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INTRODUCTION

The Advanced Engine Study (Task D.1) has been outlined as a four year effort
A in which the engine design will be iterated four times to allow resolution
of vehicle/engine integration issues as well as advanced engine performance,
operation and maintenance technology issues. When completed the conceptual
engine system desigh description will include all the engine subsystems.
Design iteration of the ICHM subsystem will be performed in Task E.2 -
Integrated Control and Health Monitoring System. Each successive iteration
will provide as output an updated engine system design, and the advanced
technology and plans required for expeditious development of the space-
baseable and maintainable engine. The complete four year effort is
described in Task Work Plan Document RI/RD84-122.

OBJECTIVES

Objectives, and status of the Advanced Engine Study are indicated in

Table 1. The overall objective is to develop a space-baseable engine design
and to define and update its advanced technology and technology development
plans.

APPROACH

The approach to performance of the objectives is to develop the engine
design and technology plan in four study phases as outlined in Table 1.

Each phase will be driven respectively by the timing and results of four
main occurrences: (1) the completion of advanced engine FMEA (Failure Mode
and Effects Analysis) and maintenance studies; (2) the completion of Orbit
Transfer Vehicle (0TV) definition and Aeroassist OTV studies; (3) the
completion of near-term advanced technology evaluation studies of NAS3-23773
Contract Tasks B.1, C.1, B.2, and F.2; and (4) the completion of longer- '
range advanced technology studies of NAS3-23773 contract Tasks E.1, E.2,
B.3, and A.8 (Table 2).

]
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TABLE 1.

ADVANCED ENGINE STUDIES

. OBJECTIVES:

PROVIDE A SPACE BASABLE/MAINTAINABLE ENGINE DESIGN
IDENTIFY ADVANCED TECHNOLOGY REQUIRED

PREPARE TECHNOLOGY AND ENGINE DEVELOPMENT PLANS
UPDATE ENGINE DESIGN AND TECHNOLOGY THROUGH 1990

APPROACH:

e DEVELOP ENGINE DESIGN IN FOUR PHASES

e PHASE | FMEA — MAINTENANCE DRIVEN DESIGN

e PHASE Il THRUST LEVEL ENGINE DESIGN UPDATE

- PHASE III PERFORMANCE, LIFE, OPERATIONS DESIGN UPDATE
)

PHASE IV FINAL ICHM/MAINTENANCE/FMEA UPDATE

STATUS:

¢ PHASE! — COMPLETED
e PHASE I — FUNDING PENDING



TABLE 2.

Task
Task
Task
Task
Task
Task
Task

B.1
C.1
E.1/E.2
F.2
B.2
B.3
A.8

OTV ROCKET ENGINE TECHNOLOGY TASKS, NAS3-23773

Two-Stage Partial Admission Turbine

Enhanced Heat Load Thrust Chamber

Integrated Control and Health Monitoring System
Integrated Components Evaluator

High Velocity Diffusing Crossover

Soft-Wear Ring Seals

Hydrogen Regenerator

3
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SUMMARY OF ACCOMPLISHMENTS

After an in-depth review of vehicle derived requirements provided by the
four vehicle contractors, a 7500 1b thrust baseline engine was selected.
Engine operation studies were conducted to define and optimize engine design
parameters for this baseline engine. This was followed by a review of the
FEMA and reliability analyses which were conducted under the ICHM Task E.1.
In this review, the impact of the FMEA on engine design was assessed and
methods for FME mitigation and reliability improvements through component
design evolution, engine and cycle design evolution, redundancy schemes, and
ICHM evolution were generated. Concurrently, an initial space-based
maintenance philosophy was established and requirements for its
impiementation were determined. This maintenance philosophy centers on the
benefits of a modular engine concept and the use of advanced sensors for
health monitoring. In this approach, engine servicing will be done on an
as-needed basis determined by the health monitoring systems as opposed to a
more frequent scheduled routine. In addition, health monitoring would
obviate costly routine inspections required to assess components status.
When servicing is required, the modular engine design permits quick and easy
removal and replacement of component groups. Space-based servicing such as
this requires advanced fluid disconnects easily operable by an EVA astronaut
or robotic manipulator. Several preliminary design concepts for space
operable fluid disconnects were generated during this study. These concepts
were evaluated and ranked based on coupling operatin, performance,
fabrication, development, and maintenance.

As part of the advanced concept evolution, a comprehensive 1list of -
innovative ideas was identified and evaluated by the respective components
specialists. Many of these concepts were offshoots of the FMEA review and
maintainability studies and thus are integral parts of the space-based
maintenance philosophy. Technology plans were generated for several of the
concepts which were deemed as worthy of further investigation with fruition
expected within the time frames of interest.

4
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Efforts of this study culminated in the generation of an updated maintenance
driven engine design. Salient features of this design include space
operable vehicle interface couplings, advanced sensors for health
| monitoring, and a dual igniter module. Disconnects permitting modular
maintenance were not included since the current preference of the vehicle
contractor for servicing is engine only replacement. However, the packaging
and line arrangemenf is configured such that modular servicing could be
realized with the simple addition of couplings.

A summary of the Phase I - FMEA-Maintenance driven design accomplishments is
presented in Table 3. In addition, a program schedule highlighting the
milestones completed is shown in more detail in Figure 1.

Additional effort will be required in Phase 2 for evaluation of several of
the innovative concepts which were not addressed in this study. Development
of the maintenance plan will be an on-going effort and is expected to
progress in parallel with the evolution of the space-based engine in the
subsequent phases of the study.

5
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TABLE 3.

PHASE 1 - FMEA-MAINTENANCE DRIVEN DESIGN ACCOMPLISHMENTS

SELECTED 7500 LB BASELINE ENGINE

DETERMINED IMPACT OF FMEA ON ENGINE DESIGN

ESTABLISHED INITIAL SPACE BASED MAINTENANCE PHILOSOPHY AND
REQUIREMENTS '

DETERMINED IMPACT OF FMEA/MAINTENANCE ON ENGINE PACKAGING

IDENTIFIED AND EVALUATED INNOVATIVE CONCEPTS

GENERATED TECHNOLOGY PLANS REQUIRED FOR ADVANCED ENGINE EVOLUTION

GENERATED PRELIMINARY DESIGN FOR SPACE OPERABLE FLUID DISCONNECTS

GENERATED UPDATED MAINTENANCE DRIVEN ENGINE DESIGN INCORPORATING
INNOVATIVE CONCEPTS

6
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TJECHNICAL DISCUSSION

INTRODUCTION

The overall approach followed in Phase I of the advanced engine study is
presented in Figure 2. Engine requirements were first established based on
information available from the vehicle contractors working on the 0TV
studies. Through trade studies and optimizations, a baseline engine concept
was derived. This engine concept was then subjected to a series of studies
and reviews as depicted in the third block of the Phase I study logic
diagram. Primary effort in this area was directed toward the
maintainability studies/plan, the FMEA/reliability review, and the engine
and component design. Results of these studies were then used in the
formulation of advanced engine concepts to be integrated into the baseline
engine. In this manner, an updated maintenance driven engine design was
generated. Technology development plans including brief statements of work
and development schedules were written for the advanced engine concepts.

