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ABSTRACT 

In this report, experimental work with a transpiration- 
cooled arc is described. An apparatus has been developed 

which verifies the analytical prediction that an electric 

arc can be confined and constricted by an entirely trans¬ 

piration-cooled wall. The arc has been operated in argon 

atmosphere with currents ranging from 35 to 160 A. A porous 

ceramic (ALSIMAG 447) tube has been used as constrictor 

material. The investigations encompass basic trends of the 

arc, the constrictor performance, and the flow behavior 

with their mutual interactions. By introducing some simpli¬ 

fying assumptions, a number of formulae, containing observable 

quantities, have been derived which are useful for the repre¬ 

sentation of experimental results and which facilitate their 
comparison with analytical studies. Three different types 

of arc characteristics are plotted and used for a description 
of the transpiration-cooled arc. Results of spectrometric 

temperature measurements in the arc jet using the 5 mm ID 
constrictor tube are also included. 

Details of an improved transpiration-cooled arc arrange¬ 
ment based on previous experience, are described and some pre¬ 

liminary results obtained with this apparatus are reported. 
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NOMENCLATURE 

area 

constants def. by Eqs(21), (22), (23) 

constant def. by Eq(24) 

parameter def. by Eq(40) 

speed of sound 

specific heat at constant pressure 

integration constant 

diameter 

electric field strength 

specific enthalpy 

stagnation enthalpy 

arc current 

specific permeability of porous material 

thermal conductivity of argon 

thermal conductivity of wall material 

integration constant 

parameter def. by Eq(27) 

length of constrictor tube 

mass flow rate 

cathode flow rate 

transpirart flow rate 

parameter def. by Eq(14) 

pressure 



Ps standard atmospheric pressure 

p^ plenum chamber pressure 

p¿ static pressure in flow duct 

Pj Pi at z/L * 1 

Pr radiative power per unit volume 

Pj total radiative power per unit arc length 

qw heat flux per unit length at r = r0 

r radial coordinate 

tg inside radius of constrictor 

Rz outside radius of constrictor 

Rj Rz at z/L * 1 

R individual gas constant of argon 

ReDe Reynolds number for axial flow 

ReWR Reynolds number for transpirant flow 

T temperature 

Tq temperature of inner constrictor wall surface 

Tr temperature of outer constrictor wall surface 

Tw temperature of transpirant at outer constrictor surface 

gas supply temperature 

Tu turbulence intensity 

U voltage 

Uq overall arc voltage 

V gas velocity 

vr radial velocity 

vz axial velocity 
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W1 

W 

X 

z 

ze 

ÛP 

a 

ß 

; 
K 

V 

wall 

P 

o 

mass flow density 

w at z/L * 1 

parameter def. by Eq(39) 

mass flow rate per unit length 

axial coordinate 

axial distance from anode orifice exit 

pressure drop across constrictor wall 

flow parameter, inverse of kD 

flow parameter 

normalized axial coordinate 
/ 

ratio of specific heats 

dynamic viscosity 

susceptibility (in Eq(3) only); temperature 

independent coefficient of y 

temperature dependent coefficient of y 

mass density 

electrical conductivity 

rms deviation from uniform permeability 

Subscripts 

c 

h 

property of "cold" gas 

property of "hot" gas 
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1. INTRODUCTION 

Arc-generated plasmas have attracted widespread interest 

during the past decade in view of possible applications in 

space flight and reentry simulation, in arc plasma torches 

for welding, cutting and spraying o' refractory materials 

and plastics, and as useful tools for determining thermo¬ 

dynamic and transport properties at high temperatures. One 

of the most favored devices for the generation of high-temp¬ 

erature, high-density arc plasmas has been the wall-stabi¬ 

lized, cascaded arc which was first described by Maecker QJ. 

The maximum temperature attainable in an arc column con¬ 

stricted by a water-cooled wall is limited, however, by the 

highest permissible heat flux to the constrictor, which is 
about 15 kW/cm2. 

In order to overcome this limitation, transpiration 

cooling of the constrictor nas been suggested. By replacing 

tne water-cooled wall with a porous transpiration-cooled 

constrictor, the entire heat flux to the wall may be inter¬ 

cepted by the radially orientated gas flow through the porous 

wall, and this heat is then carried back into the main gas 

stream. The temperature gradient at the wall is drastically 

reduced by this cooling mechanism and, therefore, appreciably 
higher power inputs per unit length of the arc and corres¬ 

pondingly higher axis temperatures are feasible. 

From theoretical considerations Anderson and Eckert 

(JL* J) found that axis temperatures up to about 60,000°K in 
hydrogen at atmospheric pressure should be attainable. In 

other gases, such as argon and nitrogen, the possible peak 

temperatures will be lower due to the high volumetric radia¬ 

tion of these gases at high temperature levels. As long as 

heat transfer from the hot plasma to the wall of the porous 

constrictor is mainly caused by conduction and convection, 
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transpiration-cooling is a very efficient cooling mechanism. 

If radiation becomes predominant, additional cooling mecha¬ 

nisms for the porous wall (for example, radiation cooling) 

have to be provided. 

Another theoretical study for nitrogen at atmospheric 

pressure reported by Druxes et al. (1) is in agreement with 

present theoretical work in this laboratory. A detailed 

comparison study of a water-cooled and a transpiration-cooled 

arc based on the same exit mass flow rates has been reported 

by Watson (5). By comparing peak and average enthalpies of 

the two arcs, he concluded that there is no advantage in 

transpiration cooling. The peak enthalpy in the water-cooled 

arc, however, appears in the entrance section close to the 

cathode. An arc heater especially designed for a maximum 

center enthalpy will, therefore, be very short, which invali¬ 

dates the assumption of a rotationally symmetric arc column 

and a negligible axial heat flux. 

It is felt that a fully-developed transpiration-cooled 

arc will provide higher peak but probably even lower average 

enthalpies in the emanating gas. Furthermore, transpiration- 

cooled arc devices will have higher efficiencies as gas heaters 

than comparable water-cooled arc devices. 

The idea of transpiration-cooled arcs was originally 

proposed by Mr. E. E. Soehngen of the Aerospace Research 

Laboratories, WPAFB, and some initial experimental work has 

been done in his laboratory (£, .7, 8). In his experiments 

a stack of electrically isolated porous graphite washers 

mounted in water-cooled holders were used as a transpiration- 

cooled constrictor tube. To the authors' knowledge there 

has been no other experimental work reported dealing with an 

entirely transpiration-cooled arc column. 

Due to the promising aspects of transpiration cooling, 

theoretical as well as experimental work in this field has 
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been pursued in this laboratory during the past years. The 

purpose of this technical note is to summarize the experimental 

work and to compare experimental results with basic trends 

established by theoretical considerations. The difficulties 

which are encountered in a desirable comparison of experi¬ 

mental and theoretical results are threefold. First, the 

theoretical predictions contain a relatively large uncer¬ 

tainty factor due to the uncertainty of thermodynamic and 

transport properties of most gases at high temperatures. 

Secondly, the entire plasma column, in the analytical treat¬ 

ment, is assumed to be in a state of local thermodynamic 

equilibrium. This assumption is, at least in the arc fringes, 
very questionable. Finally, the flow in the porous tube, 

which is assumed to be laminar for the analysis, may have 

various degrees of turbulence, which increases the heat 

transfer to the wall. Because of these problems a quantita¬ 

tive comparison of analytical and experimental results seems 

presently impossible. Therefore, comparisons will be under¬ 

taken mainly to demonstrate agreement of basic trends. 

In the first part of this report the basic equations 

and assumptions used in the analytical treatment are briefly 

reviewed. For more details the reader is referred to the 

literature (2, 3). The experimental studies are preceded 

by some basic considerations necessary for an interpretation 

of experimental results. The following section gives a 

detailed description of the test apparatus along with its 

instrumentation. Because of the extent to which the proper¬ 
ties of the porous material affect the performance of a 

transpiration-cooled arc, a separate paragraph is devoted 

to the discussion of these properties. Next, the experi¬ 

mental procedure for acquiring data and a summary and dis¬ 

cussion of the results obtained is given. Finally, the 

conclusions of this investigation are summarized, and 
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recommendations for continuation of this work are made. 

2. THE THEORETICAL MODEL OF A TRANSPIRAT ION-COOLED ARC 

In Fig. 1 a schematic drawing of a transpiration-cooled 

constricted arc is shown. The arc is confined by a porous 

cylinder through which the working gas is injected. The arc 

is termed thermally fully-developed in the transpiration- 

cooled constrictor when the temperature profile stays 

axially constant and all of the electric energy dissipated 

per unit length of the column is used to heat the gas 

injected per unit length through the porous wall to the 

mass average enthalpy of the axial flow. The velocity 

field also becomes developed in the sense that the velocity 

profiles at various cross-sections are similar to each other. 

For the formulation of the governing equations, a 

fully-developed state of the arc is assumed; the existence 

of complete LTE (local thermodynamic equilibrium), of rotation 

ally symmetric, laminar flow, and of negligible energy 

dissipation by internal friction is also postulated. The 

radial heat flux towards the wall shall be entirely inter¬ 

cepted by the radial inward flow of the transpiring gas and 

redirected into the main gas stream. The gas properties 

required for an analysis are assumed to be functions of 

temperature only (LTE), which implies that the pressure 

differences in the flow field are moderate. The following 

equations describe, under these assumptions, conservation 

of mass, of momentum in axial and in radial direction, and 

of the energy. 

1 
r !r 

« 0 (1) 
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+ 
(2) 

3V 9v 

pvz “TI + Pvr ^ âr 9z 
/ 3vzV' 

r 3r dr 

I2 dr 
3vr 2 3 

M r 3r I 9r 
; 9v,. 

y '2 3r 
V 3v i 

r 3z ' 

♦ , ä * iE /3Vr vr Hr) 
ü TF (^1’ -F :-57 — ■ -27- r 

F If (« 0 ’ + oE2 - P = pv Q è dr r M r IF 

(3) 

(4) 

The coordinate system is indicated in Fig. 1 and the 

symbols are explained in the Nomenclature. It is found that 

the radial pressure variation determined by Eq(3) is small 
in the cases which are of interest. 

From an energy balance in the fully-developed region of 

the arc it is found 3J that the maximum mass-averaged 
stagnation enthalpy can be expressed by 

<h > s max 

El - PT 

“m/T- (5) 

where PT is the total radiation power emitted per unit length 

of the fully developed arc column. This equation, which may be 

considered as a definition of the thermally fully-developed 

state in a transpiration-cooled arc, states that the power 

(El - PT) available for increasing the gas enthalpy is entirely 

invested for raising the enthalpy of the cold transpiring 

gas to the already existing level at any cross section of the 
constrictor. 
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As mentioned before, solutions of these equations have 

been obtained for hydrogen (2, 3). Presently attempts are being 

made to extend these calculations to argon and nitrogen. 

