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FOREWORD

The work reported herein was sponsored by the National Aeronautics and Space
Administration (NASA), Marshall Space Flight Center (MSFC) (PM-EP-J), under Program
Element 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 Arnold Engineering
Development Center (AEDC). Air Force Systems Command (AFSC), Amold Air Force
Station, Tennessee, under Contract F40600-71-C-0002. Program direction was provided
by NASA/MSFC; technical and engineering liaison was provided by North American
Rockwell Corporation, Rocketdyne Division, manufacturer of the J-28 rocket engine, and
McDonnell Douglas Astronautics Company, manufacturer of the S-IVB stage. The testing
reported herein was conducted on August 25, 28, September 17, and October 29, 1969,
in Rocket Development Test Cell (J4) of the Engine Test Facility (ETF) under ARO
Project No. RN1001. The manuscript was submitted for publication on June 19, 1970.

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 (PM-EP-J), or higher authority. Private individuals or
firms require a Department of State export license.

This technical report has been reviewed and is approved.

Walter C. Knapp ] Roy R. Croy, Jr.
Lt Colonel, USAF Colonel, USAF
AF Representative, ETF Director of Test
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ABSTRACT

Eleven firings of the Rocketdyne J-2S rocket engine were conducted in Rocket
Development Test Cell (J-4) of the Engine Test Facility on August 25, 28, September 17,
and October 29, 1969. These firings were accomplished at pressure altitudes ranging from
80,000 to 108,000 ft at engine start signal. The major objectives for these tests were to
verify stable idle-mode operation, confirmn that oxidizer injection temperatures were not
excessive during transition from main-stage to post-main-stage idle-mode operation,
evaluate main-stage performance, and determine the rate at which thrust chamber
temperature increased during pre-main-stage idle mode. A full-face oxidizer flow injector
configuration was utilized during this series of tests for the distribution of oxidizer during
idle-mode operation. Brief durations (<20 sec) of stable idle-mode operation (chamber
pressure oscillations <*1 psi) were achieved. Oxidizer injection temperatures exhibited
only insignificant increases (<10°F) during transition to post-main-stage idle-mode
operation. The maximum rate at which the thrust chamber temperature increased during
idle-mode operation with high oxidizer (45-psia) and low fuel (27-psia) pump inlet
conditions was 6°F/sec. Three firings which simulated orbital restart conditions were
prematurely terminated during transition to main stage by the vibration safety cutoff
system. Liquid fuel was present at the injector at dome prime when the excessive
vibrations were first recorded.
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SECTION |
INTRODUCTION

Testing of the Rocketdyne J-2S rocket engine using an S-IVB battleship stage has
been in progress at AEDC since December 1968. Reported herein are the results of eleven
firings conducted during test periods J4-1001-06,07,-11 and -15. The major objectives for
these tests were to verify stable idle-mode operation and transition from main-stage to
idle-mode operation, to evaluate main-stagc performance, and dctermine the rate at which
the thrust chamber temperature incrcased during pre-main-stage idle mode.

The firings reported herein were accomplished in Rocket Development Test Cell
(J-4) (Figs. 1 and 2, .Appendix I) of the Engine Test Facility (ETF) at pressure altitudes
ranging from 80,000 to 108,000 ft (geometric pressure altitude. Z, Ref. 1) at engine start
signal. Data collected to accomplish the test objectives are presented herein.

SECTION 1)
APPARATUS

2.1 TEST ARTICLE

The test article was a J-2S rocket engine (Fig. 3) designed and developed by
Rocketdyne Division of North American Rockwell Corporation. The engine uses liquid
oxygen and liquid hydrogen as propellants and is designed to operate either in idle mode
at a nominal thrust of 5000 Ibf and mixture ratio of 2.5, or at main stage at any
precalibrated thrust level between 230,000 and 265,000 1bf at a mixture ratio of 5.5. The
engine design is capable of transition from idle-mode to main-stage operation after a
minimum of l-sec idle mode; from main stage the engine can either be shut down or
make a transition back to idle-mode operation before shutdown. An S-IVB battleship
stage 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 these test periods are
presented in Tables I and II, respectively (Appendix II). All engine modifications and
component replacements performed during this report period are presented in Tables ITI
and IV, respectively.

2.1.1 J-2S Rocket Engine

The J-28S rocket engine (Figs. 3 and 5, Refs. 2 and 3) features the following major
components:

1. Thrust Chamber — The tubular-walled, bell-shaped thrust chamber
consists of an 18.6-in.-diam combustion chamber with a throat
diameter of 12.192 in., a characteristic length (L*) of 354, and a
divergent nozzle with an expansion ratio of 39.62. Thrust chamber
length (from the injector flange to the nozzle exit) is 108.6 in.
Cooling is accomplished by the circulation of engine fuel flow
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downward from the fuel manifold through 180 tubes and then
upward through 360 tubes to the injector and by film cooling inside
the combustion chamber.

