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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 Corporation, Rocketdyne Division, manu-
facturer of the J-2 rocket engine, and McDonnell Douglas Corpora-
tion, Missile and Space Systems Division, manufacturer of the S-IVB
stage. The testing reported herein was conducted between June 19
and July 11, 1968, in Propulsion Engine Test Cell (J-4) of the Large
Rocket Facility (LRF) under ARO Project No. KA1801 and KA1901,
The manuscript was submitted for publication on September 12, 1968.

Information in this report is embargoed under the Department of
State International 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
AT Representative, LRF Director of Test

Directorate of Test
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ABSTRACT

Sixteen firings of the Rocketdyne J-2 rocket engine (S/N J-2036-1)
were conducted during four test periods (J4-1801-42 through J4-1901-
02) between June 18 and July 11, 1968, in Test Cell J-4 of the Large
Rocket Facility, This testing was in support of the J-2 engine applica-
tion on the S-II stage of the Saturn V vehicle, The firings were con-
ducted utilizing the specially configured low pressure fuel duct designed
to simulate the S-1I center engine low pressure fuel duct fluid dynamics.
The firings were accomplished at pressure altitudes of approximately
100, 000 ft at engine start. The primary objective of these firings was
to evaluate the augmented spark igniter modified per Rocketdyne
Engineering Change Proposal J2-643. Engine components were ther-
mally conditioned to predicted S-1II interstage/engine temperatures.
Engine operation was satisfactory on all firings except firing 02D, on
which ignition was not detected in the augmented spark igniter. Total
accumulated firing duration for the four test periods was 197, 0 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 16 firings reported herein
were conducted during test periods J4-1801-42 through J4-1901-02
between June 19 and July 11, 1968, in Propulsion Engine Test Cell
(J-4) (Figs. 1 and 2, Appendix I) of the Large Rocket Facility (LRF).

The main objective of these firings.was to evaluate the performance
of a modified augmented spark igniter (ASI) system resulting from the
apparent failure of the augmented spark igniter propellant system on
flight AS-502, The firings were conducted at pressure altitudes ranging
from 90, 000 to 108, 000 ft (geometric pressure altitude, Z, Ref. 1) at
engine start. The specially configured duct (Ref. 2) designed to simu-
late the S-II center engine low pressure fuel duct fluid dynamic charac-
teristics was utilized for this test series. Engine components were
conditioned to predicted S-II interstage/engine temperatures. Data
collected to accomplish the test objectives are presented herein., The
results of the previous test period are presented in Ref. 3.

SECTION 1)
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 Corpora-
tion. This engine uses liquid oxygen and liquid hydrogen as propellants
and has a thrust rating of 230, 000 1bs at a mixture (oxidizer-to-fuel)
ratio of 5.5. The engine, as received at AEDC, was designated S/N
J-2036-1, signifying that it is a rebuilt engine. In rebuilding, modifi-
cations were performed to configure the engine identically with engine
S/N J-2072, and subsequent engines; in addition, a Photocon® pressure
transducer was installed on the oxidizer dome to measure oxidizer in-
jector pressure; and the augmented spark igniter was modified per
Rocketdyne Engineering Change Proposal J2-643. An S-IVB battleship
stage was used to supply propellants to the engine. The S-IVB low
pressure fuel duct was replaced with a specially configured duct (Fig. 4)
to simulate S-II stage center engine fuel flow dynamics; however, the
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standard S-1IVB low pressure oxidizer duct remained in use. A sche-
matic of the battleship stage is presented in Fig. 5.

Listings of major engine components and engine orifices for this
test series 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.

2.1.1 J-2 Rocket Engine

The J-2 rocket engine (Figs. 3 and 6, Ref. 4) features the following
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.z, respectively. The porous material,
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 augmented spark igniter 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 is self lubricated and nominally produces, at
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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
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 furbopump 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 hydro-
gen in the start tank provides the initial energy source for spin-
ning 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 - The 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.
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13. Pneumatic Control Package - The pneumatic control package
controls all pneumatically operated engine valves and purges.

14, Electrical Control Assembly - The electrical control assembly
provides the electrical logic required for proper sequencing of
engine components during operation.

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-1VB Battleship Stage

The S-IVB 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. The propellant tanks, fuel
above oxidizer, are separated by a common bulkhead. Propellant pre-
valves, in the low pressure ducts (external 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 provided 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-supplied gaseous hydrogen and gaseous
oxygen for fuel and oxidizer tank pressurization during S-1II flight were
routed to the respective facility venting systems.

