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FOREWORD

The work reported herein was sponsored by the National Aero-
nautics and Space Administration (NASA), Marshall Space Flight
Center (MSFC) (I-E-J), under System 921E, Project 9194,

The results of the tests presented were obtained by ARO, Inc,
(a subsidiary of Sverdrup & Parcel and Associates, Inc.), contract
operator of the Arnold Engineering Development Center (AEDC),
Air Force Systems Command (AFSC), Arnold Air Force Station,
Tennessee, under Contract F40600-69-C~-0001. Program direction
was provided by NASA/MSFC; engineering liaison was provided by
North American Rockwell Corp., Rocketdyne Division, manufacturer
of the J-2 rocket engine and McDonnell Douglas Corp., Douglas Air-
craft Company, Missile and Space Systems Division, manufacturer
of the S-IVB stage. The testing reported herein was conducted
April 16 and 23, 1968, in Propulsion Engine Test Cell (J-4) of the
Large Rocket Facility (LRF) under ARO Project No. KA1801. The
manuscript was submitted for publication on August 16, 1968.

Information in this report is embargoed under the Department
of State Internationzl Traffic in Arms Regulations. This report may
be released to foreign governments by departments or agencies of
the U. S. Government subject to approval of NASA, Marshall Space
Flight Center (I~E-J), or higher authority. Private individuals or
firms require a Department of State export license.

This technical report has been reviewed and is approved.

Edgar D. Smith Roy R. Croy, Jr.
Major, USAF Colonel, USAF
AF Representative, LRF Director of Test

Directorate of Test
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ABSTRACT )

Eight firings and two partial transition tests of the J-2 rocket
engine were accomplished during.test periods J4-1801-37 and 38.
These tests periods were conducted on April 16 and 23, 1968,
respectively. Each of these firings was in support of the S-V/S-

IVB. stage engine to investigate engine start transients for first burn
and restart simulations. The partial transition tests were to eval-
uate thrust chamber temperature effects on the engine start transients,
All objectives were successfully met with a total accumulated firing
duration of 156. 6 sec.
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SECTION |
INTRODUCTION

Testing of the Rocketdyne J-2 rocket engine using an S-IVB battle-
ship stage has been in progress since July, 1966, at AEDC in support
of the J-2 engine application on the Saturn IB and Saturn V launch
vehicles for the NASA Apollo Program. The eight firings and two par-
tial transition tests reported herein were conducted during test periods
J4-1801-37 and 38 on April 16 and 23, 1968, respectively, in Propul-
sion Engine Test Cell (J-4) (Figs.- 1 and 2, Appendix I) of the Large
Rocket Facility (LRF)., These tests were conducted at pressure alti-
tudes ranging from 75, 000 to 110, 000 ft (geometric pressure altitude,
Z, Ref. 1) at engine start to investigate engine first burn and restart
transients. Selected engine components were conditioned to predicted
flight conditions.

Data collected to accomplish the test objectives are presented
herein, The results of the previous test period are presented in
Ref. 2.

SECTION It
APPARATUS

2.1 TEST ARTICLE

The test article was a J-2 rocket engine (Fig. 3) designed and
developed by Rocketdyne Division of North American Rockwell Corpo-
ration. The engine uses liquid oxygen and liquid hydrogen as propel-
lants and has a thrust rating of 230, 000 lby at an oxidizer-to-fuel mix-
ture ratio of 5.5. An S-IVB battleship stage, with flight-type S-IVB
stage propellant supply ducts, was used to supply propellants to the
engine. A schematic of the battleship stage is presented in Fig. 4.

Listings of major engine components and engine orifices for this
test period are presented in Tables I and II, respectively (Appendix II),
All engine modifications and component replacements performed since
the previous test period are presented in Tables IIl and IV, respectively.
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2.1.1 J-2 Rocket Engine

The J-2 rocket engine (Figs. 3 and 5, Ref. 3) features the follow-
ing major components:

1.

Thrust Chamber - The tubular-walled, bell-shaped thrust
chamber consists of an 18. 6-in. -diam combustion chamber

(8. 0 in. long from the injector mounting to the throat inlet)

with a characteristic length (L*) of 24.6 in., a 170. 4-in.2
throat area, and a divergent nozzle with an expansion ratio of
27.1, Thrust chamber length (from the injector flange to the
nozzle exit) is 107 in, Cooling is accomplished by the circula-
tion of engine fuel flow downward from the fuel manifold through
180 tubes and then upward through 360 tubes to the injector,

Thrust Chamber Injector - The injector is a concentric-orificed
(concentric fuel orifices around the oxidizer post orifices),
porous-faced injector. Fuel and oxidizer injector orifice areas
are 25,0 and 16.0 in.2, respectively. The porous materia:,
forming the injector face, allows approximately 3.5 percent of
total fuel flow to transpiration cool the face of the injector.

