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ABSTRACT 

The feasibility of a catalytically ignited space

craft reaction control system using cryogenic 

(hydrogen-oxygen) propellants ~as experimentally 

demonstrated. The system studied utilized pro

pellant conditioners to prepare the incoming 

propellants to a temperature and pressure accept

able to the thrustor. A portion of the propel

lants at a mixture ratio of 1.0 was passed through 

a catalyst lJed. Additional oxygen was injected 

into the hot fuel-rich gas. Experimental results 

for the thrust~r and conditioner subsystems and a 

system demonstration are presented. Design criteria 

for the ultimate development of an operational sys

tem are also presented. 
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The feasibility of a cryogenic reaction control system for spacecraft 

applications was experimentally demonstrated. Design criteria for the 

ultimate development of an operational ~stem were developed. The analy

sis and conceptual design efforts are reported in Volume I ~f this report 

(Ref. I). ~~eriment~l results for thrustor and conditioner subsystems, 

and the results of '1 system demonstration test are presented in this 

volume. 

The cryogenic reaction control ~stem studied consisted of a thrustor 

and a subsystem to condition incoDdng propellants to a pressure and tem

perature acceptable to the thruster. The 20-pound-thrust thrustors oper

ated at a chame!: pressure of 10 psia and a mixture ratio (o/f) of 2.5. 

A portion of the propellant (at a mixture ratio of 1.0) passed through a 

catalyst bed. Mditional oxygen was injected into the resulting 1500 F, 

fuel-rich gas. The conditioning subsystem used catalytic gas generators 

to produce hot gas Which was recycled and used to increase the temperature 

of the incomiq propellants through a heat exchanger. On-off pressure 

control was used, although a fiight system would probably utilize a more 

sophisticated propurtional type control system. 

TBRUSTOR SUBSYSTEM 

The design and operation of the thrustor, and conditioner gas generators, 

were based on criteria defined in Volume I of this report (Bel. 1). 

Additional operational information determined during the course of the 

program are listed below. 

1. The catalyst bed length is determined by the propellant residence 

time required to ensure reliable ignition. In this program, a 

time of 0.1 millisecond, calculated using densities based upon 

preignition temperature and pressure of the propellants, vas 
found satisfacto~. 
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2. A flame arrestor device just upstream of tbe catalyst bed can 

prevent flashback as well as accomplish final fine mixing of the 

propellants. Beds of l/S-inch-diameter copper shot for the 

thrustor experiments, and 1/16-inch-diameter steel ball bearings 

in the gas generator experiments were successfully used. 

J. The injector must provide a good gas-gas mixing region to prevent 

bot spots and high mixture ratio streaks. Further, the gas 

velocity in the. mixing region must be sufficiently high to pre

vent flashback of the reaction in the catalyst bed. to the injector 

face. Velocities of approximately 30 ft/sec were found 

satisfactory. 

4. Catalyst pellet diameter must be small compared to the reactor 

diameter to prevent channeling of the gas along the outside 

periphery of the reactor. A ratio of eight or greater combined 

with antichanneling turbulator rings was found to be a satis

factory design. 

5. Preinjector, manifold, and line volumes should be in the same 

ratio of the volumeitric flowrates of the two propellants. This 

design constraint minimized mixture ratio variations during the 

start-up and shut-down transients. 

6. Injection of additional oxygen into the fuel-rich catalyst bed 

gas may be used to increase the overall chamber mixture ratio 

and specific impulse. This additional propellant must be very 

uniformly distributed to prevent uneven mixture ratio distribu

tion resulting in low performance and severe beat transfer prob

lems. It was also found that additional oxygen would not react 

~th the fuel-rich bed effluent, unless the resulting mix temper

~ture was above approximately 1260 F. 

2 
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7. The injector orifice pressure drop should be maximized consist

ent with system pressure budget. Mixture ratio and total flow

rate perturbations are minimized 1f sonic injection is utilized. 

8. To minimize pressure and flowrate oscillations and perturbations, 

tbe pressure drop across the injector orifice should be maximized • ., 
On the other hand, it 'ISS found the pressure response was fastest 

at minimum injector pressure drops such that the chamber (nozzle) 

throat became the flow-limiting orifice. To allow higher injector 

pressure drops, the pressure loss across the catalyst bed should 

be minimized. 

9. The thermal mass of the catalyst bed support structure should be 

minilnzed to obtain most rapid thermal response. 

10. Perf'onaD·ce and heat transfer characteristics were measured under 

altitude conditions (-100,000 feet) using a lightweight nickel

chamber. The thrust or c* performance ranged from 89 to 91 per

cent after achieving thermal equilibrium. The heat transfer 

rates were found to be several times larger than expected, prob

ably due to recirculation patterns set up by the~ownstream 

oxygen injector. This decrepancy could, however, have been par

tially due to a radial mixture ratio gradient and/or a poor esti

mate of the local flame temperature. The heat transfer character

istics appear to be compatible with a refractory chamber and 

nozzle. 

11. Repeatable, reliable catalytic ignition was obtained ~th a 

catalyst bed temperature above )60 to ~10 R with c~ogenic (250 R) 

propellants at a 10-psia chamber pressure ~2 psia prior to ig

nition). This constrasts to previous results at higher pres-

sures (-100 psia) where reliable ignition was found at bed 

tellperature:s as low as 200 R. This suggests a pressure-temperature 

interaction on the ignition li-'t. 
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12. Two key response parameters were evaluated; pressure (or thrust) 

and temperature (or specific impulse). Pressqre response times 

on the order of 40 milliseconds were experimentally obtained 

wi~h a pressure-controlled feed system. Significantly longer 

response times ~re obtained with a flowrate controlled system. 

Specific impulse response ti1Ue was significantly long.. Although 

response times of less than 1 second have been analytically 

predicted, experimental results for a cold catalyst bed start 

condition yielded r~sponse times from 2 to 3 seconds. 

CONDITIONER SUBSYSTEM 

The propellant conditioner is a gas generator-heated liquid heat exchanger 

whioh converts liquid propellants to gaseous propellants. This system 

bas the following principal components for each propellant: 

1. A hot-tUbe heat exchanger to supply energy to the incoDdng liquid 

2. An accumulator to store the conditioned gas and attenuate the 

pressure and temperature fluctuations of the conditioned propel

lant from the heat exchang£r 

3. A catalyst gas generator using propellants from the accumulators 

to provide hot gas to the heat exchanger 

4. A control system to control both temperature and pressure in 

the accUlllllator 

The gas generator designs employed herein utilized applicable thr!lstor 

deeiane. It was found that the use of sODic throats at the gas generator 

exit minimized the effects of downstream pressure perturbati~ns on gas 

generator operation. The res11lts of pulse-llOde testing indicated thtlt 

the gas generators should be oversized by ftJproximately 50 percent and 

operated in a pulsed mode to reduce the likelihood of ice fOIWltion at 

the hot gas exit of the beat exchaager. 

6" 



.1 
.1 

A heat exchanger design was desired which resulted in a low pressure drop 

and a minimum pressure-flowrate oscillation due to boiling (boiling in

stability). The design utilized in the program was found satisfactory. 

A helical coil of tubing was placed in an annulus. The hot gas was flowed 

inside the coiled tubing and the propellant through"~he annulus. The 

hot gas heat transfer coefficients were found to be two to three times 

higher than originally estimated. 

Off-on control systems were used for both propellants. This was something 

less than satisfactory and resulted in l(~ge pressure and flow oscilla·

tions. This is turn caused mixture ratio and fiame temperature yariations 

in the catalyst bed. Accumulators were used to help control the pressure 

and "temperature oscillations. 

The heat and material balances accomplisbed on the conditioner subsystem" 

revealed that approximately 23 percent of the total propellant flow was 

required to be diverted to the gas generators for conditioning purposes. 

This could result in a severe penalty on specific impulse. For the de

sign selected for the system demonstration (liquid propellants conditioned 

to ~lO R), this loss may be as high as 130 seconds. Reducing the temper

ature of the conditioned propellant to 200 R will reduce the loss to less 

than 75 seconds. 

The major ohjective of achieving automatic and concurrent operation of 

both propellant systems was successfully achieved. The most difficult 

step in this task was the establishment of the gas generator feed-back 

loop, which involved a substantial orificing effort to ensure proper 

flow control to the gas generators. Freezing of ice in the hydrogen heat 

exchanger was prevented by changing the exchanger operation from~ounter

current to cocurrent. 

5 



SYSTEMDEMONSTBATION 

The system demonstratio.n was the first of its kind reported in the open 

literature. Liquid propellants (LOX and ~) were "conditioned" to gas 

1 
~t 

at -50 F under flowing conditions and. were fed i~to a small bipropellant 

thrustor which employed noble-metal catalysts for ignition. This system 

could deliver a specific impulse of 367 seconds based upon the efficiencies 

measured in this program. The system losses consisted of a 9-second 

water removal loss, a 30-second gas generator combustion loss (due to 

venting excess hydrogen in the hot gas) and a ~-second loss due to com

bustion inefficiencies in thrustor and gas generator. The integrated 

system was hydrogen limited because the conditioning system was originally 

sized to deliver propellants to the thrustor at 260 B. As a result, the 

hydrogen gas generator was undersized for the required flowrates and re

mained on throughout thrustor operation. Good correlation was obtained 

between the expected values and experimental results for the mass and 

energy balances. 

The lightweight thrust or failed (chamber wall burnthrough) during the 

second test series directed at demonstrating combustion performance. 

This was due to mixture ratio (2.7~ instead of 2.5) and chamber pressure 

(12.9 psia instead of 10 psia) excursions. Notwithstanding this ocurr

ence, the demonstration of the cryogenic reaction control system concept 

was a success. 
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INTRODUCTION 

The purpose of the second phase of this program was to experimentally 

investigate the feasibility of a cryogenic reaction control system for 

spacecraft applications, and to generate basic system design data that 

could be utilized during the ultimate development of an operational sys

tem. Accordingly, a l6-month program was conducted to evaluate the po

tential for a reaction control system utilizing the cryogenic oxygen 

hydrogen prop~lent combinations. Analysis and conceptual design were 

reported in Ref. l. Component design and experimental results are pre

sented in this report. 

In Ref. 1, system applications 9liere compiled to identify useful propul

sion systems and possible operating constraints. Possible al.plications 

were identified as: propellant settling engines, stage recovery power, 

attitude control, and secondary propulsion for orbital tankers. The most 

useful range of thrust was found to be from 20 to 100 pounds, and chamber 

pressur,e levels were indicated to be ei~her 10 or 100 psia. Existing 

computer programs were used to calculate the theoretical performance in 

terms of the thermodynamic state and compositions of the exhaust products, 

and to obtain estimates of probable compositional freezing during the ex

pansion process. The cryogenic 'reaction control system was divided into 

two distinct component subsystems such that the experimental study would 

be consistent with the very general nature of the program goals. One sub

system was designed to condition the propellants to a given thermodynamic 

state regardless of the inlet state; the other subsy~tem consisted of the 

thrustors. Based on the overall reaction control system application ana

lysis, the low-pressure (10 psia) system was selected for experimental 

investigation in this program. The selection of such a system concept 

utilizing main tank propellants was also based on the lack of existing 

technology at this pressure level for both the conditioner and thrustor. 
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_~alysis of the conditioner operations showed pressure control to be crit

ical in maintaining the thrustor catalyst bed temperature in a range which 

pre~ents bed burnout. Ho~~ver, even a small relaxation in the pressure 

requirement (i.e., incTeasing maximum thrustor operating pre~sures by 

se~eral psia) may markedly alter the criticality of the control problems. 

~ue thrustor propellant inlet feed temperature of 200 R was selected as 

the design point to ensure reliable ignition ."ithout oxygen freezing. 

To prevent freezing, both propellant temperatures should be maintained 

in excess of Ilj R. 

Experimental concept evaluations are presented below as two subsystems; 

the thrust or subsystem and the conditioner subsystem. Evaluation of the 

thrustor ~~s accomplished by further division into SUbcomponents associ

ated ."ith thrustor design. Experimental results are described for each 

subcomponent of the thrustor. The subcomponents .ere then integrated 

into a single thrustor subsystem configuration. In a similar manner the 

conditioner .~s evaluated by applying the subcomponent technique for both 

the hydrogen and oxygen propellant sides oftbe flo. system. The subcom

ponents also were then integrated into a single conditioner subsystem COD

figuratic-n. The subsystems were then assembled together and operating 

feasibility .~s demonstrated as 8 single system unit • 

8 • 
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TllRUSTOR EXPERIMFNTAL EVALUATIONS 

The conditioner and the thrustor subsyatems were separated for evaluation 

from both the control and energy transfer standpoints. Thus, the dynamics 

of each system could be studied without interaction effects. No previous 

experience was available for thrustor design criteria at the low tempera

ture and pressure combinations sele~ted for evaluation during this pro

gram. Therefore, the thrustor was divided into subcomponents for experi

mental evaluation. These subcomponents were defined in accordance with 

'the areas nt-expected operational problems within the thrustor. The de

sign operating conditions for the thrustor subsystem were selected from 

the results described in Ref. 1 , and are as follows: 

1. Chamber pressure: 10 psia 

2. Mixture Ratio: 2.5:1 

3. Thrust: 20 pounds 

The low chamber pressure was consistent with the selection of a cryogenic 

reaction control system which would utilize propellants obtained frOia the 

main tankage of a vehicle. The mixture ratio is near opti.nm from the 

standpoint of specific impulse based on a predicted frozen-flow expansion 

of the combustion gases.. The thrustor configuration was the conventional 

cylindrical c~mbustion section with a convergent-divergent nozzle. This 

choice was ba"~4 primarily on the fact that existing data were available 

only for this type of configuration and any change would introduce new 

variables. 

A ~orkhor8e thrust cba.ber asse.bly vas utilized to conduct initial experi

.eats /.8ssociated with each subcOlipoaeat section. The results fro. these 

experi.eats were then e.ployed ia the design of a lilhtweilht tbrustor which 
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vas fabricated for the purpose of obtaining demonstrated cha.her heat 

transfer and delivered ~ulse data under siaulated environaental alti

tude conditions of approxiJlately 90,000 feet. The tbrustor was tested 

as a separate subsystem (as described previously) for the altitude per

fOrJI8Dce d.-onstration and, thus, nGn-preconditioned gase-ous propellants 

were used. Deaonstrated operation feasibility of the integral conditioner 

and tbrustor subsystems as a single unit is described in the System 

Demonstration Section of this report. 

,/ 
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EXPEBDIENTAL BABDWABE 

The schematic of the thrustor presented in Pig. 1 illustrates the various 

sUbco.ponent sections, which include the following: 

l. The propellant manifold 

2. The injector-.ixer 

3. The catalyst bed reactor 

z.. The d 0"'" strea. oxygen injecto.r 

5. The dOWIIstream co.bustion cba.ber 

The thrustor con8i8ted of a number of identical ring8, each with 12 in8tru

mentation port8, connected w~th two longitudinal bolts. The ring8 were 

-.intained under co.pression by two Belleville washer asse.blies. These 

washer stacks also acco-.odated the ther.al crowth of the thrustor. 

AligDllent of the riDgs was acco.,lished by tvo tool steel pides extend

iDg fro. the support &8se.bly, which also provided overall lon,itudinal 

support for the asse.bly. The sealing of ea.~h individual ring vas ac

co.plished through compre8sion supplied bf the vasher asae.blies to the 

lapped aating surfaces on the individual rings. The lon,itudinal force 

exerted on the rings by tbe washers wa ~ pounds, which was far greater 

that the axial thrust load. Additional sealing aids used. for the coa

pression ~thod were thin copper washers aDd/or Per.atex, the latter being 

used during all of the dovnstre_ injection ezpermeatD. Tbe instr .. enta

tion port8 on the individual rin,s were cont,ined in tvo spirals, each 

spiral containing six ports. Tbese .pirals were di.-etrically opposed 

11 
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so that at any axial location there were two port8, 180 degree8 apart, 

which could be u8ed to mea8ure a pre88ure and a te.perature. An overall 

view of the workhorse tbru8tor i8 8hown in Fig. 2. 

The design allowed catalytic beds to be prefabricated as an a8se.bly so 

that upon capletion of an experiaental.atrix, a new configuration -could 

be readily in8talled. The i.ndividual 8epent length8 were each 1/2 inch. 

Therefore, the 8horte8t catalytic bed was 1/2 inch in length. 

A180 included va8 an allowance for reducing the dia.eter of the catalY8t 

bed. Thi8 was acco.pli8hed by fabricating additional segments with a 

2.00-inch ID and with the sa.e out8ide dia.eter 88 the regular 8egment8. 

An additional section was used between the injector and the entrance to 

the bed to accoapli8h a SBooth flow tran8ition. The exit section of the 

bed exhausted directly into the larger diaaeter cha.ber. In thi8 .anner, 

it vas p088ible to vary the LID ratio of the cataly8t bed while holding 

the cataly8t maS8 con8tant to 8tudy the pre88ure drop paraaeter. Theo

retically, the L/D ratio should have little effect on the ther.al re8pon8e. 

The de8ign a180 provided for flexibility in thru8tor length. The .axi.um 

obtai.-ble, length va8 governed by the length to which the end pl.r .. ;!8 can 

be 8pread (13 inche8), and could be increa8ed, if neces8ary, by providing 

longer support bars. 

Injector-Mixer 

The basic function of the injector-.ixer is to introduce the propellants 

to the catalyst bed as a hoaogeneou~ .ixture. A ~-on-l, fuel on oxidizer, 

injector configuration vith a 6O-dearee iDcluded aDale betveeD opposite 

fue 1 strea.8 was chosen (Fig. , ). This configuratioD had heeD used 

1, 



Figure 2. Side View o~ the orkhorse 1hrustor Shovl.ngthe 
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successfully during previous hydrogen/oxygen work at Bocketdyne. For 

orifice sizing, the _.entum criteria of Elveru. and Morey (Bef. 2 ) 

was employed: 

(1) 

where 

• wI = total .. ss flowrate through all hydrogen orifices 

Al - area of one hydrogen orifice 

• w2 - total .. ss flowrate througb all oxygen orifices 

A2 - area of ODe oxygen orifice 

Although the preceding equation is based on liquid-liquid systea data, it 

is the .ost relevant available. 

!be resulting orifice diaaeters were: 

PUel, 0.0998 inch 

Oxidizer, 0.20, inch 

!be first two experiments vere conducted vith a void aixiDi section leoath 

of 2 inches between the injector face aDd catalyst bed. In.ufficient aixiDi 

probably occurred, the result heiDi flaahbact to the injector face. In an 

effort to eli.inate the occurrence of flallhback, a hip heat capacitance 

.ixina bed vas installed. !he bed "a. fabricated fre. copper pellets 1/16 

inch in dia.eter, va. 1/2 inch in le .. th, and. vas placed just .pstre. of 
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the catalyst bed. Tho bed served two purposes in the .prevention of flash

back: (1) the heat.::apacitance of the copper could absorb heat fro. the 

gas stre .. duriDl jincipient flashback, thus quenchiDl it, and (2) the 

velocity of the g4':.ses floving forward through the bed would be increased 

(for a given volv.etric flov), possibly veIl above ~he fl_e front velocity 

in the gas dOVD~tre .. of the bed. An additional advantage of the copper 

bed is 

copper 

duriDl 

to the 

that it tends to prOliote .ixiDl of the floving propellants. The 

shot ~~d vas successful in preventiDl fl~shback, and vas used 

all §Jubsequent experi.ents. The copper shot capsule vas identical 

cat;:I1yst bed capsule shown in Fig. ". 

Catalyst Bed 

The design of the catalyst bed vas governed by (1) allovable pressure 

c1ro,~, (2) the required mass flow, (,) the degre.'!·of reactivity required, 

aD'd (It> types of catalyst eonfigurations available. In addition, while 

~till .eeting the preceding constraints, it was desired to minimize bed 

~weigh:t. Based on the preceding criteria, a '-inch ID bed aaploying 1/16-

inch MPSA catalyst was selected. Toward the end of the progr .. , liS-inch 

MISA catalyst also vas e.ployed. A variable bed lenith vas included in 

the design. An exa.ple of a catalyst capsule is presented in Pig. ". 

Bed Supports. Three screens and an end plate were used for support and 

contaiu.ent of the catalyst aDd diffa.ion beds. At first, light Nichra.e 

(30 .esh, O.OII"-inch-dia.eter wire) screens were ueed upstree. and dovn

strea. of the diffusion bed, aDd a heavy Nichro.e 8creen (16 .eBb, 0.0'2-

inch-dia.eter vire) vas used dovnstre .. of the catalyst bed. As an addi

tioDal dovnstre .. support, a 1/' iDch staiDless-steel eDd plate vas used 

(Pil. 5). Proble.s were eDcountered as a result of the screens· slippiDl 
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out of position vhiCh alloved catalyst and copper shot to .igrate between 

the sepents, and resulted in leaks. !his vas over cOIle by spot veldiDg the 

screens to the dividers vith the catalyst or copper shot in place. The 

screeD .. terial used in these instances vas a ve~ light tantalu.. However, 

oxidation and e.brittle.ent occurred after a fev runs, causiDg the screens 

to fail (~I. 6 shows the catalyst capsule after a hot firiDgJ. Light, 

stainless-.teel screen was then used in place of the tantalu.. !his arrauge

.ent worke~ yell for the re.ainder of the runs. 

It va8 observed, however, that during a run the screen8 would tend to bow 

outward allowing the catalyst to redi8tribute itself leaving a visible 

pp where channeling quite probably occurred. This vas cor.rectedby plac

ing another heavy plate upstreaa of the diffusion bed. 

During the dOVDstr~aa injector evaluation runs, it was observed that the 

.easured te.perature dOVDstre~ of the catalyst bed va8 cOD8iderably lower 

than that .easured in the catalyst bed. Thi8was attributed to the large 

ther.al capacitance of the end plate. Substit\\tion of the large _86 end 

plate with a lighter one elwuted thi8 discrepancy. 

Turbutator BiDls. .An additional de8ign change vas _de for the perfor.ance 

runs. Draring the workhorse experillent8, there vas a 8trong indication fro. 

the _88 flovrates that channeling vas taking place. Turbolator ring8 were 

added within the ~ataly8t bed to curtail this action.'fbe rinlS were 8tan

dard anap ring8 fabricated frOll 8tainles8 8teel. !hey were placed l/It inch 

apart and protruded liS-inch into the catalyst bed. The groove p08ition8 

that acc~date the sup rinp are clearly show in Pi,. 7 • ODe ring i8 

also in place to de.onatrate the .. oant of riDi protraaion relative to the 

catalyst bed. 

20 • 
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Bed Pacld.. To enaure randOil bed packiDl, the following procedure vas 

used: The lower support screen vas installed and the catalyst vas poured 

over it. A very light (1-1/2 oQDces)he_er vas used to tap the sides of 

the reactor causing the pellets to settle. More catalyst vas then added 

and the chulber vas again tapped. Thie procedure 1I&S followed until the 

tappina would produce no further pellet .oveaent. At this tille, the upper 

support screen vas inatalled. 

Catalyst Activity Measure.ents 

A .. all-scale laboratory glassware evaluation vas conducted to measure the 

relative catalyst activi~. !bis allowed co.parisoD of activities with 

catalyst used during previous progra.s and an indicatioD of activity degra

datioD with use. The evaluatioDs were conducted as described in Bef. ~ 

The results are s ..... rized in Table 1. The percent conversion as shown 

in Table is not to be taken as indicative of perforllance of actual 

thrustors. These nUDbers are for this particular test and are for co __ 

parative purposes. The conditions of the "standard testU are shown. 

DOVDstrea. Iajector 

the dOVDstrea. injector was designed to provide for ho.0leneous .ixiug of 

the injected o~gen and the effluent strea. fro. the catalyst bed. !his 

was required both fra. engine perfor.8nce cODsideratioDs aDd to prevent 

hot spots withiD the c~ber wbich could result iD cma.ber burnout. 

Materials of cODstruction that would withstaDd high t..,erature o~gen 

contact were selected • 

23 

- - . . I 



-- < 

BBlAfIVE ClDUTIC AC'l'IVI'l'!' 

Saaple 

1/16-Incb MPSA., Unused, Lot lfaIIber IIS-7-1.-13O 

1/16-Inch MPSA., Used Darin, Bans No. 7 !broqh II, 
Lot Nuaber 11S-7-L-13O 

1/16-Inch MPSA, Unused, Lot llmIber cm6 

l/I6-Inch MPSA, Used DsiDi Bans No. 5 and 6, 
Lot Naber Cn76 

liS-Inch HPM, Lot Hmlber 10008 

liS-Inch MfSA., Lot Ruaber CJ229 

Standard Condition:: 

B2102 ao181 ratio 

Carrier .. S diluent 

Catalyst veipt 

'.1 }-

nitro,eD 

. 

'!beoJ'etical yield o. ,969-perceDt vater 

Duration ot ran 10 lliautes 

For details see Bet. ,. 

Percent Coaversion 

25 C -196 C 

9't.O 70.2 

60.6 '7.9 

91.S 75.2 

S9.2 68.~ 

95.5 59.S 

93.0 7'.5 

• 

;< 

i, 

j 
I 
; 

1 
1 
I 
1 



, . 

The desigD selected is shoVD iD Pig. 8 and 9. The 12 radial tubes are 

fabricated fra. B8stelloy W. There are 72 ele.eDts iD the dOVDstrea. iDjec

tor through which the secoDdary oxygeD flow is iDtroduced. Sawcut iDjection 

ele.ents were positioDed such that the flow would be eveDly proportioDed 

over the c~ber cross sectioD. The radial tubes are fed through aD aDDulus 

which allows for propellaDt feed fra. two 10catioDs ISO degrees opposed. 

The peripheral aDDulus is very large co.pared -to the .aiD di_eter of a 

spoke. This provided for equal pressures to all spokes aDd, thus, aD eveD 

flow distributioD. The spoke .ain feed area was 10 t~.es greater thaD the 

total spoke outflow area, agaiD he~piDg to eDsure aD eveD flow distributioD. 

DOVDstrea. Ca.bustioD Cha.ber 

The coahustioD cha.ber di .. eter vas set by that selected for the catalytic 

bed. Durj~ the iDitial experi.ants, vhich were only concerned with in

jector-~xer and catalytic bed inv~~tigations, the length of this section 

vas set at 1-1/2 inches. During t~e later experi.llents vith the dOVDstre .. 

injector, the length vas increased to 2 inches and then, duriog the last 

four experaeot., to 2-1/2 inches in an effort to allow :for aore cMlple:te 

dOVDstre .. mxing aod collbuation. Because it vas noticed that the thtlir.G

couple farthest dOVDstre .. still indicated the highest t..,erature, the 

length of the coahustion cha.ber for the perfor.ance engine vas increased 

to 6 inches to allow for even .ore dOVDstre .. ~xing and coahustion. 

The dovostre .. injector baa .. ooth surfaces on both sides vhich joined 

vith the lapped surfaces of the two adjoining sepents to fora a seal. 

!his seal vas aided by using Peraatex on the two sealiDg surfaces. The 

seal vas absolute in that, vith lO-psig heli .. in the challber, no le ... e 

could be detected UBi... the "soap bubble teat. II 

25 



J 

k • -9 
C

 
.... 

I til 

Q
 

..p
 

• 
.Id 

• 
c: 

~ 
-..-

~
 ..... I I... 

I 
~
 

• • 
• 

,... IS 
... 

• 
it 

-""' 
• R .p

 
,. 

C
 

1
"""-

-
1-

--

-
f.. 

-
· 

:-
I"" 

.
.
 I 

--
0 • 

-
, 

.... 
. -

.-
--

• 
r. -

-
aD

 
~
 

• 
· 

~ til 
.... JIr.t 

26 



Figure 9. 
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A Vi of the wnstreal!l Injector ( I) Fran e 'lhntstor 
1broat Side 
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Nozzle 

The nozzle assembly shown in Fig.lO was fabricated from 300 series stain

less steel. The wall thickness at the throat section was 1.% inches. Pro

visions for obtaining a pressure measurement downstream of the throat were 

incorporated in the design. The nozzle contraction ratio was 6:1 and the 

divergent sections had an expansion ratio of 2.3 and a conical half angle 

of 17-1/2 degrees. 

