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PREFACE

(U) This volume contains data pertaining to the XLR129-P-1 Demonstrator
Rocket Engine control system, demonstrator engine mockup, and plumbing

system, Also included in this volume are appendixes containing struc-

tural design criteria and data. Refer to Volume 1 for introductory and
sunmary information relating to program requirements and engine system

characteristics. Detailed component descriptions are contained in

Volume 2,
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SECTION V
CONTROL SYSTEM

A. SYSTEM DESCRIPTION

1. System Requirements - General

(U A cl

osed-loop control system is required to ensure safe, precise,

responsive performance of the engine throughout its operating range.
The planned system will accept vehicle or "man-in-the-loop" command

signals

at any rate and in any sequence, and will respond rapidly

within the functional and structural limits of the engine. The system

will be

stable at any setting and will respond smoothly to command.

(U) Four discrete electric signals from the vehicle control engine
starting and shutdown, and modulate the thrust and mixture ratio., The

control signals may originate either in the vehicle guidance control or

a pilot'

to these signals is governed by an electronic Engine Command Unit (ECU).

The ECU

s command console in a manned vehicle. Response of the engine

in the demonstratoev engine will be a solid-state electronic

component incorporating all of the flight engine control logic. The

valves,

actuators, igniters, and plumbing will be constructed with

lightweight, flight-type parts and will be contained within the engine
envelope, (See figure 417,)

2. System Requirement - Specific

(C) The
follows:
1.

2'

3.

4,

specific design requirements for the control system are as

Schedule and execute the engine start sequence automatically
when a discrete signal is input to the ECU

Schedule and execute the engine shutdown sequence auto-
matically upon command

Use electric power and helium supply from the vehicle for
starting, shutdown, and restarting the engine and use
engine-supplied power to drive the control system and
modulate the engine throughout the operating range.

Set any engine thrust level between 20 and 100% of rated
thrust in response to a discrete signal to the ECU control
rated thrust within +3% accuracy

Set any engine mixture ratio between 5,0 and 7,0 in
response to a discrete signal to the ECU and control
the engine mixture ratio within *3% of the requested
mixture ratio at rated thrust
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6, Change thrust and/or mixture ratio within the modulating
range in less than 5 seconds

7. Perform all functions adequately when exposed to engine
environmental conditions, which include ambient pressures
from sea level to vacuum for 10 hours between overhauls,

100 reuses, 300 starts, 300 thermal cycles, and 10,000 valve

cycles

3.  Engine Description

(U) The XLR129-P-1 high-pressure rocket engine uses a staged combustion
cycle in which most of the fuel is hurned with a portion of the oxygen
‘. a preburner to provide turbopump power before combustion with the
remainder of the oxygen in the main burner chamber., A propellant flow
schematic illustrating the principal flowpaths and functional component
arrangement of this engine is shown in figure 18,

4. Control Component Description

a. Main Propellant Valves

(U) Analysis of the XLR129-P-1 rocket engine cycle has established that
the following control points are required for satisfactory steady-state
operation:

. Preburner oxidizer valve

« Preburner fuel valve

. Main chamber oxidizer valve

o Oxidizer low-speed inducer variable turbine actuator.

N N

(U) The preburner oxidizer valve 18 a translating sleeve valve which
regulates the total flow and flow split to the primary and secondary
oxidizer elements of the preburner injector during engine operation.

The resultant variacion in primary and secondary flow split controls

the effective AP of the oxidizer entering the preburner and ensures

stable and efficlent preburner combustion., This valve has a major
influence on the available main turbine power and engine thrust, but only

a minor influence on the overall engine mixture ratio, The preburner valve
also shuts off the oxidizer flow to the preburner when the engine is not
operating,

(U) The preburner fuel valve is a straight-shaft butterfly valve located
downstream of the fuel pump in the line to the preburner supply heat ex-
changer., This valve regulates the hydrogen flow to the preburner, and
provides a tapoff for the transpiration coolant flow for the main chamber,
Because this valve regulates hydrogen flow, it has a major influence on
pump discharge pressure, chamber mixture ratio, and available turbine power,
It has only a minor influence on thrust, because fuel flow is a small part
of the total propellant weight flow. Because the fuel valve influences

pump discharge pressure, it affects the low-speed inducer drive power (i.c.,
main fuel pump NPSH) as well as transpiration cooling flow., Further, the
fuel valve provides pressure loss to aid fuel system stability and provides
the main fuel flow shutoff function.
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(U) The main chamber oxidizer valve is a canted-shaft butterfly valve
which is located in the oxidizer supply line to the main chamber.

Because this control regulates the main chamber oxidizer flow, which

is a major portion of the total propellant flow, it has a strong influence
on both engine mixture ratio and thrust,

(U) The oxidizer low-speed inducer variable turbine actuator varies the
turbine inlet area of the oxidizer low-speed inducer to regulate induced
speed as a function of the oxidizer turbopump NPSH requirements,

b, Sequenced Valves

(U) Several sequenced '"'on-off" type valves utilized in the control
system include:

1. Nozzle skirt coolant valve
2, Propellant vent valves
3. Helium system valves,

The nozzle skirt coolant valve is an on-off, two=-way, solenoid-operated
valve which shuts off the coolant flow to the translating nozzle when
the nozzle is retracted,

(U) Vent valves for engine cooldown are located in the preburner fuel
and oxidizer lines and in the main chamber oxidizer line. 'The main
chamber oxidizer vent valve is also opened on shutdown to aid in decel-
erating the oxidizer turbopump, The vent valves are helium-actuated
ball valves.

(U) The helium system consists of nine solenoid~actuated valves, five
check valves, four flow-control orifices, and one relief valve, This
system sequences helium to actuate the turbopump liftoff seals, provides
preburner and main chamber purges, actuates the vent valves and provides
a purge for the oxidizer turbopump.

c. Ignition System

(U) The ignition systems are integral spark igniter-exciter units that
are mounted on the preburner and main chamber, Two systems are provided
for the preburner and two for the main chamber to provide total spark
redundancy. These units ignite oxygen/hydrogen torches, which in turn
ignite the preburner and main burner chamber, The torch igniters are
of the same basic design that has demonstrated vacuum ignition without
failure in the P&WA RL10 engine used on the Centaur and Saturn programs,

6. Vendor Control System Effort

a, General

(U) A preliminary engine control system purchase performance specification
was prepared and requests for proposal were forwarded to several pros-
pective engine control system vendors with extensive backgrounds in
turbojet and rocket engine control applications and electronic com-

puter technology. The purchase specification (PPS T-7) outlined the

UNCLASSIFIED
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requirements for flight-type actuators, flight-type sensors and a bread-
board engine command unit, Competitive proposals were received and

evaluated for the effort required for demonstrator engine control system
synthesia, hardware delivery and flight engine control system definition,

(U) The basic control system incorporates scheduled valves and oxidizer
low-speed inducer control, with limited-authority trim based on measured
engine parameters. Various engine operating limits are protected by
override authority. A complete control system consisting of a bread-
board engine command unit, one set of all engine sensors, and actuators
for the four main propellant valve will be supplied. A general descrip-
tion of the vendor-supplied components is as follows:

b, Engine Command Unit (ECU)
(1) General Description

(U) The ECU provides the starting and the shutdown sequences, on Lnput
signal, which includes command of the propellant flow control valves
and the ignition system, The ECU controls and protects the engine
during the transients and throughout the steady=state operating range
in response to thrust and mixture ratio input signals. The ECU incor-
porates test features that allow bench-check and operational monitoring
of the sequential and flow control schedules without engine operation,

(U) The ECU is required to respond to discrete electrical input signals
of thrust and mixture ratio and to control the engine over the complete
operating range, These input signals and the sensed parameters provide
the information for transient and steady-state control system modulation,
The required ECU input commands are:

1. Start

2, Thrust level

3. Desired mixture ratio
4, Shutdown,

(U) The ECU controls the engine by sequencing or modulating the follow=~
ing:

1. Ignition system

2, Helium solenoids

3. Preburner oxidizer valve area

4, Main chamber oxidizer valve area

5. Preburner fuel valve area

6, Oxidizer low-speed inducer control

7., Extendable nozzle coolant shutoff valve
8. Extendable nozzle actuator

9, Vent valves.

(U) The ECU incorporates a 16-bit, parallel, 2-MHz digital computer
with a metal oxide semi-conductor permanent memory, It can compute
100 solutions per second, during which time extensive self-testing,
input monitoring and system monitoring are performed, The digital

UNCLASSIFIED
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section comprises ceramic Dual-In=-Line Packages (DIP) for improved
reliability, and extensive use is made of Medium Scale Integration
(MSI) circuits,

(2) Starting and Shutdown Operation

(C) The engine starting sequence is initiated by a vehicle input signal
to the ECU, The initial ECU starting sequence requirements are based
on analytical engine starting studies, These studies have indicated
that the engine can be started with safe operating conditions fpr all
components with the control valve fixed in position during start.

When thrust is above 90% of the idle thrust (20%) level, command of

the engine transfers from the starting sequence to thrust and mixture
ratio control, and the engine can accelerate to the selected thrust and
mixture ratio setting. When the desired thrust signal is reduced below
the idle level, the valves remain fixed in their starting positions, If
the engine is started with the thrust input set at any level above the
idle level, the control lock is removed only after the engine is above
90% of idle thrust,

(V) The shutdown sequence is initiated on signal, Shutdown control
provides rapid engine shutdown within the engine structural limits from
any combination of thrust and mixture ratio,

(3) ECU Logic

(U) The proposed ECU logic is outlined as follows, Definition of the

ECU steady=-state and transient logic was initiated in the Phase I,

Contract AF04(611)-11401, dynamic analysis program, A nonlinear dynamic
engine simulation was used which accurately described the engine parameter.
over the full transient range. These analog programs, with additional
refinements, were used to establish the flight-type valve actuator
requirements, transducer requirements, and precise engine command logic
requirements to support the control design,

(U) The time~based gross control mode is the heart of the system that
promotes both simplicity and reliability. This gross control utilizes
known engine characteristics, but requires no external sensor information
for safe operation, The independence of external sensor information
significantly enhances system reliability.

(U) The gross mode for accelerations compensates for the principal

eugine dynamics that would otherwise prevent rapid accelerations,

namely: time delay and lag in the fuel circuit and dynamic mismatch

of the turbopumps. The operation of the gross mode during an acceleration
is as follows., First, all control areas are advanced simultaneously

along nominal timed schedules by the thrust velocity servo, Then oxidizer
flow to the main burner chamber is retarded by reducing the main chamber
oxldizer valve and low~speed inducer guide vane areas in proportion to
each other as a function of the rate of change of thrust request, This
results in a lower mixture ratio and gives more margin during acceleration,
Finally, fuel flow is advanced by increasing the preburner fuel valve

as a function of the rate of change of thrust request, This compen-

sates for the inherent transport and accumulation delay in the fuel
circuits. 527
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(U) Engine characteristics permit fast and safe decelerations with a

gross control mode without additional compensation, On decelerations,
engine characteristics permit all control areas to be reduced along
nominal schedules on a timed basis by the thrust velocity servo. Oxi-
dizer flow reduces first because of normal deceleration of the pumps

and the scheduled valve area changes, Fuel flow is maintained transiently
by the inherent delay in the fuel circuit, Thus, mixture ratios in the
main burner chamber and preburner are reduced and the engine decelerates
safely.

(U) Control capability to protect the engine is critical to a man=-rated
system. Within the demonstrator engine operating envelope, the pro-
pellant schedule in the ECU prohibits operation beyond component limits,
However, i1f abnormal conditions are experienced during either steady-
state or transient operation, one of the engine limits could be exceeded.
Direct measurements of the limiting parameters, such as turbopump speed,
are monitored by the ECU, The limiter control function in che ECU
(independent of the normal gchedule function) has sufficient gain and
response to override the normal function and limit engine operation. If
the limic control 1s in command, a positive signal indicates that cor-~
rective pilot action is required.

(U) Ten closed-loop controllers support and back up the gross mode to
provide the intelligence for control, limiting and trimming functions
for:

1. Rapid engine transients with good safety margins
2, Accurate and stable steady~-state operation
3. Protective controls to maintain system balance.

(U) The ten closed loops consist of four controllers, four limiters,
and two trims. The engine parameters controlled by closed loops, in
order of importance with respect to dynamic performance, are as follows:

1, Main fuel pump speed

2, Transpiraticn cooling

3. LO2 pump NPSH

4, Fuel pump NPSH

5. Maximum preburner temperature
6., Maximum LO2 pump speed Limiters
7. Minimum preburner temparature —
8, Maximum fuel pump speed

9. Engine thrust (total propellant flow)
10, Engine mixture ratio

Controllers

Trims

¢c. Sensors

(U) The closed~loop control system uses flowmeters in both propellant
lines to generate signals proportional to actual thrust and mixture
ratio. These flowmeter signals are compared to the vehicle input
signals in the ECU, which, in turn, automatically correct any differ-
ence between actual and desired values by modulating the engine pro-
pellant valves,

CONFIDENTIAL
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(U) Advanced versions of a lightweight force-screen, true=mass cryogenic
flowmeter measure both the liquid oxygen and liquid hydrogen total flow-
rates, This merer, with a low pressure drop, is insensitive to extraneous
accelerations and can withstand high-veloclity gases during engine cool-
down, An experimental version has successfully operated at liquid hydrogen
temperatures, and completely redundant sensing elements and electronics
will provide the desired reliability,

(U) Twelve additional sensors are proposed for primary measurement and
reference computation for ten closed loops to control and limit eight

separate engine parameters, Four additional sensors (two pressure and
two speed) provide separately computed oxidizer and fuel flow measure=
ments from both low-speed inducer pump characteristics.

(U) Six pressure transducers, four temperature sensors, and four speed
sensors monitor the oxidizer and fuel pumping as required by thrust
demand, Signal conditioning electronics, developed from cryogenic
amplifier circuits, are heat sinked to the liquid oxidizer lines for
temperature stabilization. All temperature and speed sensors are triple-
redundant and directly coupled to the input of the digital computer for
selection and testing. Fail operating assurance is provided by a monitor
in the computer that provides automatic cutout of a defective sensor,

d. Actuators

(U) Alternating current induction motors are proposed for the actuators
because the lack of brushes completely eliminates commutation problems,
and solid rotor construction eliminates the need for rotor coils. Alloy
materials used for the cryogenically cooled rotors add rotor resistance
and improve starting torque, However, the effect of the increased resis-
tance on running conditions requires careful consideration to obtain
optimum performance. An alloy of 95% copper and 5% zinc has been success-
fully used in cryogenic temperature development motors., Power for the
valve actuators is supplied from an engine-driven electrical system,

(U) The basic approach chosen for packaging the electric servo-motor
valve actuators is to close-couple the electronics and the actuator for

a high-density package. The driving and shaping electronics, as well

as the electronics required for redundancy, are packaged in the actuator
housing., Triplicated electronic circuitry consists of active and standby
channels as well as a model channel. 1In the event of a failure in an
active channel, automatic switchover to the standby electronics is

accomplished,

(U) To assure that controls are available for initial demonstrator
engine tests and for the valve test programs, commercial actuators will
also be provided, The propellant valves will be built to accept these
commercial actuators as well as the flight-type actuators.

6.  Reliability
(U) A high degree of reliability is attained through redundancy and
self-testing. Temperature and pressure sensors are triple redundant,

When all three elements are operative, the computer selects the middle

529
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signal, If one of the three signals is lost, the computer recognizes
the signal that is closest to the previous median signal, Should that
signal also become lost, then the signal from the third element will be
accepted,

(U) Actuators are proposed with dual servo motora using master and
standby concepts, and the flowmeters utilize dual redundancy through-
out for the maximum reliability factor,

(U) In addition to the monitoring schemes applied to the sensor systems,
the computer includes self-testing of the arithmetic section and the
permanent memory, The arithmetic unit is programmed to test each
lnstruction that the unit can execute, Automatic, programmed testing
of the permanent memory data is performed continuously by a "check sum"
test, The test adds up all the words in the memory and compares the
total against a previously stored sum,

(U) Dual electronic computers are used, One is designated the master
unit and controls the engine unit unless self-test proves it defective,
A switching circult then changes control over the standby unit,

(U) Continuing and systematic failure analyses of all control system :
components will be conducted and design improvements incorporated to:

1. Provide a proven and dependable control to ensure demon-
strator engine testing to meet the performance and oper-
ational objectives.

2, Provide assurance that the flight control designs can be
implemented and ultimately developed to the standards
of a man-rated flight system,
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8. PREBURNER OXIDIZER VALVE

-

. Introduction

a. Function

(U) The function of the preburner oxidizer wvalve is to divide the oxidizer
supply into two separate flows as requireu by the preburner injector. The
valve is designed with fixed primary passages and varinble area secondary
ports, Control of the preburner oxidizer flow over the englne operating
range is accomplished by modulating the area of the secondary ports.

The valve will allow primary flow without secondary flow for engine
ignition duriuy the start transient. The preburner oxidizer valve also
provides a positive shutoff for the total preburner oxidizer supply,

b. Location

(U) The valve is located in the preburner dome on the engine as shown
in figure 418. The servoactuator is mounted external to the dome.

2. Dasign Requiremants
(C) Design requirements [or the preburner oxidizer valve are:

1. External leakage from the actuator shaft shall not exceed 10 sccs
of GN2 at operating pressure

2. Provide a positlve shutoff with a shutoff leakage not to
exceed 10 sccs of GNjp

CONFIDENTIAL ]
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3. Component shall be capable of 10,000 valve cycles, 500
pressure cycles, 300 starts, and 10 hours time between overhauls

&4, 'Flange leakage shall not exceed 1074 sccs of GNy per inch
of seal at operating pressure

5, Operate in a liquid oxygen environment

6. The valve shall operate over the range of secondary effective
area, AP and flow as shown in figure 419. These requirements
are generated by the engine cycle balance.

531
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(U) Figure 418. Preburner Oxidizer Valve focation
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Preburner Oxidizer Valve Control

Characteristics

(U) Figure 419,
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3. Design Criteria

(U) Desigu criteria for the preburner oxidizer valve are:

l. Minimize overall length, including consideration of the
actuation system

2. ightweight configuration that is representative of a flight
design but with safety factors sufficient for confident
operation

3. Maintain the Phase I flow divider valve approach of the
sleeve-type valve and contoured secondary ports, but eliminate
the primary metering function

4, Provide primary flow vithout secondary flow for engine starting

5., Utilize a minimum-length commercial hydraulic actuator

6. Minimize secondary volume

o

7., Minimize actual forces
8., Provide a vent between the primary and secondary shaft seals.,
4. Machanical Description

(U) The preburner oxidizer valve, shown disassembled in figure 420 and

in cross section in figure 421, consists of a translating sleeve and a

fixed housing that incorporates six contoured ports as shown in figure 422
‘ for secondary flow and six equally spaced radial holes for distribution of
' the primary flow., The valve assembly is bolted to the lower flange of

the preburner dome,

(U) The preburner dome, illustrated in figure 423, has a 180-degree

ring manifold with a flanged inlet located centrally relative to the
manifold, The ring manifold also has o mounting flange at one end for
the vent valve. The manifold is divided by a baffle plate that separates
the oxidizer inlet flow from the vent flow. After entering the ring
manifold, the oxidizer flows into the dome cavity through 12 radial ports
located between studs, There are threc additional radial ports for
oxidizer to flow from the dome through the vent valve prior to engine
starting. The 12 oxidizer inlet ports permit the oxidizer to be well

distributed as it enters the dome cavity so that hydraulic side force

on the translating sleeve is minimized, The dome housing contains

drilled passages for the primary oxidizer supply to the injector, pro-

visions for temperature and prcssure instrumentation, purges, and seal

leakage connections, A precision surface for mounting the actuation

system is low on the dome for minimum deflection. Tapered shims can

be used during assembly to alicn the actuation system and dome-valve

; housing assembly,

.
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(U) Figure 420, vreburner Oxidizer Valve Disassembled
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(U) Figure 423, PDPreburner Dome Cross Section FD 25978A

mro,,
oxnty

.,

(C) Engine thrust modulation requires variation of the preburner oxidizer
flow by modulating the secondary port effective area. The desired pre-
burner injectcr performance is maintained by the fixed area of the pri-
mary passages which increase the ratio of primary to secondary flow as
thrust level is decreased, The primary oxidizer flow is provided to

the preburnar injector through slx equally spaced radial holes., The
primary flow passages are designed to flow at 107, of preburner oxidizer
flow at a mixture ratio of 7 and 1007 thrust, The primary flow orifices
are 0,080 inch in diameter; however, the orifice is provided as a removable
plug to permit experimentsl adjustment of the flow split at design point.
The secondary oxidizer flow is metered by the six contoured ports and
flows through the valve housing to the preburner injector as shown in
figure 424, The valve is designed with 25% excess secondary area,
accomplished with 0,070 inch of additional valve stroke.

—-Prebuener Oxidicer

o
Valve Housing s N
"’\";‘ .

Necopdary Oxitizer
Flew Passages

Freburner Injector Nection A A

FO 25388

(U) Figure 424, Seccondary Oxidizer Flow ‘assage
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5. Oparating Characteristics

(C) The nreburner oxidizer valve operates in a liquld oxygen environment
with a maxinum preassure of approximately 6000 psia, The valve modulates
an orifice upstream of the preburner injector sacondary elements with a
maximum area of 0,751 square inch and o miniuum aren of 0,024 sqguare

inch, The valve provides a passage upstream of the preburner primary
elements with a constoant areos and shurs off the oxidizer flow to the pre-
burner. The valve incorporates a dynamic seal where the octuator shaft
passes through the dome., This senl is designed to withstand liquid
oxygen at approximately 6000 psia pressure differential for 10,000 cycles.

(U) The preburner oxidizer valve is designed to meect the requirements of
the XLR129-p=1 demonstrator engine. The volumes ond the effective oreuns
of the primary and secondary [lowpaths at the volve and injector passages
are shown in figure 425.

Preburner Oxidizer
Valve Port (Variable)

Acd = 200 int

wr.___..c) Acd = 316 ind
Secondary Flow !
Inlet
‘ b A A AAA A A A e
Preburner Secondary Volume 28in.% @ (D
e AN Y mmmromme
Acd = 0. 99 in? \
. ‘v‘v‘v‘v‘v‘v‘v‘v‘v-v'u L Shutoff
W e
p m @ """""""“""‘&
Primary Flew Agg D~@ (Inlet) = 3.16in.2

Primary Volume 10in.3 A @*@ (Secondary Line) = 2.00in.?

- i - s 2
Replacable Orifice Plug — Acd @~® (Primary) = 0.099in.
FDC 27528A

(U)‘Figure 425, Preburner Oxidizer Valve and Injector Flow
' lassage Schematic

(U) The valve's contoured secondary metering ports provide constant
percent area error. The predicted 3.1% flow area error will remain
constant over 877 of the operating range (a valve stroke of 0,29 inch
to 1,17 inches), with the error increasing at the low area end and
dimitnishing dear the full-open end as shown in figure 426, The width
of the secondary metering port is constant (0.62 inch) from 1.14 inches
tc the maximum stroke of 1.3 inches., This was done to minimize the
unsupported length of the valve piston ring and to reduce stresses on
the valve wall, As a result, the valve positioning error decreases
above a 1,17-inch stroke. Minimum port width was set at 0.035 inch,
which increuses the positioning error below a 0.,29-inch stroke,

539
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41“ Port Plus

Secondatry Lonses

0.6 0.8
'VALVE STROKE ~ tn,
. 1
DF 69950

(U) Figure 426, Preburner Oxidizer Valve Area Error/
Positional Error vs Valve Stroke

(U) A discharge coefficient (Cq) of 0.6 was assumed for the total range
of secondary port metering. When the valve is operating at low flow
areas, the narrow port width relative to the wall thickness tends to
reduce the expansion loss and may increase the Cq., Even with an
increase in Cd at low flow areas, it is within the capability of the
valve to achieve minimum flow area by decreasing the minimum stroke.

(U) Figure 427 shows the preburner oxidizer valve port contour., Minimum
port width is 0,035 inch; maximum port width is 0.62 inch; and overall
valve stroke is 1.3 inches.

(U) The primary valve and injector volume 1s 9.9 cubic inches, The sec-
ondary valve and injector volume downstream of the metering port is

28 cubic inches, The characteristic of the valves secondary effective
area from port inlet to valve discharge is shown in figure 427. The
design goal of effective area exceeded the cycle requirement by 7%.
Without the actuator, the valve weighs 102 1b.
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(U) Figure 427, Preburner Oxidizer Valve Effective
Area vs Stroke

6. Design Approach
a, Background

(U) The preburner oxidizer valve design is based on the Phase I flow
divider valve configuration, The Phase I flow divider valve, illustrated
assembled on the preburner injector in figure 428, divides the oxidizer
supply into two separate flows to the dual-orifice oxidizer system for
the preburner. This valve also provided an oxidizer supply to the
igniters for both the preburner and main chamber, and incorporated a
positive shutoff for the total preburner oxidizer supply. The flow
divider valve was located in the preburner dome with the servoactuatotr
mounted outside the dome. To permit more flexibility in the valve
operating schedule, the flow divider valve was longer than the current
demonstrator engine design and did not include the thrust control

function.
541
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Sleeve Bearing
Servoactuator Mount

4 Nitrogen Purge
Nitrogen Dam
Becondary Seal Package
Seal Vent
Dome Cap

, p®Seal Vent

Coaldown Valvo

Mount Pa \ & Onidizer Inlet

Fuel Inlet » .

-
Igniter
5 upply

(U) Figure 428, Flow Divider Valve FOC 1891

J' Ambient Vent

3.

(U) Basic design features differing from the preburner oxidizer valve
tested previously include incorperating the preburner dome cover as
part of the valve housing, removable orifices in the primary flow
passages, shaft 1lip seals, pressure balanced piston rings, an improved
lower piston ring retainer, and reduced overall length,

{(U) The valve actuation stroke of approximately 1,600 inches includes

an initial 0,070-inch travel to move from shutoff position to the primary
open, secondary closed position, This action relates to the engine
starting sequence. An additional motion of 0,100 to 0.130 inch will
initiate secondary flow, with a subsequent travel of 1,300 inches required
to move the valve fully open to the secondary port limit, The valve is
then capable of approximately 0,050-inch over-travel,.

b. Design Evolution

(U) A design analysis task for the valve piston rings, to reduce the
valve actuation drag load that was experienced during the tests conducted
under the supporting data and analysis subtask was completed. The

valve has two pilston rings as shown in figure 420¢ an upper ring
attached to the valve housing which seals the secondary sleeve ID and

a lower ring attached Lo the secondary sleeve which seals the valve
housing OD. Figure 429 compares the four upper rings that were analyzed
in this design study and figure 430 compares the lower rings, All rings
were made of Berylco 25, either AMS 4650 or AMS 4532,
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5 X Size

™

2440 3.440
Diameter Diameter Digx}::?or

b

Diameter

SUU I U Y e

Phase | Flow Phase | Flow Preburner Modified Flow
Ozidizer Divider Valve

Divider Valve Divider Valve
Unbalanced Balanced Valve Design For Rig Test
FD 28807A

(U) Figure 429. Upper Piston Rings Analyzed

5 X Size

- |

3.376 3.175 3.37
Diameter, Diameter Diameter
2.600

Diameter

L_,M L O e b o
Phase | Flow Phase | Flow Preburner Modified Flow

Divider Valve Divider Valve Oxidizer Divider V alve
Valve Design For Rig Test

Unbalanced Balanced
FD 25598A

!

