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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, long lived,
fast response five-pound-thrust bipropellant engine capability for attitude
control functions typical of future Air Force requirements. Specifically, 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 1b-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 120°F,
be suitable for pressure regulated or blowdown pressurization systems and have
unlimited duty cycle capability operating in a fully insulated (adiahbatic 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.
Larly full scale thruster firings disclosed that the 300 sec s*teady state and
240 sec specific impulse goals were achieveable using a 100:1 expansion noz:le.
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 silicide coated columbium thrust chambers with
multi element transverse platelet injectors which were integral with a torque




Summary (cont.)

motor actuated bipropellant valve, and provided a dribble volume of ~ 0.0003
in.3 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 1b impulse bits were + 2.4%. In continuous pulsing steady state
performance varied with installation and blowdown capability as follows:

Steady State

Task 111 Blowdown I (e = 100:1)
_Engine Installation Range ‘sp ¢ :
I Radiation Cooled Regulator 300
I ~ Adiabatic Wall 2:1 290
IT1 Adiabatic Wall 2.5:1 283

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, bipropellant 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, qood pulse repeatability and virtually unlimited duty cycle capa-
bility to proceed from an experimentally verifiec technical base.

iv
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PREFACE

This report covers the work performed under Contract FO4611-73-C-0061,
“Five-Pound Bipropellant Engine", performed by the Aerojet Liquid Rocket
Company at Sacramento, California, and conducted under Air Force Project 3058;
Task 11. The peiformance 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. 1. 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. Rog:rs, 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 payload 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 enjoyrd 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 and there are indi-
cations that the requirements may soon exceed monopropellant system capabili-
ties. Future military space missions, such as space defense and reconnais-
sance, are likely to have requirerents in excecs of those of the commercial
systems, itemized in Table 1.1-1, which typically illustrates these new
demands .

~ar:
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1.1, Background (cont.)

TABLE 1.1-1
COMMUNICATION SATELLITE THRUSTER REQUIREMENTS

INTELSAT Advanced Advanced

Parameter SYNCOM ATS-4 IV A Spinner 3-axis
Start Quantity 100 50 700 4,000 40,000
Total Impulse, 1b-sec 6,000 10,000 72,000 75,000 75,000
Predictability % + 40 + 30 + 20 +15 +15
(Total Error)
Life in Orbit, Years 1 3 7 10 10
Propellant System H202 N2H4 N2H4 TBD T8D

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 5-1bF 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.

A bipropellant system is a logical advance in technology and
eliminates the problems associated with catalyst beds and monopropellant
systems. Storable bipropellants, such as N204/MMH, have long been employed
in larger engines (greater than 25-1bF), 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) M. €. Ellion, D. P. Frizell and R. A. Meese, "Hydrazine Thrusters -
Present Limitations and Possible Solutions AIAA 73-1265 Las Vegas
November 1973.
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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 performarce 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 spacacraft control
system without fear of catalyst bed contamnation 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;

e i e
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1.1, Background (cont.)

Inadequate nozzle cooling and unacceptable heat 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-
pellant droplets due to incompiete combustion.

1.2 0BJECTIVE

The objective of this program wias to develop and crmonstrate the
technology required to provide a high performance, long lived, fast response
five-pound-thrust bipropellant engine capability for futurs Air Force require-
ments. The propellants employed in the demnnstration were ritr .Jen tetroxide
(N204) and monomethylhydrazine (MMH).

Table 1.2-1 indicates the design goais establisnhed for this pro-
gram. Most noteworthy is the 30C sec steady state and 24C sec specific
impulse at impulse bits of 0.05 ib-sec, the 3:1 tank pressuie ratio for a
blow-down system, the ) to 1?0°F range of cropellant supply tewperatures,
ard the general life and reliability requirement.. A need for buried engine
operating capabilities (adiabatic wall) and a limitation an the engine-space
craft thermal coupling ware ddec > these ~nals “oliowins an rsiluation of

mi.,ion requirements dut ing the Frase |
1 3 TECHNTCAL EFFORT ORGANIZATION

The progian. Suidvtur.a for thi: techns!ogy devele,swent and demon-
s ation consisted of Lhree phates: Mhdse - ilpgquiremeat. Defiaition and
Engine Design Analysi<; Phase TT - Decign and Verifica: .o~ "eating; and Phase
[T] - Deronc*ratinn Teet = The <cope of  1ch phase we o o llows,
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Parameter

Maximum Vacuum Thrust, 1bf
Chamber Pressure, psia
Feed System Pressure, psia

Expansion Ratio
Minimum Isp (at max thrust), sec

Steady State
Pulsing
Minimum Impulse Bit, 1bf-sec

Total Impulse Delivery Capability
1bf-sec

Number of Ambient Starts
Total Number of Restarts
Total Firing Life
Total Mission Life
Valve Response, ms
Signal to full open
Signal to full close
Valve Leakage, scc/hr
GN2 at AP = Feed System Pressure
Propellants
Oxidizer
Fuel
Mixture Ratio
Propellant Inlet Temperature, °F
Storage Life Goal, yr
Flightweight TCA Reliability Goal
Flightweight TCA Maintainability
Goal

TABLE 1.2-1

Short
Duration
Blowdown

5+ 0.25
TBD + 5%
00 - 100

TBD

300
240

0.05 + 0.005
30,000

100
175,000
2 hr

30 days

<5
<5

<2.5

BIPROPELLANT ENGINE DESIGN GOALS

Short
Duration

Regulated
5+0.25
TBD + 5%
500

T80

300

240

0.05 + 0.005
30,000

100
175,000
2 hr

5 days

<5
<5

<2.5

Long
Duration
Blowdown

5+0.25
TBD + 5%

Blowdown
Range TBD

TBD

300
240

0.05 + 0.005
100,000

1,000
300,000
10 hr
7yr

<5
<5

<2.5

Nitrogen Tetroxide (Mon-1) (99% N0, - 0.8% NO)
Monomethylhydrazine (N2H3 CH3)

1.6 + 0.048
20 to 120
10

0.999

Zero Maintenance Over Storage Life

1.6 + 0.048
20 to 120
10

0.999

1.6 + 0.048
20 to 120
10

0.999

Long
Duration

Regqulated
54+ 0.25
TBD + 5%
T8D

TBD

300

240

0.05 + 0.005
100,000

1,000
300,000
10 hr
7yr

<5
<5

<2.5

1.6 + 0.048
20 to 120
10

0.999




1.3, Technical Effort Organization (cont.)

Phase i conducted studies and trade-off analyses of general
mission/system requirements versus engine parametsrs. lypical 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 I1 developed point designs against the selectied mission
requirements based upon the relationships established in Phase 1. Design
verification testing using the N204/MMH propellant combination was conducted
to provide supportive data. Five injector designs and several thermal manage-
ment systems were evaluated. The hest of these approaches became the basis
for the design of the demonstration engines.

Phase III consisted of finalizing the selected enuine designs and
thr fabrication and demonstration testing af thren engtaer ave- three selected
simulated mission duty cycles. Thece duty cycies provided firvng durations
and quantities of restarts comparable to th: goals descii.at in Table 1.2-1.
Tosting was accomplished under simclated o Viude conditicns w:th 50:1 area
ratio nozzles. Posttest activit.es included data and ana ytic riodel evalua-
tion, a failure mode and effects analy<is and a reliability anaiyses.

An additional tzsk wis added o Phase iI1 in £pril 1974, This
called for a comparative ev2luation of the oulse prrformanc2 farecasting
cnabilities of the CnﬂTAM(Z) an DMPM(z) cnatyt e models  These predictions
wore then compared with ac-ual prie onde rire 123t data =3 asvess the accu-

riey cf the forecasted . 1lues
© 2 AFPORT ARGANIZATION

Tha subiec. ceporl Codaises uf tarse parts.  fn3 tiest, titled
Trtroda tios provide; a hacgrauad "o the 5 ogzam ~aportes heeain as well as
a Jdascripticn of the prawrm's obiectiyes and ity atrucr: 2. 215 is followed
[N I £ VI E T R L P Time (optan T s on " iTacte Predic-
tion, The CONTAM Comroder Pre~vam Ver-Son Ji, AFRPU %7580, Rugust 1973.
(RSl B TR T ue Mo Pees ey eyt ' onal Report,
AYR L. by R T e -

-3
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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 <ection, 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.
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SECTION II
EXPERIMENTAL RESULTS AND DISCUSSIONS

2.0 PROGRAM ACCOMPL I SHMENTS

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 was 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 200°F 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-choled 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 demonstrated 5 1bf
thrust bipropellant engines showed no change 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 continucus burn on a second and 50,000
pulses on the third. The adiabatic wall engine, operates in a fully insulated
installation and appears to have the broade«t applicaticn. Data obtained from
this engine at duty cycles from 0.3% to 100" on-time, ind:iate that it has no
thermally 1imiting operating conditions. Structurai analy.3is involving
fatigue and creep forecast a useful continuous firing life of 3400 hours with
a capability for 50,000 cold starts and morc than a million restarts (pulses)
with a design margin of 10.

The higher performing radiation-cooled enqgine design has an
unlimited capability for duty cycles from (.3% to 50” on-time and Timited



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
120°F propellant 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 fi11, 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 1bF-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 1b-
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 1bF-sec simply by reducing the electrical pulse width to
0.005 sec. :

2.2 IMPROVED CAPABILITIES IN PULSING PERFORMANCE ANALYSES

Analyscs were conducted using the CONTAM computer model devel-
oped by MDAC-West and AFRPL and pulse mode performance model (PMPM) which

10




TABLE 2.1-1
TYPICAL ENGINE RESPONSE CHARACTERISTICS

Propellant Supply Condition
Tank Pressure, psia 300-185 T00-150

Propellant Temp, °F 22 118 22 18

Start Signal to 90% Pc sec 0.0051 0.0050 0.0061 0.0062
Stop Signal to 10% Pc sec 0.0055 0.6052 €.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 %0.0005 %0.0005 ¥0.0005 %0.0005
Valve Travel Close sec %0.0005 %0.0005 *0.0005 %0.0005

PC Necay 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 EXMAUST
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 (cont.)

The vacuum test facility in which the Phase III 1ife 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 grac-
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
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3.0 FLIGHT ENGINE DESIGNS

Two of the four engines described in Table 1.2-1 titled "Enqgine Design
Goals", are eliminated if engine 1ife is not a consideration. Since the data
obtained on this program shows that there 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
requlated feed system and provide any desired duty cycle rarging from very
short repeatable impulse bits to several hours of continuous firing. The
other, which operates only with a regulated feed systéﬁ 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 injectcr 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
Tight of the Engine Design Goals and two versions of a single engine design
formulated to meet these requirements. This basic engine utilizes a silicide
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 200°F.

The following chart which summarizes the design characteristics of
each identifies the detail design differences.

14



3.0, Flight Engine Designs (cont.)

Thrust class, 1b
Propellant
Mixture Ratio
Installation

Injector Type

Valve

Residual Propellant Volume
Chamber

Nozzle Area Ratio
Isp’ Steady State, sec
Skin Temperature
Propellant Feed System

Weight, 1b

MODEL DESIGNATIUN

AJ 10-181-1
5.0

N20 4/ MMH
1.60

Buried, cold back wall
required, envelope
volume Timited

4-element with Tow MR
at periphery

Torque motor actuated
bipropellant valve
with integrated
injector

0.0006 in.>

Vac Hyd 101 coated
FS-85 columbium

100

283
200°F
Blowdown

1.3

AJ 10-181-2
5.0

N0, /MMH
1.60

Free to radiate, not
volume limited

6-element uniform MR

Torque motor actuated
bipropellant valve
with integrated
injector

0.0006 in.

Vac Hyd 101 coated
FS-95 coiumbium

150

298
2150°F
Requlated
12

3

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

tabulation of its full thrust and minimum thrust noerating craracteristics.

Its blowdown feed system operation is summarized it Figure- 5.0-/ and 3.0-3

which present performance (Isp) and Lhrust ¢, a functior of tank pressure for

steady-state and pulse winde operaiion, respe-tively.

Figure 3.0-4 illustrates the AJ 10-181-2 engine ard provides a tabula-

tion of its operating characteristics.
with a blowdown feed system, thic tnit can

Altroaugh no! infcoo - {20 operation
afely urerate ot cediced thrust.

Figures 3.0-5 and 3.0-o present steady stat: and pulse mcie purfurmance and

15
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PRESSURE PORT

Operating Characteristics

Full Thrust
Thrust, 1bf 4.5
Chamber Pressure, psia 150
Feed Pressure, psia 300
Is Steady State, sec 283*
lsp for 0.050 1b-sec Impulse Bit 228
Min. Impulse Bit, lb-sec 0.025
Min. EPW, sec 0.005
Valve Response Time to Full Open, sec 0.003
Valve Response Time to Full Shut, sec 0.003
Sec to 90% of P, 0.005
Propellant N204/m1
Mixture Ratio 1.6
Engine Weight, 1b 1.3

"Ae/At = 100; Add 2.5 sec for Ae/At = 150

Figure 3.0-1. AJ10-181-1 Engine
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Dyna Quartz
Insulation for
Engine Buried

Min. Thrust

2.2
75
125
255¢
200
0.012
0.005
0.003
0.003
0.006
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IR T

8.25 in.