Workhorse Hardware Details 

Thrustor Wall Dimensions. The workhorse hardware was designed for use in 

experiments where the desired run time would be on tbe order of 10 to 20 

seconds. This duration would allow a steady-state condition to be achieved. 

A beat transfer analysis was used to determine run duration limits. This 

analysis utilized: 

1. Heat transfer characteristics as predicted in the analytical 

portion of this program and reported in Volume I of this repor't 

(Ref. 1 ) 

2. Standard transient beating charts for hollow cylinders where the 

temperature history in a functio'D of the Fourier number, aT /a2 , 

and the Biot number, halk (~f. ;;,It) 

The wall thicknesses in the chamber and nozzle sections were sized for run 

durations an order-of-.agnitude larger than the desired 10 to 20 seconds. 

A su .. ary of the dimensions and pertinent parameters for the workhorse 

thrustor are presented in Table 2. 
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WOBKBOBSE 'l'IIIWS'l0il DESIGN DETAIlS 

Cha.ber Pressure, psia 

Thrust (F), pounds 

Mixture Batio 

Nozzle Expansion Area Batio (€) 

Nozzle Contraction Area Batio (€ ) 
c 

Beactor Internal Dia.eter (D ), inches 
r 

Co.bustion Cha.1>~:tr Internal Diameter (D c) , 
inches 

Catalytic Bed Length (Lca)' inches 

Diffusion Bed Length (LoB)' inches 

Mixing Section Lengtb (~), inches 

Co.bus'tion Chaaber Cylindrical Length (Lcc)' 
incbes 

Distance between Catalyst Bed and DOWDstrea. 
Injector (L), incbes 

Nozzle Material 

Reactor Material 

-

10 

20 

2.5:1 

2.3:1 

6:1 

3.0 

3.0 

0.5 - 2.0 

0.5 

1.5 

2 - 2.5 

0.5 

Stainless 
steel 

Stainless 
steel 

N01'&f Theare di.ensions were tbose during the la'st tbrusj;or 
ca.ponent evaluation expert.ents. 
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Instrumentation and Recording Facilities 

The recording systems are characterized with a response time of approx

imately 25 milliseconds ,~hich lias adequate to monitor the steady-state 

operation of the conditioner subsystem. The temperatures (-lO-millisecond 

response) was measured by bare-\w-l.re thermocouples with the thermocouple 

type being dictated by the temperature range to be measured. A Rosemont 

bulb (-lOO-millisecond response) calibrated to liquid hydrogen tempera

tures was used to monitor liquid hydrogen flow into the heat exchanger. 

Pressure measurements (-lO-milliseci)nd response) \~ere principally obtained 

from Tabor or Statham vacuum transduers because the experiments \{ere con

ducted below atmospheric pressure conditions. 

The data were monitored during the experiments on Dynalog circular recorders 

or Easterline Angus strip recorders. These data were principally used to 

determine the success or failure of a test in a qualitative manner because 

of the slow response of the recorders and the difficulty in reducing the 

data. A Beckman data acquisition unit \,'as used to record the majority 

of the data. The results from the Beckman unit ,,,,ere reduced on an IB}! 

7091t computer and presented in graphical form on cathode ray tube plots. 

The thrustor design contained prov1s10ns for inclusion of extensive in

strumentation for pressure and temperature measurements. A schematic 

showing placement of the instrumentation is presented in Fig. 11. A 

photograph of an ins·trumented· thl"Ustor is ShOlw"D in Fig. 2 • 

Lightweight Engine lfurdware 

The design of the hardware for this phase of the experimental effort was 

substantially different from the wor)thorse configuration. This was 

principally caused by the difference of design goals. Here, the empbasis 

'~as placed on simplicity, ease of fabrica.tion, and maximization of per-

formance. The valves, manifolds, and injector for the lightweight thrust or 

,{ere those used 1n the wor)thorse studies. The catalytic reactor section 

was fabricated from a section of stainless-steel tubing. This was welded 
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1;0 the injector-manifold assembly t.o eliminate sealing prol.>lec;s. The 

iULernal diaoeLer oft-he t:ube had- provisions for nine snap rings. TIle 

snap rings pro\-ided support: for t:he screens used LO separate and lor main

t-ain t:he catalyst: and diffusion beds~ Three e~~ra rings .ere inst:alled 

in the catalysL bed sec~ion as l:.urbulators. These Lhree rings .-ere ~o 

pre\-enl:. channeling of l:.he propellant;s dm,,-u the chamber .-all, t;hus promot:

ing higher performance. TIle thrusl:.or used the light.eight; screen support:., 

sho"~ pre\-iously in Fig.:>. Additionally, a longer combusLion section 

do,..-nsLreac of "the dm,,-ustreaI!l injector .as incorporated into the light;

,..-eight:. design. 

The upstream section or catalytic reactor "\--as ",-elded to the dmmstream 

injector and the dO""tlstream section of Type 2iO nickel nozzle. The dOlm

sirea!!] combust;ion section ,,-as designed t;o pro\"ide adequate length for 

complete do.-nstream coCbustion to occur and to pro~ide heal:. transfer data. 

The choice of nickel "-as based on the follo.-ing: (1) good hig?-temperature 

strength compared to stainless steel and copper, (2) good thermal conduc

tivity compared to sta1.nless steel, and C;) moderate density, thus pro\-il\

ing a ligh~-eight chamber. 

The c~cbustion chamber ,,-all thick-ness was l/S inch. To pro\;ide some fo.rl!! 

of thermal isolation to limit the longitudinal and circumferent~al modes: 

of beat transfer, sa.- cuts to .-ithin 0.020 inch of inside surface, form

ing 1/2- x 1/2-inch isolation blocks, "ere made. Eight of these blocks 

.ere machined on the external surface of the nozzle, pro\-iding eight 

temperatures to. obtain thermal data. :The thermocouples 'w'ere welded to 

tbe center of each block, thus pro\~d.ing a good physical contact for 

accurate temperatu.re measurement. 

The nozzle expansion ratio of 5: 1 was used to pre\~ent nozzle separation 

at the simulatedaltitud.e. 
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A summary of the pertinent dimensions and parameters of the lightweight 

thrustor is presented in Table 3. A schematic of the thrllstor is pre

sented in Fig. 12. 

Experimental Systems 

Workhorse Experiments. The propellant supply system sho"'n in l"~ig. 13 was 

designed to provide propellant at temperatures to 200 R at low pressures 

and at the flo,,'rates consistent with the 'thrustor operation (-.... 0.05 Ibjsec) . 
. 

a<\mbient temperature oxygen and hydrogen ,,'ere coo led by a liguid nitrogen 

heat ex,changer to the desired temperature. Flowrates were measured using 

a calibrated venturi meter (hydrogen) and a calibrated metering orifice 

(oxygen). 

A description of the indi vidua 1 components is presented in Tab Ie q. 

Dasically, the facility system consisted of: (1) high-pressure supply for 

both hydrogen and oxygen, (2) prevalves (not .shown) for on-off operation, 

(3) sensitive pressure regulators (not shown) to give "finen mixture 

ratio control, (~) filtering and drying systems to ~liminate oil and 

other minor impurities which might deactivate the catalyst, (5) cali

brated venturi or orifice flow measuring dev'ices, (6) shell and tube 

heat exchangers, and (7) sonic orifices to ensure that thrustor pertur

ba'tions would not disturb the flow system. 

• A nitrogen-driven diffuser was used to obtain altitude prior to each test, 

and to maintain sonic flow at the thrustor throat during each test. The 

facility is shown in Fig. l.r. . 

Lightweight Experiments. The tests were carried out at Component Test 

Laboratory It (r.TL-~), which had al ti tude simulation capabil i ty of above 

r 

• 
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TABlE 3 

LIGHTWEIGHT TBRUSTOR DEIGN DETAIIS 

Chamber Pressure (p ), psia 
c 

Thrust (1'), pounds 

Mixture Batio 

Nozzle Expansion Area Batio (f) 

Nozzle Contraction Batio (f ) 
c 

Reactor Internal Diameter (ri ), inches 
r 

Combustion Chamber Internal Diameter (D ), inches c 

Catalytic Bed Length (LCD)' inches 

Diffusion Bed Length (LnB)' inches 

Mixing Section Length (L ), inches 
.as 

Combustion Cha.ber Cylindrical Length (L ), inches cc 

Distance Between Catalyst Bed and Downstream 
Injector (L), inches 

Combustion Cbamber-Nozzle Material 

Reactor Material 
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10 

20 

2.5:1 

5:1 

6:1 

3.0 

3.0 

1.0 

0.5 

1.5 

6.0 

0.5 

Type 270 
nickel 

Stainless 
steel 
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Figure 12. Lightweight Thrustor 
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TABLE " 

DESCRIPTION OF FACILITY COMPONENTS 

Supplier Remarks 

Grove Pressure loaded from blockhouse 
"2: GS 306-0" 
O

2
: WBX 305-N" 

Unknown 10-micron, 6- x 1/2-inch OD 

In-house Fabrication MOlecular sieve for "2 system 
16- x 2-inch OD 
Charcoal for "B and 02 systems 
15- x 3-inch 0 

In-house Fabrication Four l/~-inch copper tubes for pro-
pellant 

1- or l-l/"-incb outside shell 

6-foot long 

Flow-Dyne Engineering, Inc. 
Fort Worth, Texas 

piN :V2"0600-SA 

In-house Fabrication 

Marotta 1/2-incb MV 583 
------------ ---- -- - - ---
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Figure 1~. Pront lev of' the orkhorae 'lhru.ator 
Faclli.t 
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100,000 feet. The lightweight thrustor system (Fig.15 ) differed from 

that employed for the component evaluation experiments in several ways: 

1. The feed systema employed ~re static rather than dynamic in 

that the system did not require an extended run duration ~th 

bleeds to obtain run conditions. This allowed pressurization 

directly upstleam of the valves prior to main valve actuation 

and, also, eliminated the pnewaatic filling or equalization time 

for the line between the main valve and the bleed valve used in 

the dynamic system for the component te.sts. 

2. The downstream injector bad a separate oxygen source. This de

coupled the downstream injector system and allowed independent 

downstream injector pressurization control which also eliminated 

an excessive pneumatic fill time for the downstream injector 

4eed system. 

3. The heat exchanbers were eliminated since ambient propellants 

were used. 

TET PBOCEDtlBE 

Workhor8e TbruatorExperimeDtal Procedure 

The test procedure for each teat was iDitiated by starting the nitrogeD 

driver. The afste. was then pri.ed in a dynamic maDDer to obtaiD the 

requisite flowa before operatiDl the ithruator main valves. The hydrogen 

and oxygen pressures were aet at the ~'eaired level with the flQ'~ diverted 

through the bleed valves. The liquid nitrogen was then press,..:rized and 

fed through the heat e~cbaDlers to chill both propellants to the required 

state. The total run duration vaB liaited by the liquid nitrogen supply 

~hich would last approxill8tely 2 .iDuteB. 
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The flow was diverted to the vorkborse tbrustor when the propellant tem

peratures had. reached the desired values. Initially, it was necessa~ 

to adjust the pressures during the firing to achieve a nominal mixture 

ratio of 1.0 through the catalyst bed (for a temperature of -1500 F). 

During the downstream injection operation, the do'~stream injector valve 

was not activated until the thrustor reached steady-state conditions ~th 

flow through the catalyst bed. Opening the downstream injector valve 

generally resulted in a div.ersion of a portion of the oxygen flow from 

t-he catalyst b~d. This was corrected by increasing the oxygen pressure 

until the nominal bed flowrate was achieved. The shutdown procedure was 

the reverse of that for startup. 

Lightweight Thrustor Experimental Procedure 

Three valves were operated during a run (two main propellant valves and 

two downstream injector valves actuated simultaneously, Valve operation 

was moni-tored on both a strip recorder and an oscillograph. All runs 

were accomplished at altitude with the. hyperflow operating. 

For.the initial run, the hydrogen injection pressure was first increased 

until the desired flowrate was reached, and the o%ygen flowrate through 

the catalyst be·d was increased until the desired bed temperature and mass 

flow were reached. The o%ygen flow tuough the downstream injector was 

then initiated and increased until the desired flowrate was obtained. The 

valves were seclured in the following sequence: (1) main oxidizer, (2) down

stream injector, and (3) main fuel. The regulators were not vented; rather, 

the regulated settings remained for the duration of the experiments. 
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The procedure for subsequent experiments was as follows: the propellant 

flows were initiated by opening the valves as desired, and the run was 

continued until the objectives were obtained. For the ~teady-state per

formance runs, the thrustor was then terDdnated as before (main oxidizer, 

downstream injector, and main fuel valves were closed, in that order). 

The purges were then started to cool the chamber and catalytic bed 

to ambient temperature. 



EXPERIMENTAL RmULTS 

THRUSTOR COMPONENT TESTS 

The initial objectives of the thrustor experiments were to evaluate com

ponents, obtaining general design criteria, and explore possible problem 

areas. This series of experiments was directed at four principal goals; 

1. Obtaining sufficient mixing of the oxygen-hydrogen propellants 

to prevent severe mixture ratio variations in the catalyst bed 

2. Preventing flashback to the injector face 

3. Minimizing the necessary catalyst bed length to promote and 

sustain ignition while minimizing.reaponse time and pressure drop 

4. Establish a durable downstream injection technique that homogen

eously distributes the oxygen in the hot gaseous product of the 

catalytic reactor. 

Components were used which gave adequate service for this purpose, but 

they were not optimized for either weight or performance. At the con

clusions of this series of tests, the results w'ere to be used in design

ing lightw'eight hardware for al ti tude performance heat transfer evalua

tions. A summary of the component tests is presented in Table 5. 

Injector-Mixer Evaluation 

The ob;ective of the injector evaluation phase was to obtain sufficient 

mixing of the propellants to prevent severe local mixture ratio variations 

in the gases entering the catalyst bed. This was to prevent local burn

out of the catalyst bed, obtain efficient reaction of the propellants, 
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Run 

1 

2 

3 

5 

6 

7 

8 

9 
10 

11 

12 

TABLE 5 

SUMMARY OF EXPERIMENTAL IGNITION RUNS CONDUCTED ON THE 

\vORlffiORSE TIffiUSTOR FOH COMPONENT TESTS 

Run Conditions and Configuration** 

GN2 flow, I-inch bed 

l~inch bed, 1/16-inch catalyst 
ambient propellant and bed 

Lowered O2 driving pressure; I-inch 
bed, 1/16-inch catalyst ambient 
propellant and bed 

Added 1/2-inch diffusion bed, put 
plate on H2 manifold 

Catalyst bed length to 1/2-inch, 
ambient propellant and bed 

Ambient bed, cryogenic propellants 

Ambient temperature bed, chilling 
propellants 

Ambient temperature bed? chilling 
propellants ~ 

Ambient bed, cryogenic propellants 

Cryogenic bed and propellants 

Ambient bed, cooling propellants 

Ambient bed and propellants with 
downstream injector 

Results* 

Ap agreed with predictions 

Burned-out bed 

Burned-out bed 

Good ignition; indicated 0.4-
inch bed needed for ignition 

Ignition 

Ignition 

Flameout 

Flameout 

Good run 

No ignition 

Flameout at ~ -160 F 

No ignition of downstream 
injector; opened dmvtlstream 
injector at 1200 F and bed 
temperature dropped to 900 F 

Smooth ignition 

1 
; ! 

1 

13 
llJ: 

Repeat but increased O2 pressure 

Cryogenic propellants and ambient 
bed with downstream injector 

Ignition; increased O
2 

pressure 

15 

16 

Cryogenic propellants and ambient 
bed ,dth dO'fflstream injector 

Cryogenic propellants and bed 

Ignition 

No ignition 

*Total run time with downstream injector onjwas 6 minutes; total run 
time with dO'fflstream injector in system was 16 minutes. 

**Catalyst was 1/16-inch MFSA (Engelhard) except where otherwise noted. 
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TABLE 5 

(Concluded) 

Run Run Conditions and Configuration** 

17 1/16-inch catalyst, I-inch bed; 
change downstream injector orif~ 3, 

ambient bed and propellants 

IS 

19 
20 

21 

22 

23 

24 

25 

26 

27 

2S 

Cryogenic propellants and ambient 
bed with downstream injec~or 

Cryogenic bed and propellants 

2-inch bed, 1/16-inch catalyst, 
cryogenic bed and propellants 

Decreased G by half) cryogenic 
o 

bed and propellants 

liS-inch catalyst, 2-inch bed, 
cryogenic bed and propellants with 
downstream injector 

liS-inch catalyst, 2-inch bed, 
cryogenic bed and propellants w"ith 
downstream injector 

liS-inch catalyst, 2-inch bed, 
cryogenic bed and propellants 'vi th 
downstream injector 

Halved the flowrate 

liS-inch catalyst, I-inch bed, cryo
genic propellant bed or ~ -116 F 

liS-inch catalyst, I-inch bed, cryo
genic propellant bed or ~ -116 F; 
bed to -150 F 

LN2 chilled bed, halved" Go 

J 
. 1 

Results* 

Ignition 

Ignition 

No ignition 

No ignition 

No ignition 

Ignition in bed, after 13 
seconds then ignition of 
dovmstream injector 

Same delay; smooth ignition 

Same results 

Immediate bed ignition 

Ignition after ~3 seconds; 
no downstream reaction 

Ignition delay of 15 seconds; 
dmmstream inJector started, 
then temperature dropped 

No ignition 

*Total run time 'vith do,mstream injector on ,.,as 6 minutes; total run 
time with downstream injector in system ,.,as 16 minutes. 

**Catalyst was 1/16-inch MFSA (Engelhard) except where otherwise noted. 
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and minimize the danger of flashback of the reaction front to the injector 

face. The initial injector-mixer configuration used a four-on-one pat

tern (fuel on oxygen) w'ith six elements as illustrated in Fig. 3. This 

injector pattern may not be optimum for gas-gas, low-pressure systems, 

but it had operated well in previous efforts (Ref. 5 ). The first ex

periment was of approximately 16 seconds duration and resulted in high 

temperature damage to the catalyst bed and attendant. screens. The mix

ture ratio was determined to be excessive (-1.5) and in addition, there 

was evidence of flashback indicating a lack of homogeneity in mixing. 

This was determined by visual inspection of the hardware in the posttest 
-

condition, noting the similarity of burned areas in the bed, and the 

position of the injector elements. In addition, the mixing section 

thermocouple measured a high temperature. 

S~eps taken to correct the situation were: (1) the inclusion of a dif

fusion bed 3 inches in diameter and 0.5 inch long consisting of copper 

shot immediately upstream of the catalyst bed, and (2) the addition of a 

diffusion plate in the hydrogen manifold immediately upstream of the in

jector to circumvent a hydrogen ramming-starvation effect across the in

jector manifold, which would result in a nonuniform hydrogen flow from 

the injector. 

After incorporating these changes, furth~r runs indicated that satisfactory 

mixing was occurring. Hot spots were not evident upon inspection of the 

hardware following the runs, so the injector-mixer configuration was con

sidered satisfactory. The diffusion bed, a l!2-inch long segment filled 

with copper shot, was used for the remaining experlments. The diffusion 

bed was positioned 1-1/2 inches from the face of the injector. The bed 

was, in effect, a passive mass consisting of a maze of flow passages that 

accomplished two functions: (1) promoted additional mixing of the pro

pellants due to the added pressure drop, and (2) increased the velocity 

of the mixed propellants as a result of the decrease in effective flow 

area, thus preventing flashback to the injector. 
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The original tests were conducted with a center post running down the 

catalyst bed simulating the internal downstream injector concept. After 

further analysis of this type of injection concept, it was decided to 

simplify the downstream injector by feeding in-the oxygen externally 

instead of through the -bed. This circumvented problems that would be 

incurred from heat transfer to the oA7gen before it was injected do,Yll

stream. The flow schematic (Fig. 13) depicts the oxygen being extern

ally fed to the thrustor. 

Ignition Tests 

Catalyst Bed Experiments. After obtaining a satisfactory injector-mixer 

and preventing flashback to the injector, the minimum catalyst bed length 

was determined. This was necessary because both the catalyst bed pressure 

drop and thrustor response time are strongly dependent upon bed length. 

The initial experiments incorporated cryogenic propellants and an ambient 

temperature bed to determine the minimum bed length needed to promote and 

sustain a reaction. The catalyst bed was instrumented as shown in Fig. 

After the first experiments, the bed was shortened from 1 to 1/2 inch 

because the reaction was found to occur in the first 1/2 inch. 

Temperature and pressure gradients in the thrustor for two distinct time 

slices during a representative experiment (Run 6, Table 5) are pre

sented in Fig. 16 and 17. A well-defined temperature gradient was estab

lished through the bed length. The thermocouples were all positioned in 

the approximate radial center of the bed and, consequently, they were 

monitoring approximately the same flow stream. The maximum temperature 

was at THe 4, which was located 0.2 inch from the beginning of the catalyst 

bed. The thermocouple in the mixing section had reversed polarity (TMS 1); 

consequently, the temperature appeared to increase instead of decrease 

during the run and was deleted from the gradient plot. The thermocouples 

in the copper shot (TMS 2 and TMS 3) chilled down d~ring the run (to -80 F) 
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with no indication of the flame front advancing toward the injector. 

The temperatures in the bed were recorded by thermpcouples THC 1 through 

TBC 6. After 1.2 seconds, the reaction appeared to near completion at 

the TBC 5 position in the bed. The remainder of the bed acted as a 

thermal capacitance. After 6.2 seconds, the temperatures downstream of 

TVC q reached app~~ximately equal values which should have approached 

1600 F after an appropriate run duration. The maximum reaction position 

also moved upstream, as indicated by THC q registering a higher tempera

ture than TEC 5. 

The pressure gradient throUfbh the thrustor also was well defined. The 

experimental values are shown in Fig. 17. The continuous line represents 

as approximation of the pressure gradient through the thrustor. No loss 

in pressure should occur in the mixing section because the only impedi

ment to flow is the friction along the thrustor ,.,alls. Once the mixed 

propellants enter the diffusion bed, the pressure decreases. The point 

of inflection occurs at the PBC 2 station for both time slices because 

the maximum reaction temperature (THC q or THC 5) was nearest to this 

transducer. 

Igniti~n Difficulties at Low Temperature. Previous work at Rocketdyne 

had demonstrated reliable catalytic ignition of fuel-rich oxygen-hydrogen 

mixtures at propellant and catalyst bed temperatures below 210 R (Ref. :; ) 0 

These tests were conducted at chamber pressures substantially higher than 

10 psia. One of the objectives of the present study was to determine if 

the ignition characteristics at these low pressures would be similar to 

those observed in the previous program. Ignition difficulty occurred at 

temperatures below qlO R. The ignition temperature results of this 

and previous programs are summarized in tabular form on the following page. 
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TABLE 6 

SUMMARY OF HYDROGEN/OXYGEN CATALYTIC IGNITION LIMITS 

MFSA Propellant Preignition 
C~talyst, Bed Temperature, !Temperature, 'Pressure, 

linch Ii I R psia Ignition , 

1)16 
, 

310 235 3 to 8 No 

·1/16 
, 

410 23.5 3 to 8 Yes , 

1/8 360 ! 235 3 Yes 

1/8 210 210 46 to 169 Yes 
-

I 

Cbmparison of the results at high and Imi preignition pressures indicates 
I 

alsubstantial pressure-temperature interaction for a given catalyst. 

Also, the liB-inch MFSA catalyst appears more active than the 1/16-inch 

1-WSA. 

It appears that there is a pressure-temperature tradeoff for H2-02 cat

afytic ignitio~ fora given catalyst. When operation at low initial in

let temperatures is desired, operation above a minimum pressure level is 

required. 

Recently, Shell Development Company (Ref. 6 ) disclosed that their catalyst, 

Shell 405, showed a higher activity for catalytic ignition of low-temperature 

hydrogen-oxygen mixtures than did a catalyst similar to the one used during 

t?e present study. Thus, low-pressure ignition at temperatures lower than 

those obtained with the MFSA catalyst might be possible with the Shell 

c'rltalyst. 

Shell investigators reported catalytic reactivity for 3 volume percent 

hydrogen, 1 volume percent oxygen, 96 volume percent helium mixtures at 

a.total pressure of 1 atmosphere and at temperatures as low as 140 R for 

the Shell 405 catalyst. That temperature should not, however, be strictly 

interpreted as a telQperature at which ignition would occur in a thrustor 
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for a similar mixture at comparable pressures. There are two reasons why 

140 R should not be strictly interpreted as an ignition temperature; (1) it 

has not been precisely determined what properties of the catalyst Were measured 

by Shell's rising temperature reactor technique (for example, when the init.ial 

cooling period with the gas feed on was increased from an arbitrary 1 minute 

to an equally arbitrary 5 minutes, activity was not detected until 221 R), and 

(2) in a high flowrate system, igni tion wi 11 only ,occur when the heat' produced 

by reaction at the reaction sites is greater than the heat loss. The 

change in boundary conditions would have a significant effect on the 

temperature limit. 

Actual reactor tests of the type conducted during the present study are 

necessary to establish temperature-pressure-composition ignition limits 
I 

fori the Shell 405 catalyst. At higher pressures, however, with the MFSA 

catalyst, ignition is known to be possible at initial and inlet temper

atures as low as 210 R. 

It is emphasized that reliable ignition was obtained with cryogenic propel

lants under the conditions of an ambient catalyst bed. Although under these 

conditions with 1/16-inch MESA catalyst the reaction "flamed out" some time 

later, this did not occur with the 1/8-inch MFBA catalyst and evidently a 

stable reaction condition was achieved. 

Downstream Injection of Oxygen (DSI) 

I 
I 

Because of the restraints placed on the thrustor operation by the catalyst 

bed (MR ~ 1.0), optimum thrustor performance can only be obtained by intr~

~ucing additional oxygen downstream of the catalyst bed to raise the mix-
I 

ture ratio to nominally 2.5. A downstream injector technique that homogene-

ously distributes the oxygen in the hot gaseous products and retains its 
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in~egrity was desired. The oxygen was injected from an externally fed 
i 

m~ifold that was used as one of the thrustor rings (Fig.18). Details 
i 

of (the downstream injector design are described in the Hardware Design 
i 

sec'tion. The downstream injector was physically located 1/2-inch down-

stream of the catalyst bed. The combustion section length between the 

downstream injector and the start of convergence was 1-1/2 to 2 inches. 

The! downstream injector tests are outlined in Table 7. A total run time 

of approximately 6 minutes '\Vas accumulated on the DSI , .... ith no loss of 

physical integrity, as evidenced in Fig. 18 . No attempt was made to op

timize the DSI unit, in terms of the uniformity of mixing of oxygen and 

catalyst bed effluent, beyond the intiial design. Reasonable performance 

was obtained with the initial design. Once the downstream injection tech

nique ,ms demonstrated to meet the experimental objectives, the experi

ments were terminated. The experimental procedure was to bring the cat

alyst bed to steady-state conditions, and then to open the DSI valve. 

When the DSI valve was opened, a portion of the oxygen flow bypassed the 

catalyst bed, effecting a reduction in catalyst bed temperature. There-

~or~, it was necessary to increase the oxygen pressure upstream of the 

choked orifice until nominal catalyst'bed conditions were again met and 

DSI ignition occurred in the workhorse chamber. 

A typical example of the results of a DSI experiment is shown in Fig. 19 
Only the critical parameters, inlet temperature to the catalyst bed-TMS 3, 
catalyst bed temperatures-TBC 4 and TBC 5, combustion chamber temperatures

TC 1 and TC 2, inlet oxygen pressure, DSI injection pressure, and chamber 

pressure PC 1 aFe shown. This run was characterized by (1) an ignition 

delay of ""W 10 seconds, b~cause the starting bed temperature was cryogenic; 

(~O a bed thermal response of ""W3 seconds; (3) immediate DSI ignition when 

the DSI valve was opened; (4) DSI flameout because a portion of the oxygen 

bypassed the catalyst bed, effecting ~ reduction in the mixed gas tempera

ture TC; (5) a time period in which the initial conditions in the catalyst 
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Figure 18 . The Downstream Injector (DSI ) After t he Component Experiments 
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(Last Nodes), 

Run. Type * F 

18- AB-AP 

19 AB-AP 1360 

20 CB-CP -1410 

23 • AB";AP 1335 

24. CB-CP -1500 

28 CB-CP -1100 
-

29 CB-CP 1435 

30 CB-CP 1235 

31 CB-CP 1460 

. 32 CB-CP 

33 CB-CP 1392 

120 AB-AP 
-.~-. 

Shutdown -

I 

*AB = ambient bed 
CB = c~ogenic bed 
AP = ambient bed 
CP = c~ogenic bed 

--

-

.. 