Because of the uncertainty of the transport properties 

(especially for argon) and the strong influence of the radi¬ 

ation term in the energy equation, convergence problems have 

been encountered in the numerical solutions. By neglecting 

the radiation term, numerical results for argon have been 

obtained. These results are of qualitative interest only 

and will, therefore, not be further discussed in this report. 

3. EXPERIMENTAL STUDIES 

3.1 Basic Considerations 

3.1.1 Analytical Assumptions 

In order to establish a basis for comparison between 

the analytical predictions and the experimental findings, 

the assumptions and boundary conditions chosen for the 

theoretical model must be most realistic yet analytically 

treatable. This requires, in turn, that experimental evi¬ 

dence be produced, no matter whether or how well the assump¬ 

tions and boundary conditions are matched to provide this 

basis for a comparison of analytical and experimental results. 

First, it has to be established that transpiration cooling 

really is the predominant cooling mechanism of the porous tube. 

Transpiration cooling is defined as a process by which a heat 

flux towards a porous surface is intercepted by a continuous 

counterflow of coolant through this surface (9J. Heat losses 

from the outer surface of the porous constrictor tube by 

radiation, convection, or conduction to otherwise cooled com¬ 

ponents of the device should be negligible. Film cooling due 

to coolant leaking into the flow duct, e.g. between the con¬ 

strictor ends and other components as for example the anode, 

should also be as small as possible. No current should pass 
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through any part of the constrictor to cause additional heating. 

The coolant injection rate should be uniform over the entire 

constrictor surface, and the existence of a thermally fully- 

developed region is postulated where the inner wall surface 

temperature also remains uniform. The axial flow within the 

duct is supposed to be laminar and far below sonic velocities 

maintained by moderate pressure gradients. A vortex motion 

may or may not be superimposed to the axial flow, which is 

considered to be fully developed in the sense that the velocity 

profiles are similar in different cross sections of the 

constrictor tube. 

3.1.2 Radial Pressure Distribution 

The comparison between experiment and analytical predic¬ 

tions for the thermally fully developed region of the arc 

will be based on data such as electrical field strength, arc 

current, radial blowing rate, inner wall surface temperature, 

wall heat load, and plasma axis temperature. Since it is 

virtually impossible to take simultaneous local temperature 

measurements on the inner wall surface while the arc is in 

operation, formulae must be developed by which the quantities 

measurable during actual arc operation can be reduced to 

local quantities of interest in evaluation of the performance 

of the constrictor. Relatively easily and reliably deter¬ 

minable are the plenum chamber pressure, the integral tran¬ 

spirant flow rate, the gas supply temperature in the plenum 

chamber, the axial pressure drop in the flow duct and--with 

less accuracy--the local outside wall temperatures of the 

constrictor. It is found that the pressure drop necessary 

to force a certain amount of coolant through the tube wall 

is very sensitive to the wall temperature. Therefore, an 

equation for this pressure drop as a function of the mass 

flow rate is used to correlate the data mentioned above. 
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Ihe simplest relationship given in the literature (U2) is 
Darcy’s law, 

- grad p * Uv 
kD 

I his equation states that knowledge of one property of the 

material, its specific permeability, kD, is sufficient to 

calculate the pressure drop experienced by a fluid of known 

viscosity as a function of its velocity. A measurement 

using argon gas in the range of velocities needed for the 

present experiment has revealed, however, that knowledge of 

this single property is not sufficient to correlate the 

data accurately (unless the permeability is taken as a 

function of the gas velocity). For a more accurate descrip¬ 

tion of the flow, suggestions in the literature (JO, 11) 

offer the choice between raising the velocity to a power 

different from unity or adding another term to Darcy's law 

which is proportional to the square of the velocity. The 

latter yields the so-called Forchheimer equation: 

- grad p « apv + 6pv¿ ^ ( 

The first term in this equation represents the viscous forces, 

the second term the inertia forces. The ratio of these two 

forces yields a Reynolds number which, according to (12), 

has proven to be an effective way to correlate data of flow 

phenomena even in porous media. The characteristic length 

is given by £, which is an ,Tartificial" length because it 

equals neither the particle size nor the pore size even in 

a homogeneous bed. However, it seems to represent an average 

effective pore diameter. Because of these features, Eq(7) is 
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chosen as basis for data correlation and found to be accurate 

enough, although the values of a and ß seem to vary slightly 

from tube to tube of the same specification. If one-dimen¬ 

sional concentric compressible flow is assumed and all externai1, 

volume forces are neglected, Eq(7) combined with the contin¬ 

uity equation 

d 
37 

(rpv) * |- div mT * o (8) 

and the perfect gas law 

p = p RT 

R = individual gas constant 

(9) 

yields the following equation: 

dmn 
/Pr 2p dp • <,£ r/ 2 „(T) T (r) ¿I . 

r 1 O 

+ 6 
2iT 

T (r) 
dmT 

“37 

2 
dr 
1 (10) 

Eq(10) implies perfect circumferential symmetry. Integration 

over the radius can be executed provided that the functions 

u(T) and T(r) are known. 

The function y(T) is obtained from the literature (3): 

U » u0 + Ujl + 

with Uq = 5.6092 X 10 

» 5.4646 X 10 

-6 

-8 
(P in jjjjf, T in °K) 

Higher terms in this expansion may be neglected for the 

following calculations. 
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3.1.3 Radial Temperature Distribution 

The radial temperature profile T(r) in the porous wall 

can be calculated, under the simplifying assumption that the 

gas temperature at the wall is equal to the local temperature 

of the constrictor, from the energy and mass conservation 

equations as shown in detail in Appendix A. The task becomes 

more complicated if, as in the case of porous ceramics, the 

thermal conductivity of the material depends upon temperature. 

An equation describing this dependence (14) is of the general 
form 

kj , 
k = k + y— + k T ♦ (ID 

For the present investigation, as a first approximation kw is 

taken to be a constant effective value because, at the present 

time, the experimental methods are not accurate enough to 

determine either kj or k2; an approximate value for k in the 

range 300°K < T < 600°K is furnished by the manufacturer of 

the constrictor material. 

The differential equation governing the temperature 

profile is obtained from an energy balance (see Appendix A) 

TJ * 0 (12) 

Integration of Eq(12) yields 

1 

S dmT dr 
Ttt dz r (13) 

11 
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Using 

n (14) 

and 
X 

dkj, 

Jz~ 
(15) 

and integrating Eq(13) from r to Rz and T to TR, one obtains 

To determine the integration constant K1, one boundary condition 

must be known. Because it is found experimentally that prac¬ 

tically no heat loss out of the plenum chamber occurs --in 

agreement with the assumption--one has the following boundary 

condition for the outside wall: 

w r=R. 

T ) + k 
w' 

dT 
g ïïr 

(17) 

The differential equation governing the temperature profile 

of the gas in the plenum chamber is identical to Eqs(12) and (13), 

if k is replaced by k , wh:ch is assumed to be independent 

of temperature for the temperature range under consideration. 

Thus, the radial gas temperature distribution becomes 

12 



00 (18) 

T - T 
00 

c X 
P 

' r7 ' Tïïir 
1 g 

' r ! 
R < r < z 

Eq(18) satisfies the boundary condition which requires that for 

r-*», i.e. r >> Rz, the temperature in the plenum chamber 

approaches the gas supply temperature with sufficient 

accuracy. Due to the blowing against the radial heat flux, 

the gas temperature, T , at the outer constrictor wall surface 
A 

will always be somewhat lower than the temperature, TR, of 

the surface material, but from a certain point Rz - 6 on, the 

gas temperature and the porous wall temperature will be 

essentially equal. Estimates of the boundary layer thickness 

6 indicate that it is very small compared to the wall thick¬ 

ness and, therefore, 6 is considered to be zero; i.e., a jump 

in gas temperature equal to IR - is assumed to occur at 
r . Rz. 

If Eqs(16) and (18) are introduced into Eq(17), the 

constant Kj turns out to be equal to T^. Eq(16) which describes 

the temperature distribution in the porous material now 

assumes the form 

T r o i r Î Rz (19) 

3.1.4 Data Reduction Formula 

Eq(19) introduced into Eq(10) yields, after integration 

over the radial coordinate, 
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A1 ln Ir^ 1 X + A2 tTR ' ^ 
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(21) 

(22) 

(23) 

(24) 

To make Eq(20) dimensionless every term in this equation has 

been divided by the square of the standard atmospheric pressure, 

Ps- 
Eqs(19) and (20) describe the flow through the porous 

constrictor at a particular axial location z. If the boundary 

values p^, Pj^, r0 and Rz are constant with respect to z, the 

quantities TR and x are also constant over the whole constrictor 
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length, L, provided the arc column ij fully developed over this 

en tre length. In this case g . and Eq(20) contls 

on y quantities which are known or measurable during actual 

arc operation. Thus, if it is once experimentally checked 

of tL dita lt Can be USed t0 dete™lne - y 

3'1•5 Derivation of Tube Shape 

Because r0 is chosen to be independent of z to form a 

constant area flow due, for the plasma column, there exists 

necessarily an axial pressure gradient.^ , which is not 

ays neg igible. If the gradient is big enough x will be- 

variation^f10n ^ " U"leSS '' ÍS c0l"pensated fon t>T axial 
variation of either pR or R;,. A variation of p,, would 

ITZ\ZZZT 0rlthVlenm Chamber and- «"-quently, 
nstrictor. This, however, would in turn cause a 

isco,.tinuity in x which should be avoided. Therefore it 

has been decided to provide for a proper axial variation of 

r- z as a function of z can be found from Eq(20) after 
elimination of TR using Eq(19) in the form 

TP = T + K OO (T - T ) '/rcM nX 
Uo “ 'v J (25) 

As shown in Appendix B, all terms which are independent of 

t can be combined into a single parameter K* which depends upon 
T0 and mT only. The tube shape is then given by 

Rz(z) = Rj exp ; 

f Pi2 - Pi2(z) N 
(26) 
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(Rj is the outside tube radius at the downstream end, the maximum 

value which Rz(z) can assume; Pj is the minimum value for p^z) 

at the same location). Fortunately, K* contains terms only 

which are either independent of or depend linearly on I0, as 

one can see from Eq(27). An order-of-magnitude analysis 

reveals that for most of the parameter values of interest, 

the first term, AjX, predominates and can, therefore, be used 

for an approximate evaluation of Eq(26). 

A2n + 

‘ a3 (To ' T-) 2n; ir^ * B iq- 

As can be seen from Eqs(26) and (27), the tube shape is exactly 

correct only for one given transpirant nass flow rate, flirp, one 

corresponding pressure distribution, p^(z), and, strictly, for 

only one value of Tq. However, as long as the pressure drop 

across the wall is large compared to the axial pressure gradient 

in the flow duct, there exists a wide range of flow rates and 

pressure distributions for which the deviation from a uniform 

transpirant mass flow distributions can be neglected. 

