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FOREWORD

This report presents the xesults of studies conducted during the Orbital Transfer
Vehicle Advanced Expandeg Cycle Engine Point Design Study. Trade studies, com-
, ponent analysis, component design and engine design layouts were completed for
: an- Advanced Expander Cycle Engine Point Design. A steady state off-design en-
gine simulation model and a transient model were also completed which aided
component sizing, selection and placement. The study was conducted by Rocket-
dyne, a Division of Rockwell International, under contract NAS8-33568 --
administered by Marshall Space Flight Center (MSFC) of the National Aeronautics
and Space Administration (NASA). The NASA Contracting Officer's Representative

Y
!
! was Mr. Dale Blount of MSFC. Mr. H. G. Diem was tlie Rocketdyne Program Manager. *ﬁz
! »
The technical effort was conducted under the direction of Mr. A. Martinez, -

Study Manager. }

The Final Report is submitted in thyee parts:

Vel. I , Executive Summary
| e Vol. II , Study Results
Vol. III, Supporting Research and Technology %

The Engine Steady State and Transient simulation user's manuals are submitted

separately:

» {
, RI/RD80-212, User's Manual for Expander Cycle Rocket Engine Steady-State B
Off-Design Code %

RI/RD80-214, User's Manual for Expander Cycle Rocket Engine Transient ‘.

Simuiation Code
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INTRODUCTION AND SUMMARY

NASA-sponsored studies of the Orbit Transfer Vehicle (OTV) have evaluated during
recent years the use of a high-energy oxygen/hydrogen upper stage employing ad-
vanced engines for the Space Tramsportation System. Engine studies resulting
from NAS 8-32996 efforts indicated that expander cycle engine components can be
optimized for delivery of the high performance and reliability required of the
OTV engines. NAS 8-33568 study results reported herein, have led to an optimized
expander engine point design concept which delivers high performance and relia-
bility and provides growth and design margin capabilities. These studies have
concentrated on the thrust chamber and turbomachinery as the key components of
the engine power cycle and have provided component and system designs of suffi-
cient depth to produce accurate engine and component weights, accurate engine
and turbomachinery performance, engine control techniques and technology verifi-

cation requirements.

The Orbit Transfer Vehicle (OTV) has as a goal the same basic characteristics as
its parent system, the Space Shuttle, i.e., reusability, operational flexibiliity,
and payload retrieval with high reliability and low operating cost. The OTV is
thus planned to be a manned, reusable cryogenic upper stage of high performance
and reliability. The requirements for the engine of a vehicle of this type have
been derived from a large number of NASA-sponsored vehicle and engine studies.
For the advanced expander cycle engine, these requirements were outlined in the
Statement of Work of the recently completed Advanced Expander Cycle Engine Point
Design Study Contract, NAS8-33568, and appear in Table 1.

The Advanced Expander Cycle Engine Point Design identified in these studies
relies on increased combustor surface area and on turbine gas regeneration to
obtain significant increases in hydrogen coolant bulk temperature The higher
temperature hydrogen derives the turbine power required to achieve chamber
pressures approximately four times those realized in the conwventional expander
cycle engines. Increased chamber length or wetted perimeter provide added heat
transfer surface area and increased heat loads, while turbine gas regeneration

provides higher hydrogen bulk temperature without increasing combustor heat
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TABLE 1. ENGINE REQUIREMENTS

6‘

12,

13.

The engine will operate as an expander cycle with liquid hydrogen and liquid
oxygen propeilants,

Zogine vacuum thrust will be 15K pounds st an engine ozluz veight
flovrate mixture ratio of 6.0, with programmed mixture ratio in the range

6 to 7.
Engine length with the two-position extendible nozzle retracted will be no
greater than 60 inches.

Engine design anc materials technology are to be based on 1980 state of the
art. .

The engine must be capable of accommodating programmed and/or command varia-
tions in mixture ratio over an operating range of 6:1 to 7:1 during & given
mission, The effects on engine operation and lifetime must be predictable
over the operating mixture ratio range,

The propellant inlet temperature will be 162.7 R for the oxygen boost pump
and 37.8 & for the hydrogen pump. The boost pump inlet NPSH at full thrust
will be 2 feet for the oxygen pump and 15 feet for the hydrogen pump.

The service free tife of the engine cannot be less than 60 start/shutdown
cycles or 2 hours accumulated run time, and the service life between over-
hauls cannot be less than 300 start/shutdown cycles or 10 hours accumulated
run time. The engine will have provisions for ease of access, minimum
maintenance, and economical overhaul,

The engine when operating within the nominal prescribed range of thrust,
mixture ratio, and propellant inlet conditions will not incur during its
service life chamber pressure oscillation, disturbances, or random spikes
greater than =5% of the mean steady-state chamber pressure. ODeviations
to be expected in emergency modes will be predictable.

The engine nozzle is to be A contoured bell with an extendiblie/retractable
section,

Engine gimbal requirements are +15 degrees and -6 degrees in the pitch plane
and :6 degrees in the yaw plane.

The engine is to provide gaseous hydrogen and oxygen autogenous pressuriza-~
tion for the propellant tanks.

The engine is to be manrated and capable of providing abort return of the
vehicle to thﬁ Orbiter orbit.

The engine de<ign will meet all of the necessary safety and environmental
criteria of being carried in the Orbiter payload bay and operating in the
vicinity of the manned orbiter.

The engine must be adaptable to extended low-thrust operation of approxi=-
mately 1K vacuum thrust. Kitting of the engine's injectors, turbine flow
area, and other constraining components may be considered as well as the
inclusion of a heat exchanger to gasify the LOX for low-thrust operation.
Engine mixture ratio will be maintained as “igh as cooling and power
constraint allow (but no greater than 7:1). )
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4 input. These hydrogen temperature augmentation procedures place the increased

& demands of pump power generation on the combustor and led to wall temperature,
cycle life, and pressure drop limitations not previously found in the conven-

: tional expander cycle engine, To ease the demands placed on the thrust chamber,

efficient utilization of the thermal energy is made in the turbomachinery,

valves, heat exchangers, ducts, and other components. The NAS8-33568 effort has

selected component designs, cooling schemes, structural designs, and fabrication

E procedures which allow the system to deliver high performance and meet the pre-

scribed cycle life.

The engine system design (Fig.1 ) was chosen from engine trade and optimization
studies conducted in Contracts NAS8-32996 and NAS8-33568. These studies indi-
¢ cated that the limit of chamber pressure and specific impulse obtained within a

given engine length is reached when combustor material temperature limits are
reached, when the increased coolant pressure drops cancel the benefits of the
turbine temperature increases, or when the nozzle length is compromised, affect-

! ing specific impulse adversely. Not all conditions that maximize chamber pres-

} » sure necessarily led to specific impulse maximization, It was found that

f EE specific impulse optimized at chamber pressures lower than the maximum values

| attainable. Engine system optimization procedures and tradeoffs werevperformed
to provide an engine system design where specific impulse is maximized but yet
adequate margins are provided in engine power, thrust chamber life, and opera-
ting temperatures; and where cost, weight, technology level and reliability

considerations play an important role.

The engine as configured in NAS8-33568 studies delivers 480.8 sec. of specific
impulse operating at a chamber pressure of 1,540 psia and mixture ratio of 6:1.
The engine system achieves a nozzle area ratio of 625:1 within a total engine

length of 117 in. In the retracted nozzle configuration the engine occupies a

% length of 60 in. The engine has been designed to satisfy the requirements of
Table 1.
To accomplish the effort described in the Statement of Work (SOW), nine techni-
cal tasks were defined and a program schedule outlined as indicated in Fig. 2,
&
b W
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Figure 1.

Advanced Expander Cycle Engine Point Design
Configuration, Retracted Nozzle Not Shown
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Tasks 1 and 4 comprised respectively the development of an engine steady state

off-design performance and cycle analysis computer code and an engine transient

analysis computer code.

RI/RD8B0-214, respectively.
object of this report.

The study results of the remaining tasks is the

User's manuals were prepared for each computer code.
-These manuals are documented separately in Rocketdyne report RI/RD80-212, and
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I

ENGINE SYSTEM CONFIGURATION DEFINITION (TASK 1)

The design characteristics of the baseline engine configuration selected from
the trade and optimization studies performed in Task 1 are presented in Table 1-1
This selection resulted from specific impulse performance and weight optimiza-
tion of the engine in the 1CK to 20K pound-thrust range. Selection of compo-
nent design and performance levels was made to provide design margins that will
reduce engine development risks. Although, for the engine length selected,
performance optimizes near an area ratio of 800:1, the recommended design

(Fig. 1-1) utilizes a nozzle with expansion area ratio of 625:1 in an extended
engine legnth of 117 in. The lower area ratio value facilities altitude testing
in idle mode, reduces test and fabrication costs, results in a lower engine
weight, and causes a negligible loss in payload performance: Engine optimiza-
tion aspects consiuered in the study and which directly impact the design of

the baseline thrust chamber are shown in Tablel-2 and discussed below.

POWER CYCLE CONFIGURATION

Four major areas of power cycle optimization werc¢ examined: main turbine
arrangement, cycle energy source, high-pressure pump design, and boost pump
drive. Cycle configurations resulting from the first two areas were: parallel
main turbines, series main turbines, turbine gas regeneration and turbine gas
reheat. These cycles and combinations thereof are illustrated in Fig.1-2,

They were evaluated with smooth-wall combustors and with thermally enhanced

combustor configurations.

Main Turbine Arrangement

The selected chamber pressure of 1,540 psia is consistent with 1980 technology
and was obtained with optimized turbomachinery operating in a series main tur-
bine arrangement (Fig. 1-3) for maximum utilization of available energy in the
hydrogen coolant, For the selection of series over parallel main turbine
arrangement, an engine cycle optimizer code was allowed to optimize engine

specific impulse under the following constraints: turbine/pump geometry, and

RI/RD80-218-2
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TABLE 1-1,

PERFORMANCE-OPTIMIZED ADVANCED EXPANDER CYCLE ENGINE

BASELINE DESIGN CHARACTERISTICS

BASELINE DESIGN CHARACTERISTICS

FULL THRUST (VACUUM), POUNDS
MIXTURE RATIO
CHAMBER PRESSURE, PSIA
EXPANSION AREA RATIO
SPECIFIC IMPULSE, SECONDS
PUMP DISCHARGE PRESSURE, PSIA

OXYGEN

HYDROGEN
PUMP SPEEDS, RPM

OXYGEN

HYDROGEN
TURBINE INLET TEMPERATURE, R
RETRACTED LENGTH, INCHES
EXTENDED LENGTH, INCHES
ENGINE DRY WEIGHT, PQUNDS
TECHNOLOGY BASIS

DESIGN FEATURES

FULL-FLOW REGENERATIVE COOLING
SERIES MAIN TURBINES

AUTOGENOUS TANK PRESSURIZATION
TURBINE GAS REGENERATION

GH2 DRIVEN LOW PRESSURE HYDROGEN PUMP
GASEOQLS HYDROGEN TURBINE ORIVEN LOW-PRESSURE LOX PUMP
SMOOTH-WALL 20-INCH-LONG COMBUSTION CHAMBER

16,000
6

1540
625
480.8

2650
4670

52,800
110,000
875

60

nz

475
1930

LOW-PRESSURE TURBINE AND PUMP DRIVES,
FUEL/OXIDIZER

HIGH-PRESSURE TURBINE AND PUMP DRIVES,
FUEL/OXIDIZER

THRUST CHAMBER

HEAT LOADS REQUIREMENTS, BTU/SEC
COOLING CIRCUIT

CYCLE LIFE

COOLANT PRESSURE DROP, PSID

TURBINE GAS REGENERATION
ORIVE GAS DELTA TEMPERATURE, R
ENGINE CONTROL AND POWER MARGINS

FLOWRATE, %
PRESSURE DROP, %

ENGINE OFF-DESIGN OPERATION

MIXTURE RATIO
THRUST, % OF NORMAL

TABLE 1-2. OPTIMIZATION ASPECTS IMPACTING THRUST CHAMBER DESIGN
’ OPTIMIZED/SELECTED
POWER CYCLE VALUES
TURBOPUMP SYSTEM (NUMBER OF PUMP STAGES)
FUEL 3
OXIDLZER 1
TURBINE ARRANGEMENT SERIES

GHp/FULL-FLOW HYDRAULIC
GH2/6H2

10,000
FULL-FLOW REGEN

300 x 4
370

100

10
10
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Figure 1-1. Advanced Expander Engine Point Design Evolved
From NAS8-33568 Studies
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Figure 1-3. Expander Cycle Engine Point Design Schematic
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'bearing DN compatible with 1980 technology; combustor length limits of 10 to 20 ;{}
inches; coolant jacket bulk temperature limits of 1000 and 1260 R, respectively |
for combustor and nozzle; and certain flow and pressure drop margins. The op-

timizer was allowed to vary nozzle expansion area ratio, pump speed, chamber

pressure, pressure ratio, and combustor length to arrive at an optimum delivered

specific impulse and a corresponding chamber pressure. Results for the series

versus parallel turbine case, for a thrust level of 15,000 pounds demonstrated

that the series turbine arrangement can attain approximately 230 psi higher

in chamber pressure than the parallel turbine arrangement. The reason for this

is that more flow is available to each turbine in the series configuration than

in the parallel arrangement. The higher flowrate allows higher turbine power.

It allows also higher volume flow in the turbines and, therefore, improved tur-

bine efficiencies and higher turbine arc of admission. The higher chamber pres-

sure in the series turbine arranged engine results in higher nozzle expansion

area ratio and thus, approximately 2 seconds higher specific impulse.

A turbine inlet temperature of 875 R is required to develop the necessary turbine
power. This is achieved through high thermal input to the hydrogen in the com- o3
bustor and nozzle, and through recycling of part of this heat in a turbine gas

regenerator to boost turbine inlet temperature.

Turbine power margins are provided in the form of a pressure drop reserve of 10
percent built into a calibrated system orifice, and in the form of a turbine gas
bypass reserve of 10 percent. These combined reserves are set aside for engines
where worst-case probable variations in turbomachinery efficiencies and uncer-
tainties in the component pressure drop and heat load determination would create
system power loss deviations from the average engine and, therefore, lower cham-
ber pressures. Use of the pressure drop and/or flow reserve will return the
engine chamber pressure and thrust to the required value. Thrust chamber heat
loads, turbine gas regeneration and power margin requirements are discussed in

the following section.
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Cycle Energy Source

Approximately 10,000 Btu/sec transferred from the hot gas to the hydrogen
coolant in the thrustc chamber is required to provide enough pump power to support

a chamber pressure of 1400 psia (Table 1-3), and provide the power margins levels

discussed in the previous section. This required combustor heat load was deter-

mined using procedures correlated to heat load values demonstrated experimentally

in the 8.6-inch-long combustor of the Advanced Space Engine (ASE). In the ex-
pander cycle, a combustor of conventional length (10 inches), similar to the ASE

combustor, can only deliver 866 psi chamber pressure with efficient turbo-

machinery (Table 1-3).

