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SUMMARY 

The objective of the contract described herein was to develop and 

demonstrate the technology required to provide a high performance, lonq lived, 

fast response five-pound-thrust bipropellant engine capability for attitude 

control functions typical of future Air Force requirements.    Sptcifically, a 

step function improvement from the characteristics of monopropellant hydrazine 

thrusters in the same thrust class was desired.   The goals of the technical 

effort were to provide specific Impulse values of 240 and 300 sec in pulsing 

and steady state modes of operation, respectively, minimum impulse bits of 

0.050 lb-sec or less, repeatable within +10%, and valve response times of 

0.005 sec with the pulse mode characteristics attained equally well on the 

first and subsequent pulses of a pulse mode duty cycle.    In addition, it was 

intended that the engine would be capable of virtually unlimited quantities 

of cold starts, operate with propellant temperatures ranging from 20 to 120oF, 

be suitable for pressure regulated or blowdown pressurization systems and have 

unlimited duty cycle capability operating in a fully insulated (adiabatic wall) 

or radiation-cooled configuration. 

System studies conducted early in the program verified the need for 

broad range capabilities as it was found that various spacecraft designs have 

entirely unlike requirements.    Initial analytic studies indicated that low 

dribble volume multi element injector designs were essential if the pulsing 

and steady state performance goals were to be achieved with a single engine. 

Early full scale thruster firings disclosed that the 300 sec steady state and 

240 sec specific impulse goals were achieveable using a 100:1 expansion nozzle. 

Long duration operation of a fully insulated unit, however, would require 

increased barrier cooling with an attendant performance reduction to insure 

maintenance of the chamber wall at an acceptable temperature. 

The result of this initial work was that three variants of a basic 

engine design were fabricated for the program's Task III demonstration testing. 

These engines all utilized suicide coated columbium thrust chambers with 

multi element transverse platelet injectors which were integral with a torque 

in 



Summary (cont.) 

motor actuated blpropellant valve, and provided a dribble volume of % 0.0003 
3 

in.    for each propellant.    Specific engine to engine differences in the injec- 

tor patterns traded performance with maximum feed pressure blowdown capa- 

bility, the ability to operate with an adiabatic chamber wall, and heat flow 

to the spacecraft.   All engines were successfully tested for extended simu- 

lated mission duly cycles accumulating more than 400,000 starts and 17,000 sec 

of firing without mishap.    The demonstrated values of valve response and mini- 

mum impulse surpassed the goals by margins approaching 100%.   The repeatability 

of the 0.05 lb Impulse bits were + 2.4%.    In continuous pulsing steady state 

performance varied with installation and blowdown caoability as follows: 

Task III 
Engine 

I 

II 

III 

Installation 
Blowdown 
Range 

Radiation Cooled Regulator 

Adiabatic Wall 2:1 

Adiabatic Wall 2.5:1 

Steady State 
Isp it  = 100:1) 

300 

290 

283 

these engines provided a feasibility demonstration of the performance, chamber 

compatibility and operating advantages which accrue from the Integration of 

the minimum manifold volume multi element platelet injector, blpropellant valve 

and columbium thrust chamber.    These data allow the development of radiation 

cooled and adiabatic wall  thrusters with high steady state and pulse mode per- 

formance, good pulse repeatability and virtually unlimited duty cycle capa- 

bility to proceed from an experimentally verifier, technical base. 
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PREFACE 

This report covers the work performed under Contract F046n-73-C-0061, 

"Five-Pound Bipropellant Engine", performed by the Aerojet Liquid Rocket 

Company at Sacramento, California, and conducted under Air Force Project SOHS; 

Task 11.    The performance period covered from 28 March 1973 to 30 June 1974. 

The program manager was Dr. S. D. Rosenberg; the project manager was 

R. C. Schindler; the project engineer was L. Schoenman.   The analytical ther- 

mal and performance work was conducted by F. H. Miller and J. I. Ito, respec- 

tively; J. V. Smith coordinated the valve related activities.   The experimental 

work was conducted by R. S. Gross assisted by P. M. Loyd, test engineer, 

N. R. Rowett, instrumentation and controls engineer, and H. C. Howard, test 

data engineer. 

The program was administered under the direction of the Air Force 

Rocket Propulsion Laboratory, M. V. Rogers, project engineer. 
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SECTION I 

INTRODUCTION 

1.0       INTRODUCTION 

1.1    BACKGROUND 

Prior to 1963, few spacecraft missions required the injection of 

a pay load into orbit.    Furthermore, there was little need or room for an 

on-board propulsion system as part of an orbiting package.   During the period 

1963 to 1968, payload weights increased and a need for station-keeping 

developed as mission goals became more ambitious.    Reaction control systems 

employed catalytic decomposition of hydrogen peroxide and/or cold gas jets. 

The instability of the hydrogen peroxide under storage and the need for pres- 

sure relief valves made the reliability of this system inherently low.    Cold 

gas systems, although much more reliable, provided very low performance. 

Monopropellant reaction control  systems utilizing hydrazine were 

evaluated for station-keeping missions starting in 1967.   By 1973, such sys- 

tems enjoyed an undisputed industry acceptance and had performed well in a 

wide range of applications.    However, the demands being placed on these reac- 

tion control systems are becoming more and more stringent end there are indi- 

cations th.it the requirements may soon exceed monopropellant system capabili- 

ties.    Future military space missions, such as space defense and reconnais- 

sance, are likely to hove roquiroments in pxcess of those of thf commercial 

■".ystems, itemized in Tahlo 1.1-1, which typically illustrates these new 

demands. 



1.1, Background (cont.) 

TABLE 1.1-1 

COMMUNICATION SATELLITE THRUSTER REQUIREMENTS 

A bipropellant system Is a logical advance in technology and 
eliminates the problems associated with catalyst beds and monopropellant 
systems.   Storable bipropellants, such as N^O./MMH, have long been employed 
in larger engines (greater than 25-lbF), performing reaction control functions 
with considerable success and a high degree of reliability.    In addition to 
the 25% improvement in steady state specific impulse performance over mono- 
propellant systems, bipropellant systems offer a potential for: 

(1) W. E. Ellion, D. P. Frizell and R. A. Meese, "Hydrazine Thrusters - 
Present Limitations and Possible Solutions AIAA 73-1265 Las Vegas 
November 1973. 

INTELSAT      Advanced       Advanced 
Parameter SYNCOM      ATS-4 IV A Spinner 3-axis 

Start Quantity 100 50 700 4,000 40,000 
Total Impulse, lb-sec       6,000        10,000 72,000 75,000        75,000 
Predictability % +40 +30 +20 +15 +15 
(Total Error) 
Life in Orbit, Years 13 7 10 10 
Propellant System H202 N2H4 N2H4 TBO TBD 

A large number of engine cold starts and very high total impulse 
have been shown to degrade the response, repeatability and performance of 
monopropellant thrusters.   This is caused by gradual degradation of the 
catalyst bed.    Figure 1.1-1, taken from Reference (1), summarizes the demon- 
strated capabilities of hydrazine monopropellant engines in 1973.    The cold 
start quantity of less than 700 for 5-lbF class engines is less than adequate 
and illustrates a need for technology improvement.    Efforts to correct this 
limitation by using bed heaters, improved catalysts and bed designs are in 
progress and have shown limited success. 
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1.1, Background (cont.) 

Longer life and nearly unlimited thermal cycling with the 

performance loss and attendant catalyst bed degradation 

entirely eliminated; 

Higher pulse mode performance with particular performance 

advantages obtained on cold starts; 

More predictable response and lower power consumption result- 

ing from an ability to operate without catalyst bed heaters; 

Lower propellant freezing temperatures; and 

Improved handling and reliability resulting from the ability 

to clean and flush a fully integrated spacecraft control 

system without fear of catalyst bed contamination or damage. 

In some applications, the use of bipropellant engines allows the 

attitude control system to be integrated with the propellant feed system of 

the larger bipropellant engines on board the spacecraft.    This results in a 

system weight advantage which is additive to the performance advantage. 

Those areas which have historically proved troublesome to small 

engines were addressed in the new small engine technology work accomplished 

on this program.   These included the following: 

Poor combustion efficiency and performance due to the very 

low propellant flow rates and limited number of Injection 

elements (usually 2 or 3 orifices); 

Failure to achieve uniform and axisymmetric propellant com- 

bustion which is free from wall damaging hot streaks; 



1.1, Background (cont.) 

Inadequate nozzle coding and unacceptable htat soaks over 

a wide range of duty cycles; 

A relatively high volume of residual propellants within the 

injector which degrades performance, aggravates ignition 

spike problems and increases plume contamination levels; and 

Exhaust plume contamination resulting from ejection of pro- 

pell ant droplets due to Incomplete combustion. 

1.2   OBJECTIVE 

The objective of this program wis to develop and cirfnonstrate the 

technology required to provide a high performance, long lived, fast response 

five-pound-thrust bipropellant engine capability for futur? Air Force require- 

ments.   The propellants employed in the demonstration were nltr *gen tetroxide 

(N?0.) and monomethylhydrazine (MMH). 

Table 1.2-1   indicates the design goal a established for this pro- 

gram.    Most noteworthy is the 30C sec steady state and 24C set specific 

impulse at impulse bits of 0.05 lb-sec, the 3:1  tank pressare ratio for a 

blow-down system, the 2«) to l?0oF range of propellant supply tenperatures, 

and the general life and reliability requiroments.    A neeo for hurled engine 

operating capabilities (adiabatic wall) and a limitation on the engine-space 

cr^ft thermal coupling wore  «ddpr to these noals  Following an r^iluation of 

mi  jion requirements du; ing the ^'haie I 

1   3    ■Pf.HNTr.Ät   EFFORT ORGANIZATION 

The ^rograii. :Lij^tur-c Tor  thv:  technrylogy deveifo^nt and demon- 

s    ition consisted of three phasci;    Ph.iso Pitnuirement. Dr'im'tion and 

Engine Design Analysi-;;  Phar.p  TI - le'.iqn and Vorifir.-it   ;•' "fi*inq; and Phase 

II!  - Demons'raft ein Tf ♦   '•!      Thr ^';opr of     KM pn.jse w.'     i     - Hows. 



TABLE 1 .2-1 

BIPROPELLANT ENGINE DESIGN GOALS 

Parameter 

Short 
Duration 
Slowdown 

Short 
Duration 
Regulated 

Long 
Duration 
Slowdown 

Long 
Duration 
Regulated 

Maximum Vacuum Thrust, Ibf 5 + 0.25 5 + 0.25 5 + 0.25 5 + 0.25 

Chamber Pressure, psla TBD + 5X TBD + 5X TBD + 5X TBD + 5« 

Feed System Pressure, psla 300 - 100 500 Slowdown 
Range TBD 

TBD 

Expansion Ratio TBD TBD TBD TBD 

Minimum I     (at max thrust), sec 

Steady State 300 300 300 300 

Pulsing 240 240 240 240 

Minimum Impulse Bit, Ibf-sec 0.05 + 0.005 0.05 +0.005 0.05 + 0.005 0.05 + 0.005 

Total Impulse Delivery Capability 
Ibf-sec 

30,000 30.000 100,000 100.000 

Number of Ambient Starts 100 100 1.000 1,000 

Total Number of Restarts 175,000 175,000 300,000 300,000 

Total Firing Life 2 hr 7. hr 10 hr 10 hr 

Total Mission Life 30 days 5 days 7yr 7yr 

Valve Response, ms 

Signal to full open <5 <5 <5 <5 

Signal to full close <5 <5 <5 <5 

Valve Leakage, scc/hr 

GN2 at AP ■ Feed System Pressure <2.5 <2.5 <2.5 <2.5 

Propel 1 ants 

Oxldlzer 

Fuel 

Mixture Ratio 

Propellant Inlet Temperature, 0F 

Storage Life Goal, yr 

Fllghtwelght TCA Reliability Goal 

Fllghtwelght TCA Maintainability 

Goal 

Nitrogen Tetroxide (Mon-1) (99« N204 - 0.8% NO) 

Monomethylhydrazlne (N2H3 CH3) 

1.6 + 0.048 1.6 + 0.048 1.6 + 0.048 

20 to 120      20 to 120     20 to 120 

10 10 10 

0.999 0.999 0.999 

Zero Maintenance Over Storage Life 

1.6 + 0.048 

20 to 120 

10 

0.999 



1.3, Technical Effort Organization (cent.) 

Phase i conducted studies and trade-off analyses of general 

mission/system requirements versus engine parameters.    Typical  representative 

mission duty cycles were identified by literature search, review of current 

specifications and consultation with space craft manufacturers, users and 

selected government agencies. 

Phase II developed point designs against the selected mission 

requirements based upon the relationships established in Phase 1.    Design 

verification testing using the NpO./MMH propellant combination was conducted 

to provide supportive data.    Five injector designs and several thermal manage- 

ment systems were evaluated.    The ^est of these .ipproache«; beone the basis 

for the desiqn of the demonstration engines. 

Phase III consisted of finalizing the selected enüine designs and 

thn fabrication and demonstration testing r,f thno engtner ove" three selected 

simulated ttn'.sion duty cycles.    Thece djty cycles provided i-irVig durations 

and quantities of restarts comparable to th;' goals descriie«1 ;r. Table 1.2-1. 

Testing was acrompli-shed under similated «T ituJt conditions m^th 50:1 area 

ratio nozzles.    Posttest activlt.es includea daid and ana ytit  model evalua- 

tion, a failure mode and effects dnalyis and a reliability analyses. 

An addition;il tcsk w^' added to Phase ill in ^p'il   19/4.    This 

called for a comparative evaluation of the oulso p^rformarvri forecasting 

edibilities of the CONTAH^2' an^i vWvP' .ina\ytsc models      rhf»se predictions 

W'^re then ro'nparer  .yit!-> ir-.tal  F1^ f' '™de '',r'e ?  ^t  iat.i   -..i asr^ss the acru- 

r iry of the forecasted • tlues 

'   z1    ?F,'ORI  ORGANIZATION 

rh- subiec.  re-yjij.-i OO.-...IJ..S of Inrm parU.    MI-: fn-st, titled 

Ir«Todui.tioi provide, ^ ^aevgroun-i \o tio  > }r'.vu r^portei ^e^.^m as well as 

a   Isscription of tho pri^r^'s 9h4ectiyps ^nd it. --.t^.i't.-   '.     r7is is followed 

7 n    '. ^.-f*m,^n   w    '    J- ber    r*- ?1 ,    " JTP^ (irt.iit ••-■, •--. '•"•"cts Predic- 
tioii, 7>e C.nN7AM romr.jt^r ^'rc-^m, Ver'ton 11, ABtt   '^^aTTÄugust 1973. 
W    '. . i'^-1''      ,,'i'; miv.,   "-ji^t !*o;l    Per^   ■n-s-'      '■•.v'     '   ml !:ppnrt, 
r.rp L-'.' ■< ■-■■'•■ .•   "" "' 



1.4, Report Organization (cont.) 

by a summation of the programs accomplishments and a description of Flight 

Engine Designs which are based on the units tested. 

The second portion of the report. Experimental Results and 

Discussions, Is a chronological exposition of the programs three phases with 

the material arranged In a format similar to the programs three phases 

described above. 

The final section. Conclusions and Recommendations, summarizes the 

technology Improvements and collorary Information resulting from the review of 

the programs data.   The recommendations describe the manner In which this data 

should be utilized to either further develop small thruster technology or to 

facilitate the application of the technology to current and/or anticipated 

spacecraft needs. 



SECTION II 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

« 

2.0       PROGRAM ACCOMPLISHMENTS 

2.1    ENGINE DESIGN AND OPERATING CHARACTERISTICS 

The basic engine developed under this program has demonstrated the 

feasibility of obtaining the goals itemized in Table 1.2-1.    The added require- 

ment for operation in a buried mode vrcs demonstrated using a propellant injec- 

tion pattern which provided a fuel rich protective barrier along the chamber 

wall.   The barrier cooling, in combination with suitable chamber insulation, 

allows exterior wall temperatures of less than 200oF to be maintained during 

and following sustained operation.    Although the barrier cooling results in a 

decrement in the specific impulse delivered with a 100:1 area ratio nozzle 

from the 300 sec demonstrated with a radiation-cooled engine to 283 sec, this 

specific impulse is 40 sec greater than the highest reported monopropellant 

hydrazine engine performance. 

In contrast to monopropellant thrusters, the danonstrated 5 Ibf 

thrust bipropellant engines showed no changt- in pulse shape, response or per- 

formance over the duty cycles which comprised more than 300,000 pulses on one 

unit, 50,000 pulses plus a 6300 sec continuous hurn on a second and 50,000 

pulses on the third.    The adiabatic wall encjine, operates   in a fully insulated 

installation and appears to have tho broadert application.    Data obtained from 

this engine at duty cycles from 0.3"; to 100'  on-time,  indicate that it has no 

thermally limiting operatinq conditions.    Structural aruly.is  involving 

fatigue and creep forecast a useful continuous firing life of 3400 hours with 

a capability for Jiu.OOO cold starts and morn than a million restarts (pulses) 

with a design margin of 10. 

The higher pprforming radiation-coolefl engine design has an 

unlimited capability for duty cycles from 0.3% to 50£ on- t smc and limited 



2.1, Engine Design and Operating Characteristics (cont.) 

pulse train and burn durations between 50% and 100% duty cycles. Operation 

of this engine at a slightly reduced chamber pressure would allow virtually 

unlimited steady state durations. 

The valve response times obtained from random samplings of the 

more than 400,000 firings conducted in Phases II and III showed a response of 

0.0023 to 0.0026 sec from signal to start of travel.   These data cover a 20 to 

120oF propel!ant temperature and 100 to 400 psia tank pressure operating 

envelope.   Valve closing times ranged from 0.0025 to 0.0028 sec.    Valve travel 

time to open or close under these conditions was approximately 0.0005 sec. 

The manifold fill, ignition and thrust rise to 90% of steady state requires an 

additional 0.002 to 0.003 sec, depending on tank pressure.    Variations in 

engine response time under a fixed set of propellant supply temperatures and 

pressures were too small to be assessed accurately.   Other significant response 

data are provided in Table 2.1-1. 

Highly repeatable bit impulses of 0.05 + 0.005 IbF-sec were demon- 

strated at an electrical pulse width of 0.010 sec and maximum tank pressures. 

In long continuous pulse trains, their reproducibility was + 2.4% with a 1 

sigma confidence level.    The minimum impulse bits demonstrated were 0.02 lb- 

sec at the same electrical pulse width with the tanks at the lower limits of 

blow-down mode operation.    The reproducibility of these were + 3%.    Although 

not demonstrated with hot firings it appears entirely practical to provide 

impulse bits of 0.01 IbF-sec simply by reducing the electrical pulse width to 

0.005 sec. 

2.2    IMPROVED CAPABILITIES IN PULSING PERFORMANCE ANALYSES 

Analyses were conducted using the C0NTAM computer model devel- 

oped by MOAC-West and AFRPL and pulse mode performance model  (PMPM) which 

10 



TABLE 2.1-T 

TYPICAL ENGINE RESPONSE CHARACTERISTICS 

Propellant Supply Condition 
Tank Pressure, psia 300-4ÖÖ löö-ia 

Propellant Temp, 0F 22 118 22 18 
Start Signal to 90« Pc sec 0.0051 0.0050 0.0061 0.0062 

Stop Signal to 10% P   sec 0.0055 0.0052 0.0075 0.0065 

Signal to Valve Open sec 0.0026 0.0025 0.0023 0.0025 

Signal to Valve Close sec 0.0025 0.0027 0.0028 0.0025 

Valve Travel Open sec W.0005 ^0.0005 ^0.0005 ^0.0005 

Valve Travel Close sec %0.0005 ^0.0005 ^0.0005 ^0.0005 

P   Oecay sec 0.0025 0.0025 0.0047 0.0040 

n 
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2.2, Improved Capabilities in Pulsing Performance Analyses (cont.) 

Is based on Rocketdyne's distributed energy release (DER) performance model 

and injector chamber compatibility (ICC) computer programs.    Output from these 

two programs were compared with each other and with experimental data gener- 

ated by pulse mode firings of two engines.   These engines were operated over 

a specially prepared duty cycle involving 40 pulses of varying fire periods 

and coast periods to obtain data with different chamber wall temperatures. 

Comparisons of predicted and measured performance showed that the PMPM model 

neglects to account for chamber wall film vaporization and therefore is unable 

to properly account for pulse mode performance variation which occurs as the 

chamber wall temperature changes.    The CONTAM model treats the wall film losses 

satisfactorily when the wall is hot but underestimates these when the wall is 

cold.    CONTAM also overestimates the persistance of combustion following shut- 

down.    This is especially so for cold chamber walls and results in an over- 

estimation of shutdown impulse.    It was found that for a true "a priori" pre- . 

diction of performance for new design, the CONTAM model was superior.    The 

PMPM model however when "tuned" using empirical data from a particular engine 

will more economically predict engine pulse mode performance for anticipated 

duty cycles.   Recommendations for model modifications and model usage are 

provided. 

2.3   ANALYTICAL AND EXPERIMENTAL EXPERIENCE WITH EXHAUST 
PLUME CONTAMINATION 

A feature of the CONTAM program is an output of the weight per- 

centages of contaminant generated as a result of incomplete combustion of the 

propellant.   These consist of a wall film component and unreacted droplets 

entrained in the high velocity exhaust stream with the analyses indicating 

that improved combustion efficiency and performance result in lower contami- 

nant generation.   Thus, it can be inferred that the 300-sec specific impulse 

engine tested in this program is the cleanest as well as the highest perform- 

ing engine of its class. 

12 



2.3, Analytical and Experimental Experience with Exhaust Plume 
Contamination (cent.) 

The vacuum test facility in which the Phase III life durability 

testing was conducted contained a window positioned proximate to the engine 

exhaust plume to allow continuous TV coverage.    During the course of testing 

the first of the adiabatic wall engines for 50,000 pulses, a slight but grad- 

ual reduction in window transparency was noted.   A major portion of this was 

due to the flaking of the unprotected Dyna Quartz chamber insulation and its 

subsequent deposition on the window.   Testing of the higher performing 

radiation-cooled engine (uninsulated) showed no visible change In transparency 

over a 300,000 pulse duty cycle.   An optical sensing device was installed for 

the final 50,000 pulse engine test series to provide finer resolution and a 

means of documentation of changes in transparency.   This engine was insulated 

with Dyna Quartz which was encased in metal foil.   These measurements showed 

no change in light intensity and hence window transparency over the entire 

duty cycle demonstration.   These measurements indicate a virtually total 

absence of radially directed plume contaminants.   The high engine performance 

provides supportive evidence for the minimization of noncombusted exhaust 

products which are the source of plume contaminants. 

13 



' mmm 

3.0       FLIGHT ENGINE DESIGNS 

Two of the four engines described In Table 1.2-1 titled "Engine Design 

Goals", are eliminated if engine life is not a consideration.    Since the data 

obtained on this program shows that thtre are no design differences between 

short and long lived engines, the design goals are met with two different 

engine types.    One is a "universal" configuration which can operate in a 

buried configuration (adiabatic wall), be used with either a blow-down or 

regulated feed system and provide any desired duty cycle ranging from very 

short repeatable impulse bits to several hours of continuous firing.    The 

other, which operates only with a regulated feed system and is allowed to 

radiate, has the same requirement for an unlimited duty cycle capability. 

Both engines would provide:    high performance for single pulse, con- 

tinuous pulsing and steady state operation; minimal exhaust plume contamina- 

tion; no degradation with accumulated operating time in either steady state 

or pulsing modes; very rapid response; and good pulse repeatability along with 

high reliability. 

The subject program tested a variety of injector configurations and 

chamber designs and concluded with the successful testing of three different 

engines for simulated mission duty cycles.   These data have been reviewed in 

light of the Engine Design Goals and two versions of a single engine design 

formulated to meet these requirements.    This basic engine utilizes a suicide 

coated columbium thrust chamber and a multielement platelet Injector which is 

integrated with a torque motor actuated bipropellant valve to achieve a mini- 

mum residual propellant volume.   The differences between the two engine ver- 

sions are that the injector orifice patterns are unlike and one utilizes 

lightweight insulation to maintain a skin temperature of less than 200or. 

The following chart which summarizes the design characteristics of 

each identifies the detail design differences. 

14 



3.0, Flight Engine Designs (cent.) 

MODEL DESIGNATIUN 

AJ 10-181-1 AJ 10-181-2 

5.0 5.0 

N204/MMH N204/MMH 

1.60 1.60 

Buried, cold back wall 
required, envelope 
volume limited 

F^ee to radiate, not 
volume limited 

4-element with low MR 
at periphery 

6-element uniform MR 

Torque motor actuated 
bipropellant valve 
with integrated 
injector 

Torque motor actuated 
bipropellant valve 
with integrated 
injector 

0.0006 in.3 0.0006 in.3 

Vac Hyd 101 coated 
FS-SS columbi-jm 

Vac Hyd 101 coated 
FS-% co.umbium 

100 150 

283 208 

200 0F Z'/S.rr 

Blowdown Reqii later! 

1.3 1  ? 

Thrust class, lb 

Propel!ant 

Mixture Ratio 

Installation 

Injector Type 

Valve 

Residual Propellant Volume 

Chamber 

Nozzle Area Ratio 

I    , Steady State, sec 

Skin Temperature 

Propellant Feed System 

Weight, lb 

The AJ 10-181-1 engine is pnrtrayod  in Figure 3.0-1 which includes a 

tabulation of its full thrust and minimum thrust, noerat.inu .^.mj; teristics. 

Its blowdown feed system operation is summarized  in figure- 1.0-1 and 3.0-3 

which present performance (I    ) and  Lhrust e^ a fi.nctiu. oi Unk pressure for 

steady-state and pulse mode operui-iun,  raspfrtiveiy. 

Figure 3.0-4 illustrates the AJ 10-1B:-? engine aH ffovi-les a tabula- 

tion of its operating characteristics. Altiuuigh not   'u'--^.-'  for operation 

with a blowdown feed svstpm, thir  i'nit can ■ ifely unf>r<ite  ^ r-fixed thrust. 

Figures 3.Ü-5 and 3.0-6 present steady stat*   and pulse mode p-jrfyrmance and 

15 
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PROPELLANT 
INLET 

INLET FILTER 
35 MICRON ABS 

Oyna Quartz 
Insulation for 
Engine Burled 

Operating Characteristics 

Thrust, Ibf 

Chamber Pressure, psia 

Feed Pressure, psia 

I     Steady State, sec 

I     for 0.050 lb-sec Impulse Bit 

Hin. Impulse Bit, lb-sec 

Min. EPW. sec 

Valve Response Time to Full Open, sec 

Valve Response Time to Full Shut, sec 

Sec to 90« of Pc 

Propel 1 ant 

Mixture Ratio 

Engine Weight, 16 

*Ae/At. - 100; Add 2.5 sec for Ae/At " 150 

Full Thrust 

4.5 

150 

300 

283* 

228 

0.025 

0.005 

0.003 

0.003 

0.005 

N204/MMH 

1.6 

1.3 

Hin. Thrust 

2.2 

75 

125 

255* 

200 

0.012 

0.005 

0.003 

0.003 

0.006 

Figure 3.0-1.    AJ10-181-1 Engine 

16 



t'-y:-' '■' ■ ''•■■'•■ ' ..-..- 

i 

\ \ 
\ 

\ 

rl 

I 
r— 
00 

I 
o 

01 o 

VI <4- a. 1- 
01 

m o. m 
t. 01 
3 •»-> 
W) m </) 4-> 
01 CO 
i^ 

Q. >» •o ^ 10 
C 0) n» ■»-> 
t- lO 

, 
tM 

O 

n 
0> 
t. 

\ 
N 

o 
o 

CO 

 1  
o 
en o 

CO 
CM 

o 
fM 

o O 
u-> 

(L:00l !S  '<?SLndi,ii JLj.padc, 



CO 

o in 
CVJ 

in 
Q. 

-O m 
O in 
N     0) 

D. 

c 
10 

.o 

oo 
i 

o 

c 

CL. 

0) 

o 

0) 
in 

3 
ex. 

i 
o 

s 
o o o o oo VO «t CVJ 
CM CVJ CV) CVJ § s 

(l:00l = 3) ^^s 'asindiuT oiipads 

18 



t^m 

Operating Characteristics AJ10-181-? 

Thrust 
Chamber Pressure 

Feed pressure 

I  Steady State 
sp 

I  for 0.050 lb set Impulse Bit 

Mln. Impulse Bit at P = 120 

Minimum £DW 

Valve Response T1me tc F.J1"I Open, sec 

Valve Response Time to Shut, Sec 

Time to 90t of P , sec 

Propellant 

Mixture Ratio 

Engine height 

4.2 

120 

345 

291 

245 

0.02 

cao«) 

0.003 

0 003 
0.005 
H2Q4/m\ 

1.6 
1.7 

(1WM) 

Fi-uT 3.0-4.    WIO-IPI-Z Engine 
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3.0, Flight Engine Designs (cont.) 

thrust as a function of tank pressure. The rapid performance decrement which 

occurs as tank pressure Is reduced results from the design being optimized 

for full thrust operation. 

The AJ 10-181-2 engine can be operated at a chamber pressure (P = 132, 

feed pressure = 400) in excess of its design value. This results in a steady 

state I  of over 300 sec (reference Figure 3.0-5) although the percentage 

duty cycle is limited to less than 50X with single burns not exceeding 

30 seconds in duration. This performance improvement-duty cycle curtail- 

ment requires that the f jlne be used for pulse mode operation only. 

Although the AJ 10-181-1 and -2 engines have been proven in the duty 

cycle demonstration testing conducted during Phase III of this program, analy- 

ses and test data indicate their performance and operating flexibility could 

be improved if the injector designs were iterated. These Improvements could 

provide the capability of operation using O. in place of the MMH fuel as 

well as performance increases. 
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4.0       PHASE I ANALYSIS 

The purpose of the program's initial phase JC% to Insure that the engine 

configuration selected for development was in consonance with the requirements 

of potential users.    The earliest program tasks were therefor? to (a) define 

applications and mission requirements, (b) identify the capabilities of anti- 

cipated engine designs, and (c) conduct a system-missiop-engine interaction 

analysis to define those technology area^ which required further development. 

4.1    MISSION REQUIREMENTS DEFINITION 

Mission requirements data was compiled u'.ing available litera- 

tjre^4 throu9h ,0) and through consultation with industry, NASA and Air Force 

personnel.   These data were compile'1 into th'- summaries shown in Figure 4.1-1. 

The first two categories, Conrounication and Navigation, and Surveillance and 

Reconnaissance, represent the major quantity of ^pa'.ecraft and launchings. 

It was found that requirements for specific "isüittj .«itfriu «arh category, 

and in some instances, the approach of diffp-ont  '.o^^fraft primes to the 

«same missior; we^e unlike.    Pius it was not ;> AS (•;•• to «f»f'na a singular set 

of requiren^nl; for o  c:.f   ^rund th-.c-t fr;,,.'-.      '^ is re^uU«d *i   the genera- 

tion of thp followiT] roqu'^-ments ^or ■>   ir ■   r-      "IT1- j. 

•IM'I . Satollue ^''onulsu'n S^stptn ftin'tyvs "f  ' IT-.1   'fnor4, 

■R-71-103.   iatec  S;ptenbffr   197; 
)  '1. ,i. N-inx . iv,,   !.  f.;   r. '   r\n.    r -u. .   .'■ J1- 

'.ynrhrcous Satol 1't.t--,, /■e♦*fi'■.:■'•■,  " ;.'.o<-w       "  ^»pjrt 
(.5310;  ., datw IJ ■:«,  '<:7o 

i'l Launch »ehn;ie cstiixitin<j rdco'o, t*h\n     t ^u.j.S Janiir.-v   .v/l 
Ldi^.ior 

■ *) D.  ^chnyot ;  "Ho ^parp Tu-.' Hir.r,i(n RLIO      ! or^-.r.-»   ■    -; ■^ 
Taper ■•     ,". bi» i,   .. .> •■   'H ■ v   ft. , 
Spare ;r.eri NAf; t •- 

■if») Leadina I'.S.  anc   InuT'i-1T..V     It-^.ccr. 
Tab. la'.   >•     fr."' • ■.   ..ion weet-  .nrt.-st 
i'l ;«1ar-1'  ,'-,7' 

t( 
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MAA 

\r 'i^les 
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4.1, Mission Requirements Definition (cont.) 

uo to lOO'F 

Life - up to 10 years 

Operating Altitude - Vacuum 

Tank Pressure - 400 to 80 psia 

Pressurlzatlon - blowdown or regulated 

Propellant Temperature - 20 to 120oF 

Propellant tank Temperature differential 

Pulse Quantity - up to 500,000 

Allowable Heat Flow to the Spacecraft - 20 to 60 watts 

Plume Contamination - minimum 

Engine Installation - Buried or expose.i 

Performance Steady State 

Performance Pulsing - Maximum 

Minimum Impulse Bit - 0 050 lb-sec or less 

Start up Response Time - <0.010 sec 

Shutdown Response - <0 010 sec 

Pulsing Duty Cycle - unHmited 

Single burn duration - up to ? hour- 

maximum (e.n., I     = 300 sec) 

The achievement of a 0.010 lbF-*ec impul-? b't wo'TI nil.-»» <• r 'b' engine to 

.»1^.0 assume the fmction of 1/2 lb tr^-t  ■ c:   .s tngi.ie^ or. »jc.c applications. 

'he engine oa'-i^ot0" st'-Hy described  in thn   '.llc.ir.y sft.tio'' di»:lobed that 

"\f' engine coclinn.  spac'craft; he^t. flow ind nr^rv rinf;-. ■■""tii ements in 

i.oMJunrtior. with +l'e 300 sec I      oerfofr, ncf    OJ1, -.ie tc> br-;-; j t-.» be met with 

single engine conflguratinn.    Therefor«», d-'a')  'ifferonc-    i* > single 

basic design were expected tr al'ow pc>*4t>,rmar:e1  i.'i cy  ;«, »all temperature 

irrd heat input to t*ie soace r.raft tc b»   ^-ad   I. 

4.2    ENGINE PARAMETER STUDY 

The -.«.ope o^ the ^nqin    aarameta?"    tiid,   ,j sj.nr.-Ti, ri in Figure 

^  1-2.    The Tiiision reouirfmpnt.5 '"'".DHV   'pfir   ' ".^-^"i.^tp 

st'Own in th^■ tw columt'i  tc \.-t r\ure''.  li'4 

■y •■ eic range are 

ru-   .ire«-' f ';-tatest 
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4.2, Engine Parameter Study (cont.) 

significance with regard to each component are highlighted and the interac- 

tion of performance and plume contamination generation is shown to relate 

to most of the system parameters. 

4.2.1   Injector Design 

The results of an Injector performance study which treated 

steady state and pulse mode performance are summarized in Figures 4.2-1 and -2. 

The forecasted injector performance values were in generally good agreement 

with the subsequent experimental data. 

The conclusions drawn from Figure 4.2-1 the steady state 

portion of the parametric analyses are as follows: 

(1) The minimum energy release efficiency required to 

attain the 300 sec specific impulse goal was % 96%.   An injector allowing 4% 

loss resulting from incomplete vaporization and uncontrolled mixture ratio 

maldistribution would lead to a 3000oF radiation cooled nozzle wa!l tempera- 

ture.    Improvement to a 98% ERE; 2% loss dup to combined vaporization and 

uncontrolled MRD in conjunction with a 2% controlled MRO loss in the form of 

a fuel rich barrier could lead to 2230oF radiation cooled chamber wall tem- 

peratures and ?800oF adiabatic wall temperatures ät the same 300 sec specific 

impulse level. 

(2) The minimum number of doublet type injection elements 

required to attain the 300 r.ec steady state specific impure was 2.    A two 

element irjector would however require a 4 ,-nch chamber length which is 

unreasonably long for a 5 lb thrust engine.    The two element Injector would 

not be expected tc provide the uniform axir^-timetric gas tlob neld for good 

chamber compatibility and long life.    Four elements were set as a minimum 

design value based on attaining uniform chdPber wall temperature. 
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4.2.1, Injector Design (cont.) 

(3) The maximum number of injection etmnts based on a 

0.008 inch minimum orifice diameter was 6.    Six elements could provide the 

300 sec I in a 2 in. chamber. sp 

(4) A slight performance advantage for small contraction 

ratios was shown in the vaporization analyses. The C0NTAM program showed no 

influence of contraction ratio on the pulse mooe performance. Subsequent 

test data showed the contraction ratio to have no influence at full thrust 

and a small contraction ratio to be beneficial for deep blowdown capabilities. 

The predicted effect of manifold volume on pulsing per- 

formance Is shown in Figure 4.2-2. Performance predictions were obtained 

using the TCC portion of the CGNTAM analysis. This data indicated that the 

total manifold-volume allowed for the achievement of the pulsing performance 

goal of 240 sec was 0.0013 cubic inches. Actual pulse mode performance data 

obtained from Phase II testing (reference Section 5.3) is displayed. These 

data obtained with injectors having manifold volumes of appro innately 0.0007 

cubic inches, showed the forecasted performances to be slightly optimistic. 

Manifold volumes of the subsequent Phase III units were consequently reduced 

in size. 

4.2.2 Thrust Chamber Design 

The thrust chamber parameter study was initiated by an 

examination of the effect of chamber pressure on pulsing and steady state 

performance, contaminate generation and ignition. These studies, suitmarized 

in Figures 4.2-3 through 4,2-5, indicated that higher chamber pressures result 

in increased performance, reduced contaminates and more assured Ignition. 

Figure 4.2-3 showed significant theoretical performance 

improvements up to 200 psia chamber pressure and nozzle expansion ratios to 

the 100 to 150 range. The use of a Rao nozzle contour which is 25X longer 
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4.2.2, Thrust Chamber Design (cont.) 

than the minimum length design provides a 2 sec Improvement in specific 

impulse while the Rao contour adds 6 sec over a 20° half angle conical nozzle 

design. 

Figure 4.2-4, prepared from the CONTAM model output assum- 

ing a cold chamber wall, shows the advantage of higher chamber pressures for 

a 0.05 IbF sec impulse.    These trends were later verified in Phase II testing 

although the data showed the model to overstate the performance. 

Figure 4.2-5 provided a prediction of the conditions which 

could result in a failure of the hypergolic propellants to ignite although no 

such condition was encountered In testing (even down to 20oF).   The analyses 

suggested that the condition could be avoided by employing higher steady state 

combustion chamber pressures. 

Subsequent analysis examined the steady state wall tempera- 

ture of a radiation cooled chamber as the chamber pressure was varied.   These 

showed (Figure 4.2-6) that gas side wall temperature was only slightly influ- 

enced when P   was increased by reducing the throat diameter and maintaining 

a fixed chamber 00 of 0.62 in.    Figure 4.2-7 illustrates the enhancement to 

radiation cooling as wall thickness at the throat is increased.    Figure 4.2-6 

includes data from actual fire tests during Phase II (reference Section 5.3). 

This Indicated that the forecasted chamber wall temperatures were slightly 

low.   The analytically forecasted transient and steady state axial temperature 

gradient at a chamber pressure of 175 psia are shown in Figure 4.2-8.   Compari- 

son is made with Phase III test data.    Low front end temperatures were fore- 

casted to result from a portion of the unvaporized fuel depositing on the wall. 

The conceptual design envisioned a free standing internal liner as a means of 

cooling the front end if the film could not be sustained due to the high rate 

of axial conduction.    The Phase II test data identified a need for such a liner. 
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4.2.2, Thrust Chamber Design (cont.) 

Examination of candidate chamber materials resulted in the 

identification of columbium as the most suitable material with FS-85 

because of its high temperature creep properties.   Candidate alloys and their 

properties are shown in Figures 4.2-9 through 4.2-11.    Oxidation resistant 

coatings were examined and the silicide coatings judged to be adequate for 

the engine duty cycle provided that the wall temperature was held below about 

2800oF.    Figure 4.2-12 presents temperature versus estimated time to failure 

for silicide coatings as well as the Phase 3 test results.    All engines tested 

utilized either VacHyd lol or Hitemco R-512E coatings. 

The thrust chamber data indicated that barrier cooling was 

necessary to insure that the chamber temperature did not exceed 2800oF.   The 

performance margin of the multi-element injector (Reference Figure 4.2-1) in 

combination with its ability to provide barrier cooling was expected to ailow 

the necessary chamber temperature to be achieved.   This is shown in Figure 

4.2-13 which illustrates the predicted effect of 25% barrier cooling on the 

wall temperatures of radiation cooled and adiabatic wall thrust chambers. 

This figure shows that a buried chamber which meets the 300 sec steady state 

performance goal will have a gas side wall temperature of 2800oF.    The same 

injector operated in a radiation cooled chamber would provide a 2200oF gas 

side temperature.    It was concluded that if optimum performance was desired, 

different injectors were needed in radiation cooled and adiabatic wall engines. 