3.1.6 Axial Pressure Distribution 

In order to obtain the general shape of the pressure 

profile and some approximate data, one-dimens:onal frictionless 

compressible flow and absence of volume forces is assumed. 

From Bernoulli’s Equation in the form 

(27) 
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(28) - £ * £ - O 

(v = flow velocity in axial direction) and the perfect gas law, 

Eq(9), one obtains 

1 
RT ¿(¿I = i(ÍLl « 2i,2 d(lnRTJ 

dz ¿w dz 

In the case of thermally fully developed flow, 

(29) 

and integration of Eq(29) yields 

w2 RT = p2 In ^ (30) 
P 

By introducing the downstream boundary conditions p c Pj and 

w = Wj one can determine the integration constant C, as shown 

in Appendix C. Eq(30) takes the form 

. 2 2 
Plw 2 ?! Pi 
p*7 = 1 + ÏÏT w7 ln r 

This equation will be used in the following section. 

(31) 

3.1.7 Two Channel Arc Model 

As long as the temperature profile, T(r), in an arc column 

is not known, T and R are unknown functions of the radius, r. 

For an approximate analysis the following model (U) is proposed 

(see Fig. 2): the radial temperature distribution is assumed 

17 



Ttmparotur« and radius of tha hot gas cora as wall as tho eold 

gas anvolopa ora constant ovar tha total length. 

FIG. 2 TWO Channel Arc Modal (Qualitativa Illustration) 
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as a step function, where the hot core shall be at a constant 

temperature Th and the "cold" gas envelope at a constant 

temperature Tc. The pressure is taken to be indepenaent of 

the radial coordinate. Thus, there are two simultaneous 

equations in the form of Eq(31), one each for the hot core and 

for the cold envelope. As the actual temperature profile in 

the thermally fully developed region--which, for this calcu¬ 

lation, is postulated to cover the whole porous constrictor 

length, L,--does not change axially, the respective flow 

areas of the hot and the cold gas can be assumed to be constant: 

A = Ah * Ac (32) 

2 
(A = Trr = flow area) The total mass flow then is 

m = wcAc + whAh = mo + iiiT (33) 

The condition of a fully developed arc requires that the 

electric energy dissipated per unit length is absorbed by 

the gas introduced per unit length reaching the mass average 

enthalpy. If the radiative power in Eq(5) is neglected 

one obtains 

EIL mT <h> (34) 

<h> 
w A h + w.A.h. c c c h h h 

m (35) 

The arc current is obviously carried in the hot core; thus 

I = oEA, (36) 
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As shown in Appendix C, Eqs(28) through (36) yield the following 
relations : 

I-» 
, /RCTC 

(37) 

(38) 

Where 

W = 2B 
i Ap 1 

T/ ir-mç 
\ o T 

(39) 

and 

<h> 

"TT" 
hc 

■T ,jv, >vrctc 
-2 

(40) 

Eq(37) can be used to determine the hot core temperature, Th, 

from measurements of E, I , and m^, if the temperature, Tc, of 

the cold envelope is known. If Tc has to be estimated, the 

inner wall surface temperature is obviously the lower limit 

for such an estimate. The upper limit is given by <T> = jjpjr-. 

which is an average temperature obtained from the mass T p 

average enthalpy. Equation (40) is needed as an intermediate 

step to calculate the parameter W defined by Eq(39). Numerical 

values of Eq(38), then, shown in Fig. 3, describe the axial 

pressure distribution in the flow duct. The general shape of 

the curves in Fig. 3 is independent of the radial temperature 

profile as long as the arc is thermally fully developed. 
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3.1.8 Limiting Flow Conditions 

Equation (38) is also valid for cold gas flow only, 

i.e., without operating an arc; the parameter, B^, is then 

equal to RcTc (which still implies that there is a heat 

source which keeps Tc axially constant). This offers the 

opportunity to calculate the conditions under which a 

choked flow situation will be reached. With the arc in 

operation the cold gas envelope carries a much higher frac¬ 

tion of the total mass flow than the hot core. Sound 

velocity at the downstream end of the constrictor tube is 

reached, when 

c 
m + mT o i pl 

P ^ ç * y— Cc 
c c 

(41) 

Since 

/c k R T c c c 
(42) 

and for 

m ^ m»!'£ 
°—3- * o 

which, for mT » mo, corresponds nearly to the upstream end 

of the porous constrictor, one obtains 

in ¢- 
Kc 

* y 
(43) 

For kc = 1.65 the critical pressure ratio is 
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f-2.2* 

This means that the gas will be streaming at sonic velocity 

in the downstream cross-section of the constrictor if the 

stagnation pressure in the upstream end of the constrictor 

reaches p* given by hq(43). Raising the upstream pressure 

further causes pj to increase proportionally, leaving the 

gas velocity constant but increasing its density. Using 

Hq(43) one can now calculate values for the parameter BT 
from the relation 

1 
< 

mo + mT 
Ap. (44) 

In this way the influence of the electrical arc parameters 

and of the flow rates on the flow conditions with respect to 

the choked flow situation can be determined. 

3.2 Test Apparatus and Instrumentation 

3.2.1 Test Apparatus 

The test apparatus used to take most of the measurements 

described in this report is shown schematically in Fig. 4. It 

incorporates a commercial F-40 plasma torch used as a 

starting device and as a cathode section. The constrictor 

and anode section, placed on top of the torch, is designed 

and built to allow various types of measurements with as 

little modification as possible. It also provides for 

unobstructed viewing of the entire porous constrictor tube, 

which proved to be extremely useful in detecting glowing of 

the outer constrictor surface, leaks, detached probes etc. 

This section has the shape of a flat cylinder consisting of 

the constrictor tube and a coaxial plexiglas tube as outside 
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wall of the plenum chamber sealed between a base and a top 

plate. The inner bore of the constrictor tube is aligned with 

the anode opening of the plasma torch to form a straight flow 

channel for the arc column, which extends from the cathode 

in the torch up to the main anode. The latter is incorporated 

in the top plate of the device. The space between the outer 

constrictor wall and the plexiglas tube, the so-called plenum 

chamber, is big enough to house pressure and electric potential 

connections as well as thermocouples which are attached to the 

constrictor tube. The bottom plate is fitted with a large 

number of feed-throughs in order to conduct pressures and 

electrical signals to the outside instrumentation 

portant dimensions of the apparatus are: 

flow duct diameter 

cathode section length 

(cathode tip to auxiliary anode top) 

porous constrictor length 

main anode thickness 

constrictor OD 

plenum chamber diameter 

Numerous technological problems are encountered with 

this apparatus. The seals required on the porous tubes at 

the end faces and around the holes through the constrictor 

wall cause particular difficulties. In both cases a gas- 

tight seal covering the whole wall thickness is required. 

The wall temperature variation lies between room temperature 

and 1600°K on the inside, with a steep radial temperature 

gradient in the wall of the order of several hundred °K/mm. 

For the end faces, a seal consisting of an elastomer, which 

allows for thermal expansion of the constrictor tube, must 

be used. Experimentation with different sealants has revealed 

that a thin film of spreadable self-vulcanizing GE-RTV-106 

silicone rubber yields an almost perfect seal against the 
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water-cooled surfaces of the torch and the top anode. In this 

case the tube ends and the anode surfaces had to be machined 

within close tolerances. For the attachments of thermocouples, 

potential taps, etc. to the constrictor wall, a special high 

temperature cement, called Astroceram, which withstands temp 

eratures up to 2500°C is found to be suitable. 

3.2.2 Probes Attached to Constrictor Tubes 

An example of a porous constrictor, fitted with some 

probes is shown in Fig. 5 (the shaft serves as holder). The 

two stainless steel tubes on the left-hand side of the picture 

are pressure and electric potential probes. They are flush 

with the inside wall of the constrictor and at this point 

have an OD of 1 mm. Outside the constrictor tube, the ID and 

OD of the probes are about three times larger, and plastic 

tubes are connected to the very end of the probes, leaving 

a large area of metal in contact with the surrounding gas for 

cooling. The holes through the porous constrictor wall are 

of the smallest size which can be sandblasted with the equip¬ 

ment available. Drilling of these holes with solid carbide 

drills is a more accurate but also a much more time-consuming 

method. The right-hand side of Fig. 4 and 5 shows the light 

duct for the photoelectric temperature measurement of the inner 

constrictor wall surface. The slightly conical outer part, 

which incorporates a pressure tap, is fitted with a teflon 

sleeve to the finned 2 mm-ID stainless steel part, which is 

cemented into the porous wall. Eight chromel-constantan 

thermocouples are attached to the outside wall of the tube, 

four of which can be seen in the photograph; the other four 

are on the back side. Tubes without light ducts but with as 

many as nine pressure and potential probes are also used. 

The light duct at times also serves as a leak-proof connection 

to the porous tube, which permits insertion of a movable 
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tungsten wire probe through the constrictor wall. A traversing 

mechanism mountf . outside of the plenum chamber allows moving 

of the probe radially into the flow channel and, thereby, closer 

to the plasma column. For measuring the gas temperature in 

the outer regions of the plenum chamber, a thermocouple, soldered 

to a piece of copper foil, is located close to the plexiglas 

wall. 

3.2.3 Electrical Circuit 

The arc power is supplied by a 40 kW Miller saturable 

reactor rectifier followed by a ripple filter. A commercial 

RF-starting unit is used to start the arc between the cathode 

and the auxiliary anode in the F-40 torch. The circuit 

necessary to transfer the arc from the auxiliary anode to 

the main anode (as described in section 3.4) consists of 

three knife switches and a one-Ohm water-cooled resistor. 

A 100 A Weston shunt is modified for coaxial pick-up of the 

voltage signal to measure the amount of ripple in the arc 

current, which is found to be less than 1¾ rms. It has been 

established that the electrical circuit is mainly inductive. 

3.2.4 Other Instrumentation 

The main parameters, arc current, total voltage, mass flow 

rate and plenum chamber pressure are measured using a shunt 

with a millivoltmeter, a regular moving coil voltmeter, a 

rotameter-type flow meter, and a Bourdon tube pressure gauge, 

respectively. The gas inlet pressure to the flowmeters is 

also measured and kept constant by a pressure regulator. The 

cooling water for the cathode, the auxiliary, and the main 

anode is circulated by a rotary pump at a pressure of 120 psi. 