TABLE 1-3. THRUST CHAMBER HEAT LOAD CAPABILITIES
(60-INCH ENGINE LENGTH, € = 625)

B s Rt

TOTAL THRUST | COMBUSTOR | NOZZLE Mzggffjs o« NozzLE |
COMBUSTOR CHAMBER HEAT | HEAT LOAD, |HEAD LOAD, | TURBINE INLET N1 Pe” tpercent| st
CONFIGURATION  |LOAD, BTU/SEC| BTU/SEC = | BTU/SEC | TEMPERATURE, R | 4P [W | PSIA|LENGTH |SECONDS
10-INCH CYLINDRICAL 6416 3675 2741 472 10{10 | 86| 66.2 |4a71,5
20-INCH CYLINDRICAL 9502 6601 2901 702 10|10 |13c0f 73.1 |a78.4
20-INCH TAPERED 10093 7218 2875 760 10}10 ] 1400] 75.7 |479.9

*MAXIMUM CHAMBER PRESSURE CAPABILITY WITHOUT A REGENERATOR

A 20-inch cylindrical combustor provides a 40 percent increase in heat loads and
a significantly increased chamber pressure (1300 psia). Longer combustor
lengths would provide higher total heat loads and higher chamber pressure but

would result in nozzle percent lengths below 80 percent and consequently lower

specific impulse performance.

Gradual tapering of the nozzle combustor wall starting at a station 3 inches

from the injector provides reduced heat flux at the nozzle throat and a more

evenly distributed heat flux profile. It alsc provides more favorable boundary

layer conditions approaching the throat and reduces the tendency of boundary
layer separation. The improved heat loads resulting from wall tapering allow

attainment of 1400 psia chamber pressure without turbine gas regenerator effects

as discussed below.
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'Turbine Gas Regenerator Effects

The turbine inlet gas temperature obtained with the 20-inch combustor length is
not sufficient to sustain chamber pressures higher than 1400 psia. Within the
1980 state-of-the-art technology, it is not possible to increase heat loads in
a length restricted chamber through thermal enhancement schemes. With the 20-
inch tapered combustor, the calculated maximum wall temperature is 810 F, a

value still below the imposed limit of 1000 F (Table 1-4), above which hot gas

wall erosion becomes a factor.

TABLE 1-4. THRUST CHAMBER HEAT LOAD CAPABILITIES
(60-INCH ENGINE LENGTH, € = 625)

' POWER
TOTAL THRUST | COMBUSTOR NOZZLE
MARGINS | P.» }pepcent | s

COMBUSTOR CHAMBER HEAT } MAXIMUM WALL TURBINE INLET <
CONFIGURATION LOAD, BTU/SEC |TEMPERATURE, F |TEMPERATURE R, | AP | W | PSIA | LENGTH |SECONDS

20-INCH CYLINDRICAL 9502 913 702 10 { 1011300 73.1 478.4
20-INCH TAPERED 10093 810 760 10 | 1011400 75.7 479.9
20-INCH TAPERED 9987 858 872 10 1 1011540 | 79.4 480.8

WITH REGENERATOR

Turbine gas regeneration can be employed to increase the turbine gas inlet tem-
perature at the expense of increasing the wall temperature, as long as the re-
quired thrust chamber cycle life is not compromised. It was found feasible to
achieve a 100 degree increase in turbine inlet temperature with only a moderate
increase in wall temperatures without a decrease in cycle life. The turbine gas
regenerator thus provided a viable scheme for a significantly increased chamber
pressure (1540 psia, Table 1-4) making it possible to retain the power margins
previously adopted for contingencies arising during development of the engine.

This design approach was selected as the baseline configuration.

Turbine gas regeneration is accomplished within a countercurrent heat exchanger.
The thermal capacitance of fluids and components comprising the regenerator

power cycle accumulates the additional heat reflected in the higher turbine in-

let temperature.

RI/RD80-218-2
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This heat is picked up by the cold hydrogen liquid from the pump prior to entry
into the coolant chamber. The heat pumping process increases the bulk tempera-
ture of the hydrogen exiting the nozzle coolant jacket, which is used to drive
the main turbines in series arrangement. The thermal effectiveness required of
the heat exchanger is low (18 percent) because only a small quantity of heat
(1800 Btu/sec) is required to obtain the desired turbine temperature rise of

100 R. For this effectiveness, a counter current platelet heat exchanger design
of low weight (16 pounds) is utilized which provides an AMOTV round trip increase

of 70 pounds in payload* through the increase in chamber pressure and specific

impulse (Table 1-4).

Within limits established by the chamber hot-gas wall temperature, the turbine
gas regenerator design can be altered to furnish a certaim amount of additional
engine power margin. This would provide for unforseen contingencies in system

and component pressure drops, turbomachinery efficiencies, or combustor and

nozzle heat loads.
HIGH PRESSURE PUMP DESIGN

The high pressure turbomachinery make use of a three-stage fuel pump, with
partial admission two-stage gaseous hydrogen driven turbine stages; and a single
stage oxidizer pump, with partial admission single-stage gaseous turbine drive.
These pumps are supplied with required suction head by a set of low pressure
pumps which are each integrated with their respective high pressure pumps in a
"T"configuration (Fig. 1-4). The low pressure oxygen oump is hydraulically
driven which reduces the number of interpropellant seals. The"T"configuration
takes full advantage of the full-flow hydraulic drive feature to provide a
compact set of low/high pressure oxygen turbomachinery with good packaging capa-
bilities, reduction of interconnecting duct lengths and hydraulic losses, and
improved integration with the inlet valve. The T-mounted hydrogen turbomachinery
also results in compact packaging. This type of mounting needs experimental

development and evaluation on effects of orientation on pump head and suction

*Aercmaneuvering Orbit Transfer Vehicle as defined in NASA TMX-73394.
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Figure 1-4, Tee-Mounted Turbomachinery,
Advanced Expander Cycle Engine Point Design
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performance. The design allows for separate fabrication of the turbopump for
development and verification of performance capabilities, and later integration

for evaluation of performance effects of the T-orientation.

Within the bearing DN limits established by the 1980 technology ground rule and
other ground rules for pump and turbine parameters, high-pressure hydrogen pump
speeds of 110,000 rpm are required to provide maximum efficiency of utilization
of turbine derived power. The engine pump speeds and bearing DN are comnsistent
with 17 mm diameter bearings. Similar size bearings (20 mm) have received ex-
tensive testing in the Advanced Space Engine (ASE) fuel (MK 48F) and oxidizer
(MK 48-$) pump technology development prcgrams. Speeds of 52,800 rpm are
sufficient to provide acceptable performance in the high pressure oxygen pump

whose power consumption is approximately 1/4 that of the hydrogen pump.

Because of the high torque required to drive both main pumps from a single tur-
bine and the resultant impact on gear life, a single turbine with geared drives
was ruled out for the high pressure turbomachinery. Similar life considerations
and the added requirement of off-design mixture ratio of 7:1 operation ruled out
dual turbines with synchronizing gears even though this scheme may be advanta-

geous for ease of engine control during engine transient buildup and decay.

The fuel pump design is a three-;tage centrifugal machine with inducer and axial
inlet, similar to the successful design of the ASE. The fuel impellers are 3,8
inches in diameter with a tip speed and stage specific speed of 1824 ft/sec and
669, respectively. The oxidizer pump is a single stage centrifugal pump of 2.55
inches impeller diameter, 590 ft/sec tip speed and 1122 specific spe=d. Pump
thermodynamic =fficiencies are 64 percent and 66.6 percent, respectively for the

hydrogen and oxygen pumps.

Boost Pump Drive

The impact of boost pump drive method upon overall engine performance is small
because of the low horsepower requirements for these pumps, therefore, other

factors provide the basis for selection of the boost pump drive method.

RI/RD80-218-2
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A gaseous hydrogen turbine drive was chosen for the low pressure hydrogen pump
based upon trade studies considering performance, transient characteristics,
flexibility of design, complexity, and packaging and testing flexibility. The
hydrogen boost pump turbine is placed in parallel arrangement with the main
oxidizer turbine. Adequate flow and pressure ratic is obtained for this turbine
at this location. The gaseous hydrogen turbine drive approach provides for the
possibility of some degree of control over the start transient. Operation is
initiated early in the sequence of events and thus enhances system chilldown
during tank head idle mode (THI). This turbine drive allows for maximum flexi-
bility of packaging, provides flexibility in off-design operation, has good life
capability, and provides flexibility during development testing since boost pump

components can be tested separate from the main punp.

The oxygen boost pump employs a full-flow hydraulic turbine placed in series

with the main pump high pressure discharge outlet, utilizing the full main pump
flow. The advantages of the full-flew hydraulic boost pump drive are integrated
packzaging, no interpropellant seal usage, high efficiency, zero leakage and thus

zero nonpropulsive propellant losses, low speed and good life capability.

Geared drives were studied and eliminated on the basis of the maximum life
demonstrated (5.56 hours) at a pitch line velocity of 16,000 fpm (Ref. 1-1)
A pitch line velocity of 25,000 fpm would be required to maintain high main pump
performance. This high pitch line velocity coupled with a 10 hour life require-

ment could result in a significant development problem.
COOLING CIRCUIT DESIGN

The cooling circuit optimized in the engine trade and optimization studies is a
full-flow regenerative scheme depicted in Fig. 1-5 . All of the hydrogen flow,
except for pump seal leakage, bearing cooling flows and that used in the dump~
cooled nozzle, is used in cooling the combustion chamber and fixed nozzie in
series arrangement. This hydrogen flow enters the combustor coolant jacket from
the turbine-gas regenerator outlet at an expansion area ratio of approximately

14:1 and cools the combustor by flowing in an up-pass manner. Entrance at this

RI/RD80-218-2
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area ratio allows for low coolant bulk temperatures at the most critical chamber
cross section (upstream of throat) governing chamber life. It also results in
the lowest hydrogen bulk temperatures exiting the combustor coolant jacket, and

therefore, enhances chamber life.

The coolant flow is collected at the injector plane and is routed to the nozzle
coolant distributing manifold at an expansion area ratio of approximately 14:1.
From here it flows to the end of the fixed nozzle (e = 225) in a downpass
manner, turned around and returned in uppass manner to exit the nozzle at an
area ratio of 95:1. This results in a 1-1/2 coolant passes in the fixed nozzle.
Lower pressure drops and lower manifold weights result from the 1-1/2-pass
scheme. The heated hydrogen is then directed to the fuel turbine. This circuit
allows for the highest fuel turbine inlet temperatures'since the coolant exit
temperature is governed by the maximum allowable nozzle coolant bulk tempera-
tures. This limit of 1260 R for the fixed nozzle is higher than that of the

combustor (1000 R) since because of lower heat fluxes, the nozzle cycle life is

higher than the combustor. Coolant circuit design parameters are shown in

Table

A 1-1/2 uppass circuit starting part way down the nozzle (Fig. 1-6 ) and having
as final point the injector plane was considered but not selected since the
maximum hydrogen bulk temperature is controlled by the maximum allowable com-

bustor wall temperature and results in the lowest fuel turbine inlet temperatures
(1000 R).

Split—-flow regenerative cooling as used in the ASE thrust chamber (Fig. 1-6)
was evaluated for the advanced expander thrust chamber and eliminatéd on the
basils of high coolant pressure drops. The higher surface area of the 20-inch
combustor length and lower coolant flowrate of the split-flow regenerative
cooling scheme led to higher coolant velocities and attendant higher coolant

pressure drops for the required chamber life.

A single downpass cooling scheme for the fixed nozzle starting at an area ratio

of approximately 1l4:1 and ending at an area ratio of 225:1 results in a simpler

RI/RD80-218-2
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Figure 1-6.

Hy FROM T0
TURBINES TURBINES
FROM MAIN
FUEL PUMP
DUMP COOLANT '
FROM LPFP

{a) FULL-FLOW REGENERATIVE COOLING

WITH 1% PASS NOZZLE COOLING

Hy FROM
TURBINES

TO
TURBINEST

FROM MAIN
FUEL PUMP

DUMP COOLANT ) \
FROM LPFP €=225

{b) 1% UP-PASS THRUST CHAMBER COOLING

H, FROM TO 4
TURBINES  TURBINES
|
FROM MAIN
FUEL PUMP
DUMP COOLANT —p
FROM LPFP

{c) SPLIT-FLOW THRUST CHAMBER COOLING
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TABLE 1-5.

COOLANT CIRCUIT DESIGN, PARAMETERS, OPTIMIZED

FLIGHTWEIGHT EXPANDER THRUST CHAMBER

COMBUSTOR

FIXED NOZZLE

EXTENDIBLE NOZZLE

CIRCUIT TYPE

AREA RATIOS (<)

NUMBER OF CHANNELS (TUBES)

WALL THICKNESS, INCH

CLOSED-OUT WALL THICKRESS, INCH
MINIMUM LAND WIDTH, INCH

SINGLE UPPASS
REGENERATIVE

<= 14 7O
INJECTOR

98

0.025 T0 0.035
0.060

0.n40

1-1.2 PASS
REGENERATIVE

14 T0
225 TO
v = 95 10
TURBINE

280/5€0
0.010

¢

SINGLE DOWNPASS
DUMP COOLED

» = 225 to+r = 625

nozzle mechanical design that can provide fabrication cost savings for test-

demonstration hardware.

(Table 31-5) and pressure drops as the 1-1/2 pass scheme but will result in a
heavier fixed nozzle because of the bigger diameter coolant collection manifold.

To obtain a lower weight and to facilitate incorporation of the nozzle retracting

This configuration can provide similar heat loads

mechanism and attach hardware, the flight weight nozzle hardware would require

the 1-1/2 pass scheme.

Chambér pressures resulting from single pass, 1-1/2 pass and full 2-pass coolant
circuit designs are shown in Table 1-6 .
area ratio of 14:1 results in high coolant pressure drops.
the pressure drop occurs near the exit of the full 2-pass circuit where the
coolant densities are the lowest and velocities are high. Although the heat

pickup is slightly higher in the 2-pass, its coolant pressure drop reduces cham-

ber pressure ~ 100 psi below the reference l-1/2-pass system.

