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FOREWORD

This final report desceribes the Afr Force XLIR129-P-1 Reusable Rocket
Engince Program conducted during the period 6 November 1967 to 15 August 1970,
and is submitted in accordance with the requirement of Contract F04611-6G8-C-0002,

This effort was the second phase of the Air Force Cryogenic Rocket Engine
Advanced Development Program, Project 2 of the Program Flement 6340817,

This publication was prepared by the Pratt & Whitney Afrcraft Florida
Rescearch and Development Center as report PWA FR-3832.

This Technical Report has been reviewed and is approved.

Robert E. Probst

Captain, USAF

Program Manager

Air Force Rocket Propulsion Laboratory
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. ABSTRACT

\\

\-fl‘lle objective of this program was to demonstrate the performance and
mechanical integrity of a 250,000 b thrust rcusable rocket engine designated
the XLR129-P-1., The program, sponsored by the Air Force Rocket Propulsion
Laboratory, was accomplished by Pratt & Whitney Aircraft at the Florida
Rescarch and Development Center and consisted of design and analysis of all
engine components and the demonstrator engine, Fabrication and testing of
the critical major components was also accomplished,, This effort was the
gecond phase of the Air Force Cryogenic Rocket Engine Advanced Development
Program, Project 2 of Program Element 63048F, During the first year,
experimental evaluation was conducted in the areas of a fixed fuel area pre-
burner injector, hydrogen cooled roller bearings, compact pump inlets, light-
welght nozzle fabrication techniques and selected control valves. These tests
provided the background necded for the design of thesc particular components.
During the second year, the design of all components and the demonstrator
engine was completed. AThe engine was designed to operate with liquid oxygen
and liquid hydrogen propellants, uses the staged combustion cycle, includes a
variable thrust, and a variable mixture ratio capability. During the third year,
fabrication and testing of certain components such as the preburner injector,
transition case, and fuel turbopump was accomplished. Critical control system
components such as the preburner oxidizer valve, the preburner fuel valve and
static seals were also tested and evaluated. These tests demonstrated the
feasibility of these components., The program commenced 6 November 1967,
and ended on 15 August 1970, \

\
\
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SECTION I
INTRODUCTION

A, GENERAL

The Air Force XLR129-P-1 Recusable Rocket Engine Program was an
advanced development program originally contracted to cover a 54 month period
starting 6 November 1967 and ending 6 May 1972, The overall objective of the
original program was to demonstrate the performance and mechanical integrity
of a 250,000 1b thrust, oxygen-hydrogen, reusable rocket engine having the
characteristics outlined in table I. However, the program was redirected to I
a demonstration of critical components and completed on 15 August 1970 after
the last hot turbine test was conducted. The redirection was accomplished to
avoid duplicating work performed on the NASA Phase B Space Shuttle Main
Engine (SSME) studies.

Table I. Demonstrator Engine Characteristics

Nominal Thrust 250,000 Ib vacuum thrust with area ratio of 166:1
244,000 1b vacuum thrust with area vatio of 75:1
209, 000 1b sea level thrust with area ratio of 35:1 1

Minimum Delivered  96% of theoretical shifting Ig at nominal thrust;

Specific Impulse 94% of theoretical shifting Ig during throttling

Efficiency :

Throttling Range Continuous from 100 to 20% of nominal thrust over J
the mixture ratio range

Overall Mixture Engine operation from 5:1 to 7:1

Ratio Range

Rated Chamber 2740 psia

Pressure

Engine Weight 3520 1b with flight-type actuators and engine %

(with 75:1 nozzle) command unit !
3380 1b without flight-type actuators and engine !
command unit

Expansion Ratio Two-position booster-type nozzle with area ratios
of 35:1 and 75:1

Durability 10 hours time between overhauls, 100 reuses,
300 starts, 300 thermal cycles, 10,000 valve
cycles

Single Continuous Capability from 10 seconds to 600 seconds

Run Duration

Engine Starts Multiple restart at sea level or altitude

Thrust Vector Amplitude: +7 deg

Control Rate: 30 deg/sec

Acceleration: 30 rad/sec2




Table I. Demonstrator Engine Characteristics (Continued)

Control Capability +3% accuracy in thrust and mixture ratio at
nominal thrust, Excursions from extreme to
extreme In thrust and mixture ratio within

5 seconds
Propellant LOZ: 16 ft NPSH from 1 atmosphere bolling
Conditions temperature to 180°R
LH,: 60 ft NPSH from 1 atmosphere boiling »
temperature to 45°R P
Environmental - Sea level to vacuum conditions
Conditions combined acceleration: 10 g axial

with 2 g transverse, 6.5 g axial
with 3 g transverse, 3 g axial
with 6 g transverse

Engine/Vehicle The engine will receive no external power, with
the exception of normal electrical power and
1500-psia helium from the vehicle

The XLR129-P-1 demonstrator engine program schedule is shown in fig-
ure 1, The program was divided into five tasks. Task 1, Supporting Data and
Analysis, generated test and analytical data to complete the necessary tech-
nology to design the engine and components, During task 2, all components
and the demonstrator engine were designed. Task 3, Component Development,
was the phase during which the program was terminated, and this task was io
fabricate and test the components to qualify them for engine use. Task 3 was
redirected, as noted, to limit fabrication and testing to critical components
only. Task 4 was to have been integration of the components into the demon-
strator engine and testing of the demonstrator engine. A flight engine was to
have been defined in task 5.

Task 1 D(&mm-ﬂmn

woh e e e 15 5 b e s e e

Tek 2 [ Design |

Task 3 | Component Development |

Tes 4

Task 5 [Flight Fngine Definition |

LL 1 1 1 1 Jd

1 Nov
1987 1968 1969 1870 1971 1972

CALENDAR YEARS

Figure 1. XLR129-P-1 Demoastrator Engine FD 27857C
Program Schedule




B. PROGRAM TASKS

The entire program was to have consisted of five tasks and specific sub-
tasks as follows:

Task 1 - Supporting Data and Analysis
Subtasks

1.1 - Fixed Fuel Area Preburner Injector Evaluation
1.2 - Roller Bearing Durability Tests

1.3 - Pump Inlet Evaluation

1.4 - Nozzle Fabrication Investigation

1.5 - Controls Component Test

Task 2 - Design

Subtasks
2.1 - Preburner Injector
2.2 - Main Burner Injector

2.3 - Nozzles

2.4 - Maiu Burner Chamber

2.5 - Transition Case

2.6 - Fuel Turbopump

2.7 - Oxidizer Turbopump

2.8 - Fuel Low-Speed Inducer
2.9 - Oxidizer Low-Speed Inducer
2.10 - Control System

Task 3 - Component Development
Subtask

3.1 - Precburner Injector

3.2 - Main Burner Injector

3.3 - Nozzles

3.4 - Main Burner Chamber

3.5 -~ Transition Case

3.6 - Fuel Turbopump

3.7 - Oxidizer Turbopump

3.8 - Fuel Low-Speed Inducer
3.9 - Oxidizer Low-Speed Inducer

3.10 Control System

[enp——




Task 4 - Engine Integration and Demonstration

Task 5 - Flight Engine Definition
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SECTION il
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

A, DEMONSTRATOR ENGINE

The design of the 250K demonstrator engine and its major components,
including plumbing was completed during the second task of the contract. The
XLR129 demonstrator engine design is shown in figure 2. Design of the engine
and major components wus based on proven test technology; namely, 2ll major {
components such as combustion devices and turbomachinery were tested at 1
either 250K or 350K thrust level, demonstrating their feasibility. Design
studies were also conducted on the demonstrator engine in the areas of engine
mockup and plumbing. A full-scale mockup of the demonstrator engine was
used as a working tool during design. Numerous design iterations were con-
ducted on the mockup for compenent arrangement and plumbing. A satisfactory
component arrangement for the engitie mockup was established. In the area
of engine plumbing, satisfactory designs and arrangement were established
for the major plumbing lines and associated components. Layout designs of
major plumbing lines along with detail designs of the preburner fuel line, fuel
pump discharge lines, and small line connectors were campleted. A static
seal rig was built to evaluate 23 different seal configurations., Thirty-five
builds of the rig were used. The 0.025 in. thick heat treated toroidal cegment
seal configuration met the required leakage of less than 10-4 standard cubic
centimeters per second (sccs) leakage per inch of seal circumference after
the 500 pressure cycle endurance test was completed. It is recommended that
the toroidal segment seal be incorporated in the XLR129 engine design where
coupling seals larger than 1 inch are required. Engine system analyses were
also conducted during the program to define component system requirements,
estimate capabilities of the integrated engine system, and to include the results
of component and engine tests. These analyses include steady-state analysis,
transient analysis, shutdown analysis, special design cycle studies, and genera-
tion of performance data,

B. PREBURNER INJECTOR

The preburner is an oxygen/hydrogen combustor supplying hot gases to
drive the oxidizer and the fuel pump turbines. Because preburner gases are
used to drive the fuel and oxidizer pump turbines, the design goal temperature
profile is 150°R peak-to-average to permit operating the turbines at the maximum
allowable average temperature. The design of the preburner injector consists
of 253 dual-orifice, tangential swirler oxidizer elements with concentric fuel
annuli positioned around cach oxidizer element. All are arranged in a hexagonal
pattern as shown in figure 3. Under the Supporting Data and Analysis task the
preburner injector was tested and developed to produce a stable slot swirler dual
orifice injector element. A model test water flow program was conducted during
the supporting data analysis task to develop a stable oxidizer injection element,
which had a 0.124 in. inside diameter. Fourtecen full-scale preburner combustion
tests were conducted with the fixed fuel area preburaer during the Supporting
Data and Analysis task. Peak-to-average combustion temperature profile of
76°R in a radial planc was demonstrated at an average temperatuie of 2388°R,
This fixed area, fuel-injection design concept is feasible because of density
changes occurring in gaseous fuel allowing throttling while simultancously
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maintaining a suitable injeciion veiocity. However, because liquid oxygen is
essentially incompressible, \he dual- orifice principle is applied to a slot-
swirler element to provide suitable injuction velocity cver the throttling range.
The preburner injector housing has 28 slats to allow gaseous hydrogen to fiow
from the outer field manifold to the manifold behind the faceplates. Preliminary
oxidizer flow enters the primary oxidizer manifold through six equally spaced
ports in the preburner injector housing. Secnndary ox.dizer flow arrives at

the secondary oxidizer manifold directly from the preburner oxidizer valve.

The porous injector faceplate is fabricated from Rigimesh. Ignition systems
will be integral spark igniter-exciter units that are mounted on both the pre-
burter and the main chamber. Two systems will be provided for the preburner
and two for the main chamber to provide total spark redundancy. During the
component development task the fabrication and calibrationof an engine type
preburner injector was completed. Fourteen firings were made with an engine
type preburner injector. The six initial tests produced unacceptable temperature
profiles and the uncooled combustion liner sustained damage. The next eight
tests demonstrated acceptable temperature profiles and damage to the combustion
liner was not evident. As a result of these hot firings, hardware modifications
were made to improve bhoth the life and performance of the preburner injector.
Eight firings were then made with the modified p..eburner injector. This modified
injector performed satisfactorily, and no further modifications were necessary.
The general conclusions that can be made from the preburner tests are:

1. The temperature profile is acceptable for driving the fuel
pump turbine

2. A transpiration cooled liner is necessary in the high energy
release zone of the preburner chamber

3. The addition of the transpiration cooled section of the pre-
burner liner will allow operation of the preburner above 20%
thrust,

C. TRANSITION CASE

The transition case consists of one main sphere and four small spherical
segments that intersect the main sphere. The centerlines of thre2 of the small
spherical segments lie in a plane that is perpendicular to the engine thrust
axis. The smaller spheres act as the attachment points for three major com-
ponents; the preburner injector, the oxidizer turbopump, and the fuel turbopump.
The centerline of the fourth spherical segment coincides with the engine thrust
axis. The fourth segment provides the attachment point for the main burner.
The entire assembly is a pressure vessel. The transition case contains internal
ducting that routes preburner discharge gases through the fuel and oxidizer pump
turbines and to the preburner injector as well. The goal of the traasition case
subtask was to demonstrate the structural adequacy of the inner ducts of the
transition case when operating at an internal pressure of 4856 psia ard with the
internal gas temperature as high as 2325°R, The transition case with the
centerbody installed is shown in figure 4. WIith incorporation of the preburner
injector, fuel turbopump and oxidizer turbopump, the transition case is a self-
contained powerhead supply’ng the main burner thrust chamber with high-pressure
propellants necessary to preduce the design thrust. Moreover, it serves as the
primary combustor stage for the staged combustion cycle. Internal ducting of




the transition case divides the hot fuel~rich gases from the preburner to provide
adequate proportionate gas flow to each turbine. The fuel turbine requires about
twice the mass flow required to drive the oxidizer turbine. Cooling liners,
positioned between the outer case and the hot gas flow path, are not included so
the outer gas temperature is retained below 540°R,

Oxidizer Turbopump

~ Oxidizer Low-Speed
ey ™~ 7 Inducer

VoA (l \l % ) Transition
T \Wa\ Case
= ; [- I ¥ 1e Q
A Preburner
-..%. Injector
Two-Position ‘ /N N:ni_n Burner
Noazzle 3{ e njector

e,

-.‘“\“I,Q.‘.r,.nq
» \- -

Figure 2. XLR129 Demonstrator Fngine FD 27533E
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Figure 4. Transition Case With Centerbody FE 97596
installed

Hand welding methods were used in the fabrication of the transition case.
A study of welded spezimens was conducted showing that hand welding was
superior to machine welding when cost, quality and consistency were considered.
The porous cooling liner that routes the coolant to the outer case was installed
in subassembly sections in the outer case. The liners were fabricated by a
vendor and were formed to the case contour. Because the coolant flowrates,
after forming, proved from tests to be unpredictable, the flow was tailored
by a flaimne spraying process. The transition was hot gas tested during the
latter phase of the program. For the initial preburner/transition case testing,
turnaround caps, closely simulating the fuel and oxidizer turbines, were planned.
Where possible, actual turbine parts were designed into the cap assemblies.
These tests demonstrated that a satisfactory transition case had been evolved,
and that the basic requirements had been fulfilled. It is recommended that
these design concepts be applied to future high pressure rocket engines.

D. MAIN BURNER INJECTOR

The main burner injector introduces, atomizes, and mixcs liquid oxygen
with the hot, fuel-rich turbine discharge (preburner combustion products) so
efficiency and stable combustion is achieved over the full operating range of
thrust and mixture ratios. The design of the main burner injector was com-
pleted during task 2 of this contract.
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The main burner injector design consists of the oxidizer manifold and
housing, spraybar type internal manifolds, oxidizer-injection elemeants, and
the porous faceplate shown in figure 5. The main injector housing consists of
an oxidizer inlet horn, the oxidizer manifold, and crossover passages to the
spraybars. The spraybar injector body consists of 48 individually machined
spraybars brazed into the oxidizer-manifold ring. The spraybars are individually
supported at the outside diameter only, thus permitting free thermal growth,
This approach simplifies manufacturing and provides a lightweight design,
Forty-eight radial spraybars are divided into three groups; 12 long spraybars
equally spaced around the circumference, 12 medium spraybars equally spaced
between the long spraybars, and 24 short spraybars equally spaced between
the medium and long spraybars. This arrangement yields the maximum number
of spraybars consistent with mechanical considerations, and results in good
oxidizer-element density and uniform radial flow distribution. Self-atomizing
injection elements are spaced along the spraybars to obtain good atomization
and distribution. The fuel faceplate is made of Rigimesh, which forms the
support structure as well as the porous face. The faceplate directs approxi-
mately 92% of the hot, fuel-rich, preburner combustion gases through slots
surrounding the oxidizer-injector elements. The remainder of the gas passes
through the porous faceplate. Major components are assembled by brazing
and welding techniques that simplify manufacturing the components. This main
burner injector configuration represents a minimum overall length and weight
design that satisfies the demonstrator engine cycle requirements.

»7 h‘“’"\ ' '“H-" 7
“\\\\\\\\\\\\\\\\\\\\ //////}777'-".&

Injection Elements

Section A-A

Figure 5. Main Burner Injector FD 25641A

During task 3, the Component Development Task, two finished, machined
spraybars were fabricated, but the final fabrication of the main burner irjector
was terminated because of program redirection. Design of the main burier
igniter was also completed. The concepts of individual tapered tube spraybars
and a one-piece, self-supporting, porous metal faceplate are recommended
to develop a durable, lightweight and easily fabricated injector.
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E. MAIN BURNER CHAMBER

The main burner chamber contains the pressure resulting from propellant
combustion, serves as the structural member supporting the primary and two-
position nozzles, transmits thrust, and absorbs gimbal actuator loads. The
overall goals of the main burner chamber subtask were to design, build, and
demonstrate through full-scale testing, performance and operational capability
of a lightweight, durable, thrust chamber for use in the demonstrator engine
program over the specified throttling and mixture ratio ranges. The design
of the main burner chamber was completed during task 2 of this contract. The
main burner chamber design consists of two main components; an outer pressure
shell and a transpiration cooled, copper wafer, chamber liner shown in fig-
ure 6. The outer pressure shell also provides the coolant manifold and serves
as a mount for attaching the chamber liner in two sections. Copper cylindrical
wafers forming the chamber are divided into 28 zones., Each wafer consists of
front and back plates. A zone is a collection of composite wafers fed by inter-
connected zone coolant manifolds. The chamber lin~r consists of a stackup
of 512 0,040 in. thick copper wafer halves brazed together, Spiral groove
patterns photoetched into one side of each wafer half provide the path from the
zone coolant manifold to the inside diameter of the chamber where they open
into the main burner chamber. Composite wafers are constructed of two half
plates brazed at the unetched center plane with an axial thermal relief slot in
the front wafer half. By locating the slot in this plane, the heat exchanger
spiral grooves on the opposiic face are not affected. The addition of axial .
thermal strain relief slots minimizes the wafer thermal strain level by allowing
free axial growth at the hot wall of the chamber, thus producing an acceptable
low cycle-fatigue life. Coolant is distributed to the cylindrical copper com-
bustion chamber cooling liner of the main burner chamber by internal cooling
manifolds, Use of internal cooling manifolds eliminates radial pressure loads,
and thereby allows the wall thickness to be greatly reduced resulting in con-
siderable weight savings. The throat and the rear sections of the chamber use
basically the same coolant distribution concept. Material was purchased to
fabricate an outer case and coolant liner before the program was redirected.

F. NOZZLES

The function of the primary nozzle is to contain the combustion gases and
allow their shock-free expansion from an area ratio of 5. 3:1 to 35:1, High-
pressure hydrogen from the fuel pump is supplied as coolant to two regeneratively
cooled portions of the primary nozzle. During task 2, the design of the primary
nozzle was completed. The primary nozzle design consists of two tubular,
regeneratively cooled heat exchangers shown in figure 7. The downstream
heat exchanger is a double pass type, and supplies hydrogen to the hydrogen
inducer turbine and transpiration cooled main burner chamber, The upstream
heat exchanger is a single pass type, and cools the nozzle from an area ratio
of 5.3 to 18 using approximately 85% of the pump discharge hydrogen flow prior
to dellvery to the preburner injector. Both heat exchangers are shaped from
tubes forming the desired nozzle contour,
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Figure 6. Main Burner Chamber Wafer Assembly FD 31972
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Figure 7. Primary Nozzle Design FD 37255

The function of the two-position nozzle in the extended position is to con-
tain the combustion gases and allow additional shock-free expansion from an
area ratio of 35:1 to 75:1. The two-position nozzle translates to provide a
compact engine package in the retracted position. The translating mechanism
is designed to provide positive extending and retracting of the two-position
nozzle during engine operation. During task 2, the design of the two-position
nozzle was also completed. The two-position nozzle design consists of a cir-
cumferential coolant distribution manifold, a smooth nozzle outer skin with
circumferential stiffening bands, and a corrugated inner nozzle skin shown in
figure 8. The corrugated inner skin forms longitudinal coolant passages. This
nozzle is designed to be dump cooled with low pressure hydrogen taken from the
fuel pump interstage. The translating mechanism was designed to extend and
reiract the two-position nozzle during engine operation and to provide precision
positioning in the extended and retracted positions. Poslitive locking devices
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maintain the nozzle position when the engine is not operating. During task 3,
raw materials necessary to fabricate both the primary nozzle and the two-
position nozzle were purchased and recelved. The long lead time bearings
and forgings required to fabricate two translating mechanism assemblies were
purchased and received.

Materidl Inconel 625

Ovter Sheet Smooth

Ovuter Sheet 0.016
Thickness

inner Sheet Corrugoted

Inner Sheet 0.010 in.
Thickness

Number 360
Corrugations

inlet Dic 48 in.

Exit Dia 66 in.

Length 50 in.

Weight 227 Ib
(Sea Level)

Woeight (Altitude) 186 Ib
Figure 8. Design of Two-Position Nozzle GS 12309

G. FUEL TURBOPUMP

The fuel turbopump supplies liquid hydrogen to the primary nozzle, the
two-position nozzle, and to the preburner injector at sufficient pressure and
flowrates for engine operation from 20% to 100% maximum thrust and at mixture
ratios from 5 to 7. The overall goal of the fuel turbopump subtask was to
demonstrate an operational capability for use in the demonstrator engine pro-
gram, The demonstrator engine requires the fuel turbopump to deliver liquid
hydrogen at a flowrate of 91. 3 1b/sec at a pressure of 5654 psia at its design
point of 100% thrust and a mixture ratio of 5. The design of the fuel turobpump
is shown in figure 9. Major components of the fuel turbopump are the pump,
turbine, rotor assembly, and housings. The two-stage turbine delivers approxi-
mately 49, 900 horsepower to the pump at 100% thrust and a mixture ratio of 5.
The turbine operates at a maximum inlet temperature of 2325°R at 100% thrust
and a mixture ratio of 7. Life is based on 10 hours between overhaul and 300
starts. The fuel pump must also demonstrate satisfactory starting capability
and stable operation over the engine operating range. During task 3, the follow-
ing were accomplished:

1. The fuel turbopump design was completed and fabrication
drawings were released to manufacturing.

2. Two complete turbopumps and one spare rotor were fabri-
cated,
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3. Subcomponent tests were conducted in the following areas:

a. Rotor spin tests

b. Blade vibration tests

c. Main housing proof pressure tests
d. Liftoff seal tests

e. Turbine stator calibration tests

f. Critical speed evaluation tests

4, The subcomponent tests indicated that design objectives were
achieved or exceeded in all except the liftoff seal subcomponent
area. This unit failed after 2525 cycles during an endurance
test to demonstrate 10, 000 cycle life durability.

5. Three fuel turbopump rig builds were completed and 13 pump
test series were conducted to cvaluate the pump performance
axial thrust balance and mechanical integrity.

6. The pump performance test series indicated that pump
performance is approximately 2 to 3 percentage points better
than predicted in overall efficiency, 8% better than predicted
in overall head rise, and the turbopump is capable of stable
operation over the wide flow range required for the demon-
strator engine cycle.

H., OXIDIZER TURBOPUMP

The oxidizer turbopump supplies liquid oxygen to the preburner injector
and main burner injector at sufficient pressure and flowrates for engine oper-
ation from 20 to 160% of maximum thrust and at a mixture ratio range from
5 to 7. The overall goal of the oxidizer turbopump subtask was to demonstrate
performance and operational capability for use in the demonstrator engine
program. The demonstrator engine requires the oxidizer turbopump to deliver
liquid oxygen at a flowrate of 481 lb/sec at a pressure of 4800 psia at 100%
thrust and mixture ratio of 7. During task 2, the design of the oxidizer turbo-
pump was completed. The design of the oxidizer turbopump assembly is shown
in figure 10. The oxidizer turbopump consists of a pump, turbine, and housings.
The oxidizer turbopump is a single-shaft unit with a single-stage, shrouded,
centrifugal impeller driven by a two-stage, pressure compounded turbine.

The two-stage turbine delivers a maximum of 18,000 horsepower to the pump

and operates at a maximum inlet temperature of 2325°R at 100% and a mixture

ratio of 7. Life is based on 10 hours between overhaul and 300 starts. During

task 3, all design layouts and detail parts prints were completed. Raw material
and most of the detail parts were placed on ovder; however, many of these were

not completed because of program redirection, Some major parts such as bearings,
turbine blade casting, the first impeller detail, partial orders of the stators and
exit guide vane castings were received. Fabrication or the oxidizer turbopump
hardware was approximately 45% complete when terminated.
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Figure 10, Oxidizer Turbopump Assembly




I. LOW-SPEED INDUCERS

The function of the fuel and oxidizer low-speed inducers is to supply
propellants to the main turbopumps at & pressure (NPSH) sufficient to prevent
cavitation. This permits the vehicle propellant tanks to be maintained at a
lower pressure thus saving tank and vehicle weight. The overall goal of the
fuel and oxidizer low-speed inducer subtasks was to demonstrate performance
and operational capability for use in the demonstrator engine. The fuel and
oxidizer low-speed inducer layouis were completed. The three~bladed fuel
inducer is driven by a single-stage, partial-admission turbine. The fuel nperates
independently of the maip turbopump and at a speed lower than the main turbo-
pump, This permits the fuel inducer to operute with a low inlet NPSH with-
out cavitation. The fuel inducer is apable of operating with an NPSH as low
as 60 feet, over a hydrogen inlet temperature range, from 36°R to 45°R.