The predictions shown in Figure 4.2-13 were proven qualitatively correct by 

subsequent testing.    The attainment of the requisite barrier cooling proved to 

be more difficult than the analytic studies indicated.    This was due to the 

fact that the very low propellant flow rates did not allow a separate barrier 

coolant manifold and distinct orifices.   Barrier cooling was achieved by tailor- 

ing each element of the multi-element injector to have a defined and repeatable 

mixture ratio distribution to produce a low MR zone at the chamber wall. 

4.2.3   Valves and Flow Control 

Eight different valve manufacturers were consulted to 

determine the development status and availability of valves which could be 
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4.2.3, Valves and Flow Control (cont.) 

best utilized to minimize development costs and risks of an improved 5 lb 

bipropellant engine.   Manufacturers   whose product appeared applicable 

included Hydraulic Research, Marquardt, Moog, Parker Aircraft and Wright 

Components.   Available products included individual monopropellant and linked 

bipropellant which could be either solenoid (s) or torque motor (TM) actuated. 

The results of this survey are summarized below: 

Weight,   Development 
Manufacturers Response Drive and Type Seat lb Status 

Hydraulic Research 0.015 S-Mono Hard 0.47 Flight qual 

Marquardt 0.007 S-Mono Hard 0.31 Flight qual 

Moog <0.005 
0.005 

TM Biprop 
TM S-Mono 

Soft 
Soft 

1.0 
0.4 

Flight qual 
Unknown 

Parker Aircraft 0.005 S-Mono 0.4 Unknown 

Wright Components Detailed data unavailable 

All valves are of the spring loaded normally closed typ«. 

Data generated from this survey indicated that the torque 

motor drive could provide faster response with lower current drain in trade 

for some added weight.   Other Phase I studies suggested that syncronization 

of the fuel and oxidizer port opening and closing must be within % 0.0002 sec 

if ignition characteristics and 0.050 IbF-sec impulse bits are to be repeat- 

able over the 10 year life of the engine.    The linked bipropellant valve 

although somewhat less flexible in selecting a specific lead-lag relation- 

ship, was considered to be much more repeatable:    i.e., not subject to timing 

drifts due to aging, voltage changes, propellant tank pressure and tempera- 

ture differentials. 

Comparison of hard and soft seats showed valves of both 

types having been cycled in excess of 10   times.    Hard seat valves showed a 

greater sensitivity to contamination induced leakage while less was known 

about the very long term storability of available soft seat materials in a 

propellant-vacuum environment. 
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4.2.3, Valves and Flow Control (cont.) 

Preliminary designs were based on the use of a Hnked- 

bipropellant torque motor drive valve because of the Insured sequencing, 

faster response and lower current drain.    The flight qualified Minuteman III 

type valve, manufactured by Moog, Inc., appeared to be at the highest state 

of development, was a production item, had an Impressive test history and was 

thus selected for base line conceptual evaluation.   Additional valve analyses 

are provided in Phase II, Section 5.0. 

4.2.4   CONTAM Analysis 

CONTAM is a comprehensive computer model of rocket engine 

operation which has been developed on AFRPL Contracts F04611-7O-C-0O76 and 

F046n-72-C-0037.    This model Is designed to forecast analytically the 

behavior of the exhaust plume of a bipropellant engine.   The subprogram of 

special interest to the 5 Ibf thrust bipropellant engine is the Transient 

Combustion Chamber Dynamics (TCC) portion which analyzes transient engine 

operation.    The remaining subprograms include MULTRAN, KINCON, and SURFACE 

which are primarily concerned with deposition of engine contaminants (liquid 

or solid exhaust particles) upon spacecraft surfaces. 

The TCC analysis showed that the least plume contamination 

would be achieved with the highest performing injector with the smallest pro- 

pellant manifolds.    It also indicated that the wall film produced contamina- 

ants are virtually nonexistent after 300 milliseconds of operation.   Axial 

stream contaminant production due to non-vaporized droplets is not affected 

by operation duration; it is, however, inversely proportional to chamber 

length. 

The effect of chamber pressure, tank pressure, propellant 

temperature and pulse duration on engine pulsing characteristics were evalu- 

ated as the following design parameters were varied:   chamber length and 

diameter, throat diameter, manifold volumes, injector face and chamber wall 
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4-2.4, CONTAM Analysis (cont.) 

temperatures and line lengths. The effect of blowdown pressuriration and the 

use of cavitating Venturis was also examined. These effects are shown in 

Figures 4.2-14 through 4.2-24. They can be summarized as follows: 

Start transient duration is directly proportional to 

injector manifold volume (Reference Figure 4.2-14). 

Simultaneous oxidizer/fuel fill is desirable. A single 

propellant lead causes propellant accumulation in the chamber resulting in 

ignition delay, a performance penalty due to the non-combusted propellant and 

a higher contamination rate. 

. Oxidizer flashing occurs in the injector manifold on 

vacuum starts due to the high O. vapor pressure. This is aggrevated at 

elevated NJ). temperatures. 

Feed line Venturis aid steady state MR control but aggre- 

vate oxidizer flashing and delay oxidizer manifold fill. 

. Pulse duration has a first order effect upon both per- 

formance and wall film contamination for firing durations of less than 300 

millisec (1.5 lb-sec impulse). Beyond 300 ms, the engine operates in a steady 

state fashion. 

. The anticipated injector manifold volumes (0.0003 in. 

each) resulted in a predicted 260 sec specific impulse for a single cold start 

0.050 lb sec impulse bit. 

4.3 SYSTEM-MISSION-ENGINE INTERACTIONS 

The previously described studies identified the desired engine 

parameters which result from the requirements of various missions. The oper- 

ating ranges of various engine designs resulting from the selection of 
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4.3, System-Mission-Engine Interactions (cont.) 

different engine component design configurations and capabilities were also 

described.    The evaluation of the interaction of engine design, system design 

and mission requirements which is presented below was a logical progression 

from the earlier studies. 

The most significant interaction was found to be in the area ther 

mal design.    This is due to the fact that propellant and tank temperatures 

can substantially influence the tank pressures of a non-regulated blowdown 

system.    The feed pressure variation causes changes of engine P   and MR which 

in turn affect thrust, wall temperature, transient operation and plume con- 

taminate generation. 

The following were examined to determin« their affect on engine 

operation: 

Propellant feed pressure and feed pressure variation 
Propellant tank temperature and temperature variation 

System and engine weight 

Engine thermal environment 

Engine envelope 

4.3.1   Propellant and Engine Temperature Effects 

Examination of the fuel and oxidlzer vapor pressure results 

in the establishment of a temperature limit to insure the high oxidlzer vapor 

pressure will not result in two-phase flow or vapor lock on engine startup. 

The injector-valve temperature limitations shown in Figure 4.3-1 indicate the 

minimum temperature to be dictated by the N20. freezing temperature (120F). 

The maximum allowable temperature is that at which the oxidlzer vaporizes; 

this Is a function of operating pressure.    Although an oxidlzer vapor lock 

condition is non-damaging, it would result in increased plume contamination 

and/or duty cycle constraints.    Hence, the engine-system design was approached 

with the intent of avoiding a vapor lock on start for any duty cycle.    The heat 
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4.3.1, Propellant and Engine Temperature Effects (cont.) 

paths used as a radiation cooled engine soaks out following a long duration 

burn were identified (Figure 4.3-2) and the time-tamperature history of each 

component forecasted as shown in Figure s 3-3.    The injector and valve of the 

initial engine design are predicted to reach 250oF which is safficient to 

vaporize the oxidizer if a restart were to occur.    There   s a concurrent heat 

flow of 0.9 watts to the thrust mount.    It was found that increasing the con- 

ductivity of the stainless steel valve manifold-thrust mount (Figure 4.3-4) 

by the addition of a 0.030 thick copper facing held the injactor-valve tem- 

perature to a maximum of 150oF with a total heat flow through the engine 

mount of 6.4 wattu.    This was considered acceptable based on the requirements 

data shown in Figure 4.1-1. 

The results of a similar analysis of an adiabatic wall 

chamber are shown in Figure 4.3-5.    In this case the absence of external 

radiation directs more heat toward the valve and engine mount so that the 

valve soaks out at nearly 300oF and there is a 6.8 watt h«at load through the 

engine mount.    The attainment of a 140oF injector tanperatura limit requires 

that eithe.  a total of 16.9 watts be conducted through the engine mount or 

that the thermal resistance at the chamber to injector interface be increased. 

Figure 4.3-6 shows the effect of thermal resistance at the 

chamber to valve-manifold Interface for several design options.    It is evident 

that the use of a titanium spacer at the forward end of the chamber signifi- 

cantly reduces heat flow to the mount.    Although subsequent testing showed the 

Injector design to considerably Influence the heat load to the thrust mount, 

the following Is evident: 

.   The lowest operating chamber pressure is 75 psia 

(Reference Figure 4.3-1), based on the delivery of 120oF propellant and an 

assumed 20oF design margin for heat soak. 

The allowable valve soak temperature increases with P ; 

It is 140oF at 75 psia and 190oF at 200 psia. 
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4.3.1, Propell ant and Engine Temperature Effects (cont.) 

. A thermal shunt around the valve is reconmended to pre- 

vent HpO. vapor lock due to soak out after a long burn. The regenerative 

cooling capacity of the propellants at 70C'F during steady-state operation is 

in excess of 1000 watts and if proper provisions are made is more than suf- 

ficient to cool the valve, injector and thrust mount. 

A non-vapor locking radiation cooled engine can be 

designed to limit the postfire heat rejection to the spacecraft to less than 

6.5 watts; this value is 17.0 watts for an adiabatic wall engine. The dele- 

tion of the titanium spacer results in substantially increased heat flow 

values. 

4.3.2 Propel!ant Tank Temperature and Pressure Effects 

The thermal factors which result from off-design operation 

of the propellant feed system are presented in Figure 4.3-7. The condition 

most adverse to engine operation results from the combination of a cold fuel 

tank and hot oxidizer tank with a blowdown feed system. A regulated system, 

operating from a single source or pressurant, is unaffected by the existance 

of propellant vapor ullage since the regulation operates to a constant total 

pressure. Deviations of 15 psi from the nominal tank pressure result in a MR 

tolerance of + 0.06. On a blowdown system, a 100oF tank temperature variation 

causes over pressurization of one propellant tank and a loss of pressure in the 

other and results in the mixture ratio shifts shown in Figure 4.3-8. This 

figure also shows that the addition of cavitating Venturis to the engine will 

suppress the MR excursion. Operation at MR = 2.0 is acceptable to a radiation- 

cooled chamber since the MR change has little effect on the wall temperature 

and hence coating life. 

The adiabatic wall chamber is dependent upon barrier cool- 

ing to maintain an acceptable wall temperature (Reference Figure 4.2-13). 

High MR operation will result in the core flow being at a higher than stoichio- 

metric MR and reacting with the barrier. This condition can be relieved by 

over designing the barrier to insure safe operation at the high MR. Subsequent 
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4.3.2, Propellant Tank Temperature and Pressure Effects (cont.) 

with various spacecraft fabricators indicates that the high AT used is 

overly conservative.    Spacecraft thermal desiqn is generally keyed to mini- 

mizing temperature variations which are adverse to electronic tquipment. 

The effect of local propellant line tamptrtture (nominal 

tank conditions) on the operation of an engine with cavitatin<j »enturis was 

also examined.   As indicated in Figure 4.3-9, the engine will operate over 

the full range of propellant temperature and blowdown chamber pressure.    The 

MR shifts are less at higher pressures. 

It was determined that a single engine could be configured 

for operation with either a blowdown or regulated feed systan and with and 

without Venturis.   As shown in Figure 4.3-10, the same engine operating with- 

out Venturis is suited to either feed system.   Using Venturis, the unit 

requires a higher feed pressure and produces slightly less thrust.    It will, 

however, blowdown over a 3 to 1 tank pressure range and have a minimum thrust 

of 2.2 IbF at the minimum feed prescure.    The nnn-venturi system has the same 

minimum thrust. 

4.3.3   Engine Feed System Limitations 

Preliminary analysu cliowed the engine to be capable of 

accepting considerable P   variation.    f'ycecrively large MH shi^t-   in the fuel 

rich direction were expected to be adverse wth regard to ignition delays, 

but not likely to caur.e damage.    The high MR was forecaUH tu be adverse for 

an adiabatic wall thrust chamber if there was sufficient firing time.    Poten- 

tial solutions were (1) to limit the engine operation ti pulsing only at the 

high MR, (?) to reduce chamber length to preclude all tl.p barrier coolant 

from having time to r^act with the core (th-'s results in -* performance decre- 

ment At nominal condi* ,r'"r ^ , anH  ' ;)  to design the alowdowr system to limit 

the oyidizer temperature or mfir^ closely m^ch fuel and oxidizer tank tem- 

peratures, or (4) add cavui mg Venturis  Lu reduce the MR ",hift.    Although 
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4.3.3, Engine Feed System Limitations (cont.) 

cavitating Venturis increase system pressure drop and may result in slower 

start transients their use is recommended if the engine application requires 

acceptance of large tank temperature differentials. 

4.3.4 Engine Weight 

Figure 4.3-11 shows engine component weight versus chamber 

pressure and area ratio. There is virtually no effect as P and c is varied; 

this is due to the fact that the major weight is in the valve and the valve 

weight is not sensitive to feed pressure or chamber pressure. Figure 4.3-12 

shows the engine envelope as a function of chamber pressure and nozzle area 

ratio. System studies have not Identified particular engine dimensional 

constraints. 

The effect of tank pressure and total Impulse on tank weight 

was studied considering both regulated and blowdown systems using a single 

spherical tank for each propellant. These studies indicated that the lowest 

weiqht system has the lowest tank pressure with minimum pressure defined by 

the minimum gauge thickness suitable for fabrication. This data, in combina- 

tion with the engine performance and P and injector AP constraints indicate 

that the bipropellant engine's operatinq pressure range (P = 75 to 175) 

matches the minimum weight tank pressure. The identification of an optimum 

chamber pressure is complicated by the fact that the space craft may use mul- 

tiple tanks. This is necessary for mass distribution on a spin stabilized 

spaco craft. On three axis stabilized spacecraft multiple tanks may provide 

more efficiert use of space craft volume. Discussion with various space craft 

primes indicates that t^eir propellant system weight studies usually optimize 

with a tank pressure of about 300 psia. This is compatible with a chamber 

pressure ranging from 7b  to 175 psia. 

4.3.5 Engine Thermal Environment 

instal 1 at. ions. 

SysLet'i review indicates that there art two possible engine 

Une allows the unit to radiate using local radiation shields 
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4.3.5, Engine Thermal Environment (cont.) 

to protect adjacent structure.    The other buries the engine in the space 

craft structure.    In this case, either full insulation or a radiation shield 

can be used to protect the surrounding components.    Figure 4.3-13 show<; the 

possible engine thermal shield configurations.    The radiation cooled and 

shielded designs provide the highest performance for a given chamber life. 

If the same engine is used in a buried configuration (ro barrier cooling), 

the maximum operating duration as a heat sink will be limited to about 

b seconds.    An unlimited duration capability in a buried design can be 

obtained through use of barrier cooling with an attendant performance decre- 

ment.    Figur? 4..MS shows the analytically determined relation between per- 

formance and steady state throat wall  temperatures for chambers which are 

(1) radiation cooled,  (2) radiation and barrier cooled, and (3) barrier 

cooled only.    The longer length chambers run cooler for a given performance 

level because their higher vaporization efficiency allows the diversion of 

.idditional fuel to the barrier.    Ideally, a 4 in.  long (L1) radiation/barrier 

cooled chamber having a 300 sec steady state vacuum I     with a 100:1 nozzle 

will operate with a maximum temperature of 225C0F.    The same design would 

operate at 2900^ in a buried installation. 

Parametric analyses were conducted to determine the optimum 

wall  thickness contour for radiation cooled chambers.     It was found that 

thir>cning the wall  in the throat region reduced the maximum wall temperature. 

This  is due to the external surface available for radiation Increasing more 

r^piJly than the conduction loss across the thickened wall.    There are bene- 

ficial effects for wall thicknesses up to 0.3 inches.    Increasing chamber pres- 

sure by reducing fhe throat diameter while maintaining a fixed outside diam- 

eter resulted in the higher throat heat IIUA being offset by the higher ratio 

of  cooled  io heated surfaces ^o tnat liUle increase in wall temperatures at 

highc   chamber pressures   is [..reu.wted.    Ihe a.idition of barrier cooling 

depresses the maximum wall  temperatures of radiation cooled nozzles about the 

same for .ill combustion pressures. 
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4.3.5, Engine Thermal Environment (cont.) 

Transient and steady state 2-dimensional axisyrtinetric 

thermal analyses were conducted for the selected thrust chamber design 

(Reference Figure 4.2-8) to determine the nozzle life and identify potential 

structural failure modes.    These analyses were based on the use of Fansteel 

columbium alloy No. 85, with the assumption that the nozzle would be radia- 

tion cooled and th0 protective fuel  barrier fully consumed in the combustion 

process prior to reaching the throat.    The convective boundary conditions 

were based on available Aerojet data and the method of Reference 11.    Analysps 

were conducted for chamber pressures of 125 and 200 psia.    These and other 

computer data, suggested the following structural railurt; modes be evaluated: 

(1) Flexure of the forward chamber due to the high 
axial temperature gradient. 

(2) Creep in the downstream chamber and throat 
region at maximum tet perature. 

(3) Through-the-wall thermal gradients at the 
thick throat section with cold starts. 

(4) Pressure cycling of the chamber wall at maximum 
tempera tu rp ,it l?r and ?n0 psia. 

(5) Ignition spike capabilities. 

A structural  analyses was corducted using a finite element 

plastic  flow computer model.    The model outputs effective stresses and rpsult- 

inq strains from combined pressure and thermdlly induced loads.    Life was 

er-tiin<ited by comparinq actual stress or strains to the allowables for the 

material  at temperatures as shown  in Figure 4.3-14. 

Trie structural analyses showed all stress to be below the 

0.,'    yield value.    The g^  ^ '   '■  '■»-\:';iont c.!ress occurred on cold start   in 

the tHroflt region, 0.5 se'   H   -  f  '   -•"inns      V.-.v nozzle cy:le capability for 
fi       7 

cold  starts was predicted  to Se   in the order of  10 -10    and  the  ignition spike 

capability in the order of 4000 psia.    The structurally imposed limits of oper- 

ation were  in Rpiionr   ^ arv!  1  r,f Piqure 4.3-14.    These da .-i  indicate the most 

0 0  'choenman,  j. ., ''    H ock,  i-ami_nar Boundary Layer Meat 1 ransfer  in I ow 
Thrust. Rocket Nozzles j.  of Spacecraft and Rockets,  September 1%R. 
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4.3.5, Engine Thermal Environment (cont.) 

likely failure modes to be: creep under steady state firing conditions (3400 

hours to rupture at BOOOT) and pressure cycling at high temperature (500,000 

cycles with a safety factor of 10). 

It was concluded that thrust chamber life was limited not 

by the structure, but by the previously discussed protective coating for the 

oxidation sensitive columbium and the ability of the injector to provide a 

compatible chemical environment along the chamber wall. 
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5.0       PHASE II - DESIGN AND VERIFICATION TESTING 

The design conditions and criteria for the Phase II verification test 

hardware we^e based on the Phase I analyses which provided the following 

engine r,
f'ecifications: 

Operating pressure at 5 lb Thrust (P ) 

Minimum P   and thrust for 3:1 tank blowdown 
c 

Valve response 

Operating press 

Valve working pressure 

Minimum P   and thrust 
c 

Minimum injector AP/P 

Nun.ber of elements for 300 sec I 

Chamber length, L' 

Injector + valve dribble volume (total) 

Maximum nozzle wall temperatures for 
sustained firings and buried engine 
capabilities 

Heat rejection to space craft 

less than 0.005 sec 

170 psia 

500 psia 

75 psia, 2.2 IbF 

0.33 

4 to 6 

2-4 inches 

0.0007 in.3 

2800°F 

20 - 60 watts 

Phase II thus consisted of (1) detailed analyses and the development 

of design configurations which would satisfy the above requirvoents,  (2) fab- 

rication of the components; valve,  injectors and nozzles, required to obtain 

data, (3) systematic hot fire testing of each of the components over the 

range of parameters of interest tc verify and uprate the analyses and to 

establish feasibility of the concepts, and (4) the generation of designs for 

Phase III demonstration testing. 

5.1     ENGINE DESIGN AND FABRICATION 

This task consisted of (1) the selection of a valve from several 

available flight qualified designs,  (2) the design and fabrication of injectors 

which coiild be integrated with the selected valve to provide the 0.0007 in. 

residual  volumf «nd (3) design and fabrication of thrust chambers which would 

allow data on chamber length är,i thermal characteristics to be obtained for 

radiation rcoled and buried (adiabatic wall) designs. 
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5.1, Engine Design and Fabrication (cont.) 

5.1.1    Valve 

5.1.1.1    Selection 

The development status of valves suitable for 5 lb 

thrusters was reviewed during Phase I in (Section 4.2.3).    A re-evaluation of 

the preliminary valve selection along with the valve-injector-chamber inte- 

gration was made at the start of Phase II.    Since mission requirement studies 

were unable to identify the influence of valve particulars, it was assumed 

that all candidate valves would meet the defined valve functional criteria. 

The factors for selection then become those directly related to successful 

completion of a mission rather than optimization for some not clearly defined 

mission application. 

With this premise, a paired comparison of factors was 

made to determine the relative importance of each factor.   This technique 

compares each factor with every other factor and requires a decision as to 

which of the two compared factors is more important.    This paired comparison 

matrix, shown in Figure 5.1-1, provided the weighting factors applied to the 

evaluation of candidate valves. 

The evaluation was limited to two valves; Moog Inc's 

linked bipropellant valve and Parker's individual solenoid valve; these were 

selected as the best proven designs for linked and unlinked valves.    Each 

valve design was rated to a 1  to S scale for each factor with the highest 

rating being 5.    The ratings were then multiplied by the weighting factors to 

obtain the final rating values shown in Figure 5.1-2.   The Moog bipropellant 

valve was selected.    Figure 5.1-3 is a compilation of operating data for simi- 

lar type valves and Figure 5.1-4 summarizes the expected operating character- 

istics of the selected valvp and actual data for the valves test-fired in 

Phases  II and III. 
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5.1.1, Valve (cont.) 

5.1.1.2   Valve Design and Interfaces 

The valve design work was performed by Moog, Inc. of 

East Aurora, New York.    The subject valve was assigned Model No. 52E163.    Its 

design is based on their Model 52-153 valve modified to meet the requirements 

shown on Table 1.1-1.    The basic valve shown in cross section on Figure 5.1-5 

and cutaway-projection in Figure 5.1-6, is a torque motor operated, mechani- 

cally linked, bipropellant valve that has no relative sliding parts.    The 

torque motor armature pivots on a flexure tube in response to an electrical 

signal.    This motion lifts a pair of flappers, each with a teflon seal button, 

off a pair of seats which are located in the outlet manifold.    The removable 

inlet fittings incorporate 35p absolute filters to remove contaminents from 

the flowing fluid.    Sealing of the outlets is achieved by use of redundant, 

teflon coaled, stainless steel seals at each outlet. 

Figure 5.1-7 shows the manifold design and the position 

of the injector following the bonding assembly.    Figure 5.1-8 is a photograph 

of the valve assembly with an integrated injpctor.    The manifold incorporates 

the following  interface features: 

Two positioning dowels are used to properly ^cate 
the valve seats relative to the shutoff s. .s. 

A rpcess ic located on the downstream sidt of the 
manifold plate to accept an injector and allow 
brazing öf the injector to the manifold. 

A positioning hole, which also serves as a P   tap, 
is  .i-'.ed ♦.'■ a^ur" proper orientation of the 
injector in the manifold. 

Tapped holes allow mounting of the thrust chamber 
to the manifold. 

Two holes are provided to mount the thruster to a 
test stand or veMclp. 
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Valve Cross-section 

1. Body, arm and flexure assy. 

2. Polepiece assy. 

3. Spacer, motor 

4. Coil assy. 

5. Magnet 

6. Polepiece, top 

7. & 23.    Screw 

9. Packing 

13. Packing 

14. Inlet and filter assy. 

15. Gasket 

16. Seal plate 

17 & 18.    Seal, metallic 

21. Pin, flapper stop 

25. Button, flapper 

Figure 5.1-5.    Cross-Section Basic Valve 
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■/y^ 2 PLACG5 

S^^^ 
fijel oxld 

injector    position 
.O300-:8ooe. 
Z PLACE e ,-■ 

thrustei" mounting hole (2) 

valve mounting hole (4) 

chamber mounting hole (4) 

additional valve mounting 
hole (bl ind) incorpordled 
/tv    "^S in Phase lil 

x      ^r  ^4-^  designs 

therixDCOuple passage — Kc pressure' port 

i.   Manifold plate 
P.M. Seat, nozzles 
4.   Position pin 

gem.ratior 
Nozzle & Feed Orifice Dia 

F C           i 
1st 
2nd 
3rd 

1st 
2nd 
3rd 

0.025/0.027 
0.025/0.027 
0.020/0.021 

0.032/0.03. 
0.028/0.032 
0.026/0.027 

Valve Manifold Volumes in.3 

0.000142 
n.000142 
0.0000888 

0.0002179 
0.0001o^3 
0.0001486 

Figure 5.1-7. Vslve Manifold 
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5.1.1, Valve (cont.) 

An access port for thermocouple leads allow? 
monitoring the injector face temperature. 

Four tapped noles are used to mount the manifolü 
to the valve cr-4. provvi3 adequate loading to 
effect an interface seal. 

5.1.1.3    Valve Fabrication 

Fabrication of the valve was done by Moog using methods 

and techniques standard to the production of similar torque motor bipropellant 

valves. 

Fabrication of the manifold assembly was accomolishe'l by 

Moog and ALRC.    Two methods of injector-manifold joining were evaluated.    One 

bonded the injector prior to final  machinim of the valve interface surfarp, 

the  :.'istdllation of positioning pins and the installation and tlectror hean 

welcnng of seats.    The second bonded the injector into a comp'etely finish^! 

id checked out valve assembly.    This latter assembly method was  preferred 

because  it avoided shipment of components and the possibility of particuli'tei 

contdminatinq the injector during final machining.    Roth ^«chniques were 

proven satisfactory. 

A total  of 3 valves, and 8 valve manifolds were utilized 

on the program.    Three 3rd generation,  lower volume manifolds  (Figure S.l-"7! 

were obtained for Phase III.    The Phase III desiqn provided one additicr^l 

mounting hole in the manifold and valve body as snown in Figure 5.1-7. 

Phase II and III values were alike except for the manifold differences. 

'J.1.2    Injector 

5.1.2.1    Design 

Injec.or designs which utilized both conventionally 

nachined and photoetched f/rifices and manifolds were evaluated.     It waf   fc ■"! 
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5.1.2,  Injector (cont.) 

3 
that 0.0003 in.    volume per propellant circuit required for pulsing response 

and performance in conjunction with the 4 to 6 injection elements required 

for 300 sec steady state specific impulse, couli.; only be realized using the 

phctoetch fabricatiün process.    This process allowed the design and fabrica- 

tion of an optimized high velocity, low volume manifolding system which pro- 

vided uniform flow distribution to all  orifices.    The design process con- 

sidered number of element pairs, types of elements and element orientation 

and manifolding schemes as independent variables.    The range of variables are 

as follows: 

Element Quantity 

Element Type 

Element Orientition 

Manifold 

4 and 6 

90° doublets 
splash plates 
triplets 
shower type 
mixed elements 

Tangential  fans (0 degree) 
Max spray overlap (45 degree) 
Intermediate {22 degree) 

Axisymetric - radial  out flow 
Direct path 

The initial   injector design analysis estcblished param- 

etric relationships between the number of elements, the passage and orifice 

••.izcs and mam folding configuration and volume.    Selected designs were then 

tdbricated and cold flowed to determine the resulting element to element flow 

dif.tribution and spray patterns.    This wa^ followed by a redesign effort to 

further improve the manifolding,  prior to the Phase II hot testing.    The 

initial  redesigns were provided an A suffix and subsequent modifications a B. 

All  Phase III  injection designs were given a r designation. 

1J ].?.. ^\rm^r\t Selfer^ict 

The     ,!;f. duration (office sizes, impingement lengths 

and angles, etc.) of splas^ plate and doublet elements shown schematically in 
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5.1.2,  Injector (cont.) 

Fictires 5,1-9 and 5.1-10 were baseH ^r unlelement cold flow and hot fire te'.t 

dati obtained in company sponsored activities and also from data in Refer- 

ence (12).    A FOF triplet element similar to the doublet with the addition of 

a second fuel leg positioned 180 degrees was also evaluated.    The fuel  passages 

of this configuration had smaller dimensions than the on^-on-one 0-F pl^nont 

arr1 thur- were rejected. 

The mixed element patterns were a second generation 

design which resulted from the initial Phase II test data showing a need for 

additional wall cooling for the buried engine design. 

5.1.2.1.2    Element Quöititv Orientation 

All desions uti^e-l an even number of elements  in 

ord.r  'JO maintain a symmetrical manifolrlinq r.ystem and spray pattern.    The 

minimum element quantity of four was based on the requirement for an axisvtr- 

metnc flow field and high performance.    The maximum of six was established 

by orecluding orifices smaller than 0.008 inch and manifold passage dimensions 

less than 0.005 i^ch.    The four element designs had higher injection veloci- 

ties and thus provided extended throttling capabilities required for the blo«- 

dcwn mode of operation. 

In a multi element injector, elements can be orientP', 

as s^iwn in Figures 6.1-11 and 5.1-12.  to provide various degrees of spr^y 

overlap.    This, influences mixing efficiency and the amount of liquid phase 

fuel  and oxidizer which is deposited on the chamber wall.    The wall  fÜT 

deposit in turn is related to pulsing performance efficiency and contaminant 

generation.    Element orientations of 0 denrnes  (fans tangent to the w?n), 

30 degrees and 45 degrees were evaluated.    All designs located fuel orific.' 

12) L.  B. Bassham, Orbit Maneuvering Engine Platelet Injector Evaluation 
Report 13133 M-3, 12 January 1973, Contract liAS 913133. 
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6 ELEMENT SPLASH PLATE 45 DEG 

X 

/ 
\ 
\ 

^-it 

\ 
CPRAY\ 
ANGLES 

f0\ 6 ELEMENT SPLASH PLATE 0 DEG 

4 ELEMENT MIXED PATTER'l 

U-D-28-S 

Figure 5.1-12.     Injection F.1ement Confiquratic 
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5.1.2, Injector (cont.) 

at the periphery to provide a fuel rich environment at the chamber wall as 

shown in Figure 5.1-11. The shading in Figure 5.1-11 indicates the expected 

fuel rich, mixed and oxidizer rich zones. The very black zones represent 

regions of highest unreacted oxidizer concentration. The 0 degree pattern 

was projected to provide the most fuel rich environment at the wall and thus 

to be the most compatible design; the 45 degree pattern the most well mixed 

and thus highest performing. Test data showed both pattern arrangements to 

be very high performing with little difference in compatibility. 

Several mixed element pattern designs (4-UD-28 series 

shown in Figure 5.1-12) were subsequently configured in which approximately 

25/' of the fuel was directed around the oxidizer fan and towards the wall, in 

a swirling manner, to provide a higher degree of barrier cooling. The two 

versions of this pattern had designations based on the angle of the fuel spray 

relative to the plane of the injector face. A shallow angle (30°) resulted in 

a short impingement length "S" and a larger angle (50°) design designated 

"SL" resulted in moving both the bipropellant and the fuel wall impingement 

distances away fron; the injector face. 

5.1.2.1.3 Manifolding 

The two manifolding techniques shown in Figure 5.1-13 

were evaluated.  In the first, propellants were transferred from a side by side 

position at the valve seats as (Ref. Figure 5.1-14) to central redistribution 

plonums at two levels within the injector. Each injection orifice was then 

supplied from this central source by an equal length leg providing uniform 

piopellant heating paths as w^l i <is flow resistance. Over 50% of the injec- 

tor pressure drop was taken in the manifold  legs" to provide face cooling, 

low volume, and good distribution. The design shown in Figure 5.1-13 places 

the oxidizer nearest the heated face. Designs which reversed the levels of 

fuel and oxidizer manifold^ wero also iniluaced. These were rejected because 

of 'heir larger oxidizer manifold volume ano morf- complex fuel distribution 

system. 
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Figure 5.1-14.    fc-SP Series  Injector Manifold Schenatlc 
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5.1.?, Injector (cont.) 

The second manlfoining scheme shown in Figure 5.1-13 

had direct paths from the valve inlet locations to the injection orifices. 

Both oropellant"; are transported in a common plane by the shortest practical 

route.    This shortens the flow paths and simplifies the design and number of 

levels of stacking.    However; in order to insure uniform flow distribution, 

twifclds were more conservatively desiqned ('ower velocity) and flow regu- 

lators tnd heat dams installed to balance the longer and shorter paths. 

5.1.2.1.4    Injector Assemblies 

The injector rornencltilures  (e.g., 6-SP-45-A) used 

i'el.r-ed to configuration ?nd neneration as follows: 

6 - Number of elements 

SP - Splash i late type element and corresponding 
ruamfüld 

45 - Rot-dLional position of pattern 

A - fitbt inodificauon 

The following de called designs were prepared in the 

fir^t injector design iteration. 

Splash plates with the following eieir,*iu quantity 
ard oriertat i"» .' : 

6    laments, funs jj.-i^c1  tc f-e chanber wall 6-SP-O 

1 eleßiints fun ^'•illel  to the cliamher wall 4-SP-O 

6 elements, fans 20 degrees to the chamber 6-SP-20 
wall 

6 elements, fans 4b degrees to the chamber b-SP-45 
wall 
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5.1.2, Injector (cont.) 

Doublet elements with the following element quantity 
and orientations: 

6 elements, fans parallel to the cnamber wall 6-UD-O 

4 elements, fans parallel to the chamber wall 4-UD-O 

6 elements, fans 20 degrees to the chamber 6-UD-cO 
wall 

6 elements, fans 45 degrees to the chamber 6-UD-45 
wall 

Triplet FOF elements with the following element 
orientations: 

4 elements, fans parallel to the wall 4-UT-O 
(unbalanced) 

All injector designs are summarized in Table 5.1-1. 

Each was configured to provide a nominal 130 psid at the design flow rate. 

The 6-SP-45 manifolding was redesigned following cold flow to improve the 

flow distribution.    The modified design was designated 6-SP-45-A.    The design 

modification involved reducing primary cross flow manifold velocities, increas- 

ing velocities in the 1egs feeding the individual orifices and general 

improvement of entrance ond turn configurations.    The computed residual volume 

for each of the designs  is provided  In Table 5.1-1, along with the injection 

orifice dimensions and minimum passage sizes.    The 4-UT-O design was not con- 

Gioc-pd because of its  large fuel volume.    The 6-UD-O design was rejected fol- 

lowing cold flow in favor of 4-ÜD-0 due to its less than optimum flow distribu- 

tion, and the undesirability of the 0.004 in. orifice dimension. 

The second generation Phase II injector designs indi- 

cated in Table 5 1-1 were completed following cold flow and hot fire testing 

of the 6-SP-O and 6-SP-45 A unit«;.    The second generation designs were 

directed towards improved  "ompatibility (the f->st design fire tested 

exceeded the 300 sec steady state specific impulse goal at full thrust) and 
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5.1.2, Injector (co M 

improved performance at lower flow rates for blowdown mode operation.    The 

attempt to improve compatibility was made by (1)  increasing the oxidizer 

injection angle from 20 to 50 degrees thus increasing the impingement dis- 

tance and moving the oxidizer fan away from the wall and (2) employing the 

mixed element patterns shown in Figure 5.1-12.    Design improvement for blow- 

down mode performance resulted in increased injection velocities via a reduc- 

tion in the quantity of elements from 6 to 4 and/or reduction in orifice 

diameter. 

5.1.2.2    Injector Fabrication 

All injector components were fabricated in sets of 5, as 

shown in Figure 5.1-15, from 304 stainless steel, using ALRC's standard photo- 

etching methods and specifications.    Each component was inspected as follows: 

the platelet thickness was measured with a micrometer and the results 

recorded to 1/10,000 in.    These measurements were within 0.0002 in. of 

specific values.    Significant etched dimensions such as manifold widths or 

diameters were measured by an optical comparator having a digital  readout 

accurate to + 0.001  in.    Critical  dimensions such as flow controlling passages 

and injection orifices were measured using a calibrated tool makers microscope 

and dimensions recorded by the project engineer to 1/10,000 in. 

Following inspection, the individual  platelets were 

stacked on a bonding fixture using the 3 alignment holes shown in Figure 

5.1-15 to maintain position.    Each plate contains a code number which is com- 

pared with a stacking sequence check list.    The project engineer verified that 

the sequence was correct for each injector set fabricated on the program. 

In most cases multiple designs were fabricated simil- 

taneously.    Small modifications such as the change of orifice diameters are 

achieved by altering the master negative for one or more of the 6 units   • 

in the frame.    This was done for the o-SP-4b-B-l, -2 and -3 (2 each) and 
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5.1.2, Injector (cont.) 

4-UD-28-S and -SL (3 each) injector series.   Two or more completely different 

injector sets were bonded in each operation by placing a specially pre- 

pared separator over the top platelet of the assembly and stacking the second 

and third injector sets series with the first.   The injectors are assembled 

using standard ALRC diffusion bonding schedules for stainless steel materials. 

Following the bonding operation, selected injectors are 

cut from the frame identified by a S/N, and pattern checked.    Inspections are 

made for pressure drop reproducibilitv, flow maldistribution due either to 

improper manifold design or plugging, and also for interpropellant leakage 

using GN?.    The cold flow procedures are described in the following section. 

In production, one or more cf tne injectors from each frame could be sub- 

jected to destructive testing to assess the quality of the bond of the remain- 

ing units in each set. 

Injector designs selected as having the most favorable 

spray and uniform flow pattern wore subsequently brazed into the valve mani- 

fold as shown in Figures 5.1-8 and   >.1-16.    The injectors preceded by a * in 

Table 5.1-1 are those selected for integration with the valve manifolds.    The 

injector P   port provided the index to align the propellant manifolds on the 

two components. 

Installation of the fitting for the through-the-face P 

measurement and thermocouples for injector face temperature measurements were 

accomplished at this point in fabrication.    Each injector design incorporated 

passages for two 0.020 in. dia thermocouples. 

Each integrated injector-valve manifold assembly was 

again cold flow and  leak checked with water and GN, following this final 

assembly operation.    As    ndicated in Table 5.1-1, a total of 48 injectors 

representing 13 design variutions were built through Phase II of the program. 

Of these, five were selected for integration into the valve manifold and hot 
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5.1.2, Injector (cont.) 

fire testing.   No significant fabrication difficulties were encountered in the 

program. 

5.1.3   Thrust Chamber Design and Fabrication 

5.1.3.1    Design 

Phase II thrust chambers were designed, on the basis of 

Phase I analyses, for a nominal 5 IbF thrust at a chamber pressure of 170 psia 

with an assumed 97% energy release efficiency.   The minimum chamber length 

considered was 2 in.    Spacer designs were prepared to extend the injector to 

throat length from 2 in.  to 2-3/4 and 4 in.    Detailed drawings are provided 

in Figures 5.1-17 and 5.1-18.    A 50:1  nozzle area ratio was selected for the 

altitude verification tests based on the need for testing at pressures down 

to 75 psia without nozzle flow separation.   The estimated separation pressure 

was 0.64 psia compared to a facility capability of % 0.3 psia for firings up 

to approximately 15 minutes and 0.5 -  1.0 psia for unlimited duration. 

The Rao nozzle contour selected for the 50:1 area ratio 

verification tests was based on matching the optimum 34 degree initial diver- 

gence angle of a 125% minimum length 100:1 expansion nozzle which had a 99.56T 

divergence efficiency.    The matched expansion angle was required in order to 

properly simulate the throat region thermal characteristics.    The use of the 

12M length nozzle design provides an additional 2 sec of specific impulse at 

100:1 while the Rao contour provides a 6 sec margin over a 20 degree half 

angle conical nozzle of the same length.    The 50:1 nozzle results in the engine 

having an approximately 7 sec lower specific impulse than can be realized with 

the 100:1 expansion ratio. 

Two upstream and two external chamber contours were 

selected for evaluation.    One was considered to be superior for barrier cool- 

ing and buried operation with the second more desirable for radiation cooling. 
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5.1.3, Design (cont.) 

7 ie external wall contour for the barrier cooled buried design resulted in 

a thin wall conicf1 configuration,  (Rpference dash 5 design in Figure 5.1-17'. 

The thin wall mirimizfd the chamber mass and fHus the stored energy which 

could soak to the valve following a long burn.    The conical shape was expected 

to i-nprove the effectiveness of the barrier cool^nc by eliminating mixing 

^sses normally associated with turning cf a g:s stream.    The weight of th-i' 

rhamber was 0.14 lb. 

The radiation cooled chamber (Reference dash 4 design in 

"'o. i } 5.1-17} provided a thick wall at the throat.    As indicated in Figure 

4.2.7 of the Phase I analyses this maximizes the heat rejection capabilitios 

via radiation relative to the convective heat input.    A very thin wall 

(0.030 in.) at the forward end restricted heat flow to the flange region. 

