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LIQUID ROCKET BOOSTER PHASE II STUDY REPORT
FOREWORD

This Phase 1I report, containing results of the Liquid Rocket Booster
Study is submitted to General Dynamics Space Systems Division (GDSS) in
accordance with General Dynamics contract 08-01290. This program was
conducted under the direction of GDSS program manager Paul Bialla and
Propulsion Project Manager Gopal Mehta. This document describes the results
of a Liquid Rocket Booster engine study conducted in two parts; (1) Pressure
fed engine design and analysis carried forward in more detail using the
results of the Phase I studies, and (2) Pump-fed engine parametric and design
point data. Technology program elements for the booster engines are also
presented in this report.

Specific costs are not included in this report due to their proprietary
nature; however, they have been submitted to General Dynamics under separate
cover.

ABSTRACT

Phase II of the Liquid Rocket Booster Study was conducted over a four
month period by Rocketdyne. For the pressure-fed engines, detailed trade
studies were conducted defining engine features such as thrust vector control
method, thrust chamber construction, etc. This was followed by engine design
layouts and booster propulsion configuration layouts.

For the Pump-fed engines parametric performance and weight data was
generated for both 02/H2 and OZ/RP-I engines. Subsequent studies by

GDSS and NASA resulted in the selection of both LOX/RP-1 and OZ/HZ

propellants for the pump-fed engines. More detailed analysis of the selected
LOX/RP-1 and OZ/HZ engines was conducted during the final phase of the
study.

ii

153497



Foreword
Table of Contents
List of Figures
List of Tables

1.0

2.0

1539z

TABLE OF CONTENTS

INTRODUCTION

1.1
1.2

Approach
Requirements
1.2.1 Ground Rules and Baseline System

PRESSURE FED LOX/RP-1 ENGINE

2.1

2.2

2.3

2.4
2.5

Recommended Configuration and Characteristics
2.1.1 Regenerative Cooling

2.1.2 Injector Selection

2.1.3 Main Combustion Chamber and Nozzle
2.1.4 Gimbal System Selection

PRELIMINARY DESIGN ANALYSIS

2.2.1 Engine Layout and Description

2.2.2 Schematic and Flight Instrumentation
2.2.3 Performance (Full Thrust and Throttled)
2.2.4 Weight Breakdown

2.2.5 Gimbal System Summary Use and Power
2.2.6 Engine Operation

2.2.7 Interface Requirements

POGO AND STABILITY ANALYSIS

2.3.1 Introduction and Summary

2.3.2 The POGO Phenomenon

2.3.3 Recommendations

RELIABILITY ANALYSIS

LRB PRESSURE FED ENGINE PROGRAMMATICS
2.5.1 Engine Development Philosophy

2.5.2 Program Approach

2.5.3 Test Plan

2.5.4 New Technology Requirements

PAGE

j1i

LS BN S B ¥, B 75 I N Y X ]

10
12
12
16
16
21
22
24
24
28
28
31
43
43
50
50
52
52
57



3.0 PumP

1539z

TABLE OF CONTENTS (CONTINUED)

2.6 LOX/RP-1 Pressure Fed Liquid Rocket Booster Preliminary

30

3.2.

3.3.

3.4.

3.5

Contract End Item
2.6.1 Background
2.6.2 Selected Engine Description
2.6.3 LRB CEIl Requirements
FED LOX/RP-1 ENGINE
Engine/Subsystem Configuration Selection
3.1.1 Thrust Chamber Cooling Selection
3.1.2 NPSH Requirements with and without Boost Pumps
3.1.3 1Injector Selection and Rationale
3.1.4 Mixture Ratio Control During Throttling
3.1.5 Gas Generator (GG) Exhaust
3.1.6 Control
Engine Design, Analysis and Operation
.2.1 Engine Description
.2.2 Engine Instrumentation
.2.3 Engine Performance and Throttling Characteristics

3
3
3
3.2.4 Engine Weight Summary
3.2.5 Start and Shut Down
3.2.6 Thrust Vector Control Actuation Torque and Power Rqmts.
3.2.7 Boundary Layer at the Exit Plane 6Gas Condition Anaiysis
POGO Stability Analysis
3.3.1 POGD Suppressor Design Philosophy
3.3.2 Suppressor Configuration
Fajlure Mode Analysis and Relijability Estimate
3.4.1 Preliminary Failure Mode andEffects Analysis -

Pump Feed LRB
3.4.2 Criticality Definition
Programmatics
3.5.1 Development Schedule
3.5.2 Development Plan
3.5.3 Program Approach
3.5.4 Component Test Program

jv

PAGE

61
61
61
61
62
69
69
69
72
74
74
75
75
75
7
717
81
84
84
88
88
90
90
92
94

95

95
102
102
104
104
105



4.0

15392

3.6

TABLE OF CONTENTS (CONTINUED)

3.5.5 Engine Test Program

3.5.6 Technology Plan for LRB Pump Feed Engine
LOX/RP-1 Liquid Rocket Booster Preliminary
Contract End Item (CEI)

3.6.1 Background

3.6.2 Selected Engine Description

3.6.3 LRB CEI Requirements

LOX/HYDROGEN PUMP FEED ENGINE

4.1
4.2

4.3

Introduction

Main Propulsion System

4.2.1 Engine System

4.2.2 Engine Schematic and Operation ‘

4.2.3 Engine Control and Condition Monitoring System

4.2.4 Engine Description

4.2.5 Engine Instrumentation

4.2.6 POGO and Stability Analysis

4.2.7 Failure Mode and Effects Analysis and
Reliability Estimate

4.2.8 Programmatics

LOX/H2 Liquid Rocket Booster Preliminary

Contract End Item (CEI)

4.3.1 Background

4.3.2 Selected Engine Description

4.3.3 LRB CEI Requirements

PAGE

110
116

118
118
119
119
126
126
126
126
132
140
143
148
150

150
152

152
152
152
163



2-1

2-2a
2-2b
2-2¢

2-4
2-5
2-6

2-8

2-9

2-10
2-1
2-12
2-13
2-14
2-15
2-16
2-11
2-18
2-19
2-20
2-21
2-22
2-23
2-24
2-25
2-26
2-27

3-la

1539z

LIST OF FIGURES

Simplified Engine Schematic

Injector Cross Section

Distribution of 19 Modules

Cross Section of a Typical Module

Thrust Chamber Assembly

LRB Pressure Fed Engine System

Conceptual Valve Design

Pressure Fed LRB Engine Schematic

Meaning of Computer Printout Terms

Baseline Design Point for Pressure Fed Engine

Baseline Design Point Throttled to 60% of Nominal Thrust
Engine Startup & Shutdown

Interface Drawing

Four LRB Engines

Engine Gimbal Block Accelerometer Outputs

Couch Vibration and AS-503 Crew Acceleration Tolerance
POGO Block Diagram

Comparison of Several Engines Involved with POGO
Oxidizer Injection Pressure Gain Response

Oxidizer Injection Pressure Phase Response

Inlet Pressure Gain Response to Tank Bottom Acceleration
Inlet Pressure Phase Response to Tank Bottom Acceleration
LRB Pressure Fed Engine Development Program

LRB Pressure Fed Engine System Test Plan

LRB Controls Component Development Plan

Engine Development Plan

Engine Development Program

LRB Pressure Fed Test Matrix Characterization Phase
LRB Pressure Fed Engine Development Program

System Test/Hardware Requirements

LOX/RP=1 LRB Pump-Fed Engine

vi

PAGE

@ o o

1
13
16
17
18
19
19
26
29
30
32
33
34
35
39
39
4)
41
51
53
55
56
56
58

58
70



3-1b
3-2
3-3
3-4
3-5
3-6
3-7
3-8
3-9
3-10

3-1

3-12
3-13
3-14

4-

4-3
4-4
4-5
4-6
4-7
4-Ba
4-8b

4-9

4-10
4-1
4-12
4-13

1539z

LIST OF FIGURES (continued)

Top View of LOX/RP-1 Engine

Simplified LRB LOX/RP-1 Pump-Fed Engine Fliow Schematic
LOX Pump Inlet Pressure Effects

LRB Flow Schematic

LRB Pump-Fed Engine Characteristics

Bi-Propellant Engine Flow Schematic

Envelope Equations of Two Accelerometers

POGO Block Diagram

POGO Suppression System

LRB Pump-Fed Engine Development Program (LOX/RP-1 or
LOX/H2 Propellants)

LRB Pump-Fed Engine Component Development Program
(LOX-RP-1 and Lox-Hz)

Engine Development Programs

Engine Life Development Program

LRB Pump-Fed Engine System Development Program
(LOX/RP-1 and LOX/HZ)

LRB LOX/Hydrogen Engine

Inlet Pressure Impact on Pump Size

Concept A, Turbine Exhaust Through Nozzle Wall Sonic Flow
Concept B, Turbine Exhaust Through Nozzle Wall - Supersonic Flow
Concept C, Turbine Exhaust at Exit Plane - Single Round Nozzle

STME Tank Head Start

Chamber Pressure During Start

Engine Schematic

Engine Schematic Showing Flow Rates, Pressures, and
Temperatures at EPL

Engine Start valve Position Ramp Rates

Chamber Pressure as a Percent of Nominal

LOX/H2 LRB Engine Mixture Ratio During Start Transient

STME Closed Loop Control Diagram Modified for Use with the LRB

LOX/H2 LRB Injector Assembly and Co-axial Element
Conceptual Design

vii

PAGE

70
n
73
76
78
79
91
92
93

103

106
1

113

115
127
129
129
130
130
13
13
137

137
139
139
140
142

145



1-1
2-1
2-2

2-4

2-5
2-6

2-8
3-1
3-2
3-3

3-4
3-5
3-6
3-7

3-9

3-10
3-1
3-12

3-14
3-15
3-16

4-1
4-2a

1539z

LIST OF TABLES

SRB Characteristics

Pressure-Fed Booster Engine

Injector Characteristics

Weight Comparison for Pressure Fed Engine

Modulation of Throttle Setting Changeslin a Pressure-Fed Liquid
Propellant Booster

LRB Pressure-Fed Baseline Engine Weight

LRB TVC Torque Breakdown for Head End Gimbal

Utility Requirements

Preliminary Fajlure Mode - Effects Analysis

LOX/RP-1 Pump-Fed Engine Design Features

Engine Acceptance Testing Condition Monitoring Sensors
Preliminary Performance and Redline Flight Instrumentation
List for the STBE

Engine Balance Printout

Engine Performance vs. Power Level

LOX/RP-1 Pump-Fed Engine Weight Summary

LOX/RP-1 LRB Engine Start and Cutoff Sequence

LRB TVC Torque Breakdown for Head End Gimbal, LOX/RP-1 Pump Fed
Analysis Results for Nozzle of RAD Optimum Contour (80%)
Preliminary Failure Mode and Effects Analysis, Pump-Fed LRB
LRB Controls Component Development Plan

LRB Gas Generator Component Hotfire Test Plan (LOX/RP-1 and
LOX/HZ)

LRB Turbomachinery Component Hotfire Test Plan (LOX RP-1
and LOX/HZ)

LRB Thrust Chamber Assembly Component Hot Fire Test Plan
Engine Development Program

LRB Pump-Fed Engine Development Program System Test/Hardware
Requirements

Main Features of L02/LH2 Engine

LOX/LH2 Pump-Fed Engine Performance Summary

viii

PAGE

20
22
23
21
44
17
80

80
82
84
85
85
89
90
96
107

108

109
110
112

114
132
133



4-2b
4-2¢
4-3
4-4
4-5
4-6

4-8
4-9

15392

LIST OF TABLES

Engine Performance vs Power Level

Computer Generated Engine Characteristics

Turbo-pump Characteristics

Estimated Times and Propellant Usage During Start/Shutdown
STME Direct Measurement Instrumentation Package

LRB Engine Component Weight Breakdown

Preliminary Flight Instrumentation

LRB TVC Torque Breakdown for Gimbaled LOX/H2 Pump-Fed Engine
Preliminary Failure Mode & Effects Analysis -

LOX/H2 Pump-Fed Engine

ix

PAGE

133
134
135
135
142
148
149
151

153



ACKNOWLEDGEMENTS

The following individuals have made significant contributions to the work
shown in this report:

Ronald Cook - Pump Fed LOX/H2 Engine Analysis
Angelo DiBlasi - Engine Programmatics

Jim Fenwick - POGO System Analysis

Wally A. Geniec - Engine Performance Parameters
Judie Goldstein - Report Coordinator

Irvin Kaith - Engine System Design

Frank M. Kirby - Program Manager

Joseph H. Lavender - Cost Parametrics

Rich Nelson k- Engine Transient Dynamics

Duc G. Nguyen - Engine Performance Parameters
Hao V. Nguyen - Engine System Design

Paul Novacek - Reliability and Safety

Barbara Runyan - Report Production

Alex J. Sobin - Project Manager

Wen Hsiung Tu - Engine Parametrics

John J. Vrolyk - Engine System Analysis

1539z



LIQUID ROCKET BOOSTER PHASE II REPORT
1.0 INTRODUCTION

The use of 1iquid rocket boosters (LRB) for the Space Shuttle i{s being
investigated in detail by General Dynamics Space Systems Division.
Rocketdyne, under subcontract to GDSS, is studying pressure fed and pump fed
propulsion systems which may be applied to Space Shuttle booster propulsion.
The initial effort covered parametric performance, weight and cost data
covering a range of propellant combinations and engine thrust levels and
chamber pressures. Parametric data from the Rocketdyne 1972 Phase A/B
Pressure Fed Space Shuttle Study and the 1986 AFRPL Low Cost Expendable
Propulsion Study (LCEPS) were examined for applicability.

Following the initial parametric studies, trade studies were conducted to
define the basic elements and features of the engines. These studies covered
selection of cooling method, injector type, thrust vector control system,
ignition method, and basic engine control method. Engine candidates for both
pressure and pump fed applications were formulated based upon the results of
the trade studies. Emphasis was placed on expendable engines based on the
results of GDSS studies.

Conceptual engine design layouts for both ablative type and regeneratively
cooled pressure fed thrust chambers were prepared showing general constructive
details for the major engine elements. Emphasis was placed on LOX/RP-1
propellants since they were the propellants of choice based on General
Dynamics trade studies. A safety and reliability analysis was conducted to
compare ablative and regenerative type chambers with the conclusion that both
types of chambers could be developed to have a high degree of safety and
reliability. Regeneratively cooled pressure fed engines were chosen based on
. a careful evaluation of factors such as experience base, overall safety, etc.,
and on the results of the General Dynamics trade study.

Pump fed engine concepts were defined based on the ongoing STBE (Space

Transportation Booster Engine) studies except that RP-1 was used as the fuel
rather than methane. RP-1 was selected by GDSS rather than methane or

1504z 1



hydrogen based on overall trade studies of size, cost, experience base, etc.
For the pressure fed engines a complete 1ist of engine feature options was
developed and trade studies were conducted in order to define the most
desirable expendable engine features.

1.1 APPROACH

Each alternative characteristic was then briefly considered and compared with

alternates , and during the Phase I study the most desirable chosen for
combination into five candidate engine configurations. These were then
qualitatively evaluated and the most desirable chosen, one for the reusable
and one for the expendable category. 1In Phase II emphasis was placed on
expendable engines and detailed evaluations were conducted of cooling method,
injector type and gimbal systems. Pump fed engine designs were developed
based on the ongoing STBE and STME studies using LOX/RP-1 and LOX/H. as the

2
propellants of choice.

This report briefly describes the decisions that were made and the basis for
these decisions, and describes the work accomplished.

1.2 REQUIREMENTS

The LRB is intended to replace the solid rocket boosters (SRB) on the STS. As
a point of reference, some general characteristics of the SRB are shown in
Table 1-1.

Table 1-1. SRB Characteristics

OVERALL WEIGHT 1.25 X 106 1b

PROPELLANT WEIGHT 1.11 X 106 1b

INERT WEIGHT 146,000 1b
NOZZLE WEIGHT ONLY 23,000 1b

CHAMBER PRESSURE AT START 860 PSIA

THRUST AT LAUNCH 3.24 X 105 1bf

EXPANSION RATIO 7.16

MAX GIMBAL ANGLE, FLEX NOZZLE, g8°

LENGTH 149 ft

DIAMETER 12.2 ft

15042 2



1.2.1 Ground Rules and Baseline System

The Liquid rocket Booster engines will have the following characteristics as a
baseline for this study:

1. There shall be four engines in a group feeding from one pair of
propellant tanks, with each of these two assemblies replacing the
present SRBs on the Space Shuttle assembly and meeting the increased
STD requirements defined in the NASA SOW to GDSS.

2. The exit diameter of each engine shall not exceed 108 inches.

3. Mission safety and reliability have top priority considerations ahead
of and above all other factors. Volume is to be minimized in
preference to weight where they conflict; otherwise, weight and cost
are to be minimized.

4. Inlet pressures shall be as low as possible so as to permit lower
propellant tank pressures, thus reducing tank weight and pressurant
storage volume.

5. Emphasis was placed on expendable type, but both it and reusable
designs are to be studied and compared.

6. Chamber pressures and thrust levels for the pressure fed and pump fed
applications are determined by GDSS trade studies.

The mixture ratio shall be 2.5 for LOX/RP-1 and 6.0/6.9 for LOX/H2.

8. Thrust vector control shall provide for a six degree excursion each
direction at a maximum angular slewing rate of 10 degrees per second
and an angular acceleration of one radian per second squared.

Injector Requirements. The prime injector requirements are to provide high
combustion performance with dynamic stability at all system operating levels.
Dynamic stability means that the system will recover within a prescribed time

from a range of chamber overpressures resulting, for example, from the
detonation of high explosives within the combustion zone. 1In addition,
chamber pressure oscillation levels shall be less than 10% of the steady-state
pressure over the intended operating range. The elimination of pops or
self-triggers, however fast they may damp, is a design goal. No damage may
result from a self-induced disturbance.

1504z 3



Thrust Chamber Requirements. The thrust chamber maximum exit diameter shall
be approximately 108 inches. Safety and reliability are highest priority
followed by minimum length, weight and cost. The required specifications are

generally those listed above under the heading "Ground Rules and Base Line
System"

Throttling Requirements. The thrust level shall be capable of being
throttled down to 65% of nominal for the pressure fed engines and +10% to 35%
for the pump fed engine. Safety and reliability, and thus stability, will

have first priority.

Thrust Vector Control Requirements. The thrust vector control requirements

are given in item 8, above, in the section titled “Ground Rules and Base Line
System". Safety and reliability are again first priority followed by size,
weight and cost.

Controls and Ignition Requirements. Since safety and reliability are first

priority items, the control system must utilize relatively simple measures to
insure that false signals or system noise do not compromise proper system
operation. A careful study of redundancy and automatic supervisory methods as
they apply to measurements, controls and health monitoring will be required.

A safe shut down (abort) in flight is a prime consideration in the selection
of the control system.

15042 4



2.0 PRESSURE FED LOX/RP-1 ENGINE

This section presents the selected LRB pressure fed booster rocket engine
configuration and characteristics resulting from the technical analyses and

trades studies.

A baseline engine concept was selected based on previous studies and
experience along with trade studies for the STS application. An engine
performance and pressure balance was generated for the selected configuration
and the resultant parameters were used to establish the pertinent combustion
chamber, injector, and nozzle characteristics and leading to the present
configuration and physical design.

2.1 RECOMMENDED CONFIGURATION AND CHARACTERISTICS

The expendable, pressure fed, engine selected during this study uses the RP-]
fuel as a coolant in a single up-pass, tube wall combustion chamber and
nozzle, as illustrated in the simplified schematic shown in Figure 2-1. The
oxidizer, LDOX, is fed into the engine through a flexible propellant iine,
through a combined shut-off and throttle valve and into a propellant distri-
bution manifold located above the injector; it then flows into the combustion
chamber through the injector orifices. The fuel, RP-1, enters the engine
through a similar flexible propellant line and valve before entering a
distribution manifold at the nozzle exit. After the fuel passes upward
through the tubular wall, it passes into the combustion chamber through the
fuel injector orifices. A POGO suppression system located near the oxidizer
valve is provided to preclude very low frequency oscillations due to coupling
of the engine thrust with the propellant supply system. Key operating
parameters developed during this study are shown in Table 2-1.

2.1.17 Regenerative Cooling

Full regenerative fuel cooling of the thrust chamber was selected vver an
ablative type thrust chamber based upon trade studies conducted jointly by
Rocketdyne and GDSS. The major considerations in this evaluation are

summarized below.
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IGNITION SYSTEM

FLEX " GIMBAL FLEXIBLE
FUEL
JOINTS VALVE A IVOT JOINTS

POGO
~ SYSTEM
[ ] MADN CXIDIZER
VALVE
.
Figure 2-1. Simplified Engine Schematic
Table 2-1. Pressure-Fed Booster Engine
PARAMFTERS FEATURES
e ' PROPELLANT LOX/RP-1
® THRUST (SEA LEVEL) 800 K1bf
®  (CHAMBER PRESSURE 330 psia -
® MIXTURE RATIO 2.5 L] HYPERGOL IGNITION SYSTEM
® EXPANSION RATIO 5.3:1 L SINGLE BALL TYPE VALVES FOR LOW
® Is, SEA LEVEL 238.7 sec PRESSURE DROP
® s, VACUUM 279.0 sec
® NOZZLE
L] EXIT DIAMETER 108.1 in L4 ELECTRO-MECHANICAL ACTUATORS
®  Cp. SEA LEVEL 1.40 FOR TVC AND VALVES
° Cp. VACUUM 1.635 L4 SAME VALVES SERVE AS
bd PERCENT LENGTH 80% ° SHUT-OFF

® COMBUSTION CHAMBER L] THROTTLING

L] CONTRACTION RATIO 1.676

®  CHAMBER LENGTH 48.35 in
®  THROAT DIAMETER 46.97 in
® L-STAR 77.67 in

® INJECTOR
®  DIAMETER 60.81 in ;
®  MODULE DIAMETER 11 in

[ THRUST PER MODULE 42 K 1b
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1. Safety considerations favor the regeneratively cooled engine over the
ablative since a burn through on the ablatjve engine could propagate to
adjacent engines or even to the propellant tanks so that unless engine
shutdown is quickly initiated, a catastrophic failure may result. On the
other hand, if there is a tube leak in a fuel cooled chamber, it
generally does no propagate since the leaking fuel tends to cool down the
area around the leak preventing spreading of the failed area.

2. Quality control - The detection of debond areas in an ablative chamber or
other defects may not be possible through normal non-destructive
techniques such as x-raying. On the other hand, regeneratively cooled
thrust chambers are pressure tested for possible leaks and then hot fired
to check out performance and durability.

3. Performance - The overall booster performance for regenerative and
ablative type thrust chambers is nearly equal. Although the regenerative
system requires a higher tank pressure (resulting in an increase in
booster weight) the performance of the ablative type engine is somewhat
lower (~ 1%) than the regenerative system since a fuel rich bias is used
at the ablative wall to prevent excessive erosion of the wall. Trade
studies have shown that these 2 factors offset each other.

2.1.2 Injector Selection

The selected injector incorporates design techniques based on lessons learned
in a number of previous designs built and tested by Rocketdyne over the past
years. Although simplification of design and cost reduction have been .on-
going goals, the major concern in this effort has been reliability and safety
and the goal of providing the lowest possible pressure drop requirements
consistant with adequate stability margin and performance under nominal as
well as off-design conditions such as occur during engine throttling. A cross
section drawing of the selected injector is shown in Figure 2-2a, and the
pertinent injector characteristics are summarized in Table 2-2.

These are based on and developed from the engine balance for the selected
engine. Key injector considerations influencing the design were the
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Table 2-2. Injector Characteristics

Number of modules 19
Diameter 60.8 in.
Element Pattern Type 1ike on 1ike in

alternate rings

Construction:
. Constructed of CRES, or aluminum, TBD.
. Flat Face with 19 modules sunk into the face.
. Injector face is fuel cooled.
. tannul walls are fuel cooled.
. Cannular floor containing injector elements are

fuel and oxidizer cooled.

propellants (LOX/RP-1), combustion efficiency, chamber pressure, flowrates,
propellant injection temperatures, injection pressure drop, and, most
important, safety and reljability considerations.

The injector shown in Figure 2-2a is divided into 19 separate segments as
shown in Figure 2-2b. Each segment is round in shape and is a miniature
jnjector in the shape of a can (see Figure 2-2c), thus the name *cannular
jnjector". Each can is sunk into the injector face plate. The sides of each
can serves the function of a baffle. Each can thus provides 1/19 of the total
nominal engine thrust, or about 42,100 1b of thrust per can. Each can
contains alternate rings of like on like oxidizer elements, and like on like
fuel elements. The outer ring in each segment is a fuel ring to provide a
fuel rich environment for the surrounding walls. The injector face and walls
of each can are cooled by fuel flowing through cooling passages behind the
surface.

A like on like injector orifice element pattern was selected to give a well

known, conservative injector orifice layout having the highest performance
consistent with an adequate stability margin.
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Each can has a central igniter tube which carries the hypergol ignition fluid
from the hypergol reservoir and manifold through the injector and into each
injector can. The hypergol fluid is in the form of a slug of 1iquid which is
fed through the tube by the pressurized fuel in back of it. For increased
reliability, a dual ignition system is used: one system serves to ignite every
other can, while the other ignites those in between. If one system should
fail, the other will serve to ignite the engine by itself.

2.1.3 Main Combustion Chamber and Nozzle

A conceptual design of the combustion chamber and nozzle is shown in Figure
2-3. A simple tube design was selected for the nozzle, constructed from 347
CRES tubes of constant diameter and wall thickness, available as stock tube
material and formed with simplified tooling. Nozzle reinforcing structure
will also be low cost and from 347 CRES or composite materials. The tubes
are layed next to each other and brazed together along their entire length.
This is conventional construction proven to be very reliable. New
manufacturing techniques having cost advantages are being considered and are
described further in the section on New Technology.

The manifolding will be designed to provide a minimum of pressure drop and
will eliminate complicated manifold closing concepts, weld overlays, and weld
joints close to the exit diameter. Liberal tolerances will be all allowed
where appropriate.

Rocketdyne is conducting a separate study (funded by the Air Force Astronautics
Lab) to reduce the construction cost of this type of combustion chamber and
nozzle. Improved methods will be used where applicable, and where the end
product in no way compromises the safety and reliability of the engine.

2.1.4 Gimbal System Selection

A trade study was made of 3 candidate nozzle/gimbal types after elimination of
the liquid injection thrust vector control based on Phase I study results.
Table 2-3 shows the result of the gimbal system trade for: (1) regenerating
cooled tube wall nozzle with a head end gimbe), (2) an ablative type nozzle
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FUEL DISTRIBUTION

Figure 2-3. Thrust Chamber Assembly

with a head end gimbal, and (3) an ablative nozzle using a flexible nozzle
based on solid rocket motor technology. Included in Table 2-3 are all impor-
tant weight factors which need to be accounted for in the trade study: engine
weight, flexible 1ine (bellows) weight, flex nozzle ring weight, actuator
weight, and total booster weight increase due to the increase in fuel tank
pressure required by the fuel regenerative cooling of the thrust chamber. In
addition, there is a slightly lower performance projected for the ablative
chamber due to the use of some additional boundary layer fuel cooling at the
chamber wall to protect it from possible oxidizer streaking. This effect
translates into a booster weight increase of approximately 9000 1bs based on
the projected 1% lower Isp for the ablative design.
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Table 2-3. Weight Comparison For Pressure Fed Engine
(Thrust = 750,000 LB, Chamber Pressure 400 psia)

REGENERATIVELY ABLATIVE
COOLED TUBE
WALL HEAD END HEAD END GIMBAL FLEX NOZZLE
GIMBAL
CONSTRUCTION TUBES ARE 1/2  ABLATIVE THICKNESS
IN DIAM.AT CHAMBER--1.6 IN DITTO
NOZZLE EXIT THROAT---2.0 IN DITTO

EXIT-----1.0 IN DITTO

ENGINE WEIGHT 4,237 LB 5,760 LB 5,700 LB
_1,150 EXTRA WEIGHT FOR
6,850 FLEX NOZZLE

RING, ETC.
A EXTRA WEIGHT
FOR FLEX LINES 1,160 _1,160
5,397 6,920
ACTUATORS 332 332 332
5,729 7,252 7,182

4 ENGINES PER
BOOSTER X 4 = 22,916 29,008 28,728

BOOSTER WEIGHT
INCREASE DUE TO

DELTA P OF 16,800 .
COOLING JACKET 39,716 29,008 28,728
8 Igp IMPACT

IN'LBS TO

PREVENT 0 ~9000 ~9000
OXIDIZER o o
STREAKING =39K ~38K ~38K

2.2 PRELIMINARY DESIGN AND ANALYSIS

2.2.1 Engine Layout and Description

The regeneratively cooled LRB engine is shown in Figure 2-4. Fuel is conducted
through an 11 inch inside diameter tube to a fuel manifold at the nozzle exit
after passing through the main propellant valve. This conduit contains three
flexible joints and is bent in a so called “wrap-around* configuration visible
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in the top view shown in Figure 2-4. The fuel then passes from the nozzle
exit to the injector through the tubes which constitute the nozzle and
combustion chamber walls. There are 680 tubes, each nominally 0.50_1n. in
diameter which are brazed side by side along their length and brazed into the
distribution manifold at the nozzle exit and brazed into the injector fuel
manifold at the other end. The tubes are constructed of 347 CRES tubing of
uniform wall thickness (0.012 in. thick), but they have each been *booked" and
bent identically resulting in a gradually changing crossectional flow area
from the nozzle to the throat and from the throat to the injector with the
narrowest passage at the throat. The entire fuel flow of 1015. 1b/sec of RP-]
Passes through these tubes, serving to cool the chamber walls and utilize the
collected energy which is returned to the combustion chamber.

The liquid oxygen enters the engine through a wrap-around duct 14 in. inside
diameter and containing three flex joints. It then passes through the main
oxidizer valve and into the injector manifold at the top of the injector.

Just upstream of this valve is a port through which a small flow of gaseous
nitrogen is forced during the pre-ignition period of engine startup. This is
to prevent the phenomenon of geysering which might otherwise occur in a
boiling liquid. The fuel and oxidizer both pass into the combustion chamber
through orifices in the injector. The injector is divided into 19 separate
sections to increase engine stability. Further details regarding the injector
are discussed in a previous section. (See Sec. 2.1.2.)

The engine a has hypergol ignition system similar to that utilized on the F-1,
except that it is duplicated. One system feeds a hypergol propellant slug
into every other one of the 19 injector cans while the second system feeds a
similar slug into the remaining alternate cans. One system will ignite the
engine, so the duality also furnishes the engine with a built in backup
ignition system. The hypergol slugs are pushed into their respective cans by
fuel under propellant tank pressure. The hypergol flow is thus immediately
followed by a very small continuous fuel flow. (This is also discussed in
section entitled Operations.)

In order to accept the active end of the gimballing actuators, the engine is
furnizhed with outrigger struts spaced 90 degrees and projecting outward from

1504z 14



the engine body. The thrust of the engine is carried through a ball pivot
Jocated at the top of the LOX manifold above the injector. This contains the
engine gimbal pivot point. The ball turns within the socket when the engine
is gimballed back and .forth by the gimbal thrusters. The ball and socket are
lubricated with a dry lubricant having a very low coefficient of friction.
(This is further covered in section 2.2.5.) An active POGO suppression cir-
cuit is connected to a branch of the oxidizer 1ine just upstream of the main
oxidizer valve. It has an associated control system which is automatically
activated if the vehicle and booster stage should pass into a POGD type
oscillating mode.

The engine is provided with instrumentation for 1) health monitoring, 2) auto-
matic control, and 3) special operations. (This is discussed in the following
Section 2.2.2.)

The two main propeliant valves are furnished with closed loop valve
positioners so that precise position settings can be accurately repeated
allowing accurate calibration and open loop control of engine thrust and
mixture ratio. All valve actuation is by electric power, obviating the need
for a hydraulic control system. Since this type of actuation is relatively
new, the engine is designed to allow a change to hydraulic actuation such as
has been used in the F-1 rocket engine if the reliability of the all-electric
system is deemed too low. Alternatively an electrically actuated valve with

pneumatic override can be used of which an example is shown in Figure 2-5.

The system will be monitored by an electronic health monitoring system and
will be controlled by an electronic sequencer having a number of different
modes consistant with different operating stages such as pre-ignition stage,
shutdown, emergency shutdown, etc. This system will receive electronic
commands from the vehicle system controller and/or from ground control.
Electronic interlocks are provided to ensure the maximum operational safety,
especially during startup and emergency shut down. (These are outlined in the
sections below.)
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Figure 2-5. Conceptual Valve Design

2.2.2 Schematic and Flight Instrumentation

A schematic of the engine is shown in Figure 2-6. The prevalves shown in each
of the propellant lines are not strictly considered to be part of the engine.
They are included to permit a clearer description of the engine operation and
to better define the engine interface. A list of the engine components shown
in the schematic and their symbols is given in Table 2-1. The gimbal actua-
tors are not shown since it is customary that these be considered outside the
engine package. On the other hand, an analysis of the torques and power
required of these actuators has been calculated and is furnished in Section
2.2.5. The function and use of each of the instruments is discussed in the

section entitled Engine Operation, Section 2.2.6.

2.2.3 Performance (Full Thrust and Throttled)

Theoretical parametric performance data was generated to permit optimization
of the vehicle. The nozzle exit diameter was limited to 108 inches maximum.
The mixture ratio is held constant at 2.5 and the C-star combustion efficiency
is held constant at 0.94. This efficiency is considered to be attainable, and
to be a reasonable compromise between stability margin and performance. A
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diagram showing the meaning of the dimension terms used in the performance
computer printouts, Figures 2-8 and 2-9 is shown in Figure 2-7.

The design point, shown in Figure 2-8, consists of an engine having a sea
level thrust of 800,000 pounds and a chamber pressure of 330 psia. The
characteristics of this same engine when throttled to 60% of nominal thrust is
shown in Figure 2-9. The pressure budget values and their relative changes
under throttled conditions and under propellant tank blowdown conditions are
shown in Table 2-4. Referring to the table, the engine chamber pressure is
first decreased in steps by closing down on both the oxidizer and fuel
throttle valves while holding the engine inlet pressure constant (top half of
Table 2-4). Secondly, both throttie valves were set so as to give 95 percent
of nominal chamber pressure, and this setting was held constant while the
engine inlet pressure was decreased in steps. This condition explores the

possibility of allowing the propellant tank pressures to decrease in order to

GIMBAL LENGTH

NOZZLE LENGTH

'A* 3'—-.

COMBUSTER t—

INJECTOR
FACE ™=

JRISTANCE
DEFINITIOMSE —=THROAT DIAM.
EQR - o m—t= =EXIT
PERFORMANC DIAM.
TABLES ‘
.
4 ]
\ 7 =
| I .Y
-
ENGINE LENGTH
* A & B ARE NOT GIVEN IN
THE PERFORMANCE TABLES

Figure 2-7. Definition of Computer Printout Terms
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Vaccus Thrust (K1b) = 934,972
Yacuue 1sp (sec) = 279.821

Chasber Pressure (psia) = I3p.ppe
Mozzle Area Ratio (Ae/At) =  5.3p8

ODE Isp (sec) = 305,30
Energy Release Eff, (1) = 94,308
Divergence Etf. (1) = 98,161
Throat Area ({in##2) £1732.857
Naz2le Length (in) = 91,389
Lontraction Ratio s 167
Vacuue Cf = 1,839
Throat Diasster (in) = 45,972
Bicbal length lin) = 34,732

Figure 2-8. Baseline Design

: Case No.
Vaccue Thrust (X1b) = 514,538
Vacuus Isp (sec) = 277.559

Chasber Pressure (psia) = 217.280
Kozzle Area Ratio (Re/At) = 5,388

00z Isp (sec) = Jp4. 154
Energy Felease Eff. (1) = 94,088
Bivergence Eff, (1) = 98.161
Throat frea (ined2) 21732.342
Kozzle Length (in) = 91,295
Contraction Ratio = 1.6bb
Vacuus Cf = 1.6
Throat Diaceter (in) = 48,945
Eigbal length (in) = 54,564

Figure 2-9. Baseline Design Point

R |

Case No. 402 o

Sea Level Thrust (K1b) = BE. 023
Sea Level 1Isp (sec) = 238.242

T/C Miztere Ratio (B/F) = 2588
Nozzle Percent Length (1) = Bb,B2p

ODE C-star (ft/sec) =5b41.8T7
Kinetic Eff. (1) = 99.B43
BounBary Layer Eff. (1) = 99,2t5

Engine Exit Diaameter (in) = 198,137
Engine Length {in) = 194,389
L-Star (im = T7.k8b
Sea Leve]l Ct = 1,39
Injector Diaseter (in) = 49,812
Coxbuster Length (in) = 48, %5

Point for Pressure Fed Engine

402A .
Sea Level Thrust (X1b) = 488,008
Sea Level Isp (sec) = 216,856

T/C Mixture katip {0/F) = 2,588
Norzle Percent Length (1) = 8e.BED

DDE C-star (ft/sec) =5813. 889
Finetic Eff, (2) = 99,788
Boundary Layer Eff, (X) = 99,285
Engine Exit Dianeter (in) = 188.12}

Engine Length {in) = 193,748
L-Star (in) = 75.592
Sea Leve! Cf = .77
Injector Diaseter (in) = bh.627
Cosbuster Length (in} = 47,980

Throttled to 60% of Nominal Thrust
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obtain a programmed reduction in thrust during a typicé] vehicle boost. This
would allow a reduced quantity of pressurant gas to be required. The setting
at a constant 95 percent of full open will permit continued control.of mixture
ratio and/or a vernier adjustment in thrust by small but relatively rapid
movement of both throttle valve positions around the nominal 95 percent point.

The design point, shown in Figure 2-8, consists of an engine having a sea
level thrust of 800,000 pounds and a chamber pressure of 330 psia. The
characteristics of this same engine when throttled to 60% of nominal thrust is
shown in Figure 2-9. The pressure budget values and their relative changes
under throttled conditions and under propellant tank blowdown conditions are
shown in Table 2-4. Referring to the table, the engine chamber pressure is
first decreased in steps by closing down on both the oxidizer and fuel throttle
valves while holding the engine inlet pressure constant (top half of Table
2-4). Secondly, both throttle valves were set so as to give 95 percent of
nominal chamber pressure, and this setting was held constant while the engine
inlet pressure was decreased in steps. This condition explores the possi-
bility of allowing the propellant tank pressures to decrease in order to
obtain a programmed reduction in thrust during a typical vehicle boost. This
would allow a reduced quantity of pressurant gas to be required. The setting
at a constant 95 percent of full open will permit continued control of mixture
ratio and/or a vernier adjustment in thrust by small but relatively rapid
movement of both throttle valve positions around the nominal 95 percent point.

The above pressure budget is not specifically precise to the engines under
discussion, but is included to give an indication of typical values to be
expected.

2.2.4 Weight Breakdown

An estimate of the engine weight as calculated by estimating the weight of
each of the components has been made. The weight breakdown is shown in
Table 2-5.
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Table 2-5. LRB Pressure-Fed Baseline Engine Weight

COMPONENT WEIGHT  TOTALS
IN LB
INJECTOR AND THRUST CHAMBER 3,690
OUTRIGGERS 817
GIMBAL 125

VALVES 335

ENGINE 4,237 4,237

ACCESSORIES:
INLET DUCTS 1,160
ACTUATORS (HYDRAULIC) 300
1,460 1,460
ENGINE SYSTEM TOTAL 5,797

2.2.5 Gimbal System Summarv Use and Power

To determine the torque and horse power required to drive the engine through
an arc about the gimbal pivot point, a study was made of the various
contributory factors. The requirements are:

maximum gimbal excursion + 6 degrees
maximum angular velocity 10 degrees/sec

X . X 2
maximum angular acceleration 1 radian/sec

The gimbal system weight has been shown in Table 2-5 above. (Note that the
following sections on gimbal torque and power have been calculated for a
thrust of 750,000 1bs and will require updating to reflect the increased
thrust to 800,000 1bs.)

Acceleration Force. The engine moment of inertia about the gimba) pivot

Joint was estimated by dividing the engine into lumped masses at various
distances from the pivot point and adding their moments of inertia. The
maximum torque and power were calculated with results shown in Table 2-6.
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Table 2-6. LRB TYC Torque Breakdown for Head End Gimba)

Name of In-1b> of Percent
Contribution Torgie of Total
Moment of Inertia 66,283 in.lb B 3

Flex Line Stiffness

LOX LINE 86,616 in.lb 11 s

FUOEL LINE 58,512 in.1lb T s

Thrust Vector Offset 220,820 in.1lb 25 %

Gimbal Friction 264,800 in.lb 33 %

Gravity and Accel. 116,144 in.1lb 15 &
at 3 g

Total = 791,475 in.lb 100 ¢

Lever Arm = 72.73 in
Force Regd.= 11198.1 1b

Borse Power at 10 Deg/sec = 208.82 B,.P. (input)

Basis:
Engine Thrust = 809200 1lb
Engine Mass = 5608 lbm (wet)
Lever Arm = 72.73 in
CG Distance = 62.62 in
Frictn.Coef.= 0.66
Thrust Offset 3.25 in

Reguirements:

Angular Excursion = + or - 6 Deg

Angular Slewing Rate = 10 Deg/sec

Angular Acceleration = 1 radian/sec sguared
Propellant Line Pres.= 600 psia

Nomin,Fuel Line Diam.= 106 in
Nomin.Oxid.Line Diam.= 13 in

Stiffness of Flexible Lines Using Metal Bellows. A computer program was
utilized based on the successful experience with the flexible lines used in
past Rocketdyne engines, namely the F-1, the MA-5, the SSME, and others. The
present configuration consists of two wrap-around propellant lines each
containing three flexible bellows joints. The lines are 10 in. and 13 in.
inside diameter for the RP-1 and LOX lines respectively (for an engine of
750,000 1b thrust), while the bellows for these lines are 11 in. and 14 in.
inside diameter respectively. The yield stress is based on SSME practice, and
is 84,000 psi. The wall thickness for the RP-1 joints is 0.035 in. and for
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the LOX joints is 0.050 in. The program takes into account internal
pressures, angulation, wall thickness, height of the bellows, diameters,
system geometry, etc. The results are shown in Table 2-6.