TABLE 7 

SUMMARY- OF DOWNSTREAM INJECTION RESULTS 

Response Times, milliseconds 
Before' After Pressure Tem3:terature 

TSCI TSC2 TSCI TSC2 TSC2 TSCI 

N2 purge left on No ignition 

1560 1540 2570 2450 -3000 -1500 -2,000 
-

25 1820 2980 2800 Uneven- -4500 -17,500 
2 steps 

1175 1200 3540 3330 : -2100 -3600 38,000 

80 1280 760 -3300 44 2600 -500 

32 675 -2250 >4500 88 2800 5,700 

1130 1250 1630 3400 55 88 >500 

350 1320 1575 2175 <1000 <1000 -17,000 

1200 1325 1225 2375 242 253 Declining 

N2 purge left on 

675 1550 1850 2680 77 99 374 
(1270) 

Integrated Thrusto!'-Conditionel: 

1270_ .1300 3480 3650 77 100 176 

3700 3500 1200 1350 209 231 77 

~_: ... ,,,,,.1. t '-17 ; illilil.ItlUIiIMYl.iI,.'iIt'rflllMli'n iIIlt'. f ""ill.;. ~I"I' J,_"".,"_"', .... " , 

Remarks 

N2 purge left on1 no ignitio~ 

Unreliable temperature mea-
surements because PT-PT 10 

.percent HIT thermocouple used 
(bad channeling) 

- -

Increasing '0
2 

flowrate 

~~. --

I 

it 

Filling and thermal resp~nse 
above threshold temperature 

-

Thermal and filling 
'-

Thermal and emptying ,-
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bed were restored by increasing the oxygen flowrate; (6) steady-state DBI 

ignition; and (7) a prolonged shutdown transient resulting from an oxidizer

rich, three valve sequencing procedure. 

As the oxygen flowrate was increased to make up for that portion passing 

through the DSI valve, the mixed gas temperature gradually increased until 

the temperature reached a value at which spontaneous combustion occurred. 

This temperature is the autoignition temperature. The experimental tempera

ture of ignition for the example under consideration was slightly erratic 

varying from 1270 to 1500 F. Autoignition temperatur~s from other runs are 

summarized in Table 7 and if the results of several runs (10, 20, 23, 28, 

and 31) are discarded for various reasons as noted in the table, the thres

hold temperature is 1265 ±30 F. If the resulting mixture temperature imme

diately after opening the DSI valve is above this temperature, combustion 

will occur as shown in Table 7 for Run No. 31. The thermal and pneumatic 

responses of the DSI ignition are discussed in the Response and Pulse Mode 

section of the Thrustor. 

Experimental Data Evaluation and Summary 

The component tests had the prime objective of determining and demonstrating 

~hrustor components which could then be incorporated into a lightweight 

thrustor. The latter w_asto be used in determining thrustor performance 

and operating characteristics. 

I 
A four-on-one injector-mixer with a diffusion bed was found to give suf-
I 
ficient propellant mixing to prevent the occurrence of flashback of the 

reaction zone to the injector face, and of "hot spots" in the catalyst bed. 

I 
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A minimum catalyst bed length Qf 1/2 inch was sufficient to' prQmQte and 

sustain ignitiQn using cryQgenic prQpellants and catalyst bed temperatures, 

greater than qlO R. A catalyst bed temperature limit fQr reliable cata

lyst and fQr the preignitiQn pressures was Qf interest in this study. 

Reliable igni tiQn was Qbtained with cryQgenic prQpellants w'hen catalyst 

. bed temperatures were abQve this limiting temperature. PreviQussuccess

ful ignitiQn at these and lQwer temperatures fQr higher preignitiQn pres

sures (by an Qrder Qf magnitude) suggests a temperature-pressure inter

aftiQn Qn the ignitiQn limito A dQwnstream injectiQn techniqu~ that 

hQmQgeneQusly distributes Qxygen in the hQt gaseQUS prQduct was succ~ss

fully tested, and the physical integrity Qf the injectQr was maintainedo 

A IQng re sPQnse ",vas Qbserved with the initial dQwnstream inj ectQr exper

iments because Qf a clQse cQupling between the bed and dQ",ffistream injectQr 

Qxygen flow. DecQupling the twO' feed systems will increase this resPQnse, 

as shQwn in the cQndi tiQner-thrustQr' integrated system tests. 

LIGHRiEIGHT PERFO~CE THRUSTOR 

The majQr Qbjectives Qf this phase of the prQgram were to' Qbtain steady

state perfQrmance data and engine heat transfer characteristics, as well 

as ItO' study engine start and tailQff behaviQr, and engine pulse-mQde 

QperatiQn .. 

A lightweight thrustQr was utilized in this effQrt. The design Qf this 

thrustQr was based Qn the results Qf the cQmpQnent tests. Since extensive 
I 

JptimizatiQn was nQt an Qbjective Qf the cQmpQnent tests, the resulting 

lightweight thrustQr design is nQt an Qptimum Clesign. The dmffistream 

bQmbustiQn chamber and nQzzle were fabricated frQm nickel to' allQw heat 

transfer characterizatiQn. Based upon he~t transfer predictiQn, it was 

expected that the chamber CQuld be operated in a steady-state mode for 

durations Qf several minutes. 
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Performance ThrustorExperiments 

4 series of 10 runs was planned for this phase of the program. It was 

desired to establish the repeatability of the set point through cycling; 

Jhe correct flowrate through the catalyst bed would be set, then the 
I 

~xygen flow would be cycled on and off to see if the same temperature 
I 

level in the bed were obtained each time. 
I __ 

The same type of operation also 

was specified for the downstream injector. These two operations" in addi-

tion to being carried out individually, were then to be carried out 

simultaneously. 

Basic Data. Pertinent data taken during the experiments were chamber 

pressure, chamber temperature, propellant flows, thrust, catalyst bed 

temperatures, nozzle external surface temperatures, injector inlet pres

sures, and facility altitude chamber pressure. With these data, both 

performance and heat transfer ealculations could be carried out. The per
I 
formance was evaluated from chamber pressure, thrust, and flowrate data, 
i 
fhile the heat 

measurements. 

transfer was evaluated from external surface temperature 

start and tailoff transients were to be evaluated from 

transient thrust, chamber pressure, and temperature data. 

Experiments Accomplished. In the first two runs, the relationship between 

feed system pressures (corresponding directly to propellant flowratea) and 

chamber pressure was to be established. The next four runs were designed 

to provide a steady-state condition for additional performance determinations. 

Heat transfer and start-tailoff transient information were also to be obtained 

during these runs. The final four runs were designed to evaluate pulse-mode 

operation and performance. 
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The initial run was successful anu the goals were accomplished. The run 

sequence'was as follows from the initiation of oxygen flow to the beds. 

1. 0 to 92 seconds: cat~lyst bed flo~ with MR adjustment 

2. 921to 125 seconds: steady-state catalyst bed flow (MR = 1.35) 

3. 125 to 164 seconds: H2 flow only 

4. 165 ~o 230. seconds: catalyst bed flow with adjustment to 

MR = 1.0 
! 

5.
1 

!2jO to 251 seconds: adjustment of DSI flow 
i 

6 ,251 to 275 seconds: steady-state flow at MR = 1.98 

'275 to 277 seconds: adjustment of DSI flow 
I 

8. 277 to 292 seconds: steady-state flow at MR = 2.40 

9. 292 to 298 seconds: steady-state cat~lyst. bed flow only 

Performance was calculated at four points 2, 4, 6, and 8 in the above run 

sequence. Theresulis (Table 8 ) a.re discussed below. 

Th~ second run was started following engine cooldown from the first run. 
I • 

Approximately halfway through the planned duration of this run the chamber 

fa~led because of excessively high temperatures on the order of 24:00 to 
I ' 

2500 F in the area of the contraction section and throat. The run sequence 

from initiation of propellant flow to the catalyst bed was as f()llows: 

1. 0 to 23 seconds: steady-state catalyst bed flow at MR =1.16 

to 1.18 

2.23 to 87 seconds: steady-state flow with downstream injector 

at MR = 2.75 

3. 87 seconds: chamber failur~ 
, 
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TABLE 8 

SUMMARY OF PERFORMANCE RUNS 

-- . __ .-
- - --, --

-, ' ' -' - Was 
F I , I , DO'WDstream P , i'e* 8 s C

f
, we' e* - tbeo meas wc 

,Run e*, " Injector e Ib
f 

tbeo' meas' "lbf71bm7sec 1bf71bm7sec I No. psia MR ft/~ec ft/sec percent s percent Operating? 

56 7.6 (14.9) 1.35 8100 7360 91 401 (390) (97.5) (107) No 

8.0 (15.1) 1.00 7830 7160 91.5 393 (363) (92.5) (101) No 
i 11.6 (20.8) 1.98 8320 7485 90.0 406 (363) (89.4) (99.4) Yes 

12.8 (22.6) 2 .. 40 8310 7390 89 407 (350) (86) (96.7) Yes 

57 6.3 (11.9) 1.16 7960 6640 83.4 398 ' (333) (83.6) (100) No 

7.0 (15.2) 1.18 7965 7190 90.4 399 (419) (105) (116) No 

12.3 (24.5) 2.75 8250 7470 90.6 4061 (44'2) (99) (109) Yes 
--- --- -- -- --- '-- -- -- ---- --- - -- -- -- -- - ---- - -- -- - - ----- ---------

NOTES: 1. The above runs employed 1/8 inch MFSA catalyst, combustion chamber length, 6-inch and I-inch 
catalyst bed length 

2. Values in parentheses are of questionable accuracy. 
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Figure 20 shows the thrustor during the high temperature portion of the 

second run. 

'A review of the data shows that the chamber conditions at the time of 

failure were 12.9-psia chamber pressure and 2.74 mixture ratio. The 

mixture ratio was later found to have increased from that of the pre

viously successful run because of changing tank pressure. Although the 

chamber pressure was alsvehigher than design, the higher mixture ratio 

is viewed as the prime cause of failure. 

Performance Results 

Performance was calculated at four points for the first run and at three 

points in the second run . The resul ts{ Table 8) are discussed below. 

The characteristic velocity, c*, was calculated from chamber pressure 

and mass flow measurements: 

c* meas. = 

I 

P At g c c 

The chamber pressure actually measured was the static pressure; from this 

measurement a dynamic pressure was calculated and employed in the equation 

above. The c* as calculated above was then corrected for heat loss to the 

wall as well as thermal throat expansion in accordance with procedures 

given in Ref. 7 . 

• 

I 
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Figur 20. Th . ht, . t Thr stor Ii inrr 
Under Ititude Conditions 
(Altitude of 100 ,000 Feet) 
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The vacuum specific impulse was calculated from the measured thrust: 

I 
sPmeas, vac 

= 
F + p. Ai 

mel;ts a e 
wT 

The c* and Is efficiencies (~c* and ~s) were calculated as the ratio 

of actual to theoretical values. The thrus:t. coeff,:lci.ent is defined by: 

I g s c 
c* 

The thrust poefficient efficiency was calculated as: 

C
f meas 

17 = C
f 

C. 
gtheo 

I 
== ( ~ ) ( ~* ) = 111 f1c* 

meas s theory s (5) 

The performance data evaluated from the experimental data and the pertinent 

parameter~ are given in Table 8. 

The calculated values of ~ shown in Table 8 are unrealistic. This was 

probably caused by a propellant line stiffening interaction with the thrust 

measurements. The zero point for the load cell was observed to change as 

the injection pl'essures were changed.' Therefore, the pressure data were 

used to characterize performance. 

. ..... 

The c* efficiencies are seen to vary from 83 to 91.5 percent with all but 

one of p'oints in a range of 89 to 91. 5 percent. The 83-percent point was 

obtained at the in~;tia-t:ron of a run and prior to the achievement of a steady

state thermal condition. This is a reasonable performance in view of the 

nonoptimized nature of the hardware . 
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I 
The effect of mixture ratio on c* efficiency is shown in Fig. 21. The 

differences in efficiency between the values at mixture ratios of approx

imately 1.1 and those at mixture ratios of from 2.0 to 2.8 are quite small, 
I 

if not insignificant. Also, the two groups of data reflect the performance 

characteristics of two mixing devices, the injector-mixer upstream of the 

bed and the downstream-injector unit. 

I 

Ekperimenta.l c* efficiencies for the wo.rkhorse thrustor were about 15 

percent lower than for the lightweight hardware. There were two basic 

d~fferences in the hardware configurations: (1) turbulators were added 

in the catalyst bed to curtail channeling of propellant down the wall of 
I 

the chamber, and (2) the length of the combustion chamber downstream·of 

the downstream injector was increased from 2.0 to 6.0 inches, allowing a 

longer residence time for reaction to take place. Al tll0ugb their combined 

effect was assessable from the data, there is no way of separating the 

effects attributable to each change. 

It appeared from analysis of the workhorse data that the size of the 
I 

c*talyst pellets did not have any effect on engine performance. Since 

the lower bed pressure drop is obtained with the liS-inch pellets, they 

were used in this phase of the program. 

Heat Transfer Results 
I--

I 
Drring the initial two runs heat flux measurements were made by the 

transient wall temperature technique. Heat transfer coefficients were 
I 

drtermined for the thrustor from these measurements. External surface 

t~mperatures were measured at eight locations. Thermal isolation blocks 

were cut to minimize longitudinal heat conductiono Chromel-alumel thermo

couples were welded to each isolation block at its midpoint. 
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The rate of temperature i~crease for a block of constant cross section 

is related to the net energy transfer rate as: 

dT
B (6) q = ApI£p dt 

where 

A = area of block 

P = density 

C = specific heat capacity 
p 

TJ = block temperature 

t = time 

L = block thickness 

Assuming (1) small radiation effects within the chamber, (2) one-dimensional 

heat flow, (3) high thermal conductivity of the block material (block is 

essentially uniform temperature), and (4:) heat transfer from the blocl{ 

to the surroundings takes place by radiation only, 

the.n 

where 

T = chamber gas temperature g 
I 

hf = fil~heat transfer coefficient 

T = ambient temperature a 

a = Stefan-Boltzmann radiation constant 

( = emmisivity of ~urface 



,1-. 

For a given time 'increment, the net heat transfer rate, q, to a block was 

determined from Eq. 6 Subst-i tuting that value of q together with the 

average values of the block temperature, chamber gas temperature, and 

ambient temperature into Eq. 7 , the local chamber film heat transfer 

coefficient was determined. 

! 2 
The chamber gas temperature T , was set equal to ~ * T where T was a 

g c c c 
th~oretically calculated combustion temperature and ~c* was an experi-

me~tally determined value of c* t/c*th • It should be noted that for-ac eor 
low values of the temperature differences (T - TB), the calculated hf I g 
wals strongly dependent on the value of 'l7c* and thuE" the experimentally 

determined c* At temperature differentials of 700 J:l., a I-percent meas .. 
error in'the evaluation of the c* would 'produce a 12-percent error meas 
in h . -WIth larger temperature differentials, the sensitivity of the h 

g g 
determination to the ."c* value isdi.minished. 

~igure 22 presents curv~s of local heat flux at various axial positions 
I 

along the thrustor for three time increments during each of the two runs. 

The local heat flux values were normalized to a chamber pressure of 10 

ps~a by multiplying by the term (lo/p c) O• 8 a~ suggested by the theoretical 

equation of Bartz (Ref. 8). This implicitly assumes a turbulent boundary 

layer. 

I 
FJgure 23 presents curves of the film heat transfer coefficient normalized 

I 
I 

t~ 10 psia at various axial positions along the thrustor for the same three 
i 

time increments during the two runs. Analytical estimates of the heat 
I 
J 

t~ansfer coefficients were made based on a developing turbulent boundary 
I 
~ayer and on Reynold's analogy with the Prandtl number and viscosity 

a!ssumed constant. The analytical prediction for a chamber pressure of 

to psia and a mixture ratio of 2.5 is also shown in Fig. 23. The agree

ment is poor. In the chamber portion of the engine the coefficients are 
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~rom two to five times greater than predicted. Also shown is an analytical 

I 

prediction from the Bartz equation. That,. too, agrees poorly with the, present 

data while agreeing quite well with the more detailed analytical predictions. 

The elevated chamber heat transfer coefficients are partially the result of 
I 
~he chamber gas recirculation discussed in a later section of this report. 

Recirculation wakes form downstream of the downstream injector spokes. 
I 
I 

This reduces the available flow area and increases the gas velocity along 

the chamber walls and increases the heat transfer coefficient. 

The difference between the experimental values and the analytical prediotion 

could be partly attributed to a poor estimate of ~T. This could have oc

c~rred because of a radial mixture ratio gradient produced by the downstream 
! 

ipjector and/or error in estimation of the temperature factor, ~c*2. For 

eocample, consider that the mixing is not homogeneous and that an oxygen-rich 
! 

zione exists close to the wall. The temperature in that zone would be higher, 

the resultant driving temperature difference would also be higher, and thus, 

f10r the measured heat flux the film coefficient would be lower. However, 
i 

even if the oxygen-rich zone was at the maximum theoretical flame tempera
I 

ture for hydrogen-oxygen, it could still not account for all of the devia-

tion between experiment and theory. 

Summa.ry of Performance and Heat Transfer Evaluation 

~l~hough the planned series of runs was not completed because of a chamber 

fai~ure during the second run, several -of the objectives were achieved. 

The' thrustor c* performance was found to be between 89 to 91 percent 

after thermal equilibrium was obtained. The heat transfer coefficients 
I 

were found to be severa 1 times larger than expected, so tha.t a refractory 

metal is necessary for a radia.tion-cooled chamber and nozzle operating at 
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maximum efficiency. The performance achieved is considered satisfactory 

be/cause no effort has been made to optimize the mrthod of injecting the 

additional oxygen downstream of the cata lyst bed. Increas.ed combustion 

performance and/or shorter downstream combustion chamber lengths should 

result from such an optimization . 
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ANALYSIS OF THRUST OR RESULTS 

EXPERIMENTAL DATA EVALUATION 

Thrustor Response Analysis 

The determination of thrustor response and pulse-mode operating character

istics was a goal in the subject program. Two response parameters are of 

ihterest, thrust and specific impulse. The first measu~es output, the 
\ 

second measures efficiency. These two response parameters are, in turn, 

related to chamber pressure (thrust) and chamber stagnation temperature 

(kpecific impulse). The thrust (or pressure) response is of greatest 

interest in most cases. However, degradation of specific impulse because 

of extended thermal response periods will have an adverse effect on the 

attractiveness' of a given system. Therefore, maximum response is a prime 

objective. 

Applicable Experimental Results. Experimental results from three sources 

were used in the evaluation: the lightweight engine tests, gas generator 

experiments performed in conjunction with the conditioner effort; and the 

workhorse thrustor tests. The lightweight engine experiments were directed·· .! 

at obtaining combustion performance and thrust response characteristics 

under altitude conditions. A series of 10 test runs was planned, with 

pulse-mode operation runs scheduled near the end of this series. An engine 

failure during the s~cond test run terminated the experiments before the 

pulse-mode characteristics could be determined. In the initial 2 of 10 

planned test runs, only slow response instrumentation recording was utilized, 

so that the measurement of the transient characteristics was not detailed. 

Fortunately, the lack of these data from the lightweight thrustor exp~ri

ments did not preclude a response and pulse-mode analysis based on tIle) re

sults of the workhorse thrustor and,the ga~ generator experiments. 
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The major portion of the response data was obtained with gas generator 

r¢actors (for the conditioning system), these being equivalent to an in-, 

l!ine thrustor operating at a mixture ratio of -1.0. The gas generators 
I w,ere checked out as separate components, and then immediately connected 

with their respective heat exchangers and operated as an integral part of 

~he conditioner subsystem for the remaining conditioner tests. During the 

course of these tests, the gas generators were frequently pulsed (both 
I 
I 

manually and automatically by the temperature controller) and transient 
I 
~esponse data were obtained. These data are significant from the analogy 

with an in-line catalytic thrustor and are presented here for a direct 

comparison with the thrustor response. 

Most of the experimental workhorse thrustor effort was devoted to (1) deter

mining a viable internal configuration, (2) measuring the lower temperature 

limit for reliable catalytic ignition, and (3) developing a DSI technique. 

Because of the difficulty encountered in low-pressure, low-temperature 

catalytic ignition, additional experimental effort was diverted to this 

area from the pulse-mode and response studies with the workhorse hardware. 

T~us, only several long-duration (-10 seconds) pulses were made with the 

workhorse hardware. Neither the experimental equipment or procedure was 

optimi~~d with respect to rapid response. 

cJmearison of Thrustor and Gas Generator Designs. The actual gas generator 

d~sign, which is discussed in detail later, was based primarily on the optimum 
I 

internal configuration found in the first thrustor studies. The pertinent 

similarities and differences were: 

l. Nominal mass loading: G thrustor = O.OOql Ib/in~-sec 
'0 

lb/in~-sec G large gas genera.tor = 0.0058 
0 

G small gas generator = 0.0052 Ib/in~-sec 
0 
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2. a. Identical catalyst bed lengths of 1/2 inch of 1/16-inch MPSA 

b. A,thrustor diffusion bed length of 1/2 inch of copper shot vs 

1/2 inch of 1!16-inch stainless-steel ball bearings for each 

gas generator. 

3. Approximate internal volumes, in. 3 

Preinjector Volumes Mix Combustion 

O2 I H2 
Section Chamber 
Volume Volume 

Thrustor 9.8 '12.3 10.5 15.8 

La.rge Gas Generator 0.38 6.0 2.2 0 0 48 

Sma,ll Gas Generator 0.36 5.8 0.82 0.22 

4. The gas generator throats were sized to give sonic flow at a 
i 

nominal pressure of 10 psia and a temperature of 1500 F (mixture 
I 

;atio of l.0), whereas the thrustor throat was sized for a nominal 

10 psia at 3500 F (mixture ratio of 2.5). 

Because of the similarities in mass loading and the length of catalyst 

beds for the thrustors and gas generators, similarity in thermal response 

should occur. Obviously, less similarity or scaling exists among the various 

in'ternal volumes and throat areas; thus, 'only qualitative agreement among 

pn~umatic responses can be expected. 

After the oheckout phase of the gas generator testing was completed, the 

he,at exchanger coil was coupled to its respective gas generator. Comparison 

of, thermal and pneumatic responses before and after coil hookup showed the 

ga's generator responses to be independent of the dOWDstream heat exchanger t 

undoubtedly the result of the sonic nozzles in the gas generators. 
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A min'finum lamount of instrumentation (chamber pressure and temperature, 

inlet pressures, and electrical signals to the valve) was installed on the 

gas generators, so that only chamber pressure and temperature response can 

be compared with that of the thrustor. 

Comparison of Feed Systems. Three different feed systems were employed 

with the gas generators. The first feed system, was a dynamic feed sys

tem similar to the thrustor system without the upstream sonic orifices. 

This system was used for the initial checkout of the gas gen~rators. 

Later, the vents were plugged and the gas generator oxidizer and fuel valves 

were opened simultaneously. In the final series of integrated testing, the 

feeds t.o the gas generators were taken from the accumulators. 

Thre~ different feed systems also w'ere employed in the thrustor studies. 
I 

i 
The feed system for the workhorse thrustor tests utilized heat exchangers 

for cooling the propellants and choked orifices in the heat exchanger exit 

and bleed lines so that the propellants could be vented until the desired 

thrustorinlet temperature was reached under dynamic conditions. A static, 

ambient feed system was employed in the lightweight thrustor tests. In 

the final thrustor-conditioner system tests, the thrustor was connected 

to the accumula~ors. 

Transient R~,ponse Characteristics 

Temperature and Pressure Respon~. Typical responses for both gas genera

tors and the thrustor are compared in Fig. 2lt: and 25. The large gas gen

erator responses also are shown in Fig. 26 and 27, with an expanded time 

scale. The feed system utilized in obtaining the two gas generator tran

sientswas that of a direct accumulator feed. The oscillating nature of 
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the accumulator pressures, which produced the uneven response curves, is 

illustrated in Fig. 28 and 29. The propellant,valves were opened and 

closed simultaneously. The thrustor response is for the workhorse thrustor' 

with a dynamic feed system. Typical inlet pressures to the thrustor are 

shown in'Fig. 30. Valve operation was programmed for a 3-millisecond H2 
I 

lead and a 500-millisecond H2 lag on shutdown with a total oxidizer on-time 

of,8.693 seconds. 

results show conclusively that, with a starting bed temperature of 

to 170 F, thermal responses near 3 seconds can be expected. The cham-

The 
I 

100 
I 

ber response of the thrustor was much slower than the 'maximum thermal re-
I 

sp~nse because of the large mass (approximately 100 grams) associated with 

the retaining plate and an additional length of catalyst (0.5 - 0.275 = 

0.225 inch) past the optimum. 

I 
T~e actual response times are significantly slow compl red to those pre-

dilcted (approxima,tely 750 milliseconds), based on the assumption of co~ 
I 

p~ete 02 reaction during startup. At the end of 750 milliseconds, the 

adtual chamber temperature is between 700 and 900 F instead of the 

pJedicted 1500 F. A decrease in bed starting temperature was found to 

hJve an adverse effect on response, with response times of 5 to 10 seconds 
I 

f~r bed starting temperatures of -100 F. The most reasonable explanation 
I 

f6r such phenomena is that an appreciable fraction of the propellant flows 
I 

through the bed without reacting during the transient start period of opera-

tion. As the temperature of the bed increases to 1500 F, a greater fraction 

is ~eacted. Itissuspe(!ted that this by~assing phenomenon is also pressure 

dependent; however, this has not been clearly shown. 

I 
I 

T~e thrustor thermal response for thermocouples placed axially in the cat
I 

alyst bed was not always internally con~istent for each run nor was it 

consistent from run to run. The former is ~llustrated in Fig .31 in which 
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three of the bed thermocouple response times were observed to be near 

700 milliseconds, while the other 3 ranged from 2 to 3 seconds. 

was undoubtedly caused by g~s channeling. 

I 

This 

Pressure responses associated with the temperature responses of Fig. 31 
are. given in Fig. 32. The large differences in the final pressure ob

tained with the gas generators, compared to the thrustor, occurred because 

of the configurational differences between the in-line gas generators and 

the downstream injector thrustor. However, the most significant difference 

is the initial pressure response during the chamber temperature transient 

to steady state. The gas generator pressure response appears to be almost 

independent of its associated thermal response, whereas "the thrustor tem

perature and pressure responses are coupled. 

The more rapid gas generator response results from different feed system 

and design characteristics. A major design factor is the ratio of the 

injector orifice area to the throat area. The thrustor was designed for 

operation at 10 psia using downstream injection of oxygen, whereas the 

ga~ generators. were operated at 10 psia using only flow through the cata

lyst bed. As a result,the gas generator throat areas were smaller relative 

to the injector-mixer orifice areas than for the thrustor and the gas 

generator throats acted more as a choking orifice. Also, the gas generator 

c<t~bustion volume was significantly smaller than the tlrrnstor volume 
I - .. 

(normalized for flowrate differences), thus decreasing the fill time. 

I 

T~e thrustor feed system with upstream sonic orifices also contributed 

to! the coupling effect by restricting the startup flow and, thus, making 

t~e pressure buildup dependent on the temperature response. In the absence 
i . 

of the sonic orifices, the flow into the thrustor would be highest during 
I 
I s~artup and~ therefore, tend to increase startup chamber pressure. In this 

c.ase, the ,Shamber pressure would be primarily dependent" o'n the driving 

pressures. 
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The large matss of the retaining plate downstream of the catalyst contributed 

indirectly to the slow pressure response by causing a chamber temperature 

lag and, hence, an increa sed flow f-rom the throat. 

An enlargement of the startup and shutdown transient pressure responses 

for the workhorse thrustor run presented earlier is shown in Fig. 33 and 

3%. The startup pressuI'e response ranges from -44, milliseconds in the mix 

section to several seconds in the chamber. The mix section response on 

shutdmm is approximately 80 milliseconds, while the chamber pressure re

sponse was Qluch slower, i.e., 250 to 300 milliseconds. This long "tail" 

is caused by the large amount of gas which, on shutdown, must bleed out 

of the large preinjector volumes through the mix section and catalyst bed. 