2. Thrust Chamber Injector — The injector is a concentfic-orificed
(concentric fuet orifices around the oxidizer post orifices), porous-
faced injector. Fuel and oxidizer injector orifice areas are 19.2 and
5.9 sq in.. respectively. The porous material, forming the injector
face, allows approximately 3.5 percent of main-stage fuel flow to
transpiration cool the face of the injector. During idle-mode
operation, oxidizer is supplied through a diffuser located in the top of
the injector (Fig. 5c) which disperses the oxidizer to all portions of
the injector face. During main-stage operation the main oxidizer valve
is opened and supplies the major flow of oxidizer to the injector face.

3. 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 ignited in the combustion
area by two spark plugs.

4, Fuel Turbopump — The fuel turbopump is a one and one-half stage,
centrifugal-flow unit, powered by a direct-drive, two-stage turbine.
The pump is self-lubricated and nominally produces, at the
265,000-1bf-thrust-rated condition, a head rise of 60,300 ft of liquid
hydrogen at a flow rate of 9750 gpm for a rotor speed of 29,800
rpm.

5. Oxidizer Turbopump — The oxidizer turbopump is a single-stage,
centrifugal-flow unit, powered by a direct-drive, two-stage turbine.
The pump is self-lubricated and nominally produces, at the
265,000-1bf-thrust-rated condition, a head rise of 3250 ft of liquid
oxygen at a flow rate of 3310 gpm for a rotor speed of 10,500 rpm.

6. Propellant Utilization Valve — The motor-driven propellant utilization
valve is a sleeve-type valve mounted on the oxidizer turbopump and
bypasses liquid oxygen from the discharge to the inlet side of the
pump to vary engine mixture ratio.

7. 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 injector. The
first-stage actuator positions the main oxidizer valve at the nominal
12-deg position to obtain initial main-stage-phase operation; the
second-stage’ actuator ramps the main oxidizer valve fully open to
accelerate the engine to the main-stage operating level.
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8. 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 fue! manifold.

9. Pneumatic Control Package — The pneumatic contro! package controls
all pneumatically operated engine valves and purges.

10. Electrical Contro! Assembly — The electrical control assembly
provides the electrical logic required for proper sequencing of engine
components during operation. The logic requires a minimum of 1-sec
idle-mode operation before transition to main stage.

11. Flight Instrumentation Package — The instrumentation package
contains sensors required to monitor critical engine parameters. The
package provides environmental control for the sensors.

12. Helium Tank — The helium tank has a volume of 4000 cu in. and
provides a helium pressure supply to the engine pneumatic control
system for three complete engine operational cycles.

13. Thrust Chamber Bypass Valve — The thrust chamber bypass valve is a
pneumatically operated, normally open, butterfly-type valve which
allows fuel to bypass the thrust chamber body during idle-mode
operation.

14. Idle-Mode Valve — The idle-mode valve is a pneumatically operated,
ball-type valve which supplies liquid oxygen to the idle-mode diffuser
of the thrust chamber injector during both idle-mode and main-stage
operation.

15. Hot Gas Tapoff Valve — The hot gas tapoff valve is hpneumatical]y
operated, butterfly-type valve which provides on-off control of
combustion chamber gases to drive the propellant turbopumps.

16. Solid-Propellant Turbine Starter — The solid-propellant turbine starter
provides the initial driving energy (transition to main stage) for the
propellant turbopumps to prime the propellant feed systems and
accelerate the turbopumps to 75 percent of their main-stage operating
level. A three-start capability is provided.

2.1.2 S-IVB Battleship Stage

The S-IVB battleship stage, which is mechanically configured to simulate the
S-IVB flightweight vehicle, is approximately 22 ft in diameter, is 49 ft long, and has a
maximum propellant capacity of 43,000 1bm of liquid hydrogen and 194,000 Ibm of
liquid oxygen. The propellant tanks, fuel above oxidizer, are separated by a common
bulkhead. Propellant prevalves, in the low-pressure ducts (external to the tanks)



AEDC-TR-70-204

interfacing the stage and engine, retain propellants in the stage until being admitted into
the engine to the main propellant valves and serve as emergency engine shutoff valves.
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 pressurizing gases. The engine-supplied
gaseous hydrogen and gaseous oxygen for fuel and oxidizer tank pressurization during
flight were routed to the respective facility venting systems.

2.2 TEST CELL

Rocket Development Test Cell (J4), Fig. 2, is a vertically oriented test unit
designed for static testing of liquid-propellant rocket engine and propulsion systems at
pressure altitudes of 100,000 ft. The basic cell construction provides a 1.5-million-bf-
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) storage and delivery
systems for coolant water, steam, nitrogen (gaseous and liquid), hydrogen (gaseous and
liquid), and liquid-oxygen and’ gaseous-helium for operation of the cell and test article;
and (4) control building, 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. 4.

The battleship stage and the J-2S engine were oriented vertically downward on
the centerline of the diffuser-steam ejector assembly. This assembly consists of a diffuser
duct (20 ft in diameter by 150 ft in length), a centerbody steam ejector within the
diffuser duct, a diffuser 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 altitude (attained by the steam ejector) during
the engine firing. The annular ejector was provided to suppress steam recirculation into
the test capsule 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
repressurization 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 distribution manifold for initially inerting the spray
chamber and exhaust ducting and for increasing the molecular weight of the
hydrogen-rich exhaust products.