This inducer is designed for a suction specific spzed cf 48,400 rpm gpm 1/2 - 3/4
and a maximum pressure risc of 90 psid. The fuel low-speed inducer consists

of bearings, shaft and thrust piston, turbine, and housings and is shown in fig-
ure 11. The oxidizer low-speed inducer is a single-shait axial flow unit with

high suction specific speed. It is driven by a variable admission, single-stage,
radial inflow, hydraulic turbine. The turbine is driven by fluid supplied from

the discharge of the main oxidizer turbopump. The oxidizer inducer is of

helical design with three blades, and is attached to the drive shaft and turbine
assembly as shown in figure 12, The shaft axial thrust imbalance is absorhed

by a single acting thrust balance piston. The oxidizer inducer was designed

to operaie at a minimum NPSH of 16 ft over an oxygen inlet ten}geratn}'f range
from 162°R to 180°R with a suction speed of 44,000 rpm gpml ft-3/% and a
maximum pressure rise of 197 psid. Both inducers were designed for 300

starts and a 10 hour life span between overhavl. After the design layouts were
completed, work on both the fuel and oxidizer low-speed inducers was terminated.

d. CONTROL SYSTEM

A closed loop control system is required to ensure safe, precise, and
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 or sequence, and provide rapid response within the functional and
structural limits of the engine. The system will be stable at any setting and
will respond smoothly to command.

Four discrete electric current signals from the vehicle will accomplish
engine starting, shutdown, and modulation of thrust and mixture ratio. The
control signals may originate either in the vehicle guidance control or from
a pilot command console in 2 manned vehicle. Response of the engine to these
signals will be governed by an electronic Engine Commsnd Unit (ECU). The
demonstrator engine ECU will be a solid state electroaic component incorporating
all flight engine control logic. The control valves, actuators, igniters, and
plumbing will be lightweight, flight-type parts csatained wilhin the engine
envelope. The closed loop control system will use flowmeoeters in both pro-
pellant lines to generate signals proportional to actual thrust and mixture
ratio. These flowmeter signals will be compared to the vehicle input signals
in the ECU and will automatically correct any difference between actual and
desired values by modulating the engine propellant valves. An analysis of the
XLR129 rocket engine cycle established the following four corntrol points are
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required for satisfactory steady-state operaticen: (1) preburner oxidizer valve,
(2) preburner fuel valve, (3) main-chamber oxidizer valve, and (4) oxidizer
low--speed inducer, variable turbine, actuator. Several on-off sequenced valves
are also used in the control system as follows: (1) nozzle-skirt coolant valve,
(2) propellant vent valves, and (3) helium system vslves. The control system
consists of a basic contrcl computer that includes scheduled valve and oxidizer
low-speed inducer tur'-ine areas, with limited authority trim based on measured
engine parameters. Various engine operating limits will be protected by over-
ride authority. Control capability protecting the engine is critical to a man-
rated system, Within the demonstrator engine operating envelop=, the pro-
pellant schedule in the control will prohibit operation beyond component limits.
Requirements for the engine command unit actuator, sensor, and control svstem
computer were defined. The Bendix Corporation was selected as the control
system vendor. Control circuit logic was designed and an engine computer
simulation effort was subsequently conducted by Bendix. During tasks 2 and 3,
the principal control valves and subsvstems were designed. The preburner
oxidizer valve, preburner fuel valve, main burner oxidizer valve and the vent
valve were all designed and detailed prints for each were released. Both the
preburner oxidizer valve and the preburner fuel valve were water flow cali-
brated and cryogenic endurance tested. The preburner cxidizer valve was used
for hot tests of the preburner and the integrated component test rigs. Parts

for two main burner oxidizer valves were procurad, and assemb.y and testing
of this valve is recommended. One vent valve was assembled and it is recom-
mended that tests be conducted on this valve. The electrical ignition system
purchase specification was written and the request for proposal published.

The Benton Corporation agreed to supply, at no cost, two units for this program
for evaluation and development testing, and this is recommended.

K. INTEGRATED COMPONENTS

During task 3, the preburner and transition case were integrated with
other essential components and tested as a hot gas system rig. The fuel turbo-
pump was then added to the rig and it was tested as a hot turbine rig.

The hot gas system rig consisted of a preburner oxidizer valve, a preburner
injector and transition case assembly with rig hardware to simulate the fuel and
oxidizer turbopumps. This hot gas system rig allowed the preburner injector
to be check fired into the hot gas flow path used in the engine system before
driving the fuel turbopump turbine with the preburner. Six firings were made
with the hot gas system, which demonstraied that the preburner injector and
transition case with the fuel and oxidizer turbopump simulator could be operated
satisfactorily under hot gas conditions. The hot gas system rig mounted in the
test stand is shown in figure 13,
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Figure 13, Hot Gas System Rig Movnated In FE 97733
Test Stand
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Figurce 13a. Hot Turbine Rig FE 99486
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The hot turbine rig was similar to the hot gas system except that the fuel
turbopump was mounted on the rig. The hot turbine rig is shown in figure 13a,
Six tests were conducted with the hot turbine rig. During these tests, a preburner
chamber pressure of 4200 psia was achieved and the fuel turbine operated at
temperature levels 86°R in excess of the maximum engine cycle requirement of
2325°R. The peak turbopump flow and discharge pressure achieved was 9956 gpm
and 5554 psia, reapectively, These six turbine rig tests totalled 95. 8 sec and
demonstrated the capability of the integrated fuel turbopump, transition case,
preburner injector and preburner oxidizer valve to operate at conditions equivalent
to 50, 75, and 100% thrust and mixture ratios of 5, 6, and 7. From these tests
it was concluded:

1. The integrated components are capable of operation over a
range of thrust and mixture ratios that satisfy operational
requirements.

2. The feasibility of the spherical transition case concept and
cooling scheme was demonstrated.

3. The adequacy of the mixed cooling scheme used in the turbine
static structure was demonstrated,

4. A suitable preburner temperature profile for operation with
the turbopump turbine was demonstrated.

It is recommended that these integrated component concepts be used in the design
of future high-pressure staged combustion rocket engines,
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SECTION II
ENGINE SYSTEM DESCRIPTION AND PERFORMANCE

A, DESCRIPTION

The staged combustion, high-pressure demonstrator engine with a two-
position bell nozzle is a 250,000 lb thrust (class), throttleable, high-performance
propulsion system. The operating envelope of thrust and mixture ratio is shown
in figure 14, Nozzle interchangeability and the two-position nozzle concept
permit operation of the same engine system with optimum nozzle area ratios
for improving the performance of the lower or upper stages. This interchange~
ability is achieved by using the same turbomachinery power package and attach-
ing the desired nozzle skirt for the various application requirements. A cutaway
view of the engine is presented in figure 15. A propellant flow schematic illus-
trating the principal flowpaths is presented in figure 16,

%o
120
Puel Turbo- Turbine I?;;S’{:x;pcnmu Limie
pump Speed )
Limit
100 28,000 cpm),
80
Y3
)
I
4
?
40
20
0 o o
0 H 6 7 ]
MAATURE RATIO
Figure 14. Operating Range for Demonstrator DF 70704

Engine
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Low-Speed Inducer

Oxidizer Turbopump
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Main Burner Chamber B

=

Low-Speed Inducer Fuel Turbopump
Two-Position Nozzle —/
Figure 16. Demonstrator Engine Propellant Flow FD 25389
Schematic

Hydrogen and oxygen enter at the engine driven low-speed inducers. The
low-speed inducers minimize vehicle tank pressure requirements while allowing
high-speed main propellant pumps to obtain high turbopump efficiencies. The
fuel low-speed inducer is a single shaft unit with a high specific speed, axial-
flow inducer driven by a partial admission, siugle-stage, hydrogen turbine. The
oxidizer low-speed induce: is also a single shaft unit with a high specific speed,
axial-flow inducer driven by a variable admission, radial inflow single-stage
liquid oxygen turbine.

The main fuel turbopump is a single shaft unit with two back-to-back cen-
trifugal pump stages driven by a two-stage, pressure compounded turbine. A
double-::cting thrust balance piston is provided between the pump and turbine.

The oxidizer turbopump is a single shaft unit with a single, centrifugal
pump stage driven by a two-stage, pressure compounded turbine. A single-
acting thrust balance piston is provided between the pump and turbine.

The preburner injector consists of dual orifice, tangential-swirler oxidi-
zer injection elements vith concentric fixed area fuel injection. A translating
sleeve valve is incorporated at the rear of the injector assembly to vary the
total oxidizer flowrate to adjust engine power level and to adjust the relative
flow of the primary and secondary elements. The preburner combustion cham-
ber is an integral part of the transition case, which contains the turbine drive
gas ducts and a cooled outershell. The main turbopumps are mounted to the
transition case with a plug-in arrangement of the turbines to provide maintain-
ability.

The main burner injector consists of a tangential-swirler coxidizer injec-
tion elements arranged in radial spraybars. The fuel side directs fuel-rich
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gas flow (preburner combustion products after expansion through the turbine)
through slots in a porous faceplate. The combustion chamber wall is composed
of a hydrogen cooled liner extending from the injector face to an area ratio of 5.3.
The liner is composed of porous plates providing transpiration cooling.

The nozzle, which attaches at the end of the transpiration cooled section,
is composed of two fixed regeneratively cooled sections and a retractable, low-
pressure, dump cooled section.

The main fuel flow is pumped to system operating pressure levels by the
main fuel pump and is ducted to cool the regeneratively cooled sections of the
nozzle. The forward section is cooled with the majority of the fuel flow from
the pump in a single pass heat exchanger. This flow exits from the nozzle and
is ducted to the preburner. The regeneratively cooled rear section of the fixed
nozzle is cooled with the remainder of the fuel flow in a two-pass heat exchanger.
This flow is subsequently used as the working fluid to power the fuel low-speed
inducer drive turbine and is then used to cool the porous main chamber walls.

A small amount of fuel is ducted from the fuel pump interstage to cool the
retractable nozzle skirt. This fuel is heated to high temperature in the skirt
and expelled overboard through small nozzles at the ends of the coolant passages.
A valve is provided to shut off the flow when the secondary nozzle is retracted.

After being pumped to system operating pressure, the oxidizer is divided
between the preburner and the main chamber. The smaller portion of the flow
is supplied to the preburner and is burned with the fuel. The resulting combus-
tion products provide the working fluid for the main turbines, which are arranged
in parallel. The turbine exhaust gases are collected and directed to the main
burner injector.

The main burner oxidizer flow provides the oxidizer low-speed inducer
turbine working fluid and uses the available pressure drop between the main
oxidizer pump discharge pressure and the main chamber pressure for the turbine
power. The oxidizer flow is then injected into the main burner chamber and is
mixed and burned with the fuel-rich turbine exhaust gases. The resulting com-
bustion gas is then expanded through the bell nozzle.

The primary engine control valves are located in the liquid oxygen supply
lines to the preburner and the main chamber and in the liquid hydrogen supply
line to the preburner.

B. OPERATING CHARACTERISTICS
1. Steady-State Operating Parameters

The component and engine system steady-state operating parameters are
given in table 11, for mixture ratios of 5, 6, and 7 at 100%, 75, 50, and 20%

thrust. (These operating parameters result from an iterative optimization
process described in Section III, paragraph F.)
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2. Start, Shutdown, and Throttle Transients

Estimated start, shutdown, and throttle transient data arc presented in
figure 17.
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Figure 17. Demonstrator Engine Estimated Start, DF 75785
Shutdown, and Throttle Transient Data

c. LAYOUT AND SCHEMATIC

The engine layou! is illustrated in figure 18, The complete engine system
schematic shown in figure 19 illustrates the helium supply system and the primary
propellant flowpaths and the interrelationship of all of the major components.

D. WEIGHT

The calculated demonstrator engine weight based on lightweight rather
than flightweight component designs is presented in table lII. The {argeted
demonstrator engine weight is 3380 Ib. Component weights are discussed in
more detail in the component scctions of this report.

E. INTERFACES
The ranges of temperature, pressure, and NPSH conditions required at

the inlet to the fuel and oxidizer low-speed induccrs are shown in figures 20
and 21,
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Figure 18,
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Table III. Demonstrator Engine Calculated Weight

Calculated Targeted

Item Weight, 1b Weight, b
Preburner and Hardware 92 90
Transition Case and Gimbal 324 370
Main Burner Injector and Hardware 99 115
Main Burner Chamber 410 425
Nozzle and Actuation 652 640
Fuel Turbopump 554 480
Oxidizer Turbopump 383 335
Low-Speed Inducers 348 235
Controls - 230 305
Plumbing 290 310
Miscellaneous 50 _15
Total 3432 3380
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Figure 21, Oxidizer Inlet Operating Region DF 69933 ;

A study selected the inlet propellant temperatures used for the design
cycle analysis of the engine. Engine power requirements were found to vary §
significantly with engine inlet temperature. The required turbine inlet tempera- :
ture varied approximately 96°R, and the fuel pump speed varied approximately
3000 rpm over the full range of inlet temperature specified for the demonstrator
engine.

The highest proposed inlet conditions were sclected for component design
to assure the engine power requirements can be met under the most severe
operating conditions.

The relationship required between fuel temperaturce and oxidizer tempera-

ture, so that the maximum turbine inlet temperature (2325° R) will not be exceeded
at 1007 thrust is shownon figure 22,
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Figure 22. Propellant Temperature Limits for DF 70473
Fuel Trim Capability

The engine/vehicle main structural interface is a ring flange on the thrust
ball cone with a 6-in. diameter bolt circle, Eighteen equally spaced 0.2493-in.
diameter holes are provided for bolt attachment of the engine to the vehicle,
(Refer to Section IV, paragraph B for a description of the gimbal thrust ball,)

Gimbal actuators for control of pitch u.xi vaw rate are attached by
0.5625 in., thread, UNF-3A, 12-point shoulder bolts to two gimbal actuator
brackets on the main burner chamber pressure shell.

O SYSTEMS ANALYSIS
1. General

System analyses of the demonstrator engine were conducted through-
out the program to define component design requirements, to estimatie the capa-
hilities of the integrated engine system, and tov incorporate the results of com-
ponent and engine tests.

An initial analytical study was conducted to define those component esign
criteria that meet the design requirements of engine performance (as shown in
table II) within the integrated engine system. These design data were derived
by steady-state and transient analyses over the complete engine operating range
using digital computer mathematical models.  The steady -stite analysis consists
of studies that establish a evele balance hetween design limitations and component
performance.  The transient studies define the engine design requirements based
on dyvnamic requirements and operating sequences for engine start, throttling,
propellant utilization, and shutdown,

T T AP U



As component and engine test data became available, the steady-sta.c and
transient analyses have been updated as required to provide the design data neces-
sary to improve the component and module designs.

The system design resulted from an iterative optimization process between
mechanical and analytical studies, and component and engine test data. Using a
digital computer, a cycle balance program defines component design point data
and determines engine performance for the design and off-design point operating
conditions. These design data are used in the completion of design layouts.,
Specific component limitations defined in the process of designing the individual
components are again input into the cycle balance and the iteration is continued .
until an optimum design is established,

2, Initial Svstem Analysis
a. Analysis Method

A balance was established bec.ween component thermodynamic performance,
mechanical design requirements, and engine operating requirements. This
balance was established by using an optimization procedure in which component .
geometry and performance are varied to maximize mechanical design margin
while meeting the engine operational goals. Table IV summarizes the various
inputs, engineering considerations, and results of this process.

b, Analysis Criteria

The engine characteristics presented in table II were used for the systems
analysis of the demonstrator engine. They represent the targets toward which the
demonstrator engine program is being directed. Technology limits used for the
system analysis were set at the state-of-the-art level per data obtained in subscale
and full-scale combustion testing under Air Force Contract AF04(611)-11401 and
turbopump testing under NASA Contracts NAS8-20540 and NAS8-~11714. Because
an accurate estimate of the anticipated component performance was known prior
to the design analysis, the engine was designed with confidence that the structural
margins and performance levels will be sufficient to allow maximum flexibility
of engine operation.

c. Steady-State Cvcle Optimization

The cycle balance program used for steadv-state cycle optimization is con-
figured to afford flexibility in the integration of component requirements over the
thrust and mixture ratio ranges. Features include: (1) a means cf selecting the
optimum component design points, (2) a procedure for optimizing the turbine area
match for required engine operating range, and (3) a method of evaluating com-
ponent off-design performance effects on overall cycle performance,

The initial step of the cycle balance program defines the chamber and nozzle
geometry necessary to provide the required thrust at the nominal mixture ratio
within the allowable design limitations. The main chamber combustion and nozzle
efficiencies ware maintained at a level consistent with the goals of the demonstra-
tor engine program. The chamber pressure was lixed at the maximum level consis-
tent with turbopump design limitations,

b A
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Table IV, Cycle Definition Procedures

Inputs or Engineering
Component Specifications Considerations Results
Combustion  Nominal vacuum Component Structural dimensions -
chamber thrust performance chamber size, tube diam-
and nozzles available eters, injector areas, etc.

Turbopump
power
package

Chamber pres-
sure (target value)

Limiting engire
dimensions

Minimum specific
impulse efficiency

Nominal mixture
ratio

Durabilitv re-
quirements

Environmental
conditions

Pressure require-
ments

Propellant flow-
rates

Thrust and mix-
ture ratio range

Environmental
and interface
conditions

Mechanical de-~
sign limits

Weight tradeoffs

Cooling require-
ments

Component in-
tegration

Component per-
formance avail-
able

Mechanical de-
sign limits

Weight tradeoffs

Design and off-
design charac-
teristics of en-
gine cycle

Component inte-
gration

51

Nozzle expansion ratio

Operating performance -
thrust, specific impulse,
propellant flowrates,
cooling flows, etc.

Operating limits

Weight

Structural dimensions -
pump and turbine diam-
eters, injector areas,
bearing sizes, etc.

Operating performance -
preburner temperature,
pump pressures, speeds,
efficiencies, coolant flow-
rates, NPSH, etc.

Operating limits

Weight

il o 1




Table [V. Cycle Definition Procedures (Concluded)

Inputs or Engincering
Component Specifications Considerations Remarks
Control Engine operating Design and off- Control point locations
system modes design charac-

teristics of en-
gine cycle

Operating limits Structural dimensions
Engine thrust and  System pres- Valve functions
mixture ratio sure drops

accuracy

Environmental and Mechanical de- Valve sequences
interface condi- sign limits -

tions area turndown,

valve accuracy,
response, etc,

Valve area schodules

Weight

The chamber geometry is established to provide 244, 000-1b thrust for a
booster stage vehicle application with an area ratio of 75:1.

The nozzle coolant flowrates and passage sizes wcre varied until a balance
was achieved between coolant pressure loss, nozzle weight, and coolant flowrate.
The coolaat pressure loss in the regenerative nozzles is important because it
adds directly to fuel pump pressure. The nozzle skirt and transpiration coolant
flowrates are important because these flows are not available for providing turbo-
pump power. These flows also bypass the main injector, which increases the
chamber mixture ratio and tends to decerease the overall specific impulse effi-
ciency.

The engine flowrates and pressures defined in the nozzle/chamber design
calculations provide the basic data used to design the turbopump power package.

The design approach taken in the cycle studies to obtain the required mixture
ratio operating range was to use the extreine of the mixture ratio range as the
power package design points.

The fuel pressure requirement controls the power balance at the lowest
mixture vatio, and the oxidizer pressure requirement controls the balance at
the highest mixture ratio. In uddition, the minimum availablc turbine power
occurs at the highest mixture ratio where the fuel flow {s at a minimum. At the
extremes in mixture ratio, where one pump controls the power match, the other
pumn is in an overspeed condition. Overspeed means that the pressure provided
cxceeds the pressure required to satisfy the flow conditions.,

52
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A reducetion in efficieney results when a centrifugal pump is operated at
flowrates and rotor speeds other than the pump design poiat. By sclecting the
design point of the main pumps at their respective maximum flovr conditions,
two advantages arc obtained. Iirst, the best efficiency point of the pump coin-
cides with the engine operating point where the respective pump is controlling
the power balance; second, the reduced efficiency at the low ilow condition (i. e.,
the other extreme mixture ratio point) tends to minimize overspeed and o mini-
mize the control system corrections required. ‘Thus, the fuel pump is designed
for a mixture ratio of 5.0 and rated thrust, and the oxidizer pump is designed
for a mixture ratio of . 0 and rated thrust. Use of this cycle optimization
technique results in appreciably reduced pump pressure and speed requiremeits.

The basic turbopump design variables other than efficiency, namely turbine
areas, pump impeller diameters. speed, and turbine inlet temperature, are op-
timized through an iterative procedure. Turbine urcas and pump diameters are
varied to meet the cycle pressure requirements within rotor speed and turbine
temperature limitations.

The maximum turbine inlet temperature occurs at the maximum mixture
ratio point, where the preburner fuel flow is at 2 minimum. The maximum allow-
able temperature is approximately 2325°R and is deterinined by the turbine
stresses, which vary as functions of the turbine diametar, zpeed, and finid bend-
ing forces.

Variation in the total turbine area (fuel turbine area plus the oxidizer tur-
bine area) affects the total power through pressure ratio, whereus the ratio of
turbine areas (fuel turbine area/oxidizer turbine area) affects the division of
turbine power. As ihese areas are changed, the pump head requirements vary,
and the pump impeller diameters are then sized to provide the required pump
pressures within allowable design limitations.

At a particular value of total turbine area, the ratio of oxidizer turbine
area to fuel turbine area is established to balance the turbopump power at the
maximum allowable turbine inlet temperature (high mixture ratio). With this
area ratio fixed, the cycle is rebalanced at the Jow mixture ratio extreme. Be-
cause of the turbopump power trends, the fuel and oxidizer turbopump speeds in-
crease at the low mixture ratio. If the speeds are greater than allowable, the pump
diameters are changed to hold the speed within the mechanical limitations definzd
by critical speed, turbine wheel speed, and bearing DN,

Because a modification to either the fuel or oxidizer pump at low mixture
ratio will affect its operating requirements at high mixture ratio, the turbine
area ratio at high mixture ratio may need to be changed. This process (changing
components at one mixture ratio and checking the effects at the other mixture
ratio) was continued until an optimized cycle balance was obtained.

In balancing the engine cycle, the components that maximized chamber
pressures within the restraints of pump speed and pressure and turbine maximum
temperature were selected,

Combustion performance and injector characteristics are considered in
conjunction with control pressure loss scheduling. In the prcburner and main
burner injector designs, the major performance considerations are the fluid
velocities, the momentum exchange between the tuel and oxidizer, and the injector
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pressure potentials for combustion stability. In the control system designs, the "
major considerations are pressure drop for Mow control potential and valve turn-
down ratio. Off-design performance characteristics are used to obtain basic In-
jector and control design data to ensure that sufficient pressure drop to satisfy
both the stability and control system pressure requirements is provided, At
each balanced operating point the required injector and control pressure drop is
maintained or excecded.

1

Design characteristics of the low-speed inducers were also determined
within the cycle balancing effort. The inducer design discharge pressure must
satisfy the main turbopump NPSH requirements and the estimated line losses be-
tween the low-speed inducers and pump, . 4

The low-speed inducer diameter and drive turbine speed were selected to
provide the necessary inducer discharge pressure and turbine efficiency while
remaining consistent with the available low-speed inducer inlet NPSH and inducer
suction characteristics. The turbine areas were sized to provide sufficient
energy to drive the inducers without increasing the maximum pressure of the

main pumps.

d. Transient Analysis

The transicnt characteristics of the XLR129 engine were investigated to
fdentify any component design liwnits and to define the optimum control se-
quences to provide rapid, safe, and repeatable start throttling and shutdown
transients., Variations in environmenial conditions, such as inlet and ambient
temperatures and pressures, were considered. Evaluation of the effects of en-
gine component performance and control system on the system transients are
an integral part of the design process.

The basis for the control system used in the system analysis was a detailed
controls study performed under Contract NAS8-11427. This study evaluated
several control systems and 17 control points for an advanced high pressure rocket
engine system using a preburner cycle.

(1)  Throttle Transient Analysis

Transient analyses of the engine system within the extremes of main stage
thrust and mixture ratio define the engine and control system dynamics, and de-
fine engine transient response and component protection rcquired during rapid

transients.

Engine throttle transients were simulated using representative control
systems that use engine parameters as input and/or feedback to the control areas.
The preburner oxidizer valve was selected to provide closed-loop thrust control
by using oxidizer and fuel flowmeter flows (summed) as a thrust indication, The
ratio of the flowmeter flows was fed back to the main chamber oxidizer valve to
provide closed-loop mixture ratio control. Accelerations and decelerations be-
tween idle and rated thrust in 2 seconds were simulated at engine mixture ratios
of 5and 7. Three-second mixture ratio excursions between 5 and 7 were simu-
lated at 100% thrust., Throttling transient analysis revealed no limitations thai
would require hardware or control mode changes from that established during

steady~state analysis.

REURUTIES
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(2) Start and Shatdown Transient Analvsis

Similar mathematical models were used to simulate the start, throttling
and shutdown modes of operation, Additional calculations in the start and shut-
down simulations include: (1) the propellant filling processes, (2) fluid properties
for phasc transitions from gas to two-phase to liquid flow, (3) preburner and main
chamber ignition, and (4) low-speed performance of the main turbopumps and
low-speed inducers, Similar models have been used extensively during Phase I,
Contract A104(611)-11401, Module Design task and also in conjunction with the
preburner and stage combustion test programs, A summary ol the conclusions
of these studices is presented below:

(1) Start Transient

1. The engine can e safely started to 209 thrust in approxi -
mately 2 seconds using a time sequenced control method,

2, The orifice restriction in the primary flowpath of the pre~-
hurner oxidizer valve must he made smaller than that estab-
lished during stcady-state cycle analysis to reduce the
preburner temperature spike when the primary cavity fills,

3. The use of helium purges in the secondary cavity of the pre-
burner oxidizer injector and the main oxidizer injector is
recommended to prevent back flow of the combustion product pre-
dicted to occur during the start transients.