Fabrication complexity of the 1-1/2 pass nozzle can be improved with a 1-3/4-~

A full 2-pass circuit from an attach
A large portion of

pass nozzle construction which makes use of a transition milled channel copper

piece between the combustor and tubular nozzle to provide a coclant departure

plane midway between that of the full 2-pass circuit and the 1-1/2 circuit.

By

avoiding the last 4 inches of the 2-pass flow circuit, a large portion of the

coolant pressure drop is avoided so that chamber pressure is not compromised in

the 1-3/4-pass nozzle (Table 1-6 ).

RI/RD80-218-2
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TABLE 1-6. COMPARISON OF NOZZLE CONFIGURATION PARAMETERS

Nozzle Design
Parameters ] Pass 1-1/2 Pass 1-3/4 Pass ‘ Full 2 Pass
N, Number of Tubes 360 280 180/180 180/180
£Q, Btu/sec 2608 2494 2548 2565
AP, Psi 42 50 68 340
AT, R 180 175 177 182
T y F 724 718 593 683
Wanax
Projected Flight 70.8 62.6 67.9 ND
Weight, Pounds
P_» Psia 1540 1540 1540 1437
“ND = No Design Layout Made

extra weight (Table 1-6) to the flightweight nozzle assembly. For test demon-
stration purposes, added weight is tot 6bjeccionab1e since performance and oper-
ation of the nozzle is not affected. Becéuse of these considerations, the
1-3/4-pass cooling scheme was selected as an alternate for the thrust chamber

design and as a recommended design for thrust chamber test verification effort

(Fig. 1-7 ).
EXTENDIBLE NOZZLE DESIGN

Because metallic fuel cooled nozzles are considered state-of-the-art, a hydrogen
dump-cooled retractable nozzle was selected for the advanced expander baseline
engine configuration. This type of nozzle has been constructed under the ASE
program and has received some experimental evaluation. The retractable nozzle
extends from an area ratio range of 225 to 625 (Table 1-5). The single downpass
cooling circuit is formed by 1080 round tapered tubes. To offset favorably the
mixture ratio shift in the combustor caused by dump cooling, the coolant is dis-
charged at the end »of the tubes through an area ratio of 30:1. This action
develops dump-flow performance higher than the main thrust chamber specific im-

pulse , offsetting the loss caused by the main chamber mixture ratio shift. A

RI/RD80-218-2
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metallic, radiation-cooled, extendible nozzle was considered and not selected
because of inability of this concept to meet required cycle life within current
state-of-the-art nozzle fabrication techniques, A carbon-carbon, radiation-
cooled extendible nozzle, though weight-wise attractive, was not considered
current state-of-the-art. Unknown carbon erosion rates in the presence of hot
LOX/hydrogen combustion products (especially steam), and during on- and off-
design thrust chamber operation, are considered an obstacle in meeting nozzle

life requirements.

COMBUSTION CHAMBER AND INJECTOR DESIGN

Injector

Coaxial injection elements and a transpiration cooled rigimesh faceplate have
been selected for the baseline engine design. This configuration offers proven
performance, reliability, and complete fabrication experience for minimum itera-
tion during design and development. The coaxial/rigimesh concept has been
applied successfully, using liquid oxygen and gaseous hydrogen, to numerous
Rocketdyne injector designs varying in chamber pressure from 700 psi to 4000 psi,

with corresponding thrust levels from 3000 to 470,000 pounds of thrust.

Detailed analyses using the CICM Computer Program and Priem instability model
confirm that the point-design expander cycle injector and combustion chamber

will operate with a very high level of inherent stability for the transverse
acoustic modes. To enhance the stability margin for off~design operating

points, such as the start transient, 18 Helmholtz cavity acoustic absorbers have
been added at the injector plane of the combustion chamber. These have been

very conservatively sized, so as to ensure acoustic stability under all operating
conditions. Design analyses using performance models (CICM) anchored on J-2,
J-25, SSME and ASE coaxial injector test results show the injector combustion
efficiency will be 99.9 percent at design thrust and mixture ratio and 99.8 per-

cent at off-design MR=7.
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The Advanced Expander Engine combustion chamber is configured with a smooth hot
wall and a length of 20 inches. The hot wall is regeneratively cooled with hy-
drogen flowing in axial channels from the throat region toward the injector face.
The coolant channel geometry favors a contraction ratio of 4. The chamber con-
figuration represents 1980 technology. Existing chamber fabrication technology
is directly applicable to this design; heat pickup correlation is traced to
directly applicable ASE thrust chamber testing. Structurally, the mechanism
responsible for low cycle fatigue in the channel geometry as understood, is
directly applicable to the design, and finds basis in SSME, ASE, and 40K thrust

chamber testing.

The smooth wall chamber is conventional in cross section, but unconventional in
length at 20 inches. It offers the design and fabrication advantages of current
technology easily extrapolated to a 20-inch length. The concept is currently
employed on the SSME and ASE concepts, specific design heat pickup verification
exists; the capability of (NARloy-Z) the iiner material is documented for both
low-tycle fatigue and strength; and no new manufacturing processes are needed.
The coolant channel configuration employs geometry limits developed and used in
the SSME and ASE programs. The fabrication process is well documented for use
with the proposed chat.uer. The channels are closed out with an 0.005 copper

electroplating and a 0.055 nickel structural electroplate over the copper.

Although a number of alloys were considered, only two contenders (NARloy-Z and
AMZIRC) qualify for serious consideration as combustion chamber liners for the
Expander Cycle Engine. Both are copper-base alloys—-NARloy-? was developed by
Rockétdyne specifically for use in regenerating cooled rocket engine hardware;
AMZIRC was developed as a commercial alloy aimed at the electronic equipment
market. NARloy-Z was selected as the best qualified material for the following

reasons:

1. A successful history in the SSME, with over 83,000 seconds of
cumulative hot-firing exposure during 608 tests on 17 engines

without a single engine failure due to the NARloy-Z liners.

RI/RD80-218~-2
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2. The demonstrated strain-softening feature of AMZIRC alloy,
which leads to surface rumpling and rapid loss in load-

bearing ability during repeated thermal cycles.

3. The presense of oxide stringers and inclusions in
commercial AMZIRC.

4. The necessity of developing fabrication processes to pro-
duce oxide-free AMZIRC products and proving their capability

to withstand combustion liner operating conditions.
ENGINE POWER BALANCE AND PERFORMANCE

Four operating points have been defined for the advanced expander cycle engine
point design, as required by study ground rules in Table 1. These are:

(1) rated 15K 1b thrust at mixture ratio of 6:1, (2) rated 15K 1b thrust at
mixture ratio of 7:1, (3) pump-idle engine thrust at its corresponding mixture
ratio, and (4) tank-head idle thrust. The pump-idle conditions has been de-
fined as 1800 pounds thrust and mixture ratio of 4:1. At these conditions, the
engine system operates without any flow/pressure instabilities. The tank-head
idie conditions are engine pressure fed mode conditions governed by the system
resistances and the vapor pressures in the propellant tanks. Engine balances
have been obtained at all four operating conditions. Key performance parameters
for the thrust chamber and engine are summarized in Table 1-7 . Flow, pressure,
power, and temperature schedules for the four engine operating points are indi-
cated in Figs.1-8 through 1-11. More specific details of the power balance appear

in the Engine Data Summary section.

The high-performance thrust chamber design configuration, developed in these
point-design engine studies, reflects optimum utilization of the prescribed
engine length. The chamber pressure has been maximized consistent with realis-
tic turbomachinery and thrust chamber component efficiencies (margins). Combus-
tion chamber and nozzle geometries have been configured to optimize specific

impulse and payload performance within the axial length allocated to the thrust
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TABLE 1-7. ADVANCED EXPANDER CYCLE ENGINE POINT DESIGN PERFORMANCE
| FuTT | OFf-Design | Pump-1die |Tank-Head
Operating Mode Power (MR=7) (MR=4) tdle
; Engine Thrust, Pounds 15,000 15,000 1800 61.3
h Engine Specific Impulse 480.8 L68.0 471.3 450.4
5 Engine Mixture Ratio 6.00 7.00 4.0 2.85
Chamber Pressure, Psia 1,540 1,515 203 7.2
} Throat Area, In.2 L.697 4,697 4.697 4.697
Area Ratio
‘ Full Nozzle 625 625 625 625
| Fixed Nozzle 225 225 225 225
i Thrust Chamber Thrust, Pounds(') 14,807 14,807 1,773 59.9
I Dump-Coolant Thrust, Pounds 193 193 27 1.4
| Thrust Chamber Mixture Ratio 6.59 7.74 4.3 3.1
Thrust Chamber Specific impulse
Full Nozzle (e = 625) h8|.§ 468.3 471.79 456.2
‘ Fixed Nozzle (g = 225) TeD(2 TBD TBD TBD
; Injector Flowrates, lb/sec
: Fuel 4.905 3.615 0.708 0.0319
Oxidizer 26.71 28.006 3.051 0.0993
i Propellant Injection Temperature, R
Fuel 660 721 633 647
Oxidizer 183 183 167 163
F Propellant Injection Pressure, Psia
Fuel 1,805 1,744 252 10.4
| Oxidizer 2,144 2,168 210 10.1
{ Coolant Flowrate, 1b/sec
F Combus tor 4.09 3.65 0.724 0.032
| Fixed Nozzle 4.09 3.65 0.724 0.032
Expendable Nozzle 0.36 0.36 0.05 0.003
Coolant inlet Temperature, R
Combus tor 224 225 161 37.8
Nozzle 696 747 598 633
t Coolant Inlet Pressure, Psia
| Combustor 4,577 4.083 709 18.3
Nozzle 4,257 3,791 L85 18.3

(2) TBD = To Be Determined

(1) Thrust Exclusive of Dump-Coolant Thrust
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chamber. The selected combustion chamber length (20 in.) provides high com-
bustion efficiency (0.999 at design thrust and mixture ratio), high thermal
input to the turbine drive gas, and allows near-optimum specific impulse de-
livery of the resulting nozzle length. The nozzle contour, area ratio, and
percent length (Table 1-1) have been the result of a selection process aimed at
providing a reasonable balance between performance, weight, payload delivery,

ease of altitude testing, handling, and fabrication costs.

How the engine places impulse and payload-wise relative to engines of other
thrusts and area ratios but of equal engine length is shown in Fig.1-12 and 1-13.
The engine specific impulse is approximately one second lower than the highest
impulse achievable in the prescribed length; attained by the 10K engines
(Fig.1-12). However, because of engine weight and gravity-loss considerations,
the engine payload delivery is highest for the 15K 1b, engine (Fig. 1-13). The
selected engine area ratio (625) provides payload delivery very near the maxi-

mum attainable in the prescribed envelope.

The engine performance in Tablel-l reflects the refinements resulting from
performance efficiency studies of each engine component conducted in the
Expander Cycle Point Design Engine Study. JANNAF specified performance proce-
dures have been used in oistaining the engine delivered performance. Details of

these performance procedures for the subject engine are presented in the Engine

Data Summary sectiomn.

Off-Design Mixture Ratio

Mixture ratio of 6:1 operation is required for one-way Orbit Transfer Vehicle
mission while the mixture ration of 7:1 operation is required for two-way
missions. Commonality of propellant tanks between the two vehicles dictates the
different operating mixture ratios for the two missions. The long chamber
length and high performance coaxial type injector result in very little perfor-
mance degradation when the thrust chamber operates off-design at an engine mix-
ture ratio of 7:1. The injector element design assures near complete mixing

while the long combustor length results in complete vaporization between injector

and throat planes.

RI/RD80-218-2

1-27

PO al e e aa S WL T L e e i st ool WAzt R e e < e

e i e

ST

it Thagbioi




X

+1 “ THRUS

10,000

SELECTED ENGINE
LENGTH, 117 INCHES

CHANGE IN DELIVERED IS
FROM BASELINE, SECONDS

-BL‘ THRUST, 15,000 POUNDS 20,000}
MIXTURE RATIO, 6:1
1 1 _l | |
V] 200 Loo 600 800 1000 1200 1400
AREA RATIO
1 11 1 | | ] L
| 100 90 80 70 65 60 55

NGZZLE PERCENT LENGTH (15K THRUST)

Figure 1-12. Advanced Cycle Engine Specific Impulse vs Area Ratio

\ : 1.02
: ; THRUST, POUNG
; 10,000
.00 4
15,000 f
3
4 0.8} |
2 ;
‘ 2
= 20,000
' % 0.96¢ ’
A a.
o
b~
= 0.4
y <<
. =
‘ 2 0.92}
l O SELECTED ENGINE
b 0.9 1
0.88 - ] | . L 1
0 200 400 600 800 1000 1200 1400
AREA RAT|O
Figure 1-13, Normalized OTV Payload for 6:1 Mixture Ratio ary
%
g
p
RI/RD80-218-2
1-28




RS

£‘ ' " The thrust chamber coolant channels and tubes are designed at on-design mixture
ratio conditions (6:1) with sufficient pressure drop to allow operation at off-
design mixture ratio of 7:1 without degradation in cycle-life. The chamber walls

. are essentially overcooled at MR = 6 and properly cooled at MR = 7.

E Pumped-Idle Operation

5 Low engine thrust pumped-idle operation (1800 pounds) is required in either the
one-way or two-way missions to provide autogeneous tank pressurization and thus
pump~required NPSH for each mainstage firing during execution of the mission. A

thrust of 1800 pounds with its corresponding engine mixture ratio of 4:1 was

]

i ' selected because at these conditions the coolant jackets and pump flow hydraulic
| resistances lead to stable operation of the engine. Lower fuel flowrates and

| pressures result in low fuel pump flow coefficients and the possibility of two-
| phase flow in the coolant jackets. These two conditions can lead to pump-
coolant jacket coupled instabilities characterized by "chugging" of the flow.
For these reasons the thrust and mixture ratio conditions of Table 1-7 were

(

selected.

High lox-~side injector pressure drops at design thrust conditions allow for
sufficiently high pressure drops at pumped-idle flows. With the relatively high
pressure drop of the main oxidizer valve the lox injector pressure drops provide
3 required stability in the liquid oxygen system at pumped-idle conditions. In-
jection velocities of the hydrogen and oxygen injection elements result in 100
percent complete combustion at pumped-idle as indicated by the Coaxial Injector

Combustion Model (CICM) Analysis Program.