Lower Piston Rings Analyzed

(U) Figure 430.
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(C) Two sets of data were available from previous flow divider valve
tests., At a pressure differential of 2000 psi, the unbalanced rings
had a drag force of 1480 pounds when opening and 4560 pounds when closing.
Under the same conditions, the pressure balanced rings had a drag of
755 pounds when opening and 1890 pounds when closing, The difference
between the opening and closing drag loads and the wear patterna on the
previously tested piston rings indicated that the ringa were twisting
and that the corners wcre possibly digging into the sliding surfaces,
These conditions would, therefcre, cause the friction factor to vary.
The unbalanced and balanced rings were analyzed to determine Lf the
drag loads experienced could be found analytically. Ten different
loading cases could be found for each ring when they were allowed to
twist. Of these, only three of each could be solved and they gave
scattered results, none of which were usable, The unsolvable cases
wers redundant or impossible loadings., The lower ring solutions even
indicated the ring should twist opposits to the direction that the
wear indicated, The analytical solution for an absolute value of drag
was abandoned at this point,

(C) The next method of analysis was to use the data of the two previous
tests to estimate the changes in loading required to reduce the drag
sufficlently, It was desired to reduce the piston ring.drag of the
preburner oxidizer valve to less than 300 pounds in either direction
with a pressure differential of 1500 psi., The percentage changes of
geveral quantities (figure 431) were found between the balanced and
unbalanced rings as shown in table LXII, A definition of all terms
used {8 provided in table LXIII. The new ring required a reduction

of 88% in drag (HA) over the unbalanced ring for the desired reduction
in the actuation force, Comparing tais to the balanced ring change, the
percentage changes required in the other properties were found. This
determined the design criteria for the new ring loads,

(U) Table LXII. Percentage Change from Unbalanced Ring

Quantity Phase I Required for New Ring
Balanced New Ring as Designed

Combined Upper and Lcwer Hy Open  =49,0%
-88.0% --

Close =58.5%
Combined Upper and Lower Gy -42.0% -63.2% . =78.0%
Combined Upper and Lower Fp ~55.0% -82.7% -82.3%
Average Upper and Lower UP -48,27% -72.5% -76,6%

544
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Open «w——a Close

{

High =
Prespure "L'/

FR = GR— Hy F
_ “Asxy
Ha = m FR FR
Hip|s 4 F

MRI=#Fa  ca_,

up= 4B Cr
AR

Drag = 2 9r Il:(FR upper + Fp lower)
=2 T r (Hp upper + H, lower)
Hp = pGR
HR = G
FD 25500
(U) Figure 431. Nomenclature Explanation and Definition

Approximations:

(U) The radial load per inch of circumference because of pressure
unbalance (GR) was chosen because it could be calculated and its change
should be proportional to the change in drag. The radial load per inch
of circumference because of wall reaction (Fp) used was found with an
appropriate value for the radial load per inch of circumference caused
by friction forces (HR) derived from a friction coefficient of 0,25,
The change in Fp should also be proportional to changes in drag. The
unit pressure was also approximate because it is derived from Fp; how-
ever, it could contribute to drag as well as leakage. It was kept as
high as possible to prevent leakage but low enough to reduce drag.

(U) The results for the unbalanced ring show that the closing drag was
reduced more than any of the other quantities., The only explanatidn
found is that the balanced ring had smaller moments because of pressure
and friction and thus had less tendency to twist.

(U) Besides the restrictions put on Gr, Fg, and unit pressure on the
rubbing surface of the ring (UP), the new rings were designed so that
the pressure moment per inch of circumference caused by pressure
unbalance (Mg) was negligible. The moment of inertia was increased to
reduce the ability to twist. TIn the new designs the upper ring was
6.1 times stiffer than the balanced ring and the lower ring was 4.2
times stiffer. The moment caused by friction was decreased about 35%.
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Tha combination of the reduced moments and increased stiffness was
expected to provide an 887 reduction in twist of the rings.

(C) Other results from the new designs are shown in the last column of
table LXII and the first column of table LXIV. 1If it can be assumed
that the percentage of change method is a good analysis, then the
piston ring drag will be less than 300 pounds in either direction at a
1500 psi presgsure differentlal. Because most of the twisting was taken
out of the ring, it can be assumed to remain flat against the rubbing
surface. The drag may be estimated using the drag forumulas shown in
figure 431, With a coefficient of friction of 0.35 and a pressure
differential of 1500 pai, the total drag will be 188 pounds using Gg,
and 112 pounds using Fp+ The unit pressure will be 248 psi on the upper
ring and 172 psi on the lower ring. The unit pressure on the balanced
rings was (upper) 752 psi and (lower) 560 psi.

(U) Table LXIII. Nomenclature Definition

AP Differential Pressure Across Ring
Gp Axial Load Per Inch of Circumference Because of Pressure Unbalance
GR Radial Load Per Inch of Circumference Because of Pressure Unbalance
Hpo Axial Load Per Inch of Circumference Because of Friction Forces
Hr Radial Load Per Inch of Circumference Because of Friction Forces
FA Axial Load Per Inch of Circumference Because of Wall Reaction
Fr Radial Load Per Inch of Circumference Because of Wall Reaction
Mgz Moment Per Inch of Circumference Because of Pressure Unbalance
My Moment Per Inch of Circumference Because of Friction Forces
r Average Radius of Rubbing Surfaces of Both Rings
M Coefficient of Friction
UP Unit Pressure on Rubbing Surface of Ring
AR Rubbing Area Per Inch of Circumference

(U) Table LXIV. Comparison of New and Tested Piston Rings

New . Test Scale Factor
Combined Gy 0.,0450 P 0.0525 P 1,168
Combined Fp 0.0274 P 0.0320 P 1,168
UP Upper 0.1655 P 0.1625 P
UP Lower 0.1145 P 0.1025 p
Average Circumference 7.85 10,65 1.358
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(U) The balancing grooves on the lower ring were designed so that a
minimum amount of leakage would occur through the grooves and into the
metering port of the valve. This leakage is kept below 5% of the total
minimum metered flow,

D
rd

(U) The test rig used for piston ring evaluation was the Phase I flow
divider valve which had a 3,375 in., diameter valve housing as compared
to a 2.5 in. diameter housing used on the present preburner oxidizer
valve,

(U) The test rings were designed with the same twisting characteristics
as the new design so that twisting would not have to be scaled., By
scaling up the ring, the GR and Fp terms were 16.8% too high. The
circumference of the test ring was also 35.8% higher than the new design.
Because of the scaling, the measured drag from the test rings had to be
multiplied by a factor of 0,63 to obtain the estimated drag of the rings
for the preburner oxidizer valve and the measured leakage had to be
multiplied by a factor of 0,74 to obtain a leakage estimate,

(U) A piston ring actuation force test program was conducted to evaluate
the actuator force requirements for balanced piston rings. These piston
rings were scaled from the design planned for the preburner oxidizer
valve, The valve sleeve was nickel plated to reduce the original
clearances to provide a 0.0115«inch clearance between the housing and
sleeve, The sleeve was then precision chrome coated 0.00l-inch thick
with no subsequent machining,

(C) The upper ring was pressure balanced to a unit bearing load of

325 psi at 2000 psi AP, and the lower ring was pressure balanced to a
unit bearing load of 205 psi at 2000 psi AP, The rig was subjected to
200 cycles at LNy temperatures. The valve was cycled at pressure
differentials of 1000, 1500, 1750, and 2000 psi, Strain gage force
measurements were used to indicate piston ring drag. The force versus
inlet pressure is shown in figure 432. As shown, the forces recorded on the
oscillograph compared favorably with the predicted values. Very little
wear of the piston rings or moving surfaces was noted. The redesigned
secondary piston rings were found suitable for use in the preburner
oxidizer valve. As shown in figure 432, the force loading was close

to the predicted results and gave a decidedly advantageous reduction

in force loading.

(C) A structural analysis of the preburner dome is provided in figure 433.
The analysis was conducted at 120% of the maximum opeiating pressure at
1007 thrust and a mixture ratio of 5 (8,400 psl). The stress levels in
the dome are well below the 85% yield strength (141,000 psi) allowed for
the Inconel 718 (AMS 5662) material, The highest stress, 72% of the
allowable, is near the top of the dome, The bolts and flanges are
fabricated of Inconel 718 (AMS 5663) material and the inlet and vent
flanges are undercut to achieve cantilever action. Flange deflections
of 0,001 inch, together with the bolt bending associated with flange
preload bending, was used to establish thickness. Bolts that hold the
flanged portion of the valve housing to the dome have a factor of saiety
of 2.0 to minimize deflection at the static seal where leakage of liquid
oxygen into the preburner (in parallel with the shutoff seal) could
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occur, and to provide eriough bolt preload te avoid failure in the event

- of an abort shutdown from 100% th ust. Analysis shows that compressive
stresses are maintained ut the bolted interface Lo approximately 2200

psti and thet the 14 Inconel 713 (AMS 5662) bolts would withstand a
malfunction where the velve is failed closed at the maximum dome pressure,
At this malfunction condition an instantsneous maximum dome pressure and
a rzeru chomber pressure was ccnsidered. This stiuectural analysis also
gshows that the actuvator mounting surface has a negligible wxial movement
under 120% of meximum operating pressure., Because the lower valve housing
Vdeflecticn‘te oniy. 0,0035 inch with the overpressure, the relative motion
‘between the actuator cylinder and tihe valve housing (ports) will be well
within the 0,005 inch desired. The zctuator mount is a flexible (slotted
cone) design to eliminate radial deflection problems, \
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(U) Figure 432, Actuation Force vs Inlet Pressure

(U) Figure 433, Preburner Dome Structural Analysis
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() The lip seal package fastens to the top of the dome to prevent leakage
where the shaft of the translating sleeve protrudes from the dome as

shown in figure 421, Another lip seal group on the secondary sleeve
balance plston excessive oxidizer leakage overboard where the balance
piston passes through the core of thd valve housing. The tranalating
shaft 1lip seal packege is illustrated in figure 434, and the balance
piston lip seal package 1s illustrated in figure 435. The lip seals

are a five=ply laminate of TFE Teflon and Kapton. The translating

shaft seal package can be shifted laterally 0,021 to 0,031 inch to
accommodate overall misalignment between the sleeve and the main housing,

0.003 to 0.005-in.

0.00€ to 0.009-in. Loose Fit (Diameter)

Loose Fit .
Translating Shaft L [~ Laminated Lip

/_/—— Seal
[

0.006 to 0.0095-in.
Tight Fit

0.000 to 0.011-in.
Loose Fit '

Gaseous Oxygen
Vent

GN; Inlet

Seal Plate - o
FD 27525
(U) Figure 434, Translating Shaft Lip Seal Package

Sleeve
/-—— Upper Piston Ring

/ )]
/ {

—_— \
Teflon

Coated Gasket
o[ O Valve Housing

'\

rPlugs-—

— Laminated Lip Seal

4 \ ‘ 0.004 to 0.0085-in.
o)l o Tight Fit

Balance

\ Piston
Seal Plate ‘/—f
PSR

0.003 to 0.006-in. .
Loose Fit 0.000 to 0.011-in. 0'01207 “;,.0'0027'""
Loose Fit ose Fit
FD 27526

Sleeve Set

(U) Figure 435, Balance Piston Lip Seal Fackage and Upper
Piston Ring
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(C) The valve housing diameter was sized basically to minimize the
pressure losses downatream of the secondary metering port to maximize
the pressure drop available for thrust modulation., Stress analysis of ,
the atructure between ports shows a possible inward radial deflection : ‘1
of 0,005 inch under a pressure differential of 1750 psi, with the , i
sleeve pogitioned 60% of full stroke from the shutoff position. The

maximum combined stress is 70,000 psi, while the pressure differential

limit for housing buckling is predicted at 3500 psl at operating tempera-

ture, The wall of the inner balance piston cylinder is stressed to

only 30,000 psi under the maximum externally applied differential prassure

of 5200 psi. Inward radial deflection of this wall is then 0.0003 inch,

which is acceptable since the radial bearing clearances established for

the balance piston on the inside of this cylinder are 0.0007 to 0.0027

inch loose.

(U) The outside diameter of the valve housing determines the diameters
of the piston rings, The preburner oxidizer valve has two pressure=-:
balanced piston rings, an upper ring attached to the valve housing as
shown in figure 435 and a lower ring attached to the sleeve as shown
in figure 436, Both rings are made of Berylco 25 (AMS 4650 or 4532),

/- Valve Housing *

1 Lower Piston Ring--7 |

Sleeve

Lock Ring
Shutoff Seat

Shutoff Seal -—7

—
TFE-Teflon

Q

Dome

FD 27527
(U) Figure 436, Lower Piston Ring Installation

(C) The preburner oxidizer valve piston rings have a nominal sealing

diameter of 2.50 inches. The pressure loading method used for design

was that described in Koppers piston ring design handbook; however, the

friction loads.were also included in the axial and radial loads. The

piston rings were designed so that the pressure moments are negligible.

The piston ring drag is predicted to be less than 350 pounds in either

direction at a differential pressure of 1750 psi, The unit pressure ;
is 290 psi on the upper ring and 200 psi on the lower ring at a pressure
differential of 1750 psi.
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(U) The balancing grooves on the lower ring were designed so that a
minimum amount of leakage would occur through the grooves and into the
metering port of the valve, This leakage is kept below 5% of the total
flow,

(U) The sleeve and balance piston were established as a matched set to
achieve the nacessary precision between the shaft sections that must be
parallel to avoid adverse bearing conditions relative to the translation
movement, The lower piston ring, retained at the end of this sleeve set,
is maintained in a fixed angular relationship to the ports in the valve
housing by dowel pin control as shown in figure 436, Study of the toler-
ances involved for the pins, holes, slots, and port location errors shows
a possible misalignment, however, of plus or minus 0,033 inch between the
balance groove cuts of the piston ring and their related ports.

(U) The sleeve incorporates eleven 0,110-inch diameter holes to vent the
cavity between the sleeve and valve housing., During the maximum trans-
lation rate, the fluid velocity increases to 56 feet per second. This
velocity is less than prior experience has shown, and no objectionable
back pressure and associated drag force should be experienced., Calcula-
tions are based on 15 inches per second maximum sleeve velocity during

. actaation,

(C) A differential area exists on the secondary sleeve that tends to
open the valve as a function of AP when the valve is off the shutoff
seat. An opening force of 144 pounds is calculated at a AP of 1750 psi;
however, there is a counteracting closing force on the base of the valve
sleeve caused by high-velocity flow in the vicinity of the metering
ports, which locally reduces the static pressure, This closing force
can be adjusted by chamfering the piston ring retainer in the vicinity
aof the metering ports to reduce the local velocity. The closing force
with no relief 18 estimated at 635 pounds and at 218 pounds with full
.relief., The unbalanced forces will be measured experimentally and the

. net unbalance minimized.

(U) Teflon-coated metallic O-rings are used for static seal, and Teflon-

.. coated flat gaskets are used for external fitting seals, Both ID and OD

" vented rings are used, as required, vhere pressure difference is expected
to exceed 100 psi. A Parker 8814 Series Inconel X750 Teflon-coated V-seal
is used for the valve housing-to-injector overboard static seal,

551/552 (blank)
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C. PREBURNER FUEL VALVE
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C. PREBURNER FUEL VALVE
1. Introduation
4., Function

(C) The preburner fuel valve shown in figure 437 operates in a liquid
hydrogen envirornment with a maximum inlet pressure of approximately

5600 psig., The valve is driven by a rotary actuator bolted to the

drive cover and coupled to the shaft of the valve assembly. The valve
algo acts &y a modulating orifice upstream of the preburner heat exchanger
as well as providing positive fuel shutoff. A secondary function is to
provide a tapoff port, downstream of the shutoff seal, for main chamber
transpiration cooling flow.

b. Location

{(U) The preburner fuel valve is located in the main flowpath between the
fuel turbopump and the preburner supply heat exchanger as shown in fig-
ure 417,

2.  Design Requirements

(C) Design requirements for the preburner fuel valve are:

1, Preburner fuel valve operating requirements are as shown in
figure 438, These requirements are generated by the engine
cycle balance,

2. Shutoff Seal Leakage: Positive shutoff with leakage less than
10 sccs gaseous nitrogen at tank head pressure

3. External Valve Leakape: Less than 10 sccs of gaseous nitrogen
at operating pressure,

4, Flange Static Seal Leakage (Per Inch): Less than 10~4 sccs of
gaseous nitrogen at operating pressure

5. Durability: 10,000 valve cycles and 500 pressure cycles, (300
starts, 10 hours time between overhauls)

6. Supply transpiration chamber coolant flow with a low loss tapoff
downstream of the shutoff seal,

3.  Design Criteria

(U) Design criteria for the preburner fuel valve are:

1. Regulate preburner flow with a maximum effective area of 4.8
square inches (including margin) and a maximum turndown ratio
of 14.8 to 1

2. Maintain an approximately '"equal percentage" characteristic
over the regulating range (The equal percentage characteristic
is commonly used for control valve applications).
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4, Maechanical Description

(C) The preburner fuel valve is a truncated ball type butterfly valve

with a straight shaft. The valve has a regulating range of 0,42 to 3.42

square inches effective area with a maximum design effective area of

4,8 aquare inches and an approximately constant ratic of percentage of

effective area to percentage of stroke (rotation) over the design range

of preburner fuel flow shown in figure 464. The pressure drop across

the valve at the maximum flow design point (100% thrust and r = 5) is

300 psid. A tapoff port for the main burner tramspiration coolant flow ;
is also provided to meet the design requirement. f

(U) Positive fuel shutoff is provided when the spherical surface of the
valve disk is seated against a pressure-energized, hoop-type shutoff
seal, Figure 439 shows a cross section of the hoop seal, .The valve ' PR
disk and shaft are constructed of Inconel 718, and the seal element con-
sists of a thin, silver-plated, hydroformed Inconel X~750 (AMS 5598)
hoop. When viewed from the spline end of the valve shaft, the valve
disk opens counterclockwise as shown in figure 437, As the valve is
opened, the transpiration coolant port exposure starts at 3 degrees and
is fully uncovered at 28 degrees. The design control rdnge extends , .
from 20 to 52 degrees. : S :

o et e

FD27537

(U) Figure 439, Hoop Seal Cross Section

(U) Approximately two-thirds of the valve shaft load is supported by

the inner roller bearings close to the disk as shown in figure 437,

The bearings are made of 440C stainless steel (AMS 5630) and their size

permits the use of tle bolts through the housing without excessive gaps

in the bolt pattern., The remainder of the valve shaft load is supported
by silver-plated, load-bearing surfaces in the end covers,
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(+) Shaft lip seals of Kapton/FEP Teflon laminate are located betwsen
the roller bearings and the outer load-bearing surfaces. As illustrated
in figure 449, 4 double lip seal is used at the spline end of the shaft,
. and a single lip seal is nsed at the blinud end of the shaft. At the
-8pline end of the shatt, the double lip seals are separated by a seal
plate that has drilled ports. High-pressure gas that leaks past the
primary lip seal passes through the seal plate and is vented overhoard.
A double lip seal is not required at the blind end of the shaft because
. the cover collects all of the leakage and vents it overboard. The use
~of a vent at the Llind end of the shaft prevents unbalanced shaft loads
caused by internal pressure and eliminates the need for a thrust bcaring.

“§§§§§§';‘. P
) l , 3 v 10\ Ambient Vent Static Sesls

. : Seal Plate -
\ : FD 27838A

.(U) Figure 440, Shaft .ip Seal

" (U) The high-pressure static seals are formed and silver plated In-

" conel 718 (AMS 5598) metal rings, and the low-pressure static seals are
fluorocarbon gaskets of TFE Teflon film. A reversed Bal-Sea. is used
at the drive end of the shaft to prevent external dirt or moisture from
entering the valve,

(U) The preburner fuel valve housing, covers, and bolts are made cf
Inconel 718, Each end cover is bolted to the valve housing by six
0.375 inch x 24 bolts,

(U) The housing, valve disk, shaft, covers, and bolts are machined from
Inconel 718 nickel alloy. This alloy was chosen for its high strengtih
and good ductility at cryogenic temperatures. The bearings are fabri-
cated from 440C corrosion resistant steel alloy (AMS 5630). Silver
plating is used on rubbing surfaces (outer bushings, the shutoff seal,
thrust faces, and bolts) to prevent galling. Devices that require
material deformation for locking are constructed of soft stainless steel
(300 series) because of its ductility,

6.  Operating Characteristics

(U) The predicted preburner fuel valve operating characteristics a-

illustrated in figures 441 through 444, Figures ‘41 and 442 sh~  thc
main flow effective area schedule and the coolant port a:rea, resiéc=

tively, as a function of disk angle.
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(U) Figure 442, Coolant Tapoff Area Schedule
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(U) Figure 443, Dynamic Torque Coefficient vs
Shaft Angular Position
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- (U) Figure 444, Shutofi Seal Torque
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- . ‘ (U) The total torqua throughout the operating rangs may be calculated by
*y © " .adding dynamic torgue, coulomb torque, stictioa torqu., and viscous

' ' torque, Shutoff seal torque in the oparating range should not exceed
the values shown in figure 444,

(U) The torque caused by flow forcas on the valve disk tending to closge
the valve can be calculated from the formula:

2 - T Yap 3
:  Tpyy T Cp07 AP

2,238 WP rsi

3 " where AP =

“' . : v » pAz
: TDYN Dynamic torque in pound-feet '
2 Cr = Taorque coefficient g 3

= Disk diameter in feet ; : B
AP = Presgsure drop across valve in psi
-

Flowrate in pounds per second
Density in pounds per cubic foot R
Effactive area in square inches i !

(U) Valve effective area, A, and torque coefficient, Cr, are plotted in . 4
figures 441 and 443, respectively. Flow and denqity variaties can be ' b
obtained from the engine design cycle. _D3 18 equal cc 0,018% it3, The

. constant 2,238 is used to obtain AP in psi.

(U) Torque caused by sliding dry friction can be calculated from the
“formula:

= 4
TCOULOMB 0.0184 AP + 0.,0025 P + Ts/o

(U) The three terms of the equation represent shaft bearing torque,
shaft seal torque, and disk shutoff seal torque, respectively. The AP
mey be obtained from the engine design cycle. P represeats upstream
pressure which may be obtained from the design cycle. P and AP are in
psi. Tg/o 1s plotted in figure 444 with a dashed line. TcoyLomp is in
pound-feet.

() To:que in excess of coulomb tcrque required to break away from a
atat.i : valve position can be calculated from the equation:

1
rSTICTION = 0.0046 AP + Ts/o

The two terms represent shaft bearing torque and disk shutoff seal

torque, respectively. AP in psi is obtained from the design cycle.,

Tg/o is obtained from figure 444 as indicated. Torque is in pound~- 4
{ feet.
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(U) Resisting fluid torque due to the opening or closing rate is small
and can be neglected since valve rate is slow.

6.  Design Approach
a. Background

(U) Predevelopment work was not conducted or ilnvestigations made in
Phase I (Contract AF 04(611)-11401) for the preburner fuel valve,

b. Design Evolution
. (1) Valve Type Selection

(U) A selection studv was conducted to evaluate various valve types and
to select one for use in this engine application. The evaluation in-
cluded definition of the actuation power requirements, weight, and
‘packaging studies and general performance characteristics. The various
candidates are discussed in the following paragraphs. As a result of
this selection study, the butterfly valve candidate was selected for
tue preburner fuel valve, ‘ '

(2) Translating Sleeve Valve Candidates

(U) The four translating sleeve valve candidates are illustrated in
figures 445 through 448, Parametric curves for sizing these valves
are provided in figure 449.in which valve diameter isg plotted as a
function of stroke for various ratios of maximum port width to valve
circumference. Experience and minimum envelope requirements dictated
the point selection shown.

4

Outlet
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Ports As
Requird
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( 2 Esits

Shaft
"

Pressure

Balance
Port -/

Labyrinth Seal

Transpiration Cooling
FD 28346

(U) Figure 445, Internal Sleeve Valve (Out Flow)
Candidate
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(U) Figure 449, Sleeve Valve Diameter vs Stroke
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(U) The sleeve valve candidates illustrated in figures 444 and 445
only on shutoff seal, These candidates also have a relatively long
clearance path with a labyrinth type of seal between the sleeve and the
housing that is intended to eliminate the requirement for a piston ring

secondary seal.

. 5

(U) The sleeve valve candidates illustrated in figures 447 and 448 have
two shutoff seals, The second seal shuts off the transpiration chamber
coolant flow as well as the secondary leak path around the sleeve. This '
configuration requires a flexible housing member that deflects and per-
mits both seals to attain adequate sealing pressure. The preburner ;
oxidizer valve program has shown that the face type of seal is durable

and has low leakage.

(U) The axial flow forces acting on the sleeve valve candidates are
shown in figures 450 through 453. A comparison plot of the maximum
force curves for these valves is shown in figure 454, A

{ ’M: ! ; P oo
‘ e b R PR S b
R NS E
[ [EIEIE PR

1

i

!

i

DF 68373
(U) Figure 450, Dynamic Force vs Thrust (Internal
Sleeve Valve -~ Reverse Flow) f

Pt i ! B P . . .
R T e e e L L IC T ILITEE SLLLI S SELREE SR P |
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565

CONFIDENTIAL

\

5 4 TR, i L R e esimremtngti




'y
o
\
W

CONFIDENTIAL

' i
o

Voot ! { i ‘\
ng b close the vajyi
o friecion loadn.

L
P
)
V
1
: B

, - \ DFC 63376
(U) Figure 453, Dynamic Force vs Thrust (Internal
‘ ‘ ‘Sleevé Valve - Movable Ports)

‘mhernel bleove
(Dut Fiow)

Intarnal Slaeve
uer (MovBOLe Farte)

interan! fleeve
Wixed vorvay

: Bxternal Sieeve

50 60 HY 8b 90 e
BRGINE THRUSY - 3

DFC 68637

(U) Figure 454, Dynamic Force Comparison of
Sleeve Valve Candidates

566

CONFIDENTIAL

‘
N
N
]
1)
g
N
i
, i
U
{
I




LY R e
s

(3) Pintle Valve Candidate

(U) The pintle valve candidate is 1llustrated In figure 455. The valve
is similar in construction to the sleeve type valve candidate except
that a contoured pintle is utilized for flow control instead of a
sleeve and contoured ports. The inlet port is 90 degress from the

axls of the valve, The pintle valve candidate also has two shutoff
seals; one for primary fuel flow and one for transpiration coolant
flow, The pintle valve candidate parametric sizing 1s shown in fig-
ure 456, The point selected provides the shortest stroke compatible
with a reasonable orifice diameter and pintle contour angle. The

axial dynamic force acting on the pintle as a function of engine thrust

is shown in figure 457.
 Inlet \f

Sk
Stroke ;. T\

2.75 Activ; - ~3.00 Total~ -hft'-"i ,
SR\, o .
(UM 7
T

| PSS Shaft Seals <=

, Shutoff Seals —/‘\_ Primary Flow
L ! Sea!
S ——

Coolant Flow Seai

Transplratlon Cooling
FD 25350A

(U) Figure 455. Pintle Valve Candidate

(U) Operational and mechanical problems previously experienced with
respect to force reversals, parts concentricities, and contamination

senéitivity also apply to this application.
(4) Inverted Pintle Valve Candidate

(U) The inverted pintle valve candidate is illustrated in figure 458,
The inverted pintle is similar to the pintle valve candidate except
that the housing is contoured to produce the effective area versus
stroke relationship., This causes the area with a variable pressure
profile to be on the housing instead of being on the moving part. Two
shutofi seals are also required for this candidate.
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(U) Figure 458, Inverted Pintle Valve Candidate

Transpirstion Cooling
FD 25351

(U) The throat sizing is illustrated in figure 459 and the parametric
valve sizing curves are illustrated in figure 460, The points selected
allow reasonable package size and low parasitic losses.
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L Pintle)
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(U) Figure 460, Parametric Sizing for Inverted
Pintle

(5) Butterfly Valve Candidate

(U) The butterfly valve candidate is illustrated in figure 461, The
trailing edge of this butterfly valve, instead of being streamlined,
is rather broad and shaped to cause the flow coefficient to remain low
on the trailing edge, as it normally does for the leading edge, over
the entire stroke. The throat sizing point illustrated in figure 462
was selected to provide optimum percentage area characteristics with
reasonable area margin,

(U) The flow velocity across the face of the disk is lower than for a
standard disk shape, resulting in low dynamic torque as shown in fig-
ure 463, The design also allows a spherical zone on the disk, offset
from the shaft centerline, that may be used as the sealing surface,

This eliminates the necessity for an inclined shaft and the resulting

unbalanced thrust load.

