette m6thode a l'avantage de fournir une valeur absolue de la concentration mass- 
ique, ou mieux du titre massique, en azote atomique dans le m6lange. 
maximale es t  0.15. 

Mbthode optique 

La rbaction dont nous avons dejh parl6: 

Sa valeur 

N + C H 4 + H C N + ~  3 H, 

est  lumineuse et peut t t r e  uti l isie pour doser l'azote atomique par une mdthode 
optique (27). Si la concentration en C pH4 est  suffisante, on peut consid6rer que 
1'Bnergie rayonnee est proportionnelle a la concentration en azote atomique (28). 

L a  sonde employee est  un tube de quartz d'axe perpendiculaire 'a la plaque. On 
distingue parfaitement 2 l'oeil nu une t r e s  forte coloration bleue au point d'injection 
du methane. 
par contre, une injection d'ammoniac donne une coloration orangge. La  coloration 
bleue est  donc associe'e a l'apparition d'acide cyanhydrique. 
scopique prouve que ce sont les bandes CN qui donnent cette coloration (28). 

Pour mesurer l'intensite' lumineuse de la rGaction, on forme, su r  un photomultip- 
licateur, l'image de la re'gion voisine de la sortie de la sonde. 

plasma sur  l'axe optique du syst'eme. 
dans le rayonnement requ par le photomultiplicateur, la part  due i la r6action 
chimique est plus grande. I1 faut donc que l'intensith I,? obtenue sans injection de 
m&hane, soit petite devant l'intensit6 I obtenue avec l'injection. 
convenablement la zone spectrale, nous avons pu obtenir un rapport I/I, de l 'ordre 
de 6. 
en azote atomique, la concentration relative a est donnee par l'expression: 

On observe la msme coloration bleue avec tous les hydrocarbures, 

L'analyse spectro- 

, 
, I1 faut cependant noter que l'on int'egre ainsi la lumi'ere bmise par tout le res te  du 

L a  mesure sera d'autant plus precise que, 1 
En choisissant 

Si l'on admet que l ' imission lumineuse es t  proportionnelle i3 la concentration 

I - I, 
I m -  I, 

a =  

0; 1,es.t l'intensitb lumineuse de r6f6rence pour 1'6tude de la couche limite (inten- 
sit6 lumineuse pr i se  en dehors de la couche limite). 

Cette m6thode a l'avantage de ne nikessiter que l'emploi d'un tube de quartz, pour 
injecter le gaz et d'un appareillage optique simple. 

Mgthode calorimgttrique 

(a) 
domes .  

du gaz, 5 la concentration en azote atomique (2). 
du gaz aussi ponctuellement que possible et mesurer la quantiti de chaleur qu'il 
peut transmettre 5 une paroi froide. 

En principe, les sondes employbes (29) (30) (31) sont constitu!es de tubes concen- 
triques. 
transmet son Gnergie calorifique 'B de l'eau qui circule autour du tube. 
thermocouples permettent de connartre l'e?e'vation de tempbrature de l'eau. 

L'inergie de dissociation de l'azote est  libe'rde lo r s  de la recombinaison des 
En mesurant la quantitk de chaleur due d ce%e recombinaison pour une 

I masse donnie d'azote, on peut remonter, si l'on connait la tempe'rature et la vitesse 
I1 faut donc prelever une partie 

On aspire un certain dbbit massique par le tube interieur, et le gaz 
Des 
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Fig. 3-2-8 La sonde cnlorin16trique refroidie par deux circulations d'eau 
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En mesurant les  dt?bits d'eau et de gaz aspirb, ainsi que les  temperatures de l'eau, 
avec ou sans pompage dans la sonde, on peut, par diffbrence, en d6duire le flux de 
chaleur r e p  par la face interne de la sonde. 

@) La  sonde, ici employbe, es t  refroidie par deux circulations d'eau (Fig. 3-2- 
8). 
moins ponctuelle; le d i amh-e  de la sonde Teste encore acceptable, compte tenu 
de l'epaisseur de la couche limite dans cet ecoulement de gaz rar6fi6. 

Dans le circuit exterieur, le dt?bit d'eau est  t r s s  grand; ainsi l'616vation de tern- 
perature de l'eau est  trzs faible. Dans. le circuit intGrieur, le dkbit d'eau est  
faible, ce qui permet, m6me pour un t r e s  faible apport de chaleur en bout de sonde, 
d'avoir une diffbrence appr6ciable de temperature aux extr6mit6s de ce  circuit 
d'eau. L'arrivee de l'eau est commune aux deux circuits; de ce  fait, la temp&-a- 
ture  de l'eau res te  pratiquement identique dans les deux circuits jusqu'; l'extremit8 
de la sonde et la perte thermique est  fortement r6duite. 

Pour estimer les Qchanges thermiques entre les circuits d'eau, q e AT,  nous avons 
track, pour un flux de chaleur donn6, l'bnergie resue par l'eau du circuit int&ieur, 
en fonction du dkbit d'eau q 
au-dessus de q e = 5cm3 s-f, le produit q .AT est constant: l e s  pertes calorifiques 
sont donc negligeables au-del; de ce  dkbit d'eau. 

(c) 
peuvent apparaitre dans le circuit de mesure, on op&e de la manigre suivante. 
Avant chaque mesure, on augmente le d6bit dans le circuit interieur de telle man- 
i'ere que les thermocouples d'entrbe et de sortie soient 2 la meme temperature, et 
llon regle alors le voltmktre de mesure z6ro. 

(d) Par des calculs approch6s (32) (33), nous avons montr6 que le flux de chal- 
eur transmis es t  proportionnel B la concentration en azote atomique sans qu'il y 
ait lieu de tenir compte du flux de chaleur transmis par d'autres m6canismes (con- 
duction, rayonnement, etc.). Si 6 es t  le flux de chaleur mesure par le courant 
d'eau en un point de la couche limite et 6, ce m h e  flux hors de la couche limite, 
la concentration relative sera: 

L'existence de cette double circulation Bpaissit la sonde et rend l'analyse 

dans ce  circuit. On voit, s u r  la figure 3-2-9, que, 

Pour ki ter  les e r r eu r s  dues aux diff6rences de potentiel parasites qui 

6 a, = - a03 

(e) 
a r r6 t  faite dans le tube int6rieur. 

Cette methode a l'avantage de s'accompagner d'une mesure de Dression d' 

Result ats 

R6sultats concernant le jet sans plaque 

Nous avons mesure les  v a r i a t i y s  des  flux de chaleur relatifs et  de la pression d' 
a r r6 t  le long du jet de plasma a l'aide de la sonde thermique. 

Nous avons porte, su r  la figure 3-2-10, les variations de la pression cinetique en 
fonction de la distance 5 l'axe et  cela pour diverses distances a la sortie de la 
tuykre. 
faible nombre de Reynold:, 5 un nombre de Mach voisin de llunitd, et ?i une tem- 
perature de 2 OOO"C, a 6te estimke infgrieure h 10 % dans les conditions de 
l'exp6rience (34). 
ce  fait est  confirm6 par l a  forme cylindrique du jet. 

On vient de voir prkc6demment que le flux de chaleur capt6 par la sonde est 

L'erreur commise en mesurant la pression d'arr&t d'un Qcoulement h 

La  variation longitudinale de la pression d'arr6t est  faible; 



3 48 

Fig. 
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Fig. 3-2-11 La comparaison des reTsultats donnBs par l e s  trois methodes diffcrentes 
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proportionnel h la concentration en azote atomique. La variation longitudinale de la 
concentration est  faible, ce qui correspond H 1' hypothese d'un e'coulement fige'. 

Le  gradient longitudinal de concentration qui existe est dii & la diffusion de l'azote 
atomique. En effet, on peut faire le bilan du flux de masse qui sor t  de la surface 
ferm6e dGfinie, d'une part, par l e s  sections circulaires situbes a 180 mm et a 
340 mm de la t u y b e  et, d'autre part, par la surface, supposbe cylindrique et de 
rayon Re, limitant le jet. 
ique dans le jet, 

I 
I 

I 
On a, en supposant une distribution de vitesse parabol- 

x2 Re 
2 n R e D . f  (s)x dx = 0 J 2 n a l ( R ) . u  (R) .RdR (Eq. 3-2-2a) 

X1 

(Eq. 3-2-2b) 

(aa/aR), et [al (R) - a2 (R)] sont calcul6s 5 partir  des courbes expgrimentales de 
la figure 3-2-10. 

On v6rifie 2 10 % prks que les deux membres de l'equation 3-2-2 son ideniiques. 

Ce r6sultat montre que le plasma reste 5 1'6tat fig6, ce  que justifie d'ailleurs la 
comparaison du temps de recombinaison de l'azote atomique en ph?se homogene, de 
l 'ordre de la seconde et du temps de parcours, de l 'ordre du millieme de seconde. 

RBsultats d'exploration de la couche limite 

On a mesure' par les trois mgthodes, les profils de concentration relative. 
e r r eu r s  d'expe'rience prks, ces  diff6re'ntes m6thodes donnent- le m6me r k u l t a t ,  ce  
qui justifie les hypotheses faites pour les mesures d'intensite lumineuse et pour la 
sonde thermique. 

I 

Aux 

I 
Les  re'sultats sont port& sur  la figure 3-2-11. Les  viscosit6F cingmatiques dans 
les nombres de Reynolds qui figurent en abscisses sont calculees 'a partir  de la 
temp6rature moyenne dans la couche limite (12OO0C), tandis que celles qui dgfin- 
issent les paramktres des  courbes sont calculies 'a partir  de la tempirature de la 
plaque (50OOC). 

On d6termine une valeur de la concentration pari6tale en extrapolant l e s  profils de 
la couche limite jusqu'?i la paroi. Ceci est justifib par la quasi-liniarit6 de ces  
profils au voisinage de la paroi, lin6arit6 pre'vue par la th6orie. 

On constate alors que le flux de masse 5 la paroi (da/dy)p est proportionnel i la 
concentration parietale relative ap. 
es t  du premier ordre. 

Confrontation avec la thgorie 

L'expression de Z en fonction de la concentration paribtale ap permet donc d'etablir 

(Fig. 3-2-12). Cela prouve que la r6action 
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la relation entre R et Z. On trouve-ainsi que z es t  proportionnel2JR x, et cela, 
comme le montre le tableau suivant, a une precision de 6 (81 

720 0,0095 0,280 3 26,9 0 , l l  

310 0,013 0,425 197 17,6 0,095 

171 0,015 0,525 122 1 3 , l  0 ,092 

La  valeur du rapport Z 
ance du nombre de Dam gR ghler, si l'on se donne le nombre de Schmidt. 

Exemple d'application 

Si l'on veut obtenir la valeur de la constante k,, car k, e,st nul, 2 partir  du nombre 
de Damkghler, il faut connaitre la vitesse U, et la temperature du plasma. 

Pour d6terminer ces  grandeurs dans un jet, nous avons notre disposjtion c e r t d n s  
r6sultats: le d6bit massique total m, la distribution des pressions cinetiques et des  
concentrations. 

Aymt op6r'e avec une plaque en acier et une temp6rature moyenne dans le jet  de 
plasma d'environ 2 OOO'C, on trouve,, dans le cas de S = 0,5, 

conduit alors, d'apr& 1'6quation 3-2-1, i la connaiss- 

k, = 45 m.s-I 

et, d m s  le cas de S = 0, 7, 

k, = 3 5 m . s - I  

C'est l 'ordre de grandeur de la vitesse de re'action qui correspond i un tel cas, 
obtenu par Coulard (2) 5 l'aide d'une sonde thermique plache dans un 6coulement 
hyper sonique. 
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List of Mathematical Symbols 

a 

D 

D 
I 

kd 

k i  

U2 

R 

Rx 

S 

T 

U, 

X 

Y 

Z 

U 

* 
1, 2 

P 

00 

max 

e 

concentration.massique, rapport de la masse volumique de l'azote atomique 
5 la masse volumique de l'azote atomique h l'ext6rieur de la couche limite, 

coefficient de diffusion, 

nombre de DamkEhler catalytique, b = ki + kd 

intensit6 lumineuse, 

constante de la &action catalytique directe, 

constante de la r6action catalytique inverse, 

d6bit d'eau dans la sonde thermique, 

rayon du jet, 

nombre de Reynolds xUoo/u, 

nombre de Schmidt : rapport du coefficient de viscosite' cinhmatique au 
coefficient de diffusion, 

temperature, 

vitesse, 

abscisse longitudinale, 

abscisse verticale, 

variable mathematiwe d6finie par Z = 2,98 D S 2/3/Rx , 
coefficient de viscosit; cingmatique, 

flux de chaleur recueilli par  la sonde thermique. 

section droite du jet d'abscisse x1 et  x2, 

se rapporte 'a la paroi, 

se rapporte ?t l'ext6rieur de la couche limite, 

se rapporte au centre du jet, 

extCieur du jet. 

UCO 
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Commentary on Chapter 3-2 

F. von Burger 

Pour !es problBmes de la rentr6e des satellites dans l'atmosph&e il faut bien 
connaitre l 'koulement au voisinage de l'engin et surtout dans la couche limite. 
Un des phbnom'enes importants es t  la recombinaison des  gaz dissoci6s dans la 
couche limite et l'effet catalytique de la paroi. 

L'gtude thborique de ces problGmes a 6th faite par M. Lassau et  d'autres auteurs 
cit& dans ce papier. Ici, M. Lassau et M. Brun verifient experimentalement les 
rdsultats de la th6orie par  l'etude de la recombinaison de l'azote atomique sur une 
paroi dans un Qcoulement 'a basse pression. 

On peut faire quelques remarques s u r  les probl&nes particuliers ?i la-c?uche limite 
et su r  les questions th6oriques: par exemple, cet ecoulement a-t-il deja la nature 
d'un Qcoulement de glissement 7 @ant 
mots concernant les m&thodes de mesure. 

Pour ceux d'entre nous qui ne son tpas  familiarises avec ces  probl€!mes, il p a r g t  
6tonnant qu'on puisse atteindre un ecoulement fig&, 2 000°C suffisamment stable 
dans la veine d'essais, 'a une pression aussi  basse. 

A cette basse pression et  ayec un aussi  faible nombre de Reynqlds, l,es exp6ri- 
mentateurs atteignent une epaisseur de couche limite presque egale a la longueur de 
la paroi jusqu'au point de mesure; ces conditions permettent la mesure des profils 

la coucte limite avec des sondes de  quartz; elles ne  fondent pas  d a n ~  cet 
ecoulement a 2 OOO°C car leur coefficient de rayormemen: est  
et le coefficient de convection dans cet gcoulement est tres faible. 

Je voudrais demander ?i M. Lassau de nous dire: 

moi, je voudrais seulement dire quelques 

peu pr& egal un 

d'une part, quelques mots sur le dispositif de la figure 3-2-4: comment la 
vitesse de  l'bcoulement peut-elle diminuer ainsi dans ce tube de 10 mm de longeur, 
malgrb l'aspiration, pour que le temps de transfert  soit de l 'ordre de la seconde? 

d'autre part, avec la methode chimique, vraiment ingdnieuse, on mesure un 
rapport de  la masse N a la masse totale du mdlange de 1 5  96 
est-ce la masse totale d'azote ou est-ce le mdlange d'azote avec le methane? Ceci 
pour connaitre le rendement de l ' a rc  blectrique. 

La sonde d'enthalpie de diamgtre de 15 mm n'est-elle pas trop grande par rapport 
3 l'epaisseur de la couche limite, bien que ce diamztre soit necessaire pour aug- 
menter la sensibilite par  la double circulation d'eau d6jB propos6e par Grey? 

Enfin, peut-on biter les perturbations provoqu6es dans 1'6coulement par la sonde 
en rdglant l'aspiration 'a l'int6rieur de la sonde? 

En conclusion, les auteurs ont obtenu des  f6suitats presque identiques avec t ro is  
methodes de mesure diffirente:, ils ont verifie la formule thdorique et montre que 
le nombre Z est proportionnel a/fl X .  

M. Lassau 

Le libre parcours moyen calcul6 avec les donn6es physiques de l'&oul$ment est de 
l'ordre de un millimgtre, c'est-;-dire que la zone de glissement est tres faible 
devant les dimensions de la plaque. 

Ce melange, 

I 
I 

i 

i 

i 
I 

I 

i 
i 

i 
I 
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I1 est certain que l'aspiration est un moyen de diminnuer les perturbations crk6es 
par une sonde, mais ce proc6d6 ne peut &re utilise dans nos essais. 
dbbit d'un gaz r a r h i  5 t ravers  une canalisation de faible diamktre, et dont la 
longueur est celle de la soufflerie, est fonction de la conductance du tube, soit, 
dans le cas prksent, de l 'ordre de un l i t re  par seconde. 
un de%it suffisamment grand dans la sonde pour atteindre, avant l'injection du 
mbthane, une vitesse de l 'ordre du centimktre par seconde. 

L a  dimension des sondes peut p a r a h e  importante, mais elle est de l 'ordre de 1/5 
de 1'6paisseur de la couche limite. On sait que l'on trouve les profils de Blasius 
avec une sonde de diamktre extgrieur de 2/10 de mm dans une couche limite de 1 
mm d'bpaisseur . 
L'6coulement, bien que subsonique, es t  fig6 car  nous sommes 'a un nombre de Mach 
voisin de 0,8 et 5 basse pression, 200 microns de mercure.  
le rapport du temps de recombinaison chimique au temps de parcours de l'azote 
atomique est de l 'ordre de 103, c e  qui implique le figeage. D'autre part, les 
variations de la concentration dans le jet libre montrent qu'il n'y a qu'un phe'nom6ne 
de diffusion et non de recombinaison en phase homogene. M6me dans la couche 
limite, les profils exp i r imen tau  sont des  profils dus 5 la diffusion et non des  
profils tenant compte de la recombinaison en phase homogkne; ces profils ont un 
point d'inflexion. 

Enfin, la concentration de 0.15 est le rapport de la masse de l'azote atomique 'a la 
masse totale (azote atomique + azote molkula i re )  contenue dans un e'le'ment de 
volume de 1'6coulement. 
Sur la figure 3-2-7, puisqu'il s'agit de  contrsler l'avancement de  lareaction, o n a  
port6 le rapport de la masse de l'azote atomique 5 la masse totale dans la zone de 
rkaction (azote atomique + azote mol6culaire + m6thane). 

En effet, le 

On ne peut donc aspirer 

Dans ces conditions, 

Ceci conduit 2 un rendement de l 'ordre de  50 %. 
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3-3 

Sonde de temperature pour deoulement a haute 
enthalpie 
D. GAUTROT 
Office National d'Etudes et de  Wcherches ABrospatiales. Chatillon Sous Bagneux - 
France 

Summary 

The stagnation temperature of combustion gases is determined by means of a chrom- 
el-alumel thermocouple which can be cooled by an airflow. The rate of temperature 
increment is recorded during the brief duration of non-cooling. From this record, 
the equilibrium temperature is determined with an analogue computer. The time of 
measurement is about 1 second. 

Sommaire 

La  dgtermination de la temperature d'arret dans les gaz i ssus  de foyers de com: 
bustion est faite au moyen d'un thermocouple chromel-alumel pouvant &tre refroidi 
par  un courant d'air. On enregistre la montee de temperature pendant le temps 
tr& court O?I le refroidissement est interrompu., Un calcylateur analogique det- 
ermine, ?i partir  de cet enregistrement, la temperature d'equilibre. Le  temps 
necessaire % la mesure est d'environ 1 seconde. 

Introduction 

Parmi les p a r a m h e s  fondamentaux qui regissent les lois de l'aerothermodynam- 
, ique, la temperature des gaz est une grandeur essentielle h laquelle il est  toujours 
difficile d'avoir acc8s. 
stallation de combustion interdisent toute introduction de sondes thermodlectriques 
classiques. 

D'autre part, si la mesure de la temperature moyenne est fondamentale, i l  appara?t 
que la distribution du champ thermique est tout aussi  importante. Aussi est-il de.  
premiere importance de mesurer des temp6ratures locales afin de d6finir un 
gradient de temperature dans une direction donn6e. 

Principe 

Consid&rons un thermocouple chrom,el-alumel dont une des soudures (soudure 
froide) est thermostatde a une temperature connue (0°C par exemple). 
qu'au temps t = 0 la soudure chaude soit plongee dans un milieu a la temperature 
To. L 'exgr ience  montre que, sous certaines conditions, la reponse electrique 
du thermocouple suit une loi exponentielle, ainsi que l'indique la the'orie. 

En effet, soit m la masse de la jonction, c sa chaleur massique. Au temps t la 
temp6rature de la jonction est T et  le bilan thermique permet d ' k i r e :  

La  haute enthalpie et la vitesse de ces  gaz dans une in- 

Supposons 

m c d T  = h s @ , - T ) d t  

ou h est le coefficient de convection et S la surface de la jonction soumise au flux 
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1 thermique. On a aussi: 

hs dt dT 
To - T = F C  

En posant - mc - - 8 et en intbgrant, il vient (condition initiale) : pour t = o T = 0 hs 

Il apparg t  immddiatement que deux effets thermiques ont &te' negliges: pertes par 
rayonnement de la soudure et per tes  par  conduction le long des fils. En fait, les 
conditions expgrimentales permettent de reduire ces  per tes  'a une valeur negligeable 
par l'emploi d'une sonde ?i col sonique: le col de la sonde joue le r61e d'ecran vis->- 
vis des parois; ' d'autre part, l'emploi de fils fins soumis su r  une grande longueur 
au flux thermique ri'duit l es  pertes par conduction. 

Dgfinition du cycle 

Les  approximations faites etant justifiees, considhrons 'a nouveau le thermocouple 
plong6 brusquement au temps t = 0 dans un milieu 0; la tempdrature To peut &re 
sup6riew-e au point de fusion des materiaux constituants. 
montre que le thermocouple n'atteindra pas  immediatement cette tempkrature To. 
Supposons en outre que nous soyons capables de le refroidir 'a partir  du moment 0% 
il aura  atteint une temp6rature T, , temp6rature suffisamment 6lev6e pour pouvoir 
enregistrer un arc d'exponentielle exploitable de T =TfS T = T, et suffisamment 
basse pour &iter la destruction du thermocouple. 

La  loi exponentielle 

t 
De T = To (1 - e- 3 ) on dkduit: 

dT 
dt T, = e - +  T 

Cette 6quation diff6rentielle montre que la temp6rature du gaz To est la somme de 
la temperature instantan6e et du produit de la constante de temps de la fonction par 
la derivee de la loi de mont6e. 

I1 faut remarquer que la constanke de temps n'est pas  une constante enag6n&ral: 
elle est li6e au coefficient de convection qui d6pend des  conditions g6neratrices 
amont, donc de l'installation d'essai. 

L'expdrience montre qu'il est licite de la cons idhe r  comme un invariant au cours 
de la montde en temp6rature de T =Tf?4 T = T, mais qu'elle doit h e  calcul6e 
chaque experience. 

L'arc d'exponentielle fournissant toutes les donn6es n icessa i res  5 l a  de'termination 
de To le calcul analogique en permet l'extrapolation. 
exploitable il faut-en outre un organe de commande qui permet de cycler la sonde 
comme montre' figure 3-3-1. 

RBalisation pratique du cycle 

Ceci est pratiquement rhlise' de la faqon suivante: la sonde est preced6e d'une 
Blectrovanne qui commande le refroidissement de la jonction par jet d'air dgs que 
celle-ci atteint la tempdrature T, , choisie 'a 1000°C; le refroidissement cesse  

Pour que la me'thode soit 
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lorsque la jonction atteint une tcmp6rature T, choisie 2 20OoC. Ces valeurs ont 
ktE choisies pour respecter les imp6ratifs suivants: 

bonne tenue du thermocouple, 

refroidissement suffisant du couple dans l'intervalle de temps t, - t, qui 
doit e t re  IC plus court possible, puisque aucune mesure n'est possible au cours de 
cette pkriode, pour un &bit d'air donnk, 

intervalle de temps t,,, - to suffisamment long afin de pouvoir extrapoler 

Cela est  d'autant plus critique qu'unphhomkne transitoire apparaR pendant 

temps de rkponse pneumatique de la sonde: gaz chauds et  air de refroidiss- 
ement s'kcoulent alternativement et axialement dans la s?nde: le temps qui s'e'coule 
entre Ics deux amorqages du col constitue ce temps de reponse. 

(Pc)c = 0, 868) entrainant un hchauffement plus rapide du chromel que de l'alumel. 

Il faut donc exclure du calcul analogique cette phriode transitoire. 

Commande du Cycle de  la Sonde. Etalonnage en Tension 

l ' a rc  d'exponentielle. 

environ 100 ms. Son origine rCsulte des elements suivants: 

16g'cre difference de masse thermique entre le chromel et l'alumel (le rapport 

oi\ 

Le rBle de I'organe de commande e s t  double: il doit e t re  capable de commander 
1'6lectrovanne suivant un cycle, il  doit en outre donner l 'ordre au  calculateur d' 
effcctuer lcs opdrations su r  1'6quation differentielle afin d'extrapoler la valeur To. 

Cet enscnible comprcnd: 

un amplificateur continu de gain 100 qui 618vc le signal issu du thermocouple 
2 une valeur exploitable. C'est l'amplificateur d'entrGe, l'ensemble du systGme 
blcctronique travaillant 5 partir de la tension de sortie de cet amplificateur. 

un trigger de Schmitt changement automatique de seuil qui declenche le 
rclais de commande de 1'6lectrovanne d'air lor,sque le thermocouple atteint 1000°C, 
soit 4 , l  V 5 la sortie de l'amplificateur d'entreq et qui l'enclenche lorsque le 
thermocouple atteint 2OO0C, soit 0,81 V i la sortie de l'amplificateur d'entree. Ces 
deux seuils sont en outre re'glables manuellement. 

Les mises au point, r6glages e t  etalonnages en tension peuvent etre effectues sans 
thermocouple p d c e  P un simulateur de sonde. ll s e  compose essentiellement d'une 
source basse tension, alimentant un double circuit RC commutk par le relais du 
trigger. 

Coup16 s u r  l'amplificateur d'entree, ce circuit kmet un signal exponentiel analogue 
5 celui de la sonde, signal dont on peut r6gler lavaleur asymptotique pa r  le niveau 
de la tension d'entree (analogie avec la temperature To) et la constante de temps RC 
par re'glage de R (analogie avec e). 

Aimi  commut6, l'organe de commande fonctionne automatiquement, comme un 
sy&me bou& dent l'amplificateur d'entr6e constitue la chahe de contre-r6action. 
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Traitement Analogique du Signal 

Wrivation. 

L a  derivation du signal constitue un 616ment fondamental du calcul puisque, en plus 
de son r8le dans l'gquation diffGrentielle, elle permet le calcul automatique de la 
constante de temps. 

L a  rBsolution du proble'me des parasites dans un circuit de d6rivation constitue la 
difficult6 principale. 
doit &tre Blectriquement t rk s  pur et  toute modulation parasite doit Ctre 6vit6e. 
montage de la figure 3-3-2 a donne entikre satisfaction. 

Un tel systkme est dkrivateur dans la bande de frcquence 0 - 10 Hz ce  qui est  
suffisant pour le signal de sonde; ce  montage permet en outre de r6duire l'induct- 
ion a 50 Hz. 

DGtermination de la constante de temps 

L a  constante de temps d'une exponentielle se dgfinit par: 

En effet, la d6riv6e traduisant la pente du signal, celui-ci 
Le  

dT 
dt 
- 

l e 1  = 

Pour l'analogie ilectrique, la difficult6 apparg t  imm6diatement: le calcu! de la 
d6riv6e seconde est t r e s  difficile, voire impossible pour des ph6nom;nes a varia- 
tions temporelles rapides. 

On peut neanmoins tourner cette difficult; en ramenant le calcul de 0 
temps. 

La  figure 3-3-3 montre la courbe: (C,) dt = f e). 
Soit (C,) une courbe affine de (Cl) d6finie par un rappoft k constant, k < 1. 
partir  de l'instant t, (ce qui exclut du-calcul le ph6nomene transitoire) consid6rons 
le niveau de tension atteint repr6sente par  l'horizontale coupant (Cl) au temps t,. 

On peut Qcrire: 

celui d'un 

dT 

A 

1 En simplifiant et en passant am logarithmes: t, -tl = R Log r; d'o; 0 = A (t2-tl) 
avec A = [Log k ]  -' A est le coefficient analogique de la constante de temps. 

I1 es t  donc-possible 

Ce calcul est effectuk Glectroniquement de la faFon suivante: 

la rapport'k est simul6 par  un potentiomdtre. Au temps t, le nivrau de 
tension atteint par  (C,) est mis en memoire dans une capacitk. Simultanbmcllt un 
chronom6tre iournissant une caract6ristique lin6aire tension-temps est  e~ lc l e~~chE .  Un 

partir  de la mesure de l'intervalle de temps t,-t, de diduire 
e .  



362 

Fig. 3-3-3 Calcul de la constante de temps 
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mplificateur opbrationnel effectue alors la difference de tension entre (C,) et 
l'horizontale. Cette difference est transformge en un cre'neau rectangulaire dans 
un amplificateur travaillant en tout ou rien qui, par l'intermbdiaire d'un relais, 
arr@te le chronomktre au temps t, dont la tension de sortie proportionnelle ?i t,-t, 
donc a 0 est mis  en mbmoire. 

La n6cessitb d'un signal d6riv6 non parasite apparait clairement: le chronomktre 
btant arr&tb au moment o'u les deux courbes se coupent, toute modulation parasite 
transforme le retour au z6ro de l'amplificateur tout ou rien en une variable al6atoire 
et affecte fortement la pr6cision du syst'eme. 
a t e rmina t ion  de l'asymptote 

I1 s'agit tout d'abord du calcul du produit 0 ctt puis de la somme 0 - + T. 

Le produit 0 cEt s'effectue dans un multiplicateur 5 cre'neaux dont le principe est 
le suivant: les signaux rectangulaires fournis par un multivibrateur sont modul6s 
en hauteur par une des variables et en largeur par l'autre. L'int6gration du signal 
rbsultant est proportionnelle au produit des deux variables. 

Ce multivibrateur oscille g 5 kHz ce qui permet une bande passante de 200 environ. 

Ce produit est additionne' dans un amplificateur op6rationnel avec le signal instantan6 
fourni par la sonde. 
sion proportionnel ?i To. 

On profite de la periode de refroidissement de la sonde pour effacer les signa- 
mis en m6moire. 

La  schema analogique de l'ensemble est represent6 figure 3-3-4. 

I1 rbsulte de c e  qui prbcgde que l'acquisition de To se manifeste dans l'intervalle 
de temps t, -t,. Pratiquement, le temps de mont6e entre T, et T, doit &re  au 
moins de 400 ms. 

Le temps de montee &ant evidemment fonction de 0 et de To il 
la jonction du thermocouple so': massive. Les  essais qui ont ete-effectyes avec. 
des jonctions de  3 mm de diametre permettent des temps de montee superieurs a 
400 ms. dans les cas  les plus critiques, faible 0 et haute temp6rature. 

Technologie de la Sonde. R i d t a t s  Obtenus 

La  sonde 2 col sonique uti l isie mesure la temp6rature d'arr& de 1'6coulement. 
Technologiquement, la sonde se presente de la faqon suivante: le thermocouple 
chromel-alumel est isole 
lequel sert de conduit a l'air de refroidissement de la jonction (Fig. 3-3-5). 
est pulse sous une pression surpassant de 3 ba r s  environ la presston d'?rr& au 
droit de la sonde. 
quelle un debit d'eau sous une pression de l 'ordre de 11 bar s  assure le refroidisse- 
ment et, gr?ce a la conductibilite thermique du cuivre, une b0Me tenue thermique. 
Afin de bhe f i c i e r  d'une constante de temps de la jonction suffisamment grande, 
m@me lorsqu'elle est soumise 5 des  flux thermiques importants, le dimetre de la 
soudure, approximativement spherique, est de 3 mm. 
compromis qui permet l'obtention de temps de montge compatibles avec la vitesse 
de calcul sans exiger de g r a d e s  dimtnsions pour la sonde. 
par soudure de chromel et d'alumel a laquelle on rapporte une perle d'alumel car 
l'alumel poss&de une chaleur massique superieure 5 celle du chromel. 
thermocouple ont un dimidre de 0,62 mm. 

dT dT 
dt 

dT 

On obtient % la sortie de cet amplificateur un niveau de ten- 

ne'cess-+-e que 

l'aide d'une perle d'alumine et place dans un tube central 
L'air 

L'ensemble est entour6 d'une gaine en cuivre a l'interieur de la- 

Cette grandeur est un 

La jonction est r6alisie 

Les  fi ls  du 
On e'vite ainsi les pertes par conduction. 
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SORTIE .THERMOCOUPLE 
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VERS L’ATMOSPHERE 

Fig. 3-3-5 Sonde et son circuit - Sch6ma 
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Cette sonde a d'abord 6t6 utilis6e dans un bcoulement supersonique 'a Mach 2. 
pression d'arrbt etait de 3 b a r s  et la temp6rature suivant les essais comprise entre 
llOO°C et 14OO0C. 
it& theoriques de la mdthode, a n6anmoins permis de  definir une sonde, de det- 
erminer sa tenue mbcanique et thermique et de tester l'electronique. 

Dans les conditions pr&itbes, le temps de mont6e en temp6rature est de l 'ordre 
d'une seconde, ce qui conduit 5 un point de mesure toutes les 2 secondes environ. 

D'autres essais sont actuellement effect& h 20OO0C et au dela, essais qui permett- 
ent de montrer la bonne tenue de la sonde. Ces  essais doivent d'autre part, ddfinir 
les limites d'application de la m6thode. 

Les enregistrements se presentent sous la forme donn6e par  la figure 3-3-6. Dur- 
ant l'intervalle de temps t,-to on obtient une image de la loi de mont6e en temp6ra- 
ture. 
elle se presente sous forme d'une tension nulle. Au temps t, la tension de sortie 
de l'amplificateur sommateur passe brusquement une valeur dont la grandeur es t  
proportionnelle h l'amplitude To. L'horizontalite du palier ainsi obtenue permet 
en outre la v6rification du bon fonctionnement de l'ensemble: toute e r r eu r  sur  la 
loi de montde (variation de To ou de 0 pendant la mesure) entraine une distorsion 
du signal de sortie. 

Actuellement, les e r r eu r s  estimees sont de l 'ordre de 3% au niveau du calculateur 
6lectronique. Les comparaisons que l'on a pu effectuer entre la temperature 
calculee et  celle determinee par le bilan thermique de l'installation entrainent 
des e r r eu r s  de l 'ordre de 5% 

Ces  essais sont conjugue's avec l'dtude de la d6termination de la diriv6e seconde. 
Si cette m6thode s'av&e fructueuse le champ d'application se t r o u v p a  hlargi.  I1 
est en effet possible, dans ce cas, d'extrapoler plus vite, tout systeme s6quentiel 
dans l'blectronique &ant supprimd. 

Corre'lativement l'6tude du dbplacement de la sonde dans l'icoulement, de'placement 
li6 au cycle, est entreprise. 

Si ces 6tudes aboutissent on peut esp6rer la mesure de temperatures locales dans 
un ecoulement 3 30OO0C, mesures sinon absolues, du moins comparatives. 

RBf 6r ences 

1. Von Burger-Scheidlin, F., Stottman, P., 'Eine dynamische Temperaturen 
methode mit Thermoelementen. ' Zeitschrift f h  Flumissenschaften. Aoril 
1966. 

L a  

Ce niveau de tempGrature, modeste compte tenu des possibil- 

Ceci resulte du fait que la constante de temps n'est pas d6termin6e et qu' 

2. Wormser, A. F., Wuntner, R.A., 'Pulse technique extends range of 
Chromel-Alumel to 7000°F. 'Soc. Auto. Eng., Rep. 524 A, 1962. 
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Commentary on Chapter 3-3 

F. Von. Burger 

Le dispositif prcsentb par M. Gautrot est intbressant et constitue un progr$s notable 
sur  un montage analogue que nous avons rialis6 8 la D. F. L. 

Nous avons estim6 seulement la constante de temps'; l'aide d'un oscilloscope et 
fait l'int6gration du signal 
e'tant ne'cessaire en raison des fluctuations de la temp6rature dans la chambre de 
combustion. 

Je voudrais demander 'a M. Gautrot s'il est possible avec cet appareil de mesurer 
une valeur quasi-moyenne de la t e m p h t u r e  toujours variable dans une chambre 
de combustion. 

l'aide d'un circuit rbsistance capacith, cette intggration 

M. Gautrot 

1. I1 y a en ginbra1 variations rapides et simultanges de la temperature et de 
la constante de temps d'une jonction de thermocouple plac6e dans une c,hambre de 
combustion: en ce  cas  il n'est pas  possible d'extrapoler l'arc de montee fourni par 
la sonde: la loi de mont6e est  al6atoire. 

2. Pour tourner cette difficult6, l'emploi d'une soudure massive permet d' 
int6grer c e s  variations instantan6es. 
des temp6ratures dans un intervalle de temps &gal au temps de montee. 
passante maximum risultante es t  actuellement d'environ 2 Hz, soit 2 points de 
mesure de temp6rature moyenne par seconde. Si on cherche h d6passer cette 
limite il semble qu'il y a de'gradation de la puret6 de l'exponentielle, donc du signal 
de sortie. 

L a  temp6rature indiqu6e est dpnc la moyenne 
L a  bande 
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4- 1 

Investigation of Reacting Gases with the Mass 
Spectrometer 
K. H. HOMANN 
Institut fiir Physikalische Chemie, Universittit Gttingen, Germany. 

Summary 

The application of mass spectrometric analysis together with suitable methods of 
sampling from reacting gases is reviewed. The question as to how well a sample 
is representative for the stage of reaction is discussed in the cases of microprobe 
sampling of stable products and molecular beam sampling for free radicals and 
active atoms. A supersonic nozzle as source for a molecular beam has been used 
for sampling from flames and isothermal flow systems at pressures  ranging from, 
a few mm Hg to more than one atmosphere. 
the conditions of flow at the entrance orifice must be  such that the sample is not 
taken in from a boundary layer. 
possible mass  separation effects in the beam. The influence of gas temperature 
on the mass spectra and the identification and analysis of free radicals and atoms 
are illustrated by some examples. 

Sommaire 

L'emploi de l'analyse par spectrom6trie de masse et l'ikhantillonnage convenable 
des gaz reactifs 5 analyser sont discut6s dans cet expose. La  question de savoir 
jusqu'g que1 point un &chantillon est  representatif de l'avancement de la reaction 
est discutee dans le cas  du prelsvement par microsondes de produits stables et 
l'analyse des atomes actifs et  des  radicaux libres par  faisceaux mol6culaires. 
a utilise un faisceau moleculaire issu d'une tuysre supersonique pour l'6tude de 
flammes et d'ecoulements isothermes ?i des pressions allant de quelques t o r r s  3 
plus d'une atmosphtre. Pour 1'6tude correcte des radicaux libres, l e s  conditions 
a l'entr6e de l'orifice doivant e t r e  telles qu'on ne fasse pas  de prelsvement d F s  la 
couche limite. 
masse dans le faisceau moltkulaire. L'influence de la temperature du gaz sur  la 
spectrometrie de masse, l'identification et l'analyse des radicaux l ibres et d'atomes 
sont i l l u s tges  par quelques exemples. 

Introduction 

A characteristic of the mass spectrometer that makes it particularly useful for the 
study of chemical reactions in the gas phase is its ability to identify an unknown 
substance or components that are not stable under normal conditions, such as active 
atoms, free radicals and some so r t s  of ions. 

Mass spectrometers of the time-of-flight type give(per second)about 105 mass 
spectra of the gascomponents in their ion source. 
for the study of rapid reactions. 
t ime resolution must be achieved by using a swiftly flowing reaction system. 
optical measurements of reacting gases, which can be performed in s h ,  mass 
spectrometric analyses usually require sampling, because the ion sources usually 

For effective sampling of free radicals 

Calibration measurements are necessary for 

On 

Des etalonnages sont necessaires pour 6tudier la separation de 

This time resolution can be used 

Unlike 
If a slow scanning instrument is to be used, the 

X 
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operate at a pressure  lower than that in the reaction system. 
u re s  (- 10-3 t o r r )  however ion-molecule reactions can take place inside the ion 
source (1) (2). 
of reactants and products in crossed molecular beams experiments. 

Inlet Systems and Problems of Sampling 

Mass spectrometric analysis of reacting gases requires the withdPawa1 and quench- 
ing of representative samples from the system during the progress of reaction, in 
a t ime that is only a small fraction of the whole t ime of reaction. The mass spec- 
t rum must then be  obtained from the par t s  of these samples that are still represen- 
tative of the conditions being studied. 

The inlet system used in commercial mass  spectrometers is often not suitable for 
this purpose. 
which the sample of the gas is expanded before being admitted into the ion source 
through a molecular leak in a gold foil. 
sample has already been taken from the reaction system by some other means, and 
kept in a container. 
react ai tlie walls of the inlet system or adhere to them, can be determined quan- 
titatively. 

For the analysis of substances such as water, formaldehyde, peroxides, ammonia,' 
acids, and others that are strongly adsorbed at walls or react with metal surfaces, 
it  i s  necessary to provide a continuous flow of the sample from the reaction system 
to the inlet orifice of the ion source. This requires a tube with inert walls and 
without an intermediate reservoir.  The sample is analysed after all adsorption 
equilibria have been established. Fristom and his collaborators (3) used a 'Teflon' 
(PTFE) tube and a leak in a sapphire disk to avoid reactions on metal surfaces in 
the inlet system. 

Similar inlet systems combined with microprobes have frequently been used for the 
measurement of concentration profiles in stationary flames (4, 5). 
and use of these microprobes, mostly made of quartz, has been described by Fris- 
tom (6). A flowing isothermal reaction system develops concentration gradients, 
and in flames there are temperature gradients also. When sampling from systems 
like these, the pressure drop across  the probe orifice accelerates the gas to sonic 
velocity. 
centration in the sample no longer corresponds exactly to what it would have been 
at the position of the probe orifice in the undisturbed system. 
over a region extending about four orifice diameters in front of it (7). 

To minimise the influence of the probe on the flow of the reacting gases, 'isokinetic' 
sampling must be used, whereby the sample flows into the probe with the velocity 
of the undisturbed system. 
from the cooled inner walls; this is inadequate for rapid reactions. 

A temperature gradient at the probe orifice may be disturbed, or caused, partly by 
conduction of heat to the probe, which i s  usually cooler than i t s  surroundings, and 
to a smaller extent by adiabatic cooling if the gas is accelerated. The reactions 
may therefore be  already partly quenched before the sample enters the orifice. 
Those reactions with larger activation energies are quenched more strongly than 
those - such as free radical reactions - with smaller activation energies. Thus 
there may be uncertainties in the relative concentrations of the different species 
measured. Further care must be taken in the interpretation of mass  spectra of 
species sampled at different temperatures, since the pattern of ionic fragments 
might be strongly influenced by the vibrational temperature of the molecules. 
ever, this applies only if vibrationally hot molecules reach the ion source (see below). 

At very low press -  

Mass spectrometers can also be used to determine the distribution 

Usually it consists of a reservoir,  made of metal or glass, into 

This equipment can be used only if the 

Thus only stable reaction products, and gases that do not 

The manufacture 

This influences the gas  flow in front of the probe, and in fact the con- 

It is in fact averaged 

Using this type of probe, the sample must be quenched 

How- 
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In constructing a suitable probe, therefore, a compromise has to be made between 
minimum influence on the flame and maximum quenching of the reactions. .The 
microprobes mentioned above are slim and sharply tapered at the tip, so  that the 
profiles of concentration and temperature are little disturbed in front of them. On 
the other hand their shape and the drop of pressure attainable behind their sampling 
orifices are inadequate for quenching radical reactions. Thus species such as H, 
OH, 0 and hydrocarbon radicals appear as H,, 0,, H,O, CO, hydrocarbons etc. 

Conditions inside the probe must be  prevented from changing from viscous flow to 
f r ee  molecular flow. 
same mean velocity, but each is pumped off according to i t s  molecular velocity, the 
measured density of the heavier species will have increased (8). 

Molecular Beam Inlet Systems 

These same requirements must be  met for free radical sampling, but in addition 
wall effects must be eliminated as f a r  as possible. The outer surface and shape 
of the probe may have an influence on the radical concentration of the unsampled 
gas, while the inner surface of the probe can affect the radical concentrations in the 
sample. 
beam of molecules into the ion source. When the density in the molecular beam is 
such that the mean free path is much larger than the distance to the ion source, 
there is no excessive loss of radicals o r  other unstable particles. Their concen- 
tration in the beam can be  determined, provided that the beam signal can satis- 
factorily be discriminated from i t s  background. 

Two principal sources have been used to  generate molecular beams; the molecular 
leak and the supersonic nozzle. 

Molecular leak sampling 

Molecular leaks are used as orifices for sampling from both static and flowing 
reaction systems. 
than the mean free path of the molecules in front of the orifice, its use is limited to 
low pressures  of some 10 t o r r  o r  less. 
30 amu (atomic mass unit) at room temperature has a mean free path of lOpm at 5 
to r r .  
make holes that are not channels of a size smaller than 5 p m  in diameter in a mat- 
erial like quartz. 
constant, the mass  flow through the leak decreases linearly with diameter. 

A 180" opening behind the entrance hole, as indicated in figure 4-1-1, i s  the best 
arrangement for obtaining a minimum flow resistance behind the orifice. Since 
the density in the axis of the beam decreases with distance according t6 an inverse 
square law, the ion source must be  situated close to the orifice. 
example, the pressure  in the axis of the beam falls to to r r  after a path of one 
centimetre from a beam source of 5 to r r  having an orifice diameter of about 10 pm. 
To obtain sufficient discrimination between beam and background particles, the 
pressure  around the ion source must therefore be considerably less than 10-6 to r r ,  
otherwise the. beam signal must be  modulated by a chopper followed by a phase sen- 
sitive amplification. An arrangement like this has been used by Foner and Hudson 
for the detection of the HO, radical and the study of its ionisation potential (9). 

A static reaction system separated by a molecular leak from a rapid-scanning mass 
spectrometer was described by Marsden (10). In his work the fast display of the 
mass spectrum on an oscilloscope was achieved by a rapid variation of the voltage 
accelerating the ion. Marsden used this system to  stuqy the oxidation of &drogen 
sulphide near the third explosion limit. 0 mix- 

If all species enter the probe by continuous flow with the 

Practically, the latter can be eliminated only by admitting a collimated 

Since a molecular leak should not be  much larger in diameter 

A gas having a mean molecular mass  of 

At higher pressures  smaller holes are needed, but it is impracticable to 

Moreover, if the ratio of mean f r ee  path to diameter is kept 

In a typical 

By using D,S/ 60, and H,S/180 
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tures, the species H,, S,O, H,SO, S,, and H,S, could be identified during an in- 
duction t ime of 8-12 sec. Only when the explosion took place was there evidence 
for the presence of the SO radical. 

Reactions behind reflected shock waves have been studied by means of a time-of- 
flight mass  spectrometer. 
the shock tube, 'Kistiakowsky and Bradley studied the decomposition of nitrous 
oxide, following the concentration of N,O, N,, O,, and 0-atoms (11). 
centration of oxygen atoms was determined in arbitrary units. More recently 
Diesen, using a similar set-up, has studied the influence of boundary layer effects 
at the orifice on the process of sampling (12). He observed an increase in the 
density of the sampled gas, due to a temperature decrease extending to a distance 
of about one orifice diameter, but he could not find a boundary layer effect in te rms  
of chemical kinetics. 

By sampling through a nozzle in the plane end plate of 

The con- 

A comparison of studies of the kinetics of the thermal decomposition of nitrous 
oxide behind shock waves, using optical absorption methods (13) and mass spectro- 
metric analysis, shows that up to a temperature of 2500'K the results are the same 
(14). 
ling methods give reaction rates that are too low, indicating the increasing influence 
of the walls. 
waves has  also been used by Modica (15) and Dove (16). 

When using a nozzle instead of a molecular leak for sampling a static reaction sys- 
tem, such as the gas behind a reflected shock wave, the location of sampling must 
be  considered. 
nozzle, after the shock wave has been reflected, the place of sampling at f irst  is 
close to the orifice and then extends out for some diameters in front of it. This 
change of the place of sampling may have an influence on the concentration meas- 
ured at the beginning of the reaction. 
measured correctly by mass spectrometric analysis, the results of free radical 
and atom measurements should be treated with reserve. 
boundary layer and the wall might be much larger on their concentration than on 
the overall reaction rate. 

A schematic diagram of the experimental set-up for mass  spectrometric analysis 
in shock tube experiments is given in figure 4-1-2. 

Nozzle-beam Sampling 

For sampling free radicals, a molecular leak orifice in a more or less plan'ar wall 
has the disadvantage of taking in the gas from a region too near to the wall and ex- 
tending over a radius of about one diameter from the orifice. When such a leak is 
introduced into a gas flow system, the sample will diffuse into the leak from a 
stagnation point of the flow in front of the sampling probe. Tapering the probe tip 
to avoid damming up the flow would increase the resistance to the free molecular 
flow inside the probe. 

On these accounts the use  of a nozzle in the tip of a tapered probe is more favour- 
able, especially when sampling from rapidly flowing gases. 
enters the nozzle from a region extending several diameters in front of the nozzle 
(7). This means that the percentage of sampled gas that has  come into contact with 
the wall is greatly diminished. Due to the continuous flow through the nozzle, the 
mass  flow is centred on the axis more than it is with molecular effusion, so that the 
probe tip may b e  made more tapered without inordinately increasing the flow resis- 
tance behind the nozzle. That major par t  of the gas, which is not taken in directly 
through the orifice, flows around the t ip and does not diffuse back into the nozzle 
after having come into contact with the outer probe wall. This has been confirmed 

However at temperatures around 30OO0K, measurements made using samp- 

The mass spectrometric method of studying reactions behind shock 

During the formation of the stationary flow into the sampling 

Although the overall kinetics might be 

The influence of the 

The gas mixture then 
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by sampling a flowing gas mixture containing oxygen atoms through a nozzle probe, 
the outside of which was coated with a thin layer of carbon. Very little of the CO 
and CO, that was formed at the surface was taken in through the nozzle (17). As 
Becker has shown, it is not necessary to use a de Laval nozzle for generation of a 
supersonic jet. 

Theoretical and experimental work on f ree  expanding jets and nozzles as sources 
fo r  molecular beams has been much intensified (19, 20, 21), starting with the ex- 
periments of Becker (18, 22) and with the theoretical paper of Kantrowitz and Grey 
(23). The molecular beam is not generated in the conventional manner by effusion 
through an orifice, but by skimming a sample from a supersonic jet. The sample 
is then expanded into high vacuum. 
hole at the tip. It is situated between the nozzle and the first Mach disk. 
flow between nozzle and skimmer must be  such that no shock is detached from the 
skimmer. The gain in intensity on the axis of the final beam relative to that of a 
conventional beam is a function of the Mach number of the flow at the skimmer 
entrance. It increases with M2 for M > 3 (24). 
schematically shown in figure 4-1-3. 

Nozzle beam sampling systems have been used for the study of rapid reactions at 
both low and high pressure.  
into the high vacuum chamber behind the skimmer is much larger than for a con- 
ventional molecular beam, especially when sampling from higher pressure.  
considerably larger pumping capacity is therefore needed to maintain the necessary 
vacua. 
pressures  up to 60 torr ,  where the reaction zone extends to about one centimeter 
(25) (26) (27). The experimental set  up is similar to that shown in figure 4-1-3. 
The object of investigation was the formation of solid carbon and the intermediates 
in this process. We analysed various rich hydrocarbon-oxygen flames for such 
hydrocarbon radicals as CH,, C2H, C,H,, acetylenic polymers C,H, to CI2H2, and 
for very reactive cyclic hydrocarbon species in the 100-600 amu range. The pro- 
files of some highly reactive hydrocarbon intermediates could be quantitatively 
related to the increase in solid carbon concentration. In hydrogen-oxygen flames, 
concentration profiles of 0, H, OH, and H202 could be measured. Some evidence 
for the presence of the HO, radical in rich H,-0, flames was obtained. In the 
same manner, hydrazine decomposition flames were investigated for NH, and N$, 
intermediates (28). 

Greene and Milne haveused a nozzle beam for sampling from flames at atmospheric 
pressure  (29) (30). For the expansion of the gas from a pressure of one atmos- 
phere a further pumping chamber had to be inserted between the skimmer and the 
ion source. A number of flames (H2-02-N2, CH,-0,-Ar, CO-0,) were analysed 
both for stable reaction products and the reactive species. Although spatial resol- 
ution of the main reaction zone was not too good (the sampling orifice diameter was 
0.24 mm), the authors could measure quantitatively the profiles of all species, in- 
cluding H, 0, and OH in the recombination zone of the flames. 
values for chemical equilibria between stable species and radicals agreed within the 
limits of experimental e r r o r  with those calculated from the adiabatic flame tempera- 
ture. A quantitative temperature-pressure history of the expansion of the sample 
can be  obtained from subsonic and supersonic calculations. For a monatomic gas 
at 2000'K expanding through a 0.125 mm orifice, the translational temperature 
drops to 30'K and the pressure to - 7.6 x 10-3 t o r r  within about 1.5 psec  from the 
first appreciable change. Gases with larger heat capacities expand more slowly. 

The temperature drop does not quench reactions with zero or negative activation 
energies, such as condensations when sampling high pressure  systems. Conden- 
sation of heavier species such as argon and carbon dioxide has  been observed (31) 
(32). 

A hole with smoothed edges serves the same purpose (18). 

The skimmer is a cone with a sharp-edged 
The 

The experimental arrangement is 

The mass flow of gas into the nozzle chamber and also 

A 

We have used a nozzle beam system to sample a number of flames at 

Experimental 

Generally, only a fraction of the order of 1 percent of the substance will 
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condense, and the degree of condensation becomes even less when systems at lower 
pressures  a r e  sampled. 

A nozzle beam has also been used when sampling reacting gases in an isothermal 
flow reactor (33). 
that has  hit t h e  wall around the orifice at the probe tip, arid diminishes the thermal 
influence of the probe on the reacting gases, which can never be totally excluded 
when sampling the reaction zone of flames. 
oxidation of CS, by O,,, strongly diluted with argon, has been investigated at tem- 
peratures up to 1400 K. 
containing the oxygen (33). 
radicals could be measured by changing the distance between the mixing point and 
the sampling probe in the stationary reaction system. SO, and CO were the main 
reaction products, with little CO, being formed after the CS, had been consumed 
completely. 
of radicals such as SO, S, 0, CS, and S,O could be measured. The main mass 
peak of S,O i s  superimposed on that of SO, at 80 amu but by mass spectrometric 
analysis of the isotope peaks that are different for both compounds, the mass 80 
peak could be accounted for mainly by S,O, with only a very small contribution 
from SO,. 

More recently the ra te  of single steps in this complex reaction have been measured 
in a low pressure fast flowing system (34). 
nozzle beam system combined with a Bendix time-of -flight mass  spectrometer. 
The elementary step 0 + COS - CO + SO, by which the COS is oxidised, could be 
distinguished completely from consecutive reactions of SO to SO, by mass spectro- 
metric analysis. The reaction 0 + CS, - CS + SO could also be followed separ- 
ately. 
0 + NH, and others have been measured (35). By following quantitatively the con- 
centrations of each participant in the reactions, primary reaction s teps  could be 
distinguished from consecutive reactions and parallel steps. 
condition for the determination of ra te  constants for elementary reactions. 

The rapid quenching of reactions by expansion through a nozzle could also be  used 
for sampling the exhaust gases of a rocket motor i f  sufficient cooling of the nozzle 
itself could be provided. 
reactions in the subsonic flow regime that lies behind stationary shock waves when 
heat is added during supersonic flow. 

Mass Spectrometric Analysis of Samples 

Mass Separation 

The transition from supersonic flow into free molecular flow in the final beam is of 
considerable consequence to what the mass spectrometer sees, i f  there a r e  large 
differences in the molecular masses of the components of the sample. 

Several communications concerning this effect have come from Becker (22) and 
Stern (36). Milne and Greene also have observed mass  separation while studying 
the composition of gas  mixtures by means of a nozzle beam sampling system (37). 
By sampling from a freely expanding jet, an enrichment of the heavier components 
in the axis of the jet has been observed, or not observed, according to  the conditions 
of sampling (38) (39). There is sti l l  no full agreement among the various investi- 
gators as to the causes of this mass  separation. 
velocities of the species, and any deceleration and deflection of the jet by the 
skimmer all play roles. Fenn and Andersen have recently called attention to the 
migration of background molecules into the jet, opposing the preferential effusion 
of light species away from the beam axis (40). This mass  separation depends on 

A fast flow around the probe tip favours the removal of the gas 

In this way, the mechanism of the 

CS, was injected into the hot stream of argon already 
The concentration profiles of all stable species and 

Besides the comparatively stable intermediate COS, the concentration 

Sampling was again done using 

With the same experimental set-up the reactions ra tes  0 + H, 0 + C,H,, 

This is a preliminary 

Similarly it would be possible to study the chemical 

The different radial diffusion 
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several  parameters of the system and can hardly be predicted exactly, so that cali- 
bration measurements with standard gas  mixtures are necessary. 