(b) Shutdown Transient

1, A shutdown analysis showed that the engine can be shut down
safely from 209 thrust at all mixture ratios by using a single
time-based propellant valve sequence that schedules all shutoff
valves to their fully closed position in a maximum of 1.5 sec.

2, The valve sequence can be modified to adjust the rate of pre-
burner temperature decay during shutdown, if necessary for
turbine stress and cycle life considerations.

3. The shutdown transient analysis revealed no limitations that
would require hardware or control mode changes from that
established during steady-state cycle analysis.

3. Special Design Cycle Studies
a. Design Point Trade Studies

Trade studies were made to establish the sensitivity of engine charac-
teristics to comnonent performance levels to identify the critical component
characteristics and minimize any undesirable effects. The trade factors pre-
sented in table V were determined by varying each parameter separately and
rematching engine components to provide maximum chamber pressure within
component limitations and cycle ground rules. The change in preburner tem-
perature required to maintain a constant chamber pressure with variations
in component performance was also calculated by using the trade factor for
chamber pressure and turbine temperature defined in table V,
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The turbine area changes required to reoptimize (rematch) the cycle
for full mixture ratio range at the indicated changes in chamber pLressure
were also established. For example, if main fuel turbine efficliency werc
increased 1 point, chamber pressure could be increased 12,6 psi. over the full
mixture ratio range provided the fuel turbine area was reduced by 0.25% and
the main oxidizer turbine area was increased by 0.87%. The trade factors pre-
sented {n table V may be assumed to be linear for small component variations.

b, Maximum Oxidizer Pump Discharge Pressure

An analytical study was made to determine the optimum method of obtain-
ing a maximum chamber pressure. Engine design cycles were established with
components matched for maximum allowable oxidizer pump discharge pressures
of 6500, 7000, and 7250 psia.

The following major factors were noted:

1, The maximum excess thrust capability is available for an
engine designed for a peak oxidizer pump discharge pressure
of 7050 psia,

2, The maximum design chamber pressurc increases with increas-
ing maximum oxidizer pump discharge pressure.

3. As the peak oxidizer pump discharge pressure is decreased,
the assumed fuel pump speed limit of 48,000 rpm is approached
at 100%, r = 1.

4, With increasing oxidizer pump discharge pressure, the assumed
preburner temperature limit of 2325°R is approached at 100%,
r =29,

5, Overall specific impulse at a mixture rzatio of 5 decreases with

increasing maximum oxidizer pump discharge pressure as a
result of increased transpiration cooling flow.
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Consideration of all the above factors indicates that an engine designed for
a maximum oxidizer pump discharge pressure of 7050 psia would provide the
optimum design, Although a slight loss in specific impulse would result at a
mixture ratio of 5, no significant loss will be vncountered at a mixture ratio of
6 and ahove, and the chamber pressure level attainable would be consistent with
present design goals., An engine designed for higher oxidizer pump pressures
could operate at slightly higher chamber pressure, but the specific impulse at
mixture ratios of botk 5 and 6 and excess thrust capability would be reduced,

Co Transition Casc Coolant Flow Source

A design analysis of the transition case cooling passage indicated that
structural problems may cxist during the shutdown transicnt if the cooling is
obtained from the preburner fucl valve discharge. This cyele analysis confirmed
the acceptability of the alternative supply source located at the transpiration
supply heat exchanger discharge,

I'or the analvsis, the transpiration supply heat exchanger configuration was
maintained and its cooling flowrate was increased by the level of transition case
cooling flow, The increased cooling flow at 100 thrust, mixture ratio of 7, did
the following: (1) reduced the transpiration wafer inlet temperature 63°R,

(2) reduced required wafer cooling flow 0. 25 1b/sec, (3) increased specific im-
pulse 0.3 sec, and (4) decreased required preburner temperature 18, 2°R,

Rerouling of the flow reduced the maximum availabic fuel low-speed in-
ducer turbine power 16° because of the increased turbine inlel line loss (higher
flow) and decreased turbine temperature,

d, Twon-Position Nozzle Flow Source

This study investigated three engine locations for supplying the two-posi-
tion nozzle coolant flow with and without a control valve, The locations investi-
gated were: (1) the fuel pump interstage, (2) the fuel low-speed inducer uisclicrge,
and (3) the fuel preburner supply. For cperation with the control valve in the
svstem, the minimum coolant flow was scheduled into the nozzle, For operations
without a control valve, an orifice was sized to provide the minimum coolant re-
guirements at a critical engine operating point and allowed overcooling at all
other operating conditions.

‘The fuel pump interstage was chosen to supply cooling flow for the two-
position nozzle because (1) acceptable nozzle cooling was provided without re-
quiring a control valve, (2) the source wac insensitive Lo v iriations in engine
inlet conditions (the LSI tapoff was very sensitive to them), and (3) the slight
penalty in chamber pressure and overall impulse efficiency caused by the over-
cooling characteristic inherent in the orifice configuration was acceptable,

The engine characteristics with the three candidate locations are presented
in figures 23 through 28.
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G. PERFORMANCE DATA

The booster configuration operating at sea level, utilized the nozzle in the
retracted position resulting in an expansion ratio of 35, which improves the
thrust and specific impulse. At an altitude of 20,000 ft the two-position nozzle
is translated to the extended position to provide an area ratio of 75 for improved
altitude engine specific impulse. Use of the two-position nozzle provides nearly
optimum performance for each operating regime. Altitude performance, i.e.,
thrust and specific impulse, for the beoster configuration is presented in fig-
ure 29, The variation in sea level specific impulse with mixture ratio is shown
in figure 30. The vacuum specific impulse variation with thrust and mixture
ratio is given in figure 31,
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SECTION IV
DESIGN SUPPORT TESTING

A, FIXED FUEL AREA PREBURNER INJECTOR
1. Introduction

The objective of the fixed fuel area preburner injector subtask was to design,
fabricate, and test a fixed fuel area preburner injector that would provide a tem-
perature profile of less than 150°R peak-to-average at an average temperature
of 2325°2. The injectu. tesied had 252 dual orifice, tangentfal-swivl vxidizer
and fixed concentric fuel area elements,

2. Summary, Conclusions, and Recommendations

The fixed area preburner injector must operate on cold gaseous hydrogen
and liquid oxygen. The gaseous fuel allows throttling the fuel while stfll main-
taining a suftable injection velocity due to the compressible fuel density change.
On the liquid oxygen side, a dual orifice principle was applied to a slot swirler
element to provide suitable injection velocity over the throttle range for the
essentially incompressible liquid oxygen. The slot : wirler element was selected
because of its excellent very fine atomization and n:echanical simplicity.

Initial water flow tests of the liquid oxygen injection element were con-
ducted to determine the element discharge coefficients, cone angle, and stability
during pulse testing. The originally selected element (0.095 in. inside diameter)
had undesirable vortex instability characteristics at several flow leveis. Similar
tests of an alternative element (0.124 in. inside diameter) showed none of the un-
desirable features encountered with the 0,095 in. inside diameter tube. A series
of water flow tests were conducted to determine the significant injection element
geometry for vortex stabflity. These tests showed that there is a required rela-
tion of slot area to tube area for vortex stabflity in the injection element
(Ag/A1<0.5) as well as that required for the element to meet the required AP
of the cycle.

The 0.124 in, inside diameter element was selecied for the fixed area pre-
burner injector with slot areas to provide the required engine cycle injection AP's.

Fourteen full scale preburner combustion tests were conducted with the
fixed fuel area preburner., The preburner temperature profile was significantly
improved over the results obtained with the variable area preburner injector
tested during Phase [ (Contract AF04(611)~11401). A peak-to-average combus-
tion temperature profile of 76°RR in a radial plane was demonstrated at an average
temperature of 2388°R. Damaged oxidizer elements in a section of the fnjector
in line with the temperature rake in a second radjal plane (thermocouples No, 31
to 39) distorted the temperature profile causing a reduction in average tempera-
ture to 2325°R and subsequent increase {n measured peak-to-average tempera-
ture of 215°R.

Four ignition tests were conducted to determine {f the preburner would ignite
with a secondary helium purge flowrate and the low engine starting tank head flow-
rate. Successful ignition and sustained combustion occurred during all four tests.
Four additional tests were programed to simulate the engine start transients from
the ignition flowrates to the 207 flowrate level. Purge timing during shutdowns
was adjusted to study the best engine shutdown sequence.
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During testing of the preburner injector, low frequency combustion insta-
bility was encountered at thrust levels below 259 and several tests were programed
to obtain data on influential parameters. An analog model of the preburner injector,
combustion chumber, and a portion of the test stand was constructed to determine
the influence of varjous parameters on stability. Water flow tests of the injector
assembly and single element test rigs were also made.

It was cerncluded from the test data where high=pressure drop orifices had
been installed in the facility lines that the test facility line volumes were not the
cause of e chugging. The analog model that duplicated the test results of fre-
quency and amplitude fairly well indicated that the low secondary pressure drop
anu large secondary volume contributed significantly io the instability .ud that
reducing the liquid oxygen injector secondary volume would detune this cavity
eliminating the instability.

3. Oxidizer Element Testing

Tangential slot swirler elements are mechanically simple, durable and
provide excellent atomjization. They can be easily manufactured from drawn
tubing and the tangential slots accurately electric discharge machined into the
tube. To meet the throttling requirements of the preburner, a second set of
small "primary" tangential slots were added. At the low end of the throttling range
a reasonably high injection pressure drop can still be maintained across these small
"primary slots." The larger secondary tangential slots provide flow area and pre-
vent the injection pressure drop requirement at full thrust level from being exces-
sive for the engine cycle.

Oxidizer injector element inside diameters from 0,085 {n. and larger with
the proper slot sizes will satisfy the cycle injection AP requirements. Test
elements were manufactured with 0.085, 0.095, and 0.124 in. inside diameters,
and the flow passages were sized to fit the pressure drop of the engine cycle.

It appeared that the smaller tube diameters would keep the hollow vortex gas
core small inside the element. Larger tubes produce larger injection cone
angles and better atomizatfon. The dimensional characteristics of these ele-
ments to meet the engine cycle AP are presented in table VI.

Table VI. Element Dimensional Characteristics

Tube P/N ID Ag Ao Ag/A, Number Primary Primary Length
(in.) (ln?) (in?) of Slots Diameter Holes (in.)
(in.)
AKS-5360 0.085 0.017 0.00567 3.0 3 0.0145 2 3.090
AKS-5361 0.095 0.0103 0.00709 1.45 3 0.0145 2 3.090
AKS-5362 0.124 0.0101 0.0121 0.84 3 0.0145 2 3,090

The sizing of tangential slots was based on water flow element discharge
coefficient data shown plotted in figure 32. With the element inside diameter
and total secondary effective area required by the preliminary engine cycle, the
total secondary physical area for an element can be obtained from the curve.
Earlier experience showed that slot widths of less than 0,015 in. were difficult
to manufacture with any degree of repeatability, while slot width-to-diameter
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ratios (W/D) of more than 0.20 were undesirable with the required length-to-
diameter ratio (1./D) because of deterioration of the element spray cone angle.
With the total element secondary physical area slot width limits known, it was
possible to choose the number and length of the secondary flow passages. Be-
cause of their small size, the major portion of the primary pressure drop
occurs across the primary slots making the primary flow insensitive to any
small changes in static pressure inside the element. Therefore, the primary
passages were sized by the engine effective area requirements combined with
the primary discharge coefficient experience from earlier testing.
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Figure 32, Data from Prior Tangential Entry DF 65430

Oxidizer Element Testing

The individual oxidizer elements were water flowed to determine individual
effective flow area and cone angles. The flow testing required a test piece that
(1) contained the individual oxygen injection element, (2) separated the primary
and secondary cavities, and (3) provided manifolding in the slot areas.

The first flow blocks used were welded units containing a single oxygen
injection element with the primary-to-secondary cavities sealed with braze
material as shown in figure 33. The primary and secondary manifold heights
were the same as the Bill-of-Material injector to simulate the pressure distribu-
tion. Pressure taps were provided inside the manifold flow cavities to ensure
accurate static pressure data. For tests requiring gas core observation, the
element tip was removed and replaced with an optically clear lucite adapter as
shown in figure 34. The adapter length (1.9 in.) was sufficient to enable
observations of the gas core behavior. This type of flow block was used for all
liquid nitrogen testing because of its positive braze seal between the primary
and secondary passages, thus eliminating a static seal problem at cryogenic
temperatures.
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For repetitive flow testing, a quick change flow block, which is shown in
figure 35, was used. The individual primary and secondary manifolds were
formed by separate steel details bolted together. Rubber O-rings were used to
seal the primary from the secondary cavities. Injector primary and secondary
manifolds were simulated, and pressure taps intersecting the manifolds were
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supplied. Injection elements to be tested were inserted into the flow block and
held in place with the locking screw. Tubes tested for gas core behavior were
shorter than the Bill-of-Material tubes. Optically clear lucite adapters were
bolted to the flow block to provide the additional tube length and means of gas

vortex core observation.
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Figure 35. Quick Change Flow Block FD 25209A

Pulse chambers were made for water and liquid nitrogen pulsing tests,
The pulse chambers were constructed so that the element flow discharged into
a closed volume, which allowed pressure disturbances to be created at the
element discharge. The pulse chamber used in the water flow test series was
fabricated from optically clear lucite and bonded with epoxy resin. This design
allowed observation of the spray cone and the gas core.

The pressure disturbance, or pulse, was created inside the pulse chamber
by a burst of gaseous nitrogen supplied through an electrical solenoid valve. The
magnitude and time of the pulse was regulated by trial and experience adjustment
of the valve cycle time and upstream nitrogen pressure. Figure 36a shows a
typical water pulse test setup.

The liquid nitrogen pulse tests were conducted at a chamber back pres-
sure of 100 psig created with gaseous helium. The back pressure requirement,
plus possible thermal stresses from the liquid nitrogen bath, required that the
liquid nitrogen pulse chamber be fabricated from stainless steel. Pulsing of
the chamber was accomplished by a burst of gaseous helium supplied through an
electrical solenoid valve., The magnitude and time of the pulse was regulated by
trial and experience adjustment of the valve cycle time and upstream helium pres-
sure. Figure 36b shows a typical liquid nitrogen pulse test setup.

The discharge coefficient data of the primary and secondary on the selected
elements were obtained by varying the element pressure drops from 25 to 300 psi
in 25 psi increments. The dual flow discharge coefficients were obtained by
setting the primary-to-total mass flowrate ratios (W,,/W;) between 0 and 1007.
The single and dual flow calibrations for the 0,095 and 0.124 in. inside diameter
elements are shown in figures 37 and 38, respectively.
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Figure 38, Flow Calibrations for 0,124-Inch Tube DF 65432

To verify that the sizing of the 0.095, 0.124, and 0.085 in. inside diameter
flow pussages were in accordance with figure 32, which was based on earlier dual
tungentinl entry data, test data from these elements were plotted as shown in fig-
ure 39,

Generally, the larger tne spray cone angle of oxidizer elements the smaller
the drop size of the spray. Small drop size promotes more rapid vaporization
and be' er mixing between the oxidizer ad fuel, and provides more efficient and
uniform combustion. It is also desiiable to have the spray cones impinge slightly
prior to the establishment of the flame front. It is possible to predict analytically
the maximum and mirimum spray cone angle and where impingement will occur
for n given thrust condition. For the fixed fu.l area injector at 1007 thrust, 60 deg
wie the maximum cone angle, and 39 deg the minimum, The predicted impinge-
moent was 0,680 In. from the injector face at 1009 tkrust, and a mixture ratio of 7.
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Figure 39. Element Discharge Coefficient DF 65433

To verify that the predicted spray cone angles were valid, the 0.085, 0.095,

and 0.124 in. inside diameter elements were flowed at the 20, 40, and 60% simu-
lated thrust levels, and the angles recorded by direct observation of the spray
above a graduated template. The spray cone angles of the 0.124 in. inside diam-
eter elements are shown in figure 40. The cone angles for this element with
water were within the predicted limits at 1009 simulated thrust. The spray

cone angles of the 0.085 and 0.095 in. inside diameter elements were of no

value because of a fluctuating gas core and cone angle,

60
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Figure 40. Cone Angle vs Thrust for 0,124-Inch DF 65434
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To observe the size and movement of the gas core during testing, a plexi-
glass tip was installed on the element. For downstream pulse testing, this tip
discharged into a plexiglass box where the static pressure could be forced to
rise and decay 10 psi above ambient very rapidly (250 milliseconds) by a gas
pulse. High-speed movies 1t 300 frames pear second film speed were taken to
record the activity of the gas core during the pulse. The relative change of the

gas core diameter gives a qualitntive rating of the flow stability inside the test
element.

The 0.095 in, inside diameter element was the first element to be flowed
with the plexiglass tip and pulse box., With secondary flow alone and dual flows,
the spray cone angle was observed to vary from the nominal of approximately
45 deg by as much as 30 deg of the included angle. The secondary manifold
pressure fluctuated by as much as 5 to 10 psi during large cene angle variations.
It was also observed that the size and formation of the gas core were unpredict-
able when the primary alone was flowing at less than 250 psid, or when the
secondary alone was flowing at less than 72 psid.

When the 0.095 in. inside diameter element was pulse tested at 20% simu-
lated thrust, a primary pressure drop of 320 psi and a flow ratio (Wp/W;) of 55%,
a large gas core was observed in the downstream portion of the plexiglass tip
with no visible gas core in the upstream portion. The visible gas core was
moving axially rapidly and erratically and appeared to be trying to form completely
through the element from the discharge. When the pulse occurred, the gas core
was driven upstream aporoximately 95% of the length of the plexiglass portion of
the element. Immediately, the core moved downstream and was discharged
completely before recovering.

At 409 of simulated thrust on the 0,095 in. inside diameter element and
at a primary pressure drop of 460 psid and flow ratio (W, /Wt) of 27%, the same
behavior observed at 209 was noted, before, during, and after the pulse, except

that a very small diameter gas core was observed in the upper portion of the
element.

At 60% simulated thrust and at a primary pressure drop of 570 psid and
flow ratio (w. /W) of 17%, a large diameter, well defined gas core was observed
completely through the plexiglass portion of the element. The pulse did not
visibly affect the gas core and, therefore, there was no recovery of the core.

Preliminary testing on the 0.124 in. inside diameter element revealed
steady, well defined spray cones and gas cores at steady-state conditions corres-
ponding to 20, 40, and 60% simulated thrust on the pump-fed test facility. Prcs-
sure fluctuations of 1 to 1.5 psi maximum were noted in the secondary manifold.
To determine if the fluctuations in secondary cavity pressure were inherent in
the element or if the fluctuations were caused by the pump-~fed facility, the test
rig was moved to a pressure-fed test stand. The steady-state conditions and

pulse testing were then repeated with no differences in the observed or recorded
data.

At 20% simulated thrust on the 0.124 in. inside diameter element, and at
an element pressure drop of 320 psid and flow ratio (W,/W¢) of 557, as mentioned,
the gas core was complete and well defined at steady-state. When the pulse
coccurred, the gas core was deformed and then recovered.
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At 40% simulated thrust and at an element pressure drop of 460 psid and
flow ratio (Wyp/W¢) of 27%, the steady-state gas core of the 0.124 in. element
was well defined. The pulse had no visible effect on the gas core.

At 60% simulated thru=t and at an element pressure drop of 570 psid and
flow ratio (Wp/Wt) of 17%, azain the 0.124 in. inside element exhibited a steady,
well-defined gas core at steady-state. The pulse had no visible effect on this

gas core.

Preliminary testing of the 0.085 in. inside diameter element exhibited
poorly defined or unpredictable gas cores, with rapid axial movement at all
conditions. This element also exhibited 1 to 1.5 psi fluctuations in the secondary
manifold. The spray cone angle varied as much as 30 deg from the nominal of
approximately 45 deg. This element was dropped from consideration and no
pulse testing was conducted. :

Because the water flow testing of the originally selected element design
(0.095 in. ID) revealed a rapidly changing cone angle and visually unstable gas
core, an effort was made to correct this element instability through modifica-
tions. This testing was qualitative in nature because a fix for the instability
was sought, and not necessarily the causes of the instability. The following
modifications to the original element desigr were tested and were unsuccessful
at stabilizing the element flow:

1. Length reductions of 3, 5, 8, 11, 15, 19, 23, and 35%

2. Area reductions at the element discharge ranging from
14 to 27%

3. An area reduction of 27% at the element discharge with a
reduction in length of 0.125 in.

4. An inside diameter of 0.120 in. producing an Ag/A, ratio
of 0.965 .

5. An inside diameter of 0.12- in. and a 37% area reduction
for the last 0.800 in. of the element

6. A 33% secondary slot area reduction by eliminating one of
three secondary slots leaving two slots spaced unequally

7. A 33% secondary slot area reduction by closing one-third
of each slot

8. A 33% secondary slct area reduction by having two equally
spaced slots

9. The element with the 37% area reduction opened for the last
0.800 in. and one-third of each zecondary slot ciosed

19. Top and hottom edges at the entrance to the secondary slots
machined to provide a radius and a curved lead into the slots

11. All entrance edges to the secondary slots machined to pro-
vide a radius
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12. Reduce wall thickness in the region of the primary and
secondary slots by 9, 29, 54, and 68%

13. Inside diameter roughened 0.002 in. deep
14. A tube inserted to eliminate the gas core

15. Interchanged location of the primary holes and secondary
slots

16. Replaced secondary slots with thirty-two 0.020 in. diameter
holes.

To further investigate the effect of the secondary flow area to the element
area ratio (Ag/A,), the secondary slots were modified on two different 0.095 in.
inside diameter elements to yield Ag/A, ratios of 0.300 and 0.542 as opposed
to the Ag/Ao ratio of 1.5 on the original 0.95 in. diameter element design.
Flow from these elements were stable when tested indicating that lowering the
Ag/A, ratio ylelds a stable element.

To judge the stability effects of primary slot geometry, a 0.124 in. ID
tube was made and tested with one primary hole of equivalent area to the two-
hole original design. The element flow was stable and the cone angle was con-
stant but the cone angle axis revolved in a circular pattern. This configuration

was considered unsatisfactory because of the spray cone axis shift observed
during tests.

Another modification considered was a typical 0.124 in. ID tube, except
for a 0.095 in. inside diameter the last 0.300 in. of tube length. This con-
figuration proved to be essentially stable during initial tests. Pulse testing,
however, showed that the gas core was momentarily eliminated at the 20% and
40% simulated thrust flow points. The core was not affected at the 60% thrust

flow point. The configuration was considered unsatisfactory because of gas
core behavior during pulsing.

Because all the modifications attempted were unsuccessful at stabilizing
the element flow, and only one alternative design (0.124 in, ID) indicated stable
flow on water, a more comprehensive program was initiated to determine both

the cause of element instability, and possible corrective action to the fundamental
design.

The first section of this program approached the cause of element instabflity
in terms of element geometry. Past performance and analytical data had shown
the influential parameters to be: slot width, slot length, element inside diameter,
slot area to element area ratio (Ag/A,), and length of element to element inside
diameter ratio (L/D). Sixteen elements were fabricated to form a matrix covering
these parameters at inside diameters ranging from 0.075 in. to 0.124 in. The
test matrix is provided in table VII and the dimensional characteristics of the
elements investigated are provided in table VIII.

Each element of the matrix was water flowed on the B-21 pressure fed
test faciiity. Two individual tests were conducted on each element. The first
test consisted of visual observations of the spray cone angle, spray cone and
gas core stability, pressure fluctuations in the primary and secondary manifolds,
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and flowrate fluctuations while flowing the element in the as-designed length
configuration. This test was then repeated with the length of each element re-
duced by approximately 35%. Because of geometry of the test rig, examination
of the gas core could not be performed during investigation of elements in the
reduced length configuration.

Table VII. Test Matrix

Vlement Length

stort Length Configuration Long Leagth Configuration

NMominal [D (in,) 0,075 0,085 0.095 0,110 0.124 0,075 [ 0,085 rn,u‘)s
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Typical test conditions during the first test on the matrix elements in-
cluded flowing at primary AP's corresponding to the 20%, 40%, and 60% thrust
levels with secondary AP's varying between zero and 250 psid. Visual observa~
tions were recorded at steady-state points within this range.