Augmented Spark Igniter - The augmerted spark ignlter unit is
mounted on the thrust chamber injector and supplies the initial
energy source to ignite propellants in the main combustion
chamber. The augmented spark igniter chamber is an integral
part of the thrust chamber injector. Fuel and oxidizer are ig-
nited in the combustion area by two spark plugs.

Fuel Turbopump - The turbopump is composed of a two-stage
turbine-stator assembly, an inducer, and a seven-stage axial-
flow pump. The pump is self lubricated and nominally produces,
at rated conditions, a head rise of 38, 215 ft (1248 psia) of liquid
hydrogen at a flow rate of 8585 gpm for a rotor speed of

27, 265 rpm.

Oxidizer Turbopump - The turbopump is composed of a two-
stage turbine-stator assembly and a single-stage centrifugal
pump. The pump 1s self lubricated and nominally produces, at
rated conditions, a head rise of 2170 ft (1107 psia) of liquid
oxygen at a flow rate of 2965 gpm for a rotor speed of 8688 rpm.

Gas Generator - The gas generator consists of a combustion
chamber containing two spark plugs, a pneumatically operated
control valve containing oxidizer and fuel poppets, and an in-
jector assembly. The oxidizer and fuel poppets provide a fuel
lead to the gas generator combustion chamber., The high energy
gases produced by the gas generator are directed to the fuel
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turbine and then to the oxidizer turbine (through the turbine
crossover duct) before being exhausted into the thrust cham-
ber at an area ratio (A/A¢) of approximately 11.

Propellant Utilization Valve - The motor-driven propellant
utilization valve is mounted on the oxidizer turbopump and by-
passes liquid oxygen from the discharge to the inlet side of the
pump to vary engine mixture ratio,

Propellant Bleed Valves - The pneumatically operated fuel and
oxidizer bleed valves provide pressure relief for the boiloff of
propellants trapped between the battleship stage prevalves and
main propellant valves at engine shutdown.

Integral Hydrogen Start Tank and Helium Tank - The integral
tanks consist of a 7258-in.3 sphere for hydrogen with a
1000-in.3 sphere for helium located within it, Pressurized
gaseous hydrogen in the start tank provides the initial energy
source for spinning the propellant turbopumps during engine
start. The helium tank provides a helium pressure supply to
the engine pneumatic control system.

Oxidizer Turbine Bypass Valve - The pneumatically actuated
oXidizer turbine bypass valve provides control of the fuel
turbine exhaust gases directed to the oxidizer turbine in order
to control the oxidizer-to-fuel turbine spinup relationship. The
fuel turbine exhaust gases which bypass the oxidizer turbine are
discharged into the thrust chamber.

Main Oxidizer Valve - Tne main oxidizer valve is a pneumatically
actuated, two-stage, butterfly-type valve located in the oxidizer
high pressure duct between the turbopump and the main injector.
The first-stage actuator positions the main oxidizer valve at

the 14-deg position to obtain initial thrust chamber ignition; the
second-stage actuator ramps the main oxidizer valve full open
to accelerate the engine to main-stage operation.

Main Fuel Valve - The main fuel valve is a pneumatically
actuated butterfly-type valve located in the fuel high pressure
duct between the turbopump and the fuel manifold.

Pneumatic Control Package - The pneumatic control package
controls all pneumatically operated engine valves and purges.

Electrical Control Assembly - The electrical control assembly
provides the electrical logic required for proper sequencing of
engine components during operation.
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15. Primary and Auxiliary Flight Instrumentation Packages - The
instrumentation packages contain sensors required to monitor
critical engine parameters. The packages provide environ-
mental control for the sensors.

2.1.2 S-IVB Battleship Stage

The S-1VB battleship stage is approximately 22 ft in diameter and
49 ft long and has a maximum propellant capacity of 46, 000 1b of liquid
hydrogen and 199, 000 1b of liquid oxygen. Thne propellant tanks, fuel
above oxidizer, are separated by a common bulkhead. Propellant pre-
valves, in the low pressure ducts (exiernal to the tanks) interfacing the
stage and the engine, retain propellant in the stage until being admitted
into the engine to the main propellant valves and serve as emergency
engine shutoff valves. Propellant recirculation pumps in both fuel and
oxidizer tanks are utilized to circulate propellants through the low pres-
sure ducts and turbopumps before engine start to stabilize hardware tem-
peratures near normal operating levels and to prevent propellant tem-
perature stratification. Vent and relief valve systems are orovided for
both propellant tanks.

Pressurization of the fuel and oxidizer tanks was accomplished by
facility systems using hydrogen and helium, respectively, as the pres-
surizing gases. The engine-suppiied gaseous hydrogen for fuel tank
pressurization during S-IVB flight was routed to the facility vent system.