The internal contour was selected to minimize the convective heat load based 

3i 11     analytical  procedures of References  13 and 14.    The cylindrical  extor- 

nul i. jntour was influenced by the wall  thickness optimization and fabrication 

-in: derations.    The aft flange on the 0.020 in. wall divergent nozzle pro- 

v'ded structural rigidity and facilitated handling.    This configuration 

w-iqhod 0.173 lb when fabricated from FS 85 material. 

The forward flange of all designs was configured to nu- ^ 

with the valve manifold using four NAS 1351-03-10 screws as shown schemati- 

cally in Figure 5.1-19.    Sealing was accomplished by use of a gold plated 

'ncc.el V typa seal   (HVG 2-11).    The V seal  compression was regjlated b" t:. 

C'fv^r and stainless steel spacers shown in Figur-p 5 1-20 which also ac^ed 

as o  f.hermal  shunt and heat dam to rrove the heat rejected from the engine 

(13) L.  H.  Back, A.  B. Witte, Prediction of Heat iransfer from Laminar 
Boundary Layers, with Emphasis on Large Free Stream ''elocity 
Gradients and Highly Cooled '.Vails, J.   of Heat Trsn^f^r, August 1965. 

(14) L.  Sc hoenma n, J.Block, Laminar Boundary Heat Transfer in Low Thrust 
Rocket Nozzles, J. Spacecraft and Rockets, September 196B. 
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5.1.3, Design (cont.) 

around the injector ard valve.   The bolt heads were also insulated from the 

chamber flange by six stainless steel belleville spring washers in a 

3-nested 2-series configuration as shown in Figure 5.1-19. 

Other chamber components designed for Phase II testing 

included 15 degree half angle exit nozzle thrust chambers for sea level 

checkout tes^üiy and 3/4 inch and 2 inch long cylindrical spacers which 

interface with the valve manifold on one end and the thrust chamber on the 

other.    These spacers incorporated a port for a K'stler 601 AL tra'iducer to 

monitor r2sponse and ignition spikes. 

5.1.3.2   Chamber Fabrication 

Nine chamber components «ere fabricated as indicated in 

Table 5.1-2.    Eight of the components were built to the dimensions shown in 

Figures 5.1-17 and 5.1-18.    The -9 chamber, having a 1-1/4 in. injector-to- 

throat length and integral kistler port, was assembled by rework of the -2 

chamber and -8 extension after testing on those components had been completed. 

The -1, -4, -5 and -5A columbium chamber/nozzle com- 

ponents were fabricated from WC 291 and FS 85 alloys based on the results of 

Phase I studies.    Some 291 material was employed because of faster delivery 

schedules. 

Final machining of the OD and ID of the 50:1 divergent 

nozzles was accomplished on a tracer lathe using a nozzle contour template 

formed to the X, R dimensions in Figure 5.1-17.    The upstream nozzle contour 

and throat for the conical design were final machined with a tapered ream. 

A special  form tool having a larger radius of curvature in the convergent 

nozzle and throat was used for the cylindrical chamber.    The only manufactur- 

ing problems encountered were those of holding the very tight throat dimen- 

sion on the first of the fabricated parts.    This resulted in a 0.011 inch over 

size throat on the -5A part.    A second -5 part manufactured as a replacement 

was to tolerance. 
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5.1.3, Design (cont.) 

Oxidation resistant suicide coatings were applied via 

the VacHyd 101 and HiTemco R512E processes to the components indicated in 

Table 5.1-2.    Both processes require a 1 hour vacuum diffusion cycle at 

2550oF.    The VacHyd process requires two coating applications with a 1/2 hour 

furnace cycle following each application.    The R 512E proctss is accomplished 

in one step.   The internal dimensions on the thrust chambers wert selected 

to allow a 0.003 inch radius reduction due to coating application.   The 

actual throat inside-diameter dimensions before and after coating are pro- 

vided in the following table. 

SUMMARY OF THROAT DIMENSIONS 
Inside Diameter 

Part No. -1 -4 -5 -5A 

Coating VH 101 VH 101 VH 101 RS12E 

Precoated 0.157 0.158 0.152 0.165 

Postcoating 0.151 0.151 0.146 0.159 

Dia Change 0.006 0.007 0.006 0.006 

Figure 5.1-21 shows the -4 and -6 chambers after final 

machining and prior to coating.    Figure 5.1-22 shows the inside of the nozzle 

after coatinq as follows; left FS 85/VH 101, right VC, 291/VH 101, and center 

FS R5/R512E.    The photograph',, of left and right were prefire, the center was 

following 50,000 pulses.    There was no noticeable change in surface finish as 

a result of the firing.    The VacHyd process resulted in a large glass-like 

fractured crystal  structure which was more pronounced on the 291 material 

than on the FS 85 alloy.    The R512E coating had the appearance of fine grain 

qray sand.    A subsequent recoating of the FS 85 nozzle by VacHyd following 

Phase II testirg resulted in chamber having an appearance similar to the 512E 

processed unit.    Tho VacHyd coated Phase III chambers also had the same 

appearance as the 512r ccr^ng. 
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Figure 5.1-21.    50:1 Area Ratio Columbium Thrus+'-rs 
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5.1.3, Design (cont.) 

Other sea level checkout chambers were built from CRES 

347. Spacers were built from CRES 347 and 6 A1-4V titanium to evaluate the 

suitability ?nd compatibility of these materials as heat dams between the hot 

nozzle and the valve. 

5.2 VERIFICATION TESTING 

This task consisted of valve bench testing, injector cold flow 

testing and hot fire testing. 

5.2.1 Valve Be -.,1 Testing 

Moog, Inc. valve assembly P/N 010-72049, S/N 001 was 

received with manifold S/N 01 and 6-SP-O injector which was earlier installed 

by ALRC. This assembly had been subjected to acceptance tests. Table 5.2-1, 

by the valve supplier prior to shipment. 

Additional testing was performed in Bay 4 of the ALRC 

Research Physics Laboratory using the test set-up, shown schematically on 

Figure 5.2-1. The primary tests and objectives were as follows: 

Test 

Proof 

Leak 

Response 

Flow 

Response 
Sensitivity 

Manifold Change 

Electrical 
Characteristics 

Objective 

Demonstrate structural integrity 

Demonstrate conformance to requirements 

Demonstrate conformance to requirements 

Establish flow characteristics of integrated 
assembly 

Determine effects of pressure voltage and 
energization time on response 

Determine whether manifolds can be success- 
fully changeo and seals reused 

Determine current drain, pull-in and drop- 
out voltages 
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TABLE 5.2-1 

ACCEPTANCE TEST DATA SHEET 

MODEL 

SERIAL NO. 

52E163 

001 

DATE 9-7-73 

6. 

7. 

8. 

9. 

Proof pressure, 1000 psi 3 min OK 

Pull in current 300 psi 

99 ma 

Drop out current at 25 psi    64 ma 

Response time (see attached curves) 

Internal leakage (total) at   25 psi 

300 psi 

500 psi 

Insulation resistance at 500 vdc 

Dielectric strength at 500 vdc 

Coil resistance 

Unit weight 

500 psi 

105 ma 

0.0 cc/hr 

0.0 cc/hr 

0.0 cc/hr 

>300,000 megohms 

<2.0 v  amps 

52.0 Si 

0.975 lb 

E. Smith 9-7-73 

Inlet Pressure 
psig 

Voltage. 
VDC 

Response tit 
Open 

4.1 

net mi Hi sec 
Close 

300 20 2.6 

500 20 4.3 2.6 

300 24 3.4 2.7 

500 24 3.5 2.7 

300 28 2.9 3.0 

500 28 3.1 3 0 

300 32 2.6 3.3 

500 32 2.8 3.3 
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5.2.1, Valve Bench Testing (cont.) 

5.2.1.1 Proof 

Inlet and outlet ports of the valve were manifolded and 

subjected to 750 psig GN« for 2 minutes.    The valve was examined and there was 

no evidence of permanent deformation or damage. 

5.2.1.2 Leak 

Internal and external leak tests were performed using GN? 

at 50, 300 and 500 psig.    External leakage was checked using Leaktec solution. 

Internal leakage was checked using the water displacement method.    There was 

no evidence of bubble leakage, either internally or externally at any of the 

test pressures. 

5.2.1.3 Response 

The valve was operated with 23 VDC under a no flow, no 

inlet pressure condition. Response time from signal to full open based on 

the current trace was 3.38 millisec and from signal to full closed was 2.86 

millisec. These times compared favorably with the vendor test data which 

showed times of 3.4 mill-.ec open and 2.7 millisec closing at 24 VDC. 

5.2.1.4 Flow 

This flow test was performed with S/N 01 manifold 

installed on the valve.    Demineralized water was supplied to the valve at 

various inlet pressures from 50 to 300 psio and the test assembly flow tested 

to determine the *K   of the fuel and oxidizer circuits.    The resultant K 

factors were 0.000655 for the fuel circuit and 0.000781 for the oxidizer cir- 

cuit.    This compares with 0.00651 and 0.000763 for the fuel and oxidizer of 

the injector prior to being installed in the valve. 

/   AP s.g. 
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5.t.l, Vaive Bench Testing (cont.) 

5.2.1.5 Response Sensitivity 

With the test valve in the flow test setup, the flow rate 

was ddjusted to obtain a flow approximately equivalent to nominal propellant 

flow with an inlet pressure of 300 psig. The valve was then functioned 3 

cycles under varied conditions to evaluate the effects of inlet pressure, 

voltage and energization time on valve response. These tests were all per- 

formed without any back EMF suppression in the electrical circuit. 

Table 5.2-2 presents the results of these tests. The 

valve response is insensitive to inlet pressure up to 300 psig where the 

opening response, again based on the current trace, is about 3 millisec. At 

500 psig, the opening response increases to 3.33 millisec. Closing response 

appeared to be independent of the test parameters. The range of closing 

response times was from 2.46 to 3.20 millisec. 

Voltage had some effect on opening response as expected. 

Opening response was 4.87 millisec at 18 VDC and got faster as voltage was 

increased to 32 VDC where response was 2.85 millisec. This trend is shown 

in Figure 5.2-2. Closing response did not show a similar trend and varied 

randomly from 2.27 to 2.69 millisec over the voltage range. The response 

band includes data from the two additional valves bench tested in Phase III. 

These are consistent within + 0.00035 sec. 

Energization frequency and duration did not have a 

significant affect on either opening or closing response. The tests covered 

a range of valve energization times at 28 VDC from 1 to 240 sec. The response 

time ranges were from 3.03 to 3.31 millisec for opening and 2.56 to 3,2 for 

closing. No trend was evident. During the energization time tests, the torque 

motor cover temperature was monitored. The greatest temperature variation 

noted was less than 30F. 
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TABLE 5.2-2 

RESPONSE TEST DATA 

Inlet 
Pressure, 

pslq 
Voltage 

vdc 

125 28 

182 28 

229 28 

310 28 

405 28 

507 28 

300 18 

300 24 

300 28 

300 32 

300 28 

300 28 

300 28 

300 28 

300 28 

300 28 

Energization 
Time, 

sec 

<1 

<1 

<1 

<1 

<1 

<1 

<1 

<1 

<1 

<1 

2U 

40 

60 

90 

120 

240 

Response Time, mi Hi sec 
Open Close 

2.91 2.69 

2.91 2.91 

2.91 2.46 

3.12 2.73 

3.17 2.78 

3.33 2.72 

4.87 2.50 

3.42 2.27 

3.12 2.69 

2.85 2.59 

3.04 2.82 

3.03 2.56 

3.21 2.65 

3.31 2.69 

3.16 3.20 

3.25 2.94 
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5,2.1, Valve Bench Testing (cont.) 

Open and closing response was faster than the 5 millisec 

requirement over the full operating range. 

5.2.1.6 Electrical Characteristics 

A series of tests were performed to determine pull-in 

and drop-out voltage over a range of inlet pressures and to define the cur- 

rent drain at nominal voltage.    Current drain was 0.54 amps at 28 VDC.    Pull- 

in and drop-out voltages are tabulated in Table 5.2-3. 

TABLE 5.2-3 

PULL-IN AND DROP-OUT VOLTAGES 

Inlet Voltage. VDC 
Pressure, psig Pu^l-in Drop-out 

46 6.2 3.0 

198 6.0 3.0 

304 5.8 3.0 

506 6.1 2.9 

5.2.1.7 Manifold Change 

The manifold change test involved a series of leak, flow 

and cycle tests. 

Manifold S/N 03 was installed on the valve using the 

original valve to manifold interface seals.    Since this manifold did not have 

an injector P   pressure fitting or thermocouple wires installed; these open- 

ings were blocked manually for the leak tests.    Two 500 psig leak checks 

indicated that the shut-off seals were not leaking. 
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5.2.1, Valve Bench Testing (cont.) 

The assembly was flow tested with water following the 

procedure used for the prior flow test, but at lower inlet pressures.    Reduced 

inlet pressures were required to keep the flow rate within the range of the 

flow meters.    A low range pressure transducer was installed to monitor inlet 

pressures in the range of about 2 to 10 psig.    The flow tests indicated K 

values of 0.00211 and 0.00311 for the fuel and oxidizer sides respectively. 

This assembly was then cycled 500 times without pressure 

or flow and checked for response time and  leakage.    Response time was 2.9 

millisec opening and 2.26 millisec closing.    There was no indication of shut- 

off seal leakage.    Two additional manifold changes were accomplished without 

experiencing leakage. 

5.2.1.8   Discussion and Conclusions 

The shutoff seals demonstrated bubble tight sealing 

throughout the program with 3 different manifolds.    This indicate^ that mani- 

fold changes could be achieved on a single valve.    Examination of the teflon 

shutoff seal after valve cycling did not reveal any seal indentation.    A 

determination of seal indentation occurrence after propellant exposure, high 

temperature exposure and extended cycling was made following Phase III testing. 

Response time on ALRC tests, ba^ed on current traces, 

were nearly identical to vendor test results on opening but were generally 

about 1/2 millisec faster on closing.    This difference Is probably the result 

of back EMF suppression.    The vendor used a suppression network to limit the 

voltage spike on closing to a maximum of 56 volts.    The ALRC tests were per- 

formed without back EMF suppression and voltage spikes were about 70 volts 

when the valve was deenergized.    Suppression at lower values results in 

slower closing; therefore, the vendor closing times should be slower than 

those obtained at ALRC.    The i data point shown in Figure 5.2-2 was obtained 

at a later date based on line pressure decay recorded by a close coupled 
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5.2.1, Valve Bench Testing (cont.) 

Kistler transducer. These data are shown in Figure 5.2-3 and provide a more 

accurate indication of effective response. This method shows that the valve 

can respond to an electrical pulse ds short as 0.0025 sec. Figure 5.2-4 

shows the response of a valve following 300,000 engine firings for comparison. 

Response time was essentially unaffected by any of the 

variables tested except voltage. Temperature effects were not fully explored; 

it is expected that as temperature increases, valve opening response will be 

slower. Although this may be a concern with regard to combined effects of 

heat soakback and a vacuum environment the valve performance obtained with 

variable voltage indicates valve response should still be less than 5 millisec 

at elevated temperature. The energization time test was intended to provide 

some indication of the temperature effect but the conductive cooling from 

water flow and the convective cooling to atmosphere limited the temperature 

rise. Vacuum, hot fire testing later in the program showed no change in 

response at temperature up to 220oF. 

5.2.2 Injector Flow Testing 

The purpose of injector flow testing was four fold. 

(1) Verify the predicted pressure drop. 

(2) Establish the pressure drop reproducibllity 
for different units of the same design. 

(3) Determine the element to element flow uni- 
formity (i.e., manifold distribution 
efficiency). 

(4) Visually inspect the spray pattern for flow 
uniformity, wall impingement covering etc. 
and document the pattern photographically 
using shadowgraph techniques. 

5.2.2.1 Pressure Drop Reproducibllity 

The pressure drop and flow distribution were established 

by collecting the effluent first from each circuit flowing independently and 
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CODE 

TIME -^-f 
DECAY 

PRESSURE 
RISE 

4 
i 

CLOSED 
FUEL LINE PRESSURE 

KISTLER 

PFV 

OX LINE PRESSURE 
KISTLER 

POV 

"* r- 

0.0025 
SIGNAL TO FLOW 

0.001  REF. 

ELECTRICAL PULSE WIDTH 
(EPW) 

0.010 SEC , 

0.001  REF 

CURRENT 

Figure 5.2-3.    Valve Response 
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POST FIVE VALUE EVALUATION ENG. #1 

FUEL LINE PRESSURE 

OX LINE PRESSURE 

.010 
SEC 

RESPONSE @ 28V, 256 psia LINE PRESSURE 0.0022 sec 

EPW = 0.010 

fl- 

VOL AGE 

CUP^NT 

Figure 5.c-4.    Pustfire Valve Evaluation. Engine SN 1 
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5.2.2, Injector Flow Testing (cont.) 

secondly from each of the orifices with a specially prepared probe. Injec- 

tor flow coefficients are expressed as 

K ►TÄTsG 

where: K - flow coefficient 

w   = flow rate lb/sec 

AP = pressure differential psi 

sG = specific gravity 

Values for K   were obtained at 3 äP values in the 25 to 

150 psi range with 2 samples at each flow condition.    The collection period 

was 50 sec for individual orifices; 100 sec for a full circuit. 

Table 5.2-4 provi.es a summary of the flow character- 

istics for 19 injectors of 9 designs which were evaluated in Phase II cold 

flow testing.    The data indicated d unit to unit flow (K ) reproducibility o 

5X or better where 2 or more injectors of the same design were flowed.    In 

the case of the 6-SP-45-A and 4-UD-28-S, the reproducibility of 3 assemblies 

was better than + 2%. 

The lower part of Table 5.2-4 showed that the injector 

valve manifold integration (Figures 5.1-8 vs 5.1-16) resulted in no signifi- 

cant changes in the K   values.    This indicates that proper alignment was 

attained in all assemblies manufactured and that the bonding process did not 

alter the flow characteristics.    Ihe last set of data provided are the hot 

fire test values and postfire cold flow re-evaluation.    The % change shown 

represents the pre- to pcstfire water flow K   values.    These were reproducible 

within 2 percent. 
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5.2.2, Injector Flow Testing (cont.) 

5.2.2.2   Manifold Flow Distribution 

Data from the first generation six element design showed 

the following mass and mixture ratio distributions. 

Element 1 

1 

.■ 

6 SP-0 

Fuel Mass* 0.99 0.76 0.97 0.98 1.05 1.22 

Ox Mass 1.05 0.85 1.00 1.00 1.02 1.07 

MR (Elem.)** 1.69 1.77 1.64 1.63 1.55 1.39 

6-SP-45 

Fuel Mass 1.01 0.90 0.60 0.92 1.23 1.37 

Ox Mass 1.10 1.05 1.08 0.72 91 1.13 

MR (Elem.) 1.71 1.86 2.88 1.25 1.18 1.32 

6-UD-O 

Fuel Mass 1.19 1.10 0.50 1.07 1.13 1.10 

Ox Mass 1.03 1.14 0.99 1.05 0.94 0.86 

MR 1.38 1.66 3.16 1.57 1.34 1.25 

The flow and mixture ratio uniformity for the 6-SP-O 

was considered acceptable since all elements generated a mixture ratio very 

close to the nominal 1.60 value. The 6-SP-45 and 6 UD-0 injectors were not 

acceptable because of the high MR on the No. 3 element. This condition was 

reproducible for each of the injectors indicating a design deficiency rather 

than a fabrication problem. 

The {6-SP-45-A) unit incorporated an improved manifolding 

system obtained by: (1) lowering velocities prior to splitting the flow into 

6 streams, (2) providing a plenum and a low velocity approach plus rounded 

Element flow rate *Mass 
Avg of all elements 

** ox flow 
fuel flow 132 
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5.2.2, Injector Flow Testing (cont.) 

entrances to the flow splitting region, and (3) increasing the velocity in 

the legs (Figure 5.1-13) connecting the central plenum to the injection ori- 

fices.   This was accomplished with only a minor increase in overall volume. 

Flow distribution for the improved manifolding was recorded as follows: 

6-SP-O, -45-B and -C Type Manifolding (% Flow Deviation) 

ement No. 1 2 3 4 5 6 

F Mass -1.4 +9.1 -1:.3 -5.4 -1.4 +10.3 

0 Mass -0.5 -6.7 +2.9 -5 -5.2 +10.3 

MR Element 1.6 1.4 1.8 1.7 1.5 1.5 

The flow for the four element designs were: 

4-UD-O 

Element 1 2 3 4 

F Mass +11.0 +3.5 -9.4 -5.1 

0 Mass +8.2 -4.7 -8.5 +5.0 

MR 1.6 1.5 1.6 1.8 

4-UD-28-SL 

Element 1 2 3 4 

F Mass +0.5 -2.1 -1.7 +3.4 

0 Mass -3.6 -5.5 +1.6 +7.5 

MR 1.5 1.5 1.7 1.7 

This level of flow uniformity was considered very good 

in view of the very small flow quantities and the premium being placed on 

manifold volume. 

5.2.2.3   Pattern Documeptation and Shadow Photography 

Spray pattern angles and density distribution were docu- 

mented by shadow photography.    The propellant circuits were flowed individually 
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5.2.2, Injector Flow Testing (cont.) 

and are in concert at maximum and minimum flowrates.    Photographs were taken 

at various angles to record the axisymmetric pattern. 

Figure 5.2-5 shows a typical photographic record for a 

particular injector design.    This photo technique has been very effective in 

understanding and evaluating wall  impingement and blow-apart phenomena. 

Since fine spray and drop size details which are clearly visible in the 

original photos are lost in the resolution available for commercial publica- 

tion, only a token of the photographic results are included In this report. 

The apparent absence of a distinct spray pattern for the 

individual circuits of the 4-UD-O injector in Figure b.2-5 at the high flow 

condition is a result of the spray being finer than the resolution of the 

printing process. 

Since each stream of the 4-UD-O injector is self atomiz- 

ing, precise alignment of verv small oiameter streams is not a requirement. 

The dark bar in the center photograph of Figure 5.2-1  is a 1  in.  long refer- 

ence.   The photos show that atomization starts at the injector face.   The 

fact that the pattern is more visible with both circuits flowing is due to 

the higher (combined) flow rates but mostly to agglomeration of fine fuel 

and oxidizer droplets.    When translated to hypergolic propellants this means 

the propellants have reacted. 

Figure 5.2-6 shows the spray characteristics of the 

4-UD-28 series injectors with both circuits at the high flow condition.    The 

upper photograph is that of the shallow angle short impinging fuel  (S).    This 

results in a fuel spray half angle of 65°.    A portion of this fuel bypasses 

the ox fan and impinges upon the chamber wall approximately 1/4 in. down- 

stream of the injector; providing a fuel rich environment at the wall. 
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SHORT FUEL IMPINGEMENT 

LONG FUEL IMPINGEMENT 

Figure 5.2-6. Cold Flow Spray Characteristics, 4-UD-28 Series 
Injector, Both Circuits AP - 130 psi 
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5.2.2, Injector Flow Testing (cent.) 

The lower photograph of the long iinpingement (SL) con- 

figuration, shows the spray half angle to be 20 degrees. The fuel which 

bypasses the oxidizer in this design contacts the wall about 1 in. downstream 

thus providing less front end cooling and more throat region cooling. 

Both of these designs were selected for hot fire test 

evaluation on the basis of cold flow results which indicated good compati- 

bility and good propellant atomization over the full blowdown range. The 

hot fire test data verified these conclusions. 

Figure 5.2-7 provides a similar display for the 6-SP-45- 

B-2 and -B-3 injectors; short fuel impingement distance (top) versus a longer 

impingement distance (bottom). Fuel impingement closer to the face results 

in more propellant on the wal thus more wall cooling at the foi'ward end. 

Neither of these two designs were selected for hot fire 

testing. The short fuel, long ox (top) was very similar to the already tested 

6-SP-45-A which was a short design and provided over 300 sec of specific 

impulse. The long impingement design appeared to offer even higher perfor- 

mance and less compatibility. 

5.2.3 Hot Fire Testing 

5.2.3.1 Test Objectives 

The objective of this test activity was to verify (1) 

forecasted steady state and pulsing mode performance, (2) dynamic and response 

characteristics, and (3) thermal characteristics of components for a 5 IbF 

Thrust Bipropellant Engine. 
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B2 LONG OX, O.OIO DIA ORIFICE 
SHORT FUEL, 0.008 DIA ORIFICE 

B3 LONG OX, 0.010 DIA ORIFICE 
LONG  FUEL,  0.003 DIA ORIFICE 

Figure 5.2-7.    Cold Flow Spray Characteristics, 6-SP-45 Series  Injector 
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5.2.3, Hot Fire Testing (cont.) 

5.2.3.2 Test Specifications and Goals 

The program goal was to demonstrate a steady state 

specific impulse of 300 sec and a bit impulse capability of 0.05 lb sec 

(^ 0.01 sec pulse) for which the pulse performance was 240 sec. The Phase II 

testing was intended to verify the capabilities of the anticipated Phase III 

designs. Testing was conducted over the following range of conditions: 

c 
Thrust 

MR 

Prop. Temp 

72 - 170 psia 

2 - 5 lb 

1.6 nom. Range 1.2 

20 - 120oF 

2.0 

The propel 1 ants employed in testing were Green N^O. 

(99.0 + % N204, 0.8% NO) per MIL-P-26539 and MMH (CH^H^  (98X purity) per 

MIL-P-27404.    Certification of all propellants was provided. 

5.2.3.3   Test Hardware 

the following: 

The test hardware employed in Phase II testing included 

One (1) Moog bipropellant valve 

Five (5) injector-valve manifold assemblies 

Two (2) 50:1 Columbium thrust chambers; ont conical 
chamber and one cylindrical combustion chamber 

Three (3) sea-level  thrust chambers; two svainless 
and one Columbium 

Three (3) L* extensions, two 3/4 in.  long; one 2 in. 
long, stainless and titanium versions available 

Chamber bolts - 0.099 - 56 UNJF-3A bolts 5/8 in. 
long dnd 1.5 in.  long 

Haskel V seals HVG 2-11. Bellville springs 

Positioning plates and thermal shunts 
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5.2.3, Hot Fire Testing (cont.) 

5.2.3.4 Test Facility 

Testing was accomplished in Bay 1 of the Research 

Physics Laboratory. Figure 5.2.8 provides a test facility flow schematic. 

Important features of the facility include: 

1. A low deflection (4.95 x 10  in. at 5 IbF) 
low mass (4 lb including thruster and instru- 
mentation) test stand (frequency %  575 Hz). 

2. A dual bridge thrust measuring cell (100 IbF) 
and 10 lb standard cell for in-place calibra- 
tion of the measurement cell before and fol- 
lowing each test series. 

3. A water cooled thrust mount to prevent thermal 
distortion during sustained fire periods. 

4. Thin wall 1/4 in. dia feed lines with lengths 
tuned to prevent shifts in engine MR due to 
feed system oscillations. Fuel line lengtK = 
46.5 in., ox line length = 28 in. 

5. A precisely calibrated positive displacement 
flow measurement (PDFM) system having a 20 sec 
duration capability at full thrust. 

The facility also contained two large (^ 50 gal) propel- 

lant tanks located 30 ft (fuel) and 20 feet (ox) from the test stand. These 

were used for PDFM fill and for sustained firing. A 10 micron (absolute) 

facility filter was located between the large tanks and the positive dis- 

placement tanks. The 35 micron absolute filter within the valve was the only 

on-line filter during firings fed from the PDFM system. 

Figure 5.2-9 provides a photograph of the test facility 

following the first sea level checkout tests. The following stand modifica- 

tions were made following the checkout tests: (1) the forward flexure 

stiffness was reduced by milling 4 transverse slots, (2) an additional 

flexure loop was added to the feed lines (visable in Figure 5.2-10), and (3) 

the feed line lengths were increased to 33 in. for the ox and 60 in. for the 

fuel as a result of the added loop. 
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5.2.3, Hot Fire Testing (cont.) 

5.2.3.5   Measurements and Data Recording 

Table 5.2-5 provides a tabulation of the facility instru- 

mentation, nomenclature employed, and the modes of data recording. 

Continuous records of thrust, P , feed line and high 

frequency chamber pressure measurements were available from a Model 3500, 14 

channel Sagamo FM recorder.    The response capability of the recorder is in 

excess of 20 KHz.    Digital thrust data was recorded at intervals of 0.000768 

sec in all pulse tests.    Sampling rates on other parameters are itemized in 

Table 5.2-5. 

follows; 

Performance parameters were computed for each pulse as 

Bit impulse, FT = 2 thrust x time " 1 (F* + Fb) AT 
(AT = 0.000768 sec) 

Total fuel flow, Wf = K1 [Vj-V^      PDFM's volume change 

Total ox flow, W0 = K2 [V,,^] Per Pulse- 

Total propellant flow, W   = Wf + W 

W 

«•^ 

Bit Specific Impulse, BSI = FT/WT 

The thrust measuring portion of the test stand was cali- 

brated immediately before and after each test. This calibration was accom- 

plished by the pneumatic application of 4 force levels to the stand on the axis of 

thrust such that the dual bridge measuring cell was loaded in series with a 

10 lb standard cell. This was accomplished with the engine and all instru- 

mentation in position, lines pressurized, and at vacuum conditions when appli- 

cable. The tare forces ranged from 2 to 5% depending on the amount of 
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TABLE  b.2-5 

FIVE-POUND BIPROPELLANT ENGINE TEST  INSTRUMENTATION 

Symbrl 
Transducer 
or TC Type Range 

Rec ording Systsm 

Parameter 
Performance 

Digital 
sec _ 

No. 
Channels 

Direct 
Writing 

Oscillograph 
FH 

Tajje 

Thrust lb Fa 
Fb 
Fa + Fb 

}  BLH PN 402-133 
100 0.00153 

0.00153 
0.000768 

3 
3 
6 

X X 

Chamber Press psla P 
c 

Whittaker SP 66 1000 0.00115 4 X X 

Chamber Press Hi Freq P  Hf Kistler 601A 2000 X 

Fuel Flow lb/sec LF Positive Disp. 0-0.012 0.0023 4 X 

Fuel Flow lb/sec wF Turbine 0 0.012 0,0046 1 X 

0» Flow lb/sec LO Positive Disp. o-o.n?n 0.0023 4 X 

Cx Flow lb/sec wo Turbine 0-0.020 0.0046 1 X 

Fuel Feed Pressures 

Tank pslg PFT Taber-206 500 

Orifice uo psta PFV Taber-206 600 0.00231 2 X 

Valve in'et psia PFTCV Taber-206 600 0.00231 2 X 

Valve inlet Hi  Freq PFHF Kistler 6niA 1000 X 

Fuel  Feed Teiri 

Fuel orific    up °F TFV CC 0-200 0.0046 1 

Valve initt "F TFTCV CC 0-200 0.0046 1 X 

Conditioning fluid TFB Thernometer 0-200 

Ox Feed System Press 

Tank psig PoT Taber-206 600 

Orifice up psia PoV Taber-2C6 600 0.00231 2 X 

"alve inlet psia POfCV Taber-206 500 0.00231 2 X 

Valvt i^let H!  Freq POHF Kistler 601A 1000 X 

Ox Feed Tem^ 

Orifice up "F TOV CC 0-200 0.0046 1 

Valve inlet 0F TOTCV re 0-200 0.0046 1 X 

Conditioning fluid "F TFB CC 0-200 

Cell Pressure psia Pa Taber-206 0-10.7 0.0046 1 

Load Cell Temp "F nc CA 0-200 0.0046 1 

Valve Signal Volts EV 0.00231 2 X X 

Valve Current Amps IV X X 

B-Bit 0.000025 X 

Nanation X 

Injector Face °F TFJL 
TFJ2 

CA 
CA 

0-1000 
0-1000 

0.0046 
0.0046 1 

X 

VaUe Body TVb CA 0-500 0.0046 1 

Valve Manifold »m CA 0-500 0.0046 1 

Chamhpr 

Wall Temp TCTR 
1-6 

W-ff 0-3200 0.0046 6 (?) 

Wa11  Tsmp TCCA Ca 0-2200 0 0046 6 (2) 

Thermal  Shunt TTSH1 
TTSH2 

Cri 

Ca 
C-1000 
0-1000 

0.0046 
0.0046 

1 
1 

Total Channels 

Capabilities 

48 

48 

16 

36 

12 

14 

Digital  = Conbdlidated Systems Corp. 

FM Tapp Sagamo Model   T^      '4 rh, 

Direct reading   CEC 5-133 36 it. 

ch/sec 48 th. 

14 
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5.2.3, Hot Fire Testing (cont.) 

instrumentation being employed  in the test setup.    The calibration data for 

the standard cell  is contained in the following table.    Recalibration at the 

conclusions of Phase II testing showed repeatability of 0.05% full scale. 

Ten pound standard cell calibration data - linearity 

under load, full load %, 10,000 counts. 

% Load Date 0  20   40   60  80  100  80   60   40   20   0 

%  of Full 7-13-73 0 +.15 +.27 +.29 +.21   0 +.24 +.34 +.30 +.21 +.4 
Scale    4-19-74 0 +.17 +.30 +.31 +.26 .04 

% Repeat 

% Repeat 
Unloading 

0 .02  .03  .02  .05 .04 

Temperature Sensitivity 

Zero 

Exit 

50% 

75% 

Date 

.03  .05  .03  .06 .04 

Room 30° F 130oF R.R. 

+20 +32 +2 +23 

9369 9470 9276 9366 

-1 +15 -10 -2 

-2 +25 -16 -3 

12 Jul 73 13 Jul 73 13 Jul 73 13 Jul 73 

Compensation for the slight nonlinearity and cell tem- 

perature was made in data reduction. Load cell temperatures were monitored 

(TLC) during precal, firings, and posttest calibrations for this purpose. 

Figure 5.2-11 provides data for the reproducibility of 

the dual bridge measuring cell on 4 typical tests. These data represent the 

pre-to-post test percent change in thrust of each leg as compared to the 10 lb 

standard cell. At 5 IbF, this is noted to about 0.5 percent. 
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5.2.3, Hot Fire Testing (cont.) 

5.2.3.6 Test Conditions 

Figure 5.2-12 illustrates the Phase II firing modes. 

Initial steady state tests were conducted for 5 to 20 sec flrt periods. A 

thrust stand "0" shift of up to 10% was noted for firings longer than about 

8 sec in duration in the first r-^ckout test series. This was reduced to 2% 

(0.1 lb max) following the test stand modifications described earlier. The 

steady state firing mode was modified to include a 0.3 sec coast period after 

each 5 sec of steady firing. This allowed a new stand zero, which was employed 

to further refine the thrust measurement to be obtained periodically in 

the course of firing. This also provided hot restart experience. 

The duty cycle involving 4 pulses, a long burn, soak and 

4 pulse repeat, shown in Figure 5.2-12, allowed comparisons of cold and hot 

chamber pulsing performance, and steady state values to be obtained. The 

20-40 sec coast following the long burn also provided heat soak and hot 

restart data. The pulsing-only series involved the quantity of pulses, the 

fire duration and coast time, and % duty cycle indicated in Figure 5.2-12. 

5.2.3.7 Test Summary and History 

Phase II testing involved a total of 4360 hot firings or 

engine pulses using 5 different injectors (Ref. Figure 5.2-13) with the 1.6:1 

and 50:1 nozzles and 3/4 in. L' extensions shown in Figure 5.2-1t. A 2 in. 

long spacer is not shown. All components had a common flange design and 

were thus fully interchangeable. 

Table 5.2-6 provides a chronological documentation of 

the test conditions and hardware. The 6-SP-45-A injector was test fired and 

was expected to provide the highest performance of all the designs. Its 

initial firings with a 2 in. long chamber were facility and test stand check- 

outs. The first valid tests at full thrust showed that the 300 sec specific 
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Test No. Date 

Injector 6-SP-45 

L'  in. Environmem 

No. Cold 
Pulses 

0.030 sec 

TABLE 5.2-6 

PHASE 11  TEST SUMMARY 

Duty Cycle 

Duration 
No. Hot 
Puises 

0.030 sec 

P 
c 

gsja MR Notes 

OC-26-100 
-103 

10-15 Facil'ty (olibration. 

OC-26-104 10-16 2 SL - 4.5 - 150 1.18 Thrust shift. 

OC-26-105 10-22 2 SL - 5 - 154 1.62 Stand modified and 
problem corrected. 

OC-26-106 
-107 10-22 No digital 

2 
data 

SL , 5 . 153 2.07 

0C-26-1O8 10-22 2 SL 4 10 4 67 1.61 

OC-26-109 10-23 4 SL 4 5 4 1S5 1.65 Photo coverage.    Slight 
leak in ox PDM. 

OC-26-110 10-23 4 SL - 5 - 156 1.90 

OC-26-111 11-15 2-3/4 Vac 4 10 4 65 1.61 

0C-26-112 11-15 2-3/4 Vac 4 7 - 150 1.17 Open T/C junction on 
thermal  kill. 

0C-26-113 11-15 2-3/4 Vac 4 9.7 - 108 1.59 

0C-26-114 11-15 2-3/4 Vac 4 6 4 155 1.56 

0C-26-115 11-15 2-3/4 Vac 4 5 4 155 1.92 

No.        EPW       Duty 
Pulses    sec       Cycle 

OC-26-116 11-15 2-3/4 Vac (Pulsing) 165 1.60 50        0.1          255 
200        0.025      7.71 
500        0.010     3.25. 

OC-26-117 11-15 2 SL - 1.5 - 154 1.6 Conical  SL chamber. 

Injector 6 ■SP-0 

OC-26-lla 
-119 
-120 
-121 
-122 

11-19 2 
2 
2 
2 
2 

SL 
SL 
SL 
SL 
SL 

19.5 
4.9 
5.0 
5.0 
5.0 

86 
86 
158 
152 
94 

1,60 
1.64 
1.29 
1.63 
1.60 

No digital data. 

0C-26-123 
-124 
-125 
-126 
-127 

11-21 2-3/4 
2-3/4 
2-3/4 
2-3/4 

Vac 
Vac 
Vac 
Vac 

4 
4 
4 
4 

(Pulsing) 

No. 

50 
200 
500 

10 
3.2 
3.5 
3.6 

EP_W 

0.1 
0.025 
0.010 

Duty 
Cycle 

25% 
1.1% 
3.2% 

4 75 
159 
170 
159 
160 

1.48 
1.26 
1.20 
1.63 
1.60 

Thermal   shutdown. 
No performance data. 

0C-26-128 
-129 

11-27 2 Cyl SL - 11 
20 : 160 

158 
1.63 
2.02 

Injector 4-UD-O 

OC-26-130       12-3 

OC-26-131 
-132 
-133 
-13', 
-135 

-136 

12-4 

SL 

Vac 
Vac 
Vac 
Vac 
Vac 

Vac 

1.2 

(Pulsing) 

Tests 100-116 used cylindrical high contraction ratio chamber 

NS ■ Not scheduled. 

170 1.60 Thermal shutdown 
Tf. = 600° F 

77 1.52 
94 1.49 
162 1.84 Hot face. 
76 1.97 
77 1.50 

No. EPW Duty 
Pulses sec Cycle 

170 1.6 50 0.1 25* 
200 0.25 1.1% 
250 0.01 3.2% 

10 0.010 0.3% 
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TABLE 5.2-6 (cont.) 

Test No. Date L'  in. Chamber 

Injector 4-UD-28 S (Sea Level Tests) 

OC-26-137 
-138 
-139 
-140 
-141 
-142 
-143 

OC-26-144 
-145 
-146 

12-18 

12-18 

2 
2 
2 
2 
2 
2 
2 

1.25 
1.25 
1.25 

Cyl Cb 
Cyl Cb 
Cyl Cb 
Cyl Cb 
Cyl Cb 
Cyl Cb 
Cyl Cb 

Cyl SS 
(with sleeve) 
(with sleeve) 

Injector 4-UD-28 SL (Sea Level Tests) 

OC-26-147 
-148 

OC-26-149 
-150 
-151 
-152 

12-19 

12-20 

Cyl Cb 
Cyl Cb 

Cyl Cb 
Cyl Cb 
Cyl Cb 
Cyl Cb 

Injector 6-SP-45-A Sea Level Tests 

OC-26-153 
-154 
-155 
-156 
-157 

12-21 1.25 
1.25 
1.25 
1.25 
1.25 

Cyl SS 
Cyl SS 
Cyl SS 
Cyl SS 
Cyl SS 

P 
c 

psla 

170 
153 
152 
56 
73 
82 
145 

144 
140 
152 

170 
170 

170 
75 
125 
170 

70 
90 
170 
170 
170 

HR 

1.56 
1.52 
1.58 
1.63 
1.59 
1.68 
1.82 

1.54 
1.77 
1.20 

1.6 
1.2 

1.2 
1.6 
1.6 
2.0 

1.6 
1.6 
1.2 
1.6 
2.0 

Duration 
sec 

7 
15 
5 = 
5 ■ 
5 = 
5 = 
5 = 

2x5 + 2=12 
2x5 + 2=12 
2x5 + 2=12 

2x5 + 2 = 12 
15 

3x5=15 
4 x 5 = 20 
4 x 5 = 20 
3x5=15 

3x5=15 
3x5=15 
5 + 4.6 = 9.6 
5 + 2.3 = 7.3 
5 + 3.4 = 8.4 

Notes 

Zero shift. 
0.3 coast for  "F" 0. 
0.3 coast for "F" 0 chugqimj. 