The axial pressure distribution in the plasma channel is 

measured using a special manifold panel which provides for 
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a variety of differential measurements by means of a 50-cm 

water and 50-cm mercury manometer and precision 60 psi Bourdon 

tube pressure gauge. Accurate temperature readings from the 

various thermocouples are obtained by using either a hand- 

balanced potentiometer or a Dymec multichannel digital volt¬ 

meter. The latter instrument, which has an input impedance 

of 107 Ohm, is also used for the potential measurements. For 

the determination of a possible current dependence of these 
potential measurements, a series circuit of variable^resistors 

ranging from 0 to 100 Ohms up to values from 0 to 10 Ohms is 

connected in parallel to the Dymec voltmeter to control the 

electron current drawn to the probes. 
The instrumentation required for the photoelectric temp¬ 

erature measurement of the inner wall surface is shown in 

Figs. 6 and 7. The light duct inside the plenum chamber, shown 

in the schematic of the optical system is the one actually 

photographed in Fig. 5. The converging lens focuses the light 

beam on the entrance diaphragm of the photomultiplier housing. 

The diverging lens spreads the light out over most of the 

photocathode in order to decrease the light and, therefore, 

the photo current density. The filter limits the wavelengths 

received to the yellow region of the spectrum. The electric 

triggering circuit, shown in Fig. 7, works as follows. With 

switch SB closed, relay B is energized and the arc can be 

struck. After proper adjustment of the operating parameters, 

the manual shutter S1 in the multiplier housing is opened, 

simultaneously closing switch S,.. Relay A is energized and 

turns the recorder on. It also causes relay B to fall off 

after a delay time of about 100 ms, determined by its own 

resistance and the capacitor Cj. As relay B falls off, the 

arc current is interrupted and the solenoid operated shutter 

S is opened after a delay time of 15 ms determined by the 
2 
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the capacitor C2 and the variable resistor Rr The multiplier 

(DuMont Type 6292, blue sensitive) now transforms the light 

signal into an electrical current signal which is amplified 

by the solid state amplifier V and measured by the galvanometer 

G in the recorder (Honeywell 1508 Visicorder). The delay time 

of 100 ms is needed for the recording paper to reach its speed 

of 2 m/s; the delay time of 15 ms elapses from the moment the 

arc current control unit receives the signal to shut off until 

the arc has decayed. The amplifier V serves also as a current- 

limiting device to protect the galvanometer if the shutter 

S2 opens too early, in which case the immense light intensity 

from the plasma column could cause damaging currents in the 

photomultiplier. In order to calibrate the recorded photo¬ 

multiplier signals for the appropriate temperature range, 

the porous tube is simply replaced by a tungsten ribbon lamp 

as shown in Fig. 6 (secondary standard). When the switch 

S is closed, the photomultiplier output can be measured 

directly by the microammeter, and the high voltage supplied 

to the tube is adjusted according to the manufacturer's 

recommendations. Provision is made to place a rotating seg¬ 

mented disc in the light path close to the same plane in 

which the shutter S2 is located to check the reliability of 

the output signal. 

3.2.5 Modified Test Apparatus 

The design of this test apparatus is based on the experi¬ 

ence gained with the previous one and represents a definite 

improvement in many ways. It is shown schematically in Fig. 8. 

In the new design the length of the transpiration-cooled column 

and the inner radius of the constrictor walls are exactly 

twice those of the old design. This increase in scale facili¬ 

tates the installation of pressure and potential probes and 
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yields more truly "local" measurements. 

In the old apparatus, the F-40 torch incorporates a number 

of components: auxiliary anode, cathode, inlet section for 

supplying gas with a swirl component, and the necessary cooling 

water supplies. Thus, to replace the torch a rather complicated 

base (see Fig. 8) is required. The base is made from the 

finest-grade linen phenolic material with a high electrical 

resistance, a low thermal conductivity, and high mechanical 

strength. 

Because the gas inlet section is an integral part of the 

apparatus, separate from the base, inlet sections with varying 

degrees of swirl components may be used to determine their 

effect on the stability cf the arc column. The mounting of 

the cathode provides easy exchange of cathodes without disas¬ 

sembling the plenum chamber and porous tube seals. Independent 

water supplies to the auxiliary anode, cathode and converging 

section, equipped with thermocouples for heat balances, are 

provided. 

To reduce the length of the water-cooled part of the arc 

column, both the main and the auxiliary anodes are made as thin 

as possible. This provision is especially important for the 

main anode since spectroscopically determined temperature 

profiles of the plasma jet, emanating from this anode, reflect 

the characteristic distribution of a transpiration-cooled arc 

only if the influence of the water-cooled anode portion on 

these profiles is kept sufficiently small. The disc-shaped 

anode is designed to accomplish this while providing efficient 

heat transfer in the region in which the arc attaches (see 

Fig. 9). The anode is only 4 mm thick so that the arc column 

is transpiration-cooled over more than 80¾ of its length. 

To obtain a sufficiently high water flow rate through 

the anode, the flow passages are maximized within the given 

limits of the anode size. The annular flow passage at the 
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center of the anode matches with the size of the other flow 

passages in the anode. The maximum flow rate is determined 

by the water pressure level which the thin copper walls of 

the anode can withstand without deforming. 

The Reynolds number in the porous constrictor tube 

is determined primarily by the arc current and the flow rate 

of gas required for cooling. Since these parameters cannot 

be arbitrarily adjusted, efforts to reduce the turbulence 

level are confined to removing turbulence from the gas blown 

axially past the cathode. To accomplish this a tight cotton 

pad, held in place by a conus of copper wire mesh as shown 

in Fig. 10, is used. The flow above the pad has no swirl 

component. The flow area as plotted in the lower part of 

Fig. 10 is monotonically decreasing towards the cathode tip 

to reduce remaining fluctuations in the flow to a minimum. 

The shape of the converging section near the cathode has been 

determined using the charts of Rouse and Hassan (16) with 

the location of the inflection point chosen to minimize the 

wake behind the cathode. 

The main anode support is designed so that a water-cooled 

disc can be mounted directly beneath the anode without modifying 

the apparatus. This is desirable in order to determine the 

effect of a water-cooled section on the heat transfer to the 

anode and on the temperature profiles in the arc jet. The 

necessity of minimizing the amount of time required to change 

porous tubes is reflected in the design of the apparatus. A 

separate feed-through ring is used so that all solder connections 

of the potential probes and thermocouples in the porous tube 

can be made before the apparatus is assembled. 0-ring seals 

are used throughout the apparatus for safe sealing and fast 

assembly. 
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3.2.6 Instrumentation of Modified Test Apparatus 

The instrumentation of the new apparatus is functionally 

identical with the one described in sections 3.2.2 and 3.2.4. 

For the measurements reported here a porous tube is used which 

is 5 cm long, 10 mm I.D., 16 mm O.D., and has the following 

attachments (see Fig. 11): 9 tungsten wires of *5 mm O.D. 

(as potential taps), each 5 mm apart from the next and staggered 

in angles of 180° around the tube; 6 thermocouples peened into 

the outer wall surface, grouped in opposing pairs in the up¬ 

stream, center, and downstream portions of the constrictor. 

The electrical power for these experiments is obtained 

from a 200 kW Rectifier filtered to a ripple level of about 

II. Due to the steep voltage-current characteristic of this 

power supply the current range of stable arc operation is apprec 

iably larger than that obtained with the other unit. 

A closed-loop distilled-water circuit is employed for 

those components of the apparatus which must be water-cooled, 

and its working pressure is about 200 psi. The instrument 

panel shown in Fig. 12 is used to control and measure the 

water (right-hand side) and gas (left-hand side) flow rates; 

the center portion is the manifold panel mentioned in 3.2.4. 

Most of the electrical connections and switches are housed 

in the left-hand side of the panel. 

A hot-wire anemometer is temporarily used in connection 

with this apparatus. 

3.3 Constrictor Material and Its Properties 

3.3.1 Selection Criteria for Material 

The selection of the material for porous constrictors 

is based on four criteria: 
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FIG. Il Prob« Location on Constrictor Tub« 
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1) high electric resistivity 

2) high safe operating temperature 

3) high thermal shock resistance 

4) permeability range 

An electrical non-conductor is chosen to eliminate the need for 

segmentation of the constrictor because of the unsolved tech¬ 

nological difficulties involved in segmentation. The problem 

lies in maintaining a tight seal between conducting segments 

and separating insulating sealants at high temperatures and 

simultaneous high heat loads. 

A high but still safe operating temperature is required 

for the constrictor material to keep the transpirant flow rates 

within reasonable limits. Although there are a number of 

ceramic materials with very high melting points, only a few 

can be made porous and are commercially available. 

High resistance to thermal shocks includes a qualitative 

relationship between the properties of thermal conductivity, 

thermal expansion coefficient, and tensile or compressive 

strength. In the case of a cylindrical tube, sudden heating 

of the inner wall surface or sudden cooling of the outer wall 

surface will cause a radial temperature gradient in the tube 

wall; according to the thermal expansion coefficient the 

inner portions of the wall will tend to expand or the outer 

portions will tend to contract. In either case the inner 

portion then experiences a circumferential compressive force 

and the outer a corresponding circumferential tensile stress. 

As the thermal conductivity and the compressive and tensile 

strength increase and the thermal expansion decreases, the 

material's resistance to thermal shock improves. 

With transpiration-cooled arc constrictors a shock 

heating or cooling situation occurs when the arc is struck 
C*' 

or extinguished, respectively. To minimize this effect, a 

starting procedure has been developed as outlined in 3.4.1. 
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A similar situation to shock heating can prevail even under 

steady-state conditions for a transpiration-cooled tube, 

because the radial temperature gradient becomes steeper with 

increasing steady heat load on the inner surface. This effect 

could possibly restrict the applicability of nonconducting 

constrictor materials to lower arc power levels. 
The permeability of the constrictor--for a given wall 

thickness--should be in a range such that the radial pressure 

drop across the wall during arc operation is several times 

larger than the axial pressure drop in the flow duct. The 
reason for this is discussed under 3.1.5. The material actually 

chosen is ALSIMAG 447, a product of American Lava Corporation. 

It has, according to the manufacturer, a very high specific ^ 

electrical resistivity, a safe operating temperature 0^1250 C, 

a linear thermal expansion coefficient of 6 x 10 per 

(at room temperature), a thermal conductivity of 1.25 —, 

a compressive strength of 18,500 psi, a tensile 
strength of 2,500 psi, and 14 to 17% of interconnected void 

space (porosity); its chemical composition is given as 

2 MgO * 2 AI2O3 ' 5 Si02. 

3.3.2 Permeability and Pore Size Measurement 

The experimental setup for permeability measurements 

is shown in Fig. 13 schematically. In this arrangement the 

flow direction is inverted, i.e., the gas is supplied to the 

inside of the porous tube and escapes into the open atmosphere, 

which does not influence the measurements, since the pressure 

drop across the wall does not depend on the flow direction. 