8
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IDENTIFICATION OF VEHICLE-DERIVED-REQUIREMENTS

In order to generate top down requirements for the engine system and for the
Integrated Controls and Health Monitoring System (ICHM), a review of the
information available from all vehicle contractors engaged in Phase A of the
advanced Orbit Transfer Vehicle (0TV) definition and the Aeroassist OTV
studies was conducted. The detailed data gathered in this review, presented
in Appendix 1, represents the vehicle-derived requirements as perceived by
the vehicle contractors in June 1984. Briefings and reports from Martin
Marietta Corporation, Boeing Aerospace Corporation, General Electric and
Grumman Aerospace Corporation were surveyed.

As expected, each vehicle contractor has their own unique approaches to the
design of the OTV and to the establishment of propulsion system
requirements. These varied approaches led in many instances to different
vehicle-imposed engine requirements. The purpose of this survey was to
identify requirements which are formulated by each vehicle contractor and
try to define an acceptable compromise or consensus and, if the latter were
not possible, establish an acceptable parameter range. This was to
establish a foundation upon which the engine system and ICHM studies could
be anchored and updated upon complietion of OTV studies and selection by NASA
of preferred approach.

In addition to the vehicle contractor survey, a review of the engine design

driver missions was considered when establishing the engine requirements. A
1ist of these driver missions, first flight dates, and rationale as foreseen
in June 1984 is provided in Table 4.

Based on this information, the 1990's OTV engine requirements were
established. A prioritized list of these requirements is presented in
Table 5. 1Initially the OTV will be ground-based for early use with the
Space Shuttle before the Space Station is operational. Upon completion of
the Space Station, OTV operations will become space-based and will require
man-ratable engines shortly thereafter. Life cycle cost (LCC) analyses
indicate that propellant cost is the overwhelming expenditure over the life
of the vehicle. Thus, the need for engines capable of high performance
(IS) over the full

10
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11

ENGINE DESIGN DRIVER MISSIONS

491-114

N

FIRST
MISSION TYPE FLIGHT RATIONALE
DATE

MULTIPLE PAYLOAD DELIVERY 1993 PERFORMANCE DRIVER FOR GROUND-BASED

12876 UP oTV '

2166 DOWN

MOLNIYA AND GPS MISSIONS 1993 MISSION OPERATION DIFFICULTY FOR
SPACE-BASED OPERATION

UNMANNED SERVICE 1995 FIRST RENDEZVOUS AND DOCKING

7K UP AUTONOMOUS RENDEZVOUS AND DOCKING

4.51K DOWN DRIVES FLIGHT OPERATIONS AND EQUIPMENT
COMPLEXITY

GEO DELIVERY 1996 EARLIEST REQUIRED MISSION

20K UP MOST FREQUENT MISSION

0 DOWN

GEO MANNED SERVICE 1997 ENERGY/PROPELLANT WEIGHT DRIVER

14K UP PAYLOAD LENGTH IMPACT ON AEROASSIST

14K DOWN MISSION DURATION (20 DAYS) MAN-RATING
REQUIREMENTS

LUNAR DELIVERY AND RETURN 2006 PERFORMANCE DRIVER

80K UP HIGHEST RETURN VELOCITY (12-21 DAYS)

15K DOWN

PLANETARY 2006 MISSION OPERATIONS: RETURN FROM BEYOND

11.9071K ESCAPE VELOCITY POSSIBLE

C5-60 PERFORMANCE DRIVER

Rockwell
International

Rocketdyne Division

TABLE 4.
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TABLE 5.

ENGINE REQUIREMENTS, 1990°’s OTV
(PRIORITIZED)

1. SUITABLE FOR SPACE-BASING

2. SUITABLE FOR GROUND-BASING

3. SUITABLE FOR MAN-RATING

4. HIGH Is AT LOW AND HIGH THRUST

5. TANK HEAD IDLE START

6. NO CONSTRAINTS ON COOL-DOWN TIME BETWEEN BURNS
7. LIGHT WEIGHT

8. SIZE COMPATIBLE WITH SERVICING/LIGHTWEIGHT

9. COMPATIBLE WITH AEROASSIST OTV OPERATION

Rockwell
International

" Rocketdyne Division



range of thrust (including throttled operation) is a necessity. With
multiple burns expected during each mission, capability of tank head idle
start is another requirement. The autogenous tank pressurization provided

. by tank head idle start eliminates the need for external tank pressurization
systems.

In order to maintain the flexibility required in the mission profiles, no
constraints on cool-down time between engine burns can be allowed. Though
the impact of engine weight on LCC is not as significant as that of
performance, it is still substantial enough to render low engine weight as
another of the requirements to be fulfilled. The engine size and weight
also effect servicing and maintenance. In order to be compatible with easy
space-based repairs and replacements, the engine will have to be lightweight
and compact. The final requirement identified in this review was engine
compatibility with aeroassist OTV operations. This refers to the ability of
the engine to retract and be stowed behind the OTV aerobrake upon return to
low earth orbit.

Characteristics of the engine chosen to fulfill these requirements are
summarized in Table 6. Included with the Phase A updates are the initial
engine characteristics as determined in the Orbit Transfer Rocket Engine
_Techno]ogy Program completed in November 1983. The major change identified
in the update is the reduction in the nominal thrust required. This
reduction to two 7500 1b engines reflects revisions in the NASA Mission
Model.

13
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TABLE 6.

- ENGINE CHARACTERISTICS —
oTV

PROPELLANTS

THRUST, Ib
NOMINAL
LOW THRUST
THROTTLING (CONTINUOUS)

THRUST BUILDUP TIME, sec

BOOST PUMPS
VEHICLE
ENGINE

APPLICATION COMPATIBILITY

STOWED SIZE, in.
ENGINE LENGTH
ENGINE DIAMETER

THRUST VECTOR CONTROL, deg.