0.3 coast for "F" 0. 

Thermal shutdown at 2100°F. 
Thermal shutdown at 2100°F. 
Thermal shutdown at 2100°F. 

Open TC. 
Out of fuel; leak in feed line. 

Performance data valid for first 
5 sec burn only. Some valve leak- 
age at end of high pressure te^t', 
due to thermal distortion of mani 
fold plate. 

0.3 sec coast between burns. 

Thermal shutdown at 210n"F. 
Thermal shutdown at 2inn"F. 
Thermal shutdown at ?10(; F. 

Test No. Date Environment Duty   Jyc 1 e MR Notes 

Injector 6- -SP-45 

OC-26-153 12-21-73 
-154 
-155 
-156 
-157 

1-1/4 1.6 SL 15 
15 

5 
5 
4.6 = 9.6 
2.8 = 7.8 
3.4 = 8.4 

66 
78 
149 
149 
148 

1.57 
1.65 
1.25 
1.65 
2.02 

Stainless Steel chamber. 

0C-26-158a      1-3-74 

00-26-159 

1-1/4 1.6 Vac 

Vac 

OC-26-160 

0C-26-161 

Vac 

Vac 

Pulsing 

10 at 0.01/3.0 
250 at 0.01/0.3 
200 at 0.025/0.3 

Same as -158 

Pulsing 

10 at 0.01/3.0 
250 at 0.01/0.3 
200 at 0.025/0.3 
50 at 0.100/0.3 

75     1.6       Propellant temperature 
220F 

155    1.6       28°F Propellant 
max P    spike % 450 psia 

80     1.6       118^ propellant 

156    1.6       1180F propellant 
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5.2.3, Hot Fire Testing (cont.) 

impulse could be achieved with a 2 in.  chamber length and 100:1 nozzle.    Sub- 

sequent tests with a 4 in.  length provided an additional % 11 sec improve- 

ment in performance (I    = 311), high wall temperatures and slight evidence of 

longitudinal mode combustion instability (1L; 5,600 Hz).    This was the only 

instability noted during the entire program.    All subsequent testing in this 

series was accomplished with a 2-3/4 in.  L', 50:1 expansion nozzle.    All 

critical temperatures were monitored and provided the basis of run durations; 

no hardware damage was encountered. 

The second test series employed the 6-SP-O injector and 

a conical  thin wall  ,iianiber which was expected to be lower performing and more 

compatible, thus allowing longer test durations.    This design also nrovided 

specific impulse values slightly in excess of 300 sec and conflicting data 

concerning chamber compatibility.    The thermal data uncertainty was related 

to the poor durability of the spot welded thermocouples.    All testing was 

completed without damage to the hardware.    Postfire inspection of the nozzle 

following Test 127 showed minor local ccating spalling and cracking downstream 

of the throat.    This was determined to be a result of excessive coating thick- 

ness  (evaluation made by VacHyde).    Additional  factors which may have influ- 

enced the coating deterioration were operation above 3000oF and abrupt thin- 

ning of the nozzle wall downstream of the throat.    It was later determined 

(Phase III) that the throat radius of curvature selected for the conical 

chamber may have been too sharp resulting in a trip of the laminar boundary 

layer at the throat.    Subsequent tests in cylindrical  chamber provided com- 

parative data. 

The next injector evaluated was a 4-UD-O) four-element 

design which provided higher injection velocities and was expected to provide 

extended blowdown capabilities.    Sustained firings at full  thrust were pre- 

cluded by high injector face temperature (>700°F).    No thermal limitations 

were encountered in pulsing operation. 
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5.2.3, Hot Fire Testing (cont.) 

The 4-UD-28-S and 4-UD-28-SL designs were completed fol- 

lowing the review of thermal and performance data from the previous tests, 

which showed an excess of performance and a lack of wall cooling capabilities. 

Testing on these designs was directed at achieving maximum sustained firing 

durations.    Testing of the "S" version was conducted with a 2 in. and 1-1/4 

in. chamber.    The ability of the barrier cooling flow to reach the throat was 

considered superior in the short chamber.    A stainless steel thermal liner 

(0.5 in.  long 0.020 in. wall) was evaluated in some of these tests as indi- 

cated in Table 5.2-6.    The purpose of the liner was to keep the forward cham- 

ber region cool.    Testing was limited to 2100oF in the stainless steel 

chambers. 

Simulated blowdown testing on the 4-UD-28-S dr.ign showed 

an ability to operate between 73 and 170 psia without chugging with the 2 in. 

chamber length.    Chugging was first noted when P   dropped to 56 psia.    No 
I* 

damage was encountered in this series. 

Testing of the 4-UD-28-SL design was also completed with- 

out damage.    Propellant leakage believed to be at the valve-valve manifold 

interface was experienced in the longer duration higher pressure tests;  thus 

reliable performance data for this design is lacking.    The leak was later 

traced to a scratched seal  surface which became marginal when the manifold 

was heated. 

The fin?.! test set up employed the highest performing 

injector, 6-SP-45-A in the biiortest chamber length, 1-1/4 in.    Testing with 

hot and cold propellants was also conducted in this configuration at a cell 

pressure of 0.39 psia. 

The history of the 5 injectors shown in Figure 5.2-13 at 

the time of photography; is as follows: 
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5.2.3, Hot Fire Testing (cent.) 

No . "tarts 

CIO 

Fi 
Total 

ring Time 
sec 

6-SP-45-A 38 

6-SP-O 800 105 

4-UD-O 600 48 
4-UD-28-S 26 148 

4-UD-28-SL 17 96 

An additional 2117 pulses were executed or 6-SP-45-A following the photograph. 

The 6-SP-45-A injector experienced minor deformation of the face following ä 

sustained period of pulsing with 22 and 28°F propellants. No change^ in per- 

formance or flow characteristics were noted as a result of the platelet 

deflection. The 4-UD-O was the only injector that experienced race tempera- 

tures which were considered to be excessive. No damage was encountered as 

the engine was shutdown when temperatures in excess of 700oF were observed. 

The dark area of the 4 element 4-UD-28 series injectors is the result of 

deposition from the fuel rich environment and not an indication of overheat- 

ing. The 700oF injector temperature occurred at a low mixture ratio high 

chamber ressure test conditions. 

Figure 5.2-14 provides photographic documentation of the 

1.6:1 and the 50:1 area ratio thrust chambers and the L* extension employed 

in Phase II evaluation. The large rectangular boss on the titanium spacer 

and 1-1/4 in. long chamber contained the high response Kistler 601 pressure 

transducer. The total number of starts for  these components was 4360, maxi- 

mum duration accumulated on a single chamber was about 100 sec. 

Figure 5.2-15 provides a reproduction of a typical oscil- 

lograph trace (Test 143) showing the last 0.6 sec of a 5 sec continuous burn, 

a 0.3 sec coast and a subsequent hot restart. This rate of response was 

typical of all restarts on all of the engine? tested. Analyses of these data 

are provided in a subsequent section. 
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5.2.3, Hot Fire Testing (cont.) 

Figure 5.2-16 provides a record of 0.03 sec electrical 

pulses before and after a long burn (Test 109).    High response feed system 

and chamber pressure traces are shown in comparison to the normal low response 

chamber pressure measurement.    This data record was obtained via playback 

from the FM recording system.    Items to be noted include: 

(1) The P   rise rate measured by both chamber pressure 

transducers is very rapid and repeatable as is the P   decay rate. 

(2) The maximum spike pressure of 250 psia represents 

a 60% overpressure which is well within the engine's design limits. 

(3) The cold chamber and hot chamber pulses have the 

same response and shipe. 

(4) A 0.0034 sec period of unstable operation, which 

was self attenuating, was the only incident of high frequency instability 

noted in the entire test program.    The 5600 Hz corresponded to a first 

longitudinal mode in a 4 in. chamber length which was the longest length 

tested.   This length provided a 99% energy release efficiency which converts 

to a 311 sec specific impulse at c = 10°.    All subsequent testing was con- 

ducted at lengths of 2-3/4 in. or less.    The short period of unstable opera- 

tion on the first pulse following the soak is attributed to the warmed pro- 

pellant at the valve inlet in conjunction with the excessively long chamber. 

Figure 5.2-17 provides a comparison of the first and 

second 0.010 sec electrical pulses for 3 different injector designs relative 

to a common valve voltage trace.    The response is noted to be independent of 

injector design.    It is related to the manifold volumes which were compar- 

able and the close coupled relationship to the valve seats.   The first and 

second pulses are noted to be identical  in each case.    The relative delay of 

thrust and rounding of the shape are due to the use of a 300 Hz filter to remove 

the stand ringing at 575 Hz from the trace. 
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5.2.3, Hot Fire Testing (cont.) 

Figure 5.2-18 provides a comparison of the chamber pres- 

sure and thrust level  relative to a common valve electrical signal at 3 tank 

pressure levels.    This corresponds to various levels of blowdown.    Reduced 

tank pressure is noted to result in slightly longer fill  times, longer igni- 

tion delay times and slightly harder starts as indicated by greater thrust 

and P   over shoots.    All these, however, are trends rather than significant 

effects and the general square wave pulse is retained over a 3:1 blowdown 

range.    The failure of the P   trace to return to "0" in many of these pulses 

is due to thermal effects on the transducer diaphram located about 1/4 in 

from the combustion zone. 

Figure 5.2-19 provides typical response data obtained by 

playback from the FM recording system at a highly expanded scale.    The data in 

this test correspond to a 0.010 sec pulse at vacuum conditions (P amb 0.39 

psia) with 22° propellant in a 1-1/4 in. chamber length.    The cold propellant 

and very short chamber  length represent the worst condition for low level 

propellant reaction^ which lead to ignition delay and large ignition spikes. 

The response, pressure decay and ignition spike data were obtained at the 

four corners of the feed system temperature-pressure operating box at the 

following test conditions. 

Tank Pressure 

100 psia 

300 psia 

Temp, 0F 
22 110 

Duty cycle at each of 4 conditions 

|  0.01/3.0 0.3% DC 

0.01/0.3 3% 

0.025/0.3 7.7%    I 
1  0.100/0.3 25%      | 

Ignition spikes which were obtained directly from high 

response graphic data are displayed in Figure 5.2-2Ö. These data indicated 

a peak pressure of 460 psia in the first few pulses with cold hardware and 
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LfVELS OF TANK SLOWDOWN 

> Pr F TIST 

TANK PSIA LBF NO. 
116 65 1.7 Ill 
190 108 3.1 113 
319 155 4.7 114 

THRUST 

VALVE VOLTAGE 

Fiqure 5.2-18. Comparison of Chamber Pressure and Thrust Level Relative 
to a Common Valve Electrical Signal at Three Tank Pressure Levels 
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5.2.3, Hot Fire Testing (cont.) 

cold propellants.    This was nearly independent of tank supply pressure and 

duty cycles from 0.3 to 3%.    The magnitude of these spikes were about 100 

psia less with heated propel lants; these compare with a 2000 psi  allowable 

spike pressure based on the yield point strength of the chamber materials. 

Minor deformation of the 6-SP-45-A injector face platelet which occurred in 

the process of conducting 1020 pulses at the low temperature conditions led 

to a platelet thickness increase which strengthened the Phase III  injector 

faces by a factor of four. 

5.3    DATA EVALUATION 

5.3.1    Test Data Evaluation 

5.3.1.1    Response 

Table 2.1-1  provides a summary of the engine response 

at limiting propellant-hardware temperatures and tank supply pressures. 

Eng-ne response (electrical  signal to 90% Pr) is noted to be 0.0056 sec 

+ 0 0006 sec at all anticipated operating conditions.    Valve response (acti- 

vation period at 28 volts)  is 0.0023-0.0026 sec to open and 0.0025-0.0028 sec 

to close under all anticipated operating conditions.    Valve travel  time is 

estimated to be 0.0005 sec providing a nominal signal  to full mechanically 

open or fully closed of 0.003 sec.    The valve is hydraulically open in about 

0.0026 sec.    These response data were found to be independent of duty cycle 

and were the same for all  pulses  including the first of the series.    The valve 

response of 0.0026 sec is highly favorable in comparison to the contract goal 

of 0.005 sec. 
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5.3.1, Test Data Evaluation (cont.) 

5.3.1.2 Repeatability of Pulses 

The pulse repeatability was evaluated by computing the 

force time integral using a force sampling rate of 1302 measurement per sec. 

The accuracy of when applied to a 0.010 sec square wave input signal pulse 

was determined to be within 2%.     Table 5.3-1 provides some typical 

data for a nominal 0.05 IbF-sec pulse train series.    The first pulses are 

noced to be slightly lower than  the average of the data.    This  is du:3 to the rapid 

pulsing frequency (3/sfcn) which does not allow the propellant on the wall and 

within the manifold to exhaust completely on the first pulses when the chamber 

is cold.    Data from PuUe No.  5 through 402 are completely repeatable within 

the 2% accuracy allowed by the sampling rate.    This can be observed by com- 

paring the 0.0498, 0.0500 and 0.0500 IbF-sec impulse average obtained from 

pulse Nos.  11-20, 21-30 and 393-492, respectively.    These data are well within 

the 0.05 + 0.005 IbF-sec goal of the program. 

Figure 5.3-1 graphically displays the impulse data for 

6-SP-45-A and 4-UD-0 injectors.    The ability to attain the goal of 0.05 + 

0.005 IbF sec repeatability is noted to be independent of injector pattern 

design.    The triangular data points on the lower half of the plot illu- 

strates that an order of magnitude change in pulsing frequency (3 pulses per 

sec ic 1 pulse per 3 sec) has ro influence an measured impulse. 

The impulse rcproducibility of electrical  pulse with 

of 0.025 sec was 0.125 IbF-sec  + If.,  as shown in Figure 5.3-2. 

5.3.1.3 Performance 

During Phase II, performance data from 46 steady state 

and 7 pulse test series were analyzed.    These tests were conducted with five 

different injector patterns, chamber lengths ranging between 1.25 and 4.0 

inches, and sea level and  i/dcuuni area ratios of 1.6:1  and 50:1,  respectively. 
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TABLE 5.3-1 

IMPULSE REPEATABILITY FOR O.OIO SEC ELECTRICAL PULSES, TEST NO. 116 

Pulse 
No. 

Impulse 
IbF-sec 

Pulse 
No. 

Impulse 
IbF-sec 

Pulse 
No. 

Impulse 
".bF-sec 

1 0.0436 n 0.0488 21 0.0507 

2 0.0469 12 0.0508 22 0.0507 

3 0.0465 13 0.0491 23 0.0490 

4 0.0475 14 0.0518 24 0.0488 

5 0.0484 15 0.0480 25 0.0501 

6 0.0490 16 0.0504 26 0.0497 

7 0.0499 17 0.0501 27 0.0499 

8 0.0483 18 0.0493 28 0.0496 

9 0.0481 19 0.0492 29 0.0509 

10 0.0489 20 0.3502 30 0.0501 Average 1-30 

Avg. 0.0477 0.0498 0.0500 0.0492 IbF-sec 

Std 
Dev 

3.4% 2.2% 1.41 

Dev. from 30 pulse 

-3.0 

avg. 

+1.3 +1.6 

Avg. of Pulse Nos. 393 - 402 0.0500 

MR = I.e. Pc = 150 
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5.3.1, Test Data Evaluation (cont.) I 
i 

These data indicate that the e = 100:1 vacuum per r-ormance extrapolations are 

in excess of the 300 sec steady state and 240 sec pulsing performance goals 

specified in the contract goals.   The Phase II performance data verify the 

steady state Priem vaponzation analysis and the pulsing performance trends 

predicted via the CONTAM analysis documented in Phase I. 

5,3.1.3.1   Steady State Performance at Full Thrust 

The steady state performance data are summarized in 

Table 5.3-2.   To simplify tasting, ^ 2/3 of all testing was conducted at sea 

level.   The e = 1.6 nozzle exit area ratio was selected to preclude nozzle 

flow separation at all !•' 's.    The simplified JANNAF performance methodology 

was used to allocate the total engirt losses into (1) nozzle divergence, (2) 

nozzle kinetic, (3) chamber/nozzle boundary layer,  (4) transient thermal heat 

loss, and (5) combined energy release and mixture ratio maldistribution per- 

formance losses.    These sea level performance losses were then extrapolated 

to the nominal e = 100:1 vacuum nozzle design point.    The c = 1.6 to r = 100 

extrapolation resulted in an approximately 70 sec I      Increase.   Although the 

nominal vacuum engine design is based upon an e = 100 nozzle exit area ratio, 

the Phase II vacuum tests were conducted at c = 50 to preclude nozzle flow 

separation at the low (P   ± 70 psia) end of the blowdown cycle because of test 

facility vacuum limitations.    The e = 50 to e = 100 extrapolation is only 

7 sec Al    .    Because of the small vacuum extrapolation and the excellent sp 
correlation between sea level and vacuum extrapolations to e = 100 shown 

herein, a high degree of confidence was placed upon the steady state data. 

The 6-SP-45 injector was tested at sea level at chamber 

lengths (L1) of 1.25, 2.0, and 4.0 in. as well as at vacuum in 2.75-in. L'. 

The performance extrapolations to c = 100 steady state conditions are shown 

in Figure 5.3-3.    The I     after % 5 seconds firing duration is also shown. 

The initial I     is lower due to transient thermal heat loss.    The maximum 

steady state I     Is indicated to be 310 sec at L'  = 4 in.    Interpolation 
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5.3.1, Test Data Evaluation (cont.) 

shows it is possible to achieve the 300 sec steady state performance goal with 

this injector i i a minimum chamber L' ^ 1.75 in. Figure 5.3-4 shows a more 

extensive map of steady state performance of the 6-SP-45-A injector versus 

mixture ratio and chamber length. These data and the 100% ERE dotted line 

show that the %  ERE is nearly constant at any value of L1 and maximum per- 

formance is attainable at the peak one dimensional kinetic (ODK) I  which 

occurs at 0/F % 1.9 rather than the nominal design engine 0/F = 1.6. Another 

observation is that a 4 in. L', the demonstrated I  approaches the perfect 

injector (lOO« ERE) I  limit. 

The 6-SP-O injector performance versus 0/F at L' of 2.0 

and 2.75 in. is shown on Figure 5.3-5. The injector also indicates the 

potential of exc.vding 300 sec steady state I  for L' ^ 2 in. 

Due to its high injector face temperatur , the 4-UD-O 

injector was not capable of being tested at nominal P * 160 psia. However, 

at P =94 psia and 0/F = 1.49, it too indicated a capability of exceeding 

300 sec I  (see Test 132 of Table 5.3-2). 

Fuel leakage of the 4-UD-28-SL injector at high pressure 

due to a faulty seal surface, precluded an accurate determination of this 

injector's steady state performance. It was estimated that this injector 

operated in the 290-300 sec performance range. It was discarded from further 

development due to it? high operating temperatures along the forward chamber 

wall. 

The 4-UD-28-S injector provided a relatively cool chamber 

wall due to use of barrier fuel cooling supporting the conclusions drawn from 

cold flow evaluation. Steady state performance was % 283 sec (extrapolated 

from sea level to 100:1). This injector was later selected for the long 

duration firing in an adiabatic Wf1l engine configuration. Additional data 

on all the injectors is provided in the discussion on Slowdown Performance 

which follows. 
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TABLE 5.3-2 

STEADY STATE PERFORMANCE SUHWRY FOR VARIOUS INJECTORS 

Test No. 

Injector 

104 
r-fn    ml 

105 107 108 109 110 111 112 113 114 115 117 

oir-to " 
Chamber Length 2-1n.- • 4-1n.  m. 2.75 -    m 2-1n. Conical 

Nozzle Exit 

Sea Level or Vacuum 

Summary Period 

i  a RH 1.7 

SL 
I .b — 

Cl 

DU     

iL  — vac  ~ 

Chamber Pressure 15Ü 154 153 67 155 156 65 150 108 155 155 154 

Mixture Ratio 1.18 1.62 2.07 1.61 1.65 1.90 1.61 1.17 1.59 1.56 1.92 1.60 

Thrust 2.10 4.85 3.51 4.99 5.02 3.95 

DtOlverei' I 

% ERE 

222 225 226 199 227 227 259 292 289 296 300 228 

96.9 97.1 97.7 87.5 98.0 99.0 86.7 98.0 95.( 96.3 96.1 96.7 

h>ss 
(e ' 100'Ext,, 295 306 309 266 308 311 268 300 298 305 309 305 

Test No. 119 120 121 122 123 124 126 128 129 

Injector 6SP-0 

Chamber Length 

Nozzle Exit 

Sea Level or Vacuum 

2-1n. 

1.7- 
Cl       

Conical 9   7«   l-nnlc»! 2-1n. Cyl — 

53 — 

Vac - 
  1.6- 

Cl        

— 
bL *" ^ JL    — m 

Summary Period 

Chamber Pressure 86 158 152 94 75 159 159 160 158 

Mixture Ratio 1.64 1.29 1.63 1.60 1.48 1.26 1.63 1.63 2.02 

Thrust 1.73 3.91 3.92 2.18 2.10 4.82 4.96 4.17 3.93 

Delivered I 

» ERE 

201 220 223 207 266 284 224 222 

88.0 95.2 96.0 90.5 89.4 96.1 96.1 97.1 

hhi 'E " 100Wa 270 292 302 280 273 294 303 310 

Test No. 131 132 133 134 135 

Injector 4UD-0 

Chamber Length 2-1n. Cylindrical —  ». 
Nozzle Exit 50 —  - 
Sea Level or Vacuum Vac - —— 
Summary Period 

Chambe.  Pressure 77 94 162 76 77 

Mixture Ratio 1.52 1.49 1.84 1.97 1 50 

Thrust 2.51 3.03 5.20 2.46 2.47 

Delivered i 

i ERE 

284 295 285 275 284 

95.2 97.9 93.5 91.2 94.8 

i      U - loo) 292 302 294 278 290 
5P, ss 
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TABLE 5.3-2 (cont.) 

Test No. 

Injector 

Chamber Length 

Nozzle Exit 

Sea Level or Vacuum 

buranary Period 

Chamber Pressure 

Mixture Ratio 

Thrust 

Delivered I, 

* ERE 

I (c=100) 
Kss 

sp 

137       138 

4UD-28-S  - 

2 in. Cyl - 

1.6 ■  

SL  

139 140       141        142       143       144       145 146 

152 

1.56 

3.63 

210 

90.4 

283 

153 

1.52 

3.54 

205 

88.3 

275 

152 

1.58 

3.66 

204 

88.7 

277 

56 

1.63 

1.33 

187 

83.9 

254 

73 

1.59 

1.73 

196 

87.1 

265 

82 

1.68 

2.01 

206 

91.1 

281 

—1.25 Cyl 

—   1.7  

145 

1.82 

3.46 

195 

85.6 

267 

144 

1.54 

3.71 

208 

88.2 

274 

141 

1.77 

3.62 

203 

86.3 

269 

152 

1.20 

J.83 

205 

88.6 

268 

Test No. 

Injector 

Chamber Length 

Nozzle Exit 

Sea Level or Vacuum 

Summary Period 

Chamber Pressure 

Mixture Ratio 

Thrust 

Delivered I, 

% ERE 
sp 

I. 
sp 

(c = 100) 

147       148 

4UD-28-SL - 

2 in. Cyl- 

1.6  

5L  

150 151 

159 

1.43 

3.76 
203 
88.4 
274 

157 

1.09 

198 

87.8 

263 

77 

1.50 

202 

89.9 

274 

118 

1.53 

215 

94.4 

294 

152       153       154 

   6-SP-45 — 

 ►   1.25 Cyl — 

155       156 157 

—   1.7 

-—   SL 

156 

1.73 

201 

87.5 

274 

65 

1.57 

179 

78.1 

234 

78 

1.62 

199 

85.7 

261 

149 

1.25 

218 

93.8 
287 

149 

1.65 

221 

94.1 

296 

148 

2.02 

218 

93.7 

294 
ss 
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5.3.1, Test Data Evaluation (cont.) 

The Phase II experimental energy release efficiencies 

of the 4 and 6 element Injectors tested at 1.25, 2.0, and 4.0 In. chamber 

lengths arä plotted on Figure 5.3-6 in comparison with the "hase I Priai 

vaporization analysis results. The effects of chamber length and element 

quantity were in general agreement with analytical predictions. The effect 

of chamber contraction ratio (CR), however, was not discernible to the extent 

analytically predicted. This is attributed to the influence of the propellant 

film upon the chamber wall which is not accounted for by the steady state 

Priam analysis. The data showed little difference between 6.7 CR conical and 

10.9 CR cylindrical chamber performance. 

5.3.1.3.2 Slowdown Performance Characteristic 

Many 5 IbF engine applications for spacecraft require 

a blowdown capability to simplify propellant pressurization requirements. A 

typical blowdown may start at a 300 psia tank pressure and conclude at 100 

psia. Consistent with these tank pressure requirements, an initial or maxi- 

mum P of 170 psia was selected. This results in a terminal P^ value of 
c c 

75 psia. The corresponding engine thrust ranges from 5 IbF maximum to % 2.2 

IbF minimum. To simulate these requirements during Phase II, all prospective 

engine designs were tested at 160 and 70 psia; some designs were tested at 

intermediate P % 100 psia. 
c 

The steady state blowdown performance characterization 

of the 6-Sr>-45-A injector Is shown in Figure 5.3-7 for both 1.25 and 2.75 in. 

chamber lengths. Also shown is the approximate propellant tank level during 

a 3:1 tank pressure blowdown mode. It can be seen that as the tanks blowdown 

and empty, the steady state performance is degraded. The magnitude of per- 

formance degradation with decreasing P is steeper than analytically for- 

casted considering reduced droplet heat flux and a decreasing vaporization 

rate. The test data suggests that at least part of the performance degrada- 

tion is due to reduced atomination efficiency. 
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Figure 6.3-7. 6-SP-45 Injector Long Burn Performance for 
Simulated Slowdown Mode Operation 
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5.3.1, Test Data Evaluation (cont.) 

Similarly, the 6-SP-O blowdown performance is depicted 

in Figure 5.3-8.   Negligible differences between the 2.0 and 2.75 in.  L' 

chamber performance ar? noted at nominal P   = 160 psia.   A significant dif- 

ference is measured, however, at the low end of the blowdown; since injection 

atomization efficiency is poor, added chamber length improves performance. 

If atomization is effective and steady state performance is high (as at maxi- 

mum P ) the vaporization improvement with length may be largely offset by the 

steady state radiant heat/boundary layer performance loss.    Both of the 

aforementioned 6-element injectors have similar blowdown performance 

characteristics. 

The 4-UD-O blowdown performance is substantially higher 

as shown in Figure 5.3-9.   This is attributed to the higher injection veloci- 

ties of the 4-<'lement injector at minimum flow rates and P .    Unlike the 

6-element splash plate injectors, the unlike doublet maximum steady state 

performance occurs at a relatively low 0/F rather than at the peak Ispgox at 

1.9 0/F.    This occurs because the unlike doublet atomization distribution is 

extremely injection momentum ratio sensitive.   Maximum ERE was foi'nd to occur 

at 0/F % 1.3. 

The blowdown performance characteristics of the 

4-UD-28-S injector is provided in Figure 5.3-10.   This is the coolest oper- 

ating but also lowest performing injector at all steady state operating con 

ditions.    It likewise shows a performance reduction at the lowest operating 

P 's. c 

At the minimum blowdown P % 70 psia, the 6 element 

injectors have steady state fuel injection velocities % 40 fps; but their 

minimum oxidizer injection velocities are only % 25 fps. Numerous cold flow 

literature data, as well as hot fire test data, indicate that atomization 

efficiency is significantly degraded below 40 fps. This prior experience 

suggested that although the fuel injection velocities were sufficiently high 
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5.3.1, Test Data Evaluation (cont.) 

to produce efficient fuel atomization, the low oxidizer velocity might be a 

problem.    The 40 fps critical oxidizer injection velocity was calculated to 

occur at P   = 100 psia for the 6-element  Injector designs.   The 4-UD-O injec- 

tor, on the other hand, had a 40 fps minimum oxidizer injection velocity at 

minimum blowdown P   ^ 70 psia.   Thus, this mechanism accounts for the signi- 

ficantly higher blowdown performance of the 4-element design as shown on 

Figures 5.3-11 and 5.3-12.   When either delivered 1.    or % ERE is plotted vs sp 
oxidizer injection velocity, the blowdown data of both 6-element splash plate 

and the 4-eleinent unlike doublet injectors become consistent.    Furthermore, 

the "knee" occurs at 40 fps as analytically forcasted.    Figures 5.3-11 and 

5.3-12 suggest that the 6-element blowdown performance will be comparable to 

that of the 4-element design if 40 fps minimum oxidizer injection velocity is 

maintained.    This requires reducing the 6-element injector's oxidizer injec- 

tion metering orifice diameters from 0.010 in. to 0.008 in.   This modification 
was one of several incorporated on the Phase III injector designs, however the 

test data showed no blowdown performance improvement. 

5.3.1.3.3   Pulsing Performance 

Three injectors were subjected to an extensive series 

of pulse tests involving a minimum of 510 firings per injector.   A summery of 

the types and quantity of pulse tests conducted is presented in Figure 5.2-12 

and Table 5.2-6.    Table 5.3-3 contains a performance digest of a portion of 

these data.    All tests were made with a 50:1 area ratio nozzle at vacuum con- 

ditions (cell  pressure % 0.3 psia).    The measured vacuum performance data 

[accumulated thrust/accumulated total flow] are shown in Figure 5.3-13 for 

the 0.010 sec electrical pulses.   The data shown presents the effective 

specific impulse for pulse trains consisting of N pulses with each pulse 

providing a bit impulse of % 0.05 Ibf-sec.    The data scatter for the first 

few pulses results from the flow measurement accuracy for single pulses. 

The flow rates for each propellant for the individual pulse (approximately 

0.0001 lb propellant per pulse) results in very small movements of the positive 
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5.3.1, Test Data Evaluation (cont.) 

displacement flow metei?.    The accuracy of measurement improves with the num- 

ber r>f pulses fired.    The minimum sample size for 0.010 sec pulses is 4. 

Figures 5.3-13 and 5.3-14 provide a comparison of the 

3 designs tested to 0.010 and 0.10 sec EPW.   The total bit impulses of thr 

initial pulses are somewhat lower than average due to cold chamber walls con- 

tributing to chamber wall film accumulation and reduced pulsing efficiency. 

After the first few pulses the data becomes highly repeatable.    Likewise, the 

accumulated I      (total impulse of all pulses/total propellant utilization of 

all pulses) improves rapidly during the first few pulses.    The accuracy of a 

single pulse performance is questionable because of the minute quantity of 

propellants utilized and the difficulty of accurate flow measurement.   The 

accumulated performance from several consecutive pulses minimizes the flow 

measurement inaccuracy and results in more reliable data.    Since the first 

few pulses are especially affected by manifold volume minimizing the dribble 

volume significantly improves the initial cold pulse performance.    The asymp- 

totic pulse performance for hot restarts are also tabulated for each injector 

in Figures 5.3-13 and 5.3-14.    The cold first pulse performance drop off is 

not nearly as severe, nor so strongly dependent upon manifold volume for 

these same injectors at 0.100 sec EPW pulses. 

The overall pulsing characteristics of the 6-SP-45-A 

injector is plotted versus total impulse in Figure 5.3-15.    The difference 

between the cold start (first 4 pulse average) performance and the asymptotic 

hot restart pulse performance at nominal P   = 160 psia is indicated.    In addi- 

tion, the effect of reduced P   cold chamber performance is indicated for blow- 

down applications.    The lower blowdown pulse performance is attributed to its 

reduced steady state I    . sp 

Similar cold chamber versus hot restart and nominal 

versus blowdown pulse performance for the 6-SP-O injftor is shown in Figure 

5.3-16.   This figure also provides ? comparison A the col;* wall pulsing 
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5.3.1, Test Data Evaluation (cont.) 

performance predicted by the CONTAM computer program with the experimental 

data.   The analysis is noted to over-predict the measured cold chamber per- 

formance by about 10 sec or about 3%.   When one considers all of the input 

options and assumptions required, it is concluded that 3% is quite good for 

a prediction made prior to the testing.    It is anticipated that the data can 

be more precisely matched by modifying the appropriate input parameters and 

assumptions concerning the fuel monopropellant reactions during the blowdown 
period.    Further analyses and discussion are provided in Section 6.5. 

The 4-UD-O injector data plotted in Figure 5.3-17 

indicates little influence of blowdown upon cold chamber pulse performance. 

This is considered to be due to higher injection velocities. 

A comparison of the 3 injectors pulsed with ambient 

temperature prtpellants is shown in Figure 5.3-18 which plots specific 

impulse versus bit impulse after the initial chamber heat-up.    Only at the 

0.010 sec EPW (0.C5 Ibf-sec impulse) is the 6-SP-45 pulse performance lower 

than the other injectors.    This is due to its larger manifold volume.    At 

0.020 sec EPW (0.10 Ibf-sec impulse) all  3 injectors yield equivalent pulsing 

I „ % 275 sec.    Between 0.020 sec and 5 sec EPW the 6-SP-0 injector delivers sp 
lowest pulse performance. 

Throughout Phase II testing, it was observed that hot 

chamber walls resulted in higher ERE's for both steady state and pulsing 

performance.   The chamber wall temperature versus number of pulses for pulse 

duration, duty cycle and injector configuration is shown in Figure 5.3-19. 

A plot of pulse performance vs chamber wall temperature is shown in Figure 

5.3-20 for EPW's of 0.010, 0.025, 0.030, and 0.100 sec.    The data conclusi- 

vely shows higher pulse performance with hotter chamber walls.    This is con- 

sistent with the CONTAM wall  film evaporation model.    At 305oF wall tempera- 

ture, the MMH vapor pressure equals 160 psia or nominal P .    Once the wall 

temperature exceeds the fuel  saturation temperature, the wall  film is 

194 



_  o 
-   o 

o 
o 

L.J 

o 

u c 
(TJ 

E 

a. 

3 

S- 
o *-> 
u 

3 

n 
in 

01 

cn 

o 

n 
o 

o O o 
(M o 00 
(■>-> m CM 

ds 

o 
CM 
CM 

O 
O 
CM 

ns '(ooi = ■)    i '3DN\/waodä3d 3sind 03ivi0dvyiX3 

195 



»aw 

-i s 

Q. >- 
t- 
Q: 
o LT) 
►- ^t o o 
o 1 1 
Ijj a. a. o 
5 OO 00 =) 

i i »— lO VC «t 

o 

</) 
c 

o •r- 
<VJ UJ 

c 3 
O. 

c 
o 

—1 
o s- 
m o <*- 

a» 

Q. 
o o E 

UJ •—« 
CM uo 

1- 

■H i 

0 Ui 3 
tn «n .— _i s. 
Z3 QJ 
a. >• 
»—1 OJ 

0 VI 
wr> (— f— • »—• 3 
c CO 

E 

o 
CM 

O 

d 

in o 

u 
ai 

00 

1 

0) 
». 
3 

O 

CM 

0 O 
«0 •«» 
CM CM 

001 = J 33S 3SindWI DIJI03dS 3Sind 

196 



o o 

o 
o 
CVJ 

F o ~) o z 
01 

0! o ■> 

to 
0) 
in 

%. u 
0) T 

XI 4-J 
E IT> 
3 I. ;*: 0^ n 
0) I 

r— t— 
■3 a. 

"0 
3 

V- 
(1) 

E 
o sz 
f— t.) 

197 



pi -1 

<  Q 
X < 

o o o ^ >- v 

O O O O sJ ij ^ 
it   ii   ii   ii   P < a. x o 
^ 5 5 5 i^ 

Q. a. o 
LO CO  Z3 

< D<3> O so 0^ 
LkJ 
a: 

< a: 

o 

I- 

c 

3 

O 
Q- 

a E 
0) 

^ 

UJ 
-i 

CD CJ f o 
X ■•-> 

o 0) 
»4- 
lt- 
ÜÜ 

o 
CM 

n 
LT) 

^ 3 
D 

D3S '(M •     )  ^l  '30NVWaOda3d 3Sind 

198 



5.3.1, T9st Data Evaluation (cont.) 

eliminated. No further influence of wall temperature is to be expected above 

609oF since that value corresponds to the MMH critical temperature. For thin 

wall columbium chambers, the wall is heated from ambient temperature to 350oF 

in approximately 0.3 sec of firing duration. This implies pulsing performance 

will approach the hot restart pulse performance shown in Figure 5.3-18 after 

approximately 30 pulses at 0.010 sec EPU, 10 pulses at 0.030 sec EPW, or 

3 pulses at 0.100 sec EPW. The above offers a reasonable "rule of thumb". 

All of the previous pulsing data was obtained with 

ambient (% 50 to SO"')  propellant temperatures. Pulsing tests were also con- 

ducted for nominal and blowdown P 's at cold (2L?0F) and hot (1180F) propellant 

temperature limits called out on the contract specifications. These condi- 

tioned propellant temperature tests were conducted with the 6-SP-45 injector 

in the vacuum test facility, with the 1.25 in. chamber lenyth and c = 1.6:1 

nozzle. The cold and hot temperature data are shown in Figure 5.3-21, 

respectively. At the blowdown P operational conditions the pulse performance 

increased ^ 40 sec I /100oF increase in propellant inlet temperature. At 

nominal P the pulse performance increase was ^ 10 sec ISD/100"F increase in 

temperature. These data cannot be compared directly with the ambient tem- 

perature pulsing data because the latter data were obtained in a 2.75 in. 

length chamber which operates at a high performance level. 

5.3.1.3.4 Performance Conclusions and Recornnendaticns 

The Phase II test results indicated that the 300 sec 

steady state specific impulse goal could be attained with either 6-SP-45-A, 

6-SP-O or 4-UD-O injectors in a 2 in. long thrust chamber with a 100:1 expan- 

sion nozzle. 

It was also concluded that the performance of the 

6-element injectors could be derated from 5 to 10 sec in order to obtain 

additional wall cooling and still meet the 300 sec goal. The three designs 
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5.3.1, Test Data Evaluation (cont.) 

for which pulsing performance data was available all indicated the capa- 

bility of providing pulsing performance of 240 sec or greater at 0.05 IbF-sec 

when the chamber wall was warm. The Phase III designs should have a total 
3 

manifold volume approaching 0.0005 in. for the 240 goal to be attained with 

a cold chamber wall as shown in Figure 4.2-2. It appeared that the per- 

formance decrement experienced at the blowdown condition could be corrected 

by increasing the minimum propellant injection velocity of 40 fps. 

The two 6-element designs were recomnended for use in 

Phase III with the following modifications: 

(1) Reduce the oxidizer orifice dia from O.O'iO to 

0.008° to obtain an injection velocity of 40 fps at the lowest thrust level. 

(2) Adjust the oxidizer spray angle to obtain the 

same resultant spray vector with higher injection velocity. 

(3) Strengthen the face plate to withstand ignition 

over pressures with 20oF propellant. 

(4) Reduce the manifold volume as much as possible 

without reintroducing flow distribution problems. 

The 4-UD-28-S design was recommended for Phase III 

buried engine demonstration because of the low chamber wall temperatures and 

the ability to maintain moderate performance levels (280 >ec I ) over a wulf 

blowdown range. 

The 4-UD-0 and 4-UD-28-SL injectors were not recom- 

mended due to high injector face and forward chamber region temperatures, 

respectively. The 4-UD-0 injector was considered suitable for operation at 

reduced thrust or in pulse mode only. 
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')..1.1, Test Data Evaluation (cont.) 

5.3.1.4   CONTAM Analysis Update 

5.3.1.4.1 Performance 

A comparison of experimental cold and hot pulr.e ppr- 

fomiance data with the hot and cold pulse CONTAM model prediction is shown in 

figure 4.2-2.    This figure which illustrates the effect of total  injector 

manifold volume for the minimum 0.010 sec EPW, shows the experimental dati to 

UP somewhat lower in absolute magnitude than the CONTAM predictions.    Never 

thr less, the CONTAM model appears to be very good for predicting perfoniwnce 

trends. 

5.3.1.4.2 Engine Contamination 

Spacecraft contractors are concerned about liguid or 

solid phase engine plume contaminants which could potentially degrade space 

( raft components such «is .olar panels and optics. Although engine '■ontami- 

nation data were not experimentally measured during Phase II the extensive 

parametric analyses condurted using the CONTAM computer model during Phase 1 

show that low performance aggravates the contamination problem. 

The pu'sing performance characteristics analytically 

predicted by CONTAM as a func'. inr cf engine design parameters and operating 

'.onditions were verified by Phase II performance data; thus there is indi • 

(ation that the contamination forcasts a^e likewise vilid. This presumption 

in conjunctio'i with the model's inverse relation betweeii performance and con- 

carnination generation allows the probable pulsing and steady state enginu 

(ontamination levels to he inferred. The performance data discussed in the 

prior section is shown in Figure 5.3-22' which relates I  to contaminate "'.. sp 
The worst condition is  for the initial cold pulses at the minimum irpulse bit. 