The transient thermal response on shutdown was shown earlier in Fig. 25 

in which th~ cooling effect of a 500-millisecond H2 lag, and a subsequent 

oxidizer-rich spike can be noted. The latter was caused by an incorrect 

ratio of preinjector volumes for the two propellants. (See transient 

mixture ratio discussion in the Thrustor Modeling section in Volume I 

of this report.) 

Shown in Fig. 35 is the chamber pressure trace associated with the best 

thermal responses obtained, Run 15. The associated thernu.\l responses are 

shown in Fig. 36. In this case, the chamber pressure is relatively de

coupled $rom the chamber temperature response and is an order of magnitude 

faster than the response shown in Fig. 3% f'or Run 5. Based on a comparison 

of the engine parameters for these two runs, $everal factors could be par

tially responsible-for the response differences: 

1. The starting bed temperatures in Run 15 were 110 to 210 F hotter 

than that of Run 5. 

2. The flowrate and MR for Run 15 were, respectiv.ely, 20 percent 

and 5 to 10 percent higher than that for Run 5. 
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3. The mass of the retaining plate and screen downstream of the 

catalyst bed .. was reduced frum 107 to 70 grams by using a more 

porous and thinner retaining plate o 

nSI Temperature and Pressure Response. Measurement of the temperature 
! 

and pressure response of downstream combustion was an important part of 

this 'W'ork. The exact cause of the difference between pneumatic and thermal 

response is now lrnowll, but thermcouple location is suspected to be an im-
i 

portant parameter in view of gas channeling. Since the 02 is flowing 

through the thrustor at the time of ignition, the responses do not include 

a*y filling delays associated w'ith the DSI device. The responses of all 
I 

the runs are summarized in Table 7. The pneumatic response for runs 24, 
I 

28, 29, and 33 were approximately in the same time range (40 to 90 milli-

seconds) although there appears to be no association between the pneumatic 
I 

and ,thermal responses o Obviously, the thermocouples were not in the lo

cation 'W'here burning initially started. 

A description of the integrated thrustor-conditioner tests and an example 

of a long-duration DSI pulse are given in the System Demonstration section 

of this report. In these tests the flowrates were approximately l/S nom-

inal. 
r 

\vi th the complete cryogenic reaction control system, it was possible 

to cycle the DSI valve without disturbing the flow to the catalyst bed. 

ijxamples of the chamber pressure, and the two stagnation te,mperature re
I 
sponses during startup and shutdown, are presented in Fig. 37 through 40. 
I 

The startup chamber responses are on 
I, 

the order of 100 milliseconds, much 

1f which can be attributed to the filling time 

~SI valve and the injection slot in the spokes. 

for the volume between the 

The shutdown response 

appears to be abQuttwiceas long, as the startup response. This is prob

ably caused by the decay of oxygen from the filling volume. 
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It is interesting to note that the initial threshold t~mpeI'ature was 1270 

to,ljOO F for the successful ignition, which corroborates the workhorse 

experiments. 

Thrust and, Specific Impulse Response. Thrust response is, in most cases, 

the most significant response characteristic. This response characteristic 

is closely related to that of pressure: 

F = (8) 

where 

F = thrust 

p = chamber pressure c 

At = area of the throat 

CF = thrust coefficient 

I 

S~all changes in the value of the thrust coefficient will be closely 
I 

cbupled to the temperature response. However, the only first-order effect 
I 

oh thrust is that of chamber pressure. TherefOre, it is of significance 
I 

that pressure response times &9 small as 40 milJiseconds were measured. 

S~mi larly, the shutdown responses were of the same ,nagni tude. Thus ~ pulses 
I 

that essentially reach full thrust and are approximately 100' ,milliseconds 

ih duration are seen to be feasible. Additional design refinements to 

~educe free volumes have the possibility of reducing the minimum pulse 

width further. 

) 

" 
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The specific impulse r~sponse characteristics during transient operation 

in a vacuum environment is dependent on the combustion efficiency charac

teristics and on the characteristics of heat transfer to th~ catalyst bed, 

the structure supporting the bed, and the remaining engine hardware. In

complete reaction of the propellants during the initial portions of the 

ignition transient was thought the most likely cause of the excessively 

long thermal response transients from a cold bed, as discussed above. 

The specific impUlse response is related to the temperature response by: 

I =K fT7M sp "~/1'1 

Specific impulse response times are characteristically quite long., The 

importance of specific impulse response and the actual characteristics 

will vary with the applicatioq. In particular, an operational mode re

sul~ing in a continuously hot catalyst bed will eliminate the specific 

impulse response problem. 

The thrust and specific impUlse response characteristics are, in general, 

r~lated only by the interrelationship between the temperature and pressure 

responses. The latter relationship is quite dependent on the engine and 

feed system designs, as discussed above. 

I 
I 

Lightweight thrustor experiments were planned to determine experimentally 

t~e thrust and specific impulse response characteristics. However, hardware 

fJilure in the initial lightweight thrustor hardware experiments, as dis

cussed in an earlier section of this report, prevented the accomplishment 

of the response and pulse-mode experiments. 
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Pulse-Mode Operation 

The results of pulsing the small gas generator with a hot catalyst bed 

controlled by the automatic temperature controller are shown in Fig. ~l 

through ~5. These results were obtained in the initial system testing, 

where the feed system was of the static type. Overall, the gas generator 

was cycled on and off three times during a I-second period, with the valve 

open times ranging from 100 to 200 milliseconds. The individual pulses .. " 
are characterized by a startup transient of 60 to 70 millisec~nds and a 

shutdown transient of 120 to 130 milliseconds. 

The chamber and throat temperatures are shown in Fig. ~2 and ~3. The-os

cillation in temperature can be attributed to transient MR y~~iations -.-
(fuel-rich on startup and oxidizer-rich on shutdown) and to the oscillating 

inlet pressures. The difference of ~150 F between the chamber and throat 

temperatures can probably be attributed to gas channeling and incomp:t:~te 

cmnbustion. 

An example of 5qO-millisecond, hot-bed pulse with the large gas generator 

is given in Fig. ~6 through ~9. This example was tal{en from the final con

ditioner tests, where the gas generator was being fed from the accumulators. 

The startup and shutdown transients are nearly identical to those observed 

for the small gas generator. Also, the effect of the out-of-phase accumu~ 

lator oscillation on chamber pressure and temperature should be noted. 

Discussion of Downstream Injection of Oxygen 

A simplified schematic of the nominal heat and material balance processes 

occurring in the thrustor is shown in Fig. 50. The hydrogen and oxygen 

are first mixed to an equilibrium temperature, then reacted in the catalyst 
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bed producing water and heat and, finally, additional cryogenic oxygen is 

injected into the hot-gas stream. Before the oxygen can react, several 

criteria must be met: 

1. The oxygen must mix with the hot gas. 

2. The gas mixture composition must be within the flammability 

limits of the hydrogen-oxygen-water system at -1300 F and 

10 psia. 
. 

3. The resulting mixture temperature must be above the dynamic 

autoignition temperature of -1260 F. 

4. The stream velocity must be less than or equal to the turbulent 

flame speed of the mixed gas at -1300 F and 10 psia. Otherwise, 

the flame may be forced out of the combustion chamber. 

Gas Mixing,. The downstream oxygen injection method was previously shown 

and discussed, and it was explained how the method of injection ensured 

even distribution of oxygen. Uneven distribution can conceivably cause 

part of the mixture to pass from the engine without combusting, while 

local hot spots exist in other parts of the chamber. 

Flammability Limits. In previous work (Ref. 3 ), the hydrogen-oxygen 

ambient, fuel-rich flammability limit was extrapolated to near 1200 F, 

where it was shown that mixtures of 2 to 3 percent (MR -0.3 to 0.4) oxygen 

are marginally flammable. The addition of water vapor to hydrogen-air 

mixture has been studied experimentally at 300 F and pressures of 15 to 

115 psia by Zabetakis (Ref. 9). His results show that the addition of 

water causes the fuel-rich concentration limits to decrease 1 volume 

percent hydrogen for every 1 volume percent water added. Thus, the 
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addition of 11 volume percent water contained in the hot gases from the 

catalyst bed may reduce the fuel-rich flammability limit to 86 volume 

percent hydrogen, 11 volume percent water, and 3 volume percent oxygen. 

Fortunately, the nominal design mixture 80.0 volume percent hydrogen, 

11.~3 percent water, and 8.57 percent oxygen is within the projected 

flammability range. However, it might be concluded that there is a 

minimum oxygen flowrate if ignition of the oxygen injected downstream 

is to occur. 

i 
Autoignitiop Temperature. The relationship between the amount an~ temper-

ature of hot gas to be mixed with a given amount of additional oxygen so 

that a spontaneously cibmbustible mixture occurs can be stated by a heat 

balance: 

= f(wo + wHL ) C T)l . d 
~ 2 -~ P Jmlxe WU2 C H TH + Wo C 0 TO 

p 2 2 2 P 2 2 
(10) 

gases 

If T). d is equal to or greater than the autoignition temperature mlxe gases 
of 1260 F, combustion will occur. For the nominal design conditions shown 

in!Fig. 50, the temperature of the mixed gases after injection of cold 
I 

oxygen can be calculated to be ~150 F lower than the temperature from the 

catalyst bed, but ~90 F above the threshold temperature. Therefore, com

bustion will occur. With an increase in the DSI oxygen flowrate by~33.3 

percent to a MR of 3.0, .the temperature of the mixed gases would decrease 

to the threshold temperature, 1260 F, and ignition might not occur. 

Because of the nearness of the hot-gas outlet temperature to autQignition 
."\ ~~ 

temperature, a slight amount of gas channeling, and subsequent uneven 

temperature distributions from the catalyst bed can cause similar uneven 
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~emperature distribution about the autoignition temperature and, conse-
I 

quently, erratic DSI combustion. This point is further illustrated in 

Table 7 by comparing TCl with TC2 before and after ignition. For the 

cryogenic runs which were characterized by ignition delays and slow thermal 

response and subsequent gas channeling, temperature differences on the order 

of 1500 F were sometimes observed. However, the' temperature profiles were 

much smoother for theAB-AP runs, 19 and 23. Low performance also may be 

a byproduct of this undesirable phenomenon. 

The measured autoignition temperature of 1260 F is considerably above those 

feported in the literature for other systems containing hydrogen-oxygen. 

For example, Zabetakis (Ref. 9 ) experimentally found the minimum static 

autoignition temperatures for intermediate compositions of hydrogen-air

water to vary from 977 to 1075 F as the water content was increased from 

10 to 30 volume percent. He also measured minimum spontaneous ignition 

temperatures of hydrogen-water vapor mixtures flowing in a pipe into 

unheated air at atmospheric pressure. The dynamic temperature of the 

flowing stream-varied linearly from 1260 to 1370 F for a .0 to 60 percent 

water vapor variation. These results are qualitatively similar to those 

ob~erved in this study but it should be pointed out that an exact comparison 
I 

islimpossible because of the inert diluent nitrogen in Zabetakis' work and 

the differe·nce in the concentration ranges, intermediate vs fuel rich, for 

this study. 

Turbulent Flame Speed Criteria. Turbulent flame speed data for the con-

di~ions under interest, i.e., 1300 

cohtaining water, are nonexistent. 
I 

flame speed for hydrogen-oxygen is 

F and 10 psia for fuel-rich mixtures 

The ambient, stoichiometric, turbulent 

on the order of 30 ft/sec, and it is 

known that increases in propellant temperature cause increases in turbulent 
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flame velocity. However, it is unlikely that the turbulent flame speed 

increases to the range of 500 to 800 ft/sec, the range of the free stream 
I 

velocity before <;or after DSI ignition. How, then, does the stable flame 

'front exist? To answer this question, one must consider the DSI and how 

it affects the flm" pattern. Because the DSI sp,okes are cylindrical in 
I 

sllape and are placed perpendicular to the flow, one can expect a region 

of stagnation and back-circulation on the downstream side of the spokes, 

as shown schematically below: 

I 
Oxygen is injected, sonically, into the region of backflow and stagnation 

where it mixes with the recirculating gases and reacts. The recirculating 

zone serves to increase residence time and thus overcome flame speed 

limitations. An excellent discussion of flame holders and bluff body 

combustion with photographs is presented by Lewis and von Elbe (Ref. 10). 
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slummary of DSI Analysis. The DSI analysis shows that there are some 
! 

rather severe restrictions that should be considered in the design of a 

DSI combustor., Because of the lack of quantitative flammability limits, 

autoignition temperatures, and turbulent flame speed for the concentration, 

pressure, and temperature ranges of interest, the design of DSI device 

inv'olves much guesswork. 

There are other implications of this analysis, e.g., how severe will the 

effect of the minimum hot-gas temperature restriction, -1410 F, be on the 

pressure and temperature control circuit of the conditioner system? How 
I 

~ill the addition of a small amount of helium diluent affect the combustion? 

Would it be better to inject a flammable hydrogen-oxygen mixture into the 
• 

hot-gas stream, thus eliminating the mixing and cooling steps with injection 

of only oxygen? 

Catalyst Bed Pressure Drop Analysis 

A number of pressure and temperature measurements were obtained in the 

engine to better understand how pressure drop changes with time, and to 
i » 

develop an expression for this relationship. Figure 51 shows how pressure 

drop varies between different statiQPs in the bed as a function of time for 

the run discussed previously {pages 53 through 65). The stations were 

located in the following manner: 

PM-PIF The mixing section to first part of the catalyst bed; 

this includes the passive diffusIon bed plus' retaining 

screens 

PIF-PDI Approximate first third of catalyst bed 

117 



,," 
'.< .. 
",: 

LEGlmD: 

20 
fIl 
QJ 
.c 
C) 

s:: .... 

~I 
~I 16 
• 

.t: 
~ 

il 
Hi i I I 

~ 121 .,.. 
s:: :;:, 

'-t 
G> 
P4 

I 

~ 
, 

J 
.,1 

I '-tl ::s! 
rd 
(1) 
QJ 

'-t p.. 

..... 0 

x 

• o 
o 
Cl 

- -. 

PM to PIF - 0.59- inch bed length 
PIF to PDI - 0.130-inch bed length 
PDI to PIO - O.185-inch bed length 
PIO to PCl - O.095-inch bed length 
PM tp PCl - 1~0- inch bed length 

''''. 

:0. -• 

x .... 
X 

Time. seconds 

l::.- =-• 

Figure 51. Packed Bed Pressure Drop Characteristics (over Various 
Portions of the Catalyst. and Difrusio~. Beds) 

. I 

118 

J) 

10 



, 
_I" 

'.' , .. -", 
:.'1 

, ... 
~.; 

'?,i 
" 

, 
ioc" 

.," . 

I 

PDI-PID Second third of catalyst bed 

PID-PCI Last third of bed plus retaining screen 

PM-PC I Entire pressure drop from injector face to chamber 

The superficial flowrate (G ) was 0.00318 ±0.00007 Ib/sec or essentially o 
a constant value. From the "orifice" equation (Eq. 11) for a constant G , 

o 

(11) 

assuming the molecular weight will remain essentially constant and the 

pressure drop should be proportional to the ratio of temperature to 

pressure at the particular l~cation. 

The first section of the engine (PM-PIF) shows a decreasing AP with time 
I 
as the temperature in the passive mass (diffusion bed) decreases. The 

first third of the catalyst bed (PIF-PDI) initially cools as the pressure 

tises. Both effects result in a decreasing AP; how'ever, an increasing 

temperature begins to have a more significant effect after 4 seconds as 

~hown by the increase in AP. The pressure drop (PDI-PID) over the 

~iddle third of the catalyst bed has the same characteristics although 
I 
the A P assumes a constant level at 6 seconds. The pressure drop over 

the last third of the bed (PID-PCI) indicates that temperature is the 

controlling factor. This was expected because the point of complete 

reaction was established in this section of the bed. 
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The pressure drop through the entire engine remains relatively constant 

during the run which shows that increasing temperatures in the bed locally 

influence the flow characteristics but not in an overall manner 0 The 

constant pressure drop would not exist over the time span associated with 

a short duration pulse ( ..... 50 milliseconds) because pneumatic filling and 

discharging would occuPY an appreciable fraction of the pUlse. 

D~ta prediction and correlation were attempted by two methods: the 

EJgun Equation and a graphical method found in unit operations by Brown 

(Ref. 11). The Ergun equation for pressure drop in a packed bed is 
I 

given by the following equation: 
1 

D gpAP 
(.£) = 120 (l-€l 2 + 1.75 (12) 

2L D G /,." 
G p 0 

0 

If one drops the first right-hand term, i. e., the' friction contribution, 

the following eq~ation results: 

where 

w 
(A = 

o [~ 1 
3.5 ] 

1/2. 

(l~€) 

J E'A = an effective orifice area across the bed 
10 
I 

L{Dp = number of orifices per flow path 

1 ( 
3.5 {I-E'} = specific density of-orifices 
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This simplifi~d equation is quite similar to the standard orifice equation 

(1~) 

Hand calculations predicting pressure drops for both cold and reacted 

flow conditions are given in Table 9. The relative sizes of the fric

tional and orifice contributions to the pressure drop also are presented. 

Pr~ssure drops also were calculated by a graphical method (Ref. 11). In 

the hot part of the catalyst bed, pressure drops on the order of 20 to 25 

psi/in. were measured. This range is somewhat lower than that predicted 

range of 34 to 38 psi/in. shown in Table 9 Note that the agreement is 
I 

mUfh better at the low-temperature end. It should be pointed out t.hat 

the calculated results are extremely sensitive to the value of~selected. 

This value was taken' from a correlation presented 'in Ref. 11. 

In addition, the Ergun equation was written in the differential form and 

programmed on the computer using the Midas teclinique (Ref. 12). An 

additional parameter fraction of reacted propellants, O!, was defined 

accordingly: 
I' 

where 

~ (fraction of reacted propellants) = A tanh [B (x-C) ] + D 

1, B, C~ and D are selected to approach experimental data and 
I 

x is th~ l~ngthof catalyst bed; then: 

T, MW, and ~ = f (O!) 

An' example of the computer output is given l.n Fig. 52 and 53 for 

E= 0.45. This value of € was the value which made the measured pressure 

dr:op for the H2 cold-flow test fit the calculated pressure drop from the 

Ergun equation. The predicted pressure drop for 1 inch of 1/16-ilich 

-catalyst was 6.5 psi. 
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TABLE 9--

SUMMARY OF PRESSURE -DROP·'CALCULATIONS--FROM-ERGUN~ 

EQUATION AND GRAPHICAL METHOD OF BROliN 

(~= 0.31; D,-'= 3 in.; wfull flow = 0.05 1b/sec; wDS1 = 0.0286 'ib/sec) 

- , Ergun Equation 
I 

-- - >--- _. "_." Size of Term, inches b P/L Temperature, Pressure, . ". 

psia/in. R PSl. Functional Orifice 

200 10 0.0661 1. 75 5.32 
, 
i 

4050 " 10 
i 

0.676 1. 75 124.8 

2000 10 0.5~8 1. 75 33.9 

-

I 200 10 0.108 1. 75 2.81 
-. 

I Brown Method I 

i .6 P/L i 
pSia/in. I 

I 

4.84 

152. 

38.4 

2.75 
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Later, this model was run also for cases of ~ = 0.5, 0.45, 0.40, 0.35, 

and 0.30, and compared with hot-fire data. It was concluded that the 

value of € that closely corresponded to experimental pressure drop data 

wasl from 0.45 to 0.50. To determine the exact value of ~ more efficiently, 

the' Ergun equation can be rearranged in a form more amenable to experi

mental data, e.g., 

~ Pb d P e av 

~= 1 +. 2 ] [ . Go R T 1 150 Go R 

[
1.75 D J-. dx -3 + 2 . g Dnv t D 

P , P g J 1!1. d ] l~~ 
M\v x 3 

~' 

Because APb d' p. ·are known and T = f (x), M\'/ = f(T), and u = f(T). e av 
The equation can be reduced to a polynominal of~. Iteration is then 

required to give the correct value of .~ . 

Recently, Fan (Ref. 13) compared a variety of methods for predicting 

packed-bed pressure drop with selected experimental data and concluded 

that the most universilily superior method 'vas the previously cited one 

found in Brown. He concluded that if these calculated pressure drops 
I 

are multiplied by a factor of 1.2, the method will predict results 

·(15) 

within an error range of -34 percent to +33 percent, with a standar-d 

deviation of 15 percent. The corresponding error range for the Ergun 

eqhation is =67 to +46 percent, with a 40 percent standard deviation. 

Fan also points out that several investigators have found that the 

constants 150 and 1.75 in the Ergun equation vary depending on the shape 

of the particle . 

. T~e results of this study seem to confirm the ,vide disagreement between 

calculated and measured pressure drops that Fan reports, although the 
i 

results of the Ergun equation are in slightly better agreement with 

those measured than the results of the graphical method. 
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Fan's work also shows that the constants in the Ergun equation should be 

fitted to the experimental data rather than. findigg the value of € which 

correlates the data. The latter was done in this study. 
1 ".-

! 
I 

Inl summary, both the Ergun equation and the ~ffective orifice equation 
i 

(Eq. 11 and 12 ) gave fair approximation to the bed pressure drop 

measured in the thrustor. A void fraction of € ~.45 was needed to 
I 

co~relate the model results with experimental data. The superficial 
I 

orifice equation was used on the thrustor computer model, thus neglect-

ing the friction loss which was shown to be less than 30 percent of the 

orifice term. 

I 

COMPARIS ON OF COMPUTER SlHULATION TO 

EXPERIMENTAL RmULTS 

Shown in Fig. 54 through 56 are the predicted pneumatic and thermal 

~esponses for a DSI thrustor having a O.525-inch catalyst bed. A thermal 
I 

response of 700 milliseconds was predicted, as compared to measured ther

Jal response times of 2 to 3 seconds. The most plausible explanation for 

~he large diff·erence in observed vs predicted thermal responses is that 
1-

a portion of the oxygen passes through the catalyst bed without reacting 

during the transient period, as discussed above • 
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~ example of the predicted pneumatic response of an in-line thrustor is 

~iven in Fig. 57 through 59 for an interna 1 geometry of 1/2 inch of void 

~ix section (3.5 cubic inches), 1/2 inch of copper shot, 2/3 inch of cata

lyst bed, and 2 inches of combustion chamber and the nominal full flowrate 

of 0.05 lb/sec. The workable thrustor parameters correspond to those 

initially selected except for the void mix section which was 10.6 cubic 

in~hes (1-1/2 inch long) and the flowrate which was a nominal 0.0286 Ib/sec 
I 

with downstream injection of oxygen. Thus, the predicted 20- to 30-milli-
I 

se¢ond mix pressure responses were 2 to 3 times faster than the observed 

rebponse with the gas generators ,or thrustor. This illustrates how important 

it is to minimize thrustor volumes if optimum performance is to be obtained. 

THRUSTORRESPONSE-8UMMARY AND FUTURE CO~mERA.TIONS 

Summary of Response Characteristics 

Two responses are of prime interest for the design and evaluation of small 

t~ustor systems, those of thrust and specific impulse. The former charac

terizes system output, the latter measures system efficiency. The relative 

importance of the two can be defined only with respect to a given application. 

However, thrust response, which by inference from pressure response data is 

fQirly rapid, is expected to be most important. 

The specific impulse response is directly related to the response of the . 

combustion gas temperature. Although response times of less than 1 

second are predicted on the basis of heat transfer characteristics in 

t~e catalyst bed, the experimental response times were, in general, found 

to be on the order of 2 to 3 seconds for a cold catalyst bed start. Sub

sequent restarts with a hot catalyst bed would not have an appreciable 
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t~mperature response time. Typical temperature responses for an in-line 
I 

catalytic thrustor, both experimental and analytical, are shown in Fig. 60 

Minimization of the temperature response time should be an important goal 

for futuz:e effort. Two physical processes must be considered in such a 
I 

minimization; reaction efficiency during the transient should be at a maxi-

mum, and" the ratio of the engine the~al mass to that of the combustion 

gases should be minimized. Experimental results obtained with the l/l6-inch 

ME)A catalyst indicate that both factors were affecting thermal response. 

I 
Since specific impulse is proportional to the square root of the combus-

tion gas temperature (neglecting second-order effects of gas properties 

and condensation phenomena), a specific impulse response can be deter

mined from the data of Fig. 60 • A steady-state delivered specific 

impulse efficiency of 92 percent is assumed. The time required to reach 

90 percent of the steady impulse efficiency is seen to be ~ seconds 

for cold chamber. 

The thrust response is most directly related to that of pressure. Two 

extreme pressure response characteristics are possible. The propellant 
I 

flowrates can be limited by the injection devices to a value near the 
I 

st~ady-state flowrates o In this case, the pressure response will follow t 
I 

the temperature response so that sonic flow relationships are followed at 

the thrust or throat: 

it = KP/IT (16) 

I 

wJere w, the propella,nt flowrate, remains constant. The pressure, or 

t~rust, will then follow the sp~cific impulse, or.JT; during the transient 

startup. 

AI faster response is obtained with a lower injector pressure drop and the, 

thrustor throat acts as the flow limiting device. In, this case, the pres

sure in the thrustor will approach the steady-state value. This is 
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achieved by high initial flowrate. The flowrate will then decrease as 
the combustion gas temperature increases: 

w:: K/IT 

The pressure response in this case is .governed by pneumatic filling con

siderations. ~perimentally, response times on the order of qO milli

seconds have been obtained with an in-line bed configuration. By mini

mizing free volumes between the propellant valves and the thrustor throat, 

these times can be further reduced. 

The parameters which directly affect the pressure response characteristics 

also determine other thrustor operating characteristics. For example, 

some degree of flow control is required upstream of the throat to main

tain ratio control. However, such orifice devices also limit total flow

rate during the startup period and tend to lengthen the response time. 
! 

Al~o, a combustion volume is required to obtain combustion of the down-

stream oxygen. This volume increases the pneumatic fill time and, thus, 

incre1ases the pressure response time. As the abpve indicates, a detailed 

tradeoff must be made and tested experimentally before a minimum response

time thru~~or con~iguration can be defined. 

Proposed Design Criteria 

The transient results show the requirement for a correct flow system if 
I 

optimum response is to be obtained. Such a system would be of the static 

type (wi-thout bleeds and sonic or flow-limiting orifices) which allows for 

varying flowl'ates to the thrustor, but maintains aconstapt pressure ~ead 

at the injector. This system is comparable to the overallRCS sys,tem design 

utilized in this program. 
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Four thrustor design factors are discussed below for consideration in 
I 

future efforts for maximizing thrustor response. First, the preinjector 
i 
tolumes should be minimized and matched in the ratio of the volumetric 
I 
filling 
! 
I • 1 
~oml.na 
i 

~olumes 

rates, so that simultaneous valve operation gives a constant 

mixture ratio during the transient operation. Likewise, all 

should be sized for an absolute viable minimum to maximize the 

startii~and bleed-down response. These steps will maximize the pressure, 

or thrust, response. Second, it is readily seen from a simplified 

equation: 

. -

rate of change in temperature 
of catalyst bed 

rate of heat in ut to catal = ~~~~~~~~~~ __ -M~~~~ 
thermal mass of catalyst 

(IS) 

I 
~escribing the ~hermal response of a catalyst bed when complete combus-
I • tl.on to a temperature, T , occurs at the front pha~~ of the bed, that 
I 0 

the response dT/d9 can be increased by increasing the factors in the 
I 
numerator or by decreasing the factors in the denominator, e.g., the 

thermal mass of the catalyst might be reduced by using a gauze or 

spaghetti type (hollow) of catalyst. Raising the initial combustion 

temperature also will increase dT/dS. Since T is a function of mixture 
o 

ratio, the method would vary the mixture ra'tio during startup. A very 

simple method is shown below: 

Tillie 

137 
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where the H2 is fed to the mix section through a sonic venturi, thus 
.: 

making its flowrate independent of downstream pressure, and the oxygen 

iS'fed through an orifice. For cold-bed startup, the oxygen flowrate 

is initially above nominal and then decays. During hot-bed pulsing, the 

pressure response is on the order of several milliseconds and, thus, the 

trrnsient MR should remain near nominal. By making the throat of the H2 , 

vebturi the "valve seat", the size of the valve could be reduced from a 
I 
I 

subsonic diameter of l-inch size to near 0.3 inch, thus reducing the 

mechanical opening times. 