INERT GAS REQUIREMENT
VALVE ACTUATION
PURGES

Rockwell
International

Rocketdyne Division

1990’s

INITIAL

LO,/LH,

10,000 — 25,000
2,000
NONE

1-2

NONE
LOW NPSH

AFT CARGO CARRIER, AEROASSIST

b5
71

+4

HELIUM
NONE

PHASE A UPDATES

<<

<

60

+6

<<



BASELINE ENGINE DEFINITION
ADVANCED COMPONENT TECHNOLOGIES

After establishing the vehicle derived requirements, numerous trade studies
and optimizations were conducted in order to define a baseline engine. The
engine concept generated in that effort is a 7.5K high performance LOX/

LH2 expander cycle thruster. This baseline design, presented in Figure 3,
attains a specific impulse of 490.4 seconds at a chamber pressure of 1831
psia. Several advanced component technologies are incorporated into the
baseline engine. With the expander cycle using hydrogen heated in the
combustor and nozzle coolant circuits as turbine drive gas, a high heat-load
extraction combustor is one of the key component technologies required to
attain high performance. The injector/combustor must also achieve high
combustion efficiency and have a long 1ife compatible with the engine life
goal of 500 cycles or 20 hours. A high area ratio nozzle will be required
to achieve maximum specific impulse from the high available chamber
pressure. This nozzle must not only be lightweight, but also be retractable
to meet the stowed engine length requirement of only 60 in. The lower
segments of the nozzle may be radiation-cooled and could be composed of a
silicon carbide coated carbon-carbon composite. The upper segment will be
regeneratively cooled and thus will require remote coolant fluid
interconnets for retractability. The mechanical retraction/extension device
will be of a simple design providing reliable service over a long life.
Another advanced technology necessary to meet the very high engine
performance requirements is high-speed, miltistage turbomachinery. These
components will be made with lightweight, high strength materials to provide
long lives at the elevated speeds required to attain high turbine and pump
efficiencies. Space operable fluid disconnects may be required for
space-based engine maintenance. These disconnects would have to be
1ightweight, highly reliable and capable of easy and quick operation by an
astronaut during EVA or by remote robotics. Another advanced technology
component which may be needed is a turbine gas regenerator. If the high
combustor heat extraction rates required to drive the expander cycle are not

15
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BASELINE OTV ENGINE
'7500 LB THRUSTER

491-116

‘ Rockwell
International

Rocketdyne Division
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FIGURE 3.

THRUST, LB 7500

CHAMBER PRESSURE, PSIA __1831

AREA RATIO 1080
SPECIFIC IMPULSE, SEC 490.4
LIFE, CYCLES/HR.—__________500/20
ENGINE LENGTH, IN____ 117



achievable, it may become necessary to boost the turbine drive gas
temperature through the use of a regenerator. By placing a heat exchanger
between the cooling jacket inlet and the turbine discharge. heat is
. transferred from the turbine exhaust gas to the coolant. In this manner,
the turbine inlet temperature is elevated resulting in increased turbine
power. A study (Appendix 3) has shown that a regenerator is undesirable,
but should it become necessary, it would have to be compact, lightweight and
provide high heat transfer efficiency. Components in the control and
diagnostics area will also incorporate new technologies. Advanced sensors
and engine controlliers play a key role in ICHM system upon which the
space-based maintenance philosophy is founded. As with the other
technologies mentioned, these components must also be compact and
lightweight while providing reliable operation over a long life. A summary
of the advanced technologies incorporated in the baseline engine is provided
in Figure 4. .

ENGINE PERFORMANCE OPTIMIZATION

The features of the baseline were determined through a series of
optimization runs in which the performance impact of various design changes
were evaluated. The engine design parameters and features investigated
include: (1) turbomachinery tip speed and stress limits, (2) combustor
cooling jacket type, (3) turbine staging and admission, (4)pump staging, (5)
fuel pump wheel speed 1imit, (6) gaseous hydrogen drive for the low-pressure
oxidizer turbine (LPOT), (7) use of a turbine gas regenerator, (8) soft wear
ring seals in pumps, and (9) gaseous oxygen driven LOX turbopumps.

Table 7 summarizes the performance optimization results for the advanced
technology engine at 7500 1b thrust. The initial reference engine is shown
in the first column of the table. Design features of this engine are a
ribbed combustor, a 4-stage high-pressure fuel pump, a 2-stage partial
admission high-pressure fuel turbine, a single stage high-pressure oxidizer
turbopump and a full-flow hydraulic driven low-pressure oxidizer turbine.
Except for the absence of soft wear ring seals, this reference engine is
identical to the baseline engine that was eventually chosen. A detailed
discussion of each engine performance optimization case as enumerated above
is provided below.

17
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7.5K ENGINE COMPONENT TECHNOLOGIES

o HIGH HEAT-LOAD
COMBUSTOR/INJECTOR

® HIGH Q EXTRACTION
o LONG LIFE
® HIGH COMB, EFF.

STS/SPACE-BASED OTV

®HIGH AREA RATIO NOZZLE

o LIGHT WEIGHT
o LONG LIFE
o SIMPLICITY/RELIABILITY

®HIGH-SPEED, MULTI-STAGE
TURBOMACHINERY

® ADVANCED CONTROL AND DIAGNOSTICS

® ADVANCED

COUPLINGS
NN\ g
S LIGHT WEIGHT [ —
® ROTORDYNAMICS —_—~
¢ LONG LIFE
5 ® HIGH STRENGTH MATL'S
—
‘; = - -
[o2]
< 274 RS
Rockwell ®SPACE OPERABLn.
International ® HIGHLY RELIABLE

Rocketdyne Division ®LIGHTWEIGHT

* TURBINE-GAS
REGENERATOR

¢ RELIABILITY/SIMPLICITY
© COMPACTNESS

o LIGHT WEIGHT

o LONG LIFE

*COST

\

® HEAT TRANSFER EFF,
¢ COMPACTNESS
o LIGHT WEIGHT

FIGURE 4.
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TABLE 7.