The second test on each of the matrix elements consisted of water flow
calibration, oscillograph recording of primary and secondary manifold pres-
sures, and high-speed movies of the spray cone and gas core while flowing the
element in the Bill-of-Material length configuration. Flow calibration was per-
formed at flow splits (primary flow rate to total flow rate, Wy/w¢) of 8.75% to
80% and high-speed movies were taken at the 20%, 40%, and 80% thrust levels
while at the corresponding flow splits. Movies were also taken at steady-state
points ranging above and below the fore-mentioned thrust levels.
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Table VIII. Dimensional Characteristics of Elements Tested

I lement Number of Length Width of 1D of Ared ol Area of Area LD LD
No, Secondary  of slot Slot ' lement Slot Ag Tube A, Ratio Short Long
Slots™ (in,) (in.) (in.) (i0d) (ind) AS/AU config- Contige
uration uration
A 3 0,361 0,0102 0.0950 0.,01110 0,00710 1.561 20,31 33,84
B 3 0,150 0,023 0.095¢ 0,01035 0.00710 1.458 18.10 3l.60
& 4 0,455 0.0110 0.1240 0.0200 0,01206 1,658 18,45 30,00
D 3 0,1997 0,0315 0.1235 0.01887 0,01198 1.575 14,31 26,70
N 2 0,328 0.0106 01,1205 0,00696 0,01138 0,612 15.75 26,35
F 2 0,108 0,032 0,1240 0.00690 0,01206 0,572 13.51 23.80
« 3 0,2734 0.0411 0,0855 0,00909 0,00571 1,592 21,58 36,00
H 3 0,085 0,0320 0,0860 0.00816 0,00580 1,407 19.25 34.10
1 4 0,4248 0.0111 0.0858 0.01884 0,00575 3.276 23,30 38,20
J 3 0,1780 0.0320 0,0870 0017097 0.00592 2,883 20,01 34.80
K 3 0,4592 0.0129 0.1096 0.,01776 0,00947 1.875 18.45 30.u1
L 3 09,1676 0.0270 0,1120 0.01356 0,00983 1.379 15,50 26,90
M 3 0,2533 0.0096 0,1091 0.00729 0,00940 0.776 16,71 28,50
N 3 0,0948 0,0027 0,1095 0.00078 0,00945 0,082 15,20 26,90
] 3 0,2140 0.0102 0,0763 0,00654 0,00453 1444 23,40 40,20
P 3 0,1420 00,0190 0,0800 0,00807 0, 00500 1,614 21,40 37.40

“All elements incorporated two primary slots (0.015-inch diameter nominal) upstream of the sccondary.

Table IX tabulates the results obtained from the test matrix section of the

stability program.

The following conclusions were made on the basis of these results:

1‘

6.

Slot width is not significant to stability when the slot area
to tube area ratio (Ag/A ) is 1.5

Slot width is significant in creating stability in a 0.110 in.
diameter tube with an Ay/A, ratio of 0.80

Slot widths between 0,010 and 0,030 in. are stable with a
0.124 in, diameter tube at an Ag/A, ratio of 0.542

Tube diameter variation between 0.075 and 0.124 in. is not

significant to stability at an Ag/A, ratio of 1.5

All tubes of 0.095 in. diameter and smaller are unstable
when their Ag/A, ratio is greater than 0,80

Reduced tube length decreases the magnitude of instability.

Figure 41 illustrates the test results tabulated in table IX.

The stability investigations showed that certain elements were more stable

than others.
with liquid nitrogen.

liquid nitrogen are similar to the corresponding properties of liquid oxygen.

The liquid nitrogen flow splits and differential pressures set for the

various test points were the same as the corresponding water flow tests,

element discharged into a chamber pressurized to 100 psig.
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To confirm these results, it was decided to flow selected elements
The vapor pressure, surface tension, and temperature of

The
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Figure 41. Element Test Matrix Test Results FD 23225B

After the desired liquid nitrogen flows were set, movie and oscillograph
data were taken. During the data point, a 10 to 15 psig pulse of helium was
flowed into the chamber.

The first configuration that was flowed with liquid nitrogen was the original
design 0,095 in, diameter element. These were conducted at the engine cycle
primary injection pressure (primary upstream pressure to element back pressure)
and secondary mass flowrate set to give the cycle primary to total mass flowrate
ratio corresponding to 20%, 40%, and 607 thrust levels at an engine mixture ratio
of seven. Chamber pulses of approximately 10 psi above steady-state back pressure
were used.

The movies revealed the following facts:
1. Gas cores exist on liquid nitrogen flows

2, Cores were unstable at 209 and 40% thrust level at steady-
state conditions

3. Cores were eliminated by the pulse at the 209 and 40% thrust
level

4, The core was stable at 609 thrust level

5. The core was distorted but not eliminated at 607 thrust level
by the pulse.

The oscillograph data showed fluctuations in secondary cavity pressure
of 0.5 psi at 207, 1.0 psi at 40%, and 1.5 psi at 609 thrust level points.
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The second configuration tested was the alternative design; 0.124 in.
inside diameter element. Tests were conducted at flowrates corresponding
to 20%, 40%, and 60% thrust levels. Each thrust level was pulsed. Two other
tests conducted were a 60% thrust volumetric flow and a 60% secondary sweep.
The 60% thrust volumetric point consists of setting primary and secondary flows
corresponding to the liquid oxygen volumetric flowrate according to the engine
cycle. The 607 thrust secondary sweep consists of setting 60% thrust cycle
primary injection pressure (secondary upstream pressure to element back pres-
sure) from zero to 400 psi.

The movies revealed the following facts:

1. Gas cores were large, varying from 55% of the diameter at
209% thrust points to 60% at 60% thrust volumetric point

2. Pulsing at 209 caused an enlargement of the core by 5% of
the diameter

3. Pulsing at 40% and 60% thrust points had no effect on the
cores

4. Cores at all points were stable.

The oscillograph data showed fluctuations in secondary cavity pressure of
0 psi at 20%, 0.1 psi at 40%, and 0.1 psi at 60% thrust level points.

The third configuration tested was a modification to the 0.124 in. inside
diameter tube. The modifications were as follows: (1) an area reiuction was
incorporated in the tube 0.250 in. from the exit to an inside diameter of 0.095 in.,
(2) the slot areas were increased in size by 24% to accommodate the 0.095 in.
diameter at the tip while keeping the overall element pressure drop as required

by the engine cycle.

Tests were conducted at flows corresponding to 20%, 40%, and 60% thrust
levels plus secondary sweeps at 40% and 609 levels.

The movies revealed the following facts:
1. Gas cores could exist upstream of the tube tip restriction

2. The gas core at 20% was relatively small (227 of tube diam-
eter) and slightly unstable. Pulsing momentarily eliminated
the gas core.

3. The gas core at 40% was still small (28% of the tube diameter)
and relatively stable. Pulsing again momentarily eliminated
the gas core.

4. The gas core at 60% was small but stable. Pulsing had no
visible effect on the gas core.
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4, Preburner Rig Testing
a. Hardware Description

An existing preburner test rig fabricated during Phase I (Con-
tract AF04(611)-11401) was modilied for use in testing the fixed fuel area pre-
burner injector. Figure 42 shows the major details of the test rig including
the oxidizer dome, preburner oxidizer valve, combustion chamber, back pres-
sure simulator, injector assembly, and temperature rakes.

Injector Assembly—\ o/ Igniter Assembly
s ¥
Preburner Oxidizer Valve PR
’ T b~} i L T <fa—n
Oxidizer Vent S Back Pressure ™3 o
\ C ad ' Simulator ‘
N na N
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Oxidizer lnlet—, / \ ! = “""l, e e
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Oxidizer Dome I ! Combustion Chamber
i L.
pS Fuel! Inlet
Figure 42, Preburner Rig Configuration FD 232488

The oxidizer dome was modified to eliminate flange leakage and thus permit
higher rig operating pressures than were possible during Phase I (Con-
tract A¥04(611)-11401) tests. Figure 43 shows the oxidizer dome used in these
previous tests and the modified dome used in the current tests. The modifica-
tions included a thicker flange, larger seal vent area, a rclief cut on the flange
mating surface to move the bolt reaction more directly in line with the pressure
source, and tensilized stretch studs for higher loads.

The preburner oxidizer valve, which controls the primary-to-secondary
flow split, was basically unchanged from the configuration used during Phase I
(Contract AF04(611)-11401) testing, except that the upper and lower piston rings
were replaced with balanced piston rings.

The combustion chamber liner was modified by reducing the distance from
ithe outermost injection element to the chamber wall to 0.5 in.

The back pressure simulator was modified to acoept inserts of various
inside diameters, thus allowing a wide range of simulated chamber pressures.
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(Original Deaign)

Figure 43. Original and Revised Oxidizer Domes FD 23472

The injector assembly was an existing variable fuel area housing that war
bored and threaded to accept the fixed fuel area injector block assembly. The
injector block assembly, which is shown in figure 44, was a brazement composed
of the oxidizer elements, divider plate, oxidizer block, and the Rigimesh faceplate.

P .
Nmr‘:\:nxlmmm Injector Block

Ansembly

or

Oxidiz o R
‘Block Rigimesh
- Faceplate

Oxidizer Injection Elements

Figure 44. Preburner Injector Block Asszembly FD 23221C
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Temperature rakes were installed in two circumferential locations at
axinl distances of 7 and 11 in. from the injector face.

Figure 45 is a cross section of the fixed fiiel arer preburner injector and
the following paragraph is keyed to this figure.

9*@ 9\©

Figure 48. Cross Section of Fixed Fuel Area FD 24990
Preburner Injector

Fuel is supplied to the circular fuel manifoid (1) by the fuel system. The
fuel then flows through the feed holes (2) into the manifolding (3) behind the face-
plate Rigimesh and is metered into the combustion chambcr through annuli (4)
around ench oxidizer element (2562 places). Liquid oxygen is supplied to the
{njector from the preburner oxidizer valve, which controls and meters the total
oxidizer flow to primary (5) and secondary (6) flow passages in the injector
oxidizer plats (7). The two nxidizer flows, primary and secondary, are used
to muintain safe injection differential pressures at all engine cycle points. The
nories of flow passages (5 and 6) delivers oxidizer to the primary (10) and
sgeondary (11) supply manifolds. Oxidizer tlow is transferred to the combus-
tion chumber through individual oxidizer elements (8). Each elemen. has flow
ontries machined tangentially to the tube ID (9): rectangular slots for the sec-
ondary flow and circular holes for the primary flow. Element length is deter-
mined by the manifold heights of the fuel (3), primary oxidizer (10), and sccondary
oxddizer (11), and heights of each are kept to a minimum, consistent with low dis~
tribution losaer,

‘The concentric fuel annuli of this design act as fixed orifices as opposed to
tho variable fuel metering area design. Two injector assemblies were fabricated
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for this test program, each having a different fuel annulus area. The initial
testing (tests No. 1,01 and 2,01) was made with a fuei anmulus designed for

200 psi pressure drop at the design point of 100% thrust mixture ratio of 7. The
remaining tests were made with a fuel annulus designed for 400 psi pressure drop
at design point.

b. Test Facilities and Procedures

The fixed fuel area preburner injector rig was tested in the E-8 test
facility. A plan view of this facility is shown in figure 46. The E-8 test facility
permits preburner testing to chamber pressures of 5000 psia. The preburner
control configuration is shown in figure 47,

Figure 46. Plan View of E-8 Test Facility FD 21139A

The preburner starting seguence was initiated by diverting the required
fuel and oxidizer flows from a preset overboard condition to the injector. The
diverted fuel and oxidizer were then ailowed to stabilize. ‘The comnbustion
chamber pressure at this point was less than 17 for tank head ignition tests
and 7% for other tests.

After the fuel and oxidizer valves were in position and were stabilized at
the 7% level, they were switched to flow control. The run tanks were then
pressurized to the operating levels, and the preburner flows were ramped to
the desired equivalent thrust level and cocmbustion temperature,

The fuel mixture temperature contrel section modulated the valves that
regulated the GHp flow into the mixing section and provided the desired injector
fuel temperature. The total fuel flow was determined Hy measuring both the
gaseous and liguid flowrates; however, only liquid flow was controlled by the
system,
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The oxidizer flow was also closed loop controlled through the computer -
with the necessary timing to maintain the required mixture ratio during the
transient.

Starting flows, antomatic changes of flow levels, and test conditions other
than those scheduled by power lever, were programed in and out of the control
by the digital sequencer. .

C. Test Results

The test objectives were to evaluate: (1) temperature profile, (2) tank head
ignition and start transient, and (3) combustion stability pulsing with 80 grain
charges. Both the 200 psid and 400 psid injector assemblies were tested. A
low frequency chugging instabiiity was present at thrust levels below 25% for all
engine mixture ratio conditions.

Pulse guns, as shown in figure 48, were used to introduce the pressure
upsets !n the preburner test rig. In the combustion chamber, pressure upsets
were caused by the dissipation of the high pressure gases from the gun barrel.
The intensity of these gases may be regulated by charge size and burst disk
rupture level.

Each test is described in the following paragraphs., The measured param-
coters are summarized in table X and the calculated results are summarized in

table XI.

Figure 49 shows the injector face prior to test 1.01, which was conducted
on 31 May 1968. Data at five of the six planned engine cycle data points were
obtained. The test was advanced before the last data point condition was reached
because of excessive combustion temperature resulting from a facility oxidizer
valve oscillation. Data were taken at 20% and an equivalent engine cycle condi-
tion for mixture ratios of 5, 6, and 7 and at 60% for mixture ratios of 5 and 6.
The chamber was pulsed with 80 grain charges at 20% for mixture ratios of 5
and 7 and at 609 for a mixture ratio of 5.
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Analysis of the data from test 1.01 showed that although combustion sta-
bility was essentially insensitive to the pulse gun discherges, a low frequency
(approximately 100 cps) system instability occurred on the ramp from 7% to
20% flow levels and persisted through all three mixture ratios at 26% thruet
ievels. The instability in chamber pressure was limited to 150 psi peak-to-
peak. On ramping from 20% to €0% the instability stopped and did not recur at
higher thrust levels. The maximum peak-to-average combustion temperature
profile at the 20% level was 124°R at a mixture rat{o of 7 as shown in figure 50.
At the 60% level and a mixture ratio of 6, one of the oxidizer pump simulator
valves (CV8) was required to operate on a portion of its stroke where large
effective urea changes are made by small valve stroke changes. The oxidizer
flow control systemn became uns:able causing combustion overtemperature. The
test sequence was automatically advanced by the overtemperature prior to
attaining the 60% thrust level and mixture ratio of 7 steady-state data point. The
peak-to-average combustion profile at 60% level was 119°R at an average tem-
perature of 1848°R and a mixture ratio of 6 as shown in figure 51.

Pulse guns with 80-grain charges were fired at the 20% and 60% thrust
levels on test 1.01. The pulses at the 20% and mixture ratio of § and 7 levels
caused a chamber pressure rise of 292 and 302 psi and combustion recovered
to normal levels in 10 and 6 milliseconds, respectively. The pulse at the §0%
and mixture ratio of 5 level caused a chamber pressure rise of 364 psi that
dissipated within 10 msec. The firing of the pulse guns damaged the combustion
liner in four places; however, the damaged combustion liner was suitable for use
on test 2,01.

Test 2.01 was conducted on 4 June 1968. The run was prograined for data
points at a mixture ratio of 5 at 20% thrust and mixture ratios of 6 and 7 at 100%
thrust. The run was automatically advanced durir ; the flow ramps from the
mixture ratio of 6 data point by an overtemperature.

Combustion Chamber ¢

Figure 48. Preburner Rig Pulse Gun FD 25307
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Table X.

Summary of Measured Parameters Du

Teat Thrust Date Rig No. Test Ambient Oxidizer Fuel Liner
No. ) (D Ruild No. Curation Pressure Injector Injector Coolant Inlet
(sec) (psia) Inlet Inlet Temperature
‘e Temperature Temperature (°R)
(°R) (°R)
1.01 20 31 May 1968 35117-1 35.9 4.7 191.9 129.5 129
1.01 20 31 ¥ay 1968 35117-1 14.71 192.1 144 .4 144
‘ 1.01 20 31 May 1968 35117-1 14.71 192,7 156.2 150
1.01 60 31 May 1968 35117-1 14.71 189.3 154.7 155
1.01 60 31 May 1968 35117-1 14.71 189.1 164.2 164
2.01 20 4 Jun 1968 35117-1 29.4 14.49 196.0 303.2 303
2.01 100 4 Jun 1968 35117-1 14.49 181.6 188.5 188
3.01 20 14 Jun 1968 35117-2 62.1 14.73 . 195.8 134.6 135
3.01 20 14 Jun 1968 5117-2 14.73 196.8 133.1 133
3.01 20 14 Jun 1998 35117-2 14.73 198.5 131.3 131
3.01 60 14 Jun 1968 35117-2 14.73 191.2 148.9 149
3.01 100 14 Jun 1968 35117-2 14,73 186.4 184.8 185
4,02 97 19 Jun 1968 35117-2 23.1 14.69 185.3 149.9 150
| 12.01 20 27 Jun 1968 35117-2 1.1 14.71 170.5 446.7 447
14.02 20 28 Jun 1968 35117-2 45,2 14.74 173.4 95.4 95
(I)Dltl point at percent equivalent engine thrust
- -




arameters During Preburner Injector Testing

Liner Oxidizer Oxidizer Fuel Liner Chamber Fuel Oxidizer Oxidizer
ant Inlet Injector Injector Injector Coolant Static Injector AP Injector Injector
perature Primary Secondary Inlet Inlet Pressure (psid) Primary Secondary
(°R) Inlet Inlet Pressure Pressure (psia) AP (psid) AP (psid)
Pressure Pressure (psia) (psia)
(psia) (psia)

129 986 713 745 745 691 32,2 278

144 971 699 729 729 685 34.4 285

150 934 667 694 694 652 30.0 284

155 3401 2806 2868 2868 2653 106 692

164 3125 2660 2682 2682 2534 85.4 585

303 901 670 753 753 644 73.4 246

188 5171 4801 4618 4618 4285 168.7 929

135 1053 619 663 663 608 80.3 447

133 904 614 665 665 611 80.0 307

131 700 596 666 666 611 76.1 111

149 2783 2349 2485 2485 2210 217.8 549

185 4322 4270 4397 4397 3911 388 424

150 5062 4854 5092 5092 4406 526 587
| 447 891 650 892 892 639 237 242

95 830 598 626 626 589 35.1 220

g proves memsetilliny




Table XI. Summary of Calculated Parame

Test  Date Rig No. Total Total Fuel Total Upper Liner Lower Liner  Total Liner Overal
No. Build No. Combined Flowrate Oxidizer Fuel Coolant Fuel Coolant Flowrate Mixturd
Flowrate {lb,,/sec) Flowrate Flowrate Flowrate (b, /sec) Ratio
(Ib,, /sec) (1b,, /sec) (1b,,, /sec) (b, /sec)
1.01 31 May 1968 35117-1 23.72 14.46 9.26 0.21 0.21 0.42 0.64 ‘
1.01 31 May 1968 35117-1 21.65 12.35 9.30 0.17 0.18 0.35 0.75
1.01 31 May 1968 35117-1 19.84 10.57 9.27 0.15 0.16 0.32 0.88
1.01 31 May 1968 35117-1 85.04 46.63 38.41 0.73 0.54 1.27 0.82
1.01 31 May 1968 35117-1 77.95 39.63 38.32 0.55 0.48 1.02 0.97
2.01 4 Jun 1968 35117-1 23.04 14.43 8.61 0.21 0.19 0.40 0.60
2.01 4 Jun 1968 35117-1 142,81 65.32 77.49 0.99 0.69 1.68 1,19
3.01 14 Jun 1968 35117-2 23.58 i4.40 9.18 0.19 0.28 0.47 0.64
3.01 14 Jun 1968 35117-2 23.74 14.56 9.18 0.19 0.28 0.47 0.63
3.01 14 Jun 1968 35117-2 23.88 14.62 9.26 0.20 0.29 0.48 0.63
3.01 14 Jun 1968 35117-2 77.77 39.85 37.92 0.80 0.71 1.51 0.95
3.01 14 Jun 1968 35117-2 128,57 §7.52 71.05 1.22 0.94 2.16 . 1.24
4,02 19 Jun 1968 35117-2 152.08 75.98 76.10 1.66 1.13 2,79 1.00
12,01 27 Jun 1968 35117-2 24.76 15.51 9.25 0.29 0.26 0.55 0.60
14.02 28 Jun 1968 35117-2 23.96 14.77 9.19 0.17 0.26 0.43 0.62

Minjector fuel flowrate = total fuel flowrate - total liner coolant flowrate
@ Based on injector mixture ratio

(3)AT = maximum temperature - average temberatune at 11-inch location
@ M.* = (average temperature/ideal temperature)?+5 x 100

(S)Measumd tempenm;'e based on
(s)ﬁmt Effective Area = 6.620 in§
M Tnroat Effective Area = 7.573 in?
(®)Throat Effective Area = 8.00 in2




Parameters During Preburner Injector Testing

Fuel /Oxidizer

e I v o o b b e s

er Overall Injector Ideal Average aT n* Ne* Fuel Oxidizer

e Mixture Mixture Temperature(z) Combustion Profile 1 at 11 in. @ Injection Injection Momentum

c) Ratio Ratiof1) °R Temperature at 11 in. ® (%) Velocity  Velocity Ratio

(°R) (°R) (ft/sec) (ft/sec)

6.54 0.66 1285 1268 72 98.0(0) 99,3 495 131 5.8
0.75 0.78 1504 1718 94 101.6(6)  103.9 555 133 5.4
0.88 0.90 1728 1823 124 101.6(6)  102.8 545 132 4.6
0.82 0.85 1628 1589 107 98.0(6) 98.8 579 145 4.7
0.97 0.99 1881 1849 119 98. 2(6) 99.1 547 137 4.0
0.60 0.61 1390 1552(5) 25(5) 102.0(7  105.4(5) 1163 132 14.4
1.19 1.22 2272 2388(5) 76(5) 99.0(7  102.5(9) €90 246 2.8
0.64 0.66 1290 1322 310 99.3(7)  101.3 813 221 5.6
0.63 0.65 1276 1326 260 99.4(7  102.0 805 160 7.7
0.63 0.65 1281 1266 144 98.7(7) 99.4 780 70 17.0
0.95 0.99 1861 1793 211 99.0(7) 98.2 828 136 6.2
1.24 1.28 2369 2325 215 99.7(7 99.0 1022 198 4.0
1.00 1.04 1950 1920 115 99.0(7) 99.2 1074 213 4.9
0.60 0.62 1552 1676 58 94.3(8  103.9 2088 119 28.3
0.62 0.64 1216 1140 255 96.9(7) 96.9 437 113 6.0

re based on rake No. 3

ea = 6.620 in2

ea = 7.573 in?

a = 8.00 in?
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Figure 49. Injector Face Prior to Test 1.01
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Figure 50. Preburner Temperature Profile, Rig

DF 65190

35117-1, Test 1.01, 11-In. Rake
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35117-1, Test 1.01, 11-In. Rake

The acceleration to mixture ratio of 5 and 20% thrust level was made with
the fuel inlet temperature held constant at 300°R instead of being ramped to
127°R as in test 1.01. This was an attempt to determine the effect of fuel tem-
perature on the system instability. During the ramp from 7% to 20%, system
instability was encountered. The instability persisted through the 20% data point
and disappeared on the raup to 100%. The peak-to-average temperature on the
acceptable temperature rake (thermocouples No. 21 to 29) at a mixture ratio of
5 and 20% level was 25°R, and at a mixture ratio of 6 and 100% it was 75°R as
shown in figure 52. During the ramp to the mixture ratio of 7 at 100%, the run
was automatically advanced because of high combustion temperature. This was
caused by the large oxidizer valve (CV3) being at a portion of the stroke where
little or no effective area change was made with stroke changes., As a result,
even though the oxidizer valve was closing as scheduled, the oxidizer flow was
not reducing as required to match the reducing fuel flow for the mixture ratio
of 7 set point at 100% level.

On test 2.01, two of the combustion temperature rakes in the same .;adial
plane at 7 and 11 in. axial planes (thermocouples No. 31 to 39 on 11 in, rake
shown in figure 52) indicated a reduction in temperature toward the chamber
outside diameter. These rakes had not shown a temperature reduction during
test 1.01, which indicated that the injector had been damaged on the first test.

The teardown inspection revealed approximately 35 oxidizer elements
burned in the secondary area. Figure 53 shows the injector face after test 2.01,
and figure 54 shows the secondary burning. The burned elements in most in-
stances reduced the secondary flow area. The burned elements were concentrated
in an area directly in line with the temperature rakes that showed a reduction in
temperature at the chamber outside diameter. Consequently, these temperature
rakes are not representative of the actual injector profile. The burning of the
oxidizer elements was attributed to aspirsting fuel into the cavity during the ex-~
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tended fuel lag shutdown. To prevent this from recurring, the shutdown fuel lag

was reduced and increased oxidizer cavity purges were provided.

TFMPERATURL ~ i

Figure 52. Preburner Temperature Profile, Rig
35117-1, Test 2.01, 11-In. Rake

Figure 53. Injector Face After Tést 2,01
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Figure 54. Injector Secondaryv Burned Area After FE 77098
Test 2.01

The preburner rig was rebuilt using the backup injector, which was the
same as the original injector, except that the fuel size was designed for a pres-
sure drop of 400 psid at mixture ratio of 7 and 1009 thrust level, instead of
200 psid. Figure 55 shows the face of the backup injecter prior to test 8.01.

Test 3.01 was conducted on 14 June 1968, This test was pregramed for
data points at a mixture ratio of 5 at 207 thrust level, a mixture ratio of 6 at
60% thrust level, and a mixture ratic of 7 at 100% thrust level,

Low frequency (approximately 100 cps) system instability developed after
the 207 level flowrates had been attained while the fuel temperature was being
lowered to cycle set point. Wkile at the steady-state 209 thrust ievels, the
preburner oxidizer valve was moved to give primary-to~toial oxidizer flow spiits
of 867 to 45% at a constant cycle point fuel temperature. The system instability
persisted during this preburner oxidizer valve excursion. The instabilitv ceased
after ramping away from the 207 thrust level flow rates toward 60% set point.