Thrust Vector Offset. The maximum expected offset after adjusting the pivot
location subsequent to engine testing is determined to be 0.25 in. (Ro).
Development testing may allow a downward adjustment of this value. Note that

this torque is one of two major contributors to the total.
Gimbal Friction. The gimbal friction torque shown in Table 6 is based on a
coefficient of friction of 0.06. New dry lubricants show promise of reducing

this to 0.02. This is the other major contributor to the total torque.

Gravity and Acceleration. Gravity and acceleration both act on the center

of gravity of the engine. If the vector sum of these accelerations does not
pass through the pivot poini and through the center of gravity (C.G.), they
will exert a torque on the engine. The value in the table is only approximate
since the value depends upon the orientation of the vehicle with respect to
the earth and to the acceleration vector of the vehicle.

2.2.6 Engine Operation

Enqine Startup and Shutdown. The steps required to start the engine and to
perform a shutdown are tabulated and shown in a timeline in Figure 2-10. The

steps performed will be initiated by an automatic sequencer and provide com-
plete remote control capability and implementation. The left hand column in
Figure 2-10 gives the action taken, while the next column provides a brief
explanation for the action. The right hand side shows the estimated time and
duration for each of the actions. The times shown are only engineering esti-
mates. Actual times will be obtained during development testing.

2.2.7 Interface Requirements

Utility Requirements. The interface requirements are divided into two, 1)

with the vehicle on the ground and utilities furnished by the ground facili-
ties, and 2) during flight, with the vehicle providing the utility requirements.
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Figure 2-10. Engine Startup and Shutdown P A 2

PRE-PROPELLANT LOADING CHECKOUT ASSUMED COMPLETED

PROPELLANT LOADING

. Fuel side antifreeze solution fill valve
opened to load antifreeze and closed
again and disconnected at the quick
disconnect.

2. Close Pre-valves

3. Open oxidizer anti-quysering helium flow
valve located above engine interface.

4. Fi11 propellant tanks and Pressurant Await propellant tanks full
tank. tondition signal.

EXPLANATION OF ACTIONS TAKEN
Await completion of task signal
and enter into logic tree.

Are all prevalves closed?
Check for valve open conditijon. AN

PREPARATION STAGE
3. Carry out instrumentation and contro!
systems checkout and valve position
indication checkout.
a. Confirm availability of on board
electrical electrical power.
b. Confirm igniter circuit checkout.
c. Exercise valve positions and
throttle valve actuation.
d. Etc.
2. Send engine ready signal to central control. T

Enter confirmation that each
component is functional re.

a simple pre-launch test and
enter data into logic tree

of a failure is detected, send
warning signal to central
control system.

PRE IGNITION ENGINE START SEQUENCE STAGE

1. Receive engine pre-ignition start signal
from central control.

2. Activate electronic pre-ignition
electronic start sequencer.

3. Open LOX manifold GN2 purge valve. This is to prevent moisture

4. Open LOX prevalve and close anti- from condensing from the T
geysering valve above it. outside air.
5. Open anti-guysering valve just ahead (A very slow flow of gas [

of main LOX valve introduced at the lowest

6. Open Fuel pre-valve and move hypergo) point will prevent geyser.) ,
ignition system 3-way bleed valves -
to the bleed position S

7. Open fuel bleed valves for TBD seconds This is vent any trapped
(valves are part of hypergol ignition gas just ahead of the
system). hypergol slug.

8. Send engine ready signal to central
control system indicating that engine
is in PRE-FIRE condition and awaits
the countdown

9. At a TBD peint in the countdown, switch

This should be just a few

electric power and purge gas supply
to the on-board flight configuration
systems from the facility system, and
send signal to central control
confirming this action completed.

/ FOLDOUT FRAMF:
15042 25

seconds before the commence
ignition signal is anticipated
to be received.




Figure 2-10. Engine Startup and Shutdown (concluded)

IGNITION STAGE

1.

2.

3.

10.

1.

Receive commence-ignition signal from
central control.

Activate ignition start sequencer and
ignition start logic checkout sequencer.
Activate engine health monitoring
system.

. Open main LOX valve at programmed rate.
. Close LOX manifold helium purge valve

and close anti-guyser valves.

. Fire pyro igniters at nozzle exit (Pyro

duration is TBD seconds)

. Activate dual hypergol ignition

system.

. Open main fuel valve at programmed

rate.

. Switch electronic health monitoring

system from ignition redline values

to engine mainstage values.

Switch from ignition sequencer control

to main stage logic and contingency
sequencer control (if they are different).
Activate POGO control system.

SHUT DOWN

1.

2.

3.

4,

Distinguish between end of burn shutdown
emergency shutdown, etc.

Precise opening rate TBD frec
development tests. The siow
rate is to prevent “"water
hammer".

Dual hypergol is to provide
backup for ignition system.
Fuel valve is opened on sig.
from fuel manifold pressure
“yp* signal.

End of boost time shutdown (normal programmed

shutdown) TBD
Emergency shutdown (Engine-out shutdown)
a. Activate shutdown electronic sequencer
b. Change red-line settings to emergency
shut down mode
. Ramp LDX valve closed
. Ramp fuel valve closed
Deactivate POGO system
Close both prevalves
. After TBD seconds (to allow
engine cooling) crack main LOX
valve open about 1% to allow
escape of locked-in oxygen between
majin LOX valve and its pre-valve
h. Reset health monitoring red-line
values to long term emergency
shut down mode
Other types of emergency shutdowns-—-TBD

O ~h O OO

Estimated Start Transient:Propellant Usage

LOX 1500 b
RP-1 900 b
1504z QRN rAGE 18 26
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SECONDS AFTER IGNITION SIGNAL

3 4 5 6 7 8 9 10

RN

IGNITION START
IGNITION CONFIRMED

L— IF IGNITION IS NOT CONFIRMED BY THIS POINT, SYSTEHM
SWITCHES TO ENGINE SHUTDOWN PROCEDURE DESIGNATED AS
A "NO IGNITION SHUTDOWN"

[SMAIN STAGE ACHIEVED WITHIN 5% OF NOMINAL Pe

> >
H
.
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A preliminary interface sketch in Figure 2-11 shows the dimensions from a
reference point to the centers of the outriggers and propellant lines.

Multi-Engine Ducting. The layout of the bottom of the LRB stage shown in
Figure 2-12 is very preliminary and represents a first attempt to combine the

engines with propellant manifolds and pre-valves above them. The skirt
diameter shown is considered excessively large. Placing the outrigger inboard
will allow some redﬁction in skirt diameter. (Another method of reducing the
skirt diameter is considered to be new technology and is covered in that
section.)

2.3 POGO & STABILITY ANALYSIS

2.3.1 Introduction & Summary

A critical aspect is that the pressure fed engines not result in vehicle
POGO. A study of such an engine was considered in the early 1970's
(Rocketdyne report R-8934) and had recommended use of an active POGD
suppressor. In subsequent studies of this type of suppressor for application
on the SSME, problems were encountered near the upper frequency range for the
control. A re-evaluation of the potential POGO problem was conducted and is
discussed in this section.

Simulation of the feedline/engine dynamics indicate that the pressurized
engine will have a very destabilizing effect on the vehicle, primarily due to
the high ratio of thrust/chamber pressure.

Based on a 60 ft LOX feedline, the first resonance will be in the 10 Hz range
and have high damping. Net destabilizing thrust feedback will be greater than
8000 1b/G. Estimating a vehicle mode with modal mass of 105 1b and 1/2%

modal damping the open loop gain was 8.0 with zero loop phase. This would be
a highly unstable situation since the maximum gain for a stable system is 1.0.
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The feedline damping suggests that instability could occur even with consi-
derable frequency mismatch between the feedline and structure. Feedline gain
is even larger at lower frequencies so that the engine would decrease sta-
bility of the major Orbiter-ET mode in the 4 Hz range, unless the booster is
attached near a nodal point of that mode.

A passive suppressor would have an unreasonable size, greater than eleven
cubic ft of gas, to move the feedline frequency down to 2 Hz. If additional
jmpedance were added to the feedline above the suppressor connection, a
smaller amount of gas would be required. Such impedence would also be
required if an active suppression device is considered.

while an active suppressor design might be possible, it is rather high risk.
Such a design was tested for the SSME providing nearly 6 db of attenuation in
the active band but also providing instability at higher frequencies due to
phase roll-off of the servo. A narrow band active suppressor might be
possible and some concepts are available which could provide gain roll-off
with minimum phase penalty and alleviate the instability situation.

2.3.2 The POGO Phenomenon

POGO is to a space vehicle what flutter is to an airplane; a potentially
destructive unstable vibration, which can be a program show stopper. It
usually shows up as a low frequency structural vibration occurring during the
boost phase, gradually growing out of the background noise, leveling off and
decaying back into the noise. An example from the second unmanned Saturn
flight is shown in Figure 2-13. It may occur at several times in flight and
at different frequencies. During the oscillation growth period, the vehicle

is unstable and the maximum amplitude cannot be predicted in advance of flight.

The problem can be very serious on manned vehicles because vibration, which
would not cause structural failure on the vehicle, can cause severe pain and
severely impare capabilities of the astronauts (Figure 2-14). Based on the
Titan-Gemini and Saturn-Apollo programs, NASA decreed that appropriate work
would be done to assure that the Space Shuttle is free of POGO. The SSME
jncluded a suppressor between the low and high pressure LOX pumps, which

1504z 31



MAX AMPLITUDE
0.2 ~
ENGINE 1 e
¢ 07— T T —
oad™® stc\\/a stc ENVELOPE EQUATIONS
G =™
Ge dG/dt = 0™
0.2 i 2
ENGINE 5 e Leofepu,)
¢ V= T T —
100 SEC 140 SEC v =2705 33,3 red/sec
.2 . : L
L J
4.
MAX SYSTEM GAIN 0.1%
0.25 -
: UNSTARE
’\( [ = DAPING FACTOR OF
CLOSLD LODP SY5TCH
& \ AT STRUCTURAL FRCQUENCY
[} o T T T X T > 4 0%
100 10 120 130 140
TIME \\\\
(STC) X
«0.25 < stane , P &0

Figure 2-13. Engine Gimbal Black Accelerometer Outputs from Apollo-Saturn
502-S-IC Stage, Showing Envelope of Oscillation and Method of Determining
Damping Factor of Closed Loop System at the Structural Mode Frequency
(Wn = natural frequency in radius/sec)

absorbs flow fluctuations in the 5-40 Hz range. In addition, the suppressor
forces the lowest frequency feedline mode to below the first critical
structural frequency. In effect, the entire frequency range below 40 Hz is

protected by the suppressor.

The problem involves the vehicle structure, the column of propellant in the
The structure supports the engine and the engine
As the engine moves forward, pressure at the

feedline and the engine.
supports the propellant column.
engine inlet increases, producing a force acting upward on the propellant and
downward component on the engine and structure. This increased pressure

causes additional flow into the engine, which is burned in the main thrust
chamber, producing an additional upward force component on the structure.

the upward force from the engine is greater than the downward force at the

engine inlet, the engine acts like negative structural damping with potential

If
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Figure 2-14. Couch vibration and AS-503 Crew Acceleration Tolerance

for POGO. The instability usually requires tuning of a feed system resonance
with a structural resonance. Tuning and detuning occurs naturally during a
flight as the propellant in the tank is consumed. Figure 2-15 is a block
diagram showing coupling of the significant subsystems. With the structure
and feed systems tuned to the same frequencies, the forward loop has maximum
gain and zero phase shift. With zero feedback the two resonances are
uncoupled. With small negative feedback, damping of the closed loop root
associated with the structure is increased resulting in greater stability.
With positive feedback, damping is decreased with potential for instability.

The engine has two effects on the POGO loop. It is the lower boundary of the

propellant column helping to set the feedline frequencies and damping. In
addition, it defines the ratio of upward thrust component to engine inlet
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Figure 2-15. POGO Block Diagram

pressure, the so-called engine gain, which is the key to the POGO
instability. From the previous discussion, critical engine gain (causing
decreased stability of the simple model) occurs when:

aPc aPo
where:
F = Thrust
PC = Chamber pressure
Po = Engine inlet pressure
As = Engine inlet area

Values of allowable engine gain for several large rocket engines are shown in
Figure 2-16.
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VEHICLE PROPELLANT As/B
THOR LIQUID OXYGEN n.126
RP-1 0.126
TITAN 11 NITROGEN TETROXIDE 0.126
HYDRAZ INE/UDMH 0.087
s-1¢ LIQUID OXYGEN 0.312
RP-1 0,281
s-11 LIQUID OXYGEN 0.245
LIQUID HYDROGEN 0,245
SPACE . LIQUID DXYGEN 0.722
SHUTTLE LIQUID HYDROGEN n.722

Figure 2-16. Comparison of As/§§c For Several Engines Involved with POGO

There is limited experience with POGO on pressurized rocket engines.

Normally, this type engine is not used as a major booster engine due to the
high tank weight. When used as a minor thruster, the vehicle mass is so great
that the closed loop does not have sufficient gain to produce an instability.
One exception might be the Lance weapon system, although the frequency was
high enough so that it was also considered as a vibration sensitive chug

problem.

One of the important features of pressurized systems is that there is no NPSH
sensitive pump compliance and pump cavitation gain to consider. Inlet. system
dynamics are, therefore, much easier to predict. The problem of potential
tuning with the widely varying structural resonance, however, remains.

Pressure Fed Engine Gain. The range of critical Space Shuttle structural
frequencies is from 2 Hz to about 30 Hz. In the most critical 2 Hz range, the
engine itself can be well described by steady state gain values.

Using the fuel and oxidizer engine inlet pressures and flows, the steady state
gains can be calculated from the following linear perturbation equations:
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1) Pp - P o= (28P/Wg) W

2) Po - Pc = (ZAPO/WO) Wo

P

.. - % * IR
3) P o= (=) (w_+w) + (P/C") (3C /aMR) () (W, - w)
c wo . QF o F c WF) (o] F

With operation near the peak of the C* vs MR curve the second factor in
equation 3 is small and may be neglected with little error.

For a representative LOX/RP-1 engine, the values are as follows:

|
]

o 3244 1b/sec, oxidizer weight flow rate
EF = 1247 1b/sec, fuel weight flow rate
Fc = 500 psi , chamber pressure
Fo = 750 psi » engine inlet pressure, oxidizer
FF = 750 psi , engine inlet pressure, fuel
F =10%0 , thrust
M.R. = 2.80 , Mixture ratio

This results in the following gains:

= 0.624 w_ + 0.223 Wo

P F

Po = 0.377 w, + 0.223 we

PC = 0.223 (Qo + WF)
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OR

Qo = 3.364 Po -1.202 PF

QF = 2.032 P. ~ 1.202 Po

F

Pc = 0.482 Po + 0.185 PF

Assﬁming feedline diameters of 15 inches for the LOX and 12 inches for the
fuel, the net upward force for a unit inlet pressure variation is:

oP
3F L ¢ _ = QR4-177 = (PFS = Pressure,
AF/Apos aPc X aPos Aos = 964-177 = 787 Fuel, Suction,
PFS held constant)
sF/ap_ | =2E & e A - 370113 = 257 (POS = Pressure,
Fs aPc aPFs Fs Oxidizer, Suction,
POS held constant)

In other words, the stabilizing downward force on the engine is only 20-30% of
the destabilizing upward thrust force.

On the SSME, a gas type suppressor is used on the engine in the oxidizer
system between the LPOTP and HPOTP. Flow fluctuations generated upstream of
the engine by vehicle vibration act on the resistance of the LPOTP and provide
a stabilizing force. Most of the flow variations are absorbed by the gaseous
suppressor minimizing HPOTP inlet pressure variations. The reduced HPOTP
inlet pressure variation results in a very small amount of flow being forced
into the thrust chamber and a very small amount of destabilizing thrust

variation.

Another significant feature of the SSME is the ratio of thrust to chamber
pressure. One psi chamber pressure produces only about 160 1b of thrust,
while for the pressurized booster, this value is about 2000 1b/psi. Without a
suppressor, 1 psi at the engine inlet produces about 1/2 psi in chamber
pressure. With a 12" inlet duct, we obtain a downward force of 113 1b and an
upward thrust force of only 80 1b. With the pressurefed engine and a 15" LOX
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inlet duct, 1 psi at the fnlet produces 177 1b downward and 964 1b of
destabilizing upward force.

Inlet Line Dynamics. The feedline geometry and propellant selection affect

the resonant frequency and gain and, therefore, are critical to POGO as
indicated in Figure 2-15. RP-1 has a density of 50 Ib/ft3 and an acoustic
velocity of 4000 ft/sec while LOX density is about 70 lb/ft3 and its

acoustic velocity is 3000 ft/sec. Typically, the heavier propellant tank is
forward to minimize vehicle C.6. motion during boost so that the LOX feed
system will have the greatest acceleration head and the lowest resonant fre-
quencies. As previously indicated, the gain of the LOX system (of the engine)
is about 3 times the gain of the fuel system, so that from all standpoints,
the LOX system is most critical. In this discussion, only the coupling due to
the LOX system will be considered, although any actual analysis would consider
both propellants. It will be assumed that the feedline s 60 ft long while
the propellant height in the tank is a maximum of 80 ft.

Both the tank bottom and engine inlet motion generate flow disturbances, which
result in engine inlet pressure variations. Depending on vehicle mode shapes,
the tank bottom and engine inlet motion may be in or out of phase. At the
lowest (2 Hz) resonance, it can be assumed that the tank and engine are in
phase, although they probably have a different amplitude. In this assessment,
the tank bottom and engine accelerations were chosen as independent, in order
to evaluate their sensitivity. The combined effect could be determined by
vector addition of the two components if structural mode shapes were known.

It was assumed that a friction pressure drop of 25 psi exists in the feedline
under steady flow and that the entire line from the tank to the oxidizer
injector can be described by a 15" diameter line, 60 ft long.

Figures 2-17 and 2-18 show the oxidizer injection pressure response to accel-
eration of the engine (PSI/G). At the lowest frequencies, the gain is approxi-
mately equal to the gravity head. The critical condition is when injection
pressure is in phase with engine velocity so that injection pressure logs
engine acceleration by 90°. This corresponds to about 10 Hz and a gain
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Figure 2-17. Oxidizer Injection Pressure Gain Response to Engine Acceleration
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Fiqure 2-18. Oxidizer Injection Pressure Phase Response to Engine Acceleration
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of 20 db (10 psi/G), although several other critical frequencies are also
shown. This case also represents the dynamics near end of burn when the tank
is empty but the line is full. The anti-resonances (at 25, 50, 75 Hz) result
in very low gain at these frequencies and are stable regardless of the
critical phase.

Figures 2-19 and 2-20 show the inlet pressure response to tank bottom accel-
eration for an effective tank height of 10 ft (i.e. 5 psi/G). Acoustics were
not used to model the fluid in the tank, only the incompressible gravity head,
since much of tank dynamics will be associated with bulkhead motion and tank
structure, rather than simply acoustics. Tank motion can result in signifi-
cant tank bottom pressure, however, because of 1ight damping in the structure.
At the first feedline resonance where injection pressure logs acceleration by
90°, the gain is 2.8 psi/G (9.0 db).

Without a significant tank bottom resonance, the acceleration of the engine is
the dominant effect, producing about 7870 1bs of net thrust/G in the direction
of applied acceleration.

Now assume that the vehicle modal mass associated with a major structural
resonance in the 10 Hz range is 105 1bs with 1/2% of critical damping. The
response at resonance is about 1x10'3 G/1b. The open loop gain through the
structure and back through the engine is 7.87 ignoring tank motion. Since the
Toop phase shift is zero and the loop gain is greater than 1.0, an instability
would result.

At a frequency as low as 2-4 Kz, where they are currently dominant vehicle
modes, the phase shift through the feed system is small but the component in
phase with the velocity is still appreciable and could lead to an instability
at that frequency.

Options. One potential option is the configuration with the LOX tank aft.
The effect of the LOX system is decreased while that of the fuel system is
increased. The longer fuel line required (~100 ft) would place its resonance
(for RP-1) at about 10 Hz. While the injection pressure per G of engine

acceleration would be similar to the LOX system, the engine gain (APC/APFI)

15042 40



-
-
-
! 1

T T T T T ]
0.0 80.0 100.0 120.0 140.0 160.0 180.0
FREQ

Figure 2-19. 1Inlet Pressure Gain Response to Tank Bottom Acceleration

N

T T T T T T T T 1
6.C 2.0 40.0 6.0 80.0 100.0 120.0 140.0 160.0 180.0
FREQ

Figure 2-20. Inlet Pressure Phase Response to Tank Bottom Acceleration
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is reduced by about a factor of 3. With the LOX tank aft that feedline
resonant frequency is much higher but it is nearly assured that tank bottom
motion is in phase with engine motion and of similar stroke. In this case,
both the fuel and oxidizer play important parts with the 1ikelihood being that
either system resonance tuning with the structure would be sufficient for an
instability.

Another option is that a passive POGO suppressor might be designed to avoid
instabilities. The major problem with a passive suppressor is to obtain a
reasonable compliance. Assuming a gas such as heljum, the compiiance, C
(1b/psi), is approximately equal to 42 V(ft3)/P(psi). For the 60 ft

feedline, the gas volume required to reduce the lowest resonant frequency to 2
Hz is about 11 cubic ft. If the feedline damping were smaller and gains were
such that the minimum loop gain were only slightly greater than unity, it
might be possible to control POGD by only minor detuning so that major
feedline and structural resonance were never tuned. The large damping
associated with the LOX line as indicated by both the gain and phase response,
as well as the high open loop gain, indicate that this is not a feasible

approach.

One more option is the design of an active POGO suppressor using a servo
driven piston. To be effective, the piston must remove or supply flow to the
main duct such that pressure variation at the LOX injector are reduced by an
order of magnitude. To augment such a suppressor, a high impedence must be
added in the main duct upstream of the suppressor connection. This might take
the form of an orifice (~200 psid), a section of smaller diameter ducting (~5'
of B" ducting) or a windmilling inertia wheel built like a pump inducer. The
upstream impedence allows the suppressor to have an effect on the local
pressure without excessive stroke. A detailed review of impedence vs.
suppressor flow requirements should be made.

Based on phase compensation difficulties encountered in attempting such a
design for the SSME, the design of a broad band active POGO suppressor is
considered to be high risk. It is possible that a narrow band suppressor
could be designed but it would require good definition of the structural
dynamics over the flight trajectory.
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2.3.3 Recommendations

Since it is 1ikely that a large pressurized booster with long feedlines would
produce vehicle P0OGO, it is suggested that further studies of an active
suppressor be made. For such a suppression concept to be feasible, additional
feedline impedence must be added above the suppressor connection. While an
orifice or necked down section of line could be used, a windmilling inducer
designed to act as a fly wheel might result in less vehicle weight penalty.
Without such impedence, the volumetric flow requirements may be very large.

Any active suppressor study must consider a realistic feedline geometry and an
estimate of vehicle modal frequencies and gains. These are required to obtain
reasonable estimates of suppressor stroke vs. frequency. Particular attention
must be paid to servo system phase errors near the frequency limit of the
servo valve. These errors resulted in system instability at moderate
frequencies (~40-50 Hz) during concept testing of a similar system for the
SSME.

2.4 RELIABILITY ANALYSIS

A preliminary Failure Mode and Effects Analysis (FMEA) is shown in Table 2-8,
for a pressure fed LRB. A comprehensive reliability analysis of this engine
has not been performed and a reliability history of pressure fed engines of
similar size and requirements is not available.

However, based on a cursory jtem-by-item comparison with pump fed engines of
similar requirements that have an established reliability record, the -
requirement of 0.99 R at 90% confidence appears reasonably attainable. This
was done by summing up the known unreliabilities of major components and
subassemblies that are not used in this configuration, such as valves,
controls and ducting and taking into account the other differences between the
engine types and applying them to the known reliability values of the base
engine. The result is an jndicated positive result on the estimated
reliability of this engine at the prescribed confidence level.
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2.5 LRB PRESSURE FED ENGINE PROGRAMATICS

The development plan for the LRB pressure fed engine is presented in this
section. The overall development schedule is shown in Figure 2-21. The 5
month (4 1/4 years) engine development program is designed to support a first
vehicle launch in the third quarter of 1994 and therefore would benefit from a
Phase B effort and a technology program directed at defining the best injector
configuration. A benefit of the Phase B design effort would be to allow early
Tong lead procurement of casting tooling for some of the major components such
as the thrust chamber manifolds. The technology program should be stated in
parallel with this Phase B effort and completed in time to provide data for
design of the injector. This effort would significantly reduce risk during
the hotfire test phase.

As indicated in Figure 2-21, engine test facilities are required by the second
quarter of 1992. These facilities are assumed to be provided by the
government or the vehicle contractor. Forma)l Pre-Flight Rating Tests (PFRT)
are planned prior to the first flight and Flight Rating Tests (FRT) to certify
readiness for production and full operational status are planned after the
first flight.

2.5.1 Engine Development Philosophy

The engine test plan has been developed (in terms of numbers of tests and
hardware) on the basis that the engine design provides robustness and the
design margins are applied to the normal power level (NPL) operating
conditions resulting in higher margins at throttled conditions. A design team
including engineering, manufacturing, procurement, operations, reliability,
producibility, quality and maintainability functions will be fully integrated
into the design and procurement process to assure a cost effective low risk
engine. Lessons learned from numerous previous large engine development
programs will be applied. These include:

1. Component level testing will be conducted in an engine simulating

environment to the maximum extent possible.
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2. Extensive 1imits testing will be conducted at both the component and
engine level.

3. Overstress testing will be conducted on a majority of the test units.

2.5.2 Program Approach

Initial effort will consist of analyses and design, making extensive use of
Rocketdyne's well anchored analytical tools. Detailed shop drawings will be
produced and reviewed during the Critical Design Review (CDR) scheduled 21
months after program start. 1In parallel with the design effort, procurement
of long lead casting tooling will be initiated. It is planned to select the
casting supplies early in the program and include them as part of the design
team for these parts to be produced by the casting process. Laboratory
testing of control system components will be initiated as soon as they are
available. The primary objective of the component testing is to drive out
design problems and evaluate potential failure modes identified in the Fajlure
Modes and Effects Analysis (FMEA).

The engine test program is designed to drive out random failures and wear-out
problems. Engine testing will be initiated as soon as possible. The initial
engines will be heavily instrumented to assure that problems can be analyzed
and solved in an expeditious manner. Limits and overstress testing will be
introduced as soon as possible to verify design margins. valid component and
engine test data will be used to verify the analytical tools used for design

and simulation.

2.5.3 Test Plan

The pressure fed booster test plan is presented in Figure 2-22. As indicated,
component tests are planned for the control system components and for the
injector prior to testing of the complete engine system. The following is a

discussion of each of the planned test activities.

Control Components Testing. The control components include the main LOX

valve, main fuel valve, control and condition monitoring instrumentation,
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check valves, igniter fuel valves, pneumatic control console including solenoid
valves, electrical burners and an electronic controller package. Control com-
ponents testing will be conducted at Rocketdyne's existing laboratory test
facilities. Three sets of control system components will be procurred for
laboratory testing. The planned testing is shown in Figure 2-23.

Injector Component Testing. The modular design of the thrust chamber
Injector allows early testing of a full sized individual module (uni-module)

at the component level. Testing of a uni-modules will be accompliished at
existing Rocketdyne small engine test facilities at the Santa Susana Field
Laboratory. The objectives for this test program are to verify the stability
and performance of the uni-module early in the program to allow design changes
to be made to the full injector assembly prior to engine test. Three uni-
modular test articles are planned. The first test module will be used to
evaluate ignition characteristics using a hypergolic fluid and stability and
cooling characteristics. The second and third test articles will have the
additional objective of demonstrating performance. Each of the 3 test
articles will be subjected to bomb tests at limit conditions of propellant
inlet pressure and temperature to verify the capability of the stability aids
to dampen pressure surges over the full operating range.

Engine Test Program. The first complete engine test is scheduled for the

fourth quarter of 1992. The planned development program for the pressure fed
booster is divided into 5 phases. These phases are described in Figure 2-24.
The first 3 phases are intended to evaluate and demonstrate the maturity and
reliability of the engine. The specified demonstrated reliability requirement
for the engine is 94 percent at 90 percent confidence. The last 2 phases of
the development program are intended to formally demonstrate that the ehgine
is ready for the first flight and subsequent production and operational use.
The minimum number of tests and engines required for each of the 5 phases of
the development program are defined in Figure 2-25. Also shown in Figure 2-25
is the expected test realization factor, that is, the number of tests that are
expected to abort or not produce valid data. This factor is used for planning
the total number of tests for the development program. The risk factor for
the program is also shown. Since the pressure fed LOX/RP-1 LRB is considered
a2 low risk program, a factor of 5 percent is applied to the number of tests
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Test Phase Descriptions

Phase

Characterization

2. Life Development

Reliability Demonstration
. Pre-Flight Rating (PFRT)
Flight Rating (FRT)

Descriptions

Testing Designed to Fully Evaluate Engine Operation
Includes Tests to Evaluale:

« lgnition + Gimbaing

« Start/Shut + Limits

= Perlormance « Ovaersiress

» Stability + Failsale
+ Duration * Heal Exchanger
» POGO

Testing Designed to Evaluate the Life Margin in the Engine Design
Testing Designed to Demonstrate that Engine Reliability is as Specified
Formal Testing Specifically Designed to Demonstrate Readiness for First Flight

Formal Testing Specifically Designed to Demonstrate Readiness for Production
and Full Operation

88CS-008-18

Figure 2-24. Engine Development Program
Requirements
Phase Requirements
Characterization * 100 Tests on 3 Engines
Life Development * Formal Demonstration Life on 3 of Every Component During Engine Testing

Reliabilty Demonstration
(99% Rel. at 90% Confidence)

Pre-Flight Rating (PFRT)
Flight Rating (FRT)
Spares
Exctors
Test Realization
Risk

* Total Number of Tests Can Be
Reduced by Combining Objectives

Figure 2-25.

230 EFDT's on 8 Engines

10 Full Duration Tests Each, on 2 Engines

Formal Demonstration Life on 2 Engires
20 Percent

10 Percent

5 Percent

88CS-008-19

Engine Development Program
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and engines. As indicated in Figure 2-24, the charactlerization phase testing
js designed to fully evaluate engine operating characteristics. The test
objectives for each engine assigned to this phase are shown in Figure 2-26.

The number of engines required for the development program is based on the
design 1ife specified. Since the LRB pressure fed engine will be used in the
expendable mode, its mission life requirement is one. However, the demon-
stration of the maturity and re]iabi]ity of an expendable engine requiresthat
each engine be capable of many tests. By defining the design life requirement
at 60 missions, this allows each engine to be tested at least 30 times during
the first three phases of the development program with a safety factor of 2
resulting in a significant hardware cost savings. These engines can also be
tested 10 times each during the formal PFRT and FRT test phases thus demon-
strating a factor of 2 on the number of starts (5) that could be expected for
a production flight engine. These 5 starts include: 2 acceptance tests,
allowance for 2 on-pad aborts and 1 flight.

The minimum number of tests and engines assigned to each phase of the engine
development test plan are shown in Figure 2-27. Additional tests and engines
based on the test realization, risk and spares factors are also shown. As
indicated a total of 462 tests and 17 engines are required to complete the
development and flight certification of the pressure fed LRB engine. Figure
2-22 shows that 3 engine test positions are necessary to compliete the planned
engine tesi program. A test frequency of approximately 2 tests per week per
test position is planned. Also note in Figure 2-22 that in addition to
1esiing the 17 engines required for the development program, the 5 engines
required for the main propulsion test article (MPTA) are acceptance tested

prior to delivery.

2.5.4 New Technology Requirements

Large Propellant Valves and Electric Actuators. Recent advancements in the

technology of building very high speed, powerful yet small electric motors has
made an all eleciric fighter plane possible; j.e., no hydraulics are required
on such a vehicle. This concept may well be applicable to the subject design,
especially since smaller versions of such valve actuators have been
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Engine Serial Numbers Test Allocation®
Test Objectives 001 002 003 Tests Engines Total
Ignition X 11 1 1
Start and Cutolf X 10 1 10
Perlormance X X 8 2 16
Stability X ) 4 X 5 3 15
: Duration X X 3 2
Gimbaiing X X 3 2 ]
Limits X X X 5 3 15
Overstress X X 3 2 6
Fail Safe X 3 1 3
Heat Exchanger X X 2 2 4
Pogo X X 4 2 8
* Primary Objective Indicated, Muliple Compatible Objectives Wil Be Total Tests = 100

Accompiished on Each Test

Figure 2-26.

88CS-008-16

LRB Pressure Fed Test Matrix - Characterization Phase

Development
Character- | g ol | prAT FRT | Reaiomion | o | P | T
SlS|e1sl2]&E[2|l8]2]& = =& S =&
10| 3 |30] 3 {230f 8 {2]|2|2]- s | 22| 1 4 |as2| 2
88CS-008-17

* Total Number of Tests Can Be Reduced by Combining Objectives

Figure 2-27.
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LRB Pressure Fed Engine Development Program
System Test/Hardware Requirements
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constructed at Rocketdyne specifically for use as main propellant valves in
rocket engines. Figure 2-5 in Section 2.2.1 shows a drawing of such a valve.
Scaling up to the large diameters required here can be considered to have low
technical risk and result in a substantial gain in simplifying the job of
valve actuation in very large rocket engines. This concept has also been
considered as applicable to implementing gimbal thrusters as discussed with
GDSS.

The Use of Tridyne to Furnish Heated Pressurant Gas. Rocketdyne has
pioneered the use of Tridyne, which §s a mixture of mostly inert gas with a

smal]l amount of both oxygen gas and hydrogen gas. The later gasses are
present in such small amounts that they cannot burn with a flame or detonate.
This gas mixture, however, when passed through a catalyst will cause the
oxygen and hydrogen to react almost instantly, creating enough heat to raise
the temperature of the gas effluent by as much as 1500 F. By decreasing the
percentage of reactants, aimost any temperature rise less than this can also

be achieved.

Rocketdyne and GDSS have together conducted preliminary analyses to determine
the relative merit of such a system when applied to solving the task of
minimizing the weight of pressurant gas required in the subject, very large,
relatively high pressure propellant tanks. Although considerable progress was
made to show that the method has promise, some analytical and experimental
work is indicated to determine certain empirical factors as follows:

1. How low in temperature can helium Tridyne be stored and stili
spontaneously heat itself when passed through a catalyst which is also at
a low temperature. It is desirable to store the pressurant at the lowest
possible temperature. Use of the catalyst has been successful at
temperatures as low as -65 degrees without any evidence to show that the
reaction was not normally taking place. However, it should be established
experimentally if such a lower 1imit does exist. If a low catalyst
temperature does present a problem, it can be solved by supplying an
electric preheat. However, it should be determined where if any such
heating might be required, and at what temperature.
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2.  When gas is allowed to vent from a tank, the remaining gas in the tank
undergoes a poytropic expansion which cools it. This causes the pressure
to drop and results in an excessive amount of gas to remain in the pres-
surant storage tank at the end of the burn. The gas in the storage tank
should be heated to allow a greater amount of gas to be expelled from it,
thereby requiring less mass of gas to be Joaded initially. However, heat
transfer methods to a stagnant gas inside a high pressure storage tank is
difficult and requires an excessively large heat exchanger. A new method
of doing this is to provide for two Tridyne storage tanks connected in
series, so that when the first one becomes ctool, hot gas from a second
tank is introduced into the first one utilizing the difference in pres-
sure to perform mixing of the hot gas being introduced with the cold gas
already there. This cascading of tanks could be extended to 3 or more
tanks. The optimum is not presently known. Further analytical work can
be utilized, but only engineering laboratory type tests specifically
aimed at evaluating this method will conclusively determine its merits.

3. The amount of cooling which the pressurant gas undergoes when it enters a
partly empty LOX tank is not easily calculated and may best be determined
experimentally. This is not unigue to Tridyne, since it is a -roblem
faced by any method utilizing heated pressurant gas.

4. Tridyne gas contains a certain amount of water after passing through the
catalyst bed. It is not known what, if any harm is done to the
functioning of the liquid oxygen slorage tank and associated feed system
by the ice particles which may well form inside the ullage space above
the LOX surface. 1Ice crystals may fall into the LOX where they will
float on the surface and should do no harm. However, this action needs
to be studied enough to confirm this.

Development of Extended Range Flex Line Joints to Reduce Skirt Diameter. 1If
the flex lines would permit engine pivot angle excursions of plus or minus 12

degrees instead of 6 degrees, then there is the possibility that the four
engine cluster could be grouped together much more closely, and might reduce
the skirl diameter by as much as 3 feet. This would be achieved by changing
the gimballing mode to a single quadrant for each engine, one engine for each
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of 4 different quadrants. The same steering moment is achjeved by deflecting
2 engines at 12 degrees, as with 4 engines at 6 degrees (approximately). The
dynamic response and power required of the actuators fis, however,‘greatly
jncreased. Additional preliminary analysis of this concept should be

undertaken to determine its merits.

Development of an Injector Concept Using Ablative Material Between the
Cannuls. This concept consists of utilizing a thick ablative layer fastened

to the face of the injector which simultaneously serves the function of
baffles for engine stabilization and to aid in cooling the injector face. The
concept of utilizing ablative material for this purpose is new and will
require some development work. However, this design is an extension Snd
combination of known techniques and is considered to present Jow technical
risk. A preliminary design of such an injector has already been made. A
development effort on a small scale has promise for advancing large size
engine technology.

2.6 LOX/RP-1 PRESSURE FED LIQUID ROCKET BOOSTER PRELIMINARY
CONTRACT END ITEM (CEI)

2.6.1 Background

The LOX/RP-1 pressure fed Liquid Rocket Booster engine is being designed to
provide booster propulsion for the Space Shuttle. The primary objective of
the LRB study was to identify and evaluate a viable LOX/RP-1 pressure fed
engine candidates that would meet the requirements for the STS and would have
commonality with the Space Transportation Main Engine (STME) currently being
studied.

2.6.2 Selected Engine Description

The selected engine configuration utilizes LOX and RP-1 as propellants. RP-]
is used to cool the MCC and nozzle after which it is injected into the

injector.
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2.6.3 Pressure Fed LOX/RP-1 LRB CEI Requirements

This document presents the preliminary CEI requirements that the LRB must
fulfill to satisfy the requirements for the STS. These requirements are as
follows:

Performance. A1l performance values stated herein are nominal values. The
minimum and maximum values will be determined during subsequent study
efforts.

1) Engine Thrust - The LRB shal) be capable of producing 935,000-1b
vacuum thrust at the normal power level (NPL) and 614,900-1b vacuum
thrust at the minimum power level (MPL). The engine shall be capable
of throttled down from NPL to MPL in TBD seconds.

2) Specific Impulse - The specific impulse for the LRB shall be as
follows for the two vacuum equivalent thrust operating points:

Thrust Level Sea Level Is (seconds) Altitude Is (seconds)
935,000 1b (vac) 239 + TBD 279 = TBD
614,900 1b (vac) 217 £+ TBD 278 + TBD

3) Main Combustion Chamber (MCC) Propellants

Propellants Injected State
Oxidizer - Oxygen (LO7) Liquid
Fuel - RP-1 (H3) Liquid

4) Engine MR - The engine MR for the pressure fed LRB shall be as
follows for the two thrust operating points:

Thrust Level Mixture Ratio

935,000 1b (vac) 2.5
614,900 1b (vac) 2.5

5) Acceptance Calibration - The acceptance calibration for the LRB shall
be as follows:

Thrust (NPL) - 935,000 Tb + 3% (vac)
(MPL) - 614,900 1b + 3% (vac)
MR (NPL) - 2.5 %1%
{MPL) -2.5 £ 1%
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6)
1)

8)

9)

10)

11)

12)

13)

Coolants - The coolants for the MCC and nozzle shall be RP-1.

Burn Duration - The LRB shall be capable of maximum burn duration of
180 sec at NPL and MPL.

Uncoupled Thrust Oscillations - The engine-produced uncoupled
oscillatory thrust shall be no greater than the following for the
respective specified frequency ranges:

R=0 tol.5H F =+ 6000 1b
R = 0.5 to 1.5 Hz F =2 1500 1b
R =1.5to 2.5 Hy F=gt 450 1b
R = 2.5 to 100 Hy F =2 1500 1b

For the purpose of performing data analysis to verify engine
compliance in the critical frequency range oscillatory shall be
defined as the average value of an oscillation over at least 16
cycles.

