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1.0 SUMMARY 

This report describes the activities of Option III of NASA LeRC Contract NAS 3-25646, 

Advanced Small Rocket Chambers program. In this phase of the program, the AJ10-221, a high 

performance Ir-Re 110 lbf (490N) welded rocket chamber with 286:1 area ratio nozzle was 

designed, built, and hot fired for over 6 hours. It demonstrated an Is of 321.8 sec which is 10 sec 

higher than conventional 110 lbf silicide coated Cb chambers now in use. Launch vibration 

simulation tests remain to be done. 

The overall objectives of the Advanced Small Rocket Chambers Program are to advance 

the state-of-the-art of small chemical rocket chambers significantly by (1) examining fundamen­

tal combustion processes, (2) evaluating new high temperature materials in relevant environ­

ments, and (3) evaluating small rocket concepts by direct hot fire testing. 

The activity reponed here was conducted under Option III tasks 13, 14, and 15 of 

the program. The intent of this work was to demonstrate the understanding of the 

combustion/materials interaction processes studied in the first phase of the program, Ref. 1, 

by applying them to a flight-type rocket engine with potential application to NASA planetary 

missions such as CRAF-Cassini. Prior to this demonstration, a 14lbf (62N) engine was 

designed, built and tested under Option II of this program (Ref. 2). 

The approach used in this portion of the program was to demonstrate the performance 

improvement that can be made by the elimination of fuel film cooling made possible by the use 

of a high temperature (40000 P) (2200°C) Ir-Re chamber materials. 

Detailed thermal, performance, mechanical, and dynamic design analyses of the full engine 

were conducted and two Ir-Re chambers were built to the Aerojet design by Ultramet, using the 

chemical vapor deposition (CVD) process. 

Conventional 110 lbf engines use up to -40% fuel film cooling; this is required to keep the 

Cb chamber at an acceptable operating temperature of under 24000 P (1300°C). The requirement 

for a cool boundary layer throughout the chamber and throat implies unmixed, unreacted fuel 

exiting the nozzle which may produce a performance loss of up to 25 sec and a potential source 

of spacecraft contamination. Injectors for this engine were designed to eliminate this fuel film 

cooling. Head end thermal management was accomplished by fuel regenerative cooling. 

Incorporation of a secondary mixing device or Boundary Layer Trip (BLT) within the regenera­

tive cooling section of the combustion chamber (Aerojet Patents 4882904 and 4936091) results 
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1.0, Summary (cont.) 

in improvement in flow uniformity, and a significant life and performance increase since most 

combustion is complete before the products leave the stainless steel regeneratively cooled 

section. 

The 110 lbf engine design was verified in bolt-up hardware tests at sea level and altitude. 

The effects of injector design on performance were studied. Two duplicate injectors were fabri­

cated matching the preferred design and were demonstrated to be interchangeable in operation. 

One of these units was welded into a flight type thruster which was tested for an accumulated 

duration of 22,590 sec in 93 firings, one of which was a continuous bum of two hours. 

A design deficiency in the C-l 03 nozzle skirt near the Re-Cb transition joint was 

discovered, studied and a corrected design has been prepared but not implemented. 

Workhardening studies have been conducted to investigate methods for increasing the low 

yield strength of the Re in the annealed condition. 

An advanced 490N high performance engine has been demonstrated which, when proven to 

be capable of withstanding launch vibration, is ready for flight qualification. 

2.0 INTRODUCTION 

2.1 PROGRAM DESCRIPTION 

A high performance, 321.8 sec specific impulse, flight weight prototype 490 N engine 

(AJ10-221) was designed, fabricated, and hot fire tested for 6.3 hours . This duration was 

accomplished in 93 tests of which 81 were full thermal cycles. The design of the engine was 

based on the use of a high temperature iridium-coated rhenium thrust chamber which can operate 

without fuel film cooling, utilizing a high performance platelet injector, a two stage combustion 

chamber concept, and a conventional silicide coated columbium nozzle extension to reduce 

weight. 

The flight weight all welded engine assembly was based on component development 

started under JPL Contract 957882, Ref. 3, using bolt together hardware. This program further 

optimized the design to maximize the specific impulse and implemented the fabrication 

technology required to produce the prototype shown in Figure 2.1 -1. 
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I Figure 2.1-1 . AJ1 0-221 100 Ibf Ir-Re Engine With 286:1 Expansion Nozzle 
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2.1, Program Description (cont.) 

Hardware for the test article and a full set of spare parts with the exception of the 

bipropellant torque motor valve were fabricated. The program was completed using only the 

first set of hardware which was in excellent condition with the exception of the nozzle skirt 

attachment at the conclusion of testing. The failure of the columbium nozzle attachment 

occurred during post test handling of the hardware, after 6 hours of fIring, in a region of parent 

metal next to a weld which mated it to the rhenium chamber. An analysis indicated that failure 

to apply a protective coating over the weld resulted in oxygen embrittlement of the CI03 alloy 

from both the imperfect cell vacuum on the outside and the propellant combustion products on 

the chamber inside. The rhenium indicated no adverse reaction at this relatively low temperature 

(2000 F) location. 

Testing was accomplished in the following phases: the ability of the iridium/rhenium 

chamber material to operate safely without fuel film cooling was first demonstrated using bolt 

together hardware and a unique rhenium foil test method to verify injector compatibility. The 

injector design was optimized and a duplicate fabricated and tested to verify consistency of the 

high specific impulse and compatibility. These were identical within the limits of measurement 

accuracy < 0.3%. 

Testing of the all welded prototype was accomplished in three test groups to provide 

the demonstrated performance data given in Table 2.1-1. The performance characterization 

testing, consisting of 20 tests, was conducted with a 286: 1 nozzle. Testing included surveys of 

propellant supply and pressure conditions. No limiting conditions were encountered. These tests 

were followed by 69 durability tests with the nozzle truncated at an area ratio of 47: 1 to allow the 

test duration to be increased from 120 to 600 sec per test. An additional 13,104 seconds were 

added in the durability testing over a wide range of propellant inlet pressure and temperature. 

Figure 2.1-2 shows the chamber at the conclusion of this durability test series. 
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2.1, Program Description (cont.) 

Table 2.1-1. Demonstrated Performance 

AJ10-221 
Parameter Demonstrated 

Specific Impulse, sec 321.8 ± 1.8 (3 0) (With 286:1 Nozzle) 

Life, Hours (Equivalent) 6.275 
Full Thermal Cycles 80 
Inlet Pressures, psia 

Oxidizer 185 to 265 
Fuel 190 to 295 

Inlet Temperatures, F 40 to 120 
Mixture Ratio, OfF 1.45 to 1.85 
Weight,lb 12.8 (With 4.5 lb Over-Dimension 286:1 Nozzle) 
Propellants NTO/MMH 

Endurance testing involved four more tests, one of 7200 sec continuous firing and 

another of 1200 sec with a radiation heat shield which obscured most of the high temperature 

chamber. No adverse effects or limiting firing/thermal soak: conditions were encountered in 

these tests. Figure 2.1-3 shows the chamber at the conclusion of the two hour endurance test 

with a total of 6 hours of fIring. A total of 6.3 hours of firing was accumulated on the chamber at 

the conclusion f the test program. 

2.2 ENGINE DESCRIPTION AND CAPABILITIES 

The AJ -10-221 design, Figure 2.1-1, incorporates the following key features that are 

essential to the required combination of high performance and long life: 

1. Iridium-lined rhenium chamber provides high thermal design margin without need 
for fIlm cooling. 

2. A fuel regeneratively cooled chamber front end with integral boundary layer trip* 
ensures complete combustion of the oxidizer and results in maximum perfor­
mance. This also regulates heat soakback to the valve. 

3. A ninety-two element splashplate injector provides the highest combustion 
effIciency (>99%). 

4. All-welded construction reduces weight and eliminates less reliable types of hot 
gas seals. 

*U.S. Patents 4882904 and 4936091, and German Patent P39 23948.9-13,27 October 1993. 

6 
RPT HOOI8.127A14 11/2194 

I 
I 
I 
I 
I 

I 

I 
I 
I 
I 
I 
I 
I 



------------ ------ _ 1 

-....l 

C02931207 

Figure 2.1-3. Close-up of Engine Assembly After Two Hour Endurance Test 



2.2, Engine Description and Capabilities (cont.) 

2.2.1 Description 

The AJ10-221 is comprised of five major components shown with some 

duplication in Figure 2.2-1. 

The all-welded engine assembly, shown in Figures 2.1-1 and 2.2-2, is 

radiation cooled and operates without fuel film cooling. The regeneratively fuel-cooled flange 

and chamber head end minimize heat conduction to the spacecraft and provide the platform to 

which the high temperature rhenium chamber is attached. The first and second stage of the 

combustion chamber is contained within this cooled section, which is fabricated from 304L 

stainless steel to eliminate the low temperature incompatibility between the partially burned 

propellants and the refractory metals. 

Major components of the engine include a Moog Model 53E-179 torque 

motor bipropellant valve that is fully interchangeable and has parallel redundant coils; a 

92-element platelet injector, fabricated from 300 series CRES; 300 series CRES fuel-cooled head 

end section with mounting flange that minimizes the transfer of heat to the spacecraft via the 

mounting flange and improves combustion product compatibility; an iridium-lined rhenium 

chamber that can operate without fuel film cooling for more than 6.3 hour; and an R512E 

silicide-coated C-103 nozzle extension. 

The engine incorporates Aerojet's two-stage combustor design, U.S. Patent 

Numbers 4882904 and 4936091, German Patent Number P39 23 948.9-13, which simultaneously 

maximize performance and life. 

The engine mass and temperature distribution allow shutdown and restart of 

any burn/coast combination without risk of overheating the joints, valve, or components. 

Table 2.2-1 gives the engine weight distribution by component. 
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2.2, Engine Description and Capabilities (cont.) 

Table 2.2-1 Existing Hardware Makes Engine Weight 
Predictions Low Risk 

AJ10-221 Test 
Hardware, Weight, lb 

B66638 Valve 2.70 

1206397-1 Adapter Plate 0.54 

1206362-9 Injector 1.00 

1206354-9 Chamber Adapter 2.11 

1206383-9 Chamber 1.98 

1206351-9 Nozzle 4.45 

12.78 

2.2.2 Components 

Injector 

The injector uses a diffusion bonded platelet design with 92 unlike doublet 

preatomized splash plate elements, shown in Figure 2.2-3, and is fabricated from CRES 347. In 

the preatomized design, the propellant leaves each injection orifice in an atomized state. The 

preatomized element avoids the requirement for perfect alignment/impingement of two small 

diameter liquid streams for the purpose of propellant atomization. Misalignment of small 

impinging propellant jets is a major cause of unreproducible engine-to-engine performance, 

thermal streaking, and poor stability characteristics. The design has demonstrated reproducible 

performance and compatibility on four injectors. The injector includes an integral filter to pre­

vent flow obstruction. It incorporates an integral, critically damped acoustic resonator cavity as 

part of the basic design. The combination of a very large number of small length/diameter ori­

fices and the integral acoustic resonator cavity provides a robust, stable design that is insensitive 

to flow decay, which may result in conventional designs from the presence of ferric salts in the 

oxidizer. 

Fuel-Cooled Chamber Head End 

The fuel-cooled chamber head end uses a spiral-flow path for the MMH 

coolant and is fabricated from CRES 304. Thruster dribble volume is held to a minimum by 
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2.2, Engine Description and Capabilities (cont. ) 

placing this section upstream of the valve. The section was designed to operate at 330 psia and 

to be a heat sink for the rhenium rocket chamber, both during steady state operation and during 

shutdown. This section also contains the staged combustion device on the hot gas side to 

complete combustion of the oxidizer before combustion gases corne into contact with the 

iridium-coated rhenium chamber. 

Combustion Chamber 

The iridium/rhenium combustion chamber shown with weld rings in 

Figure 2.2-4 eliminates the need for fuel film cooling. The iri~um-lined rhenium combustion 

chamber fabricated by the chemical vapor disposition process illustrated in Figure 2.2-5 allows 

operation in a simple radiation-cooled mode, without fuel film cooling. The high temperature 

portion of the engine is metallurgically joined to the fuel-cooled head end with the joint operat­

ing at 365°F during long burns and falling to 270°F immediately after shutdown and then 

increasing to a maximum of 305°F in postfrre coast. The thermal model used to design this 

engine has been validated by hot-frre testing. 

The rhenium structural member is a monolithic construction (no welds) . 

The 100 lbf design has been proven in extensive hot-fire testing of 4 different 

chambers fabricated by this process. Rhenium was selected because it provides good low tem­

perature ductility and has a melting point of 5756°F, which exceeds the maximum combustion 

temperature of the NTOIMMH bipropellant combination by more than 500°F. 

The iridium liner was selected because of its chemical inertness, oxidation 

and oxygen-diffusion resistance, high melting point of 4449°F, and thermal expansion coefficient 

that is nearly the same as that of rhenium. The close thermal expansion match of the liner to 

the substrate eliminates the high temperature-induced thermal cycle life limitations exhibited by 

disilicide-coated columbium, in which the expansion rates of the two materials differ 

significantly. 

The measured equilibrium operating temperature is 3400°F at a combustion 

efficiency of 99 percent. This is the highest chamber temperature and occurs when all the pro­

pellant is fully burned. An operating life of 15 hour has been demonstrated in subscale (5 lbf) 
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2.2, Engine Description and Capabilities (cont. ) 

hardware at 4000°F without failure over a wide range of operating conditions (Ref. 4). The 

anticipated failure mechanism is diffusion of rhenium through the iridium layer and its subse­

quent oxidation. Laboratory diffusion measurements indicate that this will begin after 40 hours 

at operating temperature of 4000°F. The 600°F design margin allows using radiation shields, if 

required by the spacecraft design, without exceeding the engine's demonstrated operating tem­

perature capabilities. Testing with a radiation shield has demonstrated acceptable steady state 

and post fire heat soak temperatures. 

Nozzle Extension 

A metallurgically joined disilicide-coated C-103 columbium nozzle exten­

sion' Figure 2.2-6, is attached at an area ratio of 16: 1 to give the engine a 286: 1 expansion ratio. 

Rhenium and columbium have nearly identical expansion coefficients, thereby avoiding ther­

mally induced fatigue stresses in the joint between the chamber and nozzle. This joint operates 

conservatively at an experimentally verified temperature of 1900°F. More than 80 deep-thermal­

cycle engine firings and a 6-hour thermal simulation at 2150°F validated the durability of this 

joint design. 

The roundness of the exit plane is maintained by a stiffening ring. 

The engine uses a highly reliable Moog bipropellant torque motor valve, 

Figure 2.2-7, that is free of sliding or rubbing surfaces that can bind, induce wear, or generate 

contamination. The mechanical linkage ensures simultaneous opening of fuel and oxidizer 

circuits throughout the valve 's life. 

The valve contains an integral 45-micron filter to protect the Teflon seats. 

The valve is a mechanically bolted configuration that allows 

interchangeability between engines. All testing to date has been with Model 53X -179, 

which is mechanically assembled. Table 2.2-2 gives valve characteristics and responses . 
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Figure 2.2-7. Moog Torque Motor Bipropellant Valve Assembled to 
AJ10-221 Engine 
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2.2, Engine Description and Capabilities (cont.) 

Table 2.2-2. Moog Model 53X-179 Torque Motor 
Bipropellant Valve 

Materials 

Body 15-5 PH 

Cover 6061-T651 

Seats Teflon 

Flexure Tubes 15-5 PH 

Response 

Open, msec <30 

Close, msec <5 

Electrical Power Requirements 

Voltage, Vdc 24 to 32 

Pull In, Vdc <18 

Drop Out, Vdc <2 

Peak Current, A 1 

ContinuousPowerVV <38 

2.2.3 Interfaces 

The engine-spacecraft interface consists of the mechanical attachment of the 

engine to the vehicle thrust mount and the propellant feed lines, which are normally welded. The 

thrust interface is the flange of the cooled adapter, with three equally spaced mounting holes on a 

4.0-in. bolt circle, as shown in Figure 2.2-8. 

2.2.4 Capabilities: Performance, Durability and Thermal Validation 

The AJ10-221 engine has demonstrated excellent performance, thermal 

margins, and stability in 93 firings and 6.275 hour of fIring as an all-welded flightweight 

assembly. 
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2.2, Engine Description and Capabilities (cont.) 

2.2.5 Specific Impulse/Operating Box 

Figure 2.2-9 shows the operating range of the all-welded engine. 

The performance and thermal profiles have been experimentally verified as 

being within safe design margins at mixture ratios of 1.4 to over 2.0, as shown by the operating 

envelope of Figure 2.2-10 and the steady state and postfire coast data of Figure 2.2-11. 

Two identical injectors, SN 6-1 and SN 6-2, were fabricated to reproduce the 

high performance measured for earlier prototype injectors, SN-l and SN-2 (Ref. 3). The 

reproduced designs were identical except for slightly larger orifice diameters in order to increase 

thrust from 100 to 110 lbf without increasing propellant supply pressures. Table 2.2-3 shows the 

test data from 20 tests, which verify the reproducibility of the specific impulse performance of 

the SN 6-1 and 6-2 injectors when hot-fire tested in the 44:1 bolt-together engine. All four injec­

tors, SN-1, SN-2, SN 6-1 and SN 6-2, yielded a specific impulse of 309 to 310 lbf-sec/lbm at the 

nominal design point. The experimentally determined specific impulse of two injectors of the 

same design and orifice dimensions, expressed as a function of mixture ratio and chamber pres­

sure, is shown in Figures 2.2-12 and 2.2-13. 

Performance Determination 

Performance Test Results at Area Ratio of 286: 1 - Twenty tests at simulated 

altitude were conducted in the prototype all-welded configuration. Table 2.2-4 gives test results. 

Figure 2.2-14 shows the thrust and flow-based specific impulse data from 120-sec duration per­

formance tests as a function of mixture ratio. These were obtained by varying the propellant tank 

pressures for each test. The measured specific impulse at the nominal operating mixture ratio of 

1.65 is 321.8 lbf-sec/lbm (± 0.6 sec lcr) . As noted in these figures, there is little sensitivity to 

propellant supply pressures. Chamber wall temperature versus mixture ratio is plotted in 

Figure 2.2-15. The maximum measured temperature for the AJ10-221 was 3400°F without a 

heat shield. This temperature is 600°F below the 4000°F operation demonstrated for 15 hours in 

a 5lbf class material tester chamber (Ref. 4). A thermal margin of 500°F was measured for the 

Columbium skirt. 
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2.2, Engine Description and Capabilities (cont.) 

Run 
No. 

225 

226 

227 

228 

229 

230 

231 

232 

233 

234 

235 

236 

237 

238 

239 

240 

241 

242 

243 

244 

Table 2.2-3. 44:1 Performance for Injectors SN 6-1 and SN 6-2 
Was Demonstrated to Be Identical 

Regen. 
Is vac Regen. Regen. Heat 

Firing Pc, MR Fvac, (sec) Outlet, Delta T, Trans., 
Injector Time pSia Off Ibf at 44:1 of of Btu/sec 

SN6-2 27.0 100.5 1.516 101.3 308.1 166 116 10.8 

SN6-2 25.0 100.2 1.662 101.4 309.6 181 132 11.7 

SN6-2 25.0 100.2 1.675 101.5 309.7 184 136 12.0 

SN6-2 25.0 99.5 1.648 100.7 309.6 180 133 11.8 

SN6-2 25.0 110.3 1.620 111.7 308.8 163 116 11 .5 

SN 6-2 25.0 90.5 1.632 91.5 309.7 193 147 12.0 

SN 6-2 25.0 100.8 1.505 101.5 308.3 166 120 11.4 

SN6-2 25.0 100.6 1.788 102.3 310.3 192 146 12.5 

SN6-2 25.0 100.5 1.637 101.7 309.8 176 131 11.8 

SN 6-1 25.0 101.4 1.716 102.8 310.0 188 138 12.1 

SN 6-1 25.0 101.2 1.620 102.3 309.6 190 131 11.9 

SN 6-1 25.0 100.5 1.647 101.7 309.8 184 135 12.1 

SN 6-1 25.0 97.4 1.530 98.2 308.6 175 127 11.5 

SN 6-1 10.5 108.6 1.571 109.6 308.4 159 111 11.0 

SN 6-1 25.0 107.6 1.576 108.7 308.8 170 122 12.0 

SN 6-1 25.0 89.6 1.553 90.3 308.6 193 146 12.1 

SN 6-1 25.0 98.7 1.413 99.1 306.4 163 116 11.2 

SN 6-1 25.0 98.6 1.720 100.1 310.4 194 147 12.6 

SN 6-1 10.0 95.8 1.467 96.1 307.0 167 120 11.0 

SN 6-1 90.0 101.0 1.614 102.3 309.6 179 131 12.0 

2.2.6 Component Life and Durability Testin~ 

Chamber 
Temp., 

OF 

3514 

3638 

3635 

3631 

3438 

3824 

3487 

3719 

3621 

-
3704 

3734 

3669 

3204 

3546 

3862 

3510 

3844 

3333 

3668 

Life and durability have been verified in full-scale component and engine 

testing, as indicated in Table 2.1-1. 
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Table 2.2-4. Isp of AJ10-221 With 286:1 Area Ratio 

259 1.0 113.8 1.667 105.6 323.5 119 59 

260 5.0 113.6 1.652 109.0 322.0 179 120 11 .0 

261 10.0 116.1 1.639 112.4 323.2 323.3 183 124 11 .7 2777 

262 10.0 127.4 1.592 112.8 320.2 321.0 168 108 11 .6 2707 

263 10.0 104.7 1.620 100.3 321.2 321 .5 200 142 12.3 2934 

264 10.0 117.3 1.599 113.0 321.1 321 .8 175 117 11.4 3033 

265 25.0 116.1 1.647 112.2 322.2 322.3 193 134 12.8 

266 25.0 126.9 1.636 122.9 321 .7 321 .9 178 119 12.5 3171 

267 23.0 104.8 1.624 100.6 321 .3 321 .6 210 151 13.1 3381 
N 
00 268 25.0 116.2 1.461 111 .0 318.0 322.2 176 118 12.1 3124 

269 25.0 115.9 1.789 112.2 321.8 322.0 207 149 13.6 3378 

270 5.0 107.8 1.588 102.6 319.3 320.1 178 120 10.8 2626 

271 60.0 114.8 1.594 110.7 321 .6 322.4 193 133 12.7 3251 

272 100.0 113.5 1.581 109.2 320.8 321 .8 194 135 12.9 2159 

273 120.0 113.7 1.587 109.8 321.8 322.7- 195 136 13.0 2163 

274 120.0 103.5 1.609 99.5 321.2 321.7 217 157 13.6 3391 

275 120.0 116.5 1.514 111.5 318.8 321.4 183 124 12.4 2170 

276 120.0 114.8 1.637 110.8 321.5 321 .6 200 139 13.2 2188 

277 51.7 114.9 1.800 111.2 321 .6 322.0 215 153 13.8 3391 

278 120.0 127.6 1.672 123.8 321.6 321.4 184 124 12.9 3199 

Total 985.7 sec in 20 firings Average, all tests = 321 .8 '*With high emissivity suriace (e- = 1.0) 
log 922.421 

-------------------
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2.2, Engine Description and Capabilities (cont.) 

Iridium/Rhenium Chamber Validation 

Four 11O-lbf IrlRe chambers have been built by Ultramet to the Aerojet 

design standards in lot sizes of two. To date there have been 200 firings at this thrust; of these 

182 have been full thermal cycles. 

The firs t two units (Ref. 3) used mechanical joints and accommodate 

mechanically held nozzle extensions to obtain performance and life data at an expansion ratio of 

44:1. The first of the second two units has been assembled metallurgically, including the fuel­

cooled stainless steel-to-rhenium joint and the rhenium-to-columbium 286: 1 nozzle extension. 

Table 2.2-5 provides the hot-fire test history of these units . 

Table 2.2-5. The 11 O-Ibf Iridium/Rhenium Chambers Have 
Accumulated a Substantial Test History 

Chamber B urn Time, sec Thermal Cycles 
SN-1 3,885 45 
SN-2 16,728 57 
SN-3 22,590 80 
SN-4 New 

Re-Cb Joint Validation 

Engine Test With Miniskirt (44:1 nozzle) - The C-103 columbium-to­

rhenium metallurgical joint design was hot-fire engine tested in a miniskirt configuration, shown 

in Figure 2.2-16, to further validate joint durability. 

In this test configuration, the joint was located closer to the throat (area ratio 

= 12) than in the 286: 1 area ratio design to force the cycling temperature to exceed the nominal 

design values by 200°F. Fifteen full thermal cycles were successfully performed for this 

evaluation. The joint reached its equilibrium temperature of 2148°F at 30 sec into the first 

90-sec test. Subsequent heating and cooling cycles were nominally 30 sec each. 

Thermal Performance and Hot Restarts 

Thermal performance is measured by the maximum temperature of the 

chamber, which occurs a short distance upstream of the throat; temperatures at the bimetallic 

joints; the fuel temperature leaving the regeneratively cooled chamber forward end; and the 
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2.2, Engine Description and Capabilities (cont.) 

postfire heat soak temperatures. The engine has demonstrated acceptable post fire soak 

temperature following a 7200 sec continuous firing. The addition of a heat shield produced 

no significant changes in thermal design margins. 

Figure 2.2-17 shows the measured temperature at the upstream and down­

stream sides of the rhenium-to-columbium joint as a function of time. Steady state values are 

noted after 30 sec and show little sensitivity to operating conditions. 

The fuel regenerative coolant discharge temperatures, shown in Figure 2.2-18 

as a function of mixture ratio, are well below the boiling point of MMH, 375°F at the operating 

pressure of 200 psi, and below the design limit of 400°F. 

The AJ10-221 has demonstrated satisfactory hot restart capability during a 

test series in which the effects of elevated propellant temperature were also determined. This 

group of 120-sec tests was conducted with increasing propellant temperatures and with as short a 

coast time as practical, consistent with reviewing the quick-look test data before retest. 

Figure 2.2-19 plots measured temperatures of the cooled head end interior, the valve body, and 

the vehicle mounting points at hot-fire initiation. The figure also shows measured temperatures 

for test -337, which was one of a group of 20-sec tests with a short coast time preceding it. 

These tests were satisfactory from a thermal, performance, and stability standpoint. Thermal 

data for the test with the highest propellant temperature, run -346, which had an initial hardware 

temperature of over 180°F, show that as soon as the engine fires, the hardware temperatures drop 

to the lower values typical of the cooled front end. During the coast after fIring, they again rise 

to higher, through acceptable, levels; maximum values are reached by about 1000 sec of 

coasting. 

Gas In~estion 

In the initial facility checkout tests the engine experienced gas ingestion in 

both the fuel and oxidizer feed lines. The amount of gas is unknown but caused an indicated 

1 psi drop in chamber pressure for about 2 seconds before returning to normal. Figure 2.2-20 

shows that the ingestion of gas does not cause the engine to go unstable. This test was termi­

nated manually because of continuing evidence of gas bubbles. 
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3.0 CONCLUSIONS AND RECOMMENDATIONS 

3.1 CONCLUSIONS 

• The ability of the high temperature iridium/rhenium chamber material to function 

successfully in a storable rocket propellant combustion environment has been 

demonstrated in a prototype design. 

• The ability to provide significantly higher performance and operate without fuel 

film cooling has been demonstrated. 

• The ability to attach the rhenium chamber to the stainless steel cooled head end 

and the hot columbium skirt was demonstrated along with management of the 

post fire thermal soak. 

3.2 RECOMMENDATIONS 

The ability of the high area ratio engine assembly to withstand the launch vibration 

load was not demonstrated for two reasons, funding and the insufficient understanding of the 

material properties under the dynamic loading conditions. The limited data available indicates 

the rhenium does not have sufficient strength following the hot fire acceptance test to withstand 

the expected bending loads. The calculated increase in thickness at the throat to withstand the 

dynamic loading indicates possible wall thickness requirements of two to four times greater than 

the 0.060 in. of the present design. 