2.6 —-L,, Plane of Thrust Mount

6.95

Operating Characteristics AJ10-181-2

Thrust

Chamber Pressure
Feed pressure
Isp Steady State

Isp for 3.050 1b sec Impulse Bit

Min. Impulse Bit at Pc = 120

Minimum E£DW

Valve Response Time tc Full Gpen, sec
Valve Response Time to Shut, Sec

Time to 90% of Pc' sec

Propellant

Mixcure Ratio

Engine weight

4.2

345
298

245

{15011)

0.02
0.00%
0.003
0.103
0.005
NZOC/ L]
1.6

i.7

Firure 3.0-4, ANN-1£1-2 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 (Pc = 132,
feed pressure = 400) in excess of its design value. This results in a steady
state ISp of over 300 sec (reference Figure 3.0-5) although the percentage
duty cycle is limited to less than 50% with single burns not exceeding
30 seconds in duration. This performance improvement-duty cycle curtail-
ment requires that the ¢ .:ine 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 N2H4 in place of the MM fuel as
well as performance increases.

22
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4.0 PHASE I ANALYSIS

The purpose of the program's initial phase .« : tc insure that the engine
configuration selected for development was in consonance with the requirements
of potential users. The earliest program tasks were thernfore to (a) define
applications and mission requirements, (b) identify the capabilities of anti-
cipated engine designs, and (c) conduct a system-missior-engine interaction
analysis to define those technology areas which required further development.

4.1 MISSION REQUIREMENTS DEFINITION

Mission requirements data was compiled u<ing available litera-

(4 through 10) and through consultation with industry, NASA and Air Force

personnel. These data were compiled into the summaries shown 1n Figure 4.1-1.

tare

The first two categories, Communication and Navigation, and Surveillance and
Reconnaissance, represent the major quantity of spacecraft and launchings.

Tt was found that reguiremcrts for necific ~dciicie witnin @ach category,
and in some instances, the approach of diffe-ant «nr->craft nrimes to the
came mission were unlike, Thus it was not pocs:vic to dofine a singular set
of requirements for ¢ fiv pound theast erour . TRy resuited t; Lhe genera-
tion of the following requivaments “ov , art ar- ° oangira,

VR0, sl vl fppn, kS, e oW ot Syt T
Satellrce Provdaron Susrem Saatya s Te ot nicon] Cengrt SERREL
TR-71-1G3, fatac > ptovber 167,

G . Nanz o D B e A kB oL e i 0 e

synchremous Satellites, ferasna n foavoa wolepurt TP TR
{5310} «, dates 15wy, €70
T} L. R, Heleomb Keeetdes Ay T s . 8 Te-ontaues,
NASA-JP Tochnjcal qvmne = 320 46 o +on Mo rmbor
JoLaunch vehacie tstitating rac. o s, N0 "B 11u) o JaPe sy 1y /)
Lditior

J K
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4.1, Mission Requirements Definition (cont.)

Life - up to 10 years

Operating Altitude - Vacuum

Tank Pressure - 400 to 80 psia

Pressurization - blowdown or regulated

Propellant Temperature - 20 to 120°F

Propellant tank Temperature differential - un to 100°F
Pulse Quantity - up to 500,000

Allowable Heat Flow to the Spacecraft - 20 to 60 watts
Plume Contamination - minimum

Engine Installation - Buried or exposed
Performance Steady State - maximum (e.n., 1
Performance Pulsing - Maximum

Minimum Impulse Bit - 0 050 1b-sec or less
Start up Response Time - <0.010 sec
Shutdown Response - <0 310 sec

Pulsing Duty Cycle - unlimited

Single burn duration - up to 2 hours

= 3
5 00 sec)

o
>

The achievement of a 0.010 IbF-cec imnul-a bhit way™4 allow « £ *h” engine to
a1<0 assume the function of 1/2 1t thw * Cl s engines o some applications.
The engine narimetor study descrite? an the <llsiiag sectice diszlosed that
*ae engine cocling, spacocraft heat flow ing arecs rizaticon re~yi ements in
conjunction with the 300 ser Isp sevformaace  3al sre ton trasd o be met with
. single encire confiquration, Therefare, d.--ail “1fferenc in 2 single
hasic desigr ware expected ir allow periormar-e, 4.ty cy.ie, »a11 temperature
ard heat in-ut te the <naze =raft tc be t-ad |

4.2 ENGINE PARAMETER STUDY

The ..ope nf ghe ongin - darameta ‘tud, .5 saama-i.~d {n Figure
4 1-2. The mission recurrements ctudv 'efin ' va-amates- 2o tseis range are

shown in the twe colume s "o te Tlgure’ Tef7 0 Tuve arges | gecatest
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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-) the steady state
portion of the parametric anmalyses 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 3000°F radiation cooled nozzle wall tempera-
ture. Improvement to a 98% ERE; 2% loss dur to combined vaporization and
uncontrolled MRD in conjunction with a 2% ccntrolied MRD loss in the form of
a fuel rich barrier could lead to 2230°F radiation cooled chamber wall tem-
peratures and 2800°F adiabatic wall temperatures at the same 300 sec specific
impulse level.

(2) The minimum number of doublet type injertion elements
required to attain the 300 sec steady state specific impulse was 2. A two
olement injector would however require a 4 inch chamber Terqth which is
unreasonably long for a 5 1b thrust engine. The two element injector would
not be expected tc provide the uniform axis mmetric gas tlow T1eld for good
chamber compatibility and long life, Four clements were set as a minimum
design value based on attaining uniform chamber wall temperature.
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4.2.1, Injector Design (cont.)

(3) The maximum number of injection elements based on a
0.008 inch minimum orifice diameter was 6. Six elements could provide the
300 sec Isp in a 2 in. chamber.

(4) A slight performance advantage for small contraction
ratios was shown in the vaporization analyses. The CONTAM program showed no
influence of contraction ratio on the pulse mode 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 CONTAM 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 Il testing (reference Section 5.3) is displayed. These
data obtained with injectors having manifold volumes of apprc. imately 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, summarized
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 25% longer

30
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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° hali 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 1bF 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 20°F). 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 Pc was increased by reducing the throat diameter and maintaining
a fixed chamber OD 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 Il test data identified a need for such a liner.

34



94njeuddwa] d{ZZON PaL00) uoLIeLpey wnuiXey “9°2°p dunbiy

YISd ‘dd
002 oSl oot 0s
3018100 301S1n0
A
NOILNT0S JIYLIWWASIXY.Q-¢
JAISNI .
] NOILN1OS WIGWY G = [|——
ua\nu 1

81 v b=4
3gIsLno
viva 1S3t

d3Iyyve ON
08°0 © 9NILYOD
343 %46

00i2

0082

G062

00:3¢

do * dWIL TIVM



[P T T E— - = e ~- - B b . B S S S S S, e

bui|00) uoLjeLpey ul 3unjetadwd] JR04Y] 3|ZZON /2"t 94nbij

NI '3 "SSINNJIHL MVM

€0 20 1°0

.
|

4,0000 = WAL ¥31¥YVE * »

4,009 = ‘1 ¥31¥¥VE ON
4, ,'NI 93§

2 1~
nig 90000 by

oML 0000 My

VISd &1 = NI 12170

%001 = o *,E...;,f
Ty,

£ "JNLVEIdWAL TIVM

36

s e X .,\umm.«__



S3[ 13044 34njesadwd) 3|ZZON 33e3S Apea3s pue judtsued] g Z 'y a4nbiry

SIHINI "3IINVLSIOA TWIXY
02 01

-
-
<40
™

—

+—

005

dads § T

Viva 1531 @ S

hhxhw mew
4s

— -

14145

| — gt fe A £e

4o " JYNLVYIINIL



B

ey

4.2.2, Thrust Chamber Design (cont.)

Examination of candidate chamber materials resulted in the
jdentification 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
2800°F. Figure 4.2-12 presents temperature versus estimated time to failure
for silicide coatings as well as the Phase 3 test results. A1l 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 2800°F. 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 2800°F. The same
injector operated in a radiation cooled chamber would provide a 2200°F 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 1b
bipropellant engine. Manufacturers whose product appeared applicable
included Hydraulic Research, Marquardt, Moog, Parker Aircraft and Wright
Components. Available products included individual monopropellant and 1inked
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 1b 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 T™M Biprop Soft 1.0 Flight qual
0.005 TM S-Mono Soft 0.4 Unknown
Parker Aircraft 0.005 S-Mono 0.4 Unknown

Wright Components Detailed data unavailable
A1l valves are of the spring loaded normally closed type.

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 1bF-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: 1i.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 106 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 linked-
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 CTONTAM Analysis

CONTAM is a comprehensive computer model of rocket engine
operation which has been developed on AFRPL Contracts F04611-70-C-0076 and
F04611-72-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 1bf 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, inQersely 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 pressurization 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 N204 vapor pressure. This is aggrevated at
elevated N204 temperatures.

Feed line venturis aid steady state MR control but aggre-
vate oridizer 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 1b-sec impulse). Beyond 300 ms, the engine operates in a steady
state fashion.

The anticipated injector manifold volumes (0.0003 in.3
each) resulted in a predicted 260 sec specific impulse for a single cold start
0.050 1b 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 Pc and MR which
in turn affect thrust, wall temperature, transient operation and plume con-
taminate generation.

The following were examined to determine 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 oxidizer vapor pressure results
in the establishment of a temperature limit to insure the high oxidizer 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 N204 freezing temperature (12°F).

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

this is a function of operating pressure. Although an oxidizer 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-tzmperature history of each
component forecasted as shown in Figure 4 3-3. The injector and valve of the
initial engine design are predicted to reach 250°F which is sufficient 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 injector-valve tem-
perature to a maximum of 150°F with a total heat flow thraugh the engine
mount of 6.4 watts. 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 300°F and there is a 6.8 watt heat load through the
engine mount. The attainment of a 140°F injector temperature 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 120°F propellant and an

assumed 20°F design margin for heat soak.

The allowable valve soak temperature increases with PC;
it is 140°F at 75 psia and 190°F at 200 psia.
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4.3.1, Propellant and Engine Temperature Effects (cont.)

A thermal shunt around the valve is recommended to pre-
vent H204 vapor lock due to soak out after a long burn. The regenerative
cooling capacity of the propellants at 70°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 Tlocking radiation cooled engine can be
designed to 1imit 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 Propellant Tank Temperature and Pressure Effects

The trermal 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 100°F 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 1ittle 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 steichio-
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 equipment.

The effect of local propellant line temperature (nominal
tank conditions) on the operation of an engine with cavitating venturis 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 system 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 @ minimum thrust
of 2.2 1bF at the minimum feed prescure. The nan-venturi system has the same
minimum thrust.

4.3.3 Engine Feed System Limitations

Preliminary analysis <howed the engine to be capable of
accepting considerable PC variation. Fyces-ively large MW shift. in the fuel
rich direction were expected to be adverse wrth regard to iynition delays,
but not likely to cau<e damage. Tre high MR was forecasted 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 t> pulsing only at the
high MR, (2) to reduce chamber length to preclude all the barrier coolant
from having time to react with the core (this results in 4 performance decre-
ment at nominal condi**nncY, and /) to design the olowdowr system to limit
the oxidizer temperature or mrra closely ma*zh fuel and oxidizer tank tem-
peratures, or (4) add cav:ialing venturis iy reduce the MR shift. 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 Pc and ¢ 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 requlated and Llowdown systems using a single
spherical tank for each propellant. These studies indicated that the lowest
weight 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 PC and injector AP constraints indicate
that the bipropellant engine's operatina pressure range (Pc = 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
spacc 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 their propeilant system weight studies usually optimize
with a tank pressure of about 300 psia. This is compatible with a chamber
pressure ranging from 75 to 175 psia.

4.3.5 Engine Thermal Enviromment

Sysieit review indicates that there are two possible engine
installations. Une allows the unit to radiate using locai radiation shields
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4.3.5, Engine Thermal Enviromment (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 shows the
possible engine thermal shield configurations. The radiation cooled and
shielded designs provide the highest performarce 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

Y seconds. An unlimited duration capability in a buried design can be
obtained through use of barrier cooling with an attendant performance decre-
ment. Figure 4.2-13 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
additional fuel to the barrier. Ideally, a 4 in. long (L') radiation/barrier
cooled chamber having a 300 sec steady state vacuum Isp with a 100:1 nozzle
will operate with a maximum temperature of 2250°F. The same design would
operate at 2900°F in a buried installation.

Parametric analyses were conducted to determine the optimum
wall thickness contour for radiation cooled chambers. It was found that
thickening the wall in the throat region reducod the maximum wall temperature.
This is due to the external surface available for radiation increasing more
rapidly 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 the throat diameter while maintaining a +ixed outside diam-
eter resulted in the bFigher throat heat flux being offset by the higher ratio
of coolec¢ 1o heated surfaces ,o tnat litile increase in wall temperatures at
higher chamber pressures i~ jred.cted. The addition of darrier cooling
depresses the maximum wall temperatures of radiation cooled nozzles about the

same for all combustion pressures.
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4.3.5. Engine Thermal Enviromment (cont.)