Thus, Eq(10) can be applied to describe the pressure drop 

across the tube wall as a function of the mass flow rate using 

the gas temferature as a parameter. In this case the wall 

and the gas temperature are equal, uniform, and known. 
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Therefore, the radial integration is greatly simplified. If 

a porous tube with constant O.D. is used, the local mass flow 

rates are uniform as long as the axial pressure drop inside 

the tube stays negligibly small, as is the case for the range 

of flow rates of interest. Thus, the terms in Eq(10) 

can be replaced by -£, and one obtains 

(45) 

. This equation is used to determine the coefficients a and ß 

by comparing experimentally determined curves mT vs. (pR - p^ 

with Eq(45). A curve for an individual tube is shown in 

Fig. 32. Two different tubes have been tested, a small one 

with 5.0 mm I.D. and a larger with 10.0 mm I.D. The results 

are shown in Table I. The specific permeability kD is equal 

to the inverse of the flow parameter a and describes the 

pressure drop in case of very low flow rates according to 

Eq(6). The average effective pore diameter is obtained from 

ß/a as explained under 3.1.2. The porosity of the tube 

mtterial, based on the water absorption is assumed to be 15% 

(manufacturer specifies the range 14% to 17%). Based on this 

value one can calculate from ß/a the average distance from pore 

edge to pore edge as well as the average number of pores 

per mm2 (see Table I). The latter values are believed to be 

reliable within a factor of 2. 
Another method of measuring the pore size is the so- 

called bubble pressure test; it is based on a theory by 

M. Cantor (JJ) which has been checked experimentally by various 

investigators (U). For this test the tube is held in 
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a fixture, submerged in water and allowed to saturate with 

water. Then the gas pressure inside the tube is raised very 

slowly (several minutes) and measured on a mercury manometer. 

The pressure at which the first bubble leaves the tube wall 

is noted; it gives a value for the effective size of the 

largest pore. Then the pressure is increased again until 

bubbles appear uniformly over the entire tube surface; this 

pressure reading gives a value which is close to the average 

effective pore size. When the pressure is slowly reduced, 

the pressure at which the last bubble disappears gives the 

largest actual pore opening at the surface. The equation to 

correlate these pressures to pore diameters is 

D . -521 (46) 
P 

(D * pore diameter in 10’ mm; y s surface tension of water 

[72 dynes/cm at room temperature] ; p » pressure in mm Hg). 

The error limit of these measurements is also given by a 

factor of about 2. The results are presented in Table I. 

The photomicrograph in Fig. 14 shows the tube material 

approximately 100 times enlarged. The dark spots of varying 

size are the pores as they show up in light impinging under 

a 30° angle. The pore diameters appear to range from 5 x 10 

mm to 50 x 10'3mm. Averaging over the distance from the outer 

to the inner wall surface it is conceivable that the average 
-2 ,rt-3 effective pore diameter is between 10 mm and 2 x 10 mm 

as shown in Table I. The distribution of the pores does not 

seem as homogeneous as is desirable. However, the most important 

quantity, the uniformity of the permeability, cannot be judged 

from this photograph alone. 

Obviously, the permeability of a porous material is extremely 

nonuniform if one considers an area the size of a pore. As 
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the area considered increases and covers more and more pores, 

a uniform permeability is approached. The big tube with the 

dimensions given in Table I has been tested for the uniformity 

of its permeability as shown schematically in Fig. 13. Five 

different sizes of sampling tubes are used with probe areas 
2 

ranging form 0.8 to 35.5 mm . As an extremely sensitive flow 

meter serves a soap bubble in a side-filling buret. The 

time required for a soap bubble to pass through a certain 

volume is proportional to the gas flow rate. By randomly 

sampling the whole tube surface one obtains a large number of 

measurements, the arithmetic mean of which corresponds to the 

bulk flow rate diminished by the ratio of the sampling area 

over the sampled surface area. With basic statistical formulae 

one can calculate the rms-deviation a and normalized distri¬ 

bution curves as shown in Fig. 15. The curve labeled a * 4.081 

states, for instance, that a deviation of plus or minus 81 

from uniformity will be encountered in just II of all measure¬ 
ments if the surface is randomly sampled. The sampling area 

corresponding to this o-value can be found from Fig. 16. The 

starred o in this graph indicates that the random experimental 

error inherent to all these measurements was subtracted. An 

approximate equation for the area dependence of the deviation 

from uniform permeability, as described by o* and given on the 

graph, is 

* . 0.0708 . 120_ f47 
probe area number of pores covered 1 

The maximum value which a* can assume is 1001, which corres¬ 

ponds to "perfect" nonuniformity. Eq(47) indicates that this 

situation is reached when the probe area is decreased to 
2 

0.0708 mm , which on the average covers about 120 pores. A 

probe of this size is likely to hit a spot which is completely 
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impermeable and--if circular--has a diameter equal to 30 average 

effective pore diameters. Because this figure is obtained by 
extrapolation, its accuracy is probably within iSOI, with 

the lower limit being most reasonable (see Fig. 14). 

3*3.3 Local Temperature Distribution 

It is obvious that the tube will no longer fulfill its 

function when the hottest point on the inner wall surface 

reaches the melting temperature, although other points may 

be relatively cold. To prevent such a failure the transpirant 

mass flow rate must be kept at sufficiently high values. This 

flow rate, on the other hand, must be limited in order to avoid 

high levels of turbulence and choked flow conditions. There¬ 

fore, the local temperature distribution on the inner wall 

surface is of great interest. The areas, that can assume a 

temperature different from the average, range from the size 

of a single pore to a major portion of the constrictor tube. 

A relatively large area may become hotter or colder than the 

average, in the thermally fully-developed region, if the arc 

axis is not identical with the axis of the apparatus or if a 

nonuniform transpirant mass flow distribution caused by mis¬ 

matched wall thickness and pressure drop across the wall exists. 

Very small areas (in the order of the pore size) deviate in 

temperature for other reasons: nonuniform permeability distri¬ 
bution and/or the fact that the energy radiated to the tube 

wall and absorbed by the solid material can only be transferred 

to the transpiring gas if there is a finite temperature gradient. 

The latter problem is discussed in a paper by J.E. Anderson (¡jí), 
and the results published permit an estimate of the highest 

temperature gradient to be expected in case of perfectly uniform 

permeability. Using experimental values given in later sections 

of this report one obtains the following limits: if less 

than 85% of the heat load received by the wall is transferred 
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by radiation, the temperature of the solid and the gas on the 

inner wall surface are not distinguishable; however, if 100t 

of the heat is transferred by radiation, the temperature 

difference is 

AT - 0.18 (Tw - TJ (48) 

Estimates for a nonuniform permeability distribution are 

more difficult. If one bases an estimate on the deviation from 

uniformity as given by Eq(47), one obtains an effective 

porosity of about 0.61 in the worst case. Provided the analysis 

(19) still holds in this porosity range, one obtains by 

extrapolation that AT ■ 0 again if less than about 851 of the 
heat is transferred by radiation. An extrapolation for the 

case of 1001 radiative heat transfer is not possible. 

If attention is focused on areas as large as several 

thousand cross-sections of pores, a change in the local tempera¬ 

ture due to a change in the local flow rate can be estimated 

from the consideration that the local heat flux per unit 

length to the wall, qw, is approximately equal to the average 

value defined by 

# 

(49) 

From Eq(49) one finds that 

Am, ‘T 

ATo - (50) 
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The upper limit for (To - TJ is about 1300°C, and a local 

change in mass flow rate of 10% would correspond to a change 

in local inner wall surface temperature of 130°C. 

If the transpirant mass flow distribution deviates from 

uniformity in large portions of the porous tube, its effects 

on the wall temperature are covered by the general theory 

of the transpiration-cooled arc (as long as the arc is 
concentric with the tube). 

3.3.4 Determination of Tube Shape 

Tubes of two different shapes are employed: a cylindrical 
tube with constant O.D., and a somewhat conical one with an 

analytically determined O.D. increasing in axial direction. 

The cylindrical tube is used for experiments in the low current 

regime where only moderate flow rates are required and, there¬ 

fore, the axial pressure gradients in the flow duct are also 

moderate. In this range the transpirant mass flow distribution 

deviates only slightly from uniformity as far as variations 

caused by the pressure gradient are concerned. In the higher 

current and, thus, flow rate ranges, however, this uniformity 

must be improved by shaping the outside wall of the porous 

constrictor as discussed in Section 3.1.5. Eq(26) is used 

to calculate the tube shape (see Appendix B). The pressure 

distribution p^(z) is taken from measurements reported in 

Section 3.4.3. Although these results have been obtained 

using a cylindrical tube, they are accurate enough for a 

first approximation for reasons outlined in Section 3.1.5. 

The analytically determined tube shape and the actual shape 

of the tube are shown in Fig. 17. Experimental evidence shows 

that the accuracy achieved is sufficient for the range of 

flow rates for which the tube was designed (see Section 3.5.2). 
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3.4 Experimental Procedure and Results 

3.4.1 Starting of the Arc 

With both test apparatus an auxiliary arc is struck 

between the cathode and the auxiliary anode preionizing this 

gap by means of a high-frequency discharge. As soon as the 

porous constrictor is preheated, the arc is transferred to the 

main anode and the auxiliary anode is electrically disconnected. 

3.4.2 Measurement of Main Parameters 

Main parameters of the arc are the overall voltage, the 
arc current, the transpirant mass flow rate, the cathode 

mass flow rate, the plenum chamber pressure, and the total 

axial pressure drop in the flow duct. These parameters are 

integral quantities which are relatively easily and accurately 

measurable. If they assume identical values for any two arcs, 

the arcs are considered to be identical. Typically, the 

arc current is used as the independent parameter; the gas 

flow rates are ad-usted to ensure stable operation of the arc 

and integrity of the constrictor, and the overall voltage 

and the pressures assume their respective values accordingly. 
Table II gives the range of parameters for the 

experiments evaluated in this report. For the small apparatus 

the full range of capability is covered, whereas for the big 

apparatus it is only the lower portion of the range, as 

indicated by the values for the axial pressure drop. Data 

for individual experiments are given in the following section. 

3.4.3 Pressure Distribution 

The axial pressure distribution in the flow duct is 

measured during actual arc operation using a constrictor tube 
equipped with pressure probes as described in Section 3.2.2. 

All probes are connected to individual toggle valves which are 
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opened consecutively and thereby connected to the nanometers 

on the manifold panel mentioned in Section 3.2.4. Two pressure 

distribution curves measured with the 5 tui I.D. apparatus are 

shown in Fig. 18. Curves obtained from cold gas flow tests 

(i.e., without striking the arc) have general shapes which 

agree with the theoretically determined shape as exhibited 

in Fig. 3. Because there is no way of measuring the pressure 

within the anode bore, the section of the curve from 2 mm 

below the anode to the anode top surface is somewhat uncertain, 

(in the theory the existence of an anode is disregarded). 