Tank Head Idle

Engine starts to full thrust are effected from idle mode conditions. Idle mode
occurs in two stages. The first, tank-head-idle, provides pump and system con;
3 diﬁioning flows under existing tank vapor pressures. The second, pumped idle
’ mode, provides autogeneous pressurization of the propellant tanks enabling the

engine pumps to obtain required NPSH during mainstage operation.
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in tank-head idle the main propellant pumps are restrained from rotation while
the low pressure pumps are allowed to operate and aid in the delivery of flow
for thermal conditioning of the system. The gas driven hydrogen boost turbines
starts the fuel boost pump ahead of the main hydrogen pump to provide the latter
with required NPSH and to aid in start conditioning and priming of the fuel

system.

A heat exchanger is used to vaporize the liquid oxygen prior to entry into the
thrust chamber. It is located in the turbine bypass circuit just upstream of

the main injector (Fig 1-3). The heat exchanger provides stability on the thrust
chamber oxygen side during tank head idle. With turbine bypass valves closed in
tank head idle, maximum hydrogen flow is routed through the heat exchanger and

through the low pressure pump turbines.

Kitted Engine For Low Thrust Mission

There are missions in which the subject Jesign point engine, equipped with a
minimum number of component modifications, will perform €fficiently at a main
thrust of approximately 1500 pounds. This dedicated-low-thrust engine will
utilize the same thrust chamber as the 15,000-pound-thrust engine. No modifica-
tion is required to the combustor or nozzle. A high 15K thrust LOX-side in-
jector pressure drop ensures stable operation of the injector at the low thrust
with the aid of the high-pressure drop in the main LOX valve located near the
injector. As shown by injector performance calculations, the combustion effi-
ciency at the low thrust mixture ratio of 6:1 conditions is improved to 0.993
by using a smaller Rigimesh retainer nut, effectively reducing flow area and

thus increasing hydrogen velocity.

High mixture ratios at this thrust mean low hydrogen flows in the turbine and
pump with respectively decreased turbine power and low fuel pump flow coefficient.
The end result of both of these is a tendency of the engine to lack in pump

power and flow stability. Engine transient simulation studies conducted in
NAS8-33568 have indicated that a thrust mixture ratio operation of 4:1 is stable

at a thrust of 1800 pounds but tends to instability as thrust is reduced.
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" Operation at a thrust of 1500 pounds is stable with a mixture ratic of 2.5:1.

Higher mixture ratio (6:1) is desired for higher specific impulse and payload
performance ,, which will require some modification of the fuel pump to provide
higher flow coefficients. These could be provided in’the form of pump flow
recirculation. Other means have been explored and are reported in NAS8-32996
final report. Engine MR = 6 operation at a thrust of 1500 pounds will require
further evaluation of turbomachinery and other components to ensure engine

stability and power balance.

Sufficient hydrogen is present in the engine cycle at low thrust to provide
effective cooling at the various mixture ratio conditions. What is required

is proper split of coolant flows between the dump-cooled nozzle and the remaining
part of the thrust chamber. This is accomplished with a 3-position dump-fuel
control valve. These conditions enable the proper flow split at mainstage,

pumped idle, and tank-head idle.

ENGINE CONTROL SYSTEM

The engine control system selected (Fig.1-14) provides the elements of sensing
and monitoring engine performance, the electronic controller (one of whose func-
tions is to generate electronic commands to modulate and sequence the valves),
the final control elements (valves) to execute those commands, the ignition

system, and the electrical harness to interconnect the engine control system.

The control of the engine and its operating modes during start, mainstage and
shutdown account for approximately 11 percent of the functiciis required of the
engine controller and control system. Other major function categories comprise
the following percentages of the total function; Checkout and Status Monitoring
34 percent, Input/Output Data Processing 21 percent, and Protection of Engine

and Man-Rated Capability 34 percent.
Checkout and status monitoring includes those functions starting during engine

preparation for flight and continuing during engine operation. They ascertain

the viability of each component to operate and to continue operating during the
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Tigure 1-14. Engine Control System

flight. The input/output data processing includes all those listed functions for
engine maintenance and performance evaluation, the processing of commands and
monitoring of status, failures and initial conditions. The protection of engine
and manrated capability group includes all the functions concerned with safe aud
reliable operation of the engine. It is believed that all of these functions
must be present in the Advanced Expander Cycle Engine Point Design control system
to provide the reliability required of this reusable engine as used in the OTV
manned missions. The man rating and safety requirements for the OTV cannot be
met without the engine control, engine health monitoring and checkout provided

by the controller.
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Primary Valves
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To enable control of thrust and mixture ratio level during mainstage and start,
a simple three-valve closed-loop control system has been defined. The control
points selected have capability to fully control the engine thrust and mixture
ratio over the full range of required engine operating conditions. The control
modulates the areas of the main oxidizer valve (MOV), the turbine bypass valve
(TBV), and the oxidizer turbine bypass valve (OTBV) to achieve independently the
proper balance of propellant flows for independent control of thrust and mixture
ratio. The main fuel valve (MFV), the fuel inlet valve (FIV), and the oxidizer
inlet valve (OIV) complete the set of six primary valves. These valves are de-

signed as on-off valves requiring no modulation.

In mainstage, closed loop thrust and mixture ratio control are exercised as re-
quired by the system controller and vehicle commands. The three modulated valves
depicted on schematic in Fig.1-3 are used for control of thrust during start
transients and mainstage, and for control of mixture ratio between 6:1 and 7:1.
Thrust control is more sensitive to modulation of the turbine bypass valve
located in parallel arrangement with the two main turbines. Mixture ratio con-
trol is more sensitive to the main oxidizer valve situated in the liquid oxygen
line downstream of the main oxidizer pump. An oxidizer turbine bypass valve .
(OTBV) increases the sensitivity of the thrust control valve during mixture ra-
tio extremes. It performs its function by varying the flow-split between oxi-

dizer and fuel turbines. The OTBV is required for pumped—-idle mode operation.

Design of the primary valves is based on rotary valve element configurations
utilizing common electric actuator designs. Four of these valves are shown in
Fig.1-15. Electrical fail operational function in the actuator is provided by
dual electric motors and coils in the L.V.D.T,cl) position transducer. Fail
safe engine shutdown is provided by pneumatic overside pistons in the MOV an
TBV actuated from separate three solenoid valves. The MOV and MFV employ a
common design rotary sector ball valve closure with positive shutoff seat seal.
The TBV and OTBV utilize a more simple rotary plug configuration without tight
shutoff seal requirements.

(1) Linear Variable Differential Transformer

RI/RD80-218-2
1-33




ol 31 = ¥ Y o e ST T g

> Py \;.1.
m 7 vy Wy

I
(

i
I3

i

u8yrsag-aurog
aur3dug 2124) 1apuedxy pacueapy ‘saafe) Areutag *GT-T @an81g

T T S Y PRy SOV S

-

1-34

RI/RD80-218-2

1 s i NI (. A o hde D i il et st s e

A
T

{

aATep Ssedfg aATEA . aaTEA o
aUTQANL-I13ZTPTIX0 (P) ssed{g surqany (2) 192TPIX0 urey (q) aaTep Teng urey (e)

“ P
w Lo
)

_ =




- oy .

Engine inlet shutoff valves (FIV and OIV) are required to isolate propellants
from turbopump seals before and after firing. These two valves are similar in
design to the MOV valve and provide straight through line diameters equal to
pump inlet diameters to minimize pressure drop and flow disturbances upstream
of pumps. The design layouts presented in the Valve Section shows a light-
weight ball valve with shaft and seat seals identical with the MOV.

Secondary Valves

Secondary valves include the gaseous oxidizer valve (GOX), the dump coolant
valve (DCV), the two igniter propellant valves and the two tank pressurization

valves. Design details of these valves are discussed in the Valves Section.

Closed Loop Control

The thrust and mixture ratio levels are variable upon vehicle command. The con-
trol is required to maintain engine thrust and mixture ratio, within anticipated
values of +5 percent and +2 percent, respectively of the commanded mainstage
values. This type of precision is similar to Centaur upper stage engine thrust
and mixture ratio precision requirements of +2 percent. These can be relaxed
somewhat for the OTV, especially on the thrust requirement. Space Shuttle Main
Engine (SSME) precision requirements are +1.25 percent in thrust and +2 percent
in mixture ratio. A closed-loop control is required for this type of precision.
As determined from SSME test data, much wider variation would be incurred if the
engine is not closed-loop controlled. Large variations in mixture ratio during
startup and mainstage would be detrimental to both engine performance and engine
life. A sequencing type control (which is an open-loop control) does not have
the precision to control variable thrust and mixture ratio without greatly re-

laxed precision.

Open-loop control with limited authority trim adds a closed loop to a scheduled
open loop control. This control achieves the precision of closed loop for
steady-state performance via the trim loop. It does not achieve the dynamic

response precision of a closed-loop control system because the trim loop is

RI/RD80~218-2
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ineffective for large transients. This type of control is thus not effective <4
during start and shutdown. A closed-loop control is necessary to meet the pro-
jected OTV requirements. It has the following advantages:
1. It allows replacement of a larger number of the engine components
without hot-fire of the engine.
2. It minimizes the need for calibrating control valves and
actuators.
3. It maintains engine component operation during start and shutdown
within prescribed limits, even with a change in operating characteristics
of components, thus allowing engine to meet required life.
Of the four control system concepts examined in the trade studies (Table 1-8),
the Full-Range Controls concept was selected. The Mainstage Trim Control and
Full-Range Controls both provide the accuracy required at mainstage as shown
in Table 1-8. Because valve position control is required during start, idle
mode and shutdown operation; and an electronic controller is required for se- h
quencing and monitoring a mgnned OTV, the full-range control is essentially
available due to the above requirements (Table 1-9).
Table 1-9 OTV System Requirements Define Control System
Valve Trim or Valve Control Required for Mainstage Thrust and Mixture
Ratio Accuracy
Position Control Required for Start, Idle Mode, and Shutdown
Electronic Controller Required for Sequencing and Health Monitoring
of Manned OTV Engine
Full Range Control Available due to above requirements.
=
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Controller Redundancy

The controller is considered the most reliable component in the control system.
Redundancy is included to provide for random failure of electronic components.
The dual-dual cross-strapped system (Fig. 1-16) was selected as the least
complex, most effective approach toward achieving high probability of mission

success.

Sensors

Instruments are required for engine performance and control, and for engine
health and safety monitoring. Redundancy in the sensors is also provided

to increase reliability. Sensor requirements are indicated in Table 1-9.

Table 1-9 Instrumentation Requirements

Number Engine Penetrations
Monitoring Instruments 30 15
Performance Instruments 26 9

Igniter

Redundancy in the ignition system required for man rating engine capability is
achieved with a dual plasma torch igniter. This ASE type igniter provided
electrode durability and predictability of ignition. It consists of dual
exciters, harnesses, and igniter injection elements, in a single combustion

chamber and flame tube.

RI/RD80-218-2
1-38

4

#

R

e T e




wo3sLg peddeiig-ssoxy juepunpay Teng-Tend

S13A31 11V 1V $3/04/04 LONe
NOJ

JNSS NO FONIIHIdX3I INOS @
MNIT LSIHVIM SNIHLONIHLS o

$$399NS NOISSIN 30 JONVHD 1S31v3idDe

*9T~T 2an313

8 T3INNVHO

V TINNVHD

Odd
0LVNiIV e
Hoivni ‘
o | ¥oI3 HILNAWOD yio3a | HOSN3S ATddNS
QION310S Ndino 1YLI9Ia 1NdNi 8 H3IMOd
, HOSN3S
A4
zobﬁwu,q Eoﬁw H3L1NJWOD 412313 HOSN3S AlddNS
1ndin = -
QION310S IviiDia 1NdNI v H3MOd
HOSN3S

RI/RD80-218-2

P
et

1-39

T I el L e T

g b 18




THRUST CHAMBER DESIGN AND PERFORMANCE (TASKS 2 AND 3)

The Advenced Expander Cycle Point Design Thrust Chamber (Figure 2-1) has been
designed to provide a chamber pressure of 1540 psia with a turbine gas regen- 1
erator and full cycle-life capabilities. This design will also provide a
chamber pressure of 1540 psia with reduced engine power margins. The design
also has the capability to provide an interim chamber pressure of 1400 psia
with full power margins and without any form of thermal enhancement. Expander
cycle thrust chamber concept growth has been provided by definition of alter-
nate thermal enhancement concepts. These concepts will provide alternate fu-
ture state-of-the-art schemes to the use of a turbine gas regenerator and when
their potential is fully developed, could provide chamber pressure and power
margin growth. The evaluation of these alternatives is being actively pursued

in company funded effort.

The design selection for the advanced expander thrust chamber concept is sum-

e o

i marized in Table 2-1. The combustion chamber configuration selection consis-
K ting of a chamber diameter of 4.8 inches and a length of 20 inches provides |
| the thermal energy required for a chamber pressure of 1540 psia. This combus-

tion chamber length maximizes the coaxial injector vaporization performance and
within the zllowable thrust chamber length of 107 inches, optimizes nozzle 4
length (87 inches), nozzle percent length (79.4) and payload. The nozzle over-

all expansion area ratio of 625 results in near-optimum payload delivery and

simplifies engine fabrication, handling and test. The nozzle attach area ra-

tio of 14:1 and cooling circuit chosen (Table 3.71) result‘in satisfaction of

cycle-life requirements (300 x 4) with high coolant bulk temperatures, maximum
turbine power, and ease of fabrication, The principal material of NARloy-Z
and the channel wall construction in the combustion chamber have received ex-
tensive test evaluation in ASE and SSME programs. The tubular A286 fixed-

nozzle construction has an extensive experience base in the SSME program.