(U) The configuration shown allows an angular travel of 18 degrees from
the shutoff position to the position where the trailing edge starts
regulating, This travel deadband provides a convenient location to tap
off transpiration chamber coolant flow upstream of the regulated area.
Figures 464 and 465 show effective area versus stroke and percent error
characteristics for this valve with a cylindrical flowpath, The housing
contour may be modified as shown in figure 461 to optimize the percent-
age error characteristics,
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(U) valve and associated system welght for each of the candidates is
provided in table LXV, which also includes the power required for, ‘each
candidate., The ratings for all were made in the same manfier, The
dynamic power value i1s based on a 10 cps frequunqy at.the waximum force =
required for each candidate. The total power ineludes that réquired ‘
for shaft lip seals and pis ton ringe sccondalv seals if applicable.

The ratings for valve weight are based on Lhu total installatlon require-

‘ments and include the attaching flanges shown ‘ghaded in figure 466

A4 v BN
‘ Valve - ‘ )
\ Candidate A
e - 3 ‘NO‘\ ‘ ‘ |
e " 1. Internal Sleeve Valve
S : (Out Flow)
Candidate No. 1 “andidates No. 2-6 2. External Sleeve Valve
Double Exit : 3. Internal Sleeve Valve ;
) (Fixed Portsj i
‘ . 4. Internal Sleeve Valve i
Valve ' : {(Movable Ports) z
\g‘.\ ! §
5. Pintje Valve }
L - 6. Inverted Pintle Valve ’
- 7. Butterfly \alve
AN WK
Candidates No. 2€ Candidate No. 7
‘ Double Inlet FD 25369 :
(L) Figure 466, Preburner Fuel Valve Installation Schematic !
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(U) The relative values of the selction criteria are shown in the first
column of -tables LXVI, IXVII, and LXVIII, The highest rated candidate
recelved the greatest number of points. The ratings in table LXVI con-

gf ' sider single pipe inlets and unbalanced actuation shafts as shown in the
3 valve configuration sketches. Those in table LXVII assume that the
ff actuator shaft has been fully balanced by the addition of opposing pres=~

sure areas, Table LXVIII shows the added advantage gained through the
use of two inlet lines for those valve types that would benefit from such
an arrangement. The butterfly valve received the highest number of
polnts in each rating, The external sleeve valve received the next

3 highest number of points for two of the three ratings.
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3 (U) Table LXV, Weight and Power
'\l: m
E >
b ~ i
4 » 0
- - £ 2q
27 2 o8& g CHE
. O Q v [T + —
: a3 .y A g 3
: A =
3 e ©wY w®wXx 0o A 0
2 > e ~ > >
] ) o S - 02 " -
T~ §w Q@ © '® 0w G
{ g c > 4 e > v > I
Lo o o HE my N Q
1 v > ) v > oF w9 &
i § B3 £%® E3 & &
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] ~ Valve Weight (1b) 52.9 54.7 52,9 52,9 47.0  51.2 33.3
K 'Valve and Associated - ‘
' Flange Weight (1b)¥ 92,5 100.9 99.1. .99.1 93,2 97.4 69,5
< ~ Single Inlet - o ‘
> " Valve and Associated ' : . \ ‘
X - Flange Weight (1lb)* 92.5 81l.1 79.3 79.3 73.4 77.6 69.5
g Double Inlet = = - ‘ : o
,E‘ ' ‘ ‘ .
L Horsepower ** Dynamic 43,0 22.4 23,1 17.9 16.6 - 27.4 5.6
R . ~ Unbalanced 1 haf ' : ‘ ‘
3 _Actuator Rod Shaft 5,2 2,2 2.2 2.2 2.2 2.2 5.9
- o oo psten 3.2 3.2 3.6 0.4,
q o Dynamic Includes P8
3 Pressure on Rod Total 45.2  24.6 28.5 23.3 22.4 30.0 6.5
; o Dynamic 10.0 0.6 1.1 1.1 17.0 0.0 5.6
g Horsepower #* Shaft
4 | Preaaroe Son1 4.0 4.0 4.0 4.0 4.0 4.0 0.9
. Balarced Pisto
Actuator Rod 8 =on 3.2 3.2 3.6 2.6
Ring

Total 14.0 4.6 8.3 8,3 24.6 6.6 6.5

*This weight includes flanges shown shaded in figure 465,
**Horsepower is based on an arbitrarily selected frequency of 10 cycles

per second because the actual required frequency has not been deter-
mined, ‘
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(U) Table LXVI, Valve Rating Based on Single Inlets N
. Unbalanced Actuation Shafts ;
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" Weight 100 75 69 70 70 70 71 100
(valve and Flanges) |
 Shutoff Seal ‘
Development Req'd 100 100. 100 80 80 80 80 50
Actuator Power ‘ 95 14 25 22 28 28 20 95
Reliability 90 70 70 50 50. 50 50 70
Low Parasite .70 50 35 35 35 40 40 70
Pressure Lnss ‘ ‘
No. of Dynamic .
Seals Req'd. ‘ 65 65 65 65 65 65 65 65
Packaging : ‘ 60 60 45 45 45 45 45 55
Percent Error
Characteristics 60 60 60 60 60 55 55 60
Manufacturing 55 45 40 35 35 30 30 55
Ease
Flexibility 50 40 40 40 40 50 50 35
Complexity 45 40 40 35 35 30 35 45
Total Points 790 619 589 537 543 548 541 700
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(U) Table LXVII. Valve Rating Based on Single Inlets and
‘ Balanced Actuation Shafts
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Percent Error ) | , ‘
Characteristics 60 60 60 60 60 >3 25 60
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Flexibility 50 40 40 40 40 50 50 35
Complexity 45 35 35 30 30 25 30 45
Total Points 790 606 646 556 556 528 586 672
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(U) Table LXVIII, Valve Rating on Mouble Inlets (Where
Applicable) and Balanced Actuation Shafts
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D. MAIN CHAMBER OXIDIZER VALVE

1. introduction

a4, Function

(U) The functions of the main chamber oxidizer valve (figure 467) are

to control the overall engine oxidizer-to-fuel weight ratio by regulating
the flow of oxidizer to the main burner injector, and to provide positive
oxidizer shutoff to the main burner injector, The valve area is modulated
as a function of the engine thrust level and the scheduled mixture ratio,.
The position is controlled by an error signal from the control system,
which compares the actual engine mixture ratio as a function of oxidizer

flow with the desired mixture ratio.

Hydraulic
Actuator

FD Z9161A

(U) Figure 467. Main Chamber Oxidizer Value

b. Location

(U) The main chamber oxidizer valve is located in the main oxidizer
line upstream of the main burner injecctor as shown in figure 417,
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2. Design Requirements

(C) Design requirements for the main chamber oxidizer valve are:

1. Control Accuracy: +*3% in thrust and mixture ratio at
nominal thrust

2. Control Dynamics: Excursion from extreme to extreme in
thrust and mixture ratio within 5 seconds

3. Shutoff Seal: Positive shutoff with leakage less than
10 sccs of gaseous nitrogen at tank head pressure

4. External Valve Leakage: Less than 10 sccs of gaseous
nitrogen at operating pressure

5. Flange Leakage: - Less than 10-4 sccs per inch of gaseous
nitrogen at operating pressure ' '

6. Durability: 10,000 valve cycles and 500 pressure cycles,
(300 starts, 10 hours time between overhauls)

7. Pressure drop, flow, and area requirements as a function of
engine thrust are shown in figure 468. These requirements are
generated by the engine cycle balance.

3.  Design Criterla
(V) Design criteria for the main chamber oxidizer valve are:

1. Retain the Phase I, Contract AF04(611)-11401, angle shaft
design concept . §

2, Incorporate the flexible hoop shutoff seal and laminated
FEP Teflon shaft seal designs

3., Design for minimum weight consistent with design require-
ments

4, Employ the cantilever, bolted-flange design concept

5. Valve pressure and flow requirements based on oxidizer
pump ''recirculation"

6. Support the servo-actuator assembly

$ 7. Provide sufficient space for alternative static seals
at each overboard leakage interface

8. Maintain a disk diameter of 3,00 inches, but decrease
the outlet diameter from 4,210 to 3.000 inches to match the

main injector oxidizer inlet design
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9, Eliminate the double static scal scheme ased Ln Phase |,
Contract AM4(611)-11401

10, Eliminate the Phase [, Contract AFO4(6LL)=11401, wvalve
shatt gaseous nltrogen purge fittiug because moisture
problems were not encountered

11, Provide a main injector helium purge boss just downstream
of valve disk

12, Provide an actuator coupling that is tight on the actuator
spline with a sliding fit on the valve spline,

() shutoff scal requirements are:

1, Maximum leakage: 10 sces at 50 psid nitrogen
2, Maximum static differentinl pressure: 1500 psi
J. Maximum flowing differential pressure: 1580 psid,

4. Meachanical Description

(C) The main chamber oxidizer valve is a canted-shaft bucterfly valve

as shown in figure 467, The maximum effective area of 4,65 square inches
is apnroximately 38% greater than required, The maximum pressure drop
across the valve is 1580 psid, The canted-shaft, integral disk arrange-
ment allows an unbroken shutoff sealing surface, but results in a higher
ratio of shaft diameter to throat diameter than would occur in a 90-degree
design and requires a two-plece main housing so that the valve can be
assembled., The shaft angle also results in axial (shaft) thrust that
varies in direction and magnitude with engine operating conditions. The
shaft is supported by four roller bearings and 1s positioned by two thrust
roller bearings that ensure low operating friction and minimum wear.
Oxidizer leakage at the actuator end of the shaft is held to the minimum
by laminated lip seals. Leakage at the blind end of the chaft is pre-
vented by the thrust cover and a static seal.

(') Positive coridizer shutoff is provided by the pressure-assisted,
hoop-type shutoff seal. The valve disk and shaft material is Inconel 718
(AMS 5663), and the scal element is a hydroformed, silver=-plated,

Inconel X=750 (AMS 5598) hoop, Figure 469 shows a cross section ol

the seal,

(C) The shaft size was established by the minimum acceptable size of
radial roller bearings required tec withstand the maximum pressure load-
ing on the butterfly disk, This condition occurs at 100% thrust and a
mixture ratio of 5. The resulting disk force and bearing reaction loads
as well as a stress analysis summary are prescnted in figure 470,
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Seal Element

Silver Plate
fD 29182A

(U) Pigure 469, Hoop Seal Assembly Cross Section

(C) The maximum deflection at the disk centerline is about 0,006 inch,
and the corresponding disk bending stress is 50,000 psi, The maximum
reaction load on the inboard bearings is 6500 pounds, or about 40% of
the quoted capacity. The corresponding value for the outboard bearings
is approximately 10%. The calculated shear stress at the splined neck
diameter is 43,000 psi at an assumed torque of 2400 pound-inches, This
torque consists of 1400 pound-inches of hydraulic unbalance and a con~
servative estimate of 1000 pound-inches caused by seal and bearing
friction loads, The maximum thrust load expected for the outboard
thrust bearing is 2300 pounds at 1007 thrust and a mixture ratio of 5,
The maximum thrust load expected for the inboard thrust bearing is

700 puunds at 100% thrust and mixture ratio of 7. The bearing loads
expected for the outboard thrust bearing during the engine shutdown
transient are 2000 pounds at 207% thrust and mixture ratio of 7 and

2150 pounds at 20% thrust and a mixture ratio of 5, The bearing load
capacity quoted by the vendor is 11,900 pounds. ~
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Shear Stress
= 43,000 psi 5600 Ib
(Maximum) 11,900 1b

550 1b 1190 1b

9720 Ib

it Sl D R S S e Rk

T
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.\

Drive Torque

Lip

Re -

6500 lb

-

3
4960 1b

R4

1175 Ib

2400 in-lb | Seal #8,000 psi (Shaft Only)

or 50,000 psi (Shaft and Disk)

0,004#‘ 4 ‘ 6 8’ |

0 ‘ “',‘\'""'Shaft and, Disk

Deflection

<
20‘ ‘ \

Moment Diagram

in.-1b
N
S
S
S

6000
4000
2000}

0
2000,
4000
6000

b

Shear Diagram D 29177

(U) Figure 470, Force, Load and Stress Analysis Summary
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(U) Double lip seals, consisting of an innner layer of FEP Teflon and
three layers of Kapton F, are used at the actuator end of the valve

shaft between the intoard and outboard roller bearings. The nominal
thickness of the seals is 0,0195 inch. As shown in figure 471, a fitting
1s provided to vent leakage past the primary lip seal overboard,

Secondary
~.Lip Seal

/ Shaft §,

Vent
FD 20163

(U) Figure 471, Shaft Lip Seals

(U) A helium pﬁrge fitting is in the split flange just downstream of
the butter fly disk., This location will provide injector purge capability
at engine shutdown.

(U) The main housing components are designed as a matched set to achieve
the required dimensional precision for bearing and shutoff seal align-
ment., Bolts and flanges are designed for a proof pressure factor of
1.5 times the maximum local operating pressures, Studs are used where
necessary to minimize the torsional stresses inherent in bolt torquing.
Flange thicknesses are designed for 0,002-inch maximum deflection at
the seal mean diameter. Results of a complete analysis of the flange
configuration assumptions are summarized in figure 472, Simplified
geometry was employed in the analysis as shown to overcome the compli~
cations of the actual housing design shapes., The results of the inlet
and outlet flanges are also valid for the mating flanges,
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(U) The split=flange bolt circle has two pairs of holes locaved 0,500 inch
outside the remainder of the circle to avold the bearing cavities, An
appropriate ridge is left to ilnercase wall thickness locally to keep
flange deflection within the cstablished limits, The overall length of
the housing is minimized and external contouring is employed to save
welght, The main chamber oxidizer valve is designed for cryogenic tem=
perature operation, The flanges and studs must be cooled to opevating
temperature before maximum cyclic pressures are applied 1f design stress
margins are to be mailntained, The calculated weight of the main chamber
oxldizer valve assembly (less actuator and coupling) is 52 pounds,

17 pounds less than the valve used in the Phase I program.

6. Operating Characteristics

(U) The predicted main chamber oxidizer valve operating characteristics
are illustrated in figures 473, 474, and 475, TFigure 473 illustrates
the pressurc drop across the valve throughout the throttling range at
the three mixture vatios, figure 474 shows the predicted eflfective area
as a function of shaft angle, and figure 475 illustrates the percentage
of area error as a function of shaft angle.
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(U) Figure 473, Valve Pressure Drop vs Thrust
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6. Design Approach

a, Background

(U) The basic valve is a canted-shaft butterfly type of valve designed
during Phase I, Contract AF04(611)11401, The canted=-shaft butterf{ly
valve configuration was selected as a result of an evaluation including
both external and internal sleeve valves, two types of pintle valves,

a ball valve, and a butterfly valve, The butterfly valve was selected
on the basis of a superior overall rating (700 out of a possible 790
points} on factors listed for the preburner fuel valve in table LXVI,

(U) The Phase I, Contract AF04(611)«11401, main chamber oxidizer valve
was used to develop the hoop-type shutoff seal and the laminated Kapton
F/FEP Teflon shaft lipseals during the supporting data and analysis
phase of the current contract (Section VJ5, AFRPL-TR-69-3), The revised
design shaft lip seal configuration performed satisfactorily during the
endurance tests conducted for shutoff seal development, Four shutoff
seal designs were fabricated and tested for endurance and leakage, Of
the four, the silver=-plated hoop=type shutoff seal provided the most
consistent endurance testing results, met all of the testing goals, and
was still serviceable after all tests were completed, The silver-plated
hoop seal was therefore selected for the main chamber oxidizer valve
design for the demonstrator engine,

b, Shutoff Seal Design Evolution

(U Two builds (Rig F-33466~11 and Rig F~35106-8) of the main chamber
oxidizer valve were subjected to extended endurance tests under the
component development subtask (Section V, AFRPL-TR=-69~3), The primary
objectives of these tests were to test the shutoff cycle endurance of
hoop and cam=actuated shutoff seals at cryogenic and ambient temperatures.
Secondary objectives were to leak check the seals hydrostatically at

1300 psid, perform valve position versus effective area waterflow cali~
brations, and test the seals at high flow conditions, A description of
these builds, test conditions, and test results leading to the selection
of the silver-plated, hoop~type seal configuration is as follows,

(1) Hardware Description
(a) Rig F~33466-11

(U) Rig F=33466«11 of the main chamber oxidizer valve used a rotary
hydraulic servoactuator and incorporated the following features:

1, A shutoff seal consisting of a silver-plated hoop with a
0.,010~inch tight fit on the disk, Improved silver plating
and more access area for cleaning inside the hoop was
incorporated., The seal was installed on the disk by
heating the seal to approximately 250°F and cooling the
disk in LNj. Figure 476 shows a cross section of the
seal as installed, Figure 477 shows an overall view of
the seal, and figure 478 is a closeup of the scal element.
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2, An integral shaft and btutterfly Inconel 718 spherical
seal surface which is chrome~plated with an 18 micro- .
finish, ‘ !

3, Revised shaft lip seal design (figure 479).

4, Shaft lip seals of laminated Kapton F (three layers) and
FEP Teflon (one layer next to shaft)., Total thickness
was 0,019 inch,

5, Tufram thrust bearing and silver-plated thrust washers,

=~ Hoop Locator H
and Static Seal
Element

Laminated Kapton
Static Seals

.;c

{wo-Piece
Huoop Support

L2040
-

W

Silver:Plated
hoop

FD 25572A

(U) Figure 476, Main Chamber Oxidizer Valve Shutoff Seal
Cross Section Rig F-33466-11

FE 80088
(U) Figure 477. Main Chamber Oxidizer Valve Shutoff Seal
Overall View Rig F-33466-11
590
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FE 80067
(U) Figure 478, Main Chamber Oxidizer Valve Shutoff Secal
lement, Rig F-33466-11

00 //
Al £

o

7 i

1

7

é p 7= 2

( Secondary Shaft Lip Seal - 0.019 in.‘)
3 Layers Laminated /

Primary Shkaft Lip Seal - 0.019 in. Kapton F and 1 //
3 Layers Laminated Kapton F and Layer FEP Teflon

1 Layer FEP Teflon

D
i

/

FD 24852A

(U) Figure 479, Revised shaft Lip Secal Design
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(b) Rig F=35106-8

(U) Rig F=35106=8 of the main chamber oxidizer valve used a cam-actuated
shutoff seal and incorporated the following features:

1, An FEP Teflon seal element contracted against the disk
surface by a cam-actuated tapered slipring, The assembly
also included a 0.010-inch thick Inconel X (AMS 5667)
seal support, Figure 474 shows a cross section of the
seal, and figure 481 shows the layout of the seal assembly,

2, The disk was chrome-plated Inconel 718 with a spherical
seal surface and a 9.5 microfinish, The shaft actuating
lug was modified from the original configuration to return
the drive cam to the open position during the first few
degrees of valve opening.

3, Revised shaft lip seal design (figure 479)
4. Shaft lip seals of laminated Japton (three layers) and
FEP Teflon (one layer next to the shaft), Total thick-

ness was 0,019 inch.

5. Rotary hydraulic servoactuator,

\—-’\/\/v\/ FO 24991A

(U) Figure 480, Cam-Actuated Shutoff Seal
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Shaft and Disk Driven Cam

Seal Support FE 80250

Drive Cam

Seal Housing

Spring Washer FD 34521

(U) Figure 481, Cam=Actuated Seal Parts Layout

(2) Testing
(a) Rig F-33466-11

(C) The valve was installed and tested on B-22 stand., No mechanical
mal functions were observed during the tests, Ambient temperaturc
shutoff seal leakage was undetectable prior to cycling the valve at
50-psid nitrogen. The torque required to open the valve at liquid
argon tempetratures prior to cycling was approximately 400 pound-inches.

(C) The first 2500 of the required shutoff cycles werc performed with
the valve submerged in liquid argon, The valve was then allowed to
warm to ambient temperature, and the remaining 7500 of the programmed
shutoff cycles were completed at ambient temperature, The valve was
again submerged in liquid argon and 100 additional shutoff cycles were
completed, All cycles were performed at one cycle per second with
50-psid nitrogen pressure across the closed valve disk seal, Shutoff
scal leakage measurements at 50 psid were taken periodically during
the test,

{C) Shutoff seal leakage during the endurance test is shown in fig-
ure 482, Stable disk seal leakage during the cryogenic testing was
observed approximately 15 minutes after the valve was closed, Fig-
ure 483 shows typical indicated leakage decay due to boiloff in the
discharge housing. The cryogenic leakage values shown in figure 482
were recorded at least 15 minutes after the valve was closed, Disk
scal leakage versus shaft position is shown in figure 484, VPost-test
leakage at liquid argon temperatures at 50 psid nitrogen is shown in

figure 485,
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DFC 68889

(U) Figure 485. Post-Test Leakage, Rig F-33466-11

(C) Post~test ambient disk seal leakage at 50 psid nitrogen was 0,03 sccs
with the valve at zero degrees, Inspection revealed that the hoop seal
wear area was approximately 0,100-inch wide as shown in figure 486.

The disk seal surface was in good condition as shown in figure 487.

(U) Moisture was found in the inlet housing and oi. the upstream side of
the disk at teardown, No mcisture was found elsewihere in the valve,
The origin of this contamination was not determined,

(C) The valve was hydrostatically leak checked and flow calibrated with
water, £ shutoff seal test at 1300~psid water pressure resulted in no
visible leakage prior to the water~-flow calibration, The water cali-~
bration results are shown in figure 488, Dlost-test shutoff seal leakage
at ambient temperature and 1300-psid water pressure was 0,3 sccs and was

undetectable with 50-psid nitrogen,
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(U) Figure 486, Hoop Seal Wear, Rig F~33466-11
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(U) Figure 487. Disk Seal Post-Test Condition, Rig F=33466-11
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OFC 68888
(U) Figure 488, Water Calibration Results, Rig F-33466-11

(C) Teardown inspection revealed that the hoop sealing surface was in
good condition with some minor scratches in the contact area (fig=-

ure 489). The seal fit on the disk measured 0,005-inch tight, The

seal element had failed for approximately 0,75 inch along the ups tream
lipweld (figure 490). Seal surface roughness at this point (figure 491)
indicated possible flow cavitation damage, This area and a similar
rough area on the seal surface approximately 120 degrees from this point
indicated that the valve was open when this occurred. The index of
cavitation (Pip = PoutY(Pin - Pvapor) was greater than 0,90 at 20-degree
shaft angle and 1450 psid and at several additional points during the
water calibration., The general index of incipient cavitation for a
butter fly valve is 0,37, Engine operating conditions result in less
than the incipient cavitation index of 0,37.

(U) The disk sealing surface was in excellent condition as shown in
figure 492, All other parts were in excellent condition as shown in

figure 493,
(b) Rig F-35106-8
(C) Testing revealed that ambient disk seal leakage at 50-psid nitrogen

prior to cycling was undetectable with 700 pound-inches of torque applied
to the shaft in the closed direction,
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(U) Figure 489, Hoop Seal Condition, Post-Test, Rig F=33466-11

e ———
FE 80771
(U) Figure 490, Hoop Seal lilement Failure, Rig F-33466-11
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FE A0978

(U) Figure 491, Possible Cavitation Damage to Hoop Seal,
Rig F-33466-11

FE 80772
(U) Figure 492, Post-Test, Disk Sealing Surface Common Rig
F-33466-11
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(C) The first 2500 shutoff cycles were performed with the valve submerged

in liquid argon. The valve was then allowed to warm to ambient temperature
and the remaining 7500 shutoff cycles were completed at ambient temperature,
The valve was again submerged in liquid argon and 100 shutoff cycles were
completed, All cycles were performed at one cycle per second and with
50~psid nitrogen pressure across the closed valve shutoff seal, Shutoff
seal leakage measurements at 50 psid were taken periodically during the
test,

(U) Shutoff seal leakage during the endurance test is shown in figure 488,
Stable disk seal leakage during the cryogenic testing was observed approxi=-
mately 15 minutes after the valve was closed. TFigure 495 shows typical
indicated leakage decay due to boil off in the discharge housing. Cryo=-
genic leakage, shown in figure 494, was measured approximately 15 minutes
after the valve was closed,

(C) Disk seal leakage versus shaft angle is shown in figure 496, Post-
test leakage at liquid argon temperature and 40-psid nitrogen is shown
in figure 497, Post-test ambient disk seal leakage at 50-psid nitrogen
was 0,008 sces with the valve at zero degrees, Inspection revealed that
both the cam~actuated seal element and the shaft seal surface were in
excellent condition as shown in figures 498 and 499, respectively.
Physical measurement of the disk angle with the valve in the closed
position indicated the disk to be one degree from fully closed, Post-
test visual inspection was completed and photographs were taken prior to
hydrostatic leak checks and water calibration. A shutoff seal leakage
test at 1300-psid water pressure indicated l3-sccs leakage prior to
waterflow calibration, The water calibration results are shown in fige
ure 500, Post-test shutoff seal leakage was greater than 80 scecs at
25~psid water pressure, Post-test inspection revealed seal damage as
shown in figure 501. An enlarged view of the damaged seal area is shown
in figure 502, The 10-micron filter just upstream of the valve inlet was
inspected and no deterioration was found., All seal damage was on the
portion of the seal that is down stream of the disk edge as shown in
figure 503,

(C) The appearance of the seal element indicates flow cavitation at the
butterfly disk as the cause of the seal damage, The index of cavitation
(Pin = Pout)/(Piy = PvaFor) was greater thau 0,85 at all flow points

of 1000 psid or more, FEngine operating conditions produce less than

the general index of incipient cavitation for a butterfly valve of

0.37,

(U) Inspection of the seal support revealed cracks as shown in fig-
ure 504, All slots on the damaged side of the seal were cracked, but
no cracks were apparent on the other side, The disk sealing surface
was in good condition (figure 505), but the drive cam was cracked
adjacent to the lug contact point as shown in figure 506, Figure 507
shows the post-test layout,
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Note:

Laghage Recorded at SU psid
4t Liquid Argan Temporvatuve,

(U) Figure

20
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40 60 &)
POST ENDURANCE TEST SHUTOUY CYCLIS

109

.

DFC 688917

Shutoff Seal Leakage vs Shutoff

Cycles, Rig F-35106-8
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(U) Figure 498, Shutoff Seal Wear, Rig F-35106-8 S

FE 80894
(U) Figure 499, Disk Surface Post~Test Condition,
Rig F-352.06-8
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(U) Figure 503, Location of Seal Damage Area
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(U) Figure 504 .