2.3 INSTRUMENTATION

Instrumentation systems were provided to measure engine, stage, and facility
parameters. The engine instrumentation was comprised of (1) flight instrumentation for
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the measurement of critical engine parameters 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
manufacturer; facility instrumentation was initially calibrated and periodically recalibrated
at AEDC. Appendix IIl contains a list of all measured engine test parameters and the
locations of selected sensing points.

Pressure measurements were made using strain-gage and capacitance-type pressure
transducers. Temperature measurements were made using resistance temperature
transducers 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. Engine vibrations were
measured by piezoelectric accelerometers.. Primary engine and stage valves were
instrumented with linear potentiometers and limit switches.

The data acquisition systems were calibrated by (1) precision electrical 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 flowmeters; and (4) frequency-voltage substitution for accelerometers and
capacitance-type pressure transducer.

The types of data acquisition and recording systems used during this test period
were (1) a multiple-input digital data acquisition system scanning each parameter at 50
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 (§) optical data recorders. Applicable systems were calibrated before each test
(atmospheric and altitude calibrations). Television cameras, in conjunction with video
tape recorders, were used to provide visual coverage during an engine firing, as well as for
replay capability for immediate examination of unexpected events.

24 CONTROLS

Control of the J-2S 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 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 start and shutdown is presented in Figs. 7a and b.

SECTION Il
PROCEDURE

Preoperational procedures were begun several hours before the test period. All
consumable storage systems were replenished; 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. Chemical
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analysis of propellants was provided by the propellant suppliers. Facility sequence, engine
sequence, and engine abort checks were conducted within a 24-hr time period before an
engine firing to verify the proper sequence of events. Facility and engine sequence checks
consisted of verifying the timing of valves and events to be within specified limits; the
abort checks consisted of electrically simulating engine malfunctions to verify the
occurrence of an automatic engine cutoff signal. A final engine sequence check was
conducted immediately preceding the test period.

Oxidizer injector and thrust chamber jacket purges were initiated before
evacuating the test cell. After completion of instrumentation calibrations at atmospheric
conditions, the solid-propellant turbine starters were installed, 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 engine
main-stage operation. 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-required, using the facility-supplied engine
component conditioning system. Table V presents the engine purge and thermal
conditioning operations during the terminal countdown and immediately following the
engine firing.

SECTION IV
RESULTS AND DISCUSSION

41 GENERAL

Eleven firings of the Rocketdyne J-2S rocket engine (S/N J-112-1F during tests
J4-1001-06, 07, and -11 and S/N J-112-1H during test J4-1001-15) were accomplished.
These test periods were conducted on August 25, 28, September 17, and October 29,
1969, respectively, in Rocket Development Test Cell (J4) of the Engine Test Facility
(ETF). Pressure altitudes at engine start signal ranged from 80,000 to 108,000 ft.

Each of the firings utilized a solid-propellant turbine starter to supply the
necessary energy to transition from idle-mode to main-stage operation. Previous test
periods which used solid-propellant turbine starters are presented in Refs. 5 and 6.

The injector assembly has been modified several times since the initiation of
testing of the J-2S engine at AEDC. The first injector assembly utilized was an inner four
row configuration injector (Fig. 8). Low idle-mode performance and engine damage
resulting from detonations in the thrust chamber necessitated the change to the row ten
oxidizer injection configuration, Fig. 8. This design was to improve propellant mixing and
combustion efficiency. The increase in combustion efficiency was relatively insignificant.
Therefore, simulations of the full face oxidizer flow configuration injector were
conducted using an inner four row configuration injector with the main oxidizer valve
open to its first-stage position during idle-mode operation. Results of those simulations
demonstrated improved performance and feasibility of the proposed configuration. The
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subsequent configuration (full-face oxidizer flow) reported herein allowed oxidizer to be
dispersed across the entire injector face (Fig. 8) during idle mode with the main oxidizer
valve closed. Firing J4-1001-06A was the first firing to utlllze the full-face oxidizer flow
configuration injector.

In addition to low performance during idle-mode ‘operation, oxidizer injection
temperatures were excessively high (up to 1500°F during transition to post-main-stage
idle-mode operation. However, with the full-face oxidizer flow injector, increases in
oxidizer injection temperature were insignificant (<10°F) during transition to
post-main-stage idle-mode operation.

A summary of significant test variables and results is presented in the matrix on
page 8. Specific test objectives and results are presented in subsequent sections. The data
presented were obtained using the dlgltal data acquisition system, unless indicated
otherwise.

Test requirements and specific test results are summarized in Table VI. Start and
shutdown transient operating times for selected engine valves are presented in Table VII.
Engine start conditions for the propellant pump inlets and the helium tank are shown in
Fig. 9. The results of the firings reported herein are presented in Figs. 10 through 53.