IU'! HOO\8.I77" I1' 

A number of recommendations are appropriate to resolve this situation. 

1. A better understanding of the properties of rhenium is required. This includes 

the influence of the fabrication process and the changes that result when the 

engine is hot fire acceptance tested and vibration tested. 

2. Low cost methods of depositing stronger or locally thicker rhenium are required 

to improve the dynamic design margin without increasing fabrication cost. 

3. The use of a lower weight titanium skirt should be investigated as a means of 

decreasing the dynamic load on the throat and also the overall engine weight. 
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4.0 THRUSTER DESIGN 

This section discusses the basis for the engine design. 

4.1 PRELIMINARY DESIGN AND DESIGN OPTIMIZATION 
DESIGN REQUIREMENTS 

The configuration for the flightweight all metallurgically joined 100Ibf-AJ10-221 

engine is based on a high performance engine for the JPL CRAF-Cassini Mission, Ref. 3. The 

reference program created the design and demonstrated the engine performance and thermal 

characteristics in a bolt together assembly using a 44: 1 area ratio stainless steel nozzle extension 

as shown in Figure 4-1. In the configuration shown, the engine demonstrated a specific impulse 

of 309.6 sec which is = 99% of the maximum attainable value in that design. Durability testing 

at nominal pressure and mixture ratio resulted in four hours of accumulated firing duration with­

out evidence of any life limiting conditions on any of the components, i.e., valve, injector, cooled 

head end and iridium/rhenium chamber. 

The JPL environmental design requirements/goals and tank operating pressure 

envelope are given in Table 4-1 and Figure 4-2, respectively. 

4.1.1 Conversion to Flightweight Design 

The objective of this program option was to re-optimize the engine to include 

a higher area ratio nozzle, (200 to 400: 1), modify the interfaces to enable an all metallurgically 

joined engine with no mechanical hot gas seals, minimize the weight, conform to the CRAF­

Cassini stage propellant supply conditions, increase the combustion efficiency and address the 

launch vibration environment for the selected high area ratio nozzle. 

The work conducted in support of the conversion of the bolt together 

assembly to the flightweight design included the following technical activities: 

Rl'l"HOOI8.127A/1S 

(1) Optimize/select the nozzle expansion ratio and contour. 

(2) Reduce the injector pressure drop, (slightly) improve the flow distribu­

tion by manifold cold flow and design modification and eliminate all 

fuel film cooling. 

(3) Refine the thermal management to control the post fire heat soak. 
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Table 4-1. Environmental Design Requirements 

1. Propellant and Engine Temperature: The Rocket Engine Assembly (REA) shall be capable 
of demonstrating satisfactory and non-detrimental operation within a temperature range of 
ooe to 55°e, and a difference in oxidizer and fuel temperature of 15°C. 

2. Sinusoidal Vibration: The REA shall be capable of meeting all specified operating require­
ments after being subjected to the following sine vibration. 

3. 

Preliminary Requirements 

Frequency, Hz 

5-25 

25-100 

100-200 

Amplitude 

1.27 cm D.A displacement 

15.0g peak 

5.0g peak 

Sweep Rate = 2 octaves/minute up and down each of 3 axes 

D .A = Double Amplitude 

Random Vibration: The REA shall be capable of meeting all specified operating require­
ments after being subjected to the following acceleration power spectral densities and over­
all RMS level applied separately to each of the three axes of the REA for a duration of 
3 minutes per axis (acceptance test levels are TBD): 

Frequency, Hz 

20-50 

50-500 

500-600 

600-1000 

1000-2000 

Overall 

Accel Spectral Level 

+9 dB/octave 
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0.2 g2/Hz 

-9 dB/octave 

0.1 g2/Hz 

-12 dB/octave 

13Ag (rms) 
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4.1, Preliminary Design and Design Optimization Design Requirements (cont.) 

(4) Investigate the problems caused by the launch vibration environment in 

combination with the high area ratio nozzle. 

(5) Demonstrate the metallurgically joining of the stainless steel head end to 

the rhenium chamber and the rhenium chamber to the columbium skirt. 

The design and fabrication technology conducted under Item 5 was addressed 

using Aerojet funding. The optimization of the engine nozzle length, area ratio, and throat 

diameter is summarized in Appendix A. 

4.1.2 Desi~n Optimization 

The results of the preliminary design are shown in the layout drawing, 

Figure 4-3. The differences between this design and the earlier JPL design are summarized as 

follows: 

(1) The throat area was reduced 10%. Nominal Pc = 108 psia vs 100. 

(2) The injector pressure drop was reduced by slight orifice enlargement and 

provision for fuel film cooling was eliminated. 

(3) An expansion ratio of 250: 1 potential flow (286: 1 geometric) and a 

parabolic contour was selected. The design selected was a compromise 

between maximum Isp, engine length, and acceptable weight. 

(4) The thermal mass and internal cooling channels of the fuel cooled head 

end were resized and a braze added to enable the joining of the rhenium 

chamber in a manner that produced acceptable post fire heat soak. The 

welds were relocated from the original design. The design criteria was 

to limit the MMH in the cooling channels to a maximum of 400°F. 

4.1.3 Thermal Desi~n Optimization 

The thermal analysis supporting the selected engine assembly design is pro­

vided in Appendix B. The thermal analysis indicates all of the design goals can be achieved with 

the recommended changes from the original design. 
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4.1, Preliminary Design and Design Optimization Design Requirements (cont.) 

4.1.4 Structural 

The structural/vibration analysis is given in Appendix C. No conclusion can 

be drawn on the ability of the design to meet the launch vibration because the yield strength and 

fatigue properties of CVD rhenium have not been defined. 

The wall thickness of the rhenium chamber was designed based on high tem­

perature creep using the data from Ref. 5 (Westinghouse). The design life was selected as 

20 hours minimum at full operating temperature and pressure. 

The fuel cooled section was designed with safety factor of 4 (300 psi MOP) 

1200 psi proof pressure because this is upstream of the engine valve. 

The columbium skirt wall thickness was dictated by fabrication considera­

tions with the primary objective of minimizing weight. The structural loads will allow C-103 

wall thickness as low as 0.010 in. with adequate margin. However, fabrication at this thickness 

could only be considered as a goal. The drawing allowed a range between 0.010 and 0.016 in. 

4.1.5 Confi~uration Desi~n Optimization 

The design optimization is based on the nominal operating point of 230 psia 

in both propellant tanks as given in Figure 4-2. Additional environmental design requirements 

are defined in Table 4-1 . 

Additional envelope limitations include a maximum potential flow expansion 

ratio of 250: 1. This corresponds to a 286: 1 geometric expansion ratio. 

Optimization analyses were conducted to maximize the performance within 

the prescribed design and operational requirements defined previously. The optimization factors 

included chamber pressure, chamber length, nozzle % bell and contour as shown in Table 4-2. 

The contour corresponding to case 14, providing a perfect injector Isp of 326.5 sec was selected 

because it reduced the engine length by 2.9 in. at the cost of 1 sec of specific impulse. 
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TABLE 4-2 

OPTIMIZATION OF NOZZLE CONTOUR 

Isp 
Boundary Perfect 

Pc Kinetic Loss Layer Loss Injector 
Case ~ Type Drad e 9 _b_ LNol (in.) ISPODE ISPODK sec ISPTDE Noz Eff. sec sec ---

I 100* Rao 90%BBU 0.5 250:1 37.2(38.2 6.57 21.0 348.95 335.3 (13.66) 346.56 99.31 7.72 325.3 

2 100* Rao 126% BBU 0.5 250:1 32.9(34.9 2.78 29.61 348.95 335.4 (13.59) 348.30 99.81 8.59 326.1 

3 100* Parabolic L=21" 0.5 250:1 30 7.0 21.0 348.95 335.5 (13.49) 345.75 99.08 7.24 325.1 

4 100* Parabolic L=24" 0.5 250:1 30 7.0 24.0 348.95 335.5 (13.49) 345.75 99.37 7.34 326.0 

5 100* Parabolic L=24" 0.5 250:1 30 6.0 24.0 348.95 335.5 (13.49) 346.89 99.41 7.52 325.9 

6 100* Parabolic L=27" 0.5 250:1 30 6.0 27.0 348.95 335.5 (13.47) 347.35 99.54 7.62 326.3 

7 100* Parabolic L=21" 250:1 30 7.0 21.0 348.95 336.0 

8 100* Parabolic L=21" 2.0 250:1 30 7.0 21.0 348.95 336.0 (12.91) 346.00 99.15 7.35 325.8 

9 100* Rao 120 % Bell No Solution In Available Length 

.... 10 100* Parabolic L=21" 1.0 250:1 30 7.0 21.0 348.95 335.7 (13.28) 345.90 99.13 7.28 325.4 
0\ 

11 100* Parabolic L=24" 2.0 250:1 30 7.0 24.0 348.95 336.0 (12.91) 347.12 99.48 7.43 326.9 

12 100* Parabolic L=18" 2.0 250:1 30 9.0 18.0 348.95 336.0 (12.92) 343.65 98.48 6.89 324.0 

13 100* Parabolic L=18" 2.0 250:1 30 7.0 18.0 347.23 334.8 (12.48) 343.96 99.05 6.95 324.6 

14 110** Parabolic L=20" 2.0 250:1 30 7.0 20.0 348.97 336.5 (12.45) 346.02 99.15 7.16 326.5 

15 110** Parabolic L=22.9" 2.0 250:1 30 7.0 22.9 348.97 336.5 (12.45) 347.15 99.48 7.24 327.5 

* rt = 0.4230 
** rt = 0.4036 

Awt potential flow 
E= 

AThroat 

RPr/HOOI8.127·LcJThla 

-------------------
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4.1, Preliminary Design and Design Optimization Design Requirements (cont.) 

Chamber Pressure 

ChamberL' 

110 psia at 100 lbf and 230 psia tank pressures 

4.4 in. 

Skirt Designs 

Valve 

Parabolic contour 250: 1 potential flow 

Max divergent angle 30° 

Length 20.0 in. 

Moog Model 53X -179 

This design resulted in the nominal and off design operating characteristics 

given in Table 4-3. 

4.1.6 Layout and Assembly 

Figure 4-3 shows the preliminary layout of the full engine for the two skirt 

options (Cases 14 and 15 of Table 4-2). The shorter skirt length was selected (Case 14). 

Figure 4-4 (Drawing 1206350-9) shows the final engine assembly as built and tested. Table 4-4 

shows the engine component weights and anticipated weight reduction for flight hardware. 

Table 4-4. Weight of 1 OO-Ibf Thrust Engine Components 

Test Hardware Flight Hardware 
Part Item Weight, Ibm Weight, Ibm 

B66638 Valve 2.70 2.70 

1206397-1 Adapter Plate 0.54 0.25 

1206362-9 Injector 1.00 0.80 

1206354-9 Chamber Adapter 2.11 1.90 

1206383-9 Chamber 1.98 1.75 

1206351-9 Nozzle 4.45 2.50 

Total Weight = 12.78 9.90 

4.2 COMPONENT DESIGN/SELECTION 

Detailed discussion and drawings of the valve, injector, cooled head end and flange, 

iridium/rhenium chamber, and the columbium skirt follows. 
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Table 4-3. High Performance 100 Ibf Engine Supply Pressure 
Envelope and Resulting Operating Parameters 

Inlet Pressure 
(psia) Thrust 

Ox Fuel C* (ft/sec) Pc (psia) lbf MR L1POJ/Pc 

230 230 5500 108 104 1.65 .77 

225 330 5200 111 107 1.19 .72 

330 330 5500 134 130 1.64 1.03 

330 265 5500 125 120 2.00 1.12 

205 170 5500 92 88.6 1.98 .84 

170 240 5200 94 90.5 1.20 .61 

Throat dia 0.807 in cold. 

Propellant Temperature 70°F 
- - ----

RPTIHOOI8.127A-LTn 

Tank 
Pressure 

i1PFJ/PC Condition 

.71 Nominal 

1.27 High Fuel 

.95 High Fuel 
&Ox 

.69 High Fuel 
&Ox 

.52 Low Ox & 
Fuel 

1.04 Low Ox 

--- -

10/24~ -------------------
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4.2, Component Design/Selection (cont.) 

4.2.1 Valve 

The engine uses the Moog Model 53X -179 bipropellant torque motor valve, 

shown in Figure 4-5. 

The design is based on the NASA OMV single shutoff configuration. Four 

of these derivative valves were previously fabricated by Moog under the 53E-163 designation. 

They underwent extensive flight qualification testing until the OMV contract was terminated by 

NASA. In its original configuration, the OMV valve design failed to meet the rigid NASA 

vibration qualification criteria. 

The design was modified by Moog for this program by adding vibration 

stabilizers to the torque tubes. The modified single shutoff design has now met the NASA quali­

fication criteria. 

4.2.2 Injector 

The injector manifold (PN 1195651) was modified from an existing design to 

improve the flow distribution. This was accomplished by adding a radius to the drilled hole 

joining the valve discharge port and ring manifold (see Figure 4-6). The injector element design 

was an iterative process to optimize perfonnance and minimize pressure drop. 

The injector orifices were enlarged to confonn to the new pressure drop 

schedule. These are defined in Table 4-5. As indicated in the table a number of changes were 

made to produce the SN 6-1 and 6-2 injectors. 

Table 4-5. Injector Orifices Diameters, in mils 

JPL SN-2 SN-4 SN5 6a 
Propellant Row Number Design (Act) Design (Act) Design (Act) Design 6-1* 

Fuel 1 3 6.4 (6.42) 7.1 (7 .32) 6.4 (6.61) 6.4 6.71 

Ox 2 12 8.4 (8.42) 8.9 (9.04) 8.4 (8.73) 8.4 9.17 

Fuel 3 12 6.4 (6.42) 7.1 (8.68) 6.4 (6.47) 6.4 6.70 

Ox 4 32 8.4 (8.42) 8.9 (9.08) 8.4 (8 .63) 8.4 9.15 

Fuel 5 32 7.0 (7.02) 7.7 (8 .01) 7.0 (7.15) 7.0 7.54 

Ox 6 48 8.4 (8.42) 8.9 (9.09) 8.4 (8 .68) 8.4 9.16 

Fuel 7 48 7.8 (7 .82) 8.1 (8.43) 7.8 (8.16) 7.8 8.59 

* Orifices were etched to maximum tolerance to reduce pressure drop. 
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4.2, Component Design/Selection (cont.) 

4.2.3 Fuel Cooled Flange 

The fuel cooled flange PN 1206357-9 shown in Figure 4-7 was a 

modification of an earlier design, Ref. 3. The changes involved replacing 347 with 304L, 

adding an extra cooling loop near the rhenium chamber weld attachment, resizing the cooling 

passages and thinning the gas side wall, and adding a liner-to-housing braze in addition to the 

electron beam welds to improve the thermal soakout design margin. The trip was retained for 

improved performance and compatibility even though no film cooling was employed. The 

configuration was changed to further enhance the efficiency of the secondary mixing chamber. 

The chamber pressure tap was relocated from the injector body to the cooled flange. 

4.2.4 Chamber 

The design of the iridium lined rhenium chamber is shown in Figure 4-8. 

The design includes a 2 mil thick continuous iridium liner, the application of a dentoid high 

emissivity external coating and thinning of the front end to restrict the heat conduction to the 

fuel-cooled section based on the results of the thermal analysis, Appendix B. The exit end wall 

is ground thin to eliminate excess weight. The ends are prepared for weld attachments. 

4.2.5 Columbium Skirts 

The skirt design is shown in Figure 4-9. The selected skirt material was 

columbium alloy C-103, with an R-512 E disilicide coating to be applied by the HITEMCO pro­

cess. The nominal wall thickness required to meet the structural loading is under 0.010 in., how­

ever since fabrication of the thin wall was a concern the initial drawing allowed wall thicknesses 

of up to 0.016 in. before coating. 

The thickness of the small end was increased to allow machining of the final 

dimensions to fit the rhenium chamber and allow liberal weld penetrations. A small flange was 

added to the large end to keep the exit round and prevent handling damage to the coating. 

The R-512 E coating is applied inside and out except for a small region near 

the final weld area which is shielded from direct exposure to the hot gas but fully exposed on the 

chamber outside diameter. 
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1206354 Adapter, Chamber 

.205--+t-+--tt~ 
1.9150& 
1.9158 

1.664 DIA REF 

2.120 
2.125 

DIA REF 

1.600 
1.598& 
DIA 

tt+-+---+--t-1 .668 

-A-

~f----1-.050 

.295 
~-----i~.540 

.490 ---j-oo----r-~~.400 

Conduct Proof and Leak Tests of Two (2) Adapters 

DIA 

1.11.6.42 

1. Install 2 biaxial strain gages equally spaced at ® and at@. Pressurize to 500 
PSIG in 5 steps; record strain. (Anticipated strain is low, of the order of 0.05%). 

2. Pressurize with GN2 to 370 PSIG, perform bubble leak check. 

3. Flow for Kw (.06 - .20 Ib/sec fuel) 
- .05 - .1 75 Ib/sec H2 0 

Figure 4-7. Fuel Cooled Head End Design and Acceptance Test Conditions 
Covered by U.S. Patents 4882904 and 4936091 and German 
Patent P39 23 948.9-13 
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4.2, Component Design/Selection (cont.) 

Two other C-1Q3 columbium mini-skirts were designed to allow for fabrica­

tion process checkout and test evaluation of the bimetallic joint which is designed to operate at 

2000°F. These are reduced length versions of the 286: 1 design. 

4.2.6 Toolin~ 

Tooling was designed to hold the components in alignment during welding 

and also to be employed for conducting proof pressure and leak tests at each stage of the 

assembly. Figure 4-10 shows the tooling Design Drawing 1206381. 

5.0 FABRICATION 

Table 5-1 and Figure 5-1 define the parts required to assemble AJ10-221 engine and the 

assembly sequence. The right hand column of the table indicates the quantity of each part fabri­

cated. Two of each major component were fabricated. The availability of two each of the major 

components from the JPL contract increased the number of test articles to four of each major 

component. Injectors were reworked to optimize the performance and reduce the pressure drop. 

Rework consisted machining off the diffusion bonded platelets and bonding on a new set. One 

full engine was assembled for test. 

5.1 VALVE 

Two torque motor bipropellant valves were available for the program. The series 

redundant valve was supplied by Aerojet. The other was a single shut off valve Moog 

PN B66638 (Figure 4-5) containing the modifications required to sustain the higher vibration 

test conditions. Appendix D provides the Moog acceptance data for this valve. 

5.2 INJECTOR 

Two machined and EB welded injector bodies of the improved design (PN 1206359) 

were subcontracted. Photoetched platelets 1206353 were fabricated and diffusion bonded onto 

the body at Aerojet. Figure 5-2 shows one of the four injectors fabricated with the flange on for 

facilitating checkout testing. Figure 5-3 shows the same injector in a later stage of assembly. At 

this point the flange was machined off and the injector electron beam welded to the cooled 

flange. 
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Table 5-1. Parts List for 100 Ibf Thruster 

I APD Item Quantity Number 
Number ~ ~ ~ SUP12li~r P~rEng:in~ Built 

I 1206350 286:1 Fully Assembled AJlO-221 Test Engine 
1 1206360-29 Chamber Assembly APD 1 1 
2 1206397-1 Plate APD 1 

I 
3 1207289-9 Manifold APD 1 
4 
5 MSI6995-28 Screw 8 
6 MS 16i996-12 Screw 1 

I 
7 Screw 2 
8 MS21 046008 Nut 2 
9 

10 AR10304-011AQ Omniseal 4 

I 11 AR10304 Omniseal 2 
12 B66638 Valve Moog 1 

Subassemblies and Com12Qnents 
120360-29 Chamber Assembly APD 

I 1 -9 Assembly 1 
2 -19 Assembly 1 
3 

I 
4 
5 1206351-9 Nozzle Tecomet 1 2 

I 
6 (1206383-9 Chamber APD 1 2 

Drawing Calls Next Lower Level in Error) 

I 7 1206353-1 Injector APD 1 2 

I 8 1206354-9 Adapter Hams Mach. 1 2 

1206383 Chamber Assembly APD 
, I 1 Ring APD 1 

2 Ring APD 1 
3 Ring APD 1 

I 
4 Shim APD 1 
5 
6 1206352-1 Chamber Ultramet 1 2 
7 1206384-9 Ring APD 1 2 

I 1206353-1 Injector 
1 Injector Originally Made from -9 Assy 
2 1195651-9 Manifold Hams Mach. 1 2 
3 1195651-7 Platelet APD 1 4 sets 

I 4 1195651-6 Platelet APD 1 4 sets 
5 1195651-5 Platelet APD 1 4 sets 
6 Platelet APD 1 4 sets 

I 
7 Platelet APD 1 4 sets 
8 Platelet APD 2 4 sets 
9 

10 1195651-1 Platelet APD 1 4 sets 

I Transition Joint 
1206384 Ring Assembly 

1 1206361-1 Ring 1 2 
2 1206361-2 Ring NR 2 

I 3 1206392-1 Ring 1 2 
4 Ring NR 

I 
I 
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1206392-1 }, Ring 

1206361-1 
Ring I"-

1206383-1 
Ring I--

1206383-2 
Ring 

l-

f-

1206383-3 
Ring I"-

1206352-1 
I--

Chamber 

L 

Machine 

CVD J 1206384-9 
Together l Ring 

f-'-

J 

1206383-9 {~ 
Chamber Ass'y 

Leak Check 
Fwd Weld Joints 

1206354-9 
Adapter 

Manifold 

1195651-10 
1195651-11 
1195651-12 

Platelets 

1195651-4 
1195651-5 
1195651-6 
1195651-7 
1207198-1 
1207198-2 
1207198-3 

~ 
f-

I-

l"-

l"-

1206360-9 
Assembly 

f-

Proof and 
Leak Check 
Weld Joint Valve 1206360-19 

I"-
Assembly 

f-

Proof and 
Leak Check H 1206360-29 

Chamber Ass'y Weld Joint 126353-1 
f- Proof and Injector 1206351-1 Leak Check t-

Leak Check Nozzle Weld Joint 
and Flow Test 

This is a 286:1 Nozzle. 
Assembly 

Figure 5-1. Assembly Steps 
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5.0, Fabrication (cont.) 

5.3 FUEL COOLED FLANGE, PN 1206354-9 

This component was fabricated from 304L stainless using conventional machining, 

brazing, and welding methods. All critical joints are electron beam welded and dye penetrant 

inspected followed by proof pressure and leak testing. Figure 5-4 shows the two major sub­

assemblies. Figure 5-5 shows the component following final assembly. Two identical parts 

passed all inspections and the 400 psi proof test without need for rework. Strain gages attached 

to critical areas indicated no yield conditions would occur under the proof pressure loads. 

5.4 IRIDIUM LINED RHENIUM CHAMBER, PN 1206352 

Two of these chambers were fabricated under a subcontract to the Ultramet Co. using 

their proprietary inside out CVD processes. A high thermal emissivity rhenium coating was 

applied to the outside surface as a final CVD operation. The two ends of the chamber were 

ground to obtain the required wall thickness to conform to the thermal design, reduce weight, and 

prepare the chamber ends for weld attachments. The final operation was one of removing the 

mandrel by chemical leaching. 

Inspections included close dimensional control of the mandrel before plating, mea­

surement following deposition of the 2 mil iridium layer and inspection of the final assembly 

before and after grinding the OD. These data are included in Appendix E. The wall thickness in 

several noncritical areas exceeded the minimum requirements by more than the anticipated val­

ues resulting in a somewhat heavier but functional part. No effort was made to correct this on 

the two delivered parts. Dye pen inspection at Aerojet showed no flaws in the iridium liner after 

cleanup of the chamber l.D. 

A photograph of the Ultramet fabricated chambers is shown in Figure 5-6. The 

discolorations on the ID are a result of the chemical leaching process employed to remove the 

mandrels. Figure 5-7 shows the same chamber with the bimetallic weld rings attached, and ready 

for assembly. 
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Figure 5-4. Fuel Cooled Mounting Flange 
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are Normal 

• Makes Inspection 
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Figure 5-6. Iridium-Rhenium Chamber as Delivered by Ultramet 
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5.0, Fabrication (cont.) 

5.5 COLUMBIUM SKIRT, PN 1206351 

The skirt is fabricated from columbium alloy C-103 and protected from high tempera­

ture oxidation and hydrogen attack at low temperature by the R-512 E disilicide coating. In the 

preliminary design it was anticipated, based on discussion with sheet metal fabricators, that the 

skirt could be fabricated as flow formed structure with no welding required. In this process a 

large thick plate of the C-103 alloy is preformed over a mandrel to provide a thick wall structure 

that has the approximate nozzle contour. After appropriate stress relief the ID and then the OD 

are final machined to required dimensions using conventional NC Machining equipment. 

Several sheet metal fabricators have successfully produced C-I03 nozzles using this process at 

an area ratio of 150: 1 with wall thickness in the approximate range of interest. None had demon­

strated parts as large as the 286: 1 design or with walls as thin as 0.010 in. However, more than 

one potential fabricator believed it was possible at least with the 0.016 upper limit wall thickness. 

The task was subcontracted to Tecomet with an order for two nozzles. There were five attempts 

to fabricate the skirts using the flow turning process in order to advance the fabrication technol­

ogy. The limited availability of the C-103 material in the proper preform size and thickness and 

the short schedule required compromises in the fabrication approach which eventually proved 

unworkable. The final product shown in Figure 5-8 provided an acceptable contour for perfor­

mance and welding to the rhenium but did exceed the wall thickness and weight requirements. 

Fabrication and inspection details are provided in Appendix F. These required substantial weld­

ing of the C-1 03 in order to salvage major portions of the original preformed cone. Chemical 

milling was used to remove excess material up to the point where the minimum wall thickness 

was as thin as 0.008 in. locally, while other areas remained as thick as 0.027 in. Further reduc­

tions were considered to be greater risk. The material removed by chemical milling is defined in 

Table 5-2 along with the after coated weight. The weight for the two columbium skirts, uncoated 

and coated compared to the design values are as follows: 

R.PT HOO18.121A/23 

Design 

SN-l 

SN-2 

Table 5-2. Weight of Columbium Skirts 

As-Spun 

2.2 

5.8 

Weight in lbs 

Uncoated 
After Chern Milling 

N/A 

4.1 
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Coated 

2.50 

4.45 
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Figure 5-8. SN-1 286:1 Cb Nozzle Exterior Before and After Chern Milling 
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5.5, Columbium Skirt, PN 1206351 (cont.) 

Measurements of the nozzle contour compared to the required values were acceptable 

as shown in Figure 5-9. 

5.6 MINI SKIRTS 

Two mini skirts were fabricated to validate the rhenium to columbium joining pro­

cess. One was a conical skirt machined from C-103 bar stock as shown in Figure 5-10. The 

second was a 47: 1 skirt salvaged from one of the five rejected flow turned assemblies. This is 

shown in Figure 5-11 . 

5.7 ENGINE ASSEMBLY 

The components discussed in the previous section were assembled using the flow 

chart shown in Figure 5-1. Figure 5-12 shows all of the required components and spare parts 

required for the assembly including the tooling for fixturing, proof pressure and leak testing. 

Assembly starts with the weld attachment of the columbium/rhenium transition joint on the aft 

end and the stainless steel rhenium joint on the forward end of the rhenium chamber (Figures 5-7 

and 5-13). Leak checks are conducted after each weld. 

The cooled flange (Figure 5-14) and the rhenium chamber are electron beam welded 

next. This is a 304L to 304L stainless steel joint. Following leak check the 304L injector is 

electron beam welded to the 304L cooled flange as shown in Figure 5-3. This complete weld 

assembly is shown in Figure 5-15. Leak checking and a 200 psi proof pressure test at this stage 

of the assembly revealed no detectable leakage based on the use of Leaktec solution. 