Interpretation of Mass Spectra of Radicals 

The possibility of using a mass spectrometer for analysing atoms and free radicals 
has been under discussion since Eltenton f i r s t  analysed flames for reactive species, 
and identified these by mass analysis (41). Atoms and free radicals are ionised 
just like any other substance, if the bombarding electrons have sufficient energy; 
and the mass spectra of radicals do show fragment ions, depending on the electron 
energy applied. Frequently the mass  lines of atoms and radicals are superimpos- 
ed on those of ion fragments of stable molecules. This will be the case unless the 
electron energy lies in the range between the ionisation potential of the radical, and 
the appearance potential of the same ion from a stable molecule. 
range is usually between 10 and 15 eV. 
the yield of ions is very small, so that an electron multiplier with a high sensitivity 
must be used for  amplification. It is more convenient to use an electron energy of 
between 20 and 25 eV, so that the fragmentation of many stable molecules - espec- 
ially di-and triatomic molecules - is not too large, while the production of ions is 
sufficient for good analytical accuracy. There is no general rule about the use of 
any particular electron energy: variation can often give additional information about 
the origin of a mass peak. If the peaks superimposed on the radical mass  peaks 
are due only to fragments of stable components, the par t s  due to the radical can 
usually bedetermined by subtracting the measured distribution of fragment ions ob- 
tained from mass spectra of the pure stable compounds. When sampling an iso- 
thermal reaction system, the contribution of any radical to a fragment mass  peak 
can often be  detected by comparing the shape of the profiles of the parent peak of the 
stable substance with that of its fragment peak across  the reaction zone. A differ- 
ent shape would indicate a contribution by a second substance, which might be a 
radical or another stable substance that gave an ion fragment of the same mass.  If 
fragments from many known species were superimposed on a radical mass  peak - 
often the case for hydrocarbon radicals and hydrogen atoms in the oxidation of 
hydrocarbons - the accuracy of radical analysis would decrease because experimental 
e r r o r s  in measuring individual fragments are additive. 
of the mass spectrometer for hydrogen atoms is low because of their small  ionisat- 
ion c ros s  section, as well as the mass separation effects. 

In some cases the labelling of a substance by a stable isotope helps to avoid a 
superposition of too many mass peaks. For example, the radicals C,H, and HCO 
which have nearly the same mass (= 29 amu) can be distinguished by using l 8 0  in- 
stead of l60. The use of a highly resolving mass  spectrometer to separate peaks 
that differ by only a small  fraction of an atomic mass  unit is possible, but it has 
not yet been applied to the analysis of free radicals. 

When sampling gases at different temperatures the variation of their fragment patt- 
e rns  with temperature must be  taken into account for  the determination of radical 
contributions. The fragment pattern is dependent on the vibrational energy of the 
molecule (42). The relative abundance of light fragments of polyatomic molecules 
increases more rapidly with temperature than those of oligo-atomic molecules (43). 
The measurements of Greene and Milne on flames showed that the fragmentation of 
CO, to CO varied at least from 12 percent at room temperature to 17 percent at  
2000"K, as determined in their instrument at 70 eV electron energy (30). On the 
other hand we could not find any change in the mass  spectrum of acetylene sampled 
through a nozzle from burned gases at 1700"K, compared with the spectrum ob- 
tained from a sample at Toom temperature (27). In a supersonic jet the snniplc is  
cooled very strongly, but the vibrational relaxation in many cases i s  compnrativcly 
slow, so that vibrationally hot molecules may be ionised and give r i s e  to different 
mass  spectra. This effect can be  eliminated only by calibration. 

This energy 
At such low electron energies, however, 

Moreover the sensitivity 
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Calibration for Radical Analysis 

An exact mass  spectrometric determination of radical concentrations requires the 
mass spectrometer to be calibrated specifically for the reactive species in quest- 
ion. 
section for radicals from quantum mechanical calculations. 
concentration of radicals or atoms the chemical equilibrium between suitable re- 
active species at high temperature has sometimes been employed (44). 
convenient, however, to use a method in which the radical is formed rapidly and 
quantitatively by the reaction of a stable molecule with another reactive species. 
The concentration of the product radical is then calculated using the stoichiometric 
relation. Well known examples of this are the so called 'titration reactions' for 
generating oxygen atoms and hydroxyl radicals: 

It is not yet possible to derive more than a rough value of the ionisation c ross  
To generate a defined 

It is more 

N' + NO - N, + 0 

and H' + NO, - NO + OH 

A prerequisite for  the use  of an elementary reaction of this kind is that secondary 
reactions of the products with the reactants be slow compared with the primary re- 
action. This can often be  arranged by using an excess concentration of the stable 
reactant . 
Another technique is to generate an unknown concentration of the radical or atom - 
by a microwave discharge for example: the radical then reac ts  quantitatively with 
a known amount of a stable substance in a reliable stoichiometric relation. The 
calibration for SO, for example, is performed by: 

microwave discharge 

SO, = SO+o 

SO + NO, =- SO, + NO 

The mass spectrometric sensitivity for SO relative to that for SO, can then be  
measured directly (34). 

There is no general rule for applying reactions of this kind to  the production of any 
given atom or radical. For the det- 
ermination of the ionisation potential of a free radical - which is usually accom- 
plished by using an ion source, after Fox (45) - it is not necessary to know the 
concentration of the radical. A greater variety of methods, such as photo-dissoc- 
iation, thermal decomposition, dissociation by electrodeless discharges and others, 
can therefore be  applied (46). It might be supposed that in th'e energy range 20 to 
70 eV the mass spectrometric sensitivity for a radical and that for a similarly 
structured stable molecule (e.g. CH' - CH,, CN' - HCN) would seldom differ by 
more than a factor of two. 
ed with an accuracy sufficient for many kinetic calculations. 

Conclusion 

Many of them have to be found empirically. 

Thus radical concentrations can frequently be  estimat- 

This short survey of the potentiality of mass spectrometric analysis for studying 
gas reactions shows that it has great versatility for  the solution of many different 
problems. Detailed application is, however, governed very strongly by the subject 
to be  studied, and the evaluation of the results is in many cases not straightforward. 
The conditions of sampling and mass  spectrometric analysis must be  well adapted to  
the problem posed. 
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Commentary by E. M. A. Willhoft 

Dr. Homann has presented a valuable review of methods of sampling of gases for 
mass-spectrometric analysis. He has emphasised the necessity of some degree 
of sophistication in sampling in order to overcome the problems of non-represen- 
tative withdrawal of products from a reaction zone. 

Progress  in mass  spectrometry, as applied to the study of the formation of trans- 
ient species during chemical reactions, has in the past been retarded by the difficulty 
of transferring a sufficient number of such species into the ion-source of the spect- 
rometer. Dr. Homann has attempted to provide us with information relating to the 
v.arious techniques of sampling. The drawback of, the simple pin-hole technique has 
been pointed out as well as the advantages of the nozzle-beam sampling principle. 
Dr. Homann refers to the difficulty of producing pin-holes of diameter less than 
5pm. 
producing holes in glass down to about l p m  diameter. 

My colleague, Dr. A. J. B. Robertson, has developed a simple procedure for 

The technique is as follows. About 20 microscope cover glasses, approximately 
0. lmm thick, are waxed, and then etched simultaneously with hydrofluoric acid, SO 
that the acid ac ts  over an a rea  of about lmmz. 
or three of the slides the rest are swamped in water. Several of the slides will 
no6 have the etched part  very thin (about 10pm) and suitable ones are punctured 
with a single spark from an induction coil. The length of the spark determines 
the diameter of the hole. 
are obtained. 

When the acid had penetrated two 

In favourable cases circular holes having smooth edges 

The need to use a rapid-scanning mass spectrometer coupled to a molecular-beam 
inlet system was clearly shown to be necessary if it  is desired to obtain an indication 
of transient species present in the neutral beam prior to ionisation. 
experiments of Foner and Hudson who used a chopper for the incoming beam and a 
phase-sensitive amplifier, thereby increasing the sensitivity for detection of incom- 
ing particles by a few orders  of magnitude, were appropriately mentioned. 
kind of system seems well suited for studying catalysis. 
tube to a time-of-flight spectrometer provides a new important technique for 
studying homogeneous gas phase reactions at high temperatures. 

In conclusion, it would be fair to say that since sampling techniques are now more 
fully understood and utilised, we can expect to see important strides being made in 
the near future in physical measurements based on the mass-spectrometric study 
of unstable particles. 

The elegant 

This 
The coupling of a shock 

. .  
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4- 2 

The Study of Chemical Reactions by Quadrupole 
Mass Spectrometry 
J. N. BRADLEY, W. D. CAPEY, J. R. GILBERT, A. J. PARK 
University of Essex, Colchester, England. 

Summary 

The principle of operation of a quadrupole mass spectrometer is described briefly 
and the advantages of the instrument for the direct study of chemical reactions are 
summarized. Some modifications which have been made to a commercial instru- 
ment t o  enlarge its usefulness for kinetic studies are also listed. 

The use of the apparatus in three applications is described 

i. The photolysis of NO, leads to an 
initial rapid formation of nitric oxide and oxygen, followed by a much slower react- 
ion to give similar products. The results are interpreted in te rms  of a number of 
reactive intermediates of varying lifetimes. 

ii. 
tungsten surface has been studied at p ressures  of 
of 1400 - 1800°K. 
products at these pressures.  
shows a distinct break, providing evidence for a change in the nature of the rate- 
controlling step with increasing temperature. 

iii. NH and NH, radicals (as well as 
ionic species) have been detected among the products of the reaction above. They 
have been separated from the fragmentation peaks of stable species by appearance 
potential measurements. Approximate values for their ionization potentials have 
also been obtained. 

Sommaire 

On rappelle rapidement le principe de fonctionnement d ' y  spectrom5tre de, masse 
quadripolaire et  les avantages de cet instrument pour l'etude directe des reactions 
chimiques. On decrit 6galement quelques modifications apport6es 'a un instrument 
du commerce pour en accroitre l'utiliti pour les 6tudes de cini?tique chimique. 
ddcrit t ro i s  applications du montage: 

i. Etude de re'actions de photolyse par flash - La photolyse de NO, donne 
rapidement un peu d'oxyde nitrique et d'oxygene et par une r6action plus lente les 
memes produits. 
intermediaires de durees de vie variables. 

The study of flash photolytic reactions. 

The study of heterogeneous reactions. The decomposition of ammonia on a 
to  10-4" and temperatures 

The ra te  of reaction appears to be unaffected by the presence of 
A plot of reaction ra te  versus reciprocal temperature 

The detection of unstable intermediates. 

On 

On interprgte des resultats en supposant l'existence de produits 

ii. 
tungt'ene a et6 6tudi6e 3 des pressions de 
1400 b 1800°K. 
uits de decomposition $ ces pressions. 

Etude de reactionshetbrogknes. - La  dicomposition de l'ammoniac sur du 
10-4 t o r r  et des temp6ratures de 

L a  vitesse de reaction n'est pas, affect6e par la presence de prod- 
Le t race  de la vitesse de &action en 
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fonction de l'inverse de la tempgrature montre une nette cassure  mettant en &id- 
ence un changement du processus fondamental de la reaction lorsque la temperature 
croit. 

(iii.) 
(ainsi que les ions correspondants) ont ete detectes parmi les produits des r6actions 
prGc6dentes. On les a distingugs parmi les especes fragmentdes stables au moyen 
de leurs  potentiels d'apparition. 
d'ionisation a 6galement 6te obtenue. 

Description of Technique 

Mass spectrometers have now been used for some yea r s  for the direct study of 
chemical processes, rather than for providing endproduct analyses. 
magnetic deflection instruments suffer from two major disadvantages in this 
application: slow scanning speeds and interference from magnetic fields. These 
two difficulties can be overcome in time-of-flight instruments but additional draw- 
backs are introduced, notably those of bulk and expense. 
quadrupole mass  spectrometers has provided new opportunities for the use  of mass  
spectrometry in following chemical processes. 
adaptation of such an instrument for  chemical kinetic studies. 

Advantages of quadrupole mass  spectrometers 

Thequadrupole mass spectrometer used in the present study is a Centronic EAL 
Quadrupole Residual Gas Analyzer Type 200, the particular advantages of which are: 

1. 
and will give approximately microsecond time resolution when monitoring a single 
mass  peak. 

2. 
up to 400°C. 

3. 
enables charged species to be  analyzed. 

4. Separate, small  detector heads: this allows the detector to be incorporated 
into the experimental system and also enables more than one unit to be used with a 
single electronic console. 

5. 
all significant gaseous molecules can be monitored. 

6.  Adequate sensitivity: 10m14 t o r r  of N,. 

7. 
operation this means that, within certain limitations, quite corrosive materials 
may be investigated. 

8. 
providing similar resolution and sensitivity. 
above are therefore attained very economically. 

9. 

10. 
extremely free access to the electron beam. 

Dgtection de produits interm;dia;ir,es inst?bles - Les  radicaux NH et H, 

Une d6termination approchge de leurs  potentiels 

Conventional 

The advent of commercial 

This  paper is concerned with the 

High s p e e d  the  instrument will scan at rates up to 500 psec  per  mass  peak 

High temperature operation: the instrument can be operated at temperatures 

Absence of magnetic fields: this permits high temperature operation and 

Adequate resolution: a resolution of one mass  unit at mass  500 means that 

Absence of organic materials: in addition to permitting high temperature 

LOW cost: the  cost is comparable with that of a conventional instrument 
The additional benefits described 

Linear mass  scan: ass i s t s  in identification of unknown mass peaks. 

Open ion sources: a variety of ion sources are available which permit 
This  means that reactive inter- 
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mediates are easily introduced into, and removed from, the ion source. 

Principles of operation 

The major components of the quadrupole mass spectrometer are shown schemati- 
cally in figure 4-2-1. 
source in much the same way as in a conventional mass  spectrometer. The ions 
pass  through a series of apertures at appropriate voltages to provide electrostatic 
focussing and then enter the quadrupole unit. A D. C. and an R. F. potential are 
applied to the quadrupole as shown. 
a constant h a 1  velocity but execute transverse oscillations. 
a mass/charge ratio within a particular narrow range, these oscillations are un- 
stable and their amplitude increases until the ions strike the quadrupoles and are 
removed. The ions with a mass/charge ratio appropriate to the D. C. and R. F. 
potentials selected pass through the unit unaffected and are detected by the electron 
multiplier. In order to scan over a range of masses, the R. F. and D. C. potent- 
ials are varied simultaneously, the resolution of the instrument being controlled by 
the ratio of the two potentials. 

Modifications and adaptions to standard equipment 

In order to make the instrument more suitable for kinetic studies, a number of 
modifications have been incorporated: 

1. In the original instrument there was no means of restarting a mass sweep once 
it had commenced and this proved very inconvenient when using slow scan rates. 
A res ta r t  switch was incorporated and a similar switch is now fitted as standard on 
new instruments. 

The ions are generated by the electron beam in the ion 

The ions travel through the quadrupole unit at 
Unless the ions have 

2. In the original instrument it was not possible to vary the electron current and 
electron energy independently. 
to permit this operation and is now incorporated in new instruments. 

3. The meters  for measuring the voltages in the ion source proved too insensitive 
for reproducing a standard set of conditions and jacks have been fitted to enable 
these voltages to be measured on external meters. 

4. Output recording. Although the output from the mass spectrometer can be dis- 
played on an oscilloscope directly, it proved more convenient t o  obtain permanent 
records by using an ultra-violet galvanometer recorder Qouthern Instruments 
M. 1300 with Type J galvanometers). This has a paper speed of up to 250 cm/sec. 
and the overall frequency response is limited to 3 Kc/s by the galvanometer. Be- 
cause of the low input impedance of the recorder, a Fenlow differential amplifier 
type AD/103/S 
to match the impedance. 

5. Increased sensitivity. For some purposes it was found necessary to increase the 
sensitivity of the instrument. This has been achieved by constructing an electro- 
meter amplifier which provides a signal at the recorder of 2 x 10-6 volt/cm. The 
bandwidth has a maximum range of D.C. to 300 c/s andcanbe restrictedtoafew C/S 
to improve the signal/noise ratio. 
height of less than 0.1 percent can be  detected. 

6. Peak selection. The alternatives of monitoring a single mass  peak and carrying 
out repetitive scans  do not meet the requirements of some investigations. A cir- 
cuit has been constructed (1) which replaces the sawtooth waveform of the D. C. 
generator by three  step voltages. This means that three separate peak heights are 
repetitively recorded and the changes in concentrations of three components can be 

A modification was provided by the manufacturers 

10) was inserted between the console output and the recorder input 

At maximum sensitivity, a change in peak 
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Fig. 4-2-1 Schematic representation of the quadrupole mass spectrometer and 
its associated circuitry. 
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measured during the course of a reaction. 

Application to Kinetic Studies 

The equipment has so far been employed in three different applications and will be 
introduced in a fourth in the near future. Brief descriptions of the first three and 
a summary of the results obtained a re  given to illustrate the use which may be made 
of the equipment. 

The study of flash photolytic reactions. 

The flash photolysis technique permits large quantities of energy to be introduced 
into a chemically-reactive system within very short periods of time. The active 
species generated will then attain, for comparably short periods, concentrations 
many orders  of magnitude greater than in conventional photochemical systems thus 
enabling their nature and reactions to be investigated. Traditionally, these active 
species have been examined by kinetic spectroscopy but the advent of rapid-scanning 
mass spectrometers has  provided an alternative, and very versatile, technique for 
their analysis. 

The nitrogen dioxide system was selected for an initial investigation because the 
nature and reactions of the likely intermediates a re  known and because i t  has been 
studied previously by this type of technique although with rather inconclusive r e s -  

The reaction chamber consisted of a quartz cylinder, 2.5 cm diam. 10 cm long, 
connected at one end to a conventional gas-handling system and closed at the other 
by an aluminium flange carrying a molybdenum orifice. The orifice, supplied by 
Aeon Laboratories Ltd., consists of a molybdenum plate, 0.5 mm thick, containing 
a conical opening with a .0025 cm diameter hole at the apex. The standard mass 
spectrometer head, with a cross  beam ionizer, is supported in a brass vacuum 
jacket directly beneath the orifice. A stainless steel  cold trap and oil diffusion 
pump are fitted beneath the ionizer opposite to the orifice to give maximum pump- 
ing speed through the ion source. 

The photolysis lamp consists of a quartz U-tube, 12 mm diam., 24 cm long, 
fitted with neon sign electrodes. 
through the lamp at 2 cm pressure. 
which may be charged to 15 kV, although a voltage of 6.5 kV is normally used giving 
a flash energy of 1350 J. The half-width duration of the flash is ca. 40 ps. 
complete assembly is illustrated in figure 4-2-2. 

When an experiment is conducted, the U.V. recorder is f i rs t  set in operation and, 
after a delay of 50 ms to enable the chart paper to reach its maximum speed, a 
signal is applied to the control circuit for the ignitron (English Electric B.K.428). 
The ignitron then discharges the condenser through the flash-lamp, a phototrans- 
istor monitor simultaneously producing a time marker on the record. 

Initial experiments have been carr ied out on various mixtures of nitrogen dioxide in 
argon at total pressures  of up to 3 mm. 
figure 4-2-3, the peaks being corrected for the change in temperature by simultan- 
eously monitoring the argon peak. The major products of reaction a re  nitric oxide 
and oxygen, the conversion occurring in two stages: (i) a rapid change, occurring 
within about 4 ms after the flash during which a significant transient may be det- 
ected on the 16 peak as well as small transients on the other peaks. gi) A slower 
change occurring over longer periods (up to 150 ms). 
by both single peak monitoring and repeated scanning has failed to reveal the pres-  
ence of any other species. 

ults (2) (3) (4). 

Argon, saturated with mercury vapour, flows 
The lamp is driven by a 64 pF capacitor, 

The 

A typical set of records is illustrated in  

Careful study of the reaction 

$ These results indicate that two transient species a re  
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present, one of which is presumably responsible for the slow reaction and gives 
significant peaks only at the same mass numbers as the stable species, and a 
short-lived transient which also gives similar peaks to the stable species but with 
an enhanced contribution to peak 16. 

The cracking pattern of nitrogen pentoxide, N,O,, has been measured and it is 
found that this molecule also gives significant peaks only at the same mass numbers 
as the stable products, though with a different distribution. If it is assumed that 
the slow change a r i s e s  from the decomposition of N,05, then the amount of N,O, 
present after the initial rapid change can be  estimated independently from three 
separate mass  peaks: 46, 32 and 30. The amounts calculated in this way are 
identical if it is assumed that the overall decomposition may be  represented stoi- 
chiometrically by: 

N,O, -NO, + NO + 0, 

In practice the decomposition is likely to be  a two-step process 

N,O, -NO, + NO, 
NO, + NO, - NO, + NO + 0, 

The evidence for the formation of N,O, in the system thus appears strong, the sub- 
sequent decomposition occurring because of the rise in temperature due to flash 
heating. 

The following reactions may be expected to occur during the initial phase: 

NO, + hv --NO + 0 

0 + NO, ----e=- NO + 0, 

0 + NO, (+M) ---+ NO, (+M) 

N,O, may then be formed by the reaction: 

It is unlikely that 0 atoms would be  detected with the t ime resolution available. 
Because of the reactivity of NO,, a cracking pattern is not available but i t  seems 
reasonable to predict significant peaks at  masses  46, 30 and 16 and probably at mass 
32. By analogy with N,O,, the parent peak at 62 i s  likely to be  unimportant. 
the transient behaviour observed on peaks 46 and 30 were attributed to stable 
species, it  would be inadequate to explain the transient on mass 16. 
seems probable that the transient peaks are due to the presence of NO,. 

The study of heterogeneous catalysis 

The mode of operation of a mass  spectrometer enables it t o  be  used to study the 
kinetics of heterogeneous reactions in flow systems at low pressures. In addition 
to providing a rapid, complete analysis of the gas leaving the surface, i t  may also 
be  used to  detect unstable intermediates that would decay rapidly at higher press -  
u r e s  or at greater distances from the surface. The advantages of the quadrupole 
instrument lie mainly in the ease with which it can be incorporated into such a sys- 
tem. 

The f i r s t  experiments have been conducted on the decomposition of ammonia on a 
tungsten surface. 

If 

It therefore 

The principle of the technique is to flow a mixture of ammonia, 
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nitrogen and hydrogen over a heated tungsten filament and measure the resulting 
composition as a function of temperature, pressure and concentration. 
position in the absence of reaction is found simply by switching off the heating 
current to the filament. 
respect to the ammonia, and therefore that the mass flux is proportional to the 
pressure of ammonia, the difference between the recorded ammonia peaks with 
the filament hot and cold yields the rate of the surface reaction. 
and hydrogen are products of the decomposition, it was necessary to  add all three 
gases independently to determine whether the presence of products affects the rate 
of the reaction. 

The design of the apparatus is shown in figure 4-2-5. The gases are premixed in 
the mixing chamber, the flow of ammonia being controlled by a flowmeter and con- 
stant pressure head. 
by needle valves alone. 
chamber via a capillary tube 1 mm internal diameter, 30 cm long. The flow 
through the capillary is proportional to the pressure in the pre-mixed gas stream 
provided the viscosity remains essentially constant. 

The tungsten filament, 0.025 cm in diameter, 18 cm. long, is situated, as a five- 
turn coil, 1 cm away from the ion source opening of the mass spectrometer. The 
esit  f rom the capillary lies 1 cm from the filament and is arranged so  that the gas 
flow is perpendicular to the entrance to the ion source. Ilie temperature of the 
filament is obtained from i t s  resistivity, by simultaneous measurement of the app- 
lied potential and the current. During an experiment the current is recorded to 
ensure that the temperature remains constant. 
by a 6in  mercurydiffusionpumP, via a stainless steel  liquid nitrogen trap and 
throttle valve, giving a niayimum pumping speed of ca. 280 litres/sec. 

A number of checks were required to ensure that the changes in mass peak heights 
could be correlated with ra tes  of reaction. 
that the mass 17 peak is directly proportional to the pressure of ammonia in the 
system and i s  independent of any nitrogen and hydrogen present. It was also dem- 
onstrated that the pressure at the entry to the capillary was directly propotional to 
the flow ra te  into the system. The mass 17 peak was also found to be  proportional 
to the flow ra t e  of ammonia so that the necessary cri teria are satisfied. Addition 
of nitrogen, and of hydrogen plus nitrogen, did not affect the observation although 
the addition of hydrogen alone did have a slight effect, probably due to a viscosity 
change in the gas entering the capillary leak. 

The ra te  of decomposition of ammonia was then studied for reaction chamber press- 
u re s  of 5 x 10-6 to lo-.% mm and filament temperatures in the range 900 - 1850°K. 
The rate was independent of added nitrogen and hydrogen and the 'order' of reaction 
was unity above 1600'K with respect to the ammonia concentration measured on the 
mass spectrometer and of complex behaviour below this temperature. Plots of 
reaction ra te  versus  temperature showed a distinct transition between a reaction 
with an activation energy of about 45 kcal/mole above 1600°K and a reaction with 
low temperature coefficient below this value. 
peting reactions occur or, alternatively, that the nature of the rate-controlling step 
changes with temperature. 

The detection of unstable intermediates. 

The com- 

Provided that the pumping speed remains constant with 

Since nitrogen 

The flow of the other gases is less critical and is metered 
The pre-mixed gases are then bled into the reaction 

The reaction chamber is evacuated 

Independent experiments have shown 

This indicates either that two com- 

The investigation of the surface-catalyzed decomposition of ammonia, described 
above, provides a valuable example of the way in which the mass spectrometer 
may be  used to detect the presence of radical species. 

Ammonia gives contributions to mass  peaks 16, 15 and 14 due to the NH2+, NH+ 
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and N+ ions. NH, and NH radicals, i f  present, will also give contributions to 
these peaks. In principle, it should be  possible to separate the various contribut- 
ions because the cracking pattern of ammonia is known but, in practice, the con- 
centrations of radicals will be too low to permit a reliable separation. The iden- 
tification can however be car r ied  out by measuring the appearance potential of the 
species involved. 

The 15 and 16 peak heights have been measured as a function of electron energy 
under standard conditions using the filament both hot and cold. With the filament 
heated the ions appear at much lower potentials although the two plots become 
parallel when the fragmentation of ammonia at higher electron energies dominates 
the formation of ions, the separation between the two being due to reaction taking 
place. In addition to permitting an identification of the species present i.e. NH, 
for the mass 16 peak and NH for the mass  15 peak), the appearance potential deter- 
mination can also provide a rough measure of the ionisation potential of the inter- 
mediate. This technique is of value for obtaining thermodynamic properties of 
reactive species. 
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Commentary on Chapter 4-2 

E. M. A. Willhoft. 

Some experiments were carried out about a year ago, at the Gas Council Basic 
Research Group, on ammonia decomposition on tungsten under ultra-high-vacuum 
conditions. (Base pressures in absence of ammonia < 2 x 10-9 torr) .  The appar- 
atus used was in fact the one described in the next chapter on hydrazine decomposi- 
tion. t o r r  and the temperature of 
the catalyst was varied from 850 - 2500°K. 
spiralled wire 30 cm long and 75 p m  in diameter. Particular attention was given 
to removing dissolved carbon and other impurities in the wire by exposure of the 
filament at 2500°K to an ultra-high-vacuum as well as by reduction of the filament 
at red  heat in hydrogen and ammonia. 

At temperatures in excess of 2000"K, reaction probabilities equal to or close to 
unity were obtained. At temperatures of less than 1450°K, a linear Arrhenius 
plot was obtained with an apparent activation energy of about 25 kcals/mole. At 
higher temperatures, 2 deviation-from linearity occurred so that the Arrhenius 
curve approached the P axis, at  P = 1, with a continuously decreasing temperature 
coefficient. 

The ammonia pressure range was 4 - 8 x 
The catalyst was in the form of a 

It i s  noted that Professor Bradley and his co-workers used a filament of 250 p m  
diameter. With this thickness of wire, it  would be extremely difficult toremove 
all dissolved carbon from the bulk. The difference in the shape of the curves is 
therefore very likely due to dissolved carbon. The effect of carbon on ammonia 
decomposition on platinum has been reported elsewhere. The order with respect 
to NH, in our experiments using tungsten was unity, based on a 65 percent change 
in reactant pressure.  
order with respect t o  ammonia was dependent on the pressure of ammonia and the 
extent of carburisation of the wire. 

The break in our Arrhenius plot is explained in t e r m s  of decomposition and evapor- 
ation of adsorbed MI, molecules becoming comparable with one another in magnit- 
ude with increasing temperature. 
of evaporation of adsorbed molecules is very much greater than the reaction rate, 
hence accounts for the linear Arrhenius plot. 

In NH, decomposition on a carburised platinum wire, the 

At temperatures of less than 1450°K the rate 
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4- 3 

MassSpectrometric and other Techniques for 
Investigation of the Catalytic Decomposition 
of Hydrazine on Platinum at Low Pressure 
E. M. A. WILLHOFT, 
The Gas Council, London, S. W. 6. 
A. J. B. ROBERTSON, 
King's College, London, W. C. 2. 
Summary 

The investigation by mass spectrometry of atoms, free radicals and transient inter- 
mediates evaporating from a heated catalytic surface in the presence of a reactant 
gas at low pressure is discussed. 

Advantages of the quadrupole spectrometer for this work are considered. 
composition of hydrazine at a pressure of 2 x 10-5 t o r r  on heated platinum gives 
di-imide, which was observed with a quadrupole mass spectrometer. 
u re s  of the reaction under various conditions are described, particularly the 
amounts of stable products formed, and the probability of reaction of a hydrazine 
molecule at a single collision with the platinum surface. 

Sommaire 

On discute la recherche par  spectrom6trie de masse des atomes, radicaw libres 
et e s p k e s  interm6diaires issues d'une surface catalytique chauffie en prgsence 
d'un gaz reactif & basse pression. 

On examine les avantages d'un spectromstre quadrup6le. 

La d6composition de l'hydrazine > la pression de 2.10-5 t o r r  su r  du platine chauff6 
donne de la di-imide, observ6e au spectromktre quadrupcle. 
t ra i t s  de la &action sous diffgrentes conditions, particuli'erement les quanti& de 
produits stables form&, et la probabilite' de la &action de la mol6cule hydrazine 
par  simple collision avec la surface du platine. 

Introduction 

The de- 

Other feat- 

On decrit d'autres 

Free atoms and radicals are frequently produced when diatomic and polyatomic 
molecules are decomposed on heated metal surfaces which catalyse the decomposit- 
ion. The atoms and radicals evaporate from the hot metal surface, and can be de- 
tected by mass spectrometry. Free atoms and radicals are often sensitive to sur -  
face collisions, and when this is so  their detection by mass spectrometry requires 
that the number of collisions by the particles before detection should be  a minimum. 

An apparatus for  studying such systems therefore requires a line-of-sight path into 
the ion source of the spectrometer from the place of origin of the radicals. Simi- 
lar considerations hold for any transient intermediates formed, which may not be 
f r ee  radicals, but which are sensitive to surface collisions. When a heated metal 
catalyst is used as a source of such transient particles, the reaction can occur at 
p ressures  as low as that used in the mass  spectrometer ion source, so there is 
then no problem of sampling from a high-pressure to a low-pressure region. 
concentration of transient particles in the ion source of the spectrometer is in- 

The 
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creased by having the catalytic surface as  close to the electron beam of the spectro- 
meter tube as possible, and by pumping the ion source separately. This pumping 
not only reduces complications due to reaction on the thermionic electron-emitting 
filament, and on other surfaces in the ion source, but also reduces ion-molecule 
reactions in the gas phase by effectively allowing a beam of particles to enter the 
mass spectrometer without undergoing collisions. This method of sampling has 
been used and discussed in detail by Robertson (1) (2) (3) and by Pentenero and Le 
Goff (4). 

Magnetic deflection mass spectrometers are limited in sensitivity by the usual slit 
system necessary to provide an acceptable resolution of the incoming ion beam. 
This disadvantage does not exist with the quadrupole spectrometer. 
can be  made completely open and allows particles to enter the ionising region through 
an orifice which can be about 3 mm diameter. In addition, the quadrupole is cap- 
able of accepting ions several degrees off the quadrupole axis, a figure quoted by 
one manufacturer being 30'. In work with transient intermediates with magnetic 
deflection instruments, contamination of the mass spectrometer sl i ts  often leads to 
troublesome lack of reproducibility. 
may then be highly beneficial. A diagrammatic representation of a quadrupole 
mass spectrometer head is shown in figure 4-3-1. 
are precisely located in a rectangular array,  and when energized by DC and R F  
voltages act as a mass filter. 
electron beam ionizer and electron multiplier detector. 

With the high-speed mass scan and the associated recording apparatus it is possible 
to obtain semi-quantitative results for the detection of transient particles provided 
the mass spectra of these a r e  known. Quantitative analysis, however, may be  re- 
stricted to the use  of energies of the ionising electron beam of about 70 eV, since 
the ionisation efficiencies of  closely related particles are very similar at such 
energies. 
just exceeding the ionisation energy, s o  that a complete analysis requires a low 
electron-energy source as well as a high-energy source. 
of the identity of a particle may be  obtained from ionisation and appearance poten- 
tial data which can be  obtained with a source providing electrons of low and variable 
energy. 

An investigation was made of the detailed kinetics and mechanism of the heterogen- 
eous decomposition of hydrazine at p ressures  of about 10-5 t o r r  on a heated platin- 
um surface. The low pressure  ensured that the flow was molecular, and also 
enabled the reaction vessel to be kept at room temperature. 

In the low electron-energy study, the concentration of transient particles which 
evaporated directly from the platinum catalyst was increased in the ion source by 
using the platinum as a thin foil, 8 p m  thick and about 2 X 2 cm2, in a plane situated 
normal to the axis of the quadrupole. In the high-energy study, the platinum was 
used as a coiled filament 30 cm long and 75 p m  diameter. 
formation of di-imide (NzH2) from hydrazine have been reported elsewhere (5). 
It was possible to determine part  of the mass  spectrum of the unstable di-imide 
intermediate. Generally, the determination of free radical mass  spectra may be 
easier when the radicals are produced on a catalytic surface at low pressure since 
the problems associated with sampling from a high pressure  do not arise. 

Ionisation efficiency curves for the formation of NzHz+ from N,H,and for N2H+ 
formation were constructed and gave an approximate value of 9.9 eV for the ioni- 
sation potential of d i i m i d e  and an appearance potential of 11.1 eV for the formnt- 
ion of N2H+. 
ionisation potential of hydrazine (6). 
the ionisation potential of di-imide. 

The ion source 

The elimination of fine sl i ts  in the quadrupole 

The four quadrupole elements 

The figure shows a quadrupole assembly with 

However, -qualitative identification is possible at low electron energies, 

Further confirmation 

Detailed results on the 

These values were obtained by assuming a value of 9.00 eV for the 
Foner and Hudson (7) obtained 9.85 eV for 
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In a different investigation of the platinum-catalysed decomposition of hydrazine, a 
flow system was used similar to the conventional high vacuum system described in 
the  study of ammonia decomposition on platinum (s). This apparatus did not include 
a mass spectrometer. Hydrazine vapour was passed continuously at pressures of 
about 10-4 torr over a heated platinum wire catalyst. The number (N s) of mole- 
cules of hydrazine decomposed per second was estimated from the &Terence bet- 
ween the number collected after each run (lasting up to 1 hour) and the known num- 
ber 5) of molecules which passed into the reaction vessel per second. The pro- 
bability P of a hydrazine. molecule decomposing on colliding with the catalyst wire 
of surface area A cm2 is (8): 

where 
unit molecular weight. 
colliding with the wire catalyst is decomposed. 
absence of reaction, of 1 x 10-4 to r r ,  values of 
platinum wire at 1100°K. 
further decomposition of hydrazine at the walls of the reaction vessel despite the 
fact that the vessel  was at room temperature. 

Hydrogen to nitrogen ratios in the non-condensible products of the reaction were 
measured by pumping these products into a backing volume, and catalytically oxidi- 
sing the hydrogen on an electrically-heated platinum wire situated opposite a liquid- 
air trap. 
steady'value of 1.9 after 2 minutes of reaction. 
ratio depended on the catalyst temperature in the range 700 - 1700"K, it always 
decayed with t ime of reaction to  give a steady value. 
value was about 2 minutes and was independent of temperature. 

The ratio of the number of molecules of hydrazine decomposed to the number of 
molecules of ammonia formed varied from unity at 800°K to approximately 7 at 
1660°K. To explain the high ratio of hydrogen to nitrogen (exceeding 2) together 
with the formation of ammonia, an intermediate must be proposed in which the nit- 
rogen:hydrogen ratio is greater than that in hydrazine. From the mass  spectro- 
metric results this intermediate appears to be  di-imide which was reported by Foner 
and Hudson (9) to be formed by the decomposition of hydrazine in the gas phase, and 
by applying an electrodeless discharge to hydrazine. Although di-imide appears to 
be an initial product evaporating from the catalyst surface, the reactions at the walls 
of the vessel which cause P to exceed unity may not necessarily involve di-imide, 
but possibly free radicals formed by i t s  further decomposition. 
possibly also b e  involved in reactions at the vessel  walls. 

Assuming equal cross-sections for ionisation of N2H4 to Nf i4+  and N2H2 to N2H2+,' 
the partial pressure of N,H2 in our mass  spectrometric work was calculated to  be 
7 x 10-7 to r r .  This corresponds to a reaction probability of about 0.2 for di-imide 
formation as a result of a hydrazine molecule colliding with the filament. 
N,H, may react further at the walls of the vessel and its calculated partial pressure 
corresponds to a steady state condition, this value of reaction probability represents 
a lower limit. The t rue  value of P for di-imide formation at a single collision of a 
hydrazine molecule with the filament may therefore be much closer t o  unity, 

Further work is necessary to  establish unequivocally the source of the ions N2H+, 
NH2+ and NH+. 
of the spectrometer and the catalyst to a few millimetres, approximately 250 mm 
distance was used in the present investigation. Useful information could also be 
derived by measuring the dependencies of the various ion currents in the mass 
spectra on the reactant pressure.  

is the pumping speed in litres per second at thereaction vessel for gas of 
The value 2 = 1 means that every molecule of reactant 

With a hydrazine pressure, in the 
close to 3 were obtained with the 

It seems that an intermediate was formed which caused 
. 

Initial ratios of 2.5 were obtained at about 1250°K; they decayed to a 
Although the hydrogen/nitrogen 

The time taken to reach this 

Ammonia may 

Since 

This might requiredecreasing the distance between the ion source 
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Commentary on Chapter 4-3 

K.W. Michel 

More specific data about di-imide became available almost 10 years ago. 
the mass-spectrometric detection by Foner and Hudson it has been postulated as an 
essential intermediate in the homogeneous chain decomposition of N,H, and was 
determined quantitatively by mass-spectrometry (1). 

It is interesting to find that N,H, may also play a role in the heterogeneous de- 
composition. 

Little was known about surface catalyzed decomposition apart from some classical 
investigations on the stoichiometry of the reaction products and the evidence that 
the heterogeneous decomposition proceeds in some cases (2) without the participat- 
ion of free radicals i.e. non-chain mechanism. 

Even in view of the results presented by Dr. Willhoft we are f a r  from a conclusive 
description of the surface reaction. The surface reaction is coupled with adsorpt- 
ion-desorption processes; even if one assumes that the adsorption is fast, the de- 
sorption r a t e  of the observed species will influence the overall reaction rate. In- 
vestigation of the surface state by methods such as LEED on single crystals might 
provide additional information in this case. 

Despite the c a r e  taken by the authors to exclude oxygen and carbon from the re- 
action vessel, deuterium substitution of hydrazine might help to strengthen belief 
in the identification of masses  29 and 30. 
the reaction products might indicate whether the chain mechanism suggested here 
remains valid. 

Since 

In addition, the distribution of D among 

In the case of surface reactions one might consider that the bond-structure of 
N,H, has some effect. 
species results, which will also explain the large number of species with mass  29. 
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5- 1 

New Methods for Producing High Energy 
Molecular Beams 
J.B. ANDERSON AND J.B. FE" 
Princeton University, U. S. A. 

Summary 

Nozzle-source molecular beams are useful in the study of collision processes re- 
lating to  propulsion and energetics because they can provide the energy and intensity 
that is necessary for  many experiments. This chapter attempts to  set forth the 
art and science of nozzle-beam operation and experiment design as they have 
emerged from the experience that has been accumulated in many laboratories over 
the past ten years.  In particular, some of the differences between theory and 
practice will be discussed and a number of useful relationships among the operating 
variables will be summarized. 

Sommaire 

Des faisceaux moleculaires i s sus  de tuy&es sont utiles pour 1'8ude des processus 
de collision relatifs 2 la propulsion et a 1'6nerg6tique car ils peuvent fournir l'gner- 
gie et l'intensit6 ngcessaires pour de nombreuses expgriences. Dans cet expos6 
l'art et la science des jets mole'culaires i s sus  de tuygres seront pre'sente's, ainsi 
qu'une description des montages expe'rimentaux tels qu'ils apparaissent dans les 
travaux effectues dans de nombreux laboratoires au cours des dix dernie\es annges. 
On discutera notamment quelques diffe'rences entre the'orie et expgrience, et on 
presentera un certain nombre de variables caracte'ristiques du fonctionhement. 

Introduction 

Physicists have found it relatively easy to bring about nuclear reactions under 
precisely controlled conditions in beam scattering experiments with high energy 
accelerators. They have found it very difficult to effect the same reactions under 
steady-state conditions except at the catastrophic rates occuring in bombs. Con- 
sequently, for elementary collision processes characterized by energies of millions 
or billions of electron volts we have a great deal of precise, microscopically-de- 
tailed information; but the engineering art of using these processes to satisfy hum- 
an needs must be regarded as in a sti l l  primitive state. 

At the other end of the energy spectrum, chemists and engineers concerned with 
chemical reactions and other collision processes between atoms and molecules, 
characterized by energies below ten or twenty electron volts, have been very 
succeskful in carrying out these processes in large populations under steady-state 
conditions. They have found it much more difficult to bring about individual coll- 
isions under the precisely defined conditions which are, in principle, possible with 
beam scattering experiments. 
reactions and .transport processes has  been highly developed but a detailed descrip- 
tion of the elementary collisional events in this energy range remains elusive. 
Thus, we can build and use  propulsion systems whose operation is vitally dependent 
on collision processes about which we know little or nothing. 

Thus, the engineering art of applying chemical 
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One of the main reasons we do not have the detailed lmowledge of these collision 
processes that beam scattering experiments can provide is that particle beams 
with useful intensities have not been available in the energy range between 0.5 and 
20 eV. Collisions in this energy range are responsible for  many phenomena of 
interest and importance to propulsion and energetics. 
effusive or oven sources have a useful upper limit t o  energy of about 0.5 eV because 
the source temperature cannot exceed about 3000°K. 
erials of construction having higher melting points, and the gas temperature cannot 
exceed the wall temperature at the low source gas densities that must be used. At 
energies below 100 eV, the intensities of beams formed by charge exchange neutra- 
lization of parent ion beams are severely limited by space charge effects. Never- 
theless, it has been possible in some cases, in which the detection problem has 
been solved, to obtain results with charge exchange beams at energies as low as 
10 eV (1) (2) (3). 
used directly or used to generate neutral beams of the same energy by charge ex- 
change, present difficult experimental problems. 

Until very recently, except for a few results with very low intensity ion beams and 
their  charge exchange neutral derivatives, the only beam scattering collision stud- 
ies at energies <10 eV and > 1 eV have been based on the observation of small  
angle scattering of high energy beams. In this technique, which has been pioneered 

-by Amdur and his collaborators, a beam particle having an energy as high as sev- 
eral keV undergoes a 'grazing' collision with a target particle such that the effective 
collision energy is only a small  fraction of the beam energy in laboratory coordin- 
ates (4) (5). By study of such low-angle scattering it has been possible to accumu- 
late a substantial amount of information on the potential energy as a function of dis- 
tance between various pa i r s  of atonis and molecules in the repulsive region above 1 
eV. The method lends itself mainly to elastic scattering, and the results are 
particularly useful in describing and predicting transport at high temperatures and 
the equilibrium thermodynamic properties which depend on intermolecular poten- 
tials. Inelastic and reactive collisions are difficult to interpret and, in fact, 
occur only ra re ly  because the collision t ime is so short. The use of high energy 
beams is not easily adapted to studying particle-surface interactions in the 1 to 10 
eV range because of the difficulty of observing very low angle scattering from a 
surface. 

Beams from classical 

There are no suitable mat- 

In general, however, ion beams at energies below 20 eV, whether 

In the past several  years there have emerged several  new methods of generating and 
using molecular beams for the study of collision processes at energies in the range 
immediately above 1 eV. The importance of this energy range and the power of the 
beam scattering technique have inspired many 'inventions' and a number of new app- 
roaches to the problem of generating particle beams have been evolved and are being 
pursued. Discussion here is limited to three methods that have recently reached a 
useful stage of development and with which some worthwhile results have already 
been obtnined. Tlicse are (a) the use of cathode sputtering to provide beam atoms, 
(b) the merging beams technique by which the energy difference between two collin- 
ear high energy beams is utilized, and (c) the use of supersonic jets as proposed 
originally by Kantrowitz and Grey. 

Sputtering Sources 

The phenomenon of cathode sputtering, by which atoms of an electrode metal are 
ejected when a high energy ion strikes i t s  surface, has been studied intensively for 
many years. The yield or number of sputtered atoms per incident ion may be as 
high as 5 or 10. The energy of the sputtered atoms ranges up to 100 eV or so, 
depending upon the incident ion energy and the composition of the electrode. The 
flux of sputtered atoms is generally highest in the direction normal to the surface 
and varies approximately in proportion to the square of the cosine of the angle rela- 
tive to the surface normal. These factors led Wehner to suggest in 1954 that sputt- 
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ered atoms might be collimated to  form a beam having a useful intensity in a most 
interesting energy range (6). The group at the FOM Institute for Atomic and Mole- 
cular Physics in Amsterdam has recently been successful in reducing this suggest- 
ion to practice (?) @). 

The important features of a sputtering source a re  indicated schematically in figure 
5-1-1. The composition, energy, intensity and direction of incidence of the prim- 
ary ion beam, and the composition of the target, all represent independent variables 
whose effects upon neutral beam characteristics have not been thoroughly explored. 
Politiek and his collaborators have thus f a r  reported results using potassium targets 
with incident primary beams of argon ions ranging in energy from about 4 to 10 
kilovolts. 
steradian-sec distributed over an energy range from zero to 50 eV. A rotating- 
disk velocity filter, with a transmission of thirty-six percent and a selectivity of 
about six percent, was incorporated in the apparatus. By velocity analysis it was 
found that a maximum intensity of about three percent of the total flux occurred in 
the sixpercent velocityinterval at about 2.5  eV, with a drop to about half of this 
value at 0.5 eV and 25 eV. The extent to  which intensities can be increased by in- 
creasing the current density of the incident beam has not been established, but there 
is little doubt that intensities higher than already reported can be obtained. The 
energy range of the sputtered atoms is determined primarily by the focussing energy 
of the target lattice and, therefore, cannot be raised much above about 50 eV. 

In this apparatus, with the sputter source for high energies and an effusive oven 
source for low energies, total scattering c ross  sections of potassium on helium and 
potassium on argon have been measured over the energy range from 0.01 eV to 
17.5 eV (9). The ranges of the two sources overlapped from 0.40 to 0.45 eV. 
The experimental results.are shown in figure 5-1-2. 
selector it is planned to extend the energy range to almost 40 eV. 

The group at the FOM Institute is vigorously pursuing the development and use of 
this new beam source (lo). They have available a new ion source which provides 
a ten-fold increase in incident ion current. 
to be used for the study of particle-surface interactions including surface ionization 
of alkali atoms. It is designed for the 
study of chemical reactions which may *yield charged products, e.g. : 

The total intensity of sputtered atoms has been as high as 1016 atoms/ 

With an improved velocity 

They have also built a second apparatus 

A third apparatus is under construction. 

K + Br, c K+ + Br,- 

Bra-  w Br + Br- 

The threshold energy for this reaction is estimated to be 3 eV. 

No great difficulty is forseen in extending the sputter source technique to target 
electrodes of other materials including practically all  metals. There is some hope 
that beams of non-metallic atoms and even of compound molecules might be genera- 
ted. The question of the internal state of the beam particles is not completely 
settled, but the evidence so f a r  indicates that the sputtered atoms are in the ground 
state. Sputter source beams apparently require little pumping speed as a consequ- 
ence of the beam generation process. 
can be produced which would be extremely difficult in any energy range by any 
other technique. 
ient to control. 
uency and phase become important variables, should be practicable. 

It is of interest to add here  that the sputter source principle is being considered as 
a possible basis for a space propulsion system of high impulse (11). 

Beams of relatively refractory materials 

Thus, t imed-f l igh t  techniques, and experiments in which freq- 
Because they are produced by electrical means they are conven- 
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Fig. 
POTASSIUM 
5-1-1 

COLLIMATOR POTASSIUM ATOMS 
TARGET 0.5-40 eV 
Pictorial representation of the sputter source beam technique 
developed at FOM-Institute for Atomic and Molecular Physics, 
Amsterdam. 
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Fig. 5-1- 2 Total scattering cross-sections for potassium-helium and potassium- 
argon determined in experiments using sputter source potassium 
beams by Politiek, Los, Schipper and Baede. From ( 9 ) .  
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The Merging Beams Technique 

In this approach to the measurement of collision cross-sections, two beams of high 
but slightly differing energies a r e  brought into confluence. 
actions are characterized by the velocity difference between the two beams which, 
in principle, may be made as small  as desired. 
moved axially, measures the flux of collision products as a function of distance 
along the interaction region of the merged beams. 
each beam are lmown, the cross-section for the interaction to form the product 
may be calculated. 

Figure 5-1-3 shows a schematic arrangement of apparatus with which Trujillo, 
Neynaber and Rothe measured the cross-section for resonant charge exchange bet- 
ween argon atoms and argon ions (12). They merged a 3465-eV beam of argon 
atoms with a 2000-eV beam of argon ions. 
100 eV. 
grid to  allow detection of the 3465-eV product ions. 

Although merged beams of electrons and alpha particles were used many years ago, 
it w a s  only relatively recently that Cook and Ablow suggested their use in the study 
of collisions between heavy particles (13). The possibility of a very low interaction 
energy with very high energy resolution was pointed out by Trujillo et a1 
The technique was tested and reduced to practice by Trujillo, Neynaber and Rothe. 
In addition, Belyaev, Brezhnev and Erastof have carr ied out a 'single source' ex- 
periment for determining the charge exchangecross-section between H+ and H (15). 
In this variation a beam of protons is partially neutralized in a charge-exchange 
chamber. 
insulated chamber. A potential on this chamber re tards  the proton beam and thus 
provides the necessary energy difference between atoms and ions in the interaction 
region. 
technique to extend their argon charge transfer cross-sections to the energy range 
0.1 to  20 eV (16). 

The resulting inter- 

A detector assembly, which is 

If the intensity and velocity of 

The resulting interaction energy was 
The parent 2000-eV ions were screened from the detector by a retarding 

(14). 

The resulting mixed beam of atoms and ions is passed into an electrically 

More recently, Trujillo, Neynaber and Rothe used this single-source 

The collision or interaction energy between two particles is determined by their 
masses and the velocity with which they approach each other. 
two merged beams have parallel trajectories, the interaction energy W is: 

If the particles in 

w = Q /l (vz - v1)2 (Eq. 5-1-1) 

where p is the reduced mass and v2 and v1 a r e  the velocities of each beam in  the 
laboratory f rame of reference. For equal particle masses equation 5-1-1 can be 
rewritten in t e rms  of the energies of each beam in laboratory coordinates, E, and 
E,: 

' 2  
W = 4 (E2* - E l 2 )  E AE2/6E (Eq. 5-1-2) 

The latter approximation is good if AE, the energy difference between the two beams 
if small  relative to  E, the average energy of the two beams. 
ratio of interaction energy, W, to  the energy difference between the two beams, AE, 
is very small  as long as the average energy of the two beams, E, is large. 
same 'deamplification' applies to any variations in W that may be consequent on 
fluctuations in AE. 
merger of two high energy beams can retain the intensity, energy resolution and 
detactability advantages of high energy beams, even though the scattering inter- 
actions are at very low energies. Figure 5-1-4 is an attempt to represent paph i -  
cally the relation between interaction energy W and beam energy difference, AE, at 
various energy levels. It is clear that these energy relations imply a great flexibi- 
lity in the design of experiments. 

It is clear that the 

This 

The net result  is that scattering experiments based on the 
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Fig. 5-1-3 Schematic diagram of merging beams appara.tus and detection system 
for measurements of charge exchange cross-sections by Trujillo, 
Neynaber and Rothe. From (14) .  
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Fig. 5- 1-4 Energy relationships for the merging beams technique. Calculated 
from Eq. 5-1-2. 
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Unfortunately, the merging beam technique does not provide a solution to the prob- 
lem of many types of scattering experiments. 
measurement of total cross-sections for reactive scattering in which there  is a 
change in structure and, therefore, an intrinsic identifiability of one of the inter- 
action particles. In the argon charge exchange experiment cited, the product ions 
were identifiable by virtue of their higher energy, i.e. they were formed from 
neutrals that entered the interaction region at higher energy than the reactant ions. 
A retarding potential prevented the latter from entering the detector. Because the 
center of mass  is at high velocity relative to laboratory coordinates the solid angle 
of the reaction product trajectories is very small. This feature is desirable in the 
study of total reaction cross-sections but would be obviously fatal in any attempt to 
determine differential cross-sections or total cross-sections for elastic scattering. 
Such experiments depend upon the ability to resolve scattering angles which should, 
therefore, be large rather than small in laboratory coordinates. It is also appar- 
ent that the method lends itself more readily to  cases  in which one of the reactants 
is an ion than to  cases  in which both reactants a r e  neutral. 

Supersonic Jet k c e s  

The two previous techniques comprised means by which high energy ion beams could 
be used to bring about collisions at much lower energies; consequently, they allow- 
ed the large background of experience with high energy ion beams to be applied to 
the solution of a new set of problems. We now consider a means of obtaining beams 
with energies of several electron volts that does not depend upon ion acceleration. 
Kantrowitz and Grey proposed in 1951 that the quiescent low density gas in the 
classical effusive oven source be replaced by a low density supersonic jet. 
anticipated advantages they set forth included increases  in intensity of several 
orders  of ten and a substantial improvement in monochromaticity of the f inal  
beam due to  narrowing of the molecular velocity distrubution during expansion 
of the source of gas to high Mach number. The first conclusive experimental de- 
monstration of the Kantrowitz-Grey idea was reported in 1954 by Becker and Bier 
(17). Since then there  has been an ever increasing interest in the development and 
use of supersonic nozzle beams. (18) (19) (20) 

In addition to its ability to provide high useful intensities the Kantrowitz-Grey app- 
roach has provided a means by which beam energies could be increased above the 
limit of about 0.5 eV encountered with effusive sources. 
gas is at high density prior to expansion it can be heated to a temperature much 
higher than the melting point of the nozzle walls. This possibility has led to the 
use of shock tubes and high-current a r c s  a8 means of increasing the energy of the 
source gas and, therefore, the energy in the final beam. Second, again because 
of the high gas density in the source and during the early part of the expansion, 
heavy molecules in admixture with a light car r ie r  gas can be accelerated acrodyn- 
amically in the 'seeded beam' technique. 

Nozzle Beam Performance and Design Characteristics 

In their initial proposal Kantrowitz and Grey furnished a design for a converging- 
diverging supersonic nozzle and a skimmer to extract the core  of a jet to foriii a 
molecular beam (21). A schematic diagram of a typical nozzle bean1 s y d c m  is 
shown in figure 5-1-5. In practice it has been shown more convenient to use as 
sources  free jets formed by expansion of gases from simple converging nozzles or 
orifices. This h a s  the advantage of avoiding the problems of boundary layer for- 
mation in  the diverging section of a nozzle and simplifies, to some extent, the gas 
dynamics of jet formation. 
some of the more difficult problems of gas dynamics: subsonic and transonic flow 
with viscous effects, supersonic flow in transition from continuuni to free-mole- 
culm flow and, in some cases, rotational and vibrational relaxation and condensation 

It lends itself admirably to the 

The 

First, because the source 

Nevertheless, the formation of a free jet involves 
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Fig. 5-1-5 Schematic diagram of typical nozzle beam apparatus. 

S 
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Fig. 5-1-6 Arrangement of nozzle, skimmers and detector used in shock-tube 
source for molecular beams by Skinner and co-workers. From (67). 

\ 2 %  - THORIATED- TUNGSTEN CATHODE 

Fig. 5-1-7 Diagram of source-electrodes, sonic nozzle and skimmer of arc- 
heated molecular beam source used by Knuth and Kuluva. From (52) .  
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Measurements of the properties of molecular beams extracted from free jets 
have contributed to the understanding of these general problems of gas dynamics 
and stimulated theoretical work in these areas. As a result, many of the propert- 
ies of f r ee  jets are well understood and can be accurately predicted. 