The weight of the catalyst bed screens and retainer plates, and DSI 

spokes dO'lfflstream of the catalyst bed must be minimized. This is s'pecial 

cqnsideration for larger thrust engines up to 100 pounds thrust. Heavy 
I 

r~taining plates weighing approximately 100 grams were used in the present 
I 

ptogram to support t'he catalyst bed to prevent bed settling and subsequent 

bed channeling. Since the weight of these plates was nearly twice the 

w~ight of the catalyst, the chamber responses were about twice the best 

catalyst response. Obviously, a change in thrustor design is necessa~ 

to ~liminate this mass of metal ,if optimum response is to be realized. 

A previously suggested flow scheme might be reconsi~ered, e.g.: 
I 
I 
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Advantages of this design ,,·;ould be (l) no DSI spokes are needed,(2) the 

f~o"r area (and, hence, pressure drop and residence time) available to feed 

tlte catalyst can be increased marl(:edly without increasing the thrustor 
I 

ID, (3) the wulls of the thrustor would be film cooled, thus improving 

vehicle packing, and (4) most of the thrustor length would be utilized 

for combustion, thus shortening the thrustor by perhaps 4 to 6 inches 

and minimizing the shutdown tails. Disadvantages "vould be (1) complexity 

of radial injection, and (2) possibility of local MR variation which 

could melt the catalyst and/or cause low performance. 

Finally, the use of an in-line configuration should be considered for 

high-response applications. The minimum fill volume characteristic of 

such a configuration would lead to the most rapid pressure and thrust 

response. 
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PROPELLANT CONDITIONER EXPERIMENTAL EVALUATIONS 

1 11 

Propellant conditioning was determined tp be necessary by Phase I analysis 

to guarantee a sufficiently high hydrogen temperature to ensure reliable 

catalytic ignition and to determine temperature and pressure bands for 

relia ble flo'\vrate control. The conditioner subsystem has the function 
I 
of accepting the propellants from the tankage and delivering propellants 

to the thrustor wi thin gi ven temperatuI'(~ and pressure bands. This func

tion, in general, involves the transfer 6f energy to the propellant and 

the control of pressure. 

I 
Several energy transfer concepts were evaluated during the initial por-

tions of this program. Two primary requirements were established as a 

~esult of the general system operating goals: (1) a high power level 

(as indicated in Fig. 61) for steady-state operation, and (2) a capability 
I to supply propellant to the thrustor on a rapid-response basis. It was 

determined that the use of hydrogen-oxygen reaction energy was the most 

promising as an energy source. 

I 
TMo transfer methods were evaluated in more detail: (1) the use of a 

I 
I 
~eat exchanger to transfer the energy between a hot generator gas and the 

plropellant, and (2) direct mixing of the reacted gas with the propellant. 
I 

The former method ,was selected for further evaluation because of i ts mini-~ 
I 

mum weight and volume and a minimum of technical uncertainties. To pro

Vjide rapid-response operation for a long-duration mission, the heat 

e~changer should be maintained at, or near, operating temperature and a 

surge volume {accumulator ).should be inclu.ded in the system. A schematic 

of the selected system is pre.sented in Fig. 62 • 
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During the thrustor experimental effort, it was determined that catalytic 

ignition with Engelhard MFSA catalyst would not occur at the 200 Rand 

10-psia nominal temperature and chamber pressure conditions. These dif

ficulties are discussed in another section of this report. ~To accom

plish the goals of' the conditioner effort, the conditioned propellant 

temperature goal was raised to %10 R. 

The principal goals of the propellant conditioner experimental program 

were to define problem areas and demonstrate the feasibility of an in-
I 
tegrated condi tioner-thrustor system. Therefore, when problem areas 'V'ere 

encountered, feasible, but not necessarily optimum, solutions '\V'ere adopted 

in the interests of accomplishing the feasibility demonstration goal. 

The conditioning system has parallel hydrogen and oxygen sides, each hav

ing the following principal cODlponents: 

1. A hot-tube heat exchanger to supply energy to the incoming 

fluid 

2. An accumulator to store the conditioned gas and damp the pres

sure and temperature fluctuations of the conditioned fluid from 

the heat exchanger 

3. A catalytic gas generator that taps off from the accumulators 

andprovdes the heating fluid for the heat exchanger 
j 

4. A jClosed-looP fee,dback co.ntrol system for both temperature and 

pressure in the accumulator to meet the thrustor feed 

requirements 

• 
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During the experimental program, each component was tested separately and 

then integrated into the final conditioner system. 

The conditioner design and experimental tasks are discussed in the follow

ing section: 

1. Experimental Apparatus and Procedure 

2. Discussion of Component Experimental Results 

3. Discussion of Conditioner Subsystem Results 

,1 
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EXPERIMENTAL APPARATUS AND PROCEDURE 

CONDITIONER COMPONENT DESIGN 

Prior to initiation of the experimental effort, it was necessary to eval

uate several conditioner concepts. The basic operating requirements for 

each component were as defined by the material and energy balances observed 

in Volume I of this report. The Volume I considerations included the effect I 

of operating requirements on system performance. The overall conditioner 

design effort discussed below included the design of the individual com

ponents and an investigation of three control concepts. 

Gas Generator Designs 

The actual sizing .. of the gas generators depends upon optimization with 

respect,to the following factors: 

1. Mixing volume velocities sufficiently high to prevent flashback 

2. Catalyst bed length sufficiently long for ignition. Information 

feedback from the thrustor studies was used to optimize the 

interna 1 gas generator design, although it was recognized tJlat 

; optimum performance was not as important as reliability. 

3. Low catalyst bed pressure drop consistent with total pressure 

head 

4. Efficient 

D 1": t ) pe .Il,e s 
, reactor. 

reaction by satisfying the relationship (D 't reac or 
~ 8 to prevent gas channeling to the outside of the 

It was concluded that th~ installation of deflection 

~ings would be a practical solution to this problem. Overload

ing the reactor will cause the reaction to-be pushed out of the 

bed and. result in incomplete combustion • 

1l.l7 
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5. The maximum steady-state flowrates to the individual gas gen

erators as shown in Table 10. Later experimental pulse-mode 
I 

testing has shown that the gas generators should be oversized 

from steady-state conditions by approximately 50 percent and 

operated in a pulsed mode to eliminate ice formation. 

6. Part experience (Ref.3 ) has also shown the q-on-l injector 

tol be superior for mixing. The thru2.tor perturbation studies 

indicated that a maximum injector face pressure drop was the 

most desirable for minimizing catalyst bed temperature fluctuation. 

7. Setting the pre injector volume ratio at the 'ratio of the fill

ing rates (16:1 for a mixture ratio of 1.0), to eliminate the 

pO,ssibility of transient mixture ratio variations. It was not 

difficult to satisfy this volume ratio restriction because the 

injector designs minimize the oxygen volume and maximize the 

hydrogen volume. 

8. Siz ing the throatarea.s for sonic flow, thus minimizing the 

effect o~f downstream perturbations on gas generator behavior. 

I 
Using these criteria, two gas generators (Fig. 63 and 6% ) were designed. 

I 

T"e pertinent design parameters are presented in Table In The gas gen-

erator for the hydrogen conditioner subsystem (large gas generator) is 

also shown in Fig. 65 with several mix s~.ctions and catalyst bed capsules • 

.1~8 
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TABLE 10 

GAS GENERATOR PARAMRl'ERS 

II I 

Hydrogen Gas Oxygen Gas 
Parameter Generator Generator 

Diameter, inches 1.0 0.625 

WeightFlowrate, Ib/sec 
~ . Oxygen 0.00229 O.OOOS 

Hydrogen 0.00229 O.OOOS 

Superficial Mass Velocity, Ib/sec-sq in. 0.00584 
i 

0.00521 I I 

I 

Velocity, ft/sec (Mixer) 36.s 33.0 I I 
", 

Pressure Drop, psi I I 
Valve 0.5 I 0.5 I Injector Face 2.5 2.5 I 
Mixer Section 0.5* 0.5* 

, 
I 

i 
Catalyst Be.d 3.5 3.5 I 

Areas, sq in.** I I 
I 

Injector Orific.es 

I 
Hydrogen 0.02494 0.00S71 
Oxygen 0.00626 0.00219 I 

'Throat (Mixture Ratio = 1.0) i 0.10335 0.03611 
r 

I 
*1/2 inch of l/S-inch beads 

**~ A where ~ :: 0.73 

• 
Ii 
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Heat Exchanger Designs 

From a concept comparison, it was determined that the hot tube exchanger 

was the most promising; (Ref. l)thus,it was selected for a detailed de

sign and experimental effort. Particular design goals were: 

1. Low propellant pressure drop 

2. Fast thermal response 

3. Minimization of heat leak 

~. Simplicity of construction 

Several types of heat exchangers were evaluated to determine the type 

best suited for the conditioner application. The favored design consisted 

o~ a helical tube inserted into an annular shell with the hot gas flowing 

in the tube while the cryogenic propellant flowed through the shell. The 

experimental design which is constructed from as many standard items as 
I i 

pos~ible, to facilitate quick assembly and modification, is illustrated 
, ~ ~I 

in Fig. 66. 

Ajflight design using the same geometry is illustrated in Fig. 67. The 

eJsential difference is that the gas generator is installed internally in. 

tJe flight design while it is connected externally for the experimental 

dJsign to facilitate expected modifications. Installation of the gas 
I 

g~nerator inside the heat exchanger ensures a minimum heat leak to the 
I 

slirrounding environment during the coast mode.phase, and it also utilizes 

the void center volume of the experimental heat excbanger. This design 

was not experimentally evaluated however. 
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I 
Hidrogen Heat Exchanger Design. The theoretically calculated values of 

heat transfer coefficient and pressure drops for six alternate cases are 

s~mmarized in Tables 11 and 12. The resulting heat transfer calculations 

for ,tile 2500 Rcombustiongas indicated that 70 inches of tubing were 

required to condition the hydrogen to 410 R. 

The original experimental hydrogen heat exchanger employed a 0.5-inch OD 

spiral tube carrying the 2500 R hydrogen-oxygen combustion products (mix-
I 

thre ratio of 1.33) from the catalytically operated gas generator (Case I 
I 

ih Tables 11 through 12). Because of the uncertainty in estimating the 

ekperimental heat transfer coefficients, "\y-hich were expected to be on the 
I 

order of 20 percent, the tube length was i~creased by 25 percent to 87.5 

inches. Case II gives the fInal nominal design condition for a single

stage 2000 R~combustor-heat exchanger. 

~he increase in heat transfer area required for the final nominal case of 

20QO R feed gas was slightly less than the 25 p'ercent overdesign so that . 

original design was not changed. 

I 
I 
~he hot-gas tube was fabricated of Type 321 stainless steel and was in-
I 

serted in an annulus through which the propellant was fed. The annulus 

~ad dimensions of: 2.0-incb ID, 3.25-inch OD, and approximately 7-inch 

~ength (excluding manifolds). The annulus was also fabricated of 321 

se~ies stainless steel~ 

illustrated in Fig. 68. 
Tbe 'disassembled hydrogen heat exchanger is ,. 

" 

I 
Calculated steady-state temperature profiles through the beat exchanger 

are presented in Fig.69 .. The tube wall temperature was·calculated:from: 
1 ~ . .-~. 

h (T - T ) 
g" g w = h1 (T - T ) w g (19) 
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TABLE ,-11 

DETAIIS-FOR-STEA:DY-;;;STATE OPEHATION OF PROPOSED 

DESIGN OF OXYGEN HFAT EXCHANGER 

Bot Side 

PropeUallt'-l'lovrate- --- "-

h" 
I "0' : vt' 'c' 

'I Btal Area eaa. outlet ID, Ap .0.- Ib/aec Ib/sec MIl R R incb pat br-ft2_F iD.2 

I 0.000778 0.000585 I.:}:} 2500 672 0.335 8.0 59.2 12" 
II 0.00080 0.00080 1.00 2000 672 0.351t 8.0 59.2 1"" 
III 0.0000596 0.0000596 1.00 2000 672 - -- - -
lY 0.00132 0.00156 0.85 2000 672 -- - - n5."" 
T 0.00055 0.00066 0.85 2000 672 - - -- 61.8 

(6.35 coUa) 

"fI 0.000%9 0.00056 0.88 2000 672 - - - "3.3 
---~ ... ------- - .. _._- (5.5 coU.) 

Cold Side 

---_. ... ,. h", b" 
vo' 'Ii' '10 ' 

q. 
Ap Btal Btal 

~a. Bta 
br_ft2_F br-ft2-F U.(. U .0.- Ib/sec R R ;;Coiid psi , 

1 0.03852 163 200 3.85 1.0 18.1 72.7 13.1 32.6 
II 0.03879 163 200 3.86 1.0 18.1 72.7 13.9 32.6 
III 0.03722 163 500 0.2905 -- - - -- -
IV 0.0%518 163 500 7."8 -- - - 25.0 -
Y 0.01918 163 500 3.17 -- - - 25.0 -
11 0.01901 16J "00 2.73 - '- - 25.0 --

.. - ---- .. -- ----- --- -- _.-

ir. .• aidizer weiCbt flowrate h. - heat tranafer coefficient (liquid) 
L • leqtb vt ,. tu.l wei,bt flovrate 

... • uzture ratio 'i - inlet oxidizer te.p.eratlire 
'e • eoabuation t .. perature 

" .. tlet - teaperature at heat excban,er outlet 

, - beat enbancer outlet oxidizer 
o teaperature 

--q - beat excbanger beat load 

.... "'-. 

L, I 
incbu 

105 

122.2 

-
-
-
-

ID - inaide dia.eter 
6p _ differential pre.aure 

h, • beat tranafer coefficient (gaa) 

U" - oyera11 beat transfer coefficient (liqui4) 
U • oyeral1 beat transfer coefficient (gas) , 

- Bet.r to Tabla l1 for definition of cases 

.'.';. " 

'~ 
.:.. 

~ .' :.:. , ~ t. 

. ~"'" 

- .",'~" 
~. 

'.f-

. I . 

'f 



~H!!llil!Ib.*~:~~"" ,.'" ,' .... u:;'C;> .. , .",; 

\1-

TABLE 12 

PROiFOSED . STEADY;;;;STATE DESIGN OF-FLIGIlT\VEIGHW-IlYDROGEN HEAT EXCllANGEIL. 

~ 
\,J1 .' 
ex> 

:i 

I 
:1 

j 
'I 

! 

';::~ . 

... ~ 

; 

i q(]}a,lse 
No.* 

'F:'" 

I 

" II 

1'111 '1' . 

IV 
" 

!,VV , ' 

,I 

:lv}! 

'. III 
\,~ 

n 
f) 

,/: 
"L 

~ 

Propellant Flowrate 
• . 
W, 

0 wf' 
1b/sec lb/sec 1-'m, 

0.00204:4: 0.001536 1 • .33 

0.00229 0~00229 1.0 

0.0014:6 0.0014:6 1.0 

0.00816 0.00961 0.85 

0.00351 0.004:24: 0.85 

0.00264: 0.00301 0.88 

, 
" 

11 

Wf' 
ii 

T. " To' Case 11 

No." 1b/sec R R 

I 0.0164:2 37 200 
i 

II 0.01739 37 200 

III 0.01582 37 200 

IV 0.02517 37 500 

'" 
V 0.01119 37 500 

,,:, 

VI 0.100992 37 4:00 

I 
~----- _. ---_. __ .. -

* See Table 11 

HOt-Sllle-' 
-

, h , 
g 

T , T Btu! . 

AP, c outlet' ID, 
R R 'inch - -- 2 Area psi hr-ft -F 

2500 672 0.4:6 8.0 71. 4: 110.0 sq in. 

2000 672 0.50 8.0 71. 4: 136.0 sq in. . 
2000 672 - - - -
2000 672 

. 

2.25 sq ft-- - -
2000 672 - - - 10.989 sq ft 

2000 672 - - - 0.71 (7.5 coils) 
I 

Cold Side 

h-e,' h , 
g q, 

BtuL BtuL Btu £iF , 
. -hr-ft2_F 2 U-e, U seconds psi hr-ft -F g 

'. .. 

10.13 1 39.2 275 25.4: 56.7 

11. 2 J 1 39.2 275 . 25.4: 56.7 

7.12 - . .". - - -
4:6.1 - - - 70.0 -

Overall-Assumed· 

20.3 - - - 70.0 -
Overall Assumed 

14:.55 - - - 70.0 -
Overall Assumed I 

I -- .. _-

-.--".~~-~-------._ t. w ~-' ..... -

L, 
inches 

70.0 

86.6 

-
-

~ -
-

._1 
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A study of the available literature was made to determine the probability 

of flow instability in the conditioner heat exchangers caused by boiling 

and tw'o-phase flow . Although relatively little 'V'as known regarding the 

onset of exchanger instability, the use of an upstream orifice was ex

pected to alleviate this undesirable condition. The magnitude of the 

orifice pre8sure drop was not known precisely, but several preliminary 

correlations were obtained. The relatively large pressure drop across 

the upstream main propellant valve was greater than the total propellant 

heat exchanger acceleration loss which ensured stable flow. 

Oxygen Heat Exchanger Design. A literature search revealed little data 

for heat transfer correlations with boiling oxygen. Therefore, the 

equations used for boiling hydrogen were adopted to the oxygen flow 

conditions to estimate the necessary film coefficients. Consequently, 

the hot-gas film coefficient was calculated for a 3/S-inch tube using 

Eq. 19. A heat transfer tube length was calculated and increased by 

25 percent to ensure adequate heat transfer area. This was also suffic

ient heat transfer area for Case II where the inlet ho~-gas temperature 

was reduced to 2000 R. 

The LOX tube ",vall temperature was calc\dated as explained previously. 

Figure 69 shows that there is considerable difference between the oxygen 

and hydrogen heat exchangers. First, the hydrogen tube wall temperature 

was considerably lower than for oxygen because of the much higher heat 

transfer coefficient for the hydrogen. Secondly, more than 90 percent 

of the oxygen heat exchanger area was required for the vaporization of 

oi~gen, whereas only 30 percent was required for the hydrQgen heat 

exchanger. 
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The experimental exchanger design is shown in Fig. 66, and utilizes as 

much of the hydrogen exchanger designs as possible in an effort to m1n1-

mize manufacturing costs. The heat transfer area can be varied in the 

same manner as in the hydrogen exchanger by shortening the hot-gas tube. 

Pressure drop calculations based on this configuration are compatible 

with the propellant conditioner pressure profile. 

Accumulator Design 

The accumulator is used to decouple the thrustor from the conditioner 

system. To accomplish this, the accumulator must be of sufficient size 

to alleviate pressure perturbations caused by valve delays (for an on-off 

pressure control system) and by flow instabilities in the heat exchanger. 

The former is quite amenable to analysis and was used as the sizing cri

terion. The latter type of pressure perturbation, and an accompanying 

temperature perturbation, was not amenable to an a priori solution. 

There was considerable uncertainty as to the approach in mathematically 

modeling the heat exchanger under dynamic, and possibly surging, opera

tion. However, subsequent testing showed the combination of accumulator 

size and control system design controlled perturbations caused by the 

heat exchanger flow instability. 

The accumulator volume sizing criteria developed in Volume I is presented 

in Fig o 70 0 ~le final size of the accumulator selected for experimental 

evaluation depends primarily on the weight flowrate and the response of 

the control circuit. Because the response of the propellant valves was 

rather slow, it was necessary to select relatively large accumulators 
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(700 cu in. for liquid oxygen and 4000 cu in. for hydrogen). Because a 

good portion of the system weight and volume was represented by the 

accumulator, an important part of this experiment was to minimize the 

accumulator size. 

Control System Design 

A control system is needed for the conditioner to guarantee that the 

propellants are fed to the thrustor at a predetermined thermodynamic 

state. The basic conditioning system can be schematically represented 

as three components: (1) a heat exchanger, (2) a hot-gas generator, and 

(3) an accumulator to store the conditioned fluid. 

r--------, 
From Heat Vehicle -- To Exchanger Accumulator -

Propellant Thrustor 
Tank 

I 

Hot-Gas - --Generator -

The orginial control scheme that was considered employed three separate 

control systems 0 The principal control loops were as follows: 

10 Hot-tube temperature control in the heat exchanger. This loop 

controls both the hydrogen and oxygen flow to the gas generator 

during the coast modes of the vechicle. The tubes are kept hot 

to circumvent the relatively long time (-2 to 5 seconds) needed 

to obtain steady-state conditions. An automatic reset capabil

ity of the reference temperature is included to allow for 
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variations in the inlet condition of the propellant as it, flows 

from the main tanks. The reference point is determined prior 

to closing the main thrustor valve and is maintained through 

the coast periodo 

2. Accumulator temperature control. When the hot-tube temperature 

control is nullified (during thrustor operation), the accumulator 

temperature controls the flow of hydrogen and oxygen to the gas 

generator. 

3. Accumulator pressure control. The accumulator pressure control 

caURes the tank valve to open at a specified low pressure and 

close at the nominal accumulator pressure. If the accumulator 

pressure exceeds the nominal value, the backup pressure relief 

valve opens to relieve the overpressure. 

The control system used during the experimental effort employed a combi

nation of these variations. The tests were directed toward obtaining 

steady-state thrustor flow and a demonstration of pulse capability. These 

requirements eliminated the need for a hot-tube temperature control 

because no extended coast mode was necessary to achieve the program objec

tives. The accumulator temperature control was used to operate the ga$ 

generator. The circuit was arranged such that both the fuel and oxygen 

valves of the gas generator would operate simultaneously. 

The pressure co~trol concept was used for both the fuel and oxygen side 

with a slight modification to the initial design. Instead of providing a 

pressure relief valve to vent the overpressure in the accumulator, the 
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ullage tank valve was set to open when both the bleed and thrustor main 

valves were closed (no major demand placed on the system). This would 

allow the entire system to stabilize at the ullage tank pressure. The 

principal reason for deviations from the initial concept was that a suit

able pressure relief valve could not be obtained as a stock item for the 

test phase. 

The semiconductor pressure- and temperature-sensing elements are shown in 

Fig. 71. The temperature control switch was placed in the outlet tube 

of the accumulator. This was to increase the response of the switch, 

which was principally controlled by convective heat transfer to the sens

ing element mass. The placement of the pressure switch was not as criti

cal because the pressure in the accumulator remained essentially uniform. 

Alternative Control Schemes. A number of alternative control schemes 

were considered. These are discussed in detail in Volume I of this re

port. A bellows arrangement to obtain equalized pressures between the 

oxygen and hydrogen accumulators was among the alternatives considered. 

Consideration of the bellows led to the conclusion that cycle life fail

ure would be the principal problem, although one manufacturer, Belfab 

Corporation, reported a 30,OOO-cycle life. This is greater than would 

be expected from past experience. Further, an excessive lead-time re

quirement precluded the use of a custom-built bellows for the reported 

program. 

Another promising concept is the use of a follower valve in one side of 

the accumulator. Such a device would slave the regulated pressure to 

that existing in the other accumulator and, thus, control the key 

parameter, that of the difference in accumulator pressures. The result 
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of such a system is that the accumulator pressures may vary, but will 

vary closely in phase so that thrustor mixture ratio remains under control 

and the variation in accumulator driving pressure is then limited by the 

thrust level tolerance of ±10 percent. This latter requirement imposes 

a less stringent limit on accumulator pressure variation, thus allowing 

for smaller accumulator volumes and/or slower overall response of the 

pressure control loop. 

The oxygen conditioner was selected for use with the follower va.lve because 

of the higher ratio of liquid or vapor density of oxygen as compared with 

hydrogen. It was believed that an additional benefit would be the meter

ing of the liquid oxygen into the conditioner system. Testing of the com

ponent was planned; however, a leakage problem was incurred with the valve. 

Control Components. The definition of specific control components was 

necessary following the selection of the basic conditioner concept. The 

chief requirements for these components, i.e., valves and regulators were: 

(1) low pressure operation with a small pressure loss, (2) rapid response 

(SO milliseconds or less), and (3) compatibility with liquid hydrogen and 

liquid oxygen environments. Approximately 20 vendors in addition to 

Rocketdyne in-house groups were contacted. The detailed results of these 

contacts are discussed in Appendix A. In summary, suitable off-the-shelf 

items were not available and modification of existing hardware was necessary. 

Propellant Supply Systems 

The propellants fed to the conditioner.system were supplied by a 40-gallon 

liquid hydrogen dewar vessel and a lOS-gallon liquid oxygen dewar vessel 

(Fig. 72). During the initial experiments, the liquid oxygen dewar vessel 

was half filled to allow the remaining ullage volume to act as a capaci

tance and attenuate decays in the driving pressure. Later, separate pres

surizing systems that could be controlled during the experiments were in

stalled on the dewar vessels. This eliminated the need for an ullage volume. 
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Figure 72. The Test Stand Used for the Conditioner Evaluation(With 
the Cryogenic Propellant Supply Dewar Vessels) 
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PROPELLANT CONDITIONER COMPONENT TESTS 

The initial experimental effort ",vas directed at characterizing the condi

tioner components. Included in these tests were checkout of the system 

valves for response and pressure drop characteristics, checkout of the 

gas generators for operating and response characteristics, and a coupling 

of the heat exchanger coils '\vith the gas generators to evaluate operation 

and determine response. 

CONDITIONER COMPONENT TESTS 

Valve Characteristics 

Six solenoid-operated valves (either main or pilot valves) were used in 

the entire conditioner system. It was necessary to obtain the character

istic response times for both opening and closing, and the times neces

sary to saturate the electrical coil before poppet movements. These 

response times were used in defining the necessary deadbands for the 

control system and matching propellant entry to the gas generators. 

The pressure drop flow characteristics for each valve were qe.cessary be

cause of the low'-pressure valve inventory available. The valves were 

the best that could be obtained from existing hardw'are, but did not neces

sarily meet the optimum requirements. 

The required valves are divided into four principal categories: 

1. Gas generator main valves 

2. Accumulator pressure-relief valves 

3. Fast-response on-off valves 

1.1. Rapid-response valves simulating the thrustor main valves 
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The simulated thrustor mal.n valves were th,l)se used during the workhorse 

thrustor program for system balance. The on~·off valves ",,'ere rapid-response 

pneumatic valves. The remaining valves were flightweight hardware. 

Gas Generator Valve Operating Characteristics 

The gas generator valves were four-way, solenoid-operated valves obtained 

from the Rocketdyne Liquid Rocket Division. It was important that the 

total energizing and de-energizing times were known so the valves for each 

generator could be operated in a pulse mode. This was necessary to obtain 

short bursts of hot gas from the gas generators. Consequently, the valve 

response times had to he accurately known so that the gas generator injec

tion volumes could be correctly sized or the appropriate electrical delay 

could be used to ensure that the mixture ratio did not become oxidizer rich 

in the catalyst bed during startup and shutdown. 

In addition to the response times, a minimum pressure drop was necessary 

because of the low pressure inventory available. The equivalent orifice 

and discharge coefficient for the four-way, solenoid valves were as follows: 

Equivalent orifice 

Discharge coefficient (CD) 

0.14-inch diameter 

0.6 

Using these values, a pressure drop across the valve was obtained for 

the nominal flowrates expected at each gas generato~ location (Table 11 ). 

At both 200 and 560 R, the pressure drop across the fuel side of the 

hydrogen gas generator was decreased by a factor of 4 by connecting two 

four-way valves in parallel. This further required that the response 

times of the four-way valves be accurately known. During the integrated 

system testing, a third solenoid four-way valve was placed in parallel 
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to further decrease the pressure drop on the fuel side of the large gas 

generator. The resulting pressure drop across the valves was decreased 

by a factor of 9 from the original value using a single valve. 

Six four-way valves were obtained. These valves were tested for opening 

time response by monitoring the current flowing through the valve coil 

during operation. A typical current "trace is sho'lYD. in Fig. 73. Both 

the electrical delay and the poppet delay for the various valves at ambi

ent temperature conditions are presented below. 

FOUR-WAY VALVE RESPONSE TIMES 

Valve Electrical Delay, Poppet Delay, Total Delay, 
No. milliseconds milliseconds milliseconds 

1 25 3 28 
2 24.5 3 27.5 
3 24 3.25 27.25 
4 24.3 3 27.3 
5 24. 3 27 
6 25.5 3.5 29 . 