The final assembly step is the welding of the columbium skirt to the end of the 

rhenium chamber having the columbium stub from the transition joint. Figure 5-16 shows the 

skirt weld. A leak check of this joint with 5 psi helium indicated on very small detectable flaw in 

the final EB weld joint, too small to form measurable bubbles when Leaktec solution is applied. 

Since the normal gas pressure at this point is only 1 psi no attempt at repair was considered 

necessary. 

The final assembly operation is to bolt on the valve using the valve adapter. This was 

shown earlier in Figure 2.2-8. The assembled 286: 1 engine was shown in Figure 2.1-1. 
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C-103 Miniskirt Before Coating 

Miniskirt Welded to Rhenium Chamber 
After 15 Hot Fire Tests - Side View 
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Figure 5-10. Validation of the Rhenium to Columbium Joining Method 
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6.0 TESTING 

The 110 lbf Ir-Re radiation-cooled NTO/MMH thruster technology development program 

relied heavily on two types of experimental data, viz., design development/verification tests and 

technology demonstration testing. This testing began at subcomponent level, i.e., manufacturing 

processes such as EB welding, and progressed through hot firing of a prototype flight engine, the 

AJ10-221. A total of 14 thruster configurations were tested in 248 firings, for a total firing time 

of 26,169 sec. The flight engine was fired for an accumulated duration of 22,590 sec in 93 

firings, one of which was a continuous burn of two hours. Measured specific impulse at nominal 

conditions of 110 lbf, MR = 1.65 was 321.8 Ibf-secllbm at an area ratio of 286: 1 geometric, 

demonstrated in a series of 27 altitude performance tests in which thrust was measured directly. 

Major test activity areas included design development tests of joining concepts for the dis­

similar chamber materials, process development tests to demonstrate reliable, repeatable fabrica­

tion of the platelet injector, and proof, leak, flow and hot fire tests of sub-components and 

assembled hardware. 

6.1 WELD JOINT DEVELOPMENT TESTS 

The joining processes used for the stainless steel-to-rhenium chamber joint and the 

rhenium-to-C-103 nozzle skirt joint were investigated under NASA Contract NAS3-24643 

(Ref. 4) and were developed as part of Aerojet IR&D programs during 1990 and 1991. This 

work is reported in Ref. 4, Appendix F, from which some of the following data are taken. 

Joint Validation 

All the bimetallic joints in this engine are redundant. The steel-to-rhenium and 

rhenium-to-columbium joints are a parallel combination of mechanical and metallurgical attach­

ments. Either of the two is structurally adequate for safe engine operation. 

Laboratory Test 

Six subscale stainless steel-to-CVD rhenium EB weld joints were fabricated, leak­

tested, and proof pressure-tested to 1000 psi. All samples passed proof and helium leak checks. 

Two burst-tested joints withstood pressures of 5000 psi. Thermal cycle-induced strains were 

predicted to be the ultimate failure mode because of the difference in thermal expansion coeffi­

cients of these two materials. Four joints were thermally cycled from 150 to 650°F, which is 
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6.1, Weld Joint Development Tests (cont.) 

325°F greater than will be experienced in actual engine operation. The designs exhibited an 

operational capability of more than 1000 thermal cycles without leakage or degradation. 

Six rhenium-to-columbium joints that simulated the chamber nozzle extension inter­

face were fabricated and subjected to 1000 psi proof and helium leak tests. One joint showed a 

small leak at the point where electron beam fusing started and stopped. This was corrected by 

modifying the weld parameters. Thermal cycle-induced strains are not a concern at this joint 

because these materials have nearly identical expansion coefficients. The predicted failure mode 

for this joint is thermal diffusion because the joint will operate at temperatures up to 2000°F. 

Two joints were subjected to a 2150°F vacuum thermal diffusion cycle for 6 hours. Posttest 

evaluation showed no leaks and the ability to withstand the 1000 psi proof pressure testing. 

Under normal engine operation, the exhaust gas pressure at this joint location is less than 2 psia. 

6.1.1 Weld Joint Specimen Design and Test Plan 

The object of the Metal Joining Study was to fabricate rhenium-to-various 

metal weld joint specimen and to evaluate the quality of the weld joints in order to assist the 

overall design and fabrication of rhenium rocket engines. Figure 6.1-1 shows the design of the 

weld joint specimen. The specimen is actually fabricated from one rhenium ring and two ring 

caps of the metal to be joined to rhenium. The three rings are EB welded together with the rhe­

nium ring in the middle to form a cylinder closed at both ends. Thus, each specimen contains 

two weld joints for evaluation. Finally, the end caps have threaded fittings to allow pressure 

testing. Figure 6.1-2 is a photograph of the test specimen. 

RPTIHOOI8Jl27 N6.on 

The evaluation test program was as follows: 

1.0 - Pressure Test at 1000 psig (Helium) 

2.0 - Leak Test at 500 psig (Helium) and Soapy Water 

3.0 - Thermal Cycle or Thermal Treatment 

4.0 - Pressure Test at 1000 psig (Helium) 

5.0 - Leak Test at 500 psig (Helium) with Soapy Water 

6.0 - Metallographic Analysis 
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6.1 , Weld Joint Development Tests (cont.) 

6.1.2 Thermal Cycle Test Apparatus 

A test setup was assembled for automatically thermal cycling the joints under 

computer control from 150 to 650 F. The setup consists of an electrically heated furnace, GN2 

cooling for the specimen, and a holder for the test specimen which allows the pressurization of 

the specimen during thermal cycling. This experiment is shown in Figure 6.1-3. 

During operation, the test specimen is pressurized with GN2 and sealed. The 

specimen is then moved in and out of the hot zone of the furnace and the temperature and pres­

sure of the specimen is monitored. When the specimen is in the down or heating position, the 

temperature is allowed to climb to 650 F. Then the specimen is removed from the hot zone and 

GN2 blown over it for cooling, as shown in Figure 6.1-4. When the temperature drops to 150 F, 

the specimen is returned to the hot zone and the cycle repeated. 

The joint life requirement is 200 thermal cycles. Normal practice is to 

demonstrate ten times the required life to provide ~onfidence that the joint will not fail due to 

low cycle life fatigue. 

The results of the joint development testing are summarized in Table 6.1-1. 

These data include the results of vacuum thermal cycle tests. 

6.1.3 CVD Columbium to C103 Weld Joint 

Since directly welding rhenium to C103 was shown to give poor quality weld 

joints as shown in Table 6.1-1, the CVD Cb on CVD Re ring was used to fabricate weld joint 

specimen that effectively joins rhenium to C103 via a surrogate CVD Cb to C103 weld as illus­

trated by Figure 6.1-1. Three specimen involving a total of six welds were fabricated. All six 

welds passed the pressure test at 1000 psig, but one weld failed the leak: test at 500 psig (Helium) 

with soapy water. Thus, two specimen were suitable for thermal testing. 

A good specimen was put through a thermal treatment by heating to 2100-

2200 F for 3 hours under vacuum (0.07 torr). It was then allowed to cool to room temperature at 

0.05 torr. The specimen was again heated to 2100-2200 F at about 0.06 torr and held for 4 hours. 

Finally, the specimen was cooled overnight at 0.05 torr. The surface of the specimen was coated 
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Figure 6.1-3. Weld Joint Specimen Test Facility 
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00 
0\ 

Metal 
Joint 

CVD Re to C 103 
Columbium Alloy 

CVD Cb to CW3 
Columbium Alloy 

CVD Re to CRES 
304 

CVDReto 
Ti (6ALAV) 

TABLE 6.1-1 

METAL JOINING STUDY TEST RESULTS 

Number Fabrication Testing 
Joints Proof Test Leak Test 

Fabricated (1000 psig He) (SOO psig He) 

4 All Leaked 

6 Passed Leaked 
Passed Passed 
Passed Passed 

S Passed Passed 
Passed Passed 
P:assed P:assed 
Passed Passed 

6 Passed Passed 
Passed Passed 

Passed Passed 

Burst Test 
(psig) 

SSOO 

2200 

Thermal 
Cycle 
Tests 

2200 FIO.07 IOrrn hrs 
2100 F/W-5 IOrr/6 hrs 

IS0-6S0 F/700 cycles 
IS0-6S0 F!2000 cycles 

IS0-S00 F/SOO 
Cycies/l00% N2 

ISO-S00 F/9S0 
Cycles/4% H2in N2 

a) Specimen broke into two pieces. Severe surface cracking observed under binocular microscopic examination 

Post Thermal Cycle Testing 
Proof Leak Burst 
Test 

(1000 psig He) 

Passed 

Passed 
Passed 

Passed 

Passed 

Test 
(SOO psig He) 

Passed 

Leakedb 

Leakedb 

Leakedd 

Passed 

Test 

~ 

IS0a 

2S00 

b) Leak developed after S16 cycles into the run when test apparatus stuck in heat position and the specimen was exposed 10 temperatures up to 1100 F for about 
30 minutes 

c) Leak did not appear until 1300 cycles 
d) Leak at stop/start weld point 
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6.1 , Weld Joint Development Tests (cont.) 

with a thin black scale. The nature and the origin of the scale is unknown, but it may well repre­

sent oxidation. Even though oxidation should be slow at 0.05 to 0.07 torr, the total exposure 

time at 2100-2200 F was 7 hr, which might be long enough to show an effect. 

When the specimen was pressure tested, it fractured completely at 150 psig to 

yield two separate parts. The fracture occurred at the weld joint and binocular microscopic 

examination showed a brittle failure and extensive micro-cracking in and around the joint 

including the C 103 alloy. Results are summarized in Table 6.1-1. 

There is little doubt that the thermal treatment degraded the weld joint. 

However, two questions required answering before a CVD Cb to C 1 03 weld joint was eliminated 

from further consideration: (1) was the initial weld completely adequate, and (2) was the thermal 

treatment test fair. Visual inspection of the weld joint after the failure at 150 psig indicated a 

fairly thin weld. Although the weld joint did pass the 1000 psig proof test prior to the thermal 

treatment, it may have been marginal. The more important question deals with the fairness of the 

thermal treatment test. The failure appears to be due to embrittlement of the weld joint resulting 

from the thermal treatment. This embrittlement might well have been brought on by exposure to 

air (oxygen) at 0.05 to 0.07 torr. This is a reasonably low vacuum, but it is not representative of 

the vacuum encountered during actual use, i.e., low earth orbit and/or inter-planetary fIrings. 

Under these conditions the external pressures would run from 10-6 torr to 10-11 torr or lower. If 

oxygen embrittlement is responsible for the weld joint failure, then the test was unfair since it is 

unlikely that this embrittlement mechanism would operate at 10-6 to 10-11 torr. Considering 

these uncertainties, the remaining qualifIed specimen was put through a similar thermal treatment 

under high vacuum conditions, i.e., about 10-6 torr. These specimen exhibited satisfactory per­

formance, as summarized in Table 6.1-1. 

6.1.4 CVD Rhenium to SS304 Weld Joint 

Four weld joint specimen were fabricated which involved the formation of 

eight rhenium-to-SS304 welds. All four specimen passed the proof test at 1000 psig and the leak 

test at 500 psig (helium) with soapy water. One of the specimen was inadvertently over pressur­

ized during proof testing and burst at 5800 psig. 

One of the specimen successfully completed 516 thermal cycles from 650 F 

to 150 F without developing leaks. However, this specimen did develop several small leaks 
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6.1, Weld Joint Development Tests (cont.) 

when the test apparatus stuck in the heat cycle, exposing the specimen to 1100 F. This equip­

ment failure occurred between 600 and 700 cycles. 

A second specimen was put through a total of 2000 cycles at 650 F to 150 F. 

This specimen passed the 1000 psig proof test, but did show three leaks ranging from very small 

to moderate. Careful examination of the thermal cycle raw data indicates that the leaks first 

appear after 1300-1500 cycles into the run and gradually grow worse as the thermal cycle con­

tinued. This failure mode is a physical process due to the differences in thermal expansion 

between the two metals. Thus, CVD Re appears to form good weld joints with SS304 capable of 

withstanding at least 500 thermal cycles at 650 F to 150 F without developing leaks. The test 

results are summarized in Table 6.1-1. 

6.2 PROOF, LEAK, AND WATER FLOW TESTS 

Proof, leak and water flow tests of injector and cooled adapter components was con­

ducted to verify their design, fabrication adequacy, and to obtain data for setting subsequent hot 

fire conditions. 

Injector Manifold 

Documentation of the existing SN 2 design began with flow testing of a second injec­

tor (SN 3) from the JPL program (Ref. 3) which used the same manifold design. To prepare the 

injector for upgrading to the design for this program, its platelet face was machined away. This 

permitted flowing the manifold by itself for measuring flow distribution and K w. The flow dis­

tribution proved to be non-uniform, as shown in Figure 6.2-1, which plots fuel and oxidizer 

flows normalized to their average. The flows at the two downcomers closest to the oxidizer inlet 

are 1.9 and 1.65 times the average, while the next down comers are 0.2 and 0.6 times the average. 

The fuel shows a less pronounced effect; the balance of the flows for both circuits are within 

20% of the average. 

The nonuniformity is the result of the flow field at the inlet. Two oxidizer ports 

straddling the inlet are exposed to stagnation conditions and therefore have higher than average 

flow. The next symmetrical set of ports are in high transverse velocity zones and, therefore, have 

lower than average flow because of the low static pressures. The oxidizer inlet is slightly offset 

relative to the fIrst pair of oxidizer downcomers, as illustrated in Figure 6.2-2. The manifold-
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6.2, Proof, Leak, and Water Flow Tests (cont.) 

~ flow and mixture ratio distribution are plotted in Figure 6.2-3. The inlet off-set is clearly 

evident, with the highest flow through orifice #21, followed by slightly lower (but still well 

above average) flow at orifice #22. The flow through orifice #20 is lower than average because 

the main flow in the manifold passage is not yet well-distributed. Flow through #23 is lower 

than average but not as low as at #20 because more distribution has taken place, lowering the 

cross flow velocity. From visual observation, it is apparent that there is also a reduction in flow 

in oxidizer downcomers located near an injector face diameter through the inlet orifice. 

When the hydraulic resistance of the injector faceplate is taken into account, the mix­

ture ratio profile is smoothed markedly, becoming very flat except for one low MR point at ori­

fice #20, as shown in Figure 6.2-4. This plot over predicts nonuniformities in that it does not 

include further smoothing which will occur because of cross-flow due to interconnections down­

stream of the manifold. Note that the design of the injector bodies for the welded flight engines 

was modified to reduce the effects of velocity on distribution by opening up the manifold pas­

sage at the inlet; however, the injector body used in the SN 1 flight engine was of the original 

design. 

SN 2 and SN 4 Injectors 

Water flow pattern checks were made of the SN 2 and SN 4 injectors under the con­

ditions listed in Table 6.2-1. The flow from the SN 4 injector was symmetrical, while that from 

SN 2 was slightly off axis. Photographs of the flow under similar operating conditions indicate 

that SN 2 has a finer droplet pattern than SN 4. Figure 6.2-5 shows water flow of both oxidizer 

and fuel circuits of injector SN 2 at the nominal operating point. The corresponding condition 

for injector SN 4 is shown in Figure 6.2-6. 

SN 5 Injector 

The SN 5 injector was water flow tested; Figures 6.2-7, 6.2-8, and 6.2-9 show the 

injector during flow testing at nominal flows of oxidizer only, fuel only, and both flows. The 

range of flow conditions is shown in Table 6.2-2; the resulting oxidizer and fuel circuit Kw is 

shown in Figure 6.2-10. 

Measurements of the critical flow metering platelet oxidizer and fuel orifices for 

injectors SN 4 and SN 5 are shown in Figures 6.2-11 and 6.2-12 and are summarized in Table 

6.2-3. The resulting variation in local mixture ratio for the outer injector elements is shown in 
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Table 6.2-1. Injector Water Flow Conditions 

ASRCD7 TO MATCH PROPELu.NT 

DELTAP DELTA P INJocnON VELoaTY 

OXlD FUEL WATER WATER 

Jpt INJ. WOX WFU KWOII: Kwfu (PROPELu.NT) (PROPELLANT) DELTA P DELTA P 

POINT SIN 1bcn'1CC 1bcn'1CC psi pSI OXlD fUEL 

NOM. 002 0.2073 O.1~ 0.011 0.014-6 12.1 1406 '-4.0 96.7 

A 0.1133 0.t.S76 MI' 0.014-6 no 133.2 SO.O 1S2.2 

B 0.24-60 0.1491 0.01' 0.014-6 129.7 119.2 90.1 1~.2 

\0 C o.:zSt2 0.1139 0.01' 0.014-6 nS.2 .23 93.9 ~. 1 
~ 

D O. 1 lSI 0.0914 0.011 0.014-6 7..0 « .1 St.4 St.2 

e 0.UI0 0.1)04 0.01' 0.014-6 4'-' 91 .2 )),9 IG4.2 

NOM. 004 0.2073 O.1~ 0.0111 0.0162 14.4 6&.7 S&.6 7&'S 

A 0.1133 0.t.S76 MIll 0.0162 u .o 101.2 4S.' lD.6 

B 0.24-60 0.1491 Mill 0.0162 11&.9 96.' 126 110.6 

C 0.2S12 0.1139 0.0111 0.0162 124.0 U.9 16.1 76.4 

D 0.11Sl 0.0914 0.0111 0.0162 67.' ~.4 47.1 41.6 

e 0.UI0 0.1)04 Mill 0.0162 « .1 7..0 31.1 14.6 
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Table 6.2-2. Water Flow Conditions for SN 5 Injector 

ASRC2~7 WATER FLOW SIN 5 INJECfOR 
FOR PHOTOS FOR USEwm-I 

LAB"S PSIA GAGES 
CONDmON WO WF SGO SGP DPOX DPFU DPOX DPFU 

PSIG PSIG PSIA PSIA 

LOW pc, MR=1.65 0.1849 0.1099 144 0.83 86.0 BOA 100.7 95.1 

...... 
8 NOM Pc, 0.2105 0.1274 1.44 0.83 111.4 108..1 126.1 122.8 

HIGH PC 0.2315 0.1415 1.44 0.83 134.7 133.3 149.4 148.0 

FLOW INDIVIDUAL CIRCUITS ATTI-IE PRESSURES INDICATED (2 CKTS x 3 PRESSURES= 6 PHOT 

FLOW OX AND FUEL CKTS COMBINED AT INDICATED PRESSURES=3PHOTOS 

---------------------_._---- -
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100# SIN 5INJ. Kw.VS WATER FLOW 
OXID CKT; 7-29-91 
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Figure 6.2-10. 100 Ib SN 5 in. Kw vs Water Flow 
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Table 6.2-3. Injector SN 5 Platelet 3C Status 

ASRC279 
DIA 
RANGE, 

RANGE OF MIXTURE RATIO 6,7 
ROWS RELTO 

TSN- UNIT 1,2,3 4,5 6,7 DES., MILS 

1 1 1.81--2.02 1.73--2.03 1.38--1.58 -1.5 
2 1.81--2.56 1.69--2.05 1.41--1.55 -0.4 
3 1.81--1.93 1.73--2.06 1.34--1.64 +1 
4 1.85--2.07 1.74--2.02 1.36--1.65 -0.5 
6 1 1.79--2.07 1.76--2.04 1.42--1.6 -0.3 

7(1 ] 2 1.8--1.96 1.73--2.13 1.4--1.58 +.1 
8 1.82 .. 1.99 1.77--1.98 1.38--1.56 +.15 

[1] USED IN ASSEMBL Y OF SIN 5 

104 

RANK 

7 
5 
6 
4 
3 
1 
2 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I I 

I 
I 
I 

I I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

6.2, Proof, Leak, and Water Flow Tests (cont.) 

Figures 6.2-13 and 6.2-14 for SN 4 and SN 5, respectively. The maximum spreads, ±9% for 

SN 4 and ±6% for SN 5 are both acceptable. Uniformity of distribution promotes maximum 

specific impulse and long life. 

Using a special collection fixture, outer and core flows were collected separately for 

the three injectors. Outer and core MR for SN-2, -4 and -5 are plotted in Figure 6.2-15; mass 

flow ratio, defined as outer flow/inner flow, is plotted in Figure 6.2-16. 

SN 6-1 and SN 6-2 Injectors 

Both injectors were flow tested with water to check their pattern and to determine 

K w. The flow pattern for both circuits operating are shown in Figures 6.2-17 and 6.2-18. The 

apparent difference in fine mist visible with SN 6-2 is caused by the wind which was blowing 

when this unit was tested. Although not evident in these photos, slight leakage occurred at the 

film cooling plugs on SN 6-1. In addition, one small fuel leak occurred on SN 6-2, about 9 

micrograms per second, or 0.013% of fuel flow. The SN 6-1 film cooling port plugs were subse­

quently welded closed and do not leak. Because the SN 6-2 leak is too small to effect operation 

repair was not required or attempted. Both injectors passed intermanifold leak checks with 

nitrogen. 

Flow conditions for the two injectors are shown in Figure 6.2-19 for the oxidizer cir­

cuits and Figure 6.2-20 for the fuel circuits. The hydraulics of the two injectors are similar; the 

oxidizer Kw are within ±O.24%, the fuel Kw are within ±O.7% .. 

Flow distribution between the outer row and core was measured and is plotted in 

Figures 6.2-21 and 6.2-22. The injectors have essentially the same distribution. The outer and 

core mixture ratio for SN 6-1 and SN 6-2 are shown in Figure 6.2-23, along with the values for 

injectors SN 2,4, and 5. 

Subtask 1.4.1.4 - Cooled Chambers and Other Items 

Fuel-Cooled Front End 

The fuel-cooled chamber head ends, instrumented as shown in Figure 6.2-24, have 

been proof and leak tested using the setup shown in Figure 6.2-25. Rather than proof the regen 
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Figure 6.2-23. SN 6-1, 6-2, 2, 4 and 5 Inner and Outer MR Outer = Rows 6 and 7; 
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1206354 Adapter, Chamber 

1.9150,6 
1.9158 

1.664 DIA REF 

2.120 
2.125 

DIA REF 

1.600 
1.598& 
DIA 

t++--+--+--t-1 .668 

~-f-.050 

.295 
~--t~.540 

.490 -+OOt-~~~.400 

Conduct Proof and Leak Tests of Two (2) Adapters 

DIA 

1.11.6.42 

1. Install 2 biaxial strain gages equally spaced at ® and at @. Pressurize to 500 
PSIG in 5 steps; record strain. (Anticipated strain is low, of the order of 0.05%). 

2. Pressurize with GN2 to 370 PSIG, perform bubble leak check. 

3. Flow for Kw (.06 - .20 Ib/sec fuel) 
-.05 - .175 Ib/sec H2 0 

Figure 6.2-24. Proof, Leak and Flow Test Cooled .Adapter Covered by 
U.S. Patents 4882904 and 4936091 ahd German 
Patent P39 23 948.9-13 
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6.2, Proof, Leak, and Water Flow Tests (cont.) 

sections to 1320 psia (the flight requirement is 4 times working pressure) they were proofed to 

500 psig (sufficient for ground test) while measuring the resulting strain. Figure 6.2-26 is a 

closeup of one of the instrumented cooled sections. The measured strain as a function of pres­

sure is shown in Figures 6.2-27 through 6.2-30. At the worst location, the part has a margin of 

11 on yield (0.2%) at maximum operating pressure. 

The results of water flow tests of the two fuel-cooled front end sections are shown in 

Figure 6.2-31. 

After assembly of the SN 1 welded flight engine, flight balance calculations were 

made from flow characteristics measured during hot fire. For the design inlet conditions of 230 

psia, the engine would provide 484 newtons with no fuel balance orifice and a 14 psi orifice in 

the oxidizer circuit. Available pressure drop as a function of thrust level (i.e., required balance 

orifices to produce a desired thrust level) is shown in Figure 6.2-32. Operation of this engine at 

490 Nand MR = 1.650 would require 233.9 psia inlet pressure on the fuel side, instead of 230 

psia. 

Proof and Leak Checks 

Component, subassembly, and engine assemblies were proof and leak checked at 

appropriate stages of manufacture, assembly and hot fire. These tests are summarized in Tables 

6.2-7, -8 and -9. 

The leakage noted was of two types. The chamber joint leak noted in Table 6.2-7 was 

the result of excessive EB weld power which vaporized some S.S. during the EB braze of the 

S.S. weld ring to the Re chamber. Welding at the proper conditions will eliminate this leak. 

Leaks were detected at the omni seals in the propellant circuits using GN2. Although no propel­

lant leakage was ever detected here, and two of the three sets of seals would be eliminated in a 

flight-qualified design, one set must remain to permit replacement of the valve. Therefore, this 

questionable seal should be modified. 

All leaks detected were minor and caused no hardware damage or performance 

degradation. 
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Figure 6.2-27. 100 Ib Cooled Section SN 1 - Proof Test 
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Figure 6.2-28, 100 Ib Cooled Section SN 1 - Proof Test 
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Figure 6.2-29. 100 Ib Cooled Section SN 2 - Proof Test 
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Table 6.2-7. Summary of Leak and Proof Checks 

I 
Date Part Pressure Result 

I 8-22-91 1206383-9: S.S. Ring to Re 100 psi GN2 No leak: 
Chamber 

I 
9-4-91 1206354 Adapter to Proof With GHe at 200 psig Pass 

1206383-9 Chamber Leak: Check at 75 psig Minor Leak: 

9-7-91 Chamber Assembly Proof With GHe at 200 psig Pass 

I 
Leak: Check at 75 psig Minor Leak: at Seal 

Weld 

5-18-92 See Table 6.2-8 

I 
5-5-93 See Table 6.2-9 

I 
I I 
I 
I 
I 
I 
I 
I 
I 

I I 
I 
I 
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Table 6.2-8. Leak Check 47:1 Thruster Assembly Prior to -279 I 

Detection I Pr~~~ur~ L~atiQn Leak Ch~~k LocatiQn Fluid Pr~~~ur~ M~thod Results 

Valve, Ox Inlet Between Valve and GN2 50 psig Snoop No Leak: 

I 1206397-1 Plate 
Valve, Fuel Inlet Between Valve and GN2 50 psig Snoop No Leak: 

1206397-1 Plate 

I Chamber (Throat Between 1206397-1 GN2 50 psig Snoop No Leak 
Plug) Plate and Injector 

1206354 Cooled 

I Adapter 
GN2 Chamber Welds 50 psig Snoop No Leak: 

GN2 50 psig Snoop No Leak: I 
Nozzle/1206381-1 Re/Cb Weld loint GNS 15 psig Snoop No Leak: 
Plug I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

lU'TIHOO II.l21-T/S 128 m om 

I 
I 
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. Table 6.2-9. Results of Post-Test Leak Test of AJ10-221 Engine Assembly at 
Development Operations Post-Test-351 

ASI-"C58'5 

3·',,)~3 

UPDATE !>6·93 

LOCATION GAS PRESSURE 

PSIG 

VALVE INLET BLOCK GN2 300 

GN2 300 

VALVE EXTERNAL GN2 275 
VALVE INTERNAL GN2 275 
VALVE/INJECTOR GN2 275 
CHAMBER/ADAPTER WELD AT SPLIT RNG GN2 50 

CHAMBER/ADAPTER WELD GN2 50 

COOLED ADAPTER--INTERNAL GHe 100 
COOLED ADAPTER--EXTERNAL GHe 100 

DETECTION 

METHOD 

SNOOP 
SNOOP 
SNOOP 
BUBBLE DETECTOR 
BUBBLE DETECTOR 
SNOOP 
SNOOP 

BUBBLE DETECTOR 
MASS SPEC 

RESULTS 

LEAKS--OXID > 1 E-4 CCS 
LEAKS--FUEL > 1 E-3 CCS 
NO LEAK, OXID OR FUEL 
NO LEAK, OXID OR FUEL 
NO LEAK 
LEAKS--> 1 E-4 CCS 
NO LEAK 

NO LEAK 
2Xl0-8CC/SEC 

• _ ____ 0 ___ _ _ _ _ _ 

COMMENT 

LEAKAGE AT WITNESS PORTS FROM OMNI-SEALS 

-(LEAKED AT THIS POINT AFTER ASSY, PRIOR TO 
(TEST. NOT DETECTED HERE DURING TESTING. 
(PROBABLY WELD SCHEDULE PROBLEM 

APPEARS AT CHAMBER/ADAPTER WELD: NOT 
EXPECTED; VERY SMALL LEAK 

-



6.2, Proof, Leak, and Water Flow Tests (cont.) 