2.2 TEST CELL

Test cell J-4, Fig. 2, is a vertically oriented test unit designed
for static testing of liquid-propellant rocket engines and propulsion sys-
tems at pressure altitudes of 100, 000 fi. The basic cell construction
provides a l.5-million-1bg-thrust capacity. The cell consists of four
major components (1) test capsule, 48 ft in diameter and 82 ft in height,
situated at grade level and containing the test article; (2) spray chamber,
100 it in diameier and 250 ft in depth, located directly beneath the test
capsule to provide exhaust gas cooiing and dehumidification;- (3) coolant
water, steam, nitrogen (gaseous and liquid), hydrogen (gaseous and
liquid), and liquid oxygen and gaseous helium storage and delivery sys-
tems for operation of the cell and test article; and (4) control building,
containing test article controls, test cell controis, and data acquisition
equipment. Exhaust machinery is connected with the spray chamber and
maintains a minimum test cell pressure before and after the engine firing
and exhausts the products of combustion from the engine firing. Before
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a firing, the facility steam ejector, in series with the exhaust machinery,
provides a pressure altitude of 100, 000 {t in the test capsule. A detailed
description of the test cell is presented in Ref. 4.

The battleship stage and the J-2 engine were oriented vertically
downward on the centerline of the diffuser-steam ejector assembly.
This assembly consisted of a diffuser duct (20 ft in diameter by 150 ft
in length), a centerbody steam ejector within the diffuser duct, a dif-
fuser insert (13,5 ft in diameter by 30 ft in length) at the inlet to the
diffuser duct, and a gaseous nitrogen annular ejector above the diffuser
insert. The diffuser insert was provided for dynamic pressure recovery
of the engine exhaust gases and to maintain engine ambient pressure alti-
tude (attained by the steam ejector) during the engine firing. The annular
ejector was provided to suppress steam recirculation into the test cap-
sule during steam ejector shutdown. The test cell was also equipped
with (1) a gaseous nitrogen purge system for continuously inerting the
normal air in-leakage of the cell; (2) a gaseous nitrogen repressuriza-
tion system for raising test cell pressure, after engine cutoff, to a level
equal to spray chamber pressure and for rapid emergency inerting of
the capsule; and (3) a spray chamber liquid nitrogen supply and distribu-
tion manifold for initially inerting the spray chamber and exhaust duct-
ing and for increasing the molecular weight of the hydrogen-rich exhaust
products.

An engine component conditioning system was provided for tem-
perature conditioning engine components. The conditioning system
utilized a liquid hydrogen-helium heat exchanger to provide cold helium
gas for component conditioning. Engine components requiring tempera-
ture conditioning were the thrust chamber, crossover duct, and main
oxidizer valve second-stage actuator. Helium was routed internally
through the crossover duct and tubular-walled thrust chamber and ex-
ternally over the main oxidizer valve second-stage actuator.

2.3 INSTRUMENTATION

Instrumentation systems were provided to measure engine, stage,
and facility parameters. The engine instrumentation was comprised of
(1) flight instrumentation for the measurement of critical engine param-
eters and (2) facility instrumentation which was provided to verify the
flight instrumentation and to measure additional engine parameters. The
flight instrumentation was provided and calibrated by the engine manu-
facturer; facility instrumentation was initially calibrated and periodically
recalibrated at AEDC, Appendix IIl contains a list of all measured test
parameters and the locations of selected sensing points.
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Pressure measurements were made using strain-gage-type pres-
sure transducers. Temperature measurements were made using
resistance temperature transducers and thermocouples., Ox.dizer and
fuel turbopump shaft speeds were sensed by magnetic pickup. Fucl and
oxidizer flow rates to the engine were measured by turbine-type flow-
meters which are an integral part of the engine. The propellant recir-
culation flow rates were also monitored with turbine-type flowmeters.
Vibrations were measured by accelerometers mounted on the oxidizer
injector dome and on the turbopumps. Primary engine and stagc valves
were instrumented with linear potentiometers and limit switches,

The data acquisition systems were calibrated by (1) precision elec-
trical shunt resistance substitution for the pressure transducers and
resistance temperature transducer units; (2) voitage substitution for the
thermocouples; (3) frequency substitution for shaft speeds and flow-
meters; and (4) frequency-voltage substitution for acceierometers.

The types of data acquisition and recording systems used during this
test period were (1) a multiple-input digital data acquisition system
(MicroSADIC®) scanning each paramecter at 40 samples per second and
recording on magnetic tape; (2) single-input, continuous-recording FM
systems recording on magnetic tape; (3) photographically recording
galvanometer oscillographs; (4) direct-inking, null-balance potentiometer-
type X-Y plotters and strip charts; and (5) optical data recorders. Appli-
cable systems were calibrated before each test (atmospheric and altitude
calibrations). Television cameras, in conjunction with video tape re-
corders, were used to provide visual coverage during an engine firing, as
well as for replay capability for immediate examination of unexpected
events.

