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FOREWORD
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SUMMARY

The Integrated Power Unit (IPU) program, to develop a LOX/JP-4 gas gen-—
erator system for aircraft auxiliary power, was conducted between 16 April

1976 and 31 July 1978. The program was divided into two major phases:

e Phase I: Gas Generator Development

e Phase II: IPU Engine Starter Demonstrator

In Phase I, two gas generators were designed, fabricated, and tested to
verify performance and demonstrate feasibility. The two gas generator
units, when integrated into an auxiliary power system, provided a range

of 10 to 300 horsepower. Each gas generator can be throttled over a power
range of approximately 3 to 1 and operate at a combustion chamber pressure
from 91 to 290 psia. Correspondingly, the low-power gas generator total
flowrate varied from 0.089 to 0.280 lb/sec, and the high-power gas gen-
erator from 0.232 to 0.749 1lb/sec.

During the low-power gas generator development, three different injector
types were designed, fabricated, and tested with the gas generator to
evaluate performance. The three types were: (1) an augmented spark
ignition (ASI) type injector, (2) a triplet-element injector, and (3)

a coaxial-element injector. Each injector was tested over a range of
combustion chamber pressure (75 to 350 psia), mixture ratio (0.23 to
1.26), and two combustor lengths (6 and 10 inches), and the performance
characteristics experimentally evaluated were: combustion efficiency
(c*), ignition, combustion stability, carbon formation, and heat trans-

fer characteristics.

A total of 311 hot-fire tests were achieved on the low-power gas generator
for a total of 7035 seconds of steady-state operation. The ASI-type
injector was found to have poor ignition and local heating problems.

Both GOX-tube burnout and choke-ring erosion were encountered. The coaxial-
element injector had good ignition and local heat problems which resulted

in combustor wall burnthrough. High ignition energy was required for

xvii




ignition; however, carbon formation was a minimum. The triplet-element
injector, in combination with the 10-inch combustor and increased con-
traction ratio, achieved reliable ignition, good combustion, uniform

temperature, and modest carbon formation.

Based on the low-power gas generator test results, the triplet-element
injector was selected for additional testing to determine ignition and
combustion performances at ‘the following conditions: cold propellants
(GOX at =240 F and JP-4 at -60 F); hot propellants (135 F); low-cut
(volatility) fuel (JP-8 or Jet A); and high-altitude condition (74,000
feet). The low-power gas generator with the triplet-element injector
achieved good ignition and combustion performance at all the above envi-
ronmental and fuel conditions, and was selected for further developmental

testing with the high-power gas generator.

Test of the high-power gas generator was accomplished with 112 tests and
over 1200 seconds of steady-state operation. Initial hot-fire tests
encountered unstable combustion particularly at the throttled operating
conditions (75 to 50% of normal power level). Although use of a purge-gas
lead and choke ring eliminated the instability problem caused by poor
mixing, direct modifications of the gas generator design were investi-
gated. The three modifications were : (1) a partial sleeve to decrease
the combustor diameter at the injector and reduce the recirculation of
combustion gases; (2) a premix cup plate to increase mixing; and (3)
enlargement of the GOX injector orifice to reduce the GOX injection

velocity and increase the fuel penetration parameter.

The high-power gas generator, using the enlarged GOX orifice, triplet-
element injector, achieved good ignition and stable combustion at all
throttled operating conditions down to 50% normal power level. The c*
efficiency obtained was greater than 90% over the full throttle range

of operation investigated, and combustion temperatures correlated well
with expected values. The design modification also resulted in formation
of softer carbon deposits that did not accumulate, but tended to be
stabilized.
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The high-power gas generator also achieved good ignition and combustion
with cold propellants (GOX at =170 F and JP-4 at -70 F) and low-cut fuels
(JP-8 or Jet A). Localized overheating on the combustor wall near the
injector was encountered (which was overcome by increased combustor cool-
ant jacket flow) that must be resolved through further developmental

efforts in optimizing the injector spray pattern.

In Phase II, fully utilizing the experimental results obtained in Phase I,
a IPU engine starter demonstrator unit was designed, fabricated, and

tested to demonstrate further the feasibility of utilizing a LOX/JP-4 gas
generator reliably in an aircraft-type power equipment. The engine starter
demonstrator assembly consisted of the high-power gas generator with the
modified triplet-element injector; an available power turbine; an off-the-
shelf gearbox; and a flywheel load simulator to simulate a typical air-
craft jet engine (CFM56-2B). The demonstrator unit was designed with a
capability of developing over 200 horsepower and attaining a gearbox out-

put speed of 8000 rpm within 25 seconds.

The planned 10 hot-fire, full-acceleration start tests were successfully
achieved by the IPU engine starter demonstrator unit with no disassembly
and only normal inspection. An eleventh test was made to demonstrate

that no afterburning occurred in the turbine exhaust. Full engine start
was consistently demonstrated within 25.5 seconds, with output power and
speed of 228 horsepower and 7777 rpm, rzspectively. Posttest hardware
inspection of the gas generator and turbine revealed no anomalies and good
hardware integrity. Gas generator combustor wall heat stains were as
expected. Soft carbon deposits were found in the turbine nozzles and rotor
blades, as well as those normally found within the combustor. The effects
of carbon formation within the turbine nozzle passages was observed during
the testing as a test-to-test ''sawtooth" trace of gas generator chamber
pressure, indicating alternate buildup and spalling. These effects were
not considered detrimental to the performance of the unit, but further

development consideration should be made to reduce carbon formation.
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The overall objectives of the IPU program, to prove the feasibility and
practicality of using available on-board LOX and JP-4 fuel for aircraft-
mounted, auxiliary power units, have been successfully demonstrated by the
experimental tests performed on the LOX/JP-4 low-power and high-power gas
generators and the engine starter demonstrator unit. Continued develop-
ment is indicated, however, in the areas of optimizing injector spray

pattern and carbon formation.
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SECTION I

INTRODUCTION

Modern military aircraft require significant amounts of '"secondary' power.
Such power may be electrical, hydraulic, pneumatic, or mechanical, and is
directly provided by engine-driven accessory gearboxes or by air-breathing
accessory power units (APU). Engine starting power is\bften provided by

ground carts.

An important trend in providing aircraft secondary power is the drive toward

self-sufficiency. This means that each aircraft will be completely capable
of providing all its auxiliary power needs. The aircraft then could land
and take off again from a '"bare base'" without the need for any ground cart

services, and only refueling would be required.

Another recent trend in aircraft is the major need for emergency power
capability. Many new aircraft are control-configured vehicles, which
means they have "fly-by-wire" control systems. Such control systems re-
quire continuous supply of electrical and hydraulic power to maintain con-
trol of the aircraft. When any portion of the secondary power system is
lost in flight, an immediate means for providing alternate electrical and
hydraulic power is required. An extreme example of this would be the loss
of the main engine in a single-engine fighter. To provide power at high

altitude a nonair-breathing emergency power unit (EPU) is required.

Another major emergency power requirement has to do with modern engines.
Windmill starting of a modern fanjet engine is, in general, not feasible
without some supplementary starting power. In general, this power require-
ment is in the 100 to 200 hp range. Since an engine may flame out at any
altitude, it is necessary to have this emergency starting power available

at high altitudes where an air-breathing power unit is not practical.




A good example of all these emergency power characteristics is the F-16
single-engine aircraft. Restarting of the engine following flameout can be
done below 20,000 feet altitude where the air is sufficiently dense that

the jet fuel starter can provide enough starting power. At all altitudes
engine flameout would cause complete loss of secondary power. For this
reason a hydrazine-fueled EPU is provided to produce electrical and hydraulic
power in the event of engine loss. This EPU also has a capability for
providing power in the event that the engine is still operating but the
secondary power system itself has failed. In that case the EPU operates on

the engine bleed air.

Beginning in 1974, Rocketdyne was funded by the Air Force to study aircraft
secondary and emergency power needs for future aircraft. The results of

this study, presented in Ref. 1,* showed the desirability of integrating

the various power functions of the aircraft as much as possible. The goal
was to provide a single power unit which would provide emergency power for
engine starting and aircraft operation at altitudes up to 80,000 feet.
Comparison of the possible propellants which might be used for such a
nonair-breathing machine showed that liquid oxygen (LOX) and jet fuel (JP-4,
JP-5, or JP-8) were an excellent combination. These fluids, which are on
many current aircraft and{g;euin the Air Force logistics system,are therefore

natural selections.

The present program was the followup to the study of Ref. 1. It has the
objective of proving the feasibility and practicality of an integrated
power unit (IPU) which can serve a dual purpose of the normal APU and EPU
power units. Demonstration of low specific propellant consumption also was

an important design factor.

* 1. Emergency Power Supply, AFAPL-TR-75-9, April 1975.




During the course of this program, a further advanced concept of an aircraft
power unit, the Superintegrated Power Unit (SIPU), was conceived. This
concept is described in more detail in Ref. 2. Basically it combines both
air-breathing and nonair-breathing modes of operation into a single piece
of multipurpose machinery. With this concept it is possible to consider an
even wider range of possible aircraft secondary and emergency power systems.
The present program therefore has developed basic data applicable not only

to the IPU but also to the SIPU.

The present program was conducted in two phases. Phase I was initiated
with systems analysis of a typical IPU which produced a set of design re-
quirements for gas generators. This was followed by an extensive exper-
imental demonstration of both low- and high-power LOX/JP-4 gas generators.
Phase II consisted of the detailed design and experimental test of a
demonstration IPU that would meet engine start requirements. ‘This report

presents the results of both Phase I and Phase II of the program.

2. B. L. McFadden, the Super-Integrated Power Unit--The Aircraft Power
Unit of the Future, AIAA Paper No. 77-502, March 1977




SECTION II

PHASE I: GAS GENERATOR DEVELOPMENT

The IPU gas generator development phase of the program is presented in
this section. The IPU system requirements leading to design specifica-
tions for two gas generators, viz., a low-power and a high-power gas
generator, are discussed; the designs for both gas generators are

presented; and the test programs and results for both are given in detail.
IPU SYSTEM REQUIREMENTS

The basic IPU design requirements are summarized in Table 1 . These
requirements do not represent any specific aircraft, but rather are a
composite of the requirements of several modern aircraft. They represent
a wide possible range of required power levels and modes of operation.

It is not likely that any single aircraft would require all these modes

of operation.

The required duty cycle and operational life in each of the possible modes
of operation also is summarized in Table 1. The environmental temperature
and altitude ranges under which power must be provided are also presented
there. This set of requirements then forms the basis for the preliminary

system design work performed.