The interaction of a jet with a skimmer is not well understood although many of the 
features of this interaction are clear in a qualitative sense. The Kantrowitz-Grey 
model for the beam formation process is based on parallel, isentropic gas flow at 
the skimmer entrance with free-molecular flow downstream of the skimmer entran- 
ce. The equations of this idealized model, with refinements made by Parker et al. 
(22), have been modified to take into account the 'non-ideal' effects of transition to  
free-molecular flow upstream of the skimmer and divergence of the flow at the 
skimmer entrance (23) (24) (25), in the absence of interference with the flow by 
non-ideal skimmer effects. 
misinterpreted in (25). 
divergence effects. 
degree of approximation. 
has been shown to be  negligible. 
ies may be calculated directly if the f r ee  jet properties are known. 

The continuum, isentropic, f r ee  jet expansion may be  treated by the method of 
characteristics for inviscid supersonic flow. Solutions of this problem were furn- 
ished by Owen and Thornhill and by Sherman (26) (27). Since it is advantageous to 
operate the nozzle at a high Reynolds number, the continuum treatment is usually 
satisfactory for the early part  of the expansion. As gas density and temperature 
decrease in the expansion process, the molecular collision rate decreases and con- 
tinuum flow no longer obtains. The 
thermal velocity distribution superimposed on the gross flow velocity becomes non- 
isotropic, and the axial velocity distribution approaches a terminal distribution or 
'freezes'. The radial velocity distribution continues to change even in free-mole- 
cular flow, a geometric effect. In the transition region the radial velocity distri- 
bution becomes increasingly non-Maxwellian but may be  approximated by a Maxwell- 
ian velocity distribution with excessive 'tails'. The process of translational tem- 
perature freezing in free jets has been examined in detail experimentally and theor- 
etically and is fairly well understood (23) (28 through 33). However, quantitative 
agreement between theory and experiment is not entirely complete. 

It should be  added that equation (1) of (24) has been 
Both equation (1) of (24) and equation (6) of (25) include 

At sufficiently low gas densities skimmer interference 
For  isentropic flow to the skimmer the equations differ in 

Under this condition the molecular beam propert- 

A transition to free-molecular flow occurs. 

If the background pressure  in the nozzle exhaust chamber is not sufficiently low, a 
reduction in beam intensity may result from the scattering of jet molecules by back- 
ground molecules upstream of the skimmer. At high background pressures a Mach 
disc - a shock wave normal to the axis of the jet - is formed. With decreasing 
background pressure the Mach disc moves downstream, broadens and, at zero 
background pressure,  disappears. In effect, the jet pumps background gas away 
from its axis. 
cleared by the jet was proportional to the nozzle flow rate, rather than the square 
root of flow rate; the reason for this has not been explained. Beyond that distance 
simple scattering by background gas occured (34). The experiments covered a 
restricted range of conditions which Brown and Heald have recently extended (35). 
The necessity for a low background pressure in the nozzle chamber can be avoided 
to some extent by reducing the dimensions of the nozzle-skimmer system, as in 
Campargue's apparatus (36). 

Since skimmer interference imposes an important limitation on nozzle beam per- 
formance, it has  been investigated widely and a number of explanations of the effect 
have been proposed. 
fairly wide range of conditions, and proposed the probable existence of a shock in 
front of the skimmer to explain the loss of beam intensity by skimmer interference 

Our experiments indicated that, as an approximation, the distance 

Fenn and Deckers correlated beam intensity results for a 



412 

(37). 
action at higher densities, proposed that the effect be explained by shock waves or 
'collisional distortion' downstream of the skimmer entrance (38) (25). Oman prop- 
osed an attenuation due to the scattering effects of molecules reflected from the ex- 
ternal skimmer surface (39). French and McMichael (40), using an electron beam 
probe, observed only a slight increase in density in front of the skimmer under con- 
ditions corresponding to severe skimmer interference (skimmer Knudsen number 
Kn, < 1.2, defined as the Lagrangian mean free path of the jet gas molecules at the 
skimmer entrance divided by the skimmer entrance diameter). Not one of the prop- 
osals  cited here  explains all the effects observed. 
each of them at different flow densities or values of Kn,. 

At very low densities (Kn, > 50) the flow is essentially free-molecular, and skimmer 
interference is negligible. As density is increased molecules reflected from the 
external surface begin to scatter the  beam molecules as in the Oman model. 
a further increase in density the reflected molecules and the scattered molecules 
contribute to a density build-up upstream of the skimmer. 
appears to have the features of the diffuse shock-like structure proposed by Fenn 
and Deckers. At still higher densities (Kn, - 1) there  is a sufficient flux of jet 
molecules to drive molecules reflected from the external skimmer surfaces down- 
s t ream of the skimmer entrance, and prevent the formation of a detached shock. 
Under Ws condition there  is very definitely 'collisional distortion' inside the skim- 
mer as proposed by Bier and Hagena. 
diffuse oblique shock extending f rom the leading edge of the skimmer to the axis 
downstream. 

The range of conditions of direct interest in producing molecular beams is that 
corresponding to a very slight skimmer interference - a beam attenuation of up to  
one-third @ns 2 10). 
in front of the skimmer entrance due to molecules reflected from the external 
skimmer surface as proposed by Oman and by Fenn and Deckers. 

The possibility of self-scattering of beam molecules in the absence of skimmer 
interference effects has been treated by Valleau and Deckers (41). 
fundamentals of this treatment are certainly correct, the experiments by Anderson 
et af (24), using a cryogen-cooled skimmer to  eliminate interference, suggest the 
beam attenuation predicted by Valleau and Deckers is higher than actually occurs. 

The low static temperatures reached in the expansion of a jet may result in the gas 
becoming supersaturated, and give rise to condensation. The onset of condensation 
is marked by dimer formation. As noted by Deckers (42) and by Rosner and Fontijn 
(43) it is possible that dimers a r e  extremely reactive chemically: this may lead to 
severe problems in  studies of chemical reactions with nozzle beams. 
on dimer formation as well as a simple approximate theory, shown to be reasonably 
successful, have been given previously (24). The views of Hagena and his co-work- 
e rs ,  summarized in (25), probably apply to higher polymers. However, we object 
to the conclusion that condensation especially dimer formation can be a function of 
the nozzle pressure diameter product alone (with other variables constant). 
cause the formation of dimers from monomers requires three-body collisions, both 
the pressure diameter product and the total pressure must be involved. 
measurements by Greene and Milne may resolve the question (44). 

The optimum design of a nozzle beam system differs markedly, dependhg on the 
experiments for which it is to be used. 
ails here. 

Bier and Hagena, on the basis of schlieren studies of jet-skimmer inter- 

There is strong evidence for 

With 

This high density region 

This distortion is probably the result of a 

In this range, skimmer interference results from scattering 

While the 

Our views 

Be- 

Recent 

We will not attempt to specify design det- 
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Shock Tube Sources 

I In the isentropic expansion of pure gases in a jet, the average kinetic energy E of 
the molecules in laboratory coordinates is given by: 

To 
E = h M V 2 = I  c , d T  (Eq. 5-1-3) 

T 
where V is the flow velocity, M is the molecular mass, c is the molecular specific 
heat at constant pressure,  To. is the  stagnation or source iemperature, and T is 
the static temperature in the jet. For monatomic gases expanded to high Mach 
numbers from a stagnation temperature of 3000"K, the limit for the material of 
construction of a nozzle, the energy of the molecular beam formed is about 0.6 eV. 
In a shock tube, much higher gas temperatures can be obtained for short periods 
of time, the material limitations can be bypassed, and the beam energy may be in- 
creased. 

The development of shock tube sources is being carried out in several  laboratories 
notably by Oman (45), Skinner (46), Jones (47), Peng and Liquornik (48) and Dolder 
(chapter 5-2). 
A schematic diagram of the apparatus used by Skinner and co-workers is shown in 
figure 5-1-6. A converging-diverging nozzle is placed in the end wall of a shock 
tube. The source gas  is thus located in the region behind the reflected shock after 
passage of the shock. 
opening valves, have been used to  prevent the gas flowing through the nozzle before 
it has been heated. 
nozzle flow. 
period and the arrival at the end wall of the returning wave reflected from the con- 
tact front) ranges up to  several milliseconds. Skinner and Moyzis found it advan- 
tageous to use  a double skimmer arrangement to improve intensity, and to prevent 
effusion of cold gas from the nozzle exhaust section into the beam detection section. 
Of the various beam detection devices used to investigate beam properties, heat 
transfer gauges are the most common. 

Source tempteratures up to 10,000"K have been obtained. 
gases this corresponds to'anenergy of 2.1 eV. 
shock tube source with the 'seeded bea" technique to obtain a beam containing 
3 eV oxygen atoms. 
temperature that a shock tube can produce. 

At source temperatures high enough to produce 1 eV beams of pure gases there will 
be dissociation, electronic excitation and ionization in the source. 
processes and the subsequent relaxation processes in the source gas will be required 
before the state of the final beam gas  can be accurately predicted. 
these processes may be studied by investigation of final beam composition also. 
The experimental problems associated with shock tube sources are severe and the 
problems of instrumentation and detection are difficult, but the technique is proniis- 
ing. 

Arc-Heated Sources 

Knuth and h i s  asSociates at UCLA have pioneered the arc-heated source technique. 
Argon beam energies of 0.5 to 3 eV have been obtained in their apparatus and in- 
vestigations of atpm-atom collisions and atom-surface collisions have been initiated 
(10) (49) (50). The performance of the beam system h a s  been evaluated in detail in 
recent reports (51) (52). 

Various arrangements,including diaphragms and quick- 

A starting t ime of 10-50 p sec is required to establish the 
The duration of a run (i.e. the t ime between the end of the starting 

For pure monatomic 
Peng and Liquornik combined the 

Beam energy is apparently limited only by the maximum 

Study of these 

Of course, 
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Figure 5-1-7 shows the arrangement of source electrodes, nozzle and skimmer used 
at UCLA. A commercial plasma discharge device provides the energy input to the 
arc.  The stagnation pressure  
range is 100-1300 to r r .  The 
electrodes and nozzle are water-cooled. 

Power input is as high as 300 amperes at 14 volts. 
Nozzle exit diameters of 1 to 2 mm have been used. 

Beam intensities, velocities and velocity distributions have been measured with 
through-flow ionization gauges, rotating velocity selectors and a time-of-flight sys- 
te,m. Performance characteristics are similar to those for lower temperature 
sources in many respects. The correlation of velocity distributions with source 
conditions found at lower temperatures by Anderson and Fenn (23) has been confir- 
med for the a rc  source system (52). As in the shock tube source there  is a need 
to know the states of beam particles. The excitation and ionization in  the arc and 
the relaxation during the expansion process need to be known. Winicur and Knuth 
have measured excitation and ionization in a 1.52 eV argon beam. Their data 
'indicate that the ions are molecular during at least a portion of the free-jet expan- 
sion, that nearly all of the ions are neutralized during this expansion, and that most 
of the excited particles formed as a consequence of this neutralization are long- 
lived' (51). 

The problems of electrode erosion and arc stability encountered in early experiments 
have been reduced to some extent by an improved electrode configuration. How- 
ever, contamination of the source gas by electrode material may be  a severe  prob- 
lem in many experiments, especially in gas-surface interaction studies. Progress  
in developing the arc-heated source has  been rapid. 

Seeded-Beam Techniques 

In the isentropic expansion of a gas  mixture in a free jet at a density sufficiently 
high to insure temperature and velocity equilibration between species, equation 5-1-3 
gives the average energy of the molecules of both species combined. If the species 
masses  differ, the heavier species will have a greater average energy than the light. 
In a binary mixture of light and heavy molecuIes the energy E, of the heavy species 
is given by: 

, 

m 

E, = M,V2 = 2 M S'lo cpm dT 
Mm T 

(Eq. 5-1-4) 

where the subscript m indicates the mean value for  the mixture and h indicates the 
heavy species. If differences in specific heats are neglected, it is clear that for 
the case of a 'solution' of heavy species in a light carrier gas, the translational 
kinetic energy of the heavy species will be higher than that of a pure gas by the fact- 
or Mh/Mm , which in a very dilute solution approaches the ratio of the molecular 
.masses  of the heavy and light species. 

Measurements of the velocities of molecular beams extracted from jets of gas mix- 
tu res  were reported first by Becker and Henkes (53) for argon-hydrogen mixtures. 
Klingelhofer and Lohse (54) and Belyaev and Leonas (55) also reported results for 
mixtures with a hydrogen carrier gas. 
predictions of increased velocity fo r  the heavier component in a gas mixture. 

We have recently reported velocity measurements for a wide variety of species at 
varying source temperatures (56). These measurements are summarized in 
figures 5-1-8 and 5-1-9. In figure 5-1-8, results in t e r m s  of heavy species 
energy are shown for the heavy component i n  a mixture with 99 percent helium. 
Figure 5-1-9 shows results for similar mixtures with hydrogen. 

These measurements substantiated the 

The solid lines 
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Fig. 5-1-8 Energies of the heavy species in molecular beams produced by the 
seeding technique using one percent mixtures of the heavy species 
with helium a t  varying source temperatures. From (68).  
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Fig. 5-1-9 Energies of the heavy species in molecular beams produced by the 
seeding technique using one percent mixtures of the heavy species 
with hydrogen a t  varying source temperatures. From (68). 
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in these figures indicate the "ideal" energies calculated for isentropic, continuum 
expansion of the jet to  high Mach number, assuming no contribution to  specific 
heat by the solute except for translational energy. It is evident that the seeded 
beam technique can produce beams of 5 to  10 eV energy for species of ma88 30 and 
higher without exceeding a source temperature of 3000'K. 

The departures from ideal energies exhibited by the heavier masses in figures 
5-1-8 and 5-1-9 a re  the result of differing species velocities or slip in the expansion 
process. Incomplete rotational relaxation of the hydrogen carr ier  may also be re- 
sponsible for the departures in figure 5-1-9. Velocity slip is primarily the result 
of pressure diffusion in the expanding jet, and can be overcome by increasing 
nozzle Reynolds numbers (31)(57). 

The dashed lines in figure 5-1-9 indicate energies calculated using a simple 
approximation to account for the incomplete rotational relaxation of hydrogen. In 
this approximation the specific heat ratio of hydrogen is taken as 7/5 in the sub- 
sonic portion of the expansion and 5/3 in the supersonic portion. 

Several theoretical treatments of the expansion of gas mixtures in free jets a r e  
available. These have satisfactorily predicted species velocities, a s  noted above, 
and diffusive separation effects (58 through 02). An adequate comparison of theory 
(63)(64) and experiment (31)(57) with respect to the velocity distributions of indiv- 
idual species has not yet been made, and further experimental work is required 
before definite conclusions can be reached. 

The presence of the ca r r i e r  gas wil l  interfere in some experiments with seeded 
beams. 
beam, So that the final beam is enriched in the heavy species. 
ing detectors may overcome this problem for many experiments. 

Fortunately, the heavy species tends to be concentrated on the axis of the 
Mass-discriminat- 

The seeded-beam technique has been successfully used in our laboratory in meas- 
urements of momentum transfer at surfaces with argon beams at energies up to  
4.11 eV (65) and in determining argon-argon total scattering cross-sections at 
collision energies up to  1.6 eV (66). 
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1 

Commentary on Chapter 5-1 

0. F. Hagena 

More and more laboratories are using molecular beam methods to study problems 
associated with elastic and reactive scattering of systems gas-gas and gas-solid. 
The progress in the field of high energy (1-10 eV) molecular beams i s  evident from 
the present chapter comparing it with earlier review articles, e.g. [XVIII]. Roman 
numerals in brackets refer to the previous list of references in (l), while Arabic 
numerals in brackets refer to the bibliography at the end 0:' these comments. 
Sputtering sources, merging beams and arc-heated sources have been added to the 
list of methods being used for a variety of beam experiments. Also, the discussion 
of some basic areas in nozzle beam performance that - to quote [XVIII] - 'smacks 
of qualitative opinion and speculation' has now been replaced by more 'quantitative 
facts and certain knowledge'. This progress in interpretation i s  especially evident 
in the discussion of (a) jet-skimmer interaction (see the old discussion of figure 7 
in [XVIII], @) diffusive separation effects, and (c) ideal energies of mixed beams 
with hydrogen as light component. In view of these improvements it might have 
been better to avoid reference to rXVIII1 which can cause some confusion for a new- 
comer to the field. The other review papers [XIX] and [XX] show considerable 
signs of obsoleteness, too. 

Some of the many topics discussed may deserve a few additional comments. 

Sputtering sources: An interesting modification of the technique used in Amsterdam 
[VII through X] is reported by Hulpke and Kempter from the Universitat Freiburg 
(2). They simply used the cathode of a Penning discharge as sputtering target, 
thus avoiding a separate ion beam system. At energies of the sputtered atoms 
around 1 eV, this method yielded an intensity increase by more than an order of 
magnitude. 

Skimmer interference: 'Collisional distortion' of the flow field not only downstream, 
but also upstream of the skimmer is discussed in [XXXVUI]. 
skimmer interference depends strongly on the density level at the  skimmer is also 
emphasised in [XXV]  and [ X X X V I I I ] .  Similar discussions including the  effect of 
backgroundscattering, investigated in detail in  [XXIV] can be  found in (3) and (4). 
The skimmer Knudsen number Kn, for 'conditions of direct interest in molecular 
beam production' is not a very well defined quantity. For optimum centerline in- 
tensity Kn, was found to vary between slightly less than one (5) and three, from the 
data of [XXXVIII]. Greater nozzle-skimmer distances and thus higher values of 
Kns are favoured if not only the intensity should be  high, but the mass flux through 
the skimmer should be low. This usually demands a higher pumping speed in the 
nozzle discharge chamber. 

Condensation: For those not familiar with the original literature referenced in (1) 
the section on condensation of the beam gas is somewhat misleading. In view of the 
increased interest in using as well as in avoiding condensation in nozzle flows [XLIII] 
(6-9) a more detailed discussion is justified. 
theory of Anderson et al. [XXIV] is applicable only to  monatomic gases as shown in 
(10). 
pairs, which are quite frequent at  relative kinetic energies that are small  compared 
to the dimer binding energy. The quoted 'reasonable success' (1) refers to dimer- 
concentration measurements with a mass-spectrometer far downstream of the 
skimmer, for  which the assumed mass  separation is doubtful because the larger gas 
kinetic collision c ros s  section of a dimer compared to  a monomer has not been 
taken into account. More recent measurements by the same group (11) give values 
differing by more than a factor of two from those used in  the comparison of [Xxnr]. 
This is typical of the difficulties of quantitative mass spectrometric sampling. 

That the type of 

The approximate dimer formation 

For simplicity it cannot take into account metastable dimers and orbiting 

The 
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conclusion reached in [XXIV] 'that significant condensation effects are not t o  be 
expected in argon nozzle beams when the source is at room temperature or above, 
even though the pressure  is high enough to result in effective Mach numbers of 17 
o r  above' is not very precise. It makes no prediction how high a Mach number 
can be obtained at what temperature, and whether this depends on the nozzle dia- 
meter. Our own work on condensation was concerned with two different aspects of 
condensation: (a) For highly condensed beams the  mean polymer size was measured 
as a function of source pressure  and nozzle diameter, p, and d. It was found that 
the mean s ize  did not scale with the product p;d (which is the proper scaling para- 
meter for bimolecular reactions, e.g. freezing of translational and rotational tem- 
perature) but is higher fo r  smaller nozzles (10). (b) The conditions under which 
the onset of condensation influences the Mach number M and the intensity I were 
investigated by a systematic variation of pressure, nozzle s ize  and skimmer dis- 
tance. It was found that prior to marked condensation, M no longer increases with 
po but reaches a relative maximum. The position of this maximum was arbitrarily 
used to define the point of 'onset of condensation'. For argon and CO this point 
was characterized by a constant value of po*d for 0.05 < d <O. 5 mm (24) [XXXWII].  
The po*d criterion for argon was confirmed in a different beam system at the Univ- 
ersity of Virginia (12). This criterion for the onset of condensation was strictly 
an empirical result  setting a limit for  the range of conditions useful for  molecular 
beam experiments. In particular it did not predict a dimer concentration less than 
a certain value, also it was limited if  d was so small  that po became comparable 
with the respective vapour pressure.  The criterion can be  applied to  the problem 
of NO condensation discussed in [XLIII]. Comparing the vapour pressure  data it 
can be  estimated that the p;d value of NO should fall within the values obtained for  
CO, and N,, 60 and 500 t o r r  mm, respectively. 
considered in [XLIII] p;d = 830 t o r r  mm. 
has to  be  expected. 
avoid condensation it is not always sufficient; 
differ from experiment t o  experiment. 
has either to measure polymer concentration under the exact experimental condit- 
ions, or to prove that changes in source pressure,  which will affect the polymer 
concentration, do not measurably change the experimental results. 

For the experimental conditions 
Therefore, the presence of polymers 

While the p; d criterion seems to be  a necessary condition to 
the tolerable level of polymers will 

To ensure the absence of condensation one 
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Measurements of Velocity and Dissociation in 
Shock-Heated Molecular Beams 
D. SPENCE ANDK. DOLDER 
University of Newcastle upon Tyne, UK. 

Summary 

Shock-heated molecular beams of oxygen have been produced in an apparatus similar 
in principle to that described by Skinner and Moyzis (5).  A mass  spectrometer 
has been used t o  measure the dissociation of oxygen in these beams and i t  is found 
that the measured dissociation increases smoothly and consistently with increasing 
shock strength. The measured dissociation is, however, somewhat higher than 
that predicted by theory. This discrepancy between theory and experiment can, 
however, be  entirely explained if the c ross  section for dissociative ionization of 
oxygen by electron impact increases by a factor two when oxygen is heated to 
3,500"K. 

Dissociation has  also been measured in beams formed from shock-heated mixtures 
of argon with either oxygen or hydrogen. The molecular gases are observed to be 
completely dissociated when they constitute less than about 15 percent of the shock- 
heated mixture. 

Measurements of intensity and particle velocity have been made for a variety of 
beams. 

Sommaire 

Des faisceaux mol6culaires d'oxygihe chauff6s par  choc ont &6  produits dans un 
montage analogue 3 celui ddcrit par Skinner et  Moyzis (5). Un spectrom6tre de 
masse a 6t6 utilise pour dgterminer la dissociation de l'oxyg'ene dans ces faisceaux 
et on a trouv6 que la dissociation mesur6e croR lentement mais r6guliGrement avec 
l'intensitd du choc. 
6levee que celle p r h e  par la th6orie. 
explique cependant si l'on double la section efficace d'ionisation dissociative de 
l'oxygene sous l'effet d'impact d'electrons lorsque I'oxyg'ene est  chauff6 B 3,500' K. 

Introduction 

The production of intense molecular beams by allowing gas t o  expand isentropically 
from a reservoir through nozzles was first  suggested by Kantrowitz and Grey (1). 
Nozzle sources are attractive because they can produce beams with particle densit- 
ies f a r  beyond those attainable f rom conventional oven sources of the type pioneered 
by Stern (2). Substantial developments to the original Kantrowitz and Grey scheme 
have been made by a number of experimentalists and this work has been reviewed 
by Anderson, Andres and Fenn (3) and by others. 

In an attempt to combine the high intensity of nozzle sources with increased particle 
energy and source temperature, Skinner (4) substituted a shock tube for the reservoir 
of cold gas. By operating the  shock tube under tailored interface conditions he was 

The results agree quite well with theoretical predictions. 

La  valeur de la dissociation mesur6e est cependant plus 
Cet &cart entre th6orie et exp6rience s' 
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Fig. 5-2-1 Nozzles and collimators required to form shock heated beam 
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Fig. 5-2-2 Ion currents to  two negatively biased probes placed 10 cm apart in 
a shock heated argon beam 
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able to sustain a beam of nitrogen for more than 10-3 second. In more recent 
experiments Skinner and Moyzis (5) obtained a nitrogen beam with particle flux 
close to 2.4 x 1018 molecules cm-2 s-1 , particle energy 1.2 ev, semi-angle of 
divergence 1' and flow duration greater than 10-3 s. 

Jones (6) and the authors have each built an apparatus based on essentially similar 
principles to that of Skinner and Moyzis (17). 
cribe the apparatus and report the results of measurements of particle velocity 
and dissociation in shock-heated molecular beams. 
is given elsewhere (7). 

In this paper we shall briefly des- 

A detailed account of this work 

Apparatus 

Gases were heated in a pressure-driven shock tube of total length 20 ft. and internal 
diameter 2;". Stationary gas at the end of the tube, which had been heated f i r s t  by 
an incident shock and then by a normally-reflected shock, expanded through a 
nozzle N1 (Fig. 5-2-1). The gas was then formed into a molecular beam by nozzles 
and collimators that are identical to those developed by Skinner and Moyzis. 
largest dump tank in the present apparatus had a diameter of only 3 f t  which is 
substantially smaller than the tanks used by Skinner and Jones. 
ra tus  was, however, able to sustain a steady beam for about 10-3 second. 

Thin film resistance thermometers were used to make a number of measurements 
of particle flux in beams of nitrogen, oxygen and argon. 
work of Skinner and Moyzis (5) and Jones (6). 

Particle Velocity 

Particle velocities were measured in shock-heated beams of argon, oxygen and in 
beams consisting of mixtures of argon with either oxygen o r  hydrogen. This was 
done by placing two negatively-charged wire probes, spaced 10 cm apart, in the 
path of the beam. 
and clearly-defined fluctuations were observed in these currents.  

Similar fluctuations were found in the currents to both probes but the downstream 
probe responded later than the upstream probe. 
between the probes, a velocity could be  deduced which consistently agreed quite 
closely with theoretical predictions. 
argon beam is shown by figure 5-2-2. 

It might be argued that the probe potentials would accelerate ions and so give false 
values of particle velocity. 
is characterised by the Debye length (8) in the ionized gas flow. 
given by: 

The 

The smaller appa- 

The results confirmed the 

Small amounts of ionization caused currents to flow to the probes 

From this delay, and the spacing 

An example of probe currents measured in an 

The potentials are, however, limited to a region which 
This length is 

I 

A = 6.9 (T/n ) ' cm (Eq. 5-2-1) 

For a beam with only 0.1 percent ionization n is of order 1010 cm-3 and T cannot 
exceed the electron temperature in  the shock tube (< lo4 OK). 
length might typically be  of order 10-2 cm which is fa r  less than the distance bet- 
ween the probes. 

The energy of particles in a beam expanded to high Mach numbers from a source at 
temperature T'K is, 

Thus the Debye r 

@q. 5-2-2) 

If the expanding gas  is a binary mixture of light and heavy particles the energy of 
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Fig. 5-2-3 Velocities in beams obtained from shock heated mixtures of helium 
and argon. 

The dotted curve shows calculated velocities and the continuous 
curve locates experimental points. 
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Fig. 5-2-4 Velocities in beams obtained from shock heated mixtures of helium 
and oxygen. 

The dotted curve shows calculated velocities and the continuous 
curve locates experimental points. 
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i the heavier particles is: 

(Eq. 5-2-3) 

In the expansion of a dense binary mixture all particles will attain the same velocity 
so  that the more massive particles will have the greater energy. 
res and Fenn (9) have employed this principle to obtain energetic (6  4 eV) argon 
atoms by expanding mixtures of argon and hydrogen in a nozzle-beam source. 

Thecontinuous curve of figure 5-2-3 shows velocity measurements in beams formed 
from shock-heated mixtures of argon and helium. 
ortion of argon was varied but the total pressure (P1) of the un-shocked mixture 
was always 10 torr .  The pressure  ratio across the shock tube diaphragm was kept 

heated mixture varied with composition. 

The particle velocity could also be obtained by calculation from equation 5-2-3. 
These theoretical values are shown by the dotted curve of figure 5-2-3. 
ature in equation 5-2-3 was set equal to the calculated (14) equilibrium temperature 
0,) behind the reflected shock. 
shock Mach number. 

Similar results for mixtures of oxygen and helium are shown by figure 5-2-4. 
will be seen that the results of both experiments agree quite well with theory. 

The highest velocity measured was 4.0 x lo5 cm s-l in a mixture containing 5 per- 
cent argon in helium. Higher 
energies could have been produced by using stronger shocks, by using hydrogen 
instead of helium as the car r ie r  gas or by using smaller proportions of argon. No 
attempt was made in these experiments to separate heavy and light molecules in the 
beams. 

Measurements of the Dissociation of Oxygen 

Dissociation in molecular beams of oxygen was investigated by bombarding the 
beams with 200 eV electrons. 
impact ionization processes are possible: 

Anderson] And- 

In these experiments the prop- 

1 constant (P4/P1 = 530) so  that the  equilibrium temperature 0,) of the shock- 
I 

The temper- I 
I Thiswas obtained from the measured incident 

It 

1 
/ 

I This corresponds to an argon energy of 3.6 eV. 

In partially dissociated oxygen the following electron 

0, + e - 02+ + 2e (Eq. 5-2-4) 

0, + e - O+ +...... (Eq. 5-2-5) 

o + e  -. O+ + 2e @S. 5-2-6) 

The first and third reactions represent the simple ionization of molecules and 
atoms respectively. The second reaction denotes the production of O+ by all forms 
of dissociative ionization. 

I 

Atomic and molecular ions were extracted at right angles from the molecular beam 
and focussed and accelerated by an ion optical system similar to that described by 

spectrometer magnet. 

Care  was taken to ensure that the collection efficiency of atomic and molecular ions 
was the same. 

I Giese (10). Before collection ions were separated in  the sector field of a mass 

It can then b e  shown that the ratio of collected currents of atomic 
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Fig. 5-2-5 Dissociation in shock healed beams of oxygen 
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Fig. 5-2-6 Increase in dissociative ionisation cross section of oxygen necessary 
to reconcile theory with measured dissociation in a shock heated 
oxygen 
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and molecular ions is: 

(Eq. 5-2-7) 

'where QM , Q, and QA are the c ros s  sections for reactions 4, 5 and 6. 
the ionisation c ros s  sections were used that have been measured by Fite and Brack- 
mann (11) and by Rapp and Englander-Golden (12). 

Values of 

Equation 5-2-7 was then used to calculate a and the results a r e  shown by the contin- 
uous curve of figure 5-2-5 as a function of the incident shock Mach number. 

It must be  pointed out that values of QM and Q,, have been used which were meas- 
ured for oxygen at or near room temperature. 
ment the oxygen is heated to  temperatures up to 3, 500°K. 
have predicted that dissociative ionization is likely to depend quite sensitively upon 
the vibrational excitation of a molecule and this may account for the disparity bet- 
ween experiment and theory. 

Theoretical values of dissociation are shown by the dotted curve in figure 5-2-5. 
These calculations, which were performed independently by Bernstein (14) and the 
authors, give the equilibrium dissociation behind a normally reflected shock. 
According to Hall and Russo (15) one might expect gas to pass from a shock tube to 
the beam without appreciable recombination. 

It is plausible that the disparity between theory and experiment is due to an en- 
hanced dissociative ionization c ros s  section of vibrationally-excited oxygen. 
for  example, well known (16) that dissociative recombination, 

However, in the present experi- 
Rapp, Sharp and Briglia 

It is, 

e + ~ , + -  O + O  

depends sensitively upon the molecular excitation of 02+. 
assume the relative increase of QD with temperature shown by figure 5-2-6 t o  
bring the present experiment into line with theory. 
was assumed that the excitation of owgen in the beam corresponded to the calculated 
equilibrium temperature (14) i n  the shock tube. 

Dissociation in Shock-Heated Mixtures 

The experiments described in the previous section were performed for a range of 
shock strengths. Optimum flow duration is, however, only obtained if the shock 
tube is operated under tailored interface conditions. For hydrogen driving oxygen 
th is  implies an incident shock Mach number of about 6 if both gases are initially at 
room temperature. 

To obtain completely dissociated oxygen, whilst simultaneously preserving tailor - 
ing, shocks were generated in mixtures of argon and oxygen. Argon is a dense 
monatomic gas which can easily be raised to temperatures that are sufficient Lo 
dissociate small  proportions of oxygen mixed with it. Figure 5-2-7 shows the 
measured dissociation of oxygen in various mixtures of oxygen and argon. 
experiments were performed with a shock speed N 2.0 x l o5  cm.sec-l ,  which 
approximates closely to the speeds required for tailoring and a total initial gas 
pressure  (PI) of 10 torr. 
currents by the same methods used for  the results in figure 5-2-5. 
ociation of oxygen was observed and, since this was signified by the coniplete ab- 
sence of the 0,' ion, we conclude that dissociation was certainly complete. 

It is only necessary to 

In preparing figure 5-2-6 it 

Thesc 

The dissociation was calculated from the measured ion 
The t rue  diss- 
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Fig. 5-2-7 Dissociation in shock heated beams of argon and oxygen mixtures 
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Fig. 5-2-8 Dissociation of oxygen in shock heated mixtures of hydrogen and 
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Similar results for argon hydrogen mixtures are shown by figure 5-2-8. However, 
in these experiments the shock tube diaphragm pressure ratio was constant @,/PI 
= 530) so that the shock speed varied with composition. Under tailoring conditions 
complete dissociation of hydrogen was observed for  mixtures containing about 10 
percent of hydrogen. 

In some of the experiments described above hydrogen was used to  generate shocks 
in gas consisting partly or wholly of oxygen. Combustion at the contact surface 
prevented tailoring and so shortened the duration of steady beam flow from 10-3 s 
to a few hundred microseconds. 
itional thin diaphragm io the shock tube at a point about 10 " downstream from the 
main diaphragm. 
effectively separated hydrogen from the oxygen. Steady flow, lasting for 10-3 s 
was then obtained for  beams containing oxygen. 
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This combustion was prevented by fitting an add- 

The space between these diaphragms was filled with argon which 
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List of Mathematical Symbols 

I, current of atomic ions 

I,  current of molecular ions 

k Boltzmann's constant 

m mass of particle 

n electron density (cm-3) 

Q cross section of reactions 

T electron temperature (OK) 

V particle velocity 

U degree of dissociation 

Y ratio of specific heats 

A Debye length 

Subscripts 

refers to properties of heavier gas 

refers to mean properties of mixture In 
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Commentary on Chapter 5-2 

R.M. Hobson I 
I Experimental work such as that reported here by Dr.  Dolder provides us  with 

further insight into the problems of forming molecular beams of a required species 
distribution, and also into the problems associated with using the beam system as 
a 'frozen flow' sampling device for determining reactions and reaction ra tes  assoc- 
iated with inelastic collision processes in the reflected shock heated gas. 

In some situations, such as crossed particle beam collision experiments, the nec- 
essity of good resolution imposes a requirement of averaging data over several 
runs each of which must be of the maximum running t ime possible and be stable 
during this period. In this work the probe current profiles are employed to meas- 
ure  velocity, apparently giving good agreement with theoretical values. However, 
do these profiles give any indication of a stable beam during the total running t ime 
which appears to be  about 1.2 x 10-3 sec. from the traces of his figure 5-2-21 
This profile could be interpreted to imply that the beam initially maximises to a 
condition which is reasonably stable for a period of about 200 psec,  then falls to a 
lower level during another 200 psec  and fluctuates about this level for the remainder 
of the running time. Can the latter region be associated with shock reflections in 
the source region due to imperfect tailoring? 

However the very significant feature of this work is in the fact that the mass spectr- 
ometer detector shows a seven fold increase in 0 concentration above what would be 
expected in the reflected shock heated gas. Spence and Dolder have developed a 
plausible expanation of this large increase in 0 concentration and they attribute it 
to a large collision c ross  section for dissociative ionization which may be associated 
with the vibrationally excited 0,. 
have not, as f a r  as I know, yet been measured experimentally. Thus it is difficult 
to assess whether or not the variation in c ross  section with temperature, shown in 
his figure 5-2-6 and matching the experimental results given here, does in fact 
overestimate the influence of vibrational excitation in dissociative ionization. 

An alternative explanation may be sought if the flow is not completely frozen between 
the nozzle and the mass spectrometer source region. 
downstream of the nozzle or if there  is severe skimmer-jet interaction leading to 
stand off shocks at the skimmer nose, then excited but undissociated 0, in the bean] 
might undergo dissociation in i t s  path from nozzle to detector. However i t  does not 
appear to be likely that this could account for the 7 fold increase in 0 concentration. 
Nevertheless a recent communication f rom Dr. Skinner states that at higher stag- 
nation temperatures in the shock tube he finds that losses occur at the first nozzle. 
He has now replaced this nozzle with a cone fabricated from brass  shim and with a 
35" half angle. This modification is shown in figure A5-2-1 which is taken from 
Skinner's drawing. The overall result has been to make the beam intensity stead- 
ier than it ever was before. In the work reported by Dolder the earlier arrange- 
ment, in which the first skimmer is treated as a free molecular flow device, is 
used. 

I 

I 

Unfortunately these collision c ross  sections 

If shocks exist in the jet 

I 
1 

I 

I Finally, the role of the detector should be  considered in these measurements of 
degree of dissociation. 
02+ formed by electron bombardment in the mass spectrometer source to the ex- 
pression containing the collision c ros s  sections of the various reactions leading to 
atomic and molecular ions. Assuming that the mass spectrometer shows no mass 
discrimination in analysing different ions from the same source region, then it only 
remains to look in detail at the ionizing region. The ion current at a fixed electron 
energy may be related to the source parameters as follows: 

This is obtained by relating the measured ratios of O+ and 

bb 
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where cP is the electron flux, A is the c ross  sectional intersection area defined by 
the intersecting electron and neutral beams, l i s  the electron path length through 
the neutral gas, Q+ the c ross  section for ionization and [NI the neutral gas density. 
Thus the c ross  sections Q; and Q: can be compared if cP , A and .!are constant in 
both ionizing reactions leading to I This is the situation shown in figure C5-2-2(a) 
in which the electron beam sweeps a volume of 0 and 0, in which the atoms and 
molecules are isotropically distributed. However in mixed beam flows the heavier 
component, in this case the 0,, is preferentially focussed on the beam axis and the 
consequent anisotropic distribution of 0, across  the neutral beam cross  section is 
sketched in figure C5-2-2(b), In such a casethe values of A and .4 corresponding 
separately to the atom and molecule ionization processes will differ and the I'+/I?+ 
relationship cannot be directly related to  the c ross  sections unless the radial distri- 
butions are known. Such could be the case  in the experiment reported here and the 
O+/O+, ratio reported may be  characteristic of the mass spectrometer source rather 
than of the degree of dissociation in the neutral beam. 

It would be  well worth while to resolve this problem. 
correct, then it implies that mass spectrometer detectors may not prove satis- 
factory in determining relative concentrations of neutral species in mixed beams, 
unless the degree of excitation and corresponding ionization c ross  sections are 
well known, and this is certainly not the case at present. 

. 

If Dolder's explanation i s  

I 
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6-1 

Measurements of Dissociative Recombination 
Rates in Partially Ionized Gases 
in the Temperature Range 1800 to 3000°K 
J. N. FOX AM) R. M. HOBSON 
Department of Pure and Applied Physics, Queen's University, 
Belfast, N. Ireland. 

Summary 

A technique for the measurement of recombination rates at elevated gas tempera- 
tu res  is described. 
vironment, at a precise and predetermined temperature, into which a limited vol- 
ume of ionization is introduced by means of a microwave or R F  pulse. The sub- 
sequent decay of ionization with t ime is related to  the dissociative recombination 
coefficient and its variation with gas  temperature determined in the case of argon. 
Problems of measurement, associated with metastable atom concentrations, are 
emphasised and the possible effect of excited states of molecular ions on the tem- 
perature dependence in argon (found to be  T-3 '2) is discussed. 

Sommaire 

A shock tube is used to provide a high temperature gas en- 

On de'crit une technique experimentale permettant 1'6tude des  vitesses de r ecop-  
binaison 5 temp6rature 6lev6e. 
haute temperature a une tempirature bien d6finie et choisie a l'avance et on ionise 
par  micro-onde ou impulsion H F  un petit volume de gaz. 
l'ionisation avec le temps est li$ au coefficient de recombinaison dissociative et sa 
variation en fonction de la temperature est dgtermine'e pour l'argon. Les pfob- 
l8mes de mesure lies aw concentrations d'atomes m6tastables sont examines et 
l'effet possible des 6tats excite's des ions mole'culaires stables s u r  la variation 
en fonction de la tempdrature pour de l'argon (&volution en T-3'2) sont discut6s. 

Introduction 

On utilise un tube 'a choc poyr fournir le gaz a 

L'amortissement de 

Experimental measurements of the rate of recombination over a temperature range 
between room temperature and a few thousand degrees are required. Such tem- 
peratures are found in the ionosphere where, for example, in the  F, layer, the 
electron, ion and gas temperatures are about 1400'K. In the ionosphere, mole- 
cular ions are present and dissociative recombination can occur even though the 
pressure  in th i s  region is very low (10-5 - 10-6 torr) .  Biondi (1) has obtained 
values for the recombination of ions that are characteristic of this region, such as 
N2+, o,+ and NO+, and these values are about 10-7 cm3/sec at 300°K, which typi- 
f ies  dissociative recombination as the dominant process. However, such meas- 
urements have been car r ied  out generally at temperatures around 300'K, rather 
than at the much higher temperatures associated with the ionosphere. 
ticularly significant, as the temperature dependence of the recombination process 
still remains uncertain from the theoretical point of view, and there is little ex- 
perimental evidence on which to base with confidence an extrapolation of the co- 
efficient from room temperature values to about 1500'K. 
provides suitable high-temperature experimental situations, but it is difficult to 
vary the temperatures over a wide range without substantially changing the compos- 
ition of the flame, and hence the recombining ions. 

This is par- 

The afterglow of flames 

Calcote el a/ (2) have, how- 
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ever, observed no change in the recombination coefficient in flames between 1700 - 
2100'K. 
bination by the reaction: 

They suggested that the electron loss process was dissociative recom- 

H 3 0 +  + e - H,O* -c H + H,O , 
since H 3 0 +  has been shown to be the dominant ion in the afterglow, and the high 
coefficient that Calcote et a1 measured supports this. Wilson and Evans (3), on 
the other hand, have observed recombination behind shock waves in argon contain- 
ing dilute lean mixtures of hydro-carbons and oxygen, in which the above process 
is said to dominate, and they quoted a temperature dependence of T-leg8 between 
2500' and 5000'K. They also detected the independence of the coefficient t o  
pressure,  as expected. 

Stein et UI (4) also used a shock tube technique to study recombination in air, where 
the proposed reaction is: 

NO+ + e - NO* - N + o 
Their result, at 2900" K, is in reasonable agreement with that of Lin et a1 (5) at 
5000°K extrapolated by a T-3/2 dependence. Lin el a1 obtained their value of 
recombination coefficient by measuring the forward-going ionization process behind 
shock waves, and deducing the electron loss mechanism from the way in which the 
equilibrium ionization level was obtained. Other experiments have used the afterglow 
quenching technique, in which the electrons a r e  selectively heated to a known tem- 
perature by microwaves, while the ions and neutral gas remain at room temperature. 
Chen, Leiby and Goldstein (6) found a temperature dependence in helium of T,-3/2 
between 300" and 1500%. However, it appears unlikely that the process measured 
in that case was dissociative recombination, as was pointed out in a later analysis 
by Fcrguson el a/ (7) and Oskam and Mittelstadt (8) who have shown that the 
dominant process in helium at room temperature i s  probably collisional radiative 
recombination. In neon, Hess (9) reports a T,-O. 2 5  dependence between 300" and 
600" K and T,-"- 4 between 900" and 2400" K. Frommhold and Biondi (10) report 
a best f i t  of T,-"* 2 5  to measuren~ents of recombination involving Ne, 'and N,+in 
n-eon and neon-nitrogen mixtures. On the other hand Nygaard (11) found that 

in neon afterglows. 

It is not obvious why these measurements under apparently similar conditions 
should produce such different results. It is possible, however, that the state of 
vibrational excitation of the ionic species involved may be an important parameter 
and this could well differ from experiment to experiment depending, among other 
parameters, on the magnitude and duration of the electron heating pulse employed. 

The work reported below provides a method of measuring recombination over a 
wide range in temperature, with the electron, ion and neutral temperatures being 
equal, and in gases that cannot be investigated using the technique of Wilson and 
Evans (3) in which the decay of electrons produced in the chemi-ionization proc- 
esses behind a shock wave can be related to recombination with the molecular ions 
known to be formed in the chemi-ionization reactions. The results are compared 
with other measurements at room temperature, and the measured dependence is 
discussed in the light of the model of dissociative recombination of Bates and Dal- 
garno (12). 

Apparatus 

f was the best fit to his measurements of dissociative recombination 

The gas being studied was heated in the shock tube by a shock wave travelling at 
between Mach 3 and Mach 5. The temperature of the shocked gas was between 
1000' and 3000'K and was at a pressure  of 30 to 100 to r r  for a typical initial 
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pressure of 3 t o r r  in the shock tube. 
able thermal ionization in the gas, which acted purely as a heat bath in which 
charged particle experiments could be carried out. A volume of gas was ionized 
by a short pulse of microwave power immediately ahead of the shock front. This 
ionized gas was subsequently swept up into the shocked gas forming a well defined 
slice of ionization which moved with t ime from the shock front to the contact su r -  
face region. The charged particles constituting this ionized slice quickly reached 
the characteristic temperature of the shocked gas and, under these conditions of 
pressure,  ambipolar diffusion was not a dominant process. The subsequent decay 
in number density was due to  recombination reactions at the temperature of the 
shock heated gas, and could be measured from the levels of ionization detected at 
stations along the shock tube. 

The 1 cm internal diameter shock tube is shown schematically in figure 6-1-1. The 
vacuum envelope was constructed from Q.V.F. glass sections, and vacuum seals 
between these were achieved with Dowty bonded seals. The diaphragm material 
was Melinex polyester film and, for the range of shock velocities covered, thick- 
nesses between 0.00025 and 0.001 inches were used. Before each measurement, 
the shock tube was evacuated to about 3 x 10-7 t o r r  and the combined leak and out- 
gassing rate under closed off conditions was 3 x 10-6 torr/min. The experiment 
was completed within one minute of closure and, as the 'spectroscopic grade' gas 
used was rated at an impurity level of 4 par t s  per million, the overall impurity 
level during the experiment was less than 7 p. p. m. In order to obtain slow shocks 
of about Mach 3.0, nitrogen was used as the driver gas, and for faster shocks of 
about Mach 5.5, hydrogen was used. Intermediate velocities were obtained by mix- 
ing these two gases in suitable proportions. 
obtained by using different thicknesses of Melinex. 
diaphragm was to  increase the pressure in the high pressure section until the dia- 
phragm burst, and the velocities of the resulting shocks were found to be re- 
producible within 0.1 of a Mach number. 

Downstream of the diaphragm, a 1 cm i.d. precision bore glass tube formed the 
shock tube proper. This tube was separated from the vacuum envelope so that it 
could pass  through a section of waveguide as shown in figure 6-1-2. In this region 
ionization was achieved by a pulse of microwave power, 0.5 microseconds long and 
2 . 5  kW in magnitude delivered from a pulsed magnetron. 
triggered from a signal produced by the passage of the shock front across  a plat- 
inum film thermal transducer, stationed upstream of this breakdown section. 
using suitable t ime delays, ionization could be created at any instant relative to 
the shock front, and usually the gas was ionized just ahead of th,e shock front. 
Downstream of this section, further platinum films monitored the shock front veloc- 
ity, which determined the temperature of the shocked gas, while double probes at 
stations along the tube measured the decay in ion density. 
consisted of two platinum wires 0.010 inch diameter strctclied diametrically across  
the tube. 
in the centre of the tube was exposed. 
shocked gas, so that no contributions were made by the bound:isy layer. 

A sufficiently large voltage was applied between the probes to ciisurc that the cur r -  
ent flowing round the circuit was equal to the saturated ion current to one probr. 
Although conditions were such that in a static plasma ion-neutral collisioiis mould 
take place in the electrostatic region of influence o r  shcatli around the probe - and 
thereby would be expected to reduce the flux of charged particles to the probe to a 
level well below that of the random ion current through ai equivalent arca in tlir 
plasma - it has been shown (13) (14) that because of the flow, the currciit collcrtrd 
i, could be related to the ion density n by the expression: 

Under these conditions there was no measur- 

Small changes in shock velocity were 
The method of rupturing the 

The magnetron was 

By 

These probes each 

Glass sleeves insulated the probes so that only a 0.5 cni length of probe 
This restricted ion collection to just the 
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(Eq. 6-1-1) 

where T is the ion temperature, M the ion mass and A, is the probe surface area. 
K is a proportionality constant, which has been found experimentally to be approx- 
imately 3 in the case of high Mach number shock waves. However, as a direct 
calibration is not at present available for the lower Mach number shocks used in 
the  experiments reported here, it will be  assumed, for the purpose of processing 
the raw probe data, that K = 1. 

Results 

It has been shown (15) that the ionized gas does in fact remain as a well defined 
slice during its passage from the shock front towards the contact surface, and that 
the path taken by the slice is the particle path predicted by Mirels (16), In the 
initial discharge, high temperature electrons and, in inert gases, atomic ions, will 
be  created. When dissociative recombination is measured, it is assumed that the 
electrons have cooled so that electron, gas and ion temperatures are equal and that 
all atomic ions have formed molecular ions by the three-body process: 

2A + A+ -+ A2+ + A 

At sufficiently high pressures  and collision frequencies this reaction forming the 
molecular ion will be  rapid. 
shown that the frequency of conversion of helium ions to He2+ is about 50 p2 where 
p is the pressure  in torr. 
given by: 

Phelps and Brown (17) and Holt et a1 (18) have 

The t i m e t ,  after which molecular ions dominate, is 

1 B *, t = 7 log - 

where ,!3 is the frequency of conversion, a is the recombination coefficient and 
Ab is the initial number density of atomic ions. If 6 for the gas under test is approx- 
imately the same  as for helium, then it is reasonable to suppose that for a tempera- 
ture T"K 

since ,¶will be proportional to the ion collision frequency which is a function of T$. 
Therefore, for lOOO'K and 30 torr, f3 is 8 x 104 and t is 26 inicroseconds. 
t ime allowed before measurement commenced in the work reported here - namely 
150 microseconds - appears to have been sufficiently long to have ensured that 
molecular ions predominated. 

Electrons cool quickly to the f i r s t  excitation potential of the atom by inelastic 
collisions and then more slowly by elastic collisions with neutral atoms. Biondi 
and Brown (19) allowed 50 microseconds for the electrons to cool, and the linearity 
of their '/n versus  t ime plot confirms that this t ime delay was sufficient. 
higher temperatures involved in our experiment, it would be expected that the 
collision frequency would have been greater so that the electrons would cool in a 
shorter time. In the 150 microseconds available, it was reasonable to assume that 
the  electrons were indeed cooled to the gas temperature before measurements were 
made. 

The first measurements were m'ade in argon, and typical signals received from the 
probes and recorded on Tektronix 555 oscilloscopes are shown in figure 6-1-3. 
Traces 2 to 4 are the signals from the first four probes. 

The 

At the 

Each t race  started 80 
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4 4 5  

microseconds after the ionizing pulse, and the sweep speed was 20 microseconds 
per large division. The vertical scales are 5 microamps per large division for 
the first  probe and 2 microamps per large division for the remaining three probes. 
The signal of t race  3 showed an extra peak after the main peak. This was caused 
by turbulence near the contact surface. Traces  5 and 6 showed the responses of 
the platinum films on the same time scale as the probe signals, together with the 
calibrating signal from the Tektronix 180 Time Mark generator. 

For this shot the driver gas was nitrogen, the diaphragm 0.0005 inch Melinex, and 
the initial p ressure  3 torr .  
shocked gas temperature 1050°K. 
mum of the signals, and the raw robe data were related to ion number density 

of the straight line is 1.8 x 10-7 cm3/sec, which is the recombination coefficient. 
The results of measurements made between 1000" and 3000°K are shown infig.6-1-5 
The variation of the coefficient clearly follows a T-3 " dependence over the range 
covered. Extrapolation of the line to  300'K gives a value of 1.2 x 10-6 cm3/sec 
to be  compared with the value of 6.7 x 10-7 cm3/sec obtained by Oskam and 
Mittelstadt (8) using the cavity technique of Biondi and Brown (19). This value, 
within a factor of two of the very accurate room temperature result of Oskam and 
Mittelstadt indicates that the proportionality constant K in equation 6-1-1 should 
have had the value 1/2. 

The velocity of the shock was Mach 2.9 and the 
The ion density was measured from the maxi- 

using equation 6-1-1. A plot of P /n against t ime is shown infig.6-1-4andtheslope 

The results obtained when krypton was used as the test gas have, up to the present, 
been less conclusive. During the afterglow, the ion density first began to increase 
and then continued to decrease as shown in figure 6-1-6. 
change in the character of the decay can be seen to be dependent on pressure.  The 
discontinuity appeared to be dependent also, not on the t ime interval after the 
cessation of the discharge, but on the t ime duration of the slice in the shocked gas. 
The only explanation that seems to fit these observations is that the increase in 
ionization was due to the action of metastables, possibly: 

The prominence of this 

Krm + Kr*  - Kr+ + Kr 

At higher pressures  the rate of this process would be  quicker, hence the greater 
effect at these pressures.  The rate would also be  quicker at high temperatures, 
hence the dependence on the t ime duration of the slice in the shocked gas. 

Since microwave discharges are known to produce a high metastable population, it 
was decided to ionize the gas using an R. F. system operating at about 10 Mc/s. 
The decay observed from this, although.the number density was too low for r e -  
combination to dominate, did not show the secondary ionization process seen with 
the microwave system. Also the rate of decay as indicated in figure 6-1-6 WRS 
much greater than the decay after the microwave discharge, indicating that the 
ionization process responsible for the increase was affecting the whole of the dccny. 

Conclusions 

Bates (20) has shown that the recombination coefficients of about 5 x 10-7 in the 
noble 
recombination described as follows: 

gases, other than helium, are consistent with the process being dissociative 

A,+ + e -, A ~ *  - A* + A 

Bates and Dalgarno (12) state that if the process A2* -+ A* + A were the controll- 
ing rate for the overall reaction, then a temperakure dependence of T-3/2 would be 
most likely. In this case  auto-ionizatioq,via A, --c A,+ + e would be more 
probable than stabilization via A,+ -+ A + A. 
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If, however, the rate limiting process were A2+ + e - A2* then at high tem- 
peratures a T-3/2 law might be anticipated after a more complex initial dependence. 

The results given here show that the T-3/2  dependence is followed in the case of 
argon, and thus imply that autoionization i s  more probable than stabilization. The 
somewhat empirical theoretical model of the process, involving potential energy 
curve crossings, would suggest that the transitions from Ar2+ may be to an energy 
level of Ar2* which corresponds to a high-vibrational energy state of the molecule 
taking part in the recombination process. This is a significant parameter and may 
well explain why the preferential electron heating eyer in ien ts  in other noble gases 
have given inconsistent results. dependence measured in the 
present work in argon should not, for the same reason, be automatically applied to 
other noble gases,  in which excited states differing from the argon excited states 
may be present in the recombination process. 

It is anticipated that current work on the mechanism of collection, and work using 
the R. F. breakdown modification will soon permit data on the recombination co- 
efficients for krypton and other inert gases to be obtained. 
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Commentary on Chapter 6-1 

K.W. Michel 

As pointed out by Prof. Hobson, these investigations are of relevance to upper at- 
mosphere physics. They contribute, however, also to  the understanding of some 
astrophysical processes. Shock waves, responsible for  the heating of the corona 
of the sun, also travel through pre-ionized gases (3). 
variation of Dr. Wrayk (1) and Dr. Hartunian's (2) methods, deserves additional 
merit as a small-scale simulation of such phenomena. 

As opposed to other plasma-shock techniques, it should provide nearly stationary 
conditions. 
from small  heat sources in the wake of the shock. 
has a somewhat different enthalpy, which might give rise to flow instabilities more 
significant even than boundary layer phenomena alone (4). Being aware of the dis- 
turbing influence of small  heat sources behind the incident shocks, one should 
perhaps contro1,in this case, the amount of energy that is transferred into both 
ionization and electronic excitation by the discharge. 

Concerning the interpretation of the data, it appears that for more exact evaluation, 
the dissociation equilibrium of the dimeric ionized species must be considered. 
Their bond dissociation energy may be less than 1 eV (ne) (5) and appreciable de- 
composition is calculated at these temperatures and pressures.  

Prof. Hobson has shown that the probe technique is a useful tool in measuring 
over -all electron concentrations. 
direct observation.of individual ion concentrations perhaps by spectroscopic meth- 
ods, would be  desirable for confirming the detailed kinetics. 

1. Wray, K., J. Chem. Phys. 44, 62, 1966. 

Hence this technique, a 

Deviations from ideal shock behavior, however, might result even 
The slice of pre-ionized gas 

Naturally, supplementation of these data by 

2. Hartunian, R. ,  Thompson, W . ,  Hewitt, E., J. Chem. Phys. 44,.1765. 
1966. 

3. Biermann, L., Naturwissenschaften 33, 118. 1946. 

4. Stenlow, R.A., Cohen, A.,  Phys. Fluids 5, 97, 1962. 

5. Biondi, M.A., Ann. de Geophys. 20, 34, 1964. 
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6-2 

Measurement of Radical Concentrations in 
Reacting Gases using Electron Spin Resonance 
K. HOYJ3RMA" and J. WOLFRUM 
Institut Kir Physikalische Chemie, Universiat  CTBWngen, Germany. 