The true pressure distribution might be somewhere between that 

of Fig. 3 and that of Fig. 18. The modified test apparatus 

incorporates a pressure probe in the inlet section close to 

the cathode tip. Therefore, the total pressure drop across 

the whole arc column can be measured continuously and under 

any conditions. If the pressure distribution is needed it 

can be obtained from the theoretical curves since the area 

of the flow passage, the mass flow rates, and the total 

pressure drop are easily measurable quantities. 

3.4.5 Electric Field Strength 

Constrictor tubes prepared to allow the measurement of 

the electric potential distribution are described in 

Sections 3.2.2 and 3.2.6. An example of individual test 

results for either apparatus is given in Figs. 19 and 20. 

In both cases small electron currents, primarily determined 

by the internal impedance of the instrument, are drawn to the 

probes, and perfect circumferential symmetry is found. 

Generally, the potential measured depends upon the sign 

and the amount of the current drawn to the probe in a manner 

similar to the dynamic characteristic of a Langmuir probe. 

Fig. 21 demonstrates the change of the probe potential AU 
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with respect to the floating potential Uf as a function of the 

electron current drawn to the probe. The probe which is 
described in Section 3.2.2, is moved radially towards the plasma 

column. To every position of the probe tip, designated by 
the normalized coordinate f-, belongs one of the probe charac¬ 

teristics shown. This experiment indicates that as the probe 

is moved closer to the plasma column, the probe potential is 

influenced less by the current drawn. However, the probe 
disturbs the flow to an unknown extent. Thus, the most reliable 

way to determine the field strength of the arc column is to 

measure the floating potentials of the probe whereby the true 

plasma potential remains unknown. In the case of Fig. 19 the 

electron current never exceeded 3 mA; in the case of Fig. 20 

it was below 0.01 mA. 
The two potential distribution curves allow an important 

conclusion to be drawn: the development length of the trans¬ 

piration-cooled arc seems to be short enough so that the 

electric field strength is almost constant over the entire 

constrictor length. 

3.4.6 Inner and Outer Wall Surface Temperatures 

Outer wall surface temperalures are determined using 

thermocouples cemented onto this surface or peened into it. 

The EMF's with respect to a reference junction at 0 C are 

measured with a hand-balanced potentiometer or a digital 
voltmeter. Temperature readings from thermocouples at different 

locations on the wall show a certain scatter for a given set 

of parameters. One or more of the following reasons may 
explain this scatter: nonuniform inner wall surface tempera¬ 

ture due to nonuniform mass flow distribution caused by the 

axial pressure gradient or nonuniform permeability; nonuniform 

permeability of the outer wall surface caused in part by the 

cement, or varying quality of the thermal contact between the 
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surface and the thermocouple junction. 

The inner wall surface temperature is measured by means 

of. the instrumentation described in Section 3.2.4. The follow¬ 

ing experimental procedure is used. The arc is struck and the 

parameters are adjusted to the desired setting. After the 

temperature in the tube wall reaches its equilibrium distri¬ 

bution the arc is shut off using the electrical circuit shown 

in Fig. 7. A few milliseconds after the arc is fully extin¬ 

guished the temperature decay of the inner wall surface is 

recorded without turning off the transpirant gas flow. The 

temperature during arc operation is obtained by extrapolating 

back to the moment of arc shut-off. The extrapolation covers 

a temperature range of about 20°C. The reliability of the 

light signal is checked by a rotating segmented disc which 

interrupts the light beam periodically and simultaneously 

causes the recorded trace to go to zero. Fig. 22 shows an 

example of such a recording. The system is calibrated with 

a tungsten ribbon lamp for black body temperatures taking into 

account the emissivity of tungsten over the wave-length band 

covered and assuming that the radiation in the center of the 

constrictor tube with p « 5 is close enough to black body 

radiation. More details about such temperature measurements 

are reported in a M.S. thesis (20). Results of the present 

measurements are contained in Table III. Unfortunately, very 

little is yet known about the uniformity of the inner and outer 

wall surface temperatures. Therefore, it is not yet possible 

to pinpoint the reason for the scatter of the measured and the 

calculated inner wall surface temperatures. The measurable 

range of inner wall surface temperatures is from 800°C up to 
1000°C. 

An attempt to check the relationship between the inner and 

outer wall surface temperature as given by Eq(25) and shown in 

Fig. 23 confirmed the general shape of the curve. Fig. 23 also 
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contains a typical experimental curve which is obtained if 

the transpirant mass flow rate is decreased for a fixed 

current setting. In Table III measured as well as calculated 

parameters are listed. From measured values of the average 

outside wall temperatures, TR, and the corresponding measured 

transpirant mass flow rates, mT, an average value of the 

inside wall temperture, T0, can be calculated, using Eq(25). 

These calculated values of TQ are used as parameter in 

Figs. 27, 29, and 31 in conjunction with measured values of 

current, field strength and mass flow rates. The heat flow 

per unit length, qw, which flows towards the inside wall and 

is intercepted by the transpiring gas flow is also listed in 

Table III. These values have been calculated from Eq(49). Since 

the transpirant mass flow rate, m^, the plenum chamber pressure, 

pR, the pressure drop along the constrictor tube, and the 

outside wall temperature, TR, are interrelated according to 

Eq(20), one of these parameters may be calculated if the 

remaining parameters are known. Therefore, Eq(20) may be 

used to check the reliability of the measured parameters. 
As an example measured and calculated values of the transpirant 

mass flow rate are listed in Table III. 

3.4.7 Flow Behavior 

Unfortunately, very little is known about criteria which 

allow decision as to whether or not a plasma flow is in the 

turbulent regime, and especially whether turbulence exists 

over the whole duct cross-section or in portions of the flow 

only (for instance the cold gas envelope). The present 
investigation follows mainly an experimental procedure reported 

by Runstadler (21). First, the time-resolved arc current 

signal is examined on the oscilloscope. For either apparatus 

and any current setting a ripple of ±14 peak to peak is found 

which stems from 60 cycle AC power supplied to the rectifier 



TABLE III 

1 E S ^ * Pr TR »V T0 ,v* % ‘ ''»„.U T0 

A V/cœ g/s g/s psig °K °K W/cm psi °C 

39.0 16.3 

43.9 

44.7 19.1 

46.2 15.4 

48.3 14.0 

48.7 18.4 

50.7 17.1 

52.5 14.0 

53.9 13.8 

54.4 14.9 

54.7 16.9 

54.8 16.1 

54.9 15.3 

58.6 12.1 

59.0 14.3 

59.8 12.7 

64.5 12.4 

64.7 16.6 

66.7 

69.7 18.0 

71.2 14.1 

74.3 

75.4 16.0 

76.5 17.7 

79.4 17.2 

80.8 

0.30 0.34 

0.39 0.41 

0.72 0.80 

0.36 0.43 

0.42 0.47 

0.81 0.87 

0.90 0.83 

0.66 0.55 

0.63 0.60 

0.51 0.61 

0.90 0.85 

0.96 0.93 

0.90 0.82 

0.72 0.72 

1.02 0.91 

0.84 0.73 

0.80 

1.33 

1.26 

1.36 

0.99 

0.91 

1.15 

1.25 

1.16 

1.04 

26.1 513 

31.8 527 

43.6 388 

34.5 538 

37.6 535 

49.2 395 

48.8 411 

45.4 548 

47.5 528 

48.0 528 

51.3 418 

56.3 413 

52.3 438 

52.7 493 

60.5 443 

56.3 508 

64.3 518 

79.5 380 

74.0 383 

87.5 395 

77.5 485 

72.0 501 

86.0 455 

91.0 430 

95.2 480 

79.0 471 

652 25.4 

713 35.5 

594 50.2 

746 40.2 

767 46.2 

649 64.6 

679 66.3 

852 63.5 

850 69.5 

853 70.3 

713 73.8 

745 86.8 

759 78.9 

852 83.1 

840 102.7 

938 92.4 

999 117.0 

874 159.9 

838 142.1 

997 197.0 

1085 162.4 

1060 144.9 

1123 196.5 

1114 212.9 

1266 232.3 

1079 168.9 

24.2 

30.5 

40.4 

32.3 

35.0 

45.3 

45.2 

41.6 

44.9 890 

44.8 

47.3 

51.4 

48.8 

49.8 >950 

55.2 

51.8 

58.5 

68.7 

65.6 

73.6 

68.4 

65.5 980 

73.4 

72.9 

76.8 

68.7 >980 

* calculated quantities 
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unit and which is suppressed to this percentage by the filter. 

This is the only ripple in the current signal that can be 

detected; thus, if there is any fluctuation in the arc, it 

has to show up in the voltage trace. Fig. 24 shows photo¬ 

graphs of traces produced by a dual beam oscilloscope for 

various arc parameter settings obtained with the small apparatus. 

The upper beam records the overall arc voltage fluctuations. 

Frequency as well as amplitude of these fluctuations increase 

with higher mass flow rates. The lower trace represents the 

intensity fluctuations of the emitted light viewed through 

the center of the arc column. The light signal is observed 

by the same photomultiplier and transformed to an electrical 

signal as in the case of the inner wall surface temperature 

measurements, except that the voltage supplied to the multiplier 

tube is reduced. 
In none of the four tests does the light intensity trace 

show enough similarity to the voltage trace to suggest that 

fluctuations in the arc voltage are the cause of the light 

fluctuations. Because the arc current must pass through the 

cold gas envelope in the vicinity of the anode in order to 

reach the anode, it is conceivable that the "cold" gas flow 

has a significant effect on the arc voltage. If turbulence 

were the main cause of the fluctuations observed one would 

expect chat turbulence phenomena in the cold gas would manifest 

themselves on the voltage trace, whereas such phenomena in the 

hot plasma core would influence the intensity of the light 

radiated from the plasma. Furthermore, as the plasma has a 

higher viscosity than the cold gas, one would expect generally 

higher fluctuation frequencies in the cold gas envelope and, 

thus, on the voltage trace, than in the plasma column. The 

results shown in Fig. 24 exhibit all these features believed 

to be characteristic for a turbulent flow. Fig. 25 further 

corroborates these findings. The two series of photographs 
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show potential fluctuations at various axial positions along the 

arc column. The,- clearly demonstrate that the phenomena causing 

fluctuations of the overall voltage occur in the anode region. 

One can see again that frequency and amplitude of the fluctuations 

increase in downstream direction, i.e., with increasing mass 

flow rate, just as the degree of turbulence is expected to 

behave. These results strongly suggest that the flow in the 

small apparatus is turbulent, probably in the arc column 

proper as well as in the cold gas envelope. A deviation from 

this behavior is not observed for other parameter settings. 