6.2.1 Results of Post Test Leak Checks 

At the conclusion of hot fire testing, the engine was subjected to extensive 

leak tests. The results of these tests are shown in Table 6.2-9. 

6.3 HOT FIRING (NTOIMMH) 

Hot fIre thruster testing was conducted throughout the program for design develop­

ment, design verifIcation and flight prototype engine demonstration, of a 110 lbf Ir-Re radiation 

cooled thruster using NTOIMMH propellant. A total of 248 tests with an accumulated duration 

of 7.27 hr was conducted on 14 different thruster confIgurations. The hot fire test program is 

summarized in Table 6.3-1. 

The initial test hardware consisted of bolt-together engine configurations which 

permitted rapid evaluation of injector performance, compatibility and stability in 1.68: 1 sea level 

testing (test groups A, B, and F). This was followed by testing using 44:1 bolt-together hardware 

in altitude testing, test groups C and E, which permitted longer duration testing and provided per­

formance data which give more certain extrapolation to flight area ratios. Test group D was con­

ducted with bolt-together hardware with a welded C-103 miniskirt to evaluate the Re/C-103 weld 

under hot fIre conditions. The all-welded Ir-Re thruster which evolved from this testing, 

AJlO-221 SN 1, was then evaluated in altitude testing in test groups H, I and J. A short test 

series with NTO/AH was conducted in test group G. 

6.3.1 Sea Level Tests 

The fIrst test series, test group A, had as its objective the evaluation of 

injector SN 4 as compared to the SN 2 reference injector from JPL Contact 957882 (Ref. 3). 

This testing is detailed in Table 6.3-2. This table shows test conditions, measured performance 

and hardware characteristics. Two chamber pressure locations are shown, PC2, which is in the 

cylindrical section of the chamber downstream of the trip, and PC1 , which is in the injector 

resonator cavity. The column "INJ/TRIP" refers to the configuration tested: N/ is the injector 

serial number, /4 and /2 are identical ramped trips; /4RW is the /4 trip remachined to form an 

abrupt trip. The reported ISvac is calculated from sea level thrust corrected to vacuum for the 

1.68:1 area ratio nozzle. Characteristic exhaust velocity, C*, is based on the cold throat dia 

(0.846 in.) and uncorrected PC2. 
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Table 6.3-1. Summary of 100 Ibf Hot Fire Testing on Advanced Small Rocket Chamber Contract 

ASRCJIO 

TF...5T HARDWARE FUEL TEST NUMBER 

TASK TEST SERIE.<; GROUP INJECTOR CHAMBER No.8 OF TESTS STATUS 

No. 

D.3 SEA LEVEL PERFORMANCE/COMPAT. A SIN 2 & 4 HEATSINK 1.6:1, R. FOIL MMH -1 01 -- -147 47 COMPLETE 

13.3 BAY 2 CIIEC KOUT--SEA LEVELJI.6:1 B SIN 2 & 4 HEATSINK 1.6:1 MMH -143-- -161 14 COMPLETE 

I-" \3.3 INJECTOR SELEC1l0N--ALT./44:1 C SIN2,4,&S jPL Ir/R./44:1 EXTENSION MMH -162-- -170 & 27 COM PLETE 
lJ.) 
I-" - 1~---206 

13.3 SKIRT WELD TIlER MAL CYCLE 0 SIN 2 CUT-OFF jPL Ir-R. WIlli WELDED MMH -171---188 IS DEEP lliER- COMPLETE 

C-103 MINISKIRT MAL CYCLES 

13.3 INJECTOR PERFORMANCE-ALT./44:1 E SIN '-I & '-2 jPL Ir/R./44:1 EXTENSION MMH -207-- -244 38 COMPLETE 

1.1.3 COMPATABILlTY--S.L. 1.6:1 F SIN '-I HEATSINK 1.6:1, R. FOIL MMH -247- -2S8 12 COMPLETE 

13.3 HYDRAZINE PERF.--ALT/44:1 G SIN '-I jPL Ir/R./44:1 EXTENSION AH -24S, -246 COMPLETE 

15.2 PERFORMANCE--ALT/286: I H SIN '-2 WELDED SIN I W/286:1 C-I 03 NOZZLE MMH -2S' - -278 20 COMPLETE 

15.3 DliRABILITY --ALT./47: I SIN '-2 WELDED SIN I MOD W/47:1 C-1 03 NOZZLE MMH -27' -- -347 691 COMPLETE 

3.64 HRS 

1$.4 ENDURANCE (J-AREA)--ALT/47:1 J SIN '-2 WELDED SIN I MOD W/47:1 C-103 NOZZLE MMH -348 -- -3SI 1-, lOG-, COM PLETE 

1-101 to -1 031 7,200-, and 

1,200 sec 
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6.3, Hot Fire Testing (cont.) 
• 

The hardware used in this testing consisted of platelet injectors, SN 2 and 

SN 4, a fuel-cooled trip/adapter section, and a heat sink stainless steel chamber with an integral 

nozzle of 1.68:1 area ratio. This bolt together hardware is shown schematically in Figure 6.3.1-1. 

The compatibility/performance chamber is shown in Figure 6.3.1 -2 mounted 

on the sea level test stand in Bay 3. A section of the chamber is lined with 3 mil Re foil, ther­

mally isolated with Grafoil, using the components illustrated in Figure 6.3.1-3. A close-up of 

one of the foils is shown in Figure 6.3.1-4 after test. The foil erosion rate based on mass loss is 

shown in Figure 6.3-5. 

The Bay 3 test series demonstrated the compatibility and stability of the two 

injectors and their relative performance. No evidence of instability based on Kistler pressure 

measurements was seen. Compatibility based on measured erosion rates was satisfactory; how­

ever, systematic deviations in thrust and flow measurement were noted during the Bay 3 testing. 

Performance measurements made in this sea level test series are subject to a wide error band. 

However, injector SN 4 clearly had lower performance than SN 2. Injector SN 4 had design 

changes intended to increase its performance, while also improving fabricability. Therefore, a 

new injector was designed and built, SN 5. This injector was intended to duplicate the perfor­

mance of SN 2. Accurate performance comparisons of the three injectors were obtained in the 

44: 1 altitude tests, to be described in Section 6.3.2. 

Tests -10 1 through -109 were conducted for checkout and to obtain baseline 

performance data with injector SN 2. Tests -110 through -116 were conducted to obtain compat­

ibility data. This test logic was then to be repeated with injector SN 4. However, during hard­

ware changeover, a fuel leak was noted at a weld in the cooled adapter/trip assembly (identified 

as SN 4). While this unit was at the shop for weld repair, SN 4 injector was assembled with a 

second cooled adapter, SN 2, in test series -117 through -127. The reworked cooled adapter 

which, in addition to weld repair also had the trip recontoured (trip SN 4RW) was installed and 

the testing of SN 4 injector was continued as Tests -128 through -134. Injector SN 2 was then 

tested with the reworked trip in Tests -135 through -147. 

The range of injector inlet pressure over which the engine was operated is 

shown in Figure 6.3-6 for the sea level Tests -101 through -161. The range of Pc and MR that 

134 
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Figure 6.3.1-1. Drawing of Bolt-Up Sea Level Thruster Assembly 
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6.3, Hot Fire Testing (cont.) 

resulted is shown in Figure 6.3-7. The temperature rise in the fuel circuit is shown in Figure 

6.3-8 for the various combinations of injector and trip. The ratio of Pc-l to Pc-2, shown in 

Figure 6.3-9 was about 1.025 at nominal and increased slightly with decreasing Pc-2. 

Absolute performance data have a wide error band for the Bay 3 tests because 

of unresolved flow and thrust errors. Since further tests were conducted in Bay 2, with a new 

stand and flow measuring system, it was not productive to resolve completely the measurement 

problem. Specific impulse versus chamber pressure is shown in Figures 6.3-10 through -13 for 

the different injector/trip configurations tested in Bay 3, all plotted to the same scales to aid 

comparison. It should be noted that many of these tests were run at high MR (1.9 to 2.0) and all 

are of short duration (max = 7 sec). The difference between the Bay 3 and Bay 2 test results can 

be seen by comparing Figure 6.3-13 with 6.3-14, the same configurations in Bay 3 and Bay 2, 

respectively. The Bay 3 data at nominal conditions show an Is of 234.5, while the (more accu­

rate) Bay 2 data show 231.5, a difference of 1.3% and clearly significant in attempting to choose 

between configurations. For this reason, final performance choice was based on the 44: 1 altitude 

tests in Bay 2. 

However, at this time it was clear that SN 4 was lower performing relative to 

SN 2, as a comparison of 6.3-12 and -13 shows, about 231 versus 234.5 or about 1.5% lower. 

Fabrication of an injector to duplicate SN 2 was therefore initiated, for alti­

tude testing in Bay 2. 

Bay 2 Testin~ 

Prior to 44:1 tests in the altitude facility, Bay 2, a group of sea level tests was 

conducted with injector SN 2 to checkout the thrust and force measurement of the new setup. 

The Bay 2 test facility setup for sea level checkout is shown in Figures 6.3-15 

through -18. Figure 6.3-15 is a view of the aft end of the test cell showing the thruster on the 

stand and the 32 in. flange to which the diffuser mounts. Figure 6.3-16 is a nozzle exit view of 

the thruster on the stand. The thrust stand is shown in Figure 6.3-17; one of the four support 

flexures and the calibration load cell are visible. The heat sink 1.68: 1 thrust chamber is shown 

!Dounted on the test stand in Figure 6.3-18. 
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6.3, Hot Fire Testing (cont.) 

Figure 6.3-19 is a portion of a series of sequence photos during Test -160 

showing pre FS-1, FS-1 + 120 ms and FS-1 + 820 ms. 

Sea level checkout tests of the Bay 2 test stand are presented in Table 6.3-3. 

The thrust stand is repeatable, with a very low thrust bias. The measured bias is plotted in Figure 

6.3-20; the values are within ±0.05% of the average over the thrust range of 60 to 90 lbf. 

Results for the sea level tests are summarized in Table 6.3-3. Table 6.3-4 is 

the instrumentation list for these tests. 

Specific impulse versus mixture ratio for injector SN 2 at 1.68: 1 is plotted in 

Figure 6.3-21; fuel coolant ~T is shown in Figure 6.3-22. Maximum measured temperature for 

the downstream end of the cooled adapter is plotted in figure 6.3-23 as a function of chamber 

pressure. Component flow coefficients as a function of oxidizer and fuel flow rates are shown in 

Figures 6.3-24 and -25. 

Injector SN 6-1 Sea Level Tests 

A final series of sea level compatibility tests was run, group F, with injector 

SN 6-1 , Tests 247 through -258. The performance results for these tests are summarized in Table 

6.3-5; the measured erosion rate data are shown in Figure 6.3-26. This injector showed erosion 

rates similar to those measured for injector SN 2. Since the latter injector was operated for over 

5 hours without chamber damage in Ref. 3, these tests indicated that the SN 6 injectors should be 

as long lived as the SN 2 injector with similar low erosion rates. 

The data for injectors SN 2 and SN 6-1 show a definite correlation of mass 

loss, directly with MR and inversely with Pc, over the MR range of ~ 1.6 to 2.0 and Pc ranges of 

-85 to 115 psia. The approximate trends are as follows: 

• Pc 

• MR 

• Injector 

• Uniformity 

RPT/HOOIB/l Z7 N6.0{12 

Increasing Pc from 90 to 110 psia decreases mass 
loss rate by about an order of magnitude 

Increasing MR from nominal to 1.80 increases mass 
loss rate by a factor of 3. 

The limited data set indicates that the SN 6-1 injector 
may have a somewhat higher erosion rate than SN 2 
and the same loss rate as SN 4. 

The SN 6-1 erosion appears to be uniform. 
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Table 6.3-3. 100 Ib Thruster - Bay 2 Sea Level Tests (1.68:1 Area Ratio) 

1.8:1/SEA LEVELJINJ SN mRIP 4RW 8-21 THRU 8-28-S1 

RUN FIRING PROPELLANT· TTR TC DELTA 

NO. TIME PC2 MR 

OfF 
l.vlc C· STAND WO WF MAX MAX Tregen 

148 

149 
1150 

151 

152 
153 

1154 

155 

158 
1157 

158 

159 
1 ISO 

161 

aec psi. aec ft/aec BIAS Ibm/..c of of of 

n .7 1.45 232.4 15411 1.0058 0.1538 o.1OM 878 130 38.1 

1 SHlITDOWN ON FAULTY TTR-3 THERMOCOUPLE; NOT REDUCED 
7 79.4 1.153 231 .4 5341 1.0081 0.1827 0.1081 1848 548 105.0 

7 98.3 1.71 230.2 5317 1.0082 0.2111 0.1231 1851 444 105.7 

7 98.2 1.88 230.4 5321 1 .~ 0.2090 0.1247 1824 445 105.9 
7 92.2 1.84 231 .3 15329 1.0088 0.1943 0.1188 1827 481 110.3 

7 118.8 1.88 229.8 5293 1.0059 0.24t1 0.11501 1488 479 88.1 

7 110.7 2.05 228.8 5263 1.0083 0.25154 0.1248 1851 548 1og.8 

7 82.8 2.04 230.1 5309 1.0087 0.1810 0.0124 1842 584 123.7 
7 82.8 1.21 228.8 5273 1.0084 0.1553 0.1287 13011 451 85.2 

7 108.7 1.70 231 .7 5335 1.0080 0.2318 0.1387 1500 518 98.3 

7 87.3 1.88 233.4 5390 1.0081 0.1833 O.1()g4 1841 505 111.4 
7 n.1 1.88 232.8 5379 1.0082 0.1825 0.098e 1587 520 108.7 

1 99.0 1.87 232. 7 53153 1.0084 0.2090 0.1248 1553 515 104.0 

·BASED ON AVERAGE OF PDFM CALIBRATION 

- - - - - - - - -

STAND 

POT·POL2 

KWOX 

0.01483 

0.01487 

0.011544 

0.011544 
0.01537 

0.01555 

0.01558 

0.01524 

0.01500 

0.01548 

0.01521 
0.01505 

0.01537 

-

STAND 

PFT·PFL2 

KWFU 

0.01430 

0.01428 

0.01448 

0.01448 
0.01441 

0.014n 

0.01451 
0.01411 
0.01455 

0.01488 

0.01438 
0.01421 

0.01459 

REGEN 

PFL2-PFRO 

KWFRE 

0.02490 

0.02lI7l 

0.02578 

0.02813 

0.02818 

0.02833 

o.~ 

0.02580 

0.02838 

0.02850 

0.02827 
0.02811 

0.02850 

- - -

(INCLUDES FILTER) 
VALVE VALVE INJECTOR INJECTOR 

POL2-POJ PFAO-PFJ POJ-PC1 PFJ-PC1 

KWOXV KWFV KWOJ KWFJ 

0.03348 

0.03335 

0.03385 

0.03383 
0.03381 

0.03382 

0.03314 

0.03214 
0.03259 

0.03374 

0.03328 
0.03214 

0.033154 

-

0.02H3 

0.03082 

0.03218 

0.03134 

0.03118 

0.03188 

0.03142 

0.03005 
0.03148 

0.03182 

0.03097 
0.03023 

0.03141 

-

0.01738 

0.018CS2 

0.01880 

0.01n5 

O.01nt 

0.01701 

0.01728 

0.01758 
0.01788 

0.017~ 

0.01788 
0.017154 

0.017157 

-

0.01458 

0.01481 

0.01485 

0.01488 
'0.01470 

0.01458 

0.01481 

0.01474 
0.01488 

0.01480 

0.01470 
0.01478 

0.01483 

- -
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Table 6.3-4. 100 Ib Bay 2 Checkout Instrumentation List - Heat Sink Chamber (at S.L.), Sheet 1 of 2 

RECORDING 
rUNCI10N PARAMI1U rntlOL RANG!: TRANSDUCDl DIGrrAL O-GRAPH VISUAL rM TAPE 

niRU~ 

PurORMANCI: 
niRUSTA rA "_III( STRAIN GAGI: X X X 
niRUSTI rl "_III( STRAIN GAGE X X 
niRUSTCALA rCAL-A .. _III( STRAIN GAGE X X 
niRUST CAL I rc.u,a "_III( STRAIN GAGI: X X 
CHAMa. PRESS 1 (INJ) rC·l .. -.... TABORllI' X X X 
CHAMI. PRESS 2 (CHAMI) rC·2 .. -.... TABORllI' X x 
OXJDrLOWl rMO.l Ul-O I~- (JII'OPo) TURBI NE NI:I'Dl X X 
OXJDrLOW2 rMo.2 Ul-O I~_ (JII'OPo) TURBINE MEI"IR X X 
rul:LrLOW 1 rMr·l .. .......,I~_( .... ) TURBINE MI:Tt.R X X 

rUI:LrLOW2 rMr·2 .. ......., I~ .. (JII'OPo) TURBIN!: Ml'Illl X X 

OXJD. VALVE INLrr PRI:SS. POL-2 ~,... TABOR~ X X 
OXJD INJ. INl..ET PRJ:SS. POJ ~ .... TAlORllI' X X 

...... 'UU-INJ.INl.I:T PRESS. Prj ~ .... TAlORliH X X 
VI rUI:L RroEN INlEI' PRI:SS. rrL-2 ~,... TAlORJU X X 00 

run. UGr.N O\TIlEl' PRISS. Pr.RO ~ .... TAlOR~ X X 

VALVE VOLTAGE VlVC t-JeVcIc X X 

niRUSTI:R 
TEMPERATURE 

VALVI: 10DY'RMP. TVa ~F 1YPEIt X 
REGEN SItC110N n (TRIP) TI'R·l 46-%Mtor 1YPEIt X X 
UGEN stenON n (TRIP) Tl'R·l 46-lMtol 1YPEIt X X 
REGEN stenON TJ (TRIP) Tl'R.J 46-lMtol 1YPEIt X X 
CHAMIERn TC·l 46-2MtoI' TYPE It X X 
CHAMlltRn TC·J *-Jtotto, 1YPtlt X X 
CHAMltRTJ TC.J *-Jtotto, TYPE It X X 
CHAMltRT4 TC-4 *-lMtol TYPE It X X 
OXJD INLETTEMP TOJ .... LMoF 1YPEIC X 
rurL REGEN INu:T TR·IN *-LMor TYPE It x X 
rv EL REG EN OIJI'lET TR..()UT .... ~ 1YPEIt X 
rVI:LR£GEH INTDUOR TR-lROP ~r 1YPE It(.nr) x x 

omCAL omCAL MULnCH/l.NNNI:L AJ'IALYSI:R (OMA) R«ORDr.D SUARA1Y.LY 

Sl'AIIUI'Y CHANnA HIGH rREQ PH' ,..1'"*1. 1tJS1U:R~ X X 

- - - - - -- - - - -- - - - - - --



- - - - - - - - - - - - - - - - - --l 

Table 6.3-4. 100 Ib Bay 2 Checkout Instrumentation List - Heat Sink Chamber (at S.L.), Sheet 2 of 2 

1lIC0RDING 
rUNCI10N PARAMEI'Ia 8YNIOL RANGE TIlANSDUCm DIGrrAL O-GRAPH VlBUAL r .. TArI 

rACILn'Y 
PUSSUR!:S 

..- OXJDTAN~ POTS ...- .... TAlOR* X X 
VI rU[LTAN~ PrTS ...- .... TAlOR* X X \0 

OXlDUNE P01.-1 ...- .... TAlOR* X x 
rU!l.UNI pr1.-1 ...- .... TAlOR* X x 

rACILn'Y 
TEMPERATURES 

OXIDUNE TOL ... 1..." TYPE~ X X 
rUu.UNE 1TL -.1..." TYP[~ X X 
n:srCu.L TCu.L .. ~ TYPE~ X X 
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-------------------
Table 6.3-5. Results of Compatibility Testing 

SEA lEVEL, 1.6: 1 Ae FOIL TESTS 

FIRING DATA PDFM DELTA LOSS 
RUN DATE INJEC- TIME, T1ME Pc MA FOIL W1 W2 W, RATE, 
NO. TOR sec sec psia Off gm gm gm gm/HA 

...... 
0\ 

247 1-29-92 S/N6-1 VI Valve input shorted NONE 
248 1-29-92 S/N6-1 1 0.755 113.8 1.679 NONE 
249 1-29-92 S/N6-1 1 0.754 109.6 1.650 NONE 
250 1-29-92 S/N6-1 1 0.752 88.9 2.160 NONE 
251 1-29-92 S/N6-1 7 6.51 107.6 1.627 NONE 
252 1-29-92 S/N6-1 7.00 6.51 104.1 1.637 Ae-10 6.8250 6.7828 0.0422 21 .70 
253 1-29-92 S/N~1 7.00 6.50 85.8 2.114 Re-11 6.9119 4.6489 2.2630 [1163] • 
254 1-29-92 S/N~1 7.00 6.51 108.9 1.818 Ae-12 6.8814 6.8008 0.0806 41.45 
255 1-29-92 S/N6-1 4.18 3.50 89.4 1.858 Ae-13 6.8116 3.5796 3.2320 [2783] • 
256 1-29-92 S/N6-1 7.00 6.51 90.0 1.811 Ae-14 6.8088 6.2366 0.5722 294.27 
257 1-31-92 S/N~1 7.00 6.51 115.9 1.800 Ae-15 6.2081 6.1374 0.0707 36.36 
258 1-31-92 S/N~1 7.00 6.51 87.0 1.672 Ae-16 6.8336 6.5136 0.3200 164.57 

• Foil damaged during test. 

J 
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6.3, Hot Fire Testing (cont.) 

Vacuum specific impulse for the 1.68: 1 nozzle based on the sea level thrust 

measurements is shown in Figure 6.3-27. 

6.3.2 44: 1 Tests 

The primary purpose of the 44: 1 area ratio tests was to <;ompare injector per­

formance by providing accurate measured thrust data which can be scaled to the full area ratio 

(286: 1) with confidence. As shown in Figure 6.3-28 there is a significant difference between 

attitude performance and measured performance at 1.68: 1 (about 36%), but only a small incre­

ment in performance extrapolating from 44:1 to 286:1 (about 4%). In addition, the 44:1 bolt-up 

hardware utilizes Ir-Re chambers, so test duration is limited by the test facility, not the thruster. 

The 44:1 hardware as configured for these tests is shown in Figure 6.3-29. 

All 44: 1 tests used the hydrogen shroud ring with a flow rate of 0.0001842 I bm/sec to protect the 

exterior of the chamber from oxidation. The Ir-Re chamber, which ends at an area ratio of 16: 1, 

was extended by a stainless steel skirt which continued to 44: 1. This skirt was held in place with 

four tie bolts. A more complete description of this hardware is given in Ref. 3. Figure 6.3-30 is 

a photograph of the 44: 1 hardware setup in Bay 2. 

The measurements made in these test groups are shown in Table 6.3-6. Three 

different flow measurement systems were used in series on each propellant circuit, positive dis­

placement flow meters (PDFM), a pair of redundant turbine flow meters, and micromotion mass 

flow meters. The propellant delivery system is shown in Figure 6.3-31. 

The test facility was modified so that the six-inch diffuser used in these tests 

could be interchanged with the 14 in. diffuser to be used in 286: 1 tests, as shown in Figures 

6.3-32 and -33. 

6.3.2.1 Injector Design Selection 

The first series of 44: 1 testing was designated test group C; this testing, 

summarized in Table 6.3-7, included tests 162 through 170 and 189 through 206. 

To make the final injector design selection the three candidate injectors, 

SN 2, SN 4, and SN 5, were tested at altitude with a 44: 1 Ir-Re chamber. This reduced the uncer­

tainty in extrapolation of the performance data to the 286: 1 nozzle, relative to using the sea level 

167 
RPT/HOOI8JI Z7 A/6.O/13 5111J9S 
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Table 6.3-6. 100 Ib Bay 2 Checkout Instrumentation List Altitude Tests 
of 44:1 JPL Ir-ReiSS Skirt (Sheet 1 of 2) 

RECORDING 
FUNCJ10N PARAMETER SYMBOL RANGE TRANSDUCER DIGITAL O-GRAPH VI SUAL FM TAPE: 

THRUSfER TIfRUSTA FA t -mll>( STRAIN GAGE X X X 
PERFORMANCE TIf RUST B FB .. m Ibr STRAIN GAGE x x 

TIfRUSTCALA FCAL-A .. m Ibr STRAIN GAGE X X 
TIfRUSTCALB FCAL-B .. m 1M STRAIN GAGE X X 
CHAMB. PRESS 1 (INJ) PC-l .. mpel. TABOR~ x X X 
OXID FLOW 1 FMO-l t .1J-t.J Ibm/etc (prop.) TURBINE METER X X 
OXID FLOW 2 FMO-2 uJ-t.J Ibm/.ec (prop.) TURBINE METER X X 
FUEL FLOW 1 FMF-l "'~.J Ibm/etc (prop.) TURBINE METER X X 
FUEL FLOW 2 FMF-2 "'~.J Ibm/etc (projl.) TURBINE METER X X 
OXID. VALVE INLET PRESS. POL-2 ..!Itt pet. TABOR~ X X 
OXID INJ. INLET PRESS. POJ "!Itt pel. TABOR~ X X 
FUEL INJ. INLET PRESS. PFJ ..!Itt pel. TABOR~ X X 
FUEL REGEN INLET PRESS. PFL-2 ..!Itt pel. TABORm x x 

...... FUEL REGEN OUTLET PRESS. PFRO ..!Itt pet. TABOR~ X X 
-.l EXIT AMBIENT-l PVAC-1 t -1 pet. BARATRON X X X t-J 

EXIT AMBIENT-2 PVAC-2 .. 1 pel. BARATRON X X X 
VALVE VOLTAGE VTVC .. JtVdc X X 

TEMPERATURE OXID INLET TEMP TOJ 4"lMoF TYPEK X 
TIfRUSfER FUEL REGEN INLET TR-IN 4"UtoF TYPEK x X 

FUEL REGEN OUTLET TR-OUT .... 2MoF TYPEK X 
INJ. FLANGE TJF-1,..2,..1 4 .. .5ttoF TYPEK X 
VALVE BODY TEMP. 1VB .... .5ttoF TYPEK X 
REGEN SECTION (TRIP) TTR-1,-2,-J .... %tHoF TYPEK X X 
CHAMBER ADAPTOR FLANGE TCF -1,-2,..1 .... ZOOtoF TYPEK x X 
NOZZLF./EXT. JOINT (Re) TN R-1,..2,.J .... 2tOOoF TYPEK X 
NOZZLFJEXT. JOINT (S.S.) TNS-1,-2,-J "O-U"oF TYPEIC X 
NOZZLE EXIT TNE-1,-2,..J ""ZOOtoF TYPEK X 
REGEN. INTERNAL TRI .... SOtoF TYPE K; .OU dla X 
HZ FILM COOLING SKIRT TFC 40-Z00t0F TYPEK X 
CHAMBER HOT SPOT TPYRO-1 2' ..... O.OF + IRCON HIGH RANGE X X X 
CH'AM BER HOT SPOT TPYRO-2 lSOt-4000F MIICRON X X X 

STABIUTY CHAMBER HIGH FREQ PHF SO"lS000HI KISTLER '01 X X 

OmCAL OmCAL MULTICUANNNELANALYSER (OMA) RECORDED SEPARATELY 

- - - - - - - - - - - - - - - - - - --- ---



- - - -- - - - - - -- - - -- - - -

FUNCIlON 

FACILITY 
PRESSURES 

I-" 
' -...J 
w 

fACILITY 
TEMPERAnJRES 

Table 6.3-6. 100 Ib Bay 2 Checkout Instrumentation List Altitude Tests 
of 44:1 JPL Ir-Re/SS Skirt (Sheet 2 of 2) 

PARAMETER SYMBOL RANGE TRANSDUCER DIGITAL 

OXIDTANK POTS t-~. pel. TABORlt' X 
FUEL TANK PITS t-.5tt pel. TABORlt' X 
OXID UNE POL-1 t-~. pel. TABOR It' X 
FUELUNE PFL-1 t-.5tt pele TABORlt' X 
H2 ORIFICE UP PH2UP t-t" pel. TABORlt' x 
H2 ORIFICE DOWN PH2DN t-~ pela TABORlt' X 
ALTITUDE TANK (@ DIFF. EXIT) POX t-5pela TABORlt' X 
DIFFUSER WATER POW t-1" pela TABORlt' X 

OXID UNE TOL 4t-1HoF lYPE K: X 
FUELUNE TIL 4t-1HoF lYPEK: X 
TESl'CELL TCELL t-~F lYPE K. X 
VACUUM TANK: TVT t-~F lYPE K. X 
VACUUM PUMP INLET TVP t-~F lYPE K. X 
DUCT ELBOW TDUCT t-~F lYPEK X 

O'(;RAPH VISUAL FMTAPE 

X 
X 
X 
X 
X 
X 

X 

x 

X 
X 
X 
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Table 6.3-7. Final Performance Data for SN-2, -4, and -5 Injectors 

25 26 30 69 72 

TOL TFL TROll PVACI PYROIII 

.F 

80 

SI 

80 

SI 

II 

72 

72 

7J 

7) 

74 

7) 

6' 6, 
70 

69 

71 

71 

72 

.F 

80 

12 

12 

1-1 

I) 

72 

7J 

75 

75 

77 

76 

69 

70 

71 

72 

74 

H 

75 

.F 

191 

191 

195 

219 

116 

199 

116 

225 

115 

225 

209 

154 

149 

162 

ISO 

165 

I~ 

161 

PSIA 

0.191 

U91 

0.11-1 

0,11-1 

0.224 

0.1&4 

0.112 

0.149 

0.1&4 

0.167 

un 

0.179 

0.202 

0.167 

0,11-1 

0,113 

0.112 

0.1'-1 

.F 

36" 

31U 

3772 

4021 

3S~ 

))14 

325) 

3467 

)I~ 

))7J 

)29) 

)100 

2974 

)1" 

2976 

)225 

)127 

)121 

105 

WOX 

."mlStt 

0.211) 

0.2103 

0.2136 

0.1879 

0.2~7 

0,1921 

0.221l 

0.1751 

0.1907 
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0.1924 

0.1135 
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0.1891 
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0.1'1' 
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Ir.m/att 

U28) 
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0.1271 
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0.1221 

UJ66 
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6.3, Hot Fire Testing (cont.) 