(U) Figure 505,

e

FE 80842
Support Area Crack, Rig F-35106-8

F 80851
Disk Seal Surface, Rig F-35106-8
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(U) Figure 506, Crack in Cam Drive, Rig F~35106-8 .
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Post-Test Parts Layout, Rig F-35106-8

(U) Figure 507,
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E. TWO-POSITION NOZZLE COOLANT SUPPLY SYSTEM
1. Introduction

a, Function

(U) The function of the two-position nozzle coolant supply system is to
provide liquid hydrogen coolant to the two-position nozzle from a fixed
coolant source at the flow rate necessary to cool the nozzle throughout ;
the engine operating regime, and to provide shutoff of the coolant flow
when the nozzle is retracted,

b. Location

(U) The two-position nozzle coolant supply system linkage consiats of a
two-plece tubylar assembly and is attached at one end to a brackeat on the
preburner heat exchanger (primary nozzle). From this point it extends
toward and attaches to a manifold inlet on the two-position nozzle as ,
shown in figure 508. Coolant is obtained through a ¢oolant supply tube, !
as controlied by a solenold valve, from the fuel pump interstage line, as i
shown in figure 509, and flows through the linkage to the two-position
‘nozzle inlet. As the two-position nozzle is extended, the two=piece
tubular linkage also is extended as shown in figure 508, and conversely
is retracted when the two-position nozzle is retracted.

E Preburner Bupply
.“: . /_ - Heat Sachanger

] ‘ le v I\ e

; "“3&1 >

Support Bmhot . B ‘l.(
. ‘@\‘ Pl
B\ e Tnmpintion Supply
2-Bar Linkage g R Heat Exchanger
System Movement During 2y 4"’:‘\\}
Two-Position Nossle Tranalation i

"‘r\,\..\

T
. * ) ot Trlnn‘uin Transfar
) . N \ 'l\lbo Assembly
e e 1D \ Bleed Tubes
1 \ .H" )
I / A D - =
Direction of thhbned
= o Nossle Movement in Fix
i Plane in Thres Sequences Manifold Iniet
1
[T ¥, WO AU
]
e

/‘i TwoPosition Noule Retracted Position .
P e FD 31008A :

(U) Figure 508, Two-Position Nozzle Coolant Supply System,
Extended Position
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k. C?rol:.nt lrilot ;
o Fuel Pump riangular Transfer

5= D
GoolantgF== T - ]
b 5\ Y
Coolant Supply
] Ventuvi Tube
Insert
Solenoid
Valve

FD 3t000

(U) Figure 509. Two-Position Nozzle Coolant Supply System,
o " Control‘Valve and Venturi

| z,»bnﬂun Requirements

) Deaignfrequixgménts,for the two~position nozzle coolant supply sys-
tem are: Y . '

1. ‘Extérnai leékage éhqll not exceed 10 sces of GN2 at operating
- pressure per rotary seal, : ‘

‘\2.‘ The.éystem shall provide pdsitive shutoff, and shutoff
‘ leakagé‘shgllunot exceed 10 sces of GNy, . -

~‘3,‘:The assembly shall be capéble of 10,000 cycles, 500 pressure
cycles,.300 starts and 10 hours time between overhauls,

i; T Flange leakage shall nnt exceed 10™% sccs of GN2 per inch
S - ..of qgal‘atfopéra;ing‘preasure.

' 5. The desired coolant flow rates are 2.8 1b/sec at 1009,
TR . thrust, v = 7.0 and 1.4 lb/sec at 207% thrust, and r = 7,0,

3. Design Criteria
(C) Design criteria for the two-position nozzle are:

l, Coolant supply should be obtained from the fuel pump inter-
stage pressure region

2. Coolant flow shall be fully established before the nozzle
skirt enters the primary nozzle exhaust plume

3. A coolant flow rate shall always be delivered at or above the
minimum flow rate required for cooling the nozzle skirt
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4, The shutoff valve shall be mounted as close to the interstage
supply flange as possible to reduce dynsmic coupling of the
fuel pump flow circuit and to reduce the static fluid volume
upstream of the valve during flow shutoff,

5, Most advantageous apportionment of the required pressure drop
between the shutoff valve and the coolant transfer aystem to
minimize weight

6. Common collection and venting of seal leakage shall be
provided,

7. The system shall be capable of withstanding apnroximate
pressure at 1.5 times the maximum operating pressure with-
out permanent deformation or yield.

4. Machanical Dascription

(U) The two=-position nozzle coolant supply system consists of three
basic components: (1) a venturi to establish the required coolant
flow rate, (2) a solenoid-operated, two-way valve to provide coolant
shutoff, and (3) a two-part tubular linkage with ball joints that in-
corporates dynamic lip seals and provides a flowpath for the coolant
supply to the translating nozzle.

(U) The liquid hydrogen enters the coolant supply system, and immediately
.passes through a venturi, which sets the coolant flow rate and dynamically
decouples the fuel pump flow system from the nozzle coolant supply system,
The venturi is sonic-choked at the higher thrust levels and acts as a
cavitating venturi at the lower thrust levels. Before the two=-position
nozzle is extended, the solenoid-operated valve opens allowing coolant

to flow through the two-plece tubular linkage (as shown in figure 510)
into the nozzle manifold inlet., The nozzle manifold distributes the
coolant to the 360 nozzle coolant passages, and the coolant exits into the
exhaust stream, The two~-position nozzle is extended 52,61 inches to

place the two-position inlet in the same plane as the primary nozzle
exhaust plane, During translation of the two-piece tubular linkage the
triangular segment of the two~part linkage system swings through an arc
with a 16-inch radius,

Triangular Tranefer
Tube Asesmbly

Support Bracket
Assembly

(2 Places)

Trisngular ‘,__h Seal Pressure Nease
’ _'b L / Bined Tube ,g ] e
\

=i
Bl'nllll \_

Single Tranefer
Tubs Assembly

FD 31010

(U) Figure 510. Two~Position Nozzle Coolant Supply System,
Coolant Flow
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(U) The venturi insert is mounted and held batween the fuel pump inter-
stage supply flange and the mating flange on the shutoff valve as shown
in figure 509, The venturi geometry is as shown in figure.511.

Venturi Classes
Coolant Flow Throat
At r = 70, 100% Diameter
28 Ib/sec 0282 in.
25 0.266
2.3 0.252
21 0244

Fuel Turbhopump Interstage Pressure

Throat Diameter

—

_ 6 deg D = 0680 in.
D=0.680/'
FDC 31018A
(U) Figure 511, Two-Position Nozzle Choked Venturi Config-~
uration

(C) The cooling system shutoff valve is a solenoid-operated, two-way
valve with a minimum design effective area (Acd) of 0.074 in.2 The
valve will be procured from a vendor per requirements of the purchase
Specification PPST~9. Valve specifications include full open to fully
closed response of 50 milliseconds and a maximum shutoff leakage of

10 sccs of gaseous nitrogen at the maximum steady-state operating pres-
sure of 2048 psia., A voltage of 28 volts with a maximum current limi-
tation of 1.0 amp defines the electricsl characteristics. The maximum
allowable valve envelope 18 a box 4~1/2 x 4 x 6 inches. A weight limit
of 4,0 1b for the solenoid valve is imposed, The ambient exterior en-
vironment for the valve is =65°F to + L65°F and 14,7 psia to space vacuum,

() A 1.000~-in, OD tube with a 0,035 in., wall carries the coolant flow

from the valva to the first arm of the translating linkage. The tube is

the smallest in conjunction with the remaining system pressure drop that

nay be used without causing the system bhack pressure to exceed 80% of the
venturi inlet pressure and unchoke the venturi, thereby reducing the coolant
flow rate from its desired level.

(U) The flow proceeds from the 1,00 OD tube on the engine to the movable
nozzle via a two-part tubular linkage. The first bar is a triangular-
shaped tubular assembly, Extens‘ons on the base of the triangle attach
through two ball bearinge, as shown in figures 512 and 513, to a bracket,
thereby allowing movement in a fixed plane about {ts base. The structure
has sufficlent wheel base along the line of rotation to hold itself rigidly
in the rotation plana, despite vibrational. or dynamic loading normal to
this plane, A second bar is fixed to the apex of the triangular assembly

616
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‘and to'tha mqvab;a nozzle, by bhall jcints at each and, as’ ahown in figurea
514 ‘and 515, Ducing nozzle. Lranalation‘ this ayn articulates in a vertical
plane producing rotary wotion a. each joint, . The ball joint feature allows
the arm te' readily "rock" cux of irs articulating plame to accommodate motion
of the normle attachment juoint or the apex joint of the first arm from this
“‘pléne. Sealing {s effected in each bail joint by double Kapton=Teflon

laminhred lip seals bearing on the apherical ball surtfaca (as shown in fig-
‘ure 514, An inceratage vent passage is supplied between seals to reduce

‘ the overbnard leakage at each joint to ucceptable levels, A series of

| ~ passages in each joint ducts the leakage back' to a fitting fixed on the
Y ‘engine. The vent leakage' port 'is fabricated integral with the two-

position noz;le manifold, ;herebv completing the flow passage.

1

‘Triamular Transfer 3
Tube Assembly o i
'Pmnnion V

Support Bracket
Assembly

e Ser! Vent
o

*‘S\[)alli\ei' Nut

et

‘ ' Coolant Flow -/
‘ ‘ : : ‘ £D 31011A
\ (U) Figure 512, Triangtlar Transfer Tube Assembly Coolanc
. » \Inlet Trunnion
4
Locking Washer :
Wave Washers ‘

Cover E

Support Bracket ;'
Assembly =

Bearing
Seal

Triangular Transfer

Tube Trunnion —~—

|
& Triangular Tranafer

Tube (Two Each)
FD 31012A

(U) Figure 513, Triangular Transfer Tube Assembly Closed-
End Trunnion
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Figure 514, Single Tranafar Tube Absembly Dall Joint

e

FD:31017A

(U) Figure 515. Single Transfer Tube Assembly Ball Joint
) Pagsages and1Shaft Retention

(U) The mounting bracket. that vetains the triangular shaped tubular

arm is mounted to lugs provided on the upper segment of the primary
nozzle, 48 shown in figure 508. Ball bearings are used to attach each
end of the rotating arm to sealed housings at each end of the bracket.
The housing, shown in figure 512, contains a bearing, & rotory seal to
prevent water vapor from entering the housing and freezing on the bearing,
and two lip seals to seal the rotating joint. A vent passage is supplied
between the 1ip seals, The opposite housing, shown in figure 513, comn-
tains an identical ball bearing and rotary seal plus a stack of wave washers
which: (1) preload the bearing races axially within the housing, and

(2) allow the tubular arm to thermally contract independently of the
support bracket,
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& Oparating Chazacteristics

:
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o

i : (C) The shutoff valve and fuel system were aized to aasure that, the " .
"S- ~ venturi discharge pressure doas not axceed 80% of the Ventwri inlee o - o
‘ ‘ pressure, This dasign ronsiderstion will ensure a ‘cholad venturi st all - .

operating conditions, 'This available pressure dvop ia ¥istributed between .
the shutoff valve and feed syctem to minimirze the sire of those conponents,
A l-in, line size wae selected because of 'the welat;vmly\;cw‘iine pres= ‘
gure desired at the dynamic seals. Thic line size ulso allobed a larvge T
shutoff valve pressure drop, when flowing, which minimiced the valve ef- .« '
fectiva area without exceeding the requirements for a choked venturi, -The . = ¢ ,
3 predicted flow characteristics of thu system are shown i 4igure 516, Lo e
T © A maximum flow design point of 2,8 lb/sec wag used. A deried of venturi ‘ s
g ‘ sizes are prcvided to allow overcooling of the nozale tlow during initial . -
‘ S development testing, Inlet pressure to the fual system will vary with ‘ Pt
 a maximum pressure of 2048 psia (100% thrust, t. @ 7,0).. ~Actuation. forces S O
. are minimized by the use of ball bearirgs and ball sockets in the rotary L D
jotats. Secal friction will also be minimal due to tha iav opersting pres- \
- Sure. oo RN : T S o

3.0

Prodicted Flo

N
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N
\
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‘ r:l Background _ ’ ;
tw Prtnr to etartiﬁg‘tre feed nydteﬁ deaigv, a4 seloction atudy was con-

‘ducted for the cransleting nozzle feed system wnd included an evaluation :
‘of the fullowing contigurations: - i

v_ﬁgf\“ ] 1; Telescopihg Tube = Collapses‘when nozzle is ratracted
| 2, Telescoping Tube - Eitenda when nozzle is re:racted

3. Flexible Tube . o | | a

) . Two=part linkage with th¥eefgdtafy jolnts | f 1

:53 bTwo-par: linkage with two :6taty‘andvonefslid1ng joint,

() Tha teleacoping tube appronchea were discounted because of the
multiplicity of segments and dynamic seals. ' The flexible tube approach ‘ ‘
requireéd excessive tube deflection, and would have necessitated rotary -
Jotuts, Accordingly, the two-part linkage was selected as the simplest N
approach. The linkage with three rotary joints was finally selected

~ over the linkage with two rotary joints and one sliding joint, because

" common. seal designs could be used, and a rotary seal is less subject to
contamination than a translating seal. :

L

b. Daaign Evolution
(1) Materials

(C) Because of the relatively low pressure involved downstream of the
solennid shutoff valve (400 psia), a high strength plumbing material
is not used, to minimize weight, All flanges are deflection, not strength, !
‘1imited in their ccnfiguration. The pressure carrying members are de- *
signed to be cylindrical segments, thereby eliminating bending stresses.
Other components are sized by geometry rather than by strength require-
ments, such as use of standard seal sizes, thread sizes, clearance and
assembly features. AISI type 347 stainless steel (AMS 5512) is used in
‘fabricating most assemblies. The ball joint shaft is fabricated of |
augtenitic stainless steel type A-286 (AMS 5735). The two=-position nozzle ‘
manifold irlet neck is fabricated of Inconel 625, the same material as the
manifold, to ensure thermal compatibility. All wave washers are fabri-
cated of Inconel 718.

(2) Coolant Supply Tube

(C) The 1,00-in, OD tube with a 0.035-in. wall thickness from the valve
outlet to the linkage inlet is subjected to a maximum pressure of 432 psi
(1.2 x 360 psi) for a hoop stress of 5750 psi. The 0,035~in. wall thick-

' ness was selacted over thinner wall section for ease of fabrication and
resistance to handling damage,
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(3) Tubular Linkage

(U) similarly, the ID of the tubular linkage arms is limited by flow
area requiremsnts and a 0,035-in, wall thickness for fabrication and
handling considerations., Because of dynamic loading during nozele
translation, the linkages are subjected to axial loads, end moments,
and torsion., Small torsional loads during translation are imposed due
to bearing friction and seal drag. These dynamic loads were determined
at each instant of translation by graphical differentiation of a posi-
tion versus time plot for each tubular link. By plotting the direction
and magnitude of the loads on each end of a link, the magnitude of the
axial and torsiounal loads was determined. The stresses produced in the
link were compared o the available yield stress of 30 ksi and found to
be negligible., The critical stress required for axial and torgional
buckling was determined to be well in excess of the actual stresses.

In the articulating link, the maximum axial stress is 100 psi, the
maximum bending stress is 6210 psi and the maximum torsion stress (shear)
is 2040 psi. The lowest margin of safety for failure from (1) local
buckiing of the thin walled tube under axial load, (2) column buckling
under » bending load, and (3) buckling caused by a torsion load was
found to be 8,6:1,

(4) Ball Joints

(U) The loads acting on the articulating link are transferred through

a spherical ball joint that allows rotary motion during translation of
the two-position nozzle plus 5 degrees of out-of-plane rotation because
of link misalignment from the vertical plane., The spherical surface of
the ball joint bears between two mating rings. A stack of wave washers
loads one ring against the other via the ball with a governed force of
105 1b to 355 lb depending on stackup tolerances, Pressure blow=-off load
applies an additional 620 1b of axial load on the fixed bearing ring for
a total of 975 1b axial load with a direct bearing stress of 3890 psi or
a bearing-stress to yield-stress ratio of 0.046 (A~-286 material). To
reduce wear between the sliding surfaces, the ball is polished and flash
chrome plated, The mating rings are polished and nickel plated. An
alternative solution for reducing wear on the ball is to shape the mating
rings from a molydisulfide filled polimide plastic., This material has a
coefficient of friction against steel of 0.15 to 0.21, a compressive strength
of 16,000 psi before permanent distortion, and is inert te cryogenic liq-
uids, Very low wear rates at temperatures to -420°F and in a hard vacuum
without lubrication have been observed.

(C) Sealing is accomplished in the ball joint by use of double-lip seals,
Each 1ip seal is a laminate of FEP Teflon and Kapton, sized, bonded and
compressed during installation to provide a static seal across each sealing
cavity. The compreesive unit load is controlled by the depth of its
mounting cavity and will be between 8000 to 12,000 psi depending on seal
and cavity tolerances. Higher unit loads have been necessary for previous
higher pressure applications; however, the above unit load will be ade-
quate because the maximum internal pressure to which the lip seals will

be exposed is 400 psi, The same 1s true for the lip seal assembly used

at the rotary joint on the rotating link,
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(U) Axial loads on the rotating link are carried by two ball bearings,

An axial preload of 40 to 135 1b (depending on tolerance stackup and
differential thermal contraction) is applied via a wave wagsher stack to
each bearing. One bearing carries an additional 290 1b axial load because
of pressure blow-off. The bearings carry maximum axial loads of 425 1b
and 135 1b, respectively, as compared to a recommended axial load limit

of 2200 1b, These ball bearings were chosen, however, for their bore size
of 1,065 in., which was the minimum size to conveniently clear the 0,750=-1in.
ID flow passage. Radial loads during translation are approximately 25 1lb
maximum, The anti-friction feature of the ball bearing was desirable in
order to reduce the applied load through the linkage atructure.

(U) The 25-1b radial load on the bearings is transferred via the support
bracket to the primary nozzle structure. The bracket has a pin joint
mounting, which ensures that all radial loads are transferred to each of
the four legs. All the axial load is transmitted through two legs while
the other two legs may slide axially to allow independent thermal contrac=
tion of the bracket and the primary nozzle structure, This axial load may
be created by inertial motion of the bracket and linkage because of man-
euver and gimbaling acceleration and has a value of 92 1b for a 10g

axial acceleration., Simultaneously, the bracket may be subjected to
translation, maneuver and gimbaling loads of varying magnitude and direc-
tion in its radial plane. In the worst instance, the primary nozzle
incurs a concentrated load at one lug of 45 1lb axially (shear) and a

32-1b radial ("punch')load . Each lug has an area of 3,1 in?, (neglec-
ting transfer of load to the supporting nozzle shell) which spreads the
concentrated load to a maximum local pressure load of 10 psi.

(5) Inlet Neck

. (C) At the 6ppoaite end of the tubular linkage, the inlet neck for the

two-position nozzle manifold becomes the supporting structure, In addi-
tion to its internal pressure, the neck must support loads transmitted

to it by the articulating arm of the linkage. The exit area of the inlet
neck was sized to be as large as practicable to reduce the local pressure
perturbation in the nozzle manifold. It is desirable to have each nozzle
coolant passage rcceive the same total pressure at the inlet from the nozzle
manifold and thereby provide symmetrical coolant flow distribution. The
local velocity head at the inlet is 3.4 psi(approximately 2% of manifold
static pressure) and well within reasonable limits for unsymmetrical pres-
sure distribution, The low local internal pressure of 140 psi maximum
allows the walls of the cone-shaped inlet structure to be fabrication
1imited rather than stress limited, Consequently, the imposed bending,
twisting and axial loads were found to be small compared to those required
to buckle or overstress the resulting inlet neck.
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F. PROPELLANT VENT VALVES

1. Introduction

a. Function

(U) The functions of the veut valves are: (1) to vent to overboard the
gaseouy propellants that boil-off during tanking and chilidown, and

(2) to reduce the poasibilitv of propellant pump stall during engine
shutdown. The spring-loaded valves are opened by hellum pressure and

 are roturned to the normally closed position by the actuator spring when

the pressure is removed. A common valve design is used for the three
propellant vent valve applications.

b Locatidn
(U) The propellant vent vrives are located: (1) on the preburner
injector oxidizer supply manifold, (2) upstream of the preburner fuel
valve, and (3) upatream of the main chamber oxidizer valve,
2. 'Dosign Roﬁulromgnﬁ
©) Design‘requirements for the propellant vent valve are:

1. Leakage Liﬁits:‘ Shutoff seal leakage of liquid uitrogen

less than 10 sccs of gaseous nitrogen at operating

pressure

2, External valve leakage less than 10 scecs of gaseous nitrogen
at operating pressure

3., Flange seal leakage less than 10'4 sces/inch of gaseous
nitrogen at operating pressure

4, Durability: 10,000 valve cycles and 500 pressure cycles.
3 Design Critériul | |
©) Deéign criteria for the propeilant vent valves are:
1, Based on the design selection study results, the valve
is a single acting, two-position, normally-closed ball

type valve

2, Maximum effective area is 0,75 square inch, including
entrance losses

3. An integral actuator shall cause the valve to open by
application of 1500 psig helium pressure and the valve
shall close by spring force

4, The valve shall actuate open and remain open, and close
and remain closed, with 100 pgi maximum upstream pressure

623
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5. Maximum upstream static pressure for valve actuation closed
to opsn is to be 1300 psia

6, The valve shall be capable of opening and remaining open
with 250 psi maximum downstream pressure

7. Maximum closed valve static pressure at the inlet is to
‘be 6000 psia.

&, Mechanical Description

h(U) The propellant vent valve, shown in figure 517, incorporates an

integral ball and shaft that is actuated open by helium pressure and
closed by sprtng force, The valve i3 sized to provide a maximum effective
area of 0.75 in4 including entrance losses, Provision for installing

a flow restriction orifice is incorporated in the inlet seal housing

so that the valve effective area may be varied as required for particular
applications, A metal-to-metal shutoff seal is incorporated at the valve
inlet,

Shutoff Soal
Pinion Support
Actuator Piston Bearing
Lip Seal
A T
J O
| ———= ;
Rack Roller
Bearing A
Section A-A
To Ambient
Shaft Roller
Bearings
FD 29201

(U) Figure 517, Propellant Vent Valve

(U) The shutoff seal (figure 518) uses a deflecting seal plate supported

by a thin metal cylinder that allows the silver-plated lip to center on

the spherical surface of the ball and provides support when the lip is
deflected by contact with the ball surface. The seal carrier radially
supports the thin cylinder at high valve inlet pressures, Propellant
leakage is minimized by limiting the valve assembly high pressure sealing
requirements to the shutoff seal. All shutoff seal material is Inconel 718
(AMS 5663),

(U) All static seals in the valve are required to seal only when the
valve is open and are therefore exposed to static pressures of less than

900 psia, The valve internal static seals are compressed, trapped
TFE Teflon., The seal recesses are double-piloted with a maximum loose

624
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fit of 0.0015 inch to prevent Teflon extrusion, One high-pressure
.statlcdseal will be required in the flange to which the valve is
mounted, ' :

(C) The ball shaft is supported by two caged needle roller bearings,
The maximum roller bearing static load per bearing is 1815 pounds and
the maximum dynamic load is 570 pounds per bearing. A full complement
ball bearing is used to support the pinion. This bearing is lightly
loaded and seérves also to arially position the pinion and ball shaft,
The rollers, balls, and races of these bearings are made of AISI 440C
stainless steel (AMS 5630),

Flow ;

| v | | _

3 i
/

—

Shutoff Seal—-\\

vz | &\, ‘ i

Silve: Plated
b N\ Seal Lip

|

Fb 20202
(U) Figure 518, Shutoff Seal

e

(U) The propellant vent valve is actuated te the open position by a
pneumatically operated rack acting on the pinion, which is splined to
the valve shaft, The rack is suppc:sted by a lightly loaded roller
bearing selected for its compactness and availability, The backlash
between the rack and pinion is adjusued by selecting the appropriate
size classified rack support bearing sleeve, The maximum contact
stress between the rack and pinion involute surfaces is 100,000 psi.
A-286 stainless steel (AMS 5737) was sclected for the rack and pinion
because of its good tensile strength and excellent impact strength |
at cryogenic temperatures, The involute surfaces of the rack and

pinion are coated with MOS2 dry film lubricant to minimize wear

A combination of 17 gear teeth and 18 splin:s was selected fi-. 1t

pinion to facilitate alignment of the valve haii. Trelude: i~ the

actuator design is the provision for incorporating a helium flow

contyol orifice to adjust valve response time required by limiting

the rate of actuator pressure rise,
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(U) Helium leakage into the actuator assembly is prevented by a single
lip seal, This seal is laminated Kapton~F and FEP Teflon,

(U) A 17-7PH stainless steel (AMS 5673) spring 18 used to return the
valve to its normally closed position when actuator pressure is vented,
This material was selected because of its high strength, It has a spring
fatigue life flve times greater than required, The calculated weight

of the valve agsembly is 5.6 1b,

8. Operating Charactoristics

(U) The actuator is designed to provide satisfactory valve actuation at
1300 psia inlet pressure with 1200 psi helium pressure. Provision is
included for a helium flow control orifice to adjust valve response time
by limiting the rate of actuator pressure change.

6.  Design Approach
a. Background

(U) Pre-development work was not conducted nor investigations made in
Phase 1 (Contract AF04(611)-11401) for the propellant vent valves,

b, Design Evolution

(U) The demonstrator engine requires fuel and oxidizer vent valves for
engine conditioning prior to start and/or pump discharge bleed during
shutdown, A common valve design is satisfactory for the three required
locations, A vent valve selection study was conducted to evaluate valve
candidates that would satisfy the vent valve requirements and to select
the most suitable design,

(U) The basic requirements for this valve were:
l. A positive shutoff seal
2, Two-position actuation (off-on)

3. Normally closed position requiring actuation pressure
to remain open

4, A maximum effective area of 0,75 sq. in.

(U) A preliminary investigation revealed three valve types capable of
fulfilling these requirements, These valve candidates; a poppet valve
(figure 519), a ball valve (figure 520), and a blade valve (figure 521),
were then subjected to detailed studies to determine their relative
rank with respect to seal development requirements, weight, reliability,
contamination tolerance and other selection criteria,

626
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(U) Figure 519. Poppet Valve

(U) Figure 520. Ball
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FD 27687
(U) Figure 521, Blade Valve

(U) At the conclusion of the study, a point rating systemn and weighting
scale were established as shown on table LXIX, The weighiing scale
resulted from averaging four similar independeut scales from Design and
Project Engineering. Each valve type was rated for cuch selection
criterion, The valve type most satisfactorily meeting the requirements
of each criterion was assigned the maximum number of points for that
criterion, the other types recelving proportionately less. Based on the
total point system, the ball vaive design shown in figure 520 received
the highest rating from all evaluators and was selected for the fuel and
oxidizer vent valves,

(U) The ball valve offers an excellent combination of the following
features: .