2.4 CONTROLS

Control of the J-2 engine, battleship stage, and test cell systems
during the terminal countdown was provided from the test cell control
room. A facility control logic neitwork was provided to interconnect tne
engine control system, major stage systems, the engine safety cutoff
system, the observer cutoff circuits, and the countdown sequencer. A
schematic of the engine start control logic is presented in Fig. 6. The
sequence of engine events for a normal start and shutdown is presented
in Figs., 7a and b, Two control logics for sequencing the stage pre-
valves and recirculation systems with engine start for simulating engine
flight start sequences are presented in Figs. 7c and d.
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SECTION U]
PROCEDURE

Preoperational procedures were begun several hours before the
test period. All consumable storage systems were replenished, and
engine inspections, leak checks, and drying procedures were conducted.
Propellant tank pressurants and engine pneumatic and purge gas samples
were taken to ensure that specification requirements were met. Chemi-
cal analysis of propellants was provided by the propellant suppliers.
Facility sequence, engine sequence, and engine abort checks were con-
ducted within a 24-hr time period before an engine firing to verify the
proper sequence of events. TFacility and engine sequence checks con-
sisted of verifying the timing of valves and events to be within specified
limits; the abort checks consisted of electrically simulating engine mal-
functions to verify the occurrence of an automatic engine cutoff signal.
A final engine sequence check was conducted immediately preceding the
test period.

Oxidizer dome, gas generator oxidizer injector, and thrust chamber
jacket purges were initiated before evacuating the test cell. After com-
pletion of instrumentation calibrations at atmospheric conditions, the test
cell was evacuated to approximately 0.5 psia with the exhaust machinery,
and instrumentation calibrations at altitude conditions were conducted.
Immediately before loading propellants on board the vehicle, the cell and
exhaust-ducting atmosphere was inerted. At this same time, the cell
nitrogen purge was initiated for the duration of the test period, except
for the engine firing, The vehicle propellant tanks were then loaded, and
the remainder of the terminal countdown was conducted. Temperature
conditioning of the various engine components was accomplished as re-
quired, using the facility-supplied engine component conditioning system.
Engine components which required temperature conditioning were the
thrust chamber, the crossover duct, and main oxidizer valve second-stage
actuator., Table V presents the engine purges and thermal conditioning
‘operations during the terminal countdown and immediately following the
engine firing.
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SECTION IV
RESULTS AND DISCUSSION

4.1 TEST SUMMARY

Fight firings and two partial transition tests were accomplished
during test periods J4-1801-37 and J4-1801-38 which were conducted
on April 16 and 23, 1968, respectively. FEach of these firings was in
support of the S-V/S-IVB stage engine to investigate start transients
for first burn, two orbit restarts, 80-min orbital coast restart, and
6-hr orbital coast restart simulation. The partial transition tests
were to evaluate thrust chamber thermal conditioning on engine start
transient. The accumulated firing duration for these test periods
was 156. 6 sec.

Each of the first burnfirings was conducted with a propellant
utilization valve excursion from the rull to the closed position approxi-
matcly 10 sec after start tank discharge, which resulted in a change in
mixture ratio from approximately 5.0 to 5.5. The restart after the
simulated 6-hr orbital coast included a propellant utilization valve ex-
cursion from the open to closed position at about 14 sec after start tank
discharge. This resulted in a change in mixture ratio from approxi-
mately 4.5 to 5.5. Each of the 80-min restart simuiations was con-
ducted with the propellant utilization valve in the open position. The
partial transition tests were conducted with the propellant utilization
valve in the null position.

Firing 38B was prematurely terminated at tg + 1. 242 sec as the
result of a momentary loss of the oxidizer prevalve 'open' limi: switch
feedback signal. However, tne duration was sufficient enough that the
test objectives were met.

The thrust chamber, crossover duct, and the main oxidizer valve
second-stage actuator were thermally conditioned to targets predicted
for S-1VB flignt conditions. A summary of test requirements and re-
suits is presented in Table VI. Engine start conditions for the pump
inlets, start tank, and helium tank sre shown in Fig. 8. Component
thermal conditioning histories and engine start and shutdown transients
for tests J4-1801-37 and J4-1801-38 are shown in Figs. 9 through 48.
Selected engine valve timings are tabulated in Table VII for the engine
start and shutdown transients. Calculated engine performance (Appen-
dix IV) for the four 32. 5-sec duration firings is presented in Table VIIL
Specific test objectives and a brief summmary of results obtained from
each firirg are presented as follows:



Firing

Test Objective

37TA

37B

37C

37D

S-1IVB first burn simulation
to evaluate engine start
transients at minimum start
energy

S-1VB 80-min restart
simulation to evaluate
engine start transients
with narrow band start
tank relief wvalve condi-
tions of 1200 psia and
-260°F and coldest
(-200°F) expected thrust
chamber conditions

S-1IVB restart simulation,
with low starting energy and
-100°F crossover duct after
a simulated 6-hr orbital
coast

S-IVB 80-min restart
simulation to evaluate
engine start transients with
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Results

A successful 32, 6-sec firing
was achieved. Thrust cham-
ber ignition (chamber pres-
sure = 100 psia) was re-
corded at tg + 1. 047 sec with
main-stage operation (cham-
ber pressure = 550 psia) re-
corded at tg + 2. 117 sec.
Excessive engine vibration
(VSC) was recorded for 38
msec beginning at tg + 1.045
sec. The gas generator tem-
perature peak was 1270°F.
Minimum fuel pump stall
margin was approximately
400 gpm at about 18,000 rpm.