1.68: 1 steel chamber data for extrapolation. Initial test fI"esults showed significant propellant flow 

calibration discrepancies, of the order of 1 percent. These were the result of inadequate calibra­

tion duration available from the test stand positive displacement flow meters (PDFM). New, 

larger PDFM's were installed in Bay 2 for use in recalibrating flowmeters for performance tests 

of the SN 1 286: 1 welded flight thruster and for reprocessing previous test data. 

Table 6.3-7 summarizes the test results for the three injectors. The vacuum 

specific impulse is shown in Figure 6.3-34 for injectors SN 2,4, and 5 as a function of chamber 

pressure, for the 44: 1 nozzle. The difference in performance between injector SN 2 and the 

others (4 and 5) is significant, about 5 sec or 1.6%. There is a slight and not significant differ­

ence of about 1 sec between SN 4 and SN 5. Over the range of chamber pressure tested in the 

performance tests (85 to 115 psia) their Isp varies by only 1 to 2 sec. The effect of mixture ratio 

on Is for the 3 injectors is shown in Figure 6.3-35 Corresponding plots of cold throat C* for the 

three injectors are shown in Figures 6.3-36 and 6.3-37 as a function of Pc and MR, respectively. 

Significant thermal differences between the injectors are apparent. The 

most marked is chamber temperature as measured with an optical pyrometer targeted on the Re 

chamber at a point on the chamber contraction region about 0.5 in. ahead of the throat. Figures 

6.3-38 and -39 show that the SN 2 injector is significantly hotter than either 4 or 5 at nominal 

conditions (3850 F versus 3325 and 3025, respectively) . The maximum temperature measured, 

4020 F at Pc = 91 psia, is within the proven operating range of the Ir-Re system. The higher 

temperatures for SN 2 are consistent with its higher performance. It should be emphasized that 

the JPL 44: 1 chamber used for these tests has its high emissivity coating removed over all its sur­

face except immediately around the throat, as can be seen in Figure 6.3-30 which shows the JPL 

44:1 chamber installed in the altitude facility. With the complete coating in place the chamber 

runs about 200°F cooler. 

Since the propellants were not temperature conditioned during this test 

series, there were systematic changes between injectors, as ambient temperature varied. This is 

illustrated in Figures 6.3-40 and -41 which show oxidizer and fuel supply pressures as a function 

of run number for injectors SN 2, 4 and 5. The average oxidizer inlet temperatures were about 

81, 73 and 70°F in the progression from SN 2 to SN 5. 

A second thermal difference between the three injectors is illustrated in 

Figure 6.3-42, which shows heat transfer to the fuel-cooled chamber adapter section, based on 

RPT /HoolS Jl Z7 N6.0/14 178 SlI1J9S 

I 
I 

I I 
I 
I 
I 
I 
I 
I ' 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



-------------------

. 1-' 
-..l 
1.0 

Is VAC @ 44:1 VS. PC-1--FINAL DATA 
100# Ir-Re; INJ SIN 2,4,5 

310 I • i 
1.64/2 1 

1 i i 
i ! i i • 1.65/2 i j 
i ! i ! 1 i i 309-l·········_··· ······ .. ·············l················ ................... \ .................................. ···l····································!············· ................• i .67 /2 ·······················T······························ ..... '1"" ................................... . 

, ii i i i 1.66/2 

308+-----------1-----1 '·~ 12 -----1----1-------1---------[-------1 -------
I : , I : I , 

() 307 .................................... + .................. ········ .. ·· .. ····1····· .. ···· .. ······· .. ······ .. ··· .. ···1··· .................................. + ......................... ····· .. ····1·········· .. ·············· .. ··········1· .... ··· ............................. + ................................... . 
W 

j 1 1 j i i 1 

i i ! ! iii (J) ! I 1 1.76/4 , I j 

~ 306 ..................................... 1.. ........................ ····· .... ··1··········· .. · .. ················ .. · .. ·1········· .. ~·· · · .. ···············I··· .. ··························· ...... j ...................................... \ ...................................... 1... .................................. . 
U I. ! 1.62/4 . ! ! j ! I 
~ ! 1.64/4 I I .1.75/5 I ! I I 
en 305 ..................................... 1... .................................. 1···· .. ··········· .. ······· ·· ··········1·~·~·:·~·~!~ .. ········ .. ····l .. ······ .. ·· .. ·········· .. ·········· .. j ...................................... !... ................ ···· .. ······· .. ·· .. 1············· .. ········ .. ············· 

I I ' , ' I ' 1.63/5 .. : i i . . 1 
, , : , j ! I 
! • j U~1/5 j i 1.62/4 i i 
! 1 59/5 I ! I I 1 1 304-l···················· .. ···············t· .. ·:································1················· .. ····. ·······.! ...................................... ! ...................................... \ ........• ........................ j ...................................... ! ..................................... . 
i I 1.57/5 i • I i 1.58/5 I' i ! , 1 1.46/4 ! i ' 

! i ! I i I I 
303-l··· .. ··········· .. ····· .. ············} .. ·············· ..................... j ................................ ······l········.·······················l············· .. ················· .. ····1······ .. ························ ...... j ...................................... j ..................................... . 

I I i 1 45/5 I I I I 
i i ! . !!! 
! 1 1 I 1 I I I i j ! j i j 

3021 i : : iii i I 
80 85 90 95 1 00 1 05 11 0 115 120 

PC-1, PSIA ASRC403A 
I • M/N=MR/lNJ 

Figure 6.3-34. Vacuum Specific Impulse at 44:1 for Injector SN -2, -4 and -5 
Versus Chamber Pressure Over Fuel Test Range 



,..... 
100 
o 

j 
. -L -

----.- ~--

Is VAC @ 44:1 VS. MR--FINAL DATA 
100# Ir-Rs; INJ SIN 2,4,5 

.' 31
0 

I '103/2 1 I 
. I I 

I " I I 11 1 ~/2 • ............. ...1

1 

................................ .1. .............................. .. i" ....................... ............................................ I 309-+---------!--------+-----l-----T I I 10412 , ! 
! I I , ! ii, 
I iii I. i I 
I I Ii! \115/2 i. .. .................... ~ ............................... .. ! 1 ................................. I···· .... ·· .. ·· .... · .... · .. ···· .. ·t .. · .. · ............................................................. 1

91 /2 
I 308+---------I----------t-----1 I I I I I 

' I , ; , ! , ! 
o i j L------I------+--------l----------

1
---.. - t-------~ 307 ---------1------1- ---1 I I I I I : ' 

0' i. 1------I----I- .....--l----.. 1 -----I------- j----~ 306 ---------1----- r Ii! 9". I I .-
CI) I I ! ' ! I 8614

1 1_____ 9t 5 ____ _ _ 

-

I ............ 1 .................... · .. · ...... ·..1.·· ...... · .... ··· .... · .. · .... · .. ··1 .. ··· ........ 9~4 ··· .. ~475·· .... · .... ··· .... ··· .... ·i·· .. · .... · ...... ·· .. · .. · .. ··· .... ·I'.. . I 305-1 ................................ '1"...................,. I ! .. .108/4 ! I 

. I r. i I I 
! , • 196/5 I I 1 Ii. I 

I i I . ..... .. .. ~~j-----i------T----,- ..... -----304-1 .. ·· .......... · .. ·· .. · .......... +-...... ·· ........ ·· .. · .......... t· . .......... · ...... · ........ 1···· .......... ··· .. ···· ...... · .. ··1··~;/5 ~6/5 ! I I ! 

197/4 ! ! ! I ! I 
I I I ! I ! i 303 I I I I I I I I I 

1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8 

MR, OfF ASRC4038 
I • MIN = PC/lNJ# I 

Figure 6.3-35. Vacuum Specific Impulse at 44:1 for Injectors and SN -2, -4 and -5 
Versus Mixture Ratio Over Fuel Test Range 

------------------- --- -



-------------------
5560 I ! i 

,..-... 

l-
e:( 
0 
a: 
I 
I-
0 
-1 
0 
() 

..- ........... 
00 

() ..-
w j .1 .57/5 .1 .76/4 i : . 

(j) 

i==:" _174J$$ 

LL 

iC 
() .1 .58/5 

5~01 i i i ii i 
85 90 95 100 105 110 115 

PC-1, PSIA ASRC403D I • M/N= MR/lNJ# J 

Figure 6.3-36. C* vs Pc-1 - Final Data (Cold Throat) - 100# Ir-Re; Injector SN 2, 4, 5 



...... 
(Xl 
N 

,..--, 
r­« o 
a: 
I r-
o 
...J o 
() 
0....-1 

() 
W 
(f) 

~ 
u.. 
-Ie 
() 

5560 Immm iTm j m 
5540 

~ j 1 

5520 : I···························· ·····:·································t··············· .. ······· · ··· · ·····:··· ··· · · · ·················· IWW~41.: · · ··················j-.st/2···· ............ j 
: : : i i .104/2 : : 
1 1 1 1 1 j 1 

5500 1-lll- ~~l~l1 Sr.> t-i 
: : ; : : : : 

5480 i...·······························t·· ··· ·· ···························f················ •• fffi7S···.94/4 ... .. : .................. .. .............. L .............................. j 

1 .9114 1-mlm ~9~/~ r~·~~ JJmm' 5460 
.97/4 

~96/5 I I· i .108/4 \ ! ,,96/5 

5440+······························+ ···················· ............. 1 ..... ......... ................... .]. .................... .... ......... [ .................................. : ............... ................... 1 ....... .. ............. ............•............................. ···· f··················· ··············· 

i l i i l l j i 
iii i .1 06/~ iii 
1 i 1 ! : 1 1 1 

5420+ ............................... -1-... .. .......... .. ················!································ ·· t ·· ············ ···················i······················ ......... ... \ .................................. / ...... ·············· ···· ···· ·····t···· ············· ···············T······························· 

I ! . I I I [ : 
5400 I ! ! ! I I I ! ! 

1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8 

MA, OfF ASRC403C [. M/N= PC/lNJ# I 

Figure 6.3-37. C* vs MR - Final Data (Cold Throat) - 100# Ir-Re; Injector SN 2, 4, 5 

~- - -- - - -- - - - - - - - - ---- -- . -



L 

-------------------

I-' 
00 
w 

LL 
o 
-w 

a: 
::::> ..... « a: 
w 
c... 
~ w ..... 
a: 
w 
CO 
~ « 
I 
o 

4200 : i : . 

Iii .'6~/2 I 

3600+ -1-t\I[- :1 66/2 

.1 64/4 j : ! : : 

3400+· .... · .. · .. ·· .. ······· .. ···· .... ··· .. ··· .... ···· .. t··· .... · .. · .. ··· .... ·· ...... · .. ··· ...... · .. · .. ···+ ...... ·· .... ··. ·1 .. ·76/4··· .. .... · .... t .. · ............................................... "\" .................................................. \ ......................................... ......... . 
1 .1l~/1tS8/4·! I ! 
: : : : .1.62/4 : 

3200- 1.. ....... . 1 .. S9IS ........ ......... J .................................................. ~ .......... ~·~ · :?·~l.~ .................... t ........................ · .. ...... · ................ ·! .................................................. + ................................................. .. 
..... j j .1 46/4 : : j 

i ""t$5' ! i i 

2800 I i 9
is 160 1 65 1 ~ 0 115 85 90 

PC-1, PSIA ASRC403E I iliUM/N= MR/INJ SIN 

Figure 6.3-38. Chamber Temperature vs Pc-1 - Final Data - 100# Ir-Re; Injector 2, 4, 5 



-00 
~ 

LL 
o 
w 
a: 
::J 
r « a: 
w 
a.. 
~ 
w r 
a: 
w 
CO 
~ « 
I 
() 

4200~--------~------~----~--~--------.---------~------~--------~--------~-------. 

_104/2 

.96/4 .94/4 

11!196/5 i _1 06/~ i : 
I I I I I 

2800 I I !! I ! I 
1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8 

MR, OfF ASRC403F I_ M/N= PC/INJS/N I 

Figure 6.3-39. Chamber Temperature vs MR - Final Data - 100# Ir-Re; Injector SN 2,4, 5 

-------------------



-------------------

L!-
a 
J 
0 ..... 
a.. 
~ 
w ..... ,..... 
w 00 

Ul Z 
...J 

0 
X 
0 

82, ! -• I 

12- i I 2_ 1 I : ~. : : : i : I ~_2. . i : iii : I- N .. 
.. _ _ .. .... , ...................... 1. i i : : i SIN 

I I Iii i 411i1_~· i 
. ! i I ~ I A_ i I 

68 1 i i ;:: : : : I 
I I I I I I I I 

160 165 170 175 180 185 190 195 200 205 210 
RUN NUMBER ASRC2~D 

Figure 6.3-40. Oxid Line Temp vs Run Number - 100# Ir-Re, e = 44:1 ; 
Injector SN 2, 4, 5 

----- -. 



LL 
0 
J 
LL 
t-

o.: 
~ 
W 
t-- W 

00 
0\ Z 

.....J 

84, 1 2! ' : : : : : : ~~:~ 

82+-mI2~·lmj m tml m ilim '::~: ' mm 
! Iii ! i ! ! i 

80-l .. ···················r················r···················· .. ·····················r················ ·· ·· j····· ·················t·····················l···················l····················l···················· 

; : I : ; 4. ; ; : 
78-+·····················1·······················1···· ................. + .................. + ................. ····1····················+··················· ·· 1······ ............... + .................... + ................... . 

f i ! : : : i : : 

76 +··· · · · ···· · · ··· ·· ···1· · · ·· ···· · · · ···········\· · · · ·· ·· ···· · ·········!··· ···· · ·· · · · · ····· · ··t·· · ···· · ········· · · ···I········· · ·· · ·········~········· · · ·· · ······ ··I···~!··· · ··l···· ····· ······· · · · ..l. · ·········· · · · ·· · ···· 
i ! ! ! i ! 4. ! 5. 

7 4+m· II !III ~t I 5~+ 
.....J 
W 
::> 
LL 

1 i : : : 1 1 : 1 

72 + ................... -\-- ................... + ............. · ·· · · ··· { ············ · · · ·· · ····t····· ···· ········ · ····1· ··· ··· ···· ····· ···· · ·t······.4.~~· ·! ·· ·· ··· ············ ···· 1· · · ·· ·"5.·····+····· ··· ············ 
iii iii i i5. i 
I Iii Iii ; i 

70 -1 .. ····················\····················· .. 1······················t·· .. ··················t······················\·····················+·····················1······················ii!l!!!l················t .. ················ .... 

iii ii i I 5- : 
681 i I I I Iii iii 

160 165 170 175 180 185 190 195 200 205 210 

RUN NUMBER ASRC289E 

Figure 6.3-41. Fuel Line Temp vs Run Number -1 00# Ir-Re, e = 44:1; Injector SN 2, 4,5 

-------------------



-------------------

,..... 
00 
-l 

() 
w 

1 A 

~ 11~ -!--\-j\ III~~ll .. 1~~I~ il.lmz i 
(() I ! :.97/4 ! ! : i .1a'ID4/2 : : .......... ,.. ... ,_ : : 

a 
z 
w 
CJ 
w 
a: 

. . 

.106/~ .96/5 
.96/5 / :~ : 

: ! i i .93 5.86/5 : : i 

1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8 

MR, OfF ASRC4031 [-II MIN = PC/INJ SIN 

Figure 6.3-42. Regen Q vs MR - Final Data - 100# Ir-Re; Injector SN 2, 4,5 

------. -- ------



6.3, Hot Fire Testing (cont. ) 

measured fuel flow rate and temperature rise as a function of MR. As can be seen the heat input 

for injector SN 5 is independent of mixture ratio, while the SN 2 and 4 injectors show an increase 

in heat flux with MR. Moreover, the thermal trend for 2 and 4 is reversed from the performance 

data. At the same MR, SN 4 has about 14% higher heat flux than SN 2. The heat flux for injec­

tor SN 5 is about 39% lower than for SN 2. Looking at heat flux as a function of chamber pres­

sure, in Figure 6.3-43 , SNs 2 and 4 heat flux can be seen to correlate slightly negatively with 

pressure, while that of 5 shows very slight positive correlation. 

Thermal transient response of the cooled adapter for a hot restart, Test -170 

is shown in Figure 6.3-44. Just prior to FS-l , the fuel cooled adapter internal temperature had 

reached 284 F. Eighty millisec after ignition, the fuel temperature rose to 289°F, showing that 

the thermocouple was close to but not at the hottest location in the fuel circuit, and then fell to 

about 182°F in 1.5 sec. This is shown more clearly in Figure 6.3-45, which shows the first two 

seconds of the fIring. The fuel temperature remained steady at FS-2 at 90 sec, when it made an 

initial rise to about 216°F, fell back and then rose gradually. At 150 sec it had reached 251°F, on 

its way back up to the maximum soak temperature. The initial rise at shutdown is caused by 

soak from the cooled adapter wall; the secondary rise is thermal soak from the Re chamber. 

Optical emission measurements made on the 44:1 thruster normally showed 

no signifIcant spectral features. Multiple spectral scans were made throughout a firing using an 

EG&G optical multispectral analyses COMA) consisting of a 1024 diode array detector, a 1/4 M 

Jerrold Ash spectrometer, coupled to the exhaust plume with quartz fiber optics and a nitrogen 

purged quartz imaging lens. During altitude checkout tests improper operation of the tempera­

ture conditioning propellant recirculation system introduced helium bubbles into the propellant 

which were evident in propellant flow measurements and engine operation. 

Figure 6.3-46 shows three of the multiple scans, the normal background, 

taken prior to the test, and two scans taken during the test at FS- l + 20 and +40 sec, with the 

background subtracted. A strong peak at 589.6 is noted. The possible candidates are sodium and 

helium. Since sodium has not been seen with these propellants and since helium bubbles were 

known to be present, they are a likely source of the emission . 

The design intent for injectors SN 2 and 5 was to be fuel rich at the wall 

and oxidizer-rich in the core, while SN 4 was designed to have a nearly flat MR profile with a 
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6.3 , Hot Fire Testing (cont.) 

slight low-MR bias near the wall to account for manufacturing tolerances. Flow collection tests 

made on the three injectors indicate that the design mixture ratio profiles were obtained in each 

case, as was shown in Figure 6.2-15. However, the intended duplication of mass flow 

distribution between the outer and inner zones of SN 2 and SN 5 was not achieved, as shown in 

Figure 6.2-16. 

The appearance of injector SN 5 after firing, which is typical for these 

injectors, is shown in Figure 6.3-47. 

6.3.2.2 Duplication of Injector SN 2 

To demonstrate that the high performance and compatibility of SN 2 

injector could be duplicated using current manufacturing procedures (SN 2 was built in 1987), 

two new injectors, SN 6-1 and 6-2 were built with patterns identical to SN 2. As previously 

shown, in Section 6.2, their hydraulic characteristics are similar to SN 2 and to each other 

(Figures 6.2-19 through 6.2-23. The SN 6 injectors were tested in the 44: 1 bolt up hardware to 

compare their performance to SN 2 and to each other. 

The SN 6-1 and SN 6-2 injectors hot fire comparison in thrust, flow, per­

formance and thermal measurements testing using the 44: 1 Ir-Re chamber showed no statistical 

differences in the test results for these two injectors. Testing began on 12-11-91 with Run -207 

and was completed on 12-19-91 with Run -244. 

Initial tests, -207 through -224, conducted with SN 6-2 injector showed 

erratic performance results with an apparent scatter of as much as ±1 % accompanied by erratic 

K w data and a lower than expected Is. This problem was traced to the effects of propellant recir­

culation which was being done to condition the propellants thermally. This apparently caused 

stable helium bubble formation in the propellant. Both the PDFM's and turbine flow meters, 

therefore, gave higher than actual propellant flow indications as they are essentially volume mea­

suring devices. The Micromotion meters, which should be insensitive to bubbles, gave good 

agreement with the other meters which is unexpected and not explained. 

Eliminating the propellant recirculation and assuring that the propellant 

delivery systems were free of bubbles before testing gave very consistent test data in Runs -225 

through -244. The data for these tests are given in Table 6.3-10. 
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Table 6.3-10. Comparison of SN6-1 and -2 at 44:1 

FIRlNG REGEN. REGEN. CHAMB. 
RUN INJEC- TIME, Pe MR Fvae Is vae C· Cf OUTLET DELTA TEMP., 
NO. TOR (see) (psia) OfF (Ibr) (see) (ft/see, (F) T, (F) (F) 

@44:1 @ Dt=0.846 in) 

225 S!N6-2 27.0 100.5 1.516 101.3 308.1 5489 1.805 166 Ll6 3514 
226 S!N6-2 25.0 100.2 1.662 101.4 309.6 5489 1.814 181 132 3638 
227 S!N6-2 25.0 100.2 1.675 101.5 309.7 5489 1.815 184 136 3635 
228 S!N6-2 25.0 99.5 1.648 100.7 309.6 5490 1.814 180 133 3631 
229 S!N6-2 25.0 U O.2 1.620 U1.7 308.8 5474 1.815 163 116 3438 
230 S!N6-2 25.0 90.5 1.632 91.5 309.7 5498 1.812 193 147 3824 
231 S!N6-2 25.0 100.8 1.505 101.5 308.0 5489 1.805 166 120 3487 

...... 232 S!N6-2 25.0 100.6 1.788 102.3 310.3 5477 1.822 192 146 3719 
\0 

233 S!N6-2 25.0 100.5 1.637 101.7 309.8 5489 1.814 176 131 3621 VI 

234 S!N6-1 25.0 101.4 1.716 102.8 310.0 5486 1.817 188 138 
235 S!N6-1 25.0 101.2 1.620 102.3 309.6 5493 1.812 180 131 3704 
236 S!N6-1 25.0 100.5 1.647 101.7 309.8 5491 1.814 184 135 3734 
237 S!N6-1 25.0 97.4 1.530 98.2 308.6 5491 1.807 175 127 3669 
238 S!N6-1 10.8 108.6 1.571 109.6 308.4 5485 1.807 159 111 3204 
239 S!N6-1 25.0 107.6 1.576 108.7 308.8 5485 1.810 170 122 3546 
240 S!N6-1 25.0 89.6 1.553 90.2 308.6 5500 1.803 193 146 3862 
241 S!N6-1 25.0 98.7 1.413 99.1 306.4 5480 1.798 163 116 3510 

242 S!N6-1 25.0 98.6 1.720 100.1 310.4 5492 1.819 194 147 3844 

243 S!N6-1 10.0 95.8 1.467 96.1 307.0 5492 1.797 167 120 3333 

244 S!N6-1 90.0 101.0 1.614 102.2 309.6 5494 1.812 179 131 3665 
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6.3, Hot Fire Testing (cont. ) 

Specific impulse is shown in Figure 6.3-48 plotted versus mixture ratio for 

the two injectors. The significant information from this plot is the overlay of the SN 6-1 and SN 

6-2 injector's performance data over the range of mixture ratio (1.42 to 1.8) and Pc (90 to 110 

psia). A data range of one percent is indicated on the figure; the whole range of Isp data 

including mixture ratio and Pc effects is contained within ±O.7%. The average specific impulse 

for all twenty points over the operating range is 308.5. The nominal operating condition (MR 

= 1.65, Pc = 100 psia) is shown in Figure 6.3-49. The specific impulse for these eight tests is 

309.6 sec measured at an area ratio of 44:1. 

Figures 6.3-50 and -51 show the Is trends as a function of chamber pres­

sure. Here it is evident that Is is very flat over the Pc range varying ±O.6% from MR = 1.6 to 2.0 

and is the same for both injectors. 

Comparison of perfect injector predicted performance, based on two­

dimensional kinetics (TDK), with actual measured performance for the SN 6 injectors is shown 

in Figure 6.3-52. This curve shows that the SN 6 measured performance is above 99% over the 

MR range of 1.5 to 1.8. The factors which determine the difference between theoretical and 

measured thruster performance will be discussed more fully in Section 6.3.4. 

C* measured for the -1 and -2 injectors is plotted in Figure 6.3-53 for the 

full range of MR tested, 1.4 to 1.8, and in Figure 6.3-54 for the MR range around nominal, 1.61 

to 1.68. It should be noted that this C* is not corrected for throat expansion during firing or for 

Pc corrected to total pressure. It is used only for engine rebalance calculations. The measured 

C* as a function of Pc is plotted in Figure 6.3-55. Within the data accuracy there is no real trend 

in C* with MR and a slight negative correlation with Pc. 

Measured injector Kw for the SN 6-1 and -2 oxidizer circuits are shown, on 

a highly expanded scale, in Figure 6.3-56; they are within ±0.2% of each other over the full flow 

range. The fuel Kw is plotted in Figure 6.3-57; they agree within ±1 %. 

Typical variation in fuel Kw is shown in Figure 6.3-58. This variation is 

due in part to real changes in flow condition, in the cooled adapter during the thermal transient 

(flow passage area, wall boundary layer conditions) and in part is an artifact of the uncertainty in 

fuel density, which changes throughout the cooled adapter. These calculations are based on an 

average using inlet and outlet temperature. The total variation of fuel Kw is about ±O.25 around 

the steady state value. 
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6.3, Hot Fire Testing (cont.) 