RESULTS SUMMARY OF ENGINE OPTIMIZATION RUNS FOR ADVANCED TECHNOLOGY ENGINE AT 7500 LB THRUST
CHOSEN
AS
BASELINE
CASE_NUMBER_
ENGINE PARAMETERS REFERENCE 1 Z 3 0 5 ¥ 3 T B g
~ TURBOMACHIRERY LINITS ADV. (1) 5,0,A(2) 3.0.A, ADV. ADV., ADV. ADV. ADV. ADV. ADV. ADV.
COMBUSTION TYPE RIBBED RIBBED JAPERED RIBBED RIBBED RIBBED RIBBED RIBBED RIBBED RIBBED  RIBBED
NO. OF HPFT STAGES 2 2 2 ] 2 2 2 2 2 2 2
HPFT ADMISSION PARTIAL  PARTIAL PARTIAL FULL  PARTIAL PARTIAL PARTIAL PARTIAL PARTIAL PARTIAL  PARTIAL
NO. OF HPOP STAGES ] ] 1 T 2 1 ] ] ] 1 1
NO. OF HPFP STAGES 4 . 4 4 ) 4 3 4 4 4 4
HPEP SPEED LIMIT, RPM 200000 200000 200000 200000 200000 300000 300000 200000 200000 200000 200000
LPOT DRIVE TYPE F-F (3)  F-F F-F F-F F-F FFF FF a2 F-F
SOFT WEARL SEALS N/A N/A N/A N/A N/A N/A N/A /7R N/A YES YES
GOX DRIVE N/A N/A N/A N/A N/A N/A N/A N/A N/A N7A YES
CHAMBER PRESSURE, PSIA 1576 1387 1215 1214 1515 1626 - 1478 1534 1565 1831 T4
SPECIFIC IMPULSE, SEC 488.86 487.7  484.94 486.53 488.34 489.16 488.32 488.64 488.82 490.4  486.0
NOZZLE AREA RATIO 970 1042 909 914 847 994 975 1107 1048 1081 976
HPFT BYPASS, PERCENT 10 10 10 10 10 10 10 10 10 10 10
HPFTP EFF. PRODUCT, % 31.39 30.71 34.84 27.9  31.57 32.06 32.86 31.35 30.24 34.49  32.07
& COMB. HEAT LOAD, BTU/SEC 6440 6402 3965 6366 - 6425 6453 6432 6432 6430 6502 6356
NOZZLE HEAT LOAD, BTU/SEC 1416 1561 1721 1687 1428 1392 1485 1461 1431 1293 2019
REGEN. HEAT LOAD, BTU/SEC  N/A N/A N/A N/A N/A N/A N/A N/A 43 N/A N/A
HPFP SPEED, RPM 199661 118733 133255 200000 198894 247254 296159 195367 199345 199560 200000
HPFP EFFICIENCY, PRCENT  48.98 48.44 53.76 55.46 49.25 50.18 52.24 49.07 47.77 56.38  62.63
HPFP DIS. PRESSURE, PSIA 6559 5078 4164 4058 6472 6895 5335 6540 6908 7733 5741
HPFP DIAMETER, IN. 2.36 3.37 2.6 1.81 235 1.97 .65 238 245 2.4 2.15
HPFP TIP SPEED, FT/SEC 2057 1749 1552 1580 2039 2128 2138 2032 2131 2125 1877
HPFT PRESSURE RATIO 2.23 .91 1.97 1.8 220 2,21  1.89 222 238  2.3] 3.02
HPFT EFFICIENCY, PERCENT  61.4 63.4 64.8 50.3 641 639 629 63.9 63.3  61.9 51.2
HPFT DIAMETER, IN. 1.99 295 2,33 2,21 216 1.8 130 205 2.05 2.14 2.08
HPFT VELOCITY RATIO .262 .258  .268  .346  .288  .292 .81 .66 .26 .216 .20
HPFT BLADE HEIGHT, IN. .213 .29 .38  .087  .259  .19%8  .155  .259  .245  .243 .J20
HPFT ADMISSION, FRACTION  .225 198 .181 1.0 .28 321 .806  .228 .26  .395 775
HPFT AN**2, (IN-RPM)**2 E-10 9.72 5.04 6.46 2.5 9.92 9.98 7.35 9.12 9.29  6.5] 3.12
HPFT DN, (MM-RPM) E-6 2.92 .87 190 254 2.9 3.5 368 2.87 291 2.9 2.61
HPFT INLET TEMP., DEG-R 1129 121 195 1103 1925 1929 Yil2 1133 1143 1119 890
HPFT PITCH VELOCITY, FT/SEC 1731 1529 1357 1881 1951 1679 1752 1788 1863 1814

1931

(1) RELAXED TO A HIGHER VALUE
(2) PARAMETER CHANGE UNDERLINED
(3) FULL-FLOW HYDRAULIC DRIVE



Casé 1: Turbomachinery Tip Speed and Stress Limits

This case, when compared to the reference case, indicates the benefits of
advanced state-of-the-art turbomachinery tip speed and stress limits. 1In
the reference case, the 1imits are relaxed to the higher values indicated in
Table 8. Implementation of the advanced turbomachinery limits will require
hybrid hydrostatic bearings and improved materials. With the same turbine
inlet temperature, the increased tip speed and stress limits allows the
wheel speed to be sharply increased. This results in better turbomachinery
efficiencies and hence, higher chamber pressure, higher engine performance
and smaller engine envelope. The chamber pressure advantage from advanced
turbomachinery limits is 360 psia.

TABLE 8. TURBOMACHINERY TIP SPEED AND STRESS LIMITS

1980
TURBOMACHINERY LIMIT S.0.A. (1) ADVANCED
BEARING DN (mm-RPM) 1.9x106 _ NONE
TURBINE PITCH LINE VELOCITY (ft/sec) 1600. 2000
PUMP TIP SPEED (ft/sec) 1870. 2200
ANNULUS AREA x N2 ('in—RPHM)2 8x10 10x1010

Case 2: Combustor Cooling Jacket Confiquration

Replacing the tapered smooth-wall combustor with an advanced ribbed
combustor significantly increases the coolant heat load which increases the
power available to the turbine. This results in a higher chamber pressure
and specific impulse. A ribbed combustor provides about 60X more heat load
than a tapered combustor (Case 2 compared to Case 1) and results in a
chamber pressure increase of 170 psia. In support of this effort, point
designs of the combustor and nozzle coolant jacket were generated.
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Contours for both the combustor and nozzle were first determined. The

combustor geometry was then subjected to a boundary layer analysis to
determine hot-gas heat transfer coefficient profiies and to a thermal

‘ analysis to determine coolant-channel geometry heat loads and coolant

pressure drop for the required life of 1200 cycles. Details of the point

design are presented in Appendix 2.

Case 3: Turbine Staging and Admission

The use of a single stage full admission high-pressure fuel turbine reduces
the engine chamber pressure and specific impulse significantly because of
two effects. First, the full arc of admission significantly reduces the
turbine blade height. Second, the single stage turbine requires a higher
stage pressure ratio which reduces the blade height further. The large
decrease in blade height results in a heavy,penalty on the turbine
efficiency and hence, a significant loss in engine performance. If speed
wasn't held at 200,000 rpm as a 1imit, it would also have required higher
speeds for the same turbomachinery limits. A 14 point turbine efficiency
deficit is created which reduces chamber pressure by 362 psia from the
reference case.