The hinhesi   oerforminq desicms are noted to result  in  the  lowest predicted 

(ontaminatr Irve!      The  irsprLed data bands  indicate tne  inferred contamina- 

i .on  levels for ea-'.h of the operating conditions demonstrated. 
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5.3.1, Test Data Evaluation (cont.) 

5.3.1.5   Thermal Characteristics 

5.3.1.5.1   Test Data 

Figures 5.3-23, -24, -25 and -26 provide measured 

thermal transients for the 6-SP-45-A injector for 25, 7.7 and 3.2% duty 

cycles.    Figure 5.3-23 shows no significant postfire heat soak.    This is 

attributed to the 3/4 in.  long, low conductivity titanium spacer located 

between the columbium nozzle and the valve.    Figures 5.3-24 through -26 

provide greater detail of the individual fire periods and show the asymp- 

totic temperature values used in subsequent parametric data presentation. 

No thermal limitations were encountered in pulse mode operation of any 

assemblies tested (T       < 2500oF). 
max 

Figure 5.3-27 provides similar data for the 6-SP-O 

injector with a thin wall columbium chamber (50 pulses at 0.5 Ibf-sec impulse 

257. duty cycle).    The nozzle wall is noted to heat and cool faster than tk 

previous engine tested due to its lower heat storage capability.   This 

improves pulsing performance and minimizes heat soak problems. 

Figure 5.3-28 provides the time temperature history of 

a continuous firing with the 4-UD-28-S injector which was designed for buried 

operation.    This injector was tested at chamber lengths of 1-1/4 in.  (stain- 

I less steel) and 2 in.   (Columbium).    The shorter length chamber contained a 

thermal liner 1/2 in.  in length to shield the forward chamber region from the 

I hot gas and thus reduce the heat rejection through the thrust mount,    [his 

thin wall liner is also expected to improve pulsing performance.    The wall 

temperatures indicated are well within operating the limits of columbiuin ami 

its coatings.    The shorter chamber ran slightly cooler.    The heat rejection 

rates (watts) through the copper thermal shunt were calculated from the 

measured temperature gradient (-rr) obtained from two thermocouples spdct 

n.4 in. along the heat flow path via the following equation: 
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5.3.1, Test Data Evaluation (cont.) 

W - 1055 K A U = 0.74 AT 

where: K = thermal conductivity 
2 

A = area for conduction in, 

AX = 0.4 in. 

The heat load through the shunt stabilized at 50 watts in the columbium cham- 

ber without the liner and about 10 watts lower with the stainless chamber and 

liner.    The chamber wall of the latter test chamber, however, was not opti- 

mized to restrict the heat flow.    Neither test configuration was able to sus- 

tain the ^ 300-400oF forward end temperature normally expected when fuel  film 

cooling is employed as shown in Figure 5.3-28.    This is because the heat con- 

duction rate along the chamber wall exceeded the heat removal capabilities 

of the fuel film.    The net effect of the 1500oF rather than 400oF front end 

temperature was a hif/her heat load through the thermal shunt and higher per- 

formance.    It was concluded that additional insulation between the flango and 

shunt plus an improved liner are required for the Phase III designs rather 

than additional cooling.   This would allow a reduction in the heat rejection 

and possibly higher performance. 

The 600oF injector face temperature obtained with the 

4-UD-28-S design, although structurally acceptable, was 200oF higher than 

desired.    Phase III designs were successfully configured to improve this 

condition. 

Figure 5.3-29 provides similar data for the 4-UD-28-SL 

injector which was designed to impinge a portion of the fuel spray on the wall 

further down the chamber.    The temperature measurements show a much :ooler 

throat % 2100oF vs 2500 for the 4-UD-28-S.    This, however was at the expense 

of a much hotter front end, 2600oF.    The hot front end, in turn, drove the 

shunt heat flow up to 210 watts which was unacceptable.    The short impinge- 

ment fuel configuration with modification was recommended for the Phase III 

blowdown mode because of the more favorable axial temperature distributions. 
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5.3.1, Test Data Evaluation (cont.) 

5.3.1.5.2 Injector Thennal Characteristics 

. igure 5.3-30 provides parametric data on the steady 

state injector face temperature with mixture ratio and chamber pressure as 

parameters.    Analysis of these and other data indicated that the injector 

face temperatures could be reduced by reducing the head end chamber diameter. 

Figure 5.3-31 demonstrates that the maximum head end 

injector temperatures occur during steady state firing 100X duty cycle, and 

that pulsing operation is less critical. The 4-UD-O injector was ruled out 

from further consideration because of the high face temperatures. 

5.3.1.5.3 Heat Rejection Loads 

Figure 5.3-32 shows the heat rejection rate through th^ 

copper shunt which bypasses the injector and valve, as a function of time and 

duty cycle.    The 3/4 in. titanium forward end insulator provided a significant 

reduction of heat flow.   A thermal dam of some form located between the cham- 

ber and shunt is reconmended for the Phase III designs. 

5.3.1.5.4 Cumber Thermal Characteristics 

Figure 5.3-33 provides the nozzle wall temperature 

inferred from the thermal data obtained with radiation cooled nozzles.    The 

adiabatic wall temperatures were computed by eliminating the effects of radi- 

ation.    Some inconsistencies exist in the data due to the poor service life 

of the thermocouples located in the throat region.    The temperatures at the 

full thrust (P   = 140-160 psia) approach the useful  limit of the coatings 

available for columbium alloys (2500-3000oF).    These data indicate that 

engines must either operate at lower pressures or contain some additional 

degree of cooling (film or otherwise) if extended firing life is to be 

obtained.    The designs selected for Phase III should operate at pressures 

in the 100-120 psia range and contain slight modification to the injector 

pattern to provide additional wall film cooling. 
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MR • 1.6 P   = 160 
c 

LU 
a: 

< a: 

< 
UL. 

o 
t— 
o 

4-UD-O 

4-UD-28-S 

4-UD-28-SL 

6-SP-O 
6-SP-45 

PERCENT DUTY CYCLE 

Figure 5.3-31.    Injector Fac.- Temperatures 
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5.3.1, Test Data Evaluation (cont.) 

Figure 5.3-34 shows a comparison of the maximum cham- 

ber wall temperatures as a function of the % duty cycle fired for all the 

configurations tested. Steady state firing is noted to be the most adverse 

operating condition. The right hand column provides a ranking of maximum 

temperatures and resulting performance values. The 4-UD-28-S design was the 

most conservative while th"? two 6-element designs provided the highest per- 

formance potential. 

Figure 5.3-35 provides a map of the circumferential 

temperature variations 0.5 in. upstream of the throat for four of the injector 

designs tested. The good propellant distribution resulting from the manifold 

design in conjunction with the multi-element patterns results in a very uni- 

form circumferential temperature distribution. 

5.3.1.5.5 Thermal Conclusions 

(1) The multi-element injectors provide a uniform 

axisymmetric flow field which is essentially streak free. 

(2) The face temperatures of the two 6-element 

designs are sufficiently low to allow at least 10 full thermal cycles. The 

higher face temperatures encountered with the 4-element designs are caused by 

hot gas recirculation and can be reduced by decreasing the contraction ratio 

at the head end. 

(3) The axial temperature profiles provided by the 

4-UD-28-S injector are satisfactory for long duration adiabatic wall chamber 

operation. Some derating of the 6-element designs is required to achieve 

additional wall cooling. 

(4) A thermal dam is required between the chamber and 

thermal shunt to limit the heat flow to the spacecraft. 
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5.0, Phase II - Design and Verification Testing (cont.) 

5.4 PHASE II - CONCLUSIONS AND RECOMMENDATIONS 

At the conclusion of Phase II data evaluation, the demonstrated 

engine capabilities were comparpd to the contract goals and to the updated 

mission requirements. Figure 5.4-1 summarizes this comparison of goals and 

achievements. The data shown represent the capabilities of all engine designs 

tested, not that of a single engine. These data indicate that a single engine 

which meets all of the contract goals and exceeds some (such as minimum bit 

impulse of 0.02 IbF-sec vs 0.05 required and > 0.003 sec valve response vs 

0.005 required) by wide margins can be configured for Pha'>e III. The require- 

ments for a buried engine, established in the mission analyses, was not a 

stated contract goal. This design required a modified injector configuration 

which was also demonstrated in Phase III. 

Areas requiring additional design optimization related to (1) 

chamber cooling and heat rejection rates, and (2) blowdown performance 

capabilities. 

Figure 5.4-2 provides a sutrmary of the operational capabilities of 

each of the Phase II engine assemblies tested. The lower "application" por- 

tion of the figure indicates the maximum allowable chamber pressure each 

engine could run at without exceeding a 2700oF wall temperature. Engines 

can operate at a higher pressure and provide a higher performance and blow- 

down ratio when allowed to radiate. 

Figure 5.4-3 provides a summary of the mission and engine require- 

ments for three axis stabilized, small spin stabilized and large spin sta- 

bilized spacecraft. These were considered typical satellite systems. 

Three engines which best match the requirements were identified from the 

Phase II results. Engine SN 3, which is the most conservative design, could 

actually meet the life requirements of all anticipated missions. Recommended 

modifications to the injector thermal shunt, standoff and chamber length are 
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««lUiilMMWIIIffW 

CONTRACT DEFINED GOALS 

Thrust      5±0.25LBF 

Chamber Pressure    TBD 

Feed System Pressure 500 to 100 

Expansion Ratio TBD 

I    (Full Thrust) 

Steady State    300 sec 

Pulsing 240 sec 

Minimum Impulse Bit 0.05 ± 0.005 Ibf-sec 

Total Impulse Capability 30,000 to 
100,000 Ibf-sec 

Ambient Starts 100 and 1,000 

Number of Restarts  175,000 & 300.000 

Total Firing Life    2 hr to 10 hr 

Valve Response  <5 ms 

Propel I ants    N-O./MMH 

MR 1.6 - 0.048 

Propellant Inlet Temperature 20 to 120oF 

Storage Life   10 Years 

Reliability Goal  0.999 

Maintainability Goal   Zero During Storage Life 

Thrust Chamber Assy Weight   TBD lbs 

END OF PHASE II 
ACHIEVEMENTS 

r.  + 0.25 Ibf 

165 to 56 psia 

400 to 100 psia 

100/1 Design Point; 50/1 Tested 

310 sec 

257 sec 

=0.05 i0.00125 Ibf-sec,^0.02 min 

Not Demonstrated 

~100 

2900 (Single Inject ,) 

Not Demonstrated 

<3 ms 

N-OJMMH 
2 4 

1.2 to 2.0 Tested 

22, Ambient & 118 Demonstrated 

Not Demonstrated 

Not Demonstrated 

Not Demonstrated 

-1.2 lbs 

Figure 5.4-1.    Thrust Chamber Technoloqy Status 
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DEMO 
ENGINE 

NO. 

3 AXIS STABILIZED FREE TO RADIATE 
REGULATED PRESSURIZATION SYSTEM 
PULSE MODE FIRING, ]%  TO 10% DUTY CYCLE 
300,000 PULSES 
STEADY STATE FIRING 10 HRS TOTAL BURN 10 YR LIFE 

INJECTOR 6-SP-45-C INCREASED OX  INJECTION VELOCITY 0.008  IN. ORIFICE 
INCREASE FACE THICKNESS FROM 0.008 TO 0.020 

ELIMINATE INJECTOR FACE THERMOCOUPLES 

CHAMBER 2  IN.   CYLINDRICAL 
CHAMBER WITH FORWARD END THICKNESS REDUCED 

THERMAL SHUNT REQUIRED THICKNESS REDUCED TO 0.020  IN. 

THERMAL STANDOFF LAMINATED STAINLESS SHIM 
COLUMBIUM LINER + LAMINATED REFLECTORS 

EXPECTED Is 0.03 SEC EPW % 275, 300 SEC STEADY STATE 

II 

III 

SMALL SPIN STABILIZED ADIABATIC WALL 
BLOWDOWN PRESSURIZATION 
PULSE MODE 10 - 15% D.C. AND 30 SEC STEADY STATE 
50,000 PULSES 
20 WATTS HEAT REJECTION 
TOTAL LIFE 10 YEARS      10 HRS BURN TOTAL 

INJECTOR 6-SP-0-C THICKER FACE AND 0.008  IN. OX ORIFICE, LONGER 
OX  IMPINGEMENT ANGLE 

MODIFY MANIFOLDING TO  IMPROVE FLOW DISWIBUTION 
ELIMINATE INJECTOR FACE THERMOCOUPLES 

CHAMBER 2" L" CONICAL USE RESIDUAL HARDWARE FROM 
PHASE II 

THERMAL SHUNT REQUIRED .020 THICKNESS THERMAL STAND OFF LAMINATED 
STAINLESS STEEL 

EXPECTED L 290 - 295 STEADY STATE 
280 PULSING AT 0.1 SEC EPW 

LARGE SPIN STABILIZED ADIABATIC WALL 
BLOWDOWN PRESSURIZATION 
PULSE MODE AND VERY LONG DURATIONS FIRINGS 
25.000 PULSES: 60 - 70 WATT LIMIT 

INJECTOR 4 UD 28-SC THICKEN FACE PLATE 
MODIFY FUEL SPLASH PLATE TO PROVIDE MORE 
WALL COOLING 

CHAMBER (1) 1 3/4 IN. L' CONICAL WITH LINER & REFLECTORS 
(2) SAME + TITANIUM FORWARD END 

THERMAL SHUNT REQUIRED 
THERMAL STANDOFF RECOMMENLED TO LIMIT HEAT 
REJECTION ON LONG BURNS 

EXPECTED L 280 STEADY STATE, MIN.  EPW 0.040 SEC  I      ^ 265 SEC 

Figure 5.4-3.    Spacecraft Missions and Engine Requirements 
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5.4, Phase II - Conclusions and Recommendations (cont.) 

provided for each design.    The expected steady state and pulsing performance 
at the MIB required for each mission is also indicated. 

Figure 5.4-4 provides an assembly drawing of a flightweight 

engine design with a 100:1 area ratio nozzle.   This engine applies to all 
systems.    Detail injector differences are not discernible in the figure. 
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6.0   PHASE III - ENGINE DEMONSTRATION 

This phase of the program included the following tasks: (1) an update 

of the engine designs generated during Phase II which was based on the 

results of the evaluation of Phase II test data and review of the mission 

analysis, (2) component fabrication, (3) hot fire performance and durability 

testing, (4) test data evaluation, (5) pulse performance modeling using 

CONTAM and PMPM computer programs, and (6) reliability analyses. 

6.1 DEMONSTRATION ENGINE DESIGN UPDATE 

The design update resulted in the incorporation of the changes 

(see Table 6.1-1) to the designs of the three engines programed for fabrica- 

tion and testing, .hese detail modifications do not result in a significant 

departure from the initial design selection shown in Figure 5.4-4. 

The design changes summarized in Table 6.1-1 were intended to 

improve blowdown and pulsing performance, trade excess performance at full 

thrust for added wall cooling, and to reduce heat flow from chamber to injec- 

tor. They are discussed in detail in the following sections of this report. 

6.1.1 Injector-Valve Assembly 

There were no changes made to the Phase III valve seats 

and actuator system designs. The changes made to the valve manifold which 

were really injector changes were minor. The bore diameters of the pressed- 

in va'^ve seats and the adjacent manifold plate were changed to reduce the 

manifold volume. The fuel bores were changed from 0.025/0.026 inch diameter 

to 0.0.W0.021 and the oxidizer bores changed from 0.032/0.033 to 0.026/0.027. 

A blind, tapped hole was added to the manifold plate and a through hole added 

to the valve body. This allowed the addition of a bolt to reduce manifold 

deflection and possible seal leakage under the most adverse thermal 

conditions. 
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TABLE 6.1-1 

SUMMARY OF PHASE III DESIGN UPDATE 

ENGINE NO. 

Component 

Valve 
(All Engines) 

Injector Design 

Face Thickness 

Oritices 

Manifold 

Chamber Length 

1 11 
3 

Nozzle and valve manifold volumes (in.  ) in all engines 
were reduced from 0.000142 to 0.0000888 (fuel) anu 
0.000188 to 0.000149 (ox).    One additional mounting 
hole (see Figure 5.1-7) was added to improve seel 
loading. 

6-SP-45-C 6-SP-O-C 4-UD-28-C 
Effective face plate thickness (in.) increased from /to) 
0.006/0.021 0.006/0.021 0.006/0.010 

Ox orifice dia reduced from 0.010 to 
0.008 in. and angle change to pro- 
vide same resultant vector. 

No change. 

2.0 inches 

Manifold like 
6-SP-45-A. 

2.0 inches 

No change. 

No change. 

1-3/4 inches 

Chamber Contour 

Forward End 

Shunt and 
Insulator - all 
engines (see 
Figure 5.1-19). 

Cylindrical 

Thermal Liner 

Conical 

No Liner 

Cylindrical 

Thermal Liner 

Copper shunt thickness was reduced from 0.040 in. to 
0.030. The single 0.005 in. thick stainless steel 
insulator used to reduce heat rejection was replaced 
by 6 laminates as follows: 

Injector Manifold 

9 interface contacts to 
reduce heat flow. 

1 
1 
2 
4 

- SS 0.005 in. 
- SS 0.002 in. 
- CU 0.015 in. each 
- SS 0.002 in. each 
Chamber flange 
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6.1.1, Injector-Valve Assembly (cont.) 

The Injector face plates were thickened to withstand the 

peak pressures (460 psia) experienced in the cold propellant pulse tests. 

Oxidizer orifice diameters on the 6-element injectors were reduced to provide 

a injection velocity of 40 fps at the minimum tank pressure condition. The 

manifold of the 6 SP-O-C design was modified to include the flow distribution 

improvements first incorporated on the A modification of the 6-SP-45. Ther- 

mal isolation rings were incorporated at the injector periphery to reduce 

heat flow from the chamber to the face. Thermal instrumentation was deleted 

from tlie 6-SP series injectors on the basis of the very low face temperatures 

(400oF max; Figure 5.3-30) experienced in Phase II. 

Figure 6.1-1, -2 and -3 illustrate the platelets for the 

three injector designs employed in the Phase III testing. The total residual 

propellant volume of each of these injector-valve assemblies is as follows: 

6-SP-45-C 6-SP-0-C 4-UD-28-SC 

Fuel (in.3) 0.000305 0.000276 0.000245 

Ox (in.3) 0.000344 0.000315 0.000299 

Total 0.000649 0.000591 0.000544 

L.1.2 Thrust Chambers 

The thrust chamber injector to throat lengths (L1) 

described in Table 6.1-1 are less than those used for the bulk of the Phase II 

vacuum pulsing and steady state fire testing. The reduced lengths resulted 

from trading the 2 to 10 second specific impulse margins realized in Phase II, 

Figures 5.3-4 and 5.3-5 for improved cooling margin. Figure 6.1-4 is a 

detailed drawing of the chamber used for the -1 engine. This chamber differs 

from the Phase II cylindrical chamber in two areas: 

(1) The wall thickness of the forward end thermal dam was 

reduced from a nominal 0.030 in. to 0.017 in. to restrict the heat flow to the 

thermal shunt located between the valve manifold and chamber flange. 
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6.1.2, Thrust Chambers (cont.) 

(2)   The chamber was modified at the forward end to accept 

the thermal  liner shown in Figure 6.1-5.    This sleeve shields the thin wall 

and aids in reducing the heat flow to the injector.    Its installation is 

shown in Figure 5.1-19.    The conical design thrust chamber employed for 

Engine SN 2 is shown in Figure 5.1-18. 

The thrust chamber utilized on Engine SN 3 is illustrated 

in Figure 6.1-6.    This chamber differs from that of Engine SN 1 by having an 

L' of 1.75 inches and a convergent nozzle modified to enhance film cooling 

effectiveness.   This design also incorporates the chamber liner shown in 

Figure 6.1-5.    Since this chamber is required to operate in a buried mode 

the 0.429 in.  ID of the downstream end of the liner is matched to the 0.460 

in.  chamber ID to minimize breakup of the wall film.    This is in contrast 

to the intentionally larger step employed with the radiation cooled Engine 

SN 1 to promote breakup of the wall film and thus improve performance. 

The 0.450 00 of the chamber liner was overwrapped with six 

and nine layer radiation shields for Engines SNs 3 and 1, respectively.    Each 

shield was formed from a 0.60 in. wide strip of 0.001 inch thick stainless 

steel, coated with 0.0005 in. of eluminum oxide on one surface.    This selec- 

tion was based on the analysis shown in Figure 6.1-7 which, utilized heat 

rejection rate data obtained in the Phase II testing.    The analysis shown 

accounts for radiation from the liner to the chamber wall  through four to ten 

reflectors plus conduction along the 0.017 in. thick columbium section between 

the exposed chamber and the flange.    The effect of employing a lower con- 

ductivity titanium flange and thermal dam to reduce the heat rejection rates 

is also shown.    The selection of the all columbium chamber design was based 

on the ability to limit the heat rejection to 50 watts without introducing 

a columbium to titanium weld joint, thus improving both fabricability and 

reliability. 
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RADIATION THRU WALL 

SHUNT CONDUCTION ALONG WALL 
(0.017 in.  THICK) 
THFR'IAL DAM 

n LAYERS OF STAINLESS 
FOIL 

FORWARD CHAMBER 
TEMPERATURE 

SHUNT AND VALVE 
CHARACTERISTICS 
2 in. Cb CHAMBER, 
4-UD-2fi-S 

CONDUCTION + RADIATION 
n = NUMBER OF LAYERS 

  TITANIUn 
BASE ALLOY 

_L J_ 

500 1000 1500 

FORWARD CHAMBER TEMP, 0F 

2000 

Figure 6.1-7.    Heat Flow Characteristics of Phase III Buried 
Engine 
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6.1.2, Thrust Chambers (cont.) 

The 0.350 inch ID at the sleeve's forward end, was based 

on the data of Figure 6.1-8, which shows lower contraction ratios reduce the 

injector face temperature; this, in turn, reduces the heat rejection rate to 

the valve manifold plate. 

The use of multiple interface contacts as a means of fur- 

ther restricting heat flow from the chamber flange to the shunt and valve 

manifold body was based on Phase II results obtained with a single contact 

design.    Measured contact resistances ranged from 0.00785 to 0.025 hr-0F-ft / 

Btu for the various assemblies.    These compare with a calculated contact 
2 

resistance of 0.003 hr-0F-ft /Btu based on data involving material properties, 

surface conditions and contact pressures.    A contact resistance of 0.014 
2 

hr-0r-ft /Btu was selected for design purposes.    This resulted in an effec- 

tive resistance of 10oF/watt per contact when applied to the surface area of 

the insulator platelet, PN 1165471-3 (Figure 5.1-20). 

Five contacts were selected to separate the chamber flange 

from the shunt thus providing a heat rejection of 2 watts per 100oF rise in 

flange temperature.    Flange temperatures of 500 to 1500oF were expected. 

Multiply material was used at the chamber to valve manifold to achieve this 

in series multi contact design.    The multiple spacer separates chamber and 

manifold body; the seal at this interface is provided by a Haskel V seal. 

6.1.2.1    External  Insulation 

A review of available lightweight insulations suitable 

for buried chamber designs indicated "Dyna Quartz" (John Manville Company) 

to be most effective to temperatures of 2700oF. Analyses showed a 1.2 in. 

"ickness of 6.2 lb/ft3 insulation block K = 0.9 Btu-in./sq ft-hr-0F to be 

sufficient to maintain external temperatures below 300oF for all operating 

modes and unlimited firing durations. 
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6.1.2, Thrust Chamber (cont.) 

An engi.ie assembly drawing is provided in Figure 6.1-9 

and the insulation configuration is shown in Figure 6.1-10. All other com- 

ponents, i.e., seals, etc., were the same as Phase II designs. 

6.2 ENGINE FABRICATION 

6.2.1 Valves 

Two valves, identified as Moog, Inc. Model 52E163A, and 

three manifolds (P/N 100-73074) were procured for Phase III work (Figure 

5.1-8). The manifolds were completely machined by Moog, Inc. and seat 

nozzles installed and electron beam welded before shipment to ALRC. Each 

valve was also acceptance tested (proof, response and leak) with a manifold 

using 0-ring seals for the interface joint prior to shipment. Aerojet brazed 

the injectors into the manifold, and installed the metal seals at the valve 

to manifold interface to complete the valve assembly prior to valve func- 

tional testing and engine fire testing. Both valves performed satisfactorily 

as shown by the data of Figures 5.1-4 and 5.2-3. 

The valves were checked for flow, pressure drop and leak- 

age a+ter completion of the brazing operations on the manifold. The leak 

check of valve S/N Oil with manifold S/N 002 revealed leakage past the fuel 

shutoff seal. Visual examination of the manifold revealed the seating area 

of the nozzle to be locally deformed. Since this discrepancy had not been 

seen prior to manifold brazing, the damage occurred during processing or 

handling at ALRC. The manifold was reworked by Moog, Inc. and returned. 

There were no leaks on pretest leak checks. 

6.2.2 Injectors 

Six each of 6-SP-45-C, 6-SP-0C and 4-UD-28-SC injector 

designs were fabricated for the Phase III testing using the procedure 
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h.2.2. Injectors (cont.) 

described in 5.1.2.2 and shown typically in Figure 5.1-15.   The Phase III 

injectors, shown in Figure 6.2-1, were fabricated using the platelet desi<jri^ 

shown in Figures 6.1-1, -2 and -3. 

Cold flow of the 6-SP-OC and 6-SP-45-C designs indicated 

good spray patterns and flow uniformity.    Cold flow of the 4-UD-28-C injec- 

tors, however, showed improper atomization oF one of the 4 oxidizer fans in 

the 4-element patterns and fuel impingement lengths which »'ere more like the 

SL pottern of Phase II.    All six of the injectors experienced identical  flow 

characteristics.    The oxidizer problem was attributed to poor alignment dur- 

ing the stacking operation which was subsequently traced to the use of under- 

sized stacking pins.    The differences in the fuel fan angles were traced to 

the design changes associated with the thickening of the face plate for 

improved structural margin.    Replacement injectors were manufactured, how- 

ever, in order to maintain schedule the phase II 4-UD-28-S design was 

employed for the Phase III durability testing.    The only difference between 

the phase II and III injector designs of this type were the thickened face 

plate.    The nozzles of the Phase III manifolds were slightly larger but this 

was not expected to affect the durability testing. 

Table 6.2-1 provides a summary of the flow coefficients of 

these designs showing the reproducibility in fabrication.    These data also 

indicate no change in flow characteristics when installed in the manifold and 

no more than % 2% change over the 50,000-300,000 cycle life of the engines. 

6.2.3   Chamber Fabrication and Instrumentation 

One each of the chamber designs shown in Figure 6.1-4 and 

-5 <ind two of liner design shown in Figure 6.1-5 were fabricated from Fnnstcel 

Alloy No. 85.    These were subsequently coated with a slurry Hafnium Suicide 

coating (Vac-Hyd 101) per Vac-Hyd processing specification 110A.    A third 

chamber which had experienced minor coating spalling downstream of the throat 
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6.2.3, Chamber Fabrication and Instrumentation (cont.) 

during the Phase II testing was also returned to the coating subcontractor 

for evaluation of the failure. It was found that there was excessive coating 

thickness in the spalled area. This was due to runoff during processing. 

The unit was stripped, recoated and returned with the Phase III hardware. 

An unused conical chamber with a R512E coating was also available from 

Phase II. A photograph of a chamber after coating but before instrumentation 

is shown in Figure 5.1-8. 

The poor thermocouple durability experienced in Phase II 

resulted in the modification of instrumentation procedures as indicated in 

the following table: 

TC Type and 

Temp Range 

W - 5% Re vs W - 
26% Re 

0 - 3200oF 

Chromel vs Alumel 

0 - 2200oF 

Parameter 

Wire dia (in.) 

Installation 

Expansion 

Wire dia 

Installation 

Expansion 

Phase II 

0.003 

Remove coat- 
ing and spot 
weld 

1 loop 

0.003 

Remove coat- 
ing and spot 
weld 

1 loop 

Phase III 

0.010 

Remove coating - 
drill and stake 

Multicoil 

0.005 

Remove coating 
and spot weld in 
inert atmosphere 

Fix near junction 

Figure 6.2-2 is a photograph of an instrumented columbium 

thrust chamber before the Dyna Quartz insulation was applied.    The larger 

diameter coiled wires are the 0.010-in.-dia Tungsten-Rhenium wires which are 

staked in.    The coil allows for thermal expansion and vibration loads.    The 

smaller, darker wires arc the chromel vs alumel TC's located in the regions 

which were expected to operate below 2200oF.    Figure 6.2-3 shows a cross 

section of the -1 and  -3 chamber contours and the thermocouple locations. 
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6.2.3, Chamber Fabrication and Instrumentation (cont.) 

The durability of the thermal instrumentation used in the 

Phase III testing was very good, lasting through tens of thousands of pulses 

and  nany hours at temperature.    The eventual  failure of the instrumentation 

was njt due to the thermocouples but the columbium wall where the silicide 

coating had been reMOved to drill and stake the wires in place.    Local oxida- 

tion in the non-protected areas on the external surface of the chamber 

resulted in material regression up to 0.050 in. deep after several hours of 

testing. 

6.2.4   Engine Assembly 

Figure 5.1-8 is a photograph of all major engine components 

with the exception of the shunt and head end thermal dam.    Photographs of the 

bhunt, insulator platelets and seals are provided in Figure 6.2-4.    Post- 

fire photographs of the SN 1  radiation cooled anrl SN 2 and SN 3 buried engine 

assemblies are shown in Figures 6.2-5, -6 and -/. 

6.3    DEMONSTRATION TESTING 

The performance, thermal characteristics and durability of throe 

engine designs were evaluated in this phase of the program. The accumulated 

fire time for the three engines was approximately 17,000 sec, involved over 

400,000 engine starts and a continuous single burn of 1 hr and 45 minutes on 

one of the engines. Each engine was tested per the test plan logic described 

below. Tables 6.3-1, -2 and -3 summarize the fire testing accomplished with 

each engine. 

Series A - Steady state performance was evaluated at J levels of 

tank pressure.    Testing was initiated at a P   of 75 psia and increased in 

increments of 25 psi  tc characterize each engine at stages of simulated blow- 

down and to simultaneous!v determine the thermal   limits of ooeration with 

successively increasing tank pressures.    The maximum tank pressure levels 

compatible with life and missions requirements were selected as a base point 

for all subsequent pulsing, durability and post-durability evaluations. 
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BURIED (TESTED CONFIGURATION) 

INSULATION REMOVED (DYNA QUARTZ) 

Figure 6.2-7. Engine SN 3 after 55,268 Firings, 7791 sec Total Burn Time 
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6.3, Demonstration Testing (cont.) 

Stnes B - Pulsing performance was evaluated at the maximum allow- 

able propellant supply pressures selected from series "A" at electrical pulse 

widths of 0.010, 0.025, 0.050 and 0.100 sec; duty cycles ranged from 0.3 to 

30% on time. 

Series C - Each engine was durability tested per the contract 

goals. 

Engine SN 1 300,000 pulses 

Engine SN 2 50,000 pulses 

Engine SN 3      50,000 pulses 

Series B Repeat - This was to allow pulse performance to be re- 

evaluated following the durability testing so that the predurability and 

post durability data could be directly compared. 

Series D - The durability under continuous firing conditions was 

evaluated for each engine. 

Series E - Steady state performance was re-evaluated and compared 

to the A series data. 

Series F - Two of the engines were tested at environmental tem- 

peratures of 20or and 120oF per the f.ontract requirements. Hardware and pro- 

pellants were conditioned to these temperatures. Engine SN 1 and 3 were 

selected for environmental testing. 

All testing was conducted with 50:1 area ratios nozzles at simu- 

lated altitude. The environmental pressures ranged from 0.3 psia for short 

tests (< 10 minutes), to approximately 1.0 psia for test firings in excess of 

an hour. Operation at the higher back pressures occurred during the dur- 

ability testing only. No performancp from these tests is provided since the 

possibility of flow separation in the nozzle exists at the lower P levels 
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6.3, Demonstration Testing (cont.) 

tested. All steady state perfonnance tests longer than 5 sec in duration 

employed a 5 sec burn-0.5 sec coast -5 sec burn sequence (discussed in 

Phase II testing) to account for a potential zero shift in thrust measure- 

ment due to test cell heating. Steady state durability tests (Series P) were 

continuous firings. 

The test facility was the same as that used for Phase II testinn 

(described in Section 5.2.2 of this report) except that the P transducer 

employed for Engines SN 1 and 2 was a Taber Model 2210 (weight 2.5 oz). 

Fngine SN 3 was the first unit tested; it was followed by SN 1 and SN 2. 

Data acquisition on the 50,000 and 300,000 pulse test series 

included the following parameters which were recorded on digital printout 

for each 20th pulse. 

FT Bit impulse IbF-sec 

V Valve temperature 

M Injector manifold temperature 

S Shunt heat flow 

*T Maximum chamber temperature 

*F Chamber flange temperature 

*0 Oxidizer tank pressure 

*F Fuel tank pressure 

*P Vacuum cell pressure 

*The parameters were also on visual display. Oscillograph records of the 
line pressures, valve esponse and thrust response were recorded at 30 
minute intervals. 
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6.3, Demonstration Testing (cont.) 

6.3.1    Demonstration Testing of Engine SN 1 

This engine was designed to operate in the radiation 

cooled mode with a regulated feed system. 

Testing of this radiation-cooled, regulated feed system 

engine shown in Figure 6.2-5 was initiated 1 April 1974 and completed 

17 April 1974.    The test conditions are summarized in Table 6.1-1 and are 

discussed below. 

Test Series A, Steady State - 23 starts; 115 sec total 
duration 

Steady state performance was evaluated at four levels of 

tank pressure, testing was initiated at 2.2 IbF (60 psia) and increased in  ' 

25 psi  increments until  limiting conditions were reached.    All tests achieved 

their planned durations without exceeding the limiting operational 

temperatures. 

The 300-sec specific impulse goal at an extrapolated area 

ratio of 100.1 was demonstrated at the 4.4 Ibf level.    All  further testinq on 

this engine was conducted with fixed tank pressures which corresponded to 

this maximum performance operating condition.    Figure 6.3-1  provides an 

oscillograph record of Test 197 (max thrust) showing:    a cold start, the 

final portion of the first 5 sec burn shutdown, and a hot restart.    The slow 

rise in P    is due to the use of the larger volume Taber Model  2210 transducer. 

Test Series B, Pulsing - 2150 starts;  55 sec '.otal burn 

Pulsing performance was evaluated at electrical pulse 

widths of 0.10 to 0.01   sec and duty cycles ranging from 30% to 0.3X on-time. 

No limiting operational  conditions were encountered.    Figure 6.3-2 provides a 
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Pulse No. 

100 

Valve 
Signal 

3% Duty Cycle 

•1       h"—0.010 sec 

0.3% Duty Cycle 

m- Time 

Test 195 Test 196 

Figure 6.3-2.    Thrust Trace Engine SN 1, 0.044 Tif-sec Impulse 
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6.3.1, Demonstration Testing on Engine SN 1  (cont.) 

reproducticn of thrust traces at the 0.044 IbF-sec impulse level at a 0.3 and 

3% duty cycle.    Data for these pulses arc provided in a later section. 

Test Series C, Durability - 300,007 starts, 7500 sec 
total burn 

The history of this 3 day test is summarized in Figure 

6.3-3.    Testing was initiated at a 9% duty cycle.    Periodic termination of 

pulsing was necessary for paper servicing of the on-line computer terminal. 

All parameters functioned normally during the first 5 hours of testing. 

Minor deterioration of fie chamber wall at the thermocouple attachments where 

the suicide coating was removed was noted upon routine inspection after 

pulse 62,621.    Testing was interrupted for the removal of the instrumentation 

and local recoating of the chamber after 6 hr (70,007 pulses) of firing. 

Testing was resumed on the following day at a 10% duty cycle and aroceeded 

for 16 continuous hours until the 300,000 pulse goal was attained.    Durinn 

this period, all parameters were normal and there was no further  ieteriora- 

tion of the chamber wa:l.    As indicated in Figure 6.3-3, there was no change 

in engine response, impulse or other operating characteristics during this 

prriod.    Figure 6.2-5 provides photographs of the engine assembly and both 

ends of the chamber following this test.   The throat diameter was within 

0.001  in. of its original dimension.    The engine temperatures recorded on 

the durability demonstration are shown in Figure 6.3-4. 

Test Series B Repeat, Pulsing Performance Re-evaluation 
340 starts, 20 sec total burn 

Pulsing performance was re-evaluated following life dura- 

bility testing.    No significant change in performance was noted.    Figure 6.3-5 

shows the excellent impulse repeatability for a typical test and some of the 

performance parameters.    The data scatter in mixture ratio ana  I      reflects 

the inability to measure flow rates for individual  pulses.    The following 
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6,3.1, Demonstration Testing on Engine SN 1 (cont.) 

special duty cycle test was added to obtain data to be used in evaluating 

the PMPM and CONTAM computer program. 

No, Pulses 
On Time 

sec 
Interval 

1 sec 

3.0 

Coast Following Last Pulse 
sec 

0.010 3.0 

0.010 0.33 3.0 

0.025 0.30 3.0 

0.050 0.28 3,0 

0.100 0.23 0,3 

0.050 0.28 0,3 

0.025 0.30 0,3 

0,010 0.33 2,7 

0.010 3.0 3,0 

Figure 6,3-6 provides suirmarized impulse and performance parameters for this 

special cycle. The analyses of data from this cycle is presented in 

Section 6.5. 

Test Series D and E - Steady State Performance and 
Durability - 13 starts, 343 sec total burn 

Steady state performance was re-evaluated following the 

durability tests. No change was observed. A single 300 sec continuous burn 

was undertaken to determine the steady state capabilities of this design. 

Local overheating of the chamber a short distance downstream from the chamber 

liner wa» noted at 283 sec at which time the testing was terminated. Inspec- 

tion of the hardware showed local damage to this area. It is believed that 

the use of the stepped insert configuration which was incorporated to promote 

secondary mixing during pulsing operation resulted in the local overheating. 

The use of an insert which blends with the contour of the chamber wall is 

expected to result in unlimited firing capability with some compromise of 

specific impulse when the chamber is cold such as during low % duty cycle 

pulse mode operation. 
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6.3.1, Demonstration Testing on Engine SN 1 (cont.) 

Series F Cold and Hot Environmental Tests - 200 starts, 
5 sec total burn 

These hot and cold propellant and hardware tests were con- 

ducted with a Phase II residual chamber having the same length and internal 

contour with the exception of the forward end chamber liner which was not 

employed. Engine response was not influenced by propellant temperatures 

(0.005 sec from signal to 90?. thrust). The first few pulses with 190F pro- 

pellant showed harder than normal starts with P over pressures of 200 to 

300%. These are well within the design limitations of the engine and no 

damage was experienced. The photograph of the injector in Figure 6.2-5 was 

taken at the conclusion of testing. Figure 6.3-7 provides a summary of the 

pulsing performance and »-epeatabllity in the hot (120oF) environmental test 

series at a pulse width of 0.025 sec. Impulse repeatability was excellent 

even under the most adverse environmental conditions. Figure 6,3-8 shows 

the summation of the impulse data of Figure 6.3-7 indicating the linearity 

with time. 

Re-evaluation of the injector flow characteristics at the 

conclusion of testing (Table 6.2-1) showed the fuel and oxidizer flow coef- 

ficients Kw to be within 1.0 and 2.1% of the as-fabricated values. The valve 

response was unchanged and there was no internal or external leakage when 

pressurized with GN? at 500 psia. Table 6.3-4 summarizes the test history 

of this engine. 

6.3.2 Engine SN 2 

Engine SN 2 was designed for limited steady state firing 

duration, a buried Installation and a blowdown propellant supply. Its chamber 

internal contour differed from Engine SN 1 in that the chamber was conical 

rather than cylindrical. Its performance was lower than that of SN 1 due to 

the barrier cooling needed for the adiabatic wall operation. The absence of 
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6.3.2, Engine SN 2 (cont.) 

a   requirement for continuous burn durations exceeding 30 sec, however, allows 

its performance to be superior to SN 3 which was intended for unlimited steady 

state firing capability. 

Figure 6.2-6 shows this engine mounted on the test stand 

buried and also with the Dyna-Quartz insulation removed.    Table 6.3-2 sum- 

marizes its test history. 

Test Series A, Steady State Performance - 23 starts, 
115 sec total burn 

Testing was initiated at 2.2 IbF and a P   of 75 psia and 

P    increased in increments of 25 psia until a limning thermal condition was 

attained.    A reinstrumented Phase II chamber (-5) was employed for this pur- 

pose.    The thermal data showed that the anticipated low adiabatic wall tem- 

peratures which had been inferred from the Phase II data shown in Figure 

5.3-33 were not obtained.    Temperatures at and downstream of the throat 

station were much higher than expected.    The maximum safe operating condi- 

tion for this engine was judged to be about 100 psia in steady state and 

125 psia in pulsing mode operation. 