Summary 

To measure quantitatively atom concentrations with ESR, the influence of micro- 
wave power, saturation, and modulation amplitude on line width and f i rs t  moment 
a re  studied. The results a r e  applied mainly to elementary reactions (0 + H,O + 
C,H,, 0 + NH,, H + C,H,) whose ra te  constants and temperature dependence are 
determined with high accuracy. The flow system and sampling device employed 
a r e  described in detail. 

Sommaire 

Pour mesurer quantitativement des concentrations atomiques au moyen de la r6s- 
onance du spin klectronique, on ktudie l'influence de la puissance des micro-ondes, 
de la saturation et de la modulation d'amplitude su r  l'kpaisseur des ra ies  et le 
premier moment. Les resultats sont appliqu6s surtout aux r6actions Qlkmentaires 
(O+H,O + C2H2, 0 + NH,, H + C,H,) dont on dgtermine avec pricision les con- 
stantes de reaction ainsi que leur variation avec la tempkrature. On dkcrit en 
d6tail le montage utilisk pour l'e'coulement et l e  prkl6vement des kchantillons. 

Introduction 

For a detailed understanding of reaction kinetics i t  is necessary to know the absol- 
ute rate constants of elementary reactions. In most cases  these are f ree  radi- 
cal or atom reactions, so that the measurements required are the concentrations 
not only of stable reactants and products but also of radicals. 
determination of the concentrations of stable species is possible using gas chroma- 
tography and mass spectrometry, this is much more complicated for atoms and f ree  
radicals. Wrede gauges, catalytic probe detectors, chemical exchange and t i trat-  
ion techniques, photometric devices and rapid sampling mass spectrometers have 
all been used for this purpose, but their individual shortcomin@,not discussed 
here, must be kept in mind. 
most accurate device is the mass spectrometer with molecular beam sampling. 
With this, low electron energies are necessary if radicals a re to  be resolved from 
dissociative ionisation products, with the result that the effective sensitivity and 
accuracy a re  considerably reduced. Difficulties arise also from mass separation 
effects for very light components such as H-atoms. 

To these methods of measuring radical concentrations a new tool has  recently been 
added the electron spin resonance spectrometer, which measures the character- 
istic magnetic moments of atoms and radicals. The method is highly specific and 
sensitive, allows essentially unambiguous identification with little interference, 
has considerable generality, and gives information about paramagnetic ground and 
excited states. While the study of free radicals by electron resonance methods in 
liquids, matrices of frozen molecules, and solids has become one of the  most im- 

While precise 

Perhaps the most general, but not necessarily the 
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radicals (bond lengths, nuclear hyperfine constants, 
but no kinetic investigations were carried out. 

In practice, however, the source of free radicals is often situated outside the 

A -doubling intervals etc), 
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cavity, operating at  2450 Mc/sec supplied by a Raytheon F'GM-10x1 generator. 
Ground s ta te  oxygen atoms (O3P) f ree  of molecular oxygen were generated by diss- 
ociation of N, and subsequent titration with NO (23) at  injector A. From the dis- 
charge the flow passed through a multiple bend (not shown on figure 6-2-1) Pyrex 
tube into the main flow tube (25-35 mm i. d. ). This led to reactivation of electronic- 
ally and vibrationally excited species and avoided photolytic effects a t  A (24)(25). 
The whole system was double walled and could be thermostatically controlled bet- 
ween 200'and 500'K, gas temperature being uniform within 1°C over the 15  cm 
test section, monitored by a Pyrex coated Pt-resistance thermometer. 

Reactant gases (€I2,. C,H,, NH,) were added through a movable injection tube. 
obtaining rapid mixlng of the reactants with the main flow, a sphere (€3, 10 mm 0.d.) 
with a r ing  of smal l  holes was located at the downstream end of the tube. 
be  monitored by the  mass  spectrometer, mixing was in fact complete within less 
than one millisecond. 

For 

As could 

The flow rates of the gases were controlled by stainless steel  needle valves, and 
measured either by calibrated capillary flow meters  or - if the flow rates were 
below 1.0 cm3 NTP/sec - by timing a measured pressure  rise in a known vacuum. 
All pressures  were measured with an absolute (diaphragm-type) pressure  gauge 
(MCT I, MAT Bremen). 

At low pressures  (1-2 torr), surface reactions and back diffusion become significant 
with the fast flow technique. 
pressures  (5-15 to r r )  and large flow velocities (10-20 m/s), so that the longitudinal 
diffusion corrections and the pressure  drop were negligible. The mean time re- 
quired for diffusion from the wall to the axis, where the probes were positioned, 
was then less than the  reaction time: the t ime scale being well-defined by 'plug- 
flow' conditions existing since the test  section was too short for a laminar flow pro- 
file to develop. 

The high sensitivity of the ESR spectrometer eo 1011 spins/cms) and the mass  
spectrometer, to a mole fraction of 10-7 enabled u s  to work at very low atom concen- 
trations, below 10-3 mole fraction, so that the influence of third-order combination 
reactions could be neglected even at high pressures.  

Sampling Tube 

The sampling tube was made of quartz (0.d. 10 mm) with a hole specially constructed 
so  that contact of the gas with it at high pressure would be minimal and so that mass 
separation of the gaseswould not occur. I t s  behaviour was monitored with the mass  
spectrometer. 

Before each measurement, the whole flow system including sampling tube was 
cleaned with a 5-8 percent solution of HF, and dried at 200'C. Neither treatment 
with boric acid etc.(26) nor the use  of electrical discharge (27) was considered suit- 
able. As the magnet and the cavity of the ESR could be  moved along the sampling 
tube, the atom losses could be determined to the 1st order,  less than 1O'Xoat a 
distance of 50 cm) so that an extrapolation to the probe t ip appeared to be feasible. 
Any influence of the sampling tube on the kinetics to be measured could be  seen 
from the consistency of the ESR and mass  spectrometric measurements, each giving 
independent data. 

Relation Between ESR Signal and Atom Concentration 

The principle of ESR spectroscopy is as follows. 
species, characterised by the total magnetic moment (p) and the total angular mom- 

In most cases, therefore, we worked with higher 

In bringing a paramagnetic 
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entum U), into a strong magnetic field (H,, 3-10 k Gauss) the degeneracy is re- 
moved. 
field (H, frequency 9X103MHz) to this system, transitions between these levels 
are induced. Magnetic resonance occurs at the field strength H . The energy 
absorbed by this system is proportional to the employed power (Pg of the H,- field, 
the 'line-strength' (QaJ and the number of absorbing particles (N). The absorp- 
tion line is modulated by a 100 kHz-field with anamplitude (MA) for better sensitivity. 
This signal (S) is cor re l  ed to  the first  moment (I), a measure of the absorbed 
energy, by the integral p(H-H,,) S dH, where H, is the magnetic field at the reson- 
ant condition. 
the Em-signal has been studied by several authors (28-31) (22) and is given by: 

A ladder of 25 + 1 energy levels appears. By applying a microwave 

The theoretical relationship between the number of atoms (N) and 

N = Q a t .  p-l/'.  MA-^ . I (Eq. 6-2-1) 

Saturation 

At low energy, the first moment increases as IWp1/'. 
ation occurs as predicted by theory: the line is strongly broadened while peak 
height decreases. 
0, in the state K=l, J=2, M=O - 1 called F-line(32) - no saturation must be 
present. 
powers of 0.1, 0.2, 100 m watt, respectively. This means that the decisive 
spin-lattice relaxation t ime T, for H-atomqfor instance, is of the order of 5x10-6 
sec. 
through the cavity. 

Broadening by Amplitude Modulation 

In order to increase the sensitivity of the ESR spectrometer, the H,-field is modu- 
lated by a 100 kHzfield, havingan amplitude of MA. 
absorption signal is differentiated by this 100 kHefield. Upon increasing the MA 
the signal height goes up until a maximum is reached at (MA),,,*,. 
again at higher values. 
shows that the first moment is proportional to w2. h if  MA << (MA),,,ax: 

At higher power the satur- 

In order to correlate atom concentrations to a standard - here 

In their  parent gases th i s  is the case for N, H, 0 atom at microwave 

This t ime is essentially short compared to the velocity of the gas  flowing 

At low values of MA the 

It falls off 
This is demonstrated for H-atoms in figure 6-2-2. Theory 

I - w2. h if  MA << (MA) (Eq. 6-2-a) 

This is realized experimentally, numerical integration i s  not better. This moment 
is proportional to w. h at MA = (MAIma,: 

I -w.h if MA = (MA),,,,, (Eq. 6-2-3) 

But the measured values of peak height and width show that this maximum i s  not 
very sharply defined, i.e. with a variation in peak height of 10 percent the width 
varies between 1.3-3.4 (arbitrary units) - more than a factor of 2.5.  An evaluation 
using equation 6-2-1 and 3 has a great uncertainty if measurements are performed 
at MA = (MA)max. The advantage of measuring around is the higher scn- 
sitivity. 
when measuring the calibration factor of the atom relative to the standard. 
additional pressure  broadening is not to be  considered if  one always maintains tlic 
same pressure.  
calibration factors Q a t f o r  the different atoms if all other paraiiietcrs have tlic 
same values. @he values of (MA),,,,, 
for N, H, 0, 0, are: 0.01, 0.06, 2.6, 1.3 Gauss). 

Although there are already two papers (22) (23) available a dcterniination, cspcc- 
ially for the H-atoms, has to be repeated as shown below. 

One can measure at (MA),,,,, if the same modulation amplitude is uscd 
An 

For exact measurements of the atom concentrations one nccds tlic 

In this way one can avoid major errors. 
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Calibration Factors 

Relating a ESR-signal to a certain quantity of atoms the number @) of atoms must 
be known exactly. 

H-atoms can be determined by titration with NO,. 
broadening', two difficulties arise when titrating the H-atoms with NO?: (a) the 
titration curve-H-atoms plotted against added NO,- i s  not a straight line as 
expected. 
a relatively high signal. (b) There is a disturbing large uncertainty of 1-1 .5  in 
the value of N02/H34,35). 
the previous experiments, we added 1 percent 0,. 
expected titration curve (Fig. 6-2-3). 

By using the mass spectrometer at the same time we are able to determine that 
the stoichiometry of NO,/H i s  1.49 .  
ism: 

For the atoms H, 0, N titration reactions a r e  used. 

But besides the 'modulation 

Small H-atom concentrations, at large amounts of NO, consumed, give 

As we suspected that saturation might have occured in 
In this manner we obtain the 

This supports the earlier assumed mechan- 

H + NO, NO + OH 

OH + OH - H,O + 0 

0 + OH 0, + H 

(The NO produced was probably responsible for the confusing behaviour of the titra- 
tion curveof Westenberg, de Haas (33). 

Thus we get for the calibration factor Q,, of H-atoms (1 line) relative to  0, (F line) 
(QH is defined as Q'"/Qt,,) a value of QH= 6. 3x10-3. 

The determination of Q for the 0- and N-atoms is relatively simply done with our 
experimental apparatus on the basis of the equation: 

N(4S)+N0 (,n ) - N, (l C ) + 0 (3P) 

The NO consumed at the titration point controlled by ESR is a quantitative ineasure 
of the N-atom and the 0-atom concentration. So the Q, for the six-line-composite 
of the 0-atom relative to the 0, (F-line) is &=3. 7X 

Examples 

In order to demonstrate briefly the usefulness of the method we will discuss some 
elementary reactions. 

The Reaction of H ,  with 0 

This important reaction in hydrogen and hydrocarbon oxidation has often been stud- 
ied (36) (37), however, the accuracy was not very high because of the complcxily 
of the reactions when using 0, and H, as primary reactants. 

As described in 2.1,  we measure with the ESR siniultancously the decrease in 0- 
atom and the increase in H-atom concentration as a function of the distaice brtwecii 
the sampling hole and the H, inlet @). 
concentration was not possible with the photometric method of Clyne and Tlirusli (35) 
on account of the overlapping of somr "pectral lines a i d  in the ESR studies of Wcst- 
enberg and de Haas (38) due to great atom losses at the wall). 

(Simultaneous measurement of the H-ntoni 

Our finding is: 
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which is consistent only with the mechanism: 

1) 0 + H, -OH + H 

2) 0 + OH-0, + H 

This can be shown independently with the mass spectrometer, for in addition to 0, 
and H, no other products, such as water e tc . ,  are detectable 

The rate constants of this reaction (l), measured at several temperatures, fit the 
9400 cm3 equation k, = 1.30 x 1013 exp - - - RT mole sec. 

Thrush (38) (39) who used a quite different method. 
is shown in Arrhenius form in figure 6-2-4. 

The reaction vessel is easily replaced by a flat burner. 
hydrogen-oxygen flame yield a r a t e  constant at 1000"K, which is in agreement 
within a factor of 2, if extrapolated with the given expression for k,. Furthermore 
the independent findings with the mass spectrometer and the ESR and the agreement 
with Clyne and Thrush indicate that the concentration measurements with this 
sampling system are correct. 

Reaction of C,H, with 0 

Many studies have been made of the reactions of oxygen and hydrogen atoms with 
hydrocarbons. 
Absolute rate constants can be obtained in discharge-flow system, but further com- 
plications arise here as in many other cases from consecutive reactions. 
under our conditions thereaction 0 + OH - 0, + w e e  above)is very fast, sim- 
ultaneous measurement of 0- and H-atom concentration by ESR gives valuable in- 
formation about mechanisms. 

in good agreement with Clyne and 
The temperature dependence 

Measurements on a 

Photochemical methods lead usually to relative rate constants. 

Since 

The reaction of acetylene with atomic oxygen was extensively studied by Arrington 
et af ( 40)  in a flow system similar t o  our using mass-spectrometric and photo- 
metric techniques. They found a stationary H atom concentration, which was in- 
dependent of initial acetylene concentration. Using the same conditions of pre6S- 
ure, concentrations, flow speed as Arrington et al and measuring 0- and H- 
atom concentrations with the ESR and acetylene concentration with the mass spec- 
trometer we found a different behaviour. By lowering the initial acetylene to 
oxygen atom ratio from 10 : 1 to  0.1 : 1 increasing amounts of H atoms were ob- 
served (41). 
two H atoms were formed for  every acetylene molecule reacted. This indicates 
that the major pathway of the mechanism of Arrington et al, a delicate balance 
between formation and removal of H atoms, is questionable. From these results, 
it is clearly shown that the measurements with the ESR give essential information 
about mechanisms. An unequivocal reaction scheme, however, cannot be estab- 
lished from this observation alone. 
pling mass-spectrometer are therefore underway. 

Reaction of C,H, with H 

This reaction may be interesting from a theoretical point of view in investigating 
chemicaly activated complexes, and of practical value in explaining the behaviour of 
acetylene in photolysis, radiolysis, pyrolysis and low pressure flames. 
measurements on this reaction show two distinct advantages of the ESR method 

Comparison with the decrease of acetylene concentration shows that 

Further investigations including a rapid sam- 

The 
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first ,  it yields high precision; second, it allows great variation of pressure.  
experimental results are: H-atoms are consumed in a second order reaction: 

The 

l& varies linearly with l/p, the C,H, concentration remains nearly constant, and 
only small amounts of ethylene can be detected with the mass spectrometer (using D 
instead of H atoms for better detection). These facts are consistent with the follow- 
ing mechanism. - 1) C ~ H ,  + H .- c,H~* 

2) C2H3* + K - C,H, + M  

3)  C,H, + H  - C,H, + H 2  

This gives an expression for % : 
@he asterisks denote species vhich are vibrationally excited above the dissociation 
limit). 

This formula shows that k, may be obtained by measuring k,,, over a wide range of 
pressure  and extrapolating to p = m . In varying pressure from 1.9 . . . . 22 mm 
Hg our & changes only by a factor of three. The results, shown in figure 6-2-5, 
clearly indicate the high accuracy of H-atom measurement which can be obtained 
with the ESR and give k, = 3x5- 1O10 cmX/mole sec at 303'K. 

In experiments with a catalytic probe detector the measured points scatter by almost 
a factor of two, so that no pressure  dependence between 1 and 15 mm Hg could be 
found (42) (43). 

Michael and Weston (44) have used Lyman -&photometry for following the hydrogen 
atom concentration in the pressure  region of 0.5 - 17 mm Hg, but their observed 
rate constant (kl = 3.6Xl011 cm3/mole sec)  has a peculiar dependence on total 
pressure.  

The investigation of Volpi and Zocchi (45) is limited from the  principal disadvantages 
of using a mass spectrometer for determination of atomic hydrogen concentrations, 
and the small p ressure  variation (1.35 - 3.0 mm Hg) which they used. 

Reaction of NH, with 0 

This reaction may be a good example for the usefulness of the ESR method in sys-  
tems  where atomic oxygen can be difficult to monitor with the mass sprctronicter 
because i t s  signal is superimposed by othcr species. 
with ESR and NH, with the mass spectrometer. Using a largc cxccss of aninionin 
the rate constant for the reaction: 

, 

We mensurc the 0-atonis 

NH, + 0 = >  products 

could be calculated from the expression: 

In = -k [NH,] t 
0 
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The subscript o refers to the concentrations at t = 0. 
are plotted against 1/T. 
by: 

The experimental k values 
They form a good straight line, which can be represented 

k = 1.5 x 1012 exp (-5100/RT) se sec 

The data of Avramenko ef a1 (46) and Wong and Potter (47) are also hcluded in 
figure 6-2-6. 
The data of Wong and Potter show a large scatter because their difficulties in mon- 
itoring 0 atom concentration mass spectrometrically at m/e=8 eV since NH, pro- 
duces a strong peak at m/e = 16. Nevertheless, our values showed no difference 
by repeating the measurements several  months later. 

Conclusion 

It was the purpose of this review to show that ESR studies of reacting.gases give 
considerable information on reaction schemes. 
restricted to reactions of 0- and H-atoms. 
atoms and radicals can be determined with high accuracy using a similar calibra- 
tion procedure. Also information about various properties of radicals can be  ob- 
tained. 
of this method. The full advantage of the ESR becomes apparent in combination 
with mass spectrometers,UV-, IR-spectrometers, etc. 
a powerful addition to the methods previously available. 
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Tl 

line height of the ESR-signal 

resonant magnetic field, Gauss 

microwave magnetic' field 

first moment, see p. 461. 

total mylar momentum 

ra te  constant, cm3 mole-1 sec-1 

modulation amplitude of the 100 k Hz field. 

number of the absorbing particles 

employed microwave power, mW 

pressure,  mm Hg 

calibration factor of atom at 

calibration factor relative to 0, molecule 

gas constant 

ESR-signal 

temperature, OK 

spin-lattice relaxation time, sec 
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6-3 

Low Pressure Discharge Flow Systems and their 
Application to the Chemical Aspects of Propulsion 

H.F. M)UNTAIN AND E. HUTTON 
Department of Chemistry, Manchester University, England. 

Summary 

The discharge-flow technique is described in detail, and novel methods that have 
been developed for the measurement of atom and radical concentrations are re- 
viewed. The particular advantage of the technique is that it enables fast reactions 
to be studied in a controlled environment, uncomplicated by the many simultaneous 
processes that occur in most other fast reaction techniques. 

A summary is made of results relevant to combustion research, and some of the 
most important of these, together with their  application to propulsion systems, are 
discussed in detail. 

The advantages and disadvantages of the technique are emphasised, and the p re -  
oautions that must be taken in the application of results to practical systems are 
pointed out. 

Sommaire 

L'emploi d'une dgcharge Qectrique dans un Qcoulement gazeux permet de de'termin- 
er la concentration en atomes et en radicaux libres. 
fectionnements sont decrits. 
reactions rapides dans un milieu de composition connue, sans la complication des 
processus parallsles rendant difficile l'emploi des autres mgthodes. 

Les  resultats obtenus pour l'&ude de la combustion sont re'sume's et les plus im- 
portants pour les applications propulsives sont analyse's. 

On souligne notamment les avantages et les inconv6nients de cette technique et les 
pre'cautionsa prendre dans l'application des re'sultats aux emplois rgels.  

Introduction 

Cette methode et ses per- 
Elle a le grand avantage de permettre l'elude de 

The combustion processes in rocket engines may often be simulated for research 
purposes by burning the fuel-oxidant mixture as a conventional flame at the pressure 
range of interest. This technique has led recently to a better understanding of 
combustion processes (1) (2). Knowledge has now increased to the point where dis- 
tinction may be drawn between the two previously disputed mechanisnis of flame 
propagation (3), i.e. the radical-chain mechanism, and the mechanism of thermal 
diffusion of products upstream against the gas flow. 
st i l l  not well established in detail. 

However, the processes are 

In hydrocarbon flames this is due to the inherent Complexity of the combustion pro- 
cess.  A fast burning flame at one atmosphere pressure,  for example, may have 
a reaction-zone of about 0.002 cm in thickness corresponding to a reaction time of 
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Fig. 6-3-1 Schematic Diagram of the Apparatus. 
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ten microseconds during which the gas is heated by as much as 3,000 degrees cen- 
tigrade (3). This results in a temperature gradient of several million degrees per 
second within the reaction zone. 
in this region and the overall process becomes prohibitively complicated to analyse. 
Some simplification may be attained by burning flames at reduced pressures,  in 

ions, however, non-equilibrium processes are still observable: radicals and inter- 

and formed in such small  stationary state concentrations that they cannot be readily 
detected by any techniques at present available. 

Observations on the reaction zone and the post reaction zone gases have, neverthe- 
less, yielded very useful results which, when combined with information obtained 
by other techniques e.g. the flow discharge technique, give some indication of the 
nature of the reaction sequence (1) (2). 

The discharge-flow technique has the advantage over conventional flame studies 
that reactions may be investigated in carefully controlled environments under very 
much simplified conditions. 
can be  minimised and non-equilibrium effects often completely eliminated. 
addition, atom and radical concentrations, rate constants and activation energies 
may be reliably determined and the reactions uniquely ascribed (5) (6) (7). 

Consequently, non-equilibrium conditions exist 

I which case the reaction zone thickness is increased (4). 

mediates, which constitute important species in the reaction path, are short-lived 

Even under these condit- 

I 
~ 

1 
The number of simultaneous and consecutive reactions 

In 

I Description of the Experimental Method 

It has long been known that when an electrical discharge is passed through a gas 
at low pressure, atoms are formed by dissociation of gaseous molecules. Strutt 
(8) investigated some properties of the gaseous products of discharges, and sig- 
nificant contributions were made later by Wood (9), Bonhoeffer (lo), Harteck (11) 
and others. However it was not until the late 1950's that innovations were intro- 
duced which gave the technique the accuracy and scope that it enjoys at the present 
t ime (12). 

A significant advance was the introduction of radiofrequency and microwave dis- 
charges in which there is no contact between the electrodes and the gas, thus elim- 
inating the contamination of the discharge products by electrode materials. Radio- 
frequency power is coupled to the gas externally through two thin metallic foil 
electrodes wrapped around the discharge tube in which the atoms are formed. 
Microwave power is supplied to  the discharge by means of a resonant cavity. 
either of these methods several percent of the total gas may be dissociated. The 
working pressure  range fo r  the radiofrequency discharge is from 0 to 5 to r r ,  and 
for the microwave discharge from about 0.6 to 20 t o r r  (13). 

A schematic diagram of the apparatus is shown in figure 6-3-1. 
electrodes are wrapped around the discharge tube (A), which is constructed of 
quartz to withstand the high temperatures attained in this region, and is connected 
to  the reaction cell via Rayleigh horns (B) and a quartz-pyrex seal (C). Ions 
formed in the gas as it flows through the discharge are completely removed within 
a few centimetres, and within this distance the gas is cooled to room temperature 
by contact with the tube walls. The reaction cell is normally from one to five 
centimetres in diameter, and as the discharged gas flows at a constant ra te  into 
the cell it t raverses  equal distances in equal periods of time. 
in the cell, fixed jets (D) allow reactants to be added, and these jets are multi- 
perforated to ensure rapid and efficient mixing. 
the total input flow-rate of the gases enable the velocity of the gas  within the tube to 
be found, and the reaction t imes calculated. 

Removal of atoms on the surface of the tube does occur, but this can be minimised 

With 

Two radiofrequency 

At given positions 

Measurements of pressure and 

dd* 
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by coating the walls with substances that inhibit heterogeneous recombination: acid 
coatings have been found effective (14) (15). For most atoms, the wall recombina- 
tion coefficient Y for  walls thus treated falls to  about 10-4 to 10-5, so that these 
effects become small  and may be allowed for  in the calculation of the rates of homo- 
geneous gas  phase reactions. 

Minute quantities of impurity in the gas that is passed through the discharge may 
have a significant effect on the properties of the discharged gas. 
amounts of water vapour to  nitrogen have been found to increase the nitrogen atom 
yield by up to a factor of ten .(16), whilst the presence of hydrogeneous impurities 
in discharged oxygen accelerate the recombination of oxygen atoms (17). 

The concentrations of reactants that react exothermally must be small enough to 
ensure that the rate of heat release is not too rapid, so that the reaction takes place 
under approximately isothermal 'conditions. 

Accurate data can be obtained only if allowance is made for the facts: that flow 
systems possess a finite concentration gradient in the  direction of flow; that high 
atom concentration gradients may lead to an appreciable atom concentration diffus- 
ion effect; and that any non-uniformity of atom concentration across  the tube dia- 
meter may introduce errors. The magnitudes of these e r r o r s  have been detailed 
(18). 
of 1 to 4 cm, the  velocity of the gas  is generally restricted to  between 100 and 500 
c m  per second. Under these conditions only small  corrections are necessary and 
can be  taken into account in the analysis of experimental results. 

Measurement of Atom and Radical Concentration 

The atom concentrations obtainable from discharges are sufficiently high to enable 
direct and highly specific methods of detection to be used. Some of the most gen- 
erally used methods are summarised here. 

The Wrede-Harteck Gauge (19) (20) - The gauge consists of a tube, through the  
wall of which are one or more small  holes having diameters less than one-tenth of 
the mean free path of the gaseous molecules. Behind the holes is a small  closed 
volume containing an efficient catalyst for  the recombination of the atoms. Mole- 
cules andatoms effuse through the hole, the atoms are recombined inside the cavity 
and hence only molecules effuse out. 

A mass balance shows that a pressure  difference (AP) will develop across  the hole, 
and when sufficient t ime has been allowed for  the system to reach equilibrium, the 
fractional percentage of atoms in the gas (a) may be obtained from: 

Addition of small  

To minimise them for a pressure  range of 1 to 5 to r r  and a tube diameter 

3.41 AP a=- P 

where P is the pressure  of the gas, and the molecules are all assumed to be dia- 
tomic. 

The sensitivity of the method depends on the accurate measurement of small  pressure 
differences: as these can be determined accurately to better than 10-4.torr @I), 
atom concentrations of 10-11 moles cm-3 can be measured quantitatively. 

Mean f r ee  paths decrease with increase in pressure,  so that at higher pressures  
smaller diameter holes must be used, and the t ime allowed for  equilibration must 
be  increased. 
ure to  which the  method is applicable. 

This t ime factor sets an upper limit of about 0. 7 torr on the press -  
Fritted discs, containing large numbers of 
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fine capillaries, have been used to extend this pressure range (22), but objections 
have been raised as to the validity of some of the results obtained by this method 

The Wrede-Harteck gauge was the f i rs t  to be developed to give absolute values of 
atom concentrations. For 
simple recombination reactions at low pressures, it is good, but since i t  is non- 
specific and gives the total atom concentration irrespective of atom type, it is of 
no use when mixtures of atoms a r e  present. 
of time required to ensure equilibrium, and the necessity of measuring very 
accurately small changes of pressure, has  led to the adoption of alternative 
methods of detection in most current kinetic studies. 

(23). 

It is insensitive to the presence of excited species. 

This factor, together with the length 

Thermal Methods - If a thermocouple probe, coated with a suitable catalyst, is 
placed in the gas flow, the atoms will recombine on the surface with release of heat. 
Recombination reactions are strongly exothermic, and a small atom concentration 
will therefore give r i s e  to a relatively large temperature increase on the probe. 
This temperature r i s e  may be directly related to the atom concentration (24). 

To make the thermocouple method quantitative it must be calibrated against one of 
the absolute methods. Other disadvantages are: that the recombination efficiency 
of the catalyst may change with temperature; that excited states contribute to the 
heat release; that i t  is non-specific to atom type; and that i t  is difficult to esti- 
mate heat losses  from the probe. One advantage is that i t  removesonly a small 
fraction of the total atoms and hence causesvery little disturbance to the system. 

The Isothermal probe is another thermal method, also depending on the measure- 
ment of the heat released by recombining atoms (25) (26). The probe consists of 
several turns of platinum wire  coated with an efficient catalytic surface and of 
sufficient length to ensure complete recombination of all atoms present in the gas. 
The wire is heated electrically by passage of a current, and with the discharge 
switched off, the power dissipation (WO) and the resistance (R ) of the wire are 
measured. The discharge is then switched on, atoms recombglne on the wire with 
release of heat, and the electrical power is decreased (lo W,) until the measured 
resistance of the wire is again R,. The temperature of the probe is then the same 
in the presence and in the absence of atoms, and so the necessity of making a 
correction for heat loss is eliminated. The atom flowrate (F) can be calculated 
from the difference in energy input by use of the expression: 

where AH = the heat of atom recombination. 

The isothermal probe method is absolute but i t  is both non-specific and sensitive to 
excited molecules, properties which may be utilised to follow reactions of excited 
states. For atoms formed in the absence of excited states and where only one type 
of, atom is present e.g. hydrogen atom recombination reactions, it is a very reliable 
method (27). 

Photometric Methods - The most widely used methods for the measurement of 
atom concentration depend on quantitative measurements of the intensities of the 
characteristic glows emitted from mixtures of atoms and radicals. 

Estimation of Atomic Oxygen - When a small quantity of nitric oxide is added to 
atomic oxygen a greenish-yellow glow is emitted, the intensity of which i s  proport- 
ional to the product of the nitric oxide and oxygen atom concentrations (12). The 

. 
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nature of the emission has been the subject of some controversy (7) but certainly is 
due to emission from excited nitrogen dioxide, probably formed by reactions: 

(c 

O + N O + M  - N O ; + M  (Reaction 6-3-1) 

NO, + M - NO, + M (Reaction 6-3-2) 

N G  -r NO, + hv (Reaction 6-3-3) 

* 

Reaction 6-3-1 and the reaction 6-3-4: 

O + N O + M  - N O , + M  (Reaction 6-3-4) 

are so slow under the experimental conditions, compared to other oxygen atom re- 
actions, that their effect on the rate of removal of oxygen atoms can be ignored. 

The nitrogen dioxide, formed in reactions 6-3-1 and 6-3-4, rapidly regenerates 
nitric oxide in the fast  reaction: 

0 + NO, - NO + 0, (Reaction 6-3-5) 

so that the nitric oxide concentration remains unchanged throughout the region of 
observation. Thus for a given nitric oxide concentration the intensity of the glow is 
proportional to the oxygen atom concentration. The intensity of the glow at several 
positions along the reaction cell is measured and gives the relative atom concentra- 
tion as a function of distance or reaction time. 

Relative atom concentrations can be  converted into absolute values i f  the absolute 
atom concentration at any one position in the tube is known. This value is obtained 
at one fixed position by addition of nitrogen dioxide which reacts rapidly with atomic 
oxygen according to reaction 6 -3-5. 
glow persists along the tube, but i f  the nitrogen dioxide flow rate is equal to or in 
excess of the oxygen atom flow rate, then the oxygen atoms are removed at the nit- 
rogen dioxide injection point and the glow is extinguished. The minimum flow ra t e  
of nitrogen dioxide necessary to completely extinguish the glow is equal to the flow 
ra te  of the oxygen atoms at the position of nitrogen dioxide addition. 

Similar specific photometric methods have been devised to measure the concentra- 
tions of other types of atoms. 

Hydrogen - A red glow is observed when nitric oxide is added to atomic hydrogen 
and the processes responsible have been shown to be  (27): 

If oxygen atoms are in excess, the NO-0 

* 
H t N O + M  - HNO + M  (Reaction 6-3-6) 

M + HNO -. HNO + M (Reaction 6-3-7) 

HNO - HNO + h v  (Reaction 6-3-8) 

H + HNO - H, + NO (Reaction 6-3-9) 

* 
* 

Reaction 6-3-6 is very slow and removes a negligible quantity of hydrogen atoms, 
Reaction 6-3-9 i s  fast and quickly regenerates nitric oxide. The nitric oxide con- 
centration is thus maintained constant along the length of the tube and the intensity 
of the glow is directly proportional to the hydrogen atom concentration. Relative 
values were converted into absolute values by isothermal probe measurements. 

Nitrogen - Nitrogen atom concentrations have been photometrically obtained from 
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measurements of the intensity of the yellow emission associated with active nitrogen 
(28). Nitrogen atoms recombine according to a third order mechanism and produce 
excited nitrogen molecules that are responsible for the emission: 

1 

N + N + M -  N, + M  (Reaction 6-3-10) 

N,' -. N, + hv (Reaction 6-3-11) 

The square root of the intensity of the yellow glow is proportional t o  the atomic 
nitrogen concentration. 
'titration reaction: 

Absolute concentrations may be  obtained by use of the fast  

N + N O  - N , + O  (Reaction 6-3-12) 

Chlorine - The products of a discharge through chlorine emit an orange-red glow, 
the intensity of which can berelated to the chlorine atom concentration (29) (30). 
The processes responsible for the emission are more complex than was first en- 
visaged (31), but i f  a detector is used which is sensitive only to light of wavelength 
less than 5, 800A0, the emission intensity is proportional t o  the square of the 
chlorine atom concentration. Absolute values can be  determined by the fast 
'titration' reaction: 

C1 + NOC1 * NO + C1, (Reaction 6-3-13) 

Hydroxyl Radicals - The hydroxyl radical possesses an absorption spectrum in 
the near ultraviolet, with a band head at 3064A". Del Greco and Kaufman (32) 
monitored hydroxyl radical concentrations by quantitative measurements of the 
absorption by the radical in th i s  wavelength region. 
vapour was found to be  an unreliable method of producing hydroxyl radicals for 
kinetic studies, and the reaction of atomic hydrogen with nitrogen dioxide was used 
instead in: 

A discharge through water 

H + NO, - OH + NO meaction 6-3-14) 

If the atomic hydrogen is in excess, the flow-rate of the nitrogen dioxide is equal 
to the flow-rate of hydroxyl radicals at the position of nitrogen dioxide addition. 

Chlorine Monoxide Radicals - Clyne and Coxon (33) measured chlorine monoxide 
concentrations by an absorption method. They determined the spectral  extinction 
coefficients of the radical, thus enabling absolute values to be obtained. 

The advantages of the photometric measurements are that they are specific, absol- 
ute, fast, reliable and are not costly to set  up, since the detector system consists 
only of a photomultiplier power supply and simple recording equipment. 

Detection by E. S.R. 
can in principle be  detected by E.S.R. methods. 
method are now beginning to be published (34) (35) (36). 
technique are: that it is an absolute method; that excited species do not interfere 
with the measurements; and that different atomic species can be siniultnneously 
measured. The disadvantages are: that the apparatus i s  extremely expensive; 
that limitations of cavity design dictate that measurements be made over such mi 
extended length of the reaction cell thnt the time resolution is not ns good :IS with 
other methods; and that measurement of absolute concentration involves lengthy 
and complicated integrations. 

Mass Spectrometric Methods - Mass spectrometric detection CNI be made ai 
absolute method, but requires expcnsive apparatus. 

- All atoms and free radicals contain unpaired electrons and 
Useful results obtained by this 

The advantages of this 

It is particularly useful for the 
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identification of small  concentrations of transients that cannot be readily observed 
by other methods. Since it is specific it can be used to  study reactions that occur 
with the simultaneous production of many types of atoms, radicals and excited 
states (37). 

Application of the Flow Discharge Technique to Some Combustion and Propulsion 
Problems 

The high atom concentrations obtainable, and the accuracy of the measuring tech- 
niques, allow some of the important elementary reactions that occur in the complex 
combustion process to be  investigated with great precision, but at temperatures 
much less than those encountered in flames. 
of log k versus the reciprocal of the absolute temperature gives, to a first approxi- 
mation, a straight line, the slope of which is related to  the activation energy for the 
reaction. 
large temperature range are bunched in a confined region of the graph, and accur- 
ate values of activation energies are hard to obtain. 'In contrast, a variation of 
only a few degrees in the vicinity of room temperature c o v e r s a  large portion of 
this plot and accurate activation energies can be calculated from results obtained 
in this region. Thus rate constants at elevated temperatures may be confidently 
extrapolated from the lower temperature data, as illustrated in figure 6-3-2. 

The Hydrogen-Oxygen System 

Reference is made to the combustion literature for review of the 'best values' of 
reaction rate data for the hydrogen-oxygen system, (42) and it can be seen that the 
discharge-flow technique is perhaps the most successful for obtaining reliable 
basic data for this system over a wide range of conditions. 

The CO + OH Reaction 

The exothermic oxidation of carbon monoxide to carbon dioxide occurs via the re- 
action: 

However the simple Arrhenius plot 

In theregion of high flame temperatures, measurements taken over a 

CO + OH - CO, + H (Reaction 6-3 - 15) 

Probe sampling measurements of flame in the temperature range 1,200 to 2, OOO'K 
indicated an activation energy of 7.5K cals mole-l for this reaction (43) (44). 
Dixon-Lewis, Wilson and Westenberg (45), using a flow method, found this  value 
was too high to explain their room-temperature results which indicated an activation 
energy of 0.6K cals mole-', in agreement with other measurements (46). The 
revised value gives an entirely different connotation to the role of reaction 6-3-15 in 
cool flames and in the secondary combustion that occurs in the cooler regions of 
rocket exhausts, where fuel r ich gases from the combustion chamber intermix with 
the surrounding air. 

Hydrogen-Oxygen Reactions 

Atomic oxygen-hydrocarbon reactions have been studied in discharge flow systems 
(36) (47) (48) (49), but complications occur becau-se the products of the primary 
reactions are susceptible to subsequent attack by atomic and molecular oxygen. 
The system may be simplified by producing oxygen atoms in the absence of mole- 
cular oxygen by passing nitrogen through the discharge and reacting the nitrogen 
atoms with nitric oxide according to equation 12 in (49). 
atoms is equal to the flow rate of nitric oxide, then atomic oxygen is formed quan- 
titatively according to this equation in the absence of molecular oxygen and in the 
presence of chemically inert molecular nitrogen. 
r a t e  of hydrocarbon-oxygen reactions with simultaneous measurements of the hydro- 

If the flow rate of nitrogen 

A recent investigation of the 
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gen atom concentrations produced gives an indication not only of the identity of the 
initial reaction but also the subsequent fate of some of the primary reaction pro- 
ducts (36). 

Flame Ionisation Processes  

Within the  reaction zones of hydrocarbon flames positive ions and electrons are 
produced in great excess above their  thermal equilibrium concentrations (50). 
ionisation in this region is thought to arise predominantly from highly energetic 
radical and atom reactions (50) (5l).but attempts to identify these have been in- 
conclusive and in some cases contradictory (51) (52). 
pressure  discharge-flow experiments between atomic oxygen and acetylene produce 
the same type of chemi-excited species as are observed in flame reaction zones 
(53), indicative of the fact that similar processes are occuring in both systems. On 
this basis the chemi-ionisation reactions are now being studied by several  investi- 
gators using the discharge-flow method (37) (54) (55) (56). Results, again, do 
sometimes appear contradictory, but the mechanism is obviously complex and 
much work has st i l l  to be  done. 

Flame Inhibition 

The 

Reactions observed in low 

Halogens constitute the most common type of conventional flame inhibitors, and 
probably act through a radical chain inhibition mechanism (2). 
technique is ideally suited to  the investigation of such problems, although as yet, 
with the exception of some work on chlorine-oxygen reactions (33), little has been 
done in this field. 

Iron carbonyl is found to be  a very effective flame inhibitor (57) and addition of iron 
carbonyl to atomic flames produces solid particIes and gives rise to some spectac- 
ular effects (53). The results were qualitative and a detailed re-investigation with 
the more quantitative present-day techniques would seem to  b e  worthwhile. 

Limitations of the Technique 

As previously mentioned, these experiments are normally performed in the region 
of room temperature. 
Arrhenius plot is sufficiently small  to enable accurate extrapolations to  b e  made, 
as evidenced by the coincidence of this data with such direct flame measurements as 
are available as shown previously. 

Discharge-flow studies are normally car r ied  out in a pressure  range of 1 to 5 torr .  
The role of third order  reactions become more important at high pressures  and a 
reaction that is second order at low pressures  may proceed by an entirely different 
mechanism at high pressures.  
radicals is second order  under discharge-flow conditions (32), but predominantly 
third order at  200 t o r r  and above (58). Data obtained from low pressure  measure- 
ments may be  applied to high pressure  systems only if i t  can be established that the 
mechanism of the reaction does not change with pressure.  Hydrogen atom re- 
combination is a third order process even at  1 torr (59), and this mechanism is 
still operative at higher pressures.  

Strongly endothermic reactions and those with high energies of activation do not 
proceed at a measurable ra te  at room temperature, but may be  very rapid at elevat- 
ed temperatures. 
t ems  but can be  obtained by measuring the r a t e  of the reverse  reaction and applying 
thermodynamic arguments. 
branching reactions in flames is: 

The discharge-flow 

In general, however, the experimental scatter on the 

For example the recombination reaction of hydroxyl 

Their r a t e  constants cannot b e  directly measured in flow sys- 

For example, one of the most important radical 
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H + O , *  O + O H  

which is 16.5k cal. mole-' endothermi 

(Reaction 6-3-16) 

, Its  ra te  can be  calculated from the r a t e  
of the reverse reaction, together with standard thermodynamic data (60). 

Significant simplification of complex processes is generally obtainable by use of 
the discharge flow technique, but when attempts to do this are made for some flame 
reactions the course of the reaction and the nature of the final products may be 
changed. Acetylene-atomic oxygen mixtures undergo a fast reaction with emission 
spectra similar to those observed in flames, but the methane-atomic oxygen react-  
ion is not accompanied by any emission of comparable intensity or spectral  distri- 
bution to that observed in combustion (61). It may be argued that the methane 
system has been simplified to such an extent that the rate of primary attack on 
methane can bestudied directly, whilst the acetylene system is still too complex 
and the secondary reactions so fast that such an investigation is difficult. On the 
other hand the methane system has been so much simplified that all but the initial 
reactions proceed by different mechanisms from those operating at higher tempera- 
tures.  
environment. 

With acetylene these reactions do still occur within a more easily controlled 

Conclusion 

No attempt has been made to review the subject comprehensively. 
has  been described and the application in a few selected fields discussed in order to 
illustrate some of its uses  and limitations in the study of combustion and propulsion 
problems. 
kinetic problems ensures a rapid and continued future development, 
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Probe Measurements of Charged Particle 
Concentrations and Ionization Relaxation 
Phenomena in Low Density Supersonic Gas Flows 

1 S. W. RADCLIFFE, T. I. MCLARENand R. M. HOBSON 

Belfast 7, Northern Ireland 

Summary 

The limitations on measurements conducted with probes in partially ionised low 
density supersonic gas flows are discussed in relation to  the geometry of the probe. 
Experiments are described which relate some features of the probe response to 
interactions between the supersonic gas flow and the probe surface geometry. A 
preliminary theoretical formulation of the mechanism of charged particle collection 
in relation to the f r ee  stream ion/electron concentration is put forward and com- 
pared with experiment. 

Measurements of thermal ionization r a t e s  in shock heated monotomic gases are 
given, and the initial reactions leading to  ionisation are determined and their c ros s  
sections measured. 

Sommaire 

On analyse les limitations des poss ib i l i tb  d'emploi de sondes dans des ecoulements 
supersoniques de gaz partiellement ionisbs et a basse densite, en relation avec la 
gdomdtrie de la sonde. 
l'allure de la r6ponse des interactions entre l'bcoulement supersonique et la g6o- 
mdtrie de la sonde. 

libre est  comparde aw re'sultats expbrimentaw. 

On prdsente les vitesses d'ionisation thermique d'un gaz monoatomique chauffk par 
choc, on ddtermine les rbactions initiales permettant l'ionisation du gaz, ainsi que 
les sections efficaces correspondantes. 

Introduction 

Processes leading to ionization in flames and detonations have potentially powerful 
technological applications and lmowledge of ionization processes is required parti- 
cularly in connexion with the re-entry of space vehicles. 
learned about the detailed reactions that lead to ionization in a gas taken from rooni 
temperature to a temperature of several thousand degrees K in short time. 
collision physics, recent measurements of the behaviour of noble gases (1 through 4) 
have indicated the potentiality of precise measurements of the rate of ionization for 
obtaining inelastic collision c ross  sections that are otherwise experimentally diffi- 
cult to measure, especially where multiple collisions and collective phenomena play 
a major part  in the chain of reactions. 

Successful techniques of measurement of ionization in shock tubes include optical 
spectroscopy (1) (5), optical interferometry (6) and microwave interferometry (2) 
(3). 

I Department of Pure and Applied Physics, The Queen's University of Belfast, 

I 

Des expbriences sont decrites qui montrent l'effet s u r  
1 
I Une analyse thborique prbalable du mecanisme de collection 
, de particules charghes en relation avec la concentration ion/blectron dans un jet 

Much remains to be 

In 

!e Optical diagnostics provide adequate resolution for studies of shock wave pro- 



because several microseconds can elapse during the flow of the gas from the f r ee  
s t ream to the probe surface. Further, the charged particle number density at the 
probe surface may be many t imes different from that in the free stream. 

For the present work it w a s  decided to continue using two wires stretched parallel 

id =[: N+e g] Ap (Eq. 6-4-1) 

Support for this model theory w a s  ostensibly provided by a microwave cavity cali- 
bration experiment (13), performed under typical conditions in the pressure driven 
shock tube. These conditions assume 'free fa l l '  collection during which no collis- 
ions take place in the sheath region. 

I 
However careful examination of the mean free 
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paths of ions and neutrals in the shocked gas leads to a conclusion that such a 
mechanism would be unlikely. Thus for the typical case of a M10 shock wave 
travelling into argon at a pressure of 1 torr ,  the neutral-neutral mean f ree  path 
is 0.002 cm, while the ion-neutral mean free path is about 0.0003 cm because of 
electric polarization effects. Comparison of these lengths with the probe dia- 
meter, 0.03 cm, suggests that the conditions are closer t o  the continuum regime 
and that the motion of the ions is mobility controlled. 

Two theories are available for the mobility controlled collection of positive ions by 
cylindrical probes in stationary plasmas; by Schulz and Brown (14), and Zakharova 
et a1 (15) respectively. Both theories, which assume that the potential difference 
between the probe and the space occurs across  a finite sheath, were checked experi- 
mentally by the authors and found to  be satisfactory. The applicability of these 
theories to the present situation was tested in the following experiment. For fixed 
Mtial conditions of argon pressure and shock Mach number the values of i d  at a 
f ixed position in the shocked gas were measured for a range of values of Vd. This 
meant that id could be related to the potential difference between probe and plasma, 

The graph for the case of Ap = 0.21 cm2 and N+ - 5 p s e c s  laboratory t ime 
:&nd the shock wave is shown in figure 6-4-1. 

Two important features are evident from this investigation. First ,  the values of 
N+ deduced according to  the mobility controlled theories are orders  of magnitude 
greater than that given by equation 6-4-1: for example with Vp = 1OV and id = 0.77 
mA., equation 6-4-1 yields a value for N+ = 2.9 x lOli ions cm-3, while (14) would 
give N+ = 6.4 x 1012 ions cm-3, and (15) would give N+ = 1.4 x 1014 ions cm-3. 
The two mobility theories agree that the sheath thickness is about 1.5 probe radii. 
Secondly it is seen that: 

0 . 6 4  
id OC vp @q. 6-4-2) 

In stationary conditions where the characteristic parameters of the ionized gas are 
similar to those in the high velocity shocked gas, the mobility theories both lead 
to a relationship: 

0.25 
id OC vp @q. 6-4-3) 

It thus appears that the effects of the high velocity flow a re  sufficiently dominant to 
invalidate the direct application of these theories to the present situation. 

The aerodynamicflow in the vicinity of the probe is complex. The axial flow Mach 
number of the ionized gas varies  non-uniformly because of the build up of the wall 
boundary layer (16); at the shock front the value is 1.29 for an incident shock Mach 
number of 10, increasing rapidly mostly in the early part of the shocked gas, to 
reach 1.76 at the contact surface. 
according to  the tables in (1'7) Reynolds numbers were in the range 900 - 1400 cm- l  
for all the conditions in these experiments. 
Schaaf and Chambre 08) the flow here belongs to the slip regime where continuum 
effects, such as the formation of bow shock waves, may still be expected to occur. 
Mathematical analysis of collection under these conditions is difficult. 

However to take some account of the gas flow relative to the probe it was proposed 
that an impact model similar to that outlined by Davis and Harr i s  (19) for highly 
ionized gas flows was relevant. Thus referring to figure 6-4-2 it was  suggested 
that all ion paths that crossed an area S in the free stream would be diverted 
sufficiently under the influence of the electric field to intercept the probe surface, 
and that intuitively S would be similar in size to  the impact area of the probe. 
the equation: 

From the shocked gas viscosity calculated 

According to the classification of 

U 

Thus 
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ARGON PRESSURE = 1 TORR 
id TAKEN 5 p s e c  LAB TIME AFTER SHOCK 
PROBE RADIUS =12 x 10-2cm 
SHOCK MACH NUMBER = 10 5 

SLOPE = 0 6L 
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Fig. 6-4-1 Current-voltage characteristic. 

- NEUTRAL STREAMLINE --- ION STREAMLINE 

a 

\BOW SHOCK 

Fig. 6-4-2 Impact collection model. 
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(Eq. 6-4-4) 

where U is the drift velocity of the shocked gas, relating the probe current to the 
f r e e  s t ream ion density. The dependence in equation 6-4-2 could thus be explained 
by a variation of S with V,. Although for t ransverse cylindrical probes equation 
6-4-4 gave values of N+ which agreed with those indicated by the cavity experiment, 
its concepts were shown to be invalid by an experiment comparing the currents to 
two probes with the same A,? but with values of S differing by a factor of 20: the 
currents collected were similar. Further evidence that id is characteristic of A, 
rather than S was found by comparing the currents to six ion collectors with the 
same S and various %. The probes were constructed from needles aligned para- 
llel to the shock tube axis and were differentiated by the thickness of the thin film 
of epoxy resin with which each was sheathed, so as to provide a range of collecting 
areas. It was observed that there  was proportionality between id and A,, and that 
the magnitude of id was again typical of collection according to equation 6-4-1. 

The most likely collection mechanism is, therefore, that ions a r e  carr ied to  within 
a short distance of the probe surface, mainlyby the motion of the neutral particles, 
while for the last  few mean free paths the progress of the ions is determined by a 
combination of mobility and free f a l l  effects. If ions are brought t o  the vicinity of 
the probe surface at a ra te  greater than, or comparable to, that at which they may 
be removed by free-fall collection, then the collection may be expected to be typical 
of the product of surface area and random thermal current. Since, in the shocked 
gases of these experiments, the drift velocity was about 1.5 t imes greater than the 
mean thermal speed, i t  was reasonable to  expect that the volume in the proximity 
of the probe surface would be replenished sufficiently rapidly with charged particles. 
This  problem is complex involving the combined actions of non-isotropic, aero- 
dynamic and electrostatic influences in determining the paths of the ions to the probe. 
However until a better description of the phenomenon is available, advantage may 
be taken of this probe diagnostic by calibrating it against an independent means of 
finding the charged particle number density. 

Probe Calibration 

The apparatus for  using a microwave cavity to measure electron concentrations in 
a shock heated gas, described in (13) eo), is shown schematically in figure 6-4-3. 
The X-band klystron is preset to operate at a frequency, f ,  greater than the reson- 
ant frequency, f,, of the empty cavity. When the weakly ionized shock heated gas 
passes  through the cavity, a resonance will be detected at the frequency f when the 
electron concentration in the cavity is that corresponding to the frequency shift 
(t - f,). The t ime at which this resonance occurs can be related to the shock front, 
whose path has  been recorded using ancillary diagnostics such as thin film detectors 
and photomultipliers. 
Improvements were made in this technique. 

I 

(a) Because the ionisation profile in a gas is sensitive to variation of the shock 
velocity, double probe systems were situated as closely as possible upstream and 
downstream of the cavity, and their individual responses were averaged and com- 
pared with that of the cavity. 
downstream probes agreed to within 30 percent. 
@) Using a Tektronix Type 180A Time Mark generator to calibrate all oscillo- 
scope t races  and inter-scope delays, the instant of resonance was located to within 
a microsecond. 

(c) 
when the highly ionized region close to the contact surface was about to enter the 

We found that the responses of similar upstream and 

ee* The periods during which the shock front was contained in the cavity, or 
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Fig. 6-4-3 Schematic of calibration arrangement. 
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Fig. 6-4-4 Comparison of probe and cavity results. 
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cavity, were not recorded since the electron density profile in  the cavity would then 
have been rapidly changing. 
At the instant of resonance, the value of electron density as calculated from (f - f o )  
w a s  assumed to be equal to  N+ at the mid-point of the cavity (when a cavity is filled 
with a slowly increasing ionization profile, this is a reasonable approximation). 
The experiment was carried out using spectroscopic grade argon in a 2-cm i. d. 
shock tube with a downstream pressure of 2 t o r r  and with a shock Mach number of 
9.2. 
and a differential voltage of 5V was applied. 

Figure 6-4-4 shows points obtained during this experiment; the ordinate is the 
value N+ obtained from the probe responses using equation 6-4-1 and the abscissa 
is the value of electron number density found from the cavity frequency shift. 
e r ro r  bars on the points indicate the probable accuracy of determining the instant 
of cavity resonance. The ion density N+ calculated from equation 6-4-1 is about 
3.5 t imes larger than that obtained from the cavity estimate, assuming an equality 
of the ion and electron densities, indicating that the value of K for that experimental 
arrangement was about 3.5. This factor may represent an enhancement of the 
current actually collected by the probe as a result of either the electric field or  
the ionized gas flow. Possibly relaxation phenomena occurring in the gas behind 
the bow shock wave were responsible for part of the factor, but the self-consistency 
of the measurements reported in the following section, and their close agreement 
with measurements in other laboratories (2) (4) indicate that they did not dominate 
the probe response in pure argon. This conclusion must not be generalised at 
present to  include similar measurements in pure gases of lower excitation and 
ionization energies, or to  gases containing impurities of low ionization potential. 

This preliminary calibration indicates that the probe data may be reduced to  f ree  
stream ion number densities by means of the following expression: 

The probes were similar to those used in the work of the following section, 

The 

id = K [iN+e 4 8KT Ap (Eq. 6-4-5) 

in which K is an experimentally determined constant equal to about 3.5 for the 
present experimental arrangement. 
determine K to  a higher precision. 

Initial Ionization Processes in Argon 

Introduction 

Experiments are currently being extended to 

It is now well established (1) (2) (4) (6) that when a shock wave raises the tempera- 
t u re  of pure argon from about 300'K to  10, OOO°K, thermal ionization proceeds in 
distinct stages, described recently (6) as Regimes I, II and III. 
atom-atom inelastic collisions a r e  responsible for a relatively slow rate  of ioniza- 
tion. In Regime II electron-atom collisions predominate and the rate of ionization 
is significantly greater than in I. In Regime III the level of ionization approaches 
and finally reaches an equilibrium state and electron loss mechanisms such as r e -  
combination become increasingly important. 
were concerned only with the processes taking place in Regime I. 
available indicates that here the ionization process is a two step mechanism involv- 
ing the first excited state of the neutral atom and that the reactions a r e  a s  follows: 

In Regime I 

The measurements reported here 
The evidence 

k* 
A + A  - A * + A  (Eq. 6-4-6) 

(Eq. 6-4-7) 
k+ 

A * + A -  A + + A + ~  
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Fig. 6-4-5 Schematic of 45" Shock Tube. 
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The results showed that the degree pf exgitation (N*/N,) was  between 10-6 and 
10-8, and hence that the reaction A + A 

The inelastic collision cross sections U* (E), U+ (E), and ra te  constants k* @), 
and k+ (I') corresponding to reactions described by equations 6-4-6 and 6-4-7 were 
measured experimentally i n  the work reported below. 

Apparatus 

Kper iments  were carr ied out in the precision bore, 4.5 in internal diameter, 
glass shock tube, described in (21) and shown schematically in figure 6-4-5. 
have confirmed and extended earlier work in a 4 cm i. d. shock tube of similar con- 
struction. The driver end of the 4.5 in tube was the modified breech of a 4" 
naval gun, the rifled bar re l  of which was bored out to 4.5 inches. 
loading mechanism was adapted to facilitate quick diaphragm changing and to mini- 
mise the recycling time. 
were made in the precision bore glass extension section downstream of the muzzle. 
The overall length was 12 metres. A cold hydrogen driver was used with Melinex 
(Mylar) diaphragms burst by overpressurisation, and shocks in the range Mach 8 to 
Mach 12 were driven into argon at initial pressures  pz between 0.2 and 3.0 to r r .  
The variation in level of ionization with time behind the shock front was measured 
using the floating double probe technique discussed in the previous section. Fur- 
ther diagnostic techniques used in these experiments included thin platinum film 
gauges and collimated photomultipliers. These enabled accurate measurements 
to be made of the shock velocity, and of the location of both the  shock front and the 
contact surface (12). Such measurements were carr ied out at stations spaced 20 
cms  apart along the  shock tube, and in each instance a detailed x - t plot of the 
shock front was  constructed for at least the 200 cm section spanning the probe det- 
ector position. 
to an accuracy better than f 1 percent at Mach 10 and this represents  a maximum 
uncertainty in shocked gas temperature of f 200°K. 
all the work reported here, the shot-to-shot consistency for common downstream 
conditions and driver pressure was high and the diagnostic responses were com- 
pletely reproducible. 