A 7.6-sec firing was success-
fully accomplished. Thrust
chamber ignition was recorded
at tg + 0. 987 sec with main-
stage operation occurring at

to + 2. 050 sec. The gas gen-
erator temperature peak was
1850°F. Engine vibration
(VSC) was recorded for 15 msec
beginning at ty + 0. 994 sec.

A 32. 6-sec firing was success-
fully achieved. Thrust cham-
ber ignition was recorded at
tg+ 1.090 sec. Main-stage
operation occurred at tg + 2.800
sec. Excessive engine vibra-
tion (VSC) was recorded for

95 msec beginning at tg + 1.087
sec, The initial gas generator
outlet temperature peak was
890°F.

A successful 7. 6-sec firing was
accomplished. Thrust cham-
ber ignition was recorded at
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Firing

Test Objectives

37D
(con't)

37K

38A

38B

narrow band start tank
relief valve conditions
of 1300 psia and -265°F,
coldest (-200°F) ex-
pected thrust chamber
conditions, and high fuel
pump inlet pressure

(41 psia)

S-1VB partial transition
firing to evaluate thrust
chamber temperature

(25 £ 15°F) effects on
engine start transient and
relief of launch restraints

S-IVB first burn simula-
tion to evaluate engine
start transients at AS-502
flight conditions

S5-1VB two-orbit restart
simulation to evaluate
expected engine start
transient at AS-502 flight
conditions

10

Resulis

tg + 0.954 sec. Main-stage
operation was attained at

tgp + 1. 625 sec. Excessive
engine vibration (VSC) was
recorded for 66 msec begin-
ning at tg + 0. 935 sec. The
initial gas generator outlet
temperature peak was 1585°F
with a second peak of 1490°F,

Programmed cutoff occurred
700 msec after main-stage
signal. Thrust chamber
ignition occurred at tg + 0.967
sec. A minimum fuel pump
stall margin of approxi-
mately 1000 gpm occurred

at about 12, 400 rpm during
start tank discharge. The
maximum gas generator
outlet temperature before cut-
off was 1295°F,

A successful 32. 6-sec firing
was conducted, Thrust
chamber ignition was re-
corded at tg + 1.020 sec. Ex-
cessive engine vibration (VSC)
was recorded for 31 msec be-
ginning at tg + 1. 018 sec.
Main-stage operation was
achieved at tg + 2. 017 sec.
The maximum gas generator
outlet temperature was 16435°F,

This firing was prematurely
terminated at ty + 1. 24 sec as
the result of a momentary loss
of the oxidizer prevalve open
limit switch feedback signal.
Thrust chamber ignition was
recorded at tg + 1. 010 sec.
Excessive engine vibration



Firing Test Objectives
38B

(cont'd)
38C S-IVB first burn simula-

38D

38E

tion to evaluate augmented
spark igniter and gas gen-
erator temperatures at
maximum starting energy
and fuel inlet pressure and
the warmest (-80°F) ex-
pected thrust chamber

S-IVB 80-min restart
simulation with narrow
band relief valve limits on
start energy (1300 psia and
-265°F) and maximum fuel
inlet pressure

S-IVB partial transition
firing to evaluate thrust
chamber temperature
(50 £ 15°F) effect on
engine start transient

11
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Results

(VSC) was recorded for

91 msec beginning at

tp + 1.010 sec. The maxi-
mum gas generator outlet
temperature was 1235°F
before engine cutoff signal.

A 32.6-sec firing was suc-
cessfully accomplished.

The initial gas generator
outlet temperature peak was
1580°F with a second peak

of 1545°F. No apparent
erosion of the augmented
spark igniter chamber was
detected. Thrust chamber
ignition was recorded at

to + 0.968 sec. Excessive
engine vibration (VSC) was
recorded for 15 msec begin-
ning at tg + 0. 970 sec. Main-
stage operation was achieved
at tg + 1. 858 sec.

A successful 7. 6-sec firing
was accomplished. Thrust
chamber ignition was re-
corded at tg + 0. 955 sec.
Excessive engine vibration
(VSC) was recorded for 10
msec beginning at ty + 0.955
sec, Main-stage operation
was achieved at tg + 2. 016
sec. The initial gas genera-
tor outlet temperature peak
was 1555°F with a second
peak of 1825°F.