Transient and steady :tate 2-dimensional axisymmetric
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 the protective fuel barrier fully consumed in the combustion
process prior to reaching the throat. The convective boundary conditians
were based on available Aerojet data and the methed of Reference 11. Analyses
were conducted for chamber pressures of 125 and 200 psia. These and other
computer data, suggested the following structural tailure 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 te: oerature.

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

(4) Pressure cycling of the chamber wall at maximum
temperature ot 127 and 200 psia.

(5) Ignition spike capabilities.

A structural analyses was corducted using a finite element
plastic flow computer model. The mode! outputs effective stresses and result-
ing «trains from combined pressure and thermally induced loads. Life was
estimeted by comparing actual stress or strains to the allowables for the
material at temperatures as shown in Figure 4.3-14.

The structural analyses showed all stress to be below the
0.,/ yield value. The ¢gv = ~-*% *v aipnt <lress occurred on cold start in
the throat region, 0.5 ser =~ * + firin;. T nozzle cy-le capability for
cold start< was predicted to Ye in the order of !06-107 and the ignition spike
capability in the order of 4000 psia. The structurally imposed limits of oper-

ation were in Regionc 2 ana ! of Tigure 4.3-14. These da’a indicate the most
(11) "choenman. L., " @ ack. iaminar Boundary Laver teat lransfer in iow

Thrust Rocket Nozzlen u. ot Spacecratt and Rockets, September 196R.
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4.3.5, Engine Thermal Enviromment (cont.)

likely failure modes to be: creep under steady state firing conditions (3400
hours to rupture at 3000°F) and pressure cycling at high temperature (500,000
cycles with a safety factor of 10).

It was concluded that thrust chamber 1ife was limited not
by the structure, but by the previously discussed protective coating for the
oxidation sensitive columbium and the ability of the injector te provide a
compatible chemical environment along the chamber wall.

79



S
TR

T TR e T

[

SRR UL by

5.0 PHASE II - DESIGN AND VERIFICATION TESTING

The design conditions and criteria for the Phase Il verification test

hardware were based on the Phase I analyses which provided the following

engine <pecifications:

Valve response

Operating pressure at 5 1b Thrust (Pc)
Valve working pressure

Minimum PC and thrust for 3:1 tank blowdown
Minimum injector AP/Pc

Nunber of elements for 300 sec IS

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 1bF
0.33
4tob

2-4 inches
0.0007 in.
2800°F

3

20 - 60 watts

Phase Il thus consisted of (1) detailed analyses and the development
ot design configurations which would satisfy the above requirements, (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 generaticn of designs for

Phase IIl 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 coitld be integrated with the selected valve to provide the 0.0007 in.
residual volume and (3) design and fabrication of thrust chambers which would

3

allow data on chamber length ard thermal characteristics to be obtainud for

radiation ccoled and buried (adiabatic wall) designs.

* o TR TR



5.1, Engine Design and Fabrication {cont.)
5.1.1 Valve
5.1.1.1 Selection

The development status of valves suitable for 5 1b
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 ¢ 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 fo
which of the two compared factors is more important. This paired comparison
matrix, shown in Figure 5.1-7, 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 5 scale for each factor with the highest
rating being 5. The ratings were then multiplied by the weighting factors to
ohtain 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-
Tar type vaives and Figure 5.1-4 summarizes the expected operating character-
istics of the selected valve and actual data for the valves test-fired in
Phases 11 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 cruss section on Figure 5.1-5
and cutaway-projection in Figure 5.1-6, is a torque motor operated, mechani-
cally tinked, 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 1lifts 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 35u absolute filters to remove contaminents from
the flowing fluid. Sealing of the outlets is achieved by use of redundant,
teflon coa.ed, 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 injector. The manifold incorporates
the following interface features:

Two positioning dowels ara used to properly locate
the valve seats relative to the shutoff s..:s.

A recess ic located on the downstream side of the
manifold plate to accept an injector and allow
brazing of the injector to the manifold.

A positioning hole, which also serves as a PC tap,
is 4sed t~ 1s-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 vehicle.
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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

Figure 5.1-5,

14. Inlet and filter assy.
15. Gasket

16. Seal plate

17 & 18. Seal, metallic
21. Pin, flapper stop

25. Button, flapper

Cross-Section Basic Valve
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! fuel oxid i
/ injector position
10 f .<>3()(>335§%€§% ~
2 DLACES m 2 PLACES . I\

thruster mounting hole (2)
valve mounting hole (4)

K-—chamber mounting hole (4)

~————— additional valve mounting
hule {blind) incorpuraled

designs

|

<$) in Phase 11!
b

Manifold plate
Seat nozzles
Position pin

“— Pc pressure port

Nozzle & Feed Orifice Dia _)]
gencration F G i

Tst 0.025/0.027

2nd 0.025/0.027
3rd 0.020/0.021

0.032/0.03.
0.028/0.032
0.026/0.027

Valve Manifold Volumes n.3

Ist 0.000142 0.0002175

2nd N.000142 0.n001e37 !

3rd ¢.0000888 0.0001486 i
Figure 5.1-7. Valve Manifold
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5.1.1, Valve (cont.)

An access port for thermocouple Teads allows
monitoring the injector face temperature.

Four tapped nules are used to mount the manifold
to the valve er- previde 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 accomplished by
Moog and ALRC. Two methods of injector-manifold joining were evaluated. One
honded the injector prior to final machining of the valve inter{:ce surfarr,
the ‘astallation of positioning pins and the installation and electror heam
welang of seats. The second bonded the injector into a completely finishad
“nd checked out valve assembly. This latter assembly method was preferred
because it avoided shipment of components and the possibility of particulate:
contaminating the 1njector during final machining. BRoth techniques were

proven satisfactory.

A total of 3 valves, and 8 valve manifolds were utilized
on the program. Three 3rd generation, lower volume manifolds (Figure 5.1-7}
were obtained for Phase II1. The Phase 1l desian provided one additicra?
mounting hole in the manifold and valve body as snown in Figure 5.1-7.
Phase 11 and TII values were alike except for the manifold differences.

5.1.2 Injector

5.1.2.1 Design

Injec.or designs which utilized both conventionally
nachined and photoetched crifices and manifolds were evaluated. It wac foonod
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5.1.2, Injector (cont.)

that 0.0003 in.3 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, coulu only be realized using the
phctoetch fabricativn pirocess. 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 4 and 6

Element Type 90° doublets
splash plates
triplets
shower type

mixed elements

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

Manifold Axisymetric - radial out flow
Direct path

The initial injector design analysis estzblished param-
etric relationships between the number of elements, the passage and orifice
w1205 and manifolding configuration and volume. Selected designs were then
tabricated and cold flowed to determine the resulting element to element flow
distribution and spray patterns. This was 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.
A1) Phase IIT injection designs were given a . designation.

51.2.7. ¢+ Floament Selesticr

The .f.auration (o fice sizes, impingement lengths
and anqles, etc.) of splasi plate and doublet elements shown schematically in

&
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5.1.2, Injector (cont.)

Ficnres 5.1-9 and 5.1-10 were based ar unielement cold flow and hot fire test
data 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 one-on-one 0-F elemont

ard thus were rejected.

The mixed element patterns were a second generation
design which resulted from the initial Phase Il test cita showing a need for
additional wall cooling for the buried engine design.

5.1.2.1.2 Element Quaatity Orientation

A1l desians utilized an even number of eiements in
ord. o maintain a symmetrical manifnolding system and spray patterrn. The
minimum element quantity of four was based on the requirement for an axisvm-
metric flow field and high performance. The maximum of six was established
by precluding orifices smaller than 0.008 inch and manifold passage dimensions
less than 0.005 inch. The four element designs had higher injectinn velcci-
ties and thus provided extended throtiling capabilities required for the %1ne-
down mode of operation.

In a multi element injector, elements can be oriente~
as shown in Fiqures 5.1-11 and 5.1-12, to provide various degrees of soray
overlap. This, influences mixing efficiency and the amount of liquid prase
fuel and oxidizer which is deposited on the chamber wall., The wall film
deposit in turn is related to pulsing performance efficiency and contaminent
generation. Element orientations of O dearees (fans tangert to the wall),
30 degrees and 45 degrees were evaluated. A1l designs located fuel orific.:

(12) L. B. Bassham, Orbit Maneuvering Engine Platelet Injector Evaluatinun
Report 13133 M-3, 12 January 1973, Contract HAS 913133.
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- INJECTION DIA = 0.2L " ¢

6 ELEMENT SPLASH PULATE OR UNLIKE DOUBLET Dc = 0.50 IN.

LEGEND

OXIDIZER
UEL
MIXED

R\

45 DEGREE

5.1-11. Wall MR Control by Element Orientation

Figure
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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 cesign; the 45 degree pattern the most well mixed
and thus highest performing. Test data showed both pattern arrangements to
be very high performing with 1ittle difterence in compatibility.

Several mixed element pattern designs (4-UD-28 series
shown in Figure 5.1-12) were subsequently configured in which approximately
257 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 from 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
plenume at two levels within the injector. Each injection orifice was then
supplied from this central <nurce by an equal length leg providing uniform
propellant heating paths as weli as 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 manitolds were also vviluated. These were rejected because
of their larger oxidizer minifold voiune ans more complex fuel distribution

system.
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Figure 5.1-14.

6-SP Series Injector Manifold Schematic
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' 5.1.2, Injector (cont.)

The second menifolding scheme shown in Figure 5.1-13
had direct paths from the valve inlet locations to the injection orifices.
Both oropellants are transported in a common plane by the shortest practical
E, route. This shortens the flow paths and simplifies the design and number of
levels of stacking. However; in order to insure uniform flow distribution,
E ranifalds were more corcervatively desianed (lower velocity) and flow requ-
Tators rd heat dams installed to nalance the longer and shorter paths.

5.1.2.1.4 Injector Assemblies

The injector ramenclalures (e.g., 6-SP-45-A) used
related to configuratior and ceneration as follows:

! £ - Number of elements

¢ SP - Splash 1:late type element and correspanding
manitold

45 - Rotaticnal pusitivn of pattern
A - Tarst modificavion

The To1lowing cetailed desrgns were prepared in the
first injector design iteration.

Splash plates with the foilowing esemeni quantity
arc orientatin . :

6 loments, fuas uvaril1e to t-e chamber wall  6-SP-0

A elements fan Lariliel to the chamber wall  4-SP-0

6 elements, fans 20 degrees to the chamber 6-SP-20
wall
6 elements, fans 45 degrees to the chamber b-5P-45
wall

100




5.1.2, Injector (cont.)

Doublet elements with the following element quantity
and orientations:

6 elements, fans parallel to the cnamber wall 6-UD-0
4 elements, fans parallel to the chamber wall 4-UD-0

6 elements, fans 20 degrees to the charber 6-UD-20
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-0
(unbalanced)

A1l 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 legs feeding the individual orifices and general
improvement of entrance c¢nd turn confiqurations. The computed residual volume
for each of the designs is provided in Table 5.1-1, along with the injection
orifice dimensions and minimum passaqe sizes. The 4-UT-0 design was not con-
sicored because of its large fuel volume. The 6-UD-0 design was rejected fol-
lowing cold flow in favor of 4-UD-0 due to its less than optimum flow distribu-
tion, and the undesirability of the 0.004 in. orifice dimension.

The second generation Phase IT injector designs indi-
cated in Table 5.1-1 were completed following cold flow and hot fire testing
of the 6-SP-0 and 6-SP-45 A units, The second generation designs were
directed towards improved ~nmpazibility (the f'rst design fire tested
exceeded the 300 sec steady state specific impulse goal at full thrust) and
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5.1.2, Injector (cc *.)

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 improvesient 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

A1l injector components were fabricated in sets of §, 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 comparatcr 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 simul-
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 §-5P-44-B-1, -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 stainiess 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 GN2. The cold flow procedures are described in the following section.
In production, one or more cf the injectors from each frame could be sub-
jected to destructive testing to assess the quality of the bond of the remain-
ing umits in each set.

Injector designs selected as having the most favorable
spray and uniform flow pattern were subsequently brazed into the valve mani-
fold as shown in Figures 5.1-8 and 3.1-16. The injectors preceded by a * in
Table 5.1-1 are those selected for integration with the valve manifolds. The
injector Pc port previded the index to align the propellant manifolds on the
two components,

Installation of the fitting for the through-the-face PC
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 GN2 following this final
assembly operation. As ‘ndicated in Table 5.1-1, a total of 48 injectors
representing 13 design variations were built through Phase II of the program.
0f 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 1bF 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 injectcr to
throat length from 2 in. to 2-3/4 and 4 in. CDletailed 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 99.567
divergence efficiency. The matched expansion angle was required in order to
properly simulate the throat region thermal characteristics. The use of the
125% length nozzle desigr 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. OJne 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.)

T'ie external wall contour for the barrier cooled buried design resulted in

a thin wall conice? configuration, (Reference dash 5 design in Figure 5.1-77:.

The thin wall mirimiz¢d the chamber mass and thus the stored energy which

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

tn improve the effectiveness of the barrier coolint hv eliminating mixing
nsses normally associated with turning cf a o:s stream. The weight of thi-
shamber was 0.14 1b.