The ultimate vacuum attained before a shot was better than 5 x 10-7 to r r ,  and the 
combined leak and outgassing ra te  for the shock tube gave a pressure rise of less  
than 2 x 10-6 torr/minute when the vacuum isolation valves were closed and a lN, 
cold t rap  was used. 
and the bursting of the diaphragm was l e s s  than 1 minute, so that the maximum 
impurity level in the gas ai 1 t o r r  initial pressure was  about 7 ppm including the 
4 ppm inherent in the spectroscopic grade gas used. 

In this work a typical double probe consisted of two 0.03 cm diameter tungsten or 
steel wires  held firmly under tension, positioned diametrically in the shock tube, 
parallel to one another and about 1 cm apart. 
0.065 cm diameter holes drilled cleanly in the glass wall of the tube and were sec- 
ured on mountings fixed to the outside wall of the shock tube (21). 
ections from the probes passed through the vacuum envelope via multiple lead- 
through-seals t o  the probe voltage control circuit situated outside the envelope, as 
shown in figure 6-4-5. 
about 4(J cms apart. 
on the inside wall  of the shock tube, were taken out in a similar way. 

By means of theexternal circuit a differential voltage V, could be applied between 
the wires forming the double probe, and the differential probe current flowing in 
the circuit w a s  recorded using a TeMronix P6016 current probe coupled via a Type 
131 amplifier to a TeMronix 555 double beam oscilloscope. The time constant of 

-L A+ + A + e may be neglected. 

These 

The breech 

The barrel length was 4.3 metres  and all observations 

In this way the shock velocity ai the probe location was determined 

Using Melinex diaphragms for 

During any experiment the usual t ime delay between isolation 

The ends of the wires passed through 

Electrical conn- 

In general, several  double probes were installed spaced 
Electrical leads from the platinum thin film detectors located 
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Fig. 6-4-6 Analysis of double probe response. 
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Fig. 6-4-7 Ionization incubation Time. 
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the complete circuit wa8 about 0.1 p sec. 

Theory 

I Theoretical expressions relating ionization rates, c ross  sections and reaction 
ra tes  for the processes described in equations 6-4-6 and 6-4-7 have been adequately 
formulated by Harwell and Jahn (2) and Morgan and Morrison (4) and a re  summar- 1 isedbelow: 

a. In a binary collision rocess, such as described by equation 6-4-6 the rate 
at which excited particles A P are produced can be described by: 

(Eq. 6-4-8) 
= k* 0) NZ 

In this expression i t  is assumed that the cross  section U* for the binary collision 
leading to the excited state A* is linear with energy above threshold so that U* (E) 
= S: (E - E*,) for E > E*. E*, is the excitation energy involved in the transition 
A + A*, E is the relattve energy of the colliding particles, and N, is the number 
density of ground state atoms of mass m. Similarly the rate at which A+ a re  pro- 
duced by A* + A+ collisions can be expressed as: 

= k* 0) N, N* , Here E: corresponds to the minimum energy required to ionize an excited atom, 

b. 
equation 6-4-7 so that the overall ionization rate is controlled by the ra te  of excit- 
ation. 

c. Ionization through atom-atom collisions is the dominant process until in 
Regime II the ra te  of excitation of argon atoms through electron-atom collisions 
exceeds the atom-atom excitation rate. 

d. 
tion is negligible behind the shock front for a time given by At = (k+N,)-’ and the 
level of excited atoms builds up at a steady rate. 
ionization proceeds at a constant ra te  with E+= e. 

dt dt 

Excited argon atoms are rapidly ionized by the mechanism described in 

I 
I In Regime I, if  collisional and radiative de-excitation are neglected, ioniza- 

At t imes greater than &+N,)-1 

e. 
time behind the shock front until electron-atom collisions become predominant in 
Regime II when the electron density will increase exponentially. 

f .  and if  E” << E*, 
then: 

After the incubation period, the electron density will  increase linearly with ’ 
I 

1 Equation 6-4-8 can be differentiated with respect to 

(Eq. 6-4-10) 
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Fig. 6-4-8 Rate constants k*, k+. 
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Fig. 6-4-9 Arrhenius plot of ionization rate. 
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This is the Arrhenius equation from which the characteristic activation energy E: 
may be calculated, if the derivative expressions are f i r s t  obtained by experiment. 

Flow Corrections 

The effects on the flow due to the boundary layer in low pressure  shock tubes have 
been theoretically treated by Mirels (16). 
rate measurements in shock tubes have been discussed elsewhere (22) and the non 
linear t ime correction curve that relates laboratory to particle t ime is shown. A 
further significant correction to the measured r a t e s  is consequent upon variations 
in shocked gas number density and temperature through the shocked gas length. 
This has  been developed by Mirels (16) and evaluated for  the conditions of this ex- 
perimental work (22) (23). 

Analysis of Data 

The probe response recorded gave the variation of ion number density with labora- 
tory t ime behind the  shock front. All oscilloscope t races  and t ime delays between 
responses were t ime calibrated using a Tektronix 180A Time Mark Generator. The 
laboratory t ime scales were then converted to t rue  particle t ime scales using the 
curves shown in (22) and (23) and the corrected probe current profile was plotted 
as in figure 6-4- 6. The local slope of the profile so  obtained was measured for 
small  increments of time, and each value of -& broportional to F) was corrected 
for the variation in density and temperature through the shocked gas. 
corrected values also are plotted against t ime in figure 6-4-6, and as predicted for 
a process described by equations 6-4-6 and 6-4-7 the ionization rate is seen to in- 
crease during an ’incubation’ time, At, and then reach a constant value correspond- 
ing to the linear portion of the curve. The constant value of 2 is converted to an 
equivalent ar using equation 6-4-1. 

Results 

Figure 6-4-7 shows a plot of the incubation t ime normalised for density against 
shocked gas temperature. From this k+ is evaluated as a function of temperature 
and this is shown in figure 6-4-8. 

An Arrhenius plot of In &+)/&I’ )-I for which the rates of ionization are obtained 
from current profiles (Fig. 6-4-6j is shown in figure 6-4-9. All data shown here  
were obtained in Argon at 0 .2  C p1 S 3.0 torr, in the 4.5 in shock tube mid were 
then quadratically normalised to a number density corresponding to p1 = 1 t o r r .  
The activation energy as measured by the slope of the Arrhenius plot was 11.4 f 0.3 
e.v., the linedrawnin on figure 6-4-9having theslope 11.6 e.v. The maximuiii dcpee 
of ionization obtained during these experiments was of the order of 10-6. 

t ime > (k+N,)-l, -ih- = 

The implications relating to kinetic 

dl 

These 

di 
dt dN+ 

For  
(Eq. 6-4-19 dN+ dN* = k*N: 

Thus the variation of k* (r) with temperature was obtained and this also is plotted 
in fi@re 6-4-8. 

The steady state degree of excitation can now be established since: 

- =  N* k* c r )  
Na 

The variation of N* with temperature is tabulated in Table 6-4-1 where it is seen 
Na 
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to be in the range 10'6 - 10-8 for the conditfons of. these experiments. 

Using equations 6-4-8 and 6-4-9 the c ross  section proportionality constants S:, for 
the reaction A + A - A* and S+ for the reaction A* + A * A+ + A + e can be re- 
lated as follows: 

Results for equation 6-4-12 are tabulated in Table 6-4-1, showing the cross  section 
for the second step of the ionizing process to be about 103 greater than that for the 
original excitation collision. No previous estimates of S+ for argon are available, 
although Johnston and Kornegay (24) have estimated '+ t o  be about 103 for Xenon. 
However, they had made no allowance for the variation of cross  section with energy. 

The value of S*l = (3.3 f 0.6) 10-20 cmsZ/e.v. is smaller than the value of 7 x 
10-20 cmsz/e.v. found by Morgan and Morrison to give agreement with the results 
of Petschek and Byron for Regimes 11 and ID. 

Discussion 

The factor of two between the result obtained here for S: and the value reported by 
Morgan and Morrison is more than contained in the additional correction te rms  we 
used to allow for the flow non uniformities resulting from the boundary layer effects. 
The activation energy measured by the probes for the process of ionization was 
close to that of the f i rs t  excited state of argon, and this agrees with the conclusions 
of our earlier work. The t ransverse cylindrical double probe does therefore seem 
to provide a self-consistent diagnostic technique for use when measuring free stream 
ionization rates behind incident shock waves in pure argon. The validity of apply- 
ing a quadratic density normalisation factor as appropriate to a binary collision 
process such as one described by equation 6-4-6 to the measured ionization ra tes  
is confirmed by the Arrhenius plot of figure 6-4-9. 
varied over some two orders  of magnitude, corresponding to the initial pressure 
range of 0.2 to 3.0 t o r r  argon. 
tent over a broad range of temperature, from below 7000°K to 12000°K. 

This measure of agreement has been reached on the assumption that the probes 
were recording the number density of free stream ions just as if they were collect- 
ing ions under f ree  f a l l  conditions; in a stationary plasma this would imply particle 
mean f ree  paths greater than the probe diameter. 
certainly not dominated by the ion mobility which -drawing the analogy with mobil- 
ity controlled collection in a stationary plasma - would lead to free stream ion den- 
si t ies perhaps two orders  of magnitude greater than those obtained in the previous 
section. In fact the calibration experiment indicated that, if anything, the probes 
were measuring about 3.5 t imes the f ree  stream ion density detected by the cavity. 
This  is opposite to what would have been measured had mobility considerations 
been limiting the current collected at the probe surface. 

It appears that the collection process is in fact dominated by the gas flow. 
experiments with probes of different collecting surface areas show that the probe 
current measured was proportional to the collector surface area. These and the 
other experiments reported briefly previously led to a collection model in which 
the incident gas flow replenished ions and electrons within about one mean f r ee  path 
of the probe surface, at a ra te  at least equal to that at which they were collected 
from the flow under free fall conditions. Further experiments are being conducted 
to determine the mechanism in more detail and to enable absolute measurements of 

;sf 

The normalisation factor here  

Furthermore the results are entirely self-consis- 

The collection mechanism is 

The 



495 

free stream ion density to  be obtained more precisely than the factor of 3.5 that 
has  been measured in the preliminary calibration. 

Conclusions 

The electrostatic probe is seen to  be a potentially powerful diagnostic technique for 
the measurement of ionization r a t e s  in supersonic flows. Certainly in argon the 
good temporalresolution of which it is capable has enabled reaction rates  and the 
c ros s  section proportionality Constant S+ to be measured, in contrast to the limi- 
tations in resolution and sensitivity of other diagnostic techniques for such measure- 
ments. 
before calibration experiments a r e  conducted in these gases, or until a dependable 
model of the collection process is available. 
cases  in which the characteristic relaxation t imes for f r ee  stream ionization pro- 
cesses  may differ substantially from those of argon and thereby lead to  secondary 
ionization processes arising out of the interaction of the probe with the incident 
flow. 
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Table 6-4-1 

S* S+ 

( "K) (10-7) (103) (10-20cm2 e .v . - l )  ( 1 0 - 1 7 c d  e . v . - l )  

7000 0.09 0.56 3.8 

8000 0.39 0.59 3.4 

9000 1.04 0.69 3.2 

10000 2.41 0.76 3.1 

11000 5.27 0.79 2.9 

12000 11.06 0.71 2.7 

2.1 

2.0 

2.2 

2.3 

2.3 

1.9 
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Mathematical List of Symbols 

Probe surface area. 

Activation energies for processes 6 and 7. 

% 
E*,, E:, 
f Klystron frequency. 

f 0 

k*(l'), k+@) 

k Boltzmann's constant. 

K Probe calibration constant. 

me Mass of electron 

M Mass of ion 

N,, N*, N+ 

dN* 
dt 

Resonant frequency of empty cavity. 

Temperature dependent ra te  constants for processes 6 and 7 

Number densities of neutral atoms excited atoms and ions 
respectively. 

Rate of ionization through process 6 - 

Rate of ionization through process 7 

P1 

S 

T 

T2 

T2s 

U 

Initial shock tube gas pressure.  

Probe impact area.  

Ion temperature. 

Atom temperature in shocked gas. 

Atom temperature immediately behind shock front. 

Shocked gas flow velocity. 

v,, i d  Differential probe voltage and current respectively; 

Probe to  plasma potential. 

Energy dependent collision cross  sections for 

Excitation cross  section coefficient defined by 8 = Sy (E - E*,) 
where E is the relative energy of the collecting atoms. 

VP 

dc(E),  
U+ (E) processes 6 and 7 respectively. 

s: 

S+ Ionization cross  section coefficient for process 7 defined by 
U+ = S+ (E - E:). 

At Ionization Incubation Time. 
ff  
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I 7-1 

Plasma Diagnostic Techniques 

A. E. FUHS 
Naval Postgraduate School, Monterey, Calif., U. S. A. 

Summary 

Active magnetic probes permit transducers to be designed which avoid problems 
due to heating from the plasma. 
perties through eddy currents induced in the ionized gas. 
based on the magnetic-field-plasma interaction is discussed. 

Active probes gain information about plasma pro- 
A family of instruments 

I Low density plasmas can be diagnosed byobservingradiationexcited by ahigh energy 
I 
I electron beam. Scattered electrons also yield information. The conditions that 

are required for the application of this technique are examined. 
to be expected are discussed. 

One experiment which is simple to execute but complex to interpret involves electro- 
static probes in a static plasma. Use of probes in a flowing plasma adds a new 
degree of complexity and increases  the interpretation difficulties. A survey of 
current theories is presented and regimes are defined where the various theories 
are adequate. 

Interferometry leads to knowledge concerning the index of refraction, n, of a gas.  If 
the gas  is a plasma the concentration of electrical charges has an influence on n. 
Holographic interferometry, which is discussed in considerable detail, offers a new 
method fo r  measuring n in two dimensions. In addition, there is hope of unraveling 
a three  dimensional variation in n; three-dimensional interferograms are obtained. 

Giant pulse lasers are a source suitable for other plasma visualization techniques, 
namely schlieren and shadowgraph. 
electron density. 
static probes; the apparatus is quite complex whereas the data reduction is relati- 
vely straightforward. 

A new technique using microwaves to determine electron density profiles is dis- 
cussed; the technique is in the conceptual stage. A diagnostic method based on 
excitation of electroacoustic waves is also discussed. 

The types of data 
~ 

Scattered radiation yields information on 
The experiment involving scattered light is in contrast to electro- 

I Sommaire 

I Des sondes magnetiques actives permettent 1a.realisation de montages evitant les 
difficult& dues au chauffage par le plasma. Les sondes actives tirent leurs  in- 
formations s u r  les propri6tbs des plasmas a partir  des courants induits dans le 
gaz ionise. On discute des carac th is t iques  d'une famille de sondes basees su r  
l'interaction champ magnbtique-plasma. 

Les  diagnostics de plasmas a faible densite s'obtiennent par  observation du rayonn- 
ement excite par un faisceau d'blectrons 3 haute intensit& La  dispersion des ff' 
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Blectrons donne aussi quelques renseignements. 
lesquelles cette technique peut & r e  utilis6e. On discute les types de donnBes que 
l'on peut obtenir. 

Une experience facile a faire, mais difficile 3 interprdter, est  l'emploi de sondes 
Blectrostatiques dans un plasma au repos. 
ment de plasma ajoute un degre de complexit6 supplBmentaire et accrort les diffi- 
cultds d'interprBtation. 
l e s  regimes ou les diverses theories s'appliquent. 

L'interfdromdtrie permet d'obtenir des renseignements sur  l'indice de refraction n 
d'un gaz. 
ence sur  n. 
donnent un moyen de mesurer n dans deux dimensions. I1 y a Bgalement un certain 
espoir de pouvoir connaftre n dans la troisisme dimension : des interf6rogra"es ?i 
t ro i s  dimensions ayant 6t6 obtenus. 

Des lasers  gkants a fonctionnement par impulsion constituent une source intdress- 
ante pour d'autres visualisations dans les plasmas, notamment m6thode des ombres 
et strioscopie. Le rayonnement diffus donne des indications sur  la densitd dlec- 
tronique. Cette dernibre technique s'oppose a celle des sondes 6lectrostatiques : 
le montage est compliquk, mais l'interprktation des resultats est relativement 
facile . 
On analyse une nouvelle technique de dgtermination de la densit6 6lectronique au 
moyen d'ondes ultra-courtes. 
Une m6thode bas6e sur l'excitation d'ondes Blectroacoustiques est Qgalement dis- 
cut6e. 

On examine l e s  conditions dans 

L'emploi de ces  sondes dans un Bcoule- 

On presente une revue des theories actuelles et on dBfinit 

Si ce  gaz est un plasma, la densite de charges dlectriques a une influ- 
Les  hologrammes interfdromdtriques, technique analysee en detail, 

La technique est  encore en cours de d6veloppement. 

Introduction 

With the advent of hypersonic flight, rea l  gas  effects became a new area of study 
for aerodynamicists. 
plasma, and aerodynamicists and physicists with an applied or engineering outlook 
put together plasma and fluid motion with the goal of MHD power generation. 
Rocket exhausts have significant levels of ionization; consequently, electrical 
engineers found difficulty with telemetry to rocket boosted vehicles. 
understanding of plasma phenomena arose in  many engineering problems. 
panying the need for information there have been new requirements for instru- 
mentation, and new instruments have been developed. 
techniques have been borrowed by plasma engineers from fusion physicists. 
widely-used wind tunnel techniques also have found their way into the plasma res -  
earch laboratory, and Schlieren and shadowgraphs of 0 -pinches have appeared 
recently in the literature. 

Plasmas associated with fusion research usually have higher T, and much lower 
mass density p when compared to many engineering plasmas. Fusion research 
plasmas usually a re  fully ionized, while many engineering devices have plasmas in 
which the degree of ionization is very slight. Low density is encountered in plas- 
ma propulsion, plasma diodes, and MHD wind tunnels. Hencej when a technique is 
borrowed from fusion research, modification may be necessary. 
Langmuir probe data f rom fusion research can usually be interpreted in te rms  of a 
collision-free model, but when a Langmuir probe is used in an MHD generator, the 
density is usually so high that a continuum model must be used. 

Magnetic Probes 

Magnetic probes can be classifiedas active or passive. 

Real gas effects include ionization and the production of 

Need for an 
Accom- 

Not all the instrumentation 
Some 

For example, 

When the transducer pro- 
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vides the magnetic field for the measurement, it  is an active probe; otherwise, it 
is passive. 
excellent summary the reader is refer red  to Lovberg's article (1) in the book 
edited by Hudcilestone and Leonard. 

A subclassification for magnetic probes applies to an active transducer which may 
be with or without electrodes. 
appears in the monograph by Shercliff (2). Electrodeless probes are discussed in 
the monograph by Fuhs (3). 

Electrodeless instruments depend on the interaction between the applied magnetic 
field and the plasma. 

characterises the origin of the eddy currents is w L/U. 
used where this parameter is small, unity, and large. 

Passive probes are discussed extensively in the literature; for an 

A thorough discussion of electrode-type probes 

I Eddy currents arise from the interaction due to a time vary- 
l ing magnetic field or due to plasma motion through the field. A parameter that 

Instruments have been 

Another parameter for classification of electrodeless active probes in the magnetic 
Reynolds number which is expressed in the form: 

: R, = puUL 

for probes with wL/U << 1. 

R, = p m L 2  

An alternative form for probes with w L/U >> 1 is: 
I 

I 

I 
I 
1 which is also related to the customary expression for skin depth. 

R F  Bridge 

One of the f i r s t  applications of the R F  bridge to  laboratory plasma diagnostics was 
by Koritz and Keck (4) who used the device to  measure the electrical conductivity 
of the wake of a projectile in a ballistic range. 
(5) designed a R F  bridge for use with an MHD accelerator or wind tunnel. F'uhs, 
Grabowsky, and Gibb (6) studied the  feasibility of using the R F  bridge to measure 
the electrical conductivity of the plasma sheath surrounding a reentry vehicle (RV). 
A self-balancing R F  bridge was developed by Fuhs and Gibb (7) for use  on board a 
RV. It should be emphasized that although the motivation for developing the self- 
balancing bridge was for use on board a RV, it is a valuable addition to any labora- 
tory instrumentation based on bridges. 

A performance map for a R F  bridge is shown in figure 7-1-1. 
mining a performance map are given in (6). 
ron  density is established by a signal too small  to detect. 
imposed by the skin depth of the applied magnetic field. 
with a value S/6 = 10 where S is the skin depth and 6 is the thickness of plasma 
layer to be  measured; for this case  6 = 0.03 m. 
bound on electron density is that the signal becomes no longer linearly related to 
plasma conductivity. This is indicated by AR/Z  = 0.03 where AR is the change of 
coil resistance due to plasma and Z is the complex impedance of one leg of bridge. 
At low density the conductivity becomes a tensor in the presence of a magnetic 
field. The line drawn for w c / v  = 1 is based on B = 0.5 gauss (Earth 's  field). 
Plotted in figure 7-1-1 are two curves labeled /? = 10 and /? = -10. The quantity f l  
is the ratio of the in-phase component of plasma current to the reactive current. 
For  f l  = +10 the coil is losing power as radiated electromagnetic waves. For /? = 
-10 inertia of the electrons has caused a phase shift of the current relative to the 
electric field. Figure 7-1-1 shows a wide operating range in ambient gas density 
and electron density: the desired operating region is the region labeled 'linear 
region' between signal and U. 

Subsequently Grabowsky and Durran 

Details for deter- 
The lower limit for measuring elect- 

An upper bound on no is 
This is indicated by a line 

Another aspect that s e t s  an upper 
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N , Electrons/" 

Fig. 7-1-1 Performance map for RF electrical conductivity bridge 
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Figure 7-1-1 was drawn for a bridge frequency, f = 1 megahertz; the coil radius 
was rc = 0.03m; the coil inductance, 10-5 henry, and the distance from the coil 
to the plasma, a = 0.003m. 

A block diagram of a self-balancing bridge is given in figure 7-1-2, and the bridge 
circuit is shown in figure 7-1-3. When biased correctly, a field effect transistor 
FET acts as a variable resistor.  The resistance from the source to  the drain is a 
function of the gate voltage. 
source-to-drain resistances of 600, 820, and 1140 ohms for  gate voltages of -200, 
0, and 200 millivolts. 

The t ime constants for the self-balancing networks are controlled by R, C, and 
R, C,; see figure 7-1-3. There are two feedback networks. One controls un- 
balance in phase with the reference voltage, and the other controls the quadrature 
component of unbalance. For a detailed description of the self-balancing bridge, 
see (7). 

RF electrical conductivity bridges operate with the parameter wL/U >> 1. One 
can usually choose o to make 1.1 uwL2 less than unity. If this is done, data inter- 
pretation is considerably less complex. 

Instruments with Small wL/U 

For  example, one FET 2N2498 was found to have 

For  this class of instruments the eddy currents in the plasma are the result of 
plasma motion through the magnetic field. 
product of electrical conductivity and plasma velocity, uU (3). These instruments 
measure magnetic Reynolds number since the variable quantities in the expression 
f o r  R, are U and U. Knowing 
the plasma velocity, the electrical conductivity can be  determined. The electrical 
conductivity, for  a magnetic field smal l  enough to have W,T much less than unity, 
is proportional to the ratio of ne to the electron collision frequency. 

When there is a spatial variation in aU, due to variation either in U or  U or both, 
the instruments measure a weighted average. 
have been built to operate with permanent magnets or with a frequency at the low 
end of the audio range. 

An instrument to determine the spatial profile of uU has been used. The basis for 
i t s  design is the fact that spatial averages are obtained for a given transducer geo- 
metry. By varying the geometry a se r i e s  of averages is obtained and these can b e  
related to the profile of uU. 

Other Electrical Conductivity Meters 

The presence of plasma near a coil carrying an alternating current manifests itself 
by changing the resistance and inductance of the coil, thereby altering phase angles, 
shifting the resonant frequency, and increasing the power dissipation. 
these phenomena has been the bas i s  for an instrument design. 

Change in resonant frequency was used by Blackman (8) and by Savic and Boult (9) 
t o  measure electrical conductivity. 
apparent change in  resistance - due to the plasma was used by Moulin and Mass6 
(10) t o  determine plasma conductivity. 
pation wit11 a probe immersed in the  plasma. Crapo, Hill, Plummer, and Mar- 
shal (12-14) put the coil in series with a fixed impedance; because changes in coil 
impedance alter the current, the voltage measured across  the coils was then related 
to  conductivity. 
Luchsinger, and Wike (15) t o  measure conductivity. 

The quantity that is measured is the 

The usual i tem of interest is electron density Me. 

Instruments giving an average ( uU) 

Each of 

Change in coil resistance - or more precisely, 

Olson and Lary (11) measured power dissi- 

A determination of phase angle was used by Yosim, Grantham, 
Hollister (16) used a single 
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Osci I lator 

follower 

I 
- 

Shift Phase-sensi tive 
phase - demodulator FET 
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No. 1 A - network 
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F ET 
B 

I 
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Phase-sensi tive 

No. 3 
Filter - demodulator Preamp1 if ier - 

I 1 
Reference Voltage output 

Fig. 7-1-2 Block diagram of :he self-balancing bridge 

i 

~~ 

Fig. 7-1-3 Bridge circuit 
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turn coil within a large solenoid. Inside the coil was a coaxial plasma, so  that the 
coupling between the solenoid and single coil was altered by the plasma, a fact that 
was related to U. 
with this both velocity and electrical conductivity could be measured. 

Velocity and Turbulence 

It has been observed in arc jets that a flowing plasma may have inhomogeneities 
that can be  transported by convection. Among these may be regions of higher or 
lower emitted radiance, and by observing the intensity with two phototubes and 
correlating the signals, the velocity of the plasma can be determined. Non-uni- 
form plasma velocity U or electrical conductivity U also may be transported in this 
way, hence, using two uU transducers, the convection of fluctuations in uU can be 
followed and the velocity can be determined (18). 

Consider a plasma flowing through a constant magnetic field and suppose that a coil 
adjacent to the plasma is linked with the applied magnetic field. 
plasma is turbulent, there will be fluctuating eddy currents that results in a t ime 
varying magnetic field at the coil. 
at the coil terminals. This simple transducer, described in (3) and (19) thus be- 
comes a turbulence detector. 

Gourdine (17) used a coil system with wL/U near unity, and 

If the flow of 

If the flow is laminar, there will be n o  voltage 

The voltage induced in the coil'is: 

To solve for U(; t )  and U& t )  knoying e t ) ,  it  is also necessary to simultaneously 
solve for the potential leading to E. The equation for this potential is: 

~v2cp + V U  Vcp = V * U@ XB). .  (Eq. 7-1-2) 
- c +  

The normal vector can b e  related to  a Cartesian coordinate system n = ei ni where 
ni is the component of :in the i-th direction. Identifying e, as the voltage for the 
case n, = 1, n2 = n3 = 0, and using'three coils, e,, e2, e3 are obtained. Correlat- 
ions of the voltages, e.g. : 

(Eq. 7-1-3) 

could, perhaps, provide new insight into the turbulent flow of plasmas. 

Flow Direction 

Suppose that a magnetic field detector (e.g. a flux gate magnetometer) is placed 
between the poles of an U-shaped permanent magnet, the end-faces of the poles of 
which form a plane. 
to this plane: the  detector will indicate zero magnetic flux midway between the 
poles. 
Plasma flow with streamlines passing sequentially over NDS will cause, say, a 
positive response from the detector. 
SDN, the response will be negative and if the flow is normal to a line containing 
SDN, the response will be zero. 
(20). It is one form of uU transducer. 

Suppose then that the detector is oriented with i t s  axis normal 

Let N and S designate the north and south poles, and D, the detector. 

Hence, if the flow is reversed, i.e., 

This transducer then is sensitive to flow angle 
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Applications 

Active magnetic probes find applications in connection with missile wakes, rocket 
exhausts, reentry plasma sheaths, ballistic ranges, shock tubes, MHD power genera- 
tion, plasma propulsion, MHD wind tunnels, and arcjets. The minimum electrical 
conductivity that can be measured depends on the transducer s ize  and the volume of 
plasma. 
bridge, and a value of 104 (mho/m)(m/sec) can be measured with the uU transducer. 

Electron Beams 

Electron beams have been used rather extensively to  determine gas density and 
temperature in the laboratory (21 through 30). An inelastic collision of a high 
energy electron from the beam with a diatomic molecule causes an electronic trans- 
ition, the rotational and vibrational states of the molecule being preserved. The 
radiation spectrum of the molecule contains information about the vibrational and 
rotational temperatures. 
which can be used effectively with electron beams, is nitrogen, the predominant 
molecule in air. 
apparatus may not contain nitrogen molecules: the  use of electron beams with 
other molecules is at present being studied. 

Measured Quantities 

The ratio of two vibrational bands can be  related to vibrational temperature; in the 
case of nitrogen, the [0, 01 and [l, 01 bands of N2+(l -) system are commonly used. 
To obtain the rotational temperature T,, the intensity of individual rotational lines 
can be  measured, and the ratio of intensity can be  related to temperature. An 
alternate method, which is less demanding on the experimental apparatus, is to 
measure the intensity of a complete vibrational band, e.g., N?+(l -) [O, 01, and the 
intensity of one part  of that band the ratio of these two intensities can then be cali- 
brated in t e rms  of T, which is also a measure of T,, the translational temperature. 

Gas density can be measured in two ways: (a) for a given chemical composition, 
beam attenuation is a function of path length and gas density, hence the comparison 
of the beam current leaving the electron gun with the beam current transmitted is 
related to  the density of the gas; (b) observations of electrons scattered by the gas 
can be adequately related to the density of the gas, using Rutherford scattering as a 
model for  correlating data. 

If the local beam current, beam energy, excitation c ros s  section, transition probab- 
ility for various radiative processes, and c ross  sections for  collisional de-excitation 
a r e  known, a measurement of the absolute intensity of a vibrational band can be re- 
lated to the partial  density of the radiating species. An absolute intensity measure- 
ment is required however which is considerably more complicated than a relative, 
intensity measurement. 

Experimental Problems 

An electrical conductivity of 0.1 mho/m can be measured using a R F  

One molecule that has been investigated thoroughly, and 

However, some plasmas used in propulsion and energy conversion 

In an electron beam experiment, optics define the column of hot plasma, that rad- 
iates energy to  the optical sensors, and all the radiation that the optical sensors 
detect come from within the small region traversed by the beam. In these circum- 
stances the background radiation should be  carefully investigated to  ensure that the 
signal-to-noise ratio is high. 

The beam voltage is usually selected so that scattering and beam divergence are 
small  within the  plasma. 
defined by the optics also has  a very small  solid angle, the alignment of the beam 

The beam is then a narrow pencil, and as the column as 
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and optics is critical. 
of the beam. 

For most plasmas encountered in engineering devices, excitation of plasma waves 
is not a problem, mainly because ne is small. 
a significant fraction of the beam energy can be absorbed by waves. 
perturb the local electric field and these perturbations propagate from the charge 
(31). 
energy and causes a drag on the charge. 

Once a molecule has been excited by the beam, there a r e  several  mechanisms that 
compete during the process of de-excitation. 
therefore cause e r r o r s  in  the interpretation of the data, and the need for quenching 
may fix the upper pressure limit at which the experiment is feasible. 

In the case of nitrogen, the molecules to be observed a r e  ionized by the electron 
beam. The secondary electrons may have sufficient energy to cause additional 
ionization and excited Nz+: consequently there may be e r r o r s  in the interpretation 
of the data as a result  of the radiation due to this secondary electron excitation. 

An electron gun must be designed with high perveance to  prevent the beam spreading 
due to the formation of virtual cathodes (see P ierce  (32)). The gun must operate 
with the acceleration chamber in a hard vacuum to prevent arcing; a quick acting 
valve or differential pumping is therefore required. 
should be shielded from stray magnetic fields. Electrons leave the cathode with 
small  energy and even a weak magnetic field can distort the electron optics severely. 
Photomultiplier tubes a r e  also sensitive to magnetic fields and mumetal should be 
used generously. 

An electron gun can be pulsed to provide a periodic signal, and synchronous detect- 
ion can then be used to enhance the signal against the background radiation. Fi l ters  
or monochromators, used to select the desired spectral  region, may have secondary 
transmission peaks.  
tribute to  the background without aiding the signal. 

One method of measuring gas density is to count scattered electrons using a scintil- 
lation counter. Care mustbe taken to block outvisible radiation, and since the energy 
of the electrons is relatively low, a thin screen must be u s e d  there is some danger 
that this might contain pinholes. 
define solid angles; electrons scattered into such a solid angle being counted. 
However it may be possible to charge such an aperature and the voltage on the 
block would then distort the trajectories of these electrons. 

Self-absorption is not a problem with nitrogen since the radiation is not to the 
ground state. 
tion does arise from transition to the ground-state, self-absorption could be a 
problem. 
form carbon soot, which attenuates the radiation to be measured. 

Choice of beam voltage is dictated in part  by beam divergence and attenuation: the 
greater the gas density, the higher the voltage required. Beam divergence is due 
to  multiple scattering of electrons by nuclei of ambient plasma. 

Summary on Electron Beams 

Electron beams yield considerable detailed information about a slightly-ionized 
plasma. 
particular experiment. 

The presence of changing magnetic fields a l ters  the position 

However, for more dense plasmas, 
The electrons 

A wave pattern analogous to shock waves in supersonic flow ca r r i e s  away 

Quenching of excited states may 

The optics of an electron gun 

Radiation at these secondary transmission peaks may con- 

Blocks containing holes are frequently used to  

However if, with other molecular systems, the observed radia- 

In an  MHD generator, or in a wind tunnel testing, ablation products can 

Each measurement must be carefully designed for the conditions of the 
When the pressure is above a small  fraction of an atmos- 
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piiere, the electron beam technique may not be feasible. 

Electrostatic Probes 

An electrostatic probe, commonly known as a Langmuir probe, consists of an 
electrode exposed to the plasma. 
so that the plasma forms one part  of a circuit. 
to the probe and measuring the currents, a characteristic curve is obtained. 
formation concerning electron density, electron temperature, and possibly ion 
temperature can be deduced from the current as a function of potential. 

Due to the experimental simplicity and the satisfactory measurements obtainable 
under suitable conditions, Langmuir probes are used extensively. However, 
considerable information about the plasma is needed and interpretation of data is 
quite complicated, formulas for practical use being limited to special cases.  

Stationary Plasma (33 through 51) 

Several probe geometries have been studied in detail including flat plate (49), 
cylindrical (49), and spherical probes (46) (50) (51). 
dimensional problem and has the least complicated geometry. When sheath 
thickness d i s  niuch less than the electron o r  ion mean free path A in the plasma, 
the charged particle motion is f r ee  fall in the sheath. 
be  neutral to the edge of the sheath, with zero electric field at that point. 
charge limited diode is used to describe spatial variation of potential and charge 
density within the sheath. 

When collisions occur in the sheath, the free fall model is replaced by the high 
density space charge limited diode. 
ortional to the local electric field using mobility as a proportionality factor. 

These simple models lead to an understanding of the gross features of a character- 
istic curve, i.e.,  voltage vs  current. 
example, there is a presheath o r  transition region (39). 
potential varies from plasma potential to a value differing in magnitude by an 
amount kT,/2 for the case of electrons that are hot relative to ions. 

One problem associated with other probe geometries is that of determining the 
sheath thickness and the effective collecting a rea  of the probe. A model similar 
to that for a flat plate can be used, with appropriate space charge equations, for 
cylinders o r  spheres. 
size are much smaller than the mean f ree  path X. When the probe or sheath is 
large compared to X, a more detailed and accurate analysis is required. 
thick sheath the charged particles C M  experience orbits around the probe. 

One important quantity is the flux due to random thermal motion of the charged 
particles. It is: 

A second electrode has contact with the plasma 

In- 
By applying different potentials 

The flat plate probe is a one 

The plasma is assumed to 
A space 

The sheath thickness i s  the order of a Debye length h. 

The particle velocity is taken as being prop- 

Important facets have been omitted; for 
Within this region the 

This model i s  reasonable when sheath thickness and probe 

With a 

4s. 7-1-4) 

and it assumes a Maxwellian distribution. 
ceeds this value, caution needs to be observed in the interpretation of data, because 
it is likely that the plasma is disturbed by the probe. 

Moving Plasma (52 through 75) 

When the plasma is moving relative to  the probe, additional phenomena are intro- 

If the current density to a probe ex- 
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duced, to account for which the conservation equations of gas dynamics are used. 
Additional parameters enter the problem along with added boundary conditions. 
probe may be extended into the plasma s t ream at the end of a sting, o r  it may be 
flush mounted on the wall of a duct or  body. French (52), Muntz, Harris, and 
Kaegi (53), and Scharfman (61 through 64) have studied probes immersed in the 
Plasma stream. 
Bredfeldt, Guthart, and Morita (63) have investigated flush mounted probes. 

In a etatic plasma the mass  density P may be uniform o r  nearly so. 
plasma there may be large variations in density along with gradients in the electron 
and ion concentration, the gradients being a consequence of plasma motion (61 
through 72). 
electron charge is nearly balanced by the ion charge, and when ne= ni ambipolar 
diffusion occurs. 
ions. 
re ta rds  the electrons and drags the ions along behind the electrons. 
diffusion coefficient D, can be derived in t e rms  of electron and ion diffusion co- 
efficients and mobilities. 
efficient, D, g 2Di. 

At the wall a boundary layer forms. Variation of flow properties in the boundary 
layer is determined in part  by plasma viscosity p and thermal conductivity k. 
There are three quantities that are transported by gradients and which lead to three 
dimensionless parameters. The Schmidt number, Sc = p/bp, is the ratio of diff-  
usion of momentum to diffusion of species. The Prandtl number, Pr = pC,/k, is 
the ratio of the effects due to momentum transport, to the conduction of energy. 
third parameter is the Lewis number, Le = pC,D/k, which is the ratio of diffusion 
of mass  to diffusion of energy. 

For many applications the degree of ionization is low, and electron-neutral and 
ion-neutral collisions dominate. 
uated for the neutral gas. 
to use the appropriate Di?Dp, o r  D,. There being a Schmidt number basedon each of 
these. 
from the motion of the fluid. 
current density. 
profile; knowing this profile, the fluxes of charged particles can be superimposed. 

There are four characteristic lengths, namely the Debye length h, the boundary 
layer thickness 6, the mean free path A,  and sheath thickness d. 
lengths three dimensionless ratios can be formed, h/6, h/A, and h/d. 
tinuous plasma h/d may range from 0 .1  to 0.001 or  so, whereas for a rarified 
plasma h/d is the order of unity. 
in electron density, electron temperature, gas density, and gas temperature. 

As in the case of static probes the ratio T,/Ti remains an important variable 
because potentials and saturation currents are functions of the temperature ratio. 
Relaxation t imes for  electrons can be much larger than those for ions and in an 
expanding gas  T,/Ti may be larger than unity since T, has a tendency to lag. 

The boundary conditions introduce new parameters. 
there is a flux of charged particles towards the wall but none leaving it, since re- 
combination readily occurs on a cold wall. 
hence thermionic emission is not important. When the probe becomes hot, how- 
ever, a flux of thermionic electrons must be accounted for. 
been studied by Hall, Kemp, and Sellen (73 through 74). A probe can be floating 
which means it has no net current, i.e., j i  = j,; alternatively it caq be drawing either 
a positive o r  a negative current. 

A 

Chung (60) (67 through 70) (751, Talbot (65) (66), and Scharfman, 

In a moving 

Diffusion becomes important: outside the region of the sheath the 

Electrons diffuse much faster than ions and tend to run ahead of 

An ambipolar 
When this charge separation happens, an electric field builds up, which 

It is roughly twice as large as the ion diffusion co- 

A 

The Lewis number is the ratio of Pr to Sc. 

The transport coefficients p and k can be eval- 
For the diffusion of ions and electrons i t  is necessary 

A low degree of ionization also decouples the fluxes of electrons and ions 
The plasma flow can be solved independently of 

For example, laminar flow over a flat plate leads to a Blasius 

From these four 
For a con- 

The ratios h/6 and h/A can be varied by changes 

For low wall temperatures 

A cold wall will not emit electrons, 

Emitting probes have 

At the edge of the boundary layer the values for 
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Fig. 7-1-4 Qualitative variation of electron and ion number density, potential 
and electric €ield near a catalytic, floating, wall 
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ne, T,, etc., must be specified. 
analyses, the ambipolar diffusion solution is matched to a sheath (Fig. 7-1-4). 

The sheath edge is a boundary where, in many I 
Chemical reactions, ionization, and recombination may occur. Obviously the 
problem is much less complex is the flow is frozen. 
valid assumption since flow times are short relative to t ime for recombination. 

For many problems this is a 

i Interferometry 

An interferometric measurement gives an integral of the index of refraction n 
along the optical path. For a neutral gas, n is related to the mass  density p 
hence a direct measurement of density is obtained. For an ionized gas the index 
of refraction depends on the dispersion relation for the plasma which has contri- 
butions from both free electrons and bound electrons. Under suitable conditions 
an interferogram yields data on electron density ne. 

Classical Interferometry (76 through 83) 

Classical interferometry, as we use the t e rm here, refers to techniques employed 
before the advent of the laser. 

I 

I 

The fringe shift N due to an optical path L is: 

(Eq. 7-1-5) 

0 

where A is thewavelengthof light. 
measured is n2, and n1 is a reference index. The fact that this is written as an 
integral emphasizes the fact that an average index along the path is measured. 
two dimensional distributions, where n # n(x), the average n equals the actual n. 
For axisymmetric flows the average n can be related to variation of n along the 
path. 

A quantity known as the refractivity X is introduced. 
A plasma will have: 

The index of refraction for the gas being 

For 

This is defined as X = n-1. 

I 

=x* + XM + x, + x, 'plasma (Eq. 7-1-6) 

where A, M, I, and e refer to atoms, molecules, ions, and electrons. The re- 
fractivity is the sum of the refractivity of each component as long as intermole- 
cular forces can be neglected. 

~ 

The refractivity of atoms, molecules, and ions is: 

I X, = 2nn ,g  (Eq. 7-1-7) 

where n is the number density of species r and a, is the polarizability. 
bility: 

Polariza- 

(Eq. 7-1-8) induced dipole moment a, = 

Ions also exert an influence due to the fact there is a net charge. 
will be  discussed when electrons are considered. 
mensionless, has a value in the range 10-4 to 10-3. 

The index of refraction for electrons is a rather long expression which reduces to: 

This feature 
The refractivity, which is di- 

:g 
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(Eq. 7-1-9) 

for  the special case u/w << 1 and w ,/w << 1. 
collision frequency for electrons and wp is the plasma frequency; if n has the 
units cm-3, wp = 5.6 x 104 (ne. The refractivity for  electrons is: 

Here U is the momentum-exchange 

2 x, = - WP (Eq. 7-1-10) 
zi3- 

Introducing numerical values for constants and changing o to a corresponding 
wavelength A yields: 

(Eq. 7-1-11) -14  2 x = -4 .46 x 10 A ne 

As used in equation 7-1-11 the units of A are cm. 
through 7-1-10 give$: 

Combining equations 7-1-5 

(Eq. 7-1-12) 

where the summation includes all particles excluding electrons. 
fractivity is xo. 

For ions an expression similar to equation 7-1-9 can be written substituting the 
ion plasma frequency 52, for up. 
contribution due to ion charge is neglected in equation 7-1-12. 

For the usual low-temperature gas  the first t e rm in equation 7-1-12 dominates. 
For a low density plasma the second t e rm dominates. 
both the bound (first t e rm in equation 7-1-12) and free (second t e rm in equation 
7-1-12) charges are important. 
formation to obtain nr or n, from equation 7-1-12. 
as 1/A and has a wavelength dependence in or. Polarizability and refractivity do 
not have a strong dependence on A; for example, for argon at STP (A in microns): 

A reference re- 

h e  to the fact that QP << wp, the refractivity 

Conditions can occur where 

A single number for N does not provide enough in- 
Note that the first t e rm varies 

(Eq. 7-1-13) 

The second t e rm in equation 7-1-12 var ies  as A. 
different A permit separation of the effects due to n, and 11,. 

The need for different wavelengths suggests a need for the use of white light. In- 
cidentally, white-light interferometry is one technique for which a laser is unsuit- 
able. 
velocity np and the index of refraction fo r  group velocity ng. 
fringe, i.e., a fringe due to light in a narrow range of wavelengths are determined 
by np. . For monochromatic interferometry i t  is n that is significant, and the 
precedmg equations 7-1-5 to 7-1-13 imply n 
determined by ng . 
atic fringe patterns have the same phase. As a result 
the center of contrast and the individual fringes are shifted in the same direction by 
nearly the same  amount. 

The group refractivity for electrons is given by equation 7-1-9 and 7-1-11 along 

Consequently measurements a! 

It is necessary to distinguish between the index of refraction for phase 
Shifts of an individual 

Sh!ft of the center of contrast is 
A center of contrast is tR'e locus where all of the monochrom- 

For neutral gases np Eng. 
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with the relation between phase and group indices, which is: 

. (Eq. 7-1-14) 
dn 

ng = n p  - A - - &  

I The result is for electrons: 
I 

(Eq. 7-1-15) 

The phase refractivity is equal and opposite t o  the group refractivity. The group 
velocity is less than the speed of light. 

As an illustration of the interferogram resulting from equation 7-1-12 consider a 
strong shock wave in a monatomic gas. 
in turn increases the refractivity and shifts the fringes upward as shown in figure 
7-1-5. This is the region where the f i r s t  t e r m  of equation 7-1-12 is important. 
As the gas  begins to  ionize, the negative second t e rm in equation 7-1-12 becomes 
important. The 
negative net fringe shift shown in figure 7-1-5 indicates that the second t e rm is 
larger than the first t e rm of equation 7-1-12. 
sketch of figure 7-1-5 have been observed by Alpher and White (78). 

Since the complete flow field is sampled by the usual interferometer, the inter- 
ferogram provides a method for  testing for conical flow, as was done by Giese, 
Bennett and Bergdolt (83). Conical flow is one example of self similar flow in 
spatial coordinates. 
steady; nonsteady flow has one spatial and one t ime coordinate. 
the waves driven by a piston in uniform motion are examples of nonsteady self 
similar flow. 
method for testing any experimentally observed flow for self similarity. 

Interferometry Using Modulation of Laser Light (84 through 86) 

It has been observed that when the light from a laser is reflected back into the laser 
cavity, a modulation of output occurs. (Fig. 7-1-6a). 
laser output is modulated at doppler frequency. 

the plasma and is reflected by the mirror.  
changes in refractivity and in optical path length. 

Laser intensity can be monitored with a photomultiplier tube. The product of the 
electron density and the geometric path length L giving one fringe shift is readily 
obtained from equation 7-1-12. For many low density plasmas the first  t e rm is 
negligible. Recognizing that the beam makes two passes through the plnsnia a i d  
setting N = 1 gives: 

Initially the gas density increases, which 

The fringes move in the direction of decreasing refractivity. 

Interferograms similar to the 

I 

There are numerous self similar flows both steady and non- 
Blast waves and 

It is suggested that interferometric techniques provide a general 

~ 

If the mir ror  is moved, the 
Ashby and Jephcott (84) used this 

I 
fact to construct an interferometer (Fig. 7-1-6b). The laser beam passes  through 

Changes in electron density cause 

2.24 x i013  
2A n,L = (Eq. 7-1-16) 

For  a helium-neon gas laser A is 3.39~. 
X 1016 cm/cm3. 
essfully measured. 
output is not a simple function of path length. 

It is at the point where a value of A is required for evaluation of equation 7-1-16 

One fringe shift is obtained if  n,L = 3.3 
It is believed that this is the minimum value that can be succ- 

Fractional fringe shifts are difficult to interpret since laser 
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INCREASING 
REFRACTIVITY 

I E Q U ~ L ~ B R ~ U M  ,J IONIZATION RELAXATION UNSHOCKED GAS 
AND Ng Ng INCREASES 

SHOCK WAVE OENSIT~P AND N, INCREASE 

Fig. 7-1-5 Qualitative interferogram of shock wave structure in a monatomic 
gas  with ionization re1;uration 

U 
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LASER OUTPUT t 
DISTANCE 
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ONE WAVE LENGTH DIFFERENCE 
IN PATH LENGTH 

d PHOTOMULTIPLIER TUBE 

4 LASER b-1 PLASMA MIRROR 

ONE FRINGE 

Fig, 7-1-6 Interferometry using modulation of laser 
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that one advantage of this technique becomes apparent. 
coupled to the infrared line at 3 . 3 9 ~  in a HeNe gas laser. When changes in path 
length of 3 . 3 9 ~  radiation occur, the laser output is modulated at both .63p radia- 
tion and 3 . 3 9 ~ ;  but the results can be observed in the visible. 
aligned for 3 . 3 9 ~  using visible light at .63p. 

The t ime response of the interferometer is an important consideration when trans- 
ient plasmas are being observed. Response i s  controlled by processes occurring 
in the laser, such as excitation and depopulation of various states (85). Above 10 
kHz the modulation of the .63p radiation begins to droop. Modulation can be det- 
ected up to 3 MHz.- 

The red line at .63p is 

The optics can be 

The maximum ra te  of change that can be followed is: 

For example a plasma that changed from zero to 1015cm/cm3 in 10 nanosec could 
be  followed. 
is flat to 1 MHz. 
intensity is high. 

Fluctuations of ne in a steady flow plasma device can be determined using the laser 
modulation technique. When fringe shifts a r e  due to variations in ne, the equation 
is: 

Measurements in the infrared region show that the 3 . 3 9 ~  modulation 
Some fast IR detectors can be used especially as the radiation 

3 2 

(Eq. 7-1-17) 

Determination of N gives the difference in ne at two different t imes 1 and 2. 
obtain the absolute value of electron density another measurement is needed. 
Boornard, Nicastro, and Bollmer (86) measure the relative intensity of continuum 
radiation for which it can be shown that: 

To 

2 4 (z) - +  (Eq. 7-1-18) 

The two measurements combined yield absolute ne. 

There are several advantages to the technique which Ashby, Jephcott, Malein, and 
Raynor (85) enumerate: the number of components is few; 
are simple; an infrared measurement can be aligned and monitored in the visible 
range, and the detection of interference fringes is straightforward. 

Holographic Interferometry (87 through 100) 

Gabor (87 through 89) introduced the word hologram to identify the photographic 
plate that records the wave pattern incident upon it. In his work he recorded a 
Fresnel diffraction pattern. 
the resolution of electron microscopes. 
in Gabor's method have a twin image. 
present out of focus. 
for eliminating the twin image. 

optical adjustments 

Gabor's motivation for his research was to improve 
Holograms made from Fresnel diffraction 

When one image is in focus, the other is 
Numerous papers have been published dealing with means 

Leith and Uaatnieks 192 through 94) used communication theory to gain insight. - .  
Within this rramework the twin image leads to a signal-to-noise ratio of unity. 
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I 

HOLOGRAM 

SCENE BEAM " I /  

(A] RECORDING HOLOGRAM 

(B) FRINGES RECORDED BY HOLOGRAM , 
NO OBJECT IN SCENE BEAM 

(C) AMPLITUDE MODULATION 
OF FRINGES 

(D) PHASE MODULATION 
OF FRINGES 

Fig. 7-1-7 Two beam holography 
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Three processes were identified in holography: a) defocusing or spatial-frequency 
dispersion of image, b) hologram recording process, and c)  focusing or compre- 
ssion which occurs in reconstruction. A two beam method was devised to  elimin- 
ate the twin image and the intermodulation distortion te rm.  
filtering was introduced. 

A hologram formed by recording the Fresnel diffraction pattern is limited to  the 
special case where most of the incident beam is transmitted without scattering. 
In the photographic recording, phase information is lost. The two beam method 
records both phase and amplitude information as can be  explained with the help of 
figure 7-1-7. 
cause a darkening of the film. Where destructive interference occurs, the emul- 
sion is not exposed. Since the light is coherent, the locations of constructive in- 
terference are fixed and fringes are formed (Fig. 7-1-7b). If the light is not 
coherent, the regions of constructive interference will meander over the film 
causing uniform darkening of exposure. 

The idea of spatial 

The scene beam and reference beam constructively interfere to 

The spacing of the fringes s is: 
x s = -  

tan (2 
(Eq. 7-1-19) 

Equation 7-1-19 can be  used to estimate the resolution requirements for film. 
For He-Ne laser mm. 
For the hologram, film with ai least 1/.00173 = 580 lines/" resolution is requir- 
ed. 

Returning to  figure 7-1-7 consider the influence of an object placed in the scene 
beam. The diffraction pattern causes amplitude modulation (Fig. 7-1-7c). Chang- 
es in optical path lengths alter the phase of wavefronts in the scene beam relative 
to wavefronts in the reference beam. 
sults (Fig. 7-1-7d), both phase and amplitude information being recorded. The 
fringes serve  as a car r ie r  using the communication analogy. 

If a hologram is made (Fig. 7-1-'7a), it has  the properties of a diffraction grating. 
Sunlight is diffracted into its spectrum. The hologram serves  as a transmission 
and reflection grating. 

Using the two beam technique Leith and Upatnieks (93) demonstrated ability to  re- 
construct transparent lettering on a dark background and continuous tone objects. 
A laser was introduced as the source. In a subsequent paper (94) the use of 
diffuse illumination was described. Coherent radiation passing through frosted 
glass gives a random amplitude and phase from point to point so that a wavefront 
is not clearly defined; however, the amplitude and phase at any given point is 
independent of time. Frosted glass makes it possible to see the virtual image 
through the hologram as if it  were a window. 
in three  dimensions with parallax. 

There are numerous advantages to  diffuse illumination. It is possible to see both 
the real and virtual images. Each 
part  of a hologram records the complete scene. Poor quality optics can be used. 
Increased dynamic range of recording is possible; bright regions are spread out 
over the entire hologram. Intensity variations of 104 to  l o5  have been recorded. 
Leith and Upatnieks (94) did not give a theoretical formulation for diffuse illumina- 
tion. 

In addition to Fresnel diffraction holograms experiments were conducted with 
Fraunhofer diffraction holograms. 
monstrated (94). 

is 6.3 x 10-4 mm. If CY is 20°,  then s is 1.73 x 

Phase modulation of the fringes then re- 

Fi rs t  and second orders  can be seen. 

A three dimensional scene appears 

Flaws due to dust particles are eliminated. 

Multicolor wavefront reconstruction was de- 
Transient phenomena, using both multispike and Q-switch laser 
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Reference beam- - 

Scene beam (4 EXPOSURE OF HOLOGRAM 

(D) AFTER EXPOSURE 
SUP E RI M POS E D BEAMS 

NOTE: LINE WIDTH OF RAYS 
INDICATES LIGHT INTENSITY 

Fig. 7- 1-8 Interferometry with a holographically reconstructed comparison 
beam 
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operation, have been recorded by holography (95). 

The two beam method can be extended to provide an interferometer as was done by 
Brooks, Heflinger, and Wuerker (96). A hologram (Fig. 7-1-8) is made using two 
beams as shown in Fig. 7-1-8a. If the holo- 
gram i s  replaced in the same position after the development as it occupied during 
exposure, the result is an interferometer. When the scene beam is blocked, (Fig. 
7-1-8b) the reference beam can be  seen to be  diffracted into the various orders .  
Likewise when the reference beam is blocked, the scene beam is diffracted by the 
hologram (Fig. 7-1-8c). 
beams overlap. If an object is placed in the scene beam, there will be interference 
between (0, ) beam and ( , -1) beam. Downstream of the 
hologram the (0, ) beam has the wave pattern of scene beam with object, and the 
( , -1) beam has holographically reconstructed wavefronts of the scene beam without 
an object. Any of the superimposed beams (-1, -2), (0, -l),  (l,O), or (2,l)  display 
interference patterns. 
seen. 

Typical interferograms that can be  obtained by this technique are shown in figures 
7-1-9 and 7-1-10 taken by Holds (99) at the Naval Postgraduate School. 
7-1-9 shows both infinite fringe,also identified by some scientists as single fringe, 
and finite fringe interferograms. 
It should be  emphasized that there are no adjustable parameters in the prediction 
which involves only the followingdata: Mach number, cone angle,wind tunnel free- 
s t ream density, index of refractionof air, and ratio of heat capacities of air. 
density distribution along the optical path was obtained from a Busemann apple 
curve which is a graphical solution of conical flow. 

There will be fringes (Fig. 7-1-7b). 

I 

When both beams illuminate the hologram, the diffracted 

Fringes are produced. 