Test Series B, Pulsing Performance - 1890 starts, 42 sec 
total burn 

Pulse testing including the PMPM-CONTAM cycle was conducted 

with a second Phase II chamber (-5A) which was coated with R512E suicide. 

This chamber unlike that used for the Series A testing contained no thermal 

instrumentation.    It was visually noted, however, that the skirt was much 

hotter out to a 50:1 area ratio with the conical chamber design thar was 

observed with the Engine SN 1 cylindrical chamber.    The test series was com- 

pleted without mishap. 

1 
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6.3.2, Engine SN 2 (cont.) 

Test Series C, Pulsing Durability Testing - 50,000 starts, 
1250 sec burn over a 5 hour period 

The -5A uninst*umented chamber used for Series B testing 

was also used for these tests.   Pulsing testing was conducted at 125 and 

75 psia to simulate the upper and lower limits of blowdown.    Performance was 

evaluated periodically during this series by switching from tank supply to 

the positive displacement flowmeters.    No change in performance was noted. 

Temperatures measured during this 10% duty cycle pulse series were as 

follows: 

Valve Temperature, 0F 190 

Manifold Temperature, 0F 300 

Heat Flow Watts 38 

The uninrtrumented chamber avoided oxidation problems encountered with the 

other engines on long duty cycles.    Figure 6.3-9 provides a summary of the 

pulse shape and impulse bit repeatability over the test duration.    Figures 

6.2-6 and 5.1-22 show this engine following the completion of this test 

series. 

Test Series B Repeat, Re-evaluation of Pulsing 
Performance - 1350 pulses, 73.5 sec fire duration 

A departure from the test plan was made at this point to 

determine if a change from the conical to cylindrical contour could correct 

the high throat temperatures encountered in the A series.    Pulsing perfor- 

mance was first re-evaluated using a partially reinstrumented 1-3/4 in.  L' 

chamber which had experienced 2 hr of firing with Engine SN 3.   Testing for 

pulse repeatabil^y was conducted ät 75 P   and a pulse width of 0.010 sec. 

Response data from this test series at 125 and 75 psia are shown in Figures 

6.3-10 and -11.   The slower rised fall  in P    is due to the use of the larger 

volume model  2210 transducer.    Data from the low pressure MIB test, shown in 

Table 6.3-5, demonstrates a 0.018 IbF-sec ^0.0006 IbF-sec capability for this 

type of engine. 
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Figure 6.3-11.    Response Data from Pulse Repeatability Test    Pc = 75 psia 
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6.3.2, Engine SN 2 (cont.) 

Series A Repeat, Steady State Performance and Thermal 
Characteristics - 2 starts, 32 sec total burn 

The final test series with this engine was conducted with 

the 1-3/4 in. long cylindrical chamber design to obtain comparative data on 

the influence of chamber contour at steady state thermal characteristics. 

These tests showed chamber contour did not significantly influence the wall 

temperature at the throat station. Further data is presented in Section 

6.4.4 of this report. Figure 6.2-6 shovs the injector at the completion of 

testing. Postfire valve leak and cold flow tests showed no leakage when pres- 

surized with GN? at 500 nsia and no charge in response or flow characteristics, 

6.3.3 Engine SN 3 

The engine shown in Figire 6.3-7 was subjected to the test 

series summarized in Table 6.3-3.    This engine dr^'gn was cmfigured for 

unlimited firing capability (both steady state and pulsing) in a buried 

installation supplied by a blowdown pressurized propellant feed system. 

Test Series A, Steady State Performance - 7 tests; 
23 starts; 115 sec total duration 

Steady-state performance was evaluated at five levels of 

blowdown.    All tests achieved the full planned duration.    The predicted 

280-sec specific  impulse at high thrust was exceeded by about 3 sec.    It was 

determined that this engine could provide unlimited steady state burn capa- 

bility between 2.2 Ibf (75 psia) and approximately 4.4 Ibf (150 psia).    Feed 

line coupled combustion roughness (30 psi  peak-to-peak, 350 Hz) was noted 

at the lowest (75 psia) chamber pressure level. 

Test Series B, Pulsing Performance - 5 tests; 
2150 starts; 55 sec total burn 

Pulsing performance was evaluated at electrical pulse 

widths of 0.10 to 0.010 sec and with duty cycles ranging from 30?. on-time 
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6.3.3, Engine SN 3 (cont.) 

to 0.3% on-time. No limiting operational conditions were encountered. The 

left column of Figure 6.3-12 provides photographs showing the hardware con- 

dition following this test. 

Test Series C, Pulsing Durability Testing - 1 test; 
50,842 starts; 1270 sec of burn over a 5-1/2 hour 
period 

Engine pulse durability tests were successfully completed. 

The center column of Figure 6.3-12 documents the hardware condition following 

this test series.    The measured throat dimensional increase was less than 

0.001 inch.    The maximum temperatures and heat loads measured were as follows: 

Throat Max 1500oF 

Flange 600oF 

Manifold 300° F 

Valve Body 180 
Shunt Heat Load 44 watts 

Figure 6.3-13 provides a record of the thrust-time traces for randomly 

selected pulses.    Slowdown was simulated by reducing tank pressure from 230 

psi to 190 psi after 25,000 pulses and to 130 psi after 42,000 pulses. 

External coating in thermocouple region was touched up and 

chamber reinstrumented following this test. 

Test Series B Repeat, Pulsing Performance Evaluation - 
6 tests; 2052 starts; 65 sec total burn 

Pulsing and steady-state performance were re-evaluated 

following the 50,000-pulse demonstration.    Inadvertently the chamber insula- 

tion which had been removed for chamber thermocouple installation was not 

reinstalled.    Performance was within 1% of the as-new performance value when 

corrections for the additional chamber heat losses were applied. 
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6.3.3, Engine SN 3 (cont.) 

Test Series D and E, Steady State Durability and 
Performance - 1 test; 1 start; 6301 sec total burn 

The long burn (1 hour and 45 minutes) durability test was 

successfully completed over various tank pressure levels which simulated blow- 

down operation. This test was followed by (5 sec) steady state performance 

re-evaluation. Temperature data at the low and high tank supply pressures 

for the 6300 sec continuous burn are shown in Figure 6.3-14. Maximum tem- 

peratures on all components occurred at full thrust conditions. The only 

component which heats following shutdown is the injector which increases from 

270oF during the firing to 400oF 20 sec after shutdowr  The throat diameter 

(0.148 in.) was within 0.001 in. of the as-fabricated dimension. The maximum 

nozzle temperature of 2550oF should allow a firing life of 20 to 40 hours at 

full thrust based on the data of Figure 4.2-12. The maximum shunt thermal 

load was 66 watts. The five second performance re-evaluation, accomplished 

using the positive displacement flowmeters showed that there was no per- 

formance change following the 6300 sec firing. 

Test Series F, Cold and Hot Propellants - 2 tests; 
200 starts; 15 sec total duration 

The engine showed no adverse effects from operation with 

20oF and i210F propellants. Postfire photonrpphs of Engine SN 3 at the con- 

clusion of testing are shown in the right column of Figure 6.3-12 and in 

Figure 6.2-7. 

Posttest valve response, leakage and cold flow tests 

showed no changes from the pretest condition. 
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6.0, Phase III - Engine Demonstration (cont.) 

6.4 TEST DATA EVALUATION 

6.4.1 Response 

The engine response times measured in the Phase III test- 

ing were essentially unchanged from those obtained in the Phase II testing. 

These results reported in Table 2.1-1, show a valve response of 0.0023 to 

0.0026 sec from signal to start of valve travel at 28 watts and 0.0056 + 

0.0006 sec from signal to 90% thrust at all operating conditions.    The 

+ 0.0006 sec variance is due mainly to th» tank supply pressures in the blow- 

down system.   Thus, with full tanks and the accompanying high supply pressure 

(300 psia), response is 0.005 sec.    This increases to 0.0062 sec when the tank 

pressure is decreased to 100 psia.    The pulse-to-pulse repeatability of these 

data are within % + 0.0002 sec for a given set of operating conditions.    Thü 

time period approximates the limits of resolution of time.    Response data 

obtained for the three valves revealed a variance between valves of less than 

+ 0.00035 sec as indicated fro.n the valve inlet pressure decay data of Figure 

5.2-3. 

6.4.2 Repeatability at MIB 

The ability of each engine to provide repeatable impulse 

bits was evaluated af electrical pulse durations of 0.100, 0.050, 0.025 and 

O.UiO sec.    This evaluation was made before, throughout and after the dur- 

ability testing in order that the impulse degradation, if any, could be 

assessed. 

The influence of environmental and propel 1 ant temperature 

was assessed at the 0.025 sec electrical pulse duration using test data 

obtained from the fire testing engine SN's 1 and 3 at 20oF and 120oF. 

Impulse bit repeatability was directly comparable to that obtained at room 

temperature conditions.    Additional data were obtained with engines SN 2 and 3 

at several levels of tank pressure simulating the influence of tank blowdown. 
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6.4.2, Repeatability at MIß (cont.) 

Figure 6.4-1 shows the impulse repeatability of engine 

SN 1 at the design point supply pressures for a regulated feed system.    The 

upper portion of the curve contains data fr AI five test series involving an 

electrical pulse of 0.025 sec.    The general trend of increasing impulse with 

pulse number is typical of all engines and is a result of improved vaporiza- 

tion and combustion efficiency as the chamber wall is heated.    The first 

pulses are typically 10% lower in impulse than those obtained with a hot 

chamber wall. 

Data from four of the five test series conducted at 0.025 

sec EPW and nominal tank pressures fall within a narrow, highly reproducible 

band.    This data band indicates an insensitivity to propellant temperatures 

from 50 to 120oF and no degradation over the 300,000 pulse durability tests. 

The lower curve for 180F propellants shows a significant influence when the 

environment approaches the freezing point of the oxidizer.    However, the con- 

dition is self correcting, and after 10 pulses the chamber has warmed to a 

level where the impulse is once more highly predictable.    This effect was 

not noted in the Phase II testing but did not repeat on Engine SN 3 low tem- 

perature tests. 

The MIß data on the bottom half of Figure 6.4-1 were 

obtained at the same tank pressure settings but with an electrical pulse of 

0.010 sec.    The 0.3% and 3.0% duty cycle data show that varying pulsinq fre- 

quency from 0.3 to 3.0 pulses/sec does not influence impulse repeatability. 

Figure 6.4-1 shows the pulses to be highly repeatable down to an MIB of 

'♦: 0.04 IbF-sec and that the tolerance goal of + 0.005 IbF sec has been 

demonstrated. 

Figure 6.4-2 provides similar data for Engine SN 2 

obtained at two different tank supply pressure levels.    Environmental tem- 

peratures effects were not evaluated with this engine.    The upper data set 

shows measured impulse before and after the durability testinq at tank 
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6.4.2, Repeatability at MIB (cont.) 

pressures of 220 and 110 psia (2:1 blowdown). Transient effects are again 

noted to stabilize after about 20 pulses.    No data were obtained for the 

first 20 pulses at the low pressure condition due to one sample per 20 fir- 

ings data acquisition mode used on this test series. 

The pre- versus post durability impulse data are virtually 

identical at both high and low tank pressure.    This demonstrates the capa- 

bility of a highly predictable long life engine for use in a blowdown system. 

It should be noted thi»t the contract goal of 0.05 IbF-sec + 0.005 IbF-sec was 

demonstrated in two operating modes: 

(1) High tank pressure - short pulses 

(2) Low tank pressure - longer pulses 

The data presented in the lower portion of Figure 6.4-2 are for 220 and 110 

psia tank pressures at an electrical pulse of 0.010 sec.    The influence of an 

order of niagnitude change in % duty cycle is again noted to have virtually no 

influence on MIB repeatability.    A series of low pressure short pulses pro- 

vided a highly repeatable MIB capability of 0.018 IbF-sec.    The chamber themcl 

transients have a much smaller influence on impulse at these very low impulse 

bits because the temperature rise rate per pulse is very small.    A tabulation 

of impulse bits of pulses 1 through 30 and 91 through 110 io provided in 

Table 6.3-5.    In order to eliminate the influence of random measurement 

errors resulting from the thrust sampling mte, which is in the order of 2%, 

a comparison was made of ten pulse groupings.    This method provided a mean 

impulse of 0.0182 + 0.0006 IbF sec when 5 groups are compared. 

Figure 6.4-3 provides similar data for Engine SN 3.    Here 

data are presented for all of the pulses evaluated.    The upper set of data 

compare pre- and post durability at a 0.100 sec pulse width.    These are 

reproducibly within * \l.    Similar results are found for the 0.050 sec pulse. 

The third data set for 0.025 sec pulses compares pre versus post durability 
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6.4.2, Repeatability at MIB (cont.) 

data at % 60oF environmental temperatures with data obtained at 180F and 

120oF. These data are noted to be highly repeatable with the hot environment 

providing only 3% higher impulse than the normal 60oF data. These results 

differ from testing with Engine SN 1 in that there is no impulse decrement 

associated with 180F environmental tests. 

The lower data provides the MIB obtained with the engine 

at a 0.3 and 3.0% duty cycle and comparing pre- and post durability impulse 
at a common tank pressure setting. These data are all very repeatable, pro- 

viding an impulse of 0.04 + 0.002 IbF-sec including the influence of chamber 

wall heating. 

Figure 6.4-4 provides random samples of data obtained from 

the more than 400,000 pulses accumulated on the durability tests of the three 

engines. These data shown no aging effect on any of the engines. The 3 

levels of impulse shown for Engine SN 3 are a result of tank blowdown at 

selected intervals in the firing. 

Figure 6.4-5 provides the 1 Sigma pulse repeatability as a 

function of impulse and quantity of pulses in a pulse train. The more 

repeatable data obtained with longer pulse trains is due to the chamber 

reachinn an equilibrium thermal condition. All three engines provide 

approximately the same level of impulse repeatability for trains longer than 

10 pulses. The asympotic values at 100 pulses are as follows: 

Impulse Bit 
IbF-sec 

S gma Repeatability 
N = 100 

0.400 n 
0.100 2% 

0.04 2.4« 
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6.4.2, Repeatability at MIB (cont.) 

The linearity and repeatability of the three engines and 

test facility, including all variables, are shown in Figure 6.4-6.   The three 

curves on the lower portion of the figure show the relationship between bit 

impulse and the time period voltage is applied to the valve.    The parameters 

which in addition to the engine influence the linearity and repeatability 

include:    feed system pressures, environmental temperatures, the supply 

voltage and electrical system commanding the pulses and the thrust measure- 

ment and data reduction.    All data are closely fit by a line through the 

origin.    The slope of each of these lines is determined by the tank pres- 

sure and hydraulic resistance of each engine.   The linearity of the complete 

system was calculated by dividing impulse by time, which should be a con- 

stant (X).    These data are shown graphically on the upper set of curves and are 

summarized as follows: 

Engine 
SN 

Linearity Constant 
at max Tank Pressure 

4.345 

Standard Deviation 
of Data % 

1 3.5 

2 3.551 5.4 

3 4.188 1.5 

Most of the variance in data is believed to be due to 

limitations on returning to the same pressure setting for the positive dis- 

placement flowmeters on successive firing days.    The linearity of the actual 

engine is believed to be better than \% over its entire life and range of 

operation. 

6.4.3   Performance 

This section summarizes the Phase III data including; 

steady state performance at maximum engine thrust, effect of blowdown upon 

performance and effect of firing duration or impulse upon pulsing performance. 
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6,4.3, Perfö-nance (cont.) 

6.4.3.1 Steady State 

Phase III steady state and blowdown performance data for 

the three engines tested is listed in Table 6.4-1. 

Engine SN 1 (6-SP-45-C injector) was selected to be used 

for a radiation cooled chamber with a regulated feed pressurization system. 

At the 5 Ibf thrust level, the Phase II data indicated a performance capa- 

bility between 302-305 sec I  with chamber lengths of 2.0-2.75 in. and with 

nozzle exit area ratio, t = 100.1. Chamber wall temperatures exceeding 3000oF 

were measured within ^ 20 sec firing duration in Phase II. In order to 

improve chamber thermal compatibility anü extend duration capability, the 

oxidizer spray angle was made more axial to reduce oxidizer spray upon the 

chamber wall. This modification resulted in a slightly more fuel rich bar- 

rier as indicated by the improved chamber compatibility and extended duration 

capability achieved during Phase III. The compatibility improvement resulted 

in a corresponding 2 to 5 sec sacrifice in steady state performance. The 

specific impulse for Engine SN 1 in the Phase III testing was 300 sec at a 

nominal chamber pressure of 125 psia. As shown in Figures 6.4-7 and 6.4-8, 

the 300,000 firings on 6-SP-45-C resulted in no perceptible change in stP^Hy 

state performance. 

The energy release efficiency (ERE) characteristics vs 

engine mixture ratio (0/F) of the Phase III injector differed slightly from 

the Phase II unit (6-SP-45-A) whose ERE was constant with 0/F in the range 

from 1.2 to 2.0 as shown in Figure 6.4-7. The Phase III injector's ERF 

decreased with increasing 0/F and I  maximized near the nominal engine 
bp 

0/F = 1.6 as shown in Figure 6.4-8. This maxima at 1.6 0/F results from the 

product of increasing kinetic I  and decreasing ERE with increasing 0/F; the 

maximum Phase II performance occurred at 0/F =1.9 which corresponded to the 

peak kinetic I  mixture ratio, 
sp 
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6.4.3, Performance (cont.) 

The mechanisms which account for the decrease in steady 

state performance at higher O/F's are:    the decrease in oxidizer spray angle 

and increase in axial injection velocity.    Both reduce the oxidizer droplet 

residence time available for vaporization within the chamber.    The condition 

is aggravated at high 0/F due to the increases in oxidizer injection velocity 

which also decreases oxidizer vaporization efficiency. 

Engine SN 2 (6-SP-O-C injector) was selected for limited 

duration firings with an insulated chamber and tank blowdown pressurization 

system.   Again, as a means of lowering chamber wall temperatures, the oxidizer 

spray fan had been modified to produce a more axial spray to minimize oxidizer 

impingement on the chamber wall.    Figure 6.4-9 shows that the 6-SP-O-C ERE 

decreases sharply with increasing 0/F compared to a slight ERE improvement 

with increasing 0/F which was observed by Phase II data. 

The physical mechanism for the decreasing ERE with 

increasing 0/F is the same as previously explained for the 6-SP-45-C engine. 

Since the 6-SP-O-C injector results in less inter-element spray overlap/ 

interaction that the 6-SP-45-C injector, its striated mixture ratio per- 

formance is more sensitive to high 0/F as indicated by Figure 6.4-10.    The 

steady state performance of this design maximizes at % 295 sec I     at engine 

0/F = 1.4.    At nominal design 0/F = 1.6, Phase III steady state performance 

between I      = 285 to 287 sec is indicated.    No change in steady state per- 

formance was noted when comparing data obtained before and after the 50,000 

pulse demonstration test firings. 

Engine SN 3 (4-UD-28-S injector) is the most versatile 

design of all.    The injector used in the Phase III testing is the same as 

employed on Phase II.    It can be fired for unlimited durations (0.010 sec to 

6300 sec demonstrated) with a radiation cooled adiabatic wall chamber and can 

operate with c blowdown feed pressurization system.    Unlike Engines 1 and 2, 

the 4-UD-28-S injector has a constant ERE versus 0/F.    In a buried (adiabatic 
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6.4.3, Performance (ctnt.) 

wall) condition, it could be fired up to a maximum F      =4.2 Ibf, at which 

point it delivered 283 sec steady state I     at a nominal 0/F of 1.6. 

Engines SN 1 and 3 required approximately 10 sec firing 

duration prior to achieving peak steady state performance; this compares to 

less than 5 sec for SN 2.    For example, at 4 sec firing duration, transient 

I     performances were approximately 5 sec lower for the SN 1, 10 sec lower for 

the SN 3 and no different than steady state for SN 2.    SN 2 Engine attains 

steady state performance more rapidly as a result of the rapid heating of the 

thin wall conical nozzle and throat; 0.75 sec to 1000oF vs ^ 2 sec to 1000oF 

for SN 1.    The transient performance loss is only partly attributable to the 

chamber and nozzle thermal heat loss.    The remainder is attributable to a 

lower transient ERE which reflects unvaporized wall film at reduced chamber 

wall temperatures.    Tms, in turn, implies higher wall film contamination 

during the thermal start transient of a given engine.    Thin wall chamber 

designs are preferred where many short burns are reguired. 

6.4.3.2   Slowdown 

Although Engine SN 1  (6-SP-45-C injector) was primarily 

intended for a regulated pressurization feed system, it was tested at vari- 

able thrust levels during Phase III.    The purpose of so doing was to obtain 

blowdown data considering possible use of this engine for a blowdown applica- 

tion and to determine the chamber wall operating temperature as a function of 

chamber pressure and engine thrust. 

The ERE for SN 1  engine from 2.0 to 4.5 Ibf thrust is 

shown on Figure 6.4-11.    At the higher thrust levels, the Phase III ERE is 

M 1 ' lower than the Phase II data which was obtained in a 2.75-in.  length 

ch-jmber.    At minimum thrust, however, the Phase III ERE data is as much as 47. 

lower.    The reduced Phase III efficiency can be attributed to a combination 

of shorter chamber length and modification of the oxidizer element spray to 
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fi.4.3, Performance (cont.) 

pnhance chamber compatibility at higher thrust.    The increased oxidizer injec- 

tion velocity thus did not provide the anticipated improvement in blowdown 

performance forecasted in Phase II.    The first 5 ?ec burn data at low thrust 

shows a higher ERE than the 4th burn.    This  is due to jn O/F shift, durinq the 

firing.    The curve through these data represent an 0/F - 1.6. 

Figure 6.4-12 shows the steady state SN 1 engine specific 

impulse adjusted from the 45:1 area ratio nozzle tested to tho nominal 100:1 

area ratio.    This correction involved adding 7.9 sec.    This could be further 

increased by an additional 2 to 3 sec by use of a 150 or 200:1 expansion 

nozzle.    The 300 ser  I      goal was achieved at an engine thrust of 4.4 Ibf 

(.   = 100:1).    At the terminal blowdown state tested (F       -- 2.1  Ibf) the I x ' vac sp 
was 256 sec. 

Blowdown ERE data for Engine SN 2 (6-SP-0-C injector, 

conical chamber) is given in Figure 6.4-13.    This data appears consistent with 

the Phase  II blowdown data with the 2-in.   length chamber.    Although the 

h-SP-O-C injector has lower ERE and delivers  lower steady state performance 

than the 6-SP-45-C at maximum thrust,  its rate of deqradation is significantly 

lower as engine thrust is reduced.    At 2.1   Ibf thrust,  it still delivere*. 

273 sec I      as shown in Figure 6.4-14, compared to only ?r)6 sec for the 

fi-SP-45-C  injector described previously.    This difference is attributed to 

the high shear forces acting on the wall film  in the long,  low contraction 

ratio throat approach section of the conical  chamber.    This was veritied at 

the conclusion of the durability testinn bv retiring the same injector in 

a (ylindrical  chamber.    An H sec difference  in specific impulse was noted at 

a thrust of 3 Ibf.    This type of design would be most useful  for a 1  to 2 IbF 

thrust engine or one requiring extended blowdown capabilities. 

Blowdown performance of Enqine SN 3 (1-IID-28-S injector) 

ic shown on figure f-.l-lS. The 4-l)D-2RS injector is the same hardware which 

was tested  in Phase II.    For Phase III  testin';,   ".ho chamber length was 
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6.4.3, Performance (cont.) 

vUirpd from 2.0 in. to 1.75 in. and a chamber thermal liner added to reduce 

the chamber contraction ratio from 10.9 (Phase II) to 5.7. This reduced the 

l.cöt soakback to the valve and the injector face temperature as shown in 

i-iijure b.1-8. 

The chamber lenqth reduction did not äfftet performance 

over a b'lowdown range from 5 to 3 Ibf thrust. A divergence in blowdown per- 

formance netween the Phase II and Phase III data was noted below 3 Ijf as 

r:hown in Kigure 6.4-15. At the low thrust levels the performance reduction 

wa: accompanied by increased chugging. At the minimum thrust (F  =1.6 Ibf, 

r   50 psia) the chugging pressure amplitude was 8 psi. The occurrence or 

chugging introduces a time varying engine 0/F which reduces engine perfor 

mance via d time variant mixture ratio maldistribution performance lobs 

accourting for the teep performance drop off at low thrust. It is suspected 

that the difference between the Phase II and Phase III blowdown per.o-.IJIKO .:'<. 

lew vhrui,: it due primarily to this mechanism rather than a reduction in pro 

pellant vaporization efficiency in the shorner chamber. 

As stated above, the Phase III chamber was short.:, v.o 

iiad a lower chamber contraction ratio ti.an the Phase II design. Roth of (.he,1 

effects reduce chamber volume, gas residence time, and chamber L*. Since I-,'.;.'' 

Lest series were conducted with the same injector, no differences in injection 

mass distribution or atomized drop size distributions can be ascribed to the 

injector. It is concluded that the reduced chamber L* made the Phase III unit 

more susceptible to chugging at a higher thrust level causing the faster pc 

Romance drop. 

For practical considerations, the 4-UD-28-S enqin:' pruh 

■bly should not be used below a minimum F   = 2.1 Ibf. At that thrj'.i level J vac 
it delivers a 253 sec I  . The 1.6 Ibf thrust test which provided the 22^ 

see I  was accomplished to evaluate extreme off-design conditions, 
sp 
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6.4.3, Performance (cont.) 

Figure 6.4-16 compares the blowdown performance of the 

three Phase III engines over the thrust range from 2.1 to 5 Ihf.    Although 

SN 3's performance is at best barely equal to the performance of either the 

SN 1 or SN 2 engines its significant feature is an unlimited duty cycle capa- 

bility coupled with the ability to operate in a fully insulated configuration. 

The SN 1  is best used for a pressure regulated system where very high per- 

formance is required.    The SN 2 conical chamber configuration would be a 

candidate for an engine of the 1 to 2 lb thrust class where unlimited duty 

cycling capabilities are required.    The 4-UD-O injector design from Phase II 

which experienced thermal  limitations at full thrust would also be a good 

candidate for a lower thrust design. 

6.4.3.3    Pulse 

Pulse performance data for the three engines are tabu- 

lated in Table 6.4-2 for nominal thrust pulses, blowdown thrust pulses where 

applicable, and minimum and maximum propellant inlet temperature tests, 

riectrical pulse widths (EPW) of 0.010, 0.025, 0.050, and 0.100 sec duration 

were tested.    Pulsing performances are tabulated for both cold engine start 

and hot engine restarts.    In addition, the 6-SP-45-C and 6-SP-O-C engines 

were pulsed through a special duty cycle described in Section 6.5.    This 

.pulse data are in Table 6.4-3. 

All the pulse performance data summarized on Tables 

fi.4-2 and 6.4-3 and Figures 6.4-18 through 6.4-20 are averaged over a minimum 

of 4 or more consecutive pulses.   This was necessary because it was difficult, 

to accurately measure the minute flowrates associated with a single puHe. 

It was found that the cumulative flowrate of 4 or more pulses could be 

measured quite repeatably with the positive displacement flowmeters which 

were used. 

w 
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6.4.3, Performance (cont.) 

Fiq-ires «.4-17 compares trie specific impulse for the 

3 engines as a function of pulse train length expressed as total impulse. 

Tu specific impulse in this figure is computed by dividing the total  impulse 

for ail pu'ses by the total  propülla.ni. consuniption.    All performance values 

increase with pulse train length due to heating of the chamber which reduces 

.'„.es Uij ed by wall film at any total impulse value.    The longer durafctan 

^.Ibcs prjviüe higher performance due to a more favorable ratio of propel 

lant through put to residual manifold volume.    The longer burns al .o reprc 

.->ent a higner percentage duty cycle which allows the chamber less time to 

cool down between pulses.    This is illustrated by the 0.3 vs 3% duty cyt.lp 

für ü.Olü sec pulses. 

The asympotic values of the specific impulse in long 

pulse trains rank in the same order as the steady state values:    i.e., the 

highest performing steady state design is also the best pulsing ü^ic,«.    T! 

tuo eni;ii:r. containing the thin wall thermal liner (SN 1 and 3 ap^roa-n their 

esympotit pulsing specific impulse much more rapidly than enginer.   iN t *oir| 

writ   est^d without the liner.    The thin liner allows the forward e^d i^ he-4 

öl.iily t-t first and suppresses the tnaxiinum tenperature at Ictor ti;.5., iy 

l-recludi'ig axial conduction from the hot throat region.    Thus, pul:,-.ir   I    fv)i 

Fnqine SN 2 although rising slowly at first, eventually reaches a vaiue clc.tr 

to the steady firing condition. 

Pulsing performance data for both cold start and hot 

restarts of Engine SN 1  (6-SP-45-C) are shown in Figure 6.4-18.    '"or r^fer- 

pr.fe, tli   Phase II pulse data for the 6-SP-45-\ engine is also i..'U -! ci 

Ihereon     Phase III pulsing performance at minimum impulse is hic.n^r I..tan L 

Phase II data and exceeds the goal of 240 sec at 0.05 lb-sec by a 6 ;>ec ina.ri'i 

This is cue to the reduced residual volumes which more than offsets ..t   ,?/;-, 

reduction in chamber length.    The slight reduction in performance (;t   I ') a' 

larger in.pulse values reflects the reductions made at steady state t.     p- ■ 

:lMi:,her wall cool ing. 
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6.4.3, Performance (cont.) 

The single point at 0.043 Ibf-sec bit-impulse and 209 sec 

pulse performance is an 0.3% duty cycle (0.010 sec on/ 3.0 sec coast)  tost 

which wai summarized for pulse numbers 21-24 at which point the chamber wall 

was still cold.    All other hot restart data points were sumnarized for pulse 

numbers 141-144 as indicated by Table 6.4-2.    Thus, the limited pulses 

obtained at Q.3% duty cycle represent an intermediate wall temperature condi 

tion and its corresponding pulse performance is intermediate between the cold 

.tan and the hot equilibrium wall temperature condition.    It was shown dur- 

ing Phase II testing (see Figure 5.3-20) that pulse performance is dependent 

upon wall temperature due to the wall  film vaporization characteristics.    For 

the 0.100 sec EPW (% 0.4 Ibf-sec impulse), the cold restart data for pulse 

numbers 1-4 are ^ 3% lower than the Phase II data.    This difference is duo to 

i combination of shorter chamber length, and the more compatible injector 

pattern of the 6-SP-45-C which results in lower chamber wall temperature 

nsp rates. 

Pulsing performance of Engine SN 2 is ohown on Fiqur« 

.1-19 at 3.3 Ibf and at a blowdown thrust of 2.2 Ibf.    Bott» cold start uiiu 

hüL restart Phase hi data are indicated thereon as well as the Phast  11 udu) 

at maximu.ii (5.0 Ibf) thrust.    The lower Phase III pulsing performance can 

'pain be attributed to a reduction of chamber length from 2.75-in.  to 2.1) i--. 

ihete wai, no change in performance throughout the 50,000 firing qualification 

Lest series.    This engine provides a  245 pulsing specific impulse at O.Of) 

IbF-sec which is 5 sec over the contract goal. 

Engine bN 2 was  re-evaluated in a 1.75-ir.   lenqi.i thamtm- 

•'hie    showed a further pulsing performance reduction due to length chunqo. 

At the minimum blowdown thrust, the 6-SP-O-C injector/1.75 in.  cylindriiii 

hambcr was tested to a minimum bit impulse of 0.018 Ibf-sec.    [his is siqn- 

ticantly lower than the contract goal minimum bit impulse of 0.05 Ibf-'.ec. 

At, the 0.02 Ibf-sec impulse level, the cold start and hot restart puise 
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6.4.3, Perfonnance (cont.) 

perfonnances were 1C1 sec and 165 sec I    , respectively.    The latter valuf- 

corresponds to a chamber wall temperature of only 350CF and still rising with 

each pulse.    Pulse trains longer than 150 pulses would result in improved 

perfonnances.    The use of the 2 in. conical chamber design would also be 

expected to result in an improvement in pulsing performance.    At the lonoer 

EPW's the pulsing performance asympotically appears to be approaching the 

steady state blowdown I     = 274 sec. 

The pulsing performance of Engine SN 3 (4-UD-28-S)  is 

shown in Figure 6.4-20 at 4.4 Ibf thrust.    All data were obtained in the 

1.75-in.  length chamber.    Prior to the engine life demonstration test series, 

the 4-UD-28-S engine was pulse tested in an insulated adiabatic chamber. 

After 50,000 demonstration firings, the insulation was removed for hardware 

inspection.    The pulse verification tests were repeated with the chamber being 

radiation cooled.    The radiation cooled chamber pulse performance was 1  to 21 

lower in I      as noted in Figure 6.4-20 for the hot restarts.    No change was 

evident for the cold starts.    To verify that the pulse performance reduction 

was due to the cooler injector and chamber operating temperatu' .s rather than 

due to an engine degradation resulting from the 50,000 firings, an earlier 

pulse sequence was evaluated in the predemonstration (adiabatic engine) tests 

when the injector and chamber wall  temperatures were more nearly equal  to the 

final radiation cooled temperatures.    These data are provided in Table 6.4-? 

under the designation "warm restarts".    It can readily be seen that the pre- 

demonstration and post-demonstration pulse performances are equivalent when 

performance is evaluated at comparable temperatures.    It was thus "erificd 

that the 50,000 demonstration firings produced no degradation upon engine 

performance.    The buried design tested provided a 223 sec specific impulse at 

0.05 Ibf-sec.    This could have been increased to 227 if the lower volume 

Phase III valve manifold plate had been employed.    The difference between the 

insulated and exposed chamber is 4 sec. 
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6.4.3, Performance (cont.) 

Pulsing performance results with the SN 1   {6-SP-45-C) 

and SN 2 (6-SP-OC) engines in the special duty cycle are described further in 

Section 6.5.    Figure 6.4-21 provides a cor.-parison of the 3 Phase III engines 

pulsed and the Phase II design having the highest pulsinq performance but no 

capability for steady state firing at full  thrust.    The specific impulse at a 

bit impulse of 0.05 sec are summarized as follows: 

Injector 

6-SP-45-C 

Hot Chamber Cold Chamber 

Cnyine SN 1 246 205 

2 6-SP-0-C 245 197 

3 4-U0-28SC 227 209 

Best of Phase I! 4-UD-O 257 235 

The contract specifications state that the 5-lbf bipro- 

pellant engine must be capable of operating over a 20 to 120"F propellant 

inlet temperature range.    Verification testing was conducted throughout this 

operating range.    The Phase I analytical  study indicated that variable propel 

lant  inlet temperature would have little effect upon steady state operation, 

but a highly sensitive effect upon pulsing performance.    Therefore, Ingines 

SN 1 and 3 were tested a I the extreme inlet  temperatures at 0.025 sec FPW as 

shown in Figure 6.4-2L'.    In general,  pulsing performance increased linearly 

with hotter propellants.    The magnitude of the performance increase was on 

the order of + 30 sec  I     per lOO'F at the 0.025 sec FPW. sp 

The physical mechanism for the above temperature depend- 

ence can bp explained by fne CONTAM model.    The postfire injector dribble 

volume expulsion rate is controlled by the propellant vapor pressure.    Hotter 

propellants  result in higher pressure which result in faster manifold expul- 

sion ano    onsequently higher combustion efficiency during the transient.    Simi 

larly, the hot restart performance is higher because hotter injector face/ 

manifold temperatures increase propellant expulsion rate.   Resides the injec- 

tor temperature dependence, the chamber wall  temperature is also affected by 
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6.4.3, Performance (cont.) 

the propellant inlet temperature because of the heat conduction in the small 

engine size. The chamber wall temperature has a first order effect upon the 

transient wall film vaporization efficiency. 

To summarize, the pulsing performance is related to the 

following three inter-related parameters. 

(1) Chamber pressure or engine thrust 

(2) Electrical Pulse Width (EPW) or bit impulse 

(3) Chamber wall, injector manifold, and propellant 
inlet temperature 

Pulse performance is highest at high P or high engine 

thrust because this condition has the highest steady state performance. 

Long EPW or large bit impulse improves pulsing perfor- 

mance because the low transient combustion performance associated with the 

injector manifold dribble volume is "amortized" by a more heavily weighted 

higher steady state performance. 

Hotter temperatures result in more rapid postfire dribble 

volume expulsion and more efficient transient combustion. 

6.4.3.4 Performance Summary and Conclusions 

A significant advancement in the state-of-the-art has 

been demonstrated for 5 Ibf-bipropellant engine technology. Prior small 

thruster engine development efforts have depended heavily upon trial and error 

techniques to arrive at an engine configuration. By comparison with the 
(15) 

earlier bipropellant engines available within the industry   , the engines 

developed on this contract have demonstrated higher steady state performance, 

higher transient pulse performance, repeatable small impulse bits, better 

chamber thermal compatibility, and extensive engine life cycle capability. 

OsTRoll buhl er, R. J., Experimental Investigation of Reaction Control, 
Storable Bipropellant Thrusters NASA IN D 4416, April 1968 
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6.4.3, Performance (cont.) 

The achievements on this contract were made possible by 

the judicious application of available analytical models throuqhout the 

Phase I analytical design study. Phase II verification testing, and Phase III 

demonstration testing.    Primary engine operational and performance require- 

ments were identified from the contract statement-of-work.    These contract 

goals were then translated into the required engine design parameters. 

The JANNAF performance methodology had previously 

been applied only to larger thrust engines.    It specifically absolved itself 

of applicability to engines of less than 100 Ibf thrust.    ALRC was aware of 

the stated model limitations but used them for lack of an alternative design 

criteria applicable to the 5 Ibf bipropellant engine.    It was understood in 

undertaking tie Phase I design analysis, that the JANNAF models would be used 

for engine optimization and identification of design trends.    These analyses 

were calibrated for numerical accuracy using the Phase II and Phase III test 

data at area ratios of 1.6:1 and 50:1 and found to be reasonably accurate 

(within % ]%).    The single parameter missing from the JANNAF methodology was 

the wall film losses.    Ttiese were accommodated by including wall  film as part 

of energy release efficiency. 

The modified Priem propellant vaporization model was 

utilized extensively with the ALRC analytical/empirical drop size correlation 

extended to include micro-orifice platelet elements to analytically predict 

engine combustion efficiency.    The number and type of injection elements, 

injector pattern layout, chamber length and diameter were analytically opti- 

mized to deliver the 300 sec I     steady state performance goal. 

(Tfil J. L. Pieper, "ICRPG Liquid Propellant Thrust Chamber Performance 
Evaluation Manual", CPIA No.  17R, September 1968. 
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6.4.3, Performance (cont.) 

After having designed for steady state performance, the 

CONTAM (Reference 2) computer model was utilized to evaluate transient pulsing 

performance. Engine design parameters were selected to optimize transient 

performance as well as steady state performance within the extremes of the 

required engine operational specifications. Due to the diversity of specific 

requirements of various potential 5 Ibf bipropellant engine users, three 

separate engine point designs were analytically synthesized for development 

from the engine requirements. 

The Phase II verification test data verified the validity 

Phase I analyses by exceeding the performance goals. This was achieved, how- 

ever, at the cost of chamber wall temperatures some what in excess of 3000oF 

implying limited life cycle capability for Phase III demonstration. Forti- 

fied by Phaie II experimental performance and thermal test data, the analyti- 

cal models were further calibrated and appropriate design modifications were 

incorporated to improve thermal compatibility necessary to achieve engine 

life cycle requirements with minimum sacrifice of engine performance. 

Phase III testing has verified that the above objectives 

have been satisfied and all three engines have demonstrated their respective 

pulsing life cycle goals. 

Near the end of this contract an add-on study was 

included to compare the Pulse Mode Performance Model (Reference 3) (PMPM) 

and CONTAM model against the engine pulse data to evaluate their applica- 

bility as transient engine performance models and analytical engine design 

tools. The results of this study are presented in Section 6.5. 
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6.4, Test Data Evaluation (cont.) 

6.4.4   Thermal Data Evaluation 

Extensive thermal insLrumentation of critical enqine com- 

ponents provided the means of predicting the duty cycle and ultimate life 

capabilities of those components normally subject to overheating or failure 

due to thermal cycling.    Instrumentation available for this purpose includes 

the following: 

Valve body temperature 

Valve manifold temperature 

Thermal shunt temperatures 

4-10 chamber and nozzle 

TVB 

TVM 

TSH1, TSH2 

See Figure 6.?-3 

Figure 6.2-2 shows a typical  instrumented columbium chamber. 

6.4.4.1    Steady State and Slowdown Thermal Characteristics 

Engine temperatures at various operating pressures and 

mixture ratios were evaluated from direct measurements made in long duration 

firings such as the 6301  sec test shown in Figure 6.3-14, or by extrapolation 

of transient temperature measurements from 15 to 20 sec burns shown in 

Figures 6.4-23 and 6.4-24.    Extrapolation of chamber/nozzle transient data 

are felt to be reasonably accurate since the engine temperviLures are very 

close to the maximum values at  the end of 15 sec and were confirmed by the 

longer duration tests.    Figure 6.4-24 shows the valve body and  thermal  shunt 

temperatures to still  be rising after 20 sec and thus steady state data for 

these components are quoted only from the very long duration tests when 

eguilibrium conditions are reached. 