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 ft. The basic cell construction
provides a 1, 5-million-lbg-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 ft in diameter and 250 ft in depth, located directly beneath the test
capsule to provide exhaust gas cooling 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,
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containing test article controls, test cell controls, 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
a firing, the facility steam ejector, in series with the exhaust machinery,
provides a pressure altitude of 100, 000 ft in the test capsule. A detailed
description of the test cell is presented in Ref. 5.

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, start tank
discharge valve, main oxidizer valve second-stage actuator, and low
pressure fuel duct. Helium was routed internally through the crossover
duct and tubular-walled thrust chamber and externally over the start tank
discharge valve. Main oxidizer valve conditioning was achieved by open-
ing the prevalves and permitting propellants into the engine. The low
pressure fuel duct was conditioned with the heater tape as shown in
Fig, 4.

2.3 INSTRUMENTATION

Instrumentation systems were provided to measure engine, stage,
and facility parameters. The engine instrumentation was comprised of
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(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.

Pressure measurements were made using strain-gage-type pres-
sure transducers and a capacitance-type Photocon transducer. Tem-
perature measurements were made using resistance temperature trans-
ducers and thermocouples. Oxidizer and fuel turbopump shaft speeds
were sensed by magnetic pickup. Fuel and oxidizer flow rates to the
engine were measured by turbine-type flowmeters which are an integral
part of the engine. The propellant recirculation flow rates were also
monitored with turbine-type flowmeters. Vibrations were measured by
accelerometers mounted on the oxidizer injector dome and on the turbo-
pumps. Primary engine and stage 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) voltage substitution for the
thermocouples; (3) frequency substitution for shaft speeds and flow-

meters; and (4) frequency-voltage substitution for accelerometers and
Photocon unit.

‘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 parameter 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 network was provided to interconnect the
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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. 7. The
sequence of engine events for a normal start and shutdown is presented
in Figs. 8a 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. 8c and d.

SECTION Il
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. Facility and engine sequence checks con-
sisted of verifying the timing of valves and events to be within specifiéd
limits; the abort checks consisted of electricaliy 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. Tempera-
ture conditioning of the various engine components was accomplished
as required, using the facility-supplied engine component conditioning
system. Engine components which required temperature conditioning
were the thrust chamber, the crossover duct, start tank discharge valve,
main oxidizer valve second-stage actuator, and low pressure fuel duct.
Table V presents the engine purges and thermal conditioning operations
during the terminal countdown and immediately following the engine firing.



AEDC.-TR-68-223

SECTION IV
RESULTS AND DISCUSSION

4.1 TEST SUMMARY
4.1.1 General

Sixteen firings of the Rocketdyne J-2 rocket engine (S/N J-2036-1)
were conducted during test periods J4-1801-42 through J4-1901-02 be-
tween June 19 and July 11, 1968. The principle objective of these test
periods was to evaluate augmented spark igniter operation utilizing a
modified propellant supply system. Secondary objectives included
verification of S-II start transients with below minimum engine model
specification fuel pump NPSH (Ref. 6) and investigation of oxidizer
dome pressure oscillations during the start transient. A Photocon
pressure transducer was installed on the oxidizer dome in order to in-
vestigate these pressure oscillations.

Test requirements and specific test results are summarized in
Table VI. Start and shutdown transient operating times for selected
engine valves are shown in Table VII. Calculated engine steady-state
performance data are shown in Table VIII. Figure 9 shows engine start
conditions for the pump inlets and the start tank for all firings. Ther-
mal conditioning history of engine components, engine ambient and
combustion chamber pressures experienced during the firings, engine
start and shutdown transients, fuel pump start transient performance,
and low pressure fuel duct performance are presented in Figs. 10
through 89, Specific test objectives and a brief summary of results
obtained for each firing are presented in the following sections.

4.1.2 Firing J4-1801-42A
4.1.2.1 Objectives

Objectives were to evaluate (1) the influence of altitude environment
on engine start transient operation by comparing altitude to sea-level
acceptance data and (2) the operation of the augmented spark igniter with
propellant supply lines orificed for minimum mixture ratio.