Because a particular feature of the modified 10 mm I.D. 

apparatus is the turbulence-suppressing inlet section, some 

measurements of the remaining degree of turbulence in the 

argon flow at room temperature are made with a hot wire 

anemometer located in the bore of the top anode. The result 

is shown in Fig. 26, in which the turbulence intensity T is 

plotted vs. the exit mass flow % « mo + the exit velocity 

ve, and the exit Reynolds number ReDe which is based on the 

tube diameter. Because the exit mass flow consists of the 

axially introduced cathode flow mo and the radially introduced 

transpirant flow mT, an additional parameter to ReDe is 

needed to describe the flow behavior in the exit cross-section; 

therefore, the transpirant Reynolds number 

based oi. the inside tube radius rQ (Aq » Zirr L, L = tube 

length, u « dynamic viscosity) is used and given as function 
of ReDe in Fig. 26. 

From this figure two different conclusions may be drawn. 

First, it can be expected from the relatively low turbulence 

level up to high Reynolds numbers that the turbulent motion 
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will contribute only very little to the radial heat transfer. 

Second, a comparison with a recent study in this laboratory 

(22) shows that the transition from laminar to turbulent flow 

(for transpirant flow only, mo = 0) occurs at ReWR * 70. 

The latter value coincides exactly with that point in Fig. 26 

(ve = 4m/s) where a minimum intensity of turbulence becomes 

measurable under the same condition (m =0). In order to o 
estimate what the situation might be when a hot plasma is 

passing through the center of the tube, the following model 

will be used: the plasma is replaced by a solid rod filling 

h of the original flow cross-section. The characteristic 

dimension then becomes the hydraulic diameter (radius), which 

is 0.7 times its original value. Thus, ReDe increases by a 

factor of 1.4 whereas ReWR decreases by a factor of 0.7. The 

effect of a higher bulk temperature of the gas will decrease 

either Reynolds number. For this model a bulk temperature 

would be, for example, 2000°K, for which the Reynolds numbers 

already reduce to about % of their values at room temperature. 

Now the rod is replaced by a plasma flow, also filling ½ of 

the original flow cross-section, which is considered to be 

independent of the surrounding flow. The Reynolds numbers 

change with diameter (radius) as they did for the cold flow. 

In this case, a typical bulk temperature would be 10,000°K 

or more, thus decreasing the Reynolds numbers more drastically 

than in the case of cold flow. However, there is an even 

more significant factor which further reduces the Reynolds 

number of the hot flow in this model: the plasna typically 

carries only about 10¾ of the total mass flow in an actual 

arc. One can conclude from this consideration tha':, for a 

given flow cross-section and a given mass flow rate, the 

turbulence intensity will be considerably lower with a plasma 

passing through than for a gas flow at room temperature as 

shown in Fig. 26. 
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This estimate is at least partially corroborated by the 

measurement of voltage fluctuations taken with the modified 

apparatus in a fashion similar to the ones reported for the 

smaller apparatus. For the arc parameter setting 

I - 60 A Uo - 55 V 

m - 0.25 g/s mT a 1-25 g/s 
o 1 

one finds only very small and slow fluctuations on the arc 

voltage trace. For the setting 

I , 140 A UQ « 100 V 

mo - 0.25 g/s mT » 6.75 g/s 

the arc voltage traces look exactly like those shown in 

Fig. 24 and Fig. 25. The transition from small to larger 

fluctuations seems to be continuous. 

?.5 Summary and Discussion of Results 

3.5.1 Arc Characteristics 

The experimental results are summarized in the form of 

graphs representing arc characteristics. Special emphasis 

is put on the electric field strength-current characteristic. 

For a fully developed water-cooled arc of given constrictor 

radius there is only one such characteristic, as the boundary 

conditions at the constrictor wall are fixed within close 

limits. For a transpiration-cooled arc, however, the boundary 

conditions can vary over a wide range, and, therefore, there 
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are a number of characteristics depending on more than one 

parameter. A very important parameter is the inner wall 

surface temperature, because arc operation is possible only 

if it stays below the melting point of the wall material 

for any arc power setting. For some values of this parameter 

continuous curves are obtained over the entire range of arc 

current and voltage or field strength covered in the experiments. 

Unfortunately, there is no simple method with which the inner 

wall surface temperature can be measured continuously while 

changing the arc parameters. On the other hand, the parameters 

which can be more easily measured, such as transpirant mass 

flow rate or outer wall surface temperature, will not yield 

continuous curves and, furthermore, they depend upon material 

properties of the constrictor tube. Other parameters, such 

as the heat load on the inner wall surface are even more 

impractical, as there is no way to measure them directly. 

Thus, field strength-current characteristics are plotted in 

Fig. 27 using the inner wall surface temperature as parameter, 

although the accuracy of the temperature values is still in 

doubt. The absolute error in the temperatures quoted is 

believed to be less than ±200°C. The general trend of the 

curves is not much affected by this error. Figs. 27 and 28 

show the E-I-characteristics obtained from the arc in the 

small and the larger apparatus respectively. Because the 

scaling law for an arc column with negligible radiation losses 

holds also for transpiration-cooled arcs, the parameters Er 

and — should be about the same for both arcs. Comparing 

the two sets of ErQ values, one finds for any that the 

field strength data obtained for the small apparatus are 

lower than in the case of the larger apparatus. This finding 

may be due to the fact that the inner wall surface of the 

larger tube is kept at rather low temperatures. It is also 

worth noting that the field strength in a transpiration-cooled 
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arc is higher than in a water-cooled arc of identical diameter 

(of the duct) for a given current, except for currents of about 

60 A in the small apparatus under hot tube wall conditions. 

Another type of characteristic which may be established 

is the field strength-transpirant flow rate characteristic 

as shown for the small apparatus in Fig. 29 and for the largei 

one in Fig. 30. The abscissa in Fig. 30 is the square root 

of the transpirant mass flow rate; by using this scale the 

field strength mass flow rate characteristic becomes a straight 

line. This proportionality between the square of the electric 

field strength and transpirant mass flow rate probably holds 

only in the ascending portion of the field strength-current 

characteristic. The curve shown in Fig. 30 corresponds to 

low inner wall surface temperatures. 

A third type of characteristic which may be established 

for a transpiration-cooled arc is shown in Fig. 31 for the small 

apparatus. It indicates what percentage of the heat generated 

electrically per unit arc length is transferred to the porous 

wall before it is redirected into the gas stream by the trans¬ 

piring gas. It is anticipated that this characteristic will 

indicate the influence of the turbulence level in the flow on 

the arc performance. 

3.5.2 Constrictor Performance 

The experimental results establish beyond any doubt 

that an arc can be safely operated in an entirely transpiration- 

cooled constrictor without employing any other additional 

cooling method. Although the constrictor material is somewhat 

inhomogeneous in its permeability distribution as discussed 

in Section 3.3.2, the tube maintains its integrity even at 

average inner wall surface temperatures which are close to the 

melting point of the wall material. One finds that due to 

the low thermal conductivity of the wall material the outer wall 
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surface temperatures generally stay below 300°C. Therefore, 

radiative cooling of this surface can be neglected. Conductive 

or convective heat transfer from the tube to other boundaries 

of the plenum chamber is also negligible; a thermocouple 

located in the plenum chamber close to the plexiglas wall never 

measured temperatures more than 5°C above room temperature. 

Thus, there is no net heat loss through the constrictor to 

the outside. This means that the efficiency with respect to 

gas heating is 1001 within the transpiration-cooled section 

of the apparatus. 

The mass flow rate-pressure drop characteristic obtained 

with the 5 mm I.D. constrictor is shown in Fig. 32 for different 

inner wall surface temperatures Tq. The curves are calculated 

from Eq(20) after the parameter T„ has been replaced by T 

using Eq(25). It is found that the thermal conductivity kw 

of the constrictor material, which is not well known, has only 

very little influence on these characteristics. The mass flow 

rates in Fig. 32 are obtained partly by direct measurement and 

partly by using the data reduction formula, Eq(20). The 

validity of Eq(45) has been checked up to 500°C with uniform 

wall temperature by supplying argon at this temperature to the 

porous tube in the test set-up shown in Fig. 13 (without 

sampling tube). This shows that Eq(7) may be used safely in 

this temperature range. 

The effect of the "matched" tube shape, as derived in 

Section 3.1.5, on the local mass flow and the local heat 

load distribution at the inner wall surface is shown in Fig. 33 

under conditions close to the ideal ones (see Appendix B). 

For different arc parameter settings deviations from uniformity 

are somewhat larger but never exceed ±15t because the pressure 

drop across the tube wall is several times larger than the 

axial pressure drop in the flow duct. The limiting factor 

for the applicability of a certain tube shape is the inner wall 
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surface temperature, which varies drastically with the mass 

flow rate if large portions of the tube are affected. 

3.5.3 Plasma Temperature Profile 

Presently, there seems to be no possibility of measuring 

spectroscopically the temperature profile of the arc column 

proper. The principle of transpiration cooling excludes 

the possibility of replacing a disc-shaped section of the 

constrictor tube by a quartz ring, for example. This ring 

would melt because there is no cooling provided in it. The 

other possibility, that of using a horizontal slot in the 

constrictor, creates sealing problems which are technologically 

insoluble so far. Besides that, the axial flow would be 

severely disturbed and the arc will bulge out. Thus, the only 

method left is to measure the temperature profile in the 

jet emanating from the anode. This method also has its 

drawbacks in that the temperature profile of the transpiration- 

cooled arc is somewhat altered by the passage of the arc through 

a water-cooled section, which is in this case the anode. In 

order to obtain an approximate idea of the size of this 

influence on the temperature profile, two anodes of different 

thickness, 4.0 mm and 10.0 mm, are used with the small apparatus. 

Furthermore, the axial pressure drop across the anode will 

cause a lowering of the temperature which has to be taken 

into account if one wishes to find the temperature within the 

arc proper. For further details on these measurements the reader 

is referred to a M.S. thesis on this subject (23). Only a few 

typical results are briefly discussed here. Fig. 34 shows two 

temperature profiles of the transpiration-cooled arc jet 

measured 1 mm downstream of the anode end face in comparison 

with the one of a water-cooled arc. The axis temperatures 

in the transpiration-ccoled arc prove to be higher than those 

in the water-cooled arc; this effect becomes more pronounced 
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as the anode length decreases. The temperature gradient is 

also much higher in the transpiration-cooled arc, and the arc 

diameter is smaller. The comparison with the water-cooled 

cascaded arc should be based on the same current values and 

the same averaged mass flow density in the anode bore. Because 

the cascaded arc apparatus has a larger diameter than the 

transpiration-cooled arc apparatus the comparison parameters 

are actually m/ro, I/r0 and L/ro. In the cascaded arc all 

the gas is introduced axially, whereas in the transpiration- 

cooled arc 

« « • f I 

m=m+mT m = 0.2 m 
o l o 

Fig. 35 shows isotherms for the transpiration-cooled arc jets 

emanating from the 4 mm- and the 10 mm-thick anode. Both 

jets reach relatively far; this slow decay of the jet tem¬ 

perature may be advantageous in applications where high-tem¬ 

perature jets of considerable length are needed (e.g. cutting, 

welding, plasma spraying, etc.) 