The Advanced Expander Cycle Thrust Chamber Assembly (Figure 2-1) is comprised
of the injector, igniter, combustion chamber, primary nozzle and retractable

nozzle subassemblies. A layout of the thrust chamber assembly is presented in

i
/’7&)\2
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TABLE 2-1. ADVANCED EXPANDER THRUST CHAMBER DESIGN SUMMARY
(THRUST CHAMBER LENGTH = 107 INCHES)*

e GEOMETRY
COMBUSTION CHAMBER

CHAMBER PRESSURE, PSIA

CHAMBER THROAT DIAMETER, INCHES
CHAMBER COHTRACTION RATIO
CHAMBER INLET DIAMETER, INCHES
CHAMBER LENGTH, INCHES
CHAMBER/NOZZLE ATTACH AREA RATIO

NOZZLE

TOTAL NOZZLE LENGTH, INCHES
FIXED NOZZLE LENGTH, INCHES
NOZZLE OVERALL AREA RATIO
FIXED NOZZLE AREA RATIO
OVERALL NOZZLE PERCENT LENGTH
NOZZLE INSIDE EXIT DIAMETER

e DESIGN CONCEPTS

INJECTOR TYPE

COMBUSTOR COOLING

NOZZLE TYPE

NOZZLE COOLING

COMBUSTOR MATERIALS/CONSTRUCTION
NOZZLE TUBE MATERIAL

1540
2.4454
3.853
4,80
20.0
14:1

87

30

625
225
79.44
61.135

COAXIAL

UPPASS, FULL-FLOW
OPTIMUM BELL

1-3/4 PASS, FULL-FLOW
NARloy-Z/CHANNEL-WALL
A236

*PROPELLANT INJECTION TO NOZZLE EXIT PLANES

RI/RD80-218-2
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Figure 2-2, The primary nozzle is attached to the combustion chamber at an -
area ratio of 14:1 extending to an area ratio of 225:1 to 625:1. All thrust

chamber assembly components are representative of a light.eight configuration

with welded flanges where appropriate and bolted flanges at propellant inlet and

discharge locations and at line replaceable units.

The major components in the assembly (igniter, injector, combustor, and fixed
and retractable nozzles) are all easily removable from che assembly to facili-

tate repair, inspection, arnd modification.
INJECTOR DESIGN DESCRIPTION

A coaxial element injector (Figure 2-3) was selected for the Advanced Expander
Cycle Point Design Thrust Chamber Assembly. This selection was based on exper-
ience indicating that high performance, stable combustion, low weight, and ease
of fabrication can be achieved with this type of injector. Similar coaxial ele-

ment injector designs using LOX/hydrogen have been successfully used on the J-2,

b

J-25, SSME, and ASE engines. w
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The Advanced Expander Cycle Engine Point Design Injector incorporates many of

the features from recent Rocketdyne injectors that have exhibited a high measure

of success. The Space Shuttle Main Engine (SSHME), the Advanced Space Engine

(ASE), and the 40K SSME model injectors have all demonstrated high orders of

performance and good structural integrity. The Advanced Expander Cycle thrust

chamber size and operation are quite similar to the ASE operating conditions.
Many of the mechanical design aspects of the SSME have been incorporated to im-

prove maintainability, adjustability, and to increase the ease of disassembly

for rework or inspection. The injector design is shown in Figure 2-4.

The basic injection pattern selected for this application is a coaxial-type

injection element, oriented in a series of concentric circular locations with a

Rigimesh perous metal injector faceplate. One hundred and eight elements are

arranged in this pattern to provide a relatively homogeneoa mass flux of in-

jected propellants with relatively uniform radial mass distribution.

The element placement is essentially identical to the ASE pattern, and very

similar in concept to the SSME. No baffle elements (such as are used on the

SSME) are required in the injector design. This is based on experience with in-

jectors of this same physical diameter. (Acoustic damping cavities are, however,

included in the combustion chamber design).

The propellant flow distribution to the injector elements is well controlled to

provide uniform mass distributicn over the entire injector face. Maximum com~

bustion chamber compatibility is provided in this manner by avoiding the adverse

cross flowfields that can result when the combusting mass attempts to flow from
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high mass to lower mass injection areas. Cross velocity such as this is
usually accompanied by mixture ratio striation as the fuel-rich fractions
are more easily transported than the oxidizer-rich heavy fractions. The
result of severe cross flow and mixture ratio striation can be stre¢aking
of the combusticen chamber wall. The Advanced Expander Cycle Engine Point
Design Injector described here has been designed to minimize these risks.
{ The mixing/distribution characteristics of an injector are known to be a
function of the manifold flow distribution on a microscopic scale, and
the individual element mixing efficiency on a smaller scale. The mani-
fold design of this injector provides optimized manifold distribution
volumes and flow areas, consistent with other design parameters (i.e.,
system pressure drop, packaging, and weight). Liquid oxygen inlet wvel-
ocities are moderate, and flow areas are sufficient to ensure a low cross
velocity. The inlet metering orifices on the oxidizer posts provide the
most consistent method of flow control with a minimum of sensitivity to
external flow disturbances. The contour machined injector fuel manifold-

ing, integral with the combustion chamber, is also designed for low inlet

velocity and uniform circumferential distribution of flow. The well mixed,

uvniform mass distribution of the concentric flow pattern selected for this

| injector avoids any necessity for deliberate propellant maldistribution
such as film cooling or low mixture ratio barrier zone elements sometimes

. required to provide the necessary thrust chamber compatibility. The use
of injector film cooling on an expander cycle engine is undesirable because

the reduced heat load in the forward end of the combustion chamber, by

b
E necessity, is counter productive in regard to r. «imizing the available
!

turbine enthalpy.

The Expander Point Design Injector LOX posts will be inertia-welded to
; the injector body and machin2d on the injector face side to accept the

threaded fuel elements. The fuel elements will also be threaded ai ile

face end tc accept the injector face retaining nuts.

The Rigimeshk injector face is supported by all 108 elements, using a system P

of threaded sleeves, and "facenuts," similar to the SSME injector.

RI/RD80-218-2
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An outer piston ring-type seal on the faceplate allows differential thermal
movements of the faceplate without inducing high stresses: the use of the
facenuts in conjunction with a piston ring concept allows adjustment in cup
recess (the distance from the injector face to the tip of the liquid oxygen
injection central tube). This permits a fairly wide range of acceptable
tolerancing and of positioning in the injection element. Replacement or re-
working of the facenut also permits changes in the annular fuel gas., This
provides for a possible readjustment of the fu¢:. flow resistance and the fuel
injection velocity. This adjustability allows variations of the most important
coaxial injection parameters, without extensive, time-consuming, and expensive
rework to the injector. Current facenut annular gap parameters are set at the
predicted optimum values, as obtained through analysis; however, experimental
fine tuning has been proven to be the most effective way of obtaining final

optimization of the injector performance.

The injection element configuration (Fig. 2-5 ) includes an integral centering
device on each liquid oxygen central element to keep the fuel gap concentric
around the oxidizer elements. This centering device is located as close to this
gap as practical, while at the same time minimizing the wake effects behind each
centering devices. The wake effects are further minimized by locating the
centering devices in the low-velocity region of the ihjector element, and

accelerating the hydrogen flow in the gap immediately downstream of the centering

devices.

Some large injectors used with low-density combustion gases for fuel have experi-
enced cross flow wake-induced vibration of the oxidizer posts. With the SSME
iniector, where these posts are relatively long and flexible, a vortex shedding
pattern of ribs was utilized to reduce these driving forces. With shorter,

more rigid posts and lover manifold velocities as used in this injector, these
devices are not required. These shorter, stiffer posts represent a signifi-

cant raduction in fabrication costs.

RI/RD80-218-2
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Figure 2-5. Injector Element Components

A plasma torch igniter port is provided in the center of the injection pat-
tern for reliable multistart capability. This torch igniter has been used on

the ASE program with a high degree of success, and is further described in a

later section.

The fuel manifold for the Advanced Expander Cycle Engine injector utilizes

a tapered cross section with appropriate length LOX posts at the different
radial locations. This tapered fuel manifold cross section provides a rela-
tively low fuel inlet velocity at the outer element row to minimize f£low-
driven vibrations of the oxidizer posts while the constantly decreasing flow
cross section maintains a nearly constant manifold velocity across the injector
body. The fuel inlet annulus around the injector body contains a removable
screen/filter element (Fig. 2-2) which ensures several useful benefits.
Primarily the screen filters out contamination material in the fuel flow to

avoid blockage of the narrow fuel annulus gasps in the individual elements.

RI/RD80-218-2
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In either expander cycle or staged combustion cycles, this problem is known

to be quite severe with the numerous potential sources of contamination in
the upstream power train system and propellant tankage and ducting system.
The screen element also provides a measure of flow diffusion to smooth out

inlet velocity peaks that can cause oxidizer post vibration,

Locating the filter element on the perimeter of the manifold, rather than

individual elements, also allows large quantities of local contamination to

be trapped without seriously distorting the injector element flow distribution.

With individual element scree g as used on the SSME, a local mass of con-

tamination can readily restrict individual elements, resulting in serious com-

bustion chamber streaking problems. The single-screen element around the

injector body offers advantage in cost and ease of fabrication as well.

The liquid oxygen manifold is similar in configuration to previous Rocketdyne

- coaxial injectors. Sufficient volume is provided tc eliminate manifold velo-

city effects on injector propellant distribution. In addition to the volume
to diffuse inlet velocity, special provision is made for the effects of inlet

velocity.

Injector Material Selection

The materials selected for the Advanced Expander Cycle Engine Point Design
injector are presented in Table 2-2 based on the operating environmeut and
requirement for long life. A description of the selection criteria and

tradeoffs considered are discussed in the following paragraphs.

RI/RD80-218-2
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TABLE 2-2. INJECTOR COMPONENT MATERTALS

COMPONENT MATERIAL
INJECTOR BODY AND CLOSEOUT STRUCTURE INCONEL 718
INJECTOR POSTS HAYNES 188
FACEPLATE 321 CRES
RING A286
FACEPLATE NUT A286
INJECTOR POST SLEEVES A286
OXIDIZING INLET ASSEMBLY INCONEL 718
IGNITER INLET TUBES 347 CRES

Body and Closeout Materials. The weight savings provided by the high strength

of Inconel 718 makes it the prime candidate material for the Injector Body and
Closeout. Rocketdyne has successfully used this age-hardenable, nickel-base

alloy on both the SSME and ASE injectors.

Inconel 718 alloy is suitable for service at injector operating temperatures
from -423 F to 1300 F. 1In additioﬁ,’the high fatigue strength, the excellent
stress rupture properties, and good corrosion resistance make it a worthy
material candidate for these components. Another outstanding characteristic of
Inconel 718 is its slow response to age hardening. The slow response enables
this material to be welded and annealed with no spontaneous hardness unless

cooled slowly; it can also be weld repaired in the fully aged condition.

Inconel 718 is susceptible to embrittlement in the presence of high pressure
hydrogen. Stress-risers, such as notches, accentuate these embrittling effects
with the most pronounced degradation occurring around room temperature. Two meth-
ods have been used successfully to protect the injector face from hydrogen envi-
ronment affects of strain and plastic. The first technique employs a heat shield

made from a stainless steel screen. The shield serves as a thermal barrier to

RI/RD80-218-2
2-12

I T T

h

3

R kAL 5 5

S g




1 T ot s

reduce strains. This approach is used on the SSME injectors. The second
technique utilizes copper plating. The injector face is copper plated with

a barrier sufficiently thick to prevent hydrogen from contacting the Inconel 718
substrate. This approach was used on the 20K ASE injectors and is used in the

Expander Point Design injector.

Injector Posts Materials. Haynes 188 alloy was selected as the prime candidate

material for the injector posts because of its good low cycle fatigue life in
a high pressure hydrogen environment and its excellent creep rupture strength
at elevated temperatures. Haynes 188 is a cobalt-base alloy with good high
temperature strength and oxidation resistance. Cryogenic temperatures do not
significantly affect the ductility but strength levels are increased. Because

of its good ductility, the material can be «o0ld worked as well as forged.

Rocketdyne has fabricated injectors with Haynes 188 posts inertia welded to
Inconel 718. This process and materials combinaticn has been successfully used

to manufacture both subscale and full scale SSME injectors.

Other candidate materials, such as Type 316 CRES, were eliminated because of
their lower strength and lower low cycle fatigue life. Inconel 718 was not
suitable for this application because of its susceptability to embrittlement
from high pressure hydrogen. A286 CRES, although it possesses good strength
and is resistant to HEE, has not been inertia welded and a development program

would have to be conducted if this were the selected injector post material.

Faceplate Materials. The faceplate will be fabricated from Type 321 CRES.

Rocketdyne has successfully used stainless-steel Rigimesh faceplates on the
SSME, ASE, and 40K injectors. The Rigimesh is fabricated by weaving Type 321
CRES wire into screen, compacting layers of this screen and, finally, sintering
the screens into a bonded structure. Since Type 321 CRES is a stabilized stain-

less steel, no detrimental carbides develop during sintering.,

RI/RD80-218-2
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The Rigimesh faceplate is attached to an outside support and sealing ring by
electron beam welding. Type 321 CRES has better weldability than other stabi-
lized stainless steels. In addition to its excellent weldability, Type 321 CRES

pbssesses good resistance to hydrogen embrittlement while exhibiting good cor-

rosion resistance.

Oxidizer Inlet. The flange, elbow, and transition ring that comprise the

oxidizer inlet will be fabricated from Inconel 718. The material properties
of Inconel 718 have been discussed previcusly. The inlet will be fabricated as
a detdail and fully heat-treated prior to attaching it to the injector. The

final closeout weld will be left in the as-welded condition.

Ring, Faceplate Nuts, and Injector Post Sleeves. These components will be

fabricated from A286. Rocketdyne has utilized this alloy in similar applications

on other injectors successfully. The material properties of A286 have been dis-

cussed previously.

A& A
-

Inlet Tubes for Igniter. These tubes will be fabricated from Type 316L CRES.

Type 316L is a low-carbon stainless steel that possesses excellent corrosion
resistance and is immune to sensitization. It was selected over stabilized
grades of stainless steel because it is both weldable and brazeable. 1In addi-
tion, this alloy maintains excellent cryogenic properties with good retention

of ductility.

Injector Performance

The mixing efficiencv of the individual elements is ensured by design features
based on experience with high-performance, gas-liquid coaxial element injectors.
A high-velocity ratio between the gaseous fuel and the liquid oxidizer is neces-
sary to provide the high shear forces required for droplet stripping. The
element of this injector is patterned after the highly developed, hot-fire
demonstrated injector elements in the SSME injector and the ASE injector.

Table 2-3 shows the comparison of significant element parameters.