The radiation cooled chamber (Reference dash 4 design in
“*3.1 2 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 capabilities
via radiation relative to the convective heat input. A very thin wall
(n.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
22 t1 analytical procedures of References 13 and 14. The cylindrical exter-
n.1 cuntour was influenced by the wall thickness optimization and fabrication
-z “derations. The aft flange on the 0.020 in. wall divergent nozzle pro-
vided structural rigidity and facilitated handling. This configuration

wrighed 0.173 1b when fabricated from FS 85 material.

The forward flange of all designs was configured to m. -
with the valve manifold using four NAS 1351-03-10 screws as shown schemati-
callx in Fiqure 5.1-19. Sealing was accomplished by use of a gold plated
Tacc el V typa seal (HVG 2-11). The V seal compression was reg:lated bv ti,
copnsr and stainless steel spacers shown in Figure 5 1-20 which also acted
as o thermal shunt and heat dam to move the heat rejected from the engine

(13) L. H. Back, A. B. Witte, Prediction ¢f Heat iranster from Lam:..ar
Boundary Layers, with Emphasis on Large rree Strean 'elocity
Gradients and Highly Cooled Walls, J. of Hea* Tran<f:r, August 1965.

(14) L. Schoenman, J. Block, Laminar Boundary Heat Transfer in Low Thrust
Rocket Nozzles, J. Spacecraft and Rockets, September 1968.
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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 Il testing
included 15 decree half angle exit nozzle thrust chambers for sea level
checkout testing and 2/4 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 Kistler 601 AL trarsducer to

monitor rasponse and ignition spikes.
5.1.3.2 Chamber Fabrication

Nine chamber components wcre 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 coiumbium 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.

W13
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5.1.3, Design (cont.)

Oxidation resistant silicide 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
2550°F. The VacHyd process requires two coating applications with a 1/2 hour
furnace cycle following each application. Tre R 512E process is accomplished
in one step. The internal dimensions on the thrust chambers were 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 tatle. '

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 -5 chambers after final
machining and prior to coating. Figure 5.1-22 shows the inside of the nozzle
after coating as follows; left FS 85/VH 101, right ¥C, 291/VH 101, and center
FS 85/R512E. The photographs of left and right were prefire, the center was
following 50,000 pulses. Therc 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 R512t coating had the appearance of fine grain
gray sand. A subsequent recoating of the FS 85 nozzle by VacHyd following
Phase Il testirg resulted in chamber having an appearance similar to the 512E
processed unit, The VacHyd coated Phase III chambers also had the same
appearance as the 51z7 cc.7'ng.
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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 and 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 .0 Testing

Moog, Inc. valve assembly P/N 010-72049, S/N 001 was
received with manifold S/N 01 and 6-SP-0 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 Objective

Proof Demonstrate structural integrity

Leak Demonstrate conformance to requirements

Response Demonstrate conformance to requirements

Flow Establish flow characteristics of integrated
assembly

Response Determine effects of pressure voltage and

Sensitivity energization time on response

Manifold Change Determine wnether manifolds can be success-
fully changea and seals reused

Electrical Determine current drain, pull-in and drop-

Characteristics out voltages
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TABLE 5.2-1

ACCEPTANCE TEST DATA SHEET

52E163

SERIAL NO. 001

1.
2.

O D N O

Proof pressure, 1000 psi 3 min 0K

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

Inlet Pressure Voltage,
psig vDC
300 20
500 20
300 24
500 24
300 78
500 28
300 32
500 32

119

DATE

500 psi
105 ma

0.0 cc/hr

0.0 cc/hr

0.0 cc/hr
>300,000 megohms
<2.0 u amps

52.0 n

0.975 1b

E. Smith 9-7-73

9-7-73

Response time, millisec

Open  Close
4. 2.6
4.3 2.6
3.4 2.7
3.5 2.7
2.9 3.0
3.1 30
2.6 3.3
2.8 3.8
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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 GN2 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 GN2
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 preossure 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 psig and the test assembly flow tested
to determine the *Kw of the fuel and ox.idizer ciccuits. The resultant Kw
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.

w——

v AP s.g.

*K:
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5.:.1, Vaive Bench Testing {cont.)

5.2.1.5 Response Sensitivity

With the test valve in the flow test setup, the flow rate
was adjusted 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 ta 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 3°F.
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TABLE 5.2-2
RESPONSE TEST DATA

- 45 Ewmew

Inlet Energization
Pressure, Voltage Time, Response Time, millisec
psig vdc sec Open Close
125 28 <1 2.9 2.69
182 28 <] 2.9 2.9
229 28 <1 2.91 2.46
310 28 <1 3.12 2.73
405 28 <1 3.%7 2.78
507 28 <] .33 2.72
300 18 <] 4.87 2.50
300 24 <1 3.42 2.27
300 28 <1 3.12 2.69
300 32 <1 2.85 2.59
300 28 2U 3.04 2.82
300 28 40 3.03 2.56
300 28 60 3.2 2.65
300 28 90 3.3 2.69
200 28 120 3.16 3.20
300 28 240 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, VOC
Pressure, psig PulT-Tn 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 PC 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, Vaive Bench Testing (cont.)

The assembly was flow tested with water following the
procedure vsed 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 Kw
values of 0.00211 and 0.00317 for the fuel and oxidizer sides respectively.

This assembly was then cycled 500 times without pressure
or flow and checked for response time and ieakage. 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 indicated 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, based 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; tlierefore, the vendor closing times should be slower than
those obtained at ALRC. The 4 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 as short as 0.0025 sec. Figure 5.2-4
shows the response of a vaive 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 220°F.

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 reproducibility
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 Reproducibility

The pressure drop and flow distribution were established
by collecting the effluent first from each circuit flowing independently and
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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

z.

K,,=

[
(%]
o

3 where: Kw = flow coefficient
' w = flow rate 1b/sec

AP = pressure differential psi

sG = specific gravity
i Values for Kw were obtained at 3 AP values in the 25 to
§ 150 psi range with 2 samples at each flow condition. The collection period
i 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 evaluyated in Phase II cold
flow testing. The data indicated 4 unit to unit flow (K") reproducibility of
5% 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 Kw values. This indicates that proper alignment was
attained in all assemblies manufactured and that the bonding process did not
alter the flow characteristics. The 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 Kw values. These were reproducible
within 2 percent.
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£.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 2 3 4 5 6
6 SP-0
Fuel Mass* 0.99 0.76 0.97 0.98 1.05 1.22
Ox Mass 1.05 0.8% 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 9] 1.13
MR (Elem.) 1.74 1.86 2.88 1.25 1.18 1.32
6-UD-0
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-0
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 vere 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

—————TTement Flow rate
Mass = Avg of a1l elements

+x 0X flow

fuel flow 132



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 irjection 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-0, -45-B and -C Type Manifolding (% Flow Deviation)

Element No. 1 2 3 4 5 6
F Mass -1.4 +9.] -11.3 -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-0

Element 1 2 3 4
F Mass +11.0 +3.5 -9.4 -5.1
0 Mass 48.2 -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 Documertation 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 fur 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 inciuded in this report.

The apparent absence of a distinct spray pattern for the
individual circuits of the 4-UD-O irijector in Figure 5.2-5 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-0 injector is self atomiz-
ing, precise aligmment of verv small ciameter streams is not a requirement.
The dark bar in the center photograpt 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 Tine 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 Fiow Spray Characteristics, 4-UD-28 Series
Injector, Both Circuits AP = 130 psi
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5.2.2, Injector Flow Testing (cont.)

The lower photograph of the long impingement (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 foiward 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 1bF
Thrust Bipropellant Engine.
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B2 LONG OX, 0.010 DIA ORIFICE
SHORT FUEL, 0.008 DIA ORIFICE

B3 LONG 0X, 0.010 DIA ORIFICE
LONG FUEL, 0.008 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 1b sec
(% 0.01 sec pulse) for which the pulse performance was 240 sec. The Phase I
testing was intended to verify the capabilities of the anticipated Phase IlI
designs. Testing was conducted over the following range of conditions:

Pc 72 - 170 psia

Thrust 2-51b

MR 1.6 nom. Range 1.2 - 2.0
Prop. Temp 20 - 120°F

The propellants employed in testing were Green N204
(99.0 + % N204, 0.8% NO) per MIL-P-26539 and MMH (CH3N2H3) (98% purity) per
MIL-P-27404. Certification of all propellants was provided.

5.2.3.3 Test Hardware

The test hardware employed in Phase Il testing included
the following:

One (1) Moog bipropellant valve
Five {5) injector-valve manifold assemblies

Two (2) 50:1 Columbium thrust chambers; one conical
chamber and one cylindrical combustion chanber

Three (3) sea-level thrust chambers; two stainless
and one Columbium

Three (3) L* extensions, two 3/4 in. long; one 2 in.
long, stainiess and titanium versions available

Chamber bolts - 0.099 - 56 UNJF-3A bolts 5/8 in.
long and 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 107> in. at 5 1bF)
Tow mass (4 1b including thruster and instru-
mentation) test stand (frequency ¥ 575 Hz).

2. A dual bridge thrust measuring cell (100 1bF)
and 10 1b 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. Thinwall 1/4 in. dia feed lines with lengths
tuned tc prevent shifts in engine MR due to
feed system oscillations. Fuel line lengtt, =
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-
Tant 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.

140



J13euwdyds A31lidey Is2L

TIRD IVA
ST LVd TWHOILNT HLIN

ANTIWA a0Wald SO0N

ANBA W 704 IWA _

B80T M OF IR t.f!
-:u1MW1IIﬁH¥IIIIIII|||thﬂkhJ
“asf Mﬁiur_

L0d B¥INIT

Salka 1wRg="

I....
1_ g i
} s ..I... ﬁlAwLI i ;
i .H hllhl. | J
=
Jsuunan =

"'g-2'G d4nby

Brem P S - R ]
et o : el e
LT T - i, Rl
Freus - = 2 Sgmavm Fwte e e
Ll LI - W R L A
s BETEE
e L Y . ons ve bl -r‘.-l..ﬁ-b-.- L LT DI B i
i”..l.-_'im..h ﬂ l.u\n-.-l_i.ﬂ.l..-."“ BETEs INETE oug A Baed BIBERLY 38
anng
YU A DROT MW MWL
H'M LO3
I@ WY I

Chm

_ MILEAS OMING L ITADD
[ T¥RalHL LRKYI1340da
i M |

o

-

L noitvsaiws
FL0A3Y ¥ LLAG LSMEHL

FNIT KI W/C Ld OC

LNIA

NI M WE Ld u,n.__—

!

BRILSAS T2

E—pao—

e Vo,

141



uoLjednbLjuo) |8A87 IS - A3L|1dey4 S8l | Aeg

"6-2°G d4nbiyg

(037002 43LVYM) LNNOW 3NIONT

d37LSTA 3NIT Q334 il
FUNSS3I¥d YIGWYHI "0l
S34i1SS3I¥d 3INIT "6

WiLSAS 0334 WiCd -3

37ZZON (1S) HLIM 3NIDNI ¢

SFANX="
SA0Y NOILWYSITr
LIng LSnyH.

1730 av01 Q¥yakvyls 4l Ol
1732 Qv0T 380l4g wne 91 00l

— O ey

ad



COLRana Ll UDT ORT ot “adgulen D1)e)

Cualr O0T UM T[OWetty LD S LLE L JFIK L3y {e e ST

{1374}
INDT 0334 G3T41C00

A4NX 374 QI T4 100w

a4

5
-~

-

LINAHS TYWY3HL



B3 aimeetd il oo

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, nomenciature employed, and the modes of data recording.

Continuous records of thrust, Pc’ feed 1ine 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.

Performance parameters were computed for each pulse as
follows:

Bit impulse, FT = L thrust x time = £ (Fa + Fb) AT
(aT = 0.000768 sec)

Total stuelifids, wf - K] [VZ-V]] PDFM's volume change
Total ox flow, W, = K2 [V2-V1] per pulse.