The maximum-to-average temperature at a mixture ratio of 5 and 207
thrust level was 144°R 2t an average temperature of 1266°R; however, the tem-
perature profiie deteriorated with an increasing flow split as shown ip figure 56.
This eftect of flow split on the temperature profile is atiributed to the result of
built-in injector disiribution, which is a function of the match of individual oxidizer
primary flow area to the corresponding fixed fuel annulus arez. This iz substan~
tiaied by the fact that the profile was nct symimetrical. The injector was assembled
by matching the oxidizer total element area with ike fuel anmuli based on the water
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calibration of the individual elements prior to assembly. Oxidizec element primary
aren var!ation was 177 total span with 76% of the elemeats falling in a 6% band.

No attempt was made to match the primary area to its respective fuel annulus thuc
cxplaining the deterioration in profile with increasing flow split.

Figure 55. Face of Backup Injector Prior to FE 78185
Test 3.01
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Figure 36, Preburner Temperuture Profile With DF 66774
Primary-to-Total Oxidizer Flow Split
Varfation, Rig 35117-2, Test 3.01,
11-in. Rake
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The maximum-to-average temperature at a mixture ratio of 6 and 60%
thrust level was 211°R at an average temperature of 1793°R. The maximum-to-
average temperature at a mixture ratio of 7 and 100% thrust level was 215°R at
an average temperature of 23256°R. (See figure 57.)
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Figure 57. Preburner Temperature Profile, DF 65193

Rig 35117-2, Test 3.01, 11-in. Rake

The magnitude of the peak-to-average temperature may be attributed to
fuel leakage around the faceplate piston rings causing low combustion tempera-
ture at the outside on one of the rakes. The modified shutdown and purge pro-
cedure worked properly with no indication of hardware damage. The procedure
used was to bring on a 2 lb/sec GHz supply and a 0.6 1b/sec GHe supply to the
fuel side at shutdown. A small GNy supply was opened to the primary and sec-
ondary oxidizer injector cavities at shutdown. Cne and a half seconds after
shutdown, the small GNo purge was calculated to have cleared the majority of
oxidizer out of the injector, and at this time, a 0,25 lb/sec GHe purge was opened
to the primary and secondary cavities to create approximately 10 psid across the
elements without causing excessive overtemperature. A 2 sec after shutdown,
the 2.0 lb/sec GHg purge was turned off to clear the rig of any fuel.

Test 4.02 was programed for 100% thrust at a miixture ratio of 5 including
the firing of a pulse charge. The test was automatically advanced by a high com-
bustion temperature just after the top of the propellant ramps to the set point.
The pulse charge was not fired. The test was advanced because the liquid hydro-
gen run tank was depleted, which caused the fuel temperature to rise. The
gaseous hydrogen control valves, which are on fuel temperature control, started
closing in an attempt to reduce fuel temperature. This combination of events
delivered low fuel flow to the rig causing a high combustion temperature advance.
The cause of liquid hydrogen depletion was insufficient topping off of the liquid
hydrogen tank.

The maximum-to-average temperature on test 4. 02 was 115°R with an
average temperaturc of 1920°R, at 97% thrust and a mixture ratio of 5. See
figure 58.
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Rig 35117-2, Test 4.02, 11-in. Rake

Tests 5.12, 6,01, 7.01, and 8.01 were ignition checks to determine if the
preburner would ignite with a secondary helium purge flowrate (0. 20 lh/sec)
and the low engine tank head flowrate. The ignition fuel and oxygen flowrates
were both below 1.0 lb/sec. All four ignition tests successfully ignited and sus-
tained combustion. In tests 5.12 and 6.01 the oxygen was programed to lead
the fuel by 2 sec. Test 7.01 was a repeat of test 6.01 with the oxygen and fuel
flows opened to the rig simultaneously. These two tests showed that the oxygen
to fuel timing did not influence ignition within this time span. Tests 7.01 and
8.01 were run at essentially constant total propeliant flowrate and constant
helium flowrate with mixture ratio variations from 1, 0 during test 7.01 to 0.5
during test 8.01. The flowrates for tests 7.01 and 8.01 are provided in table
XII.,

Table XII. Flowrates for Tests 7.01 and 8. 01

Test No. He 02 Ho
(Ib/sec)  (Ib/sec) (Ib/sec)
7. 01 0. 205 0.56 0.56
8.01 0.202 0.35 0.71

Tests 9,01, 9,02, and 9.03 were liquid oxygen cold flows to determine the
response of oxidizer flow to the rig with a programed 420 msec ramp of the
oxidizer pump simulator valves and the oxidizer tank pressurized to 1700 psia.
The delivered flowrate from these cold flows was matched with the fuel flow-
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rate for the simulated engine start transient from ignition flowrates to the 20%
flowrates.

Tests 9.04, 10.01, 11.01, and 12.01 were programed (¢ simulate the
engine start transients from ignition flowrates to the 20% flowrate level, plus a
fuel temperature excursion from ambient temperaiure tv cycle temperature of
127°R and back to ambient temperature. The rig shutdowns for these tests
omitted the initial low {lowrate nitrogen purges to the primary and secondary
cavities, but instead used the 0. 20 lb/sec helium supply to purge the liquid
oxygen. The shutoff valve for the primary and secondary helium supply, which
previously had been approximately 40 feet away, was close coupled to the rig
on tests 9.04, 10.01, and 11.01.

Test 9. 04 was automatically advanced by high combustion temperature after
2,75 sec. Test 10.01 was automatically advanced by a low combustion tempera-
ture after 2,0 sec. The rig ignited, but failed to sustain combustion. Test
11. 01 was manually advanced by a low combustion {emperature after 3. 60 sec.
Again, the rig ignited but failed to sustain combustion. These tests showed that
helium was being delivered much earlier to the. injector with the helium valve
close coupled to the rig. The early arrival of helium influences the ignition pro-
cess causing unsustained combustion.

Test 12,01 was made with the helium valve that opens the helium start
purge located in its original position, approximately 40 feet from the rig. Be-
cause of the large volume between the helium valve and the rig, the helium flow-
rate arrives at the rig after ignition has taken place aid thus does not affect the
ignition process. Test 12.01 ran successfully through to the programed shut-
down. The required rapid chamber pressure rise that simulates an engine
start was attained. The chamber pressure rise rate was approximately 4400
psi/sec. System instability was encountered at the 20% flowrates as the fuel
temperature was lowered frem the ambient to cycle set poini. The instability
began at approximately 290°R fuel temperature.. The instability disappeared at
230°R as the fue! temperature was ramped up from 126°R to ambient. The
effect of fuel injection temperature on the temperature profile is shown in figure
59, which shows a reduction in profile with increasing fuel temperature, The
valve that opens the helium shutdown purge to the primary and secondary
cavities was close coupled to the rig as in tests 9.04, 10.01, and 11.01. The
close coupled valve delivered the full helium purge flowrate to the rig rapidly,
which caused a high temperature spike just after shutdown on test 12.01,

Tests 13,01, 13,02, 13.04, 14.01, and 14.02 were programed for fuel
temperature excursions from 300°R to 85°R and flow divider valve excursions
from 90% to 40% primary-to-total oxidizer flow splits while at the 20% flowrates.
For these tests, orifices were iustalled in the fuel and oxidizer stand run lines
just upstream of the rig. The orifices create a high-pressure drop in an effort
to isolate the volumes 'n the stand run lines from the injector cavities, In an
attempt to correct the high temperature spikes encountered during shutdown
purge of test 12.01, these tests were made with the close-coupled helium valve
opening the primary and secondary purges after approximately 0.1 sec delay.
The delay was to allow more time for chamber pressure to decline and the fuel
line to bleed in an attempt to drive the mixture ratio above stoichiometric and
thus reduce the shutdown temperature spike,
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Figure 59, Preburner Temperature Profile, DF 66721
Rig 35117-2, Test 12,01, 11-in.
Rake

Tests 13. 01 through 14. 01 were unsuccessful attempts because of various
control and operational problems., Test 14.02 was a successful test to the pro-
gramed shutdown. System instability was encountered at the 20% level as fuel
temperature was ramped down past 290°R to the cycle set point of 127°R. The
preburner oxidizer valve excursions at cycle temperature did not correct the
system instability. The instability remained as the fuel tempera ture was
rampec from 127°R to 290°R, The shutdown on test 14. 02 had a high tempera-
ture spike even with the delayed opening of the shutdown helium purge. Fig-
ure 60 shows the injector face at the conclusion of test 14.02.

d. Performance Calculations

The characteristic velocity efficiency computed from rig pressures and
flowrates had an average value of approximately 99.5% as shown in figure 61.
Figures 62 and 63 show the characteristic velocity efficiency based on the aver-
age combustion temperature at the 7 in, and 11 in. locations, respectively. The
results of both indicate an average v .* of approximately 100% with a scatter
band of +4%. The agreement of No* calculated from measured combustion
temperatures and that calculated from rig pressure and flowrates tends to verify
the validity of combustion temperatures and the method used to calculate average
combustion temperature.

The oxidizer injector secondary effective area compared well with the pre-
dicted levels determined from water flow tests of the individual elements and
showed the same effect of flow split on effective area. A comparison between
preburner rig results and the levels predicted from water flows of individual
tubes are shown in figure 64. Combustion rig data and water bench calibrations
indicate that the injector used on Build 1 had a secondary effective area about
7% smaller than the injector used on Build 2.
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Figure 60. Injector Face After Test 14,02 FE 78445
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Figure 64. Oxidizer Injector Calibration DF 66769

The calculated primary effective area had a large amount of scatter, partic-
ularly at low flow splits. This would be expected because slight errors in the
estimated flow split will result in proportionately larger errors in the primary
flow and primary effective area. The flow split for the preburner rig tests was
estimated from the measured preburner oxidizer valve pressure drop and the
water calibration of thc preburner oxidizer valve. The agreement between the
preburner rig test data and the predicted shape of the secondary effective area
versus flow split curv. indicated that the flow divider valve calibration provided
an acceptable method of determining secondary flowrate.

The oxidizer secondary effective area increased slightly with an increasing
fuel to oxidizer momentum ratio as shown in figure 65. Data from tests 3.01,
12,01, and 14.02 were used with data points corresponding to 20% thrust and a
mixture ratio of 5. All points were obtained with a constant preburner oxidizer
valve position to minimize the effect of flow split ou effective area. A slight in-
crease in flow split did result, however, when momentum ratio was increased
as shown in figure 66. This makes the increase in secondary effective area with
momentum ratio slightly larger than is indicated. The increase in oxidizer
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effective area with increasing momentum ratio was contrary to the trend expected
and that experienced during Phase I (Contract AF 04(611)-11401) testing. No change
in the primary effective area with changing momentum ratio was observed as
shown in figure 67,
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Two fuel injectors were tested. Build 1 (tests 1.01 and 2.01) had an in-
jector sized to provide a 200 psi pressure drop at an engine thrust of 100% and
a mixture ratio of 7. Build 2 had an injector sized to provide a 400 psi pressure
drop at the same conditions. The calculated effective areas are shown in figure
68. The scatter in the Build 1 data was caused by unexplained injector instru-

mentation variations.
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5. Stability Investigation

During testing of the preburner injector, low frequency combustion insta-
bility was encountered while operating at the 20% thrust level. To evaluate the
cause of the combustion instability, several tests were programed to obtain
data on the suspected influential parameters. An analog model of the preburner
injector, combustion chamber, and a portion of the test stand was constructed to
determine the influence of various parameters on stability. Also water flows of
the injector assembly and single element test rigs were made in an attempt to
relate hot firings to water flow tests.

a. Special Preburner Rig Tests

Of the possible causes of combustion instability, three of the conditions
could be controlled to some extent in a typical preburner test without com-
promising the basic test objective. The three conditions were (1) liquid oxygen
flow split between the primary and secondary, (2) fuel temperature, and (3) sep-
aration of the test stand propellant volumes from the preburner rig. Portions
of preburner rig tests were scheduled to vary these parameters.

(1) Flow Split Evaluation

At the 20% thrust cycle conditions during tests 3.01 and 14. 02, the oxidizer
primary-to-total flow split was varied from approximately 30% to 90% as shown
in figure 69. This change had no significant effect on the combustion instebility
even though the percent effective oxidizer pressure drop varied from 4% to 57%
of preburner pressure as shown in figure 70. In the injector designed during
Phase I (Contract AF04(611)-11401), it was possible to eliminate combustion in~
stability by increasing the percent effective oxidizer pressure drop above 4%. Be-
cause this was not true with the current injector, it was concluded that this fully
tangential dual orifice element does not achieve the momentum additicn at the
secondary slot. Therefore, with the vapor core in the center of the element, the
oscillations in the preburner pressure bypass the high pressure drop primary
stream and come into direct contact with the low pressure drop secondary.

The range of primary and secondary pressure drop is shown as a percent
of chamber pressure in figures 71 and 72, respectively. The primary pressure
drop is across a large range, but the secondary pressure drop varies only be-
tween 0.6 and 1.7% of chamber pressure. The primary pressure drop is always
well above the range where instability occurs when compared to past experience.
The secondary pressure drop, however, is always lower than that required for
stable operation. It was concluded that the low secondary pressure drop contributes
significantly to the instability and the high primary pressure drop does not influence
the instability.

A RS £

Some oscillations in the oxidizer injector alinost always exist either because
of inherent instabilities in the injector cavities or the possible interaction between
the oxidizer spray oone and the surrounding fuel flow. The repeatable effect on
the frequency by changing the oxidizer primary-to-total flow split shown in fig-
ure 69 indicates the oxidizer injector affects the instability to some extent.

109




01L9% 24

“138g
FANIAIM

WAND P W MDA

Raz il N

8Ny ], Js039,4 SA dni(g 2Ins
~831d WadIad Jo3oa{u] 4OZIPIE)

. ——

1o
jo'e
10y
10°¢
10
16°t
ot
1ot
1071
161
isa

oD ROHCADP Y

24 wyPuz Arpuieyidag

- 1oquig

aIn314 T1.99 4d uoljeraeA 1ds mopg
%~ RIS AC1d STLIQAIND TFLGL~OL-REVNILE
R:- ‘ :@w. 8 . 2‘ 09 , 05 [ [
0 . ,
v}
I : d Q
8 7 , o
or I v 7 o9 M o
i v v
e 9 o
T x®» B Ve cpow
ot m : \V)
mm ° %
av m
§ o ©
o e O o}
® ap O T 9V QQQMV
- A WY
o qﬂ« v v 74

20"yl 1995 &
w0e Y G

W0€1 03 ozl Fanaervdue] jany

onl

O3 % - WANLYLMY

62 aandLy

110

e



3ANssadd daquiey) JO JuadIa{

€1299 Ja e se doaQ aanssaad Arepuodeg gy aangrg
ux = J0¥G FYISS S AAVaNe IS
nes 02 n*y

HOMASRELY BFe
e sl

o0 8%0

TR
%8«@

X Y 03 21 camesraduel [onyg

nl

g

08

001

Y4

oy

2

CANLITARY

80y - LW b

2aNSSIAd IJ3qUiBYD JO JUd219(d

21499 1d & sg doa( aanssodd Arewlad ‘[z 9Jndrg
Pd % - A0MT TANSSNA A¥¥L T
08 14 09 0s 07 of ne o1
0
v
v
w w ©
v "
v v
[0
v 3
v v Qq k¥4 4
v v oY O
o o)
oo © W WX YV .
q Ll
o]
[0}
ot
[
z0° %1 18310
10°¢ 19217
(o]
o © © ° 7 oog e
o) ¥ WUV
%o v vv w vy w ©
v 9 v v v v \ "4
AV 4 X1 13|
30y
NV N w?y vIe i vt oW s

o

s 3000 UTARY

(SR RISK] X

sy -

L}
—
-




(2) Fuel Temperature Evaluation

Increasing the fuel injection temperoture consistently eliminated the com-
bustion instability as shown in figure 73. Changing the fuel injector effective
area at constant temperature by changing from the low pressure drop to the high
pressure drop fuel plate did not affect the combustion instability as shown in
figure 74. Therefore, it was concluded that the fuel temperature, and not the
fuel pressure drop or velocity, eliminates the combustion instability.

The most probable theory on how the fuel temperature affects the combus-
tion instability is that the increase in fuel temperature decreases the combustion
delay erough to uncouple the preburner combustion from the oxidizer injector.
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During test 12.01, the fuel injector temperature at 20% thiust was varied
extensivelv, Figures 75, 76, and 77 are traces that show the path and the
effects of fuel temperature on the amplitude and frequency of the combusiion z )
instability. The phase relationships are also indicated in figures 75, 76, and 77. !
The only two consistent phase relationships observed were that the secondary
oxidizer cavity is in phase with the chamber oscillations and the fuel manifold 4
is 180 deg out of phase with the combustion chamber. It is not understood what :
bearing this particular phase relationship has on the stability problem. However,
the frequency of the parameters was not always equal at a particular fuel tem-
perature. When frequencies are not equal, the phase relationship between the
parameters is constantly changing, which lessens the significance of phase |
relationships. Another significant item is the large reduction in combustion
chamber amplitude a{ fuel temperatures above 180°R.




20
i3 15 Q ?
[ 3
g . @
a 10 [+
« & o
£, °
13 ® ® 5 o000 B o
2
>y 20 o o) .
§ 2 s !
5 g 10 ® N
NE o ®
8g O
5% ° ® o} o 0° g o
0 .
;
20 ® .
E‘E 15 :
= [« ] :
30 ® a
5E o o o)
g g 5 (' ] & o O o @ :
0
3 :
i
] H
2 P ® }
é 20 (o] ’
S 1S @ ‘
£ . i
1 ¥
2] o i
-3
o o 7 % ) f
2 &P o) ® o
0 Test Sou 301 12.01  14.02  Phase Relacion :
70 o to Pc ¢
i1} 1)) [++] In Phase
60 @ ® ® ® 180 day Out
3 so i ] o @ 45-135 deg Out ;
2 fos] Q [0} No Phase o
f 40 o) Pelation §
é,’ Oxidizer Primary-to-Total Flow Splic « bOY :
BEon () ) H
g 20 i
w o 0 o O H
10 §
o) i
o i Q 0—-0-0-..__8_._.0___ !
o 50 100 150 200 50 00 150 400 450 ;
FUEL TEMPLBATURE - “g
Figure 75. Fuel Temperature Effect on Amplitude DF 667186

114




160
(0] 0]
130 @
140 o (o]
]
é 5 130 P
) 120
o2 o
o 110
53
&~ 100 o o
o o o o
90 oo
80 P
100, @
® o o
zg % o © ® 0
K ® o o ©
£,
53 50 @ o
ag
—ad
W= 60
o}
56
2 o
> el
- o o] o o ©
g ¢ o o)
315
;g o ®
ad 100 LY o ® el No.  3.01 12,01 16.02 Phase
;2 Relation
S 50 to £,
0 11 IR () Q® in Phase
5] ® @ 180 deg Out
120 2 ] ] e QP 43-135 deg
& Out
”f‘ 110 o] lo} QO No Phasc
& o© Relation
<2 10
;:zs’ 90 > ® 6] txidizer Primary-to-Total Flow Split s 607
e J a
8 4]
140y
o
120§ Q
89 o o
. 101 0] ©
£8 g o ©° o o
2 80 Q Q
G
w i
g
xx 4o
Pl
o e Qe —
Q S0 100 150 200 250 300 350 400 450
Ukl TEMDPURAIUR. - 'R
Figure 76. Fuel Temperature Effect on Frequency DF 6671%

115




Test 14,02 Phase Rel to Pc
QO 180 deg

30 Oxidizer Primary-to-
Total Flow Split - 60%

23 o
i o
BE 10
@
UO 50 100 150 200 250 300
FUEL TEMPERATURE - °R
Figure 77. Fuel Temperature Effect on Fuel DF 66709

Manifold Amplitude and I'requency
3) Evaluation of Test Stand Volumes

During test 14.02, high pressure drop orifices ( AP/P > 0.6) were in-
stalled in the stand (ines just upstream of the rig in an attempt to isolate the
test facility from the rig. There was no significant change in either the ampli-
tude or the frequency of the combustion instability.

Preburner injector testing during Phase I (Contract AF04(611)-11401)
showed stable combustion at approximately the same flow rates, pressures,
and temperatures with the identical test facility., Table XIII compares a pre-
vious test with cold fuel temperatures with a recent test.
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Table XIII. Preburner Test Comparison

Item Phase | Current
{Contract Testing
AF04(611)-11401)
Testing

Rig 33447-5 35117-2
Test No. 49.01 12.01
Primary Oxidizer Pressure Drop (psid) 50.7 235
Secondary Oxidizer Pressure Drop (psid) 15.0 9.3
Fuel Injector Pressure Drop (psid) 73.3 83.0
Fuel Temperature (°R) 118 147
Fuel Flow (lby,/sec) 11.9 14.1
Oxidizer Flow (lb,,/sec) 8.7 9.1
Oxidizer Primary-to-Total Flow Split 0.22 0.59
Preburner Chamber Pressure (psia) 474 560
Chamber Pressure Amplitude (psid) 0 +60
Chamber Pressure Frsquency (cps) - 90

Based on these observations it was concluded that the combustion insta-
bility was not caused by the test facility.

b. Analog Model of Preburner Test Rig

Many variables that could strongly influence the combustion instability
could not be readily controlled in a special test oir changed in the existing hard-
ware. An analog model was therefore constructed in which the suspected
variables were investigated to show the relative influence of cach variable.

(1) Model Formulation

A mathematical representation of dual-orifice oxidizer, fixed fuel area
preburner rig was formulated and programed on the analog computer. The
formulated system is illustrated in figure 78. The simulaticn included the pre-
burner injector, preburner oxidizer valve, combustion chamber, and a segment
of the stand propellant lines feeding the injector. The propellant feed lines
having a large L/D (fuel = 65, oxidizer = 70) were formulated as a distribated
system. The injectors with their concentrated volumes and low L/D were
represented as a lumped parameter system. The combustion chamber dynamics
were represented by a gas residence time constant and an oxidizer vaporization
delay.

(2) Program Verification

The program was set up at idie thrust (Tfye] = 126°R) to atiempt to match
with the instability of tests 12,01 and 14.02. The input coniained the oxidizer
injector effective area vs flow split variation in figure 64 and the oxidizer vapor-
ization delays shown in figure 79. The injector effective area characteristic
was obtained from test data and the vaporization delay was derived from a rela-
tionship from NASA TN D-851 and modified as influenced by oxidizer velocity.
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A flow split and fuel temperature excursion was run on the analog simula-
tion with the results presented in figures 80 and 81. The analog frequency trend
as a function of flow split agreed with the test data with a slight increase with
increasing flow split. No correlation of amplitude with the test data could be
made; however, the analog showed an increasing then decreasing amplitude with
flow split. As previously discussed, no conclusions were drawn from phase
relationships. The analog results as a function of fuel temperature agreed with
the test data as shown in figure 81.
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Figure 80. Analog Simulation of Flow Split DF 66780
Variation

Phase angles (relative to chamber pressure) differed somewhat between
the test and the analog. The test data showed that the oxidizer secondary was
always in phase with chamber pressure. The analog showed the oxidizer
secondary was in phase at low fuel temperature (high combustion delay), but
the phase angle increases with fuel temperature, reaching 100 deg at 300°R
fuel. The oxidizer primary phase angle varied from 0 to 180 deg during test
with no apparent correlation. The analog showed the oxidizer primary varied
50 to 160 deg as fuel temperature is increased and combustion delay decreased.
During test, the fuel manifold was consistently 180 deg out of phase with chamber

119




pressure. The analog fuel manifold had a phase lag of 60 deg. A comparison of
phase angles is presented in table XIV,
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Figure 81, Analog Simulation of Fuel Temperature DF 66781
Variation
Table XIV. DPhase Angle Comparison
Test Analog
Fuel Injector (deg) 180 60
Fuel Line (deg) 0 to 180 75
Primary (deg) 0 to 180 50 to 160
Secondary (deg) 0 25 to 100
Oxidizer Line (deg) 0 to 180 70 to 180

The inability to obtain a closer match of phase angles could be influcnced
by the fact that the high response instrumentation was not flush-mounted in the
Instrumentation passages were drilled through the injector

injector cavities.

housing, which created volumes and could affect the indicated pressure recording.
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(3) Injector Cavity Volumes

(U) The primary, secondary, and fuel injector volumes were varied in the
analog to determine the effects on the instability. The results show that a 20%
reduction in secondary volume will stabilize the process as shown in figure 82,
Variations in the primary and fuel volumes had only minor effects on the insta-
bility.
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Figure 82. Predicted Volume Influence on Preburner DF 66766
Stability

(4) Injector Effective Areas

The secondary and fuel effective areas were varied to determine the effect
on instability. (See figure 83.) A reduction in secondary area did irfluence the
instability; however, a reasonable change in area (for cycle considerations)
will not eliminate the instability. A reduction in fuel area has no significant
influence on the instability, while an increase of approximately 607 causes the
analog to stabilize.

(5) Effect of Instability on Engine Operations

A mathematical simulation of the 250K engine, which was programed on
the analog computer during Phase I (Contract AF04(611)-11401), was used to
determine what effects preburner injector instability would have on engine opera-
tion. This engine simulation was developed to study control systems, therefore
it contains the necessary system dynamics (turbopump acceleration, heat ex-
changer dynamics, etc.) that affect starting, throttling, and shutdown. The
simulation is complete in that it contains all the turbopumps, heat exchangers,
propellant lines, combustors, etc.
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The engine was trimmed at idle thrust and nominal mixture ratio. A sine
wave was superimposed on preburner combustion pressure of such magnitude to
produce an instability of 270 psi (29%) amplitude. The frequency of this sine
wave was varied from 1 to 200 cps to investigate the effects on the engine. The
external forcing sine wave applied to the preburner chamber pressure was used
to obtain the preburner instability and was present in the system throughout the
investigation. Engine feedback to the preburner reduced the instability such
that the forcing function always had to be greater than the resulting instability.