The closing response times w'ere not available using the current monitoring 

technique. The electrical coil emits a sufficiently high electromotive 

force such that the poppet movement is indiscernible. Several four-'lvay 

valves have been previously tested by Rocketdyne at both ambient and 

LN2 temperatures. The energizing times agreed with the results of the 

current monitoring technique. A consistent de-energizing time of from 

5 to 5.5 milliseconds was obtained for the valves. Consequently, it was 

decided not to attempt any bias of the electrical signal to the four-way 

valves because of the close similarities of energizing and de-energizing 

times between valves. 

173 



10 
Milliseconds 

Power Orf 

.... ~ ~ - -~ ....... _- .. -

Initial 
Poppet 
Movement~ 

I 

Electrica 
Signal t 

Solenoid 

I 

N 

Power On 

. J 

........ -" .... -.... ~ ... 

Final 
Poppet 
Movement 

Figure 73. Oscillogra.ph Trace of Current Flowing Through 
4-Way Valve Coil During Valve-Opening Operation 

.~" . 

174 



" 

". <'. 

Propellant Inlet Valve Operating Characteristics 

A rapid-response valve with a low pressure drop was r"equired between both 

the liquid hydrogen and liquid oxygen dewar vessels and their respective 

heat exchangers. Each pneumatically controlled valve was operated by the 

pressure switch during the automatic mode. The equivalent orifice, effec

tive discharge coefficient, and the response times for these valves are 

as follows: 

Equivalent Orifice Diameter, inches 

Discharge Coefficient (CD) 

Opening Time, milliseconds 

Pneumatic Delay 
Poppet Delay 
Total Valve Delay 

Closing Time, milliseconds 

Pneumatic Delay 
Poppet Delay 
Total Valve Delay 

Liquid 
Oxygen 
Valve 

0.59 

0.57 

150 
so 
230 

40 
20 
60 

Liquid 
Hydrogen 
Valve 

0.S2 

0.7S 

150 
90 
240 

40 
140 

SO 

Although the valves had slightly different response times, the minimum 

cycling period for both w"as approximately 300 milliseconds, or a rate of 

approximately 3 cps. 

Follower Valve Characteristics 

To determine the effect of a pressure follower valve on the liquid oxygen 

side instead of an on-off valve, a follower-type valve was adapted from a 

pressure regulator by changing the head. The equivalent orifice diameter 

was 0.33 inch and the discharge coefficient (CD) was O.S. 
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A great deal of difficulty was encountered in sealing the follower valve. 

The original valve was designed to operate at 300 psi with the pressure 

head used to aid in ohtaining a seal. The desired use called for a pres

sure head of 20 psia; consequently, the seal had to be accomplished In a 

mechanical manner. A reasonable leakage rate could not be obtained with 

a variety of seals; the follower valve was therefore eliminated, and two 

on-off type valves were used to control the pressures in the accumulators. 

Gas Generator Experiments 

The gas generator experiments w·ere divided into three incremental tasl{s: 

10 Obtain nominal (1500 F and 10 psi a chamber pressure) steady

state ignition for an approximate optimum internal configuration 

determined from the detailed concurrent thrustor studies. To min

imize possi~ilities for undesirable oxidizer-rich startup condi

tions., the valves were programmed for a fuel lead. 

2. Obtain simultaneous opening and closing of the fuel and oxidizer 

valves. This verified the volume sizing upstream of the catalyst 

bed. 

3. Obtain pulse mode operation to define respo:q.se time of the gas 

generators 

The apparatus used for these experiments is shown schematically in Fig. 74. 
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Oxygen-Side Gas Generator Tests. 

and connected as shown in Fig.7~ 

The oxygen gas generator was assembled 

without the heat exchanger coil. Based 

on the computer analysis,the on-off valve operation was programmed to 

give a run time of approximately 0.5 second (sufficient for 1500 F igni

tion). After several short programmed runs which resulted in low· igni

tion temperatures,. the valves w·ere operated manually to give a run dura

tion of any desired length. The initial manual run was successful. 

During the second manual run, erratic ignition occurred and no ignition 

was obtained for the third run. Inspection of the chamber showed that 

the tantalum screen retaining the catalyst bed had failed, and the cata

lyst bed was either blown out of the engine and/or had melted. A new 

catalyst pacl\: was installed in the engine and the test procedure repeated 

with results identical to the second run. In addition, the chamber thermo

couple had melted, indicating a temperature in excess of 2000 F although 

the strip recorder had indicated approximately 1500 F. After a third 

catalytic capsule and new chamber thermocouple were installed, the test 

procedure was repeated; the target temperature this time was 1000 F, and 

was obtained by manually adjusting the feed pressures during the run. The 

run was manually reproduced, indicating no burnout of any kind. Hence, 

the simultaneous valve opening tests were commenced. The initial test was 

with a 1000-millisecond hydrogen lead. The hydrogen lead was reduced to 

5 milliseconds and no undesirable chamber fluctuations were noted, indi

cating that the preinjector volumes were in the ratio of the filling rates, 

a design feature discussed in an earlier section. 

Hydrogen-Side Gas Generator Tests. The hydrogen gas generator checkout 

runs were made by utilizing the procedure developed in the preceding test. 

First, the feed pressures were manually adjusted to give a 1000 F bed 

temperature. The simultaneous valve opening test was then performed, and 
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the procedure was repeated for the nominal design conditions of 1500 F 

and 10-psia chamber pressure. These tests were concluded by a successful 

4-second pulse test. 

Additional Heat Exchanger Tests. Careful reV1ew of the data obtained in 

later tests with each gas generator coupled with a heat exchanger coil, 

revealed that the chamber temperature ,v:as approximately 300 F higher than 

the temperature immediately downstream of the throat. To investigate 

this phenomenon, it was necessary to reinstall the pressure transducer 

and thermocouple on the tube inlet and to monitor these variables during 

a run (Fig. 75 through 80). For the small gas generator it was found 

that as the chamber temperature was raised to 1700 F, the gas inlet tem

perature to the tube would lag by 300 to 500 F. A small increase in 

chamber temperature would cause an instantaneous rise of 300 to 500 F in 

throat temperature to approximately the chamber temperature. 

Sometimes the throat temperature would rise 500 F above the chamber tem

perature. Careful inspection of the downstream screen on the catalyst 

pack revealed that the areas near the chamber wall were cooler during 

operation than the center. When the catalyst pack was held up to the 

light, spaces near the wall which would allow' for gas channeling were 

seen. 

TANTALUM SCREEN TURNS WHITE 
FROM OXIDE FORMATION 

CONCENTRIC AREA OF UNAFFECTED 
TANTAL.UM SCREEN 
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It was concluded that gas channels to the outside of the container where 
J 

the packing density is reduced by the wall effect, and is not ignited un-

til the hot- and cold-gas temperatures are brought to the autoignition 

temperature. This explanation does not explain w'hy, on occasions, the 

throat temperature would be 500 F higher than the chamber temperature. 

The only satisfactory explanation for this phenomenon is either an air 

leak into the system or mixture ratio variation vithin the chamber. The 

latter is suspected because the phenomenon still occurred with chamber 

pressures greater than atmospheric and because it still occurred after 

several leaks ,.,ere found and fixed. The large gas generator performance 

was qualitatively similar wit.hthe exception that the excursions in tem

perature were somewhat smaller. 

A solution to the channeling problem was implemented on the final thrustor 

studies. This involved installing snap rings near and in the catalyst bed 

wbi!ch protruded sl ightly into the bed. 
I 

Any gas channeling to the outside 
I 

,.,ould thus be deflected back toward the center of the bed. The deflection 

ring concept was never tried on the gas generators, but it would be simple 

to implement. 

Con,clusions. The objectives of this task were successfully met without 

major recycles in design and testing. Nominal design conditions could 

be met; and it was shown that the propellant valves could be opened and 

cloised simultaneously to avoid transient mixture ratio variations. Re

spnse time was found to be a function of the feed system design. It was 

concluded, that elimination of the vent lines would produce response 

ti~es near n.ominal. It was also concluded that gas channeling to the 

outside' ':of the bed capsules caused minor erra'ti~ ignition.. A simple de-

sign solution was outlined • 
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Heat Exchanger Coil Experiments 

The primary objective of these experiments was to demonstrate nominal 

steady-state design conditions with the gas generator and heat exchanger 

coupled together. A secondary objective was to measure the pressure and 

temperature response. 

I 

i 
Exiperimental Results. After the gas generators were successfully fired 

>, .-

at their nominal conditions of 1500 F and 10 psia, the hot-gas coils were 

connected to the respective gas generators. The coils were instrumented 

to obtain the pressure drop and wall temperature gradient during operation. 

The flow schematic is shown in Fig.SI. 

The temperature and pressure shown on this schematic represent steady

state values obtained by the large and small gas generators for repre

si~tative tests. The temperature immediately downstream of the chamber, 

TGI, was approximately 350 F lower than the chamber temperature. The drop 

in temperature between the inlet and outlet of the heat exchanger (TGI to 

TGO) was caused by heat transfer to the exchanger walls and heat leakage 

td the surroundings. Because flow at the throat was designed to be sonid J 

it was possible to estimate the hot-gas flowrate from the area ratio, 

cJamber pressure, and temperature at 0.005 lb/sec. A pressure drop 

between the chamber and heat exchanger inlet (peL and PGI) was caused by 

an abrupt area change. 

I 

TJe combined thermal responses of the gas generator and heat exchanger 
I 

ceil are shown in Fig.82 and 83. Figure 82 illustrates the chamber tem
I 

perature and the heat exchanger inlet and outlet gas temperatures, and 

Fig.S3 shows the outside wall temperature at three of the, five equally 
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Exchanger Coil (Heat Exchanger Coil Experiments) 
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sp~ced nodes of the heat exchangers. The large difference in time responses 

between the chamber temperature (TCl) and the temperature of the inlet gas 

to the heat exchanger (TGI) was caused by the incomplete combustion phenome

non discussed previously and by the heat adsorbed by the mass of the sonic 

nozzle. It should also be noted that the first part of the heat exchanger 

follows the inlet temperature (i.e., has a high response), while the outlet 

temperature and last nodes have a very slow response. 

Heat Exchanger Experimental Conclusions. The primary objective of this 

test (achievement of nominal steady-state designs) was met without any 

major redesign or testing recycles. A mathematical model for the heat 

exchanger depicting time-distance response was developed. Inasmuch as 

many important parameters were estimated, only qualitative correlation 

of theory with experiment resulted. It was qualitatively concluded that 

the measured hot-gas heat transfer coefficients were probably two to three 

times greater than that predicted from conventional correlations. 

Summary of Component Tests-

The component tests ",ere accomplished in a satisfactory manner with no 

Jajor delays. The initial gas ,generator tests showed that the nominal 

dlesign conditions could be achieved and that pulse-mode operation was 
! 

~easible . The results shm'Ted a tendency for propellant channeling on the 

periphery. The channeling can be blocked in future designs by employing 
I 

deflection rings spaced evenly down the bed to force th~ flmr tow'ard the 

center of the bed. 

I 
The results of transient experiments ,vi th the gas generators connected to 

! 

their respective heat exchanger coils indicated the hot-gas heat transfer 

c10efficients to be tw'o ,to three times larger than originally estimated 

UISing conventional' correlations. However, the pressure drop results agreed 

well with those predicted. 
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The major negative result obtained in the component testing phase was con

cerned with the follower valve (a modified regulator). The follower valve , 

was to be used for pressure control for one of the propellant systems and 

an on-off control circuit was to be used for the other. However, the 

modified valve could not be sealed, eliminating this control concept from 

further immediate consideration. Two on-off control circuits were employed. 

PROPELLANT ,CONDITIONER SUESYSTEM 

EXPERIMENTAL EVALUATIONS 

i 
TItle second experimental phase of the conditioner effort was the integration 

ofi the components into a system with the final goal of achieving a success

fdl demonstration of the feasibility of the RCS operation. Ho,·rever, it is 

rJ ... ~mphasized that the system experimentally tested w·as not designed on 

tHe basis of optimization for one or morc applications, but rather on its 

uJefulness in developing general design criteria and in exploring problem 
I 

areas. As the latter w·ere encountered, emphasis was placed on the most 
I 

expedient solution as opposed to the optimum solution. This approach ",vas 

taken to a110,·r the -achievement of the overa1.lprogram goals. 

The cofidi tio~er components were syst-ematically interconnected during the 

system testing phase. The approach was as follmvs: 

1. Connect the components 

2. Add the necessary control circuits 

3. Initiate propellant feedbaclr to the gas generators 

4:. Integrate the conditioner and thrustor for an overall system 

demonstration 

I 
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Individual Pro.p.ellant Subsystem Tests 

The-first series o.f system tests was to investigate each pro.pellant side 

separately and demo.nstrate the heat exchanger co.nditio.ning o.f the co.ld 

fluid ·to. the design po.int in a stable manner. All system valves "\V'ere 

o.pep, 'vhich represents the case o.f the thrtlsto.r being used in steady-state 

mo.de. If the heat exchanger did no.t deliver co.nditio.ned fluid in the 

design range, the alternative was to. change the heat exchanger area. 

A seco.ndary o.bjective ,,,as to mal{e pseudo.calo.rimetric measurements so. that 

the o.verall heat transfer co.efficient co.uld be determined. 

Experimental Equipment. A pho.to.graph o.f the apparatus in a partially 

alssembled state is presented in Fig. 8q. Figure 85 is an instrumentatio.n 

and teneral schematic. The heat exchanger was divided into. three channels 

by three co.mb-like spacers po.sitio.ned 120 degrees apart. One o.f the three 

heat exchanger channels was instrumented by installing sevel thermo.co.uples, 

fo.ur in the pro.pellant and three o.n the tube 'vall, at adjacent po.sitio.ns. 

This technique pro.ved impractical because the thermo.co.uple leads partially 

blo.cked flo.w to. this channel, causing the channel temperature to. be high. 

AI thermo.co.uple was placed at the end o.f the o.ther two. flm" paths to. de-
I 

~ermine the amo.unt o.f channeling in the heat exchanger during the runs. 
I 

Flurther, the thermo.co.uples in the liquid may have been influenced by the 

wall temperature because o.f thenarro.w channels,and the wall thermo.couples 

which. 'vere spo.t weld.ed to. the tubes were unduly influenced by the liquid. 

~n the hydro.gen heat exchanger experiments, o.nly the inlet and o.utlet tem

Jeratures "Vlere measured. Three thermo.co.uples were inserted thro.ugh fittings' 
I ' 
~n the o.utlet end plate and po.sitio.ned near each channel o.utlet to. check 

fo.r channeling. \vater flo.w tests were co.nducted prio.r to. assembling the' 
I '.- '--, 

heat exchanger, and the internal parts were custom fitted to give even 

flO'i. 

193 



~ 
. ' 02 Side r_~---:""""""""_I 

Figure 8q. The Concitioning System (Showing the Oxygen Side in an 
Assembled State. and the Disassembled Hydro en Side Gas 
Gene at r and Heat Exchanger Components) 
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Initial tests were conducted using liquid nitrogen as the propellant to 

be conditioned, to determine the experimental procedure before using liquid 

oxygen or liquid hydrogen as the cold fluid. 

Oxygen Heat Exchanger Results. The results indicated that the overall 

heat transfer coefficient for liquid oxygen had been underestimated because 

the cold-fluid was being conditioned to 800 R instead of the nominal 200 R. 

The increased heat transfer coefficients caused an operating difficulty. 

In an attempt to approach the nominal temperature and pressure values in 

the ac¢umulator (17 psia and 200 R) the gas generator temperature and flo,,,

rate were decreased to a point where the water in the exhaust products 

would freeze in the hot tube coil. The freezing would not have occurred 

if the effective heat transfer area had been optimum to condition the 

cold propellant to the nominal conditions. To compensate for the high 

temperature, the effective heat transfer area was decreased by diverting 

the flow path of the cold fluid through the center post of the heat ex

changer by the desired amount. The area ,.,as decreased by half such that 

eight instead of the initial 16 coils were used to transfer heat to the 

cold propellant. Both countercurrent and cocurrent flows were used in 

the heat exchanger to determine if any large variance in the cQll~itioned 
i 

propellant temperature would exist. In both cases, the eight coil heat 

exchanger conditioned the cold fluid to approximately 480 R. 

The heatexchang_erwa.s furthel'~hQrtenedto near one fourth of the original 

l~ngtb to obtain the desired nominal conditions. 

Results are presented in Table 13 for the hot-gas side of the heat ex

" changer and in Table 14 for the propellant side. The objective ,of the 

calculations was to close an energy balance ~D the heat exchanger a~lil 

to calculate the overall heat transfer coefficients. 
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TABLE 13 

TEST DATA F0R HOT-GAS SIDE OF LOX HEAT EXCHANGER ---

" 

" Pressure, Temperature, ,I 

psia F . ",v, . 
-lbJsec 

q, 
Test*:_ -Inlet** Outlet Inlet Outlet l-fi:t*** Btu/sec 

1 11.6 3.56 i410 68.5 0.71 0.0018 4.8 

2 1~.3 ,- 4.03 1370 76 0,.69 0.0(H9 5.0 
I, I 

3 9.75 ' 3.33 1425 112 0.71 0.0013 3.4: 

~ 13.4 4.27 1466 183. ! 0.75 0.0013 .- 6.0 

5 12.3 3.80 1540 190 0.80 0.0021 5.7 
-

*Tbese data represent tests conducted in the following manner: 

1. A countercurrent heat exchanger ",vi th the total design hot tube area 

2. A countercurrent heat exchanger with one-half the design hot tube area 

3. A coc'urrent heat exchanger with one-half the d~sign hot tube area 

4. A countercurrent run ,vith one-quarter the heat exchanger area 

5. ,A co current run with one-quarter the heat exchanger area 

**Chamber pressure 

***Estimated (discus'sed in the text) 
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TABLE 14: 

TEST DATA FOR PROPELLANT SIDE OF LOX HEAT EXCHANGER 

Temperature, Pressure in F . ** ' Area, TIm' U, w, -

Btul~ec Accumulator, 
Test* Inlet Outlet Ibjsec psia ft2 F Btujhr-ft2 

1 -297 lJ:30 0.00207 5.2 16.8 1.07 830 20 

2 -297 12.0 0.02l.!: 3.8 16.3 0.54 780 32 

3 -297 5.() 0.02l.!: 3:6 16.2 0.511 980 25 

4 --297 -295 0.18 16. 23.9 0.27 980 81 
i 

0.0113 5 -297 -240 4.5 17.4 0.27 1020 75 to 58 
. I _. . 

*These data represent t.ests conducted in the following manner: 

1-0 . A countercurrent heat exchang~r with the total design hot tube area 

2. A countercurrent heat exchanger with one-half'the design hot tube area 

3. A cocurrent heat exchanger with one-half the design hot tube area 

4. A countercurrent run with one-quarter the hot tube area 

5. A cocurrent run with one-quarter the hot tube area 

**Estimated (discussed in the text) 
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The heat balances are subject to several uncertainties. For the hot-gas 

heat load (1) the mixture ratio was obtained from calculated theoretical 

combustion temperature vs mixture ratio curves, (2) the flowrate was 

estimated from gas generator chamber pressure and temperature assuming 

sopic flow at the gas generator throat, and (3) the average hot-gas heat 
I 

capaci ty w'as obtained from Rocketdyne I s theoretical preformance programs. 

Because of incomplete combustion in the gas generator, the hot-gas inlet 

temperature 'vas subject to some uncertainty (reported earlier). An ana

lysis 'vas conducted on the enthalpy received from the hot gas when it ,vas 
I 

polssible for water to condense in the outlet stream. It 'vas concluded 

that 'vater 'vould begin to condense near 100 F and that an approximate 

. 16 percent increase in heat load could be realized by utilizing the heat 

of condensation. Thus the heat loads reported in Table 13 are also sub

ject to substantial increases when the outlet temperature approaches 100 F. 

Tol o-btain the heat load on the 'prope llant side , it was necessary to assume 

saturated liquid at the heat exchanger inlet and a coefficient for the un

calibrated orifice. Nevertheless, comparison of the heat received by the 

liquid oxygen with the estimated heat given up by the hot gas shows a good 

closure considering the assumptions that have been made. Because of am~ 

bient heat leal{ to the vaporizing liquid oxygen, it was suspected that the 

liquid heat load would always be biased above that of the hot gas. 

From a knowledge of the heat load, area, and average driving temperature, 

it 'vas possible to estimate the overall heat transfer coefficient (Table 

14). This coefficient is based on the circumferential area of the 

spiral tube., although the actual effective liquid area was not known be

c~use of the heat exchanger construction and liquid flow pattern. It was 

interesting to note how the overall heat transfer coefficient changes as 

the split in heat load changes with vaporizing liquid or superheating 
J 

v~por. Because of this change, it was not possible to malce one run and 

simply calculate a new heat transfer ate~ that 'vouid give the desired 

propellant temperature. The actual heat transfer coefficients range from 
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tJo to four times those 
I 

ptevious experiment and 
I 

theoretically predicted. It was reported in the 

correlation work that it was qualitatively apparent 

that the hot-gas heat transfer coefficient could be several times higher 

than that predicted from conventional correlations. Because the method 

ot instrumentating the heat exchanger channel for adjacent gas, 'vall, and 

propell~nt temperatures proved impractical, it was impossible to determine 

t~e position of the tube wall profile in relation to the gas and propel-
I 

lant profiles. A tube wall temperature near the hot-gas temperature would 

have indicated a high hot-gas coefficient and would have confirmed the pre

vious experiment. 

I 
I 
! 

Liquid Hydrogen Heat Exchanger Results. The liquid hydrogen conditioner 
I system was operated four times, and the reduced data are shown in Tables 
I 

15 and 16. During the first run it was desired to condition the fuel to 

the new nominal condition, Case V or Case VI of Table 15. Under the indi-I . 
cated steady-state conditi~ns, it was possible to increase the fuel flow 

to nominal and thus lower the accumulator temperature because the hot-gas 

obtlet temperature from the heat exchanger coil was near the freezing point 
I 

of water. This run·was subsequently repeated with increased flowrates, 
! 

bpth fuel and hot gas, but the accumulator outlet temperature remained high 

(neiil r 100 F). Thus, it was concluded that it was necessary to shorten the 

hot tube coil for satisfactory steady-state operation of the gas generator. 

An alternative 'vas to increase the Sl.ze of the gas generator and operate 

Jt in the pulse mode phase. This involved increasing both the hot-gas 
I 
~lowrate and chamber temperature to a maximum (double nominal) and operat-

~ng the gas generator in the pulse mode (30 to 40 percent on) to maintain 

1 conditioned fuel temperature in the range of 0 to -50 F. Thus, the fuel 

~lowrateand temperature were brought to nominal conditions using the ex

is"liing heat exchanger, which was found to have excessive area for steady

state gas generator operation. Unfortunately,high feed pressures to the 
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TABLE 15 

TET D~TA FOR HOT::GAS-SI1)EOF THE IH2-HEAT-EXCHA:N6-ER--

-
- -Pressure, psia Tempera tu-re-,F ---

-- w, TIi' 
Test Inlet Outlet Inlet Outlet MR lb/sec Btu./sec 

I 10.8 3.4 1520 48 0.85 0.0049 14 ... 16.9 

II 1,~6 5.4 1540 197 0.85 0.0067 18.0 
-

III i 17.7 6.4 1680 199 0.85 -0.0078 21.0 
i 

i 

IV* 20.8** 6.8 1600 90 28 '(30- to' 
(aver- -- ,>o-percent. 
age) on) 

-
L............... ____ -- --- ------- -- - -- - - - -- -- '----------- ~-- --------- -----

*Pulse mode gas generator operation with a steady liquid hydrogen flow:. 

**42 psia ambient feed gases 

These -data "represent-a-c-o~~~rcurrent test wi-tb the-total-design-hox-tub.e ar_ea .. _ 
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TABLE_16_ 

TEST _DATA FOR THE PROPELIANT SIDE OF THE IH2 BEAT EXCHANGER 

-
--~emperature" r Pressure in U, 

• Area, TIm' BtuL w, _-- q, - Accumulator, 
ft2 2 Test Inlet Outlet 1b/sec Btu/sec psia R hr-ft -R 

I -437 142 0.0075 16 15.35 0.954 1057 75 
I 

I 

306 0.0066 I II ~4[J7 18 14.85 I 0.954 895 76 
; I --

III ~437 235 0.0078 - 19 18.0 0.954 920 86 
I 

_I . IV* -437 , -20 17.0 I 

-- --

*Pu1se mod-e- gas ,generator operation with a. stea,dy liquid hydro len flow. 

These data. represent a countercurrent test with the total design hot tube area. 
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TABLE _17 ___ _ 

¢ ~; 

DESIGN CONDITIONS STEADY-STATE OPERATION OF CONDITIONER 

l\j 
,0' 
I~ 

Conditions 

200 R Conditioned 
Propellants and 
20-pound Thrust 

500 R Conditioned 
Propellants: and 
2O-pound Thrust 

500 R Conditioned 
Propellants and 
10-pound Thrust 

.00 R Conditioned 
P>,>opellants and 
10-pound Thrust 

~ 

'Cas~: 
No.: 

I 

II 

III 

IV 

V 

VI 

Propel~lant- at -Conditioner Inl et 
or Propellant Tanks 

,-

Oxygen Yo' Hydrogen Yf' 
State Ib/sec State Ib/sec 

O2 0.03852 Liquid ~ 0.016lt2 

Liquid with 5-
percent He 

O2 0.0388 ~ Liquid 0.0174 

Liquid 

O2 0.03722 ~ Vapor 0.01582 

Vapor 

O2 0.04518 ~ Liquid 0.02457 

Liquid 

O2 0.01918 ~ Liquid 0.01119 

Liquid 

O2 0.01901 B2 Liquid 0.00992 

Liquid 

Prope~la~t at-Gas 
Generators Percent of 

Total Flow 
MR, wo' Yf , 

to"Gas 
off 1b/sec 1b/sec Generator 

1.32 0.002822 0.002121 9.0 

1.00 0.00309 0.00309 11.0 

1.00 0.00152 0.00152, 5.73 

0.8; n.009lt8 0.01117 29.2 
, 
; 

0.85!0.00lt06 0.0049 29.2~ 

I 
0.88 0.00313 0.00357 23.1 

I -. ---

, .... _. ·1~'······' ,', ,.~ 4(, ; •. / 

• 

, I, 

Propellant at ", 
Thrustor 

Combined 
Yo' wI' Temperature, 

Ib/sec Ib/sec F 

0.0357 0.011!3 3570 

0.0357 0.011!3 3570 

-

0.0357 O.Ollt3~ 3570 

0.0357 0.011!3 3750 

0.01572 0.00629 3750 
. I, 

~ 

0.01588 0.00635 3690 

~. 

~"-
'--.) 
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gas generator of the order of 30 to 50 psig w'ere necessary for this mode 

ofl operation. This mode of operation did not appear to be compatible 

with the low accumulator pressures .. .,hich ev,entually drive the gas genera

tors. Consequently , it 'vas necessary to shorten the heat exchanger. 

I 
H~at Exchanger Nominal Design Point Changes. Because thrustor ignition 

at temperatures belo,v 360 R and approximately 10 psia with 1/16 inch 

catalyst pellets was unsatisfactory, the nominal design point for the 

conditioned propellant temperature was raised. Heat and material balances 

are presented for temperatures of 500 and 400 Rand 10- and 20-pound 

thrustors in Table 17. The most striking changes in the nominal design 

wei re tIle lIe at load on the hydrogen heat exchanger, which increased by a 
I 

factor of 4, and the percent of total propellant flow diverted to the 

conditioner, which increased by a factor of 3. To utilize the existing 

gas generators, thrust was reduced to nominally 10 pounds. Thus, the 

conditioning system was operated in the range from 400 ·to 500 R for a 
, 

10-pound thrustor. '" 

I 
U~ing the experimentally determined heat transfer coefficient of 70 Btu/ 

hr-ft2-R and the flo~rates for a 10-pound thrustor (Table 12), it was 
I 

estimated that a seven-coil heat exchanger would condition liquid hydrogen 
I to the range of 400 to 500 F. The construction and installation of this 

C~il and heat exchanger was completed for the succeeding test series. 
I 

Cpmparison of the original nominal liquid oxygen conditions (Table 11, 

Case II), with the revised conditions (Case V) shows approximately the 

s~me gas generator flowrate and heat exchanger loading. It was necessary 

tlo size a heat exchanger to conform with the experimental heat transfer 

cjoefficient of approxim~;tely 25 Btu/hr-ft2 -R. (Table 14). This resulted 

in the fabrication of a six-coil heat exchanger for the oxygen side of 

the conditioner. 
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Conclusions. Both the liquid oxygen and liquid hydrogen overall heat 

transfer coefficients were found to be several times higher than those 
, 

initially'pred.icted. Thus, it was necessary to reduce the heat exchanger 

area to meet the original nominal conditions. 