The requirements of Table 1 show a ratio of 12.5 between the minimum
and maximum power requirements during gas generator operation of the
IPU. This implies a throttling range on a single gés generator of at
least 10:1, Since that is not a practicable range with today's tech-
nology, the approach taken is to use two gas generators to cover this
range. This is illustrated in Fig. 1. The total power range is
divided between a high- and low-power gas generator. Thus, the
throttling range required on each is approximately 3:1 on flow, which

is practicable.
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Modes of OQutput Shaft Run Time Endurance,** | Altitude, Temperature,
Operation hp Required* per Cycle cycles feet F
Auxiliary
Checkout 100 10 minutes 1000 <8,000 +500 to -65
20 60 minutes 1000
Standby 85 60 minutes 1000
Engine Start 250 30 seconds 2000
Emergency
in-Flight Start 150 20 seconds 10 <80,000
Flyback 20 3 hours 10 l
100%** 3 hours 10

including heaters

*Net output after deduction of all required parasitic loads,

**The endurance column above is defined as the total cycles in
each mode that the IPU is to perform between major overhauls
***Bleed air operation

Table 1. Design Requirements
NORMAL | |  NORMAL
LOw- | | HIGH-
POWER | POWER
RANGE | & | RanGE
FLOW | § I
I 5 |
-
I > |
I , |
| | |
I
' |
| |
| I |
I I |
I I |
| ] ]
POWER
Figure 1. IPU Operation With Two Gas Generators
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A simplified schematic of an IPU using two gas generators is shown in

Fig. 2. Oxygen for gas generator operation is stored as liquid oxygen
then vaporized in a turbine exhaust duct heat exchanger. Oxygen vapor
is burned with fuel in either a high- or low-power gas generator,
depending on power demand. Fuel is supplied initially either from a
pressurized source or, after operation is initiated, it may be pumped
from the aircraft fuel tank. The alternate engine bleed air mode of
turbine operation (see Table 1) is also provided for in Fig. 2.

In Fig. 2, the engine bleed air is shown passing through a different
part of the turbine from that for the exhaust gases of the low- or
high-power gas generator. This is discussed in detail below. In all
operational modes, the turbine drives the engine for start and the
accessories for hydraulic and electrical power through a gearbox as

shown.

PRESSURANT
Lox FUEL
v (v v
H1GH- Low-
POWER GG POWER GG
FUEL
A PUMP
FROM AIRCRAFT
TURBINE HYDRAULIC FUEL TANK
PUMP
Y ENGINE
- GEARBOX
< HEA
EXCHANGER H
ENG INE
BLEED AIR

Figure 2. Simplified IPU System Schematic
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Preliminary sizing calculations for the system of Fig. 2 and the
requirements of Table 1 show that the turbine nozzle throat areas re-
quired for the two gas generators and for the bleed air operations were
quite different. Therefore, three different sets of nozzles or arcs of
admission within the turbine are used, which allow each arc of admission
to be optimized for its particular energy source. The results of the
system calculations on a three-arc-of-admission system are shown in

Fig. 3 . The throttling performance during gas generator operation

for the low-power and high-power gas generator arcs is also shown in
Fig. 3 . The throat area data shown at the bottom of Fig. 3 indicate
the requirements in terms of the bleed air arc of admission and the gas
generator arcs of admission. The air requires a throat area approximately

four times that of the high-power gas generator.

Design point data for the three arcs of admission are summarized in

Table 2. It will be noted that the power available from the third arc

of admission provides a 70 hp capability. The bleed air power calculation
is based on use of the bleed air available in the F-16 aircraft. Since
the 100 hp bleed air specification of Table 1 does not represent any
particular aircraft, using the 70 hp bleed air characteristics of the

F-16 appears to be an appropriate aﬁproach.

The complete system assembly in a typical flight configuration is pre-~
sented in Fig. 4 . This shows a three-manifold turbine with two gas
generators and a gearbox driving a hydraulic pump and generator. Also
shown on the gearbox is an output shaft to the engine which can be
connected or disconnected to the IPU by means of a fill and empty fluid
coupling incorporated into the design. Some of the other characteristics

of this flight-type IPU system are summarized in Table 3.




SPC AND HP

FLOWRATE

100

0.1

.01

300 SECOND ARC

290
[ NET sHAFT POWER, HP]

70 FIRST ARC
60
91 290
FIRST ARC
10 SECOND ARC

91
SECOND ARC
0.90 (HIGH POWER GAS GENERATOR)
290 [FLOWRATE, LB/SEC]
0.28 0.28 FIRST ARC
(LOW-POWER GAS GENERATOR)
91 290
SPEED, RPM 60,000
0.089 TIP DIAMETER, INCH  6.288
BLADE HEIGHT, INCH 0.773
91
TURBINE ARC OF ADMISSION | FIRST | SECOND [ THIRD | TOTAL
THROAT AREA, IN.Z" 0.10 0.32 1.20 1.62
% ADMISSION 5.43 17.38 65.19 880
] 1 1 |
100 1000

INLET PRESSURE, PSIA

Figure 3 ., Optimum Turbine Performance, Hot Gas Only
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Figure 4 . IPU Flight System
Configuration
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TABLE 3.

IPU FLIGHT SYSTEM PACKAGE

Power Source

Turbine

Fluid Coupling

Gearbox

Service Pumps

Engine Start Pad

Hydraulic Pump Pad

Generator Pad

Low-Power Gas Generator (LOX/JP-4)
High-Power Gas Generator (LOX/JP-4)
Bleed Air

Three-Manifold Optimum Design 300 hp at
60,000 rpm

Pressure-fill, self-emptying, 250 hp at
15,000 rpm. Custom mount to provide
direct drain into gearbox.

Planetary reduction stage from 60,000 rpm
turbine to 15,000 rpm main shaft. Single-
stage reduction to 8400 rpm engine start
pad. Multiple gear stages to accommodate
speeds and locations of other components.
Full-pressure lubrication with dry sump
system. Integral system mount pads.

Multiple element assembly using four
gerotor-type elements: one for lube
scavenging, one for lube pressure, one

for coupling fill and one for gas generator
fuel. Custom mount pad to gearbox to
provide direct scavenging without

external line.

250 hp at 8400 rpm configuration to meet
customer interface requirements.

57 hp at 3750 rpm, and 20002 pad for Abex
model AP10V-7 pump or equivalent 30 gpm
at 3000 psi.

9 hp at 12,000 rpm for IDG-type generator
Skva with constant-speed drive removed.
Custom pad to provide front bearing
support for generator (normally provided
by constant-speed drive).

12




GAS GENERATOR DESIGN

The IPU system design requirements described in the previous section and
presented in Table 1 were used to define the gas generator requirements

for both the high-power and low-power gas generators. The initial designs
for the low-power and high-power gas generators are presented below. Some
of the design parameters were slightly modified during thg test program for
each gas generator, and these modifications are described in the respective

test sections.

Low-Power Gas Generator

The low-power gas generator performance parémeters are given in Table 4.
These parameters are consistent with the system requirements discussed
in the previous section. Table 5 gives the hardware design parameters

selected for test evaluation.

The design layout of the low-power gas generator test hardware is presented
in Fig. 5. The gas generator assembly consists of an injector, spark ig-
niters, a combustor, and a nozzle. The gas generator was designed to accept
the following three types of injectors: (1) augmented spark igniter (ASI)
type injector, (2) triplet-element injector, and (3) coaxial-element inje
tor. Figure 5 shows the unit assembled with the ASI-type injector. A
bolted assembly was used to allow easy disassembly and modification during

testing.

13
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TABLE 4. LOW-POWER GAS GENERATOR PERFORMANCE PARAMETERS

Parameter Max imum Minimum
Flowrate (wtot)’ 1b/sec 0.280 0.089
Chamber Pressure (Pc)’ psia 290 91
Mixture Ratio (o/f) 0.54 0.62
Combustion Temperature (TC), F 1650 1650
Characteristic Velocity (c*), ft/sec 3314 3314

TABLE 5. LOW-POWER GAS GENERATOR HARDWARE DESIGN PARAMETERS

Combustor Heat Exchanger

Injector Types

Ignition

Combustor Diameter, inch 1.00

Nozzle Throat Diameter, inch 0.357
Contraction Ratio 7.85:1
Combustor Length, inches 6.00, 10.00
Characteristic Length, inches 47.1, 78.5

GOX Spiral Circuit

ASI, Triplet, Coaxial

Spark lgniter

14
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Combustor and Nozzle Designs. The combustor was a double-walled GOX heat

exchanger design with a spiral coolant path as shown in Fig. 5. Two
combustor sections of 4- and 6-inch lengths were designed to allow changing
the combustor length from 6.00 to 10.00 inches. The coolant circuit and
flanges were made of 300 series stainless steel. The spiral coolant path
was formed by a wire brazed to the inner tube. The spiral flow scheme was
retained in the flange manifolds by using tangential inlets and outlets.
This scheme minimized pressure drop while providing good coolant velocity

in the manifold areas. Pressure ports were provided in the combustor

flanges to allow measurement of injector and nozzle end combustor pressures.

Stress analysis of the combustor showed the need for an expansion joint
between the inner and outer shells to accommodate differential expansion
and avoid buckling on the inner shell. This expansion joint, shown in
detail in Fig. 6 , was a simple configuration machined as an integral

part of one of the end flanges of each combustor section.

EXPANSION JOINT

1.000
DIA.

Figure 6. Expansion Joint for Low-Power Gas Generator Combustor
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The nozzle was designed to simulate the IPU turbine nozzles and to provide
a location for hot-gas thermocouples for test purposes. The nozzle was
constructed of OFHC copper with a simple drilled passage water coolant
circuit as shown in Fig. 5. The nozzle was sized to provide the IPU tur-
bine nozzle area and to hold the hot gas thermocouples. Packing gland type
thermocouple fittings are used to allow easy replacement and adjustment of

thermocouple penetration depth.

Figure 7 1is a photograph of the completed 6-inch cooled combustor section
showing the coolant (GOX) inlet and outlet tubes. Figure 8 is a photograph
of the completed water-cooled nozzle looking from upstream toward the
throat. The coolant inlet and outlet tubes as well as the pressure and

temperature instrumentation ports can be seen.