1. Light weight
2, Compact - excellent packaging flexibility

3, Smell seal diameters for both static and dynamic
seals

4, Low actuator requirements

5. Excellent resistance to dynamic seal contamination due to
seal wiping action,

628
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b (U) Table LXIX. Relative Development Ranking

Selection Criteria Weighting Factor  Poppet  Ball Blade
(Max imuta Number Valve Valve Valve
of Points)
75 85 90
Weight (Valve and High 90 75 85 90
Pressure Flangas) 75 85 90
100 50 30
Shutoff Seal Development 100 100 70 0
"~ Required \ 50 100 80
11 50 14
Actuator Volume 50 11 50 14
10 50 15
14 50 34 f
Actuator Leakage Circumference 50 14 50 34
15 50 35
85 60 75
Reliability 85 85 70 50
65 85 65
' 20 50 40
Packaging 50 30 50 50 i
50 35 40 i
40 60 60 :
Ability to Combine with 60 30 60 60 '
Adjacent Components 40 60 60 i
37 55 55 |
: High Pressure Seal Diameter 55 37 55 55 '
4 35 55 55
p | 45 25 35
i Manufacturing Ease : 45 45 40 40
" § 36 14 45
5 35 15 25
' Complexity 35 35 20 20
f 35 7 25
] 30 70 50
. Contamination Tolerance 70 30 50 40
9 —_— 21 36 35
: 492 570 508
% Total Points Possible 690 492 600 523
432 599 551

629 / 630 (blank)
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Q. HELIUM SYSTEM

1.  iIntroduction
a, TIunction

(U) The function of this system is to supply helium to the engine at
1500 150 psia and 500°R for valve and seal actuation and engine purges.
The system consists of solenoid actuated valves, check valves, a relief
valve and the flow control orifices required for helium management.
Figure 522 schematically deplcts the »neumatic system,

(U) Helium is used to actuate the three engine vent valves and the three
turbopump 11ftoff seals. Helium purges are provided for the preburner
primary and secondary injector manifolds and for the main chamber oxi~
dizer manifold. A purge is also provided for the oxidizer turbopump

! shaft seal package, :

b. Location

(U) The helium system will consist of a modular package that wi!l
include the required solenoids, check values and flow control orifices.
The package will be attached to the transition case flange and located
between the fuel and oxidizer turbopumps.,

2.  Design Requirements

(C) Design requirements for the helium system are:

1. External leakage shall not exceed 10 sccs of GNp at oper-
ating pressure

2. Shutoff leakage shall not exceed 10 sccs of GN,
3. Components shall be capable of 10,000 valve cycles,
500 pressure cycles, 300 starts and 10 hours operating

time between overhauls

4, TFlange leakage shall not exceed 10=% sces of GN, at
operating pressure

5. Material used must be compatible with contacting fluids
and for mating with stainless steel lines

6. Components shall operate in an ambient environment ranging
from space vacuum to 15 psia over temperature range from
-65°F to +165°F

7. Electrical power is available at 28 vde with a maximum

current per solenoid of 1.0 amp at average operating
condition,
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3.  Deiign Criteria
(U) Design criteria for the pueumatic system are:

1., Redundant (2 parallel) supply shutoff valves for the
helium system,

f‘ 2, Separate solenoid valves to actuate the three engine vent
2 valves,

3. A single solenoid valve to actuate the three turbopump
, liftoff seals., A check valve and relief valve to prevent
. backflow and overpressure of helium system in the event of
a turbopump beliows failure,

4., Three solenoid valves to control the preburner injector
primary purge, secondary purge, and main chamber injector
purges; the main chamber injector purge requires two
levels of flowrate, Four flow control orifices to meter
the purge flowrates., Five check valves to prevent back-
flow into the helium system,

; 5. A metered purge flow is required for the oxidizer turbo-
3 pump seal package.

6. The system shall not require electrical power during
coast periods,

7. The system shall be mounted on the engine as a unit.

8. Failure modes for the solenoids shall be consistent with
safe engine operation.

9, System weight shall not exceed 30 pounds,

10. The components shall not be damaged or permanently deformed
nor shall the original calibration be affected by any inlet
pressures up to 1,5 maximum operating pressure over the
range of operating temperatures,

S
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11. The components shall withstand the following flight loads

6g transverse

11g axial .
10g axial with 2g transverse ;
6.5g axial with 3g transverse !

[ d

e

G
B

3g axial with 6g transverse.

b

12. The solenoid valves shall have a full stroke actuation
time of 50 milliseconds.

B UNCLASSIFIED

o TR - e




UNCLASSIFIED

13, The overall system shall be sized in accordance with the

following table (Ref. figure 522).

Designation Location

A=B Main Helium

(l=5, & 2-8) Supply

B~C Fuel Vent

(3-8)

B-D Preburner

(4=8) Oxidizer Vent

B-E Mainburner

(5=8) Oxidizer Vent

B~F Turbopump

(1-C,6-5,1-R) Shaft Seal

B-G Preburner

(7-5,2-C) Primary Purge

B-H Mainburner

(8-5,3-C) Purge

B-1 Mainburner

(9-8,4-C) Purge

B-J Preburner

(9-5,5-C) Secondary
Purge

B-K Turbopump

(10-8) Dynamic Seal

Purge

4. Mechanical Description

OPpay at Flow

62.5 psid
at
0.54 1b/sec

200 psid at
0.02 1b/sec

300 psid at
0.3 1b/sec

300 psid at
0.2 1b/sec
0.1 1b/sec

150 psid at
0.2 1b/sec
0.1 1b/sec

100 psid at
0.02 1lb/sec

PR TP BREITE K VL S SOTT SH P S S RO

Minimum
Effective Area

(ACy)

0.004 ing

0.004 in®

0.004 in?

0.004 in?

Remarks

Consider equal
flow through
1-S and 2S

Through solenoid

Through check
valve

Through solenoid

Through check
valve

(U) Nine solenoid-operated valves are required for the engine system.
Two types are used: (1) direct-lift-operated and (2) pilot-piston

pressure-actuated.
valves are used,

Of these two types, both two-way and three-way
In the direct-1lift type, the pull of the solenoid

coil opens the valve port directly by lifting the plunger and stem
These valves depend solely on the power

assembly off the valve seat.
of the solenoid for operation.
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(V) For the valves requiring higher flow and higher operating pressure
drops, pilot~operated velves are used. 1In these valves, the plungev
and stem assembly does not open the main port directly, but opena the
pilot orifice and the source pressure forces the piston off the seat,
opening the valve and keeping it open,

(U) Valve solenoids are enargized with 28 (*1) vde and,havc resbunae
times of 50 milliseconds., Maximum current drain fon each energized
solenoid 1is 1,0 ampere.

(U) A description of the valves selected for this system is provided
in table LXX.

(U) Table LXX. Solenoid Valve Description

Valve ‘ Valve Energized

Description Type Position
Fuel and oxidizer vent Three-way direct-operated Open
solenoid valves (3)
Preburner primary injector Three-way direct-operated Closed
purge solenoid valve
Turbopump liftoff seal Three-way divect-operated Open
solenoid valve
Main supply shutoff Two-way pilot-operatead Open
solenoid valves (2)
Main burner injector Three-way pilot-operated Closed
purge solenoid valve
Preburner secondary Three-way pilot-opcrated Closed

rurge solenoid valve

(U) A total of five check valves are required to prevent backflow and
contamination of the helium system, They are utilized as follows: four
valves to isolate the engine purge system, and one valve to isolate the
turbopump shaft seal actuation system,

(U) A relief valve is required for the turbopump liftoff seal actuation
system, This valve is included as a fail-safe feature in the event of
a shaft seal bellows failure.

(U) Replaceable orifices are required to establish the helium flowrates
as required. Four orifices are in the engine purge flow lines.

635
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(U) Since the helium system is a vendor supplied item, a hardware
mechanical description will be provided when the system design is com=
plete. The envelope allowed for the helium system is shown on fig-

ure 523,

F‘GJﬁOinJA

Engine @
FD 34791
(U) Figure 523, Helium System Envelope

6.  Operating Characteristics
(U) An engine cycle is described as follows:

1. COOLDOWN - The two supply solenoid valves are opened and
remain open until shutdown. The oxidizer and fuel vent
valves are sequenced open and closed to facilitate engine
cooldown, All other solenoid valves are closed.

2. START - The turbopump liftoff seal solenoid valve is opened,
allowing helium to actuate the liftoff seals in the turbo-
pumps, The preburner secondary and the main chamber injec-
tor purge solenoid valves are initially opened and then
closed during the start transient. The preburner primary
purge solenoid valves remains closed.

3. STEADY-STATE OPERATION - The two supply solenoid valves
and the turbopump liftoff solenoid valves are opened, all
other valves are closed.

4., SHUTDOWN -~ The three purge solenoid valves and the main
burner oxidizer vent valve are opened during deceleration,

5. COAST - All solenoid valves are de-energized. The helium
remaining in the system downstream of the shutoff solenoid
valves is vented overboard,

(U) Figure 524 represents this typical mission. The system is designed
to operate with helium supplied at 1500 psi and 500°R,
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3 ’ LY
‘ B -n, W \
E Minimum [~ z'::“""‘ "‘:-g-
D
3 0 TIME
3 @ Ground Supplied yele_: Seconds |
¥ iat 2nd drd
A Fuel Vent 120 120
B Oxidizer Vent g 80 [1)
C_Acoelerate to Minimum Thrust 20 15 L5
cal Mission 600 600 600
] utdown 10 1.0 1.0
4 F_Final Purge 1.0 1.0 1.0
1 Energized/ Cycle
'Sﬁ%'py ShutolT Solenoids (2) A Through ¥
uel Vent Valve Solenoid A
Main Chamber Uxidizer Vent Valve A and E
Solenoid and &
Preburner Oxidizer Vent Valve A
E. Solenoid
| Turbopumps Liftoff Seal Solenoid C Through €
y Preburner Oxidizer Primary Injector . .
; Purge Solenoid v ecto K and F
j Preb Oxidizer Secondary Tnject I .
e :‘I;L‘eéo enoi‘ ondary [njector C. E and F
w3 Main Chamber Injector Purge Solenoid C. E and F

3 FD 27850
k (U) Figure 524, Helium System Mission Definition

(U) Failure modes for the system valves were evaluated regarding their
effect on engine operation location, The results of this evaluation
are shown iIn table IXXI,

6. Design Approach

(U) Because the helium system is a vendor supplied item, and will be
purchased in accordance with P&WA preliminary purchase specification T-8
the hardware design approach will be provided when the system design is
complete. Neither pre-development investigations .r studies were con-
ducted because they were not considered necessary f-. this system.
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H. STATIC SEALS

1. Introduction

(U) During seal rig, component, and staged combustion rig testing con-
ducted in Phase I (Contract AF04(611)11401), excessive overboard static
seal leakage was experienced. Dual static seals were incorporated in
the rig couplings. The measured primary static seal leakage at maximum
thrust during the staged combustion rig test firings was equlvalent to
an impulse loss of approximately 2 seconds, and additional uncontrolled
overboard leakage was visible, Static pressure tests with the main
chamber oxidizer valve indicated the leakage problem was aggravated by
excessive flange separation and inadequate static seals,

(U) Under the current demonstrator engine program, extensive high pres-
sure coupling rig design analysis was conducted. Conventional analysis
methods proved inadequate for lightweight high pressure coupling deflec-
tion and weight optimization predictions, so computer analysis programs
were developed to assist the designer. A 6-~in. aluminum hydrostatic
coupling rig was designed and tested for stress and deflection at XLR129
operating pressures. A finite element disk analysis computer program was
then modified to provide satisfactory deflection prediction correlation
with the test results. Continued analysis indicated that 'zero deflec-
tion" coupling flanges would not meet the "lightweight' engine require-
ment, but that allowing deflection of 0.002 in, total at the sealing
diameter would significantly reduce coupling weight, especially if the
raised face configuration was utilized, The 0.002 in, deflection allow-
ance and raised face configuration were adcpted for the seal test rig
design and specified for the demonstrator engine coupling designs. A
simplified finite element computer program was written and utilized for
the engine flange designs.

(C) A 5-inch Inco 718 seal test rig was designed, using the finite ele-
ment computer program. It was to have 0.002 in, (total) deflection at the
sealing diameter at 7000 p<*‘~ internal pressure at LNy temperature., 8Six
commercial cryogenic seals wilh 'zero leakage' uud 0.002 in.claimed
deflection capability were selected for test in the rig. Twenty-nine
cryogenic pressure-cycle endurance and seal leakage tests were completed.
Nineteen configurations of 8 basic seal designs were tested. The toroidal-
segment seal configuration was selected for the demonstrator engine
couplings, and a design-standard configuration was established, as shown

in figure 525.

(U) Deflection tests conducted during the seal pressure cycle endurance
and leakage test program confirmed the validity of the finite element
computer analysis technique. The computer program model was kept current
during the tests to provide a good stress and deflection analysis capa-
bility for the demonstrator engine flanges.
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Prior to Bolt-Up , ..." "'.‘ . After Bolt-Up
— ?..0 - '. .l F'."w Q - Q". - ... -
Dasign Criteria:

Seal Goal Less Than 1 x 104 scee/in.
N2 Leskage 50 psig to 7000 psig
Flange to Be Field Separable With

No Machining Required
FDC 34860A

(U) Figure 525, 1lnverted C-Ring Detail Part, Fit and Installed
Shape

2. Design Requirements

(C) The general structural design requirements for the XLR129-P-1 engine,
as listed in Section II, were also used for the seal rig design. 1In
addition, the following requirements were specified:

1. Maximum leaksge: 104 standard cc/sec N2 per inch of seal
circumference

2, Durability: 500 pressure cycles (300 starts, 10 hours
between overhaul),

3. Design Criteria
(C) Design criteria for the seal test rig are:
| 1. Size: Five inch inside diameter pressure vesscl
2, Material: 1Inconel 718 (PWA 1010)
3. Maximum temperature for test: Ambient (+70°F)
4, Minimum temperature for test: =-320°F (LNj)
5. Maximum pfessure at -320°F: 7000 psig
6. Minimum pressure at both minimum and maximum temperatures: O psig
7. Vibration: Seal rig will not be used for vibration tests,

Flanges must be designed to meet contract vibration require-
ments,
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8. Pressure Cycles: Scal rig will be designed and tested
for 500 pressure cycles (from zero~to waximum=to zero)
at -320°F (test rig will not be allowed to warm between
pressure cycles)

9. Thermal Cycles: Thermal cycles will be run on seals
that meet the pressure cycle test leakage goal

10, Coupling Deflection: 0,002-in, total at sealing diameter
(both flanges) with 7000 psig internal pressure and tem-
perature of -320°F

11, The rig design must allow progressive reoperation so 4d
minimum of 5 different seals may be tested.

4. Mechanical Description

(U) The seal test rig, as shown in figure 526, consists of a cylindrical
pressure vessel approximately 20.0-in. long with a 5.00-in. ID made in
halves and joined together centrally by 15 tie bolts. The pressure
vessel, flanges and tie bolts are made of Inconel 718. Ports are pro-
vided to attach the vessel to a nitrogen pressure source and to allow
access for internal instrumentation. The pressure vessel is surrounded
by a cylinder that is sealed at both ends and acts as a collector for

seal leakage.

Schemes for reworking the seal gland to provide tke proper

gland configuration for each seal to be tested were included in the
design. A flange rework scheme for moving the raised face pivot point
inside the sealing diameter was also included as shown in figure 527.

1/2:20 Inconel 718 (PWA 1010) Boits

Supply Pressure and and Stainless Steel (AMS 5735) Nuts
/ Instrumentation Ports 15 Required

Leakage

Qut

0.150 —

+0.002 in.
0.840 .
/ o8s0'™

> l‘f'-Weld

4
3.220 in.lh—-——c-l 3.220 in.

FD 257078

(U) Figure 526, Static Seal Rig
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Spacer
A 12
LT et Ry 3
| ST, — . l’"_ . "H'-"":;‘:_‘L.'_'_‘L':T.'::?
T ey - -
\\ s
0.760 0.720
0.760 0.730 FD 25706A

(U) Figure 527, Flange Rework, Static Seal Test Rig

(C) Two hydrostatic pressure/deflection and twenty-nine cryogenic pres-
sure cycle endurance tests were completed with the seal test rig., Nine-
teen configurations of eight basic seal designs were tested, including
the particular configuration recommended for inclusion in the XLR129-P-1
demonstrator engine design. None of the configurations tested met the
test objectives at all test points, The seal design shown in figure 528
consistently performed well at pressures to 6000 psia and failed to meet
the test objective at only one point during one of the endurance tests.
(See figure 529,) However, the characteristic leakage at maximum pres-
sures made this configuration less attractive than one with sealing
assisted by pressure,

g

140 ksi
Contact Strass

Lead (AMS 2414)
Plate 0.0015 in.

inconel 718
Pivot Ring Seal

FD 37244
(U) Figure 528, Pivot Ring Seal Configuration
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Lead Plated Pivot Ring P/N AKS-8060

0.1

Pressurs] Note: Rig Immersed in Liquid Argon During T
Symbol o) RO Shw Points Rn :po Polnrn' :t' 40.8‘
9, 50 Cycles
I R |
0.0t}
3 9O, 5000  Maximum Allawoblo
! v__ 100 / Leakage
el B X ] -— A S 4———— -— -_" - D
§ 0.001 -* —_— F
@ CONFIDENTAL A/
) \\
0.
% “ \ ,/ yd \\‘\
; AR M S AN
0.00001 \_\‘ 27N, s N
; A ——
0 100 280 300 400

TOTAL CYCLES
FDC 372458

Lead Plated Pivot Ring Static Seal Rig Test
Results, Rig 35120-33

" (U) Figure 529,

(C) The toroidal-segment seal configuration, shown in figure 519, pro-
vided reasonably consistent performance throughout the entire 0 to 7000
psig pressure range (see figure 530). Most samples of this configuration
tended to leak excessively at intermediate pressures, so the seal was
redesigned to improve low and intermediate pressure performance. The
toroidal-segment static seal design (figure 531) selected for the
XLR129-P-1 demonstrator engine, utilizes axial compression to produce

the radial deflection and high unit loads necessary for effective seal-
ing at low operating pressures. The installed radial load of 20 1b/in,
minimum produces 2,000 psi minimum sealing surface stress for the lead
plated Inconel-X seals, The seal groove depth, cross-section size, and
thickness are varied as required to meet the load requirements over a
large range of coupling diameters, Complete seal size information is
given in figure 531, Testing will be used to establish the actual
minimum load required, and the seal cross section and groove design wili
be changed as necessary to meet the sealing goal of 104 standard cc/sec/in.
maximum leakage.

6. Operating Characteristics

(U) Primary sealing is accomplished by a radial sealing force developed

at installation, (See figure 532.) By keeping the radial contact width
of the sealing legs equal to 0,010 inch or less, & minimum value of radial
sealing stress can be set at 2000 psi, This value of radial stress is
sufficient to yield the lead plating on the seal, The addition of pres-
sure increases this force, thus maintaining a sealing pressure greater
than the internal pressure,
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1.0
Symbol Pressure Symbo! Pressure
; 0.1} . O 60 Q 3000
(C) ) 1000 \V4 7000
a Rig Immersed in Liquid
3 0.01 Argon During Test
§ 1 e
000t === == = p ——
“ - Walowatre Lask
w owable Leakage \
g 0.00C1 - V\
d
Y 0.00001 \\
11_ COMFIBENTIAL \y
% 100 200 300 400 R?o
TOTAL CYCLES
FD 33089A

(U) Figure 530, Toroidal-Segment Seal Test Results,
Rig 35120-28

a, Determine Sealing Forces

(1) Radial Sealing Force

(U) As the seal is installed, it is axially compressed by an amount AV
which causes a radial growth of the seal, ARy. If AR, i8 greater than
the radial clearance between the seal OD and the seal groove 0D, then
the scal 1s in effect subjected to a hoop compression by the groove
wail., (See figure 533.)

Summing forces in the X direction:
PR R sin ¢ dé +O’R¢t'2£"'-€'=HR de
0o " c 2 o

AR,
Let g, = F —— and ARc') = (ARO - clearance)

R
o
AR;
o s H= POR Sin¢ +E-R—2'R¢t
(o]

at installation Po = )

AR;
o H = E—% Rbt

R
o
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(2) Axial Force

Z:M =0
o
VR(l =~ cosd) + PQRz(l - cosd) = HR singd + Mo
H sing¢ + MO/R

V= l - coso N P0R

Definition of terms
246 _
PORUR sing d@ + UCR¢t: 2 = HRodG
R_ = radjus to radial sealing face, in,
internal pressure, psi
seal cross section radius, 1in.

half segment angle of seal cross section

seal segment

hoop stress in seal, lb/in?

seal thickness, in,

radial force per inch on seal leg, lb/in,
AR'

E—-

R
o

E = modulus of elasticity, 1b/1ng

AR' = (AR_ - clearance)
o )

Clearance initial radial clearance between seal and
groove pric» tn installiation, in,

ARO unrestrained radial growth of seal due to AV, in,

VR(1 = cosd) + P0R2(1 - cosd) = HR sin ¢ + Mo

V = axial force on seal leg, 1lb/in.
= distributed moment at point 0, in-1b/in,
AV = arial deflection of seal, in.

(U) The radial deflection of each point along the seal cross section is
plotted for various values of free seal angle,®d. Since the seal forms
a closed ring, the deflection plots are equivalent to hoop stress plots
across the seal cross section, To maintain equilibrium, the hoop com=
pression must equal the hoop tension on the seal cross section, The
plots are thus used to relate the radial deflection AR, to AV, (See

figure 533.)
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(U) Figure 531. Toroidal-Segmnent Static Seal
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FD 37247
(U) Figure 532, Sealing Surfaces on Typical Installation
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Hoop Stress

Po. Internal
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(U) Figure 533, Radial and Axial Force Computation
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(1) Using this relation, radial sealing force can be expressed as:

. ERbt| AF(®)
H —;7— AVAF2(¢) clearance
0
8. Design Approach
a, Background

(U) Major design effort was required to define the coupling configuration
for a high=-pressure static seal rig design, Several configurations were
sketched for specialized flange and seal combinations before calculation
difficulties indicated the design effort should be concentrated on basic
coupling configurations with analysis directed toward minimum weight

and deflection with demonstrator engine materials.,

(U) A 6-inch diameter aluminum (AMS 4127) pipe coupling was chosen for
initial analysjs because of its relatively poor (high) deflection char-
acteristics when compared to those of the same-diameter steel or smaller=-
diameter aluminum or steel couplings. A high-pressure coupling design
analysis of five basic coupling types was completed. The configurations
censidered are shown in figure 534 A through E.

(A) Large Bolt | (B) Small Bolt |[(C) Pinned Joint| (D) Double (E) Clamped

’ Thread Nut

T
—— ———t:T==h——

Wt 22 to 28 1b Wt 18.1 to 20.3 1b Wt 25.9 1b vt 17.3 1b We 26,4 1b
Kc 0.067 to 0.065% in.| Xec 0.058 to 0.053 in.| Kc 0.018 {n. Ke 0.015 in. Ke 0,038 to 0.045 in.
Fc/Fa 7.6 to 25,8 Fe/Fa 8.8 to 16.5 Pc/Fa -~ Fc/Fa 10.6 Fc/Fa 29.6
Inconel 718 Inconel 718 Inconel 718 Inconel 718 Inconel 718
(AMS 5667) (AMS 5663) (AMS 5663) (AMS 5663) Mut (AMS 5663)
Bolts & Nuts Bolts & Nuts Pins & Clamp Clamp & Bolts

(F) Single (G) Single (H) Raised Face |(I) Undercut Face| (J) Flexible Lip
Thread Nut Thread Nut
Raised Face

T

Reduced Deflection
at Seal

e

Cant{lever Besm
load tranefer from
Bolt to Seal

,_/E;r\._l_.

Cantilever Beam
load transfer to
Seal

_/ﬁ_

Heaviar than {D)

More deflection
than (D)

Simple Beam load
tranafer from Bolt
to Seal

calculations for 6-in. ID, 6 fuch long open end alurinum (AMS 4130) pipe coupling.

FD 25606A

Al

(U) Figure 534, Coupling Configuration

(C) Results of the coupling-spring rate deflection calculations, as
shown in figure 535, indicated that increasing the number of bolts had

a minor effect on bolted-coupling overall spring rate, whereas weight
increase was significant, Calculaticn to determine the initial clamp-
ing load required for each of the couplings to provide a minimum of

460 1b/in, seal load at 7500 psia resulted in the clamping load to blow-
off load ratio (Fc/FaA) values shown in figure 534 A through E. Aside

648

CONFIDENTIAL




e S g S TS
R T Tk R

CONFIDENTIAL

from the impracticality of attempting to obtain such high clamping loads,
the numbers indlicated some method of improving the clamping load trans fer
to the seal area was required,

(U) Figure 534 F through I shows some methods of providing this seal
force, while figure 534J shows a pressure assisted coupling intended to
maintain seal load whep flange deflection is present, Another method
of providing more effective seal loading, not shown, is to move the seal
closer to the clamping load circle. In this case, part of the improved
load transfer advantage is lost because of the increased blowoff load,
The obvious advantages and disadvantages of each coupling for engine
application were considered, and the small bolt-flanged coupling was
selected for detailed analysis and initial hydrostatic test rig design,
Analysis necessary for optimizing the flange configuration or seal
location to provide satisfactory seal load characteristics over the
full pressure range was undertaken as a primary effort,

(U) A study computer program was developed to analyze proposed coupling
rig designs for stress and deflection characteristics, Initial rig
designs were predicted by computer analysis to be unsuitable for the
intended application., A 6-inch aluminum hydrostatic coupling stress

and deflection test rig was designed te evaluate the computer program
predictions, Concurrently, a finite element computer program originally
developed for disk analysis was modified for use in coupling deflection

and stress analysis.

. Lacge Bolt Flange (Sketch A)
L ; i .

o i ' —— 10 1 18 22
Co Swall Bolt Plange (Sketch B

- ote Tlangs { ) No, of 3/4-in, Holts

0.060 | : 10 20 28

B="5—=30 . of 1/2-1n. Bolte

0,030
. Clamped (Sketch E)

0,040

DEFLECTION AT SEAL - im.
5
n
»
o
o

0,030
Radial Pin (Sketch C)
Double Thread
0,020 Nut (Sketch D) [
s s LATRAE NUL
,010 ;
0 ll.l 13 14 15 16 17 18 19 20 21 22 23 2, 2% 26 27 B 29 30

COUFLING WEIGHT - 1bs
OF 68872

(U) Figure 535, Predicted Coupling Deflection of Seal vs
Welght
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!

rostatic aluminum coupling layout using the
IBM 360 computer resulted in somewhat lower
stresses and higher deflections than had been
8 study computer program,

(U) A reana{ysis of the h
finite elem¢nt deck on t
predicted maximum flan
predicted b}y the prev

design analysis based on shear center theory was
completed. | the agflicat on of this theory is that the load must pass
through the center, or center of flexure, to prevent twisting.
Preliminar, lations indicated the shear center design would improve
t s slightly, but would probably be more bulky than a con-
ventional flghge design, Further analysis of the shear center flange
ations indicated that effective coupling weight reduction

V. flange material not highly stressed may be possible without
tly affecting flange stiffness,

i /
) Additiﬁnal/fla

by removi
significa

(U) The flat-faced aluminum hydrostatic test rig data showed reasonably

good agreement with the finite element computer program predictions for
both stress and deflection as shown in figure 536, The program was

revised to improve matching by expansion to include both coupling members,
multipoint bolt loading, and consideration of the effects of the bolt holes,
The revised model was used to predict stress and deflection of the canti-
levered or raised face coupling.

(U) The aluminum test rig flanges were reworked to the raised-face design
configuration., Hydrostatic pressure testing was again conducted at
ambient temperature,

(U) The flanges did not separate under the maximum internal pressure,
but pivoted at the raised-face outer diameter so that deflection at the
seal diameter reached a value of approximately 0.004 inch, Maximum
flange separation at the inside diameter wall was 0.008 inch at this
pressure,

(U) Review of the deflection and stress curves (figures 537 and 538)

for the raised-face flange hydrostatic pressure test rig revealed that
maximum surface stresses (below yield) near the flange were still somewhat
below the finite element program predictions, but agreement was improved
as shown in figure 538, Both bolt loads and proximity proves indicated
flange separation was imminent at the maximum pressure applied, but bolt
load was nearly constant up to that point,

b, Static Seal Rig Design Evolution

(U) The finite element computer program for analysis of flange deflection
and stress was used to investigate bolted-flange coupling designs suitable
for use in the XLR129-P-1 engine,

(C) Four basic bolted flange configurations, chosen for the investigation
(figure 539) were analyzed using the finite element technique. All were
sized to provide zero deflection at the seal on a 5,00-inch ingide diameter
Inconel 718 fluid coupling under 7000 psig fluid pressure. This repre-
sented the maximum conditions of fluid pressure ard fluid line inside
diameter foreseen for the XLR129-P-1 engine. 1Inco el 718 was chosen as
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the flange materiul because of {ts high strength-to-weight ratio, its
good ductility at cryogenic temperature, and its compatibility with other
major rocket engine components.
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(U) Figure 536, Finite lilement Computer Program
Predictions
!