Case 4: Pump Staging

An increase in the number of main fuel pump stages results in a definite
increase in the pump discharge pressure. This consequently raises the
turbine pressure ratio such that the increased pump power requirement can be
met. The increase in turbine pressure ratio is not large enough to offset
the increase in the pump discharge pressure so that a significant increase
in chamber pressure results (148 psia, compare Case 4-F and $5).

The oxidizer pump staging has a smaller and opposite impact on the engine
performance than the fuel pump. Increasing the oxidizer pump staging from
one to two results in a decrease in chamber pressure (61 psia) and in
specific impulse (compare Case4d-D to reference).
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Case 5: Fuel Pump Wheel Speed Limit

For most cases considered, fuel pump rpm was limited to 200,000. An
increase over this limit does increase the optimum pump operating speed,
but, results in a very small increase in the turbomachinery efficiencies
since the tip speed and stress 1imits are unchanged. Therefore, the impact
of pump wheel speed 1imit on the engine performance is not significant
(compare Case 5 with the reference case).

Case 6: Gaseous Hydrogen Drive for LPOT

In this configuration, a gaseous hydrogen driven low—pressure—oxidiier
turbine (LPOT) located in parallel with the high-pressure oxidizer and
Tow-pressure fuel turbines is used to replace the full-flow hydraulically
driven LPOT. This arrangement would allow operation of boost pumps in the
tank-head idle mode to speed up ehgine conditioning. Since the power
required by the low-pressure oxidizer pump is very small, the impact of
gaseous hydrogen drive for the LPOT on engine performance is not '
significant. Although the use of gaseous hydrogen drive for the LPOT can be
advantageous during engine start, additional inter-propellant seals would be
required for the low-pressure oxidizer turbopump.

Case 7: Turbine Gas Regenerator

The benefit of adding a turbine gas regenerator between the cooling jacket
inlet and turbine discharge was also investigated for the reference engine.
The purpose of the regenerator is to transfer heat from the turbine exhaust
gas to the coolant, increasing the turbine inlet temperature and in that
manner increase turbine power. The increase in combustor coolant inlet
temperature, however, increases the coolant velocity through the cooling
jacket which results in a large jacket pressure loss. The large pressure
loss experienced in Case 7 offsets the benefits which resulted from
regeneration. A detail optimization of the coolant jacket channel design at
this particular condition is required before a final answer can be given in
this area. An additional study was conducted subsequently in which reduced
jacket pressure drops were investigated. Details of this study aré'
presented in Appendix 3. Results of this study show that with the addded
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complexity and engine weight, the minimal increases in performance gained do
not warrant the use of a hydrogen recuperator even if major reductions in
the combustor coolant jacket pressure drop were possible.

Though these investigations indicate that a hydrogen regenerator is not
desirable, it still may become necessary should the combustor heat
extraction rates prove to be insufficient. Therefore, the recuperator will
sti11 be included as an option to be further considered.

Case 8: Soft Wear Ring Seals

The high-speed OTV turbopumps are relatively small and clearances between
stationary and rotary parts become a significant percentage of the flow
passage area. The resulting parasitic leakage flow losses can be reduced by
close clearances. Soft-seal polymer materials offer the potential of
extremely close-clearance wear rings with elimination of metal-to-metal
rubbing and its adverse consequences on the propellants and rotating parts.
Based on detailed efficiency loss analysis of two configurations using very
small clearances {order of one thousandth), a correlation was developed for
prediction of OTV pump efficiencies using soft seals.

The performance was improved significantly over that of the reference engine
by inclusion of soft wear ring seals. Based on this improvement, Case 8 was
chosen as the baseline OTV engine upon which all subsequent studies were
conducted.

Case 9: Oxygen Drive HPOT

In this case, an engine utilizing a gaseous oxygen driven LOX turbopump was
investigated. For this configuration, the energy for the turbine drive gas
is supplied by heating the oxygen in the nozzle cooling circuit. The LH2
turbopump is still driven by hot hydrogen gas but this drive gas is heated
only in the combustor cooling circuit. Soft wear ring seals were also
included in this case, therefore, performance is to be compared with the
baseline engine (Case 8) as opposed to the reference engine. Significant
decreases in performance for the oxygen driven HPOT case. were observed.
Chamber pressure is down 690 psia and specific impulse down 4.4 seconds with

respect to the baseline configuration. The poor performance exhibited by
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the bxygen driven case is due to the limited amount of energy provided to
the oxygen in the nozzle cooling circuit. If additional energy could be
supplied to the oxygen, possibly with injector heat exchanger baffles, this
performance would improve.

In summary, based on the series of optimization studies described above,
Case 8 was chosen as the baseline OTV engine. A description of this engine
including salient features and performance characteristics is provided in
Table 9. -

ENGINE THRUST STUDY

After definition of the baseline 7.5K engine, a study was conducted to
evaluate the effect of thrust upon engine weight, length and performance.
For this effort the technology level was held constant. A fixed overall
nozzle expansion ratio of 1000:1, percent length of 90% and breakpoint ¢
(regen— erative to radiation cooled) of 450 was used. These fixed values
were chosen from the optimized 7.5K baseline engine. The purpose of this
study was to supply the vehicle contractors with parametric data should
required engine thrust Tevel change due to revisions in NASA's OTV mission
model.

Engine performance drops off significantly at the lower thrust levels due to
lower turbopump efficiencies and greater kinetic losses. Single engine
weight increases linearly with thrust. Detailed results of this study are
presented in graphical form in Appendix 4. Other parameters addressed
include engine cluster weight, payload, chamber pressure, engine envelope,
and turbopump efficiencies.