4.1.2.2 Results

The firing was successfully accomplished, and all requested start-
ing conditions were satisfactorily obtained. The influence of altitude
environment on engine start transient operation could not be determined



AEDC.TR-68-223

because of the difference in fuel lead, thrust chamber temperature, and
start tank gas condition at engine start. Actual starting conditions for
firing 42A and the sea-level acceptance firing are compared in Table
IX. Augmented spark igniter system operation was satisfactory; igni-
tion was detected 276 msec after engine start.

4.1.3 Firing J4-1801-42B
4.1.3.1 Objectives

Objectives were to evaluate (1) the effect of reduced fuel pump
NPSH (125-ft) on the engine start transient utilizing 1380-psia and -270°F
start tank gas conditions and -275°F thrust chamber temperature at
engine start and (2) the operation of the modified augmented spark igniter
with propellant supply lines orificed for minimum mixture ratio.

4.1.3.2 Results

The firing was successfully accomplished, and all requested start-
ing conditions were satisfactorily obtained. Fuel pump cavitation was
realized until shortly after oxidizer dome prime, but no adverse effects
on engine start transient were observed during the cavitation period.
The gas generator outlet temperaturé experienced a transient peak of
1940°F. The fuel pump stall margin during start tank discharge was
1610 gpm. A comparison with other test results indicates a tendency
for higher gas generator transient temperatures and reduced fuel pump
stall margin during start tank discharge with low fuel pump NPSH,
Augmented spark igniter system operation was satisfactory; ignition
was detected 210 msec after engine start.

4.1.4 Firing J4-1801-42C
4.1.4.1 Objectives

Objectives were to evaluate (1) the effect of reduced fuel pump
NPSH (125-ft) at engine start on the engine start transient utilizing
1380-psia and -270°F start tank conditions and -150°F thrust chamber
temperature conditions and (2) the operation of the augmented spark
igniter with propellant supply lines orificed for minimum mixture ratio.

4.1.4.2 Results

The firing was successfully accomplished, and all requested start-
ing conditions were satisfactorily obtained. The minimum fuel pump
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stall margin during start tank discharge was 1410 gpm (200 gpm lower
than on firing 42B because of thrust chamber temperature). Fuel pump
cavitation was realized until shortly after oxidizer.dome prime, but no
adverse effects on the engine start transient were observed during the
cavitation period, Thrust chamber temperature did not have a signifi-
cant effect on fuel pump cavitation, as shown by comparing firings 42B
and 42C. Augmented spark igniter system operation was satisfactory;
ignition was detected 265 msec after engine start,

4.,1.5 Firing J4-1801-42D
4.1.5.1 Objectives

Objectives were to evaluate (1) the effect of reduced fuel pump
NPSH (125-ft) on the engine start transient utilizing 1300-psia and
-300°F start tank gas conditions and 150°F thrust chamber temperature
at engine start and (2) the operation of the modified augmented spark
igniter with propellant supply lines orificed for minimum mixture ratio.

4.1.5.2 Results

The firing was successfully accomplished, and all requested start-
ing conditions were satisfactorily obtained. Fuel pump cavitation was
realized until shortly after oxidizer dome prime, but no adverse effects
on engine start transients were observed. Different start tank gas con-
ditions had an insignificant effect on fuel pump cavitation, as shown by
comparison of firings 42C and 42D. Augmented spark igniter system
operation was satisfactory; ignition was detected 430 msec after engine
start,

4.1.6 Firing J4-1801-42E

4.1.6.1 Objectives

Objectives were to evaluate augmented spark igniter ignition charac-
teristics utilizing maximum fuel pump inlet pressure (41-psia), mini-
mum oxidizer pump inlet pressure (33-psia), and -275°F thrust chamber
temperature at engine start with the augmented spark igniter propellant
supply lines orificed for minimum mixture ratio.

4.1.6.2 Results

The firing was successfully accomplished, and all requested start-
ing conditions were satisfactorily obtained. Augmented spark igniter
system operation was satisfactory; ignition was detected 434 msec after
engine start.

10
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4.1.7 Firing J4-1801-43A
4.1.7.1 Objectives

Objectives were to evaluate (1) the effect of reduced fuel pump
NPSH (125-ft) on the engine start transient utilizing 1300-psia and - 300°F
start tank gas conditions and -275°F thrust chamber temperature at engine
start and (2) the operation of the augmented spark igniter system with pro-
pellant supply lines orificed for maximum mixture ratio.