A
L";ﬂ:‘"
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TABLE 2-3. INJECTOR ELEMENT DESIGN PARAMETERS

ASE SSME ADVANCED EXPANDER
PARAMETER INJECTOR | MAIN INJECTOR | CYCLE INJECTOR

SLEEVE ID, INCH 0.210 0.348 0.1625
FUEL SLEEVE GAP, INCH 0.0425 0.059 0.0185
RECESS, L, INCH 0.090 0.200 0.093
FUEL GAP VELOCITY, FT/SEC 1365 804 1487

FUEL CUP VELOCITY, FT/SEC 1096 640 903

FUEL FLOWRATE PER ELEMENT, LB/SEC 0.0873* 0.2335* 0.0357
LOX POST 0D, INCH 0.125 0.230 0.125
LOX POST ID, INCH 0.093 0.188 0.093
LOX POST WALL THICKNESS, INCH 0.016 0.021 0.016
LOX POST VELOCITY, FT/SEC 87.8 101.7 72.5

LOX FLOWRATE PER ELEMENT, LB/SEC 0.292 1.466 0.247

*PREBURNER EXHAUST PRODUCTS

Injector performance characteristics are largely dictated by two parameters:

mixing/distribution efficiency and vaporization reaction efficiency. The

methods of performance prediction and performance analysis outlined by the JANNAF

committees are based on these two parameters.

Experimental injector/chamber correlations of mixture ratio uniformity (Em)

versus a coefficient describing the primary injector design parameter were used

to determine the injector mixing/distribution efficiency.

The Coaxial Injection

Combustion Model (CICM) was used to evaluate the injector/chamber vaporization

efficiency. The product of these two efficiencies denotes the overall com-

bustion efficiency of the injector/chamber.

It was obtained in this manner

for the five thrust and mixture ratio conditions indicated in Table 2-4,

RI/RD80-218-2
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TABLE 2-4. ADVANCED EXPANDER THRUST CHAMBER
EFFICIENCY PARAMETERS

ENGINE THRUST, MIXING/DISTRIBUTION VAPORIZATION COMBUSTION
POUNDS ENGINE MR EFFICIENCY, %  EFFICIENCY, % EFFICIENCY
15,000 6 99.9 100 99.9
15,000 7 99.8 100 99.8

1,800 4 100.0 100 100.0
1,500 6 99,9 98. 36 98.26
1,5001 6 100.0 99.3 99.3

(1) With modified injector elements

The injector/chamber combination provide combustion efficiency in excess of
99.8 at the nominal thrust operating conditions. At pump idle mode thrust,
the injector provides complete combustion. A more detailed injector perform-

ance discussion appears in the section entitled Engine Data Summary.

Injector Face Heat Transfer

For preliminary design consideration, coolant flow requirements for the porous
Rigimesh (CRES) were analyzed on the basis of wall heat flux data taken in water-
cooled experimental chambers at the injector end location. Due to the large
percentage of face area displaced by the injector elements, the face flow
requirements are small (Fig.2-6 ). The design range requirements of 0.15 to
0.23 1b/sec will result in face temperatures of 250 to 400 F above the coolant
injection temperature. Local injector element areas are to be cooled by gaseous
H2 fuel flow through the annular injection region. Combustion and mixing delay
lengths result in these areas attaining a temperature equal to the main fuel

injection temperature.
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The cooling scheme for the Rigimesh is to supply the turbine discharge H2 in a
parallel path with 0.15 lb/sec of H2 flow supplied to the face cooling and the
gemainder of the flow supplied to the fuel element annuli. The resultant face
temperature will be approximately 975 R at this flow which will be well within
the cyclic 1life capability required. Figure 2-7 illustrates the injector face
temperature versus flow based on the injector end heat flux being equal to the

chamber wall value at the head end location of 11.4 Btu/in.z—sec.

Injector Low Thrust Operation

Dperation of the Advanced Expander Point Design Thrust Chamber at 10%-127 of
rzied engine thrust and at engine mixture ratios of 4-6 presents a very few
problems for the injector. Gas-liquid coaxial injection eiements are relatively
insensitive to flowrates, and they permit throttled operation with very few

(if any) modifications. The gas side flow velocity remsains nearly coustant,
and the pressure drop and inertance reémain nearly in cor iant relationship to
chamber pressure (i.e., the AP remains at a constant percent of chamber pres-
sure), The inccmyressible liquid fiow, in ihis case liquid oxygen, however,
follows usual "square law" relationships, and the LOX AP will become a low
percent of chamber pressure. A built-in high design thrust pressure drop value
(33% of Pr) and the LOX valve pressure drop provide sufficient pressure at low
thrusi to zesult in dyaamic stability. This has been ascertained in dynamic
analyses performed at low thrust, and confirms that no injector modification

is required on the LOX side for stable operation at low thrust.

The Coaxial Injector Combustion Model (CICM) anaiysis indicates no appreciabvle
performance degradation in operation at the 10% flow and chamber pressure if

kitted facenuts are used to maintain high injection velocity on the fuel side.

&
R 4

&
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IGNITION SYSTEM DESIGN

Redundancy in the ignition system required for manrating engine capability is
achieved through use of a dual plasma torch igniter to provide a reliable source
of ignition energy at start. This type of igniter was selected because of the
potential for high spark electrode durability, predictable and repeatable

ignition conditions at the spark electrode, and a high temperature downstream

of the igniter exit to enhance the propellant ignition in the combustion chamber.

The system consists of dual exciters, harnesses and spark plugs, operating
through a single combustion chamber and flame tube.

Each plasma torch igniter element consists of a small integral 02/H2 iriector,
and a combustor/nozzle for ducting the hot gas to the combustor (Figure 2-8).
Oxidizer is Injected from an annular manifceld around the spark plug electrode.
A small amount of fuel is injected into the igniter combustor/mnozzle where it
mixes with the oxidizer downstream of the electrode, producing an oxidizer-rich
combustion (MR = 40:1). The bulk of the igniter fuel flows around the com-
bustor and flame tube, providing necessary cooling before being discharged at
the injector face. A spark plug is attached to the igniter body through a

threaded joint and seal.

Three thermocbuples are used to provide automatic termination of the start
sequence of the engine if an igniter failure were to occur. Three thermo-
couples, whose junctions are spot welded to relieved sections of the igniter
chamber wall, are used in the ignition detection system. A logic circuit is
used to terminate the start sequence if any two of the three thermocouples
fails to indicate a 110 F temperature by the time that the main fuel valve is

sequencesd to be activated.

RI/RD80-218-2
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The igniter body is fabricated fiom Inconei 675, and the combustor nuzzle is

made of nickel and welded to the igniter boudy.

The torch igniter has the capability for rapid re-ignition with miniwum delay
in the event of a flameout during the start transition. It also provides a
high mixture ratio near the electrode for reliable ignition and produces a

hot core for main propellant ignition. The extremely high mixture ratio of the

hot core is also advantageous for main propellant ignition because the hydrogen
discharge from the coolant liner drives the hot core temperature higher through

the stoichiometric point before it is totally mixed with the igniter flow.

Other advantages of the torch igniter are:

1. The oxidizer flow around the electrode provides cooling for the

electrode and minimizes the potential for erosion from combustion.

2. The injection technique using impinging fuel orifices below the

electrode produces predictable conditions for ignition.

The igniter geometry in the region of the spark electrode, oxidizer annulus,
t
and fuel orifices is similar to that tested under ASE contract NAS3-14348

and Rocketdyne-sponsored programs. The igniter propellant manifolds and com-

bustor/nozzle geometry have been modified slightly to accommodate optimum
packaging in the injector. A coaxial-type nozzle exit was selected for the
igniter to allow mixing to take place downstream cf the injector face to

enhance main propellant ignition and allow the igniter to operate similarly

to an injector element during mainstage.

Rocketdyne has conducted a number of contract and company in-house test programs
to demonstrate the integrity of a similar ASE single element igniter and to

evaluate its ability to provide proper chamber ignition (Table 2-5).
!
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TABLE 2-5. INITIAL ASE IGNITION TEST SUMMARY

Tests Conducted:

Preburner 14
Main Chamber 12
Duration (Maximum), Seconds 11.5

Ranges of Operation:

Propellant Flow, lb/sec 0.084 to 0.112
Propellant Inlet Temperature, R 480 to 556
Core Mixture Ratio 13.8 to 23.4

COMBUSTION CHAMBFR DESIGN

The combustion chamber (Fig. 2-9 ) selected for the Thrust Chamber Assembly

is a single-pass, channel-wall, copper-base alloy configuration and includes

a nozzle expansion section to an area ratio of 14:1. This combustion chamber
concept is used successfully on the SSME and the 20K Advanced Space Engine
assembly. The features of this design include a copper-alloy (NARloy-Z)
slotted liner with an electroformed-nickel closeout, manifolds brazed to the
liner, acoustic cavities, and injector manifold housing integral with the
combustion chamber. The aft combustion chamber to nozzle interface is designed
with a flanged joint for maximum ease of hardware interchangeability during
engine development testing. This flange is reworkable into a lightweight welded
design for flight application. The manifolding at the aft and forward ends of
the combustion chamber have been designed to give a uniform flow distribution
to and from the coolant passages. The combustion chamber layout is presented
in Fig. 2-10.

The injector housing at the forward end of the combustion chamber incorporates
a flange to allow installation and removal of the injector. Thz injector inlet
manifolding and the housing have also been designed for uniform flow upstream
of the injector manifolds to ensure even fuel distribution to the injection
elements. These design features are shown in the combustion chamber con-
figuration (Fig. 2-9 ).
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Figure 2-9. Advanced Expander Cycle Combustion Chamber

Cooling of the combustion chamber walls is accomplished by a single uppass
hydrogen circuit with 4.09 1lb/sec of'H2 coolant at the nominal operating point.
The uppass circuit was selected because it provides the maximum capability for
cooling in the high heat flux region at the throat. The cooling channel con-
figuration has been designed with the Rocketdyne regenerative cooling analysis
program which details in consecutive axial stations the wall temperature
(2-dimensional) and fluid conditions along the combustion chamber length. A

0.040-inch minimum channel width has been chosen to provide a low-pressure

stress within the channel and a wall temperature level consistent with achieving

the required fatigue life. In the upper combustion zone and in the lower portion

of the combustion chamber nozzle, the channel width is increased to 0.060 inch.
A minimum wall thickness of 0.025 inch between the coolant and hot gas has been
selected; this results in satisfactory thermal and structural characteristics

while not compromising producibility.
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Acoustic cavities are included in the combustor design. The results of the
stability analysis and acoustic cavity design are discussed in the Combustion
Stability section.

Manufacturing processes used to fabricate the combustion chamber are standard
manufacturing processes at Rocketdyne. New technology is not required to manu-
facture the combustion chamber for the Engine Point Design Thrust Chamber
Assembly., Extensive experience has been gained at Rocketdyne during the manu-
facture of the SSME main combustion chamber and the 40K combustion chamber
model for the SSME. Additional experience on a similarly sized engine was
obtained on the 20K Advanced Space FEngine combustion chamber, which eliminated
problems encountered on the SSME main combustion chamber. The 20K ASE com-
bustion chamber is similar in physical size to the 15K Advanced Expander Cycle
Engine Combustion Chamber. Experience with these programs is directly appli-

cable to the proposed thrust chamber.

The fabrication sequence of the combustion chamber is shown in Fig. 2-11

The NARloy-Z liner is hot shear spun from a forged flat plate. Figure 2-11 illus-
trates this hot spinning process. The internal contour is machined, an internal
mandrel is inscalled, and the external contour machining and channel slotting

is accomplished.

Coolant manifolds are partially machined and slotted for the fuel inlet passages;
then they are brazed to the NARloy-Z liner. The coolant channels are closed out
with electrodeposited copper for hydrogen embrittlement protection followed by
the electrodeposited mickel. Final machining of the manifold sections are
completed and manifolds are welded into position. Critical interfaces are then
final machined. All processes required to manufacture this combustion chamber

are existing technology and are standard manufacturing procedures at Rocketdyne.
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Figure 2-11. Thrust Chamber Manufacturing Flow Chart
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Combustor Heat Transfer Analysis

Hydrogen cooling of the combustor is accomplished in the thrust chamber by

a single uppass circuit with 4.09 1b/sec flow with an inlet at € = 14.0. The
high Hz flowrate and low € input point has been chosen to provide some residual
entrance curvature and low inlet cooling effects at the throat plane, a low H2
bulk temperature at the throat peak flux and a low H2 bulk temperature in the

cylindrical wall region to ensure a good thermal life characteristic.

The four combustor contours analyzed for the Expander Engine Point Design
thrust chamber are illustrated in Fig.2-12. Roecketdyne's boundary layer com-—
puter program was run for each contour. The results of the boundary layer pro-
gram indicated that the hot-gas-side heat transfer coefficient was greatest for
the tapered contour combustior. Because the engine requirements for a high heat
input to the coolant can be best met by the tapered contour combustor, it was

selected as the point design configuration. -
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Figure 2-12. Candidate Combustor Contours
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’ Several combustor lengths were thermally analyzed to determine the length neces-

sary to provide the required heat input. Figure 2-13 provides a comparison of
the total heat input to the coolant for various combustor lengths. The 20-inch
l;zngt:h was selected because it provides the necessary heat irgut required by the
E expander cycle power requirements within a length that is compatible with pro-

r jected engine system envelope restrictions.

3
The cooling channel configuration has been carefully designed with Rocketdyne's
: regenerative cooling analysis program (REGEN) which details in consecutive
i
' axial stations the wall temperature (2-D) and fluid conditions along the com=-
bustion chamber length.
)
7000 o
EXPANDER TAPERED / ‘
CONTOUR y; '
6500
h 6000
2
@ 5500
B
@ ASE CONTOUR
S‘ WITH EXTENDEG
5000 |— CYLINDRICAL
SECTION
4500 |-
4000 —
ASE SCALED DATA
I U (R B S i
38008 10 122 14 16 18 20 2 :!
1
COMBUSTOR LENGTH, INCHES
1 ;
Figure 2-13. Comparison of Total Heat Imput to Coolant for ‘
Various Combustor Lengths 3
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The combustor design gas-side heat transfer film coefficient profile used for
the design chamber pressure (1540 psia) is presented in Fig.2-14. This was
based on extrapolation of comprehensive (lower chamber prefisure water-cooled
chamber) data for nearly identical geometrical configurations (Fig.2-15).

The portion of the heat transfer coefficient profile in the supersonic section
of the combustion chamber (axial distances greater than zero) was derived
analytically using the Rocketdyne boundary layer program. Figure 2-~16 illus-
trates the comparison of the design with regard to peak heat flux, injector
regioni heat flux, and combustor integrated heat input to available thermal data.
Test data obtained from the 3K cyclic life thrust chamber are presented on these
curves. For the localized throat region a 20% margin of peak heat flux is
shown. This has been used for conservatism in the life prediction. Therefore,
the resulting thrust chamber design will ensure satisfactory cooling, and a
cycle life in excess of the 1200 cycles required by the design specification.

No adjustment to the test data has been made for total heat load value except

for the actual 20-inch combusuion length correction (Fig. 2-14).