Combustion Stability - The engine-produced main chamber pressure
oscillations shall not exceed * 5% of the mean steady-state pressure.

pamping time for artificially induced pressure spires shall be TBD
milliseconds maximum.

POGO Suppression - The éngine shall provide a POGO suppression system
in accordance with the following requirements (TBD).

Engine Controller - The electrical engine control system shall be
capable of continuous operation at ambient temperature for an
unlimited period of time during checkout and maintenance.

System Checkout and Monitoring Capability - The design shall include
onboard checkout capability, redundancy verification, and status
monitoring during ground operations. The engine design shall include
2 1imit control system capable of automatically initiating engine
shutdown to prevent catastrophic failure.

Operations. The operational requirements presented herein are preliminary

and represent nominal values. The maximum and minimum values will be

determined during subsequent study efforts.

1)

2)
3)

15042

Engine Start - The engine start system shall have self-contained
control within the engine envelope. The start sequence shall be
started by a single electrical signal from the vehicle or ground
source.

The engine shall be capable of one start after each ground servicing.

The engine start sequence shall be capable of achieving normal power
level (NPL) thrust in less than TBD sec.
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4)

5)

6)

The thrust buildup rate shall not exceed TBD 1b thrust in any 10-msec
time period.

Starting Impulse - The starting thrust impulse to NPL shall not
exceed TBD lb-sec.

Throttling Contro) - The engine shall be equipped with a thrust
control system capable of raising the thrust at NPL to the specified
thrust at MPL in the event of an engine condition-out during a
vehicle launch.

a) Throttle Rate - The engine thrust control system shall be
capable of raising the engine thrust from NPL to MPL at the
rate of TBD lb-sec any time after reaching NPL.

b) The thrust control system shall be capable of a step response
of TBD 1b thrust increase in less than TBD sec after a step
command.

Engine Shutdown. The engine shall be capable of a safe shutdown from any

power level including the start sequence.

1)

2)
3)

The engine shutdown sequence shall be capable of reducing thrust from
NPL to zero in TBD sec.

The shutdown impulse shall not exceed TBD 1b/sec from NPL.
The engine shall be capable of shutdown from any defined thrust level

upon receipt of an electrical command at a rate of TBD 1b thrust
change per any 10-msec time interval.

Environmental Conditions. The engine shall be capable of operating safely

under the following conditions:

1)

2)

3)

4)
5)

15042

The engine shall be cagab]e of operating safely where exposed to a
hat flux of TBD Btu/fté-sec and a surface temperature of TBD°F.

The heat transfer coefficient that shall be used for design is. TBD
Btu/sec-ft2°F.

The surface temperature of lines or surface in contact with cryogenic
propellants shall be controlied to preciude the formation of 1iquid
air.

Acceleration Loads - TBD

Shock Loads - TBD

Ground Handling and Transportation Loads - TBD
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6)

1)

8)

Storage Life - The engine shall be capable of being transported and
stored over an ambient temperature range of TBD°F to TBD°F, an
ambient pressure range of TBD psig to TBD psi,, a relative humidity
of 100% at temperatures less than or equal to TBD°F.

a) The engine shall suffer no degradation of reliability .or
operating 1ife during the storage period, subject to the
inspection and maintenance requirements TEBD.

Exposure — The engine system and components shall be capable of being
transported and stored without deterioration in areas where
conditions may be encountered having salt spray and relative humidity
as experienced in coastal regions. The engine system and components
shall be capable of withstanding exposure to sand and dust when
equipped with proper closures.

Lightning - The engine controller shall be designed to operate
without damage in accordance with TBD lightning protection criteria.

Prelaunch. The engine shall be designed for minimum prelaunch servicing.

1)

2)

3)

4)

1504z

Ground Service - The engine shall be capable of achieving pre-launch

thermal conditioning without ground servicing in less than 78D

minutes from the time propellants are supplied to the engine.
Recirculation flow rates to achieve thermal conditioning are as
follows:

LOX - TBD 1b/sec
RP-1 - TBD 1b/sec

The engine shall be capable of servicing and maintenance while in
either the horizontal or vertical position.

The engine shall not require any servicing from ground equipment

within 24 hr after propellants are loaded.

External or internal leakage of propellants shall not occur in such a
manner as to impair or endanger the engine/vehicle function. Leakage
monitoring capability shall be provided with the design objective
that separable connections not exceed 1 X 10-4 sec helijum at leak
check pressure.
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5)

The engine shall not require any monitored redlines external to the
engine prestart and shall provide a continuous engine-ready signal to
the vehicle when all critical parameters monitored by the engine
control system are within TBD conditions.

Interface. The engine shall require the following conditions at the

respective interfaces with the vehicle:

1)

2)

3)

4)

5)

6)

Propellant inlet conditions at engine start:

a) LOX - TBD psia to TBD psia, 163 to 170°R
b) RP-1 - TBD psia to TBD psia, 510 to 550°R

Propellant inlet conditions during mainstage:

a) LOX -~ TBD psia to TBD psia, TBD to TBD°R
b) LHp - TBD psia to TBD psia, TBD to TBD°R

Electrical

a) The engine shall be suppiied TBD dc V

b) The engine shall be supplied TBD ac V

c) The controller shall be engine supplied and mounted.
Pressur%zation Gas - Requirements TBD.

Purge Requirements - Nitrogen, in accordance with MIL-P-27401, and
helium, in accordance with MIL-P-27407, shall be used for operational
and servicing purges and leakage tests.

a) Operational Purges - TBD
b) Servicing Purges - TBD

Digital Interface

a) A suitable digital interface shall be provided for vehicle
commands to the engine.

Physical Requirements. The physical requirements presented herein are

preliminary and represent nominal values. The maximum and minimum values will

be determined during subsequent study efforts.

1)

15042

Envelope - the maximum engine width s 108 in. and the engine height
is 189 in.
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2)

3)

4)

5)

6)

weight - The engine weight is as follows:

ory Wet
Basic engine 4,237 1b T8D
Accessories 1,460 1b T8D
Thermal Insulation T8D 1b TBD

Gimbaling - The engine shall be capable gimbaling in a £ 7° square
pattern at a gimbal rate of 10°/sec and an acceleration rate of 1.0
rad/sec squared. The engine shall provide attach poinis for the
vehicle-furnished actuators. The gimbal system shall be capable of
returning the engine to null position at engine shutdown. The gimbal
system control meljum is TBD.

Engine Alignment - The engine shall be aligned so that the actual
thrust vector is within 30 min of an arc to the engine centerline and
within 0.25 in. of the gimbal center. The gimbal center shall be
within 0.010 in. of the engine centerline.

Engine Fluid Interface Ducts and Lines - The engine shall supply all
jnterface ducts and lines with a minimum of TBD in. straight section
upstream of the engine interface plane.

Engine Electrical Interface - Al engine electrical connections from
the vehicle shall be located in a single, engine-mounted panel.

Reliability. The reliability of the configuration upon which the final
f1ight certification is based shall be that which is necessary to ensure

functioning within the specified design life.

1
2)

3)

4)

15042

The engine design life is 1.0 missions at NPL.
The engine shall be designed for a minimum of 5 main stage ignitions.
Fail-Safe Design - The engine shall be capable of shutdown from an
internal signal without damage to other systems.
Structural Criteria - The engine shall be designed to provide the
following minimum factors of safety:
Minimum yield - 1.3
Minimum ultimate - 1.4 combined loads
Minimum ultimate - 1.5 pressure only
Minimum proof - 1.2 times EPL operating conditions,
unless fracture mechanics requires a
higher factor
Low cycle fatigue - 4.0
High cycle fatigue - 10.0
Note: Components should be designed for 1.25 on endurance limit where
feasible
67



Diagnostic Monitoring. The engine shall be capable of self-diagnostics in

real time. Unsafe conditions shall cause an engine-generated shutdown unless
inhibited by the vehicle.

1) Diagnostic data will be recorded for postfiight analysis.
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3.0 PUMP FED LOX/RP-1 ENGINE

This section presents the selected LRB LOX/RP-1 pump fed booster rocket engine
configuration and characteristics resulting from the technical analyses and
trade studies.

A baseline engine concept was selected based on ongoing Space Transportation
Booster Engine (STBE) studies and experience along with trade studies for the
STS application. An engine performance and pressure balance was generated for
the selected configuration and the resultant parameters were used to establish
the pertinent combustion chamber, injector, nozzle, and turbopump character-
jstics leading to the recommended configuration and physical design.

3.1 ENGINE/SUBSYSTEM CONFIGURATION SELECTION

The hydrocarbon engine selected for the pump fed LRB uses LOX/RP-1 propellants
at a Emergency Power Level (EPL) chamber pressure of 1400 psia and 2.8 engine
mixture ratio. The selected engine cycle is a gas generator cycle producing
1800 R turbine drive gases to drive the RP-1 turbopump and the LOX turbopump
which are in series. Series turbines were selected to minimize the secondary
flow performance losses of the Gas Generator, (GG gases) which are exhausted
into the thrust chamber nozzle at an area ratio of 16:1. The nozzle exit area
ratio is 27:1 which represents a nozzle exit pressure of 6 psia at nominal
operating design conditions. The nozzle contour is an 80% bell with a
4-degree exit wall angle to accommodate sea level operation at minimum power
Jeve] without nozzle flow separation. The engine layout is shown in Figure
3-1a and 3-1b. A simplified flow schematic is shown in Figure 3-2.

3.1.1 Thrust Chamber Cooling Selection

The thrust chamber consists of an injector, main combustion chamber (MCC), and
a nozzle. The RP-1 fuel is used to cool the surfaces of these components
exposed to the 6500 R combustion gas environment. To adequately cool these
components while maintaining a minimum component weight, each component w111
use specific fabrication techniques and materials. It is desirable to use a
1ight weight tubular construction for the nozzle/MCC. This design technique,
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Figure 3-2. Simplified LRB LOX/RP-1 Pump-Fed Engine Flow Schematic
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using stainless steel tubes, is most satisfactory for a low heat flux nozzle.
However, the high heat fluxes of the MCC at 1400 psia requires that it be
fabricated of a copper base alloy (NARYoy-Z) milled channel configuration,
typical of the SSME. Therefore, a one piece construction MCC/Nozzle as used
for lower chamber pressure thrust chambers, i.e., the Atlas and the pressure
fed LRB is not feasible for the high Pc pump fed engine. As discussed

later, the injector will be a ring-type design similar to other LOX/RP-}
injectors and will use OFHC copper rings, as was used in the F-1 injector for
adequate injector face cooling.

The nozzle to MCC attachment point is at an area ratio of 5:1 where 50 percent
of the RP-1 is used to cool the nozzle and 50 percent is used to cool the

MCC. This 50/50 flow split and 5:1 attachment location provides the lightest
weight engine with the lowest RP-1 pump discharge pressure. An up-pass
cooling circuit is used for both the MCC and nozzle. A fraction of the nozzle
coolant is diverted to the gas generator and the remainder is mixed with the
MCC coolant and discharged to the main injector. The nozzle coolant AP is

Tow compared to the MCC and provides the highest energy level RP-1 to the gas
generator. The cooling characteristics and energy levels are depicted in the
engine balance tables of section 3.2.3. Fuel cooling was selected over
oxidizer cooling from a materials compatibility standpoint.

3.1.2 NPSH Reguirements With and Without Boost Pumps

The inlet pressures to the oxidizer and fue] pumps were selected to be 65 psia
for the oxidizer and 45 psia for the fuel. With these pressures, boost pumps
are not required and a reduced engine weight with fewer components result.

The impact of LOX pump inlet pressure on engine performance, turbine tip
diameter, and engine weight are depicted in Figure 3-3. The design point
selected was 65 psia without a boost-pump. The design point of 45 psia for
RP-1 is based on similar trade factors.

Pump inlet lines from the fuel and oxidizer tanks should have an upstream

straight section length five times the inlet diameter. This length may be
reduced nearly 50-percent if flow vanes and flow straighteners are
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properly designed; however, these may require considerable design, analysis
and development.

3.1.3 Injector Selection and Rationale

The main injector is a ring type injector with self-impinging oxidizer and
fuel doublet orifice pattern similar to past LOX/RP-1 injectors. These rings
will be fabricated of OFHC copper, similar to the F-] injector, to provide
adequate injector face cooling at 1400 psia chamber pressure.

The injection pattern will be similar to the high performing RS-27 engine but
will be closer packed. Combustion stability aids, in the form of RP-1 cooled
baffles and MCC injector-end accoustic absorbers will be employed. Main
injector propellant ignition will be attained using multi-element B85/15
TEA/TEB hypergol introduced to the injector at ignition start propelled by the
RP-1. Again, this is the well developed ignition system used on previous
LOX/RP-1 engines. Start sequencing will also be identical to that developed
for previous Rocketdyne engines.

3.1.4 Mixture Ratio Control During Throttling

The pump fed LRB throttling capability is +10% and -25% for a 35% throttling
range. This is a fairly large throttling range for incompressible fluids such
as LOX/RP-1 and will slightly penalize the pump discharge pressure
requirements to provide adequate dynamic and combustion stability of the main
injector. A design AP/PC of the gas generator and main injectors of 20%

was used for the LRB engine.

During the throttling excursions the gas generator mixture ratio will be main-
tained constant to provide a constant combustion gas temperature of 1800 R to
drive the hot gas turbines. This approach was taken for three reasons. First,
1800 R is abbut as high a temperature as one would use without further turbo-
machinery materials development and elaborate cooling concepts for the gas
generator. Secondly, 1800 R has been shown by past experimental testing to be
the temperature/mixture ratio that produces the least amount of carbon
deposition on the turbomachinery. Thirdly, maintaining a constant gas
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generator combustion gas temperature requires a minimum secondary flow (GG
gases) and results in the highest attainable energy level and maximum engine
performance during throttling.

Since the GG gas flowrates are a small percentage of the engine f]oﬁrates. the

thrust chamber and overall engine mixture ratio is not significantly impacted
and the engine operates at maximum efficiency over the mission trajectory.

3.1.5 Gas Generator (GG) Exhaust

The GG gases are symmetrically discharged into the nozzle at an area ratio of
16:1. This concept was selected for packaging purposes and to provide the
maximum engine performance by entraining and expanding these exhaust gases
with the main propellant gases. There is also a secondary benefit attained
through GG gas cooling the nozzle which reduces the RP-1 coolant aP of the
nozzie.

The selection of the area ratio to discharge the GG gases is based on the
minimum area ratio acceptable to maintain the required pump pressure ratio for
maximum performance while providing minimum engine weight and minimum engine

packaging dimensions.

3.1.6 Control

A closed loop control system will be required for the LRB pump fed engines to
accommodate the throttling requirements. For reasons previously discussed,
the gas generator mixture ratio will be constant throughout the 35 percent
throttling range. To attain this, the gas generator fuel valve will be used
to control the GG mixture ratio and turbine inlet hot gas temperature as noted

in Figqure 3-4.
3.2 ENGINE DESIGN ANALYSIS AND OPERATION
Engine system layouts, design description, engine balances, engine systems

weight breakdown, flight instrumentation, and engine systems schematics are
presented for a LOX/RP-1 LRB engine which operates at a design baseline
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Emergency Power Level, (EPL) thrust of 791 K1b (vac) and 1400 psia chamber
pressure.

3.2.1 Engine Description

The selected engine configuration was shown in Figure 3-1 with pertinent over-
all dimensions and interface information. Engine flow schematics were
previously presented in Section 3.1. Engine design features are noted in
Table 3-1 with engine design and operating characteristics summarized in
Figure 3-5, and with combined engine flow schematic and operational
characteristics shown in Figure 3-6.

Table 3-1. LOX/RP-1 Pump Fed Engine Design Features

» Thrust « Throttiing +10%/-25%
+ Cycle « Gas Generator

« Main Combustion Chamber  « Channel

+ Nozzie + Tubular
« Oxygen Turbopump » 1 Stage Centrifugal

, * Fuel (RP-1) Turbopump « 1 Stage Centrifugal
« Boost Pump + None
oS G
+ Start Type « Turbine Spin Start
* Inlet Ducts « Scissors

88CS-008-14

3.2.2 Engine Instrumentation and tontro]

The LRB control and health monitoring system will utilize both performance and
in-situ condition monitoring instrumentation to determine the overall health
of the engine system to the extent required for acceptance testing. The
health monitoring system will be integrated into the control system functions.
The engine condition monitoring sensors are Jisted in Table 3-2 with a pre-
liminary list of performance and redline instrumentation shown in Table 3-3.
The performance instrumentation is used by the controller to modulate the
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valve actuators to regulate both a constant gas generator mixture ratio and
thrust level throttling.

Table 3-2. Engine Acceptance Testing Condition Monitoring Sensors

Bearing Sets (count)

Isotope Wear Analyzer Sets

Fiberoptic Bearing Deflectometer 1
Shaft Torque Intervals (count)

Torquemeter
Plume Combustion Monitors

Spectormetric Anamalous Combustion

Specie Detector System

Spectormetric Mixture Ratio Detector 1

Optical Leak Detector System* 1

—_ =W

*Leak detector system is mounted on the facility, 1 per engine.

Table 3-3. Preliminary Performance and Redline Flight
Instrumentation List for the STBE

# MEASUREMENT

1. Engine LOX Inlet Pressure

2. Engine LOX Inlet Temperature
3. LOX Pump Shaft Speed

4, LOX Pump Acceleration

5. LOX Pump Discharge Pressure
6. LOX Pump Discharge temperature
7. Engine LOX Flowrate

8. GGOV Inlet Pressure

9. GGOV Inlet Temperature

10. GGOV Inlet Flowrate

1. GGOV Position

12. GGOV Discharge Pressure

13. GGOV Discharge Temperature
14. GG LOX Injector Pressure

15. GG LOX Injector Temperature
16. MOV Inlet Pressure

17. MOV Inlet Temperature

18. MOV Position

19. MOV Discharge Pressure

20. MOV Discharge Temperature

21. MCC LOX Injector Pressure

22. MCC LOX Injector Temperature
23. Engine Fuel Inlet Pressure
24. Engine Fuel Inlet Temperature
25. Fuel Pump Shaft Speed

26. Fuel Pump Acceleration

27. Fuel Pump Discharge Pressure
28. Fuel Pump Discharge Temperature
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Table 3-3. Preliminary Performance and Redline Flight
Instrumentation List for the STBE (Continued)

# MEASUREMENT

29. Engine Fuel Flowrate

30. MFV Inlet Pressure

31. MFV Inlet Temperature

32. MFV Positiaon

33. MFV Discharge Pressure

34, MFV Discharge Temperature

3s5. MCC Fuel Injector Pressure

36. MCC Fuel Injector Temperature

a7. MCC Coolant Inlet Pressure

38. MCC Coolant Inlet Temperature

39. MCC Coolant Discharge Pressure
40. MCC Coolant Discharge Temperature
41. Nozzle Coolant Inlet Pressure

42. Nozzle Coolant Inlet Temperature
43, Nozzle Coolant Discharge Pressure
44 . Nozzle Coolant Discharge Temperature
45, GG Hp Injector Pressure

46. GG Hy Injector Temperature

47. MCC Chamber Pressure

48. MCC Chamber Temperature

49. GG Chamber Pressure

50. 66 Chamber Temperature

51. Fuel Turbine Inlet Pressure

52. Fuel Turbine Inlet Temperature
53. Fuel Turbine Discharge Pressure
54. Fuel Turbine Discharge Temperature
55. LOX Tubine Inlet Pressure

56. LOX Turbine Inlet Temperature

57. LOX Turbine Discharge Pressure
58. LOX Turbine Discharge Temperature
59. Nozzle Inlet Turbine Gas Pressure
60. Nozzle Inlet Turbine Gas Temperature
61. He GOX Outlet Temperature

2.2.3 Engine Performance and Throttling Characteristics

Engine design and operating parameters at Emergency Power Level (EPL) are
presented in the Engine Balance Printout (Table 3-4). Engine performance over
the throttling range is presented in Table 3-5.

The nozzle exit area ratio and exit contour was selected for 6 psia exit

pressure at the design chamber pressure and without flow separation at minimum
power level for sea level testing.
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Table 3-4.

LOX/RP=1 LRS EMERG ,POWER LEVEL (FMeGDCAP3)

ENGINE DESCRIPTION

TYPE
TURBINE DRIVE CYCLE
PROPELLANTS
TURBINE ARRANGEMENT
THRUST

VACUUN

SEA LEVEL

MIXTURE RATIO
COOLANT BYPASS ~ ACTUAL
COOLANT JACKET BYPASS
OELIVERED SPECIFIC IMPULSE
VACUUN
SEA LEVEL

CNGINE SMIPT PUNDFLI ANT PRI SSUNT
INMLET TEMHEHATUHL

PUME JHEET NIt

PROPELLANT PLUWRATE

PROPELLANT BULK DENSITY
COMUUSTOR AND NOZZLE DCSCAIPTION

CHAMBER PRESSURE

PRIMARY AREA RATIO

OVERALL AREA AATID

NOZZLE PERCENT LENGTH

PUEL INLET MEAY OF FORMATION
CIMBAL LENGTM

COMBUSTOR LENGTM

NOZILE LENGTH

ENGINE LENGTH

ENGINE WEIGHT

PRIMARY ENGINE EXIT OIAMETER
OVERALL ENGINE EXIT DIAMETER
CONTRACTION RATIO

COMBUSTOR OIAMETER

THROAT AREA

THROAT DIAMETER

cCsus r

C* erPICIENCY

COOLANT FLOWRATE

COOLANT DELTA P

COOLANT EXIT TEMPERATURE

HEAT InpPyUT

COOLING JACKET QUTLET PRESSURE

GG GAS PROPERTIES

GAS TEMPERATURE

GAS MIXTURE RATIO

GAS MOLECULAR WEIGHT
GAS PROCESS GAMMA

GAS Cp

GAS FLOWRATE

FUEL HMEAT OF FORMATION
FUEL INLET TEMPERATURE
COMBUSTION PRESSURE

15192

(units)

(Las)
(Le8s)

(NONE)
(PERCENT)
(PERCENT)

(SEC)
(SEC)

(Pota)
(VLG W)
{rr7)
(LBS/SKEC)

(LB/FToe])

(PSIA)
(AE7AT)
(A€/7AT)

{PERCENT)
(XKCAL/MOLE)
{1N)

(In)

(IN)

(Im)

m)

(IN)

(IN)
{NONE)
(In)
{In®e2)
(1n)
(NONE)
(NONE)

(Las/sec)
(PS1D)
(DEG R)
(BTU/SEC)
(PSIA)

(DEG R)

(NONE)
(GMS/GN=-NMOLE)
{NONE}
(8Tu/LB-DEG R)
(LB/SEC)
(RCAL/MOLE)
(OEG R)

(PSIA)

Engine Balance Printout

{CootaGr nrrF )

BELL

GAS GENERATOR
02/7RP=1
SERIES

791400 . 00(ENGINE)

473231.%0

2.5J0(ENGINE)
87.78

321.92(ENGINE)
273.88

OXIDIZER FUEL

A% . 0o 48 .00

o2, 10 80.Uu

V7.04 120.78
i701.90502

1734.758251
83,958 (ENGINE)

1402.50
26. 21
27.2%
80.00
~4.31
28.67

1.8827(T/C)
.9600(7/C)
COMBUSTOR
Jap.22
1522.79
024 47
51632.54
1711.08

NOZZLE
272.40
152.28
1082, 04

08694.55
1711.08

FUEL OXIDIZER

1800.00 1622.82

. 649
102.32302
-5.76
$20.00
1402.50

642
103.02002

82

779239.81(T/C) 12180.19(SEC)

2.708(T/C)

330.82(T/C) 118.04(SEC)

OV0.44U/Z{CNGINL)
620.63382(T/C)

1.8389(S4C)

+8670(SEC)



Table 3-4.

LOX/RP-1 LR EMERG .POWER

TURBOPUMP DESCRIPTION

pumP

# OF STAGES
HORSEPOWER
ROTATING SPEED
EFFICIENCY
INLET PRESSURE
OUTLET PRESSURE
PFLOWHATE

INOUCER

TIP DIAMETER

TiP SPEED

INLET FLOW VELOCITY
£LOW COEFFICLIENT

IMPELLER

TIP DIAMETER

TIP SPLED

TP WIDTM

HEAD COEPPICLENT
BLADE ANGLZ

MEAD RISE (OVERALL)
STAGE SPECIFIC SPEED

BOOST PUNP

MINIMUM DELTA P
HUB/TLIP RATIO

TURBINE

15192

TYPE

# OF STAGES
HORSEPOWER

PLOWRATE

EPPICIENCY

PRESSURE RATIO
ADMISSION

VELOCITY RATIO

PITCH OIAMETER

1ST STG SLADE HEIGHT
28D STG BLADE MEIONT
PITCHLINE VELOCITY
INLET MUB/TIP RATIO
EXIT MUS/TIP RATIO
TIP SPEED

BEARING Ow*E-6
ANNULUS AREASN®®20E-10
IMLET PRESSURE

OUTLET PRESSURE

INLET TEMPERATURE
OUTLET TEMPERATURE
1ST BLADE TEMPERATURE
2ZND BLADE TEMPERATURE

LEVEL (PNeGDCAPI)
(UNITS)

(NONE)
{HP)
(RPM)
(NONE)
(PS1A)
{PSIA)
(L0/5CC)
(Gom)

(IN)
(FT/SEC)
(FT/SEC)

(NONE)

(M)
(PT/SEC)
(IN)
(NONE)
(OEG)

(FT)
(RPMOCPMEs B/FTOS 75)

(PsS1)
(NONE)

{NONE)
(MONE)
(nP)
(LB/SEC)
(MONE)
(NONE)
(PRACTION)
(NONE)
(IN)
(IN)
(IN)
(rr/ssec)
(NONE)
{NONE)
(FT/SEC)
(MMORPM)
((IN*RPM)*e2)
(PS1A)
(PSIA)
(DEG R)
(DEG R)
(DEG R)
(DEG R)

MAIN
OXIDIZER

1.00
16778.31
7867.0

2175.89
1781.06503
11104,12

11,48
383.74
30.3%
. 100

15.68
830.80
1.330
473
26.000
4766.080
1570.26

-24.20

OXIDIZER
PRESSURE
2.00
16778. 7
103.02002
L7783
5.201
1.000

69.42
1622.92
1443,20
154471
1455.03

83

PUMP
FUEL

1.00
16564.538
14567.2
.78504

4% .00
3628.29
690.44072
u2u0.7¢
7.7
490.48
468.01

. 100

12.63

1124.80
-8.18

PUEL
PRESSURE
.00

166064 .54
102.32302
. 73849

1730.66
1642.21

(COOEsGR RF )

Engine Balance Printout (continued)

KICK PUNMP

OXIDIZER

.00
.000
.0

HYOROGEN
PRESSURE

FUEL

BOOST
OXIDIZER

.000
.00
.80000
65.00
.00
.00000
.00

.200

.000
.000

.207
.00

PUNP
PUEL
. 000

.00000
a5.00

.00000
.00

.000

.000
.000

.200
.00



Table 3-5. Engine Performance vs. Power Level

THRUST, kLB

L = E.. psia Liac L » sec
EPL 791.4 673.2 1402 321.9 273.9
NPL 719.5 602.3 1286 322.4 269.5
MPL 539.6 421.4 964 323.7 252.8

3.2.4 Engine Weight Summary

A preliminary weight summary is presented in Table 3-6 by component grouping
for the LOX/RP-1 LRB engine. The engine design operating conditions and
pertinent configuration characteristics are noted. The total engine dry
weight is 8108 pounds without the engine accessories noted. The necessity of
these accessories should be considered by the vehicle contractor, but will be
subject to weight changes depending on vehicle requirements.

3.2.5 Start And Shutdown

The engine start and shutdown for the LOX/RP-1 LRB will be similar to that
used for previous LOX/RP-1 engines, such as the ATLAS, RS-27 and F-1. Al
previous LOX/RP-1 engines used a spin-start with the exception of the F-1
which used a tank head start. Both types of startup were reviewed for the LRB
and a final selection will need be made based on cost, reliability, and final
vehicle requirements. The two types of start to be considered for the
LOX/RP-1 LRB are discussed with advantages/disadvantages noted.

Tank Head Start. The F-1 was a LOX/RP engine using a tank head start, the
same kind of start was evaluated for the LRB LOX/RP engine. Control of the GG
temperature during the initial part of the start is difficult and will require

a modulating GG oxidizer valve. 1In addition, a tank head start on the LRB may
be more difficult than on the F-1 because of the mainstage design pressure
levels. The F-1 gas generator pressure at mainstage was about 950 psia.
Therefore, if initial GG combustion were started at the minimum pump inlet
pressure (about 45 psia), a GG pressure and initial turbine torque of about 5
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15192

Table 3-6. LOX/RP-1 Pump Fed Engine Weight Summary

LOX/Rik=1 LRB EMERG .POWER LEVEL (FN=GDCRP3J)

02/RP=1 ENGINE WEIGHT SUMMARY
SES0NTESESIEI0ESS0B0BSE0NEISINIEIENINSEEENNTEeSEROBENOINOIETS

T/C THRUST (KLB) 779.
CHAMBER PRESSURE (PSIA) 1402.50
ATTACHED AREA RATIO (NONE) 5.0
FIXED AREA RATIO (NONE) 27.2
EXTENDIBLE AREA RATIO . (NONE) 27.2
T/C THRUST COEFFICIENT (NONE) 1.8827
COMB. CHARACTERISTIC LENGTH (IN) 39.17
CONTRACTION RATIO (NONE) 2.7
ENGINE MIXTURE RATIO (NONE) 2.53
NOZZLE PERCENT LENGTH (PERCENT) 80.00
GIMBAL ANGLE (DEG) 1.

$9600060000003000E00000NTNPPIN0IPINRNsEREItRsssIRITSSIISSS
TURBOMACHINERY :

FUEL TURBOPUMP 647.5
OX1D MAIN TURBOPUMP 940.9
SUB~-TOTAL 1588.4
GAS GENERATOR : 154.9
EXHAUST GAS MANIFOLD : 105.8
THRUST CHAMBER :
GIMBAL BEARING 159.2
INJECTOR 1377.0
COMBUSTOR 1301.3
FIXED NOZZLE . 1349.1
SUB-TOTAL 4186.7
VALVES AND CONTROLS
PROPELLANT VALVES 356.3
CONTROL VALVES 66.4
HARNESS AND SENSORS 187.7
PNEUMATIC CONTROLS 150.5
HYDRAULIC CONTROLS 60.4
ATTACH PARTS 227.5
SUB-TOTAL - 1048.7
ENGINE SYSTEMS :
PROPELLANT DUCTS 651.2
ATTACH PARTS 74.8
DRAIN LINES 61.9
1.F. OXID. BLEED LINE 9.3
1.F. FUEL BLEED LINE 25.4
1.F. HYDRAULIC LINES 14,1
I.F. GN2/HE LINES 34.4
IGNITION LINES AND IGNI,RS 47.6
PRESSURIZATION SYSTEM 105.6
SUB-TOTAL 1024.0

ENGINE ACCESSORIES :
FIXED NOZZLE THERMAL PROTECTION 87.5

CONTROLLER AND MOUNT 85.0

POGO SYSTEM 142.9

SUB-TOTAL 325.4
TOTAL ENGINE DRY WEIGHT W/0 ACCESSORIES : 8106.4
TOTAL ENGINE ORY WEIGHT WITH ACCESSORIES : 8433.9
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percent of mainstage would be produced. This would result in only 3 percent
of mainstage pressure and torque. This is essentially a deeper throttling of
the GG and also a lower effective torque for initial engine bootstrap. Both
of these characteristics will cause additional difficulty in system control
and a reduced initial turbine speed buildup. Any variations in turﬁopump drag
would cause larger run-to-run changes in pump buildup rates.

The GG LOX and fuel valves open at 0.1 and O sec., respectively. Both valves
take 0.2 sec. to reach full open. Flow to the gas generator powers the
turbopumps. The main LOX valve is set to open at engine start. The valves on
the main and kick pump loops on the fuel side start to open at time 0, and
both are set to reach ful) open in 0.3 sec. For model simplification, fuel
was not aliowed to flow into the chamber until both the chamber and nozzle are
primed.

Fuel starts to flow into the gas generator at time 0. The GG LOX valve starts
to open at 0.7 seconds. With the LOX side priming volume, LOX does not flow
into the GG until 0.4 seconds. At about this time the GG primes and GG
chamber pressure begins to rise. The back pressure increase causes a drop in
GG fuel flow. This high LOX flow and reduced fuel flow would cause the GG
temperature to spike up to 2800 R at 0.9 seconds. Therefore the LOX flow to
the GG will be throttled between about 0.7 and 1.1 seconds to eliminate any

temperature spike.

The main chamber primes at about 0.8 seconds. With engine start time defined
as the time that the engine reaches 90 percent chamber pressure, this engine
starts in about 1.3 seconds. Additiona]‘throttling of the GG LOX valve to
prevent the temperature overshoot will increase the engine start time, but
probably will be less than 1.7 seconds.

Turbine Spin Start. A turbine spin system would substantially reduce run-to-

run start variations. The spin power is relatively repeatable and is large
enough that varijations in turbopump drag will have minor effects. A start
with a spin system will be less sensitive and probably require less start
transient development time.
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A spin start for the LRB LOX/RP engine would be similar to an Atlas and RS-27
engine start. The MA-5 and RS-27 system uses pressurized propellant start
tanks while the MA-3 engine uses a solid propellant spinner. Either of these
methods, in addition to a pressurized helium spin bottle, could be psed for
the initial turbine power.

The basic sequence used is to open the main oxidizer valve first. At about
the same time an igniter fuel valve is opened that allows RP-1 flow from a
pressurized tank to a hypergol cartridge. When the hypergol burst diaphrams
break, hypergol followed by RP-1 flows through the igniter fuel 1ine to the
main chamber causing main chamber ignition. This ignition is confirmed by
burnthrough of a wire stretched across the chamber nozzle exit.

Once ignition has been confirmed, the engine goes into the spin start phase.
On the MA-5 with pressurized start tanks, the GG valves are opened and
combustion at about 300 psi is generated which spins the pumps up to near
mainstage speeds. The main fuel valve is signalled open at about the same
time as the GG valves. In about one second, the fuel fills the volumes to the
main fuel injector, which results in main propellant ignition. The increase
in system pressures due to main propellant jgnition causes the pump discharge
pressures to open check valves in the GG lines, resulting in system bootstrap
and check valves shut off the start tank flows. The start time from signal
to spin to mainstage is in the order of 1.2 seconds.

Using a solid spin or a helium bottle would be similar except that the GG
propellant valves would not be opened until main propellant ignition. With a
solid spinner, the grain burning duration has to be matched to terminate flow
just after the main propellant ignition. With a helium spin system, a valve
would be used to sequence the spin on and off at the proper times. The sug-
gested LOX/RP-1 engine for the LRB uses a helium turbine-spin-start system. A
typical start and cutoff sequence of events is shown in Table 3-7 with the
propellant consumption during engine start noted. The propellant consumption
is from engine start signal to mainstage operating level, and does not include

any engine prechill consumption.
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Table 3-7. LOX/RP-1 LRB Engine Start and Cutoff Sequence

START TIME (SECS) EVENT
0.0 Open Main Oxidizer Valve
0.2 Open Igniter Fuel Valve
1.0 Detect Main Chamber Ignition
1.2 1. Signal Spin System Start

2. Ramp Main Fuel valve Open
2.1 Fuel Primes System to Main
Chamber Generating Main
Chamber Prime and Engine Boost stage

2.2 Open GG Valves
2.4 Close Spin System Valve
2.6 Engine Reaches Full Thrust
CUTOFF TIME (SECS) EVENT
0. Close GG Valves (0.1 to 0.2 sec)
0. Ramp Main LOX Valve Closed (assume 0.5 sec travel)
0.1 Ramp Main Fuel Valve Closed (assume 0.5 sec travel)

Estimated Propellant Usage During Start/Shutdown

START CUTOFF
LOX 2100 1b 500 1b
RP-1 470 1b 300 1b

3.2.6 Thrust Vector Control Actuation Torque and Power Requirements

The various elements of the total torque and power requirements are listed in
Table 3-8 along with the major assumptions and conditions. It may be possible
to reduce the required torque and power by reducing the allowed thrust vector
offset, Ro' which has a strong influence. 1In addition, the gimbal friction
may be lowered utilizing special advanced low friction dry lubricants. The
combined effect may substantially reduce the power required.

3.2.7 Nozzle Exit Gas Condition Analysis

The gas condition near the wall at the edge of the boundary layer was
determined analytically to aid others in calculating the heat transfer to the
base of the vehicle due to radiation and convection. The parameters
calculated and the corresponding resulting values are given in Table 3-9.
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Table 3-8. LRB TYC Torque Breakdown for Head End Gimbal,
LOX/RP-1 Pump Fed

Name of In-1b of Percent
Contribution Torque of Total
Moment of Inertia 77,914 in.lb 12 %

Flex Line Stiffness

LOX LINE 406,904 in.lb 6 %
FUEL LINE 26,954 in.1lb 4 3
Thrust Vector Offset 168,388 in.lb 26 %
Gimbal Friction 222,166 in.lb 34 %
Gravity and Accel. 121,818 in.1lb 19 &
at 3 g
Total = 658,856 in.lb 102 %
Lever Arm = 32 in
Force Regd.= 28564.2 1b
Horse Power at 18 Deg/sec = 17.31 E.P.(input)
(6.25 in)
Basis:
Engine Thrust = 673231 1b
Engine Mass = 8553 1lbm
Lever Arm = 32 in
CG Distance = 43 in
Frictn.Coef.= 8.06
Thrust QOffset 8.25 in

Requirements:

Angular Excursion = + or - 6 Deg
Angular Slewing Rate 18 Deg/sec
Angular Acceleration 1 radian/sec.sguared
Propellant Line Pres.= 65 & 45 psia
Nomin.Fuel Line Diam. 19 in
Nomin.Oxid.Line Diam. 13 in
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Table 3-9. Analysis Results for Nozzle of RAQ Optimum Contour (80%)

€ = 27
Parameter at Nozzle Exit (LIP) LOX/RP-1
Chamber Pressure (psia) 1286
Wall Static Pressure (psia) 8.853
Wall Angle (deg) B.396
Mach Number 3.41088
Gas Specific Heat Ratio (y) 1.16743
Static Temperature (°R) 4135.4
Displacement Thickness (in.) 0.0911964
Momentum Thickness (in.) 0.309353
Boundary Layer Thickness (in.) 2.511
Enthalpy Thickness (in.) 0.4919
Mass Flow in Boundary Layer (Lbm/sec) 278.8
Subsonic Mass Flow in B.L. (Lbm/sec) 0.0675

3.3 POGO & STABILITY ANALYSIS

Pogo is to a launch vehicle what flutter is to an airplane; a potentially
destructive unstable vibration. It is a low frequency vibration occurring
sometime during the boost phase, gradually growing out of the background noise
(atmospheric buffeting etc.), leveling off and then gradually decaying back
into the noise. Because it is a transient instability, its maximum amplitude
is not predictable. Figure 3-7 shows the envelopes of two accelermotors
located on the aft end of the Saturn V during the second unmanned flight.
During the Pogo "football" the degree of instability can be inferred from the
divergence rate in terms of damping factor. The maximum instability in this
case was about -0.05% of critical damping.

3.3.1 POGO Suppressor Design Philosophy

High amplitude vibration can cause structural failure. The probliem involves
the vehicle structure, the column of propellant in the feedline and the
engine. The structure supports the engine and the engine supports the
propellant. As the engine moves forward, pressure at the engine inlet
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Figure 3-7. Envelope Equations of Two Accelerometers

jncreases producing a force acting upward on the propellant and downward on
the engine and structure. This increased pressure causes additional flow into
the engine which is burned in the main thrust chamber producing an additional
upward force on the structure. If the upward force from thrust is greater
than the downward force at the engine inlet the engine acts like negative
structura) damping with potential for Pogo. The instability usually also
jnvolves tuning of a feed system resonance with a structural resonance.

Tuning and detuning occurs naturally during a flight as propellant in the
tanks is consumed. Figure 3-8 is a block diagram showing coupling of the
significant subsystems. With the structure and feed systems tuned to the same
frequencies, the forward loop has maximum gain and zero phase shift. With
damping associated with the structural resonance is increased resulting in
greater stability. With positive feedback, damping is decreased with
potential for instability.

Specific requirements for suppressor are dependent on the vehicle structure
and feed system. The suppressor should be located downstream of a reasonably

15719z 9



Lo -0.-..[_
2
od ' J2 A
“ me.l
ufh—.. ' -!l._! )
YA | ,’" av AR
nu:i- —\\ { X
o~ [ ) 1 -
L
] N
as 40 af
7478
2F R _
SR*5m;, —As

Figure 3-8. POGO Block Diagram

high resistance, in this case at the pump inducer while in the SSME it is
Tocated between the low pressure oxidizer pump and the high pressure oxidizer
pump. Location in this region provides low enough gas pressure for acceptable
compliance with reasonable suppressor volume.