\Vater freezing near the hot-gas outlet of the heat exchanger was found to 

be a primary failure mode. Two approaches to minimizing this failure 

mode were investigated: 
I 

(1) reduce the heat exchanger area, and (2) in-

~rease the total heat output of the gas generator and operate it in the 
! 
pulse mode fashion. The latter proved to be the better solution, but 

time did not permit building a new gas generator for the remainder of the 

present testing, so the heat exchanger aJ'ea was reduced. 

Evaluation of Accumulator Characteristics 

At the start of the experimental program little was knmVl1 about boiling 

in~tability, subsequent problems of pressure and temperature perturbations, 

and'the ability of the accumulator to attenuate these perturbations. Ex

pe~imental data of the accumulator mixing characteristics were gathered 

in conjunction with the concurrent system testing (Test VI). At the same 

tip1e a mathematical model describing the operation of the accumulator was 

de~eloped and programmed in a computer program. The data gathered from 

the experiments and the sizings were fed to the mo.d,el to de,fine an optimum 

gepmetry which minimizes the temperature and pressure fluctuations. 

The size of the accumulator selected for experimental evaluation depended 

primarily on the weight flowrate and the response of the control circuit. 

Because the response of the propellant valves was rather slow, it was 

necessary to select relatively large accumulators (700 cu in. for oxygen 

and 4000 cu in. for hydrogen). Because a good portion of the system weight 

and!volume was represented by the accumulator, an important part of this 

experim~nt was to minimize the accumulator size. 
i., 
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Experimental Hesults for O!Ygen Accumulator. The approach was to initi

ally instrument the oxygen system as shown in Fig. 85 and to rapidly 

optimize location and measurements as shown on the liquid hydrogen system. 

Figures 86 through 90 show' the time-pressure traces during a liquid oxygen 

steady-state, concurrent run with 01le-ha1fthe original heat exchanger 

area. The pressure transducers nomenclature and 10 cations ,¥'ere: 

PTU 

PHXIN 

PA~ 

PAO 

TAO 

ullage pressure on liquid oxygen dewar 

pressure at bottom of heat exchanger 

located on the heat exchanger shell near the middle 
of the spirally w'ound coils 

outlet pressure from the accumulator 

outlet temperature from the accumulator 

The critical behavior of these pressure and temperature traces were ana

lyzed and the results are summarized belo,¥': 

Parameter 

PrU 

PHXIN 

PAl 

PAO 

TAO 

Measured 
Ranges 

3.34S ±0.03 psig 

3010 ±002 to 0.02 psig 

3.0 ±0.3 to 0.4 psig 

2.40 ±0.65 psig 
i 

2.30 ±0.40 psig 
I + 2'rO -0.58 psig 

2040 ±0.35 psig 

-6 ±2 F 

i 
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. Oscillation 
Frequency, 

cps 
I 

0107 

0.46 

0.07 

Ol46 
I 

olos 
Ol46 

I 
O.OS 

0.385 

__ I 
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Two oscillation frequencies are apparent. Also, the sl,ow frequency oscil

l~tion appears in the tankage ullage pressure. Comparison of the ullage 

p~essure (Fig. 86 ) with the pressure at the inlet of the heat exchanger 

(lig.87) shows the pressure at the heat exchanger inlet frequency spi~es 
I 

to values greater than the ullage pressure. Therefore, it was concluded 

that these spikes caused a backflow into the liquid oxygen ullage, creat

ing the previously discussed slow oscillations. The flow from the heat 

exchanger into the accumulator remained positive because of the higher 

pressure :tn the heat exchanger as can be seen from Fig • ' 88 and 890 

Comparison of the cycle amplitudes for inlet pressures with the accumulator 

outlet pressure (PAl and PHXIN with PAO) shows that the accumulator atten

uates the pressure oscillation by approximately 0.05 psig or 10 to 15 percent. 

F~gures 91 and 92 give the inlet (PAl) and outlet (PAO) pressure traces 
I 

for the liquid oxygen countercurrent heat exchanger with one-fourth of 

the original exchanger area. Comparison of these figures with the pre

vious ones shows a lack of consistency as variables such as flow direction 

and heat exchanger area are changed. In this case the high frequency oscil

lation is at 2.3 cps, and the accumulator almost completely attenuates this 

fluctuation, leaving only the low frequency oscillation. 

Experimental Results for Hydrogen Accumulator. Boiling instability for 
f . 

~he hydrogen conditioning system was very similar to that encountered on 
I 

the oxygen conditioning system; a low frequency of approximately 0.3 cps 

with an amplitude variation of near ±0.8 psi was predominant. A faster 

instability of approximately 2 cps with perturbations of approximately 

0.4 psi was again partially damped bY_.:the 4000-in. 3 accumulator. The 

inlet temperature perturbation of ±20 F was damped to ±7F at the outlet. 
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The primary cause of the major low frequency instability seems to be caused 

by two-phase flow or perhaps a vapor slug entering the bottom of the heat 

exchanger. 

The accumulators used for the experiments, 700 in. 3 for the oxygen side 

and 4000 in. 3 for the hydrogen side, were sufficiently large to attenuate 

the high-frequency (2.3 cps) pressure and temperature perturbations pro

duced by the flm" through the heat exchanger. Lower frequency oscillations 

( 0.5 cps) caused by an interaction bet'veen the liquid oxygen supply de

"lvar and the heat exchanger ",vere not attenuated 0 An analysis of the behavior 

show'ed that the system could be successfully modeled, and that the oxygen 

accumulator volume ",vould have to be increased by a factor of about· fi ve 

to attenuate the low frequencies oscillations. This increase was not made; 

the control system was to be used, instead, to eliminate these pe~turbations . 

BothPropellarit Systems (Oxygen and Hydrogen) Run ConcUrrently 

I 
The overall objective of this task was to achieve automatic and concurrent 

lperation of both propellant conditioner systems. This was to be achieved 
I 
in two major steps; (1) connection of the gas generators to the accumula
I 
tors to achieve propellant feedback, and (2) installation and use of the 
I 
control loops (pressure and temperature) to achieve automatic control 

(FIg. 93). 

Experimental Effort. Each system was operated individually in the steady

Jtate mode before initiating the closed-flow test. During these experi-
I 
~ents the gas generator fuel and oxidizer valves were opened separately, 

and the propellant feed" 'pressure to these valves, was adjusteds~p~rately 

during the run to give the desired chamber pressure and temperature. The 
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feed pressures 'vere some,yhat higher than nominal to offset the increased 

~ressure drops caused by ambient conditioning requirements. Because of 

uneven pressure drops, propellant inlet pressures sometimes differed by 

several psi. Thus, before simultaneous operation of the gas generators 

could be initiated, it was necessary to (1) open oxidizer and fuel valves 

simultaneously 'vi th the same electrical signal, (2) feed both gas.gener

ators with equal (5 psig) pressure propellants, and (3) reduce pressure 

dr~p through the hydrogen side. 

.' -. 

Feeding both gas generators with identical pressures necessitated instal

ling balancing orifices on the oxidizer' inlets, which 'vas a trial-and

error procedure. The pressure drop on the large gas generator was reduced 

by, installing a third valve to the fuel side and doubling the injector face 

arfa. The small gas generator injector face area was also doubled. How

ev¢r, the pressure drops between valve inlets and the chamber. for both gas 

generators still varied from 6 to 8 psig. This was high in view of the 

li~ited driving pressure available. 

After the technique of simultaneous gas generator operation was mastered, 

effort was directed to manual concurrent operation of both systems. Pres

sure control in the system was achieved by controlling the ullage pres

sures with a helium supply controlled by two regulators in series. Tem-
, 

perature control was achieved manually by calling for on-off operation. 

A major problem became apparent during this mode of operation. To prevent 

w~ter from freezing in the hot-gas coil, the propellant flowrate had to 

be reduced, which lowered the nominal thrustor rating from 20 to 10 pounds. 

DUring pulse mode operation of the hydrogen side, the heat exchanger tube 

CQols during the off cycle; at the beginning of the start cycle, the outlet 

hot-gas temperature spikes below 32 F. Thus, it was apparent th&t the gas 

generators ~hould be overdesigned such that they may be capable of supplying 
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approximately 50 percent more than the maximum heat load. One method of 

minimizing the water freezing hazard was investigated on the hydrogen 

side, where the problem was most acute. This constituted operating the 

hea,t exchanger in a cocurrent flow configuratipn, since the tube wall 

temperatures are higher for cocurreni flow. 

Another problem which became apparent when simulating thrustor pulsing 

was the increase in system pressure when both the thrustor and liquid 

inlet valves were closed. The increase in pressure was attributed to 
I 

vaporization of the trapped liquid in the line between the inlet valve 

and the heat exchanger. The relief valves located on the accumulator 

proved to be inadequate because of their low capacity, leakage, and 

inconsistent cracking pressure. The solution to this problem involved 

removing the relief valves, minimizing the volume of trapped liquid, and 

wiring the control circuit so that the inlet valves would open when the 

thrustor valve closed. Thus, the system pressure stabilized at the ullage 

pressure in the, off mode. This proved ·to be satisfactory as long as the 

ullage pressure was relatively constant. 

Atithis time the first set of pressure and temperature controls was re

cel.ved. The oxygen system response was first checked and optimized with 

the controls (Fig. 94: ), then the controls were transferred to the hydrog('n 

siae for a response check. Initially, pressure control checkout proved 

to·1 be diffi<;ul t because of the shift in setpoint from run to run. Even

tually, a technique ofadjust,ing thesetpoint in the 4- to 5-psig range 

prior to each run was developed. 

, 
i 

It was considerably easier to adjust the temperature controller in the 

range of 0 to -50 F, and it was noted that this setpoint did not vary with 

, tilme. Cathode ray tube (CRT) plots of these experiments are not pr,esented 

in the text because they would be redundant to those presented for the 

final experiment. 
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Conclusions and Summary. The major objective of achieving automatic and 

concurrent operation of both propellant systems was successfully achieved. 
I 

The!most difficult step in this task was the connection of the gas gen-

erators with the accumulators, which involved a substantial orificing 
I ! 

eff~ri to ensure proper flow control to the gas generators. Freezing of 

ice in th~ hydrogen heat exchanger was circumvented by changing the ex

changer operation from countercurrent to cocurrent. A better solution 

for future operation would be to oversize the gas generator and operate 

in a pulse mode. 

A desired increase in the outlet conditioner temperature could not be 

achieved at the original design flowrates because of a limited hydrogen 

heat exchanger capacity. Therefore, the flowrates were adjusted to fit 

the capacity of this limitiIig component. 

Pressure oscillations during steady operation were measured throughout 

th~ system. The low frequency oscillation (at approximately 0.08 cycles 

per S)econ~) was probably caused by vaporization of liquid in the line 

conn~cting the heat exchanger to the tankage. This oscillation could be 
I 

attenuated by the on-off control system. A higher frequency oscillation 

at approximately 0.4 cycles per second was also measured downstream of 
! 

the heat exchanger. The accumulator acted to attenuate this oscillation 

as predicted by system modeling analysis. 

When the upstream on-off valves were closed, the propellant trapped 

in the heat exchanger would expand and cause the accumulator pressure to 

incri~ase. The pressure relief valves did not function properly, so the 

control circuit was modified to open the upstream on-off valves in the 
, /1 

absence of thrustor demand. This allowedtbe system to (~"pme to tank 

pressure. 
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COMPUTER MODELING 

Predicted Gas Generator Performance 

! . 

T~e thrustor computer model was used to predict the transient behavior 

of the gas generator prior to the actual experiment. Because the gas 

generators were previously designed for a nominal 200 R feed, it was 

specifically desired to determine the effect on nominal design by feeding 

with ambient propellants. The selected internal parameters were based 

on the thrustor experimental studies, which indicated that 1/2 inch of 

cat~lyst bed with a 1/4-inch-long mixing section of 1/16-inch stainless

steel bearings would appro~imate optimum performance. An example of the 

transient response is given in Fig.95 , 96, and 97 for the nominal inlet 

pressure of 17 psia. The following was concluded from several computer 

runs such as this: 

1. The overall mixture ratio would be reduced to about 0.8 to account 

for the inlet temperature of 460 instead of 200 R. 

2. The use of ambient propellants caused an uneven increase in pres

Jure drop. To maintain the nominal 10-psia chamber pressure, 
I 
the fuel and oxidizer inlet pressures to the large gas generator 

~ad to be increased to 24 and 19 psia, respectively. To prevent 
I • t R2 flow 1n 0 the oxidizer line, an orifice was placed in the 

~xidizer line so that balanced fuel and oxidizer pressures could 
I 
?e used. The analysis for the small gas generator showed that 

the inlet pressures should be near 18 psia with a similar balanc

ing orifice in the O2 feed. 
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Heat Exchanger Modeling 
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,J 

In an effort to determine the hot-gas heat transfer coefficient, the single-
I 

node model in the system program was expanded to a five-node model so that 

calculated wall and gas responses for various heat transfer coefficients 

could be compared to the experimental characteristics. The nodal schematic 

depicted below shows the basis for the mathematical model. 

I 
~gn = 

') 

qpn = 

where 

qg~ = 

qpl = 

I 
I 

Gas at 
T I 

Gas at 
TG n 

qgn 

hi A (TG - TW ) gn n n 

h A (TW - T J amb n am 

I 
I 
I 

I 
I h~ A (TG 1 - TWl ) 

h b A (TWI - T b) am ,·am 

A heat balance on the w.all gives 

8TW 
n 

MCp 86 = 

, 
and a heat b'alance on the hot gas 

TG, 
we --1! ~ • C TGI -w. p 86 1 p 

~ _________ ~.~I sur~oundings 
qpn . at ~amb 

\' 

node gives 

" --
• C TG w - qpn 0 p n 

I~ 
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where 

w == 
MWPV 

R T gn 
(26) 

Ignoring the change in temperature of the hot gas yTGn188, remaining in 

the node, and solving for T~ gives 
n 

w. C TGI + h A TW 
TG 1 ~ gn in 

n . C h A w + 
0 p gn" 

The solution for the nodal wall and gas temperatures was obtained by 

simultaneous solution of Eq. 20 through 26 using the Midas technique 

(Ref. 12). However, the co~puter time required was excessive until 

Eq. 25 was replaced by Eq. 27. Figure 98 gives the calculated results 
, 

for the following input paramters: 

I 
H,at Transfer Area in the Node, A 

Mass of Wall in the Node, M 

HJat Capacity of Wall Mass, C 
I p 

Heat Capacity of Hot Gas, C 
I p 

Heat Transfer Coefficient to Ambient, 
! 

Flowrate of Hot Ga,s, w 
Gas Inlet Temperature, TGI 

h 

I . . 
0:.20 sq ft 
I 0.312 pounds 

J.135 Btu/lb-F 

2.23 Btu/lb-F 

6.75 Btu/ft
2
-hr-F* 

I 
0.005 Ib/sec 

f (8} as shown 
in Fig. 

I 
Th~ hot-gas heat transfer coefficient was varied from 70 to 600 Btu/hr-ft2-R. 

Th~ higher. heat transfer coeff ic ients gave ~ much faster TlVI response and 
I- , .. _ 

a slow TGO responseconfiFminlfthe experimental data. A low heat transfer 

*Calculated from the steady-state d~ta in Fig. 98. 
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coefficient causes the heat distribution to change only slightly. Thus, 

the disagreement between experiment and theory was attributed to the un

certainty in estimating the hot-gas flowrate. The hot-gas flowrate or 

heat capacity was obviously underestimated. 
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Accumulator Modeling 

The model was Quilt on preliminary conclusions reached by analyzing the 

experimental data as follows: 

1. The driving force for the pressure and temperature perturbations 

was the heat exchanger 

2. The temperatur,e and pressure perturbations were in phase, i.e." 

when the pressure was a maximum, the temperature was also a 

maximum. 

3. Flow from the heat exchanger to the accumulator was continuous 

while.the flow from the LOX dewar oscillated both positive and 

negative. 

Based upon theseitentative conclusions, thefollowingi schematic waS 

constructed: PAl 
TAl 

-----41: ....... 1 ----I'-HX--..a~: 

I 

P P 
atm atm 

T T-'-
atm atm 

I.' '5: ., To II--I:-*~---l_~ 
Atmosphere 

Accumulator 

The. temperature and pressure at the outlet aif the heat excb.Q ilger were 

assumed to be the in~ependent va~iables: 

PAl = 

229--" 
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or 

PAl = 

and 

TAl = 

where K 1S a constant. 
n 

. J 

11 _, 

The flowrate :~nto the aClcumulator from the heat exchanger was considered 

as a perturbatiou from nominal across the orifice: 

where 

. w. 
1n 

2 
= 

. 
w nom 

2 
PAl TAl nom 
PAl TAl nom 

~Pl -PAl - PAO nom nom nom 

(
PAl - PAO) 
~Pl nom 

The flow from the accumulator was described by a similar e.quation: 

'where 

w out = W nom 
PAO 

PAO nom 

~P . ACC = PAO - P nom nom atm 

(TAOnom~'. (PAO - P atm~ 
TAO ~PO nom 

I TJile next step is to write the differential ~9.ua.tiQns describing instan-

taneous heat and material balances and instarttaneous pressure from the 

ideal gas law. 
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Material balance: 

Heat balance: 

- w o 

...,-

c 
p 

c(W TAO)' 
cO 

w. TAl C - w TAO C 
1 pop 

Rearranging gives: 

I 
I 

CTAO 
cO = 

Id.eal gas law: 

_cPAO 
cO = 

or 

' .. CPAO 
(JO = 

or 

[Wi TAl - TAO (- CW)] 1 
Wo + cO -

W 

R .O(\v TAO} 
= VRMW [wi TAl - Wo TAO] VMW cO 

R ~A() oW Wo TAO] 
VMW cO + cO 

R (TAO) 
VMW 

il 
H 

C(TAO} 
cO 

(35) 

(38) 

(39) 
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These equations were simultaneously integrated using the Midas technique, 

and a typical output is given in Fig. 99 through 102. The input data con

form fairly closely to the actual experimental data previously presented. 

The I accumulator volume was set at 700 in. 3 , closely approximating the oxy

gen accumulator. The input pressure perturbation of ±0.5 psi was atten

uated to only 0.42 psi, ~hile the temperature perturbation of flO F was 
I attenuated to approximately ±5 F. Perhaps the most important dependent 

variable is the flowrate out of the accumulator, which cycles at 0.5 cps, 

because it controls the mixture ratio. 

Each parameter in this accumulator model was changed, while holding all 
I 

othfrs constant, to determine the effect of that parameter. First, the 

frequency of the boiling instability was increased to 2.5 cps, approxi

mating that of the previously mentioned countercurrent experimental run. 
I .. 

The' pressure perturbation of ±0.5 psi was attenuated to ±0.13 psia, while 

the temperature perturbation of flO F was damped to ±3 F. It was con

cluded that the aC,c:umul.!ltor can adE!<J.uately damp high frequency perturba

tions and will not attenuate those at low frequencies. 

i' I 
Th~ second parameter to be varied was the accumul~tor volume. The fre

quency was changed back to the slower fr~quency Ofl~O.466 cps. The results 

summarized below: 
~> I 

~PHX = ±O.5 psi 

~THX = flO F 

1-
Volume, 

• 13 
1n.1 

lao 

700 

7000 

AP ACC, 
• psi 

±d.50 
I 

... I 
!±0~1i2 

±O.07 

'a T ACC, 
IF 

I 

±5 

±O.3 

"'.1 
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These results rather conclusively show that it is impractical to attempt 

to damp the low boiling frequencies. It was also realized at this time 
I that the frequency response of the control circuit was much faster than 

the low boiling frequencies and therefore, would act to attenuate these 

low frequencies. 

The accumulator mathematical model was adapted to the liquid hydrogen data. 

No significant conclusions deviating from those found for the liquid oxygen 

side were noted. 

A simplified mathematical representation of the relationship between 

accumulator volume and the amplitude of the temperature and preasure os

cillations can be. obtained in the following manner, assuming (1) ideal 

gas,' (2) PV = n RT, and (3) sonic flow at both the inlet and exit of the 

accumulator. 

The accumulator can be shdw~ as 

where 

. w 
0 

. w. 
1 

Sonic 
p. I 

---___ 1~1 Ir-----~ 
I I 

= 

= 

-... W. 
1 

p 
a 

Kl !fa 

P2 

K2 J'f.-
1 

Accumulator 

p , w' ~ 
a a 

Sonic 

I 
I I 
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for a perfect gas 
I 

p V fdW a a 
. d~ dt = R T a 

From a conservation of mass 

dw a . . = w. - w dt 1 0 

The solution of this system of equations assuming constant temperature can 

be expressed in a Bode plp_t I such that 

c a 
log w • 

o 

-90~ __________ ~~~------~--------

Thus, as the accumulator volume is increased, the attenuation of the pres

sukeoscillations leaving the accumulator will be increased for a given 

frequency. The accumulators used in the experiments were of sufficient 

size to attenuate the high-frequency pressure oscillations, but had no 

... 
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effect on low-frequency oscillations. In addition to attenuating the 

outlet pressure, the phase lag between the input and outlet pressure 

o~cillations is increased such that the lag is 45 degrees at the breal{ 

p~int (cjV). Consequently, the phase lag ata given frequency can be a 
decreased by increasing the accumulator volume. 



~I 

Res DEMONSTRATION 

Thf principal goal of this series of experiments, as well as the project, 
I 

was to demonstrate the feasibility of an integrated thrustor-conditioner 

system. This represented the next experimental objective after making 

the conditioner a completely independent system. The conditioner system 

ha~ been previously run with the conditioned propellants being bled to 

thf diffuser. The components and flow restriction orifices in the condi

tioning system were not changed from the previous tests; consequently, 

the thrustor was operated on the available conditioned fluid. Thethrus

tor used for the feasibility-demonstration was the multielement workhorse 

engine described in the Thrustor Design section. 
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PROCEDURE AND APPARATUS 

EXPERIMENTAL SYSTEM 

The final operational integrated thrustor-conditioner apparatus and instru ..... 

mentationsc.hem&tic is presented in Fig.103. This system evolved from the 

separate thrustor and conditioner sUbsystem tests. 

I 
~quipment details for the heat exchangers, accumulators, valves, gas gen-

erators, and the workhorse thrustor were given in previous sections. The 

thrustor flow orifices were sized on the basis of the maximum amount of 
I 

liquid hydro~en that could be conditioned in the previous tests con-

sistent wit.h a 1500 F catalyst bed temperature and 3500 F chamber tem

perature. Only the oxygen feed to the gas generators was orificed so 

that the maximum amount of hot gas could be, produced in order to con

dition the maximum amoun~ of p~~pellants . 

Table 18 further defines the instrumentation nomenclature. Three pressure 

and three temperature measurements were made in each propellant system to 

define ~ts operating characteristics completely, e.g., heat exchanger in

let and outlet conditions and accumulator outlet or thrustor and gas gen

er~tor inlet conditions. These data define the dynamic characteristics 

of propellant vaporization (boiling stability), accumulator temperature, 

and pressure damping, as well as the control circuit performance. Gas 

ge·nerator-coil dynamics are defined by two temperature measurements, one 
I or two pressure measurements, and a valve signal measurement. From these 

kata, it is possible to calculate the hot-gas flow and the heat exchanger 
I 
heat load. Thrustor instrumentation was sufficient to allow for the deter-

mination of thermal and pneumatic responses. 

The deadbands for the temperature and pressure controllcrs are presented 

in Table 19. These setpoints w'ere used dtlring the integratcd w'orkl~orse 

thrustor-condi toner expierimcllt • 

j'-
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TABLE 18 

IDENTIFICATION FOR THE INTEGRATED THRUST OR

CONDITIONER SYSTEM EXPERIMENT 

Okygen side valve operation 

I 
Hydrogen side valve operation 
Temperature of LH2 at heat exchanger input 
T!emperature of accumulator input 
Tiemperature of accumulator output 
T:emperature in large gas generator chamber 
T'emperature of hot-gas outlet from coil 

I 
Temperature of LOX at heat exchanger input 
Temperature of accumulator input 

I 

'ljemperature of accumulator output 
Temperature in sl'rJall gas generator chamber 
Temperature of hot-gas outlet from coil 

I 
~emperature of mixing section in thrustor 
~emperature of catalyst bed in thrustor 
Temperature of catalyst bed in thrustor 
Temperature of catalyst bed in thrustor 
Chamber temperature in thrustor 
Chamber temperature in thrustor 
I 
11lla~e pressure 
4-ccumulator input pressure 
4~cumulator outlet pressure 
Injection pressure {redund.ant) 
Chamber pressure of smal1ga's generator 
Outlet hot-gas pres~ure 
i" 

Ullage pressure 
Accumulator input pressure 
Accumulator outlet pressure 
~njection pressure {redundant) 
Chamber pressure of large gas generator 

Fue~ Side 

Oxidizer Side 

Thrustor 

Oxidizer Side 

Fuel Side 

Pressure of mixing section 
Catalyst bed pressure 
Chamber 'pressure 

( Thrustor 

,_. __ ..... '. 245' 



TABLE 19 

DEADBANDS AND SETPOINTS FOR TEMPERATURE AND PRESSURE 

CONTROLLERS J)URI~"G THE INTEGPtATED vlORKHORSE TIffiUSTOR-

CONDITIONER EXPERIMENT ' 

Pressure Controller 
On Off 

inches inches 
of of 

Propellant water psig water pS1g 

Oxygen 137 4.95 144: 5.20 

Hydrogen 133 '-1080 139 5.01 
~-,-

Temperature Controller" 

'. On, Off, 
" Propellant I F F + 

Oxygen -27 -15 

, Hyarogen -24: -22 
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EXPERIMENTAL PROCEDURE 

Prior to system startup, the setpoint of the pressure and the temperature 

Jontroller switches was che·cked. After the valves were 'checked out and 

the tank pressures adjusted to near the pressure controller setpoints, the 

run began by starting the diffuser and evacuating the hydrogen side. Each 

conditioning system was· started separately. With the bleed valve open, 

the liquid oxygen or liquid hydrogen valve was manually opened and the 

system pressure noted and checked again~t the tank pressure. Then the 

automatic pressure controller was energized and checked for cycling. 

Occasionally, tank pressure was adjusted slightly to increase system pres

sure so that it would go into the pressure control mode. After the first 

system was operating satisfactorily, the other system was started and 

checked out in a similar manner. Then the gas generators were manually 
I. 

cycled on and off to check the combustion temperature. A high combustion 

temperature indicated that the pressure switches would have to be re

adjusted, while no ign~tion indicated that a catalyst bed probably had 
, 

burned out. Generally, tbe gas generfltor ch.eckout was satisr'actory, and 

the automatic temperature control circuit was energized. 

I 
Thrustor operation began when both temperature controllers were cycling. 
I 
First, the hydrogen was switched from the bleed to the thrustor for the 

booldown transient. The thru~tor oxygen valve was then opened and the 
I 

bleed was closed in this sequence to prevent the control circuit from allow-
1 
ing the pressure control circuit to momentarily lock the liquid oxygen 

valve open and b;ring the oxygen system to the tank pressure. When the cat- ... I 

alyst bed temperature outlet. reached 1300 F, the downstream injector valve 

was opened and the system was allowed to reach steady state. Shut.aolvnwas 



i\ I, 

. -:.-

:,:.!it:-

achieved by reversing the valve operations. Six time sections of the 

experiment were recorded on the Beckman data acquisition unit: 

r 

I iConditioner system operation with flow out the bleeds 

Startup transient of the thrustor 

Downstream injector intermittently cycled 

4. Long-duration downstream injector pulse 

5. Simultaneous operation of both gas generatops and the thrustor 
I 

with downstream injector cycled 

6. Repeat of No.5 with small gas generator off 

The total length of the recorded portion of the run was 260 seconds, the 

m~imum tape length for the Beckman data acquisition unit. During this 
. 

time, propellant was flowing through the thrustor catalyst bed, the down-

stream injector, the large gas generator, and the small gas generator for 

3/minutes 47 seconds, 50 seconds, four minutes 29 seconds and 41 seconds, 

respectively. The total run l~ngth was approximately 10 minutes as a 
I 

r¢sult of the fact that the Beckman system was started and stopped 4 times. 