(U) The variables affecting flange weight for any given seal deflection
are bolt circle diameter, flange thickness, bolt load, seal point diameter,
taper height, taper length, and webs between bolt holes, Flange thickness,
bolt circle diameter, and required bolt load have the greatest influence
on flange weight and the study concentrated on these factors, All the
factors except flange thickness and total bolt load were held constant
during the analysis,
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(U) The minimum bolte-circle diameter was determined by the minimum
requirement for wrench clearance and was used for all but the loose-
ring design where the bolt circle was limited by other geometric con=-
siderations such as minimum bearing surface and a taper height con-~
sistent with other flanges. A bolt load of 15,000 lb/bolt was used
throughout the analysis while the maximum permissible bolt load was
17,750 1b/bolt, The difference was used as an allowance for bolt
bending.

(U) Cantilever (raised face) and simple beam flange seal loading schemes
were then analyzed using the computer program, This analysis indicated
the raised face design would be lighter than the simple beam designs
for the same deflection limit. A raised=-face flange rework of the
initial flat-faced flange test rig was designed and added to the test
rig layout, [ °:0%° Por A ';
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(U) Figure 537. Axial Deflection at ID of
Flange, Rig 35120-3
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(U) Figure 538, Comparison of Predicted and ¥
Measured Stresses on OD Wall, ;
Rig 35120-3 §
(U) Stresses in the flange designs for zero deflection are not limiting
and the size of the flanges shown in figure 533 result from the deflection
requirement. The rings for the loose-ring flange design are stress limited
and constitute about 50% of the flange weight. A trade-off study of bolt
load versus flange thickness was made for the loose~-ring but flange weight
was hardly affected by decreasing the bolt load. The loose-ring con-
figuration shown in figure 539 represents the smallest envelope that can
be used zero deflection, :
(U) Flange weights shown in figure 539 account for all the weight out-
board of a straight tube of 0,15-inch wall for a complete flangc con-
nection (two halves) including the weight of nuts and bolts, As indi-
cated, all flanges have essentially the same weight, because for zero
deflection the rotation of the flange hub must be approximately zero
and the type of flange was found to have very little effect on the
required hub size for zero rotation.
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(U) The size and weight of these couplings was considered to be pro-
hibitive for engine application, so a limited deflection (0.002 inch)
analysis was initiated to take advantage of the claimed deflection
capability of commercial seals. The flanges were revised to produce

a 0,002 inch deflection at the seal gland for the operating conditions.
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Flat-Face 15000 1 7 Bolt fre ]
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W ——
e 1
590
D'ia
[ N (P
Undereut s
662 T -la 000
e E e
e 5 w l)ln

1220 Holts SRR
24 Required 1120
15,000 1b/Bolt - 1.44

looseRing  ~ * .

26 o A |
Mia ? e s j I
l ?)(:: f [emamsswvel 6.40
. Dia
Ch e |
] e A e

Optional Construction

F/F 2613 1h
CANT 2568 1b
U/C 2698 I = I
l-ol.276~l
A = 10d'% of Dimensions Shown Above for Note: Dimensions for All Flanges
Flanges 1, 2 & 3 Ex: Flat-Face Sanie an Flat-Face Except
Dimension (21) Becomes 2.215 as Specified.

FD 28771A
(U). Figure 539, Static Seal Rig Zero Deflection Flanges
(U) A weight and size comparison for four couplings having total axial

deflection at the seal point of 0,002 inch is shown in figure 540, The
raised-face flange proved to be lightest while the undercut flange is

heaviest, The flat-face flange was eliminated because it had no advantage

over the undercut flange, The distance from the theoretical pivot point
to the sealing point was found to be a major influence on flange size
because very little bending occurs in the flange.

(U) An effort was made to further reduce flange weilght by moving the
pivot point as close to the sealing point as possible, This was accom-
plished on the raised-face flange by moving the bearing surface inboard
of the seal cavity. The resultant additional weight reduction was 1 1b
over the conventional raised-face flange shown in figure 540.

(U) Figure 541 shows the variation in weight of raised-face, undercut,
and loose-ring flange couplings with increasing axial deflection., The
raised-face flange shows the sharpest weight decline as the allowable
deflection is increased,
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RAISED FACE 15.63.B
%-20 Bolts (15 Required) -

Assembly Load = 15,000 ib/Boits
Spotface 15 Places

0.86

- 0.020
Pivot Point

Wabs

Bearing Surface
UNDERCUT 2359 LB

%-20 Bolts (15 Required) V.61 Pivot Point
Assembly Load = 15,000 Ib/Bolt
Spotface 16 Places

0.020
.88
] Diameter
5.80 Dia;netor

LOOSE-RING 22.43L8B

-] 1,96
%-20 Bolts 142
24 Required ' ~=—0.84
15,000 Ib/Bolts
RAISED FACE

(Bearing Surface = 0.77
Inboard of Seal) 0.020
14.67 1b Pivot Point

w Bearing Surface

FD 26772A

(U) Figure 540. Static Seal Rig 0,002 inch Deflection
Flanges

(U) The trade-off between the number of bolts and webs on the backface

of the flange was also considered. It was found that for a standard
cantilever flange with seal point deflection of less than 0,0013 inch,

it was more economical from a weight standpoint to use more bolts and

no webs as shown in figure 541, Webs are shown to be more beneficial above
a 0,0013-inch deflection because the stiffness of the webs and flange hubs

are more nearly equal,

(U) A flange deflection compensation study showed that several schemes
are feasible for flange deflections up to 0,020 inch, However, this
deflection capability usually comes at the expense of a larger seal
envelope and/or additional fabrication or maintenance problems.

(U) The three types of deflection compensation schemes shown in figure 342
were analyzed. The deflection compensation capabilities were determined
not only for those that could be contained in the small face seal envelope,

but also for the general case of larger envelopes.
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A
(U) Static seals investigated were divided into two general classifications:
Face Seals: Those seals having sealing surfaces that are
perpendicular to the bore of the joint and whose initial
seating stress is obtainc by axial compression or deformation
of the seal as the joint is assembled.
Radial Seals: Those seals having sealing surfaces that are
parallel to bore of the joint and whose initial seating stress
is obtained by a radial compression or deformation of the seal ' ]
as the joint is assembled, :

(U) A number of cryogenic seals were investigated (see table LXXII).
Many were rejected on the basis of excessive size and other obvious
deficiencies.
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(U) For comparison purposes, both the face-type and radial-type seals
were divided into three subgroups:

Low deflection capability - 0 to 0,003 inch
Intermediate deflection capability - 0,003 to 0,010 inch
High deflection capability - above 0,010 inch,

(U) Seal deflection capability is the ability of the seal to adjust to
distortion or dimensional changes of flange faces upon which the seal
seats, without an excessive loss of seating contact stress, This de-
flection capability can be considered in both the axial and radial
directions, However, due to the assumed deflection characteristics

of the joint flanges, radial deflection characteristics become less
critical than axial deflection capability,

Flexible Seal Face, Straight Leg

Flexible Seal Face, Tapered Leg

Commercial
! Seal
Weld
Flexible Seal Face, Support —\
f '
. FD 24773
(U) Figure 542, Static Seal Rig Deflection Compensation

Schemes
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SECTION VI
DEMONSTRATOR ENGINE MOCKUP AND PLUMBING

A, ENGINE MOCKUP
1. introduction

(U) The engine mockup serves as a tool to integrate all engine compo-
nents into a compact and easily maintainable engine package. The mock=
up and its components were used to: (1) verify design compatibility and
individual fitting locations with respect to the total engine package
(2) determine engine plumbing lines initial routing and line coordinates
(used for inputs into tube stress analysis deck) (3) determine critical
clearances and optimum component locations where interferences exist
(4) verify envelopes of vendor supplied components (5) select location
of engine required instrumentation, and (6) verify that all components
were located within the required envelopes. The power package envelope
(preburner and pumps) is 66.4 in. in diameter, and the remaining com-
ponents (from the main burner injector to the end of the primary nozzle
must be within the 45.6 in, inside diameter of the two-position nozzle
because the two-position nozzle retracts over these components for sea
level operation as shown in figures 543 through 545.

2.  Description of Engine Configuration

(U) The transition case serves as the primary integrating component

and provides the main support structure between the thrust chamber
assembly and the gimbal mount pad. It also provides for the compact
mount and support of the preburner, main turbopumps and main burner
assemblies. The fuel and oxidizer low-speed inducers are located
between the fuel turbopump and preburner injector and the oxidizer turbo-
pump and preburner injector, respectively. Both inducers are mounted to
the transition case through an adjustable system with attach points lo-
cated at the top and bottom of the transition case. The main burner
injector is mounted between the transition case and main combustion
chamber. The actuator attach brackets (two located 90 degrees apart) are
mounted on the main combustion chamber through a four legged structure,
each leg being welded to the main combustion chamber as shown in fig-

ure 546. The primary nozzle attaches to the main combustion chamber

and provides the lower support for the jackscrews on which the two-
position nozzle is mounted. The upper supperts for the jackscrews are
attached to the transition case. FEngine plumbing and the control system
constitute the other engine components required to complete the engine
package. Figures 543 through 550 show the engineering mockup with the
major components listed above shown.
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3. Component Design

(U) Mockup components have been used extensively during the layout
desipn phase of most of the engine components. When component designs
progressed to the point that the external configuration was defined, a
mockup part was fabiicaited and installed, The component would then be
Judged for gereral appearances, interference with other components,
optimum locatior of external fittings, and accessibllity for maintenance,
The results of the above evaluation were incorporated into the actual
component design, often requiring a compromise of conflicting require-
ments. When the design was completed and the layout approved, the
mockup component was then revised tn reflect the true design. The
gensral ground rule of 0.5-inch clearance between all components was
used,

4. Engine Plumbing Design

(U) Plumbing lines must meet several requirements in keeping with the

overall engine goals which are as follows: (1) minimum number of flange

joints to reduce engine weight and overboard leakage, (2) orientation

of flanges and tubing connections must accommodate convenient engine .
assembly and maintenance, (3) anticipate pipe to engine tolerance

conditions and avoild routings that would impose excessive strain or

loads on either the high pressure pipes or the components to which they

are attached, and (4) route all lines in banks to achieve support in

] bracketing to the engine and ensure aesthetic appeal in the final

g appearance of the engine, All requirements are tailored to the overall

B goals of providing a lightweight, compact, easily maintainable engine,. '
‘A To accomplish this task, the plumbing design took place in the following ;
i stages: (1) general hydrodynamic requirements were determined, (2) rough ‘
line sizes and wall thickness were determined, (3) mockup line was fab-

ricated and installed in a semi-finished condition, (4) preliminary tube

| stress analysis was performed on the mockup line configuration, (5) line

'f configuration and routing were optimized, (6) layout design and updated

i tube stress analysis were completed, and (7) an updated mockup line was

fabricated. This proved to be the most effective procedure for the

plumbing design. Figures 345, 547, 548, 549, and 550 show the engine

plumbing configuration,

5. Primary Component Locations

w (U) An optimized location of all components is of prime importence because
- clearance is very critical for this compact engine configuration., Pre-
liminary models of major components coupled with extensive design studies
} were used to establish the prime angles of the transition case which,

E in turn, located both main turbopumps and the preburner injector. All

1 other component locations were selected to be compatible with the final
120-degree angles chosen for major component mounting on the transition
cagse using 0.50 inch clearance as a general rule for fixed engine
components.
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8.  Envelops Detinition of Vendor-Supplied Components

(U) Mockups of vendor furnished components were incorporated for the
purpose of envelope configuration definition. The igniter exciter box

1s a good example of this because the final configuration selected must
be installed and be interchangeable between four separate locations.

This mockup configuration was supplied to the vendors as the maximum
allowable envelope. The two-position nozzle coolant solenoid valve is
another example of this function, The valve size and porting were
established to be compatible with other components. For the engine
command unit and helium solenoid valve package, the required volumes
were specified by the vendors, and the optimum configurations (considering
all other cumponents integrated into the engine package) were determined.
This process involved a continuing interchange of information, but
eventually a compatible configuration was obtained. The configuration
of the engine command unit 1is still considered very preliminary. Fig-
ures 547, 549, and 550 show these components.

7.  Engine Instrumentation

(U) All engine instrumentation (excluding rig test type instrumentation)
is mounted on the mockup components to verify planned clearances and
ensure ready accessibility on the engine., Engine command unit sense
lines will be installed when defined.

8. Two-Position Nozzle

(U) A translating two-position nozzle and actuation system was fabri-
cated and installed on the mockup for the purpose of: (1) verifying
that all components and plumbing lines were within the envelope tra-
versed by the two-position nozzle, (2) locate jackscrews, and (3) verify
the functional operation of the movable coolant system, A l2-inch
section of the two=-position nozzle was used to accomplish this task.
Figures 543 through 545 show the engine with the two-position nozzle
retracted, and figures 546 through 550 show the two-position nozzle
partially extended.

9. General

(U) The components constructed for the mockup maintain structures and
brackets consistent with the actual engine hardware (except for mate-
rials)., The general rule of *0,030-inch tolerance for mockup parts

was maintained, except where more critical tolerances were required;
such as flange locations on the transition case. All mockup engine
components have been fabricated and installed. Only minor changes are
expected to refine the engine configuration or to improve accessibility
for maintenance.
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B. PLUMBING

1. Introduction

(C) The problem of designing high pressure (up to 6000 psi) plumbing
was resolved by: (1) avoiding the use of hot (turbine gas tenmperature)
external lines, and (2) selecting Inconel 718 (AMS 5663) high strength
tube material not only for lowest weight, but to ensure tube walls thin
enough to realize a useful amount of tube flexibility with reasonable
tube lengths. The engine transition case houses the only hot line on
the engine, and consists of an unrestrained Y-duct connecting the pre-
burner outlet with the main turbine inlets, Gas leakage at these slip
joints is strictly internal, and the adverse thermal and pressure
growth effects normally associated with external plumbing are completely
avoided,

2. Design Philosophy and Criteria

(U) The realization that the large diameter, heavy wall plumbing used

on the engine could produce high flange loads, pipe moments and excessive
reaction loads on major engine components has required that each line

be analyzed structurally. To ensure design consistency, a comprehensive
set of ground rules and special analytical computer routines were estab-
lished. These design guides control: (1) final flanged joint dimensions,
(2) bolt size and quantity, (3) bolt assembly prelovads and lowest pre-
dicted bolt load during operation, (4) minimum allowable tube wall thick-
ness, and (5) an external pipe moment factor.

(U) Flange designs are accomplished by application of the analytical
methods defined in Appendix I. The routine presented generates a
practical low-weight cantilever, or raised face, flange that ensures
the flange deflection at the gasket contact point not to exceed a
specified value under maximum bolt preloading at 120% of maximum opera-
ting pressure (this deflection, per flange pair, is 0.002 inch for
metal O-rings).

(U) Any flange analysis must be preceded by a bolt load determination
study as outlined in Appendix I. The various design rules presented
establish the minimum bolt preload value to specify at engine assembly.
A 207, spread between minimum and maximum preload has been established
and verified through test programs at FRDC.

(U) The coupling criteria rules generate the following equation that
graphically describes the various bolt load factors that constitute
the total specified minimum preload:

F =E+F§%al-+FT+F

+
B N Rotation FMoment
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The terms in the equation are:

Fg = Minimum load per bolt required at assembly

P = Maximum engine cycle pressure

A = Area enclosed by gasket contact diameter
= Total seal preload at 350 1b per inch of circumference
N = Number of bolts in bolt circle
Fp = Load lost per bolt caused by temperature lag (if any)

= Load reduction per bolt caused by flange rotation at
1207 of maximum cycle pressure (as determined from
flange deflection computer analyses)

FRotatton

= Bolt preload required to provide external pipe moment

FMoment
capability.

(U) In the above equation definitions, external moment is related to
bolt preload by the basic equation:
F --2—.)—4
Moment RN

where: \

is the bolt circle radius
is the number of bolts

M is the external pipe moment in 1lb-inches, selected by
overall considerations of tube section "moment of inertia'
and tube routing limitations, or expressed simply as a
percentage of blowoff load using about 307 as a general
rule,

(U) The tube wall thickness determination was accomplished by calculating
a minimum allowable wall based on setting the maximum hoop stress at

0.2% yield stress at operating temperature and 1507 of maximum operating
pressure, unless other considerations cause the tube to be designed with
more stress margin, This establishes a minimum wall thickness specifica-
tion allowed in any tube bend. The nominal tube wall thickness is estab-
lished by ingcreasing this minimum wall value by a factor of 307 to allow
for thinning during fabrication. The remaining tube design criteria
include the use of Inconel 718 (AMS 5663) welded and drawn tubing, for
all sizes down to 0,375 inch outside diameter. For 0.3125 and 0.250 inch
diameter tubing, AISI 347 (AMS 5512) material is used as seamless tubing
stock,

(U) All tube assemblies greater than 1.000 inch outside diameter were
analyzed in detail to establish the end loads and moments imposed by
end point deflections that will occur because of component tolerances
and additional strains that are caused by thermal and high pressure
effects,
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(U) The initial structural analysis involved the use of a computer
program that was generated for use with low pressure tubes., Hand calcu-
lations showed that this program produced inconsistent results. A
general structures program was then refined for specific tube deflec-
tion problems and is now used successfully to predict tube stress,
reaction end loads and moments at the end flanges. Essential analytical
assumptions are: (1) tubes are elastic with true circular cross sec-
tions (assured by high pressure) even in bends, and (2) that calculated
loads and moments should be reduced to 90% values to account for the

end supports not being completely rigid, which the program assumes.

The program handles any single flowpath tube routing including bends
which are solved as a series of straight sections, Analysis results

are presented for each major line configuration,

(U) Tube routing configurations were established on the engine mockup,
within specified envelope restraints in conjunction with interim analyses
of initial designs. The selected configurations are shown in the Engine
Mockup figures 546 through 550, and in the plumbing roadmap shown in
figure 568.

(U) For initial plumbing designs, the practice of custom machining
certain large high pressure lines was an acceptable design approach.
This avoided overweight and relatively complex shapes that would other-
wise be required to limit plumbing loads. Another ground rule that was
established as a guide to routing selection was to limit the computed
pipe moments at the flanges to not exceed 75% of the theoretical moment
required to actually separate a given flange on a 1007 maximum cycle
pressure loading basis,

{U) The scheduling of major engine component designs has precluded any
idealized dimensioning system or tolerancing to favor plumbing of the
engine. Eventually, many refinements are possible to reduce the need
for special pipe-to-engine mating at the engine assembly level,

3. Preburner Fuel Line

(C) This line supplies high pressure hydrogen from the exit of the
regeneratively cooled section of the primary nozzle to the preburner
injector, The maximum cycle pressure is 5123 psia and the flow rate

is approximately 76.5 1lb/sec at design point. The hydrogen temperature
at this point in the system is 177°R. The configuration is shown in
figure 551, At this juncture the pipe inside diameter is 3.800 inches
and this size is maintained for about 40 inches. A transition section
then occurs to xreduce the flowpath to 3,000 inches to match the inlet

to the preburner injector.

(C) The predicted pressure loss at the maximum flow is 21 psi and this
compares favorably with the 25 psi loss allowed by the engine performance
design table, At this flow condition the maximum fluid velocities are
280 ft/sec in the larger section and 450 ft/sec at the injector end.
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(U) Figure 551. Preburner Fuel Line
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(U) Because this tube is not precooled prior to engine starting, a rapid
change in metal temperature is expected in combination with maximum
operating pressure, within a few seconds after engine start. The tube
design allows for only 100°R differential between the flange material

and the attaching bolts. There is at present no available experimental
correlation with this 100°R value. Theoretically, this temperature
difference value could be more than double under engine specification
conditions. Therefore, it is advisable to moderate initial test condi-
tions to avoid excessive loss of bolt preload until the effects of seve:e
thermal transients can te fully evaluated.

T e BRI S - = ;}L -

(U) A general Z-type of configuration tube routing was selected to:
(1) facilitiate assembly of this extremely stiff tube, (2) provide a
workable level of flexure to ccmpensate for engine thermals and pres-
sure distortions, and (3) avoid an extreme expansion loop design that
would increase weight and fluid pressure drop.

(U) The tolerances shown in figure 551 were determined from detail drawings
of the preburner injector, transition case, main chamber and primary noz-
zle. The other AT and AP dimensions shown represent the summation of the
calculated dimensional changes that occur between the mating pipe flanges.
Values were computed on a steady-state basis.

(U) Prior to analyzing the tube, the wall thicknesses were calculated.
A minimum thickness of 0.100 inches is required as a limit in the bend
of the 3.800 I.D. section to: (1) meet the 1507 pressure criteria rule
and (2) to allow for only 90% yield strength properties of the welded
and drawn Inconel 718 (AMS 5663) tube material. This large 4,000-inch
diameter tube prevents the fabrication vendor from providing more than
20% area reduction during drawing. The standard percentage is 50%
minimum, but in this case the wall (before bending) is 0,140 inches and
the vendor's machinery does not have the required capacity. The wall
thickness after drawing allows for an assumed 30% thinning expected in

the bends.

(U) The reduced yield strength represents metallurgical concern for the
welded seam where filler metal is being permitted and 507 drawing is
lacking., The specific meaning of this 90% factor can be stated as
follows: After solution and precipitation heat-treatment, yield and
ultimate strength through the weld shall not be less than 90% of parent
metal in the same tube, and elongation not less than 507% of parent metal.
Planned tests of available tube specimens may show that the 907 factor

is too conservative.

(U) A high pressure pipe computer program was used to establish the
relationship between pipe flange moments and end point linear and

angular deflections, The results of this structural analysis are plotted
in figure 552, including the 10% reduction of computed moments to account
for the estimated spring rates of the adjacent engine structure. The
curves indicate that angular mismatch is much more critical than a linear
misfit between the tube and engine. The analysis also shows that for any
misfit condition, larger momnuts tend to occur at the preburner flange

than at the nozzle end.
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(U) Figure 552, Preburner Fuel Line Interface Moment vs
Linear and Angular Mismatch Dimensions

(U) Referring to figure 552, the dimensions X, Y, and Z are equal linear
misfits in all three planes simultaneously, while the term W is an
equivalent radial mismatch dimension, This term was selected to simplify
the problem of definirg the engine misfit limitations that must be used

in the sense of engine assembly instructions. The alternative would be

a very complex assortment of dimensional limits involving various combina-
tions of X, Y, or Z -~ plane misfits.

(U) This tube analysis also disclosed that an angular mismatch in the
radial direction toward the engine centerline (@ angles in figure 552)

1s almost three times more critical than « angles in the plane 90 degrees
away. However, to avoid assembly instruction complexity, an equivalent
resultant angle (See B angles in figure 552) is used. Thus, the overall
allowable mismatch in the simplest possible terms is: "a radial (linear)
tolerance of 0.015 inch plus an angle of O degrees 15 minutes in any
direction, at either end of the tube."

(U) The allowable moment acting at each flange was selected to be equal
to 75% of the theoretical moment required to separate the flange during
a thermal transient, at 100% of maximum cycle pressure. These moment
values are 74,300 1lb-in. and 57,000 1b-in,, respectively, and are the
same for each flanged joint. Increasing the minimum bolt tensile loads
to 12,060 1b for the nozzle end and 14,580 1lb for the preburner end pro.
vided the requfred moment capability. Presented in table LXXIII below is
a summary of the essential design features and loading conditions for each
flange,
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(U) Table LXXII1., Flange Design Summary

R Flange or Bolt Design Factor Preburner Nozzle
B Flange Flange
R No. and Size of Bolt (12) 9/16-18 (15) 1/2-20
3 Assembly Bolt Load Minimum 1b 14580 12060
B Assembly Bolt lLoad Minimum lb 18200 15100
3 Gasket Preload 1b 3300 4800
1 100% Pressure Load lb CONFIDENTIAL 50600 77500
] * 100% Pressure, Bolt Load 1b 4210 5160
* Gasket, Bolt Load Factor lb 280 320
., 100°F T, Bolt Load Factor 1lb 3150 2450
A Flange Rotatica, Bolt Load Factor 1lb 1670 570
4 * Pipe Ext. Moment, Bolt Load Factor 1lb 5270 3560
3 Summation of all 5 Factors 14580 12060
= 4 Minimum Oper, Bolt Load, 1b 9760 9040
: ** Flange Preload K-Factor 2,25 1.69
*** Flange Contact Stress, 120% Press. 85000 55200

Flange Assy Contract Stress, Zero
Press, 1756000 67005
Flange Amb., Yield Strength 150000 60000
Flange Separation Moment, lb-in, 74300 74300
Flange Allowable Moment, 1lb=-in. 57000 57000

A This load equals sum of loads designated by (%)
**This number is the ratio of =

Pressure Bolt Load + Moment Bolt Load
Pressure Bolt Load

**%% This is the average compressive stress at the flange
interface, at 1207 of maximum cycle pressure.

(U) The use of a spacer at the preburner joint was necessary to trade
off bolt bending for the needed tensile load.

(U) The data in the foregoing table show marked differences in the
"flange preload K-factor" between the two flanges of this tube. The
2,25 valve is larger because this flange has a small bolt circle and
fewer bolts, but must carry the same pipe moment as the larger nozzle
end. This K-factor corresponds to the 1.5 minimum preload bolt factor
specified in Appendix I '"Coupling Design.'" The 2.25 valve consists of
a new operating preload equal to 100% blowoff pressure loading, plus
125% additional for external pipe moment allowance. The corresponding
factor for the nozzle end is only 697 for pipe moment. If the general
150% total pressure area ground rule had been used in this design, the
separation moment at the preburner wouid be only 31,700 1b-in., or about
40% of the predicted requirement,
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(U) The specified maximum assembly bolt preloads do not cause the seal
point flange deflection to exceed 0,002 inches at the 120% pressure
condition according to the analysis performed with high pressure flange
computer program. However, the average compressive stress at the inter-
face under the maximum bolt load, and with no internal pressure, exceeds
the (tensile) 0.2% yield stress at room temperature by 16.7% for the
preburner flange and 11.77% for the nozzla flange.

(U) The final design for flight configuration of this tube should con-
sider the following:

l. Resize the preburner flange inside diamecrer to more nearly
match the nozzle, Flanges will then have needed geometric
similarity and higher pipe moment capability, and the use
of spacers will be avoided.

Restrict all significant linear and angular tolerances that
adversely affect the potential interchangeability between
this tube and the engine,

The bolt preload penalty is large to acceunt for the 100°
thermal load relaxation (see previous table) during trans-
ients. Experimental confirmation is very desirable to
avoid either a preload deficiency if the AT lag is under-
estimated, or an overweight flanged coupling design 1if
ground rules are too conservative.

(U) Areas requiring additional investigation, analysis, or testing are
as follows:

1. Cantilever flange seal leakage at maximum pressure in
conjunction with large external pipe moments,

2., Variations in tube wall thickness and out-of-roundness
imposed by manufacturing limitations which are not yet
well defined by fabrication vendors. (Calculated pipe
wall stresses, flange moments and reaction loads while
pressurized could vary widely from assumed conditions,
i.e., true circular tube, with 30% thickness variation
between straights and bends.