Augmented Spark Igniter (ASI) Injector Design. The ASI-type injector shown

in Fig. 5 was a scaled-down version of a previously tested Rocketdyne GOX-
RP ASI injector. The injector consists of a small cup with a single tan-
gential fuel orifice providing a swirling flow on the walls. The GOX is
injected through self-impinging tubular elements into the center of the
cup. The spark igniters are recessed in a cavity beneath the GOX tubes.
This configuration provides an ignitable mixture at the spark igniters
while keeping them'ffee of liquid fuel. Propellants from the ASI injectc
discharge into the combustor to complete their burning. The GOX injection
tubes are designed to be easily replaced, or to permit their insertion

depth to be changed, in order to optimize performance.

A modification to the basic ASI injector to promote more efficient mixing
of fuel and oxidizer is shown at the top of Fig. 5 and in detail in Fig. 9
This design uses two-stage injection of the GOX. Approximately 20% of the
GOX is injected into the ASI cup, still providing an ignitable mixture
ratio. The remaining 80% of the GOX is injected in a ring of holes around
the periphery of the ASI cup to impinge on the swirling hollow cone fuel

17




Figure 7.

Figure 8.

6-Inch Cooled Combustor Section

Water-Cooled Copper Nozzle
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spray. This configuration is achieved by providing a separate second-stage
injector segment to mate with the basic ASI injector. All of the injector
components were designed to be bolted together to allow easy disassembly

and modification during development testing.

A thermal analysis of the two-stage ASI concept was made to ascertain

maximum hot-gas surface temperature and body temperature in the region of

the injector seals. The fuel injected in the first stage of the ASI, being
highly swirled, would film cool the ASI cup and, based on previous experience,
the cup was predicted to operate satisfactorily. The second stage of the

AS1, in which gaseous oxygen would be injected into the main core, was,

analyzed in some detail.

Primary face cooling of the secondary injector would be achieved by the
GOX flow through the orifices. The worst case condition would occur

at minimum power level in which the GOX injection temperature would be

a maximum (approximately 200 F) and the flowrate a minimum. The face heat
flux level was predicted based on an average heat flux level equivalent
to the combustor body level without a carbon layer. This approach was
somewhat conservative, although localized high mixture ratio regions

near the secondary injection point could result in hot spots. Copper

was selected as the injector face material since its extremely high
thermal conductivity tends to smooth out the effects of hot spots. To
minimize heat soakback to the sealing region, stainless steel was chosen
for the secondary injector body. The resultant copper/steel second-stage

injector configuration is shown in the inset of Fig. 10.

A three-dimensional model (Fig. 10) of a segment of the injector was
utilized in conjunction with the Rocketdyne HEATING computer program to
determine steady-state temperature distribution. Contact resistance
between the second-stage injector and adjacent components was included
based on a total clamping force of approximately 12,000 pounds.

20
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The resulting calculated temperature distribution in one plane is shown
in the typical program CRT output of Fig. 1l1. The circumferential tem~
perature variation was found to be negligible. The maximum copper tem-
perature is seen to be the 280 F which was acceptable. The body temperature
in the region of the seals is shown to be approximately 190 F, which was
well below the 500 F limit of the seals. The results indicated that the

two-stage ASI injector design would be satisfactory.

e SEAL
290, 28. 261, 23%5. 213, 1. | 178, 1%
L | ern
Hear A 268. 260. 234, 212, 190. 171, 175
[”~r * * ¢ < + 16y
279. 273, 269. 260 2%). 208, 197 167.
i . . s 163. 1
2de. 223, 269. 234 20 183 6
en. O, l,
: 242. TelooF 109. 180.  170. 153. 15
+ * < *
244.
0. 209. 184. 170.  163.  1%6. 142, 139
* * + *
7.
2je. £ 202. 162, 165.  134. 147, 133. 139
* * 4 * * L 3 *

209.
299. T 200. 181. 130. 144

o 'i-.,sem. -

128. 126

Figure 11, Temperature Distribution in Second-Stage

ASI at Minimum Power Level

Figure 12 shows the completed stainless-steel, single-stage injector, and
Fig. 13 shows the second-stage injector segment added to form the two-
stage injector. The two oxidizer tubes of the first-stage injector can
be seen in Fig. 13 and one of the two spark plug ports can be seen in
Fig. 12, Both figures show the fuel injector body with the single
tangential fuel inlet; the upstream side is shown in Fig. 12, and

the downstream side is shown in Fig. 13.
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Triplet-Element Injector Design. The triplet-element injector is shown in

Fig. 14. This design uses four triplet elements consisting of two fuel
streams impinging on one GUX stream. The orifices are drilled in a copper
injector body while the manifolding is provided by a combination of drilled
holes and an annular machined passage. The spark igniters are mounted in a
cooled wafer bolted between the injector and combustor. The wafer could

be rotated to vary the igniter position from in-line with the elements to
half-way in-between elements. The distance between the igniter and injector
face could be changed by the use of different-thickness spacers. The
movable wafer approach allows for positioning the igniter at the best

location for ignition and durability.

Figure 15a shows the completed triplet-element injector. The view is from
the combustor side and clearly shows the four triplet injection elements.
The GOX and JP-4 inlet tubes are seen radiating from the back side.

Figure 15b shows the injector with one of the spacers used to set the

sparkplug wafer (seen in the foreground) away from the injector face.

Coaxial-Element Injector Design. The coaxial-element injector shown on

Fig. 16 uses four coaxial elements with fuel in the center and GUX on the
outside. The fuel post consists of a piece of tubing brazed into the
injector body. A fuel orifice is used upstream of the fuel post to pro-
vide adequate pressure drop in the fuel system without causing too high an
injection velocity. GOUX is metered by the annulus between the fuel post
and the injector face. Wire spacers brazed to the odtside of the fuel
post centers it in the GOX annulus. One of the important parameters in
determining injector performance is post recess shown in the figure. This
recess can be varied during the test program by using different-thickness

spacers between the injector body and face.

The injector uses the same igniter element as the triplet injector. Spark-

plug position could also be varied as described for the triplet injector.
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1XX45-10/5/76-C1E*
(a) INJECTOR ASSEMBLY

1XX45-10/5/76-C1A*
(b) INJECTOR, SPACER, AND SPARKPLUG WAFER

Figure 15. Triplet-Element Injector
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Photographs of the completed coaxial-element injector are shown in Fig. 17.
Figure 17a shows the fuel section, with its four posts, separated from the
oxidizer section. The assembled unit is shown in the Fig. 17b The spark-
plug wafer and spacer arrangement are identical to that for the triplet-

element injector.

Gas Generator Hardware Assembly. Figure 18 shows all the parts which make

up the low-power gas generator in its longest (10-inch) buildup, and with
the two-stage injector assembly. The view is from the nozzle end. The
two combustor sections are turned around in the photograph to show the
thermal expansion joints. Figure 19 shows the assembled unit with the

same parts viewed from the injector end.

High-Power Gas Generator

The performance parameters for the high-power gas generator are given in
Table 6. These parameter values are based on the IPU high-power gas gen-
erator requirements given in the system requirements section. Based on
these parameters and the low-power gas generator test results, the hardware

design parameters given in Table 7 were selected.

The design layout of the gas generator assembly is shown in Fig. 20. The
assembly consists of the triplet injector, optional spark plug wafer,
combustor, and cooled nozzle. A bolted assembly is used similar to the

low-power gas generator.

Combustor Design. The combustor design is 3.260 inches in diameter and

10.00 inches long. Construction is similar to the low-power gas generator
with a spiral GOX coolant path of 4-inch pitch within a double wall. The
coolant path is formed by a wire as shown in Fig. 21. The end manifolds
were improved from the low-power design to provide full cooling to the end
of the chamber. Double inlets and outlets were used to provide good flow

distribution to the low-pressure drop coolant circuit.
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Figure 17. Coaxial-Element Injector
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TABLE 6 . HIGH-POWER GAS GENERATOR PERFORMANCE PARAMETERS

Parameter Minimum Max imum
Chamber Pressure, psia 90 290
Total Flowrate, lb/sec 0.232 0.749
Oxidizer Flowrate, lb/sec 0.091 0.278
Fuel Flowrate, lb/sec 0.14] 0.471
Mixture Ratio, o/f 0.64 0.59
Combustion Temperature, R 2360 2360
Characteristic Velocity (C*), ft/sec 4000 4000
Combustion Gas Molecular Weight, 1bm/1b mole 18 18
Combustion Gas Specific Heat Ratio (¥) 1.16 1.16

TABLE 7. HIGH-POWER GAS GENERATOR HARDWARE DESIGN PARAMETERS

Combustor Heat Exchanger
Combustor Diameter, inches
Throat Diameter, inch
Contraction Ratio

Combustor Length, inches
Characteristic Length, inch
Injector Type

Ignition

GOX Spiral Circuit
3.260

0.639

26:1

10

260

Triplet Element
Spark lIgniter
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A bellows-type expansion joint is placed in the outer tube to accommodate
differential axial expansion. Five convolutions provided in the bellows

ensure a fatigue life of at least 1000 cycles.

The combustor is designed to operate with an inner wall temperature of
1660 to 1860 R (1200 to 1400 F) to inhibit carbon formation on the wall.
The predicted wall temperature profiles for the design are shown in
Fig. 22a for maximum chamber pressure (290 psia) operation and-no carbon
formation. The lower wall temperature at the coolant inlet location
(start of convergence) is due to the low GOX temperature (-190 F) in
conjunction with the improved inlet region coolant enhancement factor
(=15 to 30%). At the coolant exit (injector end) the maximum wall
temperature is about 1900 R (1440 F). A more uniform axial temperture
profile could have been achieved by utilizing a variable pitch and/or
gap in the basic combustor coolant circuit design, but this was deemed

to be unnecessary.

The corresponding GOX coolant bulk temperature profile for the high
pressure case is shown in Fig. 23a (no carbon formation). The flow enters
at 270 R (-190 F), assuming preheating in the turbine exhaust heat
exchanger. The exit temperature is shown to be 420 R (-40 F), for a

total temperature rise of 150 R. The existence of a carbon layer, however,
would substantially reduce both the wall temperature and GOX temperature
rise through the combustor jacket. Such an effect is shown in Fig. 22b

and 23b.

A similar analysis of the baseline design was also conducted for the
minimum chamber pressure (90 psia) case. The resulting predicted
maximum wall temperature was 1290 R (830 F) occurring at the injector
end. The predicted GOX outlet temperature was 770 R (310 F) based on an
inlet temperature of 465 R (5 F). v
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The combustor double wall construction is shown in Fig. 24, and the com-

pletely assembled combustor is shown in Fig. 25.