Total propellant flow, Nt = wf + No
wo
MR = —
We
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 1b 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 5.2-5

FIVE-POUND BIPROPELLANT ENGINE TEST INSTRUMENTATION

Recording Systam

: ) Direct
Parameter Transducer Digital No. Writing M
g Performance Symbel or TC Type Range _sec Channels  Oscillograph Tape visug
Thrust 1b Fa 100 0.00153 3 X X
Fb } BLH PN 402433 0.00153 3
Fa + Fb C.3500768 6
Chamber Press psia Pc Whittaker SP 66 1000 0.00115 4 X X bl
Chamber Press Hi Freq Pch Kistler 601A 2000 X
: Fuel Flow Ib/sec LF Positive Disp. 0-0.012 0.0023 4 X Y
Fuel Flow 1b/sec wF Turbine 0 0.012 1).0046 1 X
Ox Flow 1b/sec LO Positive Disp. 0-0.020 0.0023 4 X X
Ox Flow 1b/sec wo Turbine 0-0.020 0.0046 ] X
Fuel Feed Pressures
Tank psig PFT Taber-206 500 X
y Orifice up psia PFY Taber-206 500 0.00231 2 X X
' valve in"et psia PFTCV Taber-206 500 0.00231 2 X
Valve inlet Hi Freq PFHF Kistler 601A 1000 X
: Fuel Feed Tern
f Fuel orific up °F TFV cc 0-200 0.0046 1
E Valve iniet "F TFTCV cc 0-200 0.0046 1 ¥ \
: Conditioning fluid  TFB Thernometer 0-200 X
0x Feed System Press
Tank psig PoT Taber-206 500 s
Orifice up psia Pov Taber-2(6 500 0.00231 2 X X
Valve inlet psia porcv Taber-206 500 0.00231 2 X
Valve inlet H' Freq POHF Kistler 601A 1000 X
. Ox Feed Temn
: Orifice up °F Tov cc 0-200 0.0046 1
| Valve inlet °F TOTCV cC 0-200 0.0046 1 X X
1 Conditioning fluid °F TFB cc 0-200 %
3 Cell Pressure psia Pa Taber-206 0-10.7 0.0046 1 X
f Load Cell Temp °F r.c CA 2-200 0.0046 1
" Valve Signal Volts EV 0.00231 2 X X
. Valve Current Amps v X X
: B-Bit 0.000025 X
' Narration X
Injector Face °F TFIL CA 0-1000 0.0046 i X
TFJ2 CA 0-1000 0.0046 ]
g Valve Body TVb CA 0-500 0.0046 1
; valve Manifold m CA 0-500 0.0046 1
: Chamber
Wall Temp }'CER WP 0-3200 0.0046 6 (2)
Wall Temp TCCA Ca 0-2200 1 0046 6 (2)
Thermal Shunt TTSHY Ca G-1006 0.0046 1
TTSH2 Ca 0-1000 0.0046 1
Total Channels 48 16 12 14
Capabilities 48 36 14

Digital = Consulidated Systems Corp. 10,407 ch/sec 48 ch,
FM Tape Sagamo Model 280 14 ch,

Direct reading CEC S-133 36 h 145



i

e N—

P —

T M YTy

A e o 37 6T -

s

L ol e

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 8 100 8 60 40 20 O
% of Full 7-12-73 0 +.15 +.27 +.29 +.2] 0 +.24 +.34 +.30 +.21 +.4
Scale 4-19-74 0 +.17 +.30 +.31 +.26 .04

% Repeat 0 .02 .03 .02 .05 .04

% Repest .03 .05 .03 .06 .04
Unloading

Temperature Sensitivity

Room 30°F 130°F R.R.
Zero +20 +32 +2 +23
Exit 9369 9470 9276 9366
50% -1 +15 -10 -2
75% -2 +25 -16 -3
Date 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 1b
standard cell. At 5 1bF, 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 Il firing modes.
Initial steady state tests were conducted for 5 to 20 sec fire periods. A
thrust stand "0" shift of up to 10% was noted for firings longer than about
8 sec in duration in the first c-cckout test series. This was reduced to 27
(0.1 1b 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 5.2-14. A 2 in.
long spacer is not shown. A1l 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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TABLE 5.2-6
! PHASE 11 TEST SUMMARY
Duty Cycle
No. Cold 5S. No. Hot P
Pulses Puration Puises c
Test No. Date L' in. Environment  0.030 sec sec 0.030 sec  psia MR Notes
Injector 6-SP-45
0c-26-100  10-15 Facil“ty calibration.
0C-26-104 10-16 2 SL - 4.5 - 150 1.18 Thrust shift.
0C-26-105 10-22 2 St - 5 - 154 1.62 Stand modified and
problem corrected.
0C-26-106 10-22  No digital data
-107 2 St - 5 - 153 2.07
0C-26-108 10-22 2 SL ) 10 4 67 1.61
0C-26-109 10-23 4 SL 4 5 4 155 1.65 Photo coverage. Slight
leak in ox PDM.
0C-26-110 10-23 4 SL - 5 - 156 1.90
0C-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 5 4 155 1.56
0C-26-115 11-15 2-3/4 Vac 4 5 4q 155 1.92
No. EPW Duty
Pulses sec  (Cycle
0C-26-116 11-15 2-3/4 Vac (Pulsing) 155 1.60 50 0.1 257
i 200 0.025 7.7%
; 500 0.010 3.2%
0C-26-117 11-15 2 SL - 1.5 - 154 1.6 Conical SL chamber.
Injector 6-SP-0
0C-26-114 11-19 2 SL 19.5 86 1.60 No digital data.
-119 2 SL 4.9 86 1.64
3 -120 2 SL 5.0 158 1.29
{ -121 2 SL 5.0 152 1.63
-122 2 SL 5.0 94 1.60
0C-26-123 11-21 2-3/4 Vac 4 10 4 75 1.48
-124 2-3/4 Vac 4 3.2 - 159 1.26 Thermal shutdown.
-125 2-3/4 Vac 4 3.5 - 170 1.20 No performance data.
-126 2-3/4 Vac 4 3.6 - 159 1.63
-127 (Pulsing) 160 1.60
Duty
No.  EPM Cycle
£ 50 0.1 25%
3 200 0.025 7.7%
s 500 0.010 3.2
: 0C-26-128 - n - 160 1.63
Siizg, VRAAE Gy ! 20 . 158 2.02
Injector 4-UD-0
0C-26-130 12-3 2 SL 1.2 - 170 1.60 Thermal shutdown
Tf = 600°F
j 0C-26-13) 12-4 2 Vac S 5.0 = 77 1.52
4 -132 2 Vac 4 9.0 - 94 1.49
-133 2 Vac 4 0.6 - 162 1.84 Hot face.
-134 2 Vac 4 9.0 - 76 1.97
-135 2 Vac ) 9.0 - 77 1.50

No. EPW Duty
Pulses sec Cycle

-136 2 Vac {Pulsing) 170 1.6 50 0.1 25%
200 0.25 7.7%
250 0.01 3.2%
10 0.010 0.3%
Tests 100-116 used cylindrical high contraction ratio chamber.

NS = Not scheduled. 152
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Test No. Date L' in.

Chamber

Injector 4-UD-28 S (Sea Level Tests)

0C-26-137 12-18
-138
-139
-140
-14]
-142
-143

0C-26-144
-145
-146

12-18

el et PN AN PO RO N

N NN
oy on

Cyl
Cy?
Cyl
Cyl
Cyl
Cyl
Cyl

Cyl

SS

{with sleeve)
(with sleeve)

Injector 4-UD-28 SL (Sea Leve) Tests)

0C-26-147
-148

0C-26-149
-150
-181
-152

12-19 2

12-20

NN N

Injector 6-SP-45-A Sea Level Tests

0C-26-153 12-21 1.
-154 1.
-155 1.25
-156 1.
-157 1.

Test No. Date L'

-

Injector 6-SP-45

0C-26-153
-154
-155
-156
-187

12-21-73  1-1/4

0C-26-158a  1-3-74 1-1/4

0C-26-159

0C-26-160

0C-26-161

Cyl
Cyl

Cyl
Cyl
Cyl
Cyl

Cyl
Cyl
Cyl
Cyl
Cyl

€

Environment

SL

Vac

Vac

Vac

Vac

TABLE 5.2-6 (cont.)
Pc Duration
psia MR sec
170 1.56 7
153 1.52 15
152 1.58 3Ix5=15
56 1.63 4 x5=20
73 1.59 4 x5=20
82 1.68 4 x5=20
145 1.82 Ix5=15
144 1.54 2x5+2=12
140 1.77 2x5+2=12
152 1.20 2x5+2=12
170 1.6 2x5+2=12
170 1.2 15
170 1.2 3Ix5=15
75 1.6 4x5=2
125 1.6 4 x5=20
170 2.0 Ix5=15
70 1.6 3Ix5=15%
90 1.6 Ix5=15
170 1.2 5+4.6=9.6
170 1.6 5+23=1.3
170 2.0 5+ 3.4=8.14
. P
Duty .ycle < MR
3x5=15 65 1.57
3x5=15 78 1.65
5+ 4.6=9.6 149 1.25
5+28=17.8 149 1.65
5+ 3.4=8.4 148 2.02
Pulsing
10 at 0.01/3.0 7% 1.6
250 at 0.01/0.3
200 at 0.025/0.3
Same as -158 155 1.6
Pulsing
10 at 0.01/3.0 80 1.6
250 at 0.01/0.3
200 at 0.025/0.3
50 at 0.100/0.3
155 1.6

153

Notes

Lero shift.
0.3 coast for "F" 0.
0.3 coast for "F" 0 chugging,

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 tests
due to thermal distortion of mani-
fold plate.

0.3 sec coast between burns.

Thermal shutdown at 2100°F.
Thermal shutdown at 2100°F,
Thermal shutdown at 2100 F

Notes

Stainless Steel chamber.

Propellant temperature
22°F

28°F Propellant

max PC spike ¥ 450 psia

118°F propellant

118°F 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. lengt: provided an additional % 11 sec improve-
ment in performance (IS = 311), high wall temperatures and slight evidence of
longitudinal mode combustion instability (IL; 5,600 Hz). This was the only
instability noted during the entire program. A1l subsequent testing in this
series was accomplished with a 2-3/4 in. L', 50:1 expansion nozzle. ATl

* critical temperatures were monitored and provided the basis of run durations;

no hardware damage was encountered.

The second test series employed the 6-SP-0 injector and
a conical thin wall .namber which was expected to be lower performing and more
compatible, thus aliowing longer test durations. This design also provided
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. Al11 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 3000°F and abrupt thin-
ning of the nozzle wall downstream of the throat. It was later determined
(Phase T11) 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-0) 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 fecl-
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 2100°F in the stainless steel
chambers.

Simulated blowdown testing on the 4-UD-28-S dcsign showed
an ability to operate between 73 and 170 psia without chugging with the 2 in.
chamber length. Chugging was first noted when Pc dropped to 56 psia. No
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 finel test set up employed the highest performing
injector, 6-SP-45-A in the suvrtest 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 (cont.)

Total

Firing Time

No. Starts sec_
6-SP-45-A o a8
6-SP-0 800 105
4-UD-0 600 48
4-UD-28-S 26 148
4-Up-28-SL 17 96

An additional 2117 pul<es were executed on 6-SP-45-A following the photograph.
The 6-SP-45-A injector experienced minor deformation of the face following a
sustained period of pulsing with 22 and 28°F propellants. No changes in per-
formance or flow characteristics were noted as a result of the platelet
deflection. The 4-UD-0 was the only injector that experienced race tempera-
tures which were considered to be excessive. No damage was enccuntered as
the engine was shutdown when temperatures in excess of 700°F 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 700°F injector temperature occurred at a low mixture ratio high
chamber ".ressure test conditions.

Figure 5.2-14 provides photographic dctumentation of the
1.6:1 and the 50:1 area ratio thrust chambers and the L* extension employed
in Prase 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.-
Tograph 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 engines tested. Analyses of these data

are provided in a subsequent section.
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Figure 5.2-15. Typical Oscillograph Trace (Test 143)
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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 respornse 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 PC rise rate measured by both chamber pressure
transducers is very rapid and repeatable as is the Pc 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 instabi]if}
noted in the entire test program. The 5600 Hz corresponded to a first
Tongitudinal mode in a 4 in. chamber length which was the longest Tength
tested. This length provided a 99% cnergy release efficiency which converts
to a 311 sec specific impulse at ¢ = 107. A11 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 coomon 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 chanber 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 PC over shoots. A1l these, however, are trends rather than signiticant
effects and the general squaie wave pulse is retained over a 3:1 blowdown
range. The failure of the PC 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 reactions 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.

Temp, °F
Tank Pressure L 118
Duty cycie at each of 4 conditions
100 psia 0.01/3.C 0.3% DC
0.01/0.3 3%
300 psia 0.025/0.3 7.7%
0.100/0.3 25%

Ignition spikes which were obtained directly from high
response graphic data are displayed in Figure 5.2-20. These data indicated
a peak pressure of 460 psia in the first few pulses with cold hardware and
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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 «i*h heated propellants; 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 Timiting propellant-hardware temperatures and tank supply pressures.
Engine response (electrical signal to 90% P_) is noted to be 0.0056 sec
+ 0 0006 sec at all anticipated operating canditions. Valve response (acti-
vat.on 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 ccomparison to the contract qoal
of 0.005 sec.
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£.3.1, Test Data Evaluation (cont.)
5.3.1.2 Repeatability of Pulses

The pulse repeatability was evaluated by computirg the
force time integral using a force sampling rate of 1302 measurement per sec.
The 1ccuracy 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 tynical
data for a nominal 0.05 1bF-sec pulse train series. The first pulses are
noted to be slightly lower than the average of the data. This is du= to the rapid
pulsing frequency (3/sen) 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 Pulse No. 5 through 402 are completely repeatable within
the 2% accuracy allowed by the sampling rate. This can be observed by cum-
paring the 0.0498, 0.0500 and 0.0500 1bF-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 1bF-sec goal of the program.

Figure 5.3-1 graphically displays the impulse data for
6-5P-45-A and 4-UD-0 injectors. The ability to attain the goal of 0.05 +
0.005 1bF sec repeatability is noted to be independent of injector pattern
design. The triangular data points on the lower half of the plot iilu-
strites that an order of magmitude change in npulsing frequency (3 pulses per
sec 1n 1 pulse per 3 sec) has ro influence un measured impulse.