3.3.2 Suppressor Confiquration

The recommended suppressor schematic is similar to the SSME system in func-
tion. The proposed configuration for the LRB is shown in Figure 3-9. The
configuration is shown as an annular volume surrounding the pump inlet. About
1-1/4 cubic ft. of gas is shown with sufficient 1iquid to allow some interface
motion without gas injection into the impeller. An initial helium precharge
allows the suppressor to be active at 1ift off. As mainstage operation is
reached, a valve is activated and the ullage is supplied with GOX through a
choked orifice from the heat exchanger. Liquid level is controlled by holes
drilled in an overflow pipe. The overflow (gaseous and liquid oxygen)

is ducted 10-15 ft. upstream of the engine interface and recirculated back

ORICINAL PAGE IS
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into the main flow stream. Baffles in the annular chamber inhibit lateral
sloshing as well as circulation thereby precluding collapse of the ullage.

A critical design consideration is the connection between the suppressor and
the main flow stream. Testing of the SSME suppressor led to shaped slits.

The normal operation vorticies are generated in the slots which minimize
circulatory flow with suppressor and adds some resistance to through flow.

The total flow area is large enough (about 1/2 the flow area of the main duct)
to maintain small fluid inertia so that the suppressor is effective over a
wide frequency range (2-40 Hz). Preliminary analysis shows that in the LRB, a
good location for the communicating slots will be slightly upstream of the
inducer trailing edge. The design of the inducer must be evaluated in
conjunction with the suppressor to avoid significant penalties to the
turbomachinery.

While the SSME type suppressor is quite effective in POGO suppression, the
level control system requires its use at a point in the system where the
pressure js very low. Placement downstream of the first pumping stage
provides this condition and the desirable feature of significant resistance in
the main flow stream between engine inlet and the suppressor tap off point.

The design of the suppressor must be considered early in the pump design to
avoid significant impacts to either component. A fluid interface designed
upstream of the inducer trailing edge will have least impact on the critical
shroud-casing recirculation flow and will allow evaluation of the suppressor-
pump interface during early testing without jeopardizing the fuel pump tests.

Gaseous oxygen will be supplied from the engine heat exchanger through a
choked orifice. A heat exchanger discharge pressure of about 1500 psi will
therefore be required. A helium source pressure of 250 psi or higher for
engine start and cutoff is required. This provides Pogo suppression at 1ift
off and it prevents large surges at engine cutoff.

3.4 FAILURE MODE ANALYSIS AND RELIABILITY ESTIMATE

A gquantitative reliability analysis of this engine has not been performed,
but reliability histories of pump fed engines of similar size and requirements
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are available. Therefore based on a cursory comparison with those engines
that have an established reliability record, the requirement of 0.99 %
Reljability at 90% Confidence Level appears attainable.

A preliminary Failure Mode and Effects Analysis (FMEA) is presented. Because
of the preliminary nature of this study, only major components and assemblies
have been addressed. Criticality codes, as defined at the end of the FMEA,
have been assigned to each failure mode.

3.4.1 Preliminary Failure Mode and Effects Analysis — Pump Fed LRB

Specific criteria and groundrules are listed below with criticality rankings
listed in Table 3-10.

3.4.2 Criticality Definitions

Criticality 1

1. Hot gas leakage is assumed to always result in structural/functional
damage to at least one engine.

2. Hot gas mixing with LOX is a potential fire/explosion hazard.

3. Oxidizer rich cutoffs always offer the potential for structural damage.

4. Structural failure of rotating machinery or rupture of pressure
containment boundaries can both propagate to destruction of one or more

engines, followed by loss of engine or vehicle life.

5. Spark generation in a LOX environment, such as rubbing/fretting of parts
in oxidizer pumps or valving, will escalate to a fire/explosion.

Criticality 2

1. Leakage of propellants during start of mainstage is considered as being
detectable by hazardous gas monitors or other instrumentation to permit
safe engine shutdown. The worst possible scenario of potential mission
loss, however, is assigned for conservativeness.

2. Failures precipitating safe engine shutdown. The vehicle is capable of
achieving mission success with one engine not operating; however, it is
presumed that launch abort, followed by safe shutdown, will be commanded
if one engine is not operating prior to 1iftoff.
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Criticality 3

1. External leakage of propellants during preconditioning is assumed to be
detected by ambient hazardous gas monitors, which will be cause for launch
abort.

2. A1l others.

3.5 PROGRAMMATICS (PUMP FED ENGINES)

Engine development plans are presented for two pump fed LRB engine configura-
tions. These are (1) pump fed with Lox/RP-1 propellants; and (2) pump fed
with LDX/H2 propellants. Since the development schedules for these two pump
fed configurations are the same their program descriptions are combined in the
following discussion. Hardware and cost estimates are presented in separate
transmittals for each of the programs.

3.5.1 Development Schedule

Both LOX/RP-1 and LOX/H2 were considered as propellants for the LRB pump fed
engines. THe overall development program schedule is generally the same for
these engines, and is shown in Figure 3-10. The 63 months (5 1/4 years)
development program is designed to support a first vehicle launch in the third
quarter of 1995 and therefore would benefit from a Phase B effort and a modest
technology program in terms of reduced risk.

First, a benefit of the Phase B design effort would be to allow early long

. lead procurement of casting tooling for some of the major components such as
the pump housings. Secondly, significant benefits in terms of reduced risk
would be derived from a technology program that is started in parallel with
the Phase B design effort and completed in time to provide data for the
development program design phase. The specific technology that would provide
the most benefit is in the area of injector design'for stability and turbo
pump bearings and seals and rotating elements. The details of this technology
program are described in a latter section. Thirdly, as indicated in Figure
3-10, engine test facilities are required by the fourth quarter of 1992.

These test facilities are assumed to be provided by the government or the
vehicle contractor. Formal Pre-Flight Rating Test (PFRT) are planned prior to
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the first flight and Flight Rating Tests (FRT) to certify readiness for
production and full operational status which are planned after the first
flight.

3.5.2 Development Plan

The engine test plan has been developed, ie, in terms of number of tests and
hardware, on the basis that the engine design provides robustness and design
margins were applied to the emergency power level (EPL) operating conditions
resulting in higher margins at the nominal power level (NPL). A design team
including engineering, manufacturing, procurement, operations, reliability,
producibility, quality and maintainability functions will be fully integrated
into the design and procurement process to assure a cost effective, low risk
engine. Lessons learned from numerous previous large engine development
programs will be applied. These include:

1. Component level testing will be conducted in an engine simulating
environment to the maximum extent possible.

2. Extensive limits testing will be conducted at both the component and
engine level.

3. Overstress testing will be conducted on a majority of the test units.

3.5.3 Program Approach

Initial effort will consist of analyses and design, making extensive use of
Rocketdyne's well anchored analytical tools. Detail shop drawings will be
produced and reviewed during the Critical Design Review (CDR) scheduled 24
months after program start. In parallel with the design effort procurement of
long lead casting today will be initiated. It is planned to select the
casting supplies early in the program and include them, as part of the design
team for those parts to be produced by the casting process. Component testing
will be initiated as soon as components are available. The primary objective
of component testing is to drive out design problems and evaluate potential
failure modes identified in the Failure Modes and Effects Analysis (FMEA).
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Component hotfire testing of the thrust chamber assembly, gas generator and
turbopumps will include 1imits and overstress testing.

The engine test program is designed to drive out random failures and wearout
problems. Engine testing will be initiated as soon as possible. Experience
has shown that the actual engine operating environment is the best medium in
which to drive out problems. The initial engines will be heavily instrumented
to assure that problems can be analyzed and solved in an expeditions manner.
Limits and overstress testing will be introduced at the engine level as soon
as possible to verify the design margins. Valid component and engine test
data will be used to verify the analytical tools used for design and
simulation.

3.5.4 Component Test Program

The component test program in terms of schedule, hardware and number of tests
is the same for the pump fed, LOX/RP-1 and LOX/HZ configurations. The
component test plan is presented in Figure 3-11. The following is a discus-

sion of each of the component test programs.

Control Components. The control components include the majin LOX valve, main

fuel valve, gas generator LOX and fuel valves, control and condition moni-
toring instrumentation; check valves, puenumatic console including solenoid
valves, electrical harnesses, a controller package and spark exciter boxes for
the LOX/HZ
ponent testing will be conducted at Rocketdyne's existing laboratory test
facilities. As indicated in Figure 3-11, three sets of each of the items
described will be procured for laboratory testing. The planned testiné is
shown in Table 3-11.

engine gas generator and main chamber igniters. Controis com-

Gas Generator Assembly. The gas generator assembly consisting of a combustor
body, injector/dome assembly, propellant valves and jgnition system is planned
to be hot fire tested at a government or vehicle contractor facility.

Ignition for the LOX/H2 engine gas generators will be provided by an

augmented spark ignition (ASI) system. The gas generator for the LOX/RP-1
engine will utilize dual 28 volt pyrotechnic igniters. Figure 3-11 shows the
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schedule and planned hardware for this test program. As indicated, 6 complete
assemblies will be procured, assembled and tested during the development
program. After sufficient testing has been accomplished on unit number 1 to
understand the operations of the gas generator assembly, the next 2 units will
be hot fire tested to verify their operation and then delivered to the
turbopump test facilities where they will be used to drive the pump turbines
during the turbopump component hotfire test program. The gas generator
assembly hot fire test program will then continue with units 4, 5, and 6. The
gas generator assembly hotfire test plan is shown in Table 3-12.

Table 3-12. LRB Gas Generator Component Hotfire Test Plan
(LOX/RP-1 and LOX/Hz)

Test Objectives
H
unaho.t f X | x | x | x 75
unthe.2 | X | x | x | x 50
Unit No. 3 X x | x| «x 60
Unit No. 4 x | x | x 00
2550004 Total = 265 tests

Turbomachinery. The LRB has separate LOX and fuel turbopumps. Hotfire

testing of these turbopumps is planned at a government or vehicle contractor
test facility. Table 3-10 shows the schedule and planned hardware for this
test program. As indicated 5 new and 2 rebuilds each for a total of 7 LOX
turbopumps and 7 fuel turbopumps will be procured, assembled and hot fire
tested. As stated previously, the 2 gas generator assemblies required to
support the turbopumps testing are planned to be provided by the gas generator
assembly test program. The turbopump hot fire test plan is shown in Table
3-13. The turbomachinery design and development risk would be significantly
reduced if the technology programs described in a latter section are started
during the Phase B program and completed in sufficient time to provide data
during the development program design nhase.
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Table 3-13. LRB Turbomachinery Component Hotfire Test Plan
(LOX/RP-1 and LOX/HZ)

Test Objectives

o © %i 2 ) o Number

Units ég ég é?ﬁ §§ §.§ §§ % |2 é of Tests
LOX Fd |25 | 2C (32| a & S9| & S > 3 LOX Fuel
001 001 x | x X 40 40
002 002 X X X 40 40
003 003 X X X X X X 50 50
004 004 X X X X X X X X X 50 50
002R 002R X X X X X X 50 50
003R 003R X X X X X 50 50
005 00s X X X X X X X X 50 50

8BCS-008-5 ' Total Tests = 330 + 330 = 660

Thrust Chamber Assembly. The thrust chamber assembly consists of an injector,

main combustion chamber (MCC) nozzle, ignition system and LOX dome inlet
manifold. Hotfire testing of the thrust chamber assembly is planned at a
government or vehicle contractor test facility. Ignition for the LOX/H2
engine MCC is provided by an augumented spark jgnition (ASI) system. A

hypergolic fluid ignition system will be used for the LOX/RP-1 MCC.

Table 3-10 shows the schedule and planned hardware for this program. As
indicated, 5 assemblies will be tested. Assembly number 1 consists of
prototype injector, LOX dome and a solid (workhorse) MCC. This unit will be
used to develop the ignition sequence and demonstrate performance and
combustion dynamic stability. Subsequent units will be utilized for testing
regeneratively cooled MCC's and nozzles to demonstrate cooling. The thrust
chamber assembly hot fire test plan is shown in Table 3-14. The thrust
chamber assembly is the other major engine subsystems that could benefit from
a technology plan that is started in Phase B and compiled in sufficient time
to provide data during the development program phase. This technology program
is described in a latter section.
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Table 3-14. LRB Thrust Chamber Assembly Component Hot Fire Test Plan

Test Objectives
e
2
[
Dy [ ]
2 Sle2| 2| § Nurmber
Units Configuration 5| 3 Eﬁ 5| E | & | offess
injector LOX Dome,
Assembly No. 1 Solid Wall Mee . X X X 20
injector, LOX Dome, n
Assembly No.2 | (e x [ x| x | x 30
inj , LOX Dome R X
Assembly No.3 m&& & regen X X X X 40
jector, LOX Dom, Regen.
Assembly No. 4 gotedMCCandNozzlgee X X [ x| X 50
jector, LOX Dome, R
Assembly No. 5 mMCC egen. X X X X 80
88CS-008-6 Total = 200 Tests

3.5.5 Engine Test Program

The engine development program schedule Table 3-15, is the same for the pump
fed LOX/RP-1 and LOX/H2 configurations. However the amount of hardware and
number of tests required for the development program are different. Since the
experience base and the potential problem areas are different for LOX/H2 and
LOX/RP-1. The throttleable LOX/HZ pump fed engine is judged to require less
testing and hardware because of the considerable existing experience with this
propellant combination in terms of combustion stability and cooling at the
required operating conditions. The LOX/RP-1 pump fed engine is judged to
require a slightly higher number of development tests and hardware because the
chamber pressure is slightly higher than previously experienced and cooling at
the higher chamber pressure level has not been demonstrated.

The planned development program for the LRB pump fed engines is divided into 5
phases. These phases are described in Figure 3-12. The first 3 phases are
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Table 3-15. Engine Development Program

Requirements

Phase Regquirements
Characterization *320 Tests on 8 engines
Life Development *Formal 1ife demonstration on 3 of every
component during engine testing
Reliability Demonstration . *230 Equivalent Full Duration tests on 8
(99% Rel. at 90% confidence) engines
Pre-flight Rating (PFRT) 10 full duration tests each, on 2 engines
Flight Rating Formal life demonstration on 2 engines
Spares 20%
Factors LOX/RP-1 LOX/Hs
Test Realization 10 Percent 10 Percent
Risk 15 Percent 5 Percent

*Total number of tests can be reduced by combining objectives

intended to evaluate and demonstrate the maturity and reliability of the
engine. The specified demonstrated reliability requirement for the LRB is 99
percent at 90 percent confidence. The last 2 phases of the development
program are intended to formally demonstrate the engine for first flight and
subsequent operational and production readiness. The test requirements for
each of the 5 phases (see Figure 3-12) of the development program are defined
in Table 3-15. Also shown in Table 3-15 is the expected test realization
factor; that is, the number of tests that are expected to abort or not produce
valid data. This factor is used for planning the number of tests required.
The risk factors for the LOX/RP-1 and LOX/H2 configurations are also shown.
The number of engines required for the development program is based on the
design 1ife specified. since the LRB's are expendable engines their mission
life is one. However, the hardware cost in the development program can be
substantially reduced by being able to conduct many tests on each engine. In
order to determine the number of engines required for the development program

15192 112



the 1ife definitions given in Figure 3-13 were used. By defining the design
life requirement at 60, the engines can be tested at least 30 times each
during the first 3 phases with a safety factor of 2 and 10 times each during
the PFRT and FRT test phases thus demonstrating a factor of 2 on the potential
test 1ife of a production engine which could require 5 starts. There are 2
acceptance tests, potential for 2 on-pad aborts and 1 flight.

it finition
FORMAL
MISSION DEVELOPMENT DESIGN DEMONSTRATION
LIFE* LIFE (EFDT'S) _LIFE LIFE
EXPENDABLE 1 30 &0 10
*Plus: 2 acceptance tests
1 Full duration
1 Start
2onpad
88CS-008-8

Figure 3-13. Engine Life Development Program

The number of tests and engines assigned for development of both the LOX/RP-1
and LOX/H2 pump fed configurations are shown in Table 3-16. Note that the
total includes the minimum requirements for each phase, the test realization
factor, plus tests and hardware to account for risk differehces and spare
hardware based on a 20 percent factor. The engine development plan for the
LOX/RP-1 engine is shown in Figure 3-14. As indicated 4 test positions are
necessary to complete the 784 tests. A test frequency of approximateTy 2
tests per week is planned. Also note that in addition to development testing
of the 24 engines required for the development program, the 5 engines required
for the main propulsion test article (MPTA) are acceptance tested prior to
delivery. The engine development plan for the LOX/H2 LRB is not shown but
would be the same as the LOX/RP-1 plan, Figure 3-14, but with 2 less engines.
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3.5.6 Technology Plan For LRB Pump FED Engine

The development plan for the LRB pumg fed engine is designed to support the
first vehicle launch in the third quarter of 1995. With a planned start date
in the second quarter of 1990 this 63 month (5 1/4 yvear) program must use a

low risk approach in the design and fabrication of the test hardware. A signi-
ficant risk reduction would be achieved by starting a Phase B design effort

and several technology programs one year prior to start of the phase C/D
effort. The schedule for this Phase B effort and the technology programs and
the relationships to the overall development program are shown in Figure 3-10.
The following is a discussion of the technology programs proposed to support
the LRB pump fed development program.

Valves and Controls. The LRB engine will be equipped with a closed loop

thrust and mixture ratio control system. The major components include
modulating main oxidizer and main fuel valves, modulating gas generator
oxidizer and fuel valves, an electronic controller; control and conditioning
monitoring instrumentation, a pneumatic control console, harnesses, check
valves and flight instrumentation and data recording equipment. A system with
the same capabilities is used on the Space Shuttle Main Engine. This system
is based on 1970's technology and is very costly and complex. Recent advances
in contro]/comhuter/modu]ating actuator technology promises to greatly
simplify the required closed loop control system resulting in a 60 to 70
percent cost reduction. By initiating the control system architective study
during Phase B and completing a preliminary design, advanced technology low
cost features could be evaluated in time to provide data for the Phase C/D
design phase, Figure 3-10. Some of the features to be evaluated include; fail
safe and redundancy features, copper vs fiber optic interconnect harnesses,
hydraulic vs pneumatic vs electric motor actuators for the main and gas
generator valves and low production cost features. This technology program is
scheduled to be completed in 18 months.

Pump Bearings. Bearing technology for high speed rocket engine turbopumps

has progressed significantly in recent years. However the majority of this
experience has been with propellants other the hydrocarbons. The LRB LOX and
fuel pumps will operate at relatively high speeds at normal power level and
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operate off design as the engine thrust is throttled plus 10 percent, minus 25
percent. Ideally the bearings will use the propellants, LOX and RP-1, as the
lubricating/cooling fluid. A technology program in parallel with a Phase B
design effort would evaluate if current bearing technology can be app]ied to
the LRB pumps. The bearing evaluation program could be completed in 22 months.
-~
pump Seals. Large diameter, high pressure, high speed, 1iquid oxygen and RP-1
rotating shaft seals are subject to severe distortions caused by thermal and
mechanical loading. A desigh and analysis effort during the Phase B effort
would allow early procurement of the best candidate seals for test evaluation.
Some of the configurations to be evaluated include:

Face type metal bellow seals
. Face type plastic lip seals

Face type elastomeric seals

. Hydrostatic seals

wm AW N -
. . .

Floating ring seals

The seal evaluation could be combined with the bearing tester setup and
completed in the same schedule.

pump Inducers and Impellers. The oxidizer and fuel pumps for the LRB engine
will operate at relatively high speeds and pressures. As a result structural
1imits are being pushed requiring that the thickness of the parts be increased.
Recent experience has shown the compromises in inducer and impeller performance
must be made because of the structural requirements. An advanced technology
program during the Phase B design effort would allow time to achieve the best
désign for these rotating pump elements and build and test sub-scale parts for
testing. This sub-scale hardware would be tested in Rocketdyne's existing
water test facility. The resulting data would be used to design the full size
hardware during the Phase C/D design effort. This program could be completed
in 22 months.

Thrust Chamber Injector. Design of a stable high performance LOX/RP-1 main
thrust chamber injector would significantly reduce the risk of a design
jteration which could adversely impact the Phase C/D schedule. A technology
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program to design, fabricate and test a 2 Dimensional (2D) model of the full
size main injector in conjunction with a Phase B design effort would provide
data input into the Phase C/D design effort. This test data would greatly
increase the confidence in the stability and performance of the full sized
injector tested in Phase C/D. Data expected from the 2D techno1ogy-test mode]
includes baffle compartment'size, baffle length, acoustic cavity arrangement,
verification of injection eiement performance and chamber pressure dampening
characteristics following a pressure disturbance caused by a bomb. This
technology program is scheduled to be completed in 24 months.

Jurbine. The turbines for the LRB oxidizer and fuel pumps will operate at
high speed and pressure ratios resulting in supersonic flow velocities in the
nozzle and rotor blade passages. These operating conditions make turbine
performance very sensitive to nozzle and blade geometry. The emphasis on low
cost fabrication including the potential use of castings to net dimensions
will produce a lowered cost product with attendant increased potential for
part to part dimensional variation. An advanced technology program during the
Phase B design effort will allow time to evaluate the sensitivity of turbine
performance to the variation in part to part geometry resulting from Jow cost
fabrication processes. this data will be used in the Phase C/D design
resulting in reduced risk in the development program. The testing will be
accomplished in an air flow test facility with each element of the turbine
added to the test fixture in series. Sufficient model size parts of each
element (nozzles and blades) will be procured and tested. This program is
scheduled for 24 months.

3.6 LOX/RP-1 LIQUID ROCKET BOOSTER PRELIMINARY CONTRACT END ITEM (CEI)

3.6.1 Background

The LOX/RP-1 Liquid Rocket Booster engine is being designed to provide booster
propulsion for the Space Shuttle. The primary objective of the study was to
identify and evaluate viable LOX/RP-1 pump fed engine candidates that would
meet the requirements for the STS and select the best candidate. -

15192 118



3.6.2 Selected Engine Description

The selected engine configuration utilizes the 66 cycle with LOX and RP-1 as
propellants. RP-1 is used to cool the MCC and nozzle after which it is
injected into the injector except for a small amount that is diverf;d to the
66 where it combines with LOX for the combustion process that produces the
turbine drive gas. After passing through the turbines, this gas is dumped

into the nozzle.

The bulk of the RP-1 is first used to cool the thrust chamber and is then
injected into the MCC as a gas where it combines with LOX for the MMC process,
after which it is expanded through the nozzle to produce the engine thrust.

3.6.3 LRB CEI Requirements

This document presents the preliminary CEI requirements that the LRB must
fulfill to satisfy the requirements for the 0STS. These requirements are as

foliows:

Performance. A1l performance values stated herein are nominal values. The
minimum and maximum values will be determined during subsequent study

efforts.

1) Engine Thrust - The LRB shall be capable of producing 719,500-1b
vacuum thrust at the normal power level (NPL) and 791,400-1b vacuum
thrust at the emergency power level (EPL). The engine shall be
capable of throttling up from NPL to EPL in TBD seconds. The engine
shall be capable of being throttled down to a minimum power Tevel
(MPL) of 539,600 LBS vacuum thrust in TBD sec. .

2) Specific Impulse - The specific impulse for the LRB shall be as
follows for the 3 vacuum equivalent thrust operating points.

Thrust Level Sea Level Is (seconds) Altitude Is (seconds)
EPL 791,400 1b (vac) 273.9 + TBD 321.9 = TBD
NPL 719,500 1b (vac) 269.5 = TBD 322.4 + TBD
MPL 539,600 1b (vac) 252.8 = TBD 323.7 = TBD
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3) Main Combustion Chamber (MCC) Propellants

Propellants Injected State
Oxidizer - Oxygen (LO7) Liquid
Fuel = RP-1 Liquid .
MCC MR - O/F NPL 0/F EPL

4) -.GG Propellants

Propellants Injected State
Oxidizér - Oxygen (LO3) Liquid
Fuel - RP-1 Liquid
GG MR - 0O/F NPL 0/F EPL

5) Engine MR - The engine MR for the LOX/RP-1 LRB shall be as follows
for the two thrust operating points:

Thrust Level Mixture Ratio
719,500 (vac) 2.8
791,400 (vac) 2.8
539,600 (vac) 2.8

The engine shall equipped with a closed loop engine MR control system
capable of controlling MR within £ 1.0% of the nominal value.

6) Acceptance Calibration - The acceptance calibration for the LRB shall
be as follows:

Thrust (NPL) 719,500 1b + 3% (vac)
b + 3% (vac)

(EPL) - 791,400 1 ¢
MR (NPL) -2.8%1%
(EPL) - 2.8 %1%

7 Coolants - The coolants for the MCC and nozzle shall be RP-1.

8) Burn Duration - The LRB shall be capable of maximum burn duratjon of
180 sec at NPL nad EPL.

9) Uncoupled Thrust Oscillations - The engine-produced uncoupled
oscillatory thrust shall be no greater than the following for the
respective specified frequency ranges:

R=0 to 1.5 H, F = + 6000 1b
R=20.51t0 1.5 Hy F=215001b
R=1.51t0 2.5 H, F=2% 450 1b
R=2.5 to 100 H, F=11500 1b
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10)

11)

12)

13)

14)

For the purpose of performing data analysis to verify engine
compliance in the critical frequency range oscillatory shall be
defined as the average value of an oscillation over at least 16 5

cycles.

Combustion Stability - The engine-produced main chamber pressure
oscillations shall not exceed + 5% of the mean steady-state pressie.

Damping time for artificially induced pressure spires shall be“?BD
milliseconds maximum. -

POGO Suppression - The engine shall provide a POGO suppression system
in accordance with the following requirements (TBD).

Engine Controller - The electrical closed loop engine control system
shall be capable of continuous operation at ambient temperature for
an unlimited period of time during checkout and maintenance.

System Checkout and Monitoring Capability - The design shall include
onboard checkout capability, redundancy verification, and status
monitoring during ground operations. The engine design shall include
a 1imit control system capable of automatically initiating engine
shutdown to prevent catastrophic failure.

Operations. The operational requirements presented herein are preliminary

and represent nominal values. The maximum and minimum values will be

determined during subsequent study efforts.

1)

2)
3)

4)

5)

6)

15192

Engine Start - The engine start system shall have self-contained
control within the engine envelope. The start sequence shall be
started by a single electrical signal from the vehicle or ground
source.

The engine shall be capable of one start after each ground servicing.

The engine start sequence shall be capable of achieving normal power
level (NPL) thrust in less than 5 sec.

The thrust buildup rate shall not exceed TBD 1b thrust in any 10-msec
time period.

Starting Impulse - The starting thrust impulse to NPL shall not
exceed TBD 1b-sec.

Throttling Control - The engine thrust control system shall be
capable of raising the engine thrust from NPL to EPL at the rate ot
T8D 1b-sec any time after reaching NPL.

a) Throttle Rate - The engine thrust control system shall be

capable of raising the engine thrust from NPL to EPL at the
rate of TBD lb-sec any time after reaching NPL.
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b) The thrust control system shall be capable of a step response
of TBD 1b thrust increase in less than TBD sec after a step
command.

Engine Shutdown. The engine shall be capabie of a safe shutdown from any

power level including the start sequence.

1)

2)
3)

The engine shutdown sequence shall be capable of reducing thrust from
NPL to zero in TBD sec.

The shutdown impulse shall not exceed TBD 1b/sec from NPL.
The engine shall be capable of shutdown from any defined thrust level

upon receipt of an electrical command at a rate of TBD 1b thrust
change per any 10-msec time interval.

Environmental Conditions. The engine shall be capable of operating safely

under the following conditions:

1)

2)
3)
4)

3)
6)

7)

15192z

The engine shall be cagable of operating safely where exposed to a
hat flux of TBD Btu/fts-sec and a surface temperature of TBD°F.
The heat transfer coefficient that shall be used for design is TBD
Btu/sec-ft2°F.

The surface temperature of lines or surface in contact with cryogenic
propellants shall be controlled to preclude the formation of 1iquid
air.

‘Acceleration Loads - TBD

Shock Loads - TBD
Ground Handling and Transportation Loads - TBD

Storage Life - The engine shall be capable of being transported and
stored over an ambient temperature range of TBD°F to TBD®F, an
ambient pressure range of TBD psig to TBD psi,, a relative humidity
of 100% at temperatures less than or equal to TBD°F.

a) The engine shall suffer no degradation of reliability or
operating life during the storage period, subject to the
inspection and maintenance requirements TBD.

Exposure - The engine system and components shall be capable of being
transported and stored without deterioration in areas where
conditions may be encountered having salt spray and relative humidity
as experienced in coastal regions. The engine system and components
shal) be capable of withstanding exposure to sand and dust when
equipped with proper closures.
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8)

Lightning - The engine controller shall be designed to operate
without damage in accordance with TBD lightning protection criteria.

Prelaunch. The engine shall be designed for minimum prelaunch servicing.

1

2)

3)

4)

3)

—

Ground Service - The engine shall be capable of achieving pre-launch
thermal conditioning without ground servicing in less than TBD
minutes from the time propellants are supplied to the engine. .
Recirculation flow rates to achieve thermal conditioning are as
follows:

LOX - TBD 1b/sec
RP-1 - TBD 1b/sec

The engine shall be capable of servicing and maintenance while in
either the horizontal or vertical position.

The engine shall not require any servicing from ground equipment
within 24 hr after propellants are loaded.

External or internal leakage of propeliants shall not occur in such a
manner as to impair or endanger the engine/vehicle function. Leadage
monitoring capability shall be provided with the design objective
that separable connections not exceed 1 x 10~4 sec helium at leak
check pressure.

The engine shall not require any monitored redlines external to the
engine prestart and shall provide a continuous engine-ready signal to
the vehicle when all critical parameters monitored by the engine
control system are within T8D conditions.

Interface. The engine shall require the following conditions at the

respective interfaces with the vehicle:

1)

2)

3)

15192

Propellant inlet conditions at engine start:

a) LOX - 65 psia to TBD psia, 163 to 170°R
b) RP-1 - 45 psia to TBD psia, 38 to 40°R

Propellant inlet conditions during mainstage:

a) LOX - 65 psia to TBD psia, TBD to TBD®°R
b) RP-1 - 45 psia to TBD psia, TBD to TBD°R

Electrical
a) The engine shall be supplied TBD dc V

b) The engine shall be supplied TBD ac V
c) The controller shall be engine supplied and mounted.
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4)

5)

6)

Pressurization Gas - The engine shall provide GOX to pressurize the
vehicle oxygen tank and helium to pressurize the RP-1 tank.

a) Oxygen Tank Pressurant - The engine shall be capable of
supplying 60X pressurant as indicated in Table TBD.

Purge Requirements - Nitrogen, in accordance with MIL-P-27401, and
helium, in accordance with MIL-P-27407, shall be used for operational
and servicing purges and leakage tests.

a) Operational Purges - TBD
b) Servicing Purges - TBD

Digital Interface

a) A suitable digital interface shall be provided for vehicle
commands to the engine.

Physical Requirements. The physical requirements presented herein are

preliminary and represent nominal values. The maximum and minimum values will

be determined during subsequent study efforts.

1)

2)

3)

4)

5)

6)

1519z

Envelope - the maximum engine width is 119 in. and the engine height
is 178 in.

Weight - The engine weight is as follows:

Dry Wet
Basic engine 8108 1b T8D
Accessories T8D 1b T8D
Thermal Insulation T80 1b TBD

Gimbaling - The engine shall be capable gimbaling in a £6° square
pattern at a gimbal rate of 10°/sec and an acceleration rate of 10
rad/sec squared. The engine shall provide attach points for the
vehicle-furnished actuators. The gimbal system shall be capable of
returning the engine to null position at engine shutdown.

Engine Alignment - The engine shall be aligned so that the actual
thrust vector is within 39 min of an arc to the engine centerline and
within 0.25 in. of the gimbal center. The gimbal center shall be
within 0.010 in. of the engine centerline.

Engine Fluid Interface Ducts and Lines ~ The engine shall supply all
interface ducts and lines with a minimum of TBD in. straight section
upstream of the engine interface plane.

Engine Electrical Interface - ATl engine electrical connections from
the vehicle shall be Tocated in a single, engine-mounted panel.
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Reliability. The reliability of the configuration upon ‘thich the final

flight certification is based shall be that which is necessary to ensure
s

functioning within the specified design life.

1)  The engine design 1ife is 1.0 m1ssion-gﬁ EPL.
2) The engine shall be designed for a ﬁﬁhimum of TBD missions at EPL. .

3) Fail-Safe Design - The engine shall be capable of shutdown from an
Internal signal without damage to other systems.

4) Structural Criteria - The engine shall be designed to provide the
following minimum factors of safety:

Minimum yield - 1.

Minimum ultimate - 1.4 combined loads

Minimum ultimate - 1.5 pressure only

Minimum proof - 1.2 times EPL operating conditions,

- unless fracture mechanics requires a
higher factor
Low cycle fatigue - 4.0
High cycle fatigue - 10.0

Note: Components should be designed for 1.25 on endurance limit where
feasible

Diagnostic Monitoring. The engine shall be capable of self-diagnostics in

real time. Unsafe conditions shall cause an engine-generated shutdown unless
inhibited by the vehicle.

1) Diagnostic data will be recorded for postflight analysis.
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4.0 LOX/HYDROGEN PUMP FED ENGINE

4.1 INTRODUCTION

The third propulsion concept selected for the LRB employs LOZ/LH2
propeliants with 3 gas generator cycle engine. The basic reasons for the
selection of LO /LH2 system are low technical risk, no environmental

2
concerns, and commonality with the current shuttle ET propellants.

4.2 MAIN PROPULSION SYSTEM

A baseline engine concept was selected based on previous studies and
experience along with trade studies for the STS application. An engine
performance and pressure balance was generatéd for the selected configuration
and the resultant parameters were used to establish the pertinent combustion
chamber, injector, nozzle, and turbopump characteristics leading to the
recommended configuration and physical design.

4.2.1 Engine System.

The engine selected is of the expendable type with continuous variable thrust
capability of 75% to 110% of the normal power level. The rationale for the
engine thrust and engine throttling range were set by GDSS. The propulsion
system described here is based on a mixture ratio of 6.0/6.9 and expansion
ratio of 41.4. This gives close to maximum mean Is since nozzle exit
pressure is approximately equal to the mean flight ambient pressure.

A side view and top view of the selected LOX/H_ LRB engine preliminary

2
design are shown in Figure 4-1.

Engine Feature Selection. The engine features selected here are based on
data generated by Rocketdyne for the STME studies. It is interesting to note

that the LRB LOZ/LHZ vacuum EPL thrust (619 K1b) is close to the STME
vacuum EPL thrust (570 K1b). The various features selected are summarized

below.
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The current baseline engine assumes no boost pumps, and the engine inlet
pressure of 65 psia for LOX and 25 psia for LH2 are baselined. Boost pumps

in the STME studies have been identified as increasing engine weight, cost,
and complexity. Although no overall vehicle trade studies have been done by
Rocketdyne for the above stated engine inlet conditions, it is felt that these
baseline conditions are appropriate for the STS boosters. The rationale for
the LOX pump inlet engine pressure was described in Section 3.1.2. The
rationale for the LH2 case is shown in Figure 4-2. This figure shows that
pump size starts to level off at about 25 psia inlet pressure.

A closed loop control is baselined because of the continuous throttling
requirement. The basic overall control system features a P/U system. The
main propellant valves function as throttle valves, providing precisely
repeatable valve area settings.

various options for disposing of the engine exhaust discussed in the STME
studies are shown in concepts A, B, and C in Figures 4-3, 4-4, and 4-5. In
concept A, the exhaust gases are uniformly injected into the main nozzle
through the nozzle wall at an expansion ratio of 16:1 with sonic flow through
gaps between tubes. In concept B, the exhaust gases are uniformly injected
through supersonic flow nozzle at the same expansion ratio with supersonic
flow parallel to the mainflow. In concept C, the gases are injected through a
nozzle at the main nozzle exit plane. Although the overboard exhaust concept
C, is the lowest cost (by about $0.2 M), concept A has been baselined by GDSS
because of concerns regarding the impact on gimbal actuator forces, base
heating, and engine layout.

The turbine spin start using GSE heljum is selected over the'tank head start
because it provides more repetitive starts. 1In addition, as shown in Figures
4-6 and 4-7, the tank head start is comparatively slow compared to other types
of start, and this may complicate optimization of ignition sequencing for the
vehicle.

Varjous features of the selected engine are shown in Table 4-1.
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Table 4-1. Main Features of L02/LH2 Engine

Cycle Gas generator

Boost pumps None

Throttling capability Continuous, 75 to 110%
Control System Closed loop using P/U system
Turbine exhaust disposal Injected in nozzle at € = 16:1
Turbine start 6SE Helidm

Inlet ducts Scissors

Ignition Spark ignition

Nozzle _ 80X Bell nozzle

Gimbal Head end gimbal; 6-square pattern
Delivered life 5

Burn qual duration 150 secs.

Engine inlet requirement: LO, 65 psia

LHp 25 psia

Selected Engine Characteristics. An engine cycle balance was done on the

point design arrived at using the sizing program. The main engine character-
istics are shown Table 4-2a and 4-2b. A more detailed computer generated
tabulation of engine charactertistics is given in Table 4-2c. It should be
noted in Table 4-2b that the vacuum Isp changes with throttling; however for
simplicity it was assumed constant in the sizing runs. The turbopump charac-
teristics of the LOZ/LH2 engine are shown in Table 4-3.

A typical cutoff sequence of events is shown in Table 4.4 with the propellant
consumption noted during engine start and shutdown. The propellant consumption
is from engine start signal to mainstage operating level and does not include
any engine prechill consumption.

4.2.2 Engine Schematic and Operation.

Figure 4-8a shows the LRB engine schematic for the LOX/LHZ engine, while the
LRB schematic of Figure 4-8Bb shows the propellant flow rates and conditions at
various parts of the engine at EPL (110% NPL). LH2 {s used for cooling both
the main combustion chamber (MCC) and the nozzle. A portion of the H2 from
the nozzle is used as the fuel for the GG, which provides the turbine drive
gas. The rest of the hydrogen from the nozzle is mixed with the flow from the
MCC and the nozzle. A small amount of GH2 is tapped from this mixture for

the tank pressurization and the rest of the hydrogen in gaseous form (above

critical temperature) is injected into the combustion chamber.
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Table 4-2a. LOX/LHp Pump-fed Engine Performance Summary

Parameter EPL (110%)
Thrust vac (k 1bs) 619.9
Thrust SL (k 1bs) §42.9
Chamber pressure (psia) 2538
C star efficiency 99%
Expansion ratio 41.4
Mixture ratio, Eng/TC 6.0/6.0
Isp vac (sec) 427.03
Isp SL (sec) 373.99
Total flow TC- (1b/sec) 1399.11
Oxidizer flow TC (1b/sec) 1222.0
Fuel flow TC (1b/sec) 177.1N
Total GG flow (1b/sec) 52.54
GG mixture ratio 0.736
G6 oxidizer flow (1b/sec) 22.27
66 fuel flow (Ib/sec) 30.27
Length (inch) 135.08
Exit dia (inch) 81.67
Dry weight (1bs) 6671.6

Table 4-2b. Engine Performance vs Power Level

Dperat‘ing Fvac FS] PC Ivac Is]

Condition 1b 1b psia sec sec
EPL* 619900 542908 2538 427.03 373.99
NPL* 563545 486553 2366 427.90 2396.44
MPL* 422659 345667 1775 430.08 351.74

* EPL stands for Emergency Power Level
NPL stands for Nominal Power Level
MPL stands for Minimum Power Level
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Table 4-2¢.

Pump Fed LOX/LH

2

Engine Characteristics

LOX/M2 619.8K VAC PC OPTIMIZED PNsLABIA

SNGINE PEAPORMANCE SUMMARY

SEA LEVEL THAUSY
VACULM THARUST
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ENGINE MIXNTURR RATIO
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NOZZLE WALL BXIT PRESSURE

THROAT DIAMETER

ENGINE LENGTH

OVERALL ENGINE EXIT DIAMETER
CONNUSTOA LENGTH
COMTAACTION AATIO

ENGINE VACUUM C=SUB=PF :°

ANOINE VACUUM 18P
ENOINE BRA LEVEL 18P
ENGINE AVRAAGE 13P

CONSTANT USED IN AVE. CAL.

TURBOPUNP DESCRIPTION

PUP
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HORSEPOWER
ROTATING SPEED
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INLET PARSIURE
OUTLET PRESSURE
PLOWRATE
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TIP DIAMETER

TiP SPEED

INLET FLOW VELOCITY
PLOw COEFFICIENT
IMPELLER

TIP DIAMETER

716 SKECO

Ti1® WIOTH

MEAD COLPPICLIENY
BLADE AMGLE

MEAD RISE (OVERALL)

).
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BOOST PUMP
MINIMUN DELTA &
MB/TIP RATIO

TURBINE
Tveg
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MHORSEPOWRR
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PRACSSURE RATIO
ADMISSION

VELOCITY RATIO

PITCH ODIAMETER

1ST $TG BLADE MEIGHT
2M0 STG BLADE WHEIGHTY
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INLET MUB/TIP RATIO
EXIT MUB/TIP RATIO
TiP SPEED

BEARING DN*E-8
ANMULUS AREAON®S20E-1D
INLET PRESSURE

OUTLEY PRESSURE

INLET TEMPERATURE
OUTLET TEMPERATURE
1ST BLADE TEMPERATURE
2NO BLADE TEMPERATURE
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(AB/AT)
(PERCENT)
(PS1A)
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[NONE)
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(RPM)
(NONE)
(»S14)
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(LB/SEC)
(Gru)

(IN)
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(PT/SEC)
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IN)
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(1)
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((IN®RPM)®*2)
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(DEG R)
(o2G R)
(oG Rr)

842008,
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a19000.