4. CONCLUSIONS AND RECOMMENDATIONS 

The experimental results presented herein prove that 

transpiration cooling is applicable as sole cooling mechanism 

for arc constrictors. The gas heating in the transpiration- 

cooled arc section is almost 100¾ efficient. Peak temperatures 

tend to be higher and jets to be longer in transpiration- 

cooled arcs than in comparable water-cooled arcs. The results 

are also encouraging for a possible development of a completely 

transpiration-cooled arc plasma generator which could be used 

without any cooling water. 

Two recommendations for improvements of the existing 

apparatus can be made based on the present experience. The 

first one is to use a porous material which has a higher 
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melting point and a better uniformity in the local permea¬ 

bility distribution. Porous tungsten would be suitable 

provided the technological difficulties in preparing a seg¬ 

mented tube can be overcome so that the individual segments 

can be electrically insulated from each other. In this case 

the plenum chamber would not be segmented, and it might be 

necessary again to shape the outside tube wall in order to 

achieve a uniform mass flow distribution in the high flow 
rate range. 

The second recommendation applies only in the case in 

which high axis temperatures but not maximum efficiency of 

gas heating is desired. It is to use a material with a 

high melting point and a high thermal conductivity so that 

additional radiative cooling of the outer wall surface can 

be achieved. The application of such an additional cooling 

mechanism becomes necessary as the radiative heat load on the 

inner wall surface increases in comparison to the heat load 

due to conduction. This is so because the predominant cooling 

effect of the transpirant is to form a protective layer of 

cool gas on the surface to be cooled; this is frequently called 

"blanketing". Only a small portion of the enthalpy rise 

experienced by the transpirant takes place within the porous 

structure, if no radiative heating is present. Radiation, 

however, penetrates a non-absorbing protective layer and heats 
the surface of the porous material so that all the heat 

exchange with the transpirant must occur within the porous 

structure. Thus, the mass flow rate required to keep the porous 

material from melting must be sharply increased which may 

cause prematurely choked flow conditions. Porous tungsten 

would probably be a suitable material with which additional 

radiative cooling of the outer wall surface can be achieved. 
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APPENDIX A 

RADIAL TEMPERATURE PROFILE WITHIN THE CONSTRICTOR WALL 

In order to determine approximately the radial temperature 

profile in the porous constrictor wall the following assumptions 

are made: 

1) At every point within the wall the temperature of the 

porous material is equal to the temperature of the 

transpiring gas. 

2) There is no net heat flux through the porous wall; 

i.e. the heat transferred to the inner wall surface 

is entirely returned into the main gas stream by the 

transpirant flow. 

3) Within the wall heat conduction of the gas in negligible. 

4) The thermal conductivity of the porous material as 

well as of the transpiring gas are independent of 

temperature. 

5) The problem is strictly one-dimensional. 

The equality of wall and gas temperature constitutes a boundary 

condition at the inner wall surface, provided radiative heating 

is negligible. For further details on possible deviations from 

this equality the reader is referred to a recent paper by 

Anderson ( 1£). At the outer wall surface the gas temperature, 

Tw, is somewhat lower than the wall temperature, T^. Within the 

depth of one or two pores (£ II of the wall thickness) the gas 

temperature will be practically equal to the wall temperature. 

Therefore, a jump in the gas temperature equal to TD - T is 

assumed to occur at the outer wall surface. 

From an energy balance over a disc of the height dz and 

radius r0 < r < ® Eq(12) in section 3.1.3 is obtained. 

Conservation of mass requires that 

A1 



dmT * Zirrdz P 3 const fr) 

Using Eq(14) and Eq(15) one obtains 

(Al) 

3T (r 3? * " * D ‘ 0 

Integration yields 

r^r+nxT »nxKj 

Rearranging yields 

(A2) 

(A3) 

and a second integration yields the general equation for the 

radial temperature profile 

T 2 - *1 r2 
In -fA * - n X In — 

Ti • “i ri 

or 

which holds in the plenum chamber (r > Rz) as well as within 

the porous wall (r0 r £ Rz). 
In the plenum chamber the following boundary conditions 

A2 



apply: 

for r 2 
-> oo 

00 

for r 1 R z 

thus, Eq(18) is obtained. 

Since the plenum chamber has a finite diameter it is 

interesting to determine how far away from the outer constrictor 

surface the heat flux by conduction in the gas decreases to 

1% of its original value at that surface. By differentiating 

Eq(18) with respect to r one obtains 

(dT/dr)r 
(A5) ■C3T/diTR- s r 

Since for the experiments reported in this paper n x > 1 the 
o 

maximum plenum chamber radius necessary for n x » 1 is 10 Rz 
o 

which is slightly less than its actual radius. 

For the porous wall the following boundary conditions 

apply to Eq(A4): 

T 2 

at r. * r 
l o 

thus 

(A6) 

K. can be either determined from the condition for R„ 00 1 z 
(ID * T ) or by matching the heat fluxes at the outer wall sur- 

K 00 

A3 

WM«**"* 



face according to Eq(17). 

By differentiating Eqs(18) and (A6) with respect to r 

and substituting the result into Eq(17) one obtains 

and thus, Eq(A6) becomes Eq(19). 
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APPENDIX B 

MATCHED TUBE SHAPE 

The matched tube shape, that is the outside radius R 
z 

as a function of z, which is necessary to achieve a uniform 

transpirant mass flow distribution for one given parameter 

setting of the arc can be calculated from Eq(20) in section 
3.1.4. 

The constants A^, A2, Aj, and B are defined in Eqs (21) 
through (24), n and x in Ecp(14) and (15). In Eq(20) TR, R 

and jx are functions of z whereas x shall be made a constant 

with respect to z. The outer wall surface temperature T„ 

can be eliminated by substituting Eq(25) in Eq(20). Rearrang¬ 
ing yields 

If x is independent of z then Tq will also be independent of z 

in the thermally fully developed range. The influence of the 

pressure gradient on thermodynamic and transport properties 

of the transpirant is assumed to be negligible. Under this 

assumption the constant terms in Eq(Bl) are separated from 
those which depend on z. 
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Kp is defined by Eq(B2), independent of z and strongly dependent 

on pR. Rather than calculating Kp it is advantageous to give 

it implicitly by specifying the downstream boundary conditions 

at r “ 1 : 

R2(D . Rj 

Eq(B2) then takes the form 

Pj (B) * Px 

'i * Pi 
T , R, œ X2 M- - i 

lRz / 

n X 

n X 

V 
" /R, > A2 n. R? 

7'Rj> 2n x 

í:r¡- 

n x 

- 1 

n x + 1 

- 1 (B3) 
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If the whole constrictor is at room temperature 

reduces to 

Eq(B3) 

(B4) 

For small values of x, i.e. in the low flow rate range, the 

second term on the right hand side of Eq(B4) can be neglected, 

or in other words, the pressure drop across the wall is 

approximately given by Darcy's law, hence 

(B5) 

The shape of the tube described in section 3.1.5 has been 

calculated from Eq(B5). A higher degree of accuracy short of 

solving Eq(B3) implicitly for R.(z) is achieved by using the 
¿0 

approximation 

Eq(B3) then can be brought into the form of Eq(26). The 

parameter K* depends on the transpirant mass flow rate and the 

inner wall surface temperature. Eq(27) allows to estimate 

the influence these parameters have on the uniformity of the 

transpirant flow rate distribution for a given axial pressure 

distribution p^(z). 

B3 





APPENDIX C 

AXIAL PRESSURE DISTRIBUTION 

As pointed out in Section 3.1.6, the axial pressure 

distribution can be calculated from Eq(28). By introducing 

the perfect gas law 

p = pRT and w = pv 

one obtains 

j / w RT 'i . j n w d Í ~—/ + dp = 0 

Executing the differentiation and rearranging yields Eq(29). 

In the thermally fully developed region the radial temperature 

distribution in the flow duct stays axially constant, and thus 

dz 0 

Eq(29)then reduces to 

d(w2) mfw) 2 _ 1 

d(Pz) [p; ^ 

Integration of Eq(Cl) yields 

(Cl) 

w2RT « p2 In ^ 
P 

In order to find the integration constant C it is useful to 

introduce the downstream boundary condition 



p * Pj and w « w 

One obtains 

w-2 RT 
ln C - -i—2- + 

Pi 

and hence Eq(31). It is possible to take the radial temperature 

distribution approximately into account by using the two channel 

arc model discussed in Section 3.1.7. Eq(31) then holds for 

each channel separately: 

♦ 

»cVlc 

/ • \ 2 
! Piwh \ 
Vp wih) RhThwlh 

7 

(C2) 

(G3) 

The subscript h refers to the hot core and the subscript c to 

the cold gas envelope. The pressure p is a function of z or 

implicitly of wc and respectively. The mass flow densities 

wc and w^ as functions of z can be obtained from measurable 

quantities in the following way using Eq(32) through (36) 

given in Section 3.1.7. Combining Eqs(32) and (36) one finds 

51 and Ac * A * 5E (C4) 

Combining Eqs(34) and (35) and by introducing (C4) one obtains 

EIL 
nifj* 

WC(A ôïï ) hc ♦ W 
h hh CCS) 

C2 



Similarly Eq(33) becomes 

m Vf (A - 
I 

h oïï 
(C6) 

From Ecp(C5) and (C6) one can determine the two unknowns wc 

and w^ as functions of measurable quantities. 

» * _ I hh ’ hc 
Ah * ôïï <H>"”ir 

. * (A - (hh - hc) 
Ac-hh - <ïï>- 

(C7) 

(C8) 

(C9) 

(CIO) 

In Eq^C7) and (C8) w^ and wc are functions of z; their boundary 

values at the downstream end of the constrictor are known: 

w 1c 

in ♦ mT 
o l 

IF 

(Cll) 

(C12) 

If Eqs(C8) and (C12) are introduced into Eq(C2) and likewise 

Eqs(C7) and (Cll) into Eq(C3i the quotient of the two resulting 

equations yields 

C3 



(Cl 3) Ac2 Vh 
*2 

Au R T h c c 

Substituting Eq(C9) and (CIO) into Eq(C13) one obtains Eq(37). 

The purpose of this equation is discussed in section 3.1.7. 

In order to obtain the axial pressure distribution Eq(37) is 

used to eliminate the term I/oE from Eq(C9) which is then sub¬ 

stituted into Eq(C7) and (Cll). The resulting equations are 

introduced into Eq(C3) which thereby becomes Eq(38) after 

rearranging. If one has a reliable measurement of the axial 

pressure profile for a given arc one can determine B from it 

using Eq(39). If one further has a plot of B vs EIL/mT and 

AE/I vs EIL/áj. one can find the temperatures T^ and Tc. 

C4 
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