4,1.7.2 Results

The firing was successfully accomplished, and all requested start-
ing conditions were satisfactorily met. The fuel pump showed cavitation
tendency until shortly after oxidizer dome prime; however, no adverse
effects on start transients were noted. Gas generator outlet initial peak
temperature was 2080°F. Comparison of this peak temperature with other
firings indicates a trend for higher peak temperatures with lower NPSH
values. Augmented spark igniter system operation was satisfactory;
ignition was detected 228 msec after engine start. Orifice size (i.e.,
mixture ratio) appeared to have little effect on ignition detect time as com-
pared to firing 42B.

4.1.8 Firing J4-1801-43B
4.1.8.1 Objectives

Objectives were to evaluate (1) the effect of reduced fuel pump NPSH
(125-ft) on fuel pump stall margin during start tank discharge and gas
generator outlet temperature transients utilizing 1400-psia and -240°F
start tank gas conditions and -150°F thrust chamber temperature at engine
start and (2) operation of the modified augmented spark igniter with pro-
pellant supply lines orificed for maximum mixture ratio.

4,1.8.2 Results

The firing was successfully accomplished, and all requested start-
ing conditions were satisfactorily obtained. Fuel pump minimum stall
margin during start tank discharge was 1490 gpm. Fuel pump cavitation
was observed until shortly after oxidizer dome prime. The gas gen-
erator outlet first and second peak temperatures were 2050 and 1850°F,
respectively. Augmented spark igniter system operation was satis-
factory; ignition was detected 242 msec after engine start. Subsequent
firings of this test period were cancelled because the desired start tank
pressure could not be obtained.

11
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4.1.9 Firing J4-1901.01A
4.1.9.1 Objectives

Objectives were to evaluate (1) the effect of reduced fuel pump
NPSH (125-ft) on fuel pump stall margin during start tank discharge
and gas generator outlet temperature transient utilizing 1380-psia and
-270°F start tank gas conditions and -150°F thrust chamber temperature
at engine start and (2) the operation of the modified augmented spark
igniter system with propellant supply lines orificed for maximum mix-
ture ratio.

4.1.9.2 Results

The firing was successfully accomplished, and all requested start-
ing conditions were satisfactorily obtained. Fuel pump cavitation
was observed until shortly after oxidizer dome prime; however, no
adverse effects on engine start transients were noted. Fuel pump mini-
mum stall margin during start tank discharge was 1490 gpm. Compari-
son to firing 42B shows a 110°F warmer thrust chamber exhibits a 120
gpm lower stall margin. Gas generator outlet temperature first and
second peaks were 2060 and 2120°F, respectively. Augmented spark
igniter system operation was satisfactory; ignition was detected 219
msec after engine start. Comparison with firing 43A shows that an in-
crease of 100°F in thrust chamber temperature at engine start has little
effect on ignition detect delay.

4.1.10 Firing J4-1901-01B

4.1.10.1 Objectives

Objectives were to evaluate (1) the effect of reduced fuel pump NPSH
(125-ft) on the engine start transient with 1300-psia and -300°F start
tank gas conditions and -150°F thrust chamber temperature at engine
start and (2) the operation of the modified augmented spark igniter with
propellant supply lines orificed for maximum mixture ratio.

4.1.10.2 Results

The firing was successfully accomplished, and all requested start-
ing conditions were satisfactorily obtained. Fuel pump cavitation was
noted until shortly after oxidizer dome prime; however, no adverse effects
on the engine start transients were observed. Fuel pump minimum stall
margin was 1510 gpm. Gas generator outlet temperature experienced an
initial peak of 2010°F with no second peak. Augmented spark igniter

12
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system operation was satisfactory; ignition was detected 376 msec
after engine start. Comparison of ignition detect delay on firing 01B
with that of firing 01A shows that decreasing oxidizer pump inlet pres-
sure from 45. 2 to 33. 3 psia increased ignition detect delay time by
160 msec.

4.1.11 Firing J4-1901-01C
4.1.11.1 Objectives

Objectives were to evaluate (1) the effect of reduced fuel pump
NPSH (125-ft) on the engine start transient utilizing 1400-psia and
-240°F start tank gas conditions and -275°F thrust chamber tempera-
ture at engine start and (2) operation of the modified augmented spark
igniter system with propellant supply lines orificed for maximum mix-
ture ratio.