4.2 TEST RESULTS
4.2.1 Firing J4-1001-06A

The objectives for this firing were to (1) verify stable post-main-stage idle-mode
operation, (2) confirm that oxidizer injection temperatures were not excessive during
transition to post-main-stage idle mode, (3) and evaluate main-stage performance. The
S-IVB battleship stage prevalves were opened approximately 60 min before engine start
signal to precondition the propellant feed systems.

Post-main-stage idle-mode operation was accomplished; however, stabilized engine
operation was not attained. Chamber pressure oscillations were observed from 4.3 sec
after main-stage cutoff signal until engine cutoff signal. Pressure oscillations of up to 9
psi were recorded in the fuel feed system during this time period. Corresponding fuel
injection temperature increases of up to 100°F were also observed. The thrust chamber
external skin temperatures, TTCT-T1 and El, were increasing from 1.8 sec after
main-stage cutoff signal until engine cutoff signal. The maximum throat temperature was
-190°F at engine cutoff signal. Thrust chamber heat transfer rates may have been affected
by increasing engine ambient pressure and temperature during post-main-stage idle-mode
operation (Figs. 10 and 14). The maximum test cell pressure and temperature of 0.36
psia and 245°F respectively, were recorded 6.7 sec after main-stage cutoff signal.

Excessive oxidizer injection temperatures were not observed during transition to
post-main-stage idle mode. There was a slight increase (<25°F) indicated in the oxidizer
idle-mode supply line temperature. Previous tests, Ref. 7, using the inner four row
injector configuration, experienced transient oxidizer injector temperatures as high as
1500°F during transition from main-stage to post-main-stage idle mode.



Firing J4-1001- 06A 068 07A 07B 07C 11A 11B 11C 15A 15B 15C
Fuel pump inlet pressurc

at t-0, psia 33.0 33.3 33.2 33.4 41.8 41.1 279 39.7 29.9 30.1 324
Oxidizer pump inlet pressure

at 1-0, psia 39.6 39.3 39.2 46.0 39.3 39.7 40.3 31.7 39.2 44.7 325
Main oxidizer valve First-Stage

gate angle, deg 11.5 11.5 10.5 10.5 105 10.5 10.5 10.5 11.7 11.7 11.7
Oxidizer idle-mode line

orifice diameter, in. 0.848 0.848 0977 0977 0.977 0.977 0977 0977 0911 0911 0911
Fuel by pass orifice

diamoter, in. 1.750 1.750 1.750 1.750 1.750 1.500 1.500 1.500 1.500 1.500 1.500
Tanoff & 58 58 64 64 64 58 58 58 58 58 58
Tapoff valve open angle, deg *%(1.321) (1.321) (1.260) (1.260) (1.260) (1.321) (1.321) (1.321) (1.321) (L.321) (1.321)
Duration of VSC, bef

c:;ll‘;o cl:xt:ff signal, r::::c* None 315 None 1 Nonec 345 None 475 None None 270
Premature cutoff No Yes No No No Yes No Yes No No Yes
Oxidizer pump bearing cavity

temperaturc at t-0 -5, °F -288 -116 -288 -84 278 96 -276 -128 -289 -292 63
Fuclpump balancepiston cavity o0 5, g 80 411 92 406 119  -200 354 76

ternperature at t-0 -5, °F

* Data reduced from oscillograph
** Tapoff valve mechanical stop length, in.

+02-04-H 1-003V
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Improper engine orificing resulted in a mixture ratio of approximately 4.6 during
main-stage operation with the propellant utilization valve in the null position (mixture
ratio nominally 5.0). Main-stage performance data were calculated as shown in Appendix
IV. Stabilized chamber pressure was attained by t-0 + 7 sec. Data between t-0 + 7.5 and
t-0 + 8.5 sec were averaged, and performance data were calculated using these averages.
The characteristic velocity, engine thrust, and specific impulse were approximately 7800
ft/sec, 230,000 1bf, and 434 Ibf-sec/Ibm, respectively.

4.2.2 Firing J4-1001-06B

The objectives for this firing were to (1) verify stable idle-mode operation, (2)
confirm that oxidizer injection temperatures were not excessive during transition to
post-main-stage idle mode and (3) evaluate main-stage performance. This firing was
conducted at thermal conditions expected for an orbital restart mission. The oxidizer
pump bearing coolant temperature (TOPBC) and the fuel pump balance piston sump
temperature (TFPBS) were used as indicators of propellant turbomachinery thermal
conditions. To achieve the required conditions, propellants were not admitted to the
engine until 5 sec before engine start signal.

Stabilized idle-mode operation was attained 36 sec after engine start signal.
Chamber pressure oscillations remained less than *1 psi (18 to 20 psia) until 49 sec after
engine start signal. Before 36 sec and after 49 sec, chamber pressure oscillations were
greater than ] psi. Superheated oxidizer was present at the engine flowmeter during
idle-mode operation. This prevented determination of oxidizer flow rate and calculation
of idle-mode performance data.

A premature engine cutoff was initiated 1.5 sec after main-stage start signal by
the vibration safety cutoff system. Liquid fuel conditions existed at the fuel injector
during oxidizer dome prime (chamber pressure = 100 psia) when the excessive vibrations
were first recorded.