CONTROL SYSTEM ASSESSMENT

The control system for the baseline engine was evaluated. Four engine
control system concepts, Table 10, were assessed to determine the one most
suitable for near-term OTV engine. Based on the functional control aspects
and other features, including cost, full range controls were considered to
be the most desirable choice.
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TABLE 9. BASELINE ENGINE DESCRIPTION

ADVANCED TURBOMACHINERY LIMITS

HIGH HEAT-LOAD RIBBED COMBUSTOR

TWO-STAGE PARTIAL ADMISSION FUEL TURBINE

FOUR-STAGE HIGH PRESSURE FUEL PUMP

SINGLE STAGE HIGH PRESSURE OXIDIZER PUMP

FULL FLOW HYDRAULIC DRIVEN LOW-PRESSURE OXIDIZER TURBINE
HYDROGEN REGENERATOR (IF REQUIRED)

SOFT WEAR RING SEALS ON PUMPS

HYDROGEN DRIVEN OXIDIZER TURBOPUMP

CHAMBER PRESSURE, PSIA 1831
SPECIFIC IMPULSE, SEC 490.49
% LENGTH* 94
NOZZLE AREA RATIO 1081
HPFT BYPASS, PERCENT 10
HPFTP EFF. PRODUCT, % 34.9
Ahg, HEAT OF FORMATION, 1.62
Kcal/gmo]
COMB. HEAT LOAD, BTU/SEC 6502
NOZZLE HEAT LOAD, BTU/SEC 1293
LOX LHo
MAIN PUMPS:
SPEED, RPM 63313 199560
EFFICIENCY, PERCENT 69.69 56.38
DIS. PRESSURE, PSIA 3119 71733
DIAMETER, IN. 2.317 2.44
TIP SPEED, FT/SEC 654 2125
SPECIFIC SPEED 865 749
MAIN TURBINES:
PRESSURE RATIO 1.16 2.31
EFFICIENCY, PERCENT 61.5 61.9
PIT DIAMETER, IN. 4.05 2.14
VELOCITY RATIO .41 .28
. 1ST BLADE HEIGHT, IN. .21 .14
ADMISSION, FRACTION .264 .395
AN**2  (IN-RPM) **2 E-10 1.579 6.506
DM, (MM-RPM) E-6 .743 2.923
INLET TEMP., DEG-R 982 1119
PITCH VELOCITY, FT/SEC 1119 1863
25
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A.

B.

C.

D.

TABLE 10. ENGINE CONTROLS SYSTEM CONCEPTS DEFINITION

MINIMUM ELECTRONIC SYSTEMS

OPEN

NO CONTROLLER

MECHANICAL SEQUENCING

MONITORING INSTRUMENTATION FOR REUSABLE ENGINE
REDLINE MONITORING FOR MAN-RATING

CHECKOUT BY OFF-ENGINE MEANS

Loop

ELECTRICAL SEQUENCE CONTROL

NO VALVE POSITIONING CONTROL

MONITORING INSTRUMENTATION AND REDLINE MONITORING
CHECKOUT AND STATUS MONITORING ON ENGINE

MAINSTAGE TRIM CONTROLS

FULL

ELECTRICAL SEQUENCE CONTROL

NO VALVE POSITIONING CONTROL DURING START AND SHUTDOWN
MONITORING INSTRUMENTATION AND REDLINE MONITOkING
PERFORMANCE INSTRUMENTATION

FEEDBACK DURING M/S TO TRIM F & MR

CHECKOUT AND STATUS MONITORING BY ENGINE

RANGE CONTROLS

CONTROLLER PERFORMING VALVE POSITION CONTROL
FEEDBACK TO CONTROL F & MR AS REQUIRED

MONITORING INSTRUMENTATION AND REDLINE MONITORING
PERFORMANCE INSTRUMENTATION

CHECKOUT & STATUS MONITORING BY ENGINE
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The near-term control system for the OTV advanced expander cycle engine
includes a variety of components, and impacts all phases of engine operation.
Therefore, the selection of this system must consider a wide range of related
. areas. Specific areas of assessment included: control point selection,
steady state performance, starts and shutdown, redundancy issues, controller,
valves, actuators, and instrumentation. This near-term control system
constitutes the baseline system from which the advanced ICHM will evolve.

Control Point Selection

Figure 5 is a simplified schematic showing only the primary flow paths. The
recommended primary control points are the main oxidizer valve (MOV) and the
turbines bypass valve (TBV) which control the mixture ratio and thrust,
respectively. The main fuel valve (MFV) is used for start and shutdown
control and the oxidizer turbine bypass valve (OTBV) is used to achieve
satisfactory operation during powered idle mode. The selection of the MOV and
TBV as the main control points was based on a sensitivity analysis conducted
on the 7.5K engine.

Though the MFV is a good thrust control point and would obviate the T8V, the
additional pressure loss introduced is greater a penalty than the benefits
gained by removing the TBV flow. In addition, pump inlet shutoff-isolation
valves could not be used for thrust or mixture ratio control without causing
pump cavitation. Thus the MOV and T8V are the logical control point
selections.

Steady-State Performance

An engine with no feedback control (open loop) should be expected to
experience 20% thrust variations over the life of the engine and 7% thrust
variations with a given mission, while a closed loop controlled engine could
be expected to maintain thrust within 2%. Similarly, mixture ratio (MR) could
be controlled to within 0.1 unit over the engine 1ife with feedback control,
'but if ran open loop, the engine could experience a 0.3 unit variation in a
given mission and 0.8 unit variation over the life of the engine. A summary
of the variations is presented in Table 11.
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TABLE 11. EXPANDER CYCLE PERFORMANCE

IN-RUN_AND RUN-TO-RUN IN RUN
ENGINE CONTROL THRUST MR THRUST MR
CONCEPT VARIATION VARIATION VARIATION VARIATION
OPEN-LOOP 20% 0.8 UNITS % 0.3 UNITS
(A & B)
CLOSED-LOOP 2% 0.1 UNITS 2% 0.1 UNITS
(C&D)

Start and Shutdown

Start and shutdown impose extreme operating conditions on the engine and
maintaining proper relationships of pressures and temperatures is extremely
important for reliability and long life of the 7.5K engine system.
Positioning and controlling the engine system valves properly can be
realistically accomplished only with an electronic controller. Twenty-two
valves on the engine must be sequenced to open or close in the correct
sequence during start, mainstage and shutdown. Actuator requirements, as
defined in Table 12, result in actuator types for engine control that cannot
be open loop positioned. Some type of position control must be employed to
ramp the valves slowly and reliably, in a repeatable manner. It must also be
able to adapt as new requirements are generated or system limits and problems
are encountered. Thus, start and shutdown requirements not only define an
electronic sequence controller, but a valve position control and reference
command capability. Even though sequence and valve position control are
required, no closed loop operation appears to be required for start and
shutdown. However, with valve position control available, closed loop engine
control can be implemented during any other phase of engine operation where
closed loop control may be required, such as for MR control during mainstage.
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TABLE 12. ACTUATOR REQUIREMENTS