4.1.11.2 Results

The planned 7. 5-sec duration firing was prematurely terminated
at tg + 3. 025 by an erroneous vibration safety cutoff. Start conditions
were satisfactorily obtained, and firing duration was sufficient to obtain
start transient data. Fuel pump cavitation was observed until shortly
after oxidizer dome prime; however, no adverse effects on the engine
start transients were noted. Fuel pump minimum stall margin during
start tank discharge was 1570 gpm. Comparison of stall margin on
firing 01C with that of firing 43B shows that a 110°F decrease in thrust
chamber temperature increased fuel pump minimum stall margin by
70 gpm.

As indicated by gas generator chamber pressure, low-grade com-
bustion existed in the gas generator for approximately 75 msec after
initial ignition. A similar situation existed on firing 42B for 150 msec
after initial gas generator ignition and on firing 43A for 70 msec after
initial gas generator ignition. Examination of start conditions shows
that a cold thrust chamber (-275°F), low fuel pump NPSH (125-ft), and
high start tank gas energy are the most conducive to this abnormal gas
generator ignition transient,

Augmented spark igniter system operation was satisfactory; igni-
tion was detected 206 msec after engine start. Comparison of ignition
detect delay time on firing 01C with that of firing 01A shows that thrust
chamber temperature has little effect on ignition detect delay time.

13
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4.1.12 Firing J4-1901-01D

4.1.12.1 Objectives

Objectives were to evaluate (1) engine start transient utilizing
maximum pump inlet pressures (45-psia oxidizer and 41-psia fuel),
1400-psia and -240°F start tank gas conditions, and -150°F thrust
chamber temperature at engine start and (2) operation of the modified
augmented spark igniter system with propellant supply lines orificed
for maximum mixture ratio.

4.1.12.2 Results

The firing was successfully accomplished, and all requested start-
ing conditions were satisfactorily obtained. Comparison of fuel pump
operating characteristics with firing 43B shows fuel pump cavitation
tendencies to be reduced significantly at high inlet pressures. Gas gen-
erator outlet temperature first and second peaks were 1930 and 2050°F,
respectively. Augmented spark igniter system operation was satisfactory;
and ignition was detected 258 msec after engine start.

4.1.13 Firing J4-1901-01E
4,1.13.1 Objectives

Objectives were to evaluate augmented spark igniter ignition charac-
teristics utilizing maximum fuel pump inlet pressure (41-psia), mini-
mum oxidizer pump inlet pressure (33-psia), and -275°F thrust chamber
temperature at engine start with the augmented spark igniter propellant
supply lines orificed for maximum mixture ratio.

4.1.13.2 Results

The firing was successfully accomplished, and the requested start-
ing conditions were satisfactorily obtained. Augmented spark igniter
system operation was satisfactory; ignition was detected 562 msec after
engine start, Comparing ignition detect delay time of firing 01E with
firing 01D, it appears that a 13, 4-psia decrease in oxidizer pump inlet
pressure increased ignition detect delay approximately 300 msec.

4.1.14 Firing J4-1901-02A
4.1.14.1 Objectives
Objectives were to evaluate (1) the effect of reduced fuel pump NPSH

(125-ft) on the engine start transient utilizing 1200-psia and -200°F start

14
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tank gas conditions and -275°F thrust chamber temperature at engine
start and (2) operation of the modified augmented spark igniter with
propellant supply lines orificed for minimum mixture ratio.

4.1.14.2 Results

The firing was successfully accomplished, and all requested start-
ing conditions were satxsfactomly obtained. Fuel pump cavitation was'
observed until shortly after oxxdizer dome prime; however, no adverse
effects on the engine start transients were noted. Augmented spark
igniter operation was satisfactory; ignition was detected 356 msec after
engine start. '

4.1.15 Firing J4-1901-02B
4.1.15.1 Objectives

Objectives were to evaluate (1) the effect of reduced fuel pump NPSH
(125-ft) on engine start transients and fuel pump stall margin during start
tank discharge utilizing 1250-psia and -140°F start tank gas conditions
and -275°F thrust chamber temperature at engine start and (2) operation
of the modified augmented spark igniter system with propellant supply
lines orificed for minimum mixture ratio. '

4.1,15.2 Results

The firing was successfully accomplished, and all requested start-
ing conditions were satisfactorily met. Fuel pump cavitation was ob-
served until shortly after oxidizer dome prime; however, no adverse
effects on engine start transients were noted. Fuel pump stall margin
during start tank discharge was 1510 gpm. Comparison of stall margin
on firing 02B with that of firing 02A shows that a 50-psia decrease in
start tank pressure decreased stall margin 100 gpm. Augmented spark
igniter operation was satisfactory; ignition was detected 474 msec after
engine start.