Nozzle Design. The nozzle design is shown in Fig. 26. It was a simple
dump-cooled design with a coolant inlet manifold adjacent to the com-
bustor. The coolant discharges at the exit near the throat and mixes
with the combustor exhaust plume. This design provides for gas or water
cooling while eliminating the need for an exit manifold and axial expan-
sion joint. The nozzle is made in two pieces. The housing contains the
inlet manifold and forms the outer wall of the coolant circuit. The
conical liner is clamped between the combustor and nozzle housing at the
inlet end and is centered near the throat by a series of lands. The
nozzle is made of stainless steel and is designed to operate at 1000 F
near the combustor and at 1600 F at the throat when GN2 cooled. The
nozzle could also be water cooled. The completed nozzle parts and its

assembly are shown in Fig. 27.

Injector Design. As a result of the good performance obtained with the

triplet-element injector during the low-power gas generator testing, this
injector was selected for the high-power gas generator. The design param-
eters for the high-power gas generator are given in Table 8, and the

design is shown in Fig. 28.

The injector is designed with 12 triplet-type elements. The basic triplet
element, two fuel streams impinging on a central oxidizer stream, is the
same size as the one used for the low-power gas generator. Because of the
increased combustor size, the outer row of elements is farther from the
wall, 0.43 inch versus 0.18 inch for the low-power injector. The injector
is made from OFHC copper with brazed-in manifold closeouts on the back
side. A chamber pressure port is provided in the center of the face. Two
sparkplug ports are provided in the injector face approximately 0.125 inch
away from the chamber inner wall. These igniter ports are provided for

evaluating the sparkplug wafer and its possible elimination in order to

simplify the design.
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TABLE 8., HIGH-POWER GAS GENERATOR INJECTOR DESIGN PARAMETERS
Parameter Minimum | Maximum

Oxidizer Flow, 1b/sec 0.091 0.278
Oxidizer Orifice Diameter, inch (12) 0.067 0.067
Oxidizer Injection Temperature, R - 670 369
Oxidizer Injection Density, Ib/ft3 0.4014 2.488
Oxidizer Orifice Coefficient (CD) 0.79 0.79
Oxidizer Orifice Flow, Ib/sec 0.00758| 0.0232
Oxidizer Orifice AP, 43 67
Oxidizer Injection Velocity, ft/sec 771 381
Fuel Flow, Ib/sec 0.141 0.471
Fuel, Orifice Diameter, inch (24) 0.024 0.024
Fuel Injection Temperature, R 520 520
Fuel Injection Density, Ib/fe3 L8.7 48.7
Fuel Orifice Coefficient (CD) 0.71 0.74
Fuel Orifice Flow, lb/sec 0.00588! 0.0196
Fuel Orifice AP, psi 15 158
Fuel Injection Velocity, ft/sec 38.4 128.1
Pernetration Parameter, inch 0.16 0.45
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Figure 29 shows two photographs of the completed injector. The 12-
triplet-element injector, both sparkplug ports, and the center chamber
pressure tap can be seen. The closeouts of the propellant manifolds on

the back side of the injector can also be seen.

Sparkplug Wafer Design. The design of the optional sparkplug wafer is

shown in Fig. 30. The design provides two 180-degree opposed sparkplug
ports in the chamber wall at a distance from the injector face approx-
imately equal to the impingement distance for the triplet injector. The
ports are positioned between injector elements since this was the posi-
tion used for most of the low-power gas generator testing. An annular
coolant passage is provided with a single inlet and outlet. Both water
and GN2 cooling could be used. The sparkplug wafer is constructed of
stainless steel to allow operation at 800-900 F wall temperatures when
GN2 cooled to inhibit carbon formation. The completed wafer is shown in
Fig. 31. The sparkplug installation port, the spark discharge port, and

the coolant inlet and outlet are shown.

Gas Generator Hardware Assembly. The completely assembled high-power

gas generator is shown in Fig. 32. The various components making up the
assembly are identified, including the optional sparkplug wafer. The
gas generator assembled without the wafer is shown for comparison in
Fig. 33. Both injector-end and nozzle-end views are presented for

the assemblies with and without the wafer.
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TEST FACILITY

This section describes the test installation, instrumentation, and data

acquisition systems used during the IPU gas generator test program.

Test Installation

The gas generator hot~gas tests werc conducted at the Rockwell Inter-
national Los Angeles Division, Thermodynamics Laboratory, located in

El Segundo, CA. A schematic of the general test setup is shown in

Fig. 34. Photographs of the overall basic low- and high~power gas gen-
erator installations are shown on Fig. 35 and 36, respectively. Several
modifications to the basic installation were made throughout the test

program as required to accomplish specific test objectives.

The primary test orientation for both the low- and high-power gas gen-
erators was in the vertical position (i.e., nozzle downward). However,
the low-power gas generators were also tested in the horizoental position
to demonstrate reliable gas generator ignition in either positions.

Figure 37 shows the low-power gas generator horizontal test installation.

The vertical test orientation required the use of a flame deflector
(Fig. 35 and 36) and a GHZ/air burner was located at the deflector exit
to combust the fuel-rich gas generator exhaust gas.

An existing GH, ejector also was modified to mate with the low-power gas

2
generator for altitude ignition testing, and Fig. 38 shows the test

installation.
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Figure 34, Gas Generator Test Installation Schematic and Instrumentation
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Propellant conditioning to obtain both the low- and high-temperature
propellants for gas generator testing was accomplished by jacketing the
oxidizer and fuel feed system lines. A controllable mixture of GN2 and
LN2 was used in the jacket to accomplish the cold propellants conditioning
tests, while steam was used to condition the propellants for the hot-
temperature extreme tests. The jacketing was accomplished by welding
tubing around the feed system lines and insulating the jacket as

required.

Instrumentation and Data Acquisition

A list of the instrumentation utilized for the LOX/JP-4 test program is

shown on Table 9. Four types of data recorders were utilized:

1 Visual indicators, such as gages, were installed in the
control console to set and/or monitor the prestart propellant

tank, fluid supply, and purge pressure levels.

2. Brush recordings of critical parameters were made from which
a quick-look, preliminary analysis could be conducted right
after testing.

3 Oscillograph recordings of parameters where dynamic responsé
was important were made from which a posttest analysis could

be made of any transient condition.

4, Digital recordings of all parameters were made on FM tape
and were subsequently utilized as the primary data for com-

plete analyses.
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TEST PROGRAM

The objective of the IPU Phase I test program was to evaluate experiment-
ally the performance of promising injector types with the low-power gas
generator, and to select the best injector type for further performancee
verification and development with the high-power gas generator. All IPU
operating conditions and environments were simulated in these tests. The
gas generator hot-fire test program was divided into three main test
series as follows: low-power gas generator test series, high-power gas
generator test series, and modified high-power gas generator test series.

Each will be discussed separately below.

Low-Power Gas Generator Test Series

The low-power gas generator test series was the first phase of the IPU
test program. Testing was initiated on 11 October 1976 and completed on
11 March 1977. Test objectives included demonstration of the combustor
performance efficiency, ignition reliability, combustion stability, and
hardware integrity. Additional goals included the verification of the
planned IPU operational limits and run duration capability. This was
accomplished by evaluating three injector concepts, three combustor
lengths, and various spark igniter locations and orientation.

'
During the test series a total of 311 hot-fire runs was completed, accum-
ulating a total of 7035 seconds of steady-state duration. All test
objectives were met, leading to the selection of an optimum triplet in-
jector for the high-power gas generator. The triplet injector with a
10-inch combustor, in its final configuration, accumulated a total of
72 tests and 560 seconds of testing in completing the ignition, perform-
ance, and long-duration tests. A discussion of the test series is given

below.
ASI Injector. The low-power gas generator matrix testing was initiated

using the ASI-type injector. All tests were conducted using the 10-inch
combustor length shown in Fig. 39 and a single J-2 sparkplug and exciter.
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Based on a review of Rocketdyne experience with this type of injector,
the two GOX tubes were inserted as far as possible into the combustor,
until they touched. Seven GOX and seven fuel blowdown tests were then
conducted to determine the fluid system resistance, valve opening time,
and fluid system priming time, as well as to flow-calibrate the flow
measurement devices. The first tests were planned to check out ignition
and cutoff transients and, therefore, a GOX ignition lead, a fuel cutoff
lag, a high purge flowrate, and nominal test conditions (0.48 MR and 190-
psia chamber pressure) were selected for evaluation. A total of 11 tests
was conducted to check out the ignition and cutoff transients. During
these tests, ignition delays of 400 to 1340 milliseconds were experienced.
The long ignition delays were eliminated by reducing both fluid system
purge flowrates and using a GOX cutoff lag to burn off all residual JP-4,
The GOX lag caused a small rise in combustion temperature at cutoff (less

than 50 F), which was acceptable.

The first planned test was then successfully accomplished. The second
and third planned tests were then conducted, preceded by mixture ratio
checkout tests. Posttest inspection (Fig. 40) revealed all surfaces were
coated with a film of particulate carbon. There was an agglomerate
buildup of carbon above the intersection of the two GOX tubes, and a
partial blockage of the sparkplug cavity entrance hole. Also, one GOX
tube had a burnout at the tip in the shape of a small "V'" notch. All

other injector, combustor, and nozzle surfaces were in good condition.

A modified ASI injector (Fig. 41) with a larger combustor inernal diam-
eter at the injector face and a larger choke ring exit internal diameter
was also tested. Eight starts totalling close to 400 seconds of opera-
tion, including a 5-1/2-minute test covering several chamber pressures
and mixture ratios, were completed. Posttest inspection revealed that
the GOX tubes remained perfect, but the choke ring was eroded (Fig. 42)
in the region that would be expected to experience the highest mixture
ratio. Carbon buildup was evident in the coolest areas. The location
of the eroded areas suggested that four fuel inlets instead of one would

correct the problem. Further iteration on the ASI design was not made.
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Figure 41. ASI Injector Modifications
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Triplet Injector. Subsequent to the ASI injector tests the triplet

S S————-— S T -
O \ ,

injector was installed with the 10-inch combustor (see Fig. 43). A
series of five GOX blowdowns, one JP-4 blowdown, and 17 ignition and
cutoff transient tests were conducted to check out the triplet injector.
The major problem during this series was quenching of combustion after

ignition.