$.000
26390.00
41.43
80.00
8.7

12.609
128.00
0.87
14,42
2.00
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373.89
427.03
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OXIDIZER

1.00
22385.370
]
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9.48

. 100

15.80
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.84
.880
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T 7B13.89
1078, 11

=22.71

OX1DI2€ER
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1.00

22388.37
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1016.03

PuMP
PUEL

3.00
70000.582
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76882
24,80
4570.67
207.30278
21062.09
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100.01
.100

16.38

1085.28
-2.73

PUEL
VELOCITY

2.00
70000.088
$2.30889

.00008
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Table 4-3. Turbo-Pump Characteristics

Component LOX LH2
Turbine
Stages 2 2
Efficiency 0.769 0.590
Horsepower 22385 70000
Tip Speed (ft/sec) 1508.02 1771.29
Inlet Temperature (deg R) 1147 1600
Outlet Temperature (deg R) 1003 1147
Inlet pressure. (psia) 241.36 2537.68
Qutlet pressure (psia) 125.63 241.68
Pumps
Stages 1 3
Efficiency 0.759 0.1757
Inlet pressure (psia) 65.0 24.5
Qutlet pressure (psia) 3782 45N
Inducer
. Tip dia (in) 9.49 9.90
Tip speed (ft/sec) 405.06 1000.86
Impeller
Tip dia (in) 15.50 16.38
Tip speed (ft/sec) 662.97 1655.27
Stage specific speed 1075 1055

(RPM*GPM**0.5/Ft**0.75)

Table 4-4. Estimated Shutdown Times and Propellant Usage During Start/Shutdown

CUTOFF TIME (SECS) EVENT
0. Close 66 Valves (0.1 to 0.2 sec)
0. Ramp Main LOX Valve Closed (assume 0.5 sec travel)
0.1 Ramp Main Fuel valve Closed (assume 0.5 sec travel)
Estimated Propellant Usage During Start/Shutdown
START CUTOFF
LOX 2100 1b 500 1b
LHo TB8D 1b TBD 1b

Liquid oxygen enters the engine system through a POGO suppression system
located at the entrance of the LOX single stage turbopump which has a
dual-discharge volute to minimize radial loads. A small amount of LOX is bled
for the tank pressurization; this flow passes through the heat exchanger
mounted on the turbine exhaust system to convert LOX to GOX. The rest of the
LOX enters the combustion chamber through the injector.
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Purge. A helium purge must be provided downstream of the main hydrogen
propellant valve continuously starting just before the hydrogen prevalve is
opened to exclude air. A similar bleed is required through the associated
turbine and housing for the same reason.

A similar purge, as described above, only using dry nitrogen gas instead of
heljum is required on the LOX side of the engine. The quantity required of
these purge gases is best determined during development testing.

Chilldown. The vehicle must be provided with small helium bleeds just
upstream of the propellant pre-valves to prevent geysering during tank
loading. Similarily, the engine is provided with bleed 1ines and valves just
upstream of the pump inlets for use during engine chilldown for the same
reason. Estimated flowrates, time and total propellant consumption will be
determined during engine development testing.

Start. A start transient analysis was performed utilizing a computer
program developed for the STME. At engine start, the main fuel valve (MFV),
the main oxidizer valve (MOV), the gis generator fuel valve (GGFV), and gas
generator oxidizer valve (GGOV), were opened at the times and ramp rates
illustrated in Figure 4-9. The resulting chamber pressure and mixture ratio
as functions of time are shown in Figure 4-10 and Figure 4-11 respectively.
It is expected that LRB LOX/H
characteristics.

> engine will show very similar analytical

The selected method for starting the engine is to utilize a solid propellant
gas generator (SPGG). The helium spin start data are included in Figures 4-9,
4-10, and 4-11 for comparison. The SPGG gives a faster and a more stable
start, and removes the operational complication of providing a large helium
flow from ground support immediately before 1iftoff with a quick disconnect

Shutdown. The estimated time required and propellants utilized during
engine cutoff were given in Table 4-4.

Abort Considerations. The two main propellant valves are provided with

pneumatic overrides which permit slamming these valves to the closed
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Figure 4-11. LDX/HZ LRB Engine Mixture Ratio During Start Transient

position. The rate of closure for a quick emergency shutdown will be limited
to a valve which will prevent catastrophic failure of the piping system (due
to water hammer effects), but will otherwise be as rapid as possible. Simul-
taneous closure of the prevalves at a similar rate will also ensure that no
damage occurs to the upstream equipment should be provided.

The relative timing of the closure of the two main propellant valves will be
determined based on minimizing the quantity of unburned propellant which may
exit the engine nozzle during shutdown.

4.2.3 Engine Control and Condition-Monitoring System.

The 02/H2 LRB control and condition-monitoring system will utilize both
derived and measured condition-monitoring instrumentation to determine the
overall health of the engine system. The function of the health-monitoring
system is to assess the operational capability of the engine. The basic STME

engine control system is shown in Figure 4-12 except that the closed loop flow
control has been deleted.
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Therefore, the LRB control system will operate as follows. The thrust is
controlled by changing the flow of LOX to the gas generator which in turn has
a temperature control loop which will maintain the 66 exhaust gas temperature
constant by modulating the GG fuel flow; the GG fuel flow will thus follow the
66 LOX flow. This will change the turbine inlet conditions and slow or speed
up the pumps producing the required change in chamber pressure and thrust.

Independent of the above, the mixture ratio will be changed to accomodate pro-
pellant utilization by slowly opening or closing the main LOX valve slightly
utilizing a precise closed loop valve position controller. This valve will be
accurately calibrated and its required position calculated from known engine
characteristics and from the small change in mixture ratio required as deter-
mined by the vehicle central controller in order to accomplish the propellant
utilization function.

Ground data processing consists of diagnostics, prognostics, conclusions, and
decisions pertaining to engine operational capability. The engine condition
monitoring sensors are listed in Table 4-5 with a preliminary 1ist of perfor-
mance and redline instrumentation are shown in Section 4.2.5. The performance
jnstrumentation is used by the controller to modulate the valve actuators to
correspond to a command mixture ratio and thrust Jevel. The LRB control
system diagram in Figure 4-12 depicts the basic control concept.

Rocket engine control valves have traditionally been fluid power actuated
because of requirements for high speed, coupled with high delta-P forces.
Recent studies have shown that electric actuation can provide significant
advantages in cost, maintainability, and reliability. A major contributor to
these advantages is the high-energy samarium cobalt dc motor. .

The overall actuator and valve design goal is minimum weight and simplicity,
which complements high reliability. Further, the valve element must be
capable of accurate modulation control with minimum force to meet throttling

requirements.

The actuator and valve concept illustrated in Figure 2-5, Section 2.2.1
represents a great simplification in complexity and number of detail parts

15302 141



mow . N " r—1
an COMPE e3A Tiow + siavoaccral O [wov i
AND A LT LOGIC cranae [—®
PR COMP B SCHEDULE | foex
wAa °
0
1ENGmE) 5 SIRAVO ACT & roz TR FLOw 3
LT LOGIC CHAnAC a
1[ - v H
[ 3
- -—
3 .
[ oo Lalasat ano SR COMPE LA |00 ' stavo act ros | gorv FLow
H 1684 ‘ ::::‘v“ ¢ - AND Gaw ” 8 LT LOGIKC CHARAC
§ we ¢
CrrICT PLOW METIR
:gu:\'runon FUsL siow
WA Ga FLOW METER o
COLF sunCT - - ONDIZER :
- ’
™ausy | [aaT8Ans] ¢ [ iwemsst e AND Low rosx s
oo .'1 Lt COMFUTALION COMPENSATION H
td
THAULT Cae cAoss 2
cots Funcy FUED GA )
AND COMP :
ALY CNTL + ros stow
COurtNIATION A o
ARD GAN CHARAL
.
L
.
jcoou ANt * COMPENSATION SEAVO acT e I sLow
JCnTL AND GAln . & LIMIT LOGIKC CraARAL g
= H
-~
08x
1 wr & COMP J
870-9-559

Figure 4-12. STME Closed Loop Control Diagram Modified For Use With the LRB

Table 4-5. Engine Acceptance Testing Condition Monitoring Sensors

Bearing Sets (count)

Isotope Wear Analyzer Sets

Fiberoptic Bearing Deflectometer 1
Shaft Torque Intervals (count)

Torquemeter
Plume Combustion Monitors

Spectormetric Anamalous Combustion

Specie Detector System

Spectormetric Mixture Ratio Detector

Optical Leak Detector System* 1

~—WwMhnh oo

—

*Leak detector system is mounted on the facility, 1 per engine.
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compared with hydraulically actuated valves. The valve shown is typical of
both main propellant valves. The mechanical drive features all rolling
bearings via ball screw and a needle bearing-supported lever/link piece. For
fail-safe operation, a pneumatic override actuator decouples the valve shaft
from the electric actuator and closes the valve.

A1l elements of the valve are easily disassembaed with primary access through
a single flange. With reduced complexity and fewer parts the proposed concept
will provide excellent reliability, maintainability, ease of fabrication, and
long 1ife with Jower cost than other comparably sized valves.

4.2.4 Engine Description

The gas generator cycle engine is designed based upon demonstrated technologies
for all of the major components of the engine.

Injector Design. Key injector parameters influencing the design are the
propellants (LOX/LHZ), combustion efficiency, chamber pressure, flow rates,
propellant injection temperatures, and injection pressures. A coaxial pattern
was selected for the injector primarily because this type of element has been
successfully used with similar gas/1iquid propellant combinations giving high
performance, stability, and compatibility. Figure 4-13 shows the main
injector conceptual design with the coaxial elements. One thousand and
twenty-six elements were incorporated into the design, sized with a LOX post
inner diameter (ID) of 0.170 in., an outer diameter (0OD) of 0.190 in., and a
fuel annulus gap of 0.016 in. The element design selected is shown in Figure
4-13. This element is furnace brazed into the injector body. Coaxial
elements projecting beyond the face of the injector are provided to form six
baffle compartments. These compartments may be eliminated, if warranted,
depending on final stability characteristics determination. A centrally
located, dual-spark torch igniter was selected for the ignition source.
Inconel 625 materials were selected for the injector elements, injector body,
and the manifolding because of its high-strength, brazeability, and
weldability characteristics. Regimesh (porous) material is used for the

injector face to provide for transpiration cooling between elements.
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Simplified fuel and oxidizer manifold designs are used for ease of fabrication
and minimization of cost. These designs employ constant diameter cross-sec-
tional area flow passages and are sized to minimize flow maldistribution. Two
inlets are used to feed the oxidizer manifold and one for the fuel. Ignition
will be accomplished with a single, centrally located spark torch igniter with
dual spark plugs.

Main Combustion Chamber (MCC) and Nozzle. The basic geometry and operating

requirements for these components evolved from the engine balance parameters.
The combustion chamber utilizes a channel wall coolant passage approach with a
Narloy-Z high-conductivity copper alloy liner. 1In the design, the channels
are machined into the Narloy-Z liner, followed by an electrodeposited (ED)
copper closeout (seal) on the back side with support structure of either
graphite epoxy or ED nickel cobalt. Again, simplified manifold designs are
used for ease of fabrication, low cost, and inspectability. Inconel 625
material was selected for the manifolds.

The channel wall combustion chamber structure extends aft to an area ratio of
7:1 where the tube wall coolant passage primary nozzle begins. Selection of
this 7:1 transition provides more room for the combustion chamber and nozzle
manifolding (compared to the SSME at 5:1) and relaxes the nozzle cooling
requirements at the forward end. An up pass coolant circuit was selected for
the Hz-cooled combustion chamber and also for the Hz-cooled primary nozzle

to simplify the design and minimize the size of the feed line. A simple tube
design was selected for the primary nozzle, made from 347 CRES tubes of con-
stant diameter and wall thickness, and formed with simplified tooling. Nozzle
reinforcing structure will also be low cost and from 347 CRES or composite
materials. The turbine exhaust gas passages through the primary nozzie wall
is accomplished by reducing the tube cross section at the appropriate location
to form flow passages between tubes.

Gas Generator Design

Some of the key operating requirements that control GG design are type of
propellants, chamber pressure, condition of the propellants, and hot gas
temperature requirements. A coaxial injector element has been successfully
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used under similar GG operating requirements and, consequently, it was
selected for the 02
compatibility are primary attributes of this element concept. The design

/H2 booster engine. High performance, stability, and

incorporates coaxial elements, each with a LOX post ID of 0.065 in., an 0D of
0.085 in., and a fuel annulus gap of 0.030 in. A brazed element design was
-rlected with all of the elements identical.

Inconel 625 materials were selected for the injector elements, body, and
manifolding. This body/manifolding will be fabricated from a casting and
hipped to eliminate porosity. A single inlet will be used to supply the fuel
and oxidizer manifolds. These inlets will be part of the casting. This
single-piece casting will minimize potential high-cost machining and welding
operations. Constant cross-sectional area manifolding will be used to reduce
fabrication costs. Ignition will be accomplished with a single, centrally
located spark torch igniter with dual spark plugs.

The GG combustor has been designed with an Inconel 625 outer-body structure
and an Hz-c001ed Haynes 188 liner. A choke ring is used to enhance hot gas
mixing and provide a uniform temperature gas to the turbine. Other low-cost
and design simplification features, such as the manifold simplification
techniques and standardized injector elements, have been incorporated into

this design.

Turbopump Design Features. The LOX turbopump is a single-stage centrifugal

pump with an inducer to provide good suction performance and a vaned diffuser
and double-discharge volute to minimize radial loads. The pump is driven by
an impulse turbine with a double inlet manifold to minimize duct and torus
size. The shaft is supported by two hybrid bearings, each of which combine a
hydro- static and two ball bearings. Startup and shutdown transient axial and
radial loads are reacted by the ball bearings. At speeds near operating
speed, the radial loads are reacted by the hydrostatic bearings and the axial
loads are reacted by a balance piston located on the back of the pump impeller.
The pump-end hybrid bearing is pressurized with LOX while the turbine-end
bearing is pressurized with LHz. This allows the placement of the LOX seal
package between bearings and provides a larger bearing span and minimizes
turbine overhang. LOX bearing pressurant is returned to the inlet of the
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impeller along with balance piston flow through holes in the impeller. The
seal package consists of a face-riding LOX primary seal with a drain between
5t and a helium-purged floating ring intermediate seal. The intermediate seal
is separated from the Hz floating rings seal by a slinger and drain. A

drain is also included between the floating ring seals of the H2 seal. The
H2 bearing pressurant is routed into the turbine through a labyrinth seal.

The H2 turbopump consists of three centrifugal stages preceded by an inducer
for good suction performance. The stages are connected with radial diffusers
and diffusing crossovers. The third-stage jmpeller discharges into a vaned
diffuser and volute to minimize radial loads. The pump js powered by a two-
stage, velocity-compounded turbine. The shaft is supported by two externally
pressurized hydrostatic bearings. Steady-state axial loads are reacted by a
balance piston on the back of the third-stage jmpeller while transient axial
loads are reacted by a single ball bearing. The first two stages are equipped
with rear wéar rings to aid in balancing thrust. Rear wear ring balance
piston flow and bearing coolant/pressurant are recirculated to the inlet of
each impeller through holes in the impellers. Part of the turbine-end
hydrostatic bearing pressurant discharges past the 1ift-off seal (open during
operation) and then into the turbine through a pair of floating ring seals.
The entire H. pump assembly is installed in a pressure- containing barrel,

2
thus simplifying assembly and construction.

Main Propellant Valve Design Features.

The electrically activated sector valve concept proposed for the LRB is a
significant improvement over prior main propellant valves and were discussed
in Section 2.2.

Weight. A breakdown of the engine component weights is given in Table 4-5.

These are derived from a computer program based on actual weights of similar
components and adjusted for size.
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Table 4-6. LRB Engine Component Weight Breakdown Computer Generated
(A11 values are in Pounds)

TURBOMACHINERY

FUEL TURBOPUMP 1160.2

OX1D MAIN TURBOPUMP 980.5

SuB-TOTAL 2140.7
GAS GENERATOR 178.0
EXHAUST GAS MANIFOLD 13?.4
THRUST CHAMBER ,

GIMBAL BEARING 124.0

INJECTOR 670.3

COMBUSTOR 81s5.8

FIXED NOZZLE $44.0

SUB-TOTAL 2354.2
VALVES AND CONTROLS

PROPELLANT VALVES 264.5

CONTROL VALVES 46.3

HARKESS AND SENSORS 136.5

PNEUMATIC CONTROLS 96.6

HYDRAULIC CONTROLS 33.3

ATTACH PARTS 183.4

SUB-TOTAL 730.6
ENGINE SYSTEMS

PROPELLANT DUCTS 804.3

ATTACH PARTS 100.86

DRAIN LINES 33.1

1.F. OXID. BLEED LINE 10.3

1.F. FUEL BLEED LINE 21.8

I1.F. HYDRAULIC LINES 8.7

I1.F. GN2/HE LINES 21.9

IGNITION LINES AND IGNI,RS 34.0

PRESSURIZATION SYSTEM 96.9

SUB-TOTAL . 1131.8

ENGINE ACCESSORIES :
FIXED NOZZLE THERMAL PROTECTION 66.8

CONTROLLER AND MOUNT 85.0

POGO SYSTEM 111.8

SUB-TOTAL 263.3
TOTAL ENGINE ORY WEIGHT W/0 ACCESSORIES 6671.8
TOTAL ENGINE DRY WEIGHT WITH ACCESSORIES 6934.9

4.2.5 Engine Instrumentation

A preliminary list of engine flight instrumentation is given in Table 4-7.
Outputs will be utilized by the health monitoring system to evaluate engine
operation based on any instrument indications which may exceed given “red
line" values. These red-line values will be established during development
testing.
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Table 4-7. Preliminary Flight Instrumentation List
for the 05/H, LRB Engine

No. Measurement

1 Engine LOX inlet pressure

2 Engine LOX inlet t-mperature

3 LOX pump shaft speed

4 LOX pump acceleration

5 LOX pump discharge pressure

6 LOX pump discharge temperature
7 Engine LOX flow rate

8 GGOV inlet pressure

9 GGOV inlet temperature

10 GGOV inlet flow rate

N GGOV position

12 GG LOX injector pressure

13 GG LOX injector temperature

14 MOV inlet pressure No. 1

15 MOV inlet pressure No. 2

16 MOV position No. 1

17 MOV position No. 2

18 MCC LOX injector pressure

19 MCC LOX injector temperature
20 Engine fuel inlet pressure
21 Engine fuel inlet temperature
22 Fuel pump shaft speed

23 Fuel pump acceleration

24 Fuel pump discharge pressure
25 Fuel pump discharge temperature
26 Engine fuel flow rate

27 MFV position

28 MFV discharge pressure

29 MFV discharge temperature

30 MCC fuel injector pressure

3 MCC fuel injector temperature
32 GGFY inlet flow rate

33 Nozzle coolant discharge pressure
34 Nozzle coolant discharge temperature
35 GG fuel injector pressure

36 GG fuel injector temperature
37 MCC chamber pressure

38 66 chamber pressure

39 G6 discharge temperature
40 Fuel turbine inlet pressure
41 Fuel turbine inlet temperature
42 LOX turbine inlet pressure
43 LOX turbine inlet temperature
44 LOX turbine discharge pressure
45 LOX turbine discharge temperature
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Table 4-7. Preliminary Flight Instrumentation List
for the 0,/H; LRB Engine (continued)

No. Measurement

46 Nozzle turbine gas inlet pressure

47 Nozzle turbine gas inlet temperature
48 Hex GOX outlet temperature

49 Hex GOX outlet pressure

50 Bearing deflection--fuel pump

51 Bearing deflection-~LOX pump

52 Fuel pump torque

53 LOX pump torque

54 Fuel turbine blade temperature

5% LOX turbine blade temperature

56 LOX pump intermediate seal purge pressure
57 Fuel system purge pressure

58 LOX dome purge pressure

59 LOX ASI valve position

60 Hex inlet valve position

*ASI stands for Augmented Spark Ignition

LRB TVC Control System Actuator Requirements. The torque and power
requirements for the TVC actuators are shown in Table 4-8B.

4.2.6 POGO and Stabflity Analysis

The simplified analysis permitted for this preliminary effort resulted in
virtually identical results for the LOX/H2 engine as that for the LOX/RP-1
engine. For a discussion regarding POGO, see the section with the above-title
covering the LOX/RP-1 pump fed engine in this report, Section 3.3.

4.2.7 Failure Mode and Effects Analysis and Reliability Estimate

A quantitative reliability analysis of this engine has not been performed,

but reliability histories of Lox/Hydrogen pump fed engines of similar size and
requirements are available. Therefore, based on a cursory comparison with
those engines that have an established reliability record, the requirement of
0.99 reliability at 90% confidence appears reasonably attainable.
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Table 4-8. LRB TVC Torque

Name of
Contribution

Moment of Inertia
Flex Line Stiffness
LOX LINE
FUEL LINE
Thrust Vector Offset
Gimbal Friction

Gravity and Accel.
at 3 g

Total

Lever Arm

Force Reqd.=

Horse Power at 10
Basis:

Engine Thrust
Engine Mass

Lever Arm
CG Distance
Frictn.Coef.
Thrust Offset

Ro

Requirements:

Angular Excursion
Angular Slewing Rate
Angular Acceleration
Propellant Line Pres.

Nomin.Fuel Line Diam.=

Nomin.Oxid.Line Diam.

1530z

Breakdown for Gimbaled LOX/H, Pump Fed Engine

In-1b of Percent

Torque of Total

33,86 in.1b 6w

-
40,904 in.1lb 8 &
26,954 in.1b 5%
135,727 in.1lb 25 %
179,168 in.1lb 33 &
126,330 in.lb 23 %
542,920 in.1lb 100 %
32 in
16966.3 1b
Deg/sec = 14.36 H.P. (input)

673231 1b
6935 1bm
32 in
55 in
.86
8.25 in

+ or - 6 Deg
18 Deg/sec
1 Radian/sec.squared
65 & 25 psia
9 in
8 in
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A preliminary Failure Mode and Effects Analysis (FMEA) is presented. Because
of time constraints and lack of more design details, only major components and
assemblies have been addressed. Criticality codes as defined at the end of
the FMEA have been assigned to each failure mode.

Specific criteria and ground rules are noted below with component criticality
listed in Table 4-9.

4.2.8 Programmatics (Pump Fed Engines)

The engine development plans of the LOX/H2 engine are essentially identical
to the pump fed LOX/RP-1 engine and are presented in Section 3.5 which
provides the schedules.

4.3 LDX/LH2 LIQUID ROCKET BOOSTER PRELIMINARY CONTRACT END ITEM (CEI)

4.3.17 Background

The LOX/H2 Liquid Rocket Booster (LRB) is being designed to provide booster
propulsion for the Space Shuttle. The primary objective of the LRB study was
to identify and evaluate a viable LOX/H2 engine candidate that would meet
the requirements for the STS and would have commonality with the Space
Transportation Main Engine (STME) currently being studied.

4.3.2 Selected Engine Description

The selected engine configuration utilizes the GG cycle with LOX and LH2
propellants. LH2 is used to cool the MCC and nozzle and nozzle after which

it is injected into the injector for a small amount that is diverted to the GG
where it combines with LOX for the combustion process that produces the
turbine drive gas. After passing through the turbines, this gas is dumped

into the nozzle.
The bulk of the LH2 is first used to cool the thrust chamber and is then

injected into the MCC as a gas where it combines with LOX for the MMC process,
after which it is expanded through the nozzle to produce the engine thrust.

15302 152



£St

“aA|eAadd 1azZypLxo abeys Aq

43030

£ AUON

3wy uanq

papiAaosd Aduepunpad umopinyS - auoN

J3ISN(J JabUO( U} S3|NSad

‘uo{ijedado jJo apow Jpo-auibua o}

le aso|d 0] siiey

SaYDI(MS WAISAS -uMOPINYS JjJewoiny

KlaJanjewaid $3s0()

‘Jaqueyd jsnayl abe

-wep PLnoI JJj0INd Je Molj X0 panul}

“A{uo uofyfsod aje}

F] uotjedado jno-auibua a|buis
ArLLLqe
F -ded 3no-aubua o3 anp auop

—U0J PU® O[}BJ aJNIX{W Yo|J JaZ|pix0

-pawiajuf 03 $9s0()

*dNJJ0 pLnod abeuep

Suado A((et3

$S0[/abewep au(bua

-dwajiaA0 99 JjoInd 01 Jofad -uojie

—Jaed A{uo 10 34€31%

EYYET)

L a|qissod o3 anp 3Jo0qe younej

-41dx3 Jaw(] 3e Siandd0 jjo3nd auibul

3¢ Uado 07 S(ieq

I9Z|pIX0 utey

youne| jno-aufbua Sau{qany A[Qwassy 1J4e31S
F 31q1Ssod ‘Aefap gounej 3ie31s auibua sAe(ag 1Jde3S 07 s(ie4 utds wnyay
ALTIVIILIND NOISSIW NO 123443 INI9N3 NO 123443 300W 3UNTIVY ININGAWOD

847 pa4 dund uaboupAH/x01 sisAeuy 53233343 pue apoy aun|ieq Aseujwi|ald “6-¢ 31qeL
ao,



pajaay

1278

L

=3p 30U j| SSO[ UO[SSIW

* Liel3eoq

“Pa3da3ap Ji uojje

up a4aydsowie jaauy Aq pajebjiju

~Jado jo apow 3no-aujbua

ALter3aed S/ buginp paezey aitJg

Z 01 qoIiMs -Ae(ap gouneq

P3313333p J| UG(1J094403 aJinbad [|IM

Uo({ISNquod sajeufwiay bujso(d IA[EA

¥€a| [eudaix3

JIZIPIX0 - 33J03IND Uyo{d (an4 -SA[PA

jjoina

€ auoN - 9ad 3be31s Aq pajeujwaal MoLj (anj ~ 3¢ aso(d 01 S[Ied
t auoN “auoN abeyea| (eudaju]
‘UO[S043 SV a1q1ss04d K[uo Bujuado
1iels “Yd3{Ms dnyod X MO[ AQ pue uoj3e (eri4ed 4o jJae3s
P4 Ino- aujbua 31qySS6d “-Jydxe Jauif} 3€ S4ndI0 JjoInd aufbul Je Uado 03 S(jeq aA[ep [ahd U[BH
ALITVIILIYID NOISSIW NO 123443 INIONI NO 123413 1004 3¥NI1Vd ININOdHWOI

841 pad dung uaboupAl/x01 sysAleuy s329443

utm,

pue 3poy auniiey Adeujwi|aad “6-¢ ajqel



SSt

*abexeay seb-joy

t auoN jsujebe 339304d S(e€as juepunpay -auON  X€a| [Pas JUlGAN[

"341J 91qtssoq -adnssaad daq

—@eyd> MO| O} anp umopinys autbua a(qy abeyea|
[ SSO| UO|SS{W 3[q}SSOJ -SSOJ -aJucwiojJad au|bua papeabag seb 30y (eud91x]
“umMopIngs

auibua 9(q1Ss04 - UO}SO0A9 Jaqueyd

‘UOLI® ~}SNIY] pue aufqAnf 'J1031€iauay sSeg uf

Fd -J3do Ino-au(bus 9(qssogd = bBu[3|nsad Uo|3}sodwod Yi{a J3Z(PLXO LLe3s dung

uo(jejado 1Je3s pake(ap pue buppuiq asnes bujoy ¥ea|

FA - TIno-aujbua 40 Ae(ap youneq pu® UO[}PULWRIUOD S|Pas duWNdOqAn| (eas 1Jeys (eudajul
“An230 Aew

dwaliaAo 99 JjOInd 03 40(dd -uo(je

FA uofjesado 3o aujbul =Jidxa Jaw(} 3@ SAnII0 JJOINI auibuj 34e]S 07 s(te4 dwndogqany (and

ALITVIILTHD NOISSIW NO 123443 INIONI NO 123443 300K 3¥NIIVA IN3INOdHOD

847 pa4 dund uaboupAl/X07 SiSALeuy S3334j3 pue 3poy Aunpieq4 Adeujwi|add “6-p ILqelL
-



961

uorjesado ino

1ae1s pake(ap pue buipuiq asned bujay

¥ea [

F aufbua Jo Ae{ap younej pue uoijeuiwejuod S(eas dundoqanj _mow 1jeys [eUIdU]
san| ey jaed uoty
F] umopinys aubu3 9J3|d a|qissod pue uoijeaqiA yYB{H -eI({AED ‘paadsiaAg
“An330 pinoJ
dwaldaAo 99 Jjoind 03 J0fagd -uoL} dundogunj
F] uo{jedado Ino-auibul -eajdxa sw|3 1€ sJand2d20 jjoind auibuj 34e1S 0} aJn(|eq NEY IR
~abeysugeu
— *3401nd au(bus buiJnp uoijesado u|
F uo(jeiado jno-au|buj U¢amsou=m\4u¢ Mo{ "Aedap ISnuy[ ~ ujewad o3 aan|leq
‘umopinys asuibuy™ -ain|jes jaed uo(]
F] uotjedado Ino-au(buj 9d9(d 3| qissod pue uoijeaqiA (BiH ~-eJ(Aed ‘paadsiaAg
sso| au|bua juanbasqns - (panujiuo))
F uoljesado jno-auibul pue 3un( ey 1Jed ajayd a|q(ssog ajue equi dwny ~dwndogan] (ang
1
ALTWOILIYY . NOISSIW NO 133443 INIINI NO 123443 300W 33N11IV4 ININOIWOID

Iz

841 pa4 dung uaboapAl/x071 S|SA{eUY $323443 pue apoy aun(ieq Adeujwyaad -p-p ajger

s



Lst

(A099)

goune| dALBA J3Z[PLX0

FA Ino-auibua Jo Ae{ap younej 14€1s paAelag uado o3 sfreq J03eiauag seg
FA Uo[3edado0 jno-auibuj §303IND au{bua oyjewolny ~ -dwaj}iaA0 seb joH J0jeaauay seg

“K[¥21nb pajde

N ‘uoile -J4J4oJ jou J{ umopinys auibuly -adueuw

FAN -J3do Ino auibua 3|q(ssod -J4ojuaad mo] -UO(}{SOdWOd YotJd [ang Lte3s dung
3 sso| auibua pue

F uotledado 3no-autbul adn|tej jaed adxa(d a|qissod Jdueequi dung

313 alq(5s0g

.Jm Mo| 03 anp umopinys au(bua abeyea’
L SSO| uUo{SS(w 3a{qissod 3{qissod -aduewtojsad suibua papeabag seb Joy [eu4aix3
*abejsuiew
§3031nd aulbua bupanp uoyrjedado uy {panugiuod) dwnd
F uojiesado 3no-auibuj Jijewolne .ug Mo “Aedap jsnuay]  ulLeWaL 0] aJn{{ej -0qan} JAZ(pLX0
ALTIVIILIND NOISSIW NO 133433 INIONI NO 123443 300W 3¥NIVY IN3INOdWOD

841 pad dund uabouapAl/x01 sisAleuy $123§43 pue apoy aun|je4 Aseujwi|aad “6-p 3Lqel

prere -~



85t

Joje[nunioe K{1euaajuy syeaf

€ QUON 0904 pue xaH 03 Sanullulod Mo[J YO0l J0 3S0(J 0] Si{(eq
‘umopinys aujbua sajeijjuy J3[(od41 (A3H) 3AeA
L ARL3p Ydune] -uo) -uabueyiX3 jeaH 03 MOLJ XO1 ON uado 0] s{iej =~ Jabueysxy jeay
S4331uby
€ 3uoN Aduepunpaa 031 anp auopN a1tubt o3 [teq J0}e43Uldg Seg
umopinys auibuy “Aedap sduewioy ‘spuew
awLl udng swalsAs uabuoy uy -J3d auibua *(043U0) UO[3IPJ aUNIX|l§ -WOD UO[Ie[npow 03
i Sy|nsaJ4 3no-auibua a|bujs 40 5507 99 01 MOLJ (3nJ I131el1a] 0} asuodsaa djjeddy
(A499)
yaune( 3A{PA |anyg
F2 1no-auibua 40 Aeap younej 3Jde3s pakegag uado o1 sy teq J0}e43U3Y Sey
‘umopinys aulbuy “3so| A3 (qeded
swi{} uang sabuo| ug bui|31304y3 3utbua Jo/pue [043U03 SpPuBULWOI UO(Ie|npow
2 s}insad 1no-auibua a|buys Ishayl  “99 o3 Mo 4 X071 IL1e44] 01 asuodsad d{jeaa3 (panuiilucd) AQ99
ALTWIILIYD NOISSIW NO 133443 INI9NI NO 123443 JA0W 3HNTIVA IN3INOdWO)D

847 pa4 dund uaboupAH/x07 SisALeuy S129443 pue apoy aanyie4 Adeujwy(add "6-¥ ILqey

#r



651

goune( K1t Ltqeaado
J3ajje uofjedado jno-auibua ufejuiew Jo
2z pue jae3s je Aejap youney “UMOpINYS J|jewoiny 10 ajeiado 03 Si{eq WarsAsS 0904

umopinys auybuj
J07€[NWNIIC 0904 § AUET XO1 OF MO[J
juesanssauad oN *a4nldnd asned Aew U0113(41S94 Mo} §

FA uo{3edado jno-auibuj MOlJ X01 pajnpaa Jo bupieay J9AQ X071 J0 bu(bbnigd

umopinys auibug

“SS0| “Xaf uo jods j0§ - x{w seb jsneyxa
L Uo|SS{uWl /7 a[d}yahr 3(G}5s04 3U(qany 30Q yI{d (anj pue Xo1 pLoI abexea| (+0)  aabueyix3 1eoH
umopIngs
sulbuy " YUEY X011 3(JIYar 01 pue 3307IN0ys 40
F3 uotiesado Ino-aufbu3z ~ 40IP[NWAIIE 0904 OF SSO| FUBANSSAAd MOLJ XO1 PaiIaj43say (panufiuod) A3H
ALITVIILTIYD NOISSIW NO 123443 ANI9NI NO 123443 300W 3¥NTIVS ININOdWOI

8¥1 paj dund uaboupAH/X0T sysALeuy $133433 pue apoy auniieq Adeujui(ald ~6-p 3lqel

- -



09t

younej

a(Zzou ayy 3®

bui3eayJaAno (ei0| ~ (apts 10y) 01 abe

t auoN 3(Qfssod ‘buy 003 a|ZZou pajnpay -jea| (anj [BUIITUT

uolssiw aaes Aew A}|(}

—qeded> jno-aujbuj -uo}sSS|W

abewep juawdinba juade[pe

alzzou agy 3¢

L J0 3[I{YaA JO SSO[ aLqLssod

Jdo aubua JO SSO| pue aA{j§ 9LqL5504

¥ea| (anj [eudaix]

3[(q§ss56d AIL(T

JW ut

—-qeded jno-au|buj - UO|SS(W

Bujieayaaro )W

(apts 304) 03 abe

L Jd0 3[JLYaA JO SSO[ a|qLssod

UO|SS{Ww aAes Aew AJL(}

[®30] 31q}ssod -buf(ood JIW pajnpay

—¥ed[ (en§ (eusaju]

-qeded jno-aujbuj -uojss(W abewep juawid{nba juadse[pe ~Julol I[ZZOU 0} IIW
1 JO 3[ILY3A JO SSOf 21qiSS0d 40 auibud Jo SSO( pUP aA}J ALqLSSOJ  AeI| |oNJ [eulaix3
: "SSo( adjue
-u10ja34 - abewep aaqueys 3snayy pue uojjewaojap jsod K{quassy
F2 U0} 7€4900 jno-aujbuj UO[ISNQWOD (I(A-A9ZLPEX0 PIAZ|[EI0] J3Z|PIX0 40333[U] ~ Jaquey) Fsniyl

v‘

ALITVIILIN) NOISSIW NO 133443

INTIN3 NO 123443

300W 3¥NTIV4

IN3NOdWO)

847 pa4 dund uaboupAl/x01 StsSAeuy $3I34§3 pue apoy asn(ie4 Aseujwy|add

sk,

‘6-v 3lqey

-



L9t

-abe

“abewep jo pealds - wep aujbua paujejuodun -aayj 'Ino

940j3Qq pajeiyjuf aq Ued -uing J03J8[U} PUE UO}SEAU| P[OJ|uel

uojeJado Jno-aujbua sa(ufn) "S{LEA Jaqueyd uo|3snquod [SyY 40 abessed x01

t SSO| a(JYaA 9(q[SS0g UO|SOAd U0} 3elado (I[J-X0} PIZ}[eI0] ISV J0 abexyao(g

abeuep aujbua pau(ejuooun

(abeuwiep jo peadds ~uj buyi|nNsad uo|jvdado yoj4 ¥01 pue

940j3q pajej3ju} aq ued ~ JAOUING 403Ja[U| 'UO|SCAU| P(oOJjucw
uUoyjeJdado Jno-aubua ssa(un) alqissod *s|Lem Jaquieyd UO}3sSNquod

L SSO| 919}YaA 91q}SS0d ISV 4O UO(S0J4d 0364 ainiX{w ybi§ 1SV 03 [9nJ JO S50

“umopInys aujbuj

T94NSSaAd Aaqueyd MO( O3 anp paty

~STYeS 30U SI{U[( pauliyjuod uoy3jubj (1SV) 42311ub{
FA uoy|je4ado jno-auibuj “a3jub| j0U Op saseb aanssadd JIW ?31ubj 07 s(ye4 NJieds pajuawbny
ALIVIILIND NOISSIW NO 123443 INIJINI NO 123443 3004 3¥NIVS ININOdHOD

847 paj dungd uaboupAH/X07 S|SA{RUY S3133}j3 puv apoy adn(je4 Adeujui(asd °6-v d(qeL



Table 4-9. Preiminary Failure Mode and Effects Analysis
LOX/Hydrogen Pump Fed LRB (concluded)

Criticality )

1.

Hot gas leakage is assumed to always result in structural/functional
damage to at least one engine.

Hot gas mixing with LOX is a potential fire/explosion hazard.

Oxidizer rich cutoffs always offer the potential for structural damage.
Structural failure of rotating machinery or rupture of pressure
containment boundaries can both propagate to destruction of one or more
engines, followed by loss of 1ife or vehicle.

Spark generation in a LOX environment, such as rubbing/fretting of parts
in oxidizer pumps or valving, will escalate to a fire/explosion.

Criticality 2

1.

Leakage of propellants during start of mainstage is considered as being
detectable by hazardous gas monitors or other instrumentation to permit
safe engine shutdown. The worst possible scenario of potential mission
loss, however, is assigned for conservativeness.

Failures precipitating safe engine shutdown. The vehicle is capable of
achieving mission success with one engine not operating; however, it is
presumed that launch abort, followed by safe shutdown, will be commanded
if one engine is not operating prior to 1iftoff.

Criticality 3

1.

External leakage of propellants during preconditioning is assumed to be
detected by ambient hazardous gas monitors, which will be cause for launch
abort.

A1l others.
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4.3.3 LRB CEI Requirements

This document presents the preliminary CEI requirements that the LRB engine
must fulfill to satisfy the requirements for the STS. These requirements are

as follows:

Performance. All performance values stated herein are nominal values. The
minimum and maximum values will be determined during subsequent study

efforts.

1) Engine Thrust - The LRB shall be capable of producing 563,000-1b
vacuum thrust at the normal power level (NPL) and 619,000-1b vacuum
thrust at the emergency power level (EPL). The engine shall be
capable of throttliing up from NPL to EPL in TBD seconds. Throttling
to the minimum power level (422,600) shall be provided in the engine
design.

2) Specific Impulse - The specific impulse for the STME shall be as
follows for the two vacuum equivalent thrust operating points:

Thrust Level Sea Level Is (seconds) Altitude Is (seconds)
563,000 1b 273.9 = TBD 427.0 £ TBD
619,000 1b 369.4 = TBD 427.9 + TBD
422,600 1b 351.7 = TBD 430.0 £ TBD

3) Main Combustion Chamber (MCC) Propellants

Propellants Injected State
Oxidizer - Oxygen (LOj7) Liquid
Fuel - Hydrogen{ H3) Gas

4) GG Propellants

Propellants Injected State
Oxidizer - Oxygen (LO3) Liquid
Fuel - Hydrogen( Hj) Gas
MCC MR - O/F NPL O/F EPL
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5)

6)

7
8)

9)

10)

11)

12)

13)

15302

Engine MR - The engine MR for the LOX/Hp LRB shall be as follows
for the two thrust operating points:

Thrust Level Mixture Ratio
563,000 1b (vac) 6.0
619,000 1b (vac) 6.0
422,600 1b (vac) 6.0

The engiie~shall be equipped with a closed loop engine MR control
system capable of controlling MR within = 1.0% of the nominal value.

Acceptance Calibration - The acceptance calibration for the LRB shall
be as follows:

Thrust (NPL)

563,000 1b = 3%

(EPL) - 619,000 1b + 3%
MR (NPL) - 6.0 £ 1%
(EPL) - 6.0 £1%

Coolants - The coolants for the MCC and nozzle shall be LH;.

Burn Duration - The LRB shall be capable of maximum burn duration of
180 sec at NPL and EPL.