Heat transfer to the cooled adapter for the -1 and -2 injectors is shown as a 

function of mixture ratio in Figure 6.3-59. Note that there is no differentiation between the 

injectors; both show a significant increase with MR over the range from 1.4 to 1.8. 

Typical hardware and facility temperatures during a 90-sec firing and post 

test coast are shown in Figures 6.3-60 and -61. Since these temperatures are for bolt-up hard­

ware they are not necessarily significant for the welded, flight engine. They do indicate that 

many locations on the engine have not reached equilibrium in a 90-sec firing or a 20-min coast. 

6.3.3 Weld Thermal Cycle Test 

A special chamber shown in Figure 5-10 was assembled using a previously 

fired Ir-Re chamber from Ref. 3 and a C-103 "miniskirt" that was welded to the rhenium with the 

PN 1206384-9 trimetallic transition ring shown schematically in Figure 5-7. The objective of 

this chamber was demonstration that the joint could be subjected to deep thermal cycles without 

failure. 

The joint was located at a lower area ratio than in the flight engine design, so 

that it would be subjected to 150 F higher peak temperature at steady state. Figure 6.3-62 shows 

the chamber components prior to assembly by EB welding. 

Leak check of the miniskirt Re-to-C103 weld joint assembly indicated an 

extremely small leak, probably at the CVD Cb-C103 joint. Evidence of disbond in the CVD Cb 

deposit was noted. The miniskirt joint assembly is shown in Figure 6.3-63 prior to thermal cycle 

test. The joint was leak checked after 15 thermal cycles; no change in the extremely small 

pretest leakage was noted. No evidence of leakage during testing was noted. Table 6.3-11 sum­

marizes the results of the miniskirt thermal cycle tests, Test Group D. Figure 6.3-64 is a photo­

graph of the weld test joint after testing; residue of spot welded thermocouple junctions are 

clearly visible on the uncoated portion of the C103 and on the Re. Some of the thermocouples 

were broken off by the shock wave which occurs at shutdown due to diffuser backflow. Figure 

2.2-16 is a frame from a photo sequence taken during the complete thermal cycle which shows 

the miniskirt chamber at steady-state conditions. 
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6.3, Hot Fire Testing (cont.) 

Table 6.3-11. The Miniskirt Test Series Thermally Cycled 
the Nozzle Weld Joint in Hot-Fire Tests 

Mixture Joint Temperature 
Test No. Time, sec Ratio, OfF Pc, psia at Equilibrium, of 

171 90.0 1.68 107.2 2148 
172 30.0 1.69 107.8 2144 
173 18.8 4.78 115.0 2160 
175 30.0 1.62 110.7 2014 
176 4.0 95.0 <pyro limit 
177 30.0 1.65 107.5 2192 
178 30.0 1.64 106.5 2173 
179 30.0 1.65 105.9 2174 
180 30.0 1.63 106.3 2141 
181 1.0 118.0 <pyro limit 
182 30.0 1.64 104.9 2124 
183 30.0 1.65 105.2 2135 
184 30.0 1.63 106.0 2119 
185 30.0 1.64 106.0 2123 
186 30.0 1.65 106.5 2123 
187 30.0 1.63 106.3 2106 
188 30.0 1.64 106.0 2120 

Total = 15 Deep Thermal Cycles 
No Degradation of Welded Re-C103 Nozzle Joint 

No degradation of the rhenium-to-C-103 nozzle joint was noted on 
completion of this testing. Following these tests, the full area ratio, flighttype engine was 
assembled using injector SN 6-2 as discussed in Section 5.7. 

6.3.4 286:1 Performance Tests 

The objective of the performance tests, Group H, was to measure directly 
thruster performance at altitude with the 286: 1 flight nozzle. Since the thrust is measured 
directly and since the correction term, Pa * Ae, to convert measured altitude thrust to vacuum 
thrust is small (about 2%, or 6 sec of Is increase), there is high confidence in the resulting vac­
uum specific impulse reported. 

The accuracy of the measurement is dependent on well-defined quantities: 
propellant flow rate, measured altitude thrust, nozzle exit pressure and cell ambient pressure. 
The propagation of error analysis for the specific impulse is described in Appendix G. The mea­
sured vacuum specific impulse for the 286: 1 engine at MR = 1.65 and F = 490 N (110.2 lbf) is 
321.8 ± 0.7 (1 a). 

The engine completed the performance test series without incident, while 
accumulating 986 sec of fIring time. The engine assembly after test is shown in Figure 6.3-64. 
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6.3, Hot Fire Testing (cont.) 

6.3.4.1 Facility 

The test instrumentation list is shown in Table 6.3-12; it contains minor 

modifications from the 44: 1 testing. Figure 6.3-66 documents the instrumentation location on 

the engine. 

The test cell was modified by replacing the 6 in. diffuser with the 14 in. 

second throat diffuser, shown in Figure 6.3-33. At the planned maximum firing time of 120 sec, 

the diffuser exit pressure was predicted to be about 1 psia. At shutdown the nozzle is subjected 

to a sudden overpressure from the shock wave which travels up the diffuser. To eliminate any 

potential for damage of the high area ratio skirt by asymmetric overpressurization, the nozzle 

was surrounded by a "bumper" mounted from the diffuser inlet and designed to pick up any noz­

zle side loads if nozzle deflection exceeded 0.050 in. 

Figures 6.3-67 and 6.3-68 show the engine pretest during installation in the 

altitude cell. The latter figure shows the pretest appearance of the nozzle exit. The outward step 

at the ClO3 skirt weld is accentuated in the photo because of glare; the measured value of the 

step is O.OlO to 0.020 in. which is incorporated in the design to avoid the occurrence of an inward 

step through tolerance buildup. 

6.3.4.2 Testing 

The complete performance test series included Runs -259 through -278, as 

shown in Table 6.3-13 . The performance measurements shown in this data summary are final 

values based on data using the turbine flow meters calibrated in propellant with the PDFMs. 

Runs -259 and -260, of 1 and 5 sec duration, respectively, were conducted 

for facility checkout. Runs -261 through -264, of lO sec duration, were used to determine PDFM 

pressure set points for the range of vacuum thrust to be investigated. Tests -265 through -269, of 

25 sec duration, were run to provide propellant calibration of the turbine flowmeters against the 

PDFMs over the thrust and MR range planned for the long duration tests. The duration of these 

tests was set by the PDFM capacity, as shown in Figures 6.3-69 and 6.3-70. In 25 sec, the 

engine is close to thermal equilibrium but specific impulse is still rising slightly as the nozzle 

heats to its final value. 

Test -270, of 5 sec duration, was a balance test to set propellant tank pres­

sures for the long duration tests. Tests -271 and -272 explored longer firing times of 60 and 100 

sec, respectively, primarily to determine the effect of the increased diffuser unload pressure on 

RPTIHOO 18/1 Z7 AI6.0f2(l 
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Table 6.3-12. 100 Ib Bay 2 Instrumentation List - Altitude Test at 286:1 (Sheet 2 of 3) 

PAGE 2 UPDATElUW2 KILL RECORDING 

FUNCfION PARAMETER SYMBOL LOW/HIGH RANGE TRANSDUCER DIGITAL O-GRAPH VISUAL FM TAPE 

TIIRUSTER OXID INLET TEMP TOJ ~1000F lYPEK X 

TEMPERATURE FUEL REGEN INLET TR.IN ~1000F lYPEK X X 

REGEN. INTERNAL @TRJ [NOT INSTAL) ~5000F lYPE 0 P; .010 d1a X 

FUEL REG EN OtJTIET TR-OVT 250 ~2000F lYPEK X 

INJ.BODY @ TJB-l,·2,.l 0/250 ~5000F lYPEK X 

N VALVE BODY TEMP • TVB 0/250 ~5000F TYPEK X ...... 
00 REGEN BODY @ TRB·I,·2,·3 0/500 4(j·5000F lYPEK X X 

VALVFJINJ ADAPTOR @ TVJ ·l,·2,-l 4(j.5000F lYPEK X X 

NOZZLFJEXT. J OINT (Re) @ TNR.I,·2,·l 4(j.22000F lYPEK X 

NO ZZL£/EXT. J OINT (C.IOl) @ TNC·I,·2,.3 ·100/2000 4(j·20000F lYPEK X 

NOZZLE EXIT @ TNE-I,·2,-l [NOT INSTAL) 4(j·20000F lYPEK X 

H2 FILM COOUNG SKIRT TFC 4(j·20000F lYPEK X 

CHAMBER HOT SPOT PYRO-HI /4100 2600-4000F + IRCON HIGH RANGE X X X 

NO ZZLE TEMP. PYRO-LO /22001NOTINSTAL.) 1500-2800F IRCON LOW RANGE X X X 

MOUNT, REGEN @ TMR.I,.2,.l 4(j·5000F TYPEK X 

MOUNT, STAND @ TMS-I,·2,·3 (NOT INSTALl 4(j·5000F TYPEK X 

STABIUTY CHAMBER ACCELERATION @ AC·l,·2,·3 [NOT INSTALLED) lOO·ISOOOHz x X 

OPTICAL OPTICAL MULTICHANNNEL ANALYSER (OMA) INOTINSTAL) RECORDED SEPARATELY 

- - - - - - - - -L __ _ - - - - - - - - - -
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Table 6.3-12. 100 Ib Bay 2 Instrumentation List - Altitude Test at 286:1 (Sheet 3 of 3) 

PAGEl UPDATEU91 

lUll.. RECORDING 

FUNCTION PARAMETI:R SYMBOL LOWIHIGH RANGE ntANSDUCER DIGITAL ()'(;RAPH VISUAL FM TAPE 

FAaUTI' MICROM. OXID now FMMO MICROMOTION 

FLOWS MICROM. FUEL now FMMF MICROMOTION 

OXlDPDFM WOPDFM X X X 

FUELPDFM WFPDFM X X X 

FAaUTI' OXID REGULATOR POTR .... ,. TABORlM X X 

PRESSURES FUEL REGULATOR PF11I. ... ,. TABOR 1" X X 

OXIDTANX POTS ... ,. TABORlM X X 

FUEL TANK PFTS ... ,. TABORlM X X 

N 
OXIDUNE POL-I ".p.la TABORlM X X 

...... 
FUELUNE PFlA ... ,. TABOR 1" X X \C 

H1 ORIFICE UP PH1UP 15/1_ .. 1_p.la TABORlM X X 

H1 ORIFICE DOWN PH1DN .. 51,. TABOR 1" X X 

ALTITUDE TANK (@DItT. EXI1) PDX /1.1" .. 5,. TABOR 1" X X 

DIFFUSER WAnll PDW S/llt .. 1_ p.la TABORlM X X 

FAaUTI' OXIDUNE TOL ... 1 .. ' TYPEK X X 

TDtPERATlJRES FUELUNE 1TL ... 1 .. ' TYPEK X X 

TEST CEll.. l'CELL ·1..". .. l!toF TYPEK X X 

VACUUM TANK TVT .. l!toF TYPEK X 

VACUUM PUMP INlET TVP .. l!to' TYPEK X 

00 DUCT ELBOW TDUCT .. l!toF TYPEK X 

""::0 WAD CELL TDtP. TF .. l!toF TYPEK X -0-Oe CAL. CElL TDtP • TFCAL .. l!toF TYPEK X . ~ 
'. r- NOZZLE SUPPORT @ VNS /3. .... 1t .. SVOC DC VOLT . [not 1n.ta11e4) X 

d -0-

~l "THIS lUll.. WILL BE INCREASED IN sn:ps TO APPROX. 1.1 PSlA AS TESTING PROGRESSES. 

Cf'!Q 
RUN OGRAPH AT LOW SPEED FOR I MIN. AlTER FS-l. --

I 

l_ J 
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Figure 6.3-66. Instrumentation Locations on 286:1 Welded Thruster SN-1 

IJ.64 
DlA~E) 

-------------------



Ii--
II I 

I: I I I 
II I I I I I I I 
II I I 

221 

Q
) 

(
)
 

Q
) 

"0
 

:J 

.' 
~ < c: 
"C

 
Q

) 

(ij 

- I/) c: 
~
 

Q
) 

- I/) :J 
~
 

.c
 

.... T
"" 

C
D

 
co 
C

\I 

....: 
C

D
 I 

~
 

C
D

 
Q

) 
~
 

:J
 

0
)
 

U
. 



I l 
222 

II 
I

I 
II 
I

I 
1

\ 
.... 

i 
II 

.E ~ 
I 

z i 
II 

-. ~ 
I 

t'i:I 
I 

.... ~ 
I

I 
<

t 

~ 
I

I 
I 

C
l) 

.... 
a. 

I 
00 
(
0

 
I 

~ 
I 

.... ::J 

{l 
I

I 
I I I I I 



-------------------

N 
N 
~ 

RUN 

No. 

259 

260 

261 

262 

263 

264 

265 

266 

267 

268 

269 

270 

271 

272 

273 

274 

275 
276 

277** 

278 

Total = 

FIRING 

TIME, 

(sec) 

1.0 

5.0 

10.0 

10.0 

10.0 

10.0 

25.0 

25.0 

23.0 

25.0 

25.0 

5.0 

60.0 

100.0 

120.0 

120.0 

120.0 

120.0 

51.7 

120.0 

Table 6.3-13 490N Liquid Apogee Engine Final Performance Data _ 
Welded Assembly with 286:1 Area Ratio 

REGEN. REGEN. 
Pc MR Fvac Isp vac C* Cf OUTLET DELTA 

(psia) Off (Ibf) (sec) (ft/sec) (F) T, (F) 

113.8 1.667 105.6 323.5 5574 1.867 119 59 
113.6 1.652 109.0 322.0 5489 1.887 179 120 
116.1 1.639 112.4 323.2 5478 1.898 183 124 
127.4 1.592 122.8 320.2 5449 1.891 168 108 
104.7 1.620 100.3 321.2 5497 1.880 200 142 
117.3 1.599 113.0 321.1 5467 1.890 175 117 
116.1 1.647 112.2 322.2 5472 1.895 193 134 
126.9 1.636 122.9 321.7 5449 1.900 178 119 
104.8 1.624 100.6 321.3 5494 1.882 210 151 
116.2 1.461 111.0 318.0 5462 1.873 176 U8 
115.9 1.789 112.2 321.8 5456 1.897 207 149 
107.8 1.588 102.6 319.3 5484 1.873 178 120 
114.8 1.594 110.7 321.6 5469 1.891 193 133 
113.5 1.581 109.2 320.8 5471 1.885 194 135 
113.7 1.587 109.8 321.8 5471 1.891 195 136 
103.5 1.609 99.5 321.2 5482 1.884 217 157 
116.5 1.514 111.5 318.8 5461 1.877 183 124 
114.8 1.637 110.8 321.5 5469 1.886 200 139 
114.9 1.800 111.2 321.6 5454 1.896 215 153 
127.6 1.672 123.8 321.6 5438 1.901 184 124 

985.7 Sec Avg.ls= 321.2 
**Premature shutdown caused by erroneous pyrometer signal . 

·With high emissivity surface (e - = 1.0) 
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CHAMBER 

TEMP., 

(F)* 

2777 

2707 

2934 

3033 

3171 

3381 

3124 

3378 

2626 

3251 

3259 

3263 

3391 

3170 

3288 

3391 

3199 

-1 , 
1 
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6.3, Hot Fire Testing (cont. ) 

the engine and test cell. Tests -273 through -278 provided engine performance data at steady 

thermal conditions over the thrust range of 100 to 124lbf (pc of 104 through 128 psia) and the 

MR range of 1.5 to 1.8. All of these tests were 120 sec long with the exception of -277; an erro­

neous signal from the low range optical pyrometer exceeded its kill limit, shutting down the 

firing. 

Initially some difficulty was experienced in determining accurate cell pres­

sure which was measured with 2 each 0-10,000 micron (0-0.2 psia) Baratron transducers backed 

up with two 0-1 psia strain gage transducers. Nominal cell pressure during firing was about 880 

micron (0.017 psia). There was an initial uncertainty in the cell pressure which was resolved 

through post test calibration of the transducers. The effect of error in cell pressure on measured 

vacuum specific impulse is shown in Figure 6.3-71 for the 286: 1 and 47: 1 nozzles. The final 

performance data in Table 6.3-13 uses the corrected ambient pressures. 

Specific impulse for the tests of 50 sec duration and longer (Runs 271 

through 278) is plotted in Figures 6.3-72 and 6.3-73 versus MR and Pc, respectively. The data 

points are identified by test number so that the other test parameters can be obtained from Table 

6.3-13. Specific impulse is very flat with MR, within ±O.5 sec over the range from 1.8 to about 

1.58, and then falls about 0.8% by MR = 1.5. The data show no effect of Pc on Is over the range 

of 104 to 127 psia. The full range of performance data points is plotted in Figure 6.3-74 as a 

function of MR from 1.45 to 1.8; the gradual fall in Is with decreasing MR is more evident. The 

full range of Is vs Pc is plotted in Figure 6.3-75, Is is flat from 104 to 127 psia. 

Chamber wall temperature shows an increasing trend with mixture ratio 

(Figure 6.3-76 rising about 220 F over the MR range of 1.5 to 1.8. The trend with Pc is reversed 

(Figure 6.3-77) with chamber wall temperature dropping about 190 F in going from 104 to 127 

pSla. 

Fuel temperature rise in the regeneratively cooled section is shown as a 

function of mixture ratio in Figure 6.3-78. A more extensive set of performance and thermal data 

for the 286:1 thruster tests is given in Appendices Hand 1. Data characterizing the instrumenta­

tion and test facility operation are given in Appendix 1. A summary of maximum thruster temp­

eratures at the end of firing and during coast soak out are given in Table 6.3-14. 

The post test appearance of the thruster installed in the facility is shown in 

Figure 6.3-79, which shows the water-cooled 16 in. second throat diffuser in place. Figure 

6.3-80 shows the thruster assembly post test -278, on the stand. Some bluing of the nozzle 
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Table 6.3-14. Maximum Operating Temperatures Ir-Re Welded 286:1 Thruster 
at Nominal Conditions 

ASRC434 

LOCATION 

REGEN 0 .0 . 
THRUST MOUNT 
REGEN INLET 
REGEN OUTLET 
VALVE BODY 
INJECTOR BODY 
Re NOZ. @ WELD 
C-103 NOZ. @ WELD 
CHAMBER WALL 

MAX. 
FIRING 
TEMP., 

F 

280 
122 
60 

200 
179 
181 

2111 
1859 
3316 

235 

MR=1.65 
F=490 N 
9=120 SEC 

MAX. TIME OF 
COAST MAX. COAST 
TEMP., TEMP., 

F SEC 

340 150 
252 454 

"" 170 >650 
201 161 

""170 >650 
201 402 

<2111 120 
<1859 120 
<3316 120 
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Figure 6.3-79. Bay A-2 Altitude Test Facility and 286:1 Welded Ir Re Thruster, 
Post Test -278 

(C0292 0974) 
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Figure 6.3-80. Welded 286:1 Ir-Re Thruster in Altitude Cell, Post Test -278 (C0292 0969) 



6.3, Hot Fire Testing (cont.) 

region aft of the nozzle weld on the top (0 degree) side of the nozzle is visible. This is believed 

to be a submicron thick layer which occurs through reaction of the hot nozzle with the 02 in the 

cell gases after the protective H2 shroud is turned off. There is no corresponding heating pattern 

on the inside of the nozzle, so the mechanisms must be strictly externaL Figure 6.3-81 shows the 

overall 286: 1 nozzle interior. The stain at the bottom of the nozzle (180 degree) is believed to be 

the result of residual liquid (primarily MMH) expelled during post test -278 purges to free the 

propellant lines from fuel and oxidizer prior to removal from the stand. Closer detail of the noz­

zle at and aft of the joint is shown in Figure 6.3-82. Note that no streaking is visible; only ther­

mal heating coloration zones are evident. The throat and joint areas are shown in Figure 6.3-83. 

No evidence of erosion was seen or measured. 

The nozzle "bumper" ring installed on the diffuser entrance to protect the 

exit cone against potential damaging deflection loads when the diffuser unloads at shutdown is 

shown in Figure 6.3-84. The bumper ring was spaced about 0.05 in. from the nozzle surface and 

would pick up any loads which otherwise would deflect the nozzle past this point. At shutdown 

a shockwave travels up the diffuser to pressurize the cell from the steady state running pressure 

(ca 0.0165 psia) to diffuser exit pressure (ca 0.9 psia). No evidence of contact of the nozzle with 

the bumper ring was noted in post test visual examination of the silicide coating. 

The thruster assembly after removal from the stand is shown in Figure 

6.3-85. Figures 6.3-86 and -87 are close ups of the valve/injector/regen section to show details 

of the thermocouple installation in these areas. Figures 6.3-88 and -89 show details of the cham­

ber and hot section of the nozzle at 270 degree and 0 degree respectively. During the testing, a 

weld joint thermocouple spot weld junction broke, allowing the fiberglass insulation to touch the 

hot Re nozzle and melt, forming the glaze evident in Figure 6.3-89. This was removed from the 

surface by grinding before testing was resumed to preclude potential Re damage by silica diffu­

sion into the metal during extended time at high temperature. Although not documented for Re, 

such a failure mode is known to occur with Pt and silica. 

6.3.5 Durability Testing 

The primary purpose of the durability test series was to extend the continuous 

and accumulated firing times. To extend the continuous firing time, which was limited by the 

capability of the Bay 2 vacuum system, the 286: 1 nozzle was cut off at 47:1, to match the 6 in. 

diffuser. Figure 6.3-90 is a drawing of the thruster; Figures 6.3-91 , -92 and -93 show the hard­

ware after cutting back the skirt. 

The testing, Group I, consisted of 69 tests with a maximum duration of 650 

sec and an accumulated firing time of 3.64 hours. At the end of this test series the engine had an 
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Figure 6.3-82. Welded 286:1 Ir-Re Thruster - Nozzle Interior Downstream of Weld, (C0292 0976) 
Post Test -278; Note Injector in Background 

-------------------



II 
I II 
f II I 
'I I 
,I 
I il 

II 
il 
II 
I I 
'I 
I II 
II I 
I fl 

II I 
241 

i' 
-;

.... 
~
 

'-
"-

.-
-
-

"-
-
-

-
-

-
-

-
-
~
 

-t--\0
 

m
 

o N
 

m
 

N
 

o (
)
 

'--"
 

E
 

o ~ 
u. ~ o ~ 
<1> 
- c: <1> 
N

 
N

 
o 
Z

 

- o ro 
- <1> C

 ,co '" 
~
C
\
I
 

<
1>

. 
- C

Il-
:JC

Il 
. 

<1> 
.c

t-
t
-
­

<1>CIl 
rr.~ 
• 
~
 

~
 

-
'0

 
"'::<1> 
~
~
 

N
O

 
'0

-
<

1
>

­
'O

ro
 

_
0

 
<
1
>
~
 

~
~
 

M
 

CO
 

• 
~
 

C
D

 
(1) 
~
 

:J 
0

') 

U
. 

I I , I 



242 

i_
 

N
 

'" N o U
 

Q
) 

N
 N
 

o 
Z

 
... c: Q

) 

~ ~ 
c.. o 
... n:s 
... tn 
c: 
;'tn

 
c:"'O

 
.-

n:s 
ex: 

0 
-

c: 
~:::) 
a
.
~
 

E
 ~ 

::::s 
::::s 

cc:t: 
=

 is 
Q

) 
-

c: 
N

 
Q

) 
N

J
:
 

~
~
 

.... 
Q

) 
o 

0
)
 

:: 
n:s 

oS E
 

Q
) 

n:s 
0

0
 

I
I I 

I; 
I

I I 

I I' I 

I I I
I 

I
I I 

I
I 

1
\ I 

I I 



I 
I 
I 
I 
I 
I 

II 
I 

:1 

.1 
I 
I 
I 
I 
I 
I 
I 
I 
I 

(C0292 0965) 
Figure 6.3-85. Welded 286:1 Ir-Re Thruster Assembly - Post Test -278 
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Figure 6.3-86. Welded 286:1 Ir-Re Thruster - Thermocouple Detail - Post Test 
-278 at Approximately 330 Degrees 
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Figure 6.3-87. Welded 286:1 Ir-Re Thruster - Thermocouple Detail- Post Test -278 (C0392 1329) 
at Approximately 120 Degrees 
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Figure 6.3-88. Welded 286:1 Ir-Re Thruster - Post Test -278 Detail of Chamber and 
Nozzle Transition Weld 
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Figure 6.3-91. Welded SN 1, Mod Thruster - 286:1 Cut Back to 47:1, 
Overall Assembly 
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6.3, Hot Fire Testing (cont. ) 

accumulated firing time of 3.91 hours in 89 fIrings . The planned engine operation conditions for 

these tests are shown in Figure 6.3-94. The instrumentation locations for this testing are shown 

in Figure 6.3-95. 

The durability test series was initiated on 5 June 1992. Test results are listed 

in Table 6.3-15. Initial tests showed that the existing 6 in. diffuser would not start. This is 

attributed to the high exit angle on the cut-off 47:1 area ratio coupled with the low ratio between 

diffuser inlet diameter and nozzle exit diameter which does not permit the flow to turn before 

impinging on the diffuser. A diffuser inlet adapter which converts the 6 in. straight pipe diffuser 

to a second throat diffuser was designed, fabricated, and installed for test number -287. The new 

diffuser (Figure 6.3-96) starts properly and provides a steady cell pressure of about 7300 micron 

(0.141 psia). Figure 6.3-97 shows the engine on the stand after Test -306. 

The purpose of Tests -287 through -301 was to checkout the diffuser and to 

run 20 sec turbine flow meter calibration tests in combination with engine firings using the 

PDFM's. All tests were normal and no limiting operating conditions were encountered over the 

operating MR and Pc box. 

The sensitivity of engine operating conditions to propellant inlet pressure is 

shown in Figures 6.3-98 and -99. These illustrate the need for tight control on propellant supply 

pressure to control MR and Pc. For example, if oxidizer pressure increases 2 psi while fuel 

pressure drops 4 psi, MR shifts from 1.62 to 1.66. 