The data,  shown in Figure 6.4-23 are for the radiation 

cooled engine.    The designations, L&R, are thermocouples located on the left 

(L) and right (R) side of  the nozzle at the same axial station.    All of the 
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6.4.4, Thermal Data Evaluation (cont.) 

data for the chamber and throat region are noted to fall within a narrow band 

indicating a uniform thermal environment and reliable measurements.    TNI  is a 

single temperature at area ratio 30 in the skirt where radiation coolinq is 

much more efficient.    TNL and TNR, for the buried engine, are shown in Figure 

6.4-24 and are seen to be much closer to the chamber temperature. 

One phenomena noted in testing with the tungsten-rhenium 

type thermocouples is that as the junction starts to fail with age, tempera- 

tures tend to drift higher, often reaching fictiously high values (4000-5000oF) 

before opening completely.    This tends to lead to conservatism in both testing 

and data evaluation and often to needless alarm.    This could be typically 

represented by TT3R (Parameter 6)  in Figure 6.4-23. 

Figures 6.4-25, -26, and -27 provide the steady state 

axial  temperature profiles over a range of chamber pressures for each of the 

engines tested.    Valve body, manifold, flinge and thermal shunt temperatures 

are provided where steady state was attained. 

The large axial temperature gradients between the rela- 

tively cold flange and the hot first thermocouple station at 0.9 in.  is 

developed by use of the chamber liner, thermal dam, and shunt as predicted in 

Figure 6.1-7.    The temperatures of the shunt and valve manifold were obtained 

from the 283 sec firing at maximum chamber pressure.    The maximum temperatures 

t  3300oF, are found about 1-1/4 in.  from the injector as determined by the 

chamber heat markings.    These temperatures are about 300oF higher than pre- 

dicted in the Phase I analyses for a 97% energy release efficiency engine with 

"0"?. barrier cooling.    These thermal conditions correspond to a specific 

impulse of 300 sec.    A slight decrease in chamber pressure is noted to make <i 

substantial difference in the thermal  profiles.    This dramatic difference is 

believed to result from a change in the bipropellant reaction me.nanism from 

blow-apart at the 3 lower pressures to spray penetration at the  125 psia level. 

This is supported by the mixture ratio effects insert provided.    Increasing MR 

329 



3000 r 

2500  - 

2000 . 

3 

i- 
<u 
a. 
e 

1500   - 

1000-> 

125 psia 

500   - 

2 in. Cylindrical Chamber 
6-SP-45-C Injector 

Predicted Phase I 
No Barrier Cooling 
125 psia   977. ERE 

MR = 1.6 

MR Effect 
3200 _ 

3000 
r o   o 

0>  Throat 
■      \ L = 2 in 

2800 .  /'s.  Pc = 125 

/    - 
^ 2600 - ll  = 0.9 in. 

2400 
L = 2 in. 

/ 

2200 

2000 i   i   i   i ' 

105 

1 2 3 

(L) Axiel Distance From 
Injector, in. 

1.4    1.5 1.6    1.7    1.» 

MR 

Figure 6.4-25.   Axial Temperature Profile, Engine SN 1  Radiation Cooled 

330 



Throat 

3400 ^ 

3200 

3000 

2800 

a.   2600 

I   2400 
o. 
E 
01 

2200 

2000 

1800 

1600 X 

6-SP-0 C Injector 
Conical Chamber 
Buried 
MR = 1.6 

0 12 3 

Axial Distance from Injector, in. 

Figure 6.4-26.    Axial Chamber Profiles, Engine SN 2 

331 



r , .»* (j-kjw^ ....   ■ ^JWOWWMWWWIIWII 

3000 i— 

2000 - 

1000 

150 psia 

1-3/4 in. Cylindrical 
Chamber 

4-UD-28-S Injector 
MR = 1.6 

0 12 3 

Axial  Distance from Injector, in. 

Figure 6.4-27.    Axial  Temperature Profiles, Enqine SN 3 
Buried Operation 

332 



6.4.4, Thermal Data Evaluation (cont.) 

at high pressure is noted to result in a reduction of temperature in the for- 

ward chamber region indicating the oxidizer to be passing through the fuel 

and cooling the wall.    At lower pressures, the forward chamber region is at 

the fuel monopropellant temperature at all mixture ratios, indicating the fuel 

is being thrown back on the wall.    This fuel then carries on out also cooling 

tne throat.    The drop in temperature in the convergent nozzle (1.94 in., soo 

Figure 6.2-3) is due to impingement of the nonvaporized portion of the fuel. 

The subsequent temperature rise is due to mixing and reaction of the vapors 

passing through the throat.   This phenomenon is not noted at the high flow 

condition because of the oxidizer rich environment, near the wall. 

A similar effect is noted on Engine SN 2 in Figure 

6.4-26.    The latter skirt temperatures are hotter becai'oe the engine is buried 

and cannot radiate.   This may be aggravated by a trip of the laminar boundary 

layer in the throat region. 

The steady state temperature from the 6301 sec burn of 

Engine SN 3 (buried) are shown in Figure 6.3-14.    The combustion mechanism 

is different for the SN 3 injector design in that a portion of the fuel  from 

each injection orifice is impinged directly upon the wall and the oxidizer 

spray is axial rather than outboard toward the fuel.    Thus, no marked chango 

in compatability should be expected as a result of a change from blow apart 

to spray penetration.    The rapid drop in temperature downstream of the throat 

on this design is believed to be the result of the sudden expansion and flow 

acceleration of fuel rich vapors near the chamber wall which would reduce the 

adiabatic wall temperature.    The subsequent downstream temperatur'' rise is a 

result of mixing of the hot core gas with the fuel rich barrier. 

Figure 6.4-28 shows parametric plots of maximum wall 

temperature vs chamber pressure and maximum wall temperature vs steady state 

specific impulse for each of the three engines.   The conclusions drawn from 

this figure are as follows: 
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6.4.4, Thermal Data Evaluation (cont.) 

(1) An engine which provides a 300 sec specific impulse 

will require a chamber material which can operate at 3300oF if long duration 

firings are required. Multiple firings from 30-60 seconds can be attained 

when chambers operate as heat sink with sufficient cooldown periods between 

burns (Engine SN 1). 

(2) A radiation cooled engine which operates at 2600oF 

and has no burn time or duty cycle limitations can provide a specific impulse 

of 295 sec (Engine SN 1). 

(3) A buried engine which operates at 2600oF and has no 

burn time or duty cycle limitation can provide a specific impulse of 283 sec 

(Engine SN 3). 

(4) The relationship between performance and wall tem- 

perature at a given thrust level is mainly a function of the injector design. 

(5) The 4-UD-28-S injector design providing barrier 

cooling results in maximum chamber wall temperatures which are less sensitive 

to chamber pressure than the designs optimized for complete propellant 

reaction. 

Figure 6.4-29 shows the injector face temperature for 

Engine SN 3 vs time and chamber pressure as parameters. Injector temperatures 

are noted to approach their steady state values within the first several 

seconds of firing, thus allowing an accurate assessment by direct measurement 

in firings lasting longer than % 5 sec. A significant increase in face tem- 

perature is noted when chamber pressure is increased beyond 150 psia. The 

desire to limit heat input to the vaiVe influenced the selection of 150 psia 

as the maximum chamber pressure for sustained firing for this engine. The 

resulting injector temperature of %  250oF is compatible with virtually 

unlimited firing duration and thermal cycling. The injector temperature in 
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6.4.4, Thormal Data Evaluation (cont.) 

the 1 hour and 45 minute steady burn reached a maximum value of 270oF and 

290oF in the 5 hour 50,000 pulse duty cycle. 

The injectors of the SN 1 and 2 Phase III engines were 

not instrumented. Temperatures from these must be quoted from the Phase II 

measurements as follows: 

Engine 1  6-SP-45  <220oF 

Engine 2  6-SP-0  ^150oF 

which indicates a very conservative design. The Phase III injectors actually 

should be slightly cooler than the above due to the smaller head end chamber 

rvimeter effect shown in Figure 6.1-8. 

6.4.4.2 Thermal Characteristics - Pulsing 

The pulsing thermal characteristics of each engine were 

evaluated by firing trains of pulses of sufficient length to allow all criti- 

cal cr.qine components to attain a condition of thermal equilibrium. These 

were conducted at the highest operating pressure which is the most adverse 

operating condition and over duty cycles (DC) ranging from 0.3 to 30Z where 

DC = T- 
fire period 

fire period + coast period 
x 100 

Figure 6.4-30 through 6.4-33 provide representative data for the following 

measured parameters. 

TfJ 

TVM 

TTS1 and 2 

TVB 

Injector face temperature 

Valve manifold temperature 

Thermal shunt temperatures 

Valve body temperatures 
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6.4.4, Thermal Data Evaluation (cont.) 

F Flange Chamoer flange temperatures 

TT 1L Throat Temperature (left ^ide) 

TCL Chönber Temperature (left s-noi 

TNL Nozzle tetnperature (left side) 

The operating conditions for the 4 typical data plots shown are as follows: 

Figure 6.4-30   Engine SN 1 Radiation cooied 7 1%  DC. G.C25 sec Jv, 

6.4-31   Engine SN 1 Radiation cooled 0.3% DC, 0.010 st. EPW 

6.4-32   Engine SN 3 Barrier cooled buried, 7.7% DC, 0.025 
sec EFW 

6.4-33   Engine SN 3 Barrier cooled buried 3? DC, 0.010 ^xz 
EPW 

The temperature cycling of parameters such as TfJ are a result of random tem- 

perature samples taken during burn ano coast periods  Tr.e apparent caange i 

cycling at 50 seconds is due to a reduction in digital data strnp'ting rates .■ 

that time. 

All temperatur-- pararieters except for TVR .^re noted t: 

approach an equilibrium condition in these tests. The magnitude of the ther 

mal cycling of each of the components is noted to be quite small. Tho thL.i..:1 

stresses due to pulsing are also very small and thus individual pulses reprr- 

sent only a pressure cycle applied vo the cumulative damage relation for esti- 

mating engine life. 

Figures 6.4-34 and 6.4-35 provide cross r.lats :f the 

temperature parameters for each of the duty cycles evaluated. T'.-JSO data 

indicate that the most adverse thermal condition for the chamber and flar,(,e 

is the 100% duty cycle. No thermal pump up duty cycles were evident. T),: 

maximum injector temperature of the buried engine occurs Let«^;: 6 10 ir:. r. 

duty cycle "K 320oF or about 40ÜF higher than observed in continuous firing. 

No adverse effects were encountered in 5 hours of operation a* ? 10"' nr ~- 
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6.4.4, Thermal Data Evaluation (cont.) 

1 hr 45 minutes at a 100% duty cycle. The equilibrium temperatures for the 

radiation cooled and buried engine designs are very similar for duty cycles 

from 0.3 to about 40%. In this operating range, the barrier cooling provides 

the same degree of heat regulation as does radiation cooling. At higher "L 

duty cycles, the barrier cooling becomes much more effective in maintaininn 

acceptable chamber wall temperatures than does radiation. The latter cooling 

process is less efficient due to the less favorable ratio of heat 

input to heat rejection time. The barrier cooled buried engine would be 

expected to operate at higher temperatures at very low duty cycles  0.3';'. 

This has a favorable influence on pulsing performance. 

The data of Figure 6.4-35 (Engine SN 3) indicate that 

all temperatures for all duty cycles 0-100% represent a safe operating con- 

dition at a chamber pressure of 150 psia. Operation at reduced pressures 

results in lower temperature and additional conservatism. 

The data of Figure 6.4-34 (Engine SN 1) shows no dura- 

tion limitations up to about a 50% duty cycle. Firing at duty cycles above 

50*. is limited to periods of 30 to 60 sec. This results from the inability to 

reject heat via chamber radiation at a fast enough rate at a chamber pressure 

of 125 psia. Multiple burns of duration from 30 to 60 seconds can be safely 

accomplished by employing the heat sink capabilities of the chamber and allow- 

ing sufficient cooldown time between burns. Unlimited firing durations at 

all duty cycles can be accommodated on this design by limiting the maximum 

chamber pressure to "k 115 psia as was indicated by the temperatures shown in 

Figures 6.4-25 and 6.4-28. 

The maximum valve temperatures encountered in testing 

were approximately 230oF in pulsing and 300oF in steady state. This comparos 

to an allowable value of 350oF for sustained operation. 
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6.4.4, Thermal Data Evaluation (cont.) 

The heat rejection rate through the therral shunt ic, 

maximum at 100% duty cycles.   The heat flow in watts for the Phase 111 pnqines 

calculated by 0.55 (TTS1 - TTS2) are as follows: 

Duty Cycle 
nax,   rc TOW lor. 

Engine SN 

1 125 83 50 

2 125 No data 38 

3 150 66 44 

These values also decrease as operating pressures are reduced. At 125 psia 

engine SN 3 has a heat rejection ratio of 11 watts at t:he 100'/ ducy cycl v 

Testing durations of Engine SN 2 at the "100% duty cycle and Engine SN 1 at 

reduced pressures were too short to allow engine heat rejection rate*  to 

attain an equilibrium value. The heat rejection rate of SM 1 at 11C psiö »,. 

27 wattv after 15 sec of firing. 

No specific goals en heat rejection rates were oef ,.>.., 

in ihe contract. Phase I mission suaies identified typical limitaLions o! 

20 watts for small spacecraft and 40-60 watts for larger 3 axis stabilized 

systems. The measured heat rejection rates are compatible with acceptable 

values for larger spacecraft. Additional insulation between the chamber diiJ 

valve manifold would be miuired for applications where a 25 waU limit is 

required. 

6.5 PULSE PERFORMANCE MODELS EVALUATION 

The JANNAF performance methodol^jy provides .inoV/'-i::il cornctrr 

models for evaluating steady state perforrnance. No standardized models arc 

recommended by the JANNAF Performance Standardization Working Group, (o.- pi; 

dieting transient performance. 
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6.5, Pulse Performance Models Evaluation (cont.) 

The CONTAM model had been initiated by McDonnell-Douglas 

Astronautics Company (MDAC) on company IR&D funds and further refined on 

AFRPL Contracts F04611-70-C-0076^7^ and F04611-72-C-0Ü37.    The Transient 

Combustion Chamber (TCC) subprogram of t>e CONTAM computer model had been 

utilized during the Phase I analytical design study to optimize transient 

pulsing performance of the 5 Ibf tipropellant engine.    Results from this 

initial  study are described in Sections 4.2.4 and 4.3.   The effectiveness of 

the CONTAM analysis upon transient performance was evident by the excellont 

pulsing performances achieved during Phases II and III.   While the correla- 

tions between prediction and experimental data were satisfactory, the modol 

input required much detail and initial setup time and the computer run times 

were moderately long. 

The AFRPL had also funded a second transient performance proqram 

through Rocketdyne designated as the Pulse Mode Performance Model  (PMPM). 

Toward the end of the 5 Ibf bipropellant engine contract, an add on study 

was funded to make an objective comparative evaluation of the two models. 

Both models were used in parallel  to analyze one pulse duty cycle test of one 

engine curiro Phase III.    "A priori" predictions of pulsing perfonnance wore 

made before the Phase III test using both models.    The test results werr then 

compared with both model predictions.    Model  input data were then adjusted 

to account for deviations between prediction vs actual data and the models 

were rerun.    A final comparison was made between the test data and posttest 

analytical correlations. 

The objectives of this study were as follows:    (1) to determine 

the quantitative accuracy of the two models for usefulness as design pre- 

diction tools, (2) to compare the two models for ease of analysis in tenm, of 

(TT) R.  J. Hoffman, et al., Plume Contamination Effects Prediction, The 
CONTAM Computer Program, Final Report and Program User's Manual, 
AFRPL-TR 71-109, December 1971. 
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6.5, Pulse Performance Models Evaluation (cont.) 

model input complexity, model setup time, or performing analysis of .1 p.irv.iii 

etric nature, (3) to compare the cost of analysis in terms of computer run 

time for similar cases, (4) tc identify the advantages and disad'/arttaoen of 

each model for particular types of analyses and identify significant short 

comings, if any of the models, <$)  to make recommendations for using eithor 

model, (6) to recommend furtt  -n -'■' modifications, if any, to improve wadi'1 

acciiracy or util ity. 

The first subtask of this study was to select an engine and duty 

cycle for analysis. Based upon Phase I design studies, the 6-SP-G «md G-S0-^ 

injectors were analytically characterized in most detail. Althoügn ehe 

4-UD-28S injector is the most compatible, its design is more dependent ufo.i 

intuition gained from a qualitative understanding of the injection moch.nis:!. 

which was derived from empirical observation of cold flow test d&ta. Tr.us, 

to make a priori performance prediction, it was preferred to analyze oir.ht." 

the 6-SP-O or 6-SP-45 injectors. Both injectors use identical injection rla- 

ment designs. Their only differences are their element orientation which 

varies their amount of secondary spray overlap and mixing efficiency an.' 

minor differences in manifold dribbl ? volumes. 

Heretofore, to assure test jata acquisition accuracy, all pulsing 

performance tests were limited to a iingle fixed pulse (fPW) width and cnasr 

time. This type of test duty cycle (although simple to analyze) would not 

have provided a basis for extensive checkout of the CONTAfl and PMPK medr-1 

capabilities. Therefore, a specia' duty cycle shown (schematically in Figti.-..- 

6.5-1) v*as derived to provide EPW's between 0.010 to 0.100 se:: 3ver whic! 

range the bulk of the pulse performance variability was predicted to occui . - 

their Phase I analysis. This was experimentally observed in Phase II test 

data. To assure experimental data accuracy the pulse widths were grouped ir 

series of fours. The coast times between pulses and between pL:1r.L scrie 

were varied to obtain the widest possible range of engine operating tempe'..- 

tures which were shown to affect Phase ll pulse performance shown in 
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6.5, Pulse Performance Models Evaluation (cont.) 

Figure 5.3-26. The pulse widths and duty cycle were designed to simuldte tho 

entire range of EPW for both cold start and hot restart pulsing Performance. 

The experimental performance data for this special duty cycle is in Table 

6.4-3 for both the 6-SP-O-C ^rd 6-SP-45-C engines and are plotted vs biL 

impulse in Figure 6.5-2. 

Since the objective was to evaluate differences between the two 

models rather than differences between the model inputs, an effc.-t wa^ made 

to insure model it-Pu" similitude between the two models. Significant proper 

ties such as the mixture ratio dependence of gas temperature, molecular 

weight, characteristic >.xhaust velocity (C*), and nozzle thrust coefficient 

(Cr) were checked between the two models. Engine df^iqn parameters like 

injection orifice diameter, manifold onbble volumes, chamber length and 

diameter profile, and nozzle exit area ratio were also input identically. 

Engine operating conditions such as nozzle ambient pressure, propel(ant tank 

pressures, feed system design and resistance, maximum injector face and cham- 

ber wall operating temperatures as well as their thermal rise rates, chamber 

pressure, and mixture ratio were input identically. Thus, by assuring that 

both models used identical inputs, only differences between their internal 

computation teenniques would be reflected in their respective solutions. 

Coincidentally, both the CONTAM and PMPM sample cases contained 

in their respective users' manual were based upon properties for N?0./MMII 

which is also the propellant combination used on the 5 Ibf bipropellant engine 

In many cases this simplified the model input and reduced the initial mod» 1 

input setup time. Critical properties were checked, however, agai.ist known 

ALRC gas properties. One significant deviation from the ALRC -lata was ne'e: 

in high mixture ratio gas properties in both the sample case model inputs. 

Apparently both the CONTAM and PMPM high 0/F gas properties were based upon 

chemical equilibrium properties assuming the excess N^O^ thermally decompnse-l 

into N„ and Op.  In reality, in the 3 to 6 mixture ratio range the NO decom- 

position becomes kinetic rate limited and freezes a't NO above O/f      6. At 

still higher O/F's, the decomposition products result in N0? and eventually 
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6.5, Pulse Performance Models Evaluation (cont.) 

NJL due to kinetic limitations at low gas temperatures. Since the NO decoiii- 

position reaction is exothermic, the real gas properties are sinnificantly 

lower performing than assumed eguilibrium gas properties. This is important 

to pulsing performance because the higher N„0. vapor pressure results in very 

high 0/F combustion of the oxidizer dribble volume after shutdown. This model 

input correction was made prior to making any analyses. It must be emph.isizev 

that the above error was only a shortcoming of the nodel input in the sampic 

cases; it has no affect upon the integrity of the computer models themselves. 

The PMPM analysis is described in Section 6.5.1; the CONTAM analy- 

sis is in Section 6.5.2. The transient models evaluation is sunriärüed in 

Section 6.5.3. 

5.5.1 Pulse Mode Performance Model (PMPM) 

The transient pulsing performance analysis of the 5 lii^ 

bipropellant engine using the PMPM program is described herein. 

6.5.1.1 Pre Test Performance Prediction 

One of the first decisions which had to be made WöS to 

select either the 6-SP-45-C (Engine SN 1) or 6-SP-O-C (Engine SN 2) for anaiy 

tical prediction/correlation. Based upon Fhase I design studies and Phase li 

test results which were available prior to undertaking this task, it WöS knci . 

that many similarities exist between the tvo desinns. Th'js an analysis of 

either engine could be applied in many respects to the other with few 

modifications. 

The 5 lb, engines were designed using the modified Priem 

and CONTAM analytical models. The PMPM model is structured largely around thr 
(18) 

JANNAF steady state Distributed Energy Releasev ' (DER) performance moocl. 

(TB) L. P. Combs, Liquid Rocket Performance Computer Model with Distributed 
Energy Release, FTnaT Report, NASA CR-TT4462, Contract NAS 7-746, 
10 June 1972. ' 
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P.^.l, Pulse Mode Performance Model (cont.) 

Therefore, in addition to the special duty cycle performance prediction, some 

ppnpheral parametric analyses were added to evaluate the DER (desiqnatoil as 

PMPFR in PMPM portion of the model) as applicable to the steady state analy- 

sis of the various 5 lb, engines and other operating characteristics. 

Although, it was obviously beyond the scope of the study to evaluate the 

engine performance characteristics in complete detail with PMDER to the depth 

of the modified Priem and CONTAM analyses, sufficient parameters were evalu- 

ated to gain insight into the DER/PMPM models. 

Based upon the successful 300,000 test demonstration of 

the 6-SP-45-C engine, and its very high performance this design was selected 

for the baseline prediction. The Liquid Injector Spray Pattern (LISP) pro 

gram is the first program run in the PMPM analysis. Since LISP is a straight- 

lurward computer program and is inexpensive to run (^ 15 sec on IJNIVAC lie« 

computer) parametric analyses of both the 6-SP-O-C and 6-SP-O injector-- wem 

added. The splash plate elements produce spray patterns similar to an unlike 

doublet element. Therefore in the LISP analysis, the splash plate injectors 

were analyzed using the unlike doublet spray correlations. These mirrc- 

orifice injection elements were much smaller than the experimental injector', 

from which the empirical spray correlations were developed. Thus, it is not. 

too surprising that the atomized drop size predictions from the LISP analysis 

are in considerable error as shown in Table 6.5-1, compared with the best 

estimates which were derived from the ALRC correlations. The latter are 

expected to be quite accurate since the Phases II and III engine performance', 

have substantiated the Phase I performance predictions'. 

An important parameter in the PMDER analysis is the 

selection of the axial zone of mixing (Z0M) from the injector face at which 

the liquid spray distribution is supposed to characterize the gas mixing 

efficiency at the nozzle throat plane. The Z0M was parametrically varied at 

0.2, 0.3, and 0.5 in. from the injector face for the 2.0 in. length rhainbers. 

The correspondino mixing efficiency, E , and characteristic exhaust velocity 
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TABLE 6.5-1 

LISP ANALYSIS SUMMARY OF SPLASH PLATE INJECTORS 

Engine: 

Oxid Orifice dia, D , (in.) 

Fuel orifice dia, D* (in.) 

Oxid imp. angle, 0 , (degree) 

Fuel Imp. angle, Of, (degree) 

6-SP-45-C 6-SP-0C 6-SP-O 

0.008 0.008 0.010 

0.008 0.008 0.008 

40 40 60 

60 60 60 

LISP Predictions: 

Oxid Drop dia, D , (in.) 

Fuel Drop dia, D-. (in.) 

(ZOM = 0.2 in.) 

Mixing Eff., %  Em 

%  C* • mix 

(ZOM = 0.3 in.) 

%  E 
tn 

%  C* • mix 

(ZOM = 0.5 in.) 

t  E, m 

%  C* . 
mix 

ALRC Drop Size Correlation: 

D0x, (in.) 

Df, (in.) 

0.0255 

0.0080 

69.3 

85.9 

63.4 

81.5 

65.2 

85.4 

0.0010 

0.0014 

0.0255 0.0269 

0.0080 0.0085 

69.1 69.7 

91.3 91.4 

69.2 67.9 

89.2 89.5 

76.6 71.6 

92.6 90.3 

0.0010 0.0012 

0.0014 O.OOl-i 

354 



6.5.1, Pulse Mode Performance Model  (cent.) 

rnixinri efficiency assuming complete droplet vaporization is shown for each 

enqine at each of the three ZOM's in Table 6.5-1.    Based upon the LISP pre- 

dictions, C* mixing efficiency is not strongly influenced by the selection 

of ZOM.    A ZOM = 0.5 in. was selected for the PMDER prediction but would no* 

have altered the conclusions if either of the other two values had been osed. 

In the Stream Tube Combustion (PMSTC) portion of the 

PMDFR, the ALRC drop size distributions were input by over-riding the L1SI 

predicted values.    The values of the fuel and oxidizer evaporation coeffi- 

cients within ZOM were adjusted until the fuel and oxidizer vaporized frac 

tions at ZOM appeared reasonable.    A comparison of the PMSTC and modified 

Priem vaporization distributions are shown in Figure 6.5-3.    PMDER does not 

allow for an MMH monopropellant vaporization option.    The monopropellant 

vaporization transformation has been added into the modified Priem vaporize 

tion model at ALRC.    The consequence of the monopropellant decompositicn 

mechanism is to increase fuel vaporization rates near the injector laf,e wher-' 

the relative droplet/gas velocities are low. 

After over-riding the LISP predicted drop sizes and 

inputting evaporation coefficients which gave reasonable vaporized fractionr 

at ZOM, the propellant latent heats of vaporization had to be increased by 

some vapor superheat before the throat plane vaporization efficiencies could 

be made equal to the values predicted by the modified Priem analys'-'s.    If t1.!-. 

was not done, virtually complete fuel and oxidizer vaporization efficiency wa1 

predicted at the throat and the only combustion inefficiency would have bten 

due to mixing inefficiency.    It is believed that the high predicted vepori/o- 

tion efficiencies were related to the high (6 to 10) chamber contraction 

ratios (CR) of these engines.    The DER model consistently seems to overpre- 

dict vaporization efficiencies in high CR chambers and underpredict vaporiza- 

tion in low CR chambers. 
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6.5.1, Pulse Mode Performance Model (cont.) 

From Table 6.5-2 the LISP predictions indicated C* mix- 

inq efficiencies on the order of 85 to 90S even if both fuel and oxidizer are 

completely vaporized. These values are unrealistically low because the 

Phase II combined mixing and vaporization energy release efficiencies were 

t 96'/.. Thus, higher mixing efficiencies can be predicted by using fewer stream 

tubes in the PMSTC analysis. The number of different radial and circumferen- 

tial stream tubes was parametrically varied from 1-18 with results as shown in 

Table 6.5-2. From these results it is apparent that the C* mixing loss must 

be quite small to result in 300 sec delivered performance. Thus, it was con- 

cluded that a single stream tube analysis (or at most two stream tubes) 

describes the steady state performance best. It must be remembered that the 

DER model was initially developed for large diameter, high thrust liquid 

rocket engines. For the 5 lb* bipropellant engine, the maximum chamber diam- 

eter ramies from 0.35 to 0.50 in. with the nozzle throat dia = 0.15 in. It 

is unreal;stic to assume that large mixture ratio gradients can persist 

through a .otiic throat which Is only 0.15 in. diameter without mixing. 

Due to the large computer core required by the entire 

PMPM program, the entire analysis from LISP to duty DCYCLE analysis was not 

analyzed in a single computer run. For simplicity the steady state analysis 

(LISP and PMSTC) was analyzed on one run using the PMDER portion of the com- 

puter program. From this steady state analysis the fuel and oxidizer spray 

depletion functions (vaporization rates) were transferred over as input into 

the remaining PULDC portion of the model which was used to predict transient 

performance. 

The PULDC segment of the model consists primarily of the 

PULSE analysis and DCYCLE duty cycle analysis. PULSE includes IGN the 

Seamans' ignition model and BOIL the post shutdown manifold dribble volume 

expulsion subroutines. The IGN subroutine option was bypassed by using a 

ronstant ignition delay time as recommended in the PMPM final report. For 

the pretest prediction, an analytical ignition delay time of 0.2 millisecond 

was obtained from the CONTAM model and used for the PMPM input. 
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TABLE 6.5-2 

MIXING PERFORMANCE SENSITIVITY TO STREAM TUBE QUANTITY 

No. Radial 
Stream Tubes 

No. Circum. 
x     Stream Tubes 

1 1 

2 1 

2 3 

2 6 

3 6 

Total 
Stream 

No. 
Tubes 

% C* .  . rrnxi M 
I 
JIE (.   =  IOC) 

1 99.87 300.8 

2 97.75 293.5 

6 94.73 283.3 

12 94.00 280.9 

18 93.59 27'). 5 
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6.5.1, Pulse Mode Performance Model  (cont.) 

Repeated difficulties and frustrations were encountered 

in attempting to execute the BOIL subroutine because it improperly repre- 

sented the engine in such fashion as to result in a program abort.    Specifi- 

cally within BOIL propellant temperatures are calculated vs time as the 

residual propellants in the manifold are expelled.    BOIL predicted that the 

propellants were chilled below their freezing point which was not dec^rnible 

in the experimental test data.    Since the propellant temperature is used to 

enter an array to determine the propellant density and vapor pressure,  this 

causes an error message to be printed each time subroutines YOF and LOCATE 

are called.    After 50 such messages are printed the calculation is aborted. 

In order to minimize this inconvenience caused by BOIL, the PULSE analysis 

had to be run either at hot wall  temperatures or limited to short expulsion 

intervals with ambient temperature walls which do not permit transient calcu- 

lation for the complete manifold expulsion interval.    In order to accurately 

characterize transient performance in DCYCLE, it is necessary to calculate 

shutdown characteristics over the entire range of coast times between pulses 

and the entire chamber wall temperature range encountered in the duty cycle. 

Thus numerous attempts had to be made to run BOIL before sufficient data was 

genercted by PULSE to provide the range of input required by DCYCLE. 

6.5.1.2    Data Comparison 

Once the above input was generated the DCYCLE sub- 

program ran quickly and efficiently (^ 8 sec on UNIVAC 1108).    An important 

input variable to DCYCLE is the empirical parameter, ECFQ, which corrr'iatcs 

pulse performance with chamber wall temperature.    This parameter is somewhat 

akin to an artificial increase in the chamber heat loss.    T.ince no apparent 

physical mechanism exists to calculate this input analytically from engine 

design parameters, ECFQ = 1.00 was used for the pre-test pulse performance 

prediction.    When ECFQ = 1.00, however, no influence of wall temperature upon 

pulse performance is predicted as shown in Figure 5.5-4, i.e., pulse I      is 
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6.5.1, Pulse Mode Performance Model (cent.) 

only a function of EPW or total bit Impulse.    In reality, all Phase I and 

Phase II experimental data including the special duty cycle indicate a hystere- 

sis effect yielding higher performance as the wall temperature increases.   The 

CONTAM model predicts this effect and attributes it to the wall film vaporiza- 

tion mechanism which the PMPM model disregards.    In general, the PMPM predic- 

tion shows a steeper slope in performance improvement with increase in bit 

impulse than the experimental data. 

Chamber wall temperature rise rates and cooldown rates 

were obtained from the Phase II test data.   These values were used as input 

into DCYCLE to predict wall temperature vs pulse duty cycle.   A comparison 

between the pre-test PMPM wall temperatun» prediction and the experimental 

data is shown in Figure 6.5-5.    DCYCLE correctly predicted the wall tempera- 

ture trend vs pulse number but significantly under-predicted the maximum wall 

temperature. 

6.5.1.3   Input Adjustment and Re-Analysis 

Following the comparison of the pre-test PMPM prediction 

with the experiments! data, the model input parameters were reviewed to 

determine if modified input parameters could improve the correlation with 

the experimental data. 

All of the input parameters which were modified are sum- 

marized in Table 6.5-3.    The fabrication inspection records were reviewed to 

determine the actual measured fuel and oxidizer injection orifice diameters 

instead of the nominal design values.    Injector dribble volumes downstream of 

the valve seat were re-calculated for the Phase III hardware.    Compared to the 

nominal Phase I design values the revised fuel dribble volume was ;>; 3'/. smaller 

and the oxidizer volume ^ 153J larger. 
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TABLE 6.5-3 

PMPM INPUT MODIFICATIONS 

Parameter 

Injector Design: 

Oxid Orifice dia 
Fuel Orifice dia 
Oxid Dribble Volume 
Fuel Dribble Volume 

Chamber Design: 

Chamber dia at Injector 
Chamber Length 
Chamber Volume 
Chamber Surface Area 
Nozzle Exit Area Ratio 

Units 
Pretest 

Prediction 
Posttef.t 

Correlation 

in. 
in.3 

in. 

0.0080 
0.0080 
0.000297 
0.000314 

0.0060 
0.0071 
0.000344 
0.000305 

in. 

\n'2 
in.« 
in. 

0.355 
2.0 
0.326 
2.88 
50:1 

0.500 
2.0 
0.363 
3.04 
100:1 

Valve Response, Electrical 
Signal to Start of Travel: 

Oxid 
Fuel 

sec 
sec 

0.0000 
0.0000 

0.0025 
C 0025 

Valve Inlet Pressure: 

Oxid 
Fuel 

psia 
psia 

330 
138 

360 
270 

Ignition Delay Time: sec 0.0002 0.0010 

Chamber Heating Coefficient 
(COEHTH) 

msec' 0.000172 0.000230 

Chamber Cooling Coefficient 
(COEHTC) 

msec' 0.000046 0.000027 

Thrust Correlation Coefficient 
(ECFQ) 

- 1.00 0.88 

Subroutine BOIL _ Yes No 

363 



,,™-yJ,J,,,„„ J^,,^,, 1^V;....^^J^,,,,^^, 

6.5.1, Pulse Mode Performance Model (cont.) 

Instead of assuming that the valve movement was initiated 

instantaneously with the valve actuation signal, a 2.5 millisecond delay on 

both opening and closing was introduced to more nearly duplicate actual test 

conditions listed previously in Table 2.1-1.   This had no influence on pulse 

performance other than a constant time-shift in engine response relative to 

the electrical signal.    The ignition delay time was increased from 0.2 milli- 

sec to 1.0 millisec to correspond with the observed delays and modification 

made to the CONTAM analysis described in subsection 6.5.2.3. 

Fuel and oxidizer valve inlet pressures were adjusted to 

reflect actual pressures used in Test 201,   Feed system resistances were 

altered correspondingly to duplicate the actual steady state engine balance 

mixture ratio and flowrates. 

The use of a diverging conical chamber liner to reduce 

injector face operating temperature and heat soakback into the valves by pre- 

venting hot gas recirculation near the face provided an unusual combustion 

chamber contour which was assessed with difficulty.    A modification to the 

chamber profile data input from the test hardware was required to enable moro 

consistent performance prediction between PMDER and PULSE.   The liner had a 

0.355-in. diameter at the injector face tapering outward to the 0.500 in. 

diameter was held constant in a cylindrical section ^ 1.0 in.  long before 

convering into the nozzle throat.    This chamber profile was initially input 

into PMDER to yield % 97% vaporization efficiency at P    = 125 psia and to 

generate the propellant spray depletion functions.    When the corresponding 

chamber length, volume, and surface area were input together with the ^prdy 

depletion functions into PULSE, however, the resultant steady state output Pc 

was only 87 psia and the corresponding performance was only % 160 sec I     at 

<   - 50:1 (167 sec at i   = 100).    This accounted for the low pulse performance 

efficiency predicted at the 0.010 sec EPW in Figure 6.5-4 in spite of zero 

thermal heat loss (ECFQ = 1.00).    In the re-analysis, a 0.500 in. diameter 
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6.5.1, Pulse Mode Performance Model (cont.) 

cylindrical chamber was input from the injector face plane to the nozzle con- 

vergent section in PMDER.    The propellant latent heats of formation were 

fictitiously altered slightly to force the same steady state vaporization 

rates in PMDER as achieved in the pre-test prediction.    The new spray deple- 

tion functions were input into PULSE together with the correspondinq chamber 

length, volume, and surface area.    By thus assuming the test chamber profile 

with a cylindrical contour the PULSE P   = 125 psia was in agreement with the 

PMDER analysis.    No other options for attaining these results were apparent. 

The best post test pulse performance correlation was achieved by setting 

ECFQ = 0.88.   The nozzle exit area ratio, L = 100, was specified in the 

re-analysis to correspond to the nominal engine design extrapolated perfomenco. 

The chamber heating rate and cooling rate coefficients 

shown in Table 6.5-3 were input to provide a better correlation of wall tem- 

perature vs pulse number.    Subroutine BOIL was bypassed in the re-analysis. 

6.5.1.4   Final PMPM/Data Correlation 

Based upon the input modifications described above, the 

final posttest PMPM performance correlation is compared to the special duty 

cycle test data for Engine SN 1 (6-SP-45-C) in Figure 6.5-6.    Several signi- 

ficant conclusions can be derived from this comparison as follows. 

An empirical ECFQ = 0.88 factor provides the best data 

fit.    It results in the best correlation of average pulse performance over 

the entire range from 0.010 to 0.100 sec EPW.    Higher values of ECFQ will pro- 

vide better correlation of the long (0.100 sec EPW) pulse data; lower ECFQ is 

needed to correlate the 0.010 sec EPW data.   The value used does account for 

a differential performance between early and late pulses of the sanu   pulse 

width, but grossly underestimates differences between the 0.3X duty cycle and 

3% duty cycle firings at 0.010 sec EPW.   This aspect requires further 

investigation. 
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6.5.1, Pulse Mode Performance Model (cont.) 

From the previous transient analysis of the 5 lb, bipro- 

pellant engine using the CONTAM model, it is known that the above model  inade- 

quacy in PMPM is due to the total disregard of the wall film vaporization 

mechanism.   The PMPM model was structured around the existing DER model.    The 

DER in turn was developed to analyze large engines whose fraction of spray 

impingement upon the chamber wall can be neglected in comparison with the 

mass of free propellant droplets entrained by hot gases.    Thus, the PMPM 

model did not treat wall film vaporization as an important consideration. 

The CONTAM model, on the other hand, recognized that small thrusters result 

In significant spray impingement upon the chamber walls and accounted for wall 

film vaporization rate as well as free droplet combustion. 

The posttest correlation of chamber wall temperature with 

the revised model input vs the test data is shown in Figure 6.5-5.    The post- 

test correlation provides an excellent mean value between the two chamber 

thermocouple measurements.    Therefore, the performance deviation noted in 

Figure 6.5-6 cannot be attributed to mispredictions of chamber wall tempera- 

ture or transient heat loss. 

Figure 6.5-7 provides further proof that the pulse per- 

formance reduction at cold chamber wall temperatures is due to a chamber wall 

film vaporization mechanism rather than due to chamber heat loss.    Figure 

5.3-20 and Phase II data showed that pulse performance varied rapidly from 

ambient chamber wall temperature to the fuel saturation temperature but was 

essentially independent of wall temperature above that value.    Insufficient 

ranges of chamber wall temperature for all pulse widths were available from 

the special duty cycle test alone.    Therefore, long pulse train data from 

Table 6.4-2 were used to supplement the special duty cycle thermal data in 

Figure 6.5-7.   The long pulse train test points are denoted by an "X".    Again, 

Figure 6.5-7 reverifies the Phase II results.   Strong pulse performance 

dependence upon wall  temperature is shown below the fuel saturation tempera- 

ture.    The 0.050 and 0.100 sec EPW data show little differences between early 
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6.5.1, Pulse Mode Performance Model (cent.) 

(cooler) and late (warmer) wall temperature performance data.   By comparison, 

the PMPM model would predict a linear performance increase between ambient 

temperature to the maximum chamber operating temperature.   This assumption 

clearly is not supported by the experimental data. 