Uncoupled Thrust Oscillations - The engine-produced uncouplied
oscillatory thrust shall be no greater than the following for the
respective specified frequency ranges:

R=0 to 0.5 Hg F =+ 6000 1b
R=0.5to 1.5 H; F =4+ 1500 1b
R=1.51t0 2.5 H; F=2% 450 1b
R=2.5 to 100 Hy F =+ 1500 1b

For the purpose of performing data analysis to verify engine
compliance in the critical frequency range oscillatory shall be
defined as the average value of an oscillation over at least 16
cycles.

Combustion Stability - The engine-produced main chamber pressure
oscillations shall not exceed + 5% of the mean steady-state pressure.

Damping time for artificially induced pressure spires shall be TBD
milliseconds maximum.

POGO Suppression - The engine shall provide a POGO suppression system
in accordance with the following requirements (TBD).

Engine Controller - The electrical closed loop engine control system

shall be capable of continuous operation at ambient temperature for
an unlimited period of time during checkout and maintenance.
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14)

System Checkout and Monitoring Capability - The design shall {include
onboard checkout capability, redundancy verification, and status
monitoring during ground operations. The engine design shall include
a limit control system capable of automatically initiating engine
shutdown to prevent catastrophic failure.

Operations. The operational requirements presented herein are preliminary

and represent nominal values. The maximum and minimum values will be

determined during subsequent study efforts.

1)

2)
3)

4)

5)

6)

Engine Start - The engine start system shall have self-contained
control within the engine envelope. The start sequence shall be
started by a single electrical signal from the vehicle or ground
source.

The engine shall be capable of one start after each ground servicing.

The engine start sequence shall be capable of achieving normal power
level (NPL) thrust in less than 5 sec.

The thrust buildup rate shall not exceed TBD 1b thrust in any 10-msec
time period.

Starting Impulse - The starting thrust impulse to NPL shall not
exceed TBD lb-sec.

Throttling Control - The engine shall be equipped with a closed loop
thrust control system capable of raising the thrust at NPL to the
specified thrust at EPL in the event of an engine condition-out
during a vehicle launch.

a) Throttle Rate - The engine thrust control system shall be
capable of raising the engine thrust from NPL to EPL at the
rate of TBD lb-sec any time after reaching NPL. Also
throttling to the minimum power level shall be provided at a

rate TBD.

b) The thrust control system shall be capable of a step response
of TBD 1b thrust increase in less than TBD sec after a step
command.

Engine Shutdown. The engine shall be capable of a safe shutdown from any

power level including the start sequence.

1)

2)

1530z

The engine shutdown sequence shall be capable of reducing thrust from
NPL to zero in TBD sec.

The shutdown impulse shall not exceed TBD 1b/sec from NPL.
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3)

The engine shall be capable of shutdown from any defined thrust level
upon receipt of an electrical command at a rate of TBD 1b thrust
change per any 10-msec time interval.

Environmental Conditions. The ehgine shall be capable of operating safely

under the following conditions:

1

2)

3)

4)

5)
6)

7

'8)

The engine shall be cagab]e of operating safely where exposed to a
hat flux of TBD Btu/fté-sec and a surface temperature of TBD°F.
The heat transfer coefficient that shall be used for design is TB8D
Btu/sec-ft2°F.

The surface temperature of lines or surface in contact with cryogenic
propellants shall be controlled to preclude the formation of liquid
air.

Acceleration Loads - T8D
Shock Loads - TBD
Ground Handling and Transportation Loads - T8D

Storage Life - The engine shall be capable of being transported and
stored over an ambient temperature range of TBD°F to TBD°F, an
ambient pressure range of TBD psig to TBD psi, a relative humidity of
100% at temperatures less than or equal to TBD°F.

a) The engine shall suffer no degradation of reliability or
operating life during the storage period, subject to the
inspection and maintenance requirements TBD.

Exposure - The engine system and components shall be capable of being
transported and stored without deterioration in areas where
conditions may be encountered having salt spray and relative humidity
as experienced in coastal regions. The engine system and components
shall be capabie of withstanding exposure to sand and dust when
equipped with proper closures.

Lightning - The engine controller shall be designed to operate.
without damage in accordance with TBD lightning protection criteria.

Prelaunch. The engine shall be designed for minimum prelaunch servicing.

1)

15302

Ground Service - The engine shall be capable of achieving pre-launch
thermal conditioning without ground servicing in less than TBD
minutes from the time propellants are supplied to the engine.
Recirculation flow rates to achieve thermal conditioning are as
follows:

LOX - TBD 1b/sec
LHy - TBD 1b/sec
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2)

3)

4)

5)

The engine shall be capable of servicing and maintenance while in
either the horizontal or vertical position.

The engine shall not require any servicing from ground equipment

"within 24 hr after propellants are loaded.

External or internal leakage of propellants shall not occur in such a
manner as to impair or endanger the engine/vehicle function. Leadage
monitoring capability shall be provided with the design objective
that separable connections not exceed 1 x 10-4 sec helium at leak
check pressure.

The engine shall not require any monitored redlines external to the
engine prestart and shall provide a continuous engine-ready signal to
the vehicle when all critical parameters monitored by the engine
control system are within TBD conditions.

Interface. The engine shall require the following conditions at the
respective interfaces with the vehicle:

1)

2)

3)

4)

5)

6)

15302

Propellant inlet conditions at engine start:

a) LOX - 65 psia to TBD psia, 163 to 170°R
b) LHy - 25 psia to TBD psia, 3B to 40°R

Propellant inlet conditions during mainstage:

a) LOX - 65 psia to TBD psia, TBD to TBD°R
b) LHy - 25 psia to TBD psia, TBD to TBD°R

Electrical

a) The engine shall be supplied TBD dc V

b) The engine shall be supplied TBD ac V

c) The controller shall be engine supplied and mounted.

Pressurization Gas - The engine shall provide GOX to pressurize the
vehicle oxygen tank and GHp to pressurize the Hp tank.

Purge Requirements - Nitrogen, in accordance with MIL-P-27401, and
helium, in accordance with MIL-P-27407, shall be used for operational
and servicing purges and leakage tests.

a) Operational Purges - TBD
b) Servicing Purges - TBD

Digital Interface

a) A suitable digital interface shall be provided for vehicle
commands to the engine.
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Physical Requirements. The physical requirements presented herein are

preliminary and represent nominal values. The maximum and minimum values will

be determined during subsequent study efforts.

1)

2)

3)

4)

5)

6)

]
Envelope - the maximum engine width is 108 in. and the engine height
is 135 in.

Weight - The engine weight is as follows:

Ory  Wet
Basic engine : 6,671 1b TBD
Accessories 263 1b  TBD
Thermal Insulation 6,934 1b TBD

Gimbaling - The engine shall be capable gimbaling in a + 6° square
pattern at a gimbal rate of 10°/sec and an acceleration rate of 1.0
rad/sec squared. The engine shall provide attach points for the
vehicle-furnished actuators. The gimbal system shall be capable of
returning the engine to null position at engine shutdown.

Engine Alignment - The engine shall be aligned so that the actual
thrust vector is within 30 min of an arc to the engine centerline and
within 0.25 in. of the gimbal center. The gimbal center shall be
within 0.010 in. of the engine centerline.

Engine Fluid Interface Ducts and Lines - The engine shall supply all
interface ducts and 1ines with a minimum of TBD in. strajght section
upstream of the engine interface plane.

Engine Electrical Interface - A1l engine electrical connections from
the vehicle shall be located in a single, engine-mounted panel.

Reliability. The reliability of the configuration upon which the final

flight certification is based shall be that which is necessary to ensure
functioning within the specified design 1life.

1)
2)

3)

1530¢

The engine design 1ife is 1 mission at EPL.

Fail-Safe Design - The engine shall be capable of shutdown from an
internal signal without damage to other systems.

Structural Criteria - The engine shall be designed to provide the
following minimum factors of safety:

Minimum yield
Minimum ultimate
Minimum ultimate
Minimum proof

1.1
1.4 combined loads

1.5 pressure only

1.2 times EPL operating conditions,
unless fracture mechanics requires a
higher factor
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Low cycle fatigque - 4.0
High cycle fatigue - 10.0

Note: Components should be designed for 1.25 on endurance 1imit where
feasible

Diagnostic Monitoring. The engine shall be capable of self-diagnostics in
real time. Unsafe conditions shall cause an engine-generated shutdown unless
inhibited by the vehicle.

1) Diagnostic data will be recorded for postflight analysis.
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LIQUID ROCKET BOOSTER PHASE III STUDY REPORT
FOREWORD

This Phase I report, cohtaining results of the extension to the Liquid Rocket Booster system
Feasibility Study is submitted to General Dynamics Space Systems Division (GDSSD) in accor-
dance with General Dynamics contract 08-01290. This program was conducted under the direction
of GDSS program manager Paul Bialla and Propulsion Project Manager Gopal Mehta. This docu-
ment describes the results of a Liquid Rocket Booster engine study conducted during Phase I and
Il and extended to carry design analysis studies to a further degree of detail.

Specific engine development and production costs are not included in this report due to their
proprietary nature; however, they have been submitted to General Dynamics under separate cover.

ABSTRACT

Phase III of the Liquid Rocket Booster Study was conducted over a five month period by
Rocketdyne. Three engine types were compared: 1) LOX/RP-1 pressure fed, 2) LOX/RP-1 pump
fed, and 3) LOX/H; pump fed. For the pressure fed engine, trade studies were conducted to de-
termine the influence of chamber pressure on engine performance, stability, and cost as well as its
influence on the vehicle's tendency toward POGO. Technology items for the pressure fed engine
are identified.

The acoustic pressures generated by the above engine systems were compared in a preliminary
way with the Solid Rocket Booster (SRB) based on analytical studies. Various engine control
system options were also compared.

New engine balances and new design sketches of the above engines were generated based on
final engine requirements generated by GDSS.

The engine of choice, at the conclusion of this effort, is the LOX/H; pump fed engine of a de-
sign almost identical with the STME engine.
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LIQUID ROCKET BOOSTER PHASE III REPORT
1.0 INTRODUCTION

The use of liquid rocket boosters (LRB) for the Space Shuttle is being investigated in detail by
General Dynamics Space Systems Division. Rocketdyne, under subcontract to GDSS, is studying
pressure fed and pump fed propulsion systems which may be applied to Space Shuttle booster
propulsion. The initial effort covered parametric performance, weight, and cost data for a range of
propellant combinations and engine thrust levels and chamber pressures. Parametric data from the
Rocketdyne 1972 Phase A/B Pressure Fed Space Shuttle Study and the 1986 AFRPL Low Cost
Expendable Propulsion Study (LCEPS) were examined for applicability.

1.1 PHASE I AND PHASE II STUDIES REVIEW

Following the initial parametric studies, trade studies were conducted to define the basic elements
and features of the engines. These studies covered selection of cooling method, injector type,
thrust vector control system, ignition method, and basic engine control method. Engine candidates
for both pressure and punip fed applications were formulated based upon the results of the trade
studies. Emphasis was placed on expendable engines based on the results of GDSS studies.

Conceptual engine design layouts for both ablative type and regeneratively cooled pressure fed
thrust chambers were prepared showing general constructive details for the major engine elements.
Emphasis was placed on LOX/RP-1 propellants since they were the propellants of choice based on
General Dynamics trade studies. A safety and reliability analysis was conducted to compare abla-
tive and regenerative type chambers with the conclusion that both types of chambers could be de-
veloped to have a hi gh degree of safety and reliability. Regeneratively cooled pressure fed engines
were chosen based on a careful evaluation of factors such as experience base, overall safety, etc.,
and on the results of the General Dynamics trade study.

Hydrocarbon pump fed engine defintions were based on the ongoing STBE (Space Transportation
Booster Engine) studies except that RP-1 was used as the fuel rather than methane. GDSS selected
RP-1 and hydrogen based on overall trade studies of size, cost, experience base, etc. For the pres-
sure fed engines a complete list of engine feature options was developed and trade studies were
conducted in order to define the most desirable expendable engine features.
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1.2 PHASE III STUDY APPROACH

Initial work consisted of generating parametric engine data to permit comparison of the following
three engines: 1) a pressure fed LOX/RP-1 engine, 2) a pump fed LOX/RP-1 engine (similar to
an STBE design), and 3) a pump fed LOX/LH> engine (similar to an STME design). Since many
of the pump fed engine characterizations were at hand as a result of other program efforts, they
were used as background for this study.

Since the reduction of propellant tank pressure for the pressure fed concept was an important goal,
the factors to be considered in holding the injector pressure drop and the engine combustion cham-
ber pressure to a minimum were addressed, especially as related to the future program efforts
which would be required to stabilize the engine. The relation between engine design parameters,
performance, and stability margin were generated for a pressure fed engine.

Similarly, the influence of lowering both the injector pressure drop and the chamber pressure upon
the POGO stability predicted for the pressure fed vehicle were studied to determine the approximate
size and weight of the stabilization hardware required.

The relative complexity and cost of the control systems associated with the three engines were de-
termined and the type of control suitable for each was recommended. A detailed sound pressure
level study (acoustical) was conducted which compared the predicted levels for the LRB engines
with that of the existing solid rocket motors.

Once the choice of the LOX/LH; pump fed LRB baseline engine was made by GDSS, engine bal-
ances were generated for this engine to finalize characterization for the selected engine of choice.

1.3 SCOPE

This study effort focused on the following issues as well as to provide GDSS with assistance
in other areas as required.

The minimum Pc and minimum AP for combustion stability in LOX/RP-1 pressure-fed engines
will be established. Consideration of possible "Pogo" effects will be included. Low P and AP are
desired to keep propellant tank pressures as low as possible. However, combustion stability and
very low frequency feed system coupled instability (POGO) can be more easily induced as P and
AP are lowered. Combustion stability analyses will be made to determine P, and AP minimum re-
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quirements for stable combustion, and the risk of encountering a POGO induced instability will be

determined.

Rocketdyne will advise GDSS on engine requirements for technical demonstration testing at
MSFC on an F-1 test stand, both for the pressure-fed F-1 and the new thrust chamber. The pre-
designs of 2 selected pump-fed engine concepts for LRB (LOX/RP-1 and LOX/LHj) will be opti-
mized. These pump-fed engines will be modified to reflect changes in system requirements. The
chamber pressure level and other design characteristics will be re-examined and modified to im-
prove overall engine performance and reduce weight and cost.

When improved pre-designs of the selected engines have been completed, their development

and production costs will be re-evaluated. These engines are: 1) LOX/RP-1 pressured-fed, 2)
LOX/RP-1 pump-fed, and 3) LOX/H2 pump-fed engines, all throttlable to the required level.
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2.0 LRB ENGINES USING LOX/RP-1 PROPELLANTS

This section describes the work performed during this Phase II period on: 1) the LOX/RP-1
pressure-fed engine, and 2) the LOX/RP-1 pump-fed engine.

2.1 LOX/RP-1 PRESSURE FED ENGINE
A simplified schematic and engine layout of the LOX/RP-1 pressure fed engine are shown in
Figures 2-1 and 2-2 respectively for reference. The characteristics for this engine are shown in

Table 2-1.

Table 2-1. LRB LOX/RP-1 Pressure Fed Engine Characteristics

ENGINE PARAMETERS |NOMINAL | MINIMUM
THRUST THRUST

Weight (Ib) 7017

Throttle (%) of vacuum thrust 100.0 60.0*
Oxidizer flow rate (Ib/sec) 2433.0 1470.3
Fuel flow rate (1b/sec) 973.2 588.1
Vacuum thrust (1b) 971595 582,957*
Sea level thrust (1b) 841482 452542
Chamber Pressure (psia) - 334.0 200.4
Vacuum Isp (sec) 285.2 283.2
Sea level Isp (sec) 247.0 220.0
Mixture ratio 2.5 2.5
Nozzle area ratio 4.96

Area (in2) 8854

Throat radius (in) 23.84

Exit diameter (in) 106.2

Overall length (in) 205.5

*60% of the Nominal Vacuum
Thrust

2.1.1 Startup and Shutdown Transients

The startup and shutdown transient flow rates were estimated for a pressure fed LOX/RP-1
engine of the above type. The results are shown graphically in Figures 2-3 and 2-4. Since cham-
ber pressure is an accurate indication of engine thrust level, this data permitted the thrust transient
for LRB to be calculated and its effect on the STS vehicle dynamics just before lift-off to be esti-
mated by GDSS.
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The approximate propellant weight used by the engine during startup was estimated from the
flow rate curves. The results are shown in Table 2-2 and give an indication of the propellant
weights for the baseline engine of 841 Klb thrust.

Table 2-2. Propellant Weight Utilized During
Startup of a Pressure Fed Engine

F=750K1b Pc =500 psia

LOX RP-1 TOTAL

Time from 1bs Ibs
start, sec (used) (used)
0.231 44.7 2.5
0.4615 173.7 6.86
0.692 317. 11.85
0.923 461. 16.84
1.154 648. 73.60
1.385 978. 259.5
1.615 1400. 492.7
1.846 1880. 741.0
2.077 2397. 992.9
2.308 2932, 1247 .4
2.538 344.2 1477.9
2.77 3965. 1697.5

3.00 4531. 1925.1 6456.

2.1.2 Engine Behavior Just Before and After Lift-off

A brief study was made to determine the extent of the engine operating point excursion between
a moment just prior to lift-off and just after liftoff. The change is due to the small change in inlet
pressure at the engine due to the comparatively sudden change in acceleration from approximately 1
g before liftoff to approximately 1.4 g afterward.

The steps in determining the design point shift and the results are shown in Figure 2-5. It can
be seen that the increase in thrust is only 4% and the increase in mixture ratio is from 2.4 t0 2.5
when the engine goes from a 1 g environment to an approximately 1.4 g. The engine is of course
calibrated to operate at the higher values. The conclusion is that no attempt should be made to re-
quire a control system to adjust the flows and mixture ratio to make the thrust and mixture ratio the
same before and after liftoff since this requirement is hereby shown to be unnecessary.
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Figure 2-5. LRB Pressure Fed Engine Response During Liftoff
2.1.3 Engine Parametrics

In general, the parametrics generated during Phases I and II were adequate. However, a few
more were generated during Phase III as follows. The values of the required inlet pressure as a
function of chamber pressures were generated for a typical LRB pressure fed engine. The results
are shown in Figure 2-6. The estimated engine weight as a function of chamber pressure and
thrust level were determined. The results are shown in Figure 2-7. The engine performance, as-
suming a realistic NC* of 0.96, as a function of chamber pressure is shown in Figure 2-8.
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Figure 2.8. LRB Pressure Fed Engine Performance vs. Chamber Pressure
2.1.4 LRB PRESSURE FED ENGINE PROGRAMMATICS

The overall development schedule for the LRB pressure fed engine is shown in Figure 2-9.
The 51 month (4 1/4 years) engine development program is designed to support a first vehicle
launch in the third quarter of 1994 and therefore would benefit from a Phase B effort and a tech-
nology program directed at defining the best injector configuration. A benefit of the Phase B de-
sign effort would be to allow early long lead procurement of casting tooling for some of the major
components such as the thrust chamber manifolds. The technology program should be started in
time to provide data for design of the injector. This effort would significantly reduce risk during
the hot fire test phase.

As indicated in Figure 2-9, engine test facilities are required by the second quarter of 1992.
These facilities are assumed to be provided by the government or the vehicle contractor. Formal
Pre-Flight Rate Tests (PFRT) are planned prior to the first flight and Flight Rating Tests (FRT) to
certify readiness for full operational status after the first flight.
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Figure 2-9. LRB Pressure Fed Engine Development Program

The engine test plan (shown in Figure 2-10) has been developed (in terms of numbers of tests
and hardware) on the basis that the engine design provides robustness and the design margins are
applied to the normal power level (NPL) operating conditions resulting in higher margins at throt-
tled conditions. A design team including engineering, manufacturing, procurement, operations,
reliability, producibility, quality and maintainability functions will be fully integrated into the de-
sign and procurement process to assure a cost effective low risk engine. Lessons learned from
numerous prévious large engine development programs will be applied. These include:

1. Component level testing will be conducted in an engine simulating environment to the maxi-
mum extent possible.

2. Extensive limits testing will be conducted at both the component and engine level.
3. Overstress testing will be conducted on a majority of the test units. (Further details can be ob-

tained by referring to the Phase II report.)

The development program cost is estimated to total $435M, and is spread over the life of the pro-
gram as shown in Figure 2-11. (This includes MPTA, PFRT and FRT engines.)
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This section presents the selected LRB/RP-1 pump fed booster rocket engine configuration and
characteristics resulting from the technical analyses and trade studies.

A baseline engine concept was selected based on ongoing Space Transportation Booster Engine
(STBE) studies and experience along with trade studies for the STS application. An engine per-
formance and pressure balance was generated for the selected configuration and the resultant pa-
rameters were used to establish the pertinent combustion chamber, injector, nozzle, and turbopump
characteristics leading to the recommended configuration and physical design.

2.2.1 LOX/RP-1 Gas Generator Engine Characteristics

The hydrocarbon engine selected for the pump fed LRB uses LOX/RP-1 propellants at an
Emergency Power Level (EPL) chamber pressure of 1400 psia and a 2.53 en gine mixture ratio.
The selected engine cycle is a gas generator cycle producing 1800 R turbine drive gases to drive the
RP-1 turbopump and the LOX turbopump which have turbines connected in series. Series tur-
bines were selected to minimize the secondary flow performance losses of the gas generator, (GG
gases) which are exhausted into the thrust chamber nozzle at an area ratio of 14.2. The nozzle
contour is an 80% bell with a 4-degree exit wall angle to accommodate sea level operation at mini-
mum power level without nozzle flow separation. The engine layout is shown in Figure 2-12. A

simplified flow schematic is shown in Figure 2-13 and the engine characteristics are shown in
Table 2-3.

LOX ' |
/wnuopuup | 141,30 l

CXIO EER:

—\ #8gc0o

RP4
TURBOPUMP -——— 125,60

Figure 2-12. Top and Side View of LRB LOX/RP-1 Gas Generator Engine
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Figure 2-13. Simplified LRB LOX/RP-1 Pump Fed Engine Flow Schematic
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Table 2-3. LRB LOX/RP-1 Gas Generator Engine Characteristics

Nominal Abort Mintmum
Engine Parameters Thrust (NPL) | Thrust (EPL) | Thrust
(MPL)
Weight (1b) 6216
Throttle (percent) 100.0 110.0 75.9
Oxidizer flow rate (Ib/sec) 1455.6 1603.7 1087.1
Fuel flow rate (lb/sec) 575.3 633.8 429.7
Vacuum thrust (1b) 629871 692858 472403
Sea level thrust (Ib) 564881 627858 407403
Chamber Pressure (psia) 1272.7 1400.0 954.6
Vacuum Isp (sec) 310.1 309.6 311.4
Sea level Isp (sec) 278.1 280.6 268.6
Mixture ratio 2.53 2.53 2.53
Nozzle area ratio 16.5
Area (in2) 4423
Throat radius (in) 9.232
Exit diameter (in) 75.0
Overall length (in) 130.3
o2 RAP1

Plﬁpﬁwﬁ @m‘%ws
\ !
A i
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The RP-1 fuel is used to cool the thrust chamber. The thrust chamber consists of a one piece
construction MCC/nozzle using stainless steel tubes. It is desirable to use a light weight tubular
construction for the nozzle/MCC for a low heat flux thrust chamber at chamber pressures up to
about 1500 psia. The high heat flux at chamber pressures above that requires fabrication of a cop-
per base alloy (NARloy-Z) milled channel configuration, typical of the SSME. The injector will be
a ring-type design similar to other LOX/RP-1 injectors and will use OFHC copper rings, as was
used in the F-1 injector for adquate injector face coolin g

The nozzle to MCC attachment point is at an area ratio of 5:1 where 50 percent of the RP-1 is
used to cool the nozzle and 50 percent is used to cool the MCC. This 50/50 flow split and 5:1 at-
tachment location provides the lightest weight engine with the lowest RP-1 pump discharge pres-
sure. An up-pass cooling circuit is used for both the MCC and nozzle. A fraction of the nozzle
coolant is diverted to the gas generator and the remainder is mixed with the MCC coolant and dis-
charged to the main injector. The nozzle coolant AP is low compared to the MCC and provides the
highest energy level RP-1 to the gas generator. The cooling characteristics and energy levels are
depicted in the engine balance table. Further details regarding the design selection criteria are
found in the Phase II report.
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3.0 LOX/H; GAS GENERATOR ENGINE SYSTEM

This section presents the characteristics of the chosen engine configuration which is a LOX/
H, gas generator pump fed engine virtually identical to the present Space Transportation Main En-
gine (STME) configuration now being studied by Rocketdyne under a separate contract.

The specific baseline engine concept was selected based on previous studies and experience
along with trade studies for the STS application. This engine has the following main advantages:
1) low technical risk, 2) no environmental concerns, 3) commonality with current shuttle ET pro-
pellants, 4) reduced POGO stability compensation hardware size and complexity, and 5) reduced
exit diameter obviating the need to make major launch platform alternations.

3.1 PERFORMANCE AND CHARACTERISTICS

An engine performance and pressure balance was generated for the selected configuration and
the resultant parameters were used to establish the pertinent combustion chamber, injector, nozzle,
and turbopump characteristics leading to the recommended configuration and physical design. The
engine characteristics are tabulated in Table 3-1.

The engine selected is of an expendable type with step throttling capability of 100% to 75% of
the nominal thrust level. The rationale for engine thrust, chamber pressure, expansion ratio, and
engine throttling range were determined by GDSS. The propulsion system described here is based
on an overall mixture ratio of 6.0 and expansion ratio of 20.

The engine is baselined with no boost pumps, and minimum inlet pressures of 65 psia for
LOX and 45 psia for LHy. Boost pump trades conducted in the STME studies showed an increase
in engine weight when boost pumps are included, cost and complexity and the STME is baselined
without boost pumps. The rationale for the LOX pump inlet pressure is described in the Phase 11
final report. Various options for disposing of the engine gas genertator (GG) exhaust were studied
previously and are given in the Phase Il report. A solid propellant gas generator (SPGQG) assisted
start method is selected over the tank head start method because it provides more repeatable starts.
In addition, the tank head start is comparatively slow compared to other types of starts, and this
may complicate optimization of ignition sequencing for the STS vehicle.
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Table 3-1 Baseline LRB LOX/H; Gas Generator
Engine Characteristics

ENGINE PARAMETERS NOMINAL MINIMUM
Weight (Ib) 6100
Throttle (percent) 100 75.0
Oxidizer Flow Rate (Ib/sec) 1162.7 893.3
Fuel Flow Rate (Ib/sec) 193.8 148.9
Vacuum Thrust (1b) 558,000 418,500
Sea Level Thrust (Ib) 518,574 388,930
Chamber Pressure (psia) 2250 1701
Vacuum Isp (sec delivered) 4114 412.3
Sea Level Isp (sec) 382.3 373.2
Mixture Ratio 6.0 6.0
Nozzle Area Ratio 20.0
Throat Radius (in) 6.543
Exit Diameter (in) 58.44
Overal Length (in0 100.8
Inlet Pressure: LOX (psia) 65
Inlet Pressure: LH> (psia) 45
Throttling Type Step-Open Loop
Mission Life 1

No. of Starts 5
Boost Pump None
Bleed Required None
Engine Start SPGG
Thrust Vector Control Actuator Type | Electromagnetic
Valve Actuator Type Electromagnetic
Inlet Temperature Saturation
Inlet Line Diam. (both oxid. & fuel) | 10

(in.)
Reliability
No. of Pump stages

LHy

99% @ 90% confidence level

Single Stage
Two Stage

3.2 SCHEMATIC AND OPERATION

A schematic diagram of the engine is shown in Figure 3-1 and a side view and top view of the

engine are shown in Figure 3-2.
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The engine has separate LOX and liquid hydrogen turbopumps. The two turbines are driven
in series by the same gas generator. The GG exhaust gases first drive the fuel turbine and then the
LOX turbine, The LOX heat exchanger is located downstream of the LOX turbine and supplies
LOX for use in pressurizing the LOX propellant tank. The GG exhaust gas is then utilized to cool
the nozzle and is dumped at the nozzle exit around the periphery of the nozzle. Vaporized hydro-

gen required to pressurize the hydrogen propellant tank is supplied from the combustion chamber
coolant.

Steady state operation is reached in approximately 3.5 seconds. The valve start and shutdown
sequences and the moment of ignition of the SPGG are shown in Figure 3-3. The transient flows
during startup (and during shutdown) are shown in Figure 3-4 and Figure 3-5, resulting in the
changes shown in the main chamber pressure and GG chamber pressure shown in Figure 3-6.

The LOX heat exchanger valve is then opened allowing a small amount of LOX to be vaporized
and utilized to pressurize the LOX tank.

Valve Position
100 T
’
| alve
! AN
80 1 1
Gas / ; '.. \
| S 1
. ’ Vaive / l "‘ \
e .
= { H——=
2 ’ 1 3\
2 ' AN
. ANERYL
| Ak
| 3\
' [
5 )\
|‘ ggf\[ﬁfﬁ(o;‘.‘. \
| Valve .
‘ : \\ A
l e
Glb Rockwell lr?ternahonal 2 ’ 4 6 8 10

Time, sec
Rochetdyne Dvwisson

avyean 1M

Figure 3-3. Startup and Shutdown Sequence and Valve Movement for LRB
LOX/H2 GG Engine.
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3.3 DESIGN

A side and top view of the LOX/H; engine are shown in Figure 3-2. The selected expansion
ratio of 20 has resulted in a relatively short nozzle. The reduced exit diameter and length of the en-

gine are a distinct advantage since the overall plume diameter and gimballing space required are
both substantially reduced.

The regeneratively cooled combustion chamber has a 7:1 expansion ratio. A GG exhaust gas

cooled nozzle extends the expansion ratio from 7 to 20. The LRB nozzle design will have an opti-
mized 80% bell nozzle from the throat to an expansion ratio of 20 at the nozzle exit

1001DV
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The nozzle has a tubular wall construction. The nozzle tubes, from an expansion ratio of 7 to
20, are cooled with the exhaust gas coming from the LOX turbine exhaust duct. At the point
where the gas enters the tubes, part of the gas flow is diverted into the nozzle and is used as film
coolant. The remainder conductively cools the tubes. The coolant gases (GG exhaust gas) flow in
the same direction as the primary nozzle flow and are dumped out of the tubes at the nozzle exit
plane.

An injector design cross-section is shown in Figure 3-7. It is a typical gas/liquid coaxial in-
jector of conventional design used in LOX/H3 rocket engines. The detail design has been specially
constructed to reduce fabrication costs.

Cross sections of the fuel and LOX turbopumps are shown in Figures 3-8 and 3-9 respec-

tively. The single stage LOX turbopump is driven by a single stage turbine. The fuel pump has
two stages driven by a two stage turbine. Again, the designs minimize fabrication costs.

./ LOX Inlet

3y
i

§/304L CRES LOX Inlet
X .

Fuel Sleave

l||||l\|||un|||||.,——

GAQ Rockwell International

Rocheioyne Duwwrsion

BBCA-11C22)0)a

Figure 3-7 Injector Design
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A heat exchanger design concept for vaporizing LOX and pressurizing the LOX tank is shown
in Figure 3-10.

3.4 POGO SYSTEM

A preliminary estimate was made of the size of a POGO compensator for the engine of choice.
It was estimated that a unit of about 1 cu. ft. volume placed just above each of the 4 LOX prevalves
will be adequate. A single helium supply line branching to each of the four compensators can be
provided. Three slightly different POGO suppressor device concepts are shown in Figure 3-11.
In each case a spherical or cylindrical volume surrounds the LOX feed line with connecting ports at
the bottom to allow rapid propellant flow in and out of the volume, thus suppressing feed line flow
oscillations to the engine. The action is similar to that of a piston accumulator. Concept 1 uses
very little helium, since it is filled with helium only once just before liftoff. However, as vehicle
acceleration is increased, the gas volume will decrease due to an increase in static head pressure.
Counteracting this is a gradually decreased static head due to lowering of the level in the propellant
tank. Concept 2 maintains the gas volume independent of the static pressure, but requires a small
helium or GOX bleed flow throughout the boost period. Concept 3 has an active liquid level con-
trol to ensure that the static volume remains relatively constant. Trade-offs can be made during
more detailed design efforts. Meanwhile, Concept 2 is considered the suppressor of choice at this

time.

3.5 ENGINE CONTROL

The control system is an open loop, step throttled type. The system for controlling the state of
the engine and for engine condition monitoring is shown Figure 3-12. Changing the thrust in steps
is accomplished by changing the gas generator propellant flow in steps by means of the GG pro-
pellant valve. When GG flow output is reduced, the power to the turbopumps is reduced and the
main propellant flows are decreased. For example, referring to Figure 3-12, a signal to reduce
thrust coming from the Vehicle Command Bus is received by the State Controller which in turn
signals the Control Module to energize the appropriate valve actuator. Except for the ignition and
shutdown operation, the balance of the operations by the controller are of the condition monitoring
type. Signals from the instrumentation shown in Figure 3-13 are compared with preset high/low
limits. If these limits are not exceeded, no action is taken. If they are exceeded, warnings to vehi-
cle command and/or automatic engine shutdown are initiated.
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The number and type of instruments utilized to carry out the engine condition health monitoring
function is a trade-off between 1) the cost, weight and reliability of instrumentation hardware,
computer hardware, and software, and 2) the engine reliability requirements needed to meet the
overall vehicle reliability requirements. Subsequent Engine Phase B studies will define the health
monitoring functions and system design.

3.6 ENGINE INTERFACE REQUIREMENTS

The following interface requirements have been defined from overall LRB studies (Table 3-2).
More detailed interface requirements will be defined in Phase B studies.

Table 3-2. LRB LOX/H; Interface Conditions

Gimbal requirement +6°

Inlet pressure (min), psia
Hydrogen - 45
Oxygen - 65

Inlet Temperature (min), °R
Hydrogen - 37.5
Oxygen - 164

Mixture ratio tolerance(1) - +3%

Thrust tolerance(1) - +39

(1) at standard propellant inlet condi-
tions

3.7 ENGINE CHECKOUT ON THE PAD

The engine condition monitoring system and its associated measuring system will be used for
the engine checkout operation. A fault detection algorithm can then be used to aid in locating the
source of any anomalous operating condition.

For in-flight operation, however, only the decision of whether or not to initiate an en gine shut

down signal and to continue the flight under a one-engine-out condition or not is of importance.
The fault diagnosis is only of secondary importance and any hardware and software required is
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considered ground support equipment. In any case, the detailed analysis to determine the charac-
teristics of abort procedures must be determined from a vehicle standpoint with consideration for
engine condition monitoring, shutdown and throttling capabilities and limitations.

3.8 ENGINE SCHEDULE AND PROGRAMMATICS

The overall development program schedule for the LOX/LH2 pump fed engine (and applicable
to the LOX/RP-1 pump fed engine), is shown in Figure 3-14. The 63 months (5 1/4 years) devel-
opment program is designed to support a first vehicle launch in the third quarter of 1995 and there-
fore would benefit from a Phase B effort and a modest technology program in terms of reduced
risk. (For further details see also the Phase Il report, RI/RD88-180 of June 1988, page 102, ff.)

First, a benefit of the Phase B design effort would be to allow early long lead procurement of
casting tooling for some of the major components such as the pump housings. Secondly, signifi-
cant benefits in terms of reduced risk would be derived from a technology program that is started in
parallel with the Phase B design effort and completed in time to provide data for the development
program design phase. The specific technology that would provide the most benefit is in the area
of injector design for stability and for turbo pump bearings and seals and rotating elements.
Thirdly, as indicated in Figure 3-14, engine test facilities are required by the fourth quarter of
1992. These test facilities are assumed to be provided by the government or the vehicle contractor.
Formal Pre-Flight Rating Tests (PFRT) are planned prior to the first flight and Flight Rating Tests
(FRT) to certify readiness for production; full operational status which are planned after the first
flight.

The development program has been estimated to cost $987M and is spread out in time as
shown in Figure 3-15.

3.9 ENGINE INLET PRESSURE

A study was made to determine the influence of propellant inlet pressure on engine weight for
the baseline LOX/H; gas generator engine. The results are shown in Table 3-3. Itcan be seen that
the engine weight is reduced significantly as the inlet pressure increases for the LOX and for the
hydrogen.
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Table 3-3. Performance of the LRB LOX/Hy Pump Fed Engine
as a Function of Propellant Inlet Pressure

[INCET PRESSURES
LH> (psia) 24.5 35.0 45.0 65.0 100.0
LOX (psia) 47.0 54.0 65.0 75.0 100.0

CHARACTERISTICS

Specific Impulse, sl (sec) 431.0 431.7 431.9 431.9 432.0
Specific Impulse,vac (sec) 358.8 359.7 359.9 360.0 360.1
Engine Weight (Ib) 6393 6154 6060 6002 5995
Engine Length (in) 153 153 153 153 153
Engine Exit Diameter (in) 94 94 94 94 94
Engine Expansion Ratio 479 47.7 47.6 47.6 47.6

Turbo Pump Weight
Lox Pump (Ib) 874 802 749 702 698
LHj Pump (lb) 977 805 762 752 747

(Vacuum Thrust Constant at 612,000 1b.)
(Chamber Pressusre Constant at 2250 psia.)
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4.0 SUPPORTING STUDIES
4.1 ACOUSTICS

4.1.1 Introduction

This study was performed to provide initial predictions regarding the relative acoustic environ-
ment for the STS using LRBs in place of the SRBs as now configured on the STS. The LRB ver-
sions considered are those using the three engine types which were the candidates throughout this
phase HI study.

The method of analysis is based on those found in the literature. A computer model was uti-
lized and the results are described of applying the model to the anticipated LRB STS and to the
present SRB configurations. The following is a summary of the results. A detailed treatment is
given in Reference 3.

4.1.2 Summary

Comparison between predicted and measured Sound Pressure Levels (SPL) at liftoff for the
Space Shuttle at near-field locations demonstrates that the prediction method agrees satisfactorily
with the measured data within 5 dB.

Comparisons were made of acoustic sound pressure levels (SPL) at liftoff for Solid Rocket
Boosters on the Space Shuttle and the proposed Liquid Rocket Boosters with (a) a pressure-fed
LOX/RP engine system, (b) a pump-fed LOX/RP engine system, and (c) a pump-fed LOX/LH,
engine system.

Computed results show the following:

a) The LRBs are significantly quieter than the SRBs close to the vehicle surface.

b) The LRBs are louder than the SRBs at 1000 feet from the launch pad along the path of the de-
flected exhaust. The LRBs are not necessarily louder than the SRBs at 1000 feet along other
paths away from the deflected exhaust.

¢) The differences between the engine systems become small at distances greater than 5000 feet
from the launch pad.

Based on the preceding analysis, the LRB concept looks promising. The LRBs are actually

quieter at the vehicle surface than the SRBs. Nothing was found in the analysis results that
should discourage further development of the LRB concept.
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4.1.3 Exhaust Noise Prediction Model Description

Four methods can be used to estimate acoustic loads due to exhaust noise. They are listed be-
low:

- Teledyne method

- Northrop

- Wyle Labs method

- Noise Control handbook method.

The Teledyne method was found to be the best among the four in terms of test data correlation.
A computer program was written which incorporates the Teledyne method. A detailed description
is given in reference 3.

4.1.4 Near-Field Results
The major conclusions are:

The SRBs are significantly louder than LRBs up to 100 Hz (Figure 4-1). This is because the
modeled point source distribution for SRBs is much closer to the nozzle exit than for LRBs (see
Figure 4-2), and the receiver is on the nozzle. Therefore, the low frequency SRB sources are
much closer to the receiver and thus sound louder. The SSME's data are presented for both
booster configurations; their addition to the rms acoustic power is the same for the configurations.

Different LRB designs have the same loudness because the modeled point source distribution is
nearly the same for all three LRB designs. Small differences in Sound Power Level (<3 db) are
due to the different mechanical powers of the engines.

The computed SRB curve matches the Space Shuttle test data to within £ 5 db. This was in-
tended. The SRB point source distribution was designed to produce computed SPLs that fit the
test data recorded by sensors on the orbiter "belly”. However, this process has also succeeded in
matching the test data with predictions at other locations satisfactorily. Similarly, the LRB point
source distribution was designed to produce computed SPLs that fit Saturn V (LRB) test data.
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Figure 4-1. Sound Power Level vs Frequency Comparison at the Orbiter "belly".

Figure 4-2. Point Source Distributions for the STS with LRB's and SRB's
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The sound power level spectrum at the near-field shows the following results. At the belly, the
agreement between data and the SRB space shuttle prediction is reasonable (within +5 dB at most
frequencies) as shown in Figure 4-1. At the wing, the agreement between the Space Shuttle test
data and the Shuttle (with SRBs) prediction is satisfactory (about 15 dB), as shown in Figure 4-3.
At low frequencies, the mismatch is somewhat larger, showing perhaps that further "fine-tuning”
of source distributions is possible. At the tail, the agreement between the Space Shuttle test data
and the SRB shuttle prediction is reasonable (within +5 dB) over a large frequency range), as
shown in Figure 4-4. At low frequencies, the prediction is higher than the test data. This effect
can be lessened by "fine-tuning” the source distribution curve, as was previously mentioned. At
the attach ring, the agreement between test data and the SRB space shuttle prediction is satisfactory
(within 5 dB over most one third octave band center frequencies), as shown in Figure 4-5. The
low frequency mismatch can be decreased by further adjustment of the source distributions. At the
tank, the agreement between the Space Shuttle test data and the SRB shuttle prediction is reason-
able, as shown in Figure 4-6. At mid-range frequencies, the difference between the test data and
the prediction is somewhat larger. If significant coherence between the waves off the two reflect-
ing surfaces close to the tank is assumed, the predicted results could be further increased by 0-3
dB: this would narrow the discrepancy between measured and predicted values.