The true effects of thermal bolt load relaxation, and
cantilever, flange rotation, on seal leakage rates.

The effects of actual spring rates of the adjacent engine
components on the magnitude of moments generated at each
flanged joint,

The correlation between the predicted computer program
pipe moments and experimental valves.

The present analysis is based on static conditions and
engine vibratory modes have not been evaluated beyond a
simple natural frequency of the tube,
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4.  Fuel Pump Discharge Lines

(C) The main fue! pump design features two second-stage diffuser outlets
that are merged together at & Y-scction downatream. The combined flow-
path curves around the aft cnd of the main burner chamber, passes through
the preburner fuel valve, and enters the primary nozzle inlet manifold.
The routing most suitable to the engine creates unequal geometry pipe
segments upstream of the Y-fitting. It is, therefore, expedient to
introduce an orifice plate within the shorter segment to balance the
individual diffuser flows. (The design temparature pressure and flow

rate are 139°R, 5610 psia and 99,5 lb/sec respectively.) The calculated
pressure loss between the pump and the fuel valve is 68 psi, which is 9 psi
more than engine cycle specifications, but lowering this loss to 55 psi
(or 4 psi below the cycle point) would cause a 34% flow mismatch, and this
condition i8 unacceptable,

(U) The tap-off outlet for supplying high pressure fuel to the thrust
plstona of the main fyel pump and the fuel low-speed inducer is located
in the longer upper segment to assist in balancing the diffuser flows,

A second tap-off is located in the main pipe just upstream of the fuel
valve. An overboard vent valve mounts directly on this boss. Because
fuel passes through this outlet, only prior to the pumping mode of engine
operation, its presence has no effect on pump performance.

(U) The design configuration is illustrated in figure 553. Upstream of

the Y-fitting the two pipe segments have 1.970 inches inside diameters, and
downstream the inside diameter is 3,030 inches to match the preburner fuel
valve, The selected routing maintains a low profile in relation to the
gimbal, and is located well inside the 22.80 inch radial envelope for
clearance with the twon-position nozzle. Only two flanged joints upstream
of the tube exit end are employed in the engine configuration shown,

(Rig pump housings, which were designed with mechanical joints at both
diffuser outlets, can be altered for engine usage to accomplish design
compatibility with this engine plumbing.)

(U) The pipe components are made of Inconel 718 (AMS 5663) material,

with the tube sections formed from welded and drawn stock. Wall thick-
ness in straight sections 1is based on 307 thinning in bends., Each dif-
fuser outlet pipe is therefore approximately 2.120 inches outside diameter
with a nominal wall of 0,105 inch which allows G.073 inch minimum thickness
in bends. The section downstream of the Y-fitting is 3.350 inches maximum
with a nominal wall of 0,157 inch before bending, and the minimum allow-

able wall is then 0.110 inch.

(C) The pipe flanges are designed in accordance with the coupling criteria
previously explained by the example presented for the preburner fuel line.
Bolt preloads of 7200-8800 1b for the diffuser pipe joint, 6900-8300 1b for
the lower diffuser outlet flange, and 12,900-15,000 1b for the outlet flange
are specified to ensure a 40% margin against flange separation. The tube
routing analysis established allowable flange moments of 18,600 lb~in. for
the 2.120-inch sections and 43,000 lb-in. at the outlet flange that mates
with the preburner fuel valve, Flange thicknesses were determined by high
pressure rlange design computer program based on a standard seal point de-
flection of 0,002 inches maximum at 1207 cycle pressure, or 6780 psi. Each
flanged joint is designed to accommodate a number of potential seal designs.
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(U) Figure 553. Main Fuel Pump Discharge Plumbing
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(U) The large outlet flange that mates with the preburner fuel valve
contains tapped holes for engagement of the twelve 0,5625-18 studs that
pass through the valve housing and mating flange on the primary nozzle,
(Locknuts are secured to the opposite ends of the studs,) The intimate
contact at these threaded holes ensures effective thermal conductioa to
pre-cool the studs before high pressure loading is imposed. This design
thus avoids any significant loss of bolt preload caused by thermal lag
relative to the valve housing.

(U) This pipe system is pre-soaked before starting, and is pre-cooled
additionally by overboard hydrogen venting, prior to engine ignition.
A heat transfer analysis shows that the initial assembly preload will
fluctuate upwards as much as 3400 lb per bolt until the valve housing
1s exposed to the operating fuel flows. After thermal stabilization,
the specified bolt loads are expected to increase only 130 1b each.

(U) The problem of mating this tube assembly to the engine with prevailing
engine component tolerances had precluded designing for part interchange-
ability. All relevant tolerances were evaluated on the fuel pump, transi-
tion case, main chamber and primary nozzle. Results show that maximum
variation of engine end points for tube mating could be X of 0.056 inch,
Y of +0.056 inch also, and a Z value of 0,075 inch., These axes are
shown in figure 547,

(C) The analysis of the same engine components to determine dimensional
movement of the tube mating point (taken at the fuel valve end) caused
by thermals and high pressure effects indicate an acceptable condition.
That is, the tube configuration and external moment capacity of the
flanges are adequate to handle the calculated results. The calculated
dimensional values for combined AT and AP effects, at 100% engine
thrust and mixture ratio of 5:1 condition, are: X = 0,030 inch,

Y = 0,037 inch, and Z = +0.095 inches. The plus value means that the
engine end points move apart when the engine is operating steady-state,
The tube-to-engine assembly requirements that can be permitted in con-
Junction with these operational conditions are: Custom machining of the
valve end of the tube assembly shall be performed as required to limit
the total misfit to 0.015 inch in any direction and O degrees 10 minutes

of angle in any direction.

6. Oxidizer Pump Discharge Lines

(U) The oxidizer pump discharge lines are part of a welded assembly con-
sisting of the oxidizer pump volute housing, two diffuser sections, and
both discharge lines which are joined at a spherical housing referred

to as the '"collector,'" The collector is located at the turbine inlet of
the oxidizer low speed inducer and serves as a manifold to receive the
flow of oxidizer from the pump and to direct a portion of the pump dis-
charge flow to the preburner injector and the supply for the pump thrust
piston. The general arrangement of this assembly is shown in figure 554.
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(U) Figure 554, General Arrangement of Oxidizer Pump
Discharge Lines With Oxidizer Low-Speed
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(C) Design conditicns for the lines were as follows:

(C) Maximum Operating Pressure - 6000 psia
Operating Temperature - 244°R

(C) Maximum Flow Rate - 408 lb/sec
(Maximum flow does not occur at maximum pressure,)

(U) Design structural criteria is specified in Appendix I. The decision
to uge a welded assembly rather than bolted flange joints for the dis-
charge lines was made on the basis of the weight saving which could be
realized. The welded joints eliminated four flanged joints for a saving
of approximately 20 pounds, Two flange joints are still required however,
these being at the collector inducer interface and near the collector to
connect with the preburner oxidizer supply line.

(U) The high pressure flanges were designed using the criteria of
Appendix I with the analysis of the design being made by the high pres-
sure flange computer program.

(U) The flange used on the collector housing is not considered as an
ordinary cantilever flange. The half of the flange located on the in-
ducer is a typical flange and is designed by using the basic criteria

of Appendix I. The flange was designed with 0.001 inch deflectinn of
the seal face at 1,2 maximum cycle pressure., The mating half of this
flange joint is an integral part of the collector housing. This flange
was designed using the '"line of Action' concept where effort is made to
have the resultant forces act through the centroid of the flange in
order to reduce or eliminate the moments which tend to roll the flange
increasing the deflection of the sealing surfaces. The engine envelope
radius of 33.2 inches, as shown in figure 554, limited the length of the
flange and aiameter of the collector. Because of this envelope restric-
tion it is necessary to use stud bolts rather than conventional bolts

in this flange. The structural analysis of the spherical section of the
collector and the flange portion was made by using the finite element
structures program, Design stresses of this structure were limited to 85%
of the 0.2% yield strength.

(U) The minimum bolt loads were determined from the criteria of Appendix 1
using the following procedure:
Minimum bolt load = 1.5 x blow-off :ioad
+ seal load + thermal lag
+ bolt load relaxation due to flange rotation
+ bolt load due to external moments.
(U) A summary of the bolt loads and stresses are shown in table LXXIV,

The effects of thermal lag were neglected in these bolt load calculations
because of the cool down or soak conditions which occur before pressure is

applied to the flange.
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(U) Table LXXIV. Bolt Loads and Stress of Studs Used at Collector
To WO, (Or Oxidizer) Inducer Flange

Bolt load due to:

Blow~o[f Load at 4810 1b
1.5 Operating Pressure
Seal Loaa 210 1b
Load Relaxation Due to 334 1b
Flange Rotation
Load Due to External 2130 1b
Moments -
Total Axlal Load 7484 1b
Bolt Tensile Stress Due to Axial Load 101,000 psti
Bolt Bending Stress Due to Flange Rotation 49,500 psi

Tensile Stress + Bending Stress
0.85 x 0.2% Yield Strength 1.3 x 0.2% Yield Strength

fr .

1.0

101,000 49,500

0.85 x 165,000 T 1.3 x 165,000 - 0+717 +0.232 = 0.949

Bolt Loads Based on Using 18 0.375-24 UNFJ Studs

(U) All high pressure tubing sections were sized using the basic design
criteria of Appendix I with these additional requirements: thinning of
tube in the bend areas is limited to 30% and stress levels are limited

to 90% of the 0.2% yleld stress at 150% of design pressure to account

for reduced strength of welds in the welded and drawn tubing as discussed
in the preburner fuel line section.

(U) The high pressure pipe anaiysis - Deck 6503 - was used to analyze

the tubing and to determine the external moments required for the bolt
load calculations. The inputs supplied to the program were the tolerances
due to build up of the engine components, the displacements of the tube
end points due to pressure and temperature changes and the angular mis-
match of the components. The results of this analysis are tabulated in
table LXXV,

(C) The analysis of the design is dependent upon the assumption that, at
the time of assembly, the oxidizer inducer will be installed and adjusted
at its mounting in order to avoid any mismatch of the collector and pump
supply duct with the mating flanges on the inducer. It is also assumed
that the inducer mounting will allow for the displacemeut of the end
points due to the thermal effects during the cool down period. These
features were included in the design of the oxidizer low speed inducer
mount brackets; however slight redesign may be required to ensure that
the desired movement is in the required direction.

(C) The calculated weight of the line and collector assembly is 43 pounds,
The pressure drop is 25.4 psi as compared to a cycle pressure drop of 41 psi,
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(U) Table LXXV,

Tube Analysis Input and Results

Tolerance Due to Engine Build Up

Angular Mismatch

Displacements Due to
AP & AT at Operating
Conditions

Resultant Moment at Diffuser
End of Linre

Resultant Moment at Collector
End of Line

Resultant Moment at Collector/
Inducer Flange

X = 0,025
Y = 0,016
Z = 0,029

° L]
Oy,v,z = 0730
X = -0,017
Y = -0,014
Z = -0,012
Upper Line 10,400 in,
Lower Line 19,900 in,
Upper Line 49,000 in,
Lower Line 45,300 in,
42,200 in. 1b

1b
1b

ib
1b

6.  Preburner Oxidizer Supply Line

(C) The preburner oxidizer supply line directs liquid oxygen from the
oxidizer pump discharge to the preburner oxidizer control valve. The
tube size (2.125 0.D., x 0,100 wall thi-kness) was selected to match the

inside diameter of the mating components.

maximum pressure of 5919 psia and a flow rate of 82 1b/sec.

The line was designed for a

At the

max imum pressure condition the operating temperature is 244°R and the
See figure 555,

pressure loss is 6.2 psi,

Oxidizer Low-Speed Inducer

Oxidizer Pump
Discharge Pienum

Preburner Oxidizer
Supply Line

(U) Figure 555.
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{U) Inconel 718 (AMS 5663) welded and drawn tubing was chosen for the
line material because of its ductility at cryogenic condition, high
strength and weldability., This material has an 0.2% yield strength of
166,000 psi at operating temperature. The minimum wall thickness of
the tube is 0,065 inches (in the bends) and is based on a hoop stress
limit equal to the 0.2% yield stress at 150% of the maximum operating
pressure with allowance for a 907 weld efficiency. The minimum stock
tube wall thickness of 0.095 inches allows for a 30% reduction in wall
thickness at the bends during fabrication. The minimum bend radius is
1.7 times the nominal tube 0.D,

(U) The flanges at each end of the line are identical and are designed
to mate with existing componént flanges. These flanges were designed
by the high pressure flange computer program., The total line weight
(including bolts and nuts for both flanges) is 22.9 pounds.

(U) The high pressure pipe computer program was used to determine the
flange and pipe loadings resulting from pipe end point displacements,
These displacements result from angular and linear tolerances and the
thermal (AT) and pressure (AP) effects at operating condition on both
the line and the engine components. The AP and AT effects at cooldown
were examined and determined to be less than at operating conditions,

(U) The total tolerance stackup, thermal (AT) and pressure (AP) induced
displacements are tabulated in table LXXVI along with the resulting
flange moments. The maximum flange moment load is 19,750 lb-in. The
allowable moment is limited by the tube structure limits rather than

the flange separating moment capacity (as with all previous lines), The
tube stress is within the allowable limit as specified in Appendix I.

(U) Table LXXVI. Total Tolerance Stackup

Tolerances due to buildup X = 10,059 in,

Y = 0,069 in,

Z = 10,050 in,
Angular Tolerance 0°37.4' (0,0108 in./in.)
AT and AP Displacements X = -0,0236 in,

Y = «0,0763 1in,

Z = +0,0 in.

Resulting Flange Moments:

At Oxidizer Pump Discharge Plenum 19,750 in.-1b
At P/B Oxidizer Control Inlet 10,350 in.-1b
682

CONFIDENTIAL

{This page is Unclossified)




CONFIDENTIAL

7. Main Burner Oxidizer Line

(C) The high pressure line that conducts liquid oxygen from the oxidizer
low=-speed inducer turbine discharge to the main burner operates at a
maximum cycle pressure of 4800 psi and flows approximately 370 lb/sec

at design point., The calculated pressure drop of 26,0 psi is compatible
with theoretical cycle requirements, The oxidizer temperature at this
point in the system is 244°R, The line is filled prior to engine start-
ing because the downstream end mates with the main oxidizer (shut-off)
valve as shown in figure 556, Near the tube exit there is a flange

boss for mounting an overboard vent valve (the same valve design as the
one that mounts on the main fuel nump discharge line). Oxidizer is
vented overboard at this point tc pre-cool the oxidizer system prior

to engine ignition.

(C) The 2.850 inches inside diameter of this main oxidizer line is matched

to the exit diameter of the hydraulic turbine located inside the low-

speed inducer assembly, The wall is sized to 150% cycle pressure

(or 7200 psi) at 0.2% yield strength in Inconel 718 (AMS 5663) welded
and drawn tube material, The same 90% properties allowance is used here
as described for the preburner fuel line, The nominal wall thickness

is 0,117 inches and with a 30% wall thinning factor assumed, the minimum
wall is 0,082 inch allowable in accordance with the design ground

rules.,

(U) The flange designs reflect complete analysis using the cantilever
flange computer program. Flange thickness was set by ‘the criterion of
0.002 inch total deflection for the mating pair with a metal O-ring the
assumed gasket. Then the flange was further, analyzed to be certain
that deflection with alternative seals did not exceed 0,002 inch per
flange set. The computer results are presented in table IXXVII.

(U) Flange rotation, bolt load loss is accounted for, but there is

no thermal load loss because this tube is pre-cooled before operating
high pressures exist. The specified minimum bolt preload 1is high
enough to maintain at least 1507 of fluid blow-off load at maximum
cycle pressure after flange rotation,
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(U) Table LXXVII,

Computer Design Results

Inlet Outlet
Flange Thickness (tp) 0,769 in. 1.094 in,
Dia. Bolt Circle 4,071 in. 4.760 in,
Dia. Bolt 0.375 in. 0.375 in.
No, of Bclts 15 15
Inside Dia, 2.850 in, 3.280 in.
Flange Deflection per Side 0.0001 0.0001
Dia, at Seal Point 3.062 in. 3.500 {n.
Assy. Bolt Load « Min, 5580 1lb/bolt 6210 1lb/bolt
Assy, Bolt Load - Max, 6700 1b/bolt 7450 lb/bolt
Max, Bolt Tensile Stress 74,000 psi 82,400 psi
Max. Bolt Bending Stress 35,050 psi 33,200 psi

(U) The standard rcutine of analyzing engine component tolerances

(X = 0,36, Y = t0,031, Z = £0,023) and thermal and pressure effects,

on end point displacements was completed, Results are, that the AT

and AP effects produce the following values:X = =0.010 inch, Y « +0,049 inch
and Z = +0,017 inches. This tube design is basically limited by the 3
bolted flange between the main injector and the main chamber oxidizer
valve (which was sized to valve downstream pressure for low weight). That
particular flange can support 14,500 lb-in., of external moment at 100%
cycle pressure, with a 25% margin to flange separation., The oxidizer

line design, therefore, must be custom machined to within 0.005 inch in
the Z-direction and 0.010 inch in both the X and Y directions (see fig- i
ure 556), Angular mismatch of zero degrees 10 minutes is permissible
in addition, With these restrictions imposed, the calculated moment
predicted at the injector flange is 13,300 lb-in.

(U) The moment produced at the tube inlet flange under the same condi-
tions is 21,200 lb-in, which is 75% of the theoretical separation
moment, The flanged joint at the outlet end of the tube (where it mates
with main oxidizer valve) has a similar moment capability. The tube at
this end also has a divergent section to match the inside diameter of
the oxidizer valve.

(U) Inconel 718 (AMS 5663) studs and locknuts are used at each tube
flange joint to assure thermal compatibility and light weight. Both
stresses listed in table LXXVII reflect the prevailing bolt design
criteria defined by the equation:

Tensile Stress + Heading Stress -
0.85 x 0,2% Yield Strength 1.3 x 0,2% Yield Strength

A} AR SR
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8.  Fuel Turbopump inist Line

(C) Figure 557 illustrates the fuel inlet line, which consists of a
flanged circular straight section that attaches to the fuel lowe-speed
inducer flange, a circular-to-elliptical transition, an elliptical

section that is contoured to match the 66.4 in, diameter engine envelope,
and a final curved elbow of complex shape. (The design temperature,
pressure, and flow rate is 47°R, 117 psia, and 90 lb/sec, respectively.
This exit portion contains a series of splitter vanes to achleve a uniform :
velocity profile with low flow loss, and avoid possible cavitation, These ; ;
vanes are designed per the S,A.E. Aerospace Applied Thermodynamics Manual ?
and the method adapted to liquid flow in circular pipes. The elbow and i
turning vane concept has been evaluated in testing performed by Pratt & '
Whitney Aircraft and reported in Section C of AFRPL TR-69-3, :

(C) The elliptical main section was dictated by available space to the
engine outer envelope, The duct had to clear the two-position nozzle

jackscrew mechanism at the inside contour as well, The pipe section was f
designed with vertical structural member located at the tube centerline. 5
The web thickness was determined by the internal pressure (174 psi max) ; j
that tends to deform the ellipse into a circular section., The selected i ]
design is the lightest weight found in the space available. | ;

(U) The duct material is Inconel 718 (AMS 5663) to achieve high stress to
weight ratio, and weldability., The end flanges are of different thicknesses
because of the different mating materfals and the requirement to maintain
the 0.002 inch seal point deflection criteria, The fuel inducer flange
material is AMS 4924 titanium alloy with a modulus of 17,25 x 10° psi at
-300°F, However, the modulus of the nickel alloy tube is 31.0 x 10® psi

and this tends to reduce the thickness on the duct side because of the
higher modulus. A more significant cause for the thickness difference

is the thin wall adjacent to the flange of the fuel low-speed inducer out-
let which tends to expand and rotate the flange.

_— i i i i

(U) The fuel line applies only 4500 1b-in, of moment to the fuel turbo-

pump inlet housing, which produces only 1200 psi stress in the pump hous-
ing. Part of this stress is the result of a 3-g transverse (engine) ac- :
celeration requirement. However, the critical cause of housing stress
relates to the possible vertical Z-axis mismatch between the fuel inlet !
pipe and the low-speed inducer. A total misfit of 0.025 inch is allowable z
here in order to limit torsional stress on the turbopump housing which H
has a yield stress of 30,000 psi, The vertical mismatch limitation will 5
be controlled by adjusting the inducer support structure with custom-

machined spacers.

(U) Fipe stresses generated in the pipe caused by the 0,025 in. are
7500 psi shear stress and 14,900 psi in bending, The respective allow-
ables for the Inconel 718 (AMS 5663) material at room temperature are
85,000 psi and 150,000 psi.
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(U) The mount system design of the low-speed inducer provides free travel
in the X and Y directions of 0,200 inch and 0.760 inch, respectively. Cal-
culations show that the fuel inlet pipe will contract 0,017 inch in the
X~direction and 0,047 inch in Y, because of thermal and pressure effects
in relation to the fuel turbopump. No significant reaction loads are
created, however, because the inducer assembly is free to move in the
resultant direction indicated.

9. Oxidizer Turbopump Inlet Line

(U) The inlet pipe to the oxidizer turbopump shown in figure 558 differs
from the fuel pump design previously described in several ways. Both
serve the same basic function of conducting low-speed inducer discharge
flow to the inlet of the main pumps with minimum velocity distortion, low
pressure loss, and no cavitatinn, The oxidizer side incorporates the
special feature of a circular manifold for injecting various recirculation
or return flows back into the main pump inlet with minimum flow disturb-
ance, Both ducts have flow splitters, but the oxidizer design incorporates
these vanes over a large portion of total length, primarily because of the
inherent requirement to turn the flow through a total angle of 180 degrees.
This design condition 1is dictated by engine envelope restraints.

(C) The distinctive mechanical feature of the oxidizer inlet duct is that
it is made integral with the oxidizer turbopump inlet housing. The pipe
structure is fabricated from Inconel 625 sheet and bar stock and welded

to the inlet pump housing. The design temperature, pressure, and flow rate
is 204°R, 267 psia, and 619 lb/sec, respactively. See Section 1V-J for

a discussion of alternate materials considered and all other relevant
mechanical features, strvesses, engine assembly mating requirements and test
experience factors,

10. Fuel Low-Speed Inducer, Turbine Supply Line

(C) The subject tube assembly flows 55 pounds per second hydrogen at
408°R and 5121 psi operating pressure at design point, The flow is con-
ducted from the primary nozzle (transpiration coolant heat exchanger
section) forward to the turbine inlet on the fuel low-speed inducer. See
figure 559. Two tap-off tee fittings are incorporated into this line to
(1) supply fuel coolant to the engine transition case, and (2) provide

a turbine bypass flowpath connection (see the Engine Plumbing Roadmap
Diagram, figure 568 for the physical arrangement).

(U) The general routing of this relatively long tube was optimized on
the mockup with specific attention to the engine envelope, the 0.500 in.

minimum clearance to other components, and adequate expansion loops to
achieve flexibility. The flowrate dictated a 1.500-inch outside diameter

tube and the maximum cycle pressurc at 150% set the wall thickness minimum
for bends at 0,041 inches., With a 30% thinning allowance assumed, the
nominal wall is 0.062 to 0.072 inches. Flanges are welded to each end of
the Inconel 718 (AMS 5663) welded and drawn tube, and two tee fittings

are welded into the assembly., Each tee has an integral, externally
threaded boss similar to the MS 27850 through MS 27855 stain-steel con-
figuration, except for dimensional changes that conform to the Inconel 718
alternate series.
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(U) Figure 559. Fuel Low-Speed Inducer Turbine Drive Fuel
Supply

(U) The flange at the nozzle end is a mirror image of the flange design

on the primary nozzle, which is made of Inconel 625 material. This
solution is valid because the modulus of each mating material is nearly

the same. Equal flange deflections of 0,001 inch each are thereby assured,
and flange stresses are well within the yield stresses. The flange at

the opposite end mates with a flush boss on the fuel low-speed inducer

and was sized by the flange design computer program according to the gen-
eral criteria. The moment capability of each flange based on the regular
tube coupling ground rules is 2770 lb-in, for the nozzle end and 4490 lb-in,
at the inducer interface.

(U) Following the established cube routing analysis, the mating flange

end point motions caused by operating thermals and pressure effects were
calculated from known dimensions and predicted metal temperatures.

Results are as follows in engine coordinates: X = +0.008 inch, Y = +0.033
inch, and Z = +0.043 inch., These values were used as input deflections in
the tube analysis program, along with required dimensional tube coordinate
information. Overall tolerances for the engine mating were evaluated and
the estimated value of 0,100 inch in the X,Y, and Z direction was considered
a realistic conclusion. When 0 degree 30 minutes angular misfits in two
planes were also added to the above displacements , the final computed flange
moments were 1035 lb-1in. at the nozzle and 1575 lb-in., at the inducer
flange. Because these values are well below the flange allowables, no" ¢ .
custom fitting of the tube at engine is specified.
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11, Primary Nozzle Fusl Supply Line

(U) Opening the preburner fuel valve permits hydrogen to flow from a side
port in the valve housing through the subject tube to the transpiration
coolant heat exchanger section of the primary nozzle. Figure 560 illus-
trates this relationship, Bolted flanges are incorporated at each end

of the tube, and a special orifice is provided at the nozzle interface to
flow balance the fuel system with no external power accessory installed.

Near the valve end there is an integral tee fitting to supply coolant flow
to the oxidizer pump rear bearing and fuel to each of the igniter assemblies,

(U) The outlet boss on the fuel valve mates with a 1.000-inch outside dia-
meter tube with an 0.049 inch wall. This valve housing and the tube assem-

bly are designed with Inconel 718 materials. The tube flange is designed
like its mate on the valve. The same material is used for the eight,
0.250-28 studs employed, The bend at the tube inlet end has a 1.500-inch
mean radius. This tight bend is necessary to achieve adequate clearance
to the nozzle.

(U) The nozzle flange is sized to 1,250 outside diameter and the material
is Inconel 625. A mating flange of similar geometry was designed for this
end of the tube. Both flanges are the cantilever type and each is designed
to accommodate a number of alternate seals.

(U) The 1,250 diameter tube size is used for most of the overall tube
length to maintain pressure drop below 21 psi for cycle compatibility.

The computer tube analysis however, shows the need to custom fit this

tube to the engine., Operating pressure effects are negligible, and ther-
mals are small: X = -0,007 inch, Y = 0,001 inch, and Z = -0,020 inch,
However, the estimated overall tolerances that could reach 0.050 inches

in any direction are significant. When a zero degrees 30 minutes angular
mismatch is included, the tube analysis results are: 2200 1lb-in. generated
at the nozzle joint (the flange capacity is 2250 1lb-in.), and 2300 1b-in.
at the fuel valve flange. The capacity of this flange is only 1385 1lb-inches,
Therefore, it is necessary to restrict the strain imposed on this tube at
engine assembly to avoid flange separation. Preliminary values of allowable
mismatch are 0.030 inch in any direction together with zero degrees 15
minutes in any plane, and 0.100 inch of surplus stock is provided at the
larger nozzle-end flange for the necessary custom machining.