Test -302 was run for 10 sec duration to obtain system balance with the 40 

gal tanks in preparation for long duration testing. Maximum duration of these tests is limited by 

the pressure in the large vacuum tank into which the diffuser exhausts. Diffuser unload occurs at 

a diffuser inlet-to-exit pressure ratio of about 3 psia. Therefore, maximum continuous firing time 

of 500 to 600 sec is set by the tank volume and the pumping capacity of the vacuum system. At 

fixed engine operating conditions, this is influenced by the extent to which the exhaust gas is 

cooled in the 12 ft dia x 100 ft long vacuum tank, which serves as a heat exchanger. The cooling 

is dependent on ambient temperature, which was in the range of 60 F to 100 F+ during this 

testing. Run duration (time to diffuser unload) is plotted versus gas temperature leaving the tank 

to show this correlation in Figure 6.3-100. PerfOlmance predictions made for the 286: 1 nozzle 

cut off to 47: 1 are shown in Figure 6.3-101. 
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Table 6.3-15. Durability Test Series Performance Data at 47:1 , Sheet 1 of ~ 
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UPDATE 7-26-92 Iridium-Rhenium Combustion Chamber 

DURABILITY TEST SERIES 
FIRING 

RUN DATE TIME, COMMENT 
No. (sec) 

279 6-5-92 0.51 KILL Pexlb .25;MOVE DIFF. 
280 6-5-92 0.51 KILL LOW GH2 FLOW 
281 6-5-92 1.00 OK 
282 6-5-92 1.86 KILL Pexlb.25 
283 6-5-92 2.21 KILL Pexlb.25 
284 6-5-92 2.81 KILL Pexlb .3 
285 6-8-92 5.15 PH2 ON @5; KILL Pexlt>.3 
286 6-8-92 6.02 NOZ. I· INTO DIFF; PH2 ON @ 5; KILL Pexlt> .3 
287 6-12-92 7.78 ERRONEOUS KILL ON PYRO-LO 
288 6-12-92 5.35 KILL ON T JB-2@250F 
289 6-12-92 10.00 MANUAL KILL ON TJB-2 
290 6-18-92 10.00 OK 
291 6-19-92 20.00 NOM PC/NOM MR 
292 6-19-92 0.53 KILL ON ERRONEOUS LOW FUEL FLOW 
293 6-19-92 16.08 KILL ON TJB-3>250F 
294 6-19-92 20.00 LOW PC/LOW MR 
295 6-19-92. 20.00 HIGH PC/HIGH MR 
296 6-19-92 7.17 ERRONEOUS PYRO-LO;LO PC/HI MR 
297 6-19-92 20.00 NOM PC/LOW MR 
298 6-19-92 20.00 NOM PC/HIGH MR 
299 6-19-92 20.00 LOW PC/NOM MR 
300 6-19-92 20.00 HIGH PC/NOM MR 
301 6-19-92 20.00 NOM PC/ NOM MR 
302 6-24-92 10.00 OK; FROM MAIN TANKS; CALIBRATED FLOW METE 
303 6-24-92 47.35 KILL ON TJB-1 > 250F 
304 6-24-92 45.27 KILL ON T JB-3> 350F 
305 6-24-92 120.00 OK 

DATA 
TIME, 
(sec) 

17.0 

7.5 
7.5 
7.5 
5.8 

17.0 
17.0 
17.0 
17.0 
17.0 
8.5 

41.1 
39.5 

112.1 

CHAMBER 
Pc MR Fvac Ispvac C· TEMP., 

(psi a) OfF (Ibf) (sec) (ft/sec) (F). 
[Cold throat] 

110.6 
111 .5 
111.1 1.61 
122.1 1.70 
114.1 1.66 
113.9 1.65 
114.4 1.62 
115.3 1.64 
115.3 1.90 

119 1.43 
117.2 1.49 
121.3 1.73 
115.2 1.70 104.1 301 .4 541 8 3257 

126.7 1.49 113.7 296.9 5380 2666 
104.6 1.46 93.3 298.6 5437 2757 
125.5 1.83 113.9 300. 1 5373 2845 
102.9 1.86 93.0 301 .6 5426 2739 
11 5.4 1.52 103.9 299.7 5413 3119 
114.7 1.85 104.1 300.8 5385 3353 
103.3 1.67 93.3 302.2 5440 3372 
125.7 1.65 113.5 299.5 5387 3139 
11 6.3 1.63 104.9 300.2 5408 3198 
113.3 1.58 101 .8 300.0 5429 2845 
114.2 1.66 103.1 300.6 541 4 3228 
114.2 1.63 103.1 300.3 5407 3207 
114.5 1.67 103.5 300.6 5401 3247 

-

NOZZLE 
WELD 
TEMP., 

(F) 

2153 

1659 
1626 
1906 
1427 
2039 
2220 
2199 
2074 
2089 
1427 
2087 
2064 
2092 

-~I 
I 

. I 



Table 6.3-15. Durability Test Series Performance Data at 47:1, Sheet 2 of 3 

UPDATE 7-26-92 Iridium-Rhenium Combustion Chamber 

DURABILITY TEST SERIES NOZZLE 
FIRING DATA CHAMBER WELD 

RUN DATE TIME, COMMENT TIME, Pc MR Fvac Ispvac C* TEMP., TEMP., 
No. (sec) (sec) (psla) (Ibf) (sec) (ft/sec) (F)* (F) 

[Cold throat] 

306 6-24-92 476.60 MANUAL KILL: BUBBLES IN OXID 440.1 114.5 1.67 103.9 301 .3 5396 3255 2106 
307 6-26-92 532.27 DIFFUSER UNLOAD 493.0 115.3 1.64 104.2 300.5 5403 3337 2168 
308 6-29-92 650.09 TPC>75OF/DIFFUSER UNLOAD 642.0 112.9 1.59 101 .8 301 .6 5437 3334 2100 
309 7·1·92 400.46 MANUAL KIU; Tchamb DROPPING 352.0 114.3 1.65 103.4 301 .1 5409 2380 
310 7·1·92 241 .91 KILL ON TVB>25OF[ERRONEOUS READING] 223.0 114.8 1.66 104.0 301 .2 5404 3505 2176 
311 7·1·92 504.91 KILL ON PEXIT>0.3 PSIA 454.5 114.2 1.65 103.5 301 .0 5397 3485 2097 
312 7·2·92 485.42 KILL ON PEXIT>0.3 PSIA 444.5 108.0 1.42 5424 3296 1924 
313 7·2·92 443.18 KILL ON PEXIT>0.3 PSIA 405.5 114.9 1.62 5400 3407 1967 

N 314 7·2·92 463.92 KILL ON PEXIT>0.3 PSIA 432.6 114.3 1.66 5398 3439 1993 VI 
0\ 315 7-6-92 0.73 KILL ON OXID BUBBLE 

316 7-6-92 553.11 KILL ON PEXIT>0.3 PSIA 455.1 114.8 1.62 5406 3432 2073 
317 7-6-92 466.39 KILL ON PEXIT>0.3 PSIA 435.0 114.6 1.66 5394 2084 
318 7-6-92 471 .98 KILL ON PEXIT>0.3 PSIA 437.5 114.3 1.67 5379 2094 
319 7·7·92 4.26 KILL ON PEXIT>O.3 PSIA 
320 7·7·92 507.10 KILL ON PEXIT>O.3 PSIA 456.0 114.7 1.61 5418 3402 2134 
321 7·7·92 502.74 KILL ON PEXIT>0.3 PSIA 453.0 114.2 1.63 5405 3415 2151 
322 7·7·92 567.64 KILL ON PEXIT>0.3 PSIA 535.5 114.4 1.66 5425 3435 2168 
323 7-8-92 590.40 KILL ON PEXIT>0.3 PSIA 547.1 11 5.5 1.60 5423 3390 2081 
324 7-8-92 591.41 KILL ON PEXIT>0.3 PSIA 547.5 127.3 1.66 5387 3304 1932 
325 7-8-92 0.73 FLOW LIMIT KILL 
326 7-8-92 514.46 KILL ON PEXIT>0.3 PSIA 471 .7 1,27.9 1.51 5370 3162 1852 
327 7-8-92 431.98 KILL ON LOW OXID FLOW [BUBBLE?] 387.6 102.6 1.49 5416 3441 1943 
328 7·9-92 0.73 KILL ON LOW DIFFUSER WATER 
329 7·9-92 120.01 NOMINAl40oF PROPELLANTS 113.5 109.3 1.61 5428 3542 2011 
330 7·9-92 575.37 KILL ON PEXIT>0.3 PSIA 539.5 102.2 1.64 5437 3596 2067 
331 7·9-92 600.06 552.1 114.9 1.79 5386 3548 2076 
332 7·9-92 566.88 KilL ON PEXIT>0.3 PSIA 535.5 114.9 1.60 5389 3412 1970 
333 7·9-92 600.06 552.1 114.3 1.66 5385 3492 2025 

- - - - -- - - - - -- - -- - - --
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Table 6.3-15. Durability Test Series Performance Data at 47:1, Sheet 3 of 3 

UPDATE 7-26-92 Iridium-Rhenium Combustion Chamber 

DURABILITY TEST SERIES NOZZLE 

FIRING DATA CHAMBER WELD 

RUN DATE TIME, COMMENT TIME, Pc MR Fvac lepvac C' TEMP., TEMP., 

No. (He) (aec) (pel.) OIF (lbt) (He) (ftI1MC) (F)' (F) 
[Cold throat] 

334 7-10-92 20.001 CHECK PERFORMANCE 17.1 115.2 1.66 5400 34e7 1956 

335 7-10-92 20.001 CHECK PERFORMANCE 17.1 128.2 1.56 5370 3265 1875 

338 7-10-92 20.001 CHECK PERFORMANCE 17.1 104.8 1.54 5426 3498 1971 

N 337 7-10-92 20.001 CHECK PERFORMANCE 17.1 127.1 1.n 5364 3435 1990 
VI 

338 7-10-92 20.001 CHECK PERFORMANCE 17.1 102.3 1.90 5401 3792 2142 -.l 
339 7-10-92 20.001 CHECK PERFORMANCE 17.1 116.0 1.51 5396 3332 1907 

340 7-10-92 20.001 CHECK PERFORMANCE 17.1 116.4 1.75 5384 3501 2020 

341 7-10-92 20.001 CHECK PERFORMANCE 17.1 104.6 1.67 5418 35711 20« 

342 7-10-92 20.001 CHECK PERFORMANCE 17.1 127.1 1.62 5370 3294 1919 

343 7-13-92 120.011 HIGH TEMPERATURE PROPELLANTS 112.4 121 .3 1.53 109.4 301.5 5430 3210 1927 

344 7-13-92 120.011 HIGH TEMPERATURE PROPELLANTS 112.3 122.0 1.60 110.3 301 .8 5425 3260 1961 

345 7-13-92 120.011 HIGH TEMPERATURE PROPELLANTS 112.3 115.1 1.42 103.4 301 .8 5459 3174 1896 

348 7-13-92 120.011 HIGH TEMPERATURE PROPELLANTS 112.4 114.9 1.56 103.8 302.0 5432 3310 1973 

347 7-13-92 120.011 HIGH TEMPERATURE PROPELLANTS 112.4 115.3 1.61 104.3 5498 3344 1995 

TOTAL= 13104.44 SEC 

FIRINGS= 811 

DURABILITY 3.84 HR 

288:1 TESTS 0.27 HR 

WELDED TOT. 3.91 HR IN 89 FIRINGS 
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6.3, Hot Fire Testing (cont.) 

This durability testing was conducted in the following groups of tests: 

-279 through -290 Checkout diffuser 

-291 through -301 

-302 through -333 
(except -329) 

-329 

-334 through -342 

-343 through -347 

Flowmeter on-line calibration against 
PDFM; performance map 

Accumulate duration over the MR range of 1.4 
to 1.8 and Pc range of 102 to 128 psia 

Effect of low temperature propellant 

Repeat performance map/flowmeter calibration 

Effect of high temperature propellant 

The longest single bum was Test -308, for 650 sec. Generally, the long 

duration tests were terminated by diffuser unload in the 400 to 600 sec time range. No adverse 

engine operating conditions were noted during the series; there was no overheating or instability. 

During early testing an apparent high temperature was noted on TJB-2, an 

injector body temperature. Because of this the engine was inspected closely after Test -289 and 

high pressure leak tested with a new leak check fixture. A small leak was detected at the inter­

face between the injector and the coolant adapter. This was found to be at the injector Pc port 

location which had been plug welded and machined away when the injector was converted from 

the bolt together configuration to the welded configuration. The plug was rewelded, stopping the 

leak. The anomalously high temperature reading was the result of incorrect thermocouple loca­

tion; the T.e. intended for the injector body was installed on the area over the resonator cavity 

and was indicating normal temperatures for this area. 

The primary objective of this testing was to accumulate test time on the 

engine, as contrasted with the performance test series, where the objective was to obtain a precise 

measurement of engine performance. Typically, accuracy goals of 0.1 to 0.2% were held for 

measurements made during performance testing; if measurements were known to be outside this 

range (by, for example, comparison ofredundant measurements), testing was delayed until the 

measurement accuracy was satisfactory. A less rigorous standard was followed in the durability 

test series; testing was continued even when systematic errors were evident. For example, 

through Test -311, force bias was constant at about 0.5% and no stand thermal drift occurred, 

even at firing times of 650 sec. Starting with Test -312 the bias changed to about 1 %, shown in 

Figure 6.3-102, and the stand exhibited thermal drift of about 2 to 3% by the end of the test. This 

condition was corrected after Test -342 when interference between a pressure transducer 

connector and a propellant line was eliminated. Other instances of problems with individual data 

measurements occurred during the test campaign; in many cases when a measuring problem 
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6.3, Hot Fire Testing (cont.) 

I 
I I 

arose the decision was to proceed with life testing and correct the data later when testing would I 
not be interrupted. It should be noted that at least 67 parameters are measured during a test and 

over 40 functions are calculated for the quick-look performance data. I 
Performance for each test is calculated at a time slice prior to FS-2. Measured 

and calculated performance parameters for a time slice near shutdown are tabulated in Appendix K. I 
Generally the long duration tests were followed by a 1000 sec coast, the time 

required for the slowest responding temperatures to reach maximum values. Thermal response 

data from the engine mounting interface and the forward stainless to stainless weld are plotted in 

Figure 6.3-103 for Test -306. Note the temperature spikes at about 2 min into the coast. These 

corresponded to a dim flame visible on video and were noted in a number of the early tests. 

They were the result of flashback of the hydrogen atmosphere used to protect the exterior of the 

Re chamber. During coast the hydrogen was turned off when the chamber cooled; up to this time 

the hydrogen concentration was above the upper flammable limit. As the residual hydrogen was 

diluted by background air leakage the concentration fell into the flammable range. Because of 

concern that the gas in the 10,000 ft3 altitude tank at about 0.2 to 0.3 atm might ignite, Test -309 

was run with an argon -1 % H2 mixture replacing the 100% H2. This test was manually termi­

nated at 400 sec because of an indicated decay in chamber wall temperature (Pyro-hi). The 

argon mix provided inadequate oxidation protection to the exterior of the chamber; the black 

dentoid* coating oxidized, deposited on the window and affected the pyrometer reading. The 

chamber lost its high thermal emissivity. In the subsequent tests, with the 100% H2 restored, the 

pyrometer measurements show an increase in chamber temperature of about 200 F, from about 

3300 F to 3500 F. The external appearance of the Re chamber changed; Figure 6.3-104 shows 

the chamber prior to Test -279, i.e., at the end of the performance test series. The chamber with­

out the dentoid coating is shown in Figure 6.3- 105; the crystal structure of the Re is also visible. 

Pre -279 and post test -309 measurements of the external throat diameter 

show a decrease of 2 mil; however, because of the irregular shape with its compound curves this 

is probably beyond the accuracy of the measuring technique. Figure 6.3-106 shows the differ­

ence in external diameter measured at 5 axial stations (1.5, 2.0, 2.5, 3.0 - measured from the aft 
face of the mounting flange - and the throat) and three radial stations (60, 180, and 240 degree). 

The individual measurements show a wide variation, but their average indicates very little or no 

increase in external diameter. The average percent change in diameter as a function of axial 

location is plotted in Figure 6.3-107. Again, the measured values of about ±1 % average close to 

zero and probably represent the error of the measuring technique. 

*dentoid = tooth-like. 
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6.3, Hot Fire Testing (cont.) 

Throat internal diameter measurements were made at several times during the 

durability testing at several circumferential locations, with a three point throat micrometer. The 

first and last measurements were with the engine off the stand; the others were made on the 

stand. The individual sets of measurements and their averages are plotted in Figure 6.3-108. 

The variation from location to location and test to test indicated no change within the accuracy 

of the measurement technique. The difference in the average throat measurement from start to 

finish of the 3.64 hr of durability testing, as plotted in Figure 6.3-109, shows a decrease of 

0.0004 in. which is less than the repeatability limit of the measurement. 

The operating range over which the engine was tested in terms of chamber 

pressure and mixture ratio is shown in Figure 6.3-110. The thrust and Is operating box as a func­

tion of inlet pressure is shown in Figure 6.3-111. The chamber wall temperature box is shown in 

Figure 6.3-112. It should be noted that these measurements are for 20 sec tests; steady-state 

temperatures are about 100 F higher. 

Chamber wall temperature as a function of mixture ratio and chamber pres­

sure is shown in Figure 6.3-113; the highest temperature measured is 400 F below the demon­

strated long-life temperature of 4000 F. 

The influence of mixture ratio and chamber pressure on fuel temperature rise 

in the cooled front end is shown in Figure 6.3-114; as propellant inlet temperature is increased 

the fuel temperature rise drops; this is shown in Figure 6.3-115 for the propellant temperature 

range of 40 to 120 F. The effect of mixture ratio on fuel!::.. T and chamber pressure on outlet tem­

perature are shown in Figures 6.3-116 and 6.3-117 for a range of propellant temperatures. The 

effect of inlet temperature on outlet temperature is shown in Figure 6.3-118. In all cases the fuel 

temperature is well below the MMH initial thermal decomposition temperature of 450 F. 

A concern with fuel cooling is that the fuel not be heated above its vapor 

pressure for any required set of operating conditions. Figure 6.3-119 from Ref. 6 shows the 

vapor pressure of MMH as a function of temperature. The range of cooled front end fuel pres­

sures as function of outlet temperature are plotted for the durability operating range, along with a 

plot of MMH vapor pressure, in Figure 6.3-120. Over this operating range there is a 150 psia 

margin on boiling. However, as can be seen in Figure 6.3-121 , the required inlet pressure range 

for a typical flight application is wider than explored in the durability tests. 

Temperatures for a typical test, -311, are plotted versus time in Figure 

6.3-122, for the chamber wall and nozzle skirt weld, in 6.3-123, -124 and -125, for thruster loca­

tions and the test cell ambient. Heat transfer to the stand from the engine mount and total heat 
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6.3, Hot Fire Testing (cont. ) 

input during firing and soak is plotted in Figure 6.3-126. The maximum heat conduction rate to 

the stand is less than 0.035 BTU/sec. 

Test facility temperatures , diffuser exit pressure and vacuum tank pressure 

are shown in Figure 6.3-127. Spikes in cell temperature are clearly visible. The first rise from 

about 115 to 175 F is the result of diffuser unload at shutdown and the hot 3 psia gas which pres­

surizes the cell. The other spikes during coast are the result of ignition of residual hydrogen in 
the cell. 

Fuel delta T, outlet temperature and heat transferred to the fuel are shown in 

Figure 6.3-128 for Test -308. 

Propellant system pressures versus time are shown in Figure 6.3-129; water 

hammer at ignition and shutdown is evident. As can be seen in Figure 6.3-130 cell pressure 

rapidly reaches a steady value and stays constant until diffuser unload. 

Tests were conducted with increasing initial hardware temperature by varying 

the coast time between firings. Figure 6.3-131 shows front end temperature for these tests 

ordered by increasing hardware temperature. Tests were conducted with hardware temperatures 

at up to 200 F at ignition; no adverse effects were noted. 

6.3.5.1 Stability 

Engine operation was monitored for evidence of instability. Chamber 

pressure and thrust were examined for signs of high frequency resonances; none were found. 

Variations seen in chamber pressure and thrust are small, of very low frequency, and reflect the 

response of the regulators which control tank pressures. Figure 6.3-132 shows a highly magni­

fied chamber pressure trace for Test -311 , a 504 sec firing. Pressure fluctuations are less than 

±O.25 psi above the mean, which for this test drops about 1 psi throughout the 504 sec firing. 

Thrust, shown on a highly magnified scale in Figure 6.3-133, shows long term (several second) 

maximum variations of ±O.5 lbf. To show the conventional appearance of the Pc and thrust 

traces, they are plotted with normal scales in Figure 6.3-134. 

Since these measurements have limited frequency response, and since it 

was not practical to mount Kistler pressure or force transducers on the flight engine, a 3-axis 

accelerometer was mounted on the back of the injector body. In this way, combustion instability 

could be detected by its effect on the engine structure. No indication of structural response to 

instability was seen in these measurements. 
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6.3, Hot Fire Testing (cont.) 

Accelerometer data for Test -308, a 650-sec test, are shown in Figures 6.3-

135 through -141. The first three figures are background spectral density plots taken prior to FS-

1 for zero reference. The next three plots are the X-, Y-, and Z-axis spectral density plots for the 

time period from 5.33 to 10.66 sec. Careful comparison of the background and firing plots 

shows very little change. The most significant effects are an increase in power density at about 

150 Hz to a peak of 1XlOE-S G2/Hz on the X-axis, in Figure 6.3-142. There are no significant 

changes on the Y-axis. The Z-axis (Figure 6.3-143) shows some low frequency components at 

2.S Hz (1.SElO-S G2/Hz), S.O Hz (8ElO-S), 18 Hz (3E10-S), 22 Hz (2E10-S), and 2S Hz (lElO-

4). For reference, the launch random vibration levels at 20 Hz are expected to be 1.3E-2 G2/Hz, 
or over one hundred times higher than the levels measured during firing. 

The final three plots show the X-, Y-, and Z-axis acceleration in G's for the 

first 46 ms of the firing, during the ignition transient. A delay of about 31 ms is evident in the 

traces which represents the time for the Moog torque motor valve seats to initiate lift off. For the 

next three ms there is evidence of accelerations due to valve operation, and propellant flow 

initiation. These levels fall back to close to the prefire background levels by 46 ms. 

6.3.6 Endurance Testing 

Objective 

The objective of the endurance test program was to demonstrate long dura­

tion continuous operation of the Ir-Re 110 lbf thruster. A continuous bum of two hours was cho­

sen as a compromise between flight system requirements for this class of thruster and the not 

insignificant propellant costs (approximately $4 to $S per sec of firing time). The engine was 

successfully tested in four firings of about 1-, 100-, 7200- and 1200-sec. At the conclusion of 

this test series the engine has a total of 22,S90 sec (6.3 hr) accumulated firing time. 

Facility 

The facility in which the tests were conducted can provide over four hours of 

testing in its present configuration, based on steam capacity for vacuum pumping; it has propel­

lant capacity for over 20 hrs of testing. Figure 6.3-144 shows a drawing of the J-4 altitude cell 

and internal test cabin. 

Figure 6.3-14S is an overall view of the J-4 area showing the outer test cell, 

exhaust system and part of the steam ejector system. Figures 6.3-146 and -147 show the internal 

test cabin and the thruster installation prior to testing. The layout of the inner test cabin, in 
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6.3, Hot Fire Testing (cont.) 

which the engine is mounted, is shown in Figure 6.3-148 with the water cooled facility shields in 
place. 

Facility vacuum is maintained by a steam ejector system, operated with steam 

from accumulators, which pumps the facility to about 0.6 psia prior to firing. The thruster 

exhausts into an 8 inch second throat diffuser which pumps the interior cabin down to operating 

pressure, about 0.12 psia at 47:1 area ratio. 

Instrumentation 

Thruster instrumentation locations are shown in the drawing of Figure 
6.3-149, and defined in detail in Table 6.3-17. All data measurements, data measuring system, 

and expected steady state values are shown in Table 6.3-18 . Because previous test experience 

has shown the Ir-Re engine is more reliable than the instrumentation, nearly all automatic kills 
were removed; those that were retained (Pc and cabin pressure) were set to a very wide range. 

Reliance was placed on human review of the on-line data and its assessment so that a test would 

not be terminated by an erroneous reading. This approach was considered feasible since experi­
ence has shown that the engine is robust, can withstand off-design operation, and has no failure 

modes that require rapid response other than diffuser unload/cabin pressure increase (facility 

problem, high P-ALT kill) or chamber bum through (low Pc kill). Post-test comment to facilitate 
data interpretation, are given in Table 6.3-19. 

En~ne Configuration 

The engine configuration tested in the endurance test series was the same as 

that fired for the durability tests, the AJ10-221 SN 1 with the 286: 1 nozzle truncated at 47: 1. 

The pressures used to calculate Kw through the thruster and test facility are 

shown in Table 6.3-20. 

Table 6.3-20 Flight Thruster Component Resistance 

Component Inlet Press. Outlet Press. 

Facility - Tank to Flow Section POTR POLl 
PFTR PFL1 

Facility - Flow Sect. to Cell POLl POTSS 
PFL1 PFTSS 

Facility - Drop-in Filters POTSS POVI 
PFfSS PFRI 

Flight Inlet Conditions POVI, PFRI 
Fuel Regen PFRI PFRO 
Valve + Injector POVI PC1 

PFRO pel 
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Table 6.3-18. Endurance Test Data Display Locations (Sheet 1 of 4) 

ASRC564 

2·9·93 HALL DIG. FM OSC-
UPDATE 2-1 0-93 TV MONITOR PRINT DATA TAPE GRPH 
IDEN. MEASURES EXPEC DISPLAY 

VALUE 12345678 

TEST DATA 

FS{TC FIRE SWITCHmME CODE x X 
LIMIT CHECK-1 [scroll out of limits parameters] 
LIMIT CHECK-2[scroll out of limit value] 
AC-1a ENGINE ACCEL--X-AXIS X X 
AC-1b ENGINE ACCEL--Y-AXIS X X 
AC-1 c ENGINE ACCEL--Z-AXIS X X 
ETCV VALVE VOLTAGE 9.7 X X 
ITCV VALVE CURRENT 0.26 5 X 
FMF-1 FUEL FLOW METER #1 [WATER] 0.148 2 X X X X 
FMF-2 FUEL FLOW METER #2[WATER] 0.148 2 X X X X 
FMO-1 OXID FLOW METER #1 [WATER] 0.148 1 X X X X 
FMO-2 OXID FLOW METER #2[WATER] 0.148 1 X X X X 
PALT-1A CABIN PRESSURE #1 0.14 8 X X X 
PALT-1D CABIN PRESSURE #2 0.14 8 X X 
PALT-1E CABIN PRESSURE #3 0.14 8 X X 
PC-1 CHAMBER PRESS (WALL STAnC) 114.5 4 X X X X 
PC-2 Pc [REDUNDANT XDUCER ONLy] 114.5 4 X X X X 
PFRI REGEN INLET PRESS 237 2 X X X .x 
PFVI FUEL PRESS VALVE INLET 212 . 2 X X X X 
PH2DN H2 ORIF DOWN PRESS 12 4 X X 
PH2UP H2 ORIFICE UP PRESS 50 4 X X 
POVI OXID PRESS VALVE INLET 221 1 X X X X 
PYRO-HI CHAMBER WALL TEMP 3490 3 X X X X 
PYRO-LO RHENIUM/C-103 WELD TEMP 2100 3 X X X X 
TAC-1 Acousnc CAV.[EXT. WALL]TEMP. 3 X X 
TAC-2 Acousnc CAV.[EXT. WALL]TEMP. 3 X X 
TAC-3 Acousnc CAV.[EXT. WALL]TEMP 560 3 X X 
TCELL CELL TEMP 115 6 X X 
TFC H2 SHROUD RHENIUM FOIL TEM 2200 X 
TFRI REGEN INTERNAL TEMP 21 5 2 X X 
TFRIN REGEN INLET TEMP 55 2 X X 
TFVI FUEL TEMP VALVE INLET 21 5 2 X X 

319 



Table 6.3-18. Endurance Test Data Display Locations (Sheet 2 of 4) 

HALL DIG. FM OSC-
UPDATE 2-10-93 TV MONITOR PRINT DATA TAPE GRPH 

EXPECTD DISPLAY 
VALUE 1 2 3 4 5 678 

THS-1 LORAL SHIELD TEMP[INNER] 4 x X 
THS-2 LORAL SHIELD TEMP[INNER] 4 X X 
THS-3 LORAL SHIELD TEMP[INNER] 4 x X 
THS-4 LORAL SHIELD TEMP[INNER) 4 X X 
THS-S LORAL SHIELD TEMP X X 
THS-6 LORAL SHIELD TEMP X X 
THS-7 LORAL SHIELD TEMP X X 
THS-8 LORAL SHIELD TEMP X X 
THS-9 LORAL SHIELD TEMP X X 
THS-10 LORAL SHIELD TEMP X X 
THS-11 LORAL SHIELD TEMP X X 
THS-12 LORAL SHIELD TEMP X X 
THF-1 HYDROGEN SHROUD FLANGE TE 1015 6 X X 
THF-2 HYDROGEN SHROUD FLANGE TE 1340 6 X X 
THF-3 HYDROGEN SHROUD FLANGE TE 1420 6 X X 
TJB-1 INJ. BODY O.D. TEMP 305 X X 
TJB-2 INJ. BODY O.D. TEMP X X 
TJB-3 INJ. BODY O.D. TEMP 365 X X 
TMR-1 MTG FLNG TEMP 235 X 
TMR-2 MTG FLNG TEMP 115 X 
TMR-3 MTG FLNG TEMP 175 X 
TMS-1 STEEL MTG ROD TEMP 115 X 
TMS-2 STEEL MTG ROD TEMP 125 X 
TMS-3 STEEL MTG ROD TEMP X 
TOVI OXID TEMP VALVE INLET 55 1 X X 
TPCL Pc TAP UNE TEMP 750 5 X 
TRB-1 REGEN. O.D.TEMP [BE1WN WELD 390 3 X X 
TRB-2 REGEN. O.D.TEMP [BE1WN WELD 200 3 X X 
TRB-3 REGEN. O.D.TEMP [BE1WN WELDS) 3 X X 
TVB VALVE BODY TEMP 210 3 X X 
TVC VALVE COIL[CAN]TEMP 3 X X 
TVJ-1 ADAPTER, VALVE/INJ, TEMP 215 X X 
TVJ-2 ADAPTER, VALVE/INJ, TEMP 150 X X 
TVJ-3 ADAPTER, VALVE/INJ, TEMP X X 
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Table 6.3-18. Endurance Test Data Display Locations (Sheet 3 of 4) 