4.1.5 Far Field Results
The major conclusions are:

LRBs are louder than SRBs at 1000 feet (Figure 4-7) because the modeled point source distri-
bution for SRBs is much closer to the nozzle exit than for LRBs (see Figure 4-8). The LRB point
sources are far down the exhaust path. They are closer to the far-field receivers, especially the re-
ceiver at 1000 ft. on the exhaust path. The latter receiver perceives the biggest difference between
the loudness of the LRBs and SRBs. Once again, the SSMEs are present in both con-figurations
and add the same amount to the rms acoustic power for both configurations.

The pressure-fed LRB is louder than the pump-fed LRBs at frequencies below 60 Hz (see Fig-
ure 4-7). This is because below 60 Hz, acoustic power scales as the product of weight flowrate,
exit velocity, and effective diameter: (WVD) this product is almost twice as big for the pressure-
fed system. Above 60 Hz, acoustic power scales roughly as WYV3/D. This product is smaller for
the pressure-fed system. Therefore, the pressure-fed system is quieter than the pump-fed system
above 60 Hz.
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All the engine systems are louder in the low frequencies at a 40° angle from the deflected ex-
haust than in line with the deflected exhaust (see Figure 4-9). This is a well documented effect of
jet acoustics and was incorporated into the prediction program using the published empirical far-
field directivity data mentioned previously.

All the engine systems sound about the same above 5000 ft (see Figure 4-10), because the point
source distributions that has such a strong effect closer-in look about the same at very large dis-
tances. The effect of different engine sizes is no more than 3 dB. The dominant effect at large
distances is directivity and absorption. These are independent of the actual engine design.

The results at 5000 ft and an angle of 40° to the deflected exhaust (Figure 4-11) show two previ-
ously noted effects: All the engine systems are louder at low frequencies at a 40° angle from the

deflected exhaust than in line with the deflected exhaust. All the engine systems sound about the
same for distances greater than 5000 ft (see Figure 4-11).
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Figure 4-9. Sound Power Levels vs. Frequency Comparison for a Distance of
1000 ft. at an Angle of 40°.
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4.2 POGO SUPPRESSION

The analysis methods shown in the previous report, (the LRB Phase II Study Report) were
utilized to arrive at an estimate of the size and weight of the required POGO suppression hardware
for the pressure fed and pump fed LRB engine options. However, only a part of the required dy-
namic characterizations of the vehicle as shown in outline form in Table 4-1, was available.

Table 4-1. Requirements for POGO Evaluation Analysis

*Free-Free Vehicle Mode Information

*Points at elbows and area changes
*Slip condition in propellant ducts
*Tank pressure coefficient

*Propellant Feed System

*Wave equation segments for ducts
*Losses at ends of segments
*Forces and motion at elbows, etc.

*Engine

*Flow line segments dynamic characteristics
*Manifold compliances

*Injector resistances

*Quasi steady state combustor response

*Thrust = (Isp) (flow) assumed applicable

Preliminary analyses were made using available data. A preliminary analysis of the engine and
its oxidizer feed system, assumed to be represented as shown in Figure 4-12, was made resulting
in the gain vs. frequency characterization shown in Figure 4-13.

The difference in the height of the peaks (the values at the peaks compared with those in
parentheses) for a doubling of the chamber pressure are relatively small. The choice of a nominal
chamber pressure for the LRB engine is thus not importantly influenced by this part of the vehicle
dynamics, at least for these preliminary predictions.

The values in Figure 4-13 are for a fully loaded LOX tank at lift-off. As the liquid level in the
LOX tank is lowered, as the flight progresses, the frequency at which the peaks occur will
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Figure 4-12. Oxidizer System Schematic for POGO Analysis
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Figure 4-13. LRB Pressure-Fed Engine and LOX Feed System Dynamic Gain vs.
Frequency for Two Chamber Pressures.
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progressively move to higher frequencies with the possibility that they pass through a resonant
frequency of the rest of the vehicle, which will very likely result in a predicted potentially destruc-
tive POGO condition. A complete analysis was not possible since the dynamic characteristics
(frequency and phase response) of the balance of the vehicle was not available. However, an ap-
proximation of the size of a passive POGO suppression device was desired to determine its practi-
cability. Assumptions were made regarding vehicle response based on previous STS POGO stud-
ies. This resulted in an estimated POGO suppressor having a volume of about 10 to 15 cubic feet
for each engine, located just upstream of the LOX pre-valves, at A in Figure 4-12. To be at all ef-
fective, however, a built-in flow resistance in each LOX line located just up-stream of the suppres-
sion device (at B in Figure 4-12) is required having about 60 psi pressure drop at the nominal LOX
flow rate. This is of course undesirable because it raises the required nominal LOX propellant tank
pressure by the same amount. An additional advantage is realized, however, in that it provides an
isolating resistance between each of the four engines, decreasing the possibility of pressure varia-
tions in one combustion chamber coupling into those of the other engines. The suppression device
is more fully described below.

4.2.1 POGO Suppression Devices

The sizes and characteristics of POGO suppressors for the pressure fed and pump fed LRB
engines are compared in Figure 4-14, and three slightly different POGO suppressor device con-
cepts are shown in Figure 4-15. In each case a spherical or cylindrical volume surrounds the LOX
feed line with connecting ports at the bottom to allow rapid propellant flow in and out of the vol-
ume, thus suppressing feed line flow oscillations to the engine. The action is similar to that of a
piston accumulator. Concept 1 uses very little helium, since it is filled with helium only once just
before hftoff However, as vehicle acceleration is increased, the gas volume will decrease due to
an increase in static head pressure. Counteracting this is a decreased static head due to lowering of
propellant level in the tank. Concept 2 maintains the gas volume independent of the static pressure,
but requires a small helium bleed flow throughout the boost period. Trade-offs can be made dur-
ing more detailed design efforts. Meanwhile, concept 2 is considered the suppression sytem of
choice at this time. Concept 3 has an active liquid level control to ensure that the static volume re-
mains relatively constant.
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® Pressure Fed Engine -- Oxidizer Side Only

® Approximately 10 to 15 cubic feet of gas (Helium)

® About 20% liquid for slosh control

® Size is 3.25 to 3.5 foot diameter sphere concentric with
14 inch diameter line, or a 2.5 foot diameter by 5 foot
long annular cylinder

@ Concepts 1,2 and 3 in Figure 4-15 are feasible

® Upstream flow resistance required

® Pump Fed Engines -- Oxidizer Side Only

e 1 Cubic foot envelope

e Concepts 1 and 2 most easily used

® Difficult to provide low pressure drain for concept 3

Figure 4-14. Outline of Estimated Suppressor Requirements on a Per-Engine
Basis Comparing a Pressure Fed Engine with a Pump Fed Engine.
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4.2.2. Influence of Chamber Pressure on POGO Suppression Device Size

To aid in selecting the LRB chamber pressure, the influence of chamber pressure on POGO
suppressor size was determined at the lowest frequency peak shown in Figure 4-13. The results
are shown in Figure 4-16. For small suppressor sizes below about 3.5 cu. ft., there is an advan-
tage to having a high Pc; however, when the size of the suppressor reaches 3.5 cu. ft. or larger,
the required suppressor size for a given thrust per g is smaller for the lower chamber pressures.

Booster Rigid body Mode (6.25 Hz)
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20 Log 114
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100 ! ! L
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Suppressor Gas Size (il3lengine) 88D'9;?45_11165

Thrust
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O Pg=300
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Figure 4-16. POGO Response - Pressure Fed Engine Thrust
per G at Lowest Resonance Point:

Note that for a pump fed engine the Pc might be 2250 psia, which, if the graph in Figure 4-16
is applied would require a large POGO suppressor. However, a pump fed engine has very low
propellant inlet pressures, on the order of 1/10 as great as those for the pressure fed engine. This
overrides the influence of chamber pressure on POGO suppressor size.’

4.3 CONTROL SYSTEMS
4.3.1. Pressure Fed Engine - Open Loop Control
A simplified block diagram of an open loop control system for an LRB pressure fed engine is

shown in Figure 4-17. The main oxidizer and fuel valves are utilized for both shut off and throt-
tling functions and are provided with precise valve positioning controls. The engine is calibrated
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on a thrust stand so that the map relating valve positions, thrust and mixture ratio as a function of
engine propellant inlet pressure and temperature are precisely known. Input to the system is a de-
sired thrust level signal and a mixture ratio signal for implementating the propellant utilization sys-
tem. Valve positions are automatically calculated based on propellant inlet pressure, temperature
and the engine calibration map. Valve position actuators and controls then position the valves to
the calculated positions.

An alternate is to use step control by opening and closing by-pass passages in the valve assem-
bly. However, this does not permit independent fine control of the mixture ratio required if a pro-
pellant utilization system is utilized.

Another possible system is to utilize step control of the LOX valve to chan ge the thrust level,
and utilize a continuously variable fuel valve for implementing the propellant utilization system.
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| LOX Valve
/
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i I —
Fuel Valve l
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¥ J Chamber
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Figure 4-17. Pressured Fed Open Loop Control Block Diagram.

As long as the number of steps in a step control system does not exceed 3 thrust levels, then
the step control system is estimated to be less costly than the continuously throttled system.
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4.3.2. Pressure Fed Engine - Closed Loop Control

A simplified block diagram of a closed loop version of the system shown in Figure 4-17 is
shown in Figure 4-18. A required thrust signal is electronically compared with a calculated thrust
based on a chamber pressure measurement; any difference is amplified and utilized to reposition the
LOX valve in such a direction as to minimize the difference between the required thrust and the
measured thrust. The fuel valve is initially positioned to a calculated position based on the thrust
signal. Its final position is however adjusted determined by a required mixture ratio signal based
on propellant utilization requirements. This mixture ratio signal is compared with a measured
mixture ratio signal based on the measurement of the propellant flow rates. Any difference be-
tween the measured and required mixture ratio signals is amplified and causes the fuel valve to be
adjusted in such a direction as to reduce the mixture ratio error to near zero.

The main disadvantage of the above system is the complexity and risk associated with the flow
and thrust measuring means. The closed loops substantially increase the number of critical failure
modes. The chamber pressure measuring sensors must be provided with redundancy and voting
circuit capability. The flow sensors must be highly reliable since to make them redundant is prob-
ably undesirable from a size, weight and cost standpoint.
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Figure 4-18. Pressure Fed Closed Loop Control Block Diagram
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Figure 4-19. Estimated Relative LRB DDT&E Costs of a Pressure
Fed LOX/RP-1 Engine vs. Depth of Throttling.

A study was made to determine the relative increased costs associated with engine throttling as
related to throttling depth. The results are shown in Figure 4-19. The increased costs for throttling
deeper than 20% are due to the relatively little existing test data on pressure fed engines in this
range. Extra testing to extend the data base is an anticipated requirement.

4.3.3. Pressure Fed Engine Control

When viewed primarily from an engine standpoint, the system utilizing an open loop control
with step throttling of the LOX and fuel valves with provision for continuous adjustment or trim-
ming of the fuel valve within narrow mixture ratio limits around each step throttle point is consid-
ered the best. This system provides the advantage of a low number of failure modes and yet al-
lows close adjustment of the mixture ratio.
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Figure 4-20. LRB LOX/RP-1 Pump Fed Open Loop Control Block Diagram.

4.3.4. Pump Fed LOX/RP-1 Engine - Open Loop Control

A simplified block diagram of an open loop control system for an LRB LOX/RP-1 gas gener-
ator cycle utilizing a single shaft turbopump design is shown in Figure 4-20. Throttling is
achieved by controlling the flow of LOX to the gas generator (GG). The fuel flow to the GG is
not controlled. When a lower thrust is desired, decreasing the LOX flow to the GG results in (1)
decreased mass flow rate to the turbine, and (2) decreased temperature of the gas flowing to the
turbine due to a decrease in GG mixture ratio. Both simultaneously reduce the power generated by
the turbine. Throttling up 10% does not elevate the gas temperature enough to damage the turbine
blades. Since the fuel pump and LOX pump are on the same shaft, their respective outputs during
throttling tend to track, automatically holding the mixture ratio relatively constant. However, a
continuously variable fuel throttle valve in the main fuel line is provided having only limited travel
to permit fine adjustments of the mixture ratio based on thrust level and propellant utilization re-
quirements.

Similar to the pressure fed open loop system described previously, the accuracy with which
thrust and mixture ratio are controlled depends primarily on the accuracy with which the engine has
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been calibrated on a test stand. The valve positions are based on the engine performance map, the
inlet propellant temperatures and the thrust and mixture ratio demand signals.

4.3.5 Pump Fed LOX/RP-1 Closed Loop Control

Figure 4-21 shows a block diagram for the closed loop control system for the Pump Fed
LOX/RP-1 single shaft turbopump engine. Thrust is measured based on a chamber pressure sen-
sor output and compared to the desired thrust level signal. Any difference is amplified and sent to
the GG LOX throttle valve to reposition it in such a direction as to decrease the error between the
desired thrust and the measured thrust. The main propellant flow rates are measured and the mix-
ture ratio calculated and compared to a desired mixture ratio. Any difference is amplified and uti-
lized to move the fuel throttle valve in such a direction as to minimize any error in mixture ratio.
The accuracy and reliability of this system relies heavily on the accuracy and reliability of the
chamber pressure measuring means and to the propellant flow rate measuring means. Testin g
costs of the engine are reduced compared with an open loop system. However, calibration and
first cost of flow measuring and chamber pressure measuring systems will off set this.
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Figure 4-21. LRB LOX/RP-1 Pump Fed Closed Loop Control Block Diagram
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4.3.6 Pump Fed LOX/LH; Engine - Open and Closed Loop Control

In general, the characteristics and block diagram are essentially the same for this control system
as for the pump fed LOX/RP-1 engine described above. The main difference is that there are two
separate turbopumps on two different shafts. The control method is essentially the same except
that the fuel throttle valve may require a greater range of flow adjustment to compensate for the fact
that the two propellant flow rates may not track as accurately under throttled conditions since the
two turbopump shafts are physically not linked together.

4.3.7 Control System Conclusions

As for the pressure fed engines, the open loop control system has fewer sensors than the
closed loop system since chamber pressure and propellant flow rate measuring devices are elimi-
nated. The open loop control system is recommended with step control on the thrust and vernier
adjustment of the main fuel flow rate to permit fine adjustment of the mixture ratio. This will re-
quire more extensive test stand calibration than for the closed loop version, but costs are off set by
not requiring flyable main propellant flow sensors and a redundant, voting chamber pressure mea-
suring system for thrust determination.

A study was made to determine the relative cost of throttling and how cost is related to depth of
throttling. The results are shown in Figure 4-22. The steep upward break in the LOX/RP-1 curve
reflects a lack of data regarding stability for throttling deeper than 20%.

The relative cost increase of a closed loop control system as compared to an open loop control
system, broken down into several subsystems, is shown in Table 4-2. These, however, are offset
by an increased testing and calibration effort required for an open loop system. Closed loop sys-
tems have a typical accuracy of £1%, while open loop systems have only a £3% accuracy.

4.4 COMBUSTION STABILITY ANALYSIS AND INJECTOR DESIGN

4.4.1 Introduction

The objectives of this analysis were to define the best combustion chamber internal geometry
and injector design features for a high performing, stable engine. Through the comparison of the
predicted performance and stability characteristics for various design options, the optimum design
was selected. Emphasis was placed on the trade off between the design chamber pressure and the
expected performance efficiency and stability requirements.
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Figure 4-22. LRB DDT&E Cost vs. Throttling Range for a LOX/RP-1
Pump Fed Closed Loop Control Engine

Table 4-2. GG Control System Relative Cost Comparison Summary

Closed Loop Requirements Cost Increase
Percent for
Closed Loop
« Controller- Increased hardware and software 125
» Sensors - Propellant flow meters and multiple 62
Pc sensors required -
* Propellant
Valves - Continuous valve Positioning Required - 120

The scope of the analysis included chamber sizing, injector element type selection, injector el-
ement size vs. pressure drop trade, stability and design choice, and the chamber pressure effect.
The design selections for these items are subject to prescribed design goals for performance, sta-

bility and cost impact.
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The approach to the selection of the injector design and injector operating condition utilizes a
non-iterative analysis methodology. The methodology defines an injector design zone, within
which the design goals or requirements are satisfied or exceeded. It also allows the display of the
effects of all critical design parameters thereby lending itself to the convenience for design opti-
mization. Figure 4-23 is a block diagram illustrating the concept and procedure of the methodol-

ogy.
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Figure 4-23. Analytical Injector Design Methodology.

The input to injector design analysis consists of chamber internal contour, propellant combina-
tion, propellant inlet conditions and flow rates, injector element type under consideration, and the
engine envelope (mainly the nozzle exit area and nozzle length limitations). Four design goals are
set forth; they are throttling capability limited by the chugging threshold, high frequency acoustic
stability, level of combustion performance, and number of injector elements from the standpoint of
element packaging and cost to produce. With use of appropriate analytical models, each of these
requirements (or goals) is translated into a unique injector element size vs. injector pressure drop
relationship for a selected design chamber pressure. Combination of these relationships forms an
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injector design zone, with which all goals are satisfied or exceeded. By evaluating the implications
of vehicle or system requirements and relative technical risks or uncertainties, a point design can
then be selected.

4.4.2 Input to Injector Design Analysis

Figure 4-24 is a list of the major input to the analysis for deriving an optimum pressure fed
LOX/RP-1LRB injector design. What were imposed by the vehicle application are a thrust level
of 750K 1bf at sea level, a maximum nozzle exit diameter of 9 ft (108 in.), and a tank pressure of
no higher than 1000 psia (which confines the throat stagnation chamber pressure to a level of ap-
proximately 700 psia as maximum).

© Thrust level - 750K, sl
® Chamber sizing
Throat stagnation, pressure, psia 300 500 700

Throat diameter, in 48.3 36.6 30.3

Chamber diameter, in 63.0 47.7 39.5

Chamber residence time, ms 2.05 2.14 2.18

Chamber length, in 40.0 40.0 40.0
® Propellant flowrate

Total flowrate, Ibm/sec 3157 3022 2899

Mixture ratio, 2.5
® Injector types
OFO triplet
Like doublet 88CA0929/20Va

Figure 4-24. 1Input to the Analysis of Chamber Size, Propellant, Flowrate and
Injector Type for a Typical LRB Pressure Fed LOX/RP-1 Engine

Acrochemical analysis using the standard TDK computer code was performed to define the
other inputs such as mixture ratio, and flowrate vs. size for each of the three reference (throat stag-
nation) chamber pressures, 300, 500, 700 psia. With a pre-selected contraction ratio of 1.7, the
chamber diameters were then determined form the throat sizes.
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Two types of injector were considered: impinging type and single element coaxial pintle type.

The latter was not selected mainly due to its inherent nature of low performance and its potential for

thermal incompatibility at the walls. Figure 4-25 is a summary of the comparison of these two in-

jector types. OFO triplet and like doublet were considered for the impinging type and both were

concluded to be suitable for the present application. Only the OFO triplet was carried on for further

analysis whose results are reported in the subsequent section.

Injector Contiguration

Previous Experience

Data Base

Propellants

Pec

Thrust

Chamber Length

C* Efficlency
Technical Evaluation

Performance

Compatibility

Throttleability

High Frequency
Stabllity

Figure 4-25.

Single Element
Coaxial Pintle

« Axial fuel annular

Radial outboard oxidizer
jets from center body slots
Atomization & mixing achleved
by coarse oxidizer jets
Impinging on fuel annular
sheet

Limited

N, O, /UDMH

300 psia

10K to 250K LBF
Up to 36"

< 90%

Poor performance dus
to coarse stomization
& non-uniform mixing

Potential problem at
wall & downstream of
oxidizer holes

Good throttleability by
maintaining high AP
during throttling

Susceptible to tangential
Instability If combustion
concentrated near
injector periphery

Multiple Element
Impinging

« Three common types
+ Like impinging
« Unlike triplel
+ Unlike Doublet
« Atomization achieved by
tine impinging Jets;
mixing achieved by unlike
spray or uniike Impinging Jets

Extensive

Large variety, Including LOX/RP-1
<100 to 2500 psia

0.5 to 1.5M LBF

up to 40"

>90% to ~100%

Higher performance due to
fine atomization and better
mixing

Usually not a problem, due
to design flexibllity

Deep throtile achievable

Distributed combustion less
susceptible to Instabllity

03JG/1-9, DVO3

Impinging Type of Injection Element is Selected

4.4.3 Injector Design Goals and Analytical Methods

The goals to be achieved by the injector for the present study are: a 2-to-1 throttling capability,
a safe operation without instability, and a performance level with fuel vaporization efficiency to be

1001DV

1/26/89 - 54



no less than 96%. Cost impact is also considered when selecting the number of injection elements.

Figure 4-26 summarizes these objectives.

© Chug stability
2:1 throttling

® High frequency stability

Potential instability is limited to
37T or below

© Fuel vaporization efficiency
= 96%

88CA0928,20Vb
Figure 4-26. Three Injector Design Goals are Preselected

The main concemn for the engine throttling is the chug stability. As the engine is being throttled
down, both the chamber pressure and the pressure drops across the injector are reduced, with the
latter being reduced at a faster rate. Chug instability can then be induced for an otherwise stable
injector, as the ratio of the injector pressure drop to the chamber pressure falls below a certain
threshold. This threshold is dependent upon the injector design and chamber geometry. In per-
forming the analysis on this subject and for the high frequency stability, a simplified procedure de-
rived from the modeling approach described in Reference 1 was used. The simplification was
made by neglecting the effect of the oxidizer circuit because of its much shorter combustion time

lag.

The high frequency acoustic mode stability design was carried out with both an active and pas-
sive approach. The passive approach is to utilize the stability aids consisting of acoustic cavities
and injector face baffle. The active approach is to limit the potential instability to a frequency of the
third tangential (3T) mode or lower, through the injector design. The analysis was performed us-
ing the modeling concept described in Reference (1) with the assumption that the fuel is the

controlling propellant.

The combustion performance is fuel vaporization controlled since the liquid oxygen vaporizes
more rapidly and complete its process before exiting the combustion chamber. The fuel vaporiza-
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tion prediction was made using the generalized length correlation of Reference 2 with modification
made to the propellant drop size correlation.

Injector orifice size and number of orifices contribute significantly to the injector cost and
fabricability. A large amount of small orifices requires tight tolerance and intense labor. These
two design parameters are related to each other through the continuity equation.

4.4.4 Injector Design Results

Analysis to size the injector elements using the methodology shown in Figure 4-23 was made
for the OFO triplet for three different (throat stagnation) chamber pressures: 300, 500, and 700
psia. The results are shown graphically in Figure 4-27. At each design chamber pressure, the de-
sign zone is identified as a region (in a orifice diameter vs. injector pressure drop diagram), sur-
rounded by the three boundaries based on the throttling (chugging), vaporization and high fre-
quency stability requirements. Any interior point represents a design exceeding those design goals
specified in Section 4.4.3 and highlighted in Figure 4-26. That means the throttling ratio is greater
than 2 to 1, the fuel vaporization efficiency is greater than 96%, and the acoustic mode instability
will have a frequency lower than the 3T frequency. The dashed lines represent the cases of con-
stant number of injection elements. Figure 4-28 illustrates two higher vaporization efficiency
curves (98% and 99%) interior to the 96% boundary.

Figure 4-27 indicates the following trends. First, the design zone shifts to the larger orifice
size and higher injector pressure drop region as the design chamber pressure is increased. Second,
the size of the design zone becomes larger as the chamber pressure becomes higher. Third, the
number of elements required reduces as the chamber pressure is increased.

The above observed trends of chamber pressure effects are further elaborated in Figures 4-29
and 4-30. The left side figure of Figure 4-29 shows that the design margin increases with the
chamber pressure, hence high chamber pressure improves the level of confidence in meeting the
injector design goals. The right side figure shows that, for a specific (96%) fuel vaporization effi-
ciency, fewer and coarser injector elements are permissible as the chamber pressure becomes
higher. Figure 4-30 shows the attainability of higher vaporization efficiency with rather few and
coarse elements if the chamber pressure is sufficiently high.
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0.3
Pc = 500 psia
0.2 }— Fuel Vaporizalion
Elficiency
96%
Fuel Orifice
Diameter
(in;)
0.1 \High Frequency
Stability Limit
0.0 l | | /
0 100 200 300 400

Fuel! Injector Ap {psi) 88D.9.3211

Figure 28. Performance Requirement Effect on Design Zone
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4.4.5. Stability Aids Design

The injector design approach used in the present analysis allows the potential instability to oc-
cur in the chamber acoustic modes no higher than the 3T mode. Further reduction in the order of
the allowable instability requires use of injection orifices too coarse to meet the performance re-
quirements. As a result, stability aids are required to assure the stability over the entire range of
operation. The stability aids recommended include both acoustic cavities and injector face baffle.
Figure 4-31 summarizes the design specifications. The baffle is the primary stability device using
9 radial blades for the stability of the 1T, 2T, 3T modes with frequency margin. The hub is for
structural reason as well as providing partial damping on the 1R mode. The cavities, located on the
injector-chamber corner, are tuned to the 1R mode and provide additional stability margin through
their tuning capability.,

- Baffle for all tangential modes and partially for 1R mode
* 9 radial blades for 1T, 2T, 3T and additional margin

+ Hub at 0.3 radial location for 1R, compartments
» Cavity for 1R and additional stability margin

Com 1R

2,500

$8 Com 1T 2,000

2,000}
78 Com 1T

1,500

1 Frequency (Hz)
] {Dc = 48in.)
1,000

500

Cham 3T

Frequency (Hz)1'5°° '—/cnam 1R

{De = 40in.)

Cham 2T

1,000 |-

Cham 1T
5000 ~

0.0 0.5 1.0

Hub Radius/Chamber Radius
88D-9-3214

Figure 4-31. High Frequency Stability can be Optimally Obtained
ith Baffle and Cavities
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4.4.6 Typical Point Design

Figure 4-27 showed that, using the OFO triplet injector, all the performance and stability goals
can be met in the entire range of chamber pressure studied, namely, 300 to 700 psia. The ultimate
chamber pressure selection involves considerations from the vehicle stand point of view. How-
ever, a typical point design can be selected to demonstrate the representative design features and
injector operating condition. Figure 4-32 lists the key parameters for a 500 psia throat stagnation
chamber pressure (539 psia injector end chamber pressure) design. An equivalent like doublet in-
jector design is also included.

F ripl Like Doublet
Thrust 750K 750K
Contraction Ratio 1.7 1.7
Chamber Diameter 47.7" 47.7"
Chamber Pressure 500 psia (539) 500 psia (539)
Mixture Ratio 2.5 2.5
Injector AP 135 psi 135 psi
Injector AP/Pc 25% 25%
Fuel Orifice Diameter 0.170" 0.080"
Number of Elements 700 1500
Chamber Length 40" 40"
Baffle 9 blades + 1 hub 9 blades + 1 hub
Acoustic Cavity 1R and Higher Modes 1R and higher modes
except 3T except 3T

89DV0109/1005

Figure 4-32. Parameters of Typical Injector Design
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INTRODUCTION

General Dynamics Space Systems Division is under contract to NASA/MSFC
to study-the feasibility of feplacing the Spécé ffansportation System
solid rocket boosters with 1iquid rocket boosters (Contract NASS-
37137). The objective of the study is to define optimum pressure-fed
and pump-fed vehicle concepts. The Pratt & Whitney Split Expander
Cycle engine is a viable pump-fed 1iquid rocket engine for the study
and General Dynamics has provided a subcontract to Pratt & Whitney to
support the study of the Split Expander engine for the 1iquid rocket

booster propulsion system.



SUMMARY

This report documents the results of a study conducted by Pratt &
Whitney to supply preliminary design information on various aspects of
the Split Expander engine as requested by and in support of the
General Dynamics LRB study. Authorization to proceed on the sub-

contract was received from GDSSD on 5 April 1988.

The initial engine study considered a LO2/LH2 and a LO2/CH4 Split
Expander engine and an early downselect to a L02/CH4 engine was made
on 19 April 1988. Engine parametric performance and size information
along with vehicle/engine interface information, fuel comparisons,
systems safety, environmental factors, reliability, STS compatibility,
performance, cost and growth potential were considered when making the
downselect. The L02/CH4 engine was selected over the L02/LH2 engine
based on minimal impact to the Space Transportation System vehicle and
launch facilities and the ability to provide improved safety and
reliability. Preliminary design efforts for the remaining portion of
the Pratt & Whitney contract was totally directed to the L02/CH4 Split

Expander engine_fol]owing the downselect.



A revised LO2/CH4 engine size was supplied to Pratt & Whitney on 1}
May 1988 following a parametric study of the engine/vehicle system
conducted by General Dynamics. The engine selected on which addi-
tional subsystem studies were based is a 756.3K vacuum thrust L02/CH4
Split Expander engine (624.3K sea level thrust) with a mixture ratio
of 3.5, a throttling range of 65% to 100% of maximum thrust require-
ments and a maximum nozzle exit diameter of 106.9 inches. Maximum

engine diameter is limited by stage size restrictions.

The body of this report contains a brief description of the parametric
analysis conducted to select the engine size followed by detailed
discussion sections on engine performance, preliminary design, vehicle
to engine interface, engine operation, reliability, cost and engine

development definition.



A. Parametric Data

Initial engine sizing information was provided to General Dynamics -
Space Systems Division (GDSSD) at a meeting held at GDSSD on 19 April
1988. The initial sizing request was completed by GDSSD using para-
metric equations previously provided in support of the Advanced Launch
System. The initial engines selected for study had the following

characteristics using the thrust requirements supplied by GDSSD.

L02/CH4 Split Expander Engine

Parameter Baseline Engine Maximum Pc Engine
Design Thrust (SL/Vac) - K 1bs 557/655 592/655
Design Impulse (SL/Vac) - K 1bs 281.8/331.0 300.0/332.2
Chamber Pressure (Pc) - psia 700 1075 °
Mixture Ratio 3.5 3.5

Area Ratio 12.7 12.7

Exit Diameter - in 92 74

Overall Length - in 127 109



The baseline engine utilized a thrust chamber/nozzle assembly produced
with 347 stainless steel tubes similar to the RL10. The maximum Pc
engine utilized Haynes 230 tubes and sﬁrouded imﬁéllers in the fuel
pump. The Haynes 230 tubes are nickel based, and they provide greater
strength at temperature and they also have a higher conductivity. The
combination of improved properties enables Haynes 230 tubes to be
designed for lower pressure drop and higher temperature thereby

increasing turbine power.

The initial engine sizing was done by using the same area ratio for
the baseline and maximum‘Pc engine to establish relative trends.
Increased performance would have resulted by allowing a higher area

ratio with increased Pc.



LO2/LH2 Split Expander Engine

Parameter Baseline Engine  Maximum Pc Engine
Design Thrust (SL/Vac) - K 1bs 486/580 518/580
Design Impulse (SL/Vac) - K 1bs 340/405 362/406
Chamber Pressure (Pc) - psia 534 800
Mixture Ratio 6.0 6.0

Area Ratio 10.2 10.2

Exit Diameter - in 90 74
Overall Length - in . 147 131

The meeting at GDSSD resulted in elimination of the L02/LH2 engine as
a suitable candidate based on the overall program downselect criteria
established by GDSSD relative to safety, reliability, STS compati-

bility, engine size restrictions,overall vehicle performance and cost.

The parametric equations shown in Table A-1 were provided for the
LO2/CH4 engine for additional sizing studies to be done by GDSSD
following the 19 April meeting at GDSSD. The chamber pressure range
in the equations extend to 1200 psia by the use of advanced materials
and heat transfer concepts which would require technology demonstraf
tion. The current state-of-the-art technology for L02/CH4 was revised
to a Pc of 800 psia from 1075 psia with shrouded pump impellers and

Haynes 230 material used in the main chamber.



Vacuum specific impulse, engine weight, nozzle exit diameter and
engine length can be determined by use of the equations. Area ratio,
oxidizer to fuel ratio and chamber pressure effects on engine perfor-

mance, weight and size can be determined by use of the equations.

In addition, a2 plot of mixture ratio versus vacuum impulse was pro-
vided to GDSSD as shown in Figure A-1. Although the optimum mixture
ratio appears to be approximately 3.25 for the area ratio range of
interest for this engine, Pratt & Whitney experience indicates that
generally a mixture ratio closer to 3.5 is desirable for overall

vehicle optimization.

The parametric equations were used by GDSSD to study and finally
select a 756.3K 1b vacuum thrust engine with a sea level thrust of

- 624.3K 1bs with a chamber pressure of 800 psi. This information was
provided to Pratt & Whitney for final detailed definition of the
engine cycle. The results of the cycle balance and final performance
and size characteristics of the selected engine are discussed in

Section D of this report.



TABLE A-1
SPLIT EXPANDER ENGINE PARAMETRIC

EQUATIONS

Propellants LOX/CH4
Vacuum Specific Impulse (Sec)

= 938.055 - 640.121 (1/0F) - 225.796'J OF
+ 3.124«J AR - 534.831 (OF/PC)
- 173.802 (1/AR) + 0.08315 (OF * AR)

.95

* * -
Weight (1b) = 4925.(W_GFVACO> . 268 L (25 - AR)

5\ 5
. Y =101 = [ _FVAC N\, /AR\", [ 700
Diameter (in) = 121 <%65?55%> ( 25) (’PCJ

.5 .738 \.S
, - * FVAC_\ ./AR) /700

Length (in) 40.2 + 136.8 (600,000 5t Pc)
Parameter Range
FVAC = EPL Vacuum Thrust 350 to 800K 1bs
AR = Area Ratio 5.0 to 35.0
OF = O/F Mixture Ratio 3.0 to 4.5
PC = Chamber Pressure 600 to 1200 psia
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B. L02/CH4 and L02/LH2 Comparison

Early in the split expander study for the LRB a meeting was held at
General Dynamics with Pratt & Whitney representatives on 19 April 1988
for the purpose of selecting between L02/LH2 and L02/CH4 as the
propulsion system propellants. The selection process was done by
comparing qualitative factors of each propellant combination on the
engine factors, as shown in Table B-1, followed by an overall quali-
tative assessment of several factors relative to the entire vehicle
system. The final selection criteria factors are shown in Table B-2.
The criteria are listed in order of importance as determined by

General Dynamics.

Evaluation and discussion of each criteria resulted in a mutual

selection of LO2/CH4 for the General Dynamics LRB.

10
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C. Subsystem Selection Information

The discussion of subsystem selection aspects of the engine has been
incorporated into Section E, Preliminary Design Analysis, of this

report in order to avoid redundant report sections.

PRECEDING PAGE BLANK NOT FILMED
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D. Selected Engine Confiquration Characteristics

The final engine selected by General Dynamics using Pratt & Whitney

supplied parametric information has the following characteristics:

Main Propulsion Engine for General Dynamics LRB

LO2/CH4 Split Expander Engine

Rated Operating Thrust - k 1bs : 756.3 vacuum
624.3 sea level
Delivered Specific Impulse - sec : 337.5 vacuum

277.9 sea level

Mixture Ratio (O/F) : 3.5

Area Ratio : 16.46
Total Fuel Flow Rate (1bm/sec) : 499.6
Total Oxidizer Flow Rate (1bm/sec) : 1754

Total Propellant Flow Rate (1bm/sec) : 2253.6
(224.09 1bm/sec burned, 12.7 1bm/sec

for tank pressurization)

Chamber Pressure - psia : 758.2
Nozzle Exit Diameter - in . : 106.9
Engine Length : 165.4
Engine Weight o : 5640
Throttle Range : 65% - 100%

14



The engine cycle balance sheets are shown in Table D-1 for the 756.3K
1b thrust design engine. Table D-2 shows the cycle balance sheet for
a 65% throttle setting at sea level. These tables contain pressure
temperature flow and density values for the enginé propellants at

various locations in the engine.

Referring to Table D-1, the L0O2 pump consists of a single stage
centrifugal pump driven by a single stage turbine. The pump operates
at a speed of 7386 rpm with a total flow rate of 1754 1bm/sec and a

pump discharge pressure of 1140 psi.

The fuel pump consists of a three stage centrifugal pump driven by a
single turbine stage. The pump operates at a speed of 11071 rpm with
a total flow rate of 499.6 1bm/sec. Approximately 56% of the dis-
charge flow from the first pump stage is routed to the mixer valve
thus bypassing the second and third stage pump. The balance of the
methane flow (218.9 1bm/sec) is routed- through the second aﬁd third
stage pumps, discharged at 4480 psia at 218.9 lbm/sec, passed through
the chamber and nozzle, through the turbines, mixer and into the
injector. Additional details of the pumps such as tip speeds, pres-
sure ratio, eff%ciency, etc. can be found in Table D-1. Figure D-1

shows the basic cycle characteristics on a flow schematic.

The turbopumps are mounted back to back with counterrotating shafts
and they are mounted in a common housing. The pumps use relatively
Tow cost materials and low cost manufacturing techniques to provide a

Tow cost, reliable engine. The low temperature of the turbines allows

15



the use of forged aluminum disk and blades. An integral forged bladed
disk turbine wheel, known as a blisk, is under study. Fuel pump
impellers are machined from aluminum although studies are planned to
produce cast aluminum impellers to further reduce cost. Pump housings
are made from cast aluminum. The oxidizer pump impeller is made of
forged 347 stainless steel and the integral turbine is made of forged
aluminum. The lox pump turbine housing is made of cast aluminum and

the main pump housing is made from cast 347 stainless steel.

The injector consists of multiple tangential entry oxidizer elements
with a concentric annulus of CH4. The injector faceplate is a porous
material that allows transpiration cooling of the face. This design
provides a hollow cone spray of 1iquid oxygen and is then exposed to
high velocity fuel for better atomization. The ignition system
consists of an augmented spark igniter (torch) since it can be easily

maintained and can be checked out prior to flight.

The thrust chamber and nozzle assemp1y are fabricated from Haynes 230
tubes brazed together with silver. An INCO 718 structural jacket is
then brazed on over the tubes. The engines utilize a dual circuit
cooling scheme. Both cooling circuits are single pass with the thrust
chamber employing counterflow and the nozzle employing parallel flow.
The third stage CH4 pump discharge flow enters the thrust chamber at
its base which is downstream of the throat. After cooling the
chamber, the exiting coolant is routed to the top skirt manifold and
passes to the end of the nozzle, collected in a manifold and directed

to the pump turbine inlet.

16



A study was performed to find the optimum main propellant valve types
for the Split Expander Cycle engine. The study included phases of
defining the valve requirements and evaluation criteria, identifying
historical rocket data, vendor valve data, comparing valve data to the
requirements and criteria and, finally, determining the optimum valves
for each location. Results of this study represent the current
baseline valve types and will be used in current and future rocket

engine requirements.

The results of this study were applied to the LRB main propellant
valves to find the optimum valve types for the turbine bypass valve
(TBV), jacket bypass valve (JBV); main oxidizer valve (MOV), fuel
shutoff valve (FSOV), fuel cooldown valve (FCDV), and the oxidizer
cooldown valve (0CDV). Table D-3 lists valve requirements and

selected valve types.

Figure D-2 shows a sketch of the mixer concept which will be used for
mixing hot and cold CH4 in the split expander engine. This mixer
concept provides efficient turbulent mixing between the hot and cold
fuel flows with a simple compact configuration and an acceptable
pressure drop. The concept was previously used by P&W on the XLR-129

test stand'to mix hot and cold hydrogen.

17



TABLE D-1

PRATT & WHITNEY

GENERAL DYNAMICS LIQUID ROCKET BOOSTER

LOX/CHG SPLIT EXPANDER ENGINE

ENGINE PERFORMANCE PARAMETERS

!!!!!!X!!!!l!ll!!l!!!!!!!!!IX!K!!!!}!