ENGINE VALVE POSITIONING REQUIREMENTS
CONTROL :
CONCEPT SLEWRATE -~ PRECISION
START CUTQFF MAINSTAGE
A MFV Ramp between stops Same as Full Open
75%/SEC+25%/SEC Start '
MOV 20%/SEC+5%/SEC,+2 1/2% 50%/SEC+10%/SEC + 1/2%
2 intermediate positions ramp closed
TURB 40%/SEC+10%/SEC,2 1/2% No Req'mt t 1/2%
BYPASS 2 intermediate positions ' ‘
0XID TURB 60%/SEC+40%/SEC,+2 1/2% - No Req'mt + 1/2%
BYPASS 1 position besides open
B (SAME AS "A" ENGINE FOR ALL REQUIREMENTS)
c MFY START AND CUTOFF . Full Open
MOV HAVE SAME 0.5% resolution :
TURB BYPASS _ REQUIREMENTS AS "A" 0.5¢ resolution -
OXID TURB 0.5% resolution
BYPASS ~ :
D MFY (SAME AS “A" ABOVE) Full Open
MoV 50%/SEC with 0.5% Resolution 0.5% resolution
TURB BYPASS 50%/SEC with 6.5% Resolution. 0.5% resolution
0XID TURB 50%/SEC with 0.5% Resolution 0.5% resolution
BYPASS

uojsja|g sukpreyooy
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The advantages of full range controls also apply to start and shutdown
operation as can be seen in Table 13.

' Redundancy

Four control system redundancy configurations were evaluated. The dual-dual
cross—-strapped system, Figure 6, was chosen as the most desirable. 1In
evaluating the redundancy requirements, the ultimate issue is mission

success. To achieve success, components must be reliable enough to work for
the entire duty life, or redundancy must be provided for failed components.

In examining the control system components, the controller itself is extremely
reliable regardless of having to operate several hours for each hot fire

test. Even with the high level of reliability of the controller, electronics
are subject to random failure, thus some kind of redundancy for the controller
is still required.

At the other extreme, engine system sensors experience a relatively high rate
of failure due to the severe environments associated with the sensing
locations. Thus additional redundancy for critical sensors is required.
Reliability data from the SSME was used as a guide in performing this
evaluation.

Power Distribution

The power distribution system inherently does not lend itself to the variety
of options afforded to other aspects of the control system. For example,
while controller subsystems such as the computers and input-outputs
electronics can be reduced greatly in size by using the latest microelectronic
technology, the power supply is not very amenable to miniaturization.
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ENGINE
CONTROL
CONCEPT

TABLE 13. EXPANDER CYCLE ENGINE START AND SHUTDOWN REQUIREMENTS

PERATIONAL CHANGES

'CHANGES REQUIRE MECHANICAL PARTS

TO BE REDESIGNED

SEQUENCE TIME CAN BE PROGRAMMED.

OPENING RATES OR AREA CHANGES OF

CONTROL POINTS REQUIRE MECHANICAL
PART REDESIGN

SEQUENCE TIMES CAN BE PROGRAMMED.

OPENING POINTS REQUIRE MECHANICAL
PART REDESIGN

CAPABLE OF ADAPTING TO LARGE CLASS

~OF REQUIRED CHANGES BY CHANGES TO

SOFTWARE

32

RI/RD86-116

TEST VARIATIONS

TEST-TO-TEST VARIATIONS MUST

BE ACCEPTED OR COMPLEX
MECHANICAL COMPENSATION SYSTEMS
DESIGNED AND DEVELOPED.

TEST-TO-TEST VARIATIONS MUST
BE ACCEPTED OR COMPLEX
MECHANICAL COMPENSATION
SYSTEMS DESIGNED AND DEVELOPED.

TEST-TO-TEST VARIATIONS MUST

BE ACCEPTED OR COMPLEX
MECHANICAL COMPENSATION .
SYSTEMS DESIGNED AND DEVELOPED.

CONTROL CAN BE USED TO ABSORB
VARIATIONS.
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Dual-Dual Redundant Cross-Strapped Systems
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Figure 6.
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The distribution-configurations that were evaluated include: (1) AC/DC power
conditioning by controller; (b) direct DC from stage, power conditioned by
controller; and (c) direct DC to controller, actuator, solenoids and

igniters. Configuration (c) requires the smallest power supply and is the
recommended option for the 7.5K engine. However, vehicle design factors, such
as locations of the fuel cells, must be considered before the physical
characteristics of the power distribution system, such as size, weight, and
voltage, can be resolved.

Controller

Associated with the four control system concepts of Table 10, four controller
options were considered: (a) no controller; (b) minimum controller with open
loop engine controls; (c) controller with mainstage trim controls; and (d) a
full range controller with closed loop engine controls. When total engine
performance, reliability, cost and other considerations as indicated in

Table 10 are taken into account, option (d) becomes the most desirable choice.

Valves

An evaluation was conducted to define the type of valves best suited for each
location required. A total of 30 valves and controls were identified for
complete engine control. They are summarized by valve type, location and
quantity in Table 14.

Actuators

The actuator requirements for the primary control points were defined in
Table 12 for the four control options considered. It is recommended that the
primary control point actuators be electrically actuated and have a pneumatic
backup. Electric actuators provide the positive, repeatable, position control
required for reliable and repeatable start and shutdown. The electric
actuators also lend themselves to actuator redundancy. Redundant electric
actuators, though, would require additional weight and complexity.
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TABLE 14. VALVE SUMMARY

VALVE TYPE QUANTITY
e  BALL VALVES, HIGH PRESS., PNEUMATICALLY ACTUATED
(1) MFvV, (5) Gov 2
o  BALL VALVES, HIGH PRESS., SERVO-ACTUATED
(2) Mov, (3) FTBvV, (4) OTBY 3
e  PROPELLANT ACTUATED VALVE
(7) H/E SHUNT VALVE 1

»  PROPELLANT SOLENOID VALVES

(6) CCV, (8) & (9) IGNITER VALVES

TANK PRESS. CHECK VALVES, (10) & (11)

PREVALVE BALL VALVES, (12) & (13)

PURGE SOLENOID & CHECK VALVES (14-23) 1
PNEUMATIC CONTROL SOL. VALVES & SERVOS

(24, 25, 26, 27, 28, 29, 30)

oOMNMN W

~J

30 TOTAL
THROTTLING AND STABILITY

0ff-design operation of the 7.5K 1b thrust baseline was examined using an

of f-design computer model. The objective of this study was to establish the
range of throttling free of pump and feed system instability. Thrust levels
in the range of 10-100 percent of nominal and mixture ratios in the range
4-7 were examined. Ideal pump HQ characteristics were used. These will be
updated when point-design characteristics are available. No attempt was
made to assess pump critical speed impact on throttling, since detail pump
design is not available yet. Results of the study are summarized in

Table 15.
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TABLE 15. OTV 7.5K ENGINE OFF-DESIGN SUMMARY

OFF-DESIGN THRUSTS AND MIXTURE RATIOS

THRUST PREDICTED ENGINE
(% OF NOMINAL) MIXTURE RATIO OPERATION
100 1 STABLE
20 6 OR LESS STABLE
12 6 UNSTABLE
12 4 OR LESS STABLE
10 4 STABLE

A1l operating points examined are also shown on the high pressure fuel pump
H-Q map in Figure 7. Stable operation is predicted at nominal thrust and
mixture ratio of 7:1. This mixture ratio is an off-design vehicle
requirement.