The results of this investigation are shown as amplitude-frequency plots
of some of the major engine parameters. These plots are included as figures 84
and 85. Frequencies of 75 to 150 cps werc experienced during tests of the pre-
burner. At this frequency level, most of the engine variables have attenuated
to an amplitude of approximately 17/, The exception to this are those variables
directly associated with the preburner injector flows, mixture ratio, combustion
products, etc.

C. Water Flow Correlation

Water flow tests were conducted on the injector assembly and single element
flow blocks in attempt to correlate water flow with hot firing instability through
pressure fluctuations. The following paragraphs describe these tests.

(1) Injector Assembly

After the preburner test series, the entire preburner injector was water
flowed *vith high response instrumentation. High frequency and high amplitude
oscillations existed in all fuel and oxidizer cavities. Further investigation
showed that these instabilities were present i the stand svstem (13-21) even vwhen
the injector was removed. The injector effective area vas simulated oy hand
valves in the stand supply lines, Water was flowed through the test stand just
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as had been done previously with the injector in place. Pressure oscillations

: with high frequencies and amplitudes were recorded. Table XV presents these

’ data, [t is concluded that no direct correlation could be made between preburner
hot firing instability and preburncr injector water flows,
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Figure 84. Predicted Frequency Response DF 66718
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Figure 85, Predicted Frequency Response DF 66719
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(2) Individual Elements

Even though a direct correlation between water fiow frequencies and
amplitudes did not exist, the possibility remained that a shift in pressure oscilla-
tions away from a base line water flow would indicate a combustion stability
shift. With this' in mind, lndiv‘idual element water flow tests were designed to
determine if the 'vena contracta at the secondary tangential slot could be shifting
and thus causing the pressure oscillations. To change the vena contracta char-
acteristics, the secondary slot entrances were rounded in steps as shown in fig-
ure 86. The element was water flowed in condition 1 (Bill-of-Material) to estab-
lish a baseline frequency and amplitude of secondary cavity pressure fluctuation.
The secondary cavity pressure oscillated at 150 cps and an amplitude of 3 psid.
The element slot was reoperated to the shape of condition 2. Water fiow re~
vealed a secondary pressure fluctuation of 2.5 psid at 150 cps. With the slot
revised as shown in condition 3 the cavity pressure was 2 psid at 150 cps. The
final configuration, shown as configuration 4, gave cavity pressure oscillations
of 2 psid at 150 cps.

Tube Cross Section Secondary Slot Shape
Zondition 1
(Bill-of-Material)
@ Condition 2 @
@ Condition 3 @
‘ i i ' Condition 4
Figure 86. Oxidizer Element Slot Modifications FD 25236

for Water Flow Testing

An individual element GNg water flow rig that discharged into a pres-
surized chamber was fabricated, The pressurized chamber allows the adjust-
ment of the density of the GN, to approach that of hydrogen in the preburner.
Fuel-to-oxidizer momentum ratios could be equated with GNg-to-water momentum
ratios with the GN, flow remaining unchoked. Flow conditions were varied to
produce a range of momentum ratio from 0 to 20% and a primary-to-total flow
splt range from 0 to 100% about the nominal conditions. The conditions provided
in table XVI were established as nominal test conditions.
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Table XVI. Nominal Test Conditions

E-8 B-21
Combination Flow

Tests Tests
Primary pressure drop (psid) 235.0 230.0
Secondary pressure drop (psid) 9.3 9.3
Fuel side pressure drop (psid) 83.0 83.0
Fuel tueimperature (°R) 147.0 540.0
Fuel flow (lb/sec/element) 14,1/252* 14.1/252*
Oxidizer flow (Ib/sec/element) 9.1/252+ 9.1/252*
Primary-to-total oxidizer flow split - 0.59 0.59
Chamber pressure (psia) . 860.0 145.0
Momentum ratio (fuel/oxidizer) 12,7 12.7

*Total injector flow/no. injector elements

A base primary and secondary effective area was established by calibrating
the elemeat with no GN2 flowing through the fuel injector. The calibration was
made over a primary-to-total flow split range of 0 to 100%. This calibration is
presented in figure 87. The momentum ratio was varied by varying the primary,
secondary, and fuel side pressure drops. This effect of momentum ratio on
primary and secondary effective area is shown In figure 88. The primary area
change at nominal momentum ratio (12.7) is a 1.0% area change for an 8.0%
momentum ratio change. For the primary alone to produce an instability in cham-
ber pressure of 10% amplitude, it was calculated that the primary flow must
change 26,5%. This results in a momentum ratio change of 19.8%. This slope
is also presented in figure 88, Comparison of these two slopes indicate that it
was not possible for the momentum influence alone to have caused the observed
combustion instability. The momentum ratio has the effect of increasing the
primary area over the base area. This could be caused by a lowering of the static
pressure at oxidizer discharge by the fuel velocity. Data from the combustion
tests show that the primary injector, operating under nominal conditions, also
had an area increase of approximately 15% above base calibrated area. Increas-
ing the momentum ratio has the effect of decreasing the secondary area, At
nominal momentum ratio (12.7) the secondary area is being reduced at the rate
of 1% area change for 16% momentum ratio increascs. I'cr the sccondary alone
to produce 10% amplitude in chamber pressure, secondary flow must change 40%.
This requires a momentum ratio change of 4. 3%. This slope is also presented
in figure 88. Comparsion of these slopes shows that it would not be possible for
this interaction of the secondary alone to cause the instability.

The fuel injector was calibrated with GN2 with no flow through the oxidizer
element. Momentum ratio was varied by varying primary, secondary, and fuel
pressure drops. The chamber pressure was maintained as necessary to prevent
the fuel pressure ratio from exceeding critical pressure ratio. The momentum
was found to have no influence on fuel effective area as seen in figure 89; there-
fore changes in fuel area could not cause injector instability. Upon introduction
of oxidizer element flow, the fuel area reduces 5% and remains at this level
throughout the momentum ratio range. This phenomenon is unexplained but is
not considered to have any bearing on the instability.
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Figure 87, Oxidizer Element Calibration for DF 68229
Injector Flow Tests

B
Dynamic pressure instrumentation was installed in the water and GN2 flow r
rig (primary, secondary, fuel, and chamber) to measure any instability that §
might occur, This instrumentation indicated that instabilities of the frequency :
and amplitude observed during hot firings were not present.
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Table XVII presents the test results of the injector area change per
momentum ratio change as well as the required change to give 10% chamber pres-
sure amplitude.

Table XVII, Injector Areca Change Per Momentum Ratio Change

Test Results Required for 10% Chamber
(%/%) Pressure Change
(%/%)
Primary 1.0/-8.0 26.5/-19. 8
Secondary 1.0/-16.0 40.0/-4.3
Fuel None -

The following conclusions were made from the flow tests:

1. The secondary oxidizer injector effective area is affected by
fuel flow but the simulated effect was not large enough to
produce the observed instability.

2, The primary injector effective area is also affected by fuel
flow, hut the effect is not predicted to be large enough to
causge the instability.

3. The fuel effective area is not significantly influenced by
oxidizer flow and does not cause the instability.
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B. ROLLER BEARING DURABILITY TESTS
1. Introduction

The objective of the roller bearing durability program was to evaluate
55 x 96, 5mm roller-hearings for use in the 250K fuel turbopump. Testing was
conducted with liquid hydrogen cooling at a shaft speed of 48,000 rpm and with
a 1700 1b radial load. The radial load requirement resulted from design studies
of bearing loads based on hydraulic anc vehicle maneuver loading, and the pump
speed was established by the engine cycle studies. Preliminary bearing tests,
during Phase I (Contract AF04(611)-11401), indicated that it was feasible to
operate a roller bearing at these conditions, but that roller end wear and
skewing could affect bearing repeatability and durability., The current program
investigated the effects of roller length-to-diameter ratio, roller crowning,
internal clearance, and roller-to-side rail clearance on roller end wear and
bearing durability. The ultimate objective of the program is to conduct 10 hour
endurance tests on ten sets of bearings.

2. Summary, Conclusions, and Recommendations

During the current program, which accumulated 58, 1 hours of test time
at 48,000 rpm, tests were conducted to evaluate the effects of roller length-to-dia-
meter ratio, roller end-to-side rafl clearance, internal clearance, and roller
crowning on roller end wear and bearing durabflity. The test matrix, shown
in figure 90, graphically shows the four variables and the bearing configurations
evaluated, Table XVIII {8 a summary of the bearing tests conducted to date on
this program, During all the tests, a 1700 1b radial load was applied to the load
bearing resulting in an approximate 1445 lb radial load on the reaction bearing,
Five bearing configurations (matrix points 3, 22, 23', 27', and 43') surpassed
the 10 hour goal test duration at the design operating conditions.

Because of the limited scope of the bearing program and the many
varfables being evaluated, conclusions were necessarily made based on a single
test of a particular bearing configuration unless abnormal test conditions
indicated that a repeat test on a configuration was required. This technique
was used to indjcate the direction on the test matrix for subsequent tests in an
effort to reduce the investigation to the mo. . . crisiu, area.

Based on the roller bearing tests, it appears that both roller end wear and
skewing can be minimized or eliminated by increasing the negative diametral
internal clearance and increasing the side rail clearanc: over the normally used
values, The 0.005 in. tight fit of the outer race on the rollers {s the ncgative
diametral clearance required to maintain a load on the rollers on the unloaded
side of the bearing, when the bearing is operating at design conditions and
fabricated from stainless steel alloy (AMS 5630). Roller skewing, which
accounted for most of the bearing fatlures during the current program, was not
found to be related to roller end wear or roller end-to-side rail clearance if
sufficient negative Internal clearance was incorporated in the bearing.
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Table XVIIL,

Mummary of Ro

Conflgur von

LRI TR O

toad

i ate of " eatificiation
No, Testing ! S5 N Matrein Intermal (W01 Ln ooy Elotn 1%l Voo nnl g o
Point Cleatranee  Clearamee Crown thy o tiin
e v b
15 1 Rmilaiis Vel 1 -t Q02T o, inh 1,0t Mlmgle [ T
JETH I Vel K] =0, 00~ 0, 0402 1, o Ningl: Lt AT
1 PIS SR V'l 1 =(}, 0027 0, 1300 1, om Ningle a2t R
Va2 2 at), 0~ 1, D402 i, o Mingle [P L
19 10=4=fis Val ] ), 0027 0, 005 [ Moyl [ Wt
V-2 2 -0, 0048 0.0402 1.000 single [ A
20 Ral=(n Vai 1 «{), 0027 0, L 1. 000 Ningl 1eid ) Ponh
Va2 2 (), (TN 0, 0402 L. 000 Klogle [P 2.0
21 20=-5=68 Vel 1 =0, 027 0, 035 1. 000 Ningle [} LB
Ve 2 0, 003K 0, 0402 1. H0D Ningle 1874 Yond
22 27=5=68 Va1 1 =0, 0027 0, 0306 1, 000 Sinple 2,47 1071
28-5-68 Va2 2 -0, 003 % 0, 0402 1. 000 Single 2,87 4.0 N
23 GeGmGR w-1 30 +0, 0001 0, 0007 1. 000 Bingle 2,074 2,470
1-6~58 Ww2 29 =0, 0006 0, 0007 1. 000 Stagle 2,074 PRV
24 27=6=68 w-1 30 +0, 0001 0, 0007 1. 000 8ingle 2.0/7 4.2/11
w-2 29 =0, 0000 0. 0007 1. 000 Single 2,7 4.4/11
25A 12-7«68 X-~1 27 =0,0026  0.0090 1.000 stagle 0.7/17 10,0717
18=7=64 X~2 24 =0,0037  0.0087 1, 000 Single 9.7/17 10,0717

NOTE: Number 1 bearing is reaction bearing, Number 2 bearing 18 at load position,
m,\ll test speeds were run at 48,000 rpm except Bulld No. 18, which was at 20, 000 rpm.
No, 15 roller had hegun skewing and turbine end of rotler had worn a 0.007 in. bevel .t corner radiua.




Summary of Roller Bearing Tests

Ralial
Load
it

Cooling
1ow
wpnm

Total
\ecumulated

Timee
thr ‘eveles)

\ccumulated
Fime at Speed
ihr evelos)

Ralley
Endd Wear ding)
Total Voerage

Moanimum

Remirks

L0/ 1115

o, 0/ 1700

o 1445

1700

1445

1700

2.4/4

2.676

2,676

2,.6/6

10,0717 ¢ 10
1,017 a0

NonesScutting
On lurhine Bl

Nonc=Scutfing
on Rear Bl
Sime ax Bulld 17
Same as Bullkd 1%

None=Neuffing
O Noth Ends

None=Scuffing
On Hoth Ends

None=Seulfing
On Roth Enda

Nonv=8cuffing
On Roth Ends

Nonc=Ncuffing
On Both Emds

None=Sculfing
On Both Endx

4, 0004
0, 0000

0, 0044
0. 0031

0, 0091
0, 00%2

0, 001¢

0, 00033
(Heavy Impact
Damagey

0, 000~
0, 0011

0, 0128
0, 02

0, 0110
0,012

0, 0014
0, 0017

Hearing condition exeellont, Iig
rehutld because of moisture,

Beaciing condition excellent, Rig
rehutlt hecause of failed slave
bearing,

Iosting terminated during acceoleration
to test apead hecause of unequal
couling low through test bearings,
Plow «plit was bataneed by adjusting
valve in load bearing discharge

tine hut rig would not rotate, Rig
retntlt because of pammed roilers

ned to change shalt threust tonding,

Fest terminated because of rising
sliveebearing outer rice temperature
and high vibration on turbine end,

i rebullt to increase tic bolt load
by incorporatipg new deslgn tie holt,,

i would net rotate when cold after
two rotationa during cooldown,
Pocked up at ambient, Froed, Tried
cooltdlown again without rotation, then
tried aguine  Locked up cotd and at
iambicnt, Rebullt with sluve bearing
not foaded at ambient,

Completed three accelorations to
specd,  Teat terminated by rising
outer race temperature on reiaction
hearing, One roller in resction
hearing filed after 2, 2 hours at
denign specd,

Completxd four acceleratione to
rited npeed,  Test erminated
hecaune of rise in slave bearing
outer race temperature and turbine
vibration, Slave bearing, turbine,
amd shaft replaced and balance
procedure revised to incorporite

a final assembly balunce of the
rotor asaembly on the test bearings,

Comploted three acceweritions to
speed.  Test was terminated by

rine in lowt bearing outer race
lemperature,  One roller and laner
race side rafle in load boaring failed
After 2,9 hours at design speed,

Completed 17 avcelerations to specd,
Testing war terminated because

of raptd increase in vibration level,
Both racen of the load bearing

were broken but no rotlers had
skewed,  Reuction bearing was in
gool condition,




Table XVIII,

Summary of Roller Bearing Tests (Continue

Buitd

Date of

Identitication

Configuration

Accumulated

Total

Radial

No. '('csung(” SN Matri{x Iaternul End LD Itoller Time at Speced Accumulated Lowd Flow
Point Clearance  Clearance Crown (hr ’cyeles) T'ime (i) (gpn
(hr/cycles)
26 23-7-68 y-1 11 =0.0025 0, 0188 T.250 Triple 0.2/1 0.2:1 1130 15
Y-2 12 -0.0038 0.0414 1.250 Triple 0.21 0,21 1700 15
27 29-7-68 Y-1A 11 -0.0023 0.0388 1.250 Triple 0.3/2 0.3/2 1440 15.5
y-2 12 -0,0038 0.0414 1.250 Triple 0.5/3 0.5/3 1700 15.5
28 2-8-68 z-1 47 ~0.0026 0.0098 1.000 Triple 6.4/14 6.7/14 1440 30
6-8-68 zZ-2 43 -0,0061 0.0097 1.000 Triple 6.4/14 6.7/14 1700 30
29 12-8-68 AA-1 @ ~0.0027 0.0097 1.250 Triple 3.1/8 3.2/8 1440 31
14-8-68 AA-2 T ~0.0049 0.0095 1.250 Triple 3.1/8 3.2/8 1700 31
30 16-8-68 X-1 27 -0.0028 0.0090 1,000 Stngle 16.0/27 16.5/27 1445 31
20-8-68 Z-2 4 -0.0049 0.0097 1.000 Triple 12.8/24 13,2/24 1700 31
31 23-8-68 BB-1 200 -0,0051 9.0098 1.1256 Triple 1.0/1 1.0/1 1440 29
26-8-68 BB-2 20 -0.0050 0.0048 1.126 Triple 1.0/1 1.0/1 1700 29
32 29-8-68 cc-1 23 -0.0049 0.0099 1.000 Single (4)2,3/8 (4)2,4/8 1445 29
30-8-68 cc-2 22 -0,0052 0,0199 1,000 Single 4)2.3/8 4)2,4/¢ 1700 29

3
( )Severe scoring on both enda of rollers prevented any meaningful end wear measurements,

43 .

)¢ opglomernte bearings, CC-1 high time roller had 1.5 hours, 3 cycles before Build 32 tests. (C-1 cage had 0.3 hour, 1 cvcle.
CC«1 races were unused. CC-2 rollers had 2.2 hours, 7 cycles before Build 32 tests, (-2 cage had 0.3 hour, 1 cycle.
CC~2 races were unused.




ary of Roller Bearing Tests (Continued)

Cooling
Flow
tKpm)

Hadial
Load
(Ib)

Total
Accumulated
Time

(hr ‘cvele

Aceumutated
Hme at Speed
(hr “evelesy

Roller
End Wear (in,)
Total Average

Maximum

lamani..

1440 15
1700 15

0.

1 0,271
v.21

0.21

N

1440
1700

2,3 2
0.5/3

1440 30
1700 30

6.7/14
6.7/14

.4/14
i.4/14

1440 31
1700 31

3.2/6
3.2/6

1445 31
1700 31

16.5/27
13.2/24

1440 29
1700 29

1.0/1
1.0/1

1445 29
1700 29

“)2,4¢
4)2,4 ¢

02,36
)2.3/8

‘C=1 cage had 0,3 hour, 1 cvele.
Re had 0.3 hour, 1 cevele,

Nonels!

None

0.0004
0,0001

0.0039
0.0026

0.0037
0.0004

0.0021
0.0032

0.0002
3)

0.0016
0.0013

N A

0.0005
0.0003

0.0075
0.0070

0.0220
0.0010

0.0029
0.0095

0.0005
3)

0,0021
0.0020

n—
resting terminat=d after 0.2 houis

at design speed of first cvele be-

¢ of Increase in reaction
bcnrlnu outer race temperature
and vibration levels, One roller of
raietion bearing was beginning to
skew and was wedged in side rails,
Inner race of reaction bearing was
not properly sented on shaft,
Load bearing in good condition.

Reaction bearing incorporated new
rollers and cage load bearing same

as previous test, Testing was ter-
minated early {n second cvele be-
ciause of rise in reaction bearing outer
race temperature and erratic speed,
One voller in reaction bearing had
skewed and rubbed ugainst adjacent
rolier, load bearing in good con-
dition,

Testing terminated after 1 minute

at design speed of cvcle 14 because
of increase in reaction bearing outer
race temperature and vibration
levels, One roller in reaction
beartng had skewed. Load bearing
in good condition,

Testing terminated after 0.1 hour at
design speed of 6th cycle because of
Increase in reaction bearing outer
race temperature and vibration levels.
The rollers {n reaction bearing were
beginning to skew. Load bearing in
good condition,

Testing terminated after 6.3 hours
at design speed when load bearing
had accumulated 12. 8 hours; reac-
tion bearing accumulated 16 hours.
Both bearings in excellent condition.

Testing terminated after first cycle.
Shaft locked when attempted to start
second cvcle and after six attempts to
free shaft and start rig. Shaft locked
tight. Teardown revealed the load
bearing rollers were wedged between
the side rails and the rollers were
heavily scored on both ends. Pitting
was evident on roller OD and on roller
tracks on inner and outer races.
Reaction bearing in good condition
except for cracked outer race.

Testing terminated after 0.1 hour on
6th cycle because of {ncrease in vi-
brations, increase in slave bearing
temperature, and decay in speed.
‘Teardown inspection showed tur-
bine end of shaft had cracked and
bent causing heavy rub of turbine

on housing, Test bearings in good
condition except for cracked outer
race on reaction bearing.
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Table XVIII,

Summary of Roller Bearing

—b

Butld Date of Ident{fication Configuratinon Accumulated ‘Total
No. Tesntingt!) S/N Matrix Internat End LD Roller Time at Speed Accumulated
Point Clearance Clearance (‘rown (hr “evelesy Time
the/cyveles)

33 10-9-08 np-1 20 ~0.0050 0.0098 1,128 Triple 1.1°5 1.4/5

11-9.68 DD-2 21 ~0.0051 0.0198 1.128 Triple 1.1 5 1.4'5

34 20-5-68 EE-1 23 (A)-0.0030 0,0108 1.000 Single (5)2 376 81y 4/
KE-2 22 (B)-0.0042 0.0204 1.000 Single (6)2,3.¢ 8)2,4/5

35 25-9-68 EE-1 23 :Q’-o.ooso 0.0106 1.000 Single }:;e.ms :g;c.s/:s
26-9-68 EE-2 22 )_0,0042 0.0204 1.000 Single 6.4/15 6. 8/16

36 3-10-68 EE-1 23’ (A.0,0039 0,0108 1.000 Single (6)14,9/31 (6)y5,5,32
8-10-68 EE-2 22 (B)_o.0042 0.0204 1.000 Single (8)14,9/31 {6)18,5/32

37 18-10-68 FF-1 3 (C)-0,0040 0.0392 1.000 Single 3,9/3 4.3/7
21-10-68 FF-2 22 (D).0,0041 0,0196 1.000 Single 3,9/3 4.3/7 1

(§)Conglomerate bearings from Build 32. EE-1 high time rolling had 3.8 hours, 9 cycles after Build 32 tests, EE-1 cage had 2.5
7 cycles. EE-1 and EE-2 inner race have 2.3 hours, 6 cycles, EF-1and EE-2 outer races are new parts of stcel alley (AMS 626
EE-2 rollers had 4.6 hours, 13 cycles after Bufld 32 tests. EE-2 cage had 2,5 hours, 7 cycles.

w’(‘omlomermc bearings from Bufld 35, EE-1 high time rollers had 16.4 hours, 34 cycles after Busld 36 tests,
EE-1 and EE-2 Inner races had 14.9 hours, 31 cycles. EE-1 and EE-2 outer races had 12.6 hours, 25 eveles.
EE-2 rollers had 17.0 hours, 38 cycles, EE-1 and EE~2 cages had 18.1 hours, 32 cycles.

ml.ond bearing load ring coolant seal failed enusing coolant leuk around load bearing negating flow split determinntion. otnl test
bearing coolant supply flow was 80 gpm and benring outer race tomperatures were normal.

(a)llluher than normal cooling flow was used to maintain slave ball bearing outer race temperature within operating lmits.,

:a;!:qululant to -0,0049 fit of stainless stoel (AMS 5630) outer race
q (.)l-:qulvnlem to -0,0052 [it of stainlons steel (AMS 8630) outer race
(ml-:qulvnlem to ~u,0030 fit of stalnless steel (AMS 3830) outer race

Equivalent to ~0,0051 (it of stainless stocl (AMS 83630) outer race




Summary of Roller Bearing Tests (Continued)

Accumuluted ‘Total Itadial Cooling ltoller
Roller Time at Speed Accumultated L Flow End Wear (in,)
Crown the ‘eveles) Time 1 {rpm) total Average  Maximum

thr’eveles)

Remarks

Triple 1.3°5 1.4°5 1440 30 None-Scuffing 60,0002
On ‘Furbine Bods
‘T'eiple 1.3 6 1.4°5 1700 1o Nonce-Scufffag  0,0001

On Furbdne Fads

Singte (52,378 8 4.6 N A NA N A N A

Single 5)2,5-6 82,45 N A N A N A N A

Single ::;6.4/15 ::;s.s/:s 1445 38 0.0017 0.0045
Single 6.4./16 6.8/16 1700 24 0.0027 0.0047
Single (6)14,9/31 (615,85 32 1445 n 0.0020 0.0072
Single (6)14.9/31 €)15.5/32 1700 N 0.0044 0.0068
Single 3.9/3 4.3/7 1440 33 0.0011 0.0022
Single 3.9/3 4.3/7 1700 a3 0.0002 0.0004

., 9 cycles after Build 32 tesis, EE-<1 cage had 2.5 hours.
2~2 outer races are new parts of steel alley (AMS 6260).
p. 5 hours, 7 cycles,

=. 34 eveles after Bufld 36 tests,
 races had 12,6 hours, 26 cveles,
%, 32 cyeles,

aring negating flow split determination, Total test
were normal,

race temperature within operating limits ,

Testing terminmed after 1 minwe

on 5th cvele because of a decay in
coolant Nows, amnd an {nccease (n
vibrations and slave heuring owter
race temperature,  ‘Teardown in-
spection showed the hellows seal had
fufled, the slave bearing faner race
wis spalled, and there was light rub on
the turbine and turbine lab seal. Test
bearings §n good condition except lor
ceracked outer race on reaction
bearing.

Test hearings fdentical to -1 and
(-2 exeept for new outer races
which are mude from steel allov,
tAMS G2GD) carburized on the 1D,
Testing terminated during inftial
turbine pressurization because of
failure of turbine housing. No data
had been necumulated at time of
failure, ‘Furbine and wrbine housing
replaced on next hutld.