The PMPM model was successful, however, in predicting 

the trend of pulse mixture ratio shift away from nominal 0/F with decreasing 

EPW which was experimentally observed in Test 201 (see Table 6.4-2 and 

Figure 6.5-8).    For constant tank pressure settings throughout the duty cycle, 

lower than nominal O/F's were consistently obtained at minimum EPW's.    As EPW 

increased the pulse 0/F asymptotically approached nominal 0/F.    The reason for 

this is as follows.   At steady state flowrate the fuel feed system AP, = 

PFTCV - P   = 270-125 = 145 psia while the oxidizer feed system AP   = c o 
POTCV-P   = 360-125 = 235 psia.    Prior to engine ignition, P   = 0.    Thus the 

steady state P   = 125 psia is momentarily added to both feed system AP'S upon 

valve opening.    This identical  incremental pressure has a greater relative 

impact on the feed system having the lower steady state AP (fuel).    Thus the 

fuel overshoot prior to ignition exceeds the oxidizer overshoot resulting in 

lower than nominal 0/F for the overall pulse.    Figure 6.5-8 compares the PMPM 

predicted pulse mixture ratio vs the experimental data as a function of vari- 

able EPW.    The PMPM model adequately predicts the pulse mixture ratio trend. 

The obvious implication is that if the feed system AP's between fuel and oxi- 

dizer are not equal for a pulse engine, a balance orifice should be installed 

on the lower resistance system to equalize steady state pressure drops and 

tank pressure settings.    This was simulated on the PMPM model by pre-setting 

identical valve inlet pressures.    Fur this condition, pulse mixture 

ratio remained nominal at all EPW's.    The opposite was simulated by' running 

PMPM with PFTCV = 360 psia and P0TCV = 270 psia.    At short EPW's the pulse 

mixture ratio progressively increased above nominal 0/F.    If a pulse engine 

is not balanced for equal feed pressures,  it may deplete one propellant 

tank before the other and its total mission impulse can be reduced by oper- 

ating off mixture ratio. 
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6.5.1, Pulse Mode Performance Model (cent.) 

It is still possible to improve the posttest PMPM cor- 

relation vs the experimental data shown in Figure 6.5-6 even without account- 

ing for a wall film vaporization model.    This might be accomplished by arbi- 

trarily reducing the minimum bit impulse performance in PULSE by decreasing 

the input chamber length or volume below actual physical values.    The input 

maximum chamber operating temperature has to be reduced to the fuel satura- 

tion temperature (350oF) and a value of ECFQ has to be selected to provide 

the overall best curve fit through the test data.    Enough adjustment factors are 

available in PMPM to fit any desired test data.    Such an accomplishment would 

prove nothing, however, because it is not physically realistic, it cannot be 

used as an a priori prediction tool, and it cannot be used to optimize per- 

formance based on physical engine design considerations.   The model is how- 

ever useful in predicting performance for a fully characterized design being 

subject to a new duty cycle.   Additional program input expressing specific 

impulse as a function of chamber wall temperature would be required. 

6.5.2   CONTAM Duty Cycle Analysis 

The CONTAM model was utilized extensively in the Phase I 

design analysis to select the pertinent engine design parameters to achieve 

maximum transient performance and minimum contaminants.    It was used to a 

lesser extent to correlate Phase II test results in order to implement engine 

design modification for Phase III.    The fact that the CONTAM model adequately 

satisfied the above design objectives was demonstrated by the successful 

attainment of the 5 lb, bipropellant engine contract goals during Phases II 

and III. 

The objective of the add on study related to the CONTAM 

model was to evaluate the model as a duty cycle performance and contamination 

predictor as opposed to an engine point design analyzer.   The results of that 

study are described herein. 
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6.5.2, CONTAM Duty Cycle Analysis (cont.) 

6.5.2.1 Pretest Prediction 

Unlike the PMPM analysis which evaluated all 40 pulses 

shown in the special duty cycle test of Figure 6.5-1, the CONTAM model only 

evaluated nine individual pulses within the duty cycle because of the lorni 

computer times required. These were pre-selected to be representative of 

transient performance trends. The nine particular pulses which were analyzed 

are listed in Table 6.5-4. 

The CONTAM model predicts that for a given EPW, hardware 

temperature has the greatest impact upon pulse performance. This is because 

the shutdown injector manifold temperature directly influences the propellant 

vapor pressure of the resiciual propellants and the shutdown expulsion rate 

and combustion efficiency. The chamber temperature determines the wall film 

vaporization efficiency. The input chamber wall temperatures required by the 

CONTAM model were estimated from the Phase II data shown in Figure 5.3-19 

as a function of its sequence within the special duty cycle. The pretest 

estimated wall temperatures which were used in the CONTAM predictions are in 

Table 6.5-4. 

Whenever it was possible to do so, the identical input 

used in the PMPM analysis was also input into the CONTAM model. In this way, 

the performance comparison would be based on differences between the two 

models rather than differences between their input assumptions. 

6.5.2.2 Data Comparison 

A comparison of the pretest CONTAM performance predic- 

tions with the experimental pulse performance data is shown in Figure 6.5-4. 

This comparison shows that the CONTAM model consistently overpredicted per- 

formance. The predicted trend is correct and is roughly parallel to the hot. 

chamber test data. Tne cold chamber test points, however, are significantly over- 

predicted. This is also shown in chronological pulse sequence between pre- 

dicted and delivered performance in Figure 6.5-9. Pulse No. 1 with an ambient 
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TABLE 6.5-4 

CONTAM PREDICTION SUMMARY 

CONTAM 
Case No. 

Duty Cycle 
Pulse No. 

1 

EPW            Tcham* 
sec               0F 

160 

Texp** 

60 

TJ 

1 0.010                70 70 

2 8 0.010              165 210 120 100oF 

3 40 0.010             1200 230 760 100oF 

4 9 0.025              165 230 120 lOOT 

5 30 0.025             1600 270 790 100oF 

6 13 3.050              370 270 170 lOOT 

7 28 0.050             1650 280 770 inn0F 

3 17 0.100              715 290 285 100oF 

9 12 0.025               370 ?50 170 100oF 

"^TONTAM Input temperature estimated from Phase II data (Figure 5.3-19) 
♦♦Experimental average wall temperature. 
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6.5.2, CONTAM Duty Cycle Analysis (cont.) 

chamber wall temperature start Is overpredicted by % 60 sec I sp Pulse Nos. 

13 through 30 with wall temperatures ranging from 24G0F to 900oF are con 

sistently overpredicted by ^ 22 sec I    . 

A comparison between the CONTAM predicted and experimen- 

tal pulse performance sensitivity to chamber wall temperature is shown in 

Finure 6.5-10.    The CONTAM model, unlike PMPM, correctly predicts that the 

pulse performance is constant ibove the fuel saturation temperature.    Relow 

this temperature the model predicts a performance reduction trend with colder 

wall temperature but the magnitude of the drop off is underestimated. 

6.5.2.3    Input Adjustment and Re-Analysis 

The primary inaccuracy of the CONTAM model is in pre- 

dicting engine shutdown characteristics.   This is especially true for cold 

wall pulse firings.    In a typical shutdown transient, CONTAM predicts the 

following sequence of events.    Upon valve closure the residual droplets and 

chamber wall film continue burning even after the injection flowrato is 

terminated.    As the residual propellants within the chamber are depleted, 

chamber pressure plummets from the steady state value to below the oxidizor 

vapor pressure.    When this occurs oxidizer injection is initiated from the 

oxidizer manifold dribble volume into the chamber.    The combustion gas mix- 

ture becomes oxidizer rich and eventually flames out (quenches).   Cold flow 

expulsion of the oxidizer spray into the chamber continues until the oxidizer 

dribble volume is.dry.    When the chamber pressure falls below the fuel vapor 

pressure, fuel manifold expulsion into the chamber is initiated.   When suf- 

ficient fuel Is injected into the chamber, the CONTAM model currently predicts 

re-ignition with the oxidizer already in the chamber yielding bipropellant 

performance.    Re-ignition causes P   to rise above the fuel vapor pressure cut- 

ting off fuel  injection.    Intermittent combustion and injection is predicted 

by CONTAM until the fuel within the dribble volume is consumed.    As long as 

active combustion is predicted by the CONTAM model, the predicted pulse 
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6.5.2, CONTAM Duty Cycle Analysis (cont.) 

performance stays relatively high. Currently, the only criteria for extin- 

guishment is an adiabatic quenching distance criterion. Combustion is pre- 

dicted to be sustained as long as the chamber diameter exceeds the adiabatic 

quenching distance which Is a function of P and flame temperature correspond- 

ing to the gas mixture ratio. Under the current CONTAM mechanism the pulse 

performance loss is primarily predicted to be due to an injection mixture 

ratio maldistribution following shutdown which is initially oxidizer rich, 

followed by fuel rich combustion of the propellant residuals in the dribble 

volume. It appears from the foregoing comparison that combustion extinquish- 

ment is probably physically occurring earlier than is currently being pre- 

dicted by CONTAM. Nor is there any perceptible evidence in measured P or 

thrust that re-ignition is occurring upon re-initiation of fuel expulsion, at 

least for cold chamber shutdowns. This can be analyzed by modifying the 

quenching distance criterion built into the model to be wall temperature 

dependent to account for earlier flame extinction which results from non- 

adiabatic heat losses from the combustion gas to cold chamber walls. Although 

the long term solution was identified, the model alteration was not actually 

Incorporated during this study due to funding limitations and also because the 

objective of this study was to evaluate the p esent models as is. The only 

modifications made were in input data rather t^an program modifications. 

The CONTAM model predicts thrust from a (C*) ■ (Cf) correla- 

tion. The C* is internally calculated within the model from input arrays of 

gas temperature, molecular weight, and specific heat ratio vs fuel fraction 

(mixture ratio). The nozzle Cp is also input vs fuel fraction. Although the 

C* (combustion) efficiency is internally calculated within the model based 

upon propullant vaporization considerations, no calculations are provided for 

Or (nozzle) efficiency. Therefore throughout Phases I, II, and III including 

this study, the predicted Cp was input instead of the theoretical one- 

dimensional equilibrium Cp. The predicted Cp accounts for nozzle diverqence 

losses, steady state boundary layer losses, and kinetic recombination per- 

formance losses in consonance with the recommended simplified JANNAF perfor- 

mance methodology. The kinetic loss, however, and to a lesser extent the 
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6.5.2, CONTAH Duty Cycle Analysis (cont.) 

boundary layer loss is depend« it upon engine thrust and P .    Since CF can only 

be input as a function of fuel fraction (0/F), the steady state Cr was used. 

During shutdown when P   is on the order of 1 psia the kinetic loss increases 

significantly compared to the steady state input, and transient Cr at the 

same mixture ratio is much l^wer than the steady state input array.    This was 

not incorporated into the analysis but the transient C,. can easily be reduced 

from the steady state value within the program. 

The discussion at the beginning of Section S.i described 

the deviation in performance at oxidizer rich mixture ratios between assumed 

chemical equilibrium and actual kinetically limited N-0- decomposition prod- 

ucts.   The CONTAM program uses fuel fraction as a parameter instead of mix- 

ture ratio ^ox/'"'fuei) •    The fuel fraction is input in 0.1  increments from 

0 to 1 as shown below. 

Fuel Fraction 

0/F 

0.0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  O.n  0.9 1.0 

9    4   2.3: 1.5  1.0  0.67 0.43 0.25 0.11 0 

Therefore between stoichiometric 0/F and infinity (pure oxidizer) only two 

oxidizer rich mixture ratio points are defined by the input. The shutdown 

transient 0/F commonly exceeds 25:1. Thus long interpolations are required 

between 0/F = 9 to "° and the oxidizer rich combustion products are poorly 

defined because of the coarse grid input data. Similarly only three data 

points define the entire steady state mixture ratio rame. By comparison four 

intermediate fuel rich mixture ratio points are defined between 0 and 1.0. 

Some adjustment was made at the 0/F = 4 and 9 input points to better define 

high 0/F performance in the re-analysis. 

Some of the test records, especially for the colder pro- 

pellant inlet temperatures showed longer ignition delays than were predicted 

by CONTAM. Using the input activation energy, molar collision frequency and 

heat of reaction of the initiating reaction contained in the CONTAM sample 
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6.5.2, CONTAM Duty Cycle Analysis (cont.) 

case, ignition was predicted % 0.2 millisec from time of injection.    In the 
posttest correlation, this was increased to a 1 millisec ignition delay time 
based on test data as discussed in the next section. 

6.5.2.4   Final Correlation 

Figure 6.5-11 compares the transient chamber pressure 
predictions using the 0.2 and 1.0 millisec ignition delay time for a cold 

wall start.    The longer input ignition delay retards initial P   response and 

causes a P   overshoot.   More wall film accumulation at start results in c 
hiqher P   after reaching steady state.    Increasing the ignition delay reduced 
cold wall 0.010 sec pulse performance by 11 sec.    The over pressure matches 

the observed data range. 

Figure 6.5-11 also shows the difference in shutdown tran- 

ically limited high 0/F gas propert 
tion decreased pulse performance by an additional 3 sec. 
sient P   due to kinetically limited high 0/F gas properties.    This modifica 

The re-calculated manifold dribble volumes for injector 

6-SP-45-C reduced performance by 2 sec.   An additional 2 sec pulse performance 
decrement was accounted for by transient chamber heat loss. 

Although the flame quenching criteria was not modified 
in the computer model, the effect of earlier quenching was approximated by 
cutting off the pulse bit impulse integral at an earlier point in time, e.g., 

integration of the impulse for only 0.015 sec after shutdown compared to 0.035 

sec reduced the bit impulse by 10 sec. 

The effect of all of the above modifications upon the 

CONTAM posttest correlation for the first 0.010 sec EPW cold pulse is shown 

in Figure 6.5-12.    The modifications incorporatea thus far have reduced the 
Initial deviation between pretest prediction and experimental data by ;; AOX. 
The posttest correlation is already in close agreement (IX) with the experi- 

mental data for the 0.010 sec EPW hot pulse. 
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Figure 6.5-12.    Effect of Modifications upon the C0NTAM Posttest 
Correlation for the First 0.010 sec EPW Cold Pulse 
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6.5.2, CONTAM Duty Cycle Analysis (cont.) 

Figure 6.5-9 shows how the input modifications could 

improve the CONTAM model correlations with the experimental data.    Although 

not all test cases were rerun due to a limited computer budget, a typical 

cold short pulse and hot long pulse were re-analyzed.    In both instances, the 

deviations between prediction and test were reduced by approximately one-half. 

6.5.3   Comparative Model Evaluation 

6.5.3.1    Summary 

The philosophical approaches differ between the PMPM and 

CONTAM models. PMPM makes analytical simplifications to speed computation 

time, then depends upon empirical coefficients to match the experimental data. 

These parametric trends are then used as input to synthesize engine response 

for various complex duty cycles. CONTAM is the more physically mechanistic 

model between the two. It considers the details of each pulse and performs 

its calculations accordingly. In order to perform parametric analyses, how- 

ever, it must "start from scratch" for each new case. Although it is more 

detailed in its considerations it is also the more expensive to operate. 

The preferred transient model depends upon the type of 

problem and the objectives of the analyst. As a pretest analytical design 

tool, CONTAM is vastly superior because it is more physically mechanistic. 

CONTAM is more sophisticated in its treatment of the start transient, igni- 

tion model, and post-shutdown manifold expulsion characteristics. CONTAM is 

also more completely debugged and less problems were encountered in running 

the computer program. 
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6.5.3, Comparative Model Evaluntion (cont.) 

The LISP subprogram of PMPM should be used for injector 
spray pattern design analysis and injector pattern optimization.    Provided 

that empirical single element spray correlations exist for the element type 

of Interest.    LISP provides an excellent means for assessing pattern design 

variations upon the injection mass and mixture ratio distributions.    LISP 
predicts the relative mixing effect upon combustion efficiency and impli- 

citely suggests chamber compatibility trends based on wall mixture ratio 
considerations.   To perform a detailed compatibility prediction, the Injector 

(19) Chamber Compat1bilityv    ' (ICC) computer program should be used.    ICC, like 
PMPM, Is related to the jasic JANNAF DER model.    ICC was not used to predict 
5 Ibf bipropellant engine compatibility.    The CONTAM model does not account 
for spray distribution effects upon steady state mixing efficiency and assumes 
the combustion products are well mixed.    Although this was completely adequate 

for the 5 Ibf engine (best PMPM correlation also assumed single streamtubo), 
this may be unrealistic as engine size increases.   CONTAM does not predict 

chamber compatibility effects. 

PMPM has an advantage in predicting steady state vapori- 
zation efficiency.   The vaporization rates in CONTAM must be specified by 

inputting an empirical K-prlme vaporization rate coefficient for oxidizer and 
fuel.    It is up to the analyst to select the appropriate K'  for a particular 
drop size, chamber contraction ratio, and propellant volatility.    The latter 

fl^y W. S. hines, L. P. Combs, W. M. Ford, and R. Van Wyk; Development of 
Injector Chamber Compatibility Analysis, Final Report, Contract 
FO4611-68-C-0043, AFRPL-TR-70-12, March 1970. 
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6.5.3, Comparative Model Evaluation (cent.) 

parameters are computed internally in PMOER.    Neither model was capable of 

predicting acceptable atomized drop sizes for the 5 Ibf micro-orifice injec- 

tion elements.    Drop size was obtained for input to both models from the ALRC 

analytical/empirical drop size correlation. 

CONTAM has a capability to analyze the monopropellant 

decomposition-vaporization interaction which PMDER does not.    Extensive analyses 

at ALRC indicate all hydrazine derivative fuels (including MMH) benefit from 

decomposition vaporization.    For long chambers and high vaporization rates 

near the nozzle throat plane, neglecting monopropellant decomposition has only 

a small effect upon performance; but near the injector face plane whero the 

droplet/gas relative velocities are low, the fuel vaporization rate with 

decomposition is significantly highor than predicted by PMDER.    ALRC has 

always accounted for the monopropellant decomposition mechanism in its modi- 

fication of the Priem vaporization model. 

In the PMPM final report it was recomnended that the 

ignition subroutine IGN be bypassed because of computational problems.    Tho 

ignition model in CONTAM works perfectly.    However, the input ignition data 

in the sample case should be reviewed and calibrated with the 5 Ibf engine 

ignition test data.   A constant ignition time delay can be specified by input, 

to either model. 

The primary advantage of the PMPM model over CONTAM is 

its faster computer run time and economy of analysis.    This advantage is 

largely eliminated if subroutine BOIL must be run for long injector manifold 

expulsion times in subprogram PULSE.    The BOIL subroutine is not completoly 

debugged for cold pulses or low injector thermal soakback rates.    Numerous 

computer   „ase aborts occurred in running BOIL in the PULSr program.    On 

the other hand if BOIL is bypassed, the effect of injector and chamber wall 

temperature at shutdown is not accounted for in the shutdown impulse.    CONTAM 

treats the shutdown impulse calculation procedure more accurately and 

384 



Tw\w.trv'!':T™'~^,*''v'*pv'vtr,'^ 

6.5.3, Comparative Model Evaluation (cont.) 

efficiently and is preferred since it can be executed for comparable computer 

run times.    As discussed ir, Section 6.5.3, however, the CONTAM quenching dis- 

tance criteria should be calibrated using the 5 Ibf data to account for wall 

temperature effects.   This modification would improve both cold wall pulse 

performance prediction accuracy and the engine contaminant production model 

accuracy. 

The DCYCLE program using subroutine SYNTHE is an effi- 

cient program for economically evaluating various engine duty cycles provided 

that realistic parametric input data is available.   This parametric input data 

can either by obtained from empirical  engine test data if available, or 

obtained from analytical CONTAM model predictions.   At the beginning of this 

study it was hoped that either one of these models would show a clear cut 

advantage so that it could be used exclusively for all analyses.   As indicated 

above, however, the optimum analysis in terms of engine design analysis, pre- 

test performance prediction capability, experimental test data correlation, 

and parametric engine operational or duty cycle evaluation should utilize 

parts of both the PMPM and CONTAM computer models. 

If funding is insufficient to setup and utilize both 

models, the following is recommended.    Use the CONTAM model exclusively when 

pretest design analysis, pretest performance prediction, or engine contamina- 

tion analyses is the primary objective.    Use the PMPM model exclusively when 

the engine has already been designed, fabricated, and tested and it is not 

intended to further optimize engine performance by design modification.    The 

PMPM model  is more economical  if experimental data is already available and 

the primary objective is to correlate the test data or to extrapolate it to 

future duty cycles within the range of existing experimental parametric limits. 

Table 6.5-5 summarizes the ALRC analysis experience in 

terms of initial model setup time, and subsequent typical UNIVAC 1108 computer 

run times to be expected in using the PMPM and CONTAM models.    As shown, boih 

models require extensive input data.    Comparable total set up times on the 
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TABLE 6.5-5 

APPROXIMATE COST SUMMARY OF COMPUTER ANALYSIS 

Time 
Unit PMPM CONTAM 

MODEL SETUP TIME: 

First Case - Manpower 

N204/MMH hr 40 - 60 *0 - 60 

Other Propellant Combinations hr 80 - 100 80 - ion 

COMPUTER RUN TIMES** (per case): 

CONTAM sec - 120 - 180 

PMPM 

LISP sec 15 - 

PMSTC sec 45 - 

PULSEVwittout BOIL sec 10 - 

PULSE+/With BOIL sec 40 - 80 - 

DCYCLE sec 8 - 

*Es t i ma ted Setup Time 
**0n UNIVAC 1108 
+Without ignition subroutine IGN 
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6.5.3, Comparative Model Evaluation (cont.) 

order of 1 to 1-1/2 man weeks should be anticipated for each model usinq the 

NpO./MMH propellant combination. For other propellant combinations approxi- 

mately one extra man week should be allowed for to generate and input the 

required propellant properties data. 

If engine contamination is an important consideration 

PMPM in its present state is not capable of evaluating this parameter. This 

is due to its neglect of the wall fil i vaporization mechanism. It is 

expected, however, with very little modification that both the engine axis 

droplet contaminants and wall film contaminants can be modeled into the 

nCYCLE subroutine with little effort. With this modification, various duty 

cycles with variable EPW's and coast times can be evaluated to predict their 

.influence upon engine contaminants. This can be input by specification of 

contaminants as a function of EPW and wall temperature. This data, however, 

must be derived experimentally from the test data or predicted as an output of 

the CONTAM program. To compute this parameter internally in PMDER or PULSE 

would probably be prohibitive. 

Basically, the primary utility of the PMf-M model is for 

its posttest data correlation capability. Its usefulness as a quantitative 

prediction tool is limited due to the number of empirical coefficients which 

are required which cannot be computed analytically from engine design 

parameters. 

The CONTAM model appears to account for most of the 

important physical processes occurring within the 5 Ibf bipropellant engine. 

However, it seems to over-estimate the persistence of combustion for cold 

chamber walls. With some further model calibration using the 5 Ibf engine 

test data, it should provide an excellent prediction capability. 
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6,5.3, Comparative Model Evaluation (cont.) 

6.5.3.2 Conclusions 

1. A need har been established for both the PMPM and 

CONTAM computer models. 

2. The PMPM model is more economical to operate for 

performing parametric analyses. 

3. The CONTAM model is more physically mechanistic for 

evaluating engine design parameter and operating influences upon pulsing per- 

formance or contamination. 

4. The simplified JANNAF performance methodology is 

adequate to predict 5 Ibf bipropellant engine performance trends and the 

influence of engine design parameters on steady state performance. 

5. Using the JANNAF methodology, accurate performance 

extrapolations were made from sea level (c = 1.7) to vacuum (( = 50) Lest 

conditions. From this, it was inferred that further extrapolation to the 

nominal engine design (. = 100) condition could be accurately made. Lxtra- 

polation from c = 1.7 to i =50 added ^ 60 sec I x  extrapolation from <   -  50 sp 
to .  = 100 adds only 7 sec I. 

6.5.3.3 Reconrtendations 

1. Calibrate the CONTAM flame quenching criterion on 

shutdown with the 5 Ibf test data to accojnt for cold wall  effects. 

2. Review the CONTAM N20./MMII ignition input data. 

Calibrate the input, with experimental 5 Ibf ignition delay test data. 
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6.5.3, Comparative Model Evaluation (cont.) 

3. Add a contamination correlation subroutine to tue 

DCVCLE subprogram of PMPM to evaluate engine contamination resulting fmi 

variable duty cycles. 

4. Add a monopropellant'fuel vaporization option to 

PMDER to account for hydrazine derivative decomposition reactions near the 

injector face plane. 

5. Modify both PMPM and CONTAM to predict transient 

Cr's lower than steady state value by accounting for higher kinetic losses at 

low changer pressure. 

6. Modify CONTAM input to accept more detailed descrip- 

tion of fuel fraction (mixture ratio) influence upon propellant qas proper- 

ties (especially near stoichiometric and at high mixture ratio). 

7. Generate empirical spray coefficients for micro- 

orifice injection elements so future 5 Ibf engines can be accurately charac- 

terized in subprogram LISP of PMPM. 

8. Input steady state kinetic rather than equilibrium 

performance data vs gas mixture ratio.    This includes high 0/F data for NJ). 

rich decomposition reactions. 

9. Modify the 801L shutdown subroutine in subprogram 

PULSE in PMPM.    The present BOIL model does not properly reflect the observed 

energy balance of the Injector and propellants during propellant expulsion in 

cold chamber pulsing. 

10.    Update the IGN ignition subroutine in subprogram 

PULSE in PMPM to enable prediction of hypergolic ignition time delays. 
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6.0, Phase III^- Engine Demonstration (cont.) 

6.6   OPTICAL CONTAMINATION MEASUREMENrS 

Although not required by the contract, an effort was made to 

quantify changes in transparency of a view port located in the side of the 

vacuum test cell, parallel to the exhaust plume as shown in Fiqure 6.6-1. 

6.6.1 MK I Optical Transmission and Measuring Systan Üescription 

The optical system shown in Figure 6.6-2 consisted of .i 

liqht source and two light paths (No. 1 = measuring. No.  2 = reference) to an 

optical detector.    The two inputs to the detector (a photomultiplier) wore 

scanned sequentially at an adjustable rate.   The ratio between the detected 

measuring signal and the reference signal  is a function of the optical trans- 

mission of the measuring path which includes the window downstream of the 

engine exhaust plume.    This ratio was first found for a standard system (e.<)., 

clean lucite window).    Subsequent changes in transmission in the measuring 

path were determined by finding the new ratio between measuring path and 

reference path signals.    Since the photomultiplier has a known sensitivity 

(milliamps output/radiant watt input), absolute transmission could also he 

determined.    At present, however, the system was set up to make relative trans- 

mission measurements.    That is, the end results were expressed in percent 

reduction to window transmission as a function of eng ■ . pulse quantity.    A 

permanent record of the measuring and reference light intensity data was pro- 

vided on the same direct write oscillograph as engine thrust, pressure and 

electrical parameters as shown in Figure 6.6-3. 

6.6.2 Test Conditions 

A series of 50,000 pulses were conducted using Cngine SN '/ 

in the buried configuration.    All tests involved 0.025 sec pulse duration at 

a rate of 4 pulses per sec as follows: 
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6.6.2, Test Conditions (cent.) 

Test No. Pulses Notes 

218 0-600 125 , ^ 1/2 hour period between 

219 601-1200 75 sequences 

220 1201-8513 125 Continuous firing 

221 8514-9114 125 , 2, 1/2 hour coasts in this 

111 9115-9715 75 interval 

220* 9716-48376 125 Continuous firing 
223 48376-48979 125 , 2, 1/2 hour coast in this 
224 49980-50000 75 interval 

♦Continuation of Run 220 

The test cell was held at vacuum conditions of between 

0.4 and 0.5 psia during the full 50,000 pulse duty cycle and no hardware or 

test parameters other than tank pressure were changed. 

In the absence of specific requirements a 4360 A0 No. 2 

filter was arbitrarily selected to provide the reference illumination condi- 

tion. The total impulse delivered during this test was approximately 5000 

IbF-sec and the average specific impulse was 257 sec based on the 50:1 expan- 

sion ratio nozzle employed. 

6.6.3 Results of Optical Contamination Tests 

Figure 6.6.4 shows the intensity of light relative to the 

pretest value. The transmission efficiency over the first 8500 pulses aver- 

ages about 97%. If deposition exists it would appear that an equilibrium 

state is achieved in which the rate of deposit equals the rate of sublimation. 

The transmission appears to be restored to 100% following a 1 hour coast. 

It is possible however tnat this entire 3r deviation is inherent within th(> 

measurement system. 
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6.6.3, Results of Optical Contamination Tests (cont.) 

No significant degradation was noted for approximately 

25,000 pulses.   A 7% shift in efficiency was recorded between 25,000 and 

30,000 pulses.    This was accompanied by a slight change in the fuel tank 

pressure from 205 to 200 psla and a increase in vacuum cell pressure from 

0.4 to 0.5 psia.    No other changes were observed in the operating parameters. 

The transmission efficiency stabilized at k 93% between pulse No.  30,000 and 

48,376.    The efficiency of 'ight transmission returned to the earlier value 

of 97.5X following two half hour coast periods, during which several short 

performance re-evaluation tests were conducted. 

6.6.4   Conclusions and Recommendations 

The conclusions drawn from this evaluation are that there 

was no significant accumulated plume contamination resulting from the ejec- 

tion of wall film for the configuration tested.   Minor changes in light 

transmission efficiency appear to be temporary and of an undefined nature 

duo possibly to experimental  techniques or a process of deposition and 

sublimation. 

Additional experimental work involving multi sensor loca- 

tions, variable duty cycles, mixture ratios, engine efficiencies and light 

frequencies could be useful  in providing a greater understanding of the 

p-jtential contamination mechanism. 

6.7   RELIABILITY 

6.7.1   Structural Analysis Update 

The 3 dimensional finite element, plastic structural analy- 

ses conducted u Phase I (presented in Section 4.3.5) were updated to properly 

account for the final  r'hase III chamber designs and to incorporate the thermal 

data obtained in the Phase III testing.    Each of the 5 thrust chamber struc- 

tural failure modes presented on Page 77 were re-evaluated. 
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6.7.1, Structure! Analysis Update (cont.) 

The data provided in Table 6.7-1 suramarize the effective 

stress, total strain and factor of safety at 6 axial positions. The steady 

state data are based on a 170 psia chamber pressure and maximum temperatures 

which allows an 11% thermal margin for the radiation cooled chamber and 157 

margin for the buried engine. All stresses are noted to fall below the yield 

strength values. 

The data in Table 6.7-2 provide the anticipated life for 

each of the potential structural failure modes. The indicated life includes 

margins for unanticipated over pressure and over temperature operation. Th» 

duration capability of the suicide chamber coating at an over temperature 

condition appears to be the limiting parameter. 

The engine (exclusive of coating and valve) has the cap* 

bility of providing: 

(1) In excess of 10 cold starts 

(2) 14 hours of long duration accumulated burn (equal 

to about 200,000 IbF-sec of impulse) while allow- 

ing for over 10 hot or cold starts during this 

period. Burn durations of 5 sec or less do not 

contribute to the 14 hour limit. 

The coating life based on available exposure to air data 

at 1 ATM suggests a 22 hour capability at 2700oF and 4 hour exposure time .it 

30no0F, These times may be unduly conservative; a postfire metallurgical 

evaluation of the SN-1 chamber reveals that the internal chamber surface 

which was exposed to fuel rich combustion products degraded less than the 

external surface which was exposed to a mixture of air and engine exhaust 

products at 0.5 - 1.0 psia. Additional work to define coating life under 

rocket engine conditions are required. 

The life capabilities of the valve and other components 

are discussed in the following section. 
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TABLE 6.7-2 

STEADY STATE RESULTS 

Station Time 

(0F) 
TW.G. 

(psi) 
aEff 

Stress 

% 
fEff 
Total 
Strain 

ksi ksi 
Ftu 

r:h 
1 RT 

SS 
70 
800 

2780 
16820 

0.012 
0.081 

60 
55 

80 
76 

21.6 
3.3 

2 RT 
SS 

70 
1550 

1810 
4730 

0.008 
0.024 

60 
30 

80 
50 

33.2 
6.3 

3 RT 
SS 

70 
2828 

750 
5460 

0.003 
0.044 

60 
11 

80 
13 2.0 

4 RT 
SS 

70 
2957 

380 
9710 

0.002 
0.088 

60 
10 

80 
11 1.03 

5 RT 
SS 

70 
2898 

220 
9110 

0.001 
0.078 

60 
11 

80 
12 1.2 

6 RT 
SS 

70 
2561 

30 
11610 0.077 

60 
13 

80 
16 1.12 

 BOUNDARY CONDITION 

347 S.S. 
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6.7, Reliability (cont.) 

6.7.2   Failure Mode and Effects 

6.7.2.1    Failure Mode Analyses, Definition of Terms Used 

Failure Mode - Generalized Description of the Manner 
of Failure 

Cause - Detailed Descriptions of the Mechanism by 
which Components could Fail Resulting in a 
Particular Mode 

Classification 

Critical - Failure causing mission abort or safety 
hazard 

Major       - Failure degrading reliability or per- 
formance of the system 

Minor       - Failure having no significant effect on 
reliability or performance 

Symptoms - Information which indicates the Failure 
Occurrence which are Detectable in Flight 

Action - Reaction to Symptoms Required to Maximize 
Mission/Hardware Safety 

Effects - Description of the Manner in which the 
Failure Affects Engine/Flight Hardware 
and Mission 

Prevention - The Design Features and Acceptance Test 
Procedures used to Preclude the Failure 
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6.7.2.2   Failure Node and Control Analysis-Engine 
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6.7, Reliability (cont.) 

6.7.3 Engine Reliability Assessment 

In making an accurate assessment of the reliability of the 

bipropellant engine system (valve/injector/chamber), both active and passive 

time periods were considered. The active mode is critical from the stand- 

point of the large number of operating cycles and the passive mode is cri- 

tical from the standpoint of the long time durations in orbit. 

6.7.3.1 Reliability Mathematical Models 

Overall mission reliability is the product of the active 

and passive reliabilities as follows: 

R(mlssion) = R(active) x R(passlve) 

where the active reliability model is: 

R(actlve) = R(structure) x R(leakage) 

Due to minimal anticipated structural loads during the engine passive mode, 

the structural reliability was estimated to be 1.0. The passive model thus 

reduces to: 

R(passive = R(leakage) 

6.7.3.2 Failure Rates 

The failure rate values used In performing the reli- 

ability calculations are primarily generic in nature, i.e., they are based on 

type of component rather than exact design/application.    In selecting generic 

failure rates, consideration was given to stress analyses and Phase III demon- 

stration testing performed on the actual components. 
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6.7.3, Engine Reliability Assessment (cont.) 

6.7.3.2.1 Stress Analysis 

The combustion chamber stress analysis provided In 

6.6.1 Indicated 10% life limits of 3400 hours for creep and 500,000 cycles for 

fatigue - both far In excess of the 10 hour and 300,000 cycle requirements. 

The Injector was designed for a thermal cycle life in 

ecess of 1,000,000 cycles. 

Phase III testing subjected three different engines to 

300K, bOK and 50K cycles respectively with no failures. The 300K cycle series 

corresponds to the maximum design goal. 

Additional test data was obtained on the Moog bipropel- 

lant valve. This data includes one similar valve cycled 1,000,000 times on 

the Minuteman HI program and additional vendor tests of 27,000 cycles on each 

of 75 valves. These tests, represent 3.425 x 10 cycles without failure. 

The upper 50% confidence limit estimate (binomial) on valve failure rate is 

2 x 10' failures/cycle. 

The data obtained from Phase III testing indicates 

that the overall performance reliability of the engine should approach 1.0 

provided the engine "sees" the proper inputs and no structural degradation of 

injector or chamber occur. For example, data on minimum impulse bit testing 

indicates a three sigma spread of approximately + 0.003 IbF sec compared to 

a goal of + 0.005 IbF sec. This calculation was made on the 6th through 30th 

pulses in a series starting with ambient conditions. As detailed in Figure 

6.4-5 the variability between pulses actually decreases as repeated pulses 

are applied. Similar statements of confidence could be made for the other 

performance parameters. 
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6.7.3, Engine Reliability Assessment (cont.) 

6.7.3.3   Predictions 

Individual component reliability values were computed 

using an exponential reliability model. 

R = e (failure rate x duration) 

where failure rate (FR) Is appropriately modified by environmental and criti- 

cality factors.   The failure rates, factors, durations and resultant reli- 

abilities are shown in Table 6.7-3. 

Two worst-case operational profiles were selected for 

use In the computations.    The results indicate that single-engine reliability 

values are expected to range from 0.994660 fur the "short duration/regulated 

pressure" mission to 0.990334 for the "long duration/blowdown" mission. 

Note that these numbers are limited only by the degree 

of test experience.    If the test experience on the valves, for example, were 

Increased from 3.4 x 10   cycles to 30 x 10   cycles, it is anticipated that a 

0.999 engine system would be achieved. 

6.7.3.4   Redundancy Considerations 

As stated in the failure modes and effects analysis, an 

"engine-out-capability"  is assumed for any system employing these engines. 

Active redundancy requirements for a system R of 0.999 in terms of the calcu- 

lated single-engine R would be as follows: 
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6.7.3, Engine Reliability Assessment (cont.) 

System Rellabnity    
Engine Out Allowance   Short Duration Long DuraFion 

One of Two 0.999971     0.999907 

One of Four 0.999830     0.999447 

One of Six 0.999579     0.998646* 

*Ray be assumed to be equivalent to 0.999 
(within data accuracy) 
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7.0  CONCLUSIONS AND RECOMMENDATIONS 

7.1 CONCLUSIONS 

A large improvement over the characteristics of current monopropel- 

lant and bipropellant engines in the 5-lbF thrust class has been demonstrated. 

This low dribble volume multielement injector bipropellant engine (see Figure 

7.1-1) offers:    (1) unlimited duty cycle capability and practically unlimited 

accumulated and steady state firing life (200 hours) without loss in perfor- 

mance; (2) rapid response, 0.0056 sec from signal to 90% thrust without need 

for thermal conditioning; (3) precise and highly repeatable impulse bits with 

nearly square wave thrust-time characteristics demonstrated to 0.018 IbF-sec 

repeatable within + 3% and capabilities down to % 0.005 IbF-sec; (4) a 

delivered specific impulse of 295 sec where the engine installation allows 

radiation cooling or 283 sec for a fully insulated buried configuration; (5) 

pulse mode specific impulse in excess of 240 sec at bit impulsf  values down to 

0.05 sec and (6) very low plume contamination. 

7.2 RECOMMENDATIONS 

The technology demonstrated under this contract suggests several 

avenues for further development and test evaluation which should lead to low 

thrust bipropellant engines for Air Force RCS applications which have improved 

performance, life and operational flexibility. 

Engine Durability Evaluation 

The ultimate limitations of the 5-lbF thrust engine design developed 

and the materials utilized therein could be established in d fire-to-destruction 

effort.    This would require in the order of 10   pulses and in the order of 200 

hours of accumulated burn time.    The data obtained demonstrating the durability 

of the coated columbium alone would be highly useful  to any of the long lived 

columbium component engines now in development.   The overall durability of the 

5 IbF engine could show the engine to exceed the durability of other spacecraft 
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7.2, Recommendations (cont.) 

components.    This durability evaluation could be a portion of an overall pro- 

gram directed toward flight qualification of the engine. 

Engine Scaling Demonstration 

Data obtained In the course of testing showed the unique character- 
istics of certain 4-eleinent injector designs resulted in the delivery of high 

performance down to the 2 IbF thrust level.    It is anticipated that a 1  IbF 
thrust bipropel1ant engine which has nearly the same level of performance but 
a minimum Impulse bit capability of 0.005 lb-sec could be developed using the 

technology obtained on this program.   Conversely, preliminary design analysis 
shows that the same valve and injector Integration approach can be employed 
on larger engines up to the 25 IbF thrust level.   These larger engines would 

be higher performing than the 5 IbF unit but would be not significantly 
heavier. 

Propel!ant Change Over 

Conversation with spacecraft primes indicates that the adaption of 

this engine design to a NJJ./O- propellant system would allow bipropellant 

engines In the 1.0 to 25.0 IbF range to be operated with very small  (0.1 to 
0.5 IbF) monopropellant engines which are fed from a comnon fuel system.    The 

commonality of the fuel leads to improved spacecraft propellant utilization 

and system weight savings and simplification. 

Improved Engine Thermal isolation 

The engine design developed cannot be divorced from the spacecraft 

heat balance. Depending upon installation and duty cycle, there can be a heat 

flow of 10 to 75 watts to the spacecraft. This could be substantially reduced 
or eliminated through an Improvement in the chamber to valve interface design. 

A major advantage would result from the use of a more thermally resistive 
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7.?, RecoRmendatlons (cont.) 

i 

material, I.e.. titanium, for the chamber forward end. The compatibility of        j 

titanium and combustion products was proved on this program. The durability 
and life cycle capability of titanium to columblum Joins remains to be 
demonstrated. 

i 
i. 

Modular Propulsion System Design 

The five pound thrust bipropellant engines developed could be 

sensitive to certain feed system configurations which effect transitory flow j 

conditions during the start up process.   This can be evaluated by the opera- 

tion of an array of engines which are fed from a common feed system.    The 

engine feed system module demonstrated could be palletized for application 

to various spacecraft and designed with the potential for flight evaluation. 
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