The impulse rcproducibility of electrical pulse with
of 0.025 sec was 0.125 1bF-sec + 1%, as shown in Fiqure 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 vacuum area ratiocs of 1.6:1 and 50:1, respectively.
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TABLE 5.3-1

IMPULSE REPEATABILITY FOR 0.010 SEC ELECTRICAL PULSES, TEST NO. 116

Pulse Impulse Pulse Impulse Pulse Impulse

No. 1bF-sec No. 1bF-sec No. \bF-sec

1 0.0436 1 0.0488 21 0.0507

2 0.0469 12 0.0508 22 0.0507

3 0.0465 13 0.049 23 0.0490

4 0.0475 14 0.0518 24 0.0488

5 0.0484 15 0.0480 2 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 0.2502 30 0.0501 Average 1-30
Avg. 0.0477 0.0498 0.0500 0.0492 1bF-sec
Std 3.4% 2.2% 1.4%

Dev

Dev. from 30 pulse avg.

-3.0 +1.3 +1.6
Avg. of Pulse Nos. 393 - 402 0.0500
MR = 1.c, Pc = 150
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5.3.1, Test Data Evaluation (cont.)

These data indicate that the ¢ = 100:1 vacuum periormance extrapolations are
in excess of the 300 sec steady state and 240 sec pulsing performance goals
specified in the contract goals. The Phase I] performance data verify the
steady state Priem vapoc~ization 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 ¢ = 1.6 nozzle exit area ratio was selected to preclude nozzle
flow separation at all Pc's. The simplified JANNAF performance methodology
was used to allocate the total engine 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 € = 100:1 vacuum nozzle design point. The ¢ = 1.6 to ¢ = 100
extrapolation resulted in an approximately 70 sec ISp increase. Although the
nominal vacuum engine design is based upon an ¢ = 100 nozzle exit area ratio,
the Phase II vacuum tests were conducted at ¢ = 50 to preclude nozzle flow
separation at the low (Pc < 70 psia) end of the blowdown cycle because of test
facility vacuum limitations. The ¢ = 50 to ¢ = 100 extrapolation is only
1 sec AIS . Because of the small vacuum extrapolation and the excellent
correlation between sea level and vacuum extrapolations to ¢ = 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 (L') of 1.25, 2.0, and 4.0 in. as well as at vacuum in 2.75-in. L'.
The performance extrapolations to € = 100 steady state conditions are shown
in Figure 5.3-3. The ISp after % 5 seconds firing durution is also shown.
The initial Is is lower due to transient thermal heat loss. The maximum

steady state ISp 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 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 ccnstant at any value of L' and maximum per-
formance is attainable at the peak one dimensional kinetic (0DK) Isp which
occurs at O/F & 1.9 rather than the nominal design engine O/F = 1.6. Another
observation is that a 4 in. L', the demonstrated ISp approaches the perfect
injector (100% ERE) ISp 1imit.

The 6-S5P-0 injector performance versus O/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..:ding 300 sec steady state ISp for L' > 2 in.

Due to its high injector face temperatur , the 4-UD-C
injector was not capable of being tested at nominal PC = 160 psia. However,
at PC = 94 psia and O/F = 1.49, it too indicated a capability of exceeding
300 sec Isp (see Test 132 of Table 5.3-2).

Fuel ‘'eakage of the 4-UD-28-5L injector at high pressure
due to a faulty seal surface, precluded an accurate determination of this
injector's steady state performance. [t was estimated that this injector
operated in the 290-300 sec performance range. It was discarded from further
development due to its high operating temperatures along the forward chamber
wall.

The 4-UD-28-S injector provided a reiatively 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 wé'1 engine configuration. Additional data
on all the injectors is provided i1n the discussion on Blowdown Performance

which follows.
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Test No.
Injector

Chamber Length
Nozzle Exit

Sea Level or Vacuum
Summary Period
Chamber Pressure
Mixture Ratfo
Thrust

Delivered Isp

% ERE

lspss (e = 1oo)Ext.ra

Test No.

Injector

Chamber Length
Nozzle Exit

Sea Level or Vacuum
Summary Period
Chamber Pressure
Mixture Ratio
Thrust
Delivered Is
% ERE

1 (e = 100)
SPgg Extra

P

Test No.

Injector

Chamber Length
Nozzle Exit

Sea Level or Vacuum
Summary Perfod
Chambe. Pressure
Mixture Ratio

Thrust
Dellvered 1sp
% ERE

ISpss (e = 100)

TABLE 5.3-2

STEADY STATE PERFORMANCE SUMMARY FOR VARIOUS INJECTORS

104 105 107 108 109 110 m 12 113 114 15 nz

6SP-45 —- -

2-in. - 4-in. 2,75 » 2-in. Conical

1.6 50 1.7

SL ~~ Vac SL

150 154 153 67 185 156 65 150 108 155 155 154

1.8 1.62 2.07 1.61 1.65 1.90 1.61 1i.17 1.59 1.5 1.92 1.60
2.0 4.85 3.51 4.99 5.02 3.95

222 225 226 199 227 227 259 292 289 296 300 228

9.9 97.1 97.7 87.5 98.0 99.0 86.7 98.0 95.¢ 96.3 96.1 96.7

295 306 309 266 308 mn 268 300 298 305 309 305

119 120 21 122 123 124 126 128 129

6SP-0

2-in. Conicdl ————— & 2.75 Conical ——= 2-in. Cyl —e

1.7 53 1.6 -

SL Vac SL

86 158 152 94 75 159 159 160 158

1.6 1.29 1.63 1.60 1.48 1.26 1.63 1.63 2.02

.73 3.91 3.92 2.18 210 4.82 496 4.177 3.93

201 220 223 207 266 284 224 222

88.0 95.2 96.0 90.5 89.4 96.] 96.1 97.1

270 292 3o2 280 213 294 303 310

13 132 133 134 135

4D-0

2-in. Cylindrical —_— -

50

Vac -

77 94 162 76 77

1.52 1.49 1.84 1.97 1.50

2.5 3.03 5.20 2.4 2.47

284 295 285 275 284

95.2 97.9 93.5 91.2 948

292 302 294 278 290
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Test No.
Injector
Chamber Length
Nozzle Exit

Sea Level or Vacuum

summary Period

Chamber Pressure

Mixture Ratio

Thrust

Delivered Isp
% ERE

1

sp

SS

(e =100)

Test No.
Injector
Chamber Length
Nozzle Exit

Sea Level or Vacuum

Summary Period

Chamber Pressure

Mixture Ratio

Thrust
Delivered ISp
% ERE

I (e = 100)
SPgs

TABLE 5.3-2 (cont.)

137 138 139 140 141 142 143 144 145 146
4UD-28-S -
2 in. Cyl = 1.25 Cyl ———=
1.6 1.7
SL — =
152 153 152 56 73 82 145 144 147 152
1.5 1.52 1.8 1.63 1.59 1.68 1.82 1.5 1.77 1.20
3.63 3.54 3.66 1.33 1.73 2.01 3.4 3.71 3.62 3.83
210 205 204 187 196 206 195 208 203 205
90.4 88,3 88.7 839 87.1 91.1 856 83.2 86.3 88.6
283 275 277 254 265 281 267 274 269 268
147 148 150 151 152 153 154 155 156 157
4uDp-28-SL — o 6-SP-45
2 in. Cy} 1.25 €yl -
1.6 - 1.7 -
SL = SL -
159 157 77 118 156 65 78 149 149 148
1.43 1.09 1.50 1.3 1.73 1.57 1.62 1.25 1.65 2.02
3.76
203 198 202 215 201 179 199 218 221 218
§8.4 87.8 89.9 94.4 87.5 78.1 857 93.8 94.1 937
274 263 274 294 274 234 261 287 296 294
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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 ar2 plotted on Figure 5.3-6 in comparison with the "hase I Prien
vaporization analysis results. The effects of chamber length and elemeant
quantity were in general agreement with analytical predictions. The e’ fect
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
Priom analysis. The data showed little difference between 6.7 CR conical and
10.9 CR cylindrical chamber performance.

5.3.1.3.2 Blowdown Performance Characteristic

Many 5 1bF 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 Pc of 170 psia was selected. This results in a terminal Pc value of
75 psia. The corresponding engine thrust ranges from 5 1bF 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 Pc % 100 psia.

The steady state blowdown performance characterization
of the 6-S”-45-A injector is shown in Figure 5.3-7 for both 1.25 and 2.75 jn.
chamber langths. 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 PC is steeper than analytically for-
casted considerirg reduced droplet heat flux and a decreasing vaporization
rate. The test Jata suggests that at least part of the performance degrada-
tion is due to reduced atomization efficiency.
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Figure 5.3-7.

6-SP-45 Injector Long Burn Performance for
Simulated Blowdown Mode Operation
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5.3.1, Test Data Evaluation (cont.)

Similarly, the 6-SP-0 blowdown performance is depicted
in Figure 5.3-8. Negligible differrnces between the 2.0 and 2.75 in. L'
chamber performance ar:s noted at nominal Pc = 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 Pc) the vaporization improvement with length may be Tlargely 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-0 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 Pc' Unlike the
6-element splash plate injectors, the unlike doublet maximum steady state
performance occurs at a relatively low O/F rather than at the peak ISPODK at
1.9 0/F. This occurs because the unlike doublet atomization distribution is
extremely injection momentum ratio sensitive. Maximum ERE was found to occur
at O/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
Pc's.

At the minimum blowdown Pc % 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
Titerature 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 Pc = 100 psia for the 6-element .njector designs. The 4-UD-0 injec-
tor, on the other hand, had a 40 fps minimum oxidizer injection velocity at
minimum blowdown Pc % 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 Isp or % ERE is plotted vs
oxidizer injection velocity, the blowdown data of both 6-element splash plate
and the 4-element 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 scveral 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 cuantity 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. A1l 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 1bf-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 1b 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's. The accuracy of measurement improves with the nim-
ber rf 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 the
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 Isp (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 Pc = 160 psia is indicated. In addi-
tion, the effect of reduced Pc cold chamber performance is indicated for blow-
down applications. The lTower blowdown pulse performance is attributed to its
reduced steady state Isp'

Similar cold chamber versus hot restat and nominal

versus blowdown pulse performance for the 6-SP-0 inje~tor is shown in Figure
5.3-16. This figure also provides 2 comparison .f the cold 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-0 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 prcpellants 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 1bf-sec impulse) is the 6-SP-45 puise performance lower
than the other injectors. This is due to its larger manifold volume. At
0.020 sec EPW (0.10 1bf-sec impulse) all 3 injectors yield equivalent pulsing
ISp % 275 sec. Between 0.020 sec and 5 sec EPW the 6-SP-0 injector delivers
lowest pulse performance,

Throughout Phase Il 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 305°F wall tempera-
ture, the MMH vapor pressure equals 160 psia or nominal PC. Once the wall
temperature exceeds the fuel saturation temperature, the wall film is
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5.3.1, Tast Data Evaluation (cont.)

eliminated. No further influence of wall temperature is to be expected above
609°F since that value corresponds to the MMH critical temperature. For thin
wall columbium chambers, the wall is heated from ambient temperature to 350°F
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 EPW, 10 pulses at 0.030 sec EPW, or

3 pulses at 0.100 sec EPW. The above offers a reasonable "rule of thumb".

A1l of the previous puising data was obtained with
ambient (% 50 to 60°") propellant temperatures. Pulsing tests were also con-
ducted for nominal and blowdown Pc's at cold (22°F) and hot (118°F) 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 ¢ = 1.6:1
nozzle. The cold and hot. temperature data are shown in Figure 5.3-21,
respectively. At the blowdown Pc operational conditions the pulse performance
increased ¥ 40 sec Isp/100°F increase in propellant inlet temperature. At
nominal Pc the pulse performance increase was % 10 sec Isp/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 Recommendaticns

The Phase I test results indicated that the 300 sec
steady state specific impulse goal could be attained with either 6-SP-45-A,
6-SP-0 or 4-UD-0 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 1bF-sec
when the chamber wall was warm. The Phase III designs should have a total
manifold volume approaching 0.0005 in.3 for the 240 goal to be attained with
a cold chamber wall as shown in Figure 4.2-2. It aypeared 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 recommended for use in
Phase III with the following modirications:

(1) Reduce the oxidizer orifice dia from 0.010 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 20°F propellant.

(8) Reduce the manifold volume as much as possible
without reintroducing flow distribution problems.

The 4-UD-28-S design was recommended for Phase II1
buried engine demonstration because of the low chamber wall temperatures and
the ability to meintain moderate performance levels (280 :ec Isp) over a wide
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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5%.3.1, Test Data Evaluation (cont.)
5.3.1.4 CONTAM Analysis Update
5.3.1.4.1 Performance

A comparison of experimental cold and hot pulse per-
formance 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 data to
be somewhat lower in absolute magnitude than the CONTAM predictions. Never
the less, the CONTAM model appears to be very good for predicting performance
trends.

5.3.1.4.2 Engine Contamination

Spacecraft contractors are concerned about liquid or
solid phase engine plume contaminants whict could potentially degrade space-
craft components such as solar 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 Fhase [
show that low performance aggravates the contamination probilem.