Two planned tests were then completed successfully, the second after one
checkout test. Inspection after each test revealed no hardware damage.
The injector face was coatec with approximately 1/32-inch of carbon, and
around each GOX injection orifice there was a buildup in the shape of a
hollow cone approximately 1/8-inch high (Fig. 44). Also, there was moder-
ate carbon buildup (Fig. 45) only in the upper combustor segment at four
locations. Each location encompassed approximately 15 degrees of circum-
ference, each being equidistant between its corresponding orifice ele-~
ments. The buildup extended down from the top of the upper combustor for

a distance of 2 to 3 inches.

A long-duration test was conducted where the gas generator was started at
(relatively) high flowrates and throttled down to low flowrates by
reducing supply pressures. A 13-minute test was accomplished success-
fully, verifing that the triplet injector gas generator configuration

would sustain combustion at the low-power level (90 psia).

Next, a series of five matrix tests was conducted to check out the
triplet gas generator at the high-power level (290 psia). Ingition prob-
lems were experienced, and an assessment of the test setup and instru-
mentation was made. Three matrix tests were then completed successfully,
although quenching (followed by successful reignition) was experienced at
the low mixture ratio (MR = 0.38). Posttest inspection revealed no
hardware damage. This completed the planned matrix tests for the triplet

configuration, and the injector was removed from the combustor.
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Figure 45.

Carbon Buildup in Combustor Body
After Triplet Injector First Test
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Testing of the triplet injector was then reinitiated with the 4-inch 1
combustor length, and 17 successful starts with a total operating dura- i
tion of more than 500 seconds were completed. The variable-energy spark
exciter (Fig. 46) was used during part of this test series; spark energies
as high as 2 joules (compared to 0.09 joules used for earlier testing)
were used. (During test 31.1, the 6-inch combustor segment was damaged 1

due to a lack of coolant water.)

The triplet configuration was unable to sustain combustion at the low-
power level of 90 psia. It appeared that chamber pressure momentarily

built up to a value exceeding fuel injection pressure, thereby shutting
off fuel flow. 1

Coaxial Injector. Subsequent to the triplet injector matrix tests, the

coaxial injector was installed with the 10-inch combustor, and 42 tests i

totalling 1200 seconds were completed. The coaxial-element injectors
displayed good ignition characteristics, particularly for fuel post
recesses less than or equal to 2 x D (see sketch). This was expected

since oxygen in the outer annulus yields a high mixture ratio in the

vicinity of the sparkplug. For larger recesses, substantial mixing
occurs before propellants reach the sparkplug; the mixture is therefore

more fuel-rich and less ignitable.

FUEL ,
GOX GOX
ﬂ

\

7/ \
2
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Combustor Length (L*), Testing was continued using the 4-inch combustor

segment. The following injector configurations (in order of test) and

numbers of tests were completed:

Configuration No. of Tests
Coaxial (2-D recess) 2
Triplet 8
Coaxial (1-D recess)

Two-stage ASI 17
Triplet 6
Coaxial (2-D recess) 3

During test 41.03 with the coaxial 2-D recess injector, the 4-inch com-
bustor wall suffered a small burnthrough and the combustor segment was

removed and repaired:

Testing was resumed with the 6-inch combustor segment with the following

injector configurations:

Configuration No. of Tests
Coaxial (3-D recess) 6
Triplet 4
Coaxial (Zero-D recess) 12

During the last group of coaxial tests, ignition problems occurred in
configurations that previously demonstrated good ignition reliability,
e.g., the coaxial injector with zero or 1-D recess. In the case of zero
recess, the two test series (Tests 22 and 44) differed in combustor
length. 1In Test 22, with a 10-inch combustor, perfect or near-perfect
ignition occurred during all nine planned tests. Test 44 (6-inch com-
bustor) was precisely opposite, experiencing 8 no-ignitions and 4 long
ignition delays in 12 attempted tests. Based on an assessment of these
data, it was concluded that combustor length (i.e., characteristic

length L*) has a significant effect on ignition.
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Testing was then directed at a systematic evaluation of combustor length,

together with the other factors affecting ignition.

First, the 6-inch combustor with the 1-D coaxial injector was tested to
investigate the effect of various GOX and fuel lead times. Tests con-
tinued to result in ignition problems delays. The coax injector with zero
recess of the fuel post was tested (Runs 46 and 47) with a 10-inch
combustor to duplicate the successful results of Test 22. Of nine runs
in Test 46, six yielded perfect ignition, and three (corresponding to low
Pc and/or mixture ratio) had successful, though anomalous, ignitions.
Increasing the spark energy from 90 to 250 millijoules upgraded the
anomalous ignition to perfect. It was apparent from the results obtained
that combustor length was the governing factor in the difference between
the successful ignitions observed in Test 22 and the repeated failures
observed in Test 44, The mechanism is deemed related to the stay-time

for reactants to combust and pressurize the gas generator volume.

Based on this rationale, it was hypothesized that the triplet injector
could be improved in its ignition reliability by increasing combustor
length beyond 10 inches or by otherwise increasing reactant stay time.
Since it was not practical to fabricate an additional combustor section,
an uncooled nozzle extension was fabricated, reducing throat area from

0.100 to 0.038 in.2 to increase reactant stay time in the combustor.

Prior to testing with the reduced throat, a series of runs (Tests 48 and
49) was made to duplicate the ignitions problems observed in earlier runs
with low flowrates and mixture ratios. The small-throat nozzle extension
was then added, and successful ignitions were achieved in each of a
series of runs (Tests No., 50 and 51) representing flowrates and mixture

ratios that had previously failed.
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Spark Ignition. Early in the test program, after injector selection

had narrowed to either the coaxial or the triplet injectors, the follow-

ing conclusions were reached regarding spark ignition:

(IS Ignition of the coaxial was essentially 1007 reliable.

2. Ignition of the triplet was satisfactory for most targeted
mixture ratios and power levels, but was less than satis-

factory at low power or low mixture ratio

The apparent ignition limitation of the triplet system did not preclude
the use of the triplet in an operational system since a start sequence
could easily be established to provide the high flow and high mixture
ratio necessary for good ignition followed by throttling to the desired
steady-state operating point. Sustaining combustion at low power and

mixture ratio had been clearly demonstrated in the test program.

Figure 47 provides some insight to the potential cause of ignition fail-
ures. In the preignition condition, essentially a strong gaseous oxygen

"wind" occurs at approximately 80 ft/sec. If ignition were successful,

the combustion chamber becomes pressurized, and the entering gaseous

oxygen is slowed to 11 ft/sec (Fig. 47).

. ® MAXIMUM FLAME VELOCITY
4; Veay = 80 FT/SEC ESTIMATED AT 30 FT/SEC
GOX - o
/]
@ SUCCESSFUL IGNITION
(A) PREIGNITION DEPENDENT UPON RAPID
CHAMBER PRESSURE BUILDUP
11 FT/SEC OR RECIRCULATION
e COAXIAL OK; AT 10 INCHES
Z 140 FT/SEC N LENGTH AND CURRENT
Z —_— DIAMETER; TRIPLET MARGINAL

(B) POSTIGNITION

Figure 47. 1Ignition Mechanism
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following occurred:

| 5

Since the flame propagation velocity was estimated to be approximately

36 ft/sec, it is apparent that ignition could be su.cessful only if the

Recirculation pockets exist in which GOX and JP-4 are present

in suitable amounts and at suitable velocities to develop an

adequate torch, or

High-velocity gaseous oxygen and entrained JP-4 droplets burn

as they proceed downstream and generate sufficient pressure

to slow down the entering gaseous oxygen before the partially

combusted materials "wash out' through the nozzle

The latter mechanism suggests that a long combustor has the better

! rence.

chance of igniting.

Table 10 presents dramatic evidence of this occur-

In the two test sequences described, all factors other than

TABLE 10.
(Coaxial Injector, Zero Fuel Post Recess)

| combustor length were nearly identical.

wholly successful; the 6-inch combustor failed every time.

The 10-inch combustor was

When the

additional 4-inch combustor segment was subsequently reinstalled with

the 6-inch combustor, successful ignitions were duplicated.

COMBUSTOR LENGTH EFFECT ON IGNITION

Combustion Chamber Length; 10 inches Combustion Chamber Lengthg 6 inches
Test 22: L November 1976 Test b4: )] December 1976
t Target T Target Target Targe]
v Run |Pressure Chamber MR Result Run |Pressure Chamber MR Result
0l 167 0.49 0K (03] 173 0.47 300 ms delay
02 78 0.4k | oK g§ 78 0.44 | No ignition
[}
’ ok
‘ 03 251 0.40 0K 05 251 0.40 | No ignition
06
Ok 157 0.32 0K 07 157 0.32 | No ignition
05 128 0.17 0K
06 240 0.32 0K 08 240 0.32 | No ignition
09 193 0.54 1.8 seconds delay
| 07 a Lol B 10 191 0.54 | No ignition
08 90 0.45 0K
293 0.52 | 140 ms delay
e & v s . 291 0.51 | Mo ignition
77
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A special test was made to determine if ignition with the triplet injector
would be more reliable if the gaseous oxygen velocity were 30 ft/sec or
less. A steel nozzle extension (Fig. 48) was fabricated and tested with
the combustor, and consistently good ignition was obtained at conditions

that had previously been unsuccessful.

* OBJECTIVE

TO EVALUATE BENEFIT OF HIGHER
CONTRACTION RATIO ON IGNITABILITY
WITH TRIPLET INJECTOR

*» GOX VELOCITY REDUCED FROM 80 FT/SEC
TO 30 FT/SEC

o CONSISTENT GOOD IGNITION OBTAINED

0 f) ¢ CHUGGING DUE TO LOW FUEL AP
Main Nozzle Nozzle Extension
Copper Steel

Water Cooled Uncooled
Dt.00 357 in. Dt-0.220 ln.

Figure 48. Small Throat Nozzle Extension

Cold Propellant Ignition. Tests were conducted to demonstrate that the

10-inch combustor length with the triplet-injector configuration could
operate satisfactorily over the planned IPU environmental extremes of

propellant temperature, altitude, and JP-4 volatility.

The test facility was modified to install temperature-conditioning jackets
on both the oxidizer and fuel lines. Repeated tests were made to verify
observed results. Cold propellant testing proved to be the most diffi-
cult since warming effects of ambient lines or purge gas increased pro-

pellant injection temperatures. Adequate prechilling with liquid nitrogen

78

e — . s S ———
e p——— S o g — AW— —— -




—

and deletion of the purges finally allowed chilling to the targeted
conditions. The 250 mJ, 50-spark/sec energy level, established as nominal

in previous tests, proved clearly adequate for cold propellants.