A programmed cutoff

occurred 700 msec after main-
stage signal, Thrust chamber
ignition was recorded at

tg+ 0.972 sec. A minimum
fuel pump stall margin of
approximately 600 gpm was
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Firing Test Objectives

Results

38E
{cont'd)

measured at about 12, 300
rpm during start tank
discharge. The maximum
gas generator outlet tem-
perature was 1255°F before

engine cutoff.

The following sections will consist of discussions and analyses of
selected firings. The data presented will be those recorded on the
digital data acquisition system, except as noted.

4.2 S-IVB FIRST BURN SIMULATION

Comparison of firings 37E and 38E to firing 36E (Ref. 2) showed the
effect of thrust chamber thermal conditioning on fuel pump and gas gen-

erator start transients, as discussed in subsequent sections.

Each of

these firings was conducted at similar conditions as showr. below:

Firing

Fuel Lead, sec

Fuel Pump Iniet Pressure,
psia, at Engine Start

Fuel Pump Inlet Temperature,
°F, at Engine Start

Oxidizer Pump Inlet Pressure,
psia, at Engine Start

Oxidizer Pump Inlet Tempera-
ture, °F, at Engine Start

Start Tank Pressure, psia,
at Engine Start

Start Tank Temperature, °F,
at Engine Start

Average Thrust Chamber
Temperature, °F,
at Engine Start/at tg

Average Crossover Duct
Temperature, °F, at
Engine Start

36E

3. 001

27.9

-420.

(4a]

44. 4
-294, 3
1388

-199

-14/-91

22

375

3.020
28.6
-421.4
45.5
-204.8
1380

-207

19/-66

22

38E

3. 001

27.9

51/-30

20

Each of these firings was a partial transition test with a programmed
cutoff occurring at approximately, 700 msec after the main-stage solenoid

was energized.

12
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4.2,1 Thrust Chamber Thermal Conditioning Effects on Fuel Pump Operation

The operation of the fuel pump was directly affected during start
tank discharge by thrust chamber thermal conditioning. This resulted
from thrust chamber temperature directly affecting the resistance to
fuel flow through the thrust chamber. The warmest conditioned thrust
chamber provided the greatest resistance to fuel flow, as evidenced by
the sharp reduction in fuel pump flow coefficient (Fig. 49) during start
tank discharge. This reduction occurred earliest with the warmest
conditioned thrust chamber. The reduction in fuel flow resulted in an
increase in fuel pump discharge pressure, which is shown by the in-
crease in fuel pump head rise coefficient (Fig. 50). The resulting effect
of thrust chamber thermal conditioning on fuel pump operation was to re-
duce the minimum stall margin during start tank discharge (Fig. 51);
the warmest thrust chamber resulted in a stall margin of about 600 rpm
at approximately 12, 300 rpm.

4,2.2 Thrust Chamber Thermal Conditioning Effects on Gas Generator Operation

Gas generator operation during start tank discharge was directly
affected by thrust chamber thermal conditioning. This was true since
the fuel injection pressure into the gas generator was directly related
to the fuel pump discharge pressure. The previous section (Sec-
tion 4. 2.1) showed that the pump discharge pressure increased with in-
creases in thrust chamber conditioning temperature. This resulted in
increased fuel injection pressure (Fig. 52) into the gas generator dur-
ing start tank discharge as the thrust chamber conditioning temperature
was increased. This, in effect, provided better quality fuel in the gas
generator which reduced the mixture ratio. This was reflected in the
reduction of the initial gas generator outlet temperature peak from 1585
to 1255°F (Fig. 53). Thus, an increase in thrust chamber conditioning
temperature from -14 to 50°F reduced the initial gas generator outlet
temperature peak about 330°F,

4.3 S-1VB 80-MIN ORBITAL COAST RESTART SIMULATION

Comparison of firing 37D to 38D showed the effect of thrust cham-
ber thermal conditioning effects on fuel pump and gas generator start
transients, as discussed in subsequent sections. Both of these firings
were conducted at conditions predicted for an 80-min orbital coast re-
start as shown:

13
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Firing 36D 37D 38D

Fuel Lead, sec 7.02 7,02 7.92

Fuel Pump Inlet Pres-
sure, psia, at
Engine Start 26.6 41.0 41.0

Fuel Pump Inlet Tem-
perature, °F, at
Engine Start -420.6 -420. 6 -421.1

Oxidizer Pump Inlet
Pressure, psia, at
Engine Start 45.0 45.0 45.1

Oxidizer Pump Inlet
Temperature, °F,
at Engine Start -294.8 -284,17 -294, 3

Start Tank Pressure,
psia, at Engine Start 1298 1296 1295

Start Tank Temperature,
°F, at Engine Start -266 -276 -269

Average Thrust Cham-
ber Temperature, °F,
at Engine Start/at tg -210/-362 -228/-366 36/-286

Crossover Duct Tem-
perature, °F, at
Engine Start (TFTD-2/
-3/-8 450/174/408 409/171/384 438/173/396