The pulsing performance characteristics analytically
nredicted by CONTAM as a fun. “ior cf engine design parameters and onerating
~onditions were verified by Phase Il performance data; thus there is indi-
cation that the contamination forcasts are likewise vilid. This presumption
in conjunction with the model's inverse relation between performance and con-
tamination generation allows the probable pulsing and steady state enginc
contamination levels to be irferred. The performance data discussed in the
prior section is shown in Figure 5.3-¢7 which relates Ir\p to contaminate V.
The worst condition 15 for the initial cold pulses at the minimum irpulse bit,
The highest performing de<ians are noted to result ir the lowest predicted
contaminate lrevel  The irserled data bands indicate tne inferred contamina-

tion level, “or cah Gf the gperating conditions demanstrated.
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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 (Tmax < 2500°F).

Figure 5.3-27 provides similar data for the 6-SP-0
injector with a thin wall columbium chamber (50 pulses at 0.5 1bf-sec impuisc
25% duty cycle). The nozzle wall is noted to heat and cool faster than tie
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 buricd
operation. This injector was tested at chamber lengths of 1-1/4 in. (stain-
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
nhot 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 columbiuii andi
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 (%l) obtained from two thermocouples spaced at
0.4 in. along the heat flow path'via the following equation:
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5.3.1, Test Data Evaluation (cont.)

W= 1085 K A &% = 0.74 AT
where: K = thermal conductivity
= area for conduction in.2
AX = 0.4 in.

The heat luvad 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 ¥ 300-400°F 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 1500°F rather than 400°F front end
temperature was a higher heat load through the thermal shunt and higher per-
formance. It was concluded that additional insulation between the flangr ard
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 600°F injector face temperature obtained with the
4-UD-28-S design, although structurally acceptable, was 200°F higher than
desired. Phase IIl 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 & 2100°F vs 2500 for the 4-UD-28-S. This, however was at the expense
of a much hotter front end, 2600°F. 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 I1I
blowdown mode because of the more favorable axial temperature distributions.
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5.3.7, Test Data Evaluation (cont.)
5.3.1.5.2 Injector Thermal 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 reducec by reducing the head end chamber diameter.

Figure 5.3-31 demonstrates that the maximum head end
injector temperatures occur during steady state firing 100% duty cycle, and
that pulsing operation is less critical. The 4-UD-0 iniector 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 recommended for the Phase III designs.

5.3.1.5.4 (Chamber 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 reyion. The temperatures at the
full thrust (Pc = 140-160 psia) approach the useful limit of the coatings
available for columbium alloys (2500-3000°F). Thecs 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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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 th2 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 106 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 compared 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 1bF-sec vs 0.05 required and > 0.003 sec valve response vs
0.005 required) by wide margins can be configured for Phase 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 summary of the operational capabilities of
each of the Phase Il engine assemblies tested. The lower "applicaticn" por-
tion of the figure indicates the maximum allowable chamber pressure each
engine could run at without exceeding a 2700°F 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 missiuns. Recommended
modifications to the injector thermal shunt, standoff and chamber length are
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CONTRACT DEFINED GOALS
Thrust 5; 0.25 LBF
Chamber Pressure TBD
Feed System Pressure 500 to 100
Expansion Ratio TBD
ISp (Full Thrust)
Steady State 300 sec
Pulsing 240 sec
Minimum Impulse Bit 0.05 * C. 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

Propellants N204/MMH

MR L6 %0.048

Propeliant Inlet Temperature 20 to 1200F
Storage Life 10 Years

Reliabiiity Goal 0.999

Maintainability Goa! Zero During Storage Life

Thrust Chamber Assy Weight TBD lbs

END OF PHASE 1I
ACHIEVEMENTS

5%0.25 Ibf

165 to 56 psia

400 to 100 psia

100/1 Design Point; 50/1 Tested

310 sec
257 sec

=0,05 *0.00125 Ibf-sec, = 0.02 min

Not Demonstrated

=100

2900 (Single Inject )

Not Demonstrated

<3ms

NZOAIMMH

1.2to 2.0 Tested

22, Ambient & 118 Demonstrated
Not Demonstrated

Not Demonstrated

Not Demonstrated

=12 Ibs

Figure 5.4-1. Thrust Chamber Technology Status
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ESETRE 3 AXIS STABILIZED FREE TO RADIATE
al REGULATED PRESSURIZATION SYSTEM
' | PULSE MODE FIRING, 1% 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
I CHAMBER WITH FORWARD END THICKNESS REDUCED
| THERMAL SHUNT REQUIRED THICKNESS REDUCED TO 0.020 IN.
THERMAL STANDOFF LAMINATED STAINLESS SHIM
COLUMBIUM LINER + LAMINATED REFLECTORS L j
EXPECTED I 0.03 SEC EPW % 275, 300 SEC STEADY STATE
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
0X IMPINGEMENT ANGLE
MODIFY MANIFOLDING TO IMPROVE FLOW DISFRIBUTION
1 ELIMINATE INJECTOR FACE THERMOCOUPLES
CHAMBER 2" L" CONICAL USE RESTDUAL HARDWARE FROM
PHASE 11
THERMAL SHUNT REQUIRED .020 THICKNESS THERMAL STAND OFF LAMINATED
STAINLESS STEEL
EXPECTED I 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 I n

"

280 STEADY STATE, MIN. EPW 0.040 SEC ISp N 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 II1 - 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 Il 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 marifold 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 0.070/0.021 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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Component

Valve
(A11 Engines)

Injector Design
Face Thickness

Oritices

Manifold

Chamber Length

Chamber Contour
Forward End

Shunt and
Insulator - all
engines (see
Figure 5.1-19).

TABLE 6.1-]
SUMMARY OF PHASE TI1 DESIGN UPDATE
ENGINE NO.
1 2 3

Nozzle and valve manifold volumes (in.3) in all enyines
were reduced from 0.000142 to 0.0000888 (fuel) andg
0.000188 to 0.000149 (ox). One additional mounting
hole (see Figure 5.1-7) was added to improve seél
loading.

6-SP-45-C 6-SP-0-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 No change.
0.008 in. and angle change to pro-
vide same resultant vector.

No change. Manifold like No change.
6-SP-45-A.

2.0 inches 2.0 inches 1-3/4 inches

Cylindrical Conical Cylindrical

Thermal Liner No Liner 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 rejecticn was replaced
by 6 laminates as follows:

Injector Manifold

SS 0.005 in.

- SS 0.002 in. 9 interface contacts to
- CU 0.015 in. each reduce heat flow.

- S5 0.002 in. each

Chamber flange

R —
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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-0-C design was modified to include the flow distribution
improvements first incorporated on the A modification of the 6-SP-45. Ther-
mal isniation rings were incorporated at the injector periphery to reduce
heat flow from the chamber to the face. Thermal instrumentation was deleted
from the 6-SP series injectors on the basis of the very low face temperatures
(400°F 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:

6-5P-45-C 6-SP-0-C 4-Up-28-SC
Fuel (in.3) 0.000305 0.000276 0.000245
0x (in.3) 0.000344 0.000315 0.000299
Total 0.000649 0.000591 0.000544

t.1.2 Thrust Chambers

The thrust chamber injector to throat lengths (L')
described in Table 6.1-1 are less than those used for the bulk of the Phase 11
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 Tliner 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
n 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 ithe 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 0D of the chamber liner was overwrapped with six
and nine layer radiation shields for Engines SNs 3 and 1, respectively. Efach
shield was formed from a 0.60 in. wide strip of 0.001 inch thick stainless
steel, coated with 0.0005 in. of aluminum 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 11 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 Timit the heat rejection to 50 watts without introducing
a columbium to titanium weld joint, thus improving both fabricability and

reliability.
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HEAT FLOW, WATTS

120

100

60

40

20

RADIATION THRU WALL

SHUNT 4 ((:ONDUCTION ALONG WALL
_l_ 0.017 in. THICK)
-f——
THFERYA i
B VALVE -Ir——\ el

1500°F

n LAYERS OF STAINLESS
FOIL

FORWARD CHAMBER
TEMPERATURE

SHUNT AND VALVE
CHARACTERISTICS

2 in. Cb CHAMBER,
4-UD-28-$

i CONDUCTION + RADIATION
R N n = NUMBER OF LAVERS
s FS-85
"""--...___' ‘H"‘"-.. -_—— TITA[‘”UM
- BASE ALLOY
{ 1 1 _ 1
0 500 1000 1500 2000

FORWARD CHAMBER TEMP, °F

Figure 6.1-7. Heat Flow Characteristics of Phase Il 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-°F—ft2/
Btu for the various assemblies. These compare with a calculated contact
resistance of 0.003 hr-°F-ft2/Btu based on data involving material properties,
surface conditions and contact pressures. A contact resistance of 0.014
hr-°F—ft2/Btu was selected for design purposes. This resulted in an effec-
tive resistance of 10°F/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 100°F rise in
flange temperature. Flange temperatures of 500 to 1500°F were expected.
Miltiply 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 2700°F. Analyses showed a 1.2 in.
‘ickness of 6.2 1b/ft> insulation block K = 0.8 Btu-in./sq ft-hr-°F to be
sufficient to maintain external temperatures below 300°F for all operating
modes and unlimited firing durations.
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Face Temperature, °F

800

\\b
600 L DC-O.S
4 UD 28 S
400 k.,,‘ \ ) )
an D¢ = 0.450
.
D¢ 0.390
200 3 1 1 1 1
1.2 1.4 1.6 1.8 2.0
MR
700 4 Element
600 }
175 psia
500 |
400 - Design Point
Phase 111 o 6 Element
;yf’//f Design
150 i -
300 g T b P =175
ii i MR = 1.6
© o 6-5SP-0
& 6 - SP- 45
O 4-UD- 28.5
200 e 1
0.3 0.4 0.5

Head End Chamber Dia, in.

Figure 6.1-8. Chamber Diameter Versus Injector Temperature
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6.1.2, Thrust Chamber (cont.)

An engine assembly drawing is provided in Figure 6.1-9
and the insulation configuration is shown in Figure 6.1-10. A1l other com-
ponents, i.e., seals, etc., were the same as Phase Il 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 (Fiqure
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 Figqures 5.1-4 and 5.2-3.

The valves were checked for flow, pressure drop and leak-
age atter completion of the brazing operations on the manifold. The leak
check of valve S/N 011 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 reworkzd 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 IlI testing using the procedure
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6.2.2, 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 desiqgny
shown in Figures 6.1-1, -2 and -3.

Cold flow of the 6-SP-0C 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 vere more like the
SL pattern of Phase II. All six of the injectors experiencrd identical flow
characteristics. The oxidizer problem was attributed to poor alignment dur-
ing the stacking operation which was subsequenily 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 Il 4-UD-28-S design was
employed for the Phase III durability testing. The only difference between
the phase Il 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 showinrg 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 and two of liner design shown in Figure 6.1-5 were fabricated from Fanstcel
Alloy No. 85. These were subsequently coated with a slurry Hafnium Silicide
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 I1
resulted in the modification of instrumentation procedures as indicated in
the following table:

TC Type and Parameter Phase 11 Phase 111
Temp Range
W-5% Re vs W - Wire dia (in.) 0.003 0.010
26% Re
0 - 3200°F Installation Remove coat- Remove coating -
ing and spot drill and stake
weld
Expansion 1 loop Multicoil
Chromel vs Alumel
0 - 2200°F Wire dia 0.003 0.005
Installation Remove coat- Remove coating
ing and spot and spot weld in
weld inert atmosphere
Expansion 1 Toop 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 Toads. The
smaller, darker wires are the chromel vs alumel TC's located in the regions
which were expected to operate below 2200°F. Figure 6.2-3 shows a cross
section of the -1 and -3 chamber contours and the thermocouple locations.

246

YL et ol ]

]

e



Phase TT11 Thrust Chamber

Instrumentation of 50:1 Area Rati¢

(Prefire)

Typical

i~
-

’

Fiqure f.:

247



s e S

et A VAR A OIS ONPRL BTTERT ST ST S TR EERE

SLOL3@207 3| dNOJ0WJAdYL PU® SJNOJUD) 4BQWEY] £- PUR |- 3Y3 40 UOL3IIIS S504)

apLS Iubtry
3PLS 3397 1
wo33og g

uoL3e207 |eudydiadg

a

Lo

00ve - 0
!
000t - 0
|
00¥e - 0
4o °3buey

HLONIT —e=

f

NL
2-11 r4

"€-2'9 34nbLy4
8y.°€ 80y € "4°Y y3buan
v9°2 68°2 pismM 30ds ¥J §00°0 YNl
#9°2 682 pLamM 3ods vJ S00°0 INL 3| 2zoN
- 812 PL3M 30dS | -1 €90°0 a1l
v6° 1L 8L'¢ axeis| y-1 010°0 ¥ZeylLLL
69°1 v6° L R3S | y-1 0l0°0 2111l Je04y}
06°0 06°0 PL3M 30dd v) S00°0 Wil
06°0 060 PL3M 30dg ¥) S00°0 1L Jaquey)
oL'0 oL°0 PLaM 30d§ y) S00°'0 441
oL'o oL°0 plaM 10dd VI S00°0 niEnk abue | 4
£ NS L NS TIVLISNI 3dAL IWYN NOILY201
‘UL ‘uoLjLsod
LeLxy - I
e — —_—— - —— - — —— s
e —
1-L1

Il :lé
|

dnojuo] | -

xhwh.mumr\.h.bnnlhnx
Fal

\&Nﬂﬂﬂwﬂwx\\xxa

ANDIUGTY

.WII.r

ViR S

248



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 nit due to the thermocouples but the columbium wall where the silicide
coating had beern 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
shunt, insulator platelets and seals are provided in Figure 6.2-4. Post-
fire photographs of the SN 1 radiation cooled and SN 2 and SN 3 buried engine
assemblies are shown in Figures 6.2-5, -6 and -7.