A representative ignition transient with GOX at -240 F and JP-4 at -60 F
is shown in Fig. 49. The trend is indistinguishable from successful
ignitions obtained with ambient propellants. Thus,cold propellant igni-

tion poses no special problems.

;E%m FUEL INJECTION PRESSURE
® Teox = "240F
o T = -60 F
OXIDIZER INJECTION PRESSURE Fuel
® Spark Energy = 250 mJ
oxmxim ®. Spark Rate = 50 Sparks/Second
PRIME

® Ignition Delay ~ 0

IGNITION

Figure 49. Typical Cold Propellant Ignition

High-Altitude Ignition. Tests were conducted to demonstrate that the

10-inch combustor with the triplet injector also could operate satisfac-
torily at high-altitude conditions up to 74,000 feet. A GNZ ejector in-
stalled at the combustor discharge was used to obtain the low ambient
pressure. A typical high-altitude ignition transient is shown in Fig. 50.
The moment of ignition is easily identified as the point at which rapid

chamber pressure (Pc) buildup occurs. Assessment of ignition delay is
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() PA % 28 mm Hg (= 74,000 Ft)

® No Change From Sea Level
Ignition

Figure 50. High-Altitude Ignition
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somewhat obscured by the shallow ramp preceding the rapid buildup of
pressure, but the observed value between 10 and 30 msec. (measured from
pressure buildup in the slower injection manifold to the moment of
chamber pressure rise) is the same as the ignition characteristic in sea
level tests. The transducer mounting provisions are such that a +5 msec.

band was estimated for the pressure readings.
Since the GOX flow is sufficient to choke the nozzle at the combustor
discharge prior to ignition, the high-altitude ignition was found to be

similar to that at sea level as expected.

Low-Cut Fuel Ignition. Additional tests were made with the 10-inch com-

bustor and triplet injector to demonstrate that satisfactory operation
could be obtained with low-volatility or low-cut JP-4 fuel as well as
with high-cut JP-4 fuel. A minor logistic problem was encountered in
obtaining low- and high-cut JP-4. The specification for JP-4 states
that the minimum allowable vapor pressure (at 100 F) is 2 psia and that
the maximum is 3 psia. Suppliers provide a nominal 2.4-~psia blend and
cannot easily provide off-nominal JP-4. Simulants were therefore formu-
lated using RP-1 (237%), and to make low-cut JP-4 and n-hexane (19% by
weight) as an additive to make high-cut JP-4, The approach and result-
ant formulations for low- and high-cut JP-4 are described in Table 11,

Jet A-50 was also tested as a simulant for JP-8.

TABLE 11. HIGH- AND LOW-CUT JP-4

@ Approach

® Assume that available JP-4 is nominal cut at P S 2.4 psia

Vapo

® Add sufficient hexane to increase theoretical P
for high cut

Vapor tc 3 psia

® Add sufficient RP-1 to reduce theoretical Pv to 2 psia for
apor
low cut
Test Fuels
® High Cut: 19% n-hexane by weight

® Low Cut: 23% RP-1 by weight
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Normal reliable ignition was obtained in all tests with high-cut JP-4.
Good ignition was obtained with both low-cut JP-4 and JP-8 low-volatility
fuels, with or without pretest GNZ purge, at the nominal mixture ratio
(x0.68) as seen in Fig. 51. Low-cut JP-4 failed to ignite at low mixture
ratio even with purge off (Fig. 51f). At low mixture ratios &0.45),
JP-8 ignited satisfactorily with purge off (Fig. 51b), and was marginal
with purge on (Fig. 5la). The effect of purge was repeatable, and purge
probably has a diluent effect on the GOX and fuel ignition process. The

impact of these results on system design are:

X GOX purging, if used at all, should be limited to postfiring

procedures.

2. The start sequence should be arranged to ensure that the

initial mixture ratio is at least the nominal value.

Neither of these requirements is difficult to implement. Much of

Rocketdyne's experience indicates that a self-emptying of the gas gen-
erator precludes the need for any purging, and precise control of flow
transients (by suitable design of valves, lines, manifolds, etc.) is a

routine facet of rocket engine gas generator and thrust chamber design.

Carbon Formation. Review of test experience within and outside Rocket-

dyne indicated that carbon formation could be minimized by:

X, Operation at appropriate combustion temperatures
2. Efficient mixing and combustion

3. Avoidance of cold surfaces for carbon precipitation

From these considerations, it was decided that a minimum-carbon configu-
ration based on a triplet injector could be formulated. The incentive
to verify this possibility stemed from the favorable heat transfer
characteristics displayed by the triplet.
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As a result, tests were conducted with the objectives of providing a
short-duration checkout, then a long-duration verification test of
minimum carbon formation with the triplet injector. Test conditions

were:

10-inch combustor

Pc = 200 psia

MR = 0.65

GN2 combustor cooling

Test results were encouraging though not totally conclusive. In the
initial test series (Test 52), moderate carbon buildup and flaking-off
were observed, manifested by a gradual increase in Pc (over a period of
about 30 seconds) followed by a sudden return to the nominal operating
point. Of particular importance was the disappearance of residual
carbon from Test 52 during the start of Test 53. This self-cleaning
phenomenon, considered the result of thermal and mechanical shocks at

test start, has been observed in numerous rocket engine turbines.

Carbon formation during the long-duration runs of Test 53 was greater
than that observed in Test 52. It appears that the carbon formed on
gaseousénitrogen—cooled combustor surfaces was a soft, powdery variety,
while the carbon obtained near the water-cooled nozzle and spark plug
wafer was a harder, flaky type. The latter may not be present in an
operational system if GOX is used as the cooling medium for the total

system.

The sketch shown in Fig. 52 illustrates the area and type of carbon
buildup observed during the testing. Less carbon was present after
tests at high combustion temperature than was obtained at lower

temperatures.
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SPARK
INJECTOR WAFER COMBUSTION CHAMBER NGZZLE
e e — N
(UNCOOLED)( s N - i
WATER
COOLED N (WATER
(GN, COOLANT) COOLED)
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81-
- R

Z2=0, injector face

Figure 52. Typical Carbon Buildup in IPU

The carbon on hotter walls (i.e., the combustor walls when gaseous nitro-
gen coolant was used) was a powdery variety. All carbon except

on the injector face frequently disappeared at the start of a test. The
thermal and mechanical shocks associated with gas generator startup
appears to dislodge the carbon that formed during the previous test. The
tendency of carbon particles to flake off during a run is apparent in the
chamber pressure record shown in Fig. 53. Gradual chamber pressure

buildup followed by a sudden drop and repetition of the cycle is evident.
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Figure 53. Typical Carbon Accumulation Effects (Test 53.03)
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The accumulation of carbon on the triplet injector face is shown in Fig.
54. No harmful effects of this carbon were manifested throughout the test
program. Avoiding carbon formation is impeded by the fact that injected

fuel cools the injector face in the immediate vicinity of the fuel orifices.

10-20-76/11305-95-5C
Figure 54. Carbon Formation on Injector Triplet

The carbon formed during the low-power gas generator tests was generally
soft and does not accumulate after tests. Keeping the combustor wall

temperature high would minimize carbon formation. The carbon found on the
injector face can be minimized by k;eéing the injector face temperature
hot and by reducing the local cooling around the GOX orifice. This can

be accomplished by spraying or plati&g thé injector face with a low-

conductivity material, or by using a premix-cup plate which totally avoids
local cooling.
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Heat input to the gaseous nitrogen combustor coolant during a long-
duration test is shown in Fig. 55. It is apparent that a thin carbon
layer comparable to that observed in rocket engine gas generators and
thrust chamber was present. The heating rate was approximately one-
fourth the value that would occur on a clean combustor wall. The no-
carbon heating rate was in fact observed during testing of the coax

injector.

1

TEST 53.03
Pc = 230 PSIA
MR = 0.7

“GNZ = 0.132 LB/SEC

B8TU/SEC

HEATING RAYE (Q),

0 20 4o 60 80 100 120 140 160 180
TIME, SECONDS

Figure 55. Combustor Heat Load in Low-power Gas Generator

The coaxial injector was characterized by the absence of a carbon layer

on the combustor wall. This condition did not result in a problem when
the combustor was overcooled with water but, when gaseous nitrogen was
used as coolant,difficulties occurred. As in the case of the ASI injector,
this need not be regarded as a serious deficiency. Several variations on
the basic coaxial injector element could reduce the wall heating but was
not pursued. However, the triplet injector encountered fewer problems,

and solutions to these problems were more apparent.
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Performance. Representative combustion performance data for the

ASI, triplet, and coaxial injectors are shown in Fig. 56 through 61, and
indicate trends and basic performance levels. Small differences in
performance exist between the ASI and triplet injectors, and between
the 6- and 10-inch combustors. The main discernible characteristic
apparent in the data is the slight advantage for the ASI and triplet
injectors over the coax at mixture ratios in the vicinity of 0.6. The
difference, of less than 5%, would not be sufficient basis for clear

selection of one injector configuration over another.

In Fig. 62, typical triplet injector experimental data are compared to
theoretical data computed on two different bases. If the equilibrium
combustion products are assumed to include solid carbon, then combustion
efficiency values substantially above 100% occur at mixture ratios above
0.63. 1In contrast, if solid carbon is assumed to be absent from the
combustion products (dashed curve), the experimental data follow the
quasi-theoretical curve quite reasonably. The same result is apparent in
the combustion temperature data shown in Fig. 63. From the data shown in
these two figures, it can be concluded that solid carbon is not formed
during the basic combustion process; the obvious presence of solid carbon
on test hardware and in combustion products exhausted into the atmosphere
is most likely the result of surface effects within the hardware and on

ambient conditions outside the combustion chamber.

Combustion temperature data such as that shown in Fig. 63 were recorded
by thermocouples inserted 1/8, 1/4, 3/8, and 1/2 inch (midpoint) into the
chamber just before the nozzle inlet. Carbon accumulation on the thermo-
couples tended to limit the amount of valid temperature data obtainable.
Generally, only data obtained during the first few seconds of a test were

useful.