It is only in the (0, -1) set of beams that the object can be 

Figure 

The dots represent prediction of fringe location. 

The 
I 

Figure 7-1-10 shows four dark field interferograms of four randomly chosen sub- 
jects. The adjectives 'dark field' mean that diffuse illumination of the hologram 
was not used. 
The heated rod was oriented horizontally and parallel to the scene beam. 
heated flat plate was oriented vertically. 

A camera focused on the test  object is required to obtain a picture. 
The 

A burning match is shown. 

Heflinger, Wuerker, and Brooks (91) have demonstrated that three dimensional 
interferograms are obtained when diffuse illumination is used. 
object is viewed from different positions, the fringe pattern changes. In principle 
one should be able to use the three  dimensional distribution of intensity of light to 
determine a three dimensional distribution of refractivity, x&, y, z). Knox (97) 
obtained holograms of microscopic dynamics phenomena using a pulsed laser. 
objects within a 1000 cm3 volume were recorded, and objects could be selected 
for  study by proper focus of a microscope. 
sive numerical calculations of the flow field surrounding a projectile flying in a 
krypton atmosphere. 
of an interferogram taken by Heflinger, Wuerker, and Brooks (91). 

An alternate method for obtaining a holographic interferogram i s  to use double ex- 
posure (91). During 
one pulse the scene beam without object i s  recorded, and during the second pulse 
the scene beam with object is recorded. Transient phenomena require short dura- 
tion pulses. Short duration pulses imply limited coherence length. Limited co- 
herence length necessitates careful attention to optics. Single exposure interfero- 
grams can be obtained using the technique developed by De and S6vigny (100). 

For plasma measurements one would combine the holographic interferometer tech- 
nique with the plasma flow such as discussed in connection with equation 7-1-12 and 
figure 7-1-5. 

When the test  

All 

Holds and Fuhs (98) performed exten- 

These calculations were used to refine the fringe prediction 
~ 

The Q-switch of a giant pulse laser  is made to switch twice. 
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Fig. 7-1-9 Interferogram of 40" cone at Mach 2.7; infinite and finite fringe 
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HEATED ROD kEATED PLATE 

FLAME SLIDE GLASS 

Fig. 7-1-10 Dark field interferograms of various subjects 
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Visualization Techniques 

Considerable information can be gained from photographs of a self luminous plas- 
ma. The previous section discussed one visualization technique, interferometry. 
There  a r e  two other techniques widely used in aerodynamics and more recently 
applied in plasma physics; these a r e  schlieren and shadowgraph. 

Photography 

For steady state or slowly varying phenomena, as may occur in MHD generators, 
rocket exhausts, and hypersonic tunnels, conventional photography using single 
exposure and movies both in black and white and color are useful. 
phenomena more complicated photographic systems are required. 
used technique is s t reak  photography. 
second can be achieved. 
framing rates up to lo6 frames/sec.  
where the mi r ro r  is spun and suspended magnetically. 
in a vacuum, rotational speeds limited only by tensile strength of the mir ror  can 
be achieved. 

For. transient 
One commonly 

Time resolution of the order of a micro- 
Rotating mir ror  and rotating drum cameras  permit 

Rotating mir ror  cameras have been built 
Using magnetic levitation 

Several fast shutters have been developed for photography. 
been used to  Q-switch lasers. 
electro-optic effect, are widely used as shutters and Q-switches. 
tage of a Kerr cell as a Q-switch is the influence of Raman scattering. 
switched ruby laser has  been developed (101). Magneto-optic shutters, which are 
based on the Faraday effect, have been used for photography. Fast shutters have 
been developed which use strong electromagnetic forces to  move small  masses.  
For example, aluminum foil can be moved in a few microseconds when a capacitor 
is discharged through an adjacent coil. 

The image converter camera consists of an electronic image converter o r  image- 
intensifier with associated optics and electronics. 
voltage makes s t reak  photography possible, Writing speeds of a few tens of cm/ 
microsec are possible. 
times of about 5 nanosec and framing speeds of 2 x 107 frames/sec can be obtained. 

Schlieren 

Schlieren systems are widely used in aerodynamics. 
have an excellent discussion of schlieren systems. 
temperature range there is no need to distinguish between mass density, index of 
refraction, and refractivity. 
other. 
in t e rms  of optical refractivity. 
the angular deflection of a r ay  caused by varying optical pathlength of test  gas. 
This angular deflection, commonly denoted by E,  is given by: 

These shutters have 

One disadvan- 
Kerr cell  shutters, which are based on the Kerr 

A Faraday- 

A continuously swept deflection 

By stepping voltages a few photographs with exposure 

Liepmann and Roshko (102) 
For neutral gases over a wide 

These three quantities can be  simply related to each 
For  a plasma, however, i t  is necessary to  interpret schlieren photographs 

The important quantity in regard to schlieren is 

L 
E =  / (A g)dX 

0 

(Eq. 7-1-20) 

where x is distance along the r a y  and y is normal to the ray.  
expression for n is obtained f rom equations 7-1-6, 7-1-7 and 7-1-11 and the def- 
inition, n = 1 + X .  
tion about ne. 
equation 7-1-11 and equation 7-1-20 above. 
tained in plasmas (103-104). 

The appropriate 

If X, dominates, a schlieren photograph gives direct informa- 

Schlieren photographs have been ob- 
In fact, an equation fo r  lateral gradients of ne can be derived using 
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In t imes past schlieren techniques have not been used for quantitative results as 
much as for qualitative insight into a complicated flow. 
papers devoted to questions of calibration and quantitative data from schlieren 
systems (105-107). 

Shadow gr aph 

As in the case of schlieren, shadowgraph techniques have been used for many years 
by aerodynamicists. 
shadowgraphs. 
by the second derivative of index of refraction. 
fractional change of illumination is: 

There have been recent 

More recently plasma physicists (108-109) have obtained 
The variation of illumination at the viewing screen is determined 

It can be shown (102) that the 

(Eq. 7-1-21) 

In plasma fusion and plasma propulsion devices the electron refractivity usually 
dominates. 
the refractivity of neutrals as the-dominant effect with smaller contributions from 
electrons. 

An a r c  jet, MHD generator, and rocket exhaust would probably have 

Light Scattering by Electrons (111 through 115) 

Before the discovery of the laser there  were no light sources that could b e  used 
successfully for  light scattering on electrons. The c ross  section for scattering 
of light by electrons is extremely small  being the order of the classical electron 
radius (112), which is rz = (e2/mc2)2 = 7.9 x 10-26cm2. 

Several advantages result from the use  of Thomson scattering as a diagnostic tech- 
nique. 
sec). The solid angle subtended by the 
detector can be made sufficiently small  so that only a few cubic millimeters of 
plasma are examined. The lower limit of electron density that can be measured 
is a function of laser power, electron temperature, detector capability, and other 
factors t o  be discussed shortly. 

There are two limiting cases (116 through 118) which are identified in t e rms  of a 
parameter LY defined as: 

The t ime resolution is the same as the pulse duration of the laser (lo-* 
A laser beam is a few mm in diameter. 

n e2 

f f = * h i T e  (Eq. 7-1-22) 

The two limiting cases  are illustrated (Fig. 7-1-11). 
ttering by individual electrons. 
measurements of incident and scattered laser radiation, this case also makes it 
possible to determine electron temperaturs. 
scattered radiation the line half width AA (A) can be  related to electron temperature 
T, eK) (115). 
velocity distribution, and if  a ruby red  line is u s e d  

When CY << 1, there  is sca- 
Besides the ability to determine nc from absolute 

By measuring the line profile of the 

If the scattering angle is go", i f  the electrons have a Maxwellian 

AA = O.3dTe (Eq. 7-1-23) 
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The amount of scattered radiation is small which complicates line profile measure- 
ments, 

The scattered power P, is: 

(Eq. 7-1-24) 

where Po is the incident laser power in a beam of c ros s  sectional area A, with 
scattering into a solid angle AQ. 
cident radiation and the direction of observation is 6 .  
quired, i f  not from a theoretical point of view, by practical considerations of ex- 
perimental technique and data reduction. 

The other limiting case is o! >> 1 which occurs for low electron temperature and 
large electron density. Scattering is due to clusters of electrons around ions; it 
is due to fluctuations in electron density. The relation between P, and Po remains 
that given by Eq. 7-1-24. The profile of the scattered radiation is more complex 
for large a than for small a. Several papers (116 through 120) have examined the 
profiles for large a. The shape of the profile depends on the ratio Te/Ti and con- 
s i s t s  roughly of a central peak at the incident laser frequency w ,  with two sidebands 
a t  wo* 0 ~ .  

When a is near unity, a measurement of the spectrum of the scattered radiation 
yields both electron temperature and density. 
and P, absolutely. Consequently o! 2 1 is considered to be  the most convenient 
condition experimentally. 

In making profile measurements, the minimum measurable ne depends on the ex- 
perimental details of the spectrometer, the detector, the laser energy, and the 
number of points used to define the profile. Briefly there is a minimum scattered 
radiant energy that can be measured. Since the photon count can be  integrated over 
the pulse width, it  is energy and not power. 

There i s  also a maximum value of n that can be measured. 
by the ratio of background radiationlo scattered radiation. 
has been attributed to bremsstrahlung. 
absorption of the laser  beam by the plasma. 
measurement of an undisturbed plasma has not been accomplished. 

Figure 7-1-12 is a plot adopted from Malyshev ( l l l ) ,  of minimum and maximum ne 
and a. 
conversion devices are tabulated in table 7-1-1. 
plotted in figure 7-1-12. It should be emphasized that the curves for  minimum and 
maximum ne (Fig.7-1-12) can be shifted by assumed capability of the experimental 
apparatus (111). Even so  there appear to be engineering plasma which are amen- 
able to diagnosis by light scattering from electrons. 

Microwave Plasma Probes 

Microwaves have been used extensively to probe plasmas (126) (127). The first 
plasma to be investigated by microwave methods was the ionosphere (128) (129). 
Microwaves are used in connection with arc jets (130), ballistic ranges, rocket 
exhausts (131), thermonuclear fusion, reentry plasma sheath, MHD accelerators, 
shock tubes, and most any other plasma occuring in nature or the laboratory. 
attempt will be made to discuss this rather voluminous subject. 
topic will be  selected for discussion. 

The angle between the electric vector of the in- 
Plane polarized light is re- 

The width of the center peakis determined largely by ion temperature. 

It is not necessary to measure Po 

This is established 
Most of the background 

Another upper bound is established by 
If this absorption does occur, a 

Values of ne and T, to be encountered in plasma propulsion and energy 
Values from table 7-1-1 can be 

No 
One particular 

I 

I 

I 
I 

I 
1 
I 

I 

~ 

I 

I 
I 

I 
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DEBYE RADIUS Y - 8 
[ A )  Q-=C 1 INDIVIDUAL ELECTRON SCATTERING 

DEBYE RADIUS - 

( B )  a>> 1 SCATTERING BY FLUCTUATIONS IN DENSITY 

Fig. 7-1-11 Two limiting cases for light scattering by electrons 

Fig 
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A problem that occurs repeatedly is the determination of the spatial distribution of 
electron density, and the uU profile meter is one solution developed by the author 
(132). A microwave technique for obtaining profiles of ne has been used by Anis- 
imov, Vinogradov, Goland, and Konstantinow (133) and extended by other scientists 
(134-135). The method, one advantage of which is the fast t ime response, em- 
ploys several  microwave frequencies all of which are less than the maximum w 
in the plasma. 
incident wave. 

The phase angle of the reflected wave is measured relative to &e 
The phase angle is: 

(Eq. 7-1-25) 

0 

where w is the microwave frequency; n, the index of refraction; and x(w), the 
cri t ical  point at which reflection occurs. 
geometric-optics approximation, which requires: 

This formula assumes the validity of the 

- A On, << 1 
"e 

(Eq.  7-1-26) 

The fractional variation in electron density over the distance of a wavelength should 
be small. 
be  sufficient ne to cause reflection. 
electron density cm-3 is: 

Short wavelengths tend to alleviate this problem; however, there must 
For a given wavelength A (cm) the required 

1.12 x 1012 
A 2  

ne = (Eq. 7-1-27) 

A plane wave i s  assumed in the analysis leading to equation 7-1-25. 
effects are not important if: 

Diffraction 

- A << L (Eq. 7-1-28) 2r 

where L i s  a characteristic plasma dimension. 

In order to invert equation 7-1-25 several  frequencies are necessary. 
frequency requires a separate set  of antennas, oscillators, detectors, amplifiers, 
and other microwave plumbing. 

The following suggested method of determining spatial variations in ne by using 
one frequency only is appropriate where fast t ime response is not desired. 
response isdetermined by the rapidity with which a current can be established in 
the field coil. 

An applied magnetic field B is provided by a coil (Fig. 7-1-13) large enough to give 
a nearly uniform field. Corresponding to this field is an electron cyclotron freq- 
uency 0, = eB/m = 17.6 mHz/gauss. With no applied magnetic field the extra- 
ordinary wave penetrates to xb where U,@,) = w .  The phase angle % is meas- 
ured. 
at x, and a phase angle a, is measured. for cyclo- 
tron frequencies in the range o < w < w, sufficient information is obtained to in- 
vert  the integral formula: 

Each 

Time 

When a field is turned on such that w,/w = 0.5, the reflection plane occurs 
By measuring a series of 
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Table 7-1 Representative electron density and temperature for various devices 

~ 

Arc jet 

ne, cm-3 T,, OK 

1015 - 1017 5000 
I 7000 Shock tube 1016 - 101s 

MHD generator 
Rocket exhaust 

I 

2000 
1500 

1013 - 1015 
1011 - 1014 

I 
I Reentry plasma sheath, sharp nose vehicle 106 - 1010 4000 

Reentry plasma sheath, blunt nose io6 - 1015 8000 
Ballistic range 
MHD accelerators 

I 

t 

1500 
6000 

107 - 109 
1014 - 1016 
B 

Waveguide-4 I 
(a) Experimental arrangement 

coil 

(b) Curves related to data interpretation 

Fig. 7-1-13 Plasma probing using an extraordinary wave 
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, 

wc 0.5 VT 
2 

0 W 

Fig. 7-1-14 Plasma probing using an ordinary wave 
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I 0 

In equation 7-1-29 w: (x)/02 and x(w,) are unknown. For the profile (Fig. 7-1-13) 
only part  of the spatial distribution of ne has been obtained. 
can be  employed to determine the remainder of the profile up to the peak (Fig. 7-1- 

a, is measured. 
formula: 

The ordinary wave 

I 14). When w,/w equals 0.5, the ordinary wave penetrates to x and a phase angle 
As before @ is measured as a function of wc/Fw. The integral 

I 0 

is inverted to find WE ( x ) / w 2  and x(w,). 
be  the subject of a subsequent article. 

Assume a microwave frequency f = 1011 Hz is used; the wavelength X being 0.3cm. 
Equation 7-1-27 required an electron density not less than about 1.3 X 1013cm-3. 
If 0.1 is assumed to  be  much less than 1 in equation 7-1-26, then the  maximum 
gradient in ne is 4 x 1012cm-4. A distance of about 3 c m  is required for x,,, 
(Fig. 7-1-14). 
lengths in thickness. 
satisfy. 
This numerical example makes it apparent that the technique is suitable for large 
scale plasma devices with large ne, but that it is not appropriate for probing their 
boundary layers with small  ne. 

Plasma Waves 

The solution of the integral equation will 

The positive gradient of the plasma is about 10 free space wave- 
Equation 7-1-28 is not a particularly difficult condition to  

A magnetic field of 5700 gauss is required for the extraordinary wave. 

Spitzer (112) groups plasma waves into three  categories: electro-magnetic waves, 
hydromagnetic waves, and electrostatic waves. Plasma diagnostics by means of 
electromagnetic waves is a well developed technique as discussed in the previous 
section. 
and spatial distribution of ne as might be  characterized by the gradient of n,. 
Using electromagnetic waves as a probe, the anticipated ne determines the frequ- 
ency. 
from millimeter waves to near infrared. Wave speed for electromagnetic waves 
in a plasma is somewhere near the speed of light. Given a frequency, as deter- 
mined by ne, a length is established. 
length. 

Electromagnetic waves are only one phenomena which are dependent on the items 
to be  measured, no and dne/dx.  
desirable features for plasma diagnostics. 
ful tailoring of the probe to the plasma. 
general in range of applicability. 
a variable should be screened for applicability. 
consider the following successful examples. 

Trivelpiece and Gould (136) measured phase relationships of space charge waves in 

Two key problems in plasma diagnostics are the determination of ne 

There exists an awkward range of frequencies or wavelengths ranging 

The gradient of ne establishes another 
These two may not be  compatible. 

Electrostatic waves or MHD waves may have 
Use  of these waves may require care- 

Techniques so developed may not b e  very 
All phenomena in which ne or dn,/dx occurs as 

As examples of this philosophy 
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cylindrical plasma columns. 
and the magnetic field, the electron density could be measured. 
and Gould (137) account for various Tonks-Dattner resonances in t e rms  of spatial 
distribution of electrons in a nonuniform plasma column. 
into regions where waves could propagate and regions where waves could not. 
The reflection of electroacoustic waves with different w provides a means for meas- 
uring dne/dx. 
(139) could correlate Tonks-Dattner resonances with plasma frequency. 

Electroacoustic waves propagate at a wave speed slow relative to electromagnetic 
waves. These waves may be appropriate 
for probing small scale plasmas. 

Conclusions 

A variety of plasma diagnostic techniques has been discussed covering the range 
from proven methods to new concepts. Both active and passive magnetic probes 
are well developed. The family of active probes include methods for measuring 
electrical conductivity, flow velocity, and flow angle. Electron beams yield in- 
formation about rotational and vibrational temperature, mass  density, and mass 
fraction of radiating species. 
ent, to low density and to plasmas containing certain molecules. In the area of 
electrostatic probes more research is needed for a continuum, flowing plasma. 
The laser offers many experimental advantages; certainly holography and inter- 
ferometry provide many new and fruitful avenues of research. 
ing requires complicated equipment and careful attention to experimental detail. 
It has potential of becoming a universally applied technique although at present 
results are meager. Some scientists doubt the validity of data obtained in this 
manner. 

Microwaves continue as a standard diagnostic technique. At wavelengths shorter 
than a few millimeters there is a void of equipment and experience. 
a method to determine spatial variation of ne was presented. There are special- 
ized measurement needs which require specialized techniques; electroacoustic 
and other plasma waves may be useful. 
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Commentary A on Chapter 7-1 

A.B. Cambel. 

The author is well known for his contribution to  plasma diagnostics both in the lab- 
oratory and in flight. 
it addresses itself primarily to the instrumentation rather than to  the phenomena to 
be studied or the properties to be measured. 

Whereas in the past a researcher could be either an experimentalist or a theoret- 
ician, for plasma diagnostics he must excel in both. Even though the major con- 
tribution of a plasma diagnostician may be in determining data experimentally, he 
must be  well versed in theoretical aspects of electrodynamics, gas dynamics, 
statistical mechanics and quantum theory. Those problems that are amenable to 
theoretical treatment are as a rule difficult to simulate in the laboratory and the 
converse is also true.  

It would have been helpful if the author had differentiated between the diagnostics 
of static plasmas and those of dynamic plasmas. 
helpful had he provided a map of temperature versus  electron density with the var- 
ious diagnostic instruments described, but Table 7-1-1 is a fine substitute for this. 
It is interesting to  note however that the figures he gives differ from those cited 
in other references. The AGAFlD community mightwell consider establishing stan- 
dards  of plasma diagnostics reminiscent of the AGARD/ONERAstandard circular 
flame-holder that researchers  in flame stabilisation found so useful in the late 
19 50's. 

This chapter differs from his previous publications in that 

It would have been similarly 

In the interesting account of optical measurements insufficient attention has per- 
haps been paid to the problem of optical thickness which is of such great import- 
ance. Although visualisation techniques may not give a detailed account of plasma 
characteristics they do provide useful 'ball park' impressions. The ramifications 
of microwave diagnostics, and the possible sources of e r ror ,  are'quoted in insuff- 
icient detail and other omissions are plasma spectroscopy, Raman scattering and 
the possible applications of cavity measurements, and the Zeeman effect. 

The content of the chapter is wide in scope and the approach is refreshing. 
author must be  congratulated for undertaking this most demanding review. 

The 
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Commentary B on Chapter 7-1 

T.H. Peters.  

This chapter gives an excellent summary of a wide variety of plasma diagnostic 
methods. 

Magnetic probes for measuring the product of conductivity and flow velocity, that 
is to say  the magnetic Reynolds Number, and the electrical conductivity usually 
measure only an average of the plasma dynamics inside a coil. The author has 
shown how spatially distributed values may be obtained by means of different coil 
geometries and frequencies. 
ic fields are present in the plasma, the use of simple Hall probes can be advan- 
t ageous . 
The author has paid considerable attention to interferometry which indicates index 
of refraction and hence, in a plasma, electron density. Holographic interfero- 
metry, which is now being developed in many institutes may become a powerful 
method for determining spatially distributed quantities. The scattering of laser 
light has been shown to be  an excellent method of measuring electron densities and 
electron and ion temperatures. 
These new methods interlock with the well known spectrographic diagnostic tech- 
niques that have been applied by gas discharge physicists and astrophysicists 
since the end of the last century. 

I would add that where electric currents and magnet- 
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7-2 

Internal Physical Measurements in MHD 
Plasma Accelerators 
R.H. LOVBERG 
University of California, La Jolla, California, USA. 

Summary 

A restricted set of correlated measurements is described, in which the electro- 
magnetic field structure and the electron density distribution are determined, and 
inferences concerning the efficiency of acceleration and partitioning of electron and 
ion currents are made. The apparatus employed for this research is an inductive 
"theta pinch". Electric and magnetic fields are measured by the use of probes, 
and the electron density distribution is determined through the use of a modified 
schlieren photographic technique. 
ion of the experimental data into the generalized Ohm's Law. 

Sommaire 

Current partitioning is inferred through insert- 

On dgcrit un ensemble de mesures li;es,dans lequel on a determine la structure du 
champ electromagn6tique et la distribution 6lectronique auxquelles on a lie' le 
rendement de l'acc6le'ration et la re'partition de courant electronique et ionique. 
L'appareillage utilise' est un "theta pinch" 2 induction. Les  champs electrique et 
magnelique sont mesure's au moyen de sondes et la distribution de densite' electro- 
noque au moyen d'un montage strioscopique modifie'. 
courant en introduisant les donne'es expe'rimentales dans la loi d'Ohm ge'ne'ralise'e. 

Introduction 

Electromagnetic plasma accelerators have the unique advantage for space propuls- 
ion that the velocity of the exhaust need not be limited by the greatest temperature 
that can be produced or withstood in an inner chamber. 
large energy in one coordinate direction, can be imparted to an ionized gaseous 
propellant (plasma) without first going through a phase of thermal heating where 
the energy i s  partitioned equally in all degrees of freedom. 

Energy may be transferred to the propellant either by direct application of an 
electric field to ionized atoms (ion engines), or by exploiting the electrical conduc- 
tivitxof the plasma. 
ent J is passed through the plasma and allowed to  interact with a superimposed 
magnetic field 8, producing a force P = 3 X per unit volume of plasma, in a 
direction normal to both current and field. 
plasma engine, or an MHD engine. 
ranging f rom steadily operating systems (MHD arcs ,  Hall accelerators) to plasma 
guns, in which accelerating forces and powers of great magnitude are applied as 
short duration impulses. This paper is concerned mainly with experiments re- 
lated to the plasma gun type, although most of the experimental techniques are 
applicable, with modifications, to the other classes of electrical engines. 

On de'duit la repartition de 

A large velocity, i.e. a 

In a device employing the latter principle, an electric cur r -  

Such a device is usually called a 
There are many varieties being studied, 
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Problems of Measurement 

Research into magnetoplasmadynamic systems poses problems of unusual difficulty 
because it i s  necessary to determine the properties of the propellant gas as well as 
the structure of the electromagnetic field in which it is immersed. The presence 
of strong, sometimes complete ionization introduces phenomena characteristic of 
plasma, e.g. oscillations and instabilities of several  kinds, most of which are 
detrimental to the achievement of efficient thrustors. 

The coupling between the field and the plasma is a function of the temperature arid 
density of the electrons and ions, which, in a typical situation, can vary by orders  
of magnitude over a very small  part  of the system. The physical processes gov- 
erning this coupling between field and plasma are not well understood, electric 
propulsion technology being still in the basic research phase rather than the devel- 
opment phase. They a r e  probably quite complicated, however, because 'reason- 
able' assumptions about the field-plasma system have proved inadequate for prac- 
tical development. All attempts to construct prototype plasma engines of various 
kinds have failed. While it has usually been easy to produce a plasma stream hav- 
ing approximately the correct velocity for an intended application, the best attain- 
able efficiency has  been discouragingly low because of obscure instabilities or  
mysterious plasma losses or an anomalous plasma resistance. 

To obtain a complete mapping of the structure of the electric and magnetic fields 
it is not necessary to measure the complete distribution function of all components 
of the plasma: some unmeasured parameters may be inferred through the use of 
theoretical equations such as Boltzmann's and Maxwell's equations. 
experimental techniques are not yet sufficiently good in either variety or precision 
to make a complete specification of most plasma systems possible, even with the 
aid of theory. 

In plasma guns especially, the entire acceleration may occur in less than a micro- 
second, so that experimental analysis requires instruments having the sharpest 
possible time resolution and the widest possible frequency response. 

The fundamental work on the physics of electric propulsion is usually done on ex- 
perimental devices that in configuration a re  quite unlike actual linear accelerators. 
Real plasma guns, for instance, may have complicated geometry, preventing the 
plasma from having uniformity along any coordinate direction, unlike the theory 
being verified or  employed, which i s  usually one-dimensional. Furthermore the 
reduction of experimental data on field structures and plasma distributions into 
such inferred quantities as current density and momentum density is a reasonable 
task only when the system geometry is simple. 
use of a pinch o r  an inverse pinch discharge, both of which produce plasma-field 
systems that locally can be made nearly one-dimensional (1). 

Geometry of Present Experiments 

In our experiments we used an induction pinch or theta pinch device to determine 
the means by which momentum i s  transferred to a non-ionized propellant gas by a 
rapidly moving magnetic shock such as that produced in any highly impulsive plas- 
ma accelerator. 
(i) a neutral gas is introduced at low pressure;  (typically - 0.1 t o r r )  into the region 
between a pair of electrodes; (ii) a high voltage is switched across  the electrodes, 
causing electrical breakdown in the gas; (iii) because the ra te  of current rise in 
the plasma is sufficiently great, the electromagnetic 'skin effect' forces nearly all 
of the current to flow in a thin layer of gas at that edge of the electrodes into which 
the current flows; (iv) the interaction between this sheet of current and the mag- 
netic field arising from i t s  flow causes the sheet to accelerate along the electrodes, 

-I 

Unfortunately 

These considerations commend the 

In an induction pinch device, the usual sequence of events is: 
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and finally to emerge as a plume into the space beyond the electrode region. In 
the common case  of a coaxial gun, the sheet is, ideally, an azimuthally uniform 
layer of radial current, highly localized in the axial direction and propagated along 
the system axis. 

The interaction between this magnetic shock and the propellant gas may produce 
(a) acceleration of the gas to a speed less than that of the current sheet, (b) stag- 
nation, or entrainment of the gas within the sheet, the so-called 'snow plow' effect, 
or (c) specular reflection of the gas from the sheet, which should occur in the 
limiting case when the propellant is fully pre-ionized and essentially collisionless. 
Whichever of these modes actually occurs in any particular system has a strong 
effect upon i t s  overall efficiency. For instance the 'snow plow' entrainment of 
propellant divides the energy of the encounter equally(?) between translational 
kinetic energy and internal thermal energy of the accelerated gas, whereas the 
specular reflection of plasma from a current sheet is a perfectly efficient process, 
converting all of the work done by the magnetic field upon the gas into translational 
kinetic energy. 

The theta pinch is an induction discharge that has no electrodes at all. Instead an 
induction coil, usually a single turn having an axial length somewhat greater than 
i t s  diameter,is fitted closely around a tubular vacuum vessel into which the prop- 
ellant under study is introduced at low pressure.  A very rapidly rising surge of 
current in sent around this coil in the azimuthal direction. 
of induction, a strong azimuthal electric field is generated within the test  vessel  
and this causes breakdown with consequent flow of current in a thin cylindrical 
shell within t h e s a s .  A strong inward radial force upon the plasma is produced 
through the? x B coupling. 

This current sheet is the same in i t s  internal microscopic behaviour and local 
macroscopic structure as that found in  a plasma gun provided that the current and 
gas densities are the same. 
i t s  surface than the layer in a probable gun and, to the extent that its thickness is 
substantially less than the shell radius, it  is close to being a one-dimensional 
structure. 

Obeying Faraday's law 

However, it is much more uniform structurally along 

The theta pinch permits easy experimental access: optical windows may be put in 
the ends of the plasma tube, giving a direct view of the pinch cylinder along its 
axis. High speed photography may be  used to  record the collapsing plasma shell, 
using the intrinsic plasma luminosity, and time-resolved spectroscopy may be 
used to obtain information on the detailed state of the gas. 

Apparatus Parameters  and Diagnostics 

The theta pinch used in our work had a coil length of 25 cm, and the inner diameter 
of the vacuum vessel was 10 cm. Energy was stored in a 15 microfarad capacitor 
charged to 16 kV. The coil current reached about 2 x 105 amperes in a t ime of 
1 .6  X 10-6 seconds after closing the spark gap switch. 

Measurements were made in nitrogen at a pressure  of about 0.05 to r r ,  which is 
typical of values used in propulsion-oriented plasma gun experiments. 
employed no pre-ionization, the coupling between the applied fields and plasma was 
not strong until the second half-cycle of the oscillating current in the coil. It was 
usually observed that only a low level of ionization occurred during the  f i r s t  half- 
cycle of current flow in these devices, but th i s  was sufficient to allow the forma- 
tion of a highly conducting sheet when the driving current was reversed (2). 

A result of this breakdown delay, which is typical of induction pinch devices, was 
that a portion of the magnetic flux within the coil duringthe first half-cycle was 

Since we 



548 
trapped within the cylinder of azimuthal plasma current that began to  flow just prior 
to the reversal  of coil current. 
acted as a separation layer between an inner core of 'forward' flux and an outer 
region of 'reverse'flux. 
follow. 

Measurements of the magnetic field strength were made with conventional miniature 
magnetic probes, whose outputs were integrated and displayed on an oscilloscope 
(3). The oscilloscope sweep was triggered by a signal derived from the current 
flow in the main coil, and the sweep circuitry was set  to give a delay equal to the 
duration of the first  half-cycle, about 3 microseconds, followed by a sweep time 
of two microseconds. At each sampling point two or three sweeps from as many 
discharges of the pinch were superimposed photographically to provide evidence of 

measurements to verify that this plasma was quite uniform along the azimuthal (e) 
and axial (z) coordinates during the first  implosion, it was only necessary to map 
the field structure along a radius, in order to specify it in all dimensions: we 
mapped the B, distribution in 5 mm intervals from one wall to the other. 

The electric field strength within the plasma was mapped using a differential elec- 
t r ic  probe (3). In this technique, a pair of closely spaced electrodes is exposed 
to the plasma, and the difference in their floating potentials i s  measured. In the 
absence of extremely large electron temperature gradients, it  can b e  assumed that 
this difference is equal to the difference in local plasma potential, and thus, that 
this difference divided by the electrode spacing is the average electric field along 
a line connecting them, 
that used for measuring B, except that the reproducibility from shot to shot of the 
machine was always poorer, and more t races  had to be overlaid photographically 
at each field point in order to get adequate statistics. 

Finally, the electron density distribution was inferred in these experiments through 
the use of schlieren photography: we employed a double-traversal system aligned 
along the coil axis. The plasma conditions were sufficiently uniform along z (up 
to within about 1 . 5  cm of the coil end during compression) that one could infer the 
local density with reasonable accuracy simply by dividing the measured integral of 
the density along z, by the coil length. 
illumination, the effective exposure t ime being about 2 X 10-8s. 

A satisfactory representation of the general distribution of the plasma was given by 
simple schlieren photographs obtained from a double knife-edge system. 
represented transverse gradients in the refractive index of the test  medium and the 
refractive index of well-ionized gas was related to the free electron density by the 
equation: 

Thus when this plasma sheet began to contract, it 

This characteristic will be apparent in the field data which 

'reproducibility of the system from one pulse to the next. After many initial 

The procedure for acquiring E-field data was the same as 

A Q-switched ruby laser supplied the 

These 

where p i s  the refractive index, re is the classical electron radius (re = 2.8  X 
10-13 cm), A is the transmitted wavelength, and ne is electron density. 
related refractivity directly to electron density (4). 

The usual schlieren picture is dark o r  light according to thevalue of refraction 
gradients in the field. A quantitative interpretation would therefore require a 
sensinometric measurement, and calibration of the materials used - a difficult 
task. 
it has a superficial resemblance to an oscilloscope trace,  is actually a curve of 
refractive index gradient versus position at a given instant. 
system, known as the double-inclined-slit, o r  DIS system, a r e  described else- 

We thus 

More useful for quantitative work is a second representation, which, while 

Details of this optical 
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where (51, (6): it is quite simple to calibrate. 
entation gives electron density directly, provided that the viewing geometry is 
sufficiently, simple, as it was in our experiments. 

Theoretical Equations 

The measurements made of B, E, and ne were used to derive other plasma prop- 
e r t ies  from theoretical equations, principally the equation of motion in a plasma 
and the generalised Ohm's law defined by the Boltzmann equation. Certain other 
variables were eliminated by justifiable assumptions. 

We have inferred from certain linear plasma acceleration studies that ion current 
can be important when the current sheet itself is the ionizing agent (7). 
Newton (8) have reported that the bulk rotation that would be associated with ion 
current in a theta pinch is present in certain experiments. 

The generalised Ohm's law, which sums the various contributing sources of electric 
field in plasma, may be  written: 

A single integration of i t s  repres- 

- D +  

Bodin and 

+ v' x - [T x 6 - vpe] - qr= 0 (Eq. 7-2-1) 
nee 

Here, 3 is the centre-of-mass plasma velocity, nearly equal to that of the ions, 
is the total current density, and q is the plasma resistivity. In the cylindrical 
coordinates of our theta pinch, it is convenient to resolve this equation into radial 
and azimuthal components: 

(Eq. 7-2-2) 

E, -v,B, -qj, = 0 (Eq. 7-2-3) 

We assumed thatT was entirely azimuthal, as it must be in a symmetrical system. 

Consider equation 7-2-2. 
component of the azimuthal current, to the total current. 
j, i<< j, e ,  and also that the radial electron pressure gradient is much less than 
17 X 51 , as it usually is in a plasma gun. We then have only: 

The second and third t e rms  are in the ratio of the ion 
Suppose we assume that 

E, = & 
"e e 

(Eq. 7-2-4) 

This approximation has a simple physical interpretation: i f  electrons car ry  all 
the current, they alone experience directly the radial j, B, force but they are 
prevented from running inward by the space charge field E, that is set  up when they 
attempt to  leave the ions. This field E, a c t s  directly upon the ions, and acceler- 
ates them. 
force density on the ions (n,eE,) must equal the total jeBz,  hence equation 7-2-4. 
We have assumed single ionization so that ni = ne, but a correction to a higher 
average zi is simple. 

Equation 7-2-4 then, offered us  a sim2le means of estimating ne i f  we could meas- 
u re  E and B distributions directly. 
equation, 

Since the ions have nearly all the mass of the plasma, however, the 

J could be  derived from through Maxwell's 
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Fig. 7-2-1 Schlieren photographs of theta-pinch discharge in nitrogen. Times 
indicated are in micro-seconds after the beginning of first half-cycle 
current flow. 
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Being interested here in the partitioning of the current between the ions and the 
electrons, we could not neglect the second t e rm in Eq.7-2-2. We also needed sep- 
a ra te  data on the distribution of ne in order to be able to solve for ve ,  whence: 

~ 

I still assuming that: 

(Eq. 7-2-5) 

I Experimental Results 

To give an overall view of the behaviour of the theta pinch as a radial accelerator 
of plasma, figure 7-2-1 shows a set of four schlieren photographs of a contracting 
current sheet in nitrogen. As mentioned before, the view was along the coil axis 
and through about 25 cm of plasma. It is 
evident that except for minor flutes on the  outside of the plasma shell, the geo- 
metrical regularity of the discharge was good. Even at 4.5 microseconds, the 
t ime after the trigger signal at the start of the first half-cycle, the view through 
the cylinder, then about 1. 5 cm in diameter, was unobstructed by any instabilities 
or irregularities. 

Figure 7-2-2 shows both kinds of schlieren presentation used in this work. The 
instants selected show (i) the initial implosion of the current sheet, while it is 
still relatively thin and discrete, and (ii) an instant just after peak plasma com- 
pression at the axis; the plasma has begun to diffuse outward through the confining 
field. By interpreting the full-field photograph as a side-illuminated three-dimen- 
sional model of the electron density, it may be  seen that the displacement of the 
DIS schlieren was indeed proportional to the gradient of the electron density. 

The DIS schlieren was analysed quantitatively by graphical integration of line t rac-  
ings, as shown in figure 7-2-3 (points in parentheses are uncertain due to faintness 
of the rapidly rising part  of the DIS curve). A tracing across  the whole tube dia- 
meter is shown, and under it are the curves obtained by integrating both branches 
of the gradient curve from the wall inward. Both branches agree very well as to 
the peak density, but because of the faintness of the interior points, do not return 
toward zero together. Indeed it is not obvious from these data that we should ex- 
pect the central density to be zero, although later and better data than these do 
seem to integrate to  a value very near to zero. 

Figure 7-2-4 is a map of the axial magnetic field B, and the radial electric field E, 
as obtained using the probing procedures described earlier. 
from the first half-cycle is evident. 
of the oscilloscope trace for one shot of the machine. 
plotted, as in the B, data, it signifies that the two discharges made at that position 
gave.coincident results. 

It is significant that E,(r) and B,(r) cross zero exactly together, as would be the 
case for the simple situation for which equation 7-2-4 holds. 

In order  to test this hypothesis, we have computed, using equation 7-2-4, a distri- 
bution ne (r), and have compared it with ne (r) as derived from the schlieren DIS 
traces taken for the same instant. 
the E and B profiles that were used. 

The visual field diameter was 10 cm. 

' 
. 

~ 

The trapping of flux 
Each point plotted represents the amplitude 

Where only one point is 

Both plots are shown in fig. 7-2-5 together with 
It is clear that excellent agreement has been 
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Fig. 7-2-2 Schlieren and double-inclined-slit @IS) representations of the nitrogen 
theta pinch for times before and after the maximum axial compression 

Fig. 7-2-3 Tracing of DE record and integral curves which represent the electron 
density distribution. Points in parentheses are relatively uncertain due 
to faintness of original trace. 
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Fig. 7-2-4 Distributions ( a s  a function of radius) of the axial magnetic and 
radial electric fields in nitrogen discharge, 

Fig. 7-2-5 Electron density distributions as  obtained from the given electric and 
magnetic field plots (squares) .and from schlieren records (dinnionds) . 
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obtained as both ne curves are plotted on an absolute scale, and have involved com- 
pletely different equipment calibrations. The schlieren distribution has been cal- 
culated on the assumption that the plasma was uniform over the entire coil length. 
If we were to insert the observed fact that the plasma uniformity ceased at about 2 
cm from the coil ends i.e. to assume that it was only 20 cm long or so, the two 
curves would come closer together. 

From these data we conclude that in this discharge ve = - 0 ,  because equation 
7-2-4, which assumes the ion current to be zero, gives results that correlate well 
with the measured electron distribution. 

For equation 7-2-4 it was also assumed that the electron pressure gradient was 
negligible. Given the values of ne in fig. 7-2-5it can be shown thatthe electron pres- 
s u r e  gradient will be negligible i f  T, is no greater than 1 or 2 ev. 
possible to make an independent estimate of T, in this experiment by tabulating the 
ra te  of change of total flux trapped inside the plasma radii. From Faraday's law, 
this rate of flux loss is known to be equal to the integral of EO around the current 
sheet. 
involving the symmetry of the system. 
of B,, so we can estimate the plasma resistivity and hence, through the Spitzer 
relationship (9), the electron temperature. 
found to be about 2 ev, thus fully justifying the use of equation 7-2-4 for this sys- 
tem. 

It is in fact 

We may thus obtain an approximate value for the local EO in the plasma by 
j e ,  however, is just the radial derivative 

The electron temperature is then 

There i s  also good agreement between the measured total population of plasma 
electrons in the current sheet and the number that would be  predicted assuming 
complete ionization and entrainment of the gas through which the current sheet 
moved. 

The simple 'snow plow' sheet model appears to be applicable to this system, and 
presumably also to linear plasma accelerators which operate in this regime of 
field strengths and gas andcurrent densities. 

Conclusions 

These experiments demonstrate how the association of a number of experimental 
techniques can be used to provide still further information about the properties of 
a plasma system. These experiments too can be  improved by the employment of 
additional diagnostics, .and work is now in process to obtain a detailed space and 
t ime distribution of the electron temperature through the scattering of laser light. 
W e  hope to obtainexperimentally, irttcr a l ia ,  the value of the numerical factor re- 
lating electrical resistivity and T,-3/2. 
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I 

Commentary on Chapter 7-2 

P. Ricateau 

Le canon ?i plasma, mbme de type coaxial, forme un plasma de g6om6trie compliq- 
ue'e qui se pr2te mal aux mesures et tout spe'cicialement aux mesures optiques. 
es t  U& l o r s  t r 6 s  nature1 d'essayer de reproduire l'acc6lCration magngtique du 
plasma avec le mGme gaz et dans le mgme domaine de pression % l'aide d'un 
"thela pinch" cylindrique od l'observation est  beaucouf plus aise'e. L'analogie 
entre ces  deux types de machine est  cependant loin d'etre complBe: 

a) Les  electrodes peuvent jouer un r81e important dans le canon h plasma. 

b) L'effet de compression du flux magnktique du "th6ta pinch" n'existe pas  
dans le canon 1 plasma. 
le rapport des  inductions externes et internes a la couche de plasma approche de 
1 'unit B. 

c)  Enfin, la forme de la surface de plasma etant t r b s  differente, tout sp6ciale- 
ment le signe de sa concavit6, des  instabilites hydromagnetiques peuvent apparaftre 
dans un c a s  et non dans l'autre. 

11 

Les  phenombnes ces?ent donc d'^etre comparables quand 

Ne'anmoins, l'elude pre'sente'e donne une image exceptionnellement fine de la densite 
dectronique dans la couche de plasma permettant de concevoir un modgle de  m6c- 
anisme d'accele'ration. 
type canon 2 plasma. 

Les  quelques observations que je  d6sire pre'senter ou les; questions que j e  poserai  
concernent: 

I1 s 'agira ensuite de  le tester sur  les acce?&ateurs du 

le choix de la nature et de la pression du gaz, 

l 'dendue de la zane pr6ionis6e et le modsle d'acc&l&ation, 

l'existence possible d'une rotation du plasma et son effet su r  la mesure de densite' 
par l'interm6diaire de la loi d'Ohm, 

l'explication microscopique du courant ionique. 

Nature et  pression du gaz: 

Le  gaz est  de l'azote ?i une pression de 50 microns de mercure. Dans une elude 
anterieure, l'auteur a experiment; sur l'hydrogbne. Essayant de mesurer la 
densit6 electronique par la relation approchke E, = j, B,h,e, il a constat6 que 
le champ E, ne s'annulait pas  en m8me temps que j, et B,, tout au moins au debut 
de l'acce'l6ration. S'agit-il de l'effet du t e rme  de pression electronique? L'aut- 
eur a-t-il de nouvelles mesures de temperature klectronique dans ce cas? I1 est 
probable en effet que le refroidissement radiatif des electrons est  bien plus efficace 
dans l'azote que dans l'hydrogbne. 

En ce  qui concerne l'azote, dans quelles limites de pression les mesures de densite' 
electronique par les deux mkthodes employe'es sontelles possibles et  coherentes? 

Etendue de la z6ne pr6ionise'e et modkle d'acc616ration: 

On sait que la premizre demi-alternance du champ qui dure dans cette expirience 
3 microsecondes ne produit pas un effet de pinch notable car  le gaz, initialement 
non ionisd, ne s'oppose pas  imme'diatement h la pe'nelration du champ magnelique. 
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Dans cette premibre phase, l'ionisation es t  initi6e dans la couche de gaz voisine de 
la paroi, mais elle se propage tr& vraisemblablement ve r s  le centre du tube par 
un choc hydromagnelique imparfait, de sor te  que l'ensemble du gaz est au moins 
partiellement ionise'. Ceci expliquerait pourquoi les courbes de densite de la 
fig.7-2-3n1aboutissentpas% ze'ro a l'intbrieur de la surface du choc. 
la densite initiale du gaz, l'ionisation complste donnerait une densit6 de charge de 
3.1015 cm-3 compatible avec les resultats de mesure. 
modkle 'boule de neige' ne serait  pas  entisrement justifi6. 

En ce  qui concerne 1' "imperm6abilit6" de la zbne de choc, il serait tr'es int6ress- 
ant de comparer en fonction du temps le nombre total de charge contenu dans cette 
&ne, connu par la mesure du profil de ne,au nombre de particules de gaz balaye 
par  la z6ne depuis l'instant initial de la contraction. 

Rotation possible du plasma et effet su r  la mesure de densit& 

En observant certains details de la z8ne de choc, on a parfois mesure' une rotation 
importante de la z6ne lumineuse (reference 8 du chapitre) dans un th6ta pinch 
sujet ?i une forte instabilite de type fldte et o'u par consequent la sym6trie de rev- 
olution a disparu. 

Dans une structure symGtrique, la loi d'Ohm en projection radiale s'6crit: 

Etant do& 

Dans ces conditions, le 1 

I 

i 

Si on neglige le t e rme  de pression klectronique, la mesure de ne es t  facile 'a con- 
dition que le t e rme  v e  B, puisse Stre 6galement nGglig6. 
masses et non la vitesse ionique. 

Si le modcle de 'boule de neige' est retenu2 il ne peut pas  y avoir transfert  de 
quantitg de mouvement de la z6ne de choc a la partie centrale. 
l 'effet des courants de d6placement rad iaw,  on trouve que le moment de rotation 
moyen de la zbne est  un invariant dans le mouvement. 
de rotation de la z6ne ne pourrait provenir que d'une impulsion initiale due 'a une 
reflexion non speculaire des ions avant que la z6ne se detache de la paroi du tube. 

MCcanisme du courant ionique: 

En l'absence de moment de rotation des masses,  le courant ionique moyen dans la 
zbne es t  tr'es faible puisque 
etant donne les Cchanges de particules (electrons principalement) entre un point et 
un autre de la z8ne situ& s u r  des rayons diffe'rents. 

Microscopiquement, on pourrait s 'attendre % un mouvement de de'rive local des 
ions de l 'ordre de E,/B,, c'est-%-dire comparable en valeur absolue % l a  vitesse 
des Clectrons. 
cerne la mesure d6taille'e du profil de densite par l ' intermediaire de la loi d'Ohm. 
Je n'ai pas compris le mecanisme different propose' par l'auteur dans (6) et (7) pour 
rendre compte du dkplacement des  ions. I1 repose su r  une Qtude de trajectoire de 
l'ion et de l'electron aprbs l'instant d'ionisation. Le neutre es t  au rgpos dans le 
systbme du laboratoire et la champ e'lectrique (c'est-L-dire - W + A) est, senible- 

t-il, supposC nul. Dans ces  conditions, l'ion et l'e'lectron forme's devraient res te r  
immobiles. Transpose' dans le ref6renQel mzbile ?i la vitesse vo cela se traduit par 
@ fait que l'acc6lkration magngtique - vo X B es t  exactement oppose'e au champ 
v, X ?f induit par le deplacement du r6fe'rentiel. 

V e  est la vitesse des 

Si donc on ngglige 

Par consequent, le moment 

mais il pourratt t t r e  important localement Q e )  me 
G;T= mi 

Ceci soulbve une critique qui semble assez  grave en ce  qui con- 

at 
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I 7-3 

Magnetogasdynamic Properties of Stationary 
Supersonic Plasma Jets 

I J. H ~ ~ G E L  

I Stuttgart - Vaihingen, Germany. 
Deutsche Versuchsanstalt fu r  Luft und Raumfarht C. V. 

Summary 

A device, similar to an arc-jet engine, has been operated stably within a current 
range of 500 to 3000 amps at  an ambient pressure of 0 .5  mm Hg. With argon and 
nitrogen a s  working gases mass flow rates of 0.075 to 0.6 g/s were applied. The 
velocity produced resulted from two mechanisms namely aerodynamic acceleration 
due to heating and expansion processes, and electro-magnetic acceleration due to 
self-magnetic body forces. The latter originate from the interaction of the a r c   cur^ 
ent with i ts  self-induced magnetic field. The relative importance of both effects 
is found to depend on a r c  current, mass flow rate and electrode and nozzle configu- 
ration. The exit Mach number of the plasma flow increased with increasing curr-  
ent. A mean magnetic Reynolds number calculated from the experimental data 
exhibited a stronger than linear dependence on a r c  current and reached values of 
the order of one at  high currents. The magnetic pressure number (Cowling num- 
ber) of the flow inside the nozzle is a marked function of a r c  current and mass 
flow rate. With increasing current this quantity increases to attain constant 
values fo r  flow conditions with predominant self-magnetic velocity production. 

Sommaire 

I 

I 
On utilise un montage semblable > un arc-jet dans le domaine d'intensit6 a!lant de 
500 a 3000 ampsres, g la pression de?, 5 tor r .  Le gaz actif est l'argon ou l'azote 
et l es  d6bits-masse varient de 0,075 a 6 g/s. L'acc616ration e,st due deux proc- 
essus,  l'acc616ration a6rodynamique obtenue par chauffage et detente et l'accelera- 
tion 6lectro-magn6tique sous l'effet des forces magnitiques. 
provient de l'interaction du courant de l 'arc avec son propFe champ magnetique. 
L'importance relative des deux effets dipend de !'intensite de l 'arc, du dkbit-masse 
et  de la  configuration des 6lectrod_es et de la tuyere. Le nombre de Mach de sor- 
t ie de 1'6coulement de plasma croit avec l'intensitb. On ditermine unnoFbre de 
Reynolds magnhtique moyen 5 partir  des donnees exp6rimentales. I1 croit, plus 
rapidement que lineairement avec l'intensite et devtent de l 'ordre de l'unite aux 
courants 61ev6s. Le coefficient de pression magnetique (nombre de Cowling) de 
l'hcoulement dans la tuy i re  est une fonction Tapidement variable $U courant d'arc 
et  du debit-masse. Lorsque l ' intensiti croit, cette grandeur croit aussi pour 
atteindre une valeur constante lorsque les conditions de l'kcoulement correspondent 
& l'effet predominant du champ magnetique induit dans le processus d'accileration. 

Introduction 

In recent years plasma jets of high velocity have become of increasing interest in 
many fields of experimental research. 
closely associated with the development of continuously working arc jet engines, for 
by utilizing electromagnetic body forces the exhaust velocity of a rc  jet engines can 
be  increased substantially at a simultaneous increase of overall efficiency. Apart 

Ce dernier,effet 

The design of plasma accelerators is 
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Fig. 7-3-1 Schematic presentation of apparatus 
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f rom their application as thrustors and wind tunnel facilities these devices have 
been used recently in magneto-gasdynamic experiments which until then had ex- 
clusively employed shock tubes and condensor discharges (1). 

The so-called selfmagnetic effect was investigated experimentally and theoretically 
as early as 1955 for the case of the high-current carbon a r c  (2), and this effect 
later became of great interest when higher currents were applied in a r c  jet engines. 
The f i r s t  performance data reported (3) (4) in this text probably cannot be consid- 
e red  as arealizationof selfmagnetic velocity production in arc jet engines because 
external magnetic fields were applied to avoid anode destruction. 
periments however indicated substantial increases of thrust even with field strengths 
as low as 200 to 500 Gauss (5). 
an external magnetic field, in order  to obtain evidence about the self-magnetic effect 
in arc jet engines. 
might serve as aplasma accelerator for magneto-gasdynamic experiments. 
particular, the properties of the plasma jet would meet the requirements for ex- 
perimental verification of the interaction effects between plasma flows and axi- 
symmetric magnetic fields as theoretically treated in (6). 

Ekperimental Apparatus and Procedure 

A schematic representation of the axisymmetric device is given in figure 7-3-1. 
The convergent -divergent nozzle is constructed of individual water -cooled copper 
segments which are insulated against each other: this prevents the electric curr-  
ent entering the nozzle wall in an uncontrolled manner. The two larger segments 
(ring I1 and III) may be connected alternately to anode potential. The region of 
the anode attachment is thus relatively well known, permitting meaningful compar- 
ison of experimental data with theoretical expressions. 
ported here, the anode is represented by ring III which had an exit diameter of 80 
mm. All other segments were electrically floating. 
of a 12 mm long cylindrical portion with d* = 12 or 16 mm. 
cathode of 50 mm length was made of thoriated tungsten. 
variable with respect to the throat. 
mm for nozzle throat diameters d* = 12 or 16 mm, respectively. 

With argon and nitrogen as working gases the device was operated in a current ran- 
ge of 500 to 3000 A. ? p, = 0.5 mm Hg at all power levels and mass flow rates. 
tities were measured: thrust; arc current and voltage; mass  flow rate; chamber 
and ambient pressures;  and heat losses to the electrodes, a r c  chamber and nozzle 
walls. 
quantities of interest were performed with the aid of a computer. 

For a set of operating conditions, with d* = 12 mm, local Pitot p ressures  and Mach 
numbers were obtained using wedge-type and Pitot probes. The water-cooled flat- 
nosed cylindrical probe with an inner diameter of 7 mm and an outer diameter of 
20 mm was 90 mm long. 

Operation Mode and Flow Phenomena 

The mode of operation of the device is determined by the low pressure level at which 
the arcdischarge is maintained. Chamber pressures of p, z 15 to 100 m m  Hg 
according to gas  type, mass flow rate, a r c  current and nozzle throat diameter, 
cause relatively large and spotless arc-onsets at the cathode (7). By cascading 
the nozzle, the anode attachment can be achieved in regions of very low pressure 
(ring U1 in figure 7-3-1). Under this condition the current transport to the anode 
occurs in a diffuse mode. This is explained by the different temperatures of elec- 
trons and heavy particles (8). For conditions similar to those discussed here the 

Subsequent ex- 

We decided to design and operate a device without 

In the course of this work it became evident that the device 
In 

In the experiments re- 

The nozzle throat consisted 
The rod-shaped 

I t s  axial position was 
The cathode diameter d, was either 8 or 10 

The ambient pressure in the vacuum tank was kept constant 
The following quan- 

The evaluation of the experimental data and the calculation of additional 
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Fig. 7-3-2 Argon: Oscillogram of arc voltage at ,I = 1200 A and m = 0.15 g/s.  
Horizontal scale 1 ms/div, vertical scale 10 V/div 

Fig. 7-3-3 Nitrogen: Oscillogram of arc voltage at J = 1200 A amd m = 0.15 g/s  
Horizontal scale 1 ms/div, vertical scale 10 V/div 
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electron temperature may exceed the ion temperature by a factor of 3 (9). In spite 
of the low gas  temperature in the vicinity of the cooled walls the electrical conduct- 
ivity governed by the electron temperature is sufficiently high. Thus a formation 
of one or several  spots, representing channels of high conductivity leading from the 
arc column to the wall, is not as necessary unlike the case at high pressure  where 
particle temperatures departing less from an uniform value. 

Visual observation of the anode walls, as well as of the exhaust jet, found no evid- 
ence of the presence of spots. This was supported by the oscillograms of the arc 
voltage, which showed no sor t  of fluctuations, as can be  seen on the records of the 
a r c  voltage at J = 1200 A and m = 0.15 g/s for argon and nitrogen Figs. 7-3-2 and 
7-34), the vertical scaleofwhich is 10 V/div. Only at very high amplification were 
fluctuations observed and this corresponded exactly to the frequencies originating 
from the power supply. 
operated in a completely stable mode. 

The appearance of the plasma flow was markedly affected by the gas type. 
nitrogen as working gas a diffuse flow was present without significant radial varia- 
tion of brightness. Figure 7-3-4 showsthe typicalappearanceof anitrogenplasma 
jet which was relatively independent of arc current and flow rate. A somewhat similar 
feature was observed with argon at low mass flow ra t e s  (m < 0.1 g/s). With mod- 
erate and high m,  however, a distinct bright core  surrounded by dark boundaries 
was characteristic of argon flow, (Fig. 7-3-5). Moreover, a shock pattern in the 
jet became visible. This shock originated from the discontinuous area increase 
behind the nozzle throat (compare Fig. 7-3-1 ), and was by no means an indication 
of flow separation. The supersonic character of the entire plasma jet is evident 
from figure 7-3-5. 

Discussion of Experimental Results 

Velocity Production 

Velocity production in the device discussed here was based on two mechanisms: 
thermodynamic processes like heating and expansion of a working fluid and electro- 
magnetic body forces. 
originated from the interaction of the arc current with its self-induced magnetic 
field. 
encountered in our experiments is given by Pe ters  and Ragaller (10) and the follow- 
ing discussion is based upon this. 