4.1.16 Firing J4-1901-02C
4.1.16.1 Objectives

Objectives were to evaluate (1) the effect of reduced fuel pump NPSH
(125-ft) on gas generator outlet temperature transient peaks utilizing
1200-psia and -300°F start tank gas conditions and -275°F thrust cham-
ber temperature at engine start and (2) operation of the modified aug-
mented spark igniter system with propellant supply lines orificed for
minimum mixture ratio.

15
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4.1.16.2 Results

The firing was successfully accomplished, and all requested start-
ing conditions were satisfactorily obtained. Fuel pump cavitation was
noted until shortly after oxidizer dome prime; however, no adverse
effects on engine start transients were observed. Low-grade combus-
tion existed in the gas generator for a period of 75 msec after initial
ignition (as indicated by gas generator chamber pressure) because of
the cold thrust chamber and low fuel pump NPSH. Gas generator initial
peak temperature was 1960°F; no second peak occurred. Augmented
spark igniter system operation was satisfactory; ignition was detected
257 msec after engine start.

4.1.17 Firing J4-1901-02D
4,1.17.1 Objectives

Objectives were to evaluate augmented spark igniter characteristics
with 41-psia fuel pump inlet pressure, 33-psia oxidizer pump inlet pres-
sure, -150°F thrust chamber temperature, and augmented spark igniter
propellant supply lines orificed for minimum mixture ratio.

4.1.17.2 Resulis

All requested starting conditions except start tank pressure were
satisfactorily met. Start tank pressure was approximately 30 psia be-
low the target of 1400 psia because of start tank vent and relief valve
operation. Augmented spark igniter operation was unsatisfactory because
ignition was not detected. The firing was terminated at ty + 0.447 sec by
the engine logic.

4.2 ANOMOLIES

An abnormal turbine component chilldown rate following firings 42A
and 43A was suspected to be the result of leakage through the fuel pump
seals or gas generator fuel poppet. The suspected leakage was appar-
ently eliminated by purging the gas generator and turbine components,
The gas generator control valve was replaced before test period J4-1901-
01 even though post-test J4-1801-42 and -43 leak checks showed the
valve leakage to be within specification.

Oxidizer peak pump speeds during start tank discharge for firings
during test period 42 were approximately 8 percent lower than com-
parable firings on subsequent test periods of this series. No explana-
tion for this is available at this time.

16
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4.3 AVERAGE THRUST CHAMBER TEMPERATURE DEVIATION

Testing since July, 1967, has utilized 24 thermocouples in the con-
figuration shown in Ref. 3, by which average thrust chamber tempera-
tures are calculated. This number was reduced to six with the instal-
lation of engine J-2036-1. The location of these thermocouples
corresponds to the location of six of the previous thermocouples and
retains the nomenclature of the corresponding thermocouples, This new
configuration is shown in Fig. III-1le of Appendix III. Figure 90 shows
the deviation observed on previous tests over the range of conditioning
temperatures, when comparing average thrust chamber temperature
based on the six remaining thermocouples to the average based on the
24-thermocouple configuration. In general, good agreement existed
between the 6- and the 24-thermocouple average except at very warm
thrust chamber temperatures.

4.4 AUGMENTED SPARK IGNITER SYSTEM OPERATION

The augmented spark igniter system installed for this series of
tests utilized the modified propellant supply lines as described in Ref. 3.
A 0,125-in, -diam oxidizer supply line orifice was used for all firings of
this test series. Minimum augmented spark igniter mixture ratio was
obtained for the firings of test periods J4-1801-42 and J4-1901-02 by re-
moving the fuel supply line orifice. Test periods J4-1801-43 and J4-1901-
01 utilized a 0. 226-in. ~diam orifice to provide maximum mixture ratio.
Flow calibration by the manufacturer showed minimum mixture ratio to
be 0. 359 and maximum to be 0. 589.

Figure 91 shows augmented spark igniter ignition detect time as a
function of oxidizer pump inlet pressure, fuel pump inlet pressure,
thrust chamber temperature, and augmented spark igniter mixture ratio.
Data indicate that ignition detect delay time is primarily a function of
oxidizer pump inlet pressure for the single probe immersion depth uti-
lized. Since mixture ratio, fuel pump inlet pressure, and thrust cham-
ber temperature are varied in a random pattern in both groups of data,
it was deduced that the effect of these variables is small compared to the
effect of oxidizer pump inlet pressure.