The triplet injector displayed reasonable uniformity of temperature. Dif-
ferences on the order of 150 F between the lowest and highest readings
were typical. The other injectors displayed greater temperature

diffferences.
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THEORETICAL C* FOR OXYGEN/J#4
Pc = 200 PSIA
TGox = 300 R

SOLID CARBON 7

SUPPRESSED ’

FROM CALCULATIONS
7

SOLID CARBON
INCLUDED IN
CALCULATIONS

TYPICAL EXPERIMENTAL

CHARACTERISTIC VELOCITY FT/SEC

3000 DATA FOR TRIPLET
INJECTOR
2000 | | | | .

0.2 04 0.6 08 10 12 14 16
MIXTURE RATIO

Figure 62. Theoretical and Experimental Trends

2400 .
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i 18004~ _,
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% 1600
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1400 F .
1200 4=
1000 &=t } { 4 S —— !
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Figure 63. Oxygen/JP-4 Combustion Temperature
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Assessment. Based on the experimental test results obtained and analyses
presented herein, it is concluded that the planned test objectives of the
lower-power gas generator task were basically achieved. First, as shown
in Table 12, the planned limits testing of Pc and MR were exceeded while
the power-level range was short at the high end--a condition which poses
the least development problem. Also, the planned extreme limits testing
of temperature, altitude, and fuel volatility were successfully

demonstrated.

TABLE 12. COMPARISON OF PLANNED AND ACHIEVED TEST OBJECTIVES

Objective Achieved
Pes psia 91 TO 290 75 TO 350
MR 0.38 TO 0.60 0.23 TO 1.26
Power Level, % 50 TO 150 50 TO 130

Secondly, the low-power gas generator test results provided the basis for
design of the high-power gas generator. The basic guidelines which were

used to design the high-power gas generator are shown in Table 13.

TABLE 13. IMPLICATIONS FOR HIGH-POWER GAS GENERATOR DESIGN

® Triplet element provides good mixing, uniform heating
e Select diameter for preignition GOX velocity less than 30 ft/sec
® [0-inch length is adequate

® High combustion temperature (~2000 F) and high wall temperature
(~1000 F) should minimize carbon formation

e 250 mJ spark at 50 SPS can provide ignition for worst-case
(coldest) conditions
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High-Power Gas Generator Test Series

The objective of this test series was to verify the performance and
operation of the high-power gas generator. During the test series a
total of 112 tests were completed, accumulating 2663 seconds of operation.
The high-power gas generator, in its modified, successful, final con-
figuration, completed a total of 81 tests and 1440 seconds in both gas
generator tests (59 tests, 1047 seconds) and subsequent Phase II engine
starter demonstrator tests (22 tests, 393 seconds). A description of the

test activities and analyses is presented in the following discussion.

The high-power IPU gas generator tests began on 26 July 1977. The gas
generator was installed in the test stand (Fig. 64) previously used
for testing the low-power gas generator. The test stand required only
minor modification, mainly sizing the main valves and rerouting the
plumbing near the injector.

The combustor cooling was provided by GN2 with a provision for varying

the flowrate over a wide range about the oxidizer flowrate. This approach
also permitted safe cooling of the combustor and isolating the injector
flow (GOX) from combustor heat load for accurate combustor thermal anal-
ysis. The nozzle/throat section was air cooled using a flowrate compar-

able to the oxidizer flowrate.

Hot-fire testing was initiated after completion of a series of blowdown
tests. Ignition was satisfactory in each test but,during mainstage, low-
frequency chamber pressure oscillations occurred in the initial tests.
Modifications to the fuel feed system were incorporated to correct this
problem. A 0.070-inch-diameter cavitating venturi was installed down-
stream of the main fuel valve to maintain fuel flowrates between maximum
and slightly less than nominal, thereby eliminating chugging in this
range. The testing indicated some improvement but, with higher flow-
rates, chugging was still present. The chugging operation was character-
ized by an 11 cps chamber pressure oscillation; it appeared that ignition
followed by complete flame extinction occurred each cycle (Fig. 65).
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Additional feed system modifications made include stiffening the fuel
line and ramping fuel flowrates (described in Table 14) to correct the
chugging problem, but these modifications did not produce the desired

results.

TABLE 14. SUMMARY OF TEST SERIES 2 TO 7

Test Series Remarks
2 Fuel line stiffening (0.125-inch
orifice) near injector
3 fuel cavitating venturi (0.070-inch
throat)
4, 5 100-300 msec fuel flow ramp with close-
coupled fuel valve
6 Fuel ramp with close-coupled GOX sonic
downstream of main oxidizer valve
7 Fuel lead

Helium Purge and Choke Ring. Additional procedural and hardware correct-

ive changes were then implemented. Because of the possibility that
excessively rapid JP-4 entry into the chamber might be triggering mild
detonations that tend to shut off fuel flow and thereby extinguish the
flame, mixing helium purge gas with the initial JP-4 flow was used as a
means of limiting the fuel flow buildup rate during start as well as
promoting good mixing. It is for this same reason that the ramped fuel

priming was used to restrict the rate of fuel flow buildup.

The othér corrective change consisted of minimizing recirculation of
combustion products that could be extinguishing the flame and preventing
the onset of stable, steady-state operation. An annular choke ring was

fabricated to extend 0.5 inch into the combustor at a position 1 inch
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downstream of the injector face. In addition, the spark plug opening
was increased to 0.375 inch from 0.125 inch to improve the exposure of

reactants to the ignition source.

Following these modifications, stable combustion was achieved during Test
Series 8 through 15 using either gaseous helium purge mixing or choke
ring, or a combination of both. The purge gas applications was only
limited to the start transient, and was either checked off by the priming
propellant pressure or was interlocked to the MFV open signal for cutoff.
During these test series, consisting of more than 30 test runs, all of
Case I and most of Case II of the planned test matrix (Table 15) were
completed. A summary of general test results is shown in Table 16. Some
typical combustion data obtained during the exploratory test series are

presented in Fig. 66 through 68.

Carbon Formation. A purge gas lead also was used for the 180-second test

duration runs in Test Series 14 and 15, to study carbon buildup. The
purge gas was checked off by the fuel flow itself during priming, and
spark ignition was turned off after 1.50 seconds. Five of eight planned
test runs were successfully completed; these were for nominal power and

1.3 times nominal power levels.

Hard carbon deposits, approximately 1 mm thick, were found on the injec-
tor face after the first 180-second duration run. Softer carbon deposits
approximately 5 mm thick were found along the combustion chamber walls,
about 2 inches below the injector. The nozzle converging wall had the
most carbon buildup (Fig. 69) varying from 2 to 5 mm. The nozzle throat
was clean. This condition of equilibrium carbon buildup did not change

significantly after each of five 180-second duration tests were completed.
Three low-power-level, long-duration tests were made which ran into

unstable combustion similar to that encountered in the early phase of the

test program. A series of short-duration runs was then conducted with
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the throttle valve reinstalled, which revealed that stable combustion was
reproducible at normal power level, but only marginally at 75% of normal
power level. Subsequently, the test activity proceeded to a long-duration
test at 1307 power level,which was concluded successfully with a full

180-second duration and with a 200 msec fuel lag in the shutdown transient.

The fresh carbon built up during the foregoing long-duration run appeared
to be about half of the equilibrium thickness. This was consistent with
the result observed previously. Figure 70 describes the distribution of
the equilibrium carbon buildup that was reached after 1000 seconds of
long-duration test runs (180 sec). Typical traces of the 180-second-
duration test are shown in Fig. 71 through 73. After the last duration
test (run 15.01) at 1.3 times nominal power level, some high-temperature
erosion was observed at the exit of the nozzle throat. The nozzle hardware
was in satisfactory condition to complete the remaining tests (Cases II

and III) in the planned test matrix.

Low-Cut Fuel Ignition. The ignition diagnostic runs of Test Case III

were conducted with the propellant flowrates generally set for normal
power level operation. The low-cut JP~-4 was simulated by a mixture of
RP-1 (23 wt. %) and JP-4. Both low-cut JP-4 and JP-8 test series were
conducted with the same feed system configuration used in the prior
testing with ~150 msec of GOX lead at the start. The ignition transients
observed in both series showed little significant difference when com-
pared to those obtained with neat JP-~4. Typical ignition transients are

shown in Fig. 74 and 75.

Cold Propellant Ignition. The cold propellants test series were per-

formed after some facility rework for added jacketing of the feed system
and for replacement of the main fuel valve (throttle type) with the
direct-acting valve used earlier. The valve replacement for the cold
propellants test series was necessary due to the larger mass of the

throttle valve and the increased difficulty of prechilling it.
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The cold propellants test series was targeted for JP-4 temperature of
-65 F and GOX temperature of -150 F. The JP-4 and GOX were prechilled in
downstream portions of the feed system which were equipped with coaxial
jackets flowing a predetermined mixture of LN2 and GNZ' The injector
body itself was prechilled to approximately -70 F, as in low-power gas
generator testing, by allowing a brief flow of LN2 through a region
downstream of main oxidizer valve. In addition, the purge gas (helium),
which accompanied the propellants entry during the pfiming stage, was
also prechilled to maintain a cold injector body during priming, thereby
enabling the initial slug of either propellant to exit the injector

orifices at the targeted temperatures.

Increased density of both propellants at the injection temperatures was
accounted for in matching the propellant flowrates and the required
supply pressure. The ignition was investigated first at normal power
level. The observed good ignition and reproducibility appeared little
different from the results of ambient-temperature starts. Furthermore,
good ignition was possible also at lower power levels, of 75% and 60%
power levels, although less reproducibly in the latter case. Typical
traces resulting from these test series with GOX at -170 F and -200 F

are shown in Fig. 76 and 77, respectively.

c* Performance. The combustion performance of the high-power gas

generator, presented in terms of characteristic velocity, at various
mixture ratios is shown in Fig. 78. The characteristic velocity, c*, of
the short-duration test runs represents the values typical of quasi
steady-state mainstage combustion which was generally established within
a half second after ignition. The distribution of c* versus MR is quite
comparable to the low-power gas generator in magnitude and trend as seen
in Fig. 79.
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The characteristic velocity of the long-duration tests showed marked
change, with time (generally an increase) as indicated in Fig. 78 by

the plot of mean c* values, each averaged over 20- to 30-second intervals.
The result of Run 15.02 shows reversal of the increasing trend in the
middle of the run, which persisted through the subsequent run (Run
15.03). This was determined to be the result of throat erosion due to
disturbance created by nozzle carbon deposits. In general, however, the
characteristic velocity of the long-duration tests were significantly
higher than those of the short-duration tests, and closer to the theo-

retical values.