UPDATE 2-1 0-93 

CALCULATED VALUES 

#C* 
#KFRI 
#KFVI 
#KOVI 
#MR 
#Wf-1 
#Wf-2 
#Wo-1 
#Wf-2 
#%DFMO 
#%DFMF 
#DTREG 

CHAR. EXH. VEL [CALC] 
FUEL REGEN Kw [CALC] 
FUEL INJ+VALVE Kw [CALC] 
OXID Kw [CALC] 
MIXTURE RATIO [CALC] 
FUEL FLOW #1 [PROP] 
FUEL FLOW #2[PROP] 
OXID FLOW #1 [PROP] 
OXID FLOW #2[PROP] 
OXID FLOWMETER ERROR 
FUEL FLOWMETER ERROR 
REGEN DELTA T 

FACILITY PARAMETERS 

@DPFF 
@DPOF 
@LFCV-6 
@LSV 
@PALT-1B 
@PALT-6U 
@PALT-J3 
@PFFCT 
@PFFM 
@PFGN2 
@PFRT 
@PFT 
@PH2T 
@POCT 

FUEL FILTER PRESS DROP 
OX FILTER PRESS DROP 

J4 CELL PRESSURE 

FUEL CATCH TANK PRESS 
FUEL FLOW METER PRESS 
GN2 PRESS (FUEL) 
FUEL RUN TANK PRESS 
FUEL TANK PRESS 
HYDROGEN TANK PRESS 
OXID CATCH TANK PRESS 

5450 
0.0282 
0.0145 
0.0166 

1.65 
0.13 
0.13 

0.214 
0.214 

160 

1.00 

321 

[#] 

HALL DIG. FM OSC-
TV MONITOR PRINT DATA TAPE GRPH 
DISPLAY 
12345678 

4 X 
6 X 
6 X 
6 X 

4 X 
X 
X 
X 
X 
X 
X 
X 

[@] 

X 
X 

7 X 
X 

8 X 
8 X 
8 X 

2 X X 
5 X 

2 X X 
2 X 

X 



Table 6.3-18. Endurance Test Data Display Locations (Sheet 4 of 4) 

HALL DIG. FM OSC-
TV MONITOR PRINT DATA TAPE GRPH 

UPDATE 2-1 0-93 DISPLAY 
12 3 45678 

@POFM OXID FLOW METER PRESS X X 
@POGN2 GN2 PRESS (OXID) 5 NL 
@PORT OXID RUN TANK PRESS X X 
@POT OXID TANK PRESS X 
@PSA 5 X 
@PSL STEAM EJECT INLET PRESS X 
@PSTG1-J3 X 
@PW6DSPD 7 X 
@PWDCO-U 7 X 
@PWCM X 
@PWDCO-D X 
@PWOD-1 7 X 
@PWOD-2 7 X 
@PWOD-3 7 X 
@PWOD-4 7 NL 
@PWS 7 X 
@T18-1 B X 
@T18-2 8 X 
@T1B-3 8 X 
@TOFM OXID FLOWMETER TEMP X 
@TFFM FUEL FLOWMETER TEMP X 
@TRAD-1 FAC. SHLD CYL WATER TEMP OUT 5 X X 

.. 
@TRAD-2 FAC. SHLD FRNT WATER TEMP OUT 5 NL 
@TW6D-1 7 X 
@TW6D-2 7 X 
@TW6D-3 8 X 
@TWOD-1 5 X 
@TWOD-2 5 X 
@TWOD-3 5 X 
@TWOD-4 X 
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Table 6.3-19. Comments on Endurance Test Data Listings 

A. PERFORMANCE SUMMARIES [J0014] 

1. THESE ARE AVERAGES FOR THE TIME PERIOD INDICATED 
2. #40, TPYRO-HI, READS ABOUT 3500F HIGH BECAUSE OF THE COMBINED 

EFFECT OF THE CELL WINDOWS AND FIRST SURFACE MIRROR. 
3. TPYRO-LOW IS NOT READING [LOWER LIMIT ON TPYRO-LOW IS 1427oF; 

25600F ON TPYRO-HIGH]. 
4. TFRIN AND TFVI ARE INTERCHANGED; FOR TEST -103 USE TFFM 

INSTEAD OF TFRIN. 
5. C* CALCULATION USES COLD THROAT AREA 
6. TRUE ETVC IS INDICATED ETVC*1.114 

B. ENGINEERING DATA LISTINGS [J0003] 

1. THESE ARE READINGS AT THE TIME INDICATED 
2. SAME COMMENTS AS 2 THROUGH 6 ABOVE 

ASRC571 

2·1 8-93 

323 



6.3, Hot Fire Testing (cont.) 

Detailed measurements of the Re Chamber post-durability test (-347) and 

pre-endurance test were made to document the existing external contour of the chamber using 

Aerojet ' s CORDAX inspection machine. The measurement system is shown in Figure 6.3-150. 

It consists of the thruster mounting table, the X-, y-, z-traversing head, controls, and operator dis­

play/computer station. Figure 6.3-151 is a closeup showing the traversing probe and engine 

during measurement. 

The external chamber contour was measured at four circumferential stations 

and then compared to the design (print) dimensions. Wall thickness is calculated from the 

CORDAX measurement and the design internal dimensions whose initial values are dependent 

on the molybdenum mandrel used for the CVD process. The CORDAX measurements at 0 and 

180 degree, are shown in Figure 6.3-152. 

Prior to endurance testing the fuzz leak noted at the nozzle skirt joint was 

quantified by measuring with helium at 5 psig. The leakage rate was 6.5 x 10-3 scc/sec He. 

Testing and Results 

The results of the endurance testing, Series J, are summarized in Table 

6.3-21. The series consisted of four tests, designated KGH3-DOI-0A-100 through -103 (-348 

through -351 in the overall numbering system), of nominal 1-, 100-, 7200-, and 1200-sec dura­

tion, respectively. The first test, -100, was planned for 10-sec duration but was shutdown auto­

matically at 1 sec when the control system first checked cabin pressure and found it to exceed the 

upper limit of 0.4 psia. This was caused by slower than anticipated pump down of the cabin. 

Plots of system pressures and flow rates are shown in Figure 6.3-153 for test 

-100. The rapid response of the engine, lack of Pc overshoot, and rapid stabilization of Pc are 

evident. 

Since the system balance in the I-sec test was within acceptable range for 

accurate correction, the 100-sec test was conducted next, with the check time on cell pressure 

increased to FS-l + 10 sec and oxidizer tank: pressure reduced to give the desired MR. 
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Table 6.3-21. Test Results for 100 Ibf Endurance Test Advanced 
Small Rocket Program 

NOZZLE C" , 
TEST CHAMBER WELD [COLD 

. -
CONFIGURA nON TIME, Pc, MR, TEMP. TEMP. THROAT] TEST OBJECTIVE 

sec PSIA OIF of of FT/SEC 

No Heatshleld 1.0 123.2 1.74 SYSTEM CHECK, BALANCE 

99.9 118.5 1.66 3530 2050 5489 BALANCE 

7200.2 118.6 1.65 3550 2050 5521 ENDURANCE TEST 

With Heatshleld 1198.4 118.0 1.67 3680 5490 CHECK EFFECT OF FLIGHT HEAT SHIELD 

TOTAL FIRING TlME= 8499.5 SEC 

=( 2.361 HR) 

--- ,----------------
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6.3, Hot Fire Testing (cont.) 

The 100-sec test, -101 , was successful; all data appeared within normal lim­

its. Figure 6.3-154 shows system pressures and flows; Figure 6.3-155 shows cell pressure and 

simulated altitude, illustrating the cabin pressure pump down rate. Figures 6.3-156 and -157 

show engine temperatures during the 1oo-sec fmng and the 300-sec coast following. 

The 72oo-sec test, -102 was conducted successfully on 12 February ~ 

beginning at about 11:15 am. The start up engine pressure and flow transients are shown in 

Figure 6.3-158; these same parameters for the complete 2-hr firing and 30-min coast are plotted 

in Figure 6.3-159. At about 4200-sec into the test a change (increase) in calculated Kw for the 

fuel-cooled adapter section was noted, along with the appearance of fluctuations in fuel pressure 

(1 to 2 psi). Since the system had no automatic kills except Pc (low kill = 50 psia, high kill = 
150 psia, and cabin pressure (high kill = 0.4 psia) , the plan called for increasing MR and Pc to 

move towards a more benign condition while the situation was assessed, rather than shutting 

down in the middle of the two hour test. For this reason, at about 4300 sec, fuel tank: pressure 

was increased 16 psia, from 254 to 270 psia. Concurrent with this change, K w returned to the 

previous value, and fuel pressures appeared normal. The fuel tank: pressure was then dropped 

back to nearly the initial value; operation continued to be normal. The test was continued for the 

fu1l2-hrs with no other events. The engine is shown in Figures 6.3-160 and -161 after the two-hr 

test, with the facility heat shield moved aft. At this point the accumulated duration on the engine 

was 5.94 hr. 

Post-test examination of the data shows that the change in calculated Kw was 

the result of an uncorrelated drop in indicated PFRI, fuel regen inlet pressure, of 4.7 psi, with no 

corresponding changes in either fuel flow rate, PFfR, fuel run tank: pressure, or PFVI, fuel valve 

inlet pressure, as can be clearly seen in Figure 6.3-159. The lack of correlation makes the PFRI 

reading suspect. It is likely that the change in reading and fluctuations were indicative of a bad 

measurement, perhaps an intermittent connection. 

Thruster temperatures are shown in Figures 6.3-162 and -163 for the com­

plete fIring and post test coast. All values were within expected limits. 

With the facility shield moved aft, the flight radiation shield was installed. 

During the installation process it appears that side loads were applied to the nozzle skirt, which 

broke off cleanly at the Re to C-I03 transition joint. Figure 6.3-164 shows an enlarged view of 

the skirt joint region after the 2-hr test and prior to the fracture. The joint region appearance is 

normal. The break was a brittle fracture, indicating inadequate material properties. A failure 
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6.3, Hot Fire Testing (cont.) 

analysis was conducted and is described in Appendix L. The engine is shown in Figure 6.3-164 

with the shield in place, after skirt separation, and in Figure 6.3-165 after removal of the skirt. 

The final test, to check out the engine operation with a high temperature radi­

ation shield shown in Figure 6.3-166, was then conducted, as test -103, for 1200-sec. The test 

was successful; engine and shield perfonned satisfactorily. Figure 6.3-167 shows engine 

pressures during flring and coast. The gradual (5 to 8 sec) fuel pressure rise after shutdown is the 

nonnal result of thennal soak back which is then relieved when a check valve in parallel with the 

stand safety, and with the flow direction back to the tank, cracks open. 

Thruster temperatures are shown in Figures 6.3-168 and -169. PYRO-LO, 

nozzle joint pyrometer, was not active for this test. The indicated PYRO-ID, chamber wall 

pyrometer readings require correction in all tests because of window absorption and in this test 

because a first-surface mirror was required to view past the radiation shield. The initial heat up 

value, reached in about 100-sec, corresponds to the nonnal operating temperature for this engine, 

without high emissivity coating, of 3500 F. The subsequent heat up of the engine by the radia­

tion shield adds another 180 F , giving a final temperature of about 3680 F, well below the long­

life limit of 4000 F. 

The appearance of the shield and thruster after the 1200-sec test is shown in 

Figure 6.3-170. Detailed examination of the engine hardware with boroscope and external 

photos show no problems other than the detached skirt. The throat, Ir coating, trip, cooled 

adapter, injector and valve look undamaged, except for a small chip in the Ir coating in the cool 

section of the nozzle exit. Extensive post-firing photos were taken of the engine. Some of these 

are included in Appendix M. 

6.4 WORK HARDENING OF RHENIUM 

During early stages of thruster design, it became apparent that uncertainty in the yield 

strength of annealed CVD Re was a major consideration. Data available for wrought Re (Refs. 

6.4-1, -2) indicated values in the 40 Ksi to 50 Ksi range. However, the very limited data for 

CVD rhenium indicated values as low as 10 Ksi. Yield strength in the annealed condition 

controls the chamber headend and throat thickness required to avoid pennanent deflection caused 

by launch random vibration since every engine will be acceptance hot fired and therefore 

annealed prior to launch. In addition, chamber yield in hoop stress is possible due to pressure 

spikes caused by gas bubbles in the propellant. 
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6.4, Work Hardening of Rhenium (cont.) 

One method for increasing the yield strength of Re is by workhardening. Therefore, 

as part of Task 13.1, workhardening of Re was investigated. 

Two annealed CVD rhenium specimens were strainhardened by cyclic strain in a 

tensile test irodine. The strain hardening resulted in an increase in yield strength from 9700 psi 

to 38,800 psi. The details of the strainhardening experiment are provided in Appendix N. 

6.5 NT 0/ AH TESTS 

Substitution of analydrous hydrazine (AH) for monomethylhydrazine (MMH) in the 

100 lbf Ir-Re thruster should increase delivered specific impulse by about 2 percent. This high 

temperature radiation cooled thruster does not require film cooling and, therefore, will have 

optimum performance with NTO/AH at an MR of 1.1 to 1.2, providing better volumetric effi­

ciency than conventional highly film cooled NTO/AH thrusters which optimize at 0.9 to 1.0. 

Design, fabrication, and test of a 100 lbf thruster specifically designed for NTO/AH 

was planned as part of this program. To obtain preliminary data for the design activity, tests 

were conducted with existing bolt-together hardware shown in Figure 6.3-30. The primary 

purpose of these tests was to determine optimum MR for NTO/ AH. 

6.5.1 Testing 

The setup for the NTO/AH tests is shown in Figure 6.3-30. Hydrazine was 

delivered by a positive displacement flowmeter (PDFM) which was filled from a 4-gal tank. 

The NTO/AH test series immediately followed the 44:1 performance testing 

of SIN 6-1 injector with NTO/MMH and used the identical hardware. The only change was the 

substitution of AH for MMH. 

The objective of the testing was to determine (1) the optimum MR for the 

NTO/AH propellant system in the Ir-Re radiation cooled hardware and (2) the increase in 

performance in switching from MMH to AH. 

The first test, -245, was a 1-sec firing for system checkout and determining 

hydraulic balance. The second test, -246, was intended to be a lO-sec checkout test. The test 

was normal until about 2.6 sec, at which time several pressure spikes occurred in PFJ and, to a 

lesser extent, in POJ and Pc. At about 3.0 sec, the first visual evidence of a problem was seen on 
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6.5, NTO/AH Tests (cont.) 

the video display and at about 3.5 sec the bipropellant valve was signaled to close. Propellant 

flows reduced but did not stop, and further, lower spikes occurred in Pc, POJ and PFJ. This 

continued until 6 to 7 sec into the test, at which time the thruster slowly started to shift 

backwards and drop down. At about 8 sec, the thruster disappeared from the video image. 

Upon opening the test cell, the chamber/nozzle assembly was found to be 

inserted into the diffuser. The injector was loosely mounted to the valve by the stubs of the bolts 

which held the valve/injector/chamber assembly together (Figure 6.S-1) . 

Test Data 

Results for the two tests are summarized in Table 6.S-1. Even at the short 

firing time, specific impulse was running about 1.S% higher than in a comparable NTO-MMH 

test, as shown in Figure 6.S-2, where Is for Tests -244 (NTO/MMH) and -246 are plotted versus 

time, along with the percent difference between them. Fuel temperature rise and fuel outlet 

temperature for Tests -246 (NTO/AH) and -276 (NTO/MMH) are compared in Figures 6.S-3 and 

6.S-4. The temperatures for the AH case are lower, as would be expected at the higher fuel flow 

rate. Temperature of the tip of the cooled adapter is compared for tests with the two fuels in 

Figure 6.S-S. The temperature was slightly cooler for the AH case. 

Heat transfer to the AH was smoothly increasing, as predicted, when the 

event occurred at 2.6+ sec, as shown in Figure 6.S-6. Propellant flows and mixture ratio were 

normal and steady when the event occurred, as shown in Figure 6.S-7. External thruster 

temperatures were normal until 3.3 sec, when they rose rapidly and became erratic , as shown in 

Figure 6.S-8 . 

Cell pressure was steady until 2.6+ sec, at which time it showed a very slight 

drop and some very slight roughness; at about 3.3 sec, it rose in about 1 sec to 10 times normal 

running pressure (about 2 psia was indicated; however, the transducer is 100% over range at this 

point). This continued until nearly 11 sec when the transducer went off scale; this is believed to 

be caused by thermally induced breakage of the cell windows, as indicated in Figure 6.S-9 . 

The timing of these events, as determined from digital data, FM tape, 

oscillograph and video tape is summarized in Table 6.S-2. 
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Table 6.5-1. Test Results, Runs -245 and -246 

ASRC375 
NTO/AH Propellants 

Firing Data Is vac Regen Regen Heat 
Run Time, Time, Pc, MR Fvac sec TFL Outlet Delta Trans 
~ ~ S~~ S~~ ~ QLE -112L ~144:1 L F T,F btlJLs~c 

245 1-6-92 1.0 0.75 103.0 0.899 99.9 306.4 52 114 62 7.98 

246 1-6-92 2.6+ 1.8 101 0.917 100.1 312.1 52 160 109 13.98 
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Table 6.5-2. Sequence of Events for Test -246 

Data Time 
Time Event S~B.~r~~ Basis Description 
0.0 Ignition Digital Time Code Data From Digital Printout 

Ograph Time Code Data From Oscillograph Record 
FM Tape Time Code Data From FM Tape 
Video TC Wire Motion Data From VHS Video of Test 

2.6325 Last Normal Data Digital Time Code Last Digital Sample With Normal Data 

2.6898 First Anomalous Digital Time Code 1% Drop in Fuel Flow, 2.5 psi Rise in POTSS, 4.4 in 
Data POVI, 34.5 In PFTSS, 52.7 in PFRI, 5.4 in PC1, 52.5 in 

PFVI, 5.4 in POJ, 43 in PFJ 

2.65 First Anomalous FM Tape Time Code Rise in PFJ, POJ, PC1 
Data 

2.78 Large Spike FM Tape Time Code Large Peak In PFJ, POJ, PC1 

w 2.81 Drop In PC1 FM Tape Time Code Continues to Spike Along With Other Pressures, but 
0\ - at Lower Level 

3.1 First Anomalous Video Stopwatch Flash 
Data 

3.4712 FS-2 Signal Digital Time Code Signal to Valve to Shut Down; Flows Reduce but Do 
1 Not Stop 

6-7 Chamber Moves Aft Video Stopwatch Chamber Gradually Rotates Down and Slowly 
Moves Aft 

7.4 Chamber Releases Video Stopwatch Chamber/Nolzle Assembly Disappears 

10.4 Flare in Cell Video Stopwatch Probable Time of Window Failure and Therefore 
Large Rush of Air Which Drags Chamber Into 
J>iffuser 
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6.5, NTO/AR Tests (cont.) 

Post Test Analysis 

Initial appearance of the hardware suggested a large increase in chamber 

pressure, which broke the chamber bolts. However, review of the video record shows that the 

bolts actually failed slowly and progressively over a several-second-period. The data are 

consistent with the following: 

• 2.69 seconds. Detonation occurs in cooled adapter causing a hydraulic 

pressure spike. The hydraulic pressure wave, followed by a hot gas 

pulse, damages the bipropellant valve. Over pressure spike breaks 

internal welds in cooled adapter allowing fuel to enter chamber directly. 

• 2.6 - 3+ seconds. Pressure surges continue. 

• 3+ seconds. Hot gas leak visible on the video. Leakage occurs because 

Pc spikes load the Belleville washers in the assembly bolts, unloading 

the Grafoil seal and allowing hot gas to flow by and erode the Grafoil 

gasket. 

• 3.47 - 6 seconds. Valve signaled to close but is only partially 

functional . Propellants continue to flow, maintaining reduced chamber 

pressure and hot gas flow (primarily AH decomposition products at 

about 1800°F) which removes Grafoil seal and weakens bolts. 

• 6-8 seconds. Weakened bolts progressively shear, allowing chamber to 

rotate down and move aft. 

• 8 seconds. Hot decomposition products which have been impinging on 

test cell windows cause windows to break, permitting in rush of air 

which sweeps chamber and nozzle assembly into diffuser. 

The post test status of the hardware is summarized in T~ble 6.5-3. The 

cooled adapter and dual shutoff bipropellant valve were damaged beyond economical repair. 

The rhenium chamber was inertially upset at the throat from the impact with the diffuser 
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Table 6.5-3. Post Test Hardware Status 

1Wn Quantity Name PIN Sili Id No. Own_er Contract Conditicm DiSDosition 

1 1 Adapter, 1201605-9 1 JPL JPL Not Scrap 
Chamber 957882 Repairable 

2 1 Chamber 1199061 JPL JPL Damaged; Test for 
957882 Possibly Performance 

Usable 

3 1 Extension, 1199062 JPL JPL Damaged; Repair 
Chamber 957882 Repairable 

w 
0'1 
w 

1 Valve A540n-1 001 Model Aerojet 4 Damaged; Return to 
53E140 Repair Cost Vendor; Repair 

Approximately Not Practical 
Equal 
Replacement 
Cost , 

5 1 Assembly, 120653-9 006-1 NASA NAS Tested Test to 
Injector 3-25646 3-25646 Satisfactorily Determine 

Status 

6 4 Rod 1199063 JPL NAS Not Scrap 
3-25646 Repairable 
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6.5, NTO/AR Tests (cont.) 

(Figure 6.5-10). This reduced the throat dia from 0.843 to 0.802 in., caused an increase in throat 

expansion angle and probably damaged the Ir coating. The chamber is usable but not now repre­

sentative for lifetime studies. 

The injector, shown after the test in Figure 6.5-11, was studied in detail for 

damage; the results are summarized in Table 6.5-4. It was concluded that the injector was 

undamaged by its ordeal. It was subsequently fired with satisfactory results in Tests -247 

through -258. 

Cooled Adapter 

The component that failed is PIN 1201605, adapter, chamber. This unit was 

built for the JPL test program described in Ref. 3, but was not fired in that program. It was first 

fired in the initial sea level compatibility tests of this program with injector SIN 2, Runs -101 

through -1 16, on 3-25-91 through 3-27-91. During post test -116 inspection with nitrogen, leaks 

were noted on the ID of the part about 3/16 in. from the downstream edge. The adapter was sent 

to the shop for welding and concurrent machining of the trip contour, while tests with SIN 4 

injector continued with the cooled adapter previously fired on the JPL program. 

Because the 1201605 adapter material is 347 SS, it was TIG welded because 

EB welding of this alloy is often not satisfactory. The welded area overlapped the areas where 

leakage was noted but did not cover the full circumference of the part. It is evident from the 

damaged part that the reweld did not center on the old weld but barely overlapped the joint. It is 

also evident that the initial weld had grossly inadequate penetration. In the initial process of 

fabrication, the minimum wall thickness at the weld was 0.082 in. This was machined after 

welding to a design minimum of 0.053 in. which would have equaled the depth of a full 

penetration weld. 

The welded section of the adapter is shown schematically in Figure 6.5-12. 

The inadequate weld had two consequences. It resulted in a narrow stagnant cavity on the fuel 

side about 0.045 in. deep which would be largely isolated from the main flow and in which fuel 

could heat to well above the bulk temperature. In addition, the wall temperature drop occurred 

over a thickness of about 1/6 design, resulting in a much higher liquid side wall temperature than 

design. In spite of this, the reworked cooled adapter operated satisfactorily in 117 tests (-128 

through -244) with NTO/MMH over a very wide MR and Pc range for test durations of up to 

RJ7fjHOO1 8/1 XI N6.0/36 364 5112/95 
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Table 6.5-4. Post Test Analysis of Injector SN 6-1 

Test Result Possible Intergretation 

Intermanifold Leak No Leak at 50 psig GN2 Good Bond 

Backflush Oxidizer No Particles No Contamination in Oxidizer Circuit 

Backflush Fuel 1-2 Dozen Small Black Particles Fuel Contamination From Valve Seat 

Flow Oxidizer for Kw 3.4% Low Screen Plugging or Cd Changed 

Flow Fuel For Kw 40/0 Low Screen Plugging or Cd Changed 
lJ.) 

Oxid izer Pattern Normal No Element Change 0'1 
-l 

Fuel Pattern Row 5/ - 225 Degree Has Higher Historical, Not Noticed or Particle 
Angle to Face Than Other Lodged in Cup 
Elements 

I Appearance Under Microscope No Sign of No Internal Over Pressure; Surface 
Face Deflection; Inner Surfaces Reaction 
Alligatored 

l. 
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Figure 6.5-12. Schematic of Cooled Adapter Weld 

-------------------



[I 
I 

' I 
I 

I 

I 
I 

i l I. 
I I. 

' I 
! 
II 

--:----.~-.----.- -- .- - -- - -

6.5, NTO/AH Tests (cont.) 

90 sec. Given the geometry and heat transfer conditions, the MMH temperatures at the bottom of 

the slot must have been above the thermal decomposition temperature of about 450°F. However, 

any reaction which occurred was benign, perhaps resulting in gasification and charring in the 

slot, but certainly without explosive decomposition. 

The AH, which is known to react more violently than MMH under similar 

thermal decomposition conditions, reacted violently. 

Failure Mechanism 

The predicted metal wall temperature at the liquid side is plotted in 

Figure 6.5-13 as a function of wall thickness for two levels of heat transfer to the part, 

13 Btu/sec, corresponding to the results for NTO/MMH, and 15 Btu/sec corresponding to the 

results for NTO/AH. The predicted liquid side wall temperature for the design thickness are well 

under the fuel decomposition temperature of 450°F. However, at the measured wall thickness of 

0.008 in. the corresponding fuel side temperatures are 630°F and 720°F, respectively, which are 

above the thermal decomposition temperature of the fuel. 

Comparison to Flight Engine Cooled Adapters 

The cooled adapters designed and built on this program do not have the weld 

in the high heat flux location. The weld was moved to the downstream lip; this is a more 

favorable location for EB welding which is now practical as the new part is made of 304 

stainless. The old and new designs are compared in Figure 6.5-14. 

If the original weld had been proper the original design would not have been 

influenced by the location of the weld. For example, weld preparation (V-groove) and use of 

filler rod rather than parent metal fusion would have produced a proper weld. A tradeoff exists 

in the designs, however. The original weld is more difficult to make but is easy to inspect by 

X-ray. The new weld is easy to make but difficult to inspect. The weld location must be care­

fully planned for a hydrazine-cooled adapter and a rigorous inspection plan must be developed. 
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COMPONENT 
APPUCATlON 
PIN 
SOURCE 
DESIGN DATE 
NTO/MMH EXPERIENCE 

COOLED ADAPTER 
R&D/BOLT-UP THRUSTER 
1201605 
JPL CONT 957882 
10-~87 
6.1 hr in 186 tests 

COOLED ADAPTER 
WELDED FLIGHT THRUSTER 
1206354 
NASA LeRC CONT NAS 3-25648 
12-7-90 
0.27 hr in 20 tests 

Figure 6.5-14. Comparison of Cooled Adapters 
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