Because 32 individual parameters were measured during each experiment, it was 
I . . 

not possible to present all data. The fifth time section was selected 

for presentation because it shows simultaneous steady-state operation of 

all, components. 

, I 
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SYSTEM RESULTS AND DISCUSSION 

RESULTS 

I 
The data for all systems operating (both gas generators and thrustor with 

I 
dbwnstream injection) are presented as cathode ray tube output (CRT) in 

I 
Fig. 104 through 135. The CRT's can be identified by the key presented in 

T~ble 20, and the placement of the instrumentation is given in Fig. 103-
I 

Tre data are presented in order, starting with propellant tank and pro-

ceeding to the gas generators for the oxygen side and hydrogen side. 
t . - ~ -

Because of tbe large number of CRT's, each CRT is not discussed individually. 

The first CRT's for both the oxygen and hydrogen side (Fig. 104 and 116) 

show the sequence of events taken from valve signal's. From the liquid 

0ixygen valve operation (the left-hand side of Fig. 101r, it can be seen 

that, initially, the oxygen thrustor main valve and the oxygen gas gen

Jrator are open while the oxygen bleed is closed. These valves remain 

fixed in this position for the CRT duration. At approximately 8.7 sec

onds, the DSI valve was manually opened and closed at 11.6 seconds. The 

liquid oxygen tank main valve, indicated by an increase of-2000 counts, 

was cycling at 1 and 2 cps when the DSI valve was·open. The hydrogen 

side'val ves were o.per.ating iR a· siniilar manner; 

On the oxygen side liquid was being delivered to the heat exchanger (Fig. 

105 ) as indicated by the thermocouples placed at the heat exchanger 

inlet (TLI02). The corresponding measurement for hydrogen (TLIH2) indi

cated that saturated hydrogen was entering the heat exchanger except for 
(::::. 

an occasional surge of superheated vapor. 

(i . .. i \. 
if 
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TABLE 20 

CRT-COUNT DEFINITION FOR VALVE ·.OPERATION FOR THE, 

INTEGRNrEn THRUSTOR-CONDITIONER EQUIPMENT 

pm 296, Oxygen Side 

Valve Sequence 

LOX Tank Main Open 

Oxygen Thrust Main Open. 

Oxygen-Side Gas Generator Open 

Oxyg~nBleedCl()sed 

Downstream Injector Open 

pm 296, Hydrogen Side 

Se,quence 

I 
LBo Dewar Open 

I" 
Fu!el' rfhrustor Open 

I.. 

Fuel~Side Gas Generator Open 

Fuel Bleed Open 

1 

Counts 

2000 

10~0 
40!0 

200 

100 

Counts 

2000 

lodo 
400 

200 

NOTE:' LOX bleed is nqrmally open; LH2 bleed is 
normally closed 
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Heat exchrulger outlet temperatures (or accumulator inlet temperatures) are 

shown iii Fig. 106 and 11& The oscillation in the hydrogen temperature is 

associated with the cycling of the liquid hydrogen tank valve. 

Accumulator outlet temperatures are presented in Fig. 107 and 119 and show 

how the inlet temperature fluctuations are attenuated. The hydrogen accu

mulator outlet temperature is slightly lower than the nominal control 

point (Table 19) because of the undersized gas generator and the desire 

for the m~~imum hydrogen flowrate. The oxygen temperature increase in

dicates that the small gas generator is capable of supplying the required 

energy. 

The gas generator combustion temperatures (or the heat exchanger hot-tube 
I 

inlet temperatures) are given in Fig. 108 and 120 The small gas generator 

is I operating slightly above nominal, while the reverse is true for the 

large gas generator. The low hydrogen feed temperature to the gas gen-
t 

erator is partially responsible for the low propellant outlet temperature. 

The fluctuations in combustion temperature of the large gas generator'were 

more than 100 F and can be correlated with the oscillations in accumulator 

pressure and injector pressure drops-. 

Hof-gas outlet temperatures are smoothly increasing (Fig .109 and 121). The 

hydrogen gas generator temperature (TGO~) is nearly nominal, while that 
"-

for the oxygen gas generator (TG002 ) is far above nominal. \fuen the oxygen 

heat exchanger coil was shortened, it was impractical to reduce the tube 
r ' 

dirmeter because this would have involved major design change_~". Thus" 

when the tube was shortened, the pressure drop decreased, and the outlet 

temperature increased. 
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I Pro.p.ellant ullage tank pressures are given in Fig. 110 and 122. Originally, 

tHe ullage pressures ~ere set at 6 to. 7 psig. Ho.~ever, heat leak to. the 
I 

hydro.gen transfer tube causes so.mebackf lo.~ into. the hydro.gen tanl{ and a 

pressure build1,lp to. 11 psig, It: psi abo.ve no.minal. 

The traces in Fig. 112 and 123 sho~ the pressures o.f the vapo.rizing pro.pel

lants inside the heat exchanger. The pressures at these po.ints ~ere mo.ni

to.red to. determine if·b.o.iling instability existed. But, as no.ted previo.usly, 

the co.ntro.l circuit o.verrides lo.~ frequency bo.iling instability. 

I 
~c£umulato.r o.utlet p~essures (o.r thrusto.r and gas generato.r inlet pres-

sbres) are given in Fig. 113 thro.ugh 12~ The dashed lines indicate the 

ploints at ~hich the pressure s~i tches signal the valve to. o.pen o.r clo.se. 

The injectio.n pressures (PIF and PlO) are redundant measurements o.f the 

accumulato.r o.utlet pressures(PAO~ and PA00
2

, . respectively). 

Gas generato.r chamber pressures are sho.~n in Fig. lIlt: and 126 The chamber 

pressure fo.r the gas generato.r ~as slightly lo.~ because o.f the slightly 
I 
lo.~ co.mbustio.n temperature and the fact that the hydro.gen inlet valves 

limited tbe hydro.gen flo.w. The oscillatio.ns in the chamber pressures 

fo.llo.~ the hydro.gen inlet pressure o.scillatio.ns. 

The ho.t-gas o.utlet pressure fro.m the o.xygen heat exchanger is sho.~n in 

Fig.115 The no.minal design pressure is -11.8 psig (2 psia) , 3 psi lo.~er 

than the o.perating pressure. When the ho.t-gas Co.il ~as sho.rtened, the 

Co.il diameter sbo.uld have been reduced, but this ~o.uld have necessitated 

majo.r heat exchanger mo.dificatio.ns. The hydrogen coil o.utlet pressure 

~as not mo.nito.red. 
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Figures 127 through 132 present the temperature profi Ie through the thrustor. 

A better example of a stable temperature in the downstream chamber during 

this run was presented in the Thrustor Response section. In this particular 

case, the thermocouple tip continuity was failing. Otherwise, the tempera

ture profile was nominal. 

Figures 133 through 135 give the pressure profile through the thrustor. Since 

the flowrate was thruttled to approximate~y 1/5 nominal, the pressures are 

near 2 psia rather than the nominal 10 psia. 

DIScUSSION OF RESULTS 

Table 20 presents a mass and energy balance, on the conditioner system while 

bOfh gas generators were operating and the downstream injector valve in the 

thrustor was both open and closed. The flowrate values compare quite favor

ably to the predicted flowrates presented in Table 17 in the Conditioner Sub- ' 
! 

system Design secti?n. The flows were obtained for the gas generators by 

assuming sonic flow at the throats, complete combustion, and no heat loss 

in the chamber. 

The thrustor flows were calculated for two cases, sonic flow at the throat 

and at the orifices upstream of the main thrustor valves (Fig.103). Evi

dently, sonic flow conditions did not exist at the thrustor throat, as 

evidenced by results presented in Table 21. The fuel flowrate appears to 

bei low by a factor of two (0.0059 vs 0.0029 lb/sec) based 011 the sonic 

orifices upstream of the thrustor valves. In addition, the chamber pres

sure did not substantially increase when the dm~nstream injector was opened; 

which further verifies the absence of sonic flow. Although the diffuser 

c~ll pressure was not monit~red during the run, past experience with tllis 

facility indicated(bal;l~d upon volumetric flow rates) tllat the cell pres .... 

sure was about 2 psia. 
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TABLE 21 

MASS .AND ENERGY BALANCE OF INTEGRATED 

THRUSTOR-CONDITIONER SYSTEM FOR THE FINAL EXPERIMENT 

i Thrustor 

, 
, 

Flow Percent, 
'vH * Wo -* 'vII 

MR Fuel Oxidizer 2 2 
** 

2 

without Downstream 
I~jector 

0.0033 0.0027 0.81 51.1: 52 0.0059 

i 
Wi th D01'l1lstream 
Injector 

Large Gas Generator 
and Downstream 
Injector 

Large Gas Generator 
and vii thout Down~ 
stream Injector 

Small Gas Generator 
\Vi th Downstream 
Injector 

0.0033 

0.0020 

, , I 

d.do078 

0.0075 2.2 

0.0019 0.96 

I i 

b.O()066 0.85 

Small Gas Generator 0.00073 0.00067 :0.092 
'vi thout Downstream 
Injec~9r 

55 74 0.0029 

33 36 

19.0 

13 12 

12 7 

Energy Balance 
Heat Flux, 
Btu/sec 

Fuel Side Without Dowllstream Injector = 0.0061 8.6 

Fuel Side 'vith D'ownstream Injector = 0.0061 8.6 

Oxidizer Side 'vithout Downstream Injector = 0.0053 5.8 

, Oxidizer Side With Downstream Injector =0.610 -I 11.2 
_~ .• ________________________ .......L ____ ---" 

'vo 
2 

0.0043 

f j 

iO.0074 

*Assuming sonic flo,., at orifices upstream of the valves for thrustor 
(Fig.10J) 

**Assuming sonic flow at throat of thrustor 

I· , 
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The effective operation of the control switches can be demonstrated by 

analyzing an accumulator outlet pressure. For the pruposes of this dis

cussion, refer to the oxygen accumulator pressure (PA002). The control 

deadbands are shown as dotted lines on the CRT (Fig. Ill. During thrustor 

operation with the downstream injection of oxygen, the pressure is oscil-
i 

1ating at 1 cps; when the downstream injector is opened, the pressure 

dscillates at 2 cps because of the increased demand placed on the system 
I . 

accumulator. The oxygen tank valve closes appruximately twice as fast 

as the opening time. Consequently, the amplitude of the pressure oscil

lations exceeded the upper value of the control deadband less than at the 

lower value. When the downstream injector valve was open, the added pro

pellant demand increased the amplitude of the oscillation. 

SYSTEM CORRELATION WITH COMPUTER MODELING 

I 
The system computer model with the new input parameters presented in 
I 
Table 22 was not run. However, some qualitative comparisons of experi-
I mental responses with the original system analysis can be made. Figure 

1i36 depicts how the liquid oxygen accumulator pressure and. main valve 
I 
cycle under a constant thrustor demand. Qualitative comparison of these 

predicted results with the experimental results (Fig. 10% and 113) shows 

good agreement. 
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TABLE 22 

IMPORTANT INPUT PARAMETERS FOR THE 

CONDITIONER COMPUTER MODEL 

Parameter 

Acc,umulator Temperature ±Deadband, F 

Accumulator Pressure ±Deadband, in. Hg 
1 • 

Accumulator Heat Leak 

t4in Propellant Delay Opening, milliseconds 

Main Propellant Delay Closing, milliseconds 

Glas Generator Valve Delay Opening 

Gas Generator Valve Delay Closing 

Liquid Line Volume 

Gas Generator Injector Volume, in. 3 

(mix void + preinjector) 
I 

Hot-Side Volume 

Accumulator Volume, in. 3 

Other Conditioner Properties 

Amplitude 
I Frequency 

Thrustor Flo,.; 
I 
Thrustor With Gas Generator 

Uliage Pressure 

Amplitude, psig 
Frequency, cps 

Th~rmal Resistance 
I 
~iquid ..... 
yaporized Liquid 
Hot Gas 

Hot-Gas Coil 

~ss, pounds 
:Area, in. 2 

*Not recorded 
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tH2 -
":'23 

136 ±3 

* 
240 

80 

* 
* 
* 
6 0 6 

* 
400.0· 

*. 
*1 I 
0~0033 .. 

0.0061 

25.0 
o 

75 (overall) 

11 

LOX 
I 

-21 ±6 
I 

1~0.5 ±3.5 

*1 I 
! 

230 , 
I 

60 
I 

*1 
*1 . 1 

* 
7.02 

* 
700 

* 
* ° 

I Gnth 
0.0975 do'\mstream 
0.010 °njcctor 

20.8 
o 

25 (overall) 

0.455 
61.5 
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Both the system model and the experimental results show accumulator pres

sure spikes outside the desired deadband. This spiking can be predicted 

by Eq. 41 : 

.!!E. 
dt = (41 ) 

The pressure spiking on the oxygen side, can be estimated to he 0.85 psi 

and on the hydrogen side to he 0.13 psi. An actual pressure undershoot 

of i from 0.6 to 0.45 psia ",'as observed on the oxygen side. Because of an 

up,vard shift in the preset control pressure of the hydrogen pressure 
I 

switch during the run, it 'vas impossible to note the exact amount of 
I 

spl.king on either side of the controller deadband. But one can note pres-

sure cycling far in excess of that (0.13 psi) predicted by the valve delay 

ex~ept during several short periods 'vhen spiking approaches nomin ale 

During these short periods the hydrogen inlet temperature (TLIH2 ) spikes 

upl to 49 R (Figo 117), indicating that slightly superheated vapor is flow

ing into the heat exchanger. During the remainder of the time it is 

spkculated that any residual liquid hydrogen iI~\ the line bet"reen the 1n ..... 
I ler valve and the top of the heat exchanger 'vould drain into the heat 

exchanger and, after the valve 'vas closed, be vaporized and cause the 
! 

pressure spikes. 

These pressure spildng results can be scaled up to a 20-pound thrustor, 

showing that the oxygen accumulator pressure would spike down almost 2.8 

psi while that for the hydrogen side would be 0.30 psi with the present 
~,: ' 

ac'cumulators and inlet valve delays. It, was concluded that the speed with 

which the inlet valve operates controls·tire'-"'required accumulator volume. 
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Catalyst bed temperature perturbations caused by the accumulator pressure 

cy~ling can be noted by observing TCS, TCL, TBCl, TBC2, TBC3, and TCT2. 
I 

Both gas generators are cycling near ±100 F; while the thrustor oscilla

tions (±7 F) axe practically insignificant because of the large pressure 

drop through the orifices at the inlet to the thrustor. 

It can be seen, by compaxing the chamber temperatures (TCS and TCL) with 

the hydrogen accumulator pressure (PAOH2), that the temperature fluctua-

tions are 180 degrees out of phase with the pressure fluctuations. When 

the hydrogen accumulator pressure is at a maximum, the mixture ratio and, 

~onsequently, the combustion temperature is at a minimum. Also, when the 

downEltream injector valve was opened, the average oXJ:'gen accumulator (PA002) 

pressure dropped slightly, causing a small decrease in combustion temperatures • 

It was previously hypothesized that the oscillation in chamber pressure 

(PCS) correlated directly with the oscillations in the hydrogen accumula

tor pressure (PAOH2). Obviously, the oscillations in the oxygen accumu

lator (PA00
2

) are overridden. This phenomenon is caused by the fact that 

the volumetric flowrate of hydrogen is much laxger than that of oxygen 

(by a factor of 16 through the catalyst bed). 
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SUMMARy 

The integrated thrus~or-conditioner system was successfully operated with 

liquid oxygen and liquid hydrogen being delivered to the respective heat 

exchangers. A cyclic demand was placed on the conditioner by intermittently 

puising the downstream injector on and off once the catalyst bed obtained 

steady-state conditions. The integrated system was hydrogen-limited because 

thf conditioning system was originally sized to deliver propellants to the 

thrustor at 260 R, and a design change was accomplished during the experi

mehtal program to condition the propellants to qlO Ro As a result, the 

hydrogen gas generator was undersized for the required flowrates and re

mained on throughout thrustor operation, while the oxygen side gas genera

tor pulsed infrequently. Good correlation was obtained between the expected 

values and experimental results for the mass and energy balances. 
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APPENDIX A 

DETAILS OF THE SURVEY FROM CONTROL COMPONENTS 

Approximately 20 outside vendors as well as internal Rocketdyne groups were 

cbntacted during a survey of available control components such as valves 
I apd regulators. The chief requirements for these components were: (1) low-

p~essure operation with a small pressure drop, (2) rapid response (50 milli

seconds or better), and (3) compatibility with a liquid hydrogen and/or a 

liquid oxygen environment. 

CONTROL COMPONENTS 

Large Fast-Acting Valves 

I 
Siebelair Co., Los Angeles, California, previously manufactured a large, 
I . . 
0.875-iD'ch orifice, fast-acting (50 milliseconds open and 17 milliseconds 

~losed), lightweight (5.3 pounds), electrically operated valve. This 

valve would have been particularly amenable for the on-off controller and 

the th;rustor valve. It would have been necessary to adopt the internal 

seals for crYQgenic operation. The approximate cost was $800. 

Regulators and Bipropellant Valves 
I 

I 
Fo~ Valve Development Co. Inc., Hanover, N. J., a pioneer in the develop

I 

ment of bipropellant valves for small pulsing rockets, advised Rocketdyne 

that they had previously built a cryogenic heat exchanger-accumulator 
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I 

re1gulator that could be adopted to the proposed system in approximately 
I 

12 weeks for a cost of about $4000. They also suggested a pneumatically 

linked bipropellant valve for the thrustor. This company has published 

several articles show'ing the desirabi Ii ty of using venturis and flow 

nozzles for transient mixture ratio control and the possibility of using 

the throat of the venturi as the valve seat. In this manner, it is pos-
I 

silble to reduce markedly the size of the valve, thus cutting power re-
i 

quirement,s, improving response, and minimizing valve w'eight and volume. 

The approximate minimum size fo valve seats is shown below. 

SONIC VENTURI SIZES FOR A 200 R CONDITIONm 

AND A 20-POUND TImUSTOR 

I Component 

Sm,all Gas Generator 

Large Gas Generator 

Thrustor 

DO'instream Injector 

In-House Inquiries 

Approximate Throat 
piameter,' inches 

~2 I 1

0
2 

0.0765 01039 

0.1295 

0.323 

0.0656 

0~202 ) 0.260 
0.165 

Rocketdyne's Liquid Rocket Division has had extensive experience designing 

arid buidling cryogenic valves and regulators. Most of the experience is 

w~th high-pressure application where large pressure drops are tolel';able. 

It was reported that low-pressure cryogenic applications are unusual and, 

therefore, little off-the-shelf hardware exists for these applications • 

.. A-2 
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Regulators and Followers 
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~oth the Fischer and Maxitrol companies fabricate low-pressure, high-volume 

regulators for home natural gas regulation. However, Maxitrol was reluc-
I ~-

tant to recommend their use because of possible compaitibility problems and 

lack Df response to the accumulator oscillations. 

Bellows-Type Accumulator 

1 brief survey was made to find a company that could supply a high-response 

Jellows for equalizing propellant pressure. These discussions culminated 

Jith a bid of approximately $200 per item with a nonrecurring charge of 

$850 and with a lead time of approximately 3 months. 

i 

Conclusions 

I 
i 

As a result of these discussions, it became apparent that the experimental 
I study would be limited by hardware parameters. It was also apparent that 

Jefore an optimum flightweight design can be completed, an extensive con

ir~ls hardware design and development program was necessary. Specific pro

pulsion applications should be defined prior to such action. 
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APPENDIX B 

CALIBRATION PRECISION MONITORING 

I 
Overall calibration procedures include a highly sophisticated numerical 

adalysis data control system for continuous monitoring of the individual 
i 

m~asuring system pr.ecision numbers. The control system, Random Walle for 

M,asurements Analysis of Static Systems, has as its basis , input calibra

t~ons which may be taken at any time. The program utilizes all input data 
I 

w~th the most recent input receiving top priority. A typical output is 
i 

s,own in Table B-1. The first line of output for each system gives the 

test stand, recording system identification, recorder type, pickup serial 

n~ber, range, ID for data cards, and physical parameter being measured 

by the system. The next set of numbers is the most recent raw calibra-

tion data. On the left are the readings for the calibration input steps. 

On the right are the precalibrate throw zero (Zl), the calibrate throw (R

CAL) reading (CT), the postthrow zero (Z2), the precalibration zero (Z3), 

and the postcalihration zero (Z4). The first two zeros are averaged and sub-
I tracted from the throw to get a reduced throw. For each calibration step, a 
I 

linear interpolation is performed between the final two zeros (Z3 and Z4), 

a*d the interpolated zero is subtracted from the reading to obtain a reduced 

r~ading. Each reduced reading is then divided by the reduced throw to ob-
i 

t~in a scaled output. All scaled output values from all calibrations in the 

s~stem history are then listed by the appropriate input values (e.g., 
I 

stires). Each calibration is given a line, with the most recent first 
.- . _._- --_. 

pres

and 

~~e· oldest last. The calibration dates are give~ at tne--right of each Tine. 

The next three items of information are the estimates of the measurement 
(,-, 

variance in the input-to-scaled output ratio (Om2) the random walk variance 

B-1 
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TABLE B-1 

TYPICAL NUMERICAL ANALYSIS OUTPUT OF CURRENT NASA 02/ H2 CATALYTIC PROGRAM 

UNCLE 004 

LATE ST Ou TP UT 

77 1023 

INPUT 

300 4 

SCAL ED OU TPUT 

0.3146 0. 500 1 
_._.0_. ~L6L .0 . ~025 

0.31 57 0 . 50 13 
0.3 763 0 . 5022 

. __ O..JJ}l. O. :>Ol.l . 
0.3165 0 . 5025 
0.316 3 0 . 5012 

d KM. 

1215 .1523 . 1113 

500 60"0 

0 . 626 2 0 . 1';) 02 
.0 ... 6 ~ Q_9 _ _ O_.J. "_2 2 
0 . 6210 0 . 1':>2 2 
0 . 62 70 0 . 7513 
QA 62 1Z .. 0 . 7::>23 . 
C. 6270 0 . 7525 
0. 6257 0. 1506 

100 

0 . 8 752 
0.8176 
0 . 877 8 
0 . 876 
0 • . 879.4 
0 . IH80 
0 . IH 16 

7(;0 00 4006 

- MEn-UK EMENf- VAi{I ANfE -IN --INPUT-TU-SC ALE D buTpd'r .. RA Tl U 
~ANDaM wALK VAR IA NCE I N INPUT-TU- SC AL ED OUTP UT RATI O 

. --....RALl O .. OF SHURT-TERM .VAKIANCE TO. RANDOM WA LK VA RIANCE: 
COEFFI CIENT OF SHORT-TERM VARIATI UN 
COEF F1 CIENT uF KANOUM wALK VARIATI UN 

_ REUUJ REMENI _EOR CUUf.lC.1ENt UF VAlUA_TlON Of RE..D UCE.D DATA 

SYST EM NU w PASSES TEST FOR LI NE ARITY (TYP E I tRROR= . 05 1. 
_ _ OAT_A_KI; OU.C.TION f-qRMULA 15 __ ... _. 

(INPU T) = ( 7 . 99 49E 02 1*( SC AL ED CU TPUT) 
________ • • 4 _ ~ ______ ._ _ _ _.... .' __ ._. 

Z 1 

20 

TIM E 

1- 4-65 
12- 8-6 
12- 8-
11-19-64 
11-1 9-64 
11-1 9-64 
11-1 9-64 

ABOV E OUTPU T-I NPUT MO DEL I S SAT I SFAC TORY (TY PE I ERK OK=. 05 '. 

sYsr EM SHOU LD bE: CAL l aRA TE D ON UR BEFORE 2- 3-65 -- _. -- - -- '. . . 

cr 

2021 

= 
= 
= 
= 
= 
:: 

PC 1 

l 

3 

0 .2791 9E- 00 
0 .13799E-00 
0 . 20233 E: 0 1 
0 . 066 
0 .046 5 
1. 50 

l4 TIME 

23 23 1- 4-65 

(DAYS' 
( PE RC ENT) 
(P ERCEN T/ DAY** .5' 
( PERCENT) 

COE FFI CI EN T OF VARIATIU N UF KEDUCEO DAT A UN 2- 3-65 = 0.26 PERCENT 
CO~ FF I C I ENT OF VA RIATION UF RED UCE D DATA ON 1- 6-65 = C.I0 PERCENT 

DATA- REOUC TION-·f·iA-tR1:x··- - . 'f -4. S-42 0YE--':-ci2 
( 

( _0. 

o. 

O. 
) 

- -'-.. 
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in the input-to-scaled output ratio (02), and the ratio of the former .. I 

variance to the latter variance (k). The first two numbers are intended 

principally for computing the data reduction imprecision. The next line 

of output gives the co,efficient of short-term variation (a ), expressed 
I m 

as l a percentage of the average-input-to-scaled-output ratio. This quan-

tity is generally the largest component of data reduction imprecision. If 

it is greater than the previously read in system imprecision requirement, 

or only slightly less, the system is unsatisfactory. The coefficient of 

random walk (long-term) variation (a), expressed as a percentage of mean 

input-to-scaled-output ratio, is meaningful only after calibrations are 
. , , 

obtained with time. The f.inal item .in this block of output is the ~ystem 

data reduction imprecision, requirement expressed as a percentage. 

Based on various equations in Ref. B-1 and B-2 and on the estimated value 

of k, revised scaled output values are calculated to correspond to the 
1-
state of the system at the time of the most recent calibration. These 
I values are then fit by least squares with either a linear or a cubic 

function. The null hypothesis is that the function is linear, and the 

specified error (the probability that a truly linear function is mistakenly 

concluded to be nonlinear) is printed out. (A small error specification 
1\ 

, .~~, 

reduces the chance of this type of error, but also makes it more difficult 

t~-spot the truly nonlinear cases.) If the linearity hypothesis is 

tejected, a cubic fit is performed. The formula for converting scaled 

~utputs to estimated inputs is then printed. If the input-output rela

{ionshiP is cubic, a table is given for the convenience of the data reduc

tionist in addition to the explicit cubic fermula., Rocketdyne experience 

indicates most systems can be satisfactorily fit by the linearity hypothesis. 
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AJother ~1 test is now made as to whether the input-output model is consist-
I 

ent with the estimate of a (the l'oot-mean-square estimate for the curve 
m 

fit and a should be roughly the same). An unsatisfactory answer indi-m 
c,tes a significant intercept or outright error in the input data for 

the program as long as k ~ O. When k = 0, nQ clear interpretation can 

be given of this test. 

I 
The next line indicates the ability of the system to meet the previously 

e~tablished requirement. The calibration data may indicate that the sys-
I 

t~m can never meet the requirement, that it will fail it within the next 

2 days, or that it will meet it up to a certain date. The corresponding 

program outputs are: (1) system can never meet required precision and 
I 

should be replaced, (2) sy-stem does not now meet required precision and 
I 

additional calibration(s) should be performed immediately, and (3) system 
I 

should be calibrated on or before a given date. In the latter case, the 
I 

ektimated data reduction imprecision is given for test data tak~n 2 days 
I 

after the most recent calibration, and for a reading on the specified 
i 

recalj:biation day. 

I 
The next output, denoted by R, is a 2 x 

d~ta reduction imprecision at any other 

sicaled output. If s is a scaled output 
I 

2 matrix useful in estimating 

time of interest and for any 

taken h days after the most 

recent calibration, and if P denotes the estimate of the standard devia-

tion of a reduced datum point, then: 

--

p = [V +'~s2 (b ~ + am) Jl/2 (B-1) 

where 

v = (B-2) 

'. 



~, ... 
" 
" 

t:' 
t, 

Fihally, if a cubic function has been chosen to fit the calibrations for 

da~a reduction, an alternative best approximate linear formula is given 
i 

whl~n required. With the present digital system, only linear formulas can 

be used; however, this will soon be modified to allow for cubic conversion 

for~lae. At the end of the printouts for each test stand, a summary 

sheet is printed. 
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