Combustor Thermal Analysis. The primary combustor thermal data obtained

from the high-power gas generator testing was total heat load as
determined from measured GN2 coolant flowrate and temperature rise. The
combustor heat load as a function of time for nominal PC (190 psia)
operation is shown in Fig. 80. There was about a 307 overshoot in heat
load as compared to the final equilibrium value. The equilibrium heat
load is seen to be less than that predicted based on assumed carbon layer
formation. This indicates that carbon formation did occur on the com-

bustor walls, a fact verified by posttest inspection.

For conparison purposes, the heat load results from an earlier low-power
gas generator test is shown in Fig. 81. Two items are to be noted:

(1) the heat load overshoot is about 867% above the steady-state value

as compared to approximately 307 for the high-power gas generator as a
result of a clean wall at start, and (2) the measured heat load for the
low-power gas generator agrees more favorably with the predicted value
based on assumed carbon formation. This latter observation implies that
the carbon layer formation was somewhat greater for the high-power design
in spite of the higher design wall temperatures utilized. It is believed
that the very high combustor contraction ratio (=28:1) employed in the
high-power gas generator design to improve ignition, resulted in an

extremely low gas shear levels and an increase in wall carbon formation.
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Inspection of the combustor upon completion of the testing indicated no
erosion, or apparent hot spots. The combustor cooling design appeared to

be adequate.

Throat Section Thermal Analysis. The throat section hardware was not

a basic part of the gas generator flight design, but it does simulate
the turbine inlet nozzle. The throat hardware was dump cooled using air
to provide better combustion of the exhaust products. A soft carbon
buildup was noted in the converging section, but the actual throat region
itself was clean. Apparently the high gas shear levels in the throat

region combined with high wall temperature eliminated carbon formation.

In general, the throat section hardware thermal design was adequate.
There was throat erosion noted upon completion of a long-duration test at
maximum chamber pressure (Run 15.03), Review of the data indicated that
this erosion most likely occurred during the shutdown transient due to

a high mixture ratio excursion in conjunction with a high nominal throat
operating temperature. The shutdown (PC and MR) transients for Run 15.03
are presented in Fig. 82 along with the throat wall (midplane) tempera-
ture measurement and estimated wall surface temperature. These results
indicate the likelihood of the erosion occurring during shutdown. The
shutdown sequence was subsequently modified to provide for a slight fuel
lag at cutoff. No further difficulties were encountered with throat

section cooling.

The throat temperature measurements obtained during Run 15.03 indicate a
high mixture ratio region near the wall relative to overall mixture
ratio. Figure 82 shows that the overall steady-state mixture ratio was
about 0.5. This mixture ratio corresponds to a gas temperature of about
1600 F, whereas the measured wall temperature 0.035 inch below the sur-
face was 1940 F, with an estimated surface temperature of 2000 F. It

is possible the large combustor contraction ratio in conjunction with
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the injector element placement relative to the combustor wall resulted
in a higher wall region mixture ratio due to more rapid expansion of the

gaseous oxygen as compared to the liquid fuel.
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Assessment. Based on the test results and analyses, several unresolved

problem areas still existed with the high-power gas generator, and an
upgraded test series was formulated and conducted to eliminate (1) un-
stable combustion at low power levels, and (2) hard carbon formation in
the small areas around the GOX orifices.® Therefore, design and test
modifications to the gas generator were made to solve the remaining

problems in a systematic manner.

Modified High-Power Gas Generator Test Series

Gas Generator Modifications. Based on an analysis of the gas generator

———— - — e A o

test results, technical approaches for improving gas generator per-

formance were identified. Table 17 is a brief summary of the problem
areas, their potential causes, and the technical approaches identified
to eliminate the problems of unstable combustion and carbon formation.
The specific action items that were implemented are also indicated in

the table.

This section presents a discussion of a systematic approach for gas gen-
erator modifications to achieve reliable ignition and stable combustion
in the high-power gas generator. The approaches included: partial com-

bustor sleeve; injector premix-cup plate; and enlargement of the GOX

. injector orifices. The third approach, enlargement of the GOX injector

orifice, resulted in good ignition and stable combustion at all power

levels.

To improve combustion stability at low power levels, the three approaches
taken are described as follows: (1) a partial sleeve for the combustion
wall at the injector face was fabricated. The sleeve reduces the com-
bustor diameter at the injector and reduces recirculation of combustion
gases back toward the injector face. Photographs of the partial sleeve
are shown in Fig. 83, and the assembly is shown schematically in Fig. 84;
(2) two premix-cup plates were fabricated, which increased premixing of

GOX and JP-4 prior to combustion. The two premix-cup plates, with differ
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Figure 83.

(a) Partial Sleeve Placed on Injector

incues | 2 3
4 CENTIMETERS 5

(b) Top View of Partial Sleeve

Partial Sleeve for Suppression of Recirculation Zone
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L/D ratios are shown in Fig. 85, and the assembly with the injector is
shown in Fig. 86. The geometry of the premix cup is shown in the schema-
tic of Fig. 87; (3) reorificing of the injector consists of simply
enlarging the GOX orifice to increase fuel injection momentum. The
orifice rework, including an alternative of reducing the fuel orifice

with a sleeve, are illustrated in Fig. 88.

A brief discussion of the rationale for these design modifications is

presented below:

Partial Sleeve - A brief flameout during normal ignition transient

was attributed to excessive drop in mixture ratio (o/f) during the
start transient and the subsequent backmixing of initial combustion
products into excessively oxidizer-lean zones. This would lead to
noncombustible mixture ratios until the overall mixture ratio
returned to a steady-state level. The zone close to injector face
was a concern in view of short time (~ 30 msec) between the initial
ignition to the onset of flameout. Suppression of backmixing in
this zone will be reduced by a partial sleeve. The inside sleeve
diameter of 2.8 inches chosen was based on the low-power gas gen-
erator design which has less than 0.10-inch spacing between outer
fuel orifices and the combustor wall, and which had not experienced

any difficulty during the initial chamber pressure rise.

Premix Cups - The primary objectives of using premix cups (for the
individual injection elements) are to promote post-impingement
atomization and mixing, and to reduce localized cooling and coking
on the injector, especially around the oxidizer orifices. The
geometry and sizing of the individual cups were determined by a two-
phase flow analysis involving fully atomized and mixed fuel droplets
and GOX. The cup diameter of 0.20 inch corresponded to approxi-
mately 70-ft/sec mixture velocity, which was deemed sufficient to
ensure flame standoff downstream of the cup outlet. Selection of

stainless steel for the plate was made to provide face temperatures
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»
“00 ] Plate

No. |1 Plate with L/D = 2.5
No. 2 Plate with L/D = 3.8

(b)

Closeup View of No. 2 Plate

Figure 85. Premix-Cut Plates
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(a)

i

GOX INLET

i v o
L g

FUEL INLET

Bare Injector.Face (Note slight
rework of face of gap-free mating
with premix-cup plate)

Figure 86.

(b) injector covered with No. 1
Premix-cup plate

Gas Generator Premix-Cup Injector Assembly
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higher than the bare copper injector and reduce the chance of coking
on the injector face. Two plates with L/D of 2.5 and 3.8 were
fabricated. A series of cold-flow tests, shown in Fig. 89 and 90

were conducted to check out the design.

Reworked GOX Orifice -The objective of the GOX orifice rework is to

increase the penetration of fuel jets into GOX jets for better mixing
by altering the momenta of the jets. Also,the fuel-side injector
pressure drop was further steepened to attain AP/PC > 35% even at
the lower power levels, a minimum criterion set for feed system-

coupled instability modes, given by

& 0.8
= T+Mm

Pc
Testing of the modified high-power gas generator was initiated on
16 November 1977 and completed on 10 February 1978. During the test
series, 99 tests were conducted for a total accumulated steady-state
duration of 1101 seconds. The planned test matrix for the modified
high-power gas generator is presented in Table 18. The test facility
and the instrumentation were basically identical to that used for the

initial high-power gas generator test series.

During this test series, a single J-2 sparkplug was used at 0.250 Joule
(nominal) and 50-cps spark frequency. The sparkplug was mounted in the
injector for the partial sleeve tests and in the wafer for the premix-
cup plate tests. The combustor and nozzle sections were again cooled by
gaseous nitrogen and air, respectively, at 0.20 lbm/sec, which was
comparable to the oxidizer flowrate for normal power level operation.
Purge gas (helium), operated manually, was used primarily to keep the
feed system lines clear by applying it only before and after each test

run.,
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Partial Sleeve Testing. Three tests were made at normal power level

and two tests at 75% of normal power level. Each duration was kept
short, at approximately 1 second, to minimize shock loading in the

gas generator that might have occurred as a result of prolonged unstable
combustion. Except for the first test (26.04) when purge gas was left
on, ignition was followed by a series of flameouts and reignitions, and
mainstage combustion was never obtained. Typical data traces for these

tests are shown in Fig. 91l.

Premix-Cup Plate Testing. The premix-~cup test series were imade to

evaluate the effect of added mixing of fuel and oxidizer in the cups

and the potential improvement at low-power level operation. Three tests
at normal power level and two tests at 75% of normal power level were
conducted (with the thin premix-cup plate). Repeat tests were made to
verify reproducibility of the results. The premix-cup plate was found to
produce good ignition and stable mainstage combustion at normal power
level operation. At 757 of normal power level, unstable ignition tran-
sients were encountered, but stable mainstage combustion was achieved and
shown by the two typical data traces in Fig. 92. The thin plate dis-
played threshold start capability at ~75% power level operation while
showing the tendency of better ignition transient at higher mixture
ratios. Hence, the test cases were expanded to investigate the effect of

mixture ratio involving both premix-cup plate configurations.

At normal power level operation, the combustion characteristics at
ignition were found almost identical with either premix-cup plates, while
the test results at 757% power level operation showed improvement with

the thick premix-cup plate as shown in Fig. 93 and 94. However, neither

premix-cup plate provided stable mainstage combustion at 507 power level.

Reworked GOX-Orifice Testing. The injector GOX-orifice was remachined

to enlarge the orifice diameter from0.067 to 0.0955 inch (see Rework
No. 1, Fig. 88). As a result of the larger flow area, the GOX

injection velocity was reduced by almost a factor of three, from a Mach
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75% power level

-~ TIME

Normal power level Normal power level
w/o purge gas level w/o purge gas level w/ purge gas level
(Test 26.05) (Test 26.04)

(Test 26.08)

Figure 91.

Ignition Diagnostics With Partial Sleeve Configuration
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w/o purge gas level w/o purge gas level
(Test 27.04) (Test 27.03)

Figure 92. Ignition Diagnostics With Thin Premix-Cup Plate
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