At a mixture ratio of 6:1 the engine will operate stably down to a thrust
level of 20 percent of nominal value. This is indicated in Figqure 7 by a
pump operating point to the right of the zero-slope line of the H-Q curves.
As indicated by the 12 percent thrust point, the zero-slope line is
intercepted at a thrust level below 20 percent of nominal.

Stable operation below 20 percent thrust level is achieved by lowering
mixture ratio to 4:1 or below. In the interest of maintaining high
performance, a mixture ratio of 4:1 is chosen. The lower mixture ratio
increases the relative flow through the pump, shifting the operating point
to the right of the zero H-Q line slope and returning stability to the

flow. The zero slope is used as a guide. More insight into the stability
condition can be obtained with a transient model of the system that includes
the coolant jacket resistance. With this model an assessment of the nature
of the instability (bounded or diverging) can be made.
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Tab]é 16 presents a summary of important engine operating parameters at

of f-design conditions.

TABLE 16. 7.5K LB ENGINE BALANCE SUMMARY AT OFF-DESIGN

THRUSTS AND MIXTURE RATIOS

THRUST, % OF NOMINAL

DESIGN

POINT 100 20 12
ENGINE MIXTURE RATIO 6 1 6 4
CHAMBER PRESSURE, PSIA 1576 1536 321 205
ENGINE SPECIFIC IMPULSE, SEC 488.86 482.9 476.36 481.17
ENGINE THRUST, LB 1500 7500 1500 900
COMBUSTOR HEAT LOAD, BUT/SEC 6440 6060 17217 1224
NOZZLE HEAT LOAD, BTU/SEC 1416 1325 358 260
T/C FUEL FLOWRATE, LB/SEC 13.14 1.917 .445 .369
T/C OXID. FLOWRATE, LB/SEC 2.15 13.57M 2.01 1.494
FUEL PUMP SPEED, RPM 199661 187736 77653 65799
FUEL PUMP EFFICIENCY, % 48.98 48.81 38.07 37.56
FUEL PUMP HORSEPOWER 1525 1234 14 45
FUEL PUMP DISCHARGE PRESSURE, PSIA 6559 5928 1098 195
OXID PUMP SPEED, RPM 66463 63503 23529 20036
OXID PUMP EFFICIENCY, % 62.03 61.63 52.26 40.2
OXID PUMP HORSEPOWER 1915 188 1.4 4.0
OXID PUMP DISCHARGE PRESSURE, PSIA 2705 2394 384 283
FUEL TURBINE INLET TEMP, °R 1129 1186 1354 1156
FUEL TURBINE FLOWRATE, LB/SEC 1.932 1.648 .204 .155
FUEL TURBINE PRESSURE RATIO 2.23 2.08 1.61 1.60
FUEL TURBINE EFFICIENCY 64.1 63.4 42.1 40.1
OXID TURBINE INLET TEMP, °R 989 1051 1282 1098
OXID TURBINE FLOWRATE, LB/SEC 1.462 1.359 .161 A7
OXID TURBINE PRESSURE RATIO 1.118 1.118 1.07 1.07
OXID TURBINE EFFICIENCY 57.6 55.8 35.2 34.2
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FAILURE MODE EFFECTS AND RELIABILITY ANALYSES REVIEW
FMEA AND RELIABILITY ANALYSES

Upon completion of the baseline engine definition, a failure mode and
effects analyses and reliability analyses were conducted under the ICHM
subtask E.1. Review of these analyses and their application in FME
mitigation and reliability improvement were one of the major efforts
completed during the Phase I study. The relation of this review to the
overall study can be seen in the logic diagram previously presented in
Figure 1. Results of this effort were incorporated into the development of
advanced engine concepts and ultimately into the updated engine design. An
overview of the approach taken in this review and its application is
presented in Figure 8.

The scope of the FMEA was defined as encompassing the major engine
components which include the injector, combustor, fixed regenerative cooled
and retracable radiation cooled nozzle, and the nozzle retraction mechanism
itself. 1In addition, several major engine systems were considered. The
heat transfer systems included the chamber coolant circuits, LOX heat
exchanger and the hydrogen regenerator. Components of the turbine drive
systems covered were the low and high pressure fuel and oxidizer turbines
and the associated bypass and shutoff valving. Propellant feed systems
analyzed included the low and high pressure fuel and oxidizer pumps and the
inlet and main propellant valves. Operational modes addressed in the FMEA
and reliability analysis were tank-head idle, pumped idle, mainstage, and
transitions during start and shutdown. Within this scope, the FMEA
identified 112 separate modes of failure and their effects on engine
operation. Causes of each of the failures were explained, means of
detection defined, and the adequacy of response time evaluated. Finally,
each failure mode was assigned a criticality number based on the severity of
its impact upon operational capability.
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FAILURE MODE EFFECTS AND RELIABILITY
ANALYSIS REVIEW AND APPLICATION

FMEA SCOPE

COMPONENTS

INJECTOR
COMBUSTOR
FIXED NOZZLE
EXTENDIBLE NOZ.
NOZZLE DRIVE

SYSTEMS

HEAT TRANS.
TURB. DRIVE
OXYGEN FEED
FUEL FEED

OPERATIONAL
MODES

MAINSTAGE
PUMP IDLES
TANK-HEAD IDLE
START AND
SHUTDOWN

FAILURE MODES AND EFFECTS ANALYSIS

FAILURE
MODES
IDENTIF.

EFFECTS
AND
CRITI-
CALITY

PROPAGATION
RATES

FME MITIGATION
AND RELIABILITY
IMPROVEMENT

COMPONENT
DESIGN EVOLUTION

ENGINE CYCLE

RELIABILITY ANALYSIS

ﬁ

Rockwell
In