4.2.3 Firing J4-1001-07A

The objectives for this firing were to (1) verify stable idle-mode operation, (2)
confirm that oxidizer injection temperatures were not excessive during transition to
post-main-stage idle-mode operation, and (3) evaluate main-stage performance. The stage
prevalves were opened approximately 60 min before engine start signal to precondition
the propellant feed systems.

Stabilized idle-mode operation was attained 20 sec after engine start signal.
Chamber pressure oscillations remained less than *1 psi (29 to 31 psia) until 39 sec
after engine start signal. Before 20 sec and after 39 sec, chamber pressure oscillations
were approximately 2 psi. Unsteady fuel flow during idle mode prevented the
evaluation of engine performance.

Stabilized post-main-stage idle-mode operation was not attained. Chamber pressure
oscillations with amplitudes up to +7 psi at a frequency of | Hz were observed for the
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duration of post-main-stage idle-mode operation. Pressure oscillations in the fuel system
ranged up to +9 psi in phase with the chamber pressure oscillations. Corresponding fuel
injection temperature increases of up to 100°F were also observed. The thrust chamber
external skin temperatures were increasing from 2 sec after main-stage cutoff signal until
engine cutoff signal. The maximum throat temperature was -180°F at engine cutoff
signal. Thrust chamber heat transfer rates may have been affected by the continuously
increasing engine ambient pressure and temperature. The maximum test cell pressure and
temperature were 0.55 psia and 240°F, respectively, recorded at engine cutoff signal.
Unsteady fuel flow prevented idle-mode performance evaluation.

Excessive oxidizer injection temperatures were not observed during the transition
to post-main-stage idle mode. Only a slight (<5°F) increase was recorded.

Comparison of fuel flow and the corresponding pressure drop across the fuel
injector with previous main-stage firings revealed that the indicated pressure loss was
abnormally low for the measured flow rate. Calculation of main-stage performance data
resulted in an abnormally high specific impulse and characteristic velocity. This indicated
a probable error in measured combustion chamber pressure. The error appears to be on
the order of +7 percent and is suspected to be associated with icing of the chamber
pressure measurement tap. If the chamber pressure tap iced over completely, the chamber
pressure transducer would sense fuel injection pressure because of the purge line
interconnect between the fuel injector and the chamber pressure measurement line (see
Fig. I1I-1i). Engine mixture ratio was 4.8 with the propellant utilization valve in the null
position.

4.24 Firing J4-1001-07B

The objectives for this firing were to (1) verify stable idlemode operation, (2)
confirm that oxidizer injection temperatures were not excessive during transition to
post-main-stage idle mode, and (3) evaluate main-stage performance. This firing was
conducted at thermal conditions expected for an orbital restart mission. The oxidizer
pump bearing coolant temperature (TOPBC) and the fuel pump balance piston sump
temperature (TFPBS) were used as indicators of propellant turbomachinery thermal
conditions. To achieve the required conditions, propellants were not admitted to the
engine until 5 sec before engine start signal.

Stabilized idle-mode operation was attained 40 sec after engine start signal. The
chamber pressure was gradually increasing for the initial 40 sec. Oscillations with
amplitudes greater than +2 psi were observed during portions of this time period. After
the initial 40 sec, chamber pressure was steadily increasing with oscillations of less than
%] psi. Superheated propellants were present at the engine flowmeters during idle-mode
operation. This prevented determination of propellant flow rates and subsequent
calculation of idle-mode performance data.

Stabilized post-main-stage idle-mode operation was not achieved. Oscillations in

chamber pressure with amplitudes up to +4 psi were observed for the duration of
post-main-stage idle-mode operation. Oscillations in the fuel system pressures ranged in

10
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amplitude up to #*8 psi and in phase with the chamber pressure oscillations.
Corresponding fuel injection temperature increases of up to 200°F were also observed.
The thrust chamber throat external skin temperature was increasing from 1 sec after
main-stage cutoff signal until engine cutoff signal, The maximum throat temperature was
-138°F at engine cutoff signal. Thrust chamber heat transfer rates may have been affected
by abnormally high transient engine ambient pressure and temperature. A maximum
pressure of 1.31 psia and 570°F were recorded approximately 3.5 sec after main-stage
cutoff signal, Unsteady fuel flow prevented idle-mode performance evaluation.

Excessive oxidizer injection temperatures were not observed during the transition
to post-main-stage idle mode. The maximum increase was approximately 10°F and
coincided with the peak in engine ambient pressure and temperature.

An average chamber pressure of 1182 psia was attained before transition to
post-main-stage idle mode. This resulted in a characteristic velocity of approximately
7740 ft/sec and a specific impulse of approximately 433 Ibf-sec/lbm. The thrust was
calculated to be approximately 249,000 1bf. The mixture ratio was approximately 4.9
with the propellant utilization valve in the null position (nominal mixture ratio of 5.0).

4.2.5 Firing J4-1001-07C

The objectives for this firing were to (1) verify stable idle-mode operation and (2)
evaluate main-stage performance. The stage prevalves were open (for 45 min) until 15 min
before engine start signal to precondition the propellant feed systems.