Augmented spark igniter ignition detect delay times experienced
during the previous S-II test series (J4-1801-28 through -33, Ref. 2) are
compared with ignition detect delay times experienced during this test
series in Fig. 92, The modified augmented spark igniter experienced
ignition delay times that were approximately 70 msec longer than those
experienced during the previous S-II test series with oxidizer pump inlet
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pressure at engine start in the range of 45 psia. The delay increased
to several hundred milliseconds longer as oxidizer pump inlet pres-
sure at engine start was decreased to the range of 33 psia, Ignition
detect probe penetration into the augmented spark igniter chamber was
the same for the two test series; however, different probes were used
for the two test periods. Previous testing at AEDC has shown that
ignition detect delay time differs for different probes used under com-
parable test conditions.

4.5 ENGINE OPERATION WITH LESS THAN MINIMUM MODEL SPECIFICATION
FUEL PUMP NPSH

4.5.1 Fuel Pump Cavitatian

Fuel pump inlet conditions on the majority of firings during this
test series resulted in NPSH values below the minimum engine model
specification. An examination of fuel pump operating characteristics
(head rise and flow coefficients, Appendix V) showed that cavitation
existed to some degree during the start transient on all of these firings.

A comparison of fuel pump operating characteristic curves for
firings 43B and 01D is shown in Fig, 93. Net positive suction head at
engine start was 90 and 575 ft on firings 43B and 01D, respectively.
Cavitation occurred on both firings; however, cavitation was more pro-
nounced on the low NPSH firing, primarily because of a reduced flow
coefficient.

The effect of thrust chamber temperature on fuel pump cavitation
is shown by comparing fuel pump operating characteristic curves on
firings 42B and 42C (Fig. 94). Average thrust chamber temperature
was -290 and -146°F on firings 42B and 42C, respectively. Although
the warmer thrust chamber temperature on firing 42C increased head
rise coefficient, thrust chamber temperature had no effect on fuel pump
cavitation,

Firings 42C and 42D provide a typical comparison of start tank gas
conditions on fuel pump cavitation. Start tank gas conditions were
1380 psia and -270°F on firing 42C and 1300 psia and -300°F on firing
42D, The difference in start tank gas conditions had an insignificant
effect on fuel pump cavitation, as shown in Fig. 95.
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4.5.2 Gas Generator Outlet Initial Transient Temperature Peak

As reported in Ref. 2, it was found that gas generator outlet tem-
perature initial peak was a function of fuel pump NPSH at engine start
with constant starting conditions of -300°F thrust chamber temperature,
maximum start tank gas energy, and turbine component temperature of
approximately +50°F. Three firings conducted during this series
satisfied these starting conditions. These firings (42B, 43A, and 01C)
are compared in Fig, 96 with the data from Ref., 2, As shown, the
same trend of higher temperatures at lower NPSH exists, even though
gas generator orifices are not the same. Orifice sizes are summarized
in Fig. 96, Limited data precludes comparisons at other constant start-
ing conditions.

4.5.3 Gas Generator Ignition Transient

During the gas generator ignition transient, low-grade combustion
(as indicated by gas generator chamber pressure) was experienced for
varying time periods immediately after initial gas generator ignition on
certain firings of this test series. Examination of start conditions shows
that low fuel pump NPSH (125-ft), very cold thrust chamber (-275°F),
and high start tank gas energy are conducive to the most severe case of
low-grade combustion. From the data on firings 42B and 42C, for ex-
ample, it appears that a warmer thrust chamber temperature is prob-
ably the most predominate factor in eliminating this condition.

4.5.4 Fuel Pump Stall Margin during Start Tank Discharge

Fuel pump stall margin during start tank discharge is primarily a
function of thrust chamber temperature at engine start (Ref. 2). How-
ever, at a constant thrust chamber temperature, fuel pump stall margin
is reduced as fuel pump NPSH at engine start is reduced (Fig. 97). In
Fig., 97, data from this test series were supplemented with data from the
previous S-1II test series,

4.5.5 Fuel Pump Head Rise and Flow Coefficients

Fuel pump head rise and flow coefficients for this test series are
shown compared to those from Ref, 2 in Fig., 98. As in Ref. 2, both
head rise and flow coefficient data were reduced at tg + 0.58 sec.
Derivations of the coefficient equations are shown in Appendix V.