Testing terminated after 0.2 hour on
9th cvele because of speed shift, and
tncrease in slave bearing temperature,
Teardown inspecilion showed that the
bellows seal had fafled and the slave
bearing was severely damaged. The
turbine was undamaged and the laby-
rinth showed moderate rub, The test
bearings were in goodt condition and
were in the next build.

Same test bearings as previous build.
Testing terminated after 8.4 hours

at derign speed when outer races had
accumulated 12.6 hours. Both test
bearings in good condition.

‘T'est bearings similar to previous
build except for wider races and
cages. The test rig was modifled

to replace the bellows seal with a
Iabyrinth seal, The ccolant flow re-
vised to provide a series flow
svstem. ‘T'esting was terminated
after 0.1 hour on 3rd cycle because
of increase in slave bearing tempera-
ture and vibrations. The slave bear-
ing fatled and was severelv dama ged.
The test bearings were in good con-
dition except for some thermal erack-
fng on both outer races outside the
roller path. Both bearings were re-
used in the next buflt,
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Table XVIIL. Summary of Roller Bearing Tes

Build Date of Identification Accumulated Total Ity
No. Testing 8/N  Matrix Internal End L/D Roller Time At Speed  Accumulated Lo
Point Clearance Clearance Crown (hr/cycles) Timo I{l
(hr/cycles)
38 26-10-68 FF-1 3 :g;-o.ouo 0.0392 1.000 Single 6.2/4 6.7/8 144
FF-2 22 -0.0041 0.0196 1.000 Single 6.2/4 8.7/0 17
4
39 30-10-68 FF-1 3 {g;-o.omo 0.0382 1.000 Single 9.9/6 10.6/12 i
31-10-68 FF-2 22 -0.0041 0,0196 1.000 Single 9.9/6 10.6/12 17
40 6-11-68 GG-1 3 f;;-o.ooza 0.0411 1.000 Single 1.6/1 1.6/1
GG-2 3 -0,0031 0.0386 1.000 Single 1.6/1 1.8/1
@ 18-11-8 HH-1 3 fg)’-o.ooae 0.0391 1.000 Single 10.0/6 10.0/6
19-11-68 HH-2 3 -0.0040 0.0393 1.000 Single 10,0/6 10.0/6
18.4/305
42 2-12-68 J-1 22 (E)-0.0044 0.0202 1.000 Single 15.3/308 .
5-12-68 Ji-2 22 (F)-0,0043 0,0202 1.000 Single 15.3/308 16.4/308

(A) Equivslent to -0,0048 fit of stainless steel (AMS 5830) outer race

(B) Equivalent to -0,0081 fit of stainless steel (AMS 3830) outer race

(*) Heavy impact damage of rollers prevented any meaningful end wear measurements
(C) Equivalent to -0, 0048 fit of stainless steel (AMS 3830) outer race

(D) Equivalent to -0,0080 fit of stainless steel (AMS 8830) outer race

(E) Equivalent to -0,0084 fit of stainless stes!l (AMS 8630) outer race

(F) Equivalent to ~0,0083 fit of stainless steel (AMS 5830) outer race




mmary of Roller Bearing Tests (Concluded)

Acoumulated
Time At Speed

g Tes (hr/cycles)

Total
Accumulated
Time
(hr/cycles)

Radial
Load
(Ib)

Cooling
Flow
(kpm)

Roller

End Wear (in,)

Total Average Maximum

Remarks

6.2/4
8.2/4

9.9/8
0.9/6

1.6/1
1.6/1

10.0/6
10.0/8

18.8/308
15.3/308

6.7/8
8.7/8

10.6/12
10.6/12

1.6/1
1.6/1

10.0/8
10.0/8

16.4/308
15.4/308

1440
1700

1440
1700

1440
1700

1440
1790

1440
1700

)
840

33
33

31
N

31
31

0,0010
0.0003

0.0011
0.2003

0.0001
*)

0.0082
0.0021

0.0070
0,0008

0.0021
0.0008

0.0019
0.0004

0.0008
™

0.0120
0.0048

Testing terminated after 2.3 hours of
18t cvcle because of Increase in re-
action and slave bearing outer race
temperatures, The slave bearing
cage was beginning to fafl, The test
bearing outer races showed some
increase in thermal cracks but were
reused in next bulld,

Test rig modified to provide slave
bearing laner race cooling. Testing
terminated after 2 hours of the 2nd
cycle because of increase in vibrations
and load bearing outer race tempera-
ture and speed shift. The load bear-
ing outer race cracked directly under
the point of radial loading. The re-
action bearing was in good condition
except for increased thermal cracking
on outer race. Slave bearing and tur-
bine end of rig in good condition.

Test bearings incorporated Inconel 718
(AMS 8663) outer races. Testing ter-
minated after 1.5 hours of the 1st
cycle because of increase in load bear~
ing outer race temperature and vibra-
tions, Tesrdown revealod that the
load bearing outer race had failed and
the rollers and inner race were heavily
damaged. The reaction bearing was

in good condition except for material
spalling in the roller track of the

outer mce,

Test bearings incorpurated steel alloy
(AMB 8265) outer races. Testing ter-
minated after 1 minute of the 8th cycle
when 8 speed shift was detected and the
reaction besring outer race tempera-
ture increased. Teardown revealed a
skewed roller in the reactfon bearing.
Slight mner race side rail chipping and
moderate thermal cracks in the outer
race were noted. The load bearing
was in good condition and can be reused.

Test bear ings similar to previous
build except for increased fits and
decreared end clesrance, After
completion of 128 of the goal dura-
tion a eoolant reduction survey was
performed. This indicated that the
bearing outer race temperature was
not affected when coolant ficw wes
reduced to approximately 10 gpm.
Cooling flow was returned to normal
opersting level and 298 additional
acceleration cycles were completed
to conclude the program. Teardown
inspection revealed all parts in ex-
cellent condition except for surface
thermal cracks on the outer races in
the cage contact areas,
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The Increased length-to-diameter ratio, triple crown rollers did not
demonstrate the anticipated improvement in reslstance to roller skewing over
L/D = 1,000 single crown rollers, The longer L/D rollers demonstrated more
skewing tendency than the L/D - 1, 0 rollers with the same internal clearance
and side rall clearance as indicated by a comparison of matrix points 1 and 11,
Comparing matrix points 9', 47', and 27' as well as 7', 43', and 23' confirms
this trend. Refer to table XVIII,

The durability of a bearing configuration with a 0,005 in. negative dia-
metral fit (matrix point 43') was initially demonstrated on Build 30, The three
subsequent tests on bearings with the 0. 005 {n, negative diametral fit were
terminated prematurely because of cracking of the reaction bearing outer race,
An analysis of the cracked races indicated that the failures were the result of
flexing stress cycles. The solution to the outer race cracking problem appears
to be adjusting the ring design to keep the inside dlameter in compression or to
use a material with more elongation and fracture toughness than the stainless
steel (AMS 5630). An outer race design fabricated from steel alloy (AMS 6260)
with the inner diameter carburized and hardened has demonstrated 12, 6 hours
on two bearings without failure, and 9, 9 hours on two other bearings before the
outer race of the load bearing failed. The most promising bearing configuration
tested used stainless steel (AMS 5630) inner race and rollers; an outer race
guided Armalon cage; a steel alloy (AMS 6265) outer race, single crown,

L/D = 1.0 rollers with 0, 020 {n. roller end-to-inner race side rail clearance
and 0,0043 in. negative diametral internal clearance. It is recommended that
bearings of this configuration be used in the fuel turbopump,

3. Analysis

Based upon experience gained during the fuel pump technology program
under Contract NAS8-11714, a roller bearing configuration was selected for
the 250K fuel turbopump., The spring rate and capacity requirements of the pump
design necessitated a roller bearing to provide high radial stiffness to minimize
instabilities associated with rotor bouncing or rocking modes. The design speed
of 48,000 rpm and a shaft diameter of 35mm selected for the fuel turbocpump
resulted in a bearing DN requirement of 2. 64 x 106, A preliminary calculation
of the radial bearing loads indicated that the maximum loading occurs on the
front fuel turbopump bearing and is approximately 1700 lb. Analytical studies
indicated that 55 x 96. 5mm roller bearings should have a life in excess of the
10 hour life requirement at this value of load as shown in figure 91, The
55 x 96, 5mm bearing is the same as bearing B in figure 91 except that the outer
race has been thinned to 96, 5Smm outside diameter.

After conducting screening tests on several roller bearing and cage
configurations during the Phase I (Contract AF04(611)-11401) program, the
bearing configuration selected for test evaluation was a 55 x 96. 5mm bearing
with races and rollers of stainless steel (AMS 5630) and a cage fabricated from
Armalon, The roller bearing is an inner race flanged configuration and the cage
is outer race piloted. The outer race is a thin ring design that was sized to
permit an outside diameter clearance in the housing at operating conditions and
is retained by a lateral load across the end faces. This feature provided a
stiff spring shaft supporting arrangement. The flexible outer race permitted
the incorporation of a negative internal fit on the rollers, which is desirable
to permit more load sharing among the rollers, thereby reducing the roller
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loads and ensuring that the rollers are never completely unloaded. This
negative Internal clearance also provides more rotor restraint and reduces the
hydraulic-mechanical vibrator interchange on the turbopump.

400

o0 sate

Calculated for ofl lubricated hearinge
according to AFBMA Stsndards, Section 9,
The Aoti-Friction Bearing Manufacturers
Assocation, Inc., New York, New York,
1957.

200 .

oo
90
80
70
60

50

40

- hr

0

LIFE

20 .

. 33
5- 110
; x

4, 21

A ] 4

' < Roller Dissater = 0.512 0.433 0.35
2 . | Roller Leagch = 0.512 -0.433 0.3
Pitch Diameper = 3,13 3.05 2.97
! S— Number Rolters =~ 14 16 18
1' - . -
o 1000 2000 3000
Figure 91. Roller Bearing“F4tfgtfe Iife vs Radial Load DF 52756

(50, 000 rpm)

The initial testing with roller bearings operating at these high shaft speeds
and radial loads indicated that roller end wear was most probably the failure
mode that would prevent obtaining the goal duration. Subsequent testing showed
that roller end wear could be significantly reduced if the inner race side
rail-to-roller end clearance was {ncreased from the normally used 0, 001 In,
to 0,040 in.; however, roller skewing resulted.

It was theorized that if the outer race could be used as the guiding
mechanism by using its deflection to conform to the roller crown, and if the
rollers were always in contact with both the inner and outer races that skewing
could be eliminated. Because the existing bearing analysis programs were not
applicable to this unique bearing configuration, a computer program was
formulated to aid in the understanding of the bearing elements.
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This new computer program indicated that a radial internal fit of approxi-
mately 0. 005 in. at ambient assembly conditions with stainless steel, rollers
and races was required to maintain sufficient contact between the rollers and
both races in the unloaded zone when the 1700 1b radial load was applied. This
ambient assembly fit s adjusted when other race materials are used to provide
an equivalent operating condition, Testing with this internal fit has eliminated
roller skewing, and roller end wear values of approximately 0. 001 in. have
been obtained after 10 hours of testing. This tight internal fit has caused
failure of some outer races and it i believed that these fajlures can be elimf{nated
by using material with improved fracture toughness and elongation such as
carburized steel alloy (AMS 6260 or AMS 6265) or an outer race that is maintained
with a compressive surface by shrinking a ring over the outside diameter of the
hardened roller track material, The first of these approaches was investigated,
and six bearings surpassed the goal duration with excellent results. Two others
completed 9. 9 hours before one outer race failed in the area of thermal checks
caused by the eage contact.

The effect of surface hardness on calculated radial roller bearing life
is based on the following equation:

L. (%,_6)10/3
when hardness is less than 58
o - o

when hardness is over 58
C'=C
where:

Re = Rockwell Hardness
C = Basic Dynamijc Capacity
Fe = Equivalent Radial Load
L = Revolutfons x 106

This equation is from T. A. Harris, Rolling Bearing Analysis, John Wiley & Sons,
1966, and indicates that as the bearing contact su e hardness is decreased
from a Rockwell Hardness of 58 that the calculated bearing life {8 also decreased.
Because the carburized surface hardness of the steel alloy (AMS 6260) outer races
is in the Rc 59 to 61 range it is anticipated that the life of these races should be
approximately the same as the stainless steel (AMS 5630) races, which have a
hardness In the Rc 56 to 62 range.

4. Hardware Description
a. Bearing Test Rig

The rig that was used for these tests was the same rig that was used In
the tests during Phase I (Contract AF04(611)-11401) except that modifications
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were made to the load bearing mounting and to the drive turbine labyrinth seal
areas., These modifications were made to improve the alignment of the load
bearing and to improve control of the thrust load on the turbine ball bearing.

As shown in figure 92, the test rig consists of four housings that enclose
a shaft driven by a radial inflow gaseous nitrogen turbine. The shaft is supported
by a 35mm ball bearing (slave bearing) nt the turbine drive end and a 55mm
roller bearing (reaction bearing) at the opposite end. The test load is applied
through another 55mm test bearing (load bearing) that is located adjacent to the
reaction bearing. This bearing test rig has the versatility required to test
roller bearings with length-to-diametcr ratios of 1,000, 1.125, and 1, 250,

Radial Load Tent Bearings

Load Position
. Reaction
/“'(’NZ In Position
{ i ]
Vent puel Out ;
g [ N omiin 3y [
a' oot . » In
P N ",
UL . Q

Turbine Ball Bearing

Fuel Out " i

Figure 92. Roller Bearing Test Rig Cutaway FD 19278H

The test rig is operated at a shaft speed of 48,000 rpm with a 1700 1b
radial load applied to the shaft through the load bearing. The load bearing is
mounted in a flexure unit that provides axial stiffness and bearing alignment
while offering radial flexibility when subjected to actuator leads. The radial
load is applied by a pneumatic actuator through the load bearing. The reaction
test bearing, which is just aft of the load bearing, absorbs 85% of the applied
radial load and the turbine ball bearing supports the balance of the load (15%).

b. Bearing Configuration

Figure 93 shows the basic bearing configuration used during these tests.
A common width was used on the inner and outer races to minimize the changes
required to the test rig rotor when different L/D ratio rollers were tested.
The roller track width on the inner races was adjusted by grinding the side rails
to establish the desired roller-to-side rail clearance with each of the different
roller configurations. Some tests were conducted with inner and outer races
that were 0,8268 in. wide instead of 0,935 in, wide because these races were
available from the Phase I (Contract AF04(611)-11401) program. These narrow
races were 'sed on the following bearings: S/N V-1, V-2, w-1, wW-2, X-1, X-2,
CC-1, CC-i, EE-1, and EE-2,
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4
3.7040
8.7988
Dia
.1654 2.7860
2.1681 2.7080
Dia Dia
e
+ —_— el — Nom Dia
RBEC-6 Grade
Figure 93. 250K Roller Bearing Configuration FD 25522

Four types of stainless steel (AMS 5630) rollers were used in the bearing
program., Single crown rollers with a length-to-diameter ratio of 1. 000, and
triple crown roller with length-to-diameter ratio of 1, 000, 1.125, and 1,250
have been tested. These roller configurations are shown in figure 94.

“A.' . IIAl' l.all
Single Crown (Nominal)|
Bl |~ 0.059 Gage
" B . Point L/D =1.000 | 0.4331 [0217-0260
— ]
0.0005 - v.0007  T7iple Crown
Measured at
Gage Point L/D =1.000| 04831 |0.130-0.180
__L L/D=1126]| 04872 |0.146-0.202
~— 4 L/D=1260] 05414 |0.162-0.224
0.020 - 0.035
Both Ends
L 0.4331 dia RBEC-5 Grade
Nominal
Figure 94. Roller Configuration FD 25523A

Roller length-to-diameter ratio, the roller end-to-side rail clearance,
the amount of negative diametral internal clearance, and the amount of roller
crowaing were the variables to be evaluated during the current program testing
before the final bearing design could be selected. The negative diametral
clearance of 0,005 in. was found to minimize the roller end wear sand to effactively
control roller skewing. By maintaining a load on all of the rollers, the bcam
structure of the outer race deformed around the elements providing roller
alignment and skewing restraint. However, the negative diametral fit did sd-
versely affect the outer race durability because of the sensitivity of this hard
material to particle ingestion and irregularities in the microstructure. Substitute
outer race material of steel alloy (AMS 6260 and AMS 6265) was selected, The
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inside diameter of the outer race was carburized to a depth of approximately
0.043 in. and hardened to a value of Rc 60. The core of the outer race was
maintained at a hardness value of Rc 40. This outer racc configuration was
selected because it could be carburized and hardened, which offered a hard-wear
resiataus roller track, and it put the inside diameter in compression to
minimize the effects of bearing loads., The notch sensitivity and impact resist-
snce of the outer race was improved significantly with this material.

c. Test Facility

Testing of the roller bearing test rig is being conducted on the B-13 test
stand shown schematically in figure 95, Gaseous nitrogen is supplied for rig
purging, for turbine drive, and for actuating the pneumatic load piston. Gaseous
hydrogen is used as the final prerun rig purge and liquid hydrogen is used as the
bearing coolant, Test parameters such as being outer race temperature, speed,
vibration levels, coolant flowrate, coolant supply and discharge conditions, and
load are monitored and recorded,

d. Test Procedures

The general test procedures that were used on this test program were as
follows:

1. The test rig was purged and temperature conditioned to a
liquid hydrogen environment.

2. The radial load was applied in increments as the rig was
accelerated to 48,000 rpm.

3. The abort parameters of vibrations and outer race
temperatures are moaitored to ensure that vibration levels
remained below 18g and to detect sudden rises in bearing
outer race temperature, either of which could indicate a
bearing failure,

5, Test Results

During this program, tests were conducted on the roller bearing test
rig to evaluate the bearing configurations listed in table XVIII. Eight test
bearings surpassed the goal test duration of 10 hours at design conditions, and ~
four other bearings completed 9. 0 hours or more.

The same test bearings were incorperated during Builds 17 to 21 and
accumulated 1,2 hours and 4 cycles., These builds were used primarily to
evolve build procedures on the modified test rig, to optimize the facility, and
to develop test procedures, The initial roller bearing testing of the current
program was with Bulld 17 of the bearing test rig. The configuration of the test
bearings was the same as that used on the last Phase 1 (Contract AF04(611)-11401)
endurance test, i.e., test matrix points 1 and 2, This conflguration was
selected to establish a new baseline following the rig modifications that changed
the load bearing mount arrangement and the thrust load on the ball bearing.
Both test bearings incorporated single crown stainless steel (AMS 5630) rollers
with an L/D of 1,000 stainless steel (AMS 5630) races, 0,040-in. roller
end-to-side rail clearance and outer-land-guided Armalon cages. Negative
internal clearance was incorporated between the rollers and races; namely,

0. 0"338 in. on the load bearing and 0, 0027 {n, on the reaction bearing at ambient
conditions.
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The initial test of the current roller bearing program, Build 17, began on
15 March 1968 and was terminated on 18 March 1968 when the shaft locked on
the third cycle after cooldown to liquid hydrogen temperature. The teardown
inspection revealed moisture contamination of the rig. The test rig was cleaned
and reassembled as Build 18, and testing was initiated on 26 March 1968. The
facility and rig purge procedures were modified to prevent moisture contamination
between tests and during cooldown. Testing of Build 18 was terminated after 0.1
hour at design speed on the first test cycle because of high vibrations at the
turbine end of the rig. The teardown inspection showed that the slave bearing
had failed.

The test rig was reassembled with the same test bearings used in Builds 17
and 18 and with a new slave bearing. Testing of Build 19 began on 10 April
1968, After the rig was accelerated to 20,000 rpm, to permit final flow settings
prior to accelerating to design speed, it was determined that the flow split to
the test bearings was unequal and the test was terminated. Before resuming,
test facility modifications were made to the bearing coolant vent systems to
permit better control of the coolant flow split. Attempts to resume testing were
unsuccessful because of a locked shaft. The teardown inspection did not reveal
any reason for this malfunction, except for the possibility that the roller ends
were jammed against the inner race side rails, There was some fretting on the
outside diameter of the outer race of both test bearings and some scuffing of the
roller ends, but no measurable roller end wear. A series of assembly and
inspection checks on the test rig was completed in an attempt to isolate the
reason for this malfunction, The tests indicated that roller bearings with tight
internal fits tend to track with the rollers in the center of the races if they are
assembled in that position., If a thrust load is applied to the shaft, the shaft
will shift axially by an amount equal to the internal clearance of the turbine
slave bearing and lock up with the rollers of the reaction bearing against the
side rail. When this thrust load is released, and shaft rotation is continued,
the shaft returns to the original position with the rollers and races centered.

If the bearings are assembled with the rollers against the side rails, there is a
tendency for the rig to lock up bcfore the rollers become aligned in the center
of the races. The assembly procedure for the test rig was changed so that

the rig was assembled with the rollers of both bearings aligned in the center of
the races and with the turbine slave bearing in its rearward position to maintain
the shaft in this aligned condition,

During all tests conducted prior to this time, the turbine discharge had
been throttled to provide a backpressure on the turbine and a thrust load on the
shaft in a direction away from the turbine end., Because this backpressure on
the turbine was maintained by manual adjustment of the test stand valves by the
test operator, this procedure was not repeatable, and there were periods of
operation when the shaft thrust loading was not in the desired direction or of the
desired magnitude. The slave bearings from Builds 17 to 19 showed tracks on
both sides of the inner race indicating a change in thrust load on the shaft. It
was determined that if the rig was operated without throttling the turbine
discharge, the thrust loading on the shaft would be in the direction toward the
turbine as a result of the pressure from the bearing cooling flow and the shaft
areas. If additional thrust in this direction was desired, it could be obtained
by applying pressure in the beliows seal vent compartment.

As a result of these findings, Build 20 was assembled with the rollers
and races centered and the turbine slave bearing positioned with the thrust
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load toward the turbine. The direction of shaft thrust loading was reversed
from that previously used to allow better control of the shaft thrust loading

by regulating the pressure in the seal cavity. The outside diameter of the
outer races of the roller bearings were silver flashed in an effort to reduce the
fretting at these locations.

Testing of Build 20 was initiated on 8 May 1968. The bearing rig was
accelerated to design speed but was shut down after recording a set of data
because there were high turbine vibrations and the turbine slave bearing outer
race temperature was rising, A teardown inspection indicated fretting of the
shaft spacers on the turbine end of the rig and one area of rub on the turbine
labyrinth seal, The vibration data showed that the synchronous vibration (one
per revolution) increased with the rig speed. The evidence indicated that the
turbine tie bolt did not have sufficient stretch to keep the stackup tight at
operational conditions. The turbine tie bolt torque was within the blueprint
limite on teardown; therefore, it appears that thermal and/or centrifugal effects
cause the tie boit to loosen during rig operation.

On Build 21, the rig was rebuilt with the same test bearings that were
used on the previous tests, a2 new slave bearing, and a new design turbine
tie bolt. A titanium (AMS 4928) stretch-type tie bolt was incorporated to
replace the Inconel 718 (AMS 5663) bolt, Testing on Build 21 was attempted
on 20 May 1968. During the cooldown of the rig, two rotational checks were
completed successfully and free rotation was verified, After the cooldown
was complete the rig would not rotate and it remained locked even when warmed
to ambient temperature. The shaft was freed by rotating it backward. Another
attempt was made to test the rig, but without the rotational checks during the
cooldown, and the same results were experienced. A series of ambient tests
was then made that revealed that if the shaft was in the rearward position on
shutdown that the turbine did not have sufficient breakaway torque to start the
rig. If the shaft was in the forward or normal operating position on shutdown,
the rig would start up easily with the turbine drive. The rig was returned to
assembly for a teardown inspection, which revealed no change from the previous
build,

On Build 22, the rig was reassembled with the test hearings centered and
the slave bearing 0.007 in. from the front loaded position to compensate for the
thermal differences between the shaft and housings when the rig was cooled
down for operation. Thus, both the slave bearing and the test bearings would
be in their normal operating position after rig cooldown. Testing of Build 22
was initiated on 27 May 1968 and terminated on the third test cycle to design
speed when a temperature rise on the reaction bearing outer race was detected.
A total of 0.9 hour test time at design speed was accumulated during Build 22
with a total of 7 cycles and 2. 2 hours accumulated on the test bearings.

The teardown inspection revealed one skewed roller in the reaction bearing
as shown in figure 96. All of the other rollers were in good condition, as shown
in figure 97, with an average roller end wear of 0, 0004 in. and 0.0008 in. on
the roller with the maximum wear. The load bearing was in good condition, as
shown in figure 98, with an average roller end wear of 0,0009 in. and 0, 0011 in,
on the roller with the maximum wear.
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Figure 96. Disassembly Condition of Reaction
Bearing (S/N V-1) With Turbine End

of Rollers Up (Build 22)

T

Disassembly Condition of Reaction
Bearing (S/N V-1) With Rear End of

Rollers Up (Build 22)

Figure 97.
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Figure 98. Disassembly Condition of Load Bearing FE 77891
(S/N V-2) With Turbine End of Rollers
Up (Build 22)

Because the reaction bearing from Build 22, which was identical in
configuration to the only Phase I (Contract AF04(611)-11401) bearing to
surpass the 10 hour goal duration, did not repeat the durability evaluation, the
subsequent testing through Build 30 was used primarily to determine a con-
figuration that would prevent roller skewing. This series of tests ended with
Build 30 when both test bearings surpassed 12, 8 hours at design operating
conditiors.,

Build 23 of the bearing test rig incorporated test bearings with stainless
steel (AMS 5630) rollers and races, Armalon outer-race-guided cages, and
the standard roller end-to-side rail clearance (0.0007 in.). The load bearing
internal clcarance was 0. 0006 ir, tight and the reaction bearing internal
clearance was 0.0001 in, loose, (matrix points 29 and 30, respectively).
Build 23 was tested on 6 and 7 June 1968 and testing was terminated after
accumulating four cycles and 2, 0 hours at design speed when the outer race
temperature on the turbine slave bearing and the vibration level on the turbine
end increased. The teardown inspection revealed that the slave bearing had
failed. The roller bearings were in good condition, although there was high
roller end wear. The average roller end wear was 0,0031 in, on the load
bearing with 0. 0062 in, on the roller with maximum end wear., The average
roller end wear on the reaction bearing was 0, 0064 in. with 0,0121 in. on the
roller with maximum end wear.