CHAMBER PRESSURE 758.2
VAC ENGINE THRUST 756300,
S5.L. ENGINE THRUST 624300,
TOTAL ENGINE FLOW RATE 2260.9
DEL. VAC. 1IspP 337.5
THROAT AREA 545.6
NOZZLE AREA RATIO 16.46
NOZZLE EXIT DIAMETER 106.9-
ENGINE MIXTURE RATIO 3.50
CHAMBER COOLANT DP 890.
CHAMBER COOLANT DT 646,
CHAMBER Q 114612,

STATION

PUMP INLET

1ST STAGE EXIT
JBV INLET
JBV EXIT

2ND STAGE EXIT

PUMP EXIT

COOLANT INLET

COOLANT EXIT
TBV INLET
TBV EXIT

CH4 TRB INLET

CH4 TRB EXIT

LOX TRB INLET

LOX TRB EXIT
CHe TANK PRESS

GOX HEAT EXCH

MIXER

FCV INLET

FCY EXIT

CHAMBER INJ

CHAMBER

STATION
PUMP INLET
PUMP EXIT

02 TANK PRESS
OCV INLET
oCv EXIT
CHAMBER INJ
CHAMBER

ENGINE STATION CONDITIONS
36 36 36 36 3 X 3 JE 3 JE € 3E 2 3¢ 3 26 36 J€ 36 36 36 36 3¢ 36 36 36 36 36 36 6 36 3¢

X FUEL SYSTEM CONDITIONS x

PRESS TEMP FLOW ENTHALPY
40.0 201.0 499.6 123.0
1134.3 206.2 499.6 132.2
1085.7 206.5 280.7 132.2
1002.5 206.9 280.7 132.2
2806.6 216.8 218.9 1648.2
4479.7 227.1 218.9 164.0
6307.0 228.1 213.9 164.0
3417.2 370.8 218.9 687.5
3285.5 369.8 11.1 687.5
1002.5 845.7 11.1 687.5
3285.5 869.8 207.8 687.5
1535.8 759.8 207.8 632.0
1535.8 759.8 207.8 632.0
1012.6 705.2 207.8 606.5
40.0 635.1 1.7 596.9
1002.5 705.2 206.2 606.5
. 1002.5 376.6 498.0 337.0
© 954.5 372.8 498.0 337.0
867 .6 366.0 498.0 337.0
834.1 363.0 498.0 337.0
758.2
X OXYGEN SYSTEM CONDITIONS
PRESS TEMP FLOW ENTHALPY
60.0 163.0 17564.0 61.7
1140.0 166.8 1754.0 64.9
. 60.0 400.0 11.1 204.6
1081.4 167.0 1762.9 664.9
877.7 167.9 17642.9 64.9
836.4 168.0 17642.9 66.9
758.2
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DENSITY -
26 .39
26 .56
26.53
26 .48
26.69
26.82
26.72

.66

.47
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DENSITY
71.15
71.52

0.45
71.43
71.11
71.04



TABLE D-1 (Cont.)

& WHITNEY

PRATT
LOX/CHG SPLIT EXPANDER ENGINE

!X!!I!!l!!!!!!!!!!!ll!!

X TURBOMACHINERY PERFOR
336 263 36 36 3 3 3 3 3 3 3 X 3 3 X 6 36 3 3 3¢

€36 36 36 3 36 3¢ 3¢ 3¢ 36 3¢ 36 3¢ 3¢ 3636 36 36 3€ 3 3 3€ 36 3¢ 3¢ 3
¥ CH4 TURBINE x ¥ CHG PUMP x
!!!!!!!!!§XX!X! xxxx;xxxxxx;
STAGE ONE STAGE TWO STAGE THREE
636 26 36 3 3¢ 3¢ 3¢ 3¢ 36 26 36 3¢ 3 3 3¢ 3 3% 3 3E € J€ 3 3 € ¢ I 3 3¢
EFFICIENCY 0.743 EFFICIENCY 0.836 0.722 0.722
HORSEPOMWER 16322. HORSEPOWER 6445, 4963, 4916.
SPEED (RPM) 11071. SPEED (RPM) 11071 11071 11071.
MEAN DIAMETER 12.20 S SPEED 1508 727 731.
EFF AREA 4.30 HEAD 5932 8995 8908.
VEL RATIO 0.30 DIAMETER 13.79 15.62 15.59
MAX TIP SPEED 590, TIP SPEED 667, 755, 756,
STAGES 1. VOL. FLOW 8443, 3683 3664.
PRESSURE RATIO 2.1 HEAD COEF 0.430 0.510 0.510
FLOW COEF 0.100 0.100 0.100
€ 3€ 36 36 36 3 36 € 3 3¢ 3 3¢ 3¢ 3¢ J€3€ 3 36 3 3¢ 3¢ 3¢ 3¢ 3¢ 3¢
X 02 TURBINE x ¥ 02 PUMP x
3E3E 3 J€ 3 3E € 36 I€ I I 36 36 3 J€3E 3 3¢ 3¢ 3¢ 3¢ € 3¢ 3 3
EFFICIENCY 0.739 EFFICIENCY 0.356
HORSEPOMWER 8096. HORSEPOWER 3096 .
SPEED (RPM) 7386. SPEED (RPM) 7386.
MEAN DIAMETER 12.20 S SPEED 2631.
EFF AREA 9.93 HEAD 2178.
VELOCITY RATIO 0.29 DIAMETER 13.48
MAX TIP SPEED 394. TIP SPEED 435.
STAGES ~ 1. VOL. FLOW 11007.
PRESSURE RATIO 1.52 HEAD COEF 0.371
FLON COEF 0.162
VALVE DATA
3636 36 3€ 3¢ I 3¢ 3¢ 3¢ 3¢
X FCV x ¥ OCV x X JBV x X TBV x
DELP 36.9 203.7 83.2 2283.1
AREA 41.44 21.62 8.946 0.26
FLOW 497 .97 1762.38 280.68 11.13
BYPASS x 56.18 5.08
INJECTOR DATA
3€.3€ 3€ 3E 3 26 3 3¢ 3¢ 3¢ 3 3¢ 3¢
X CH4 x * 02 x
DELP 75.9 78.2
AREA %6.69 36.98
FLOW 497 .97 1762.88

3€.3€ 3€ 36 3€ 36 3 3¢ € 3¢ X¢ ¢

MANCE DATA x

3636 26 3€ 3 3€ 36 36 3¢ 3¢ 3¢ 3¢



TABLE D-2

PRATT & WHITNEY
GENERAL DYNAMICS LIQUID ROCKET BOOSTER

LOX/CHG SPLIT EXPANDER ENGINE
35% Down Thrust at S.L.
ENGINE PERFORMANCE PARAMETERS

JE36 JE 36 36 3 3 3 JE JE 36 3 26 36 JE 2 3E 3 3 3 36 36 3E 3 3 3 3 3 3 3 X 3 X 3636 3
CHAMBER PRESSURE

VAC
S.L.

TOTAL ENGINE FLOW RATE

DEL.

ENGINE THRUST
ENGINE THRUST

VAC. ISP

THROAT AREA

NOZZLE AREA RATIOD
NOZZLE EXIT DIAMETER
ENGINE MIXTURE RATIO
CHAMBER CDOLANT DP
CHAMBER COOLANT DT
CHAMBER Q

STATICN

PUMP INLET

1ST STAGE EXIT
JBV INLET
JBV EXIT

2ND STAGE EXIT

PUMP EXIT

COOLANT INLET

COOLANT EXIT
TBV INLET
TBV EXIT

CH4 TRB INLET

CH4 TRB EXIT

LOX TRB INLET

LOX TRB EXIT
CHG TANK PRESS

GOX HEAT EXCH

MIXER

FCV INLET

FCV EXIT

CHAMBER INJ

CHAMBER

STATION
PUMP INLET
PUMP EXIT

02 TANK PRESS
OCV INLET
0CvV EXIT
CHAMBER INJ
CHAMBER

ENGINE STATION CONDITIONS

538.5
537770,
405789.

1597.

524,
87243,

JE3€ 36 3€ JE 3 JE JE 2 IE 3E I JE 3E JE IE IE I JE JE I IE JE 3¢ IE I I € 3 I I X )¢

% FUEL SYSTEM CONDITIONS X

PRESS TEMP FLOW ENTHALPY
40.0 201.0 356.5 123.0
761.9 206.6 356 .5 129.2
745.2 2064.7 166.3 129.2
716.6 206.9 164.3 129.2
1765.7 211.0 192.1 138.3
2725.3 217.3 192.1 143.3
2591.4 218.1 192.1 1648.3
2107 .4 741.5 192.1 602.3
1975.5 739.3 56.6 602.3
716.6 712.8 564.6 602.3
1975.5 739.3 137.6 602.3
987.2 64644.0 137.6 559.7
987.2 664.0 137.6 559.7
723.9 606.9 137.6 562.3
40.0 574.7 1.4 536.1
716.6 604.9 136.2 562.3
716.6 359.9 355.1 357.2
676.6 355.3 355.1 357.2
618.3 3648.0 355.1 357.2
589.5 3643.8 3585.1 357.2
533.5
% OXYGEN SYSTEM CONDITIONS x
PRESS TEMP FLOW ERTHALPY
60.0 163.0 1250.7 61.7
687.2 165.3 1250.7 63.6
- 60.0 400.0 7.9 2064.6
657.3 165.4 1262.8 63.6
599.2 165.6 1262.8 63.6
578.2 165.7 1242.8 63.6
538.5
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TABLE D-2 (Cont.)

PRATT & WHITNEY
LOX/CHG SPLIT EXPANDER ENGINE

xxxxxx!nxur!!xxxx:x!xxxxxxx!xxrxxx!
%X TURBOMACHINERY PERFORMANCE DATA x
0 33636 6 3 36 36 6 36 36 3 3 6 3636 36 36 3 3636 36 6 36 3 3 363 3 6 6 3 3¢

36 3€ 36 3€ 3 3 36 3 36 3¢ 3€ 36 3¢ 3 3¢ 36 3€ 36 36 3¢ 3¢ 3 36 3¢ 3¢ 36 3
¥ CHG TURBINE x ¥ CHG PUMP x
32 3 3 3 3 € € 3¢ € 36 36 3¢ 3¢ 3¢ € 3 36 3€ 3¢ 3 3¢ 3¢ 3 3¢ 3¢
STAGE ONE STAGE THO STAGE THREE
3 3€ 3€ € 3€ 3¢ 3 3% % € 36 € 3¢ 36 3¢ 3¢ 3¢ X 6 2 3€ 3€ 3¢ 3 3¢ 3¢ 3¢ X 3¢
EFFICIENCY 0.737 EFFICIENCY 0.818 0.715 0.714
HORSEPOKWER 8290. HORSEPOWER 3110. 2602, 2578.
SPEED (RPM) 3903. SPEED (RPM) 8903. 3903. 8903.
MEAN DIAMETE 12.20 S SPEED 1396. 314, 319.
EFF AREA ' 4$.80 HEAD 3923 5323 5272.
VEL RATIOD 0.23 DIAMETER 13.79 .15.62 15.59
MAX TIP SPEED 474, TIP SPEED 536. 607. 606 .
STAGES 1. VOoL. 6038, - 32647. 3238.
PRESSURE RATIO 2.00 HEAD COEF 0.4460 0.666 0.6464
FLOW COEF 0.089 0.11¢ 0.110
€ 3 36 I 3€ I ¥ I 36 3 3¢ I € 36 € 3€ € 3¢ 3¢ 36 36 3¢ 3
¥ 02 TURBINE x ¥ 02 PUMP x
36 36 3 € J€ 36 3 3 € 3 36 3 3¢ 3 3636 3 36 3 3 € 3¢ 3 3
EFFICIENCY 0.736 EFFICIENCY 0.348
HORSEPOWER 3394, HORSEPOWER 3394.
SPEED (RPM) 5580. SPEED (RPM) 5580.
MEAN DIAMETER 12.20 S SPEED 2331.
EFF AREA 9.93 HEAD 1267.
VELOCITY RATIO 0.27 DIAMETER 13.48
MAX TIP SPEED 297. TIP SPEED 328.
STAGES 1. VOL. FLOW 7867.
PRESSURE RATIO 1.36 HEAD COEF 0.378
FLOW COEF 0.154
VALVE DATA
€ 3€ 3 36 3 I 3€ 3¢ 36 3¢
¥ FCV x X OCV x %X JBV x % TBV x
DELP 58.3 58.1 28.6 1258.8
AREA 4l1.44 28.89 8.94 1.91
FLOW 355.07 1262.75 166.35 56.57
BYPASS x 46.10 28.40
INJECTOR DATA
JE JE 3€ JE JE I 2E I € I 3¢ 3¢ 3
X CHG X * 02 x
DELP 51.0 39.7
AREA 46 .69 34.98
FLOW 355.07 1262.75
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E. Preliminary Design Analysis

The baseline fixed thrust engine flow schematic is shown in Figure
E-1. This engine configuration employs simple open loop pneumatically
operated engine valves. The main oxidizer valve (MOV), jacket bypass
valve (JBV), and turbine bypass valve (TBV) are spring loaded, adjust-
able stop, poppet-type valves actuated by internal engine pressures.
The fuel cooldown valve (FCV), oxidizer cooldown valve (OCV), and fuel
shutoff valve (FSOV) are helium actuated, on-off valves. The adjust-
able stops of the control valves will be trimmed and locked during
acceptance testing with the JBV set to provide the proper fuel jacket
bypass flow split, the MOV set to provide the proper mixture ratio,
and the TBV setting thrust. The OCV provides a path for recirculation
of oxidizer flow when in the open position and when closed provides a

path for the starting oxidizer flow to the 1gniter'and chamber.

The POGO system is located just upstream of the oxidizer turbopump
inlet. This system will be similar to the one employed on the SSME

using a gas filled plenum to decouple the engine and feedline.

The horizontally oriented turbopumps provide a significant length of
inlet duct on the engine side of the vehicle/engine interface. This
provides a great deal of f]exfb{1ify in the vehicle propellant duct,
straight duct requirements at inlet, etc. without impact on the

engine.
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L02/CH4 Split Expander Cycle

Propellant Flow Schematic
(Fixed Thrust Configuration)
Helium

Supply 3L,
CH. inlet Vent Vent Tank Pressurant O, inlet
m— 1-0'1. O,

Oxidizer Vehicle
cle 7 72 - Turbopump Suppressor Pre-valve
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FIGURE E-1
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The engine configuration shown depends on a forced convective cooldown
of limited duration (less than one hour) and the following operation

description is addressed to this configuration.
COOLDOWN

The engine valve requirements are somewhat dependent on the mode of
cooldown selected for the engine. The current configuration assumes a
limited cooldown duration (1 hour or less) with forced flowrate. Cool-
down propellants can be recirculated through the fuel cooldown valve
(FCV) and the oxidizer cooldown valve (OCV) to the vehicle tanks,
recirculated to external tanks, or dumped, whichever is optimum for
the vehicle system. If a cold soak type, passive cooldown procedure
is desirable, an additional valve would be required downstream of the

fuel pump to prevent cooldown of the thrust chamber.

The fuel shutoff valve (FSOV), main oxidizer valve (MOV), jacket by-
pass valve (JBV), and turbine bypass valve (TBV) are normally closed
and the fuel cooldown valve (FCV) and oxidizer cooldown valve (OCV)
are normally open. Cooldown is accomplished by opening the prevalves
at the engine inlet and circulating propellants through the turbopumps
and FCV and OCV until the pumps are properly conditioned which will
probably be determined by~cooid6hn.time and checked by housing temper-

ature measurements.
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Figures E-2 and E-3 present estimated fuel and oxidizer cooldown time
requirements and consumption as a function of flowrates for the

baseline cooldown procedure.
START

Engine start is accomplished by opening the start solenoid valve which
ports helium to the FCV, OCV and FSOV. This closes the FCV and the
'OCV and opens the FSOV. The cooldown flow is shutoff, starting
oxidizer flow is directed through the OCV, around the MOV to the
combustion chamber and igniter. Opening the FSOV supplies fuel flow
to the combustion chamber and igniter ahd a{Iows the gaseous fuel in
the chamber coolant passages to flow through the turbines, initiating
turbopump rotation. OCV actuation is timed to occur faster than FSQV
actuation, setting up an initial.oxidizer rich atmosphere in the
igniter and thrust chamber. When the fuel from the FSOV actuation
reaches the igniter and combustion chamber, mixture ratio drops
rapidly with ignition occurring first in the igniter and then in the
main combustion chamber as ignitable conditions, which are a function

of O/F ratio and pressure, are achieved.

The fire in the combustion chamber continues to vaporize the fuel as
turbopump speed, fuel flowrate and system pressures increase. When
turbopump speeds get to approximately 50% of steady state operation

levels, the JBV is opened allowing bypass around the jacket and
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turbines and providing some turbine back pressure to slow the accel-
eration. At 60 to 80% of steady state operational turbopump speeds
'the MOV is opened, providing high oxidizer flowrates to the combustion
chamber and resd1ting in a raﬁid increase in.cﬁaﬁser pressure (thrust)
and mixture ratio. When the engine reaches approximately 85% of
normal operating level, the TBV opens bypassing fuel flow around the

turbines and preventing a thrust overshoot.

Initial ignition of the main combustion chamber is to a chamber
pressure of approximately 25 psia which, becausg of choking and
recovery characteristics of converging-diverging nozzles, makes the
engine acceleration independent of ambient pressures less than 16
psia. A two to three second acceleration from start signal to 95%
thrust is expected with a +0.3 second varijation. Propellant
consumption during the start transient (start signal to 100% thrust)

is estimated to be 400 1bs of CH4 and 2200 1bs of LO2.

STEADY STATE

Steady state jacket bypass flow, thrust level, and mixture ratio are
set by adjustment of the JBV, TBV, and MOV valves during engine
acceptance testing. The engine as configured has a fixed thrust and

mixture ratio capability.
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SHUTDOWN

Shutdown is accomplished by closing the start solenoid valve and
venting the helium. This closes the FSOV resulting in a rapid thrust
decay (less than 0.15 sec to 1% thrust) and opens the FCV and OCV to
vent the high pressure propellants. Engine shutdown time can be
lengthened if required. The removal of turbine power by closing the
FSOV results in a rapid deceleration of the engine. The FCV will vent
the high pressure fuel, preventing any system overpressure from the
sudden flow stoppage. The engine is ready for another start if
required as soon as the pumps windmill down. Propellant consumption
during the shutdown transient is estimated to be 36 1bs of CH4 and 126
1bs of LO2.

ABORT

If the safety monitoring system indicates a problem, the engine can be
shutdown in less than 0.15 seconds. A longer abort shutdown can be
provided if required. If abnormal operation is experienced during the
start sequence (slow speed buildup, etc.), ground monitoring should

identify the problem and shutdown all engines.

THROTTLING ENGINE CONFIGURATION

The baseline engine as described above is a fixed thrust simple
control system configuration. An optional engine configuration
employing a complex closed loop control system to allow continuous

throttling capability over its thrust range is also available at
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increased cost. For this configuration, valves are actuated using a
sophisticated electromechanical system and are able to be set at any
area as directed by the command signal. The.vglyg command signals are
generated by an on-engine computer systeﬁ that uses measured engine
parameters such as chamber pressure, turbine temperatures and flow-
rates to calculate thrust and mixture ratio and control to the desired
vehicle levels. Redundant instrumentation is provided for all contro}l
parameters to assure the correct measurements are used to position the

valves.

The engine operation, as described for the fixed thrust engine, is
essentially unchanged except the valves are actuated by electro-
mechanical actuators instead of pneumatic, and variable thrust and

mixture ratio capability is available during steady state operation.

Engine thrust level is controlled by utilizing the TBV to maintain
chamber pressure and therefore thrust. To throttle the engine down to
a lower thrust level, the TBV will open up and reduce the amounf of
turbine flow and available horsepower. The pumps spin down and
pressures decreqse throughout the engine system until the desired
chamber pressure (thrust level) is attained. The JBV remains at its
100% rated power level value throughout the throttling range and
mixture ratio is maint;ined using the propg11ant utilization portion

of the oxidizer control valve.
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PRELIMINARY CONTROL COMPARISON

For the General Dynamics' Liquid Rocket Booster (LRB) program, three»
control system concepts were étudied to compﬁr; ﬁ}oduction cost and
mission reliability differences relative to system capability. The
lowest cost and highest mission reliability system was a pneumatically
actuated, single thrust set point system. Two variable thrust, closed
loop thrust and mixture ratio systems were considered for throttling
capability from -35% to +10% of the engine design point. Production
cost and mission reliability were then estimated to determine the cost

versus benefit of each system.

LRB Control System Study Overview

0 Thrée Control System Configurations Reviewed
- Single Point Thrust/Mixture Ratio
- Variable FN, Closed Loop FN/MR, Single String Controller
- Variable FN, Closed Loop FN/MR, Dual Channel Controller
0 Mission Reliability Comparison Performed
0 Production Cost Comparison Performed
0 Expendab]e L02/CH4 Split Flow Expander Cyc1e Engine
App]icat1on

The single point system shown in Figure E-4 represents an RL10-derived
concept in which all contro11ed parameters are "ON" or "OFF" type
elements. An electronic controller provides engine/vehicle interface,

engine safety monitoring, prestart "ON" or "OFF" control, start "ON"
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or "OFF" control and emergency shutdown capability. This system has
shutdown failsafe capability in the event that the control system is
inoperable. Control valves are pneumatically actuated, solenoid

actuated, or propellant presshre actuated aﬁd ihﬁg require no inde-
pendent actuation system. The result is a simple, low cost, highly

reliable system.

The variable thrust control system shown in Figure E-5 includes a
controller with closed loop thrust and mixture ratio control and the
necessaﬁy'sensors and actuators to effect closed loop control. For
both the dual channel (DC) and the single channel (SC) controller
system concepts, dual sensors, dual actuator interface coils (electric
motor stator coils for electromechanical actuation or electrohydraulic
servovalve torque motor coils for hydraulic actuation), and dual power
supplies are used. Also, in both cases, all prestart activities and
engine "ON" activities are scheduled by the controller. The dual
channgl controller concept provides two‘active control channels which
drive each actuator coil simultaneously. In the event that one
channel becomes inoperative, the operational channel provides complete
control capability. The dual channel system is considered fail
operational/faii.safe. The single channel controller system concept
provides operational capability identical to that of the dual channel
controller; however, only one controller channel drives both actuator
coils. In the event thaf the single controller channel becomes

inoperative, failsafe shutdown is effected.
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Mission reliability for each of the systems is shown in Figure E-€.
The single point system provides an estimated fajlure rate of .023
failures per 1000 engine starts or a control system mission reli-
ability of .99999 with the syﬁtem failures résd]fing in safe engine
shdtdown. A1l engine components other than the control system combine
for a predicted failure rate of .164/1000 starts, or .99984 mission
reliability, for comparison purposes. The DC varijable system has a
predicted failure rate of .030/1000 starts, while the SC variable
system has a predicted rate of .131/1000 starts. Again, all failures

result in safe engine shutdown.

Production costs were estimated for each of the three systems assuming
a lot size of 100 with a total buy of 1000 engines. As shown in Table
E-1, the DC variable system shows a cost of $670K over the baseline
single point control system and the SC channel variable throttle
system shows a cost of $345K above the baseline. In each case, the
costs were compiled independent of an& maintenance monitoring system
which may be assumed to add $250K per system, if used. An SC channel,
variable throttle system may be obtained at reduced cost, compared to
the dual channel system; however, mission reliability is impacted to
an extent, whilé the single point system provides low cost and high
reliability with 1imited capability. The most desirable system may
only be determined by weighing the impact on vehicle design, yielded
by the variable systemAVefsﬁs single point control, against the cost
and reliability differences associated with each system. Table E-2
shows a comparison of the various types of control systems for a Split

Expander engine along'with the estimated accuracy.
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EXPANDER CYCLE POWER MARGIN

This discussion uses the H2/02 expander cycle as-an example but
applies equally well to hydrocarbon engine configurations. The power
margin discussion which follows is included per the request of GDSSD
and it is similar to the discussion previously provided to GDSSD. A1l
engines independent of cycle face the challenge of reathing rated
thrust during their development program. In the development phase,
the components rarely meet all of their performance goals in the first
engine build. Some modifications and/or minor redesigns are normally
needed to achieve rated engine operational capability by the end of
the development program. While gas génerator and staged combustion
cycle engines are initially plagued with having to run too hot a
turbine temperature to meet rated thrust, the expander cycle engune

could possibly have too low a turbine temperature.

The attainment of rated thrust in expander cycle engines which depend
upon the regenerative heat in the nozzle for turbine power, is
impacted by both the heat picked up (AT) as well as the pressure loss
(AP) in the nozzle tubes and manifolds. The expected impact of these
heat exchanger characteristics on the engine during development and

production phases is described in the following sections.
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Development Program Uncertainties

Figure E-7 shows the predicted nozzle AT and A P design uncer-
tainties for the initial'set of H2/02 eﬁg%né.development hard-
ware. The pressure drop is a function of density and; therefore,
these parameters are interdependent, and a concurrent worst case
for both parameters is not practical to consider. A reasonable

level of uncertainty is estimated to be +10% of both parameters.

The design point for the expander cycle is currently set with a
turbine bypass margin of 10.6% (excess available horsepower).
This excess power capability can also be expressed in terms of
excess chamber pressure margin. Figure E-8 shows the effect of
AP and A T deviation on the level of engine chamber pressure
margin. Chamber pressure margin is the chamber pressure level
available above the normal operating point for a fixed set of
hardware. It.is a capability designed into the hardware and is
readily available for engine thrust growth or compensation for
component variations. As shown, the current engine design margin
is 110 psi. The 1owes£ expected chamber pressure margin
resulting %rom design uncertainties (most likely extreme) is 40

psi; however, the margin is just as likely to be 170 psi.
The 02/H2 expander-engine is being designed with a 110 psi

chamber pressure margin to cover both a 10% thrust growth and the

predicted engine to engine variations due to manufacturing
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tolerances. In addition to the design margin just described,
there are a number of paths available to recover chamber pressure
during the development phase. They include redesign of chamber/
nozzle to obtain origina1 design goals; rédésign of the chamber
to increase length for greater AT, redesign of manifolds to
split the chamber and nozzle coolant paths to reduce pressure
loss, redesign of the chamber to add trips or fins to enhance hot
side heat transfer, redesigh of chamber to substitute higher
strength, higher conductivity tube material to decrease pressure
loss and redesign of the chamber to increase throat area which
would allow an increase in thrust without increasing chamber

pressure.

The predicted effect on chamber pressure margin of these various
redesigns is shown in Table E-3. A review of these data shows
that the various development methods available to compensate for
the projected level of heat exchanger performance deviations is

adequate to cover even worst case scenarios.
Production Program Uncertainties

In the production phase all of the delivered engines must demon-
strate rated thrust during the acceptable test. This is accom-
plished by providithSUfficient margin in the engine design to
cover engine to engine variations due to manufacturing toler-

ances.
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RL10A-3-3 production engine data was surveyed to determine the
historical expander cycle power variation. Eighteen RL10 produc-
tion engines had been run during acceptance testing with the
necessary measurements tb determine turbiﬁe ;xcess power. The
variation in turbine power was determined to be only 2.93% (2
sigma variation 95% confidence). This represents the total
turbine power variation experienced due to variations in all
component performance (chamber, nozzle, pumps, turbine, etc.)
between production engines. Accordingly, the H2/02 expander
engines have been designed with 3% of the turbine power margin
consigned for expected deviations from nominal component opér-

ating characteristics.
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TABLE E-3

Development Parameter

0 Use Aesign margin

o Correct original design

0 Add 5 inch chamber length
o Split flow manifold

o Enhancement features

0 Substitute tube material

0 Increase throat area

46

Addition To
Pc Margin
At Operating Point

1107psi
Up to total error
42 psi
48 psi
Effects not quantified
57 psi
30 psi
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NOZZLE EXIT PLANE FLOW CONDITIONS

Flow characteristics at the nqzz]e exit plang are presented in Figures
E-9 through E-13 for the final L02/CH4 756.3K vacuum thrust engine.
These profiles were generated using the JANNAF TDK and TBL computer
models. Combustion efficiency of 99% and nozzle efficiency of 97.4%
were calculated for the 758 psia chamber pressure mixture ratio of 3.5
base case. Boundary layer thickness at the nozzle exit was calculated
to be 0.16 inch and the average specific heat ratio at the nozzle exit

1.2.
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FLIGHT INSTRUMENTATION

Flight instrumentation requirements will not be fully defined until
the development program is underway and safety monitoring requirements
have been fully defined. The following list is the best estimate at

this time.

Preliminary GDSSD LRB Flight Instrumentation

Chamber Pressure

Fuel Pump Inlet Pressure

Fuel Pump Inlet Temperature
Fuel Pump Housing Temperature
Fuel Pump Vibration

Fuel Pump Speed

Oxidizer Pump Inlet Pressure
Oxidizer Pump Inlet Temperature
Oxidizer Pump Housing Température
Oxidizer Pump Vibration
Oxidizer Pump Speed

Fuel Turbine Inlet Pressure

Fuel Turbine Inlet Temperature
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INTERFACE REQUIREMENTS

The engine was designed with propellant conditions assumed to be at 40
psia on the CH4 line interface to the engine and 60 psia at the L02
interface. The engine propellant line diameters are approximately 10
inches for the LO2 line and 9.3 inches for the CH4 line. The hori-
zontal mounting of the turbopump assembly results in sufficient line
length on the engine flow ducts. No additional straight line length

. is required on the vehicle side of the interface.

The preferred electrical interface with the vehicle requires dual
power supplies of 135 or 270 VDC with a maximum combined power of 5 kw
for a fully variable thrust control. For a single point thrust
control system a 28 VDC dual power supply with a maximum combined

power of 0.5 kw would be preferable.

Six line interfaces are required for tank pressurization, engihe purge
and valve actuation. Two pneumatic lines are required for LOZ and CH4
tank pressurization, two propellant recirculation lines and an N2
supply and He supply line to the engine are also required. The
nitrogen source ‘line can be routed to the launch facility for a supply
source. Two actuator attachments, spaced 90° apart, are provided on
the engine for the vehicle supplied actuators. The maximum actuator
Toad is estimated to be~2700f1bs for the gimbal conditions of +6°
gimbal angle, 10° per second velocity and 40° per second squared
acceleration. A sketch of the assumed actuator attach point in the

skirt is shown in Figure E-14.
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ACTUATOR LOCATION

ACTUATOR ATTACH | E OF STAGE

RING - :
”—-e—BB.BR —

ACTUATOR

~=—— 159R

—17.2 |"i—95.4R —

ALL DIMENSIONS
IN INCHES

ACTUATORS - ‘
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The main interfaces are shown on the following single engine drawing

(Figure E-16).

SINGLE ENGINE DRAWING

Figures E-15 and E-16 show two views of the selected 756K vacuum
thrust engine design. The turbopumps are mounted back to back (tur-
bines facing each other) with the rotors counterrotating. This
configuration reduces the number of parts in the turbine areas by
providing smaller diameter turbines with less blades and the future
potential of eliminating the vanes between the turbine rotors.
Turbine flow ducting is also reduced to a minimum. The engine area
ratio was selected at 16.46 to maintain the nozzle exit diameter at a
size compatible with the vehicle diameter and gimballing clearance
requirements. The inlet flow ducts utilize scissor-type bellows to
maintain simplicity and low weight on the engine. The scissor joints
can accommodate up to approximately +6° of gimbal angle. Figure E-16

shows the plan view of the engine with all interface points.'

MULTIPLE ENGINE DRAWING

Figure E-17 shows the mounting arrangement for the four engines in the
LRB stage. The centerline spacing of 130.8 inches was used as sug-
gested by General Dynamics to allow sufficient clearance at the engine
nozzle exit plane when gimballing the engines. The turbopump assem-
blies face the inside of the stage and the actuator attach points are
arranged on the outside of the engine cluster to accommodate engine

actuator mounting to the stiffener ring in the vehicle skirt.
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FIGURE E-17
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F. Pressurization

The engine is configured to prov1de gaseous methane at (1000 psia and
705°R) a flowrate of 1.7 1bs/sec and gaseous oxygen at (1100 psia and
400°R) a flowrate of 11.1 1bs/sec. The gaseous methane is bled off
the engine between the turbine discharge and the mixer. The gaseous
oxygen is produced in a gox heat exchanger which utilizes the hot

gaseous methane to vaporize the oxidizer.

The gox heat exchanger, which gasifies liquid oxygen for tank pressur-
jzation, consists of a counter flow offset finned heat exchanger that
is wrapped around the turbine exhaust duct. Figure F-1 presents the
gox heat exchanger configuratioﬁ. The gox heat exchanger consists of
an aluminum duct wall that has trip-strips on the turbine exhaust side
wall for improved convective heat transfer film coefficients. The
oxygen passages are constructed of offset fins that are bonded to the
high strength outer wall and the inner aluminum plate. The offset
fins enhance the oxygen side convection heat transfer film coeffi-
cients which will reduce the size of the heat exchanger. The aluminum
plate is separated from the duct wall by a highly conductive layer of
either dead soft copper or powder copper in colloidal suspension. The
copper layer has been incorporated into the design to stop crack

propagation from the inner plate to the duct wall.
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G. POGO And Stability Analysis

The LRB POGO system will be similar to the SSME ?QGO system which uses
a gas filled plenum to isolate engine feedline oscillations from the
engine. Pressurized gox is supplied by the gox heat exchanger and the
gas is used to energize the POGO suppressor and the L02 propellant

tank.

H. Reliability and Safety -

The initial fault tree for the split expander engine is shown in
Figure H-1. The fault tree listsall significant abnormal events which
could happen to the primary components on the engine and the resulting
effect on the engine system. Figure H-2 is a legend which is to be

used to properly interpret the fault tree notations.

Figure H-3 shows the reliability of the RL10 engine down to the
component level. The reliability values shown are based on a total of
1470 accountable engine firings, both during ground test and opera-

“tional flights.

Figure H-4 is an estimated component reliability assessment of the
Split Expander engine using-the RL10 demonstrated reliability as a

basis but making adjustments for higher pressures and temperatures.



System reliability relation of the 1liquid rocket booster stage propul-
sion system, based on eight total engines with one engine out capa-
bility, is shown in Figure H-5. This figure can be used to determine
the necessary single engine reliability based on the overall booster

propulsion system reliability.
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FAULT TREE NOMENCLATURE

/* # 8
s
* TYPE GATE A - “And” Gate
O - "Or"Gate

U - “Undeveloped” Gate
T - “Transfer” Gate
H - "House” Gate

1 - “Inhibit” Gate
# Node Number
$ Node Modifer / - No Additional info
; = XX - Transfer from/to Gate
y4 Node Identifier Q) - “And” Gate

Q- *Or° Gate

FIGURE H-2
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RL10 RELIABILITY

COMPONENT

LOSS RATE

(71000 firings)

SOURCE

-Oxidizer Pump 0.011 RL10, w/SSME split
-Hydrogen Turbopump 0.021 RL10, w/SSME split
-Gearbox 0.000 RL10, w/PH5000 prediction
~Thrust Chamber and Injector 0.021 . RL10 history
-Oxidizer inlet valve 0.006 RL10 history

-Fuel inlet valve 0.022 RL10 history
-Main fuel shutoff valve 0.075 RL10 history
-0Oxidizer flow control valve 0.000 RL10 history

=-Fuel pump interstage valve 0.069 RL10 history

-Fuel pump discharge valve 0.038 RL10 history
-Start solenoid valve 0.000 RL10 history
-Prestart solencid valves(2) 0.000 RL10 history
-Ignitor Oxidizer supply valve 0.002 RL10 history
~Prelaunch cooldown check valve 0.000 RL10 history
~Thrust control 0.025 RL10 histoery
-Ignition system 0.133 RL10 history
~Gimbal 0.000 RL10 history
~Engine plumbing 0.005 RL1G histery
-Propellant plumbing 0.047 RL10 history

TOTAL 0.471

NOTES:

R = 0.999529

-Reliability based upon 1470 accountable engine firings without failure
and calculated at the 50X confidence level for the Zero failure case.

-Component breakdown based upon prior study that evaluated 4000

development test firings containing 596,000 seconds of run time (Ref:

PWA FR=4657 dated 10/26/71)

~Turbopump assembly failure rate of 0.032 broken down to pump and
gearbox level based upon PWA SSME-ATD prediction and using PW5000

gearbox prediction.
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SPLIT EXPANDER CYCLE RELIABILITY PREDICTION

COMPONENT

LOSS RATE
(/71000 firings)

SOURCE

-0Oxidizer Turbopump
-Hydrogen Turbopump
=Thrust Chamber and Injector

-Fuel split valve

-Oxidizer inlet valve

-Fuel inlet valve

-Main fuel shutoff valve
-Oxidizer flow control valve
-Fuel pump interstage valve
-Fuel pump discharge valve
-Start solenoid valve
-Prestart solenoid valves(2)

-Ignitor Oxidizer supply valve
-Prelaunch cooldown check valve

-Thrust control

-Ignition system
~Gimbal

~Engine plumbing
-Propellant plumbing

R = 0.999362

0.033
0.039
0.023

0.060
0046

.070
.004
.090
.059
.000
.000
.006
.000
.049

.133
.000
.003

0
0
0
0
0
]
0
0
0
0
0
0
0
0
0.045

RL10 Turbopump w/ temp,

spd, press

bias

RL10 Turbopump and temp,
spd, press bias
history w/temp,press bias

RL1O

RL10
RL10O
RL1O
RL1D
RL1O
RL1O
RL1O
RL1O
RL1D
RL1O
RL1O
RL1O

RL10O
RL1O
RL1O
RL1O

MFSOV w/temp,preass bias

w/ temp, press
w/temp, press
w/ temp, press
w/ temp, press
w/ temp, press
w/temp, press

w/temp, press
w/ temp, press
history
history

w/ temp, press
w/ temp, press

bias
bias
bias
bias
bias
bias

bias

bias

bias
bias
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EIGHT ENGINE LIQUID BOOSTER SYSTEM
ONE ENGINE OUT CAPABLITY, CORRELATION = 0.01
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PAGES 71 THRU 74 CONTAINING COST DATA HAVE NOT BEEN INCLUDED
IN THIS APPENDIX DUE TO THEIR PROPRIETARY NATURE. THESE PAGES HAVE
BEEN SUBMITTED SEPARATELY TO GENERAL DYNAMICS.






J. Programmatics

DEVELOPMENT SCHEDULE

The engine development schedule for the L02/CH4 Split Expander engine
up to the Preliminary Rating Test (PRT) which qualifies the engine for
test flight is 4 years and 3 months as shown in Figure J-1. Addi-
tional engine testing required beyond PRT is additional qualification
testing to demonstrate reliability beyond the .99 (90% confidence)
level at PRT and an engine cluster test. The first flight of the
engine could occur as early as 4 years and 9 months from full scale
development start. The completion of the flight rating test is
estimated at 5 years, 2 months following initiation of the full scale

development program.

DEVELOPMENT DESCRIPTION

Development of the engine would begin with a para11e1 development
effort for the main chamber, LO2 pump and CH4 pump. Test stand
firings of the main combustion chamber would occur at 19 months into
the program followed by test runs of each pump individually. The
three major hardware development components would be integrated with
the other engine hardware and confro] system and the first full engine

test firing would take place approximately 25 months following FSD.
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A total of ten engines are required through PRT--five for development
and five for flight configuration testing. Fogr engines in each
category are considered active with one engine_bging used as a spare.
In addition, 3 complete sets of major components are to be used during
the program as well as spare parts required for test engine overhaul.
Three major fajlures are assumed during the development schedule which
will consume the spare sets of hardware. Each test engine will be
overhauled for bearings and seals after 35 firings and a chamber and

pump overhaul will occur after 70 firings on each engine.

A total of two development test stands were assumed to be supplied by
the Government with testin§ occurring at scheduled rate of five
firings/week/stand. Test stands are assumed to be utilized 3
shifts/day for 6 days/week. In addition, it is assumed that the
Government will supply the propellants for the test firings.

Turbopump test stands at P&W facilities in Florida would be utilized
for the program. However, a Government supplied pump stand would also
be used. Government test facilities are expected to be utilized at

NASA's NSTL located in Mississippi.
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ENGINE PRODUCTION AND INTEGRATION WITH VEHICLE

Pratt & Whitney plans to produce the split expander cycle rocket
engine at its existing manufacturing facilities. Primary production
of components and subassemblies would be done at the Connecticut
facilities of P&W with support from P&W plants located in Georgia and
Maine as well as from the P&W vendor base. The P&W production facil-
ities have over ten million square feet devoted to fabrication and
assembly of aerospace engines. These facilities currently produce
more than ten times the quantity of engines needed for the LRB program
per year. The majority of these engines are intricate, high tech-
nology gas turbine engines which require well controlled, cost effec-
tive production methods. Parts which lend themselves to automation
techniques would be produced using automation. In all cases, the most
cost éffective methods for producing engine parts would be utilized.
The current production capability at P&W facilities can absorb the

production requirements for the split expander engine.

Production engine testing would be conducted at NASA/NSTL facilities
located in Mississippi. These facilities would be used for engine
development testing and tests required before production engines are
shipped to General Dynamics. P&W currently envisions acceptance

testing each production engihe'prior to shipment.
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An assembly facility would be built and located at the engine test
facility for the LRB engines. This assembly facility would be used
for the final assembly of both development and- production engines thus
reducing costs by reducing logistic costs associated with shipping
complete engines to and from the Connecticut manufacturing facility to
the Mississippi test facility. Engine teardown and repair would be

conducted at the assembly facility.

The integration of the engines with the booster stage would take place
at the launch facility at the Kennedy Space Center. Vehicle integra-
tion at General Dynamics facilities in California is not desiréb1e due

to the relatively large size of the engines and booster stage.

No additional technology is required prior to the start of the engine
development program. However, specific technology programs to reduce
manufacturing costs could be conducted in parallel with the devel-
opment program. The technologies are similar to those suggested by
P&W for the Advanced Launch System program with some modifications
necessary to meet the target launch date and schedule for the LRB.

The preliminary -1ist of technology programs to reduce the cost of the
split expander engine components are identified as follows: cast
injector element technology, chamber/nozzle materials technology,
tubular nozzle fabrication téchho]ogy, cast fuel and lox pump impeller
fabrication, integrally bladed turbine disk/blade technology, low cost
poppet-type valves for metering and shutoff of engine propellants and,

finally, low cost diagnostic system technology for expendable engines.
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Figure 3-5. Propellant Volume and Payload Parameters

300 psia, € = 6, AV = 10,000 ft/s)
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Figure 3-6. Propellant Volume and Payload Parameters
Pc = 700 psia, € = 6, AV = 10,000 ft/s)
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