With electromagnetic forces present the momentum equation may be  written: 

From these facts it may be  concluded that the device 

With 

In the absence of an external magnetic field the latter 

A determination of the selfmagnetic thrust for conditions such as those 

I 

P (Gv) w' = - v p  + (i'x €3) (J3q. 7-3-1) 

It is convenient t o  consider the two thrust producing mechanisms separately. 
sidering electromagnetic acceleration only, integration of equation 7-3-1 over a 
control volume T yields the electromagnetic thrust: 

Con- 

where pm denotes the pressure caused b y f x  5 forces.  
ic field of the arc is related to the current density by Maxwell's equations: 

The self-induced magnet- 

(Eq. 7-34) 

(V 3) = 0 (Eq. 7-3-4) 
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i Fig. 7-3-4 Nitrogen plasma jet at J = 1200 A, m = 0.15 g/s  and p = 0 . 5  mm H 

Fig. 7-3-5 Argon plasma jet at J = 1200 A, m = 0.5  g/s  and p 
with wedge probe 

= 0 . 5  mm Hg 
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Assuming one-dimensional flow and current density distributions, according to 
(lo), for an arc column diverging from a radius rl  at the cathode to a radius r2 at 
the  anode: 

~ 

2 

4n2  ( rl) 2 
p ,w,A,-P,w~A, = e + cc.J a+ In 2 

l or : 

(Eq. 7-3-5) 

(Eq. 7-3-6) 

Equation 7-3-6 represents the selfmagnetic thrust causing a theoretical velocity 
gain of: 

(Eq. 7-3-7) 

It is evident from equation 7-3-7 that high currents, low mass flow rates and large 
values of - should be  applied for proper utilization of the selfmagnetic effect. A 
determination of the ratio appears generally rather difficult. However, with 
the anode being represented by ring III, and the other segments electrically float- 
ing, r 2  cannot become smaller than 2 . 
dimension of the cathode spot r l  is limited by the cathode +. 
value of 2 = d* is attained independent of operating conditions. 

r 2  
r l  r 

r l  

d~ min On the other hand, the radial 
d 

Thus a minimum 

r l  dC 

The aerodynamic thrust component is usually expressed in the form: 

For one-dimensional perfect gas flow the thrust coefficient cF is determined theo- 
retically as a function of $, y and n. 
of 1.6 for our experimental conditions. 

Hence the theoretical mean velocity is: 

A 
Its value is estimated to be of the order 

(Eq. 7-3-9) 

With fixed geometry and constant mass  flow rate the theoretical velocity according 
to equation 7-3-9 is a function of a r c  current only, since po = f (J) as well, and cF 
remains approximately constant. With known variations of w = f (J) and p, = f (J) 
one is in a position to classify the measured thrust (velocity) data with respect to 
their origin. 
jet  engines was recently published by the author (11). 
no means one-dimensional (substantial radial variation of most properties being 
inherent in plasma flows), and with considerable frictional effects being involved, 
the real "mean" velocities are f a r  below the values predicted by simple one-dim- 
ensional theory. 

Evidence obtained in this way about selfmagnetic acceleration in a r c  
However, the flow being by 

jj* 
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: The variation of chamber pressure  po with arc current is shown in figures 7-3-6 
and 7-3-7 for argon and nitrogen, respectively. 
dependence of p, on J is less strong than with higher m. A substantial decrease 
of the pressure  level is caused by the larger nozzle throat of d* = 16 mm. 
dency is evident of the chamber pressure  increasing only in a certain current 
range and acquiring constant values at high currents. 

Assuming p, = p, values of the mean velocity may be  calculated from the measured 
thrust by: 

At lower mass  flow rates the ' A ten- 

(Eq. 7-3-10) F 
m w = -  

Of course, this quantity is mainly of qualitative interest. 
w is plotted vs. J with m and d* as parameters.  
veals a typical feature: at all mass  flow rates with increasing current the slopes of 
the curves increase, approaching a value of - = 2 which is characteristic of 
the selfmagnetic effect as given by equation 7-3-7. 
the current at which the proportionality of w to 52 is attained. 
value of m the velocity is practically determined within the entire current range by 
selfmagnetic acceleration (Fig. 7-3-9). On the other hand, at m = 0.3 gs-1, app- 
roximately 2200 A with nitrogen and 2600 A with argon must be  applied to  obtain 
significant evidence of this effect (Figs. 7-3-6 and 7-3-7). Increase in pressure  
is not effective in markedly increasing the velocity with increasing current. The 
considerable velocity increase obtained at approximately constant values of p, i.e. 
with constant aerodynamic thrust component, implies that the velocity production 
there is predominantly of an electromagnetic nature. 

Comparison of the performance data of the two working gases indicates that some- 
what higher velocities are obtained with argon when the current is less than approx- 
imately 1400 A. 
thus higher aerodynamic thrust components obtained with argon. On the other 
hand, it is certainly due to some extent to the fact that nitrogen - a molecular gas - 
has to be dissociated. The dissociation energy must be  considered lost, since 
generally no recombination occurs within the nozzle of an arc jet engine (12). The 
different physical behaviour of the two gases can be demonstrated by the kinetic 
efficiency, defined as the ratio of kinetic energy to  the total enthalpy of the jet, 
i.e. 

In Figs. 7-3-8 and 9, 
An inspection of the curves re- 

d lg w 
d lg J 

The lower the &the lower 
With the lowest 

: 
t 

This might be due partly to the higher chamber pressures  and 

(Eq. 7-3-11) 

Figures 7-3-10 and 7-3-11,showing the variation ofq kin with current, give clear 
evidence of the dissociation effect. In a region of predominantly thermal velocity 
production the values of 7 k i n  for nitrogen are considerably lower than those for 
argon as working fluid. 

I The strong increase of kinetic efficiency with a r c  current is noteworthy. With the 
slope of the curves approaching values of z1:Jkin z 2 confirmatory evidence of 
the selfmagnetic effect is presented. 

Figures 7-3-8 to 7-3-11 show that when the  device is equipped with the smaller 
nozzle throat, higher velocities are produced at higher efficiencies. 
chamber pressures  are higher with d* = 12 mm at all corresponding conditions of 
operation except at high nitrogen flow rates, the aerodynamic thrust component 

Although the 
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cF  poA* is practically equal for both nozzle throat diameters, which implies that a 
different phenomenon causes the thrust to decrease with larger throat dimension. 
As a matter of fact, in arc jet engines the radial mass  flux distribution exhibits a 
distinct minimum at the jet axis and a maximum in the cooler boundary (13). At 
low pressure levels in the arc chamber and along the nozzle throat, i.e. at large 
throat diameters, relatively thick boundary layers are built up. 
larger d* the plasma flow is in contact with the cold walls over larger areas. 
Therefore a higher fraction of rh might flow in the more voluminous boundary layer, 
thus causing lower thrust. 

Mach Number of the Plasma Jet 

Mach number is especially useful because it can be  related to the kinetic efficiency 
(cf. (lo)), usually it is determined either by optical methods o r  by Pitot p ressure  
measurements. In plasma jets of not too low density, the density increase.across 
a shock is sufficient to produce radiation, but as mentioned earlier, we had to use 
mass flow rates, m 0.3 g/s in our experiments in order to obtain any visible 
shock pattern. 

A water-cooled wedge probe was traversed across the plasma flow with its plane 
surface parallel t o  the jet axis, see figure7-3-5. The weak shock originating from 
the leading edge of the probe was then taken to be a Mach line and the Mach number 
approximately determined from the angle between shock and jet axis according to: 

Moreover, at the 

1 sin Q! = - M (Eq. 7-3-12) 

The form of the slightly curved shock is affected by both a radial Mach number 
gradient and the presence of a relatively thick boundary layer on the probe surface. 
Since both effects are complex, this method is appropriate only for regions of in- 
significant Mach number gradient and with the probe positioned at a sufficient 
distance away from that region. Values of the Mach number have therefore been 
evaluated only at the jet axis by this method. 

normal shock in front of the probe is higher than in regions farther downstream. 

However, to obtain an idea of the radial Mach number distribution several  Pitot 
p ressure  t raverses  have been performed 15 and 30" away from the nozzle 
exit. 
urements have to be  interpreted very carefully. 
high temperature of the flow, viscous, slip and relaxation effects must be taken 
into account (14). The significance of these phenomena and their influence on the 
measurements fo r  plasma flows similar to those above has been d i sp5sed  by 
Krause (15) who concluded that the measured pressures  can be  identified with tde 
Pitot p ressures  in good approximation. 

Withthe flow conditions encountered in our experiments the pressure  meas- 
Because of the low density and 

Local Pitot p ressures  p i  at constant a r c  current of J = 800 A plotted vs. radial 
position are shown in figures 7-3-12 and 7-3-13. With low flow rates of argon 
and nitrogen, the distribution of pressure  is found to have values of p; approxi- 
mately constant across  a substantial portion of the jet. At the larger distance 
from the nozzle exit, the pressures  are lower and the profiles even flatter, as 
might generally be expected of free jets. 
core  are substantially higher than in the boundary regions. 
with high flow rates of argon at x = 15 mm show a distinct indent at the axis. 
phenomenon is caused by the shock running out of the nozzle (cf. Fig. 7-3-5). 
traversing at this axial position, the probe c rosses  a region of lower static press -  
u re  enclosed by the shock. Moreover, in this region the pressure loss due to the 

At larger 61 the pressures  in the flow 
The profiles obtained 

This 
When 
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The derivation of the Mach numbers from the measured Pitot p ressure  can be per- 
formed with sufficient accuracy from the Rayleigh formula (13) (15) for which 
purpose the value of y for a perfect gas  may be  used. 
assumed to  be  constant within the jet, which it is definitely not at high m, and 
equal to the ambient pressure.  
have been evaluated to  demonstrate the variation of Mach number with a r c  current. 
From figures 7-3-14 and 7-3-15 a substantial increase of M with increasing J is 
evident. 
variation of some "mean" values of Mach number were to be considered, the 
curves corresponding to high rh would be shifted towards lower values of M. 
how, a distinct rise of Q kin with increasing current and somewhat higher kinetic 
efficiencies at larger m might be  expected from the curves in figures 7-3-14 and 
7-3-15. 
confirmed by the tendency shown in the curves in figures 7-3-10 and 7-3-11. 

Values of the Mach number obtained by measuring the Mach angle cv ,,shown for 
two flow rates of argon, are included in figure 7-3-14. The surprisingly good 
agreement of the results seems to justify the methods of measurement and various 
approximations used. 

Magnetic Reynolds Number 

In characterizing particular problems of magneto-gasdynamics it has been found 
valuable to define various dimensionless parameters (16) (17). The interaction 
between the flow field of an electrically conducting medium and a magnetic field 
may be described by the so-called magnetic Reynolds number. 

Starting from Ohm's law for a neutral plasma with constant conductivity: 

The static pressure  is 

Values of the pressure  at R = 0 and x = 30 mm 

Larger mass flow rates cause higher values of M. Of course, if the 

Any- 

In fact, for the current range investigated with the Pitot probe this is 

(Eq. 7-3-13) 

and assuming stationary currents, the magneto-fluidmechanic diffusion equation is 
obtained by applying several vector operations (16), i.e. : 

(Eq. 7-3-14) 

With 0 -. * the second t e rm on the  right-hand side of equation 7-3-14 vanishes, and 
the case of the so-called frozen-in fields i.e. with the magnetic lines locked in  the 
fluid is obtained. 

However, in all magneto-gasdynamic experiments and applications, the conductivity 
is of finite magnitude. Therefore it appears useful to define the scalar ratio of the 
two t e rms  on the right-hand side of equation 7-3-14 as a criterion for the relative 
motion between magnetic field and flow field, i.e. : 

wB wBo 
T o  = j Rm = (Eq. 7-3-15) 

This expression is called magnetic Reynolds number and may be interpreted a s  the 
ratio of induced current density to total current density. 
field will stay with the flow and will be greatly affected by the motion of the fluid. 
If Rm << 1, the magnetic field is not noticeably influenced by the flow. 

In our experiments, without an applied magnetic field, the relation between magnet- 
ic field and current density was as given by equation 7-3-3. 
equation 7-3-15 yields: 

If Rm >> 1, the magnetic 

Substitution for j in 
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(Eq. 7-3-16) 

with 1 denoting a characteristic length. 
ely calculated from experimental data as follows: 

The electrical conductivity is approximat- 

@q. 7-3-17) 

The characteristic length is assumed to be the axial distance from cathode tip to 
the  anode ring. For the geometry of our device 1 d, is taken. Hence: 

R m = p  - -  4 J w  (Eq. 7-3-18) O n  U 

The results of these calculations a r e  presented in figures 7-3-16 and 7-3-17. 
values of Rm rise from Rm << 1 at low currents up to the order of unity at arc 
currents of 2000 to 3000 A. 
to have been relatively independent of gas type, mass  flow rate and nozzle throat 
geometry. Over the current range investigated, the slope - lg Rm 
has a value of about 2. 
postulated for our experiments. 

Extrapolation of the magnetic Reynolds number towards even higher currents in- 
dicates that values of Rm z 10 should be achieved with a r c  currents of about 6000 A 
(provided adequate experimental verification). 
terest for magneto-gasdynamic experiments where Rm >> 1 is required. 

Cowling Number magnetic Pressure  Number) 

Of the various definitions of the Cowling number (16) (17), we are interested in its 
physical interpretation as "magnetic pressure number". 
Cowling number is defined by the ratio of magnetic pressure to dynamic pressure,  
i.e. : 

The 

The variation of magnetic Reynolds number appears 

of the curves d lg J 
Thus an approximate dependence of Rm on 5 2  might be 

This might be of considerable in- 

According to (17) the 

CO = - B 2 h .  
P W  

(Eq. 7-3-19) 

If CO << 1, the gasdynamic motion is practically not affected by the magnet+ic,field. 
If CO reaches the order of unity o r  becomes larger, the flow field is considerably 
influenced by the magnetic field. 

In the following an expression of the Cowling number is derived which contains only 
experimental measurable te rms .  
considered. 

Herein the flow region within the anode ring is 
The dynamic pressure  may be approximated by: 

(Eq. 7-3-20) 

With the assumption of constant current density over the c ross  section the selfin- 
duced magnetic field is expressed as function of the radius: 

B(r) = 5 j r (Eq. 7-3-21) 2 
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The proceeding calculations are performed for B = B (* ) so  that equation 7- 1 3-21 becomes: 

1 The magnetic pressure  at this particular radius amounts to: 

Finally one obtains for the Cowling number: 

(Eq. 7-3-22) 

(Eq. 7-3-23) 

(Eq. 7-3-24) 

A radial dimension does not appear in equation 7-3-24 since both the mass flux and 
the current density have been determined by applying the same cross  section. 
some 'mean' value of B instead of B = B 
3-19, this would result in a numerical factor lower than 4n in equation 7-3-24. 

A closer inspection of equation 7-3-24 indicates that the Cowling number might 
se rve  as a criterion for the relative magnitude of the two velocity producing niech- 
anisms. 
aerodynamic and an electromagnetic component, so that equation 7-3-24 can be re- 
written: 

If 
) were introduced into equation 7- 

1 

According to equation 7-3-9 the total thrust of the device consists of an 

I 5 2  cc, J 2  - P O  

4~ F,, + F, - G F, (I + F,,/F,) CO =- (Eq. 7-3-25) 

Considering operating conditions with predominant selfmagnetic velocity production, 
i.e. F, >> Fa, o r  Fa,/F, - 0 one ar r ives  at the approximate expression: 

(Eq. 7-3-26) 

Thus, with increasing selfmagnetic velocity production the Cowling number approa- 
ches a limiting value of: 

(Eq. 7-3-27) 

which is determined exclusively by electrode dimensions. 

Figures 7-3-18 and 7-3-19 show the variation of Cowling number with a rc  current. 
With increasing J the curves rise approaching constant values of Co. In fact, the 
operation conditions where - lg - 0 correspond well with those of predominant 
selfmagnetic thrust  production as discussed above. 
Cowling numbers are obtained because of the higher aerodynamic thrust components 
involved. 

d 1gJ 
With the smaller d*, lower 

Evaluation of equation 7-3-27 for the electrode dimensions used in the 
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present investigations yields values of CO, z 0.35 and 0.38 depending on the cathode 
diameter used. Comparison with the 'real' limiting Cowling numbers of the order 
of 0.3 to 0. 5 shows sufficient agreement. 
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A area 

B superimposed magnetic field 

CF thrust coefficient 

C O  cowling number 

d diameter 

Verlag, Wien, 1962. 

I 

1 e electron charge 

E electrostatic field 

I F force 

I h 

j 

J 

m 

P 

r 

Rm 

I t 

U 

I W 
~ 

X 

Y 

q k i n  

total enthalpy 

total current density 

electric current 

mass  flow 

pressure  

radial coordinate 

magnetic Reynolds number 

t ime 

arc voltage 

velocity 

distance from nozzle exit 

mach angle 

ratio of specific heats 

kinetic efficiency 
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I.r.3 permeability 

P density 

U electrical conductivity 

T control volume 

Subscripts and Superscripts 

ae aerodynamic 

C of cathode 

e exit 

1 limiting 

m electromagnetic 

0 in arc chamber 

1 at cathode 

2 at anode 

03 ambient 

* nozzle throat 
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Analysis of the Current Flow of a Condenser 
Discharge of an Electrodeless MHD Motor 

A. MEERT 
Deutsche Versuchsanstalt fur Luft und Raumfahrt e. V. Stuttgart - Vaihingen, 
Germany. 

Summary 

An analysis of the time dependence of  the current due to a high-current condenser 
discharge permits the determination of the magnitude of losses in the discharge 
circuit as well as of the energy input into the plasma. The problems connected 
with the measurement of the discharge current are known and some of them are 
mentioned in this paper. 
of the discharge current. 
mits a very precise analysis of the current to be made. 
measurement of the discharge current are discussed. 

Sommaire 

L'analyse de la variation en fonction du temps de l'intensit6 obtenue par dkha rge  
d'un condensateur a intensit6 elevbe, permet la dhtermination des pertes dans le 
circuit ainsi que l ' h e r g i e  mise dans le plasma. Les  problemes lies a la mesure 
du courant sont connus, on en rappelle quelques-uns. 
lorsqu'on veut ddterminer de faqon precise la variation de l'intensith. 
deux proce'dks de calcul. 
ion et la de'termination d'un coefficient d'amortissement et d'une pulsation fonction 
du temps. 
l'intensith. On analyse quelques mkthodes de mesure de l'intensitb. 

Introduction 

High current capacitor discharges permit the generation of short duration power 
outputs i n  the megawatt range. .This  type of discharge is therefore of great inter- 
est, both for pure plasma research and for application to such things as MHD gen- 
e ra tors  and accelerators. One important requirement i s  that the electrical energy 
stored in the capacitor should be transferred into the plasma with the highest poss- 
ible efficiency. 
losses  in the discharge circuit and of the energy absorbed by the plasma. 

The efficiency can be derived from the time rate of decay of the discharge current 
which, to a first  approximation, may be represented by a damped sine function. 
The suggestion by Preukschat (1) that values of the damping ra te  and the angular 
frequency could be measured at different points of the current function and averag- 
ed, was shown to be insufficiently accurate by Wichmann (2) who also demonstrated 
this experimentally. The variation of damping rate with t ime is not primarily due 
to measurement scattering, but to physical phenomena like the heating or  accelera- 
tion of the plasma. 

Physically, the inductance and resistance of the circuit are unknown functions of 
time, while capacitance may be assumed to be constant. 

Difficulties arise in the correct evaluation of the curves 
A procedure based on a mathematical abstraction per- 

Some procedures for the 

Les difficulths apparaissent 
On prdsente 

Le premier est  une approximation bas6e sur  l'introduct- 

Le second, purement mathi?matique, permet une analyse prkcise de 

Knowledge of this efficiency would permit the calculation of the 

Solution of the relevant 
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e i  = INDUCED VOLTAGE 

LR = ROGOWSKI - COIL 

wu = MINIMUM FREQUENCY O F  THE 

w,, = MAXIMUM FREQUENCY 

ELECTRICAL DISCHARGE 

Fig. 7-4- 1 Electronic methods of integration 

Fig. 7-4-2 Position and coordinates of the pick up coil 
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equations therefore gives information about the motion of the plasma, in addition to 
the efficiency of the discharge. 

Current Measurement 

For measurement of the extremely high currents associated with capacitance dis- 
charges, procedures based on Ohm's Law are unsuitable. Instead it is necessary 
to use some form of transformer to measure the current in the leads from the cap- 
acitor to the plasma. 

cause it greatly increases the inductance of the leads. 

Schreitmiiller (3) described a current transformer designed specially to overcome 

ductors with a gap of l e s s  than 1 mm were used as leads in  order  to keep the induc- 
tance low. The current transformer consisted of a very flat, elongated coil which 
was inserted perpendicularly into this gap. This facilitated precise measurement 
of current but caused virtually no increase in the inductance of the leads. 
over, interference fields could be  screened very easily, so  that large signal-to- 
noise ratios were obtainable. 

The magnetic flux across  the coil for the Rogowski coil is: 

I 

~ 

In practice the so-called Rogowski transformer,  which 
I consists of an annular coil with evenly spaced toroidal windings, is unsuitable be- 
I 

I this difficulty. In the capacitor banks used in our experiments, band-shaped con- 

More- 

$I = ponAi (Eq. 7-4-1) 

and the induced voltage across  the coil is: I 
e, = -%= - p o n A x  di (Eq. 7-4-2) 

to obtain i from which, measurement of e, is necessary, and the integration may be 
obtainedelectronically as shownin figures 7-4-1. For  the SchreitmIiller coil 
it  is necessary to  measure the voltage e,@) across  the coil as well as the voltage 
e,,@) across a calibrated coil: 

(Eq. 7-4-3) 

di 
e,,@) = Lcc 

l a n d  

(Eq. 7-4-4) 

(Eq. 7-4-5) 

As an  alternative to the above mentioned method for measuring the current, a 
I 
I pick-up coil may be used. The induced voltage in a pick-up coil is: 
I 

where $I @) is the flow through the surface of the loop, i.e.: 

.$I@) = S J 5  * zi 

(Eq. 7-4-6) 

(Eq. 7-4-7) 
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"X 

Fig. 7-4-3 Transformation of cylindrical into Cartesian coordinates 

I 

Fig. 7-4-4 Diagram of the equivalent oscillating circuit 

Fig. 7-4-5 Comparison between the calculated ai ( t )  and the given function a, ( t )  
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In principle this method can be used for quantitative current measurement also, but 
knowledge of the distribution of the magnetic field is then required. The field can 
be described by: 

- -  - 
B = B (t, r, z) = i(t) b(r ,  z) 1, (r, z) 

Given: 

dA = U ( r ,  z) I, (r, z) 

and after integration with respect to time: 
t 

.! e,@) dt 

. Jb(r, z) I,. I, U ( r ,  z) i(t) = J 

(Eq. 7-4-8) 

(Eq. 7-4-9) 

(Eq. 7-4-10) 

We obtained this integration electronically and compute' the surface integral math- 
ematically. The pick-up coil was positioned so that on 7 the axial component of 
the magnetic field contributed to the flow (Fig. 7-4-2). The surface integration 
was then not dependent on z, because z = zo for  the whole loop surface. 

The axial H-field of the discharge coil is given by (4), viz 

R,@,r,z) = - i @) 5 (r,z) I, (Eq. 7-4-11) 
RO 

where E (r, z) is the function of the normalised field distribution, containing the 
coil's directive function and the corresponding current distribution function as 
parameters.  It follows (Fig. 7-4-2): 

b(r,z) = 2 w E (r, z) 

R O  

I, . I, = I 

and the surface integral can be simplified: 
t 

(Eq. 7-4-12) 

(Eq. 7-4-13) 

(Eq. 7-4-14) 

A s  there is no axial symmetry, it is easier to express this equation (given in cyl- 
indrical coordinates) in Cartesian coordinates (Fig. 7-4-3). 

With: 

r = B: + 2xr0 - ro 2); 

one gets: 

(Eq. 7-4-15) 
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which can be programmed easily. 

The influence of the magnetic field caused by the current flow in the plasma is not 
accounted for in the function E (r, z); this method is therefore correct only if 
there is no gas in the discharge tube. When a plasma is generated, the use of 
pick-up coils is suitable only for quick orientations. 

Oscillating Circuit with Time-Dependent Elements 

Figure 7-4-4 shows a circuit diagram equivalent to the discharge path. 
given capacitance; 
the same current i @ )  as in the actual circuit. 

Mathematically the behavior of this oscillating circuit has to be  described by a 
homogeneous linear differential equation of 2nd order with variable coefficients. 
F i r s t  there is: 

C is the 
L e )  and Re) are mathematically equivalent quantities causing 

de, de, de - dt + -  + +  = o  
dt 

with: 

0 

From this results: 

dzi @) die, + + a ,@) i  @) = o 

with: 

(Eq. 7-4-17) 

(Eq. 7-4-18) 

(Eq. 7-4-19) 

(Eq. 7-4-20) 

(Eq. 7-4-21) 

(Eq. 7-4-22) 

(Eq. 7-4-23) 

As a rule, the differential equation 7-4-21 has to be  solved for a given pair a l e l a n d  
a,@), to obtain values for the function i @ )  and i t s  derivatives. 
problem is reversed. 

In our case the 
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Calculation of the  Pair 

In principle, the problem may be solved in two different ways. 
a logical extension of the procedure used in (2). 
values of the frequency and the damping rate for the oscillating circuit exist. 
approximate determination of these values is possible from the graphical represen- 
tation of the current and permits a calculation of the pair. This procedure is very 
instructive because of its physical background, but it is not precise and is very 
laborious. More exact results can be obtained by the second method, which foll- 
ows. 

If function a,@) is given, the other function a,(t) can be determined from equation 
7-4-21. 
infinite number of solutions. The problem is to find a criterionlhat leads to the 
determination of the pair appropriate to the system under consideration. 

If all the functions are continuous, equation 7-4-21 gives: 

1 The first methodis 
At any instant in time, certain 

An 

, 

For each value of a,@) there exists a unique value of a (t) but ais0 an  

I 

I Equation 7-4-21 and equation 7-4-24 can be resolved in a,(t) and a,@): 

The expressions for a,(t) and a,@) contain a te rm that disappears when di/dt = 0 in 
the case  of a,(t), and when i = 0 in the case of a,@). 
series of exact values to be obtained for the functions a,(t) and a,@) if  a sufficient 
number of periods of the function i(t) is available. 

In the particular case where the functions a,(t) and a,(t) have a small variation 
during a convenient t ime interval, we can retain as approximate values: 

This feature permits discrete 

(dZi)2 di d3i 
A aF - x - m  a,@) = - (2)' - i (Eq. 7-4-27) 

(Eq. 7-4-28) 
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The current i @ )  and i t s  derivatives can be  determined by electronic integration and 
differentiatio; respectively by the methods mentionedinsection 2. Figure 7-4-6 shovrs 
the shape of a, @) calculated by the last  equatioAs compared with function a, (t) cal- 
culated by equation 7-4-22. The waviness of a, @) is due to the fact that the grad- 
ients of a,@) and a,@) could not be taken into account since these were not available 
at that time. 

Calculation of the  Inductance, Resistance and Efficiency 

In the following the t ime dependence of the inductance and resistance may be cal- 
culated using the known values for the pair .  Solving equations 7-4-22 and 7-4-23 
for R and L, one gets: 

1 .. 
L - a, L + L (a, - a,) = (Eq. 7-4-29) 

R = a 1 L - 2 L  (Eq. 7-4-30) 

This form of the equation i s  not suitable for numerical calculation, because a, has 
to be determined. 
be put into a form suitable for numerical calculation by the Runge-Kutta method: 

However, by introducing an auxiliary quantity H, the system can 

L = a,L - H 

1 H = a,L - - C 
.. . 

(Eq. 7-4-31) 

(Eq. 7-4-32) 

R = a,L - 2 L  (Eq. 7-4-33) 

The advantage of this presentation is that calculation of L and R is now possible 
without differentiating a,. 
values of the initial conditions L (t.0) and H (t-0) are required. 
by: 

To obtain L from equation 7-4-31 and equation 7-4-32 
H(0) is calculated 

(Eq. 7-4-34) 

so that a single-valued ,solution is obtainable by specification of the initial induct- 
ance and resistance. (L (0) cannot be given as there exists no stated nor measured 
value). 

As the principal component of the circuit inductance is the inductance of the coil, 
this value can be used for L(0) with sufficient accuracy. 
specified from the outset because spark gaps are used and these produce a discon- 
tinuity in the t ime dependence of the resistance: at the beginning of the discharge 
the resistance is infinite, but an instant later the resistance of the equivalent osc- 
illating circuit becomes finite. R(0) has to be understood therefore as lim,,R(t). 
A s  this value cannot be measured, a secondary condition has to be introduced, 
from which R(0) can be calculated. 

R(O), however, cannot be 

The entire available energy E, is: 

(Eq. 7-4-35) 

This energy E, i s  consumed through the equivalent resistance Re). From this, we 
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I have the relation: 

(Eq. 7-4-36) 

If R@)  is assumed to be a parameter for the calculation, a family of curves for the 
single parameter R@)  results from the system of differential equations 7-4-30, 
7-4-31, 7-4-32 and 7-4-33 for any given value of L(0). 
satisfies equation 7-4-35. 

Two initial values R,(O) and R,(O) corresponding to the functions R a e )  and Rb@) 
are required to  satisfy: 

Only one of these curves 
~ 

~ 

By using this condition, R e )  can be calculated exactly. 

(Eq. 7-4-37) 

~ 

The correct initial value R(0) can be  calculated using the regula falsi procedure. 

7-4-33. 
values of t, only a sufficiently high value of the upper limit is required for the 
numerical integration of 7-4-36. 
eration of the convergency: for instance, the boundary values may be increased 
gradually until the variation between two succeeding integral values is below a 

I From this value, R e )  and Le) may be  determined by equations 7-4-31, 7-4-32 and 
Since the current function i@) is damped and converges to zero for large 

This value can be  easily determined by consid- ~ 

I 

' reasonable limit of accuracy. 1 
With R e )  known, the efficiency of energy transfer can be calculated. 
is defined by: 

This quantity 

(Eq. 7-4-38) 

where E,l@) is the energy absorbed by the plasma, and E @ )  the total energy ex- 
pended up to this time. E @ )  is given by: 

t 

E @ )  = R(T)i2(T)dT (Eq. 7-4-39) 

To determine E,, e) a fictitious resistance R,, @) is introduced by the relation: 
t 

E,, @) = 4 R,, (7) i2(T)dT (Eq. 7-4-40) 

From the difference between the equivalent resistance without gas discharge R* 
(circuit losses) and the equivalent resistance with gas discharge R(t) the resistance 
of the plasma can be obtained with sufficient accuracy: 

R,l@) = R e )  - R* (Eq. 7-4-41) 

The overall efficiency of energy transfer then results from: 

(Eq. 7-4-42) 
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List of Mathematical Symbols 

Coil area 
Pair of coefficients of the diff. equation 
Induction 
Capacitance of the oscillating circuit 
Energy 
Total available energy 
Voltage across capacitor 
e, at t=O 
Voltage across  the calibrated coil 
Induced voltage across  the coil 
Voltage across  inductor 
Voltage across resistor 
Voltage across  the Schreitmiiller coil 
Auxiliary quantity 
Axial magnetic vector field 
Current 
Inductance of the oscillating circuit 
Inductance of calibrated coil 
Inductance of Schreitmuller coil 
number of windings / unit length 
Radius at the discharge coil at z=O (Fig. 7-4-2) 

Radius of the pick-up coil (Figs. 7-4-2 and 7-4-3) 
Resistance of the circuit without gas  discharge 
Resistance of the oscillating circuit with gas discharge 
Auxiliary resistance values 
Fictitious plasma resistance 
Cylindrical coordinate 
Distance: centre pick-up coil - z-axis 

Time 
Cartesian coordinate 
Cylindrical coordinate 
Damping ra te  
Efficiency 
Overall efficiency 
Permeability in air 
Function of the normalized axial field distribution 
Angular frequency 
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8-1 

Gas Chromatography 

J. L. LAUER 
Sun Oil Company, Marcus Hook, Pennsylvania, U. S. A. 

Summary 

When a sample of a mixture of gases' is injected into a (carrier)  gas s t ream about 
to enter and pass  through a tube either wholly filled or  impregnated on the inner 
surface by a liquid and/or a solid o r  solid powder, the different components of the 
mixture emerge from the tube after different (retention) times, i f  their solubilit- 
ies in the liquid or  absorptivities at  the solid surfaces are sufficiently different. 
This separation of gases is analogous to that of dyes in a liquid solution when the 
latter is percolated through an adsorption column - hence the name gas  chromato- 
graphy. 
downstream to indicate the flowby of a particular component. 
of this property is very different for the sample and the ca r r i e r  gas. 
components, even when fully separated by the column, follow in rapid succession 
and their amounts are very small, making a full identification often difficult. 
all the possible components in the mixture and their relative retention t imes in a 
particular column are known, a qualitative and quantitative analysis can already be  
achieved from the position and strength of the signal emitted by a thermal conduc- 
tivity (hot wire) o r  other non-specific detector and recorded on a s t r ip  chart .  
Otherwise a fast-scanning spectrophotometer o r  another specific detector should 
be used. Particular advances in this area have recently been made: e.g. ,  electron 
capture and affinity detectors specifically for halogen-containing compounds, flame 
ionization detectors, and even small  and fast chemical reaction detectors a r e  now 
available. Conversely, the retention t imes  of a particular column are character-  
istic of various physicochemical properties of the material in the column and can 
be used for their convenient determination. 
automated and made very fast and sensitive in the parts-per-million-and-below 
range. 

Sommaire 

However, a physical property detector o r  transducer is always necessary 
Preferably the value 

Usually the 

When 

Gas chromatography can be fully 

Lorsqu'un Bchantillon de melange de gaz es t  inject6 dans un ecoulement (porteur), ct 
penstre dans un tube soit rempli, soit impregne su r  sa surface interne d'un liquide 
et/ou d'un solide ou d'une poudre les divers composants du melange ressortent du 
tube ap r s s  des temps (de retention) differents, s i  leurs solubilites dans le liquide 
ou leurs  adsorptivites su r  les surfaces solides sont suffisamment diffCrentcs. Cettc 
separation de gaz est  analogue aux colorants dans une solution liquide lorsque cettc 
dernisre t raverse  une colonne d'adsorption, d'oif provient le nom de chroniatogra- 
phie gazeuse. 
physiques ou un capteur place 2 l'aval du tube pour indiquer le coniposant particulicr 
dans l'ecoulement. 
ente pour l'echantillon et le gaz porteur . 
ils sont complstement sEpar6s par  la  colonne, se  succ8dcnt rapidement et lcurs 
quantites sont trss faibles, ce  qui rend difficile une idcntification complEtc. 

I1 es t  cependant necessaire d'utiliser un ddtecteur de proprietes 

I1 es t  avantageux que la valeur de cette propriete soit diffcr- 
G6nCralement, l es  cotnposants, lorsqu' 

Lors- 
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Fig. 8-1-1 Block diagram of an elementary gas chromatograph 
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Fig. 8-1-2 Soap bubble flow meter 
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que tous les composants du m6lange et l eurs  temps de retention respectifs sont 
connus, une analyse qualitative et quantitative est  possible 2 partir  de la position 
et de l'intensitk du signal kmis par conductivite thermique til chaud) ou tout autre 
Qmetteur non specifique et enregistre su r  bande. On peut utiliser aussi un spec- 
trophotometre 8 commutation rapide ou tout autre dktecteur adapt6. Des progrss 
recents ont kt6 obtenus dans ce domaine: capture d'klectrons et d6tecteurs d' . 
affinite realises specialement pour les composks halog6nks, d6tecteurs d'ionisation 
dans les flammes, d6tecteurs de petites dimensions pour rkactions chimiques 
rapides sont maintenant disponsibles. D'autre part, les temps de rktention d'une 
colonne donnee sont caracteristiques des propriktks physico-chimiques du mat6riau 
utilise et  peuvent 8 t re  utilisks commodement pour leur dktermination. La chrom- 
atographie gazeuse peut 6 t re  rendue automatique, rapide et sensible pour le dom- 
aine de la particule par million et en-dessous. 

Introduction 

Chromatography is a physical method for separating components in a mixture. It 
depends on differences in the distribution coefficients of the components between a 
fixed and a mobile phase. The name chromatography derives from experiments 
car r ied  out by Tswett (1) in 1906: plant pigments were placed on the top of a glass 
tube containing powdered chalk and observed to spread out into zones of different 
colors when washed down the 'column' ('eluted') by means of light petroleum. 
Eventually these zones, travelling at different speeds, could become completely 
separated and yield solutions of but a single solute emerging from the lower end of 
the column. 
the method in no way depends on color and is applicable to mixtures of gases as 
well as to mixtures of liquids. 
the eye. 
tronics took off on i ts  first large postwar jump. 

Basic Apparatus 

The instrumentation of gas chromatography is inherently much simpler and usually 
considerably less expensive than that of other recent instrumental techniques of 
chemical analysis. The basic parts, shown in figure 8-1-1 are: (i) the tank of 
car r ie r  gas used for eluting the gas mixture to be separated, (ii) the pressure 
regulator and flow meter, (iii) the sample injection system, (iv) the separation 
column, (vi) the detection sys- 
tem, and (vii) the recorder or  other device indicating the output of the detector. 
Note that some of the components may have to be kept at different temperatures 
and that a reactor may be inserted to convert the sample to compounds more suit- 
able for separation than those present originally. For example, a typical 'student 
chromatograph' might u s e  helium at 2-3 atmospheres of pressure and a flow ra te  of 
70 ml/min. as the car r ie r  gas, a soap bubble flow meter made out of a pipette 
(Fig.8-1-2), a gas syringe and a self-healing rubber septum (Fig.8-1-3) for intro- 
ducing the unknown gas mixture, e.g. air, a few feet of coiled 5 mm diameter 
copper tubing filled with so-called molecular sieve, a kind of clay, as the separat- 
ing column, and a hot wire bridge connected to an amplifier and strip chart record- 
er as the detection system. 
of two identical filaments, one exposed to the car r ie r  gas and the other to the ca r r -  
ier gas containing the unknown mixture, is shown in figure 8-1-4. 
may be  wrapped in electric heating tape and kept at about 5OoC by means of a 
Variac-type transformer. 
represented in figure 8-1-5. 
ivity. 
injection, that is characteristic of oxygen; the second at a t ime that is characteris- 
tic of nitrogen. 
bration with pure materials. 

. 

Separation was facilitated because the substances were colored, but 

Instruments are then required to take the place of 
Gas chromatography in particular came into being in 1952 (2) when elec- 

(v) the heating and temperature control system, 

A simple hot-wire bridge comparing the resistances 

The column 

A typical record obtained for air with such a system is 
The physical quantity recorded is thermal conduct- 

Only two peaks are apparent: one occurring at a time, from the moment of 

These characteristic "retention times" are established by cali- 
The areas under the peaks are indicative of the re- 
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Fig. 8-1-3 
Syringe and rubber septum 
injection system 

SEPTUM *THREADED NUT 

HEATED 
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CARRIER __c 

HEATER 

MATCHED FILAMENTS 
R1-% 
R2- s 2  

POSITIVE BIAS B +  
NEGATIVE BIAS B- REC. 

'I I- 

Fig. 8-1-4 
Thermal conduct- 
ivity detector. 
The electrical 
circuitry is built 
around a Wheat- 
stone bridge design. 
(Courtesy Gow-Mac 
Instrument Co. ) 

DEFLECTION 

Fig. 8-1-5 
Chromatogram of a i r  obtained near 
room temperature with a Linde 5A 
molecular sieve columq, helium 
ca r r i e r  gas, and a thermal conduc- 
tivity detector. Argon and oxygen 
a r e  superimposed. 
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lative proportions of the two gases and of the size of sample injected. 

Applications 

Already f rom this elementary example some of the advantages and limitations of gas  
chromatography as a means of chemical analysis emerge. Clearly the method can 
be  made very sensitive, and is simple, rapid and inexpensive. Disadvantages are 
its limitation to gases, the need for calibration, and the sequential detection of the 
components. 
is essential for the selection of the separation column and the detector. 
chromatography is not as general a method as infrared spectroscopy. However, 
all these shortcomings can usually be overcome. Furthermore, gas chromato- 
graphy can be  adapted to measurements of such physico-chemical parameters as 
adsorption isotherms, diffusivities in porous materials, heats of adsorption, and 
surface areas. It can also, in combination with a flow reactor, be  helpful in det- 
erminations of molecular structure and in the elucidation of reaction mechanisms. 

It will be  shown later that prior knowledge of the nature of the sample 
Gas 

Principles 

General 

When the ca r r i e r  gas is in contact with a stationary liquid phase (e.g. a coated cap- 
illary or liquid-impregnated solid support), the separation procedure is refer red  to 
as 'gas-liquid chromatography' (GLC). 
only, the procedure is called'gas-solid chromatography' (GSC). The basis for the 
separation of the components of a slug of gas  mixture car r ied  through a column in a 
constant flow of inert  car r ie r  gas  is their different solubilities in a stationary liq- 
uid phase, or adsorptivities to a stationary solid phase. 

Because of solubility or adsorption in  the stationary phase, a volume of carrier gas  
V, greater than t h e  column volume V, is required to sweep out a given vapor com- 
ponent of a gas mixture. For a 'linear' relation between concentrations of solute 
i.e., the separated vapor in the carrier gas and in the liquid or adsorbed phases, 
this excess volume is proportional to the volume of stationary phase in the column 
V,; hence, V, or the 'retention volume' of this particular vapor is given by: 

When it is in contact with a solid phase 

v; = v; -+ Kv, (Eq. 8-1-1) 

Because the carrier gapexperiences a pressure  drop in flowing through the column, 
a correction (indicated by superscript ") is applied to make the flow velocity uni- 
form throughout. Vi is known as the 'hold-up volume'. Since fo r  uniform flow 
velocity all the three volumes of equation 8-1-1 are proportional to time intervals: 

= t, + t, (Eq. 8-1-2) 

Relative retention t imes t, are the quantities most easily compared for  different 
substances under a given set of conditions. Hold-up t imes  t, are generally deter- 
mined in one of two ways: (a) by injecting a quantity of insoluble vapor (K = 0 )  with 
a slug of vapor sample to be analyzed (air isusually injected more or less uninten- 
tionally) or b) by.measuring the retention t imes  of a homologous series of coni- 
pounds, and plotting them against molecular weight (3). The latter method has to 
b e  used when the detector is insensitive to air. t is the total recovery time. 

Retention t imes  are always re fer red  to band peaks. Littlewood (4) has listed many 
variables for which the measured retention t imes  should be  corrected before they 
may b e  compared with tabulated values for identification of the unknown components, 
or before publication. However, even so, the experience in the author's laboratory 
has  been that a component in an unknown mixture cannot be  identified on the basis of 
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X- H X H 

Fig. 8-1-6 Division of column into theoretical plates 
(after Gidding (5), p. 25) 

Fig. 8-1-7 Estimation of plate-number from retention and peak width a t  half- 
height 
(after Littlewood ( 4 ) ,  p. 131) 
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published retention times. 
available - i s  sent through the apparatus under identical conditions and i t s  retention 
t ime compared with that of the unknown, o r  - as will be discussed below, the sep- 
arated components emerging from t h e  column are analyzed by a specific detector 
such as a spectrometer. The latter is then, in general, used only for identificat- 
ion, i. e., qualitative not quantitative analysis. 

Either the material whose presence is suspected - if 

I Quantitative Analysis 

With the usual non-discriminating detector, such as the hot wire bridge (thermal 
conductivity detector) illustrated in figure 8-1-4 only one peak can be obtained for 
every component of a gaseous mixture. In contrast, spectroscopic methods of 
analysis generally provide many peaks for every component. 
recorded on a s t r ip  chart recorder so that the location of the peak in time, with 
respect t o  the t ime of sample introduction, can be used for qualitative identification, 
as indicated before (cf. also Fig. 8-1-5). For  simple and routine quantitative anal- 
ysis: (i) the output of the detector-recorder system must be  linear with concentra- 
tion; (ii) the flow rate must be constant so that the abscissa may be converted to 
volume of ca r r i e r  gas; and (iii) the shape of the peak should be narrow and symm- 
etrical. 
the hot-wire bridge. 
of the total amount of component present in the unknown gas mixture. 

This peak is usually i 

The last remark refers in particular t o  differentiating detectors such as 
Under these conditions peak area can be  used as a function 

Peak area 
But for rout- I 

l 
can be  obtained by planimetry on the recorder charts, for example. 
ine applications we have found it preferable to have these integrations computed 
automatically from digital records.  

Column Performance 

The heart of the chromatograph is the column - packed o r  capillary - in which the 
separation is car r ied  out. 
foundation for the practical applications of chromatography. 

Dynamics of Zone Spreading (Kinetic Factors) 

In the preceding section it was shown that a gas or  vapor partially adsorbed on, o r  
soluble in a stationary phase is swept out of a column by a volume of ca r r i e r  gas 
that is greater than the dead volume of the column, 
slug of gas (vapor o r  'solute') injected into a carrier gas stream: (a) the slug must 
decompose into "zones" corresponding to the different components of the sample, 
every zone traveling at a different velocity; but at the same time (b) every zone 
will spread continuously over an increasingly larger volume because of various 
diffusion effects. 
mechanism (b), for the reasons se t  out below (following Giddings (5)). 

Basis of Chromatographic Separation - By analogy with distillation columns (6), 
chromatographic columns are assumed to be divided into theoretical plates of height 
H, there being equilibrium between the phases in every plate (Fig.8-1-6). The 
effective transport o r  diffusion coefficient for solute molecules in the gas phase i s  
then one-half, since flow in one direction only is considered, the product of drift 
velocity vd t imes  H. But since transport of solute is taking place in the mobile 
phase only, the drift velocity is given by the product of average velocity of the 
mobile phase fluid, v, and the fraction of solute at equilibrium in the mobile phase, 
i.e.: 

I 

The following discussion of i t s  behaviour will lay the 

I 

To achieve separation of a 

Fortunately it has been found that mechanism (a) i s  faster than 

(Eq. 8-1-3) 

The appropriate convective diffusion equation: , 
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AX OR LC 

Fig. 8- 1-8 

H.ETP 

The increase of the separation gas  A+and the increase of zone width, 
4n, as a function of the distance migrated. 
The Aqand 4 0  lines must intersect before separation is achieved. 
The component corresponding to hal is eluted before that corresp- 
onding to Aq2 
(after Giddings, (51, p. 33) 

(LIQUID AND GAS1 

EDDY DIFFUSION 

LINEAR GAS VELOCITY 

Fig. 8-1-9 Curve of H. E. T. P. against gas velocity 
The experimental curve is resolved into three contributing functions, 
(a) eddy diffusion, A, (b) longitudinal diffusion in the gas  phase, 
B/ , and (c)  mass transfer in both phases, C and U. 
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leads to: 

and thus to a standard deviation of: 

U = , / & t H )  = J&dtH) = ,fvi H) 

(Eq. 8-1-4) 

(Eq. 8-1-5) 

(Eq. 8-1-6) 

I 

I 
Hence, since the number of theoretical plates is defined by 

I N = V i / H  $9. 8-1-7) 

the practically useful result 

is obtained. For the variance, u2, can be determined in the customary fashion 
from the peak width w t  half-way up a peak ( 
chromatogram. 
anything about the causes for the diffusion, it does permit comparisons to be made 
between columns in te rms  of their numbers of theoretical plates, and i t  allows for 
the resolution of the variance, u2, into variances contributed by the physical para- 
meters involved. 
the variance u2 is considered as resulting from a random walk of solute mole- 
cules after n steps of step length l,, i.e. 

2 = 5.54 u2, (cf. Fig. 8-1-7) on a 
And although the above equilibrium picture does not tell us 

The basis for chromatographic separation can be explained if 

I 

u2 = l,2n $S. 8-1-9) 

It is immediately apparent that the width of a zone or concentration profile, 40, is 
proportional to d n  and thus to dx, i.e., to the square root of the distance traveled. 
On the other hand, since every zone travels at uniform velocity, the gap or distance 
of separation between any two zone centers (corresponding to  two different compon- 
ents in the sample injected into the carr ier  gas stream) increases in direct, a pro- 
portion to @ ( A d~ a &). Thus, the gap eventually outdistances the spreading. influen- 
ces  

Broadening Factors - The following broadening factors are thought to be of prim- 
a ry  influence on column performance: (i) longitudinal molecular diffusion; (ii) 
mass transfer; and (Xi) eddy diffusion. More or less empirical equations have 
been derived fo r  the 'height, equivalent to  a theoretical plate' contributed by these 
factors. It is now generally assumed that eddy diffusion i s  independent of flow 
rate; longitudinal diffusion inversely proportional to it, and mass transfer directly 
proportional to  it; and it has become customary to lump them together in the so- 

viz: 

(Fig. 8-1-8), making chromatographic separation possible. 

I 

~ 

l called van Deemter equation (actually first given by Keulemans and Kwantes (7)), 

H = A + B/v + CV (Eq. 6-1-10) 

Here: 

A 2hdp (Eq. 8-1-11) 
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where x is an empirical parameter: 

B = 2ymD,,, + 2 ~ , b , ( I  - R)/R (Eq. 8-1-12) 

and: 

C = 2RQ - R)t ,  (Eq. 8-1-13) 

where t, is the desorption t ime for  solid adsorbents, or: 

t, = d2/2ns' (Eq. 8-1-14) 

for diffusion-controlled kinetics, where d is the effective diffusion depth. 

By re fer r ing  to  the factors lumped into equation 8-1-10, (compare equations 8-1-11 
through 8-1-14), it  is clear that for  small  plate heights: (a) particle diameters 
should be small; on the other hand, for practical reasons pressure drops-must no! 
be  excessive; 
(c) a liquid stationary phase should be  spread out thinly (d should be  small) and 
made up of a viscous liquid @, a (viscosity)-l), and (d) particle size should be 
uniform to reduce eddy effects. The role of temperature is not very clear f rom 
the kinetic equations; for reasons discussed later it should be  as low as possible. 

Figure 8-1-9 is a typical van Deemter plot (Eq.8-1-10) showing how the three 
contributing t e r m s  are found. 

An average packed column containing particle s izes  in the range of 30-120 mesh 
and about 3 meters  long would normally contain 1000-5000 theoretical plates. How- 
ever, capillary columns may contain millions of theoretical plates in normal opera- 
tion. 

(b) the carrier gas should be of high molecular weight (as Dm cc M-Z); 

Thermodynamic o r  Equilibrium Factors 

Because of the subsequent discussion of applications of gas-chromatography to 
physical properties determinations, a few comments on the nature of the distribut- 
ion o r  partition coefficients are in order .  These are equilibrium factors, distinct 
from the kinetic factors discussed in the preceding section. 

Liquid Stationary Phases - The appropriate thermodynamic relation is Raoult's 
law. First ,  the distribution coefficient K is redefined by: 

K = P , P  (Eq. 8-1-15) 

Then, for dilute solutions: 

P = R'T,/Mly' p g  (Eq. 8-1-16) 

In general, solutes will be eluted from a solution column in the order of their vapor 
pressures,  those having high vapor pressure  - and usually low boiling point - first. 
Solutes with small  activity coefficients, forming non-ideal solutions, will have 
larger p's and thus be eluted later than normal. For high column efficiency, the 
molecular weight of the liquid stationary phase should be high, provided the liquid 
remains thermally stable and the  variation of y with MI does not cancel out MI. 
p l  is also a measure of the free energy difference between gas  and liquid phases, 
for: 

AG = RTlu(y'p;/P*) (Eq. 8-1-17) I 



605 

The variation of vapor pressure with temperature is described by the Clausius - 
Clapeyron equation: 

d lnpz  - A H v  -- 
dT (Eq. 8-1-18) 

The dependence of activity coefficients on the molecular structure of solute and 
solvent remains largely unsolved (8). 
the most important parameters (9) (10) (11). 
is the most powerful technique for the determination of activity coefficients at in- 
finite dilution (12). 

Solid Adsorbents - In early chromatography solid adsorbents were thought to be of 
little use because their isotherms are non-linear. 
isotherm: 

Polarity and molecular weight are probably 
As it turns out, gas chromatography 

For example, the Langmuir 

a' c 
mc c, = (Eq. 8-1-19) 

is linear only for small  concentrations. 
ity of detectors before concentrations that were sufficiently small  could be  used. 
Figure 8-1-10 shows peak shapes obtained as a function of isotherms. 
isothermsthe peaks are Gaussian (c; ofc,). 
concentration, as shown by the dotted curves. 
tailing rear boundary are caused by Langmuir type isotherms. The peak shape 
is caused by the main portion of the solute band eluting more rapidly than the lead- 
ing front edge because only a limited number of sites is available for adsorption. 
Retention t ime is generally a function of sample size. 
(Fig. 8-1-10) is often obtained where the solute has low solubility in the stationary 
liquid phase, e.g. alcohols in hydrocarbons. The liquid phase becomes modified 
by the solute molecules, causing the main portion of the band to elute more slowly 
than the extremities. 

It should be noted that the 'tailing' observed with Langmuir type isotherms is freq- 
uently removed by increasing the sample size. This phenomenon is closely assoc- 
iated with the existence of another kind of site, the tailing site, whose heat of ad- 
sorption exceeds that of the normal s i tes  (13). Increasing the sample size may 
saturate these sites. A so-called tail reducer o r  poison may do the same and is 
often better. 

It was necessary to improve the sensitiv- 

With linear 
The retention t ime is independent of 

Peaks with a sharp front and a 

The anti-Langmuir isotherm 

Retention t ime is also a function of sample size. 

It has been noticed by some chromatographers (14) that a liquid stationary phase 
will occasionally continue to function at temperatures well below its melting point. 
Has it become a solid adsorbent o r  absorbent? Bar re r  has written a review (15) 
on the specificity of physical adsorbents which may be  relevant. Plastic packings 
quite often behave like liquid stationary phases (see below), though they may even 
be quite crystalline according to  X-ray diffraction. I think that many gaseous 
separations that are presumed to have resulted from differential solubility in a 
liquid have really resulted from differential adsorptivities at a colloid/gas interface. 
Possible ways of applying colloidal stationary phases have been proposed(l6). 

Packed Columns vs.  Capillary Columns 

Packed columns with liquid stationary phases require 'inert' solid supports to pro- 
vide a large liquid surface area of low depth. Most of the supports used a r e  dia- 
tomaceous earths, but even though these are generally pretreated o r  poisoned by 
material chemically similar to the compounds to be analysed, they are still never 
absolutely inert and may cause tailing of the Langmuir type. Much has been written 
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TIME 

TIME 

CG TIME 

Fig. 8-1-10 Peak shapes a s  a function of isotherms 
Only for  the linear isotherm is the retention t ime of the peak 
independent of sample size. The peak called "Micro" i s  located at a 
position determined by extrapolation of peak retention time to zero 
sample size 
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about the a r t  of deactivating supports (17). 
not porous and require very long tube lengths. 

Early in the history of gas chromatography it was realized that finecapillary col- 
umns, with very thin films (<O. 1 p )  of stationary phase, would be faster and more 
efficient than packed columns and would not require supports. 
of theoretical plates can be obtained f a r  more easily (18) with capillary columns 
than with packed columns (-106), the f i r s t  gas-chromatographic applications ess- 
entially involved the separation of multi-component hydrocarbon mixtures (19). 
Subsequent studies (20) dealt with the possibility of carrying out rapid analyses by 
means of appropriate selection of the column parameters and operating conditions. 
Today, with the availability of the extremely sensitive detectors required to handle 
the very small samples that these columns can pass without being overloaded, cap- 
illary lor Golay) chromatography has become indispensable in automatic laboratory 
analytical instrumentation. 

Essential features of these columns are low pressure drop, uniformity, lack of a 
support and hence of eddy diffusivity, and compactness (it is easy to coil a hundred 
meters  of 0.5 mm outside 0.1 mm inside diameter capillary tubing). 

Because of their high-speed performance, samples of reformate that would take 25 
minutes to separate and analyze by packed columns, have been analyzed in 7 sec- 
onds (13). As will be shown, capillary chromatography has also been applied as a 
research tool in catalyst studies (21) and in research on rapid reactions such as 
occur in engine combustion (14). 

Selection of Stationary Phases 

When the mixture is very complex, it is generally impossible to separate every 
component in a single column. 
able of covering wide molecular weight ranges of complex materials such as the 
lower boiling petroleum fractions. 
to greater specificity. 

In general, in selecting a liquid stationary phase, the principle of simifia simifibics 
sdvunlur is applicable; e.g., hydrocarbon solutes will be retained, ceterispari - 
bus, more in hydrocarbon stationary phases and polar solutes, such as alcohols, in 
polar stationary phases, and so on. This generalization shows how desirable it i s  
to effect preliminary separation of complex samples into groups. The most comm- 
on stationary liquid phases a r e  listed in Table 8-1-1. 