Stabilized idle-mode operation was not attained. During the initial 22 sec of
operation, chamber pressure was increasing and oscillating with amplitudes up to *1.5
psia and frequencies ranging from 1 to 2 Hz. Beginning at t-0 + 22 sec, the oscillations
changed to amplitudes of +3 psi and a frequency of 1 Hz. These oscillations continued
until transition to main stage. Similar oscillations in the fuel feed systems pressures were
observed with a maximum amplitude of %12 psi recorded at the fuel pump discharge
after t-0 + 22 sec. Corresponding fuel injection temperature increases of up to 100°F
were observed. The thrust chamber throat external skin temperature was increasing from
t-0 + 22 sec until transition to main stage. The maximum throat temperature was -184°F
at main-stage start signal. Unsteady fuel flow prevented calculation of idle-mode
performance.

An average chamber pressure of 1279 psia was attained before engine cutoff
signal. This resulted in a characteristic velocity of approximately 7720 ft/sec and a
specific impulse of approximately 434 Ibf-sec/lom. The thrust was calculated to be
approximately 271,000 lbf. The propellant utilization valve was inadvertently moved to
the 12-deg closed position during the transition to main stage. This resulted in a mixture
ratio of approximately 5.1.

11
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4.2.6 Firing J4-1001-11A

The objectives for this firing were to (1) verify stable idle-mode operation, (2)
confirm that oxidizer injection temperatures were not excessive during transition to
post-main-stage idle mode, (3) evaluate main-stage performance, and (4) determine rates
at which the engine propellant feed system temperatures decreased during pre-main-stage
idle-mode operation. This firing was conducted at thermal conditions expected for an
orbital restart mission. The oxidizer pump bearing coolant temperature (TOPBC) and the
fuel pump balance piston sump temperature (TFPBS) were used as indicators of
propeliant turbomachinery thermal conditions. To achieve the required conditions,
propellants were not admitted to the engine until 5 sec before engine start signal.
Oxidizer was supplied through the propellant recirculation system until t-0 + 92.5 sec. at
which time the stage oxidizer prevalve was opened. Fuel was supplied to the engine
normally through the stage fuel prevalve.

Apparent valve closure in the oxidizer recirculation system resulted in abnormal
oxidizer flow conditions during the initial 70 sec of idle-mode operation, Stabilized
idle-mode operation was attained at t-0 + 70 sec and continued until t-0 + 80 sec.
Random chamber pressure excursions up to 6 psi were observed, beginning at t-0 + 80
sec and continuing until transition into main stage at t-0 + 98 sec. Superheated
propellants were present at the engine flowmeters during idle-mode operation. This
prevented determination of propellant flow rates and subsequent calculation of idle-mode
performance.

A premature engine cutoff was initiated at the request of the engine manufacturer
because of low chamber pressure (<20 psia) immediately before transition into main
stage. The firing was terminated after 1.3 sec of main-stage operation. Approximately 340
msec of sporadic oxidizer dome vibration which exceeded 150 g rms was recorded before
engine cutoff signal. Liquid fuel conditions existed at the fuel injector during oxidizer
dome prime (chamber pressure = 100 psia) when the excessive vibrations were first
observed. The premature engine cutoff precluded the attainment of the main-stage and
post-main-stage idle-mode objectives.

The rates at which the propellant feed system temperatures decreased during
pre-main-stage idle-mode operation were affected by increased engine ambient pressure
and temperature between 15 and 55 sec after engine start signal. The maximum cell
pressure and temperature were 1.11 psia and 172°F, respectively, during this time
period. The effect on thrust chamber external exit skin temperature is shown in Fig. 34.
In addition, the abnormal oxidizer flow conditions also affected chilling of the oxidizer
feed system. These adverse conditions precluded determination of meaningful chilldown
rates.

4.2.7 Firing J4-1001-11B

The objectives for this firing were to (1) verify stable idle-mode operation, (2)
evaluate main-stage performance, and (3) determine the rates at which the propellant feed
system temperatures decreased during idle-mode operation. The stage prevalves were open
between firngs 11A and 11B until 15 min before engine start signal to precondition the
propellant feed systems.

12
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Stabilized idle-mode operation was not attained. Chamber pressure variations were
observed throughout idle-mode operation. Maximum pressure excursions of 6 psi were
recorded after t-O + 47 sec. Similar variations were observed in the fuel feed system with
maximum pressure oscillations of 8 psi recorded at the fuel pump discharge. Unsteady
fuel flow prevented determination of idle-mode performance.

Main-stage performance was considered questionable, based on the analysis of
firing 07A main-stage performance data (Ref. Section 4.2.3). No changes in the injector
or pressure measurement configuration were implemented between firings 07A and 11B.

Subcooled oxidizer was present at the pump inlet and discharge and the oxidizer
idle-mode supply line within 5 sec after engine start signal. Subcooled fuel was present at
the pump inlet and discharge after 20 sec of idle-mode operation. Saturated or liquid
conditions at the oxidizer injector existed from t-O0 + 3 sec until engine cutoff signal.
Superheated fuel was present at the fuel injector during idle-mode operation. Increased
oscillations in the fuel injection temperature were observed to correspond with increasing
thrust chamber throat external skin temperature.