4.3.1 Thrust Chamber Thermal Conditioning Effects on Fuel Pump Operation

The initial resistance to fuel flow through the thrust chamber by
the warmer conditioned chamber was greatly reduced by the 8-sec fuel
lead. The average thrust chamber temperatures after the fuel lead
(tg) were -366 and -286°F for firings 37D and 38D, respectively. The
resistance to fuel flow was essentially equal for both firings, as shown
in Fig. 54. However, the warmer conditioned (-286°F) tnrust chamber
resulted in the higher fuel pump head rise coefficient during start tank
discharge (Fig, 55). The net result was to reduce the minimum fuel
pump stall margin from about 2360 to 2160 gpm at approximately
13, 500 rpm during start tank discharge, Fig. 56.

14
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4.3.2 Thrust Chamber Thermal Conditioning Effects on Gos Generator Operation

Both firings 37D and 38D were conducted with a fuel pump inlet
pressure of 41.0 psia at engine start. This resulted in high gas gen-
erator fuel injection pressure and better quality fuel in the gas gen-
erator chamber. Ignition in the chamber occurred at ty + 0. 660 sec
for firing 38D. Ignition during firing 37D was characterized by apparent
low energy combustion from tg + 0. 670 sec to tg + 0. 740 sec, as shown
by gas generator chamber pressure in Fig. 57.

Thrust chamber ignition, which provides the mechanism for termi-
nating the initial gas generator outlet temperature peak, occurred at.
tgp + 0.955 sec for both firings. The initial gas generator outlet tem-
perature peak for firing 37D (1585°F) was about 30°F hotter than for firing
38D (1555°F). This is shown in Fig, 58. Therefore, an increase in
thrust chamber conditioning temperature from -366 to -286°F resulted in
a 30°F decrease in the initial gas generator outlet temperature peak.

4,3.3 Fuel Pump Inlet Pressure Effect on Fuel Pump Operation

The effect of fuel inlet pressure on fuel pump operation during start
tank discharge could be seen by a comparison of firing 36D to 37D.
From the data tabulated in Section 4. 3, all starting conditions were
essentially equal with the exception of fuel pump inlet pressure at engine
start. The iniet pressure was 26.35 and 41. 0 psia for firings 36D and
37D, respectively.

Oxidizer pump operation was the same for both firings; the peak
turbine speed was approximately 3850 rpm at ty + 0. 560 sec during start
tank discnarge. The average oxidizer pump discharge pressure (data
from FM system) at tg + 0.560 was 305 psia for both firings.

The fuel pump speed at tg + 0. 560 sec was about 660 rpm higher for
firing 37D (13, 565 rpm) than for firing 36D. This resulted in an aver-
age pump discharge pressure (data from FM system) of 100 psia at
tg + 0.560 sec for firing 37D; this was about 40 psi greater than for fir-
ing 36D. Fuel pump head rise coefficient was lower for firing 37D
during start tank discharge, as shown in Fig. 59. The flow coefficient
(Fig. 60) was correspondingly higher for 37D at this same time period.
The net effect of the increase from 26.5 to 41. 0 psia fuel pump inlet
pressure was to increase the minimum stall margin during start tank
discharge from 1720 to 2000 gpm, as shown in Fig. 61,

15
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4.3.4 Fuel Pump Inlet Pressure Effect on Gas Generator Operation

Higher fuel pump inlet pressure for firing 37D resulted in a higher
fuel injection pressure into the gas generator than for firing 36D, as
shown in Fig., 62. This provided a better quality fuel in the gas gen-
erator for firing 37D. With oxidizer injection pressure equal for both
firings, the result was a lower mixture ratio in the gas generator cham-
ber during firing 37D. Both firings were characterized by apparent low
energy combustion; firing 37D from ty + 0. 670 to 0. 740 sec and firing
36D from tg + 0.650 to 0. 750 sec. This was refiected in the gas gen-
erator chamber pressure as shown in Fig. 63.

Thrust chamber ignition occurred at tg + 0.955 sec for both firings,
This provided the mechanismefor terminating the initial gas generator
outlet temperature (Fig. 64) at 1585°F for firing 37D about 575°F colder
than for firing 36D. Therefore, an increase in fuel pump inlet condi-
tioning pressure at engine start from 26.5 to 41. 0 psia resulted in a de-
crease in the initial gas generator outlet temperature of 575°F,

4.4 S-IVB 6-HR ORBITAL COAST RESTART

Simulated restart conditions expected for the S-IVB stage engine
after a 6-hr orbital coast are characterized by low starting energy.
Both firings 37C and 36A (Ref. 2) were S-IVB 6-hr orbital coast restart
simulations and were conducted at essentially the same starting condi-
tions as shown below:

Firing 36A 37C
Fuel Lead, sec 7,92 7.92

Fuel Pump Inlet Pressure, psia,
at Engine Start 26.8 27.0

Fuel Pump Inlet Temperature,
°F, at Engine Start -421. 4 -421. 2

Oxidizer Pump Inlet Pressure,
psia, at Engine Start 33.6 33.5

Oxidizer Pump Inlet Temperature,
°F, at Engine Start -294.6 -294. 8

Start Tank Pressure, psia, at
Engine Start 1250 1237

Start Tank Temperature, °F, at
Engine Start -139 -146

16
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Firing 36A 37C

Average Thrust Chamber Temperature,
°F, at Engine Start/at tg -182/-356 -231/-367

Average Crossover Duct Temperature,
°F, at Engine Start -93 -99

Thrust chamber ignition occurred at tg + 1.090 sec for firing 37C
and at ty + 1.079 sec for firing 36A. When compared with ignition time
for first burn and 80-min orbital coast restart simulations, the 6-hr
orbital coast ignition time was delayed about 90 msec. Thrust chamber
pressure attained 550 psia at tg + 2800 sec for firings 37C and 36A,
which is slow when compared with first burn and 80-min orbital coast
restart simulations.

The initial gas generator outlet temperature peak was 890°F for
firing 37C (Fig. 18f). This was about 10°F warmer than recorded for
firing 36A. The 10°F difference resulted from lower resistance to fuel
flow through the thrust chamber by the colder (-367°F) conditioned
thrust chamber (firing 37C). This decreased the fuel available to the
gas generator and thereby increased the mixture ratio in the gas gen-
erator.

The 10°F difference in the thrust chamber conditioning temperatures
at tp did not significantly affect fuel pump operation. Thus firing 37C
(Fig. 19) is representative of fuel pump start transient performance for
firing 36A. The engine start transients for firing 37C (Fig. 18) are also
representative of the start transients which existed for firing 36A.

4.5 POST-TEST INSPECTION

Inspection after the completion of tests J4-1801-37 and 38 revealed
no apparent engine component damage.

SECTION V
SUMMARY OF RESULTS

The results of testing the J-2 rocket engine in Test Cell J-4 during
tests J4-1801-37 and 38 conducted on April 16 and 23, 1968, respec-
tively, are summarized as follows:

1. The engine started with the thrust chamber conditioned to
+50°F at engine start (firing 38E), in conjunction with a

17
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3-sec fuel lead for an S-1VB first burn mission. The
minimum fuel pump stall margin was about 600 gpm at
approximately 12, 300 rpm.

2. An increase in average thrust chamber conditioning tempera-
ture at engine start from -14°F (firing 36E) to 50°F (firing
38E) for an S-1VB first burn reduced the initial gas generator
outlet temperature peak about 330°F,

3. An increase in average thrust chamber conditioning tem-
perature at engine start from -366°F (firing 37D) to -286°F
(firing 38D) for an S-IVB 80-min orbital coast simulation
resulied in a 30°F decrease in the initial gas generator outlet
temperature peak.

4. A change in the fuel pump inlet conditioning pressure at engine
start from 26. 6 psia (firing 36D) to 41. 0 psia (firing 37D)
reduced the initial gas generator outlet temperature peak 575°F.

5. A minimum starting energy S-IVB 6-hr orbital coast restart
(firing 37C) simulation was satisfactorily accomplished. The
initial gas generator outlet temperature peak was 890°F.

6. An S-IVB first burn simulation (firing 37A) with minimum
starting energy resulted in a minimum fuel pump stall margin
of 400 gpm at about 18, 000 rpm.
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Time Index Lines, l-sec Intervals
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Time Index Lines, l-sec Intervals
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Fig. 7 Concluded
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31



AEDC-TR-68-201

PUMP SPEED, RPM X 103

PUMP SPEED, RPM X 10-3

28T

T

201

16..

121

107

PRESSURE, PSIR

PRESSURE, PSIRA

1400
/‘
1200 ]
-1p
1000 FUEL PUMP SPEED, NFP-1P -\\ |
T UEL INJECTOR
800 /’/J’/— PRESSURE, PFJ-2
g / —
o /%
FUEL PUMP N
400 /‘ DISCHARGE V4 K’
pyay
PRESSURE, -
200 [ | prpoe—— | [\ L~ —CHAMBER PRESSURE, PC-3
/ J
_ﬁ
0 = 1
1 2 3
TIME, SEC
a. Thrust Chamber Fuel System, Start
1000
OXI1DIZER PUMP DISCHARGE
800 PRESSURE, POPD-2— e
=
\\/// _—
B 1
600 Vi all =
/
OXIDIZER PUMP vd
SPEED, NOP-IP\ v/ /
400 A <
>/ N
o 7/ CHAMBER PRESSURE, PC-3
-
200 // 7
0 1 2 3
TIME, SEC

32

b. Thrust Chamber Oxidizer System, Start
Fig. 10 Engine Transient Operation, Firing 37A
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Fig. 38 Engine Transient Operation, Firing 38C
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