In general, data from the two test series show the same trend.
However, flow coefficient values are approximately 5 percent higher in
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the lower NPSH range for the fuel pump installed on engine J-2036-1
(S/N 4073647) than those for the pump on engine J-2047 (S/N 4072328).
Flow coefficients exhibit good agreement at the higher NPSH values.
Head rise coefficients at the lower NPSH values tend to be approxi-
mately 13 percent lower than those of engine J-2047. Head rise coef-
ficients at the higher NPSH values show good agreement.

4.6 Photocon Measurement of Oxidizer Injector Pressure during the Start Transient

Data recorded from the Photocon pressure transducer during the
start transient of two typical firings of this test series are presented
in Fig. 99, Firing 01A had a short period of excessive engine vibra-
tion (vibration safety counts recorded for 3 msec) and firing 01B a long
period (vibration safety counts recorded for 37 msec) compared with
other firings of this test series. These data indicate pressure oscilla-
tions at a frequency of 280 + 20 Hz with peak amplitudes ranging up to
approximately 500 psia during oxidizer dome prime.

SECTION V
SUMMARY OF RESULTS

The results of the 16 firings of the Rocketdyne J-2 rocket engine
conducted between June 19 and July 11, 1968, in Test Cell J-4 are
summarized as follows:

1. Modified augmented spark igniter propellant supply line and
combustion chamber integrity were satisfactory.

2. Longer augmented spark igniter ignition detect delay times were
experienced as oxidizer pump inlet pressure at engine start was
. reduced from 45 to 33 psia. Ignition was not detected on fir-
irg 02D.

3. The influence of thrust chamber temperature, fuel pump inlet
pressure, and augmented spark igniter mixture ratio on aug-
mented spark igniter ignition detect delay time is small, com-
pared to the influence of oxidizer pump inlet pressure.

4. Low fuel pump NPSH resulted in (1) fuel pump cavitation until
shortly after oxidizer dome prime, (2) the tendency toward
higher gas generator outlet first peak temperature, (3) abnormal
gas generator ignition transient, (4) a reduction in fuel pump
stall margin during start tank discharge, and (5) a reduction in
fuel pump flow coefficient and an increase in head rise coef-
ficient.
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5. Photocon pressure transducer measurements show oxidizer
dome pressure oscillation frequency to be approximately
280 Hz with amplitudes ranging up to 500 psia during oxidizer
dome prime.
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Fig. 2 Test Cell J-4, Artist's Conception
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S11 Fuel Duct Configuration for AEOC Test

Type of
Approx|mate Insulation Type of Joint
Location Approximate Minimum Vac, | ILaro- | yoner | Lower
Polnt Length, In. 1D, In. Jacket | dyne
AtoB 13.72 7.984 x | Marmon | Bolted
{ Flange Flange
T |
BtoC 11.00 7.950 X Bolted | gejjons
| Flange
CtoD .63 | 1900 X Bellows | Welded
Dok a1 7.950 X Welded | Bellows
Etof 8.71 7.950 X Bellows | Bolted
Flange
Bolted
FloG 2.63 7.9 X | Fiange | Welded
Bolted |
GioH 2.13 7.950 X Welded | Fiange
| Bolted
Hio | 4.8 7.950 X Pt s e
fto) 61.18 ' 1.950 X Bellows | Bellows
Bolt
JwK 41.78 7.890 X Bellows an;de
Ktol 9.50 B.280 X Bolted | Bolted
Flange Flange
Approximate Total Length
A through L = 337.30 In. /— Vehicle Prevalve
Approximate S 11 Total Vehicle / Interface
Length © 355.08 In.
R rpr gy n
A,
G_
Heater Tape Approximately
6000 w Each Section
PFPI-1
PFPI-2
TFPI-1
TFPI-2
(@) Approximate locatlon of vacuum jacket
evacuation and pressure monitoring ports K— =
(2 Duct to test vehlcle attach polnts —®
@ Pressure Instrumentation boss (one only) location, k= 3
4.8 in. from location Point E “— Engine Fuel Pump Inlet
(@ Pressure and temperature Instrumentation bosses Flange Interface
{2 pr. and 2 temp. at 90-deg spacing), Location,
4.50in. from location Point J
@ Pressure and temperature Instrumentation hosses

{90-deg spacing with one temperature location between
two pressure bosses), Location, 6.35 In. from
location Polnt L

a. Schematic

Fig. 4 S-l1l Center Engine Configuration Low Pressure Fuel Duct
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High Pressure
- uel Duct

Fig. 4b Concluded
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