4.2.8 Firing J4-1001-11C

The objectives for this firing were to (1) verify stable idle-mode operation, (2)
evaluate main-stage performance, and (3) determine rates at which the engine propellant "
feed system temperatures decreased during idle-mode operation. This firing was
conducted at thermal conditions expected for an orbital restart mission. The oxidizer
pump bearing coolant temperature (TOPBC) and the fuel pump balance piston sump
temperature (TFPBS) were used as indicators of propellant turbomachinery thermal
conditions. To achieve the required conditions, propellants were not admitted to the
engine until 5 sec before engine start signal.

Stabilized idle-mode operation was attained 25 sec after engine start signal and
continued until 81 sec after engine start signal. The chamber pressure was increasing and
oscillated with amplitudes greater than *1 psi and frequency between 0.5 and 1 Hz during
the initial 25 sec. Beginning at t-0 + 81 sec. sporadic pressure excursions up to 6 psi were
observed. A 4-psi step increase in chamber pressure average level. with increased
oscillations, began 89 sec after engine start signal. These oscillations, at a frequency of
approximately 4 Hz with amplitudes up to x1 psi, continued until transition into main
stage. Superheated oxidizer at the flowmeter precluded determination of idle-mode
performance.

A premature engine cutoff was initiated by the vibration safety cutoff system
after 1.7 sec of main-stage operation. Liquid fuel conditions existed at the fuel injector at
dome prime (chamber pressure = 100 psia), when the excessive oxidizer dome vibrations
were first recorded. The premature cutoff precluded attainment of the main-stage
objective.

Subcooled oxidizer conditions were present by t-0 + 2 sec at the pump inlet and
oxidizer idle-mode supply line. Liquid oxidizer conditions were not present at the pump

13
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discharge until t-0 + 94 sec. Saturated or liquid conditions existed from t-0 + 3 sec until
engine cutoff signal at the oxidizer injector. Liquid or saturated conditions were present
by 20 sec after engine start signal at the fuel pump inlet and discharge. Saturated
conditions at the fuel injector existed after 20 sec of idle-mode operation. The thrust
chamber external skin temperatures indicated approximately -425°F after 30 sec of
idle-mode operation.

4.2.9 Firing J4-1001-15A

The objective of this firing was to document the transition from idle mode to
main stage with the solid-propellant turbine starter ignition signal delayed 0.5 sec after
main-stage start signal (normally the ignition signal is initiated at main-stage start signal).
The stage prevalves were open for approximately 60 min before engine start signal to
precondition the propellant feed system.

The ignition delay of 0.502 sec after main-stage start signal was sufficient to allow
the main oxidizer valve to open to its first stage position and the hot gas tapoff valve to
attain its maximum opening before the solid-propellant turbine starter ignited. Tapoff
manifold and fuel turbine inlet temperatures indicated that hot gas from the combustion
chamber entered the fuel turbine before the delayed ignition signal. However, there was
no significant increase in fuel turbine speed until the solid-propellant turbine starter
ignited.

Engine conditions at engine start signal were essentially the same as for firings
06A and 15A of this series. The fuel pump inlet pressure was 29.9 psia for firing 15A,
and 33.0 psia for firing 06A. The solid-propellant turbine starter ignition signal was not
delayed for firing 06A. Comparison of solid-propellant turbine starter chamber pressures
on these two firings revealed that the initial peak was 200 psi greater with the ignition
delay. This resulted in a faster increase in fuel pump speed and a shorter time to oxidizer
dome prime relative to the ignition signal. Oxidizer dome prime (combustion chamber
pressure = 100 psia) occurred approximately 0.9 sec after the delayed ignition signal as
opposed to 1.1 sec without the delay. Programmed engine cutoff signal at main-stage
control signal of firing 15A was initiated before the solid-propellant turbine starter had
completed burning. Between oxidizer dome prime and main-stage control signal, the
combustion chamber pressure histories for these two firings were essentially the same.
The maximum chamber pressure at main-stage control signal was approximately 330 psia
with the delayed ignition signal, and 310 psia without the ignition delay. The fuel pump
speeds differed by approximately 200 rpm at main-stage control signal; the pump speed
was approximately 15,800 rpm for the delayed ignition firing (15A).

4.2.10 Firing J4-1001-15B

The objectives of this firing were to (1) evaluate the effect of a 0.911-in. oxidizer
idle-mode supply line orifice on the rate at which the thrust chamber temperatures
increased during idle mode with high (44 psia) oxidizer and low (28 psia) fuel pump inlet
conditions and (2) to document the effect of a 0.911-in. oxidizer idle-mode supply line
orifice on transition to main stage employing a delayed ignition signal to the

14
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solid-propellant turbine starter. The thrust chamber was prechilled to -187°F at engine
start signal. The stage prevalves were closed 30 min before engine start signal after having
been open for approximately 30 min.