Permanent gases and low-boiling vapors generally require adsorbing columns. 
Common adsorbents are listed in Table 8-1- 2. Molecular sieves are types of clay 
whose microcapillaries can differentiate ('sift') molecules by their 'apparent' size, 
'apparent I, because some investigators believe electrostatic polarizability rather 
than molecular geometry to be the criterion (22): 'Poropak' is a trade name for 
polymers consisting of styrene cross-linked with divinylbenzene (23). These poly- 
m e r s  are highly porous, yet inert, and serve the functions of both the liquid phase 
and the solid support. Apparently the solute molecules partition directly from.the 
gas phase into the amorphous polymer. 
tomaceous solid support removes the adsorptive sites which may cause tailing even 
of highly polar molecules like water. 
also be coated with conventional liquid phases. 
imine has been used to separate amines. 

The basic tubing for all columns should be  stable, flexible and heat resistant. 
columns in the author's laboratory are made of stainless steel. 

Very inert materials, like teflon, are 

Since a high number 

Because of their speed, capillary columns are cap- 

However, packed columns can often be designed 

The elimination of the conventional dia- 

The porous polymer beads can, however, 
Thus Poropak Q with polyethylen- 

Most 
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Fig. 8-1-12 
Helium or argon ionization detector (schematic) 

A - Carrier gas inlet, B - gas outlet, 
C - scavenge (pure carrier) gas inlet, 
S - source of ionizing radiation 
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Fig. 8-1-11 
Hydrogen flame ionization 
detector (schematic) 
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Fig. 8-1-13 Block diagram of an electrolytic conductivity detector 
(after Coulson (31)) 
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Temperature Programming 

When mixtures of components with a wide range of boiling points a r e  analyzed on 
isothermal columns, the components with low boiling points give sharp peaks in 
short  succession, while the components with high boiling points are eluted quite 
late, spaced widely apart and often lost because of their broadness. 
gramming' the column temperature (i.e. , linearly increasing it during elution) it 

Injection Systems 

An extensive literature has been published about experimental methods. 
u r e  of the car r ie r  gas is, of course, often crucial. 
employed for unstable materials, like lithium and aluminum alkyls. Care is us- 
ually taken to inject samples into the car r ie r  gas s t ream as small  slugs of vapour. 
Periodic injections are possible, using rotating valves, for continuous monitoring 
of streams. 
j ection. 

Detectors 

Non-specific Detectors 

Almost any physical property can be made the basis of detection. 
thermal conductivity cell (26), the most common non-specific detectors are ioniza- 
tion detectors such as the flame ionization detector (Fig. 1-8-11, (27))andthe helium 
and argon ionization detectors (Fig. 8-1-12, (28)). The helium ionization detector (29) 
is perhaps the most sensitive detector in general use, applicable in the par t s  per 
billion (i.e. 10-9) range for  permanent gases. 

Class-Specific Detectors 

Electron Capture Detectors - Complex molecules - particularly when they contain 
electronegative elements such as halogens, or groups with large electron affinity 
such as hydroxyls - will capture slow electrons to form negative ions. Any inert 
ca r r i e r  gas  can be used. The greater the electron affinity, the larger is the field 
in which the electrons may be captured. These negative ions cause a decrease in 
the ionization current in an ionization chamber irradiated by radioactive elements, 
and this can be measured. 

' By 'pro- 

l is possible to obtain even spacings and sharp peaks throughout (24). 

The nat- 
Vacuum methods have been ' 

~ 

In some applications, see below, a chemical reaction precedes in- 

Next to the 

I 

In those analytical problems where a small  quantity of strongly absorbing compound 
is present in an excess of weakly adsorbing material, the method has its greatest 
potentialities (30). An example is the analysis of oxidation products in hydrocar- 
bons. 

Electrolytic Conductivity Detection - The electrolytic detector cell is a small, 
gas-liquid contactor fitted with electrolytic conductivity electrodes (31). It per- 
forms  the functions of scrubbing the electrolytes out .of the gas and into the water, 
and of detecting these electrolytes in the liquid phase. 
f i r s t  burnt quantitatively with oxygen as shown in figure 8-1-13 and, for example, 
this will convert sulfur compounds to SO,. 

By substituting catalytic hydrogenation for  the oxidation, halogens and sulfur can 
be  converted to HC1 and H,S and nitrogen to NH,. 
separations can thus be achieved. 

Catalytic Combustion Ionization Detectors - These detectors should find applicat- 

All organic compounds are 

It is clear that many interesting 

mm 
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ion in differentiating between branched chain and straight chain hydrocarbons pres- 
ent as small  traces. 
oxidizing atmosphere containing the hydrocarbon. Ions produced can be  collected, 
say by a platinum ion collector, downstream with respect to the filament. The 
number of ions produced by the hydrocarbons is an exceedingly small  fraction of 
the number of carbon atoms oxidized and - in contrast to flame ionization - varies 
widely depending on the  molecular structure of the hydrocarbon and the catalyst 
temperature. The production of ions is an order of magnitude greater for bran- 
ched hydrocarbons than for straight-chain hydrocarbons. 
is most likely one of chemi-ionization (32) (33) (34) (35). 

Alkali Flame Detector - An alkali flame detector which gives sensitivities and 
selectivities for phosphorus exceeding those possible with other detectors by as 
much as 100 t imes  has been described by Aue (36). Because the detector is spec- 
ific for phosphorus, Aue found that he could detect phosphorus compounds with 
sensitivities in the picogram rather than the nonagram range; moreover, the tech- 
nique could be  used to measure phosphate derivatives with high selectivity and sen- 
sitivity. The Aue detector is a hydrogen flame detector that is modified by adding 
an alkali-salt source. The 
alkali salt is brought into contact with the flame using platinum helices, ceramic 
beads or pressed pellets. The electrodes are spirals, cylinders or single loops, 
that are either movable or stationary. 

Specific Detectors - Identification of Components 

These detectors are mostly used for qualitative identification in conjunction with a 
non-specific detector. They are spectrophotometers o r  mass  spectrometers with 
a scanning rate capable of producing a complete spectrum in less than the t ime 
between successive chromatographic zones. 

The Beckman # 102 Infrared Spectrophotometer with which I am familiar, achieves 
spectral  resolution by rotating a disc with three  peripherally arranged interference 
fi l ters of continuously varying thickness in front of the detector. 
speed of the disc is fed into the amplification system of the detector. 
spectra extending from 2-14 microns can be  recorded in a few seconds by means of 
an oscillograph. As different elution zones pass  by a thermal conductivity detect- 
or, the individual components are picked up also by the spectrophotometer and 
can be identified from their spectra. 

Even faster and more sensitive is the Block Interferometer Spectrometer which is 
capable of carrying out a complete 1-14 scan in a second. Various mass  spectro- 
meters  are even faster and readily adaptable to  gas  chromatography. One use for 
them is to  check for chemical reaction between the sample and the stationary phase. 

A platinum filament catalyst is heated to above 5OO0C in an 

The mechanism involved 

Aue used a variety of compounds as alkali sources. 

The rotational 
Infrared 

Some Selected Analytical Applications 

Gas-chromatographic analysis permits fast and sensitive analyses to be obtained 
cheaply. 
periodic records.  
been found suitable for repetitive analyses made at  intervals of only a few seconds. 

For research, it is usually desirable to have sufficient basic components on hand 
to  put a system together for a particular application. 
ready-made fittings are now available to connect tubing in a leakproof manner, it 
is easy to change from one system to  another. Sometimes several  columns have 
to  be placed in parallel, or in series, to analyze different groups. of compounds, 
and the same is often done with non-destructive detectors. 
tations possible can be extremely great. 

In process control, timed sample injection valves may be  used to get 
Systems with a capillary column and ionization detectors have 

Since 'Swagelok' or other 

The number of permu- 
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it should be pointed out that most of the standard columns are now commerically 
available, with methods for regeneration of the stationary phase and pretreatments 
stated in cookbook fashion. Similarly valve and injection systems, thermostatic- 
ally controlled ovens for columns and detectors, and a great many detectors, amp- 
lifiers and other components arenow stock items with many laboratory supply 
houses. 

Likewise, the selection of columns and detectors for common problems is now fre- 
quently a computer exercise, retention times, or volumes on different columns, and 
and all other pertinent information having been tabulated for thousands of substances 
(37) (38). 

Analysis of Permanent Gases 

A very sensitive method of determining mixtures of H,, Ar, 0,, N,, and CH, 
employs a 20 foot long molecular sieve column at room temperature and a helium 
ionization detector (29). 
from Oz.; the other gases are eluted f a r  enough apart. 
sensitivity is better than 3 parts-per-billion (ppb). 

If H,O and COz are included in the above mixture, a separate sample should be  
analyzed with the  same detector but using a Poropak 2 (29) column at 200°C instead 
of the molecular sieve column. The other gases will hardly be separated now, but 
CO, and H,O will follow CH, after fairly long intervals. The sensitivity for  these 
gases is only about 20 ppb. because of tailing. 

Indirect Analysis by Reaction Products 

A distinction can be  made between 'Gas Chromatographic Analysis by Reaction Pro- 
ducts' and 'Reaction Gas Chromatography', depending on whether the reaction to 
which the injected substances have been subjected is completed before the reaction 
products enter the columns or whether it is completed in the column. The former 
is primarily a procedure of quantitative chemical analysis. 
principal information sought is usually related either to quantitative identification, 
to the kinetics of a particular reaction or series of reactions, or to  catalytic act- 
ivity. 

This length of the column is necessary to separate Ar 
For all these gases the 

In the latter, the 

Very often, however, the distinction is semantic only. 

Prior reaction of a mixture to be analyzed quantitatively is usually required when 
(a) the mixture is so complicated that one is satisfied with an analysis according to 
type of compound, e.g. the amount of alcohol.or aldehyde present, or (b) the mat- 
erial to be analyzed is not volatile or too unstable even for injection with a solvent 
in a heated column. To some extent a type analysis can be  carried out by a class- 
specific detector, often in conjunction with prior reaction. 
prior to introduction into the column, and use of a non-specific detector, repres- 
ents a much more versatile procedure. 

The following comments follow Beroza and Coad (39) to a degree. 

Subtraction - -In subtraction two parallel columns and detectors are used. One 
of the columns will pass a class of compounds whose presence is suspected in the 
sample. The other will not. 
caused by the non-absorbed gas sample, The principal subtracting agents used in 
petroleum analysis are molecular sieves (normal paraffins), sulfuric acid (olefins), 
sulfuric acid and silver sulfate (olefins as well as aromatics), maleic anhydride 
(conjugated diolefins), magnesium perchlorate (water), and boric acid (primary 
and secondary alcohols). 

However, reaction 

The determination may be made from the peaks 
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Pyrolysis - The pyrolysis technique, f irst  suggested in 1954 (40), has now become 
a standard procedure in the analysis of non-volatile materials and apparatus is 
commercially available. 
decomposition, and the volatile degradation fragments are carried directly into the 
gas chromatograph for analysis (Fig. 8-1-14). The 500-800°C range is most use- 
fu l  for polymers, but other temperature ranges have been used. The technique 
can be made to give repeatable results and is useful for identification or quantit- 
ative analysis. 
formed whose peaks form a 'spectrum' similar t o  an infrared spectrum (Fig. 8-1- 
15). Many investi- 
gators obtained fast heating by discharging a condenser between electrodes. 
and coworkers (42) obtained nearly ideal heating conditions by coating a ferromag- 
netic conductor with the sample and warming it to constant temperature in 20-30 
milliseconds using high frequency induction heating. Owing to  the drastic change 
in the magnetic permeability of the magnetic conductor at the Curie point, the ener- 
gy input drops at that temperature. 

The pyrograms of Fig.8-1-15 (41) require a few comments. They were obtained 
by mounting a polymer sample on a filament, raising the temperature of the fila- 
ment in steps of 100 or 150°C at a rate of about ten seconds per step, and recording 
the chromatogram after every step. 
zipping', but Fig. 8-1-15 (c) contains peaks due to complicating side reactions. 
Mixtures and copolymers are clearly differentiated (Fig.8-1-15 (d) and (e)). 
reversal  at elevated temperatures is caused by the detector. 

Clearly this procedure can be extended to the determination of polymer degradation 
kinetics and, hence, can become useful in ablation studies. 
Lehrle and Robb state, (i) the temperature of the sample must be uniform and acc- 
urately known, (ii) the sample must be  heated as rapidly as possible to  the required 
temperature, and then cooled as quickly as possible at the end of the degradation 
period in order to define closely the duration of the degradation, and (iii) the sample 
thickness must be such that the reaction is not controlled by the ra te  of diffusion of 
products through the molten polymer film. By improved temperature measure- 
ment techniques and by varying heating ra tes  and sample thicknesses it is possible 
to obtain meaningful Arrhenius-type plots from which reaction rates and activation 
energies can be determined. 

An example is the degradation of polymethylmethacrylate. 
gradation produces an almost quantitative yield of monomer. 
preted in t e rms  of a mechanism whereby the polymer chain is initially ruptured, 
followed by depolymerization to yield the monomer by a chain reaction ('upzipping'). 
There are four possible variants: (a) end initiation and upzipping to the end of the 
chain, 
ion - upzip to the end of the chain, and (d) random scission initiation - bimolecular 
termination. 
the weight of polymer remaining at a given time. 
rate constant, where: 

The substance is cracked quickly and without catalytic 

In many instances, quite a number of decomposition products are 

Lehrle and Robb (41) recently reviewed the techniques used. 
Simon 

Fig. 8-1-15 (a) and 8-1-15 @) show only 'up- 

Peak 

For this purpose, 

This polymer on de- 
This is best inter- 

(b) end initiation and bimolecular termination, (c) random scission initiat- 

These four possibilities all have a f i r s t  order dependence of rate on 
If kobs is the apparent specific 

dm - =  & k o b s  * 

or, in integrated form: 

- I n  (1- X) = kobs t 

(Eq. 8-1-20) 

(Eq. 8-1-21) 

it is clear that kobs is independent of the degree of polymerization D for (a) and (d), 
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proportional to lJD4 for (b),  and proportional t o  D for  (c )  . A study was made of 
the degradation of a series of fractionated polymethylmethacrylate specimens a t  a 
series of temperatures. The results in t e rms  of Arrhenius plots and plots of rate 
constant versus 1JDa are shown in figures 8-1-16 and 8-1-17. 

These results lead to the following interpretation. 
chains are initiated at a terminal link, and termination is by bimolecular inter- 
action. The interpretation is also supported by the fall-off in the rate with t ime 
at the lower temperature, which can be due to the loss of weak end links,probably 
the unsaturated terminal bond produced by disproportionation. 
temperature the mechanism is one of random initiation and complete unzipping. 
The two mechanisms overlap at intermediate temperatures. 

Hydrogenolysis - Here the reactor usually consists of a tube, filled with palladium 
catalyst and heated in an electric furnace. A common application of hydrogenoly- 
sis in the  petroleum laboratory is to organic sulfur compounds, which are quantit- 
atively converted to  hydrocarbons and hydrogen sulfide (43). 

Elemental Analysis - When pyrolysis is car r ied  to the extreme, e.g., by contact 
with acatalyst and a source of oxygen at very high temperatures, organic com- 
pounds break down to CO,, water, and small  molecules with other elements. The 
exposure of organic molecules to hydrogen under similar drastic conditions pro- 
duces methane, water and small  molecules containing other elements. These 
molecules are then analyzed by gas chromatography. Such procedures have 
speeded up elemental analyses (CHN analyses take 10 minutes) and made them 
possible on as little as 0.2 mg of compound. 

Elemental analysis by gas chromatography has  been fully described by Francis (44). 

Functional Group Analysis - Many of the standard reagents for functional groups 
have been used to convert the original samples into volatile derivatives. 
then separated in a column, and can be recovered, e.g. ,  by flash decomposition. 
Thus, lower aldehyde and ketone constituents of very volatile natural substances 
have been converted into 2,4-dinitrophenylhydrazones and then ‘flash exchanged’ 
back to  the free carbonyl compounds (45). 

Reaction Gas Chromatography 

By combining gas  chromatography with reactors, generally tube reactors,  in such 
a way that the reaction is not car r ied  to completion, it is possible to  determine 
kinetic parameters.  Thus, in some instances, the information obtained in this 
way in pyrolytic studies has been complementary to shock tube studies. 
ample, Cramers  and Keulemans (46) car r ied  out pyrolyses on samples of 50 micro- 
grams and were able to determine the influence of varying temperature, time, 
and concentration on reaction rate, product distribution, and recombination react-  
ions. Furthermore, the chromatograms of the pyrolyses products themselves 
resemble mass-spectrograms and can help elucidate reaction mechanisms. Spec- 
ifically, the kinetics of the decomposition of ethyl acetate and cyclopropane at 
762’K and 873°K have been reported by these authors. 

This technique is probably the simplest and fastest for getting kinetic data, and a 
great many reactions have already baen studied by it. Since this work is repres- 
entative of many investigations that are currently being carried out, it seems app- 
ropriate to discuss i t  in more detail. 

Figure 8-1-18 is a schematic diagram of the reactor, the multiport coupling valve, 
and the detector system. 
it allows deposits to be  burned off) of 1 m length and 1 mm inner diameter and 

At the lower temperatures, 

At the highest 

They are 

For ex- 

The reactor consists of a metal tube (gold is best, for  
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appropriate heaters. 
thermal conditions can be achieved easily for  endothermic degradation reactions. 
The seven-port coupling valve makes possible (a) independent flow control of the 
reactor and the chromatograph, with the advantage of great ease in  measuring re- 
action times, and @) both pulse injection and continuous introduction of samples 
into the chromatograph, thus creating stationary reaction conditions. 

Gas leaving the reactor may follow two paths: it may go to the vent directly (CH), 
o r  it may f i r s t  pass through a sample loop and then go to vent (CDEFG). 
reactants of a pulse-injected sample have reached the sample loop, the seven-port 
valve is actuated and the carrier gas of the column entrains the contents of the 
sample loop. 
cent of the gas goes into the analyzer. 
to a continuous flow reactor with intermittent sampling. 

The car r ie r  gas s t ream to the reactor may follow two paths: 

(a) In the meantime the vapor space of the 
sample bottle can be purged with a controlled flow of argon to  remove oxygen from 
the system, as oxygen has a accelerating effect on the decomposition rate of many 
hydrocarbons, for example, 

(b) 
way to the reactor. 
venient concentration of sample in the reactor gas can be  obtained. 

In the reduction of the data, first order  kinetics are assumed. 
for the increase in  gas volume resulting from decomposition. 

The principal application of this method has been to product studies. Heterogen- 
eous reactions can be analyzed similarly, after substitution of an appropriate re- 
actor. 

In the case of reactions of type A 
which the reactant is introduced as a pulse, the chromatographic properties of the 
bed may serve  to separate the products of reaction from each other and so drive 
the reaction further toward completion than would be possible in an equilibrium 
system. Roginskii, et a/ . , (47) and Matsen (48) have studied the dehydrogenation 
of cyclohexane over platinum and shown that substantially complete conversion to 
benzene can be achieved as a result of the chromatographic separation of the pro- 
duct band in the catalyst bed. 
graphic studies in catalytic reactions. 

Reactions on Chromatographic Columns 

If the adsorbent used in the packing of a chromatographic column has catalytic 
properties, adsorbates may be chemically transformed while they are being eluted 
along the column. The virtue of this technique is that the resulting reaction ra tes  
are expressed in t e rms  of concentrations on the surface of the catalyst rather than 
in the gas phase. 
stants and activation energies for first order reaction sequences. The product of 
reaction is formed along the whole length of the column, and the retention volume 
of the product peak is spread between its normal value and the retention volume of 
the reactant, depending on whether the product was formed near the inlet o r  near 
the exit of the column. Expressions to describe the shapes of the peaks cor res -  
ponding to various values of the retention volumes, and of the first  order ra te  con- 
stant, have been described by various authors (50) (51) (52) (53). 

The carrier gas is preheated to reaction temperature. Iso- 

When the 

The reactants then meet a s t ream splitter device and about 1 per- 
It is obvious that the system can be  adapted 

It may go directly to the reactor.  

The reactor carrier gas may pass the vapor space above the sample on its 
By controlling the temperature of the sample bottle, any con- 

Allowance is made 

B + C over a heterogeneous catalyst and in 

See (49), for further examples of gas-chromato- 

Habgood (49) has shown how it is possible to derive ra te  con- 
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However, while the expression of the rate of a catalytic reaction in t e rms  of sur -  
face concentrations rather than gas phase concentrations does remove the possibility 
of confusion resulting from changes in the adsorptivity of a catalyst, it does not 
necessarily afford any additional insight into the mechanism of the reaction. 
example, migration can occur from nonreactive adsorption sites to catalytically 
active sites, the catalytic sites being only a tiny fraction of the whole surface. 

Physico-Chemical Parameters  

From the theoretical discussion given earlier, it is apparent that many physico-. 
chemical parameters can be determined from the retention t imes and the shapes of 
peaks in a chromatogram. 
evaporation and adsorption, o r  desorption, diffusivities, surface areas, and iso- 
therms  have been SG determined. 
Deemter equation (Eq. 8-1-10). 

Of particular value is the determination of surface a rea  of solid catalysts according 
to Nelsen and Eggertsen (55). 
ceedingly tedious and, in particular, requires good vacuum techniques. The new 
method requires adsorption of the gas by the solid from a stream of non-adsorbed 
helium, cooling the adsorbent, and allowing it to warm up. 
on the chart which is in the reverse  direction to  the adsorption peak. The potentio- 
meter plots curves for both adsorption and desorption and the area under either one 
of these curves i s  a measure of the gas adsorbed. 
usually necessary with a sample of known surface area. 

Leffler (56) and Davis and Scott (57) determined effective diffusivities of catalysts 
from the mass transfer coefficient (C) of the van Deemter equation. By analyzing 
the moments of chromatographic curves, Schneider and Smith (58) were able to 
evaluate intraparticle effective diffusion coefficients, from which surface diffusiv- 
ities could be extracted. 

For 

Molecular weights (54), free energies and heats of 

Often data reduction requires the use of the van 

The classical procedure (R.E.T. method) is ex- 

A peak is produced 

A calibration is, however, 

The heat of adsorption may be determined from a plot of log retention volume, 
corrected to O"C,vs. reciprocal of the absolute temperature (59). 

In regard to isotherm determination of adsorbents from the shape of the elution peak 
(Fig.8-1-10) it should be remarked that the greatest usefulness of the method lies 
in cases  where the high temperature o r  the reactivity of the adsorbate on the solid 
makes other methods extremely difficult. 
ed by diffusional and other band-broadening effects. It i s  probably better to work 
at  relatively low flow ra tes  and to correct for diffusional band broadening than to 
use  higher ra tes  where the ra te  of desorption may give significant broadening at the 
rear edge, not balanced by a similar broadening at the leading edge (60) (61). 

However, the chromatographic method of determining adsorption under reaction 
conditions developed by Tamaru (62) and his coworkers is particularly valuable in 
studies of heterogeneous catalysis. He passed a steady stream of reactants, o r  
of a reaction mixture through a catalytic column and used this stream as the car r ie r  
gas for the chromatographic elution of small  samples of one of the reactants or 
products injected ahead of the column. 

Continuous Gas Chromatography 

Although it has often been stated that one of the drawbacks of gas chromatography 
lies in its sequential nature, i.e., samples cannot be  analyzed continuously, a 
number of devices have been described in the literature for doing just that. 
far, none of them has been proved practical, but a significant breakthrough can be 
expected soon. 

The application of this analysis is limit- 

So 
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The device of Sussman and Huang (63) appears to offer some intriguing possibilities, 
largely because it does not depend on packing (Fig. 8-1-19). It might properly be 
described as a continuous capillary gas  chromatograph. The previous continuous 
gas  chromatographs were all impractical because of the disadvantages arising from 
a non-uniform flow resistance of a packed bed. The new device achieves chroma- 
tographic separation with a radial-flow chromatographic channel formed between 
two closely spaced (50-75 microns) disc surfaces, optically flat and solvent coated, 
rotating at one-half o r  one revolution per second. This technique provides high 
capacity and immediate response in a fraction of a second. In effect, the device 
is a kind of mass  spectrometer in which the pole pieces are formed by coated metal 
surfaces. 
6-30 cc/min. with 100-150 cc/min. of nitrogen ca r r i e r  gas in a chromatographic 
channel only 39 millimeters long. 
be  possible (Fig. 8-1-20). 
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a’ coefficient of Langmuir isotherm 

A 

b‘ coefficient of Langmuir isotherm 

B 

C 

Cm 

C S  

C 

d effective diffusion depth 

eddy diffusion te rm in van Deemter equation 

longitudinal diffusion t e rm in van Deemter equation 

concentration (solute per  unit volume of column) 

concentration of vapor in mobile phase 

concentration of vapor in stationary phase 

mass transfer te rm in van Deemter equation 

particle diameter d* 

D degree of polymerization 

Dm 

Ds 

H 

AH” 

k, apparent specific rate constant 

K partition coefficient = p,O 

1, 

- 
diffusion coefficient in the mobile phase 

diffusion coefficient in the stationary phase 

height of a theoretical plate 

heat of vaporization of pure liquid solute 

- 

step length in a random walk 
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m 

M 

M1 

n 

N 

Pc 

P; 

P* 

R 

R' 

t 

Tc 

V 

X 

P 

Ym 

Y S  

mass 

molecular weight 

molecular weight of the solvent 

number of steps in random walk 

number of theoretical plates in a column 

vapor pressure  at  temperature T 

vapor pressure of pure solute a t  temperature Te 

a standard pressure  

retention ratio 

universal gas  constant 

time 

desorption time for solid absorbents 

relative and total retention t imes 

hold-up time 

temperature 

column temperature ' 

average mobile phase fluid velocity 

drift velocity 

volume of mobile phase 

hold-up volume corrected to constant flow 

retention volume corrected to  constant flow 

volume of stationary phase 

peak width a t  half height 

weight of polymer 

fractional conversion in time t 

specific retention volume at  temperature Tc 

obstructive factor o r  tortuosity in the mobile phase 

obstructive factor or tortuosity in the stationary phase 
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Y l  activity coefficient 

A eddy diffusion coefficient 

ps density of stationary phase 

U 2  variance of elution zone 

* location along column 

Table 8-1-1. Common Liquid Stationary Phases 

Liquid Max. Temp. 
("C) 

Used for Polarity 

Squalane 125 Hydrocarbons, ethers Non -polar 
ketones, halides 

Apiezon grease 300 Above, higher b.p. Non-polar 

Silicon grease 300 Same Non-polar 

Tricresyl phosphate 170 Oxygenated Hydrocarbons Slightly polar 

Dimethylsulfolane 20 Low boiling hydrocarbons Polar 
and olefins 

Table 8-1-2. Common Absorbents 

Absorbent For Separation of 

Activated carbon H2, 0 2  + N2, CO, NO, CH4 

Silica gel CH,, c2H@ 'ZH4 

Alumina C2H,, C2H4, C,H, C,H6, Cyclopropane 

Linde "Mol. Sieve 5A" H2, 0 2 ,  N2, CH,, CO, C2H6 

Porous polymer beads H,O , nitrocompounds, CO,, C2H,, CH,Cl 

acids, C, - C, glycols and oxides, 
C$IsCI, C2H4C1, C1 - C, alcohols, C, - C, 

air N2,  O,, A=), N20 
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On a donne les traductions ci-dessous quand il y a beaucoup de difference entre 
les mots propres des deux langues. 
principalement de l'orthographe, les termes anglais ou franqais sont donnes tout 
seuls. Fre'quemment, nombreuses des  chiffres qui suivent un t i tre en-t@te, dequoi 
les premiers mots se trouve en langue franqais, sont rgfcrences aux textes franqais 

Quand les differences essentiales sont 

A 

Absorption - (see: flash a. ; 

Absorption spectroscopy, 180 

Acceleration - (see: MHD a. ; 

Actions dlect romagnetiques, 243 
Activation energy, 375, 494 
Active probe, 503 (see: transducer) 
Activity coefficient, 605 
Adiabatic index ( y  ) , 195 
Aerofoi.1 (profil aerodynamique) , 29 
Aerosol, 64 
Afterglow (phosphorescence), 439 
Afterglow quenching technique 

( amor t i s emen t ) ,  440 
AGARD, 12, 13, 57, 544 
Airfoil, - (see: aerofoil) 
A i r  intake, - (see: intake) 
Amorqage, 237 (V. : starting) 
Amplitude modulation, 455 
Arc dlectrique, 340, 559 
Arc heated wind tunnel (soufflerie avec 

optical a. ) 

(see spectroscopy) 

Hall current a. ; electrothermal a. ) 

chauffage 5 a r c ) ,  99, 329 (see: wind 
tunnel) 

Arc heater (rechauffeur) 122, 191, 409, 
413 

Autoionization, 447 

B 

Balistique, 151, 165, 243 
Ballistic range ( t i r  balistique), 151, 

Ball valve (clapet 2 bille) , 179 
Band peak (pointe de baude) , 559 
Base burning (combustion 5 sillage), 161 
Beam, + (see: collinear b. ; electron 

b. ; merging b. ; molecular b. ; 
particle b. ) 

403 

165, 169, 243. 

Beam scattering (dispersion des ondes) , 

Blast tube (tuydre) , 103 

Boule de neige, 557 (see: snowplough) 
Boundary layer (couche limite) , 167, 

Boundary layer probe (sonde de c. 1. ) , 

Bow waves (ondes de'taches) 162, 265, 

Buffer (tampon gazeux) , 197 (see: shock) 
Burner (brcleur),  459 
Breech restrictor (culasse) , 217 
Bridge (pout), - (see: hot-wire b . ;  

Burning (combustion), 155 (see: base 

337, 349, 571 

511 

411, 420, 483 (see: shock w.) 

self-balancing R. F. b. ) 

burning; combustion) 
external b. ; flame) 

C 

Calibration factor (coefficient de 

Calorimdtre, 345 
Calorimetric probe (sonde de c. ) ,  - 

calibrage), ,457 

(see: coaxial p.; non-stationary p.;  
perpendicular p. ; stationary p. ; 
probe) 

Camera (appareil), 32, 117, 133 (see: 
cine c. ; drum c. ; fast c. ; streak 
c. ; photography) 

Camera synchronization, 117 
Canon (soufflerie), 211, 236 ( see  

Capillary column (colonne capillaire) , 

Capillary flowmeter (debitmdtre c. ) 

Casting (coulie) , 85 
Catalyse, catalyst, 341, 618 (see: 

filament c. ; heterogeneous c. ) 
Catalytic adsorbent, 617 
Catalytic decomposition, 395, 400 

Catalytic detectors, 609 (see: c. probes) 
Catalytic efficiency (efficacit6 de c. ) ,  38 
Catalytic probe (sonde catalytique) , 33 

gun tunnel) 

601, 607 

454 

(see: d . )  

395, 471 



630 

Catalytic thermocouple, 471 
Cavity gauge (Btalon 5 cavitB) 63, 445 
Charge exchange chamber (cellule pour 

Bchange de  charge), 407 
Chemical kinetics (cine'tiqu6 des 337, 349, 571 

rgactions), 17, 53, 98, 166 
Chemical reactions, 13, 167, 191, 451 
Chemiluminescence, 35 ( see  1. ) 
Chromatogram, 618 
Chromatographic calibration (Btalonnage pressure number) 

Chromatographie, 595 ( see  gas  c. ) 
Chromel-alumel thermocouple, 227 
Cine camera (appareil CinBmatographique), 

115, 227 (see: c. ;  photography) 
CinBmatographie, 93 (see: camera: 

Conical flow (ecoulement conique), 515 
Constante de temps, 363 
Contraste de  phase, 261, 265 
Couche limite, (boundary layer) 167, 

Counter (compteur) , 135 (see: 

Coupling (couplage) , 167, 548 
Cowling number, - (see magnetic 

Cranz - Scharding technique, 123, 133 
Current sheet (lame de courant), 529 
Curvature (courbure de choc), - (see 

scintillation c. ) 

de c . ) ,  599 

shock c. ) 

photography) 

kinetics), 17, 53 
CinBtique des reactions (reaction 

Cleaning (nettoyage), 454 
Cloud formation (f, des  nuages), 145 

( see  microdroplets) 
Coaxial calorimetric probe (de'tecteur 

coaxial calorimetrique) , 304, 335 
Coil techniques (bobinages), 20 
Collimation, 405 
Collinear beam (faisceau colline'aire) , 

404 
Collisional c ross  sections (sections de 

collisions), 429, 489, 494 
Collisional radiative recombination, 

440 ( see  r. ) 
Column (colonne chromatographique) , - 

(see: capillary c. ; packed c. ; 
separation c. ) 

Column support (support de collonne) , 
605 ( see  gas chromat. ) 

Combustion, 13, 91, 151, 166, 191, 
467 (see: burning; detonation; 
flames; screaming) 

Combustion chamber, 93 
Combustion induite, 151 
Combustion ionization detectors, 609 
Combustion propagation, 467 
Combustion supersonique, 91 (see: 

supersonic c. ramjet) 
Combustion turbulente, 166 
Computation (calcul digital), 180, 601 
Concentration; 339 
Condensation, 375, 420 
Condenser discharge (de'charge d'un 

condensateur), 33, 561, 581 
(see; d . )  

Conductive channel (colonne conductrice) 
563 

Conductivity, 109 
Conductivity meters (mesure de  C. ) 

113, 503 

D 

Damktihler numbers, 162, 167 
DBcharge Blectrique, 17, 467, 581 

(see: discharge) 
Decomposition, - (see: catalytic d. ; 

dissociation; thermal d. ) 
Deflection detector, 31 
De'tonations, 124, 161, 162, 197 

(see: explosive mixtures) 
Deuterium substitution; 19, 400 
Diagnostic 17, 271, 293, 501 
Diaphragm, 129, 215 
Diethylcyclohexane (DECH) , 123, 127, 
Diffraction, 262, 517 
Diffusion, 103, 271, 281 (see: eddy d.;  

molecular d. ) 
Dilution, 29 
Dimer formation, 412, 420 
Dimic heating (chauffage par  reactions 

dimique) , 245 (see: h. ) 
Discharge, - (see: dBcharge Blectrique; 

condenser d. ; flow d. ; glow d. ; 
inverse - pinch d. ; microwave d. ; 
pinch d. ) 

Dispersion, 271, 279 (v. : beam scatter- 
ing; electron beam scattering) 

Dissociation, 56, 101, 191, 253, 413, 
423, 427, 439 (see: thermal decomp) 

Dissociative recombination, 439 
Dtippler (effet), 253, 257 
Double beam oscilloscopes (0. 5 double 

faisceau), 135, 489 
Double beam reversal technique (t. de 

reinversement 5 d'faisceau), 107 
Double inclined slit (D. I. S. ) , (fente 

double inclinee) , 548 
Driving current (courant pilote) 547 
Driver gas  (gaz poussant), 101 
Droplet (gouttelette) , - (see: Fuel d. ; 

135 

fuel injection; microdroplet) 
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Droplet burning (combustion des 

Droplet drag (tra€n6e des gouttelettes) 

Droplet evaporation (e. des gouttelettes), Excitation, 413, 491, 509 

Droplet injection (i.  des gouttelettes), 

Droplet shattering (fragmentation des 

Dust (poudre), 38 (see: powder injection)Extinction, 125 
Dynamique de gaz, 165 

Enthalpy probe (sonde d'e..) 329 
Equilibre chimique, 17, 56, 199, 337 
Evaporation des gouttelettes (droplet e. 

Exploding wire (si1 explosit) , 64 
Explosive mixture (mBlange explosif), 151 
Explosive shutter (obturateur e.  ) , 63 
External burning (combustion extBrime) , 

gouttelettes), 137, 145 

135, 137 88 

88 

131 

gouttelettes), 124-7, 135, 137 179 

F 

Faisceaux moldculaires (molecular E 
. - -  . 

beams), 59, 403, 423 

(see: c.)  

champ), 505 

Fast camera (apparel1 rapide), 117 

Fast shutter (obturateur rapide), 524 
Field effect transistor (t .  d'effet de 

Filament catalyst, 394 
Flame (flamme), 111, 467 (see: com- 

Eddy diffusion (d. par courants de 

Effet d'Echelle (ladder effect), 165 
Effusive oven (four d'effusion) , 

Electric a rc ,  340, 559 
Electric discharge, 17, 467, 581 

Electrical conductivity meters, - (see: 

Electrode, 111, 414 
Electrode urobe [sonde 2 Blectrode) . 503 

Foucault), 603 

404,. 405 

(see: discharge) bustion; detonation; droplet 

conductivity meters) 
burning; inhibition) 

145 
Flame blow-off, (soufflage de la flamme) , 

Flame holding (accroche-flamme) . 124. I ,  

Electrodeless probes (sonde sans elec- 

Electrodeless MHD motor, 581 
Electrolytic conductivity, 609 

trode),  503 

Electromagnetic driver (propulseur 6 .  ) 
245. 301 

Electromagnetic skin effect (effet de 

Electromagndtiques, - (v. : actions 6 .  ) 
Electron beam (faisceau Blectronique), 

508 
Electron beam fluorescence (f. de  

faisceau 6. ), 24 
Electron beam scattering (dispersion 

des faisceaux 6 .  ), 21, 23 
Electron bombardment, 427 
Electron capture, 609 
Electron density, 175, 253, 505 
Electron energy, 451 
Electron gun (canon 2 e'), 23, 509 
Electron loss (perte d'k. ) , 440 
Electron multiplier, 377 
Electron resonance, 473, 485 
Electron temperature, 443 
Electrostatic probe (sonde Langmuir), 

482, 495, 502, 510, 531 
Electrothermal accelerator, 301, 309 
Elutriator, 604 
Energy flux, 309, 319 

peau), 548 

- .  
135 

Flame luminosity, 141 
Flame ionization, 476 
Flame vortex, 146 
Flash (ec la i r ) ,  133, 389 (see: reference 

Flash absorption (a. d'eclair), 78 
Flash photolysis (p. d'6clair) , - (see: 

photolysis) 
Floating double probes (sondes double 

flottantes), 427, 489, 548 
Flow (dcoulement ou flux), - (see: 

hypersonic; non-equilibrium; 
subsonic; supersonic; transonic) 

f. 1 

Flow discharge (d6charge envolume), 475 
Flowmeter (debitme'tre), - ( see  capillary 

Flow separation (s. de flux), 155 
Flush mounted probe (sonde 3 ras de 

Flux-gate magnetometer, (magneto- 

Flying grid model ( m. ,? grille mobile ) ,  

Focus (foyer),  521 (see: holography) 
Fragmentation des gouttelettes (droplet 

Free flight (vol l ib re) ,  165 
Free. molecular flow (kcoulement mole- 

f .  1 

paroi) ,  511 

meter d'outrefer), 507 

181 

f .  ) , 125 (see: droplet shattering) 

culaire), 411 
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Frequency filter (filtre de fre'quence), 

Friction coefficient, (c. de frottement) 

Frozen composition (c .  fige'e) , 29, 101, 

Fuel droplets (gouttelettes de com- 

Fuel injection (i.  de comburant), 105, 

56 

105 

199, 203, 433 

burant), 123 

179 

G 

Gas chromatography, 29, 49, 595, 

Gas injection, 609 
Germanium detectors, 21 
Glow discharge (de'charge lumineuse) 

33 
Gouttelettes (droplets) ,  - (v. : evapora- 

tion, fragmentation, des g. ) 
Gun tunnel (soufflerie a' canon), 191, 

211. 237 (see: electron g. ; 
plasma g. ; light gas g. ) 

et seq. 

H 

Hall current accelerator, 301,, 319, 

Hall probe (sonde 5 Hall), 545 
Heater (appareil de chauffage) , - (see: 

Heat transfer ( transmettre de chaleur), 

Heat transfer gauge (jange de trans- 

547 

a r c  h. ; dimic h. ; shock h. ) 

227 

mettre de chaleur), - (see: platinum 
thin film gauge) 

Heterogeneous catalyst, 390 (see:cntalyst) 
Hold-up times (temps de pilerement) 

Holographic interferometry, 514, 517 
Hook method (methode qui amsne des 

599 

'crochets'),  17, 32 
Hot film gauges. (gauges 5 fil chaud) , 

128. 129 
Hot shot wind tunnel (soufflerie chaude 

Hot wire bridge. (pont a fil chaud) , 597, 

Hydrogenolysis, 615 
Hypersonic flow (e'coulement hyper- 

ri rafales) 99 

601 

sonique), 161, 165, 171, 199, 211, 
213, 233, 251, 263 (see: f . ;  gun 
tunnel) 

Hypersonic speed (vitesse hypersonique) , 
98, 265 

Hypersonic wind tunnel (soufflerie h. ) , 

Hypervelocity impact, 81 
233, 524 

I 

Ignition (inflammation), 133, 151, 155 

Image convertor, (convertisseau d'i) 

Image intensifiers, (intensificateau d'i. ) 

Imperfections, 213 
Impurity, 38, 54, 69 
Incubation time (dure'e d'i. ) , 493 
Indice de  refraction (refractive index), 

Indium (antimony detector), 19, 23 
Induction, 108 
Induction coil (bobine' d'i) , 549 
Inflammation (ignition), 133, 151, 155 
Infrared absorption (infrarouge a. ) , 17, 

Infrared emission (infrarouge 6. ) ,  17, 

Infrared spectroscopy (s. infra-rouge), 

(see: droplet i. ; burning) 

524 

61 

293 

20 

19, 20 

scopy) 

type), 305 

19, 50, 53, 58, 59, (see: spectro- 

Inhibition of flames, 476 
Injector type probe, (sonde d'injecteur 

Intake (pr i se  d 'a i r ) ,  93, 211, 21.3, 

Intensite', 260, 345, 581 
Interferometry (interfe'romstre), 17, 

32, 49, 245, 271, 481, 513, 610 
(see: l aser  i. ; Mach-Zehnder i. ; 
modulation). 

Inverse pinch discharge, 548 
Ion collection, 485 
Ionisation, Ionization, 13, 18, 165, 

219-221, 237 

166, 191, 413, 481, 491, 502, 548 
(see: thermal i. ) 

Ionization chamber 609 
Ionization density probes (sonde de d. 

d ' i . ) ,  441 
Ionization detectors, 108, 414, 609 
Ion optics, 427 
Isotherm, 605, ,608 
Isothermal pr tbe  [sonde isothermal), 

Isotropic labelling, (marguage isotro- 
471 

pique), 377 
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K 

Kinetic processes, 17 
Klystron (see X-band Klystron) 
Knife-edge technique, ( to  de la lame de 

couteau), 18-19 

Langmuir probe (sonde L. ) , - (see: 

Lasers,  175, 179, 271, 279, 289, 
electrostatic p. ) 

514, 515, 521, 525 (see: multi- 
spike 1. ; Q-switch 1. ) 

Laser  interferometry, 17, 33) 
Laser  modulation, 515 
Lead sulphide detector, (d. au sulfure 

de plomb), 19 (see: infra-red d. ) 
LEED, 400 
Line reversal, 17, 55, 180 
Light chopper, (hacheur de lumidre), 50 
Light gas gun, (canon P gaz Idger) , 171 
Light scattering, (diffusion de la lumidre) Molecular leak (fuite m. ) , 371 

Light sources, 32, 37, 56, 108, 175, 

Luminescence, 249 (see: chemi-1. ) Monochromator, 19 

Molecular diffusion, 603 

Molecular sieves (tamis m. ),  597, 607 
Molecular weight (poids m. ) ,  605 

76, 288, 525 

514 Monochromatic light, 514 

Moulding (formation), 85 
Multi-spike laser (1. P multi-impul- 

M sions),  519 

Mach- Zehnder interferometry, 31 
(see: i. ) 

Magnetic field detector, (d. de champ m. 
455. 507 

Magnetic interference, 388 
Magnetic pressure number (coefficient 

de pression magnetique), 575 
Magnetic probe (sonde m.), 548, 552 
Magnetic Reynolds number, 553, 573 
Magnetic Reynolds number transducer, 

Magnetic shock (choc magnetique), 548 
Magnetometer, - (see: flux-gate m. ) 
Magnetron, 441 
Mass flow probe (debitmhtre), 309, 311, 

319, 329 

505 i 
i 

I Mass removal (transport de masse) ,  85 
I Mass separation, 376 

Mass spectrography, 53 (see: spectro- 

Mass spectrometry, 13, 17, (see: 

Mass transfer ( transfert  de masse),  

Merging beams (fasceaux convergents) , 

scopy) 

spectroscopy) 

603 

404, 407 

MHD (MPD), 502, 524, 531, 548, 559, 

MHD accelerators, 191, 503, 547, 581 
Microdroplet formation, ( f .  de micro- 

gouttes), 141 
Microprobe (micro-sonde) , 370 
Microscope, 521 
Microwave, (ondes micromgtrique) , 

175, 181, 253, 301, 441, 455, 482 
Microwave discharge (decharge m. ) , 

382, 445, 469 
Microwave probe (sonde onde micro- 

metrique), 18, 20, 527 
Missile. - (see: projectile) 
Mobile phase, 601 
Mobility control, 483 
Model (modsle), 85, 165, 175, 193 

Modulation of laser  light (m. de 

Molecular beam (faisceau molkula i re )  , 

581 

( see  flying grid model) 

lumisre l a se r ) ,  513 

58. 403. 423 

N 

Needle valves (robinet aiguille), 460 
Non-equilibrium distribution, 17, 29, 

Non-equilibrium flow (flux hors 6 .  ), 122 
Non-stationary calorimetric probe 

Nozzle (tuydre), 101, 199, 215, 217, 

1 

33, 467 

(sonde c. ),  313 

309, 373, 376, 409, 423 

0 

Optical absorption, 77 
Optical instrumentation, 18, 19, 55. 56 
Optical properties (properti&i), 13, 53. 

Oscillations, 385 
Oscilloscopes, 227, 443 

105 

P 

Packed column, 601 
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Parallax, 513 
Particle acceleration (a. de particule), 

Particle beam (faisceau de particules), 

Passive probe (sonde p, ), 503 
Perpendicular calorimetric probe 

(sonde c. ) , 301 
Phases, systcme 5 deux, 53, 88 ( see  

two-phase shock tube). 
Phosphorus detector, 610 
Photo-electric detection, 56 
Photo-electric spectroscopy, 69, 

(see: spectroscopy) 
Photography, 56, 175, 517, 524, 

(see: camera, streak p. ) 
Photolyse, photolysis, 17, 26, 35, 37, 

383 
Photometry, 471 
Photo-micrograph, 85 
Photomultiplier, 489, 515 
Photo-tube (tube photo electrique), 507, 

515 
Piezo-electric transducers (trans- 

nietteurs p. ) ,  108, 129 
Pinch discharge. (de'charge pencge), 

548 
Pinhole manufacture (drou d'epinage) , 

386 
Pitot probe (sonde Pitot) ,  301, 304, 

311, 511. 571) 
Plasma. 13, 243, 257, 272, 289, 301, 

319. 501. 517. 525, 527, 531, 544, 
547. 549. 556, 563. 

Plasma accelerator. 301, 323, 524, 
552. 557 

71 

4 04 

Priming (amorqage) , - (see: starting) 
P r i se  d'air (air intake), 211, 213, 237, 

Probe cooling (refroidissement de la 

Probe tip (pointe de la sonde), 373 
Projectile, 151, 171 
Pumping (pompage), 375, 395 
Pyrolyse, pyrolysis, 615 

(see: intake) 

sonde), 329 

Q 
Q-switch laser,  ( laser  declenchg), 519 
Quadrupole mass spectrometer, 26, 383, 

Quadrupole unit, 383 
Quartz-iodine lamp, 108 

395 (see: spectroscopy) 

R 

Radar. 181 
Radicaux libres, free radicals, 17, 25, 

Random walk (promenade au hasard) , 

Rate constant, (coefficient de re'gime), 

Rate equation (6. de d g i m e ) ,  203 
Rate of pressure change (regime de 

369, 395, 453, 467 (see: source) 

603 

38, 451 

changement du pression), 217, 225, 
235 

Reactor, 599, 615 
Real gas  effect (effet avec gaz rgel) ,  

107, 162, 165, 193, 213, 449, 502, 
Plasma column (colonne de p. ) 532 
Plasnia frequency. (frt%pence de plasma, ) Recirculation, 185 

565 

293 Recombinaison (recombination), 296, 
Plasma gun (canon P p. 547 439 
Plasma probe (sonde de p. ) ,  511 Recombination reaction, 38 (see: col- 
Plasma pulsation.(pulsntio~~ de p., )277 
Plasma wind tunnel (soufferie 5 plasma),  Reference flash (eclair  de rCf6rence) , 

lisional radiative r. ; dissociative r, ) 

304 81 I 
Plate spectroscopy, (spectrographie), 69, Reflection (reflet) ,  26 (see: specular r. ) I 

78. 301. 481. 601. 610 Reflected shock (choc r6flkhi).  99. 191 I 
Platinum thin-film gauge. ( jauge 5 film 

Polarity. 605 
Polymerization, 25 
Powder injection (side poudre), 64, 71, 

Pre-heater ( r 6  chauffeur), 98 
Pressure recovery (rgcuperation de 

Pressure  transducers, 17, 227, 454, 

de P t ) ,  63. 441, 489 

83, 90 (see: dust; exploding wire) 

pression),  231, 232 

(see: piezo-electric) 

. ,  
Refraction, 513 
Relaxation, 17, 31, 204, 243, 253, 296, 

R&olution, 56, 271 
RBsonance, - (see: electron r. ) 
Resonant cavity, 469 
Resonator (r&Onateur), 453 
Retention, 599 
R. F. bridge (self balancing) (pont HF), 

Roughness (aspBrit6) , 83 

318, 413, 491, 509, 571 

503 
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S Solenoid valve (valve electro-magnet- 

Sabot, 154, 171 Solute, 601 
Safety Precaution (precaution de Sonde de temperative. (t.  probe), 357 

skcurit6), 128 Source - (see: a r c  electrique; effusive 
Sampling (prise d echantillonage) , 26, oven; electrode; radicaux libres; 

115, 370 shock tube; sputter; supersonic jet) 
SAPAG, 391 Spark (ktincelle) , 179 
Scaling (rkduction d 1'6chelle), 97, 167, spectrographie de masse, 341, 369, 383, 

Screaming combustion (c. hurlante), 124 Spectrometry, Spectromhtre, 13, 17, 
Scannivalve, 227 
Scattering (dispersion), - (see: beam 473, 527, 610 (see: spectroscopy) 

s.; light s.) Spectrometry inlet system (systdme 
Schlieren, 17, 31, 49, 117, 133, 175, d'entree d'un spectrographe), 370 

179, 181, 219, 502, 524, 551 Spectroscopy, - (see: absorptions. ; 
Scintillator, 23 infrared s.; mass s.; photo- 
Scintillation counter, 509 electric s. ; plate s. ; quadrupole 
Scramjet, - (see: supersonic combustion mass s.; spectrographie de masse, ; 

ramjet) spectrometry. ; ultra-violet s. ; 
Seeding (ensemencement), 109, 414 vacuum grating s. ) 
Self-magnetic effect (effet de self-induc- Specular reflection, 549 

Sensibilite' (sensitivity), 257, 260, 262, Spot (tache), 563 

Separation column (colonne de &para- (see: source) 

Shadowgraph (ombricoscopse) , 151, 

Shock curvature (courbure de choc), 18, 

Shock front (front de choc), 17,18, 63, 

ique), 107, 115 

180, 193 395 (see: spectroscopy) 

25, 32, 53, 58, 369, 384, 395, 451, 

tion), 565 Spin resonance 451 

455 

tion), 597, 601 Stabilization; 447 
Stagnation point, 194, 195, 197, 215, 307 

257, 269, 502, 524, 525 Standard deviation, 603 
Starting (amorcage), 101, 115, 229, 233 

19, 23 Stationary calorimetric probe (sonde c. ) , 

81, 146, 243, 247 (see: bow wave; Statoreacteur (ramjet) ,  91 (see: super- 
shock wave; tilt) sonic combustion ramjet) 

Shock heating (chaufface par  choc) , 26, Sting probes (sonde d pointe) , 63, 108, 
33, 49, 429 511 

Shock tube (tube d choc), 17, 18, 19, 23, Streak camera (camera d defilement), 
26, 28, 33, 41, 53, 54, 61, 69, 71, 247 
83, 91, 124, 127, 169, 199, 243, 295, Streak photography (photographie d 
373, 413, 425, 439, 440, 489, 561, defilement), 524 
(see: two-phase s. t. ; reflected s. ) Supersonic flow (flux s. ),  13, 98, .155, 

Shock wave (onde de choc), 26, 55, 71, 563 
123, 124, 197, 440, 483, 487, 515 Supersonic combustion ramjet (stat- 

Shock wave property determination (con- oreacteur avec combustion super- 
statation des qualitges d'une lame de sonique) , 91, 93, 169, 175 (see: 
choc), 129 scramjet) 

explosive s. ) Suspension, 88 

Sputter (pulvenseur), 404, 405, 420 

313 

Shutter (obturateur), - (see: fast s.; Supersonic jet, 404, 409 

Sigma - U profile meter, 529 
Sigma - U transducer, 507, 508 
Sillage (wake), 166 (see: flying grid model) 
Simulation, 97, 189, 191, 193, 195 
Skimmer (ecorceur), 375, 409, 411, 

Slipflow (6coulement glissant), 41, 483, 

Snow plough (plow) effect (boule 

I 
I 

Swirl probe (sonde de tourbillon), 325 
Swiss cheese (fromage suisse),  - 

Synchronization of camera (s. d'appareil) , 
117 ( see  camera) 

420, 433 

571 T 

de neige), 549, 554, 557 

I 

Tailing (extr6mit6) , 605 
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Tailoring (ajustement), 431 passive probe; perpendicular 
Target (cible), 83 calorimetric probe; piezo-electric 
Temperature programming, 609 transducer; pitot probe; plasma 
Test gas (gaz d'essai) ,  194 probe; platinum thin-film gauge; 
Thermal conductivity cell (e'leme'nt pressure transducer; probe cooling; 

d'une sonde de c. t .  ) ,  - (see: heat probe tip; scintillation counter; 
transfer gauge) sonde de  tempgrature; sigma-U 

Thermal decomposition, 19, 25, 197, profile meter; sigma-U transducer; 
199, 203 (see: d . )  

Thermal ionization; 487 (see: i. ) sting probe; swirl probe; thermal 
Theoretical plate (etage hypothetique), conductivity cell; turbulent flow 

601 detector; velocity measurement; 
Theta pinch, 547 Wrede-Harteck gauge) 
Three dimensional visualization T-Tube, 245 

Tilt (inclinaison) , 18 (see: shock) 
Time delay mechanism (relais retardeur) ,U 

stationary calorimetric probe; 

(holographic), 519 

179 

19 

des repsres  2 intervalles re'guliers) , 
445, 485 

Time history (chronique horaire) , 17, 

Time mark generator (generateur 

Titration (t i trage),  457 
Transonic speed (vitesse transonique) , 

TRASE, 78 
Tube 2 choc (shock tube), 55, 71, 91, 

Tube reactor, 615 
Turbulent flow detector, 507 
Two-phase shock tube (tube 2 choc 2 

deux phases),  38, 71 
Transducers, - (see: active probe; 

boundary layer probe; calorimetric 
probe ; calorimstre; capillary 
flowmeter; catalytic detector; 
catalytic probe; catalytic thermo- 
couple; chromel-alumel thermo- 
couple; coaxial calorimetric probe; 
conductivity meter; counter deflec- 
tion detector; electrical conductivity 
meters; electrode probe; electro- 
deless probe; electrostatic probe; 
enthalpy probe; floating double probe; 
flush mounted probe; flux gate 
magnetometer; germanium detectors; 
Hall probes; heat transfer gauge; 
hot film gauge; indium-antimony 
detector; injector type probe; 
ionization density probe; isothermal 
probe; Langmuir probe; lead 
sulphide detector; magnetic field 
detector; magnetic probe; magnetic 
Reynold's number transducer; mass  
flow probe; microprobe; micro- 
wave probe; non-stationary calori- 
metric probe; optical instrumentation; 

98 

124, 295, 405, 439 

Ultra-Violet absorption, 17, 19, 39 
Ultra-violet spectrographie, 53 

V 

Vacuum grating spectrometer (s. de 

Variable geometry model (modsle a' 

Velocity measurement (me'sure de 

grille 2 vide'), 63 

geom6trie variable), 229 

vitesse), - (see: floating double 
probe) 

414 
Velocity selector (se'lecteur de vitesse), 

Visible absorption, 17 
Vibrational band (bande de  vibration), 508 
Visualization, 13, 257, 264, 265, 524 
Voltage/current relationship (caract&- 

estique courant-tension) , 483 

W 

Wake (sillage), - (see: base burning) 
Waveguide (guide d'ondes), 18, 441 

White light (lumidre blanche), 514 
Window material (mattriau de  fen6tre), 

Wind tunnel (soufflerie), 23, 98, 171, 

482 

61 

265, 502, 561 (see:. arc-heated w. t. ; 
hot-shot w. t.  ; hypersonic w. t.  ; 
plasma w. t.  ) 

451, 470 
Wrede-Harteck gauge (jauge de  W. -H. ) 
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X 

X-band Klystron, 17 
X-ray, 180 
X-ray densitometry, 17 

Z 

Zone spreading (Bralement de la zone), 

Z-pinch, 245 
601 



I 