Figure 2-17 provides the design point channel geometry for the expander cycle
combustor as a function of length. The details of the channel gecmetry were
obtained with the aid of the regenerative=-cooling analysis computer program

and was based on wall temperature, cycle life, stress leyels and fluid conditions.
Combustor wall temperature profiles and the coolant temperature are shown in

Fig. 2--18.

Acoustic Absorber Cooling

The acoustic absorber cooling details are presented in Fig. 2-19. The cavity is
heated by the cyclic flow of combustion gases entering the cavity. Cooling is
accomplished by intimate contact with the injector fuel supply duct and the cham-
ber coolant outlet manifold in addition to cooling obtained from flow through the
injector. To determine the temperatures of the acoustic absorbér during opera-
tion, a two-dimensional thermal mathematical model was developed for use in con-

ducting a thermal analysis with the aid of a computer program.
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The results of the thermal analysis of the acoustic absorber are presented in
Fig. 2-20 . An injector wall hc equal to 0.008 Btu/sec-inez, the absorber inlet
hg of 207 of the main chamber hg’ and the cavity hg of 10% of the main chamber
hg were used for this analysis. The resulting temperatures are within accept-
able limits for the acoustic absorber materials. No film cooling appears to be
raquired at the acoustic absorber cavity.
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Fiéure 2-20. Acoustic Absorber Temperature Profile

Combustion Chamber Liner Materials

The basic characteristics required of a regeneratively cooled combustion chamber

liner alloy are:

1. High thermal conductivity - to promote efficient heat transfer from
the hot-gas side of the wall to the coolant fluid

2. Good creep-rupture strength - particularly important if the hot-gas
wall temperature exceeds 1000 F

RI/RD80-218-2
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3. Adequate thermal fatigue life - to withstand cyclic thermal strains B %,S
induced by high heat flux across tiie wall

4. Demonstrated performance - a successful history of service under
engine hot-firing conditions

5. Demonstrated quality - the alloy must be produced via processes
demonstrated to provide a product free from oxide inclusions

The ideal material for a regeneratively cooled combustion chamber liner would
be one of high thermal conductivity (for effective cooling of the hot-gas wall)

and high thermal fatigue resistance and creep strength.

Table 2-6 1is a compilation of available information on candidate materizls that

have been considered for the liner. Conductivity requirements necessitate that

they all be copper base. Nickel 200 (pure nickel) is shown because it is one

of the highest conductivity materials available outside the copper group. Even

so, the low thermal conductivity eliminates it from realistic consideration. It

will be noted that certain classes of alloys (e.g., ODS materials, RSR alloys,

and composites) are not yet considered state of the art, and for this reason ;
are not included as candidates in Table 2-6 . From the group of alloys listed, .
candidates having adequate conductivity are NARloy-Z, zirconium-copper, PD-135
(chrome-cadium copper), CDA 194 copper-iron alloy, AMAX MZC (magnesium-zirconium-

chromium copper), and OFHC copper.

TABLE 2-6. ROOM TEMPERATURE PROPERTIES FOR CANDIDATE ALLOYS

CONDUCTIVITY, STRENGTH DUCTILITY,

ALLOY PERCENT OFHC KST % ELONGATION CLEANLINESS |
NARloy-Z 90 24 40 (50 AT 1000 F) GOOD
ZIRCONIUM COPPER 86 17 40 FAIR
BERYLLIUM COPPER 60 80 15 GOOD
PD-135 92 35 4 (AT 1000 F) GOOD
CDA-194 65 37 27 FAIR
AMAX - MZC 85 66 10 FAIR
CHROMIUM COPPER 78 43 6 (AT 1000 F) GOOD
NICKEL 200 15 20 50 EXCELLENT
OFHC COPPER 100 6 45 EXCELLENT
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Thermal fatigue is the common cause of a failure in components subject to cyclic
thermal gradients sufficiently high to generate cyclic plastic strain. Since
the key words are 'plastic strain", a first indicator of ability to withstand
thermal fatigue may be found in the ductility of an alloy. Materials of modest
or low ductility (e.g., beryllium copper, PD-35, AMAX-MZC, and chromium copper)
cannot therefore be considered as prime candidates. OFHC copper must also be
ruled out because of its poor creep strength at elevated temperatures, leaving
zirconium copper and NARloy-Z as the surviving serious candidates. Low-cycle
isothermal fatigue tests, during which a specimen is cycled mechanically rather
than thermally, is often used as a first laboratory approximation of thermal
fatigue behavior. It is extremely important that the term "failure" be very
carefully defined during such tests, otherwise a poor choice of materials or a
bad design decision can result. For example, failure in a combustion chamber
liner can occur when cracks in the wall have progressed to the point of signi-
ficant loss of coolant. For a typical liner wall thickness of 0.030 inch, and
assuming a crack aspect ratio of 3:1, cracks over 0.1 inch in length could thus
be considered as prelude to eventual failure during laboratory fatigue tests.
By contrast, it is common practice to define failure in laboratory fatigue tests
as the onset of tensile load drop rather than the onsec of gross cracking. This
can lead to errors in materials selection when two alloys of dissimilar fatigue
behavior patterns are compared. As a case in point, consider the divergent
behavior of NARloy-Z and 1/2-hard zirconium copper ("AMZIRC"). Rocketdyne has
conducted low-cycle fatigue tests on the two materials at 1000 F under a total
strain range of 3%. It is obvious that zirconium copper (AMZIRC) and NARloy-Z
have very different load loss characteristics during cycling at elevated tem-
perature as indicated by the load versus cycle plots for these two materials
(Fig. 2-21a). The cyclic softening characteristic of zirconium copper makes it
impossible to determine when the onset of rapid tensile load drop occurs.
Because of this problem, a failure criterion was used involving the onset of

gross cracking. The 1/2-hard Zr-Cu lost approximately 50% of its load-bearing

ability after 112 cycles, and showed visible signs of cracks after another
112 cycles.
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Figure 2-21, Thrust Chamber Thermal
Fatigue Analysis
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The NARloy-Z was inspected at 112, 224, 274, and 324 cycles. At 324 cycles the
specimen had cracked. The conclusions drawn from these results were that
NARloy-Z will exhibit a fatigue life about 407 greater than AMZIRC, together
with more consistent load-beariung capability , Somewhat different conclusions
might be drawn on the basis of tests on the same alloys as reported in Ref.2-1.
In the latter case, the strain-softening behavior of AMZIRC was again noted, but
the criterion for failure was physical fracture of the specimen. Under this
definition, the AMZIRC alloy exhibited greater fatigue life, but at the expense
of a 70% reduction in load-ecarrying ability at the onset of fracture (Fig.2-21c).
Figure 2-21lc shows the behavior of NARlLoy-Z under the same test conditions. The
strain-softening characteristic of AMZIRC can lead to mechanical instability
under certain conditions of strain cycling. This behavior has been noted in
both low-cycle fatigue tnsts (Ref.2-2),where barrelling was observed, and in
experimental rocket combustion chambers (Ref.2-3)where rumpling of liner walls

occurred on a zirconium-copper chamber but rnot on a NARloy-Z chamber (Fig.2-21d).

Premature hot gas wall failures originated in early NARloy-Z and zirconium-copper
chambers because of very small (0.010-inch longj zirconium-oxide inclusions. As
can be seem from Fig. 2-21, however, the number and severity of cracks was much
greater for the AMZIRC chamber than for the NARloy-Z. Since introduction of the
vacuum centrifugal casting process, many destructive tests (metallography) and
hot-fire tests have not uncovered a single oxide inclusion in vacuum centrifugal
cast NARloy-Z. A superior quality product is thus now available in NARloy-Z,
whereas a process would have to be developed to produce inclusion free zirconium-
copper of equivalent cleanliness. Product development of this type would of

necessity increase both cost and schedule requirements for a development program.

The most convincing evidence as a basis for alloy selection is data collected
from hot-fired combustion chambers. NASA-LeRC has conducted extensive simulated
hot-fire tests on small combustion chambers (Ref.2-4)made from OFHC copper and
zirconium~-copper (1/2 hard), and a limited number of tests with NARloy-Z under
similar conditions. The report concluded that cylinders fabricated from NARloy-Z
and aged AMZIRC had the best cyclic life. It also concluded that cyclic life
rankings based on chamber tests do not agree with predictions based on uniaxial

isothermal fatigue data; that is, the best evidence is hot-firing evidence.
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Subscale (40K thrust) tests of the SSME engine configuration and full-scale test
history showed NARloy-Z to be performing in a superior fashion. The 40K chamber
accumulated 409 thermal cycles equivalent to a service life of 103 cycles for
éSHE. The most impressive record is that of the SSME; to date 17 SSME Main Com-
bustion Chambers have been hot fired for a total test time of 83,808 seconds.
The longest duration for a single chamber has been a total test time of 14,678
seconds, with 82 firing cycles at rated power level. This provides NARloy-2

with a significant test history which is unavailable for any other alloy.

Materials and Processing Considerations. NARloy-Z is presently produced via a

vacuum-cast centrifugal process, which yields an ingot essentially free of the
inclusions ¢hat can later act as nucleation sites for fatigue failures. The
ingot is forged, machined and spun to final size and shape following the pro-
cedures outlined in Fig.2-22 . NARloy-Z is strengthened by a simple heat treat-
ment (solution treat 1700 F-Age 900 F).

Zirconium-copper, by contrast, derives strength by cold work which is quickly
lost during elevated temperature strain cycling. Producing combustion chamber
shapeé and controlling cold work is not easily accomplished and¢ introduces

significant complexity in process control. Zirc¢onlum-copper would have to be

spun as the only method for cold work control.

NARloy-Z will lend itself to both spinning and forge processing. The latter
process could be a significant cost saving in a high volume mode. 1In addition,
NARloy-Z retains a fine grain size (ASTM 4 or finer) even after high-temperature
exposure. This latter characteristic is desirable from an inspection point of
view in that high sensitivity to ultrasonic inspection is possible. The fine
grain also will inhibit surface rumpling due to thermal strains during engine
operation. Smooth surfaces on the liner are essential to maintain the insulating

gas boundary layer.
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Design Characteristics. When considering combustor fabrication techniques,

NARloy-Z again represents the best choice. The combustion chamber is fabri-
cated by furnace brazing the manifold's base rings to the NARloy-Z liner.
ﬁARloy-Z can be brazed at elevated temperatures (1700 F) and still recover over
90% of its fully heat treated properties by a simple age cycle. Zirconium-
copper does not affort this flexibility since it requires cold work to obtain
its design strength. Because of this severe limitation, the manifolds would,
of necessity, require a less satisfactory method of attachment to the liner.

The usual method is a low strength weld bond between dissimilar materials.

Life Considerations. The low cycle fatigue characteristics of a material, i.e.,

strain range versus cycles to failure as a function of environment and temp-
erature, provide an initial method for rating materials for life considerations.
Comparing NARloy-Z (sta) and AMZIRC (sta) indicates that, depending on the
magnitude of the cyclic strain range, NARloy-Z has a longer cycle life than
AMZIRC (Fig. 2-21). Less significant but still a factor is that the coefficient
of thermal expansion of AMZIRC is slightly larger, therefore, more strain would

be generated (lower life) for the same thermal gradient.

Detailed structural analysis (discussed in the subsequent Engine Data Summary)
has defined the combustor channel life as 1350 cycles (damage fraction, ¢, =
0.89 with a factor of 4), using NARloy-Z as the channel wall material. AMZIRC
would not satisfy the design requirements for the proposed combustor. In addi-
tion, previous hot fire test experience has demonstrated that crack-inducing

anomalies occur from time to time, and additional life margin is highly desirable.

Comparing physical and mechanical properties at elevated temperatures show
NARloy-Z to be superior in all categories. Test programs run on the two
materials indicate AMZIRC strain softens in the inelastic range, which inhibits
the capability of a material to redistribute stresses; an undesirable character-

istic for high strain applications.
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Material Experience. The most convincing argument for selection of NARloy-2Z

lies in its successful history as a combustion chamber liner in the SSME. As
can be seen from Table 2-7, over 83000 seconds of hot-firing have been accu-
mulated during field tests on 17 SSME chambers, with individual chambers with
more than 15,000 seconds and as many as 82 firing cycles. In no case has an
engine test been terminated through malfunction of a NARloy-Z combustion chamber
liner. On those occasions where minor cracks were observed in liners after hot
cracking, no significant effects were observed in performance, nor did any crack

progress to the point where failure was imminent.

Other notable hot firing programs included chambers fabricated both from
NARloy-Z and from AMZIRC. During the AFRPL thermal futigue chamber tests, for
example, NARloy-Z was superior to AMZIRC in both resistance to cracking and sur-
face rumpiing during hot f.ring. Thermal fatigue test chambers fired by NASA-
LeRC showed similar results, with 1/2-hard AMZIRC being no better than OFHC

copper.

One of the reasons for NARloy-Z's superior performance lies in the alloy's
resistance to s'ftening during extended exposure to elevated temperatures. This
is clearly dem¢gnstrated in Table 2-8 , where the softening resistance of NARloy-2Z
and AMZIRC ar? compared. AMZIRC must be cold worked then aged to develop full
properties, bfit loses strength quickly if exposed to temperatures above 750 F.
NARloy-Z doe#fnot require cold work, and retains its strength even after extended

exposure at 1000 F or higher.

Rocketdyne's experience has demonstrated that oxide stringers or inclusions in
combustion chamber liners can act as nucleation sites for fatigue cracks. This
is true for either NARloy-Z or AMZIRC, and was the motivation for the early
development of the vacuum centrifugal casting process used for all NARloy-Z

products and illustrated in Fig. 2-22.
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% TABLE Z—é. RESISTA&CE TO SOFTENING DURING EXPOSURE TO A
TEMPERATURE OF 1000 F
EXPOSURE DURATION WITHOUT
COLD WORKED, | AGED, |  APPRECIABLE SOFTENING,
| maTERIAL | ~ PERCENT F HOURS
AMZIRC 0 750 23
AMZIRC 40 850 36
AMZIRC 60 750 9
AMZIRC 60 860 1
NAR1oy-Z 0 1000 200
| NARoy-Z 0 900 200
| NARToy-Z 29 900 60
; NAR10y-Z 72 900 5
; |

Liner Closeout

Y coolant channels in the slotted liner.

Electrodeposited nickel with an initial barrier of electrodeposited copper for

hydrogen environmental protection was chosen as the method for closing out the

Rocketdyne has utilized this approach successfully to fabricate similar non-
tubular chamber closeouts on the full and subscale versions of the SSME as well

s the ASE and 40K chamber.