Previous firings (J4-1001-13B, -13C, and -14B) which had comparable objectives
are found in Ref. 8. Firings J4-1001-13B and -13C were conducted with a 1.033-in.
oxidizer idle-mode supply line orifice; firing J4-1001-14B utilized u 0.977-in. orifice (Ref.
8). Each of these firings was prematurely terminated as a result of excessive thrust
chamber throat external skin temperature. The established temperature limit was 300°F
for both 13B and 13C, but was lowered to 250°F for both l4B and 15B. The following
table summarizes the significant variables and results.

Firing J4-1001- 13B 13C 14A 15B
Oxidizer pump discharge pressure, psia 44.0 45.3 43.5 445
Fuel pump discharge pressure, psia 21.5 29.9 30.8 30.0
Oxidizer idle-mode supply line orifice, in. 1.033 1.033 0.977 0911
Thrust chamber throat temperature at t-0, °F 34 80 =200 -187
Propellants on enginc, min 70 60 70 *
Time to 250°F, thrust chamber, scc 17 21 46 *
Maximum thrust chamber heatup rate, °F/sec 22 15 17 6

* For 30 min, prevalves closed 30 min before engine start.
** Maximum temperature attained was 10 °F,

Transition to main stage was smooth and stable. Programmed engine cutoff
occurred at main-stage control signal. The delayed ignition signal to the solid-propellant
turbine starter resulted in start transient effects similar to those experienced during firing
15A as stated in Section 4.2.9.

4.2.11 Firing J4-1001-15C

The objective for this firing was to demonstrate stable transition to main stage
after 100 sec of idle mode with low (34 psia) oxidizer and nominal (33 psi) fuel pump
inlet pressures, a 0.911-in. oxidizer idle-mode supply line orifice, and a delayed ignition
signal to the solid-propellant turbine starter. This firing was conducted at thermal
conditions expected for an orbital restart mission. The oxidizer pump bearing coolant
temperature (TOPBC) and the fuel pump balance piston sump temperature (TFPBS) were
used as indicators of propellant turbomachinery thermal conditions. To achieve the
required conditions, propellants were not admitted to the engine until 5 sec before engine
start signal.

Chamber pressure steadily increased until approximately 92.5 sec after engine
start signal. At this time, there was a step increase of 4 psi in the average level of
chamber pressure. Subcooled fuel conditions were attained at the fuel flowmeter after
approximately 92.5 sec of idle-mode operation. Subcooled oxidizer was not attained at
the oxidizer flowmetcr until approximately 2.5 sec later. Saturated (mixed phase)
propellants existed at the injector from t-0 + 20 sec until transition into main stage.

15
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A premature engine cutoff was initiated after 1.8 sec of main stage by the
vibration safety cutoff system. Liquid fuel conditions existed at the fuel injector during
oxidizer dome prime when the excessive vibrations were first observed.

4.3 ENGINE DAMAGE

Examination of the thrust chamber combustion zone after test 07A revealed
hairline cracks in several of the thrust chamber tubes. This damage was insufficient to
require immediate repair.

Extensive thrust chamber damage was sustained during test period J4-1001-09 and
J4-1001-13, Ref. 8. This damage was repaired before tests J4-1001-11 and -15 of this
series, but these repairs did not return the engine to an as-designed configuration. Small
tube leaks and internal/external surface irregularities existed which may have altered
specific tube fuel flow and heat transfer rates. ’

Examination of the injector assembly after test period J4-1001-15 by the engine
manufacturer revealed that excessive leakage existed between the chamber pressure
measurement tap and the fuel injection pressure measurement tap. Main-stage duration
was insufficient to evaluate the probable error in chamber pressure data presented for test
period J4-1001-15. However, the response and trend of the data are indicative of the
engine start transient.

SECTION V
SUMMARY OF RESULTS

The results of the eleven firings of the J-2S rocket engine which were conducted
during tests J4-1001-06, -07, -11, and -15 on August 25, 28, September 17, and October
29, 1969, respectively, are summarized as follows:

1. Brief durations (<20 sec) of stable idle-mode operation (chamber
pressure oscillations <1 psi) were achieved.

2. Oxidizer injection temperatures exhibited insignificant increases
(<10°F) during transition to post-main-stage idle-mode operation.

3. The maximum rate at which the thrust chamber temperature
increased during idle-mode operation with high (45-psia) oxidizer and
low (27-psia) fuel pump inlet conditions was approximately 6°F/sec.

4. Three firings which were conducted at oribital restart conditions were
prematurely terminated during the transition to main stage by. the
vibration safety cutoff system. Liquid fuel conditions existed at the
injector during dome prime (chamber pressure = 100 psia) when the
excessive vibrations were first observed.

16
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5. The 0.5-sec solid-propellant turbine starter ignition delay produced
higher peak starter chamber pressure, a faster increase in fuel pump
speed, and a shorter time to oxidizer dome prime (relative to the
ignition signal) compared to a firing with no ignition delay.
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Fig. 1 Test Cell J-4 Complex
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Fig. 2 Test Cell J-4, Artist’s Conception
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Fig. 5 Continued

Hot Gas
to Turbine

$02-04-<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>