12. Main Chamber Coolant Supply Lins

(U) Fuel coolant to the main chamber is supplied from the discharge of

the fuel low-speed inducer turbine. A 1.500-inch outside diameter tube

is required to maintain the pressure drop below 18 psi. A minimum wall of
0.0628 inch is needed in the bends to meet the 150% pressure criteria at 0.2%
yield strength. Inconel 718 (AMS 5663) material is used for flanges and
tube, which can be seamless in this size. The nominal wall thickness in

the straight portions is to be 0,040-0,048 in, to allow for 30% thinning.
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(U) As shown in figure 561, the upper flange incorporates a 90° outlet

tee for a 0,750 inch drive turbine bypass tube. The other end of this
bypass line is shown in figure 559. The boss is machined integral on the
adjacent flange due to space limitations, Both flange designs are identi-
cal to the existing fisnge design on the combustion chamber. The moment
capacity of these flanges is calculated to be 2600 lb-in. and the thick-
ness is set by 0,002-inch total deflection, per the standard,

(U) Results of the routine calculation for tube end-point deflections
caugsed by pressure and thermals are X = ~0,018 inch, Y = -0.039 inch, and
Z = 40,028 inch, for the upper end in relation to the chamber end. Engine
tolerance stock-up results are approximately as follows: X = 0,049 inch,
Y = +£0,048 inch, and Z = 0,044 inch. Angular mismatch of zero degrees

30 minutes was assumed for the analysis. These values were used to input
the high pressure tube gnalysis program and results are: The moment pro-
duced at the joint with the combustion chamber is 3195 lb-in., while the
mement at the inducer end is only 785 lb-inches. The joint at the inducer
can easily accommodate the predicted moment, but the other joint would be
seriously overloaded from pipe .xoment without custom fitting at installa-
tion. A tentative assembly requirement is specified as follows: end
point mismatch must not exceed 0.040 in., in any direction, and flanse planes
cannot be out of plane more than zero degrees 30 minutes in any direction.

13. Small Line Connactor and Seal Selection

a. Battelle Bobbin Seal

(C) The initial selection effort consisted of a literature search to deter~
mine the availability of flight weight commercial connectors rated for
XLR129 requirements (up to 6000 psi operating pressure). This investigation
resulted in the selection of the AFRPL Bobbin Seal connectors developed by
Battelle Memorial Institute for the Air Force Rocket Propulsion Laboratory
for additional study and testing.

(U) The existing AFRPL Bobbin Seal connectors were type 347 SST (MS 27850
through 27855) rated for 4000 psi working pressure and 6000 psi proof pres-
sure. The reported leakage rate for these connectors is well below the
104 standard cc per second required.

(U) Battelle Memorial Institute was contacted to up-rate thelr 347 SST

connector design to the program requirements and the operating conditions :
and structural limits were supplied by Pratt & Whitner Aircraft. These .
specifications included the nominal tube OD wall thici.ness, tube material,
operating temperature and pressure, externally applied moments and fatigue ,
limits, i

(U) Because the connectors are joined to the tubes by a butt weld, material
selection was the first requirement. Inconel 718 (AMS 5663) was selected
for both the tubing and fittings because of its high streng.: and welda-
bility.
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(U) The structure limit for both the tubes and the fittings is that proof
pressures (1,5 times operating pressure) must not produce stresses in ex-
cess of the 0.2% yield strength and that stresses at operating pressure
must not exceed 0,85% of the 0,2% yield strength (See Appendix I). The
tubing wall thicknesses were sized by selecting the thinnest (Pratt &
Whitney Aircraft) standard wall in which the hoop stress in the minimum
wall produced by the minimum bend radius (equal to twice the nominal

tube OD) would not exceed the allowable stress.

(C) The specified allowable tube bending moment produces the maximum
allowable combined stress in the tube wall when applied to a tube pres-
surized to 6000 psi (working pressure). When combined with working
pressure stresses, the vibratory stresses specified yield a life of 107
cycles (See Appendix I, Goodman Diagram for material used).

(C) Using these specifications, Battelle Memorial Institute produced a
computer designed Inconel 718 (AMS 5663) connector rated for 6000 psi for
3/8«~inch to l-inch nominal diameter tubes. It addition to the design effort,

several seals of the 3/8-inch and l-inch sizes were machined and tested to
ensure that adequate contact stresses on the seal surfaces would be present.
(Appendix II) figure 562 shows the Battelle seal and a connector assembly,
Figure 563 shows the sequence of steps for assembly cf the Battelle bobbin

seal,

(U) These designs consist of the two Inconel 718 (AMS 5663) flanges which
are butt welded to the tube ends and subsequently fully heat treated. The
coupling nut is also fully heat-treated Inconel 718 (AMS 5663). Battelle
specified an annealed Inconel 718 seal with soft nickel plating on the
sealing surfaces (Appendix II),.

(U) An investigation of the plating requirements revealed a hardness speci-
fication (150 Knoop) to be produced by a 1500°F vacuum anneal. This plating
annealing process is not compatible with the annealed Inconel 718 seal ma-
terial because precipitation hardening of annealed Inconel 718 will commence
at approximately 1000°F, After consulting with Battelle Memorial Institute,
silver plate (AMS 2410) was substituted for nickel plating.

(U) The 347 SST AFRPL couplings designed by Battelle (MS 27850 through 27855)
are designed to be butt welded to tubes whose wall thickness is specified

by the ASA Code for Pressure Piping (see ref. L). These wall thicknesses
are greater than those required by present XLR129 design limits (hoop stress
limited) . The same situation exists with the Inconel 718 couplings designed
by Battelle. A weld mismatch between the coupling flange and the tube was
eliminated by requiring that the coupling ID match that of the tube and by
adding a transition taper to the coupling flange at the weld joint,.

(U) Silver plate (AMS 2410) has been added to the coupling flange thread

as an anti-séize agent. Torque limits were recalculated using coefficients

of friction for silver-plated threads tc produce the same maximum seal
compressive s+ress used by Battelle, The minimum seal load will be less

than Battelle's value because the actual minimum coefficient of friction

(f = 0.11 based on test experience) will be approximately one-half the max-
imum value 1ather than the constant coefficient (f = 0,20) used in Battelle's

calculations.
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b. Boss Connectors

(C) The need for a 6000 psi tube to housing boss connector capable of
meeting leakage requirements resulted in the adaptation of the AFRPL
Bobbin Seal and portions of the tube connector to fulfill this require-
ment., Two designs have evolved, one consists of a semi-permanently
installed connector which adapts the boss to the line (see figure 564)
and the other design in which the flange on the end of the tube is
mated dirvectly with the boss (see figure 565). Both designs use the
same boss and also the same bobbin seal as the high pressure line con-
nector. Becausc the thread size is the same on both the line connector
nut and the boss connector, the torque limits are the same. (See fig-
ure 566),

(U) The first design (the bos3s connector) will be used during the devel-
opment program to determine if the second design can be incorporated
later realizing a significant weight reduction. The advantages of the
boss connector include those of any tuhe to boss adapter, protection of
boss threads and seal surfaces during frequent plumbing installation and
removal, and in this case, it eliminates the blind installation of the
bobbin seal in ithe field. 1Its disadvantages are its protruding length,
which may increase tube installation difficulties in confined spaces,

and also the requirement for two seals for a single tube to boss connection,

Tube And Plain Flange
{(Welded Assembly)

Tube Connector
/_ Coupling Nut
Boss Connector

Captive Nut (Hex)

BPoss

N

AR

Ve Battelle
O Bobbin Seal

2, R

PSR S W A AN

~

FD 24807
(U) Figure 564, Inconel 718 High Pressure Boss Connector
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(U) Figure 565. Alternative Boss Connector Design

(U) The second design eliminates one seal, minimizes weight and reduces
the required installation space. The primary disadvantages are possible
installation difficulties resulting from the tube deflection required to
position the tube end in the boss and blind installation of the bobbin
seal in the bottom of the boss recess under less than ideal assembly

conditions,

(U) The flight engine design will probably include both types of boss
connections with the boss connector (first design shown in figure 564)
used only where large tube deflections are required to assemble the tube
to the boss or where blind assembly of the seal is difficult,

c. Miscellaneous Elbtows, Tees and Fittings

(U) Presently, none of these connectors have been designed but no dif-
ficulties are expected in the various combinations of the fitting ends
required to form the required joints. Sketches of the required fittings
are shown in figure 567. Tables LXXVIII, LXXIX, and LXXX list all

engine small lines and presents functional information about the line

and its design. Tables LXXVIII, LXXTX, and L¥XX also contain key letters
that will provide identification of each line on the engine plumbing road

map figure 568.
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(U) Table LXXVIII. Fuel Small Lines Summary

Tube End Tube
* Description Size (in.) Fitting Material
Q Main Fuel Pump and 1.500 OD K Inlet
Fuel LSI Thrust 0.049 WwWall J Inline Inconel 718 (AMS 5663)
Piston Supply 20.0 Long K Exit
(See Note 1)
) Fuel LSI Thrust 1.500 0D K Inlet
Piston Main Supply Wall 2 H Inlines Inconel 718
and Fuel Pump 10.0 Long
Thrust Piston
Supply No. 2 0.875 0D K Exit
(See Note 2) 0.33 Wall Inconel 718
30.0 Long
Z Two~-Position 1.000 OD K Inlet
Nozzle Coolant 0.035 wall K Exit Inconel 718
Supply (valve to 43,0 Long
Translation Linkage)
R Main Fuel Pump 0.875 0D J Inlet
Thrust Piston 0.C35 Wall K Exit Inconel 718
Supply No. 1 12,0 Long
B Fuel LSI Turbine 0.750 OD A Inlet
By-Pass 0.028 Wall A Exit Inconel 718
8.0 Long
D Fuel LSI Thrust 0.750 OD B Inlet
Piston Discharge 0.028 Wall 2 F Inlines Inconel 718
Collector 15.0 Long K Exit
AJ Transition Case 0.750 OD A Inlet
Liner Coolant Main 0.028 Wall C Exit Inconel 718

Notes:
(1) Includes Welded on Branch to F/P Thrust Piston Supply #1

(2) 21.50 OD Sect. Includes Two Type H Tap-Offs then Reduces to
0.875 OD to F/P Thrust Piston #2 Supply.

*Road Map Reference Letter
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(U) Table LXXVIII. Fuel Small Lines Summary (Continued)

Tube End Tube §

* Description Size (in.) Fitting Material ;
G Igniter Fuel Supply 0.625 OD A Inlet
and Bearing Coolant 0.028 Wall F Inline Inconel 718
Supply for Fuel LSI  50.0 Long A Exit
and Oxidizer LSI
AG Main Fuel Pump and 0.625 OD A Inlet
Main Oxidizer Pump 0.028 Wall E Exit Inconel 718
Turbine Coolant 20.0 Long
Supply
M Fuel LSI Rear 0.500 OD A Inlet i
Bearing Coolant 0.020 Wall A Exit Inconel 718 i
Main Supply 46.0 Long !
AE  Fuel LSI Thrust 0.500 OD A Inlet f
Piston Supply No, 1 0.020 Wall A Exit Inconel 718 i
5.0 Long §
AF  Fuel LSI Thrust 0.500 0D A Inlet :
Piston Supply No, 2 0.020 Wall A Exit Inconel 718 i
12.0 Long :
i
AN  Fuel LSI Front 0.500 0D A Inlet ;
Bearing Coolant 0.020 Wall A Exit Inconel 718 i
Drain No, 1 42.0 long ‘
AO Fuel LSTI Front 0.500 op A Inlet
Bearing Coolant 0.020 wall A Exit Inconel 718
Drain No., 2 35.0 Long ,
i
K Igniter Fuel Main 0.500 OD F Inlet !
Supply 0.020 Wall A Exit Irconel 718 :
4.0 Long f
AP  Main Oxidizer Pump 0.500 OD A Inlet 5
Rear Bearing Coolant 0.020 Wall A Exit Inconel 718
Drain No, 1 65.0 Long

Notes:

(3) Includes Welded in Line "0" at Inlet.

*Road Map Reference Letter ;
{
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(U) Table IXXVIII.
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Fuel Small Lines Summary {(Continued)

Tube End Tube

* Description Size Fitting Material

AQ Main Oxidizer Pump 0.500 OD A Inlet
Rear Bearing Coolant 0,020 Wall A Exit Inconel 718
Drain No. 2 55.0 long

C Transition Case Liner 0,375 OD A Inlet
Coolant Supply No. 1 0.020 wall A Exit Inconel 718
(Via Main Fuel Pump) 25.0 Long

E Transition Case Liner 0,375 OD A Inlet
Coolant Supply No. 2 0.020 Wall A Exit Inconel 718
(Via Main Oxidizer 55.0 Long
Pump)

J  Main Oxidizer Pump 0,375 0D A Inlet
Turbine Coolant 0.020 Wall A Exit Inconel 718
Supply 24,0 Long

AS Fuel LSI Rear 0.375 0D A Inlet
Bearing Coolant 0,020 wall A Exit Inconel 718
Supply No. 1 4,0 Long

AT Fuel LSI Rear 0.375 0D A Inlet
Bearing Coolant 0.020 Wall A Exit Inconel 718
Supply No, 2 12.0 Long

0 Main Oxidizer Pump - 0.375 OD F Inlet
Rear Bearing Coolant 0.020 Wall A Exit Inconel 718
Supply 6.0 Long

AH Main Fuel Pump 0.375 0D A Inlet
Turbine and Duct 0.020 wall A Exit Inconel 718
Coolant Supply No.l1 44,0 Long

Al Main Fuel Pump 0.375 0D A Inlet
Turbine and Duct 0,020 wall A Exit Inconel 718
Coalant Supply No., 2 35.0 Long

AK  Fuel LSI Thrust 0.375 0D A Inlet
Piston Drain No. 1 0.020 wall A Exit

15.0 Long

*Road Map Reference Letter
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(U) Table LXXVIII.

UNCLASSIFIED

Fuel Small Lines Summary (Continued)

Tube End Tube
* Description Size (in.) Fitting Material
AL  Fuel LSI Thrust 0.375 OD A Inlet
Piston Drain No, 2 0.020 Wall A Exit Inconel 718
16,0 Long
AM  Fuel LSI Thrust 0.375 OD A Inlet
Piston Drain No. 3 0.020 Wall A Exit Inconel 718
20,0 Long
H Main Combustion 0.312 0D A Inlet
Chamber Igniter 0.035 Wall A Exit (AMS 5512)
Fuel Supply 12,0 Long
I Preburner Igniter 0.317 OD C Inlet
Fuel Supply 0.035 Wall A Exit AIST 347
45,0 Long
* Road Map Reference Letter
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(U) Table LXXIX. Oxidizer Small Lines Summary

Tube End Tube
* Description Size (in.) Fitting Material
AZ Main Oxidizer Pump 1.560 0D Welded,
Thrust Piston Wall Both Inconel 718
Main Supply (See 13,0 Long Ends (AMS 5663)
Note 1)
BA Main Oxidizer Pump 1.500 0D K Inlet
Thrust Piston 0.035 wall K Exit Inconel 718
Discharge No. 1 22,0 Long
BB Main Oxidizer Pump 1.500 0D K Inlet
Thrust Piston 0.035 wall K Exit Inconel 718
Discharge No. 2 16.0 long
N  Oxidizer LSI Thrust 1.062 0D K Inlet
Piston Discharge 0.035 wall K Exit Inconel 718
28.0 Long ‘
AX Main Oxidizer Pump 1.000 oD Welded,
Thrust Piston Supply 0,035 Wall Both Ends Inconel 718
No. 1 (See Note 1) 30.0 Long
AY Main Oxidizer Pump 1.000 0D Welded,
Thrust Piston Supply 0,035 Wall Both Ends Inconel 718
No. 2 (See Note 1) 12.0 Long
AU Preburner Igniter 0.250 nND F Inlet
Oxidizer Supply 0,028 wall A Exit AIST 347
12,0 Long (AMS 5512)
AV Main Combustion 0.250 OD A Inlet
Chamber Igniter 0.028 wall A Exit AIST 347
Oxidizer Supply 32.0 Long
(See Note 2)
BE 1Igniter Oxidizer 0.250 0D A Inlet
Main Supply (See 0.028 wWall F Exit AISI 347
Note 2) 16,0 Long
Notes:

(1) This Line is an Integral Part of MOP Discharge Plumbing
(2) This Line is also Used as Preburner Primary He Purge

*Road Map Reference Letter
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(U) Table LXXX.
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Helium Small Lincs Summary

Tube End Tube
*  Description Size (in.) Fitting Material
AR Main Combustion 0.375 oD A Inlet
Chamber Purge 0.020 wall A Exit Inconel 718
Supply 40,0 Long (AMS 5663)
BG Preburner Secondary 0.375 oD A Inlet
Purge Main Supply 0.020 wall F Exit Inconel 718
40,0 Long
AW Preburner Primary 0.250 0D A Inlet
Purge Supply 0.028 wall D Exit AISI 347
(1o Cross Fitting) 28.0 Long (AMS 5512)
BC Main Fuel Pump and 0.250 OD A Inlet
Fuel LSI Lift-Off 0.028 wWall A Exit AISI 347
Seal Signal 34.0 Long
BD Preburner Oxidizer 0.250 oD A Inlet
Vent Valve Signal 0.028 wall A Exit AIST 347
56.0 Long
BF Preburner Secondary 0.250 0D F Inlet
Purge Supply No., 2 0.028 wall A Exit AIST 347
16.0 Long
BH Preburner Fuel 0,250 0D A Inlet
Vent Valve Signal 0.028 wall A Exit AIST 347
40,0 long
BI Main Combustion 0.250 0D A Inlet
Chamber Oxidizer 0.028 Wall A Exit AIST 347
Vent Valve Signal 50.0 Long
BJ Main Oxidizer Pump 0.250 0D A Inlet
Helium Dam Supply 0.028 wall A Exit AIST 347
38.0 Long
BK Main Oxidizer Pump 0.250 OD A Inlet
Lift-Off Seal Signal 0.028 wall A Exit AISI 347
20.0 Long
BL Main Fuel Pump and 0.250 0D A Inlet
Fuel LSI Lift-Off 0.028 wall Exit AIST 347
Seal Main Signal 7.0 Long

*Road Map Reference Letter
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(U) Table LXXX, Helium Small Lines Summary (Continued)

2 S A G S

Tube End Tube
* Description Size (in.) Fitting Material
BM Main Fuel Pump 0.250 OD A Inlet :
Lift-0ff Seal 0.028 wWall A Exit AIST 347 i
Signal 8.0 Long (AMS 5512) :
BN Preburner Secondary 0.250 OD A Inlet
Purge Supply No. 1 0.028 Wall A Exit AIST 347
18.0 Long
BO Fuel LSI Lift-Off 0.250 OD A Inlet
Seal Signal 0.028 Wall A Exit AIST 347
40.0 long

*Road Map Reference Letter

d., Helium and Low Pressure Lines i

(U) At the present time, all lines less than 3/8«inch nominal tube size i
are to be fabricated from 347 SST tubing with AFRPL connectors (MS 27850 4

through 28855).

14. Summary !

W e
. g

(U) Although additional engine plumbing design itterations may be necessary,
sufficient work has been completed to indicate that the design goals can be
achieved within the weight goal of 310 pounds. Estimated plumbing weight
18 295 1b. Custom fitting of flanges can be eliminated with only minor
redesign of component flanges (increase flange thickness with bolt load);
this redesign can be accomplished with approximately 15 1b weight increase.
Figure 568 is a plumbing road map showing each engine line and its end
points.
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APPENDIX |
DESIGN STRUCTURAL CRITERIA

(U) This appendix is proprietary to Pratt & Whitney Aircraft Division of
United Aircraft Corporation. This appendix will be provided to Govern-
ment Agencies upon request, :
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APPENDIX 11
INCONEL 718 THREADED CONNECTORS FOR A 6000-PS!
FLUID SYSTEM

A. INTRODUCTION

(C) In a Request for Quotation dated Merch 27, 1969, the Florida Research
and Development Center of Pratt & Whitney Aircraft requested the design
of Inconel 718 threaded connectors for a 6000-psi cryogenic system., The
connectors were to be similar to the AFRPL connectors developed by Battelle-
Columbus for the Rocket Propulsion Laboratory at Edwards Air Force Base.
The design information was to be presented in a form similar to Military

Standards MS27851 - MS27855 inclusive.

() In a letter dated April 11, 1969, Battelle-Columbus proposed to develop
the necessary designs through the selective use of a computerized design
procedure developed for the AFRPL connector. The design work was to be
accompanied by the fabrication and load testing of typical seals to verify
a satisfactory seal performance. This report summarizes the program activ-
ities and presents the resulting design information,

B. SUMMARY

(U) The material selected for the nut, the threaded flange, and the plain
flange was fully heat-treated Inconel 718, The material selected for the
seal was annealed Inconel 718. Load tests performed on 3/8-inch and l~inch
seals showed that the seals deformed properly and that satisfactory radial
and axial seal loads were obtained, The computer design procedure (Program
UNDSGN) was used to develop the connector designs given in AppendixTIl. It
is believed that connectors made in accordance with these designs will meet

the specific performance requirements,
C. PROGRAM ACTIVITIES

(¢) The connector requirements specified by Pratt & Whitney Aircraft
were as follows:

Pressure
Operating 6000 psig
Proof 9000 psig

Temperature

Lower limit -320°F
Upper limit 160°F

Other Reguirements

Leakage rate 107> sccs GN, at =320°F
Fatigue stress for
107 cycles 40,000 (approximately)
712
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Minimum Weight

Tube OD, Nom, Wall Max Moment,
in, Thickness, in. lb«in,
3/8 0.020 108
1/2 0.020 495
9/16 0.020 601
5/8 0,028 1091
3/4 0.028 1517
7/8 0.035 2650
1.0 0.035 3335

1. Seal Dasign

(U) The design of seals for the Inconel 718 connectors required the
selection of a seal material, the extrapolation of dimensions from
previous design work, and the load testing of typical seals. The seal-
ing principle and other aspects of the Bobbin seal (the type of seal
used in the AFRPL connectors) are discussed in detail in References 1
and 2,

(U) Based on experience with materials such as aluminum, Rene 41, etc.,

it has been found that the seal material should have the following char-
acteristics: (1) be softer than the flange material, (2) be compatible
with the flange material from a corrosion standpoint, (3) have a similar
coefficient of thermal expansion, and (4) have a ductility of at least

18 to 20 percent. A review of mechanical properties of annealed Inconel
718 in References 3 and 4 showed that this material would be suitable

for the 3wzls. The selected annealing temperature was 1750°F for 2 hours,

air cooled.

(U) Seals similar in size to those required for the Inconel 718 connectors
were eatablishgd in an earlier research progran for aluminum, stainless
steel, and Rene 41, These dimensions were further tested in another
program(z). The extrapolation of these dimensions counsisted essentially
of maintaining similar disk dimensions and adjusting the seal tang dimen-
slons to provide adequate radial loading without increasing the size of
the connector structures.

(U) The seals designed for a 3/8-inch tube size and a l-inch tube size
were selected as typical, and six seals of each size were machined. Each
seal was assembled with one disk in a flange cavity and one disk in a
strain-gaged load ring. Figure 569 shows the axial load trace obtained
from the tensile machine and associated strain readings obtained from the
load ring for a 3/8-inch seal, Table LX¥XI shows the load test results
for all the seals tested. The calculated radial load is based on formulae
established in Reference 2. The seals deformed properly without exception
and the loads were judged to be adequate from experience.
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(U) Figure 569..

(U) Table LXXXI,

Axial Load Trace and Radial Load Increments
for 3/8-Inch Annealed Inconel 718 Seal
(Specimen No. 1)

Load Test Results for 3/8- and l-in. Seals
Machined from Annealed Inconel 718

Nominal Specimen Maximum Max Load per Inch of Seal Calculated Rad-
Tubing Axial Circumference, 1lb/in. ial Load, 1b/in.
Size, in. Load, 1b Axial Radial Sy = 80,000 psi

3/8 1 2000 1070 1670 1480

3/8 2 1980 1055 1580 1480

3/8 3 2220 1175 1630 1480

3/8 4 2100 1120 1650 1480

3/8 5 1980 1055 1550 1480

3/8 6 1860 1000 1600 1480

1.0 1 4440 1150 1420 1190

1.0 2 4620 1190 1370 1190

1.0 3 4440 1150 1300 1190

1.0 4 4200 1080 1250 1190

1.0 5 4200 1080 1250 1190

1.0 6 4020 1035 1255 1190

2. Fitting Design

(U) Besides the Bobbin seal, an AFRPL conaector consists of three other

elements:

a nut, a threaded flange, and a plain flange.

The procedure

for designing these elements 1s presented in Reference 1. For each nom-
inal tube size a connector tube-wall thickness was computed and was found

714
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to be bigger than the wall thickness specified by Pratt & Whitney Atrcraftr,
Rather than change the counector design procedure, the tube inside diameter
was made equal to the tube inside diameter required by Pratt & Whitney ;
Aircraft, It was mutually agreed that Pratt & Whitney Aircraft would :
modi fy the drawings for the required tubing weld joint.

(U) Program UNDSGN provides 15 possible connector designs for each tube
size. The lightest weight connector design was selected as the final i
design for all tube silzes. UNDSGN also establishes the upper and lower ;
assembly torques for each size. These values are included in Appendix III.
Since the torque value for the l-inch nominal tube size is high because

of the high system pressure, special tightening techniques may be needed

to assemble that size.

3. Drawings and Specifications

(U) Appendix III lists the dimensions for all of the elements of the threaded
connectors for the tube sizes required by Pratt & Whitney Aircraft. These
drawings are similar to MS27851 - MS27855.

e AR AP e e

D. REFERENCES

A

1. 'Development of AFRPL Threaded Fittings for Rocket Fluid Systems,"
TDR No. AFRPL-TR-65-162, November 1965,

T 5T -

2. '"Development of AFRPL Flanged Connectors for Rocket Fluid Systems,'
TDR No. AFRPL-TR=69-97, July 1969.

3. "Nickel Base Alloys - Alloy 718,' Processes and Properties Handbook,
DMIC, Battelle Memorial Institute, Columbus, Ohio.

RO T 8 BT G MR i 3,

4., '"Inconel 718," Technical Bulletin T-39, Huntington Alloy Products
Division,

*Larger factor of safety on hoop stress used by program,
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APPENDIX 111
FINAL DESIGNS FOR INCONEL THREADED FITTINGS

Plain Ficoge Threaded Flange
Nut Sesi
Nominel Wrerch Torque for Tightening Fittings, iin.
Tube 0D [ M,
Ve s s
V2 840 128
e [ ] 210
ws ”0 120
k') 818 1710
s 2190 21
1 3180 LG
(C) Figure 570. Fittings, Installation FD 33405

Torque 6000 psi
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13 ABSTRACT

(U) This report describes the design of the XLR129-F-1 Demonstrator Rocket Engine and
its principal components. The program is being conducted by Pratt & Whitney Aircraft
under Air Force Sponsorship at the Florida Research and Development Center. Design
of all components, the second of five program phases, has been completed. Included
in the report is the design approach, mechanical description, and operating char-
acteristics for each component. The engine is designed to operate with liquid oxygen
and liquid hydrogen propellants, uses the staged combustion cycle, incorporates
variable thrust, and variable mixture ratio capability. The XLR129-P-1 engine, having
a high area ratio nozzle, is designed to be reusable as in aircraft engine practice,
and provides 250,000 pounds thrust in vacuum. The program started 6 November 1967,
and is planned for 54 months. The major program objectives include: (1) design of
the components and engine system with a series of component tests to support the
design effort, (2) development of the components to qualify them for engine use and
to demonstrate the life of life~limited sub-components, and (3) a series of engine
tests to demonstrate operational capabilities.
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ir Force Reusable Rocke t Engine Program
XLR129-P-1 Demonstrator Engine Design
Pratt & Whitney Aircraft
Component Design
Preburner Injector
Transition Case

in Burner Injector

in Burner Chambex
Primary Nozzle

wo Position Nozzle
Translating Mechanism

Dxidizer Turbopump
Control System

Engine System Description and Performance

Demonstrator Engine Plumbing and Mockup