The deposited structure has excellent bonding

coolant pressure (Table 2.9 ).
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action with the NARloy-Z liner material and makes a good structural closeout.

The properties of electrodeposited nickel make it suitable for containing the
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TABLE 2-9. PROPERTIES OF ELECTRODEPOSITED NICKEL*

TENSILE ULTIMATE STRENGTH, KSI 69

TENSILE YIELD STRENGTH, KSI 45
TENSILE ELONGATION, % 26
REDUCTION OF AREA, % 66
THERMAL CONDUCTIVITY, UNITS 34

*STRESS RELIEVED AT 650 F FOR 1 HOUR

To pravent embrittlement from high-pressure hydrogen on the nickel closeout, a
barrier of copper is first deposited between the nickel and the coolant channel.
The copper barrier imparts excellent low cycle fatigue life to EDNi in the pre-

sence of hiéh-pressure hydrogen.

Manifold Materials

All ménifolding materials are Inconel 625. This nickel-base super-alloy was
selected over other candidate materials for its excellent fabricability,
weldability, availabilicty, corrosion resistance, and strength. It also provides
better resistance to degradation from high-pressure hydrogen than several other
nickel base alloys. One other important criterion in selecting Inconel 625 is
its brazeability. The manifold base rings will be brazed to the NARloy-Z liner
by. forming a gold-copper alloy at the interface. This technique was success-
fully demonstrated on the ASE thrust chamber and eliminates welding to the
electroformed nickel. The braze cycle and subsequent aging of the liner do not
affect the mechanical properties of Inconel 625, since it is not used in the

cold work condition and derives its strength from solid solution strengthening.

RI/RD80-218-2
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Combustor Life Evaluation

The fundamental theory used in the life prediction analysis is that failure
depends on the accumulation of incremental damage caused by fatigue and creep
mechanisms. Where available, data obtained from material fatigue specimens

and test data of actual hardware are used in life analysis. The life analysis

is based on a definition of the stress-~strain-time-temperature history during
each operating cycle. Creep damage is evaluated from the stress-time-temperature
cycle, and fatigue damage from the strain-time-temperature cycle. The life
analysis logic diagram is shown in Fig. 2-23. Extensive cyclic strain;analyses
have been performed for the critical throat region of the channel-wall com-
bustor using the thermal conditions given in Table 2-10. The following para-

graphs present the results of these analyses.

Two finite-element structural models were used to establish the critical strain
ranges of the composite channel section. An axisymmetric model of the combustor
channel/wall was run to establish the varying transverse strain profile to be
used for the plane strain (second model) model of a repeatable segment of the
local channel cross section (Fig.2-24a ). A cyclic program was used to subject
the structural models to complete heatup and chilldown cycles. This was done
to allow full strain hardening to occur and stabilize the strain range values

at the critical locations.

The channel section analyzed was located approximately 0.18 inch forward of the
geometric throat. A thermal excursion from steady-state operating temperature
to a -100 F post chill was used. Coolant and hot gas pressures were used as
applicable. Figure 2-24b shows the steady-state temperature profile and typical
contour plots of effective strain for the heatup and cooldown cycles. Table 2-11
gives a cyclic life summary of the different materials of the coolant channel

section at the critical throat region.

The results show that the minimum required life of 300 x 4 cycles is exceeded at

the critical throat section of the combustor. The NARloy-Z hot-gas wall over
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TABLE 2-10. THERMAL GRADIENT LOADING

. Maximum

h Location Temperature, F AT

1

i Combustor Hot-~Gas Liner

i Throat 764 981

) Chamber 771 843
Fixed Nozzle Coolant Tube 593 205
Injector Post/Shell 176 446

{
¢
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TABLE 2-11. LIFE SUMMARY OF COOLANT CHANNEL SECTION AT
CRITICAL THROAT REGION

CYCLIC STRAIN
RANGE , LIMIT LIFE DAMAGE
LOCATION CYCLES | FRACTION

(R) waR10y-2 HOT GAS 1.87 1350 0.222
: WALL OVER LAND
| NARloy-Z HOT GAS 1.35 3500 0.086
: WALL OVER CHANNEL

(© eocu 1wmerFAce 0.1 10t 0

BETWEEN LAND AND
BACK WALL

(@) tons BACK waLL 0.12 10 0
}
’ !

|
!
J
)
J
the land has the lowest life of 1350 cycles. Arnalysis shows no creep damage at
the channel wall maximum operating temperature and stress. The cyclic strain

] range in the EDCu interface and the EDNi back wall are low and show no damage.

The total life criteria used are as follows:

Life Criteria = 4o, + ¢ < 1.0
} 300
Life Criteria = 4 (1‘3’?6) +0 = 0.8 <1.0
Where:
:fL = low cycle fatigue damage fraction
CC = creep rupture damage fraction
4 = Safety Factor
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Previous hot-fire experience with the SSME main combustion chamber and the 40K
test program showed cracking occurred mid-channel as opposed to the predicted
location of mid-land. Sections of the failed hardware showed thinning of the
channel walls. This was attributed to a creep rupture phenomenon that was
aggravated by extremely high hot-gas wall temperatures in excess of 1100 F.
Later testing on SSME has verified mid-land cracking more severe than mid-
channel crackigg on combustion chambers that have accumulated many engine firing
ecycles. Since the maximum hot-gas wall temperature of this design is less than
800 F, there is no channel thirning problem expected, and this fatigue analysis
is an accurate determination of the life of the combustor. The ultimate factor
of safety is maintained on the stresses, strains, or loads that would cause
failure, whether the failure mode is tensile ultimate, creep rupture, or

instability (buckling).

All other criteria such as fatigue criteria, dynamic load criteria, and welded
joints criteria are in addition to the basic criteria, Each component that
experiences cyclic loading during operation is designed to the following fatigue

criteria:
Low-Cycle Fatigue Limit Life = 4 X Service Life Operational Cycles

Limit life is the maximum expected usefulness of the structure expressed in time
and/or cycles of loading. The service life is defined as 300 start/shutdown
cycles or 10 hours of accumulated run time. The low-cycle fatigue criteria

is applicable to cyclic stresses, including thermal, associated with steady-
state and transient operating conditions such as an engine start/shutdown cycle.
For those components experiencing low-cycle fatigue, the following generalized
life equation is used to take into consideration the interaction of low-cycle

fatigue and creep damage:

Life Criteria = 4o + 49_ < 1.0

RI/RD80-218-2
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Structural Design Criteria and Recuirements

The following basic structural criteria were furnished in the SOW as guidelines
for the stress analysis of cengine components. These requirements are discussed

in the combustor section but have applicability throughout.

{ >
Yield Factor of Safety = %%ﬁ%%—%gﬁ% 2 1.1

_ Ultimace Load > s
= Timit Toad = 1.4 (Combined Load)

Ultimate Factor of Safety

_ Ultimate Load >
= TIimit Load 2 1.5 (Pressure Only)

Ultimate Factor of Safety

These safety factors govern the stresses induced by all operating loads and are
based on minimum guaranteed material properties that include the effects of the
component environment throughout the service life. Limit load represents the
critical load or combination of loads for which the component is designed to
operate. The limit loads include vibration, start, and shutdown transients

and steady operation. The yield safety factor applies to primary stresses only.
Gross total net section yielding or yielding causing detrimental deflections
are not allowed. Yielding due to secondary stresses caused by bending, thermal
gradients, or other deflection-iimited loads are governed by the ultimate load

safety factor.

Low-cycle fatigue damage is evaluated by a linear damage accumulation,

where ng is the actual number of cycles at a particular stress or strain ampli-

tude and Nf is the cycles to failure at the same amplitude (Miner's Rule).
i
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A linear damage accumulation relationship is used to evaluate creep rupture -

damage,
' . t,
: b =3k
: r
i

r where ti is the actual time at a particular stress and '1‘r is the time to rupture

at that same stress. Lower bound fatigue property data are used to evaluate life.

B B

Dynamic loads are calculated using closed-form, finite-element, and/or model
analysis techniques for all major structures and for all other vibration-~
sensitive structures critical to the performance of the engine. Structures that
incorporate inherent nonlinear stiffness, mass, and/or damping properties are
analytically modeled using incremental linear analysis or by analog simulation

techniques.

- | e e e

All components subjected to high-cycle fatigue loading are designed to operate

below the endurance limits of their respective materials. This eliminates any ~

life concerns involving high-cycle fatigue.

The criteria for welds includes a weld material factor and a weld efficiency

r factor in addition to the basic safety factor criteria. The weld joint effic-

iency factor is a function of the weld quality requirements, designated by the

weld classification (Class I, II, or III), and the weld inspection requirements ,
and/or capabilities. These factors are applied to the minimum guaranteed material

properties of each weldment.

Tables 2-12 and 2-13 summarize the class of weld, weld joint efficiency factor,
and minimum inspection requirements for fusion welds and electron beam welds,

respectively.

RI/RD80-218-2
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TABLE 2-12. FUSION WELD JOINT EFFICILENCY FACTORS

cLass oF weLo(l)
FACTORS I i [

WELD JOINT EFFICIENCY FACTOR, * 700 1 80 | 60 [ a0

VISUAL X X X X
?égégg¥lo DIMENSIONAL X X X X
REQUIREMENTS MAGNETIC PARTICLE X | X | X
FOR 100 PERCENT | OR PENETRANT
OF JOINT LENGTH RADIOGRAPHY X | X
USING METHODS

INSPECTION AS (2)
INDICATED INDICATED BY

DRAWING
(V)SpECIFIED ON DRAWING. REFERENCE APPLICABLE WELD SPECIFICATION
, DESIGNATED ON DRAWING FOR WELD QUALITY REQUIREMENTS
‘2)RADIOGRAPHY OR PROOF TESTING REQUIRED

TABLE 2-13., ELECTRON BEAM WELD JOINT EFFICIENCY FACTORS

cLass oF weLp'l)

FACTORS IT1 Ia | Ib i
WELD JOINT EFFICIENCY FACTOR, % 100 90 80 60
DIMENSIONAL (EXTERNAL) X X X X
PENETRANT OR MAGNETIC FARTICLE X X X X
ULTRASONIC INSPECTION FOR THE | X

ENTIRE DEPTH AND LENGTH OF WELD

OR RADIOGRAPHIC INSPECTION OF
ENTIRE WELD SUPPLEMENTED 8Y VERIFI-
CATION OF ROOT FUSION

ULTRASONIC INSPECTION OF WELD ROOT X
(LOWER 10% OF JOINT) FOR THE ENTIRE
LENGTH OF WELD

ULTRASONIC INSPECTION OF WELD ROOT X
(LOWER 10% OF JOINT) FOR THE MINIMUM
EXTENT SPECIFIED BY THE WELD
SPECIFICATION

FUSION ZONE GEOMETRY AS DETERMINED X
BY EXAMINATION OF TEST SAMPLES

(])SPECIFIED ON THE DRAWING. REFERENCE APPLICABLE WELD SPECIFICATION
DESIGNATED ON DRAWING FOR WELD QUALITY REQUIRLMENTS.
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Components that contain pressure are proof-pressure tested in accordance with
one of the following criteria with a minimum time at proof pressure of 30 sec-

onds, repeated fu- a total of 5 cycles:

The design temperature:
Proof pressure 2 1.2 x limit pressure

A nominal temperature that is different from the design temperature,

with a material correction factor:

Ft (at proof temperature)

Proof pressure 2 1.2 x x limit pressure

Ft (at design temperature)

Tne material correction factor will be based on yield or ultimate, whichever gives
the largest ratio. In all cases, regardless of the temperature correction factor,

the minimum proof pressure will be 2 1.05 x limit pressure.

Combustion Stability Analysis and Design

The Priem method has been applied to analyze the inherent stability of the com-
bustion zone with respect to transverse mode acoustic instabilities. The results
of these analyses show that even without stability aids this thrust chamber would

be more stable than a J-2 or J-2X, while operating at nominal thrust at a mixture

ratio of 6.0, a mixture ratio of 7.0, or during operation at 10% thrust.

To ensure against the possibility of an unstable operating point being encoun-

tered during the off-design operating points which constitute the start and

1 ' cutoff transients, 18 Helmholtz cavity acoustic absorbers have been incorporated

at the junction of the injector face and combustion chamber. The absorbers #te
l tuned to resonate at the frequency of the first tangential mode of the chamber,
but also have considerable effectiveness against higher frequency acoustic modes.
The acoustic absorber throat area is 6.5 times the stability correlation thres-
hold value, and this very conservative value, plus the results of Priem analysis

for the stabilized chamber insure that no acoustic mode instability will be

RI/RD80O-218-2
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encountered with the Advanced Expander Cycle Engine Point Design Thrust Chamber.
Since the chamber has been intentionally overdesigned for combustion stability,
the acoustic absorbers have been situated so that they can be easily removed
from future versions cf the engine if operational experience proves they are

not required.

Priem Analysis of Acoustic Instability. The acoustic instability model used at

Rocketdyne was originally developed by Dr. R. J. Priem at NASA and was later
further expanded and elaborated a% Rocketdyne. This model calculates the
perturbations in combustion rate that result from an initial pressure per-
turbation of an arbitrary.size, and determines the threshold value for pertur-
bation that is required to initiate a sustained instability. This threshold
perturbation is expressed as a fraction of the steady-state chamber pressure,
and is referred to as the stability parameter or A_. Thus, the magnitude of
Ap is a measura of the stability of the engine (i.e., the larger the value of
pressure perturbation that is requived to trigger the engine into instability,
the more inherently stable is the engine). The most important combustor para-
meters determining the value of Ap are the burning rate parameter L, the
relative gas-liquid velocity term AV', and the unburned propellant fraction

term MAP.

Fig. 2-25 illustrates the relationship between the stability parameters L, AV',
and MAP. Multiple interpolations are required to obtain an Ap at particular
values of L, AV', and MAP. Since these parameters vary with the axial location
in the combustor, the Coaxial Injector Combustion Model (CICM) interpolates forv
values of Ap from internally curve-fitted maps of the three stability para-

meters.

Figure 2-26 compares the stability curves calculated for the Advanced Expander

Thrust Chamber with similar curves previously calculated for other engines whose
stability characteristics are experimentally well known. The curves express the
inherent stability of the combustion zone for the first 1.5 inches downstream of
the injector. Since a high value for Ap indicates a stable region in the combus-

tion zone, and low value for Ap indicates a less stable region, a curve having a
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