6.3 DEMONSTRATION TESTING

The performance, thermal characteristics and durability of three
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 » levels of
tank pressure. Testing was initiated at a Pc of 75 psia and increased in
increments of 25 psi to characterize each engine at stages of simulated blow-
down and to simultaneouslv determine the thermal limits of operation with
successively increasing tank pressures. The maximum tank pressure levels
compatible with Tife 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 Bui'n Time
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6.3, Demonstration Testing (cont.)

Szries 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 puises

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 20°F and 120°F per the rontract requirements. Hardware and pro-
pellants were conditioned to these ‘emperatures. Engine SN 1 and 3 were
selected for envirommental testing,

A11 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 performance from these tests is provided since the
possibility of flow separation in the nozzle exists at thc lower PC levels
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6.3, Demonstration Testing (cont.)

tested. A1l steady state performance 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 D) were
continuous firings.

The test facility was the same as that used for Phase Il testinn
(described in Section 5.2.2 of this report) except that the Pc transducer
employed for Engines SN 1 and 2 was a Taber Model 2210 (weight 2.5 oz).
Engine 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 1bF-sec
v Valve temperature

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 ‘espnonse 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 requlated 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 1bF (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 1bf level. A1l further testing on
this engine was conducted with fixed tank pressures which corresponded to
this maximum performance operating condition. Ffigure 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 PC is due to the use of the larger volume Taber Model 2210 transducer.

Test Series B, Pulsing - 2150 starts; 55 sec total burn
Pulsing performance was evaluated at electrical pulse

widths of 0.10 to 0.01 sec and duty cycles ranging from 30% to 0.3%7 on-time.
Mo limiting operational conditions were encountered. Fiqure 6.3-2 provides a
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Figure 6.3-2. Thrust Trace Engine SN 1, 0.044 iHf-sec Impulse
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6.3.1, Demonstration Testing on Engine SN 1 (cont.)

reproducticn of thrust traces at the 0.044 1bF-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 Fiqure
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.
A1l parameters functionod normaliy during the first 5 hours of testing.
Minor deterioration of tiie chamber wall at the thermocouple attachments where
the silicide coating was removed was noted unon 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 oroceeded
for 16 continuous hours until the 300,000 pulse goal was attained. Durinq
this period, all parameters were normal and there was nno further feteriora-
tion of the chamber wail. As indicated in Fiqure 6.3-3, there was nc change
in engine response, impulse or other operating characteristics during this
prriod. Figure 6.2-5 provides photograschs of the engine assembly and hoth
ends of the chamber following this tesi. 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. Fiqure 6.3-5
shows the excellent impulse repeatability for a typical test and some of the
performance parameters. The data scatter in mixture ratio anu ISp reflects
the inability to measure flow rates for individual pulses. The following

262

e



AJDISLH BWLL 3SNAYL 3S(Nd 000°00E PILOC)H UOLIBLPRY [ 45 BULDUZ  €-£°9 3unbi_

(Pu123X3] 3 [eLad3IU]) uoridoadsu] 2IempIeY § UOTIBIUAWNIISU] [PII241 I3JTBRD 240T3Y @
(£Tup reUI23IXZ) uoTidoadsuy aiempiey g 13deg Burpioday Isnipy 10 38ueuy @
uoridunjyye)y 1a3indmo) @

295 9°082Z Zﬂ 0 Sﬂ 0 momoﬂ 0 wBM 0

g 1ad (Z:0T 0€:60 00:£0 1dd 00:5S0

L0C00€ - £00°00¢ I ‘00T = 3 £00°00¢ 006°98¢ 000°0¢?Z 000°zze

- 3394 L31TIqRINg 3804 z i- <

9601°0 901T°0 ZTIT 0 €0TIT°0 Z01T°0 %011°0 6S0T°0

et cady 4 <t ady ¢

0€:€0 0g:z0 SZT:T10 ST:€2 ot:2e 00:02 0€:81

000°00Z 86L°G8T 005°0L1 815 ‘8Y1 009°veT 001°Z6 800°0¢

[9N]

0TIT0 cCo1"0 LOTIT"0 LLOTO

- rady 7

05:61 OE:6T1 0Z:61 CI:61 OG:aT Iad ow:al

L00"0L 0sg* w9 humm.mm 129729 090°09 £0T"Z¢

umoq Inys umoQ INYg i

LTTIT O FA 1) alv] 60TIT1°0 £0IT°0 111 0 LOTT"0 BEOT'O Je8-3 4q1
— ~ady 7 £wg
00:81 00:LT 00:91 00:ST gz:v1 TZ:%T rad %1:%1 amy L
00087y otv* vz ooB'ze o000t 000*s 00zZ*1 1 *ON 3sTNg

L — — f—
901*Z% i nmami /’\5\ l/l,?}\ E amy] ISnIY]

®



BT ATy AT ey

W
W
| buiisa] A3iriqean, . - saunjeusadws) auibul | NS cp-£°9 3unbiy
W SJdNoY uoLjedng Buidiy
m o€ 02 oL 5 b > 2 L
H f T T ¥ Y T T T T
| B 3 o N 17 Junys
: LR J

WA

218 0§
uoL3dafay JeaH Junus

Jas Jad sas|ngd ¢
12 M43 285 520°0

S4noH § + 3e 3507
UOLIBJUBWNAISU] |Puday] Jaquey)

T

\ PLOJLUBK BALRA
|

E.

Apog aalep |xxn

abue|y —

3e04Y]

A i S,

B SR S SRV T O TR e Y

e 1 R

i pe—

002

0ov

009

008

0001

00cL

0ovt

0001

4, ‘9duanjeuddua)

264



I nS dutbu3l
$53s|Ng 23S G20°0 ‘AdPuliNG 3JUBLUOjJE4 pu® as|ndw] °G-£'G a4nbLj

g S e S R I R R R g ke e e R e e
i 1 : ; 1 : Hl _ : ! - :

B Ry SR DB CU0L WM LMD e

- PN TR ¥
1 ' ' I
& ||...|IL.|.rI|.-||.|._I.|I. Sy e (U v o NN Y | U v P ol [

- - - ..|m I - . .“.. - B [ T
oS e oy ko e e-- v BISME] J38 EF WLAIRM TBW B2 LY SIS BRI s = e 5 |_| b g e o il _v
S 1ig3L 384 ---4® IN/S NOLIIPNI - -— 14—
4

- :
P beid .,.,.,I.W.r yi-11=90 3100 | uﬂMI.m.“Nruu “ON _..m..up

I
- e e e . ..I_ i
9 . b VI MW

-

e o g T S RS T ) S NN N

0 P e e S T T _
-+ —_—r l...rl_ s |._-II_. Pt H..-.T ..... S
| \ e - e b i

Tlﬁpn._.ﬂ..__ __..‘..w 1
: - el o . AT R B 1 St U9 8
- b . | -
AOE Hhi Fres. [ 1 A S P b R LA Lis Viis sl ki A e e med A Cew e i "

I SR i : et b I e | *
s 9 e b e e e o e o e e R I e S e I PR 2
blldelel i aeb e T ERONSSCDE ISR ER O g

s T o it 80 ____;r; _1TT.#.L_T._..LL-._.!LITT__ L* ol L2 r
sn el S [ e BB d ~ Vel e it 8 St 2L B S0 0 s O R . k=) 1 2 =

1 oo r..u..rjl_.u._ L L-L..u,;_._...\..._urn:- a0 _ﬂ_l._rL.ﬂ e | 4
I T T M S ok x e®  eee o o - e ! z
Lot ] o -l&alu Lk 2 Jlﬁn..uﬂl&r-ﬂ.\lﬁ - M___! :Jlu i
h_.u.. F k== -} 7 i R . ya | -” ﬁ =4 3 |..n..]+|1 ._..IH.- 5 . _ P - I |+ |ul
Hf.-?j.-...-.r_+4 I TR 5110 D 6 QO N 1 1 I 1 o e g (e oy 190
B 7 T Ee) i A : i Ll S GRS R JIEy: SHENE AL RERCRS ST L S e ¥ i —
O £ T T 0 T B SR T I N P S A Dy i g
4 -.l-u._l.l_..l..||__l.|.“||r|..“.|.|ﬂ_- |.“.|w|41+. to- -ﬂ.l..l B beip as i o .DH
LSSl ah sH e sk as SH LS & s g2 LbE S a L paeg, s | &
Al ey e 08 0% ”e%, Yp ol @Emﬁﬁ@uﬂﬁ;@a R
o e S ey sy P I O3, R - uﬁg@nﬂm__ﬁﬂw g g mwup o g
0 ke o O Vo GPo L @ ﬂmu.uﬂn_ - ool - oAU - ST - N M i .3
T:.rm. .|__1 T-.__ S : 3 . IT. .ﬂ. ST ._ | ._E i ” S F )
& e o B R R B A o TRy S GRS (R (D Pt s Pt (s 1 06 [ G kglbg
e B e e e B B e
H y s - i ; ' +

’
g I
|
|




* YNy AL s gt i £,

WIREGS T A AT e BT

S e . oAy e AT Y

G A G2 R

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.

On Time Interval Coast Following Last Pulse

No. Pulses sec 1 sec SeC
. 4 0.010 3.0 3.0
4 0.010 0.33 3.0
4 0.025 0.30 3.0
4 0.050 0.28 3.0
8 0.100 0.23 0.3
4 0.050 0.28 0.3
4 0.025 0.30 0.3
4 0.010 0.33 2.7
4 0.010 3.0 3.0

Figure 6.3-6 provides summarized 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 was 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 Tow % 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 19°F pro-
pellant showed harder than normal starts with PC 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 repeatability in the hot (120°F) 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 GN2 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 -equirement for continuous burn durations exceeding 30 sec, however, allows
iLs 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 1bF and a Pc of 75 psia and
PC increased in increments of 25 psia until a limi.ing thermal condition was
attained. A reinstrumented Phase Il 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 Il 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 I1 chamber (-5A) which was coated with R512€ silicide.
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.
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5.3.2, 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 ani lower 1imits 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, °F 190
Manifold Temperature, °F 300
Heat Flow Watts 38

The uninctrumented 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. Fiqures
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 repeatabili‘y was conducted dt 75 Pc 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 Pc 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 1bF-sec * 0.0006 1bF-sec capability for this
type of engine.
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6.3.2, Engine SN 2 (cont.)

Series A Repeat, Steady State Performance and Thermai
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 thurmal 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 shows the injector at the completion of
testing. Postfire valve Teak and cold flow tests showed no leakage when pres-
surized with GN2 at 500 nsia and no charge in response or flow characteristics.

6.3.3 Engine SN 3

The engine shown in Figure 6.3-7 was subjected to the test
series summarized in Table 6.3-3. This engine dr,ign was configured for
unlimited firing capability (both steady state and bulsing) 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. A1l 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-
bitity between 2.2 1bf (75 psia) and approximately 4.4 1bf (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 1500°F
Flange 600°F
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 puises. Blowdown 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 thermocouplie 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 instaliation was not
reinstalled. Performance was within 1% of the as-new performance value when
corrections for the additional chamber heat lTosses 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
succes;sfully 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 coaditions. The only
component which heats following shutdown is the injector which increases from
270°F during the firing to 400°F 20 sec after shutdow:. The throat diameter
(0.148 in.) was within 0.001 in. of the as-fabricated dimension. The maximum
nozzle temperature of 2550°F should allow a firing 1ife of 20 to 40 hours at
full thrust based on the data of fFigure 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
20°F and 121°F propellants. Postfire photoarephs of Engine SN 3 at the con-
clusion of testing are shown in the right column of Figure 6.3-12 and in
Fiqure 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 reasured in the Phase 1II 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 the 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. This
time period approximates the 1imits of resolution of time. Response data
obtained for the three valves revealed a variance between valves of less than
+ 0.00035 sec as indicated from the valve inlet pressure decay data of Fiqure
5.2-3.

6.4.2 Repeatabiiity at MIB

The ability of each engine to provide repeatable impulse
bits was evaluated at electrical pulse durations of 0.100, 0.050, 0.025 and
0.u.0 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 enviromnmental and propellant 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 20°F and 120°F.

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 MIB (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 fram 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 120°F and no degradation over the 300,000 pulse durability tests.
The lower curve for 18°F 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
Tevel where the impulse is once more highly predictable. This effect was
not noted in the Phase Il testing but did not repeat on Engine SN 3 Tow tem-
perature tests.

The MIB data on the bottom half of Fig<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>