Build 24 of the roller bearing test rig included the test bearings from
Build 23 and a new slave bearing. Build 24 testing was conducted on 27 June
1968 and was terminated after accum-lating three cycles and 0.9 hour at design
speed when the outer race temperature on the load bearing increased. The
teardown inspection revealed that one roller in the load bearing had failed
(skewed), as shown in figure 99, and that the inner race side rails had heavy
spalling as shown in figure 100, Spalling was also found on four rollers, and
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two additional rollers showed hecavy end scuffing. The average load bearing
roller end wear was determined to be 0, 0082 in, (not including the failed roller)
with 0,0123 in, on the roller with maximum end wear. The reaction bearing had
two rollers with moderate spalling and the average end wear was 0, 0091 in,

The roller in the reaction bearing exhibiting the greatest end wear had 0.0143 in,
wear and was one of the two rollers spalled as shown in figure 101. The roller
end wear was on the turbine cnd of the load bearing rollers and on the rear end
of the reaction bearing rollers. The high end wear is attributed to the coolant
flow pressure drop across the bearings. The accumulated total cycles and time
for the bearings used during Builds 23 and 24 (matrix points 29 and 30) are

7 cycles and 2.9 hours at design speed,

Figure 99. Teardown Condition of Failed Roller FE 78430
{(No. 4) and Cage From Load Bearing

S/N wW-2

Build 25 of the roller bearing test rig contained stainless steel (AMS 5630)
rollers and races, Armalon outer-race-guided cages, and 0.0016 in. roller
end-to-side rail clearances. The load bearing internal clearance was 0.0037 in.
tight and the reaction bearing internal clearance was 0, 0026 in, tight (matrix
points 24 and 27, respectively), During final torque checks of the rotor prior to
final balancing, it was determined that excessive torque was required to rotate
the shaft and the required torque exceeded the drive turbine capability. The rig
was disassembled and roller drag on the inner race sidec rails was confirmed to
have been the cause of the high drive torque requirement.
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Figure 100. Disassembly Condition of Load Bearing FE 78433
(S/N W-2) With Turbine End of Rollers
Up (Build 24) i

Figure 101. Disassembly Condition of Reaction Bearing FE 78431
(S/N W-1) With Rear End of Rollers Up
(Build 24)
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The configuration of Build 25A was identical to Build 25, except the
roller end-to-side rail clearances were increased to 0.0097 in, on the load .
bearing and 0, 0090 in. on the recaction bearing (matrix points 24' and 27¢, .
respectively). Build 25A testing began 12 July 1968. The first test cycle of
0. 8 hour duration at rated speed was successfully completed. On the next two
acceleration attempts of the rig, the shaft would not rotate. The shaft was
freed by rotation in the reverse direction and required a break-away torque
of 80 lb=in. After heing freed, the rotating torque was determined to be 5 to 7
Ib=in. in the direction of normal rotation. Testing was continued and no further :
torque problems were encountered during the subsequent 16 cycles, Testing i
was concluded on 18 July 1968, after accummulated 17 cycles and 9. 7 hours.
During the final test cycle, all three vibration readouts increased suddenly and
the load bhearing outer race temperature increased. The teardown inspection
revealed that the load bearing inner and outer races had failed, as shown in
figures 102 and 103, The load bearing rollers were severely impact damaged,
as shown in figure 104, and one roller and its cage pocket exhibited some of the
characteristics noted on rollers that had skewed during previous tests. Sufficient
roller end surface remained on 12 of the load bearing rollers to permit end wear
measurements and an average of 0,00034 in. and a maximum of 0. 0017 in, were
recorded on these rollers. The reaction bearing was in excellent condition, as
shown in figure 105, and was reusable. The average roller end wear of the
reaction bearing was 0,00095 in. with 0, 0013 in. on the roller with maximum
end wear. A metallurgical analysis of the inner and outer races did not reveal
any microstructure void or inclusions, nor could any evidence of fatigue failure
be determined. From the appearance of the inner race side rail chipping, it
appears that this damage was caused by roller impacts on the side rails. Dis-
placed side rail material could then have been ingested through the bearing,
causing the inner and outer races to crack because of the increased loading and
possible stress concentration resulting from these chips.

b

-

Figure 102. Inner Races of Bearings (S/N X-1 and FD 24458
X-2) Following Test of Build 25A
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Figure 103.

Figure 104,

Outer Race Failure in the Unloaded
Zone of Load Bearing (S/N X-2)
Following Test of Build 25A

Rollers from Load Bearing (S/N X-2)

Showing Impact Damage to Turbine End
of Roilers (Build 25A)
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Figure 105. Disassembly Condition of Reaction FE 78782
Bearing (S/N X-1) With Turbine End
of Rollers Up (Build 25A)

Build 26 of the roller bearing test rig incorporated the new triple-crown ;
rollers., This build configuration also included stainless steel (AMS 5630)
rollers and races, L/D of 1.250 rollers, Armalon outer-race-guided cages,
and roller end-to-side rail clearances of 0,040 in. The load bearing internal
clearance was 0, 0038 in. tight and the reaction bearing internal clearance was
0. 0025 in, tight (matrix points 12 and 11, respectively). Testing of Build 26
was conducted on 23 July 1968. After 11 minutes operation at design speed of
the first test cycle, the reaction bearing outer race temperature and the vibra-
tion readouts increased suddenly. The teardown inspection revealed that one
roller in the reaction bearing had begun to skew as shown in figure 106 and was
wedging between the side rails. The probable cause of this failure was found
to be the result of the reaction bearing inner race not being fully seated,
resulting in approximately 0. 025 in. misalignment between the inner and outer
races. No measurable roller end wear was detected on eithcr bearing except
for the wedged roller, which exhibited approximately 0, 0007 in, wear,

i T T

st '

The configuration of Build 27 of the roller bearing test rig was the same
as Build 26, except the reaction bearing rollers and cage were replaced with
new parts of the same configuration. Testing of Build 27 was completed on
29 July 1968 when, after 2 minutes operation at design speed on the second cycle,
erratic speed indications and excessive reaction bearing outer race temperature
were detected. The teardown inspection showed that one roller in the reaction
bearing had skewed and had worn through the cage rib and was in contact with
the adjacent roller as shown in figure 107. Except for the damaged roller and
cage described above, the remaining parts were in good condition. The average
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reaction bearing roller end wear was 0, 00035 in. with 0, 0005 {n, on the roller
with the maximum wear. The average load bearing roller end wear was 0, 000] |n,
with 0, 0003 in, wear on the roller with the maximum wear, Figures 108 and

109 show the teardown condition of the reaction bearing and load bearing.

Figure 106, Disassembly Condition of Reaction FE 79085
Bearing (S/N Y-1) Showing Skewed
Position of Roller (Build 26)
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Figure 107, Disassembly Conditior of Reaction FE 78915
Bearing (8 N Y-1.\}) showing Skewed
Position of Roller (Bulld 27)

Figure 108, Disassembly Condition of Reaction FE 78959
Bearing (S N Y-1A) With Turbine
End of Rollers Up (Build 27)
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Figure 109, Disassembly Condition of Load FE 78807
Bearing (S/N Y-2) With Turbine
End of Rollers Up (Build 27)

The test bearings incorporated in Build 28 were triple-crown, L/D of 1.0
rollers, stainless steel (AMS 5630) rollers and races, Armalon outer-race-guided
cages, and 0,010 in. roller end-to-side rail clearance. The load bearing
internal clearance was 0, 0051 in, tight and the reaction bearing internal
clearance was 0.0026 in, tight (matrix points 43' and 47!, respectively). Testing
of Build 28 was completed on 6 August 1968, After 1 minute of design speed
operation on the 14th cycle, the reaction bearing outer race temperature and
the vibration levels increased suddenly, and the test was terminated. Approxi- :
mately €. 5 hours had been accumulated at this time. The teardown inspection 5
of Build 28 revealed that one roller in the reaction bearing had skewed as shown :
in figure 110, Except for the skewed roller and related cage pocket damage, :
the remaining parts of the reaction bearing end wear was 0. 00385 in, with
0.0075 in. on the roller with maximum wear, All the wear was on the turbine
end of the rollers. The load bearing was in good condition and was reused in
Build 30. Figure 111 shows the condition of the reaction bearing after disas=-
sembly, Figure 112 shows the post-test condition of the load bearing. The
average load bearing end wear was 0,00257 in, with 0,007 in, on the roller
with the maximum wear. All the wear was on the turbine end of the rollers.

Build 29 of the roller bearing test rig incorporated test bearings with
stainless steel (AMS 5630) races and triple-crown L/D of 1. 250 rollers. A
roller end-to-side rail clearance of 0.010 in. was used in both bearings. The
load bearing internal clearance was 0,049 in, tight, and the reaction bearing
internal clearance was 0,0027 in, tight (matrix points 7' and 9', respectively).
Armalon outer-race-guided cages were used in both bearings. Testing of
Build 29 was started on 12 August 1968 and completed on 14 August 1968, Test-
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ing was terminated after 0.1 hour at design speed on the sixth cycle because of
an increase in the reaction bearing outer race temperature and vibration levels,
At the time that testing was susp=nded, approximately 3.1 hours had been
accumulated., The teardown inspection of Build 29 showed that two rollers in

the reaction bearing had begun to skew and had high end wear becausc of wedging
with the inner race side rails. The primarv wear on the ieaction bearing was
on the rear end of the rollers with an average wear of 0.0037 in, The maximum
end wear was 0. 022 in. on one of the skewed rollers and the other skewed roller
had 0.018 in. end wear. The posi-test condition of the reaction bearing is

shown in figure 113, The load bearing was in good condition with only light wear
on the turbine end of the rollers. The average load bearing roller end wear

was 0,00037 in. with 0,0098 in. on the roller with maximum wear. Figure 114
shows the condition of the load bearing.
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Figure 110, Disassembly Condition of Reaction FE 79271
Bearing (S/N Z-1) Roller No. 5
(Build 28)
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of Rollers Up (Build 28)

Figure 112, Disassembly Condition of Load

Bearing (S/N Z-2) With Turbine
End of Rollers Up (Build 28)
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Figure 111, Disassembly Condition of Reaction
Bearing (S/N Z-1) With Turbine End

FE 79269
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Disassembly Condition of Reaction FE 79334

Bearing (S/N AA-1) With Turbine
End of Rollers Up (Build 29)

Figure 113,

|
i
|
|
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Figure 114. Disassembly Condition of Load FE 79336

Bearing (S/N AA-2) With Turbine
End of Rollers Up (Build 29)
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Buiid 30 of the roller bearing rig incorporated test bearings used in
previous testing. The reaction bearing (matrix point 27') was from Build 25A
and had accumulated approximately 9. 7 hours. The load bearing (matrix
point 43') was from Build 28 and had accumulated approximately 6.5 hours,

The reaction bearing incorporated in Build 30 consisted of single-crown rollers
with an L/D ratio of 1,0, 0,009 in. roller end-to-side rail clearance, and a
0.0028 in, tight internal clearance. The primary end wear was on the turbine
side of the reaction bearing rollers with an average wear of 0,00095 in. before
testing on Build 30. The load bearing consisted of triple-crown rollers with an
L/D ratio of 1.0, 0.0097 in. roller end-to-side rail clearance, and a 0.0049 in.
tight internal clearance. The average load bearing roller end wear was
0.00257 in. nearly evenly distributed on both ends of the rollers before Build 30
testing. Build 30 testing began on 16 August and was concluded on 20 August
1968 after 12, 8 hours had been accumulated on the lower time, load bearing.
During Build 30, ten test cycles were completed with 6, 3 hours test time at
design conditions. The load bearing had accumulated a total of 24 cycles

with 12, 8 hours of operation at design conditions, and the reaction bearing

had a total of 27 cycles with 16, 0 hours, The teardown inspection revealed

that both test bearings were in good condition and could be used for additional
testing, The average reaction bearing end wear was 0, 00213 in, with 0, 0029
in, on the roller with maximum wear. Both ends of the reaction bearing rollers
were worn nearly evenly, Figures 115 and 116 show the post-test condition

of the reaction hearing, The average load bearing end wear was 0,00318 in.
that had 0.007 in. end wear before testing on this build. All load bearing wear

was on the turbine end of the rollers. Figures 117 and 118 show the post-test
condition of the load bearing.

Figure 115. Disassembly Condition of Reaction FE 79420
Bearing (S/N X-1) With Rear End of
Rollers Up (Build 30)
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Figure 116, Disassembly Condition of Reaction FE 79421
Bearing (S/N X~1) With Turbine
End of Rollers Up (Build 30)
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Figure 117, Disassembly Condition of Load FE 79491

Bearing (S/N Z-2) With Rear End
of Rollers Up (Build 30)
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Figure 118, Disassembly Condition of Load Beari

(S/N Z-2) With Turbine End of Rollers
Up (Build 30)
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FE 79492

Both roller bearings incorporated in Build 31 consisted of triple-crown,
L/D of 1. 125, stainless steel (AMS 5636) rollers and races. The reaction
bearing (matrix point 201) had a 0, 0051 in. tight internal clearance and a roller
end-to-side rail clearance of 0.0098 in. The load bearing (matrix point 20")
had a 0,005 in, tight internal clearance and a roller end-to-side rail clearance
of 0,0048 in. Testing of Build 31 began on 23 August 1968, A high turbine
drive pressure was required to start rotation, however, operational parameters
were normal during the first cycle as soon as the design speed level was obtained.
One hour at design speed was accumulated during the first cycle, The second
test cycle was started on 26 August 1968, but the rig failed to rotate. Six
attempts were made to accelerate the rig with the drive turbine after the shaft
had been freed by rotation in the reverse direction, but on each attempt the
shaft locked. On the seventh attempt, the shaft locked tight and could not be
freed by turning in either direction.

During disassembly of the test rig, it was determined that the locked
shaft was caused by the load bearing rollers wedging into the inner race side
rails, Scoring on both ends of the load bearing rollers was very heavy, as
shown in figures 119 and 120, and prevented the measurement of end wear.
Figure 121 shows a comparison of typical rollers from the reaction bearing
(matrix point 20') and the load bearing (matrix point 20''), which were configured
identically, except that the load bearing roller end-to-side rail clearance was
half that of the reaction bearing. The inner race side rails of the load bearing
also showed heavy scoring. The reaction bearing was in good condition, except
for an axial crack in the outer race, which is shown in figure 122, The primary
end wear of the reaction bearing was on the rear side of the rollers with an
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average wear of 0,00018 in. and 0, 0005 in. on the roller with maximum wear.
Figure 123 shows the overall condition of the load bearing (matrix point 20'")
and figure 124 shows the condition of the reaction bearing (matrix point 20').

Figure 119. Rollers from Load Bearing (S/N BB-2)
Showing Heavy Scoring on Turbine
End of Rollers (Build 31)

Figure 120, Rollers from Load Bearing (S/N BB-2)
Showing Heavy Scoring on Rear End of
Rollers (Build 31)
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Figure 121. Comparison of Post-Test Condition of a FD 24500
Typical Roller from Reaction Bearing
(S/N BB-1) and Load Bearing (S/N BB-2)
of Build 31

Figure 122. Cracked Outer Race from Reaction FE 79499

Bearing (S/N BB-1) of Build 31
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Figure 123, Disassembly Condition of Load

Bearing (S/N BB-2) With Turbine
End of Rollers Up (Build 31)

FE 79496

Figure 124, Disassembly Condition of Reaction Bearing FE 79494

(S/N BB-1) With Turbine End of Rollers
Up (Build 31)
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Build 32 of the roller bearing test rig incorporated bearing elements used
in the previous tests, The load bearing incorporated rollers from Build 22 that
had accumulated 2. 2 hours, and the cage was from Build 6 (Phase I (Con-
tract AF04(611)-11401) program) that had 0.3 hour of test time. Both inner
and outer races were new. The reaction bearing had rollers selected from -
Phase I (Contract AF04(611)-11401) test bearings (Builds 12 and 15) with 1.5 s
hours on the maximum time rollers; the cage was from Build 6 and had 0.3 hour
of test time. The inner race was from Build 5 with no test time at rated conditions,
and the outer race was new., Both test bearings incorporated single-crown,
L/D of 1.0 rollers, stainless steel (AMS 5630) rollers and races with outer-race-
guided Armalon cages. The load bearing (matrix point 22) had a 0. 0052 in, tight
internal clearance and a roller end-to-side rail clearance of 0.0199 in. The
reaction bearing (matrix point 23') had a 0. 0049 in, tight internal clearance and
a roller end-to-side rail clearance of 0.0099 in. Build 32 testing began on
29 August and ended on 30 August 1968. Testing was terminated after 0.1 hour
at design speed on the sixth cycle when the vibration levels and the slave bearing
outer race temperature increased, and the operating speed dropped off significantly.
At the time of shutdown, 6 cycles and 137 minutes of testing at design speed had
been accumulated., The teardown inspection revealed that the shaft had cracked
halfway through in the necked-down section on the turbine end. The crack allowed
the turbine end of the shaft to deflect during operation allowing the turbine to
rub heavily on the turbine housing. The labyrinth seals and the turbine spacer
were also damaged by rubbing. The test bearings were in good condition except
for the reaction bearing outer race, which was cracked in the same location as
the preview test (Build 31), as shown in figure 125. The greatest wear was on
the rear end of the rollers in the reaction bearing, while the load bearing rollers 5
wore on both ends in nearly equal amounts in 2 random manner, The roller end
wear measurements are shown in table XIX. Except for the outer races, both
roller bearings were reused in Builds 35 and 36 of the test rig. Figure 126
shows the overall condition of the reaction bearing (matrix point 23') and
figure 127 shows the condition of the load bearing (matrix point 22).
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Figure 125. View Showing Crack in Outer Race of FD 25098
Reaction Bearing (S/N CC-1) (Build 32)
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Figure 126, Disassembly Condition of Reaction FE 79593
Bearing (£/N CC-1) With Rear End
of Rollers Up {Build 32)

G =

Figure 127, Disassembhly Condition of Load Bearing FE 79598

(S/N CC-2) With Rear End of Rollers
Up (Build 32)
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In the investigation to determine the cause of the reaction bearing outer
race failures on Builds 31 and 32, a metallurgical examination of the fracture
faces indicated that the point of origin was a small surface depression on the
inside diameter of the race on Build 31 and was a small crack, approximately
0.0025 in. deep, on the outside diameter surface on Build 32, Metallurgical
analysis also indicated that the failures resulted frecm flexing siress cycles and
they were not associated with fatigue spalling, With bearing operation at
48,000 rpm, a given point on the race is subjected to 400,000 roller passing
cycles per minute. After consultation with the bearing vendor and with the P&WA
bearing group at East Hartford, it was decided that the thin outer ring inside
diameter should he in compression to withstand the cycling stresses induced
with the tight internal fit and high shaft speed. The compressive stresses could
be induced by means of a microstructure change such as carburizing the inside
diameter of the ring; by shot peening the inside surface, or by outside diameter
restraint.

Tke similarity of the angular orientation of the cracked outer races on
Builds 31 and 32, coupled with the fact that the surface depressions found at
the origin of the fatigue failures were less severe than observed on previously
successful bearing outer races, indicated that stresses in excess of the normal
operating levels were involved in these failures. The bearing test rig honsings
were reassembled for a bearing support alignment check. This inspection showed
that the reaction bearing outer race carrier was misaligned by approximately
0.006 in, in the plane of the outer race failure, and was loose from the rear
housing restraining pins. The damaged reaction bearing carrier was replaced
and it was both pinned and weld attached to the rear housing. In addition, a
stress relief heat treat cycle was instituted after the final grind operation,
which established the desired internal clearance on the bearing, to m.. 'mize
residual stresses that may be present.

Build 33 of the roller bearing test rig incorporated test bearings with
triple-crown, L/D 1.125, stainless steel (AMS 5630) rollers and races. The
reaction bearing (matrix point 20') had a 0.005 in. tight interna! clearance and
a roller end-to-side rail clearance of 0.0098 in. The load bearing (matrix poini
21) had a 0.0051 in. tight internal clearance and a roller end-to-side rail
clearance of 0.0198 in. Testing of Build 33 began on 10 September 1968 and
ended the next day. Testing was terminated after 1 minute at design speed on
the fifth cycle when a decay in coolant flows and an increase in vibrations and
in slave bearing outer race temperature was observed. At the time of failure,
5 cycles and 1.3 hours of testing at design speed had been accumulated. The
teardown inspection of Build 33 revealed that the liquid hydrogen bellows seal
had failed. The test bearings were in good condition except for a crack in the
reaction bearing outer race. The crack was located approximately 180 degrees
from the two previous failures as shown in figure 128. The rollers from both
test bearings were in excellent condition with negligible end wear, but did
exhibit moderate scuffing on the turbine end as showr in figures 129 and 130,
Failure analysis of the reaction bearing outer race fracture faces again showed
a brittle-failure originating in a small depression in the roller track.

Build 34 of the roller bearing test rig incorporated the inner races, single-
crown, L/D of 1,000 rollers, and Armalon outer-race guided cages from Ruild 32.
New outer races were fabricated from steel alloy (AMS 6260) with the inside
diameter carburized to a depth of approximately 0.043 in. and heat treated to
provide a hard surface in the roller contact area. The reaction bearing (matrix
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point 23') internal clearance was 0.0039 in. tight and the roller end-to-side rail
clearance was 0.0105 in, The load bearing (matrix point 22) internal clearance
was 0, 0042 in, tight and the roller end-to-side rail clearance was 0, 0204 in,
These internal clearances correspond to values of 0, 0049 and 0, 0051 in.,
respectively, for the stainless steel (AMS 5630) races when adjusted for the
difference in coefficient of expansion between steel alloy (AMS 6260) and stain=
less steel (AMS 5630). Build 34 of the bearing test rig was monuted and

ready for test on 20 September 1968, During the initial start sequence the
turbine housing failed as the turbine pressure was applied to start rotation

of the test rig. The housing failed in the thin section below the Marmon clamp
flange and caused damage to the turbine wheel and tie bolt. A detailed inspection
revealed that the outer parts were in good condition.

e A MO i it I it
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Figure 128. View Shoving Crack in Outer Race FD 25268
of Reaction Bearing (Build 33)

Build 35 of the bearing test rig incorporated the same test bearings that
were used in Build 34, A new tie bolt, turbine, and turbine housing were used
on this build, Testing of Build 35 of the roller bearing test rig began on |
25 Septemrber 1968 and was ended on the next day. Testing was terminated on the
ninth test cycle at design speed when, after 0.2 hour of operation, a speed shift
was detected and the slave bearing outer race temperature increased, Build 35
testing accumulated 4.1 hours and nine cycles at design speed. The teardown
inspection revealed that the slave ball bearing had failed. The test bearings
were in good condition and were incorporated in the next build to continue testing
of this configuration. End wear measurements summarizing the condition of the
bearings after Builds 32 and 35 are previously listed in table XIX,
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Build 36 of the roller bearing test rig incorporated test bearings from
Bulld 35. Testing of Build 36 began on 3 October 1968 and ended 8 October 1968.
Testing was terminated after 8.4 hours at design speed when outer races had
accumulated 12, 6 hours. The teardown inspection of Build 36 revealed that
both test bearings were In good condition and could have been used for additional
testing. Figure 131 and 132 show the post-test condition of the reaction bearing,
(matrix point 23')., Figures 133 and 134 show the post-test condition of the load
bearing, (matrix point 22). Table XIX summarizes the roller end wear on both
test bearings after testing on Builds 32, 35, and 36.

Bulld 37 of the bearing test rig was configured similar to Build 36 to pro-
vide a repeatability test on the load bearing (matrix point 22) and to evaluate the
effects of increased roller end clearance on the reaction bearing by doubling the
largest Ruild 36 end clearance. Increased end clearance is desirable for the
250K fuel pump to accommodate the hydrostatic thrust piston travel and the A
difference in thermal contraction between the housings and the rotor assembly.
Bulild 37 also used wider races and the reaction bearing roller-end-to-side rail s
clearance was increased to 0.040 in. The test bearings had single crown L/D "
of 1,000 rollers, stainless steel (AMS 5630) rollers and inner races, and steel
alloy (AMS 6260) outer races carburized and hardened similar to the outer rings
in Bulld 36. The races were 0.108 in. wider than the races in the previous build
and the cage width was Increased accordingly. The reaction bearing (matrix
point 3) had a 0,0040 in, tight internal fit and the load bearing (matrix point 22)
had a 0.0041 in, tight internal fit. The load bearing roller end-to-side rail
clearance was 0.020 in. Revisions were made to the test rig in this build to pro- 1
vide a double labyrinth seal with a vent cavity to replace the carbon bellows

seal, thereby increasing rig durability.

8
5

Figure 131. Disassembly Condition of Reactio

Bearing (S/N EE-1) With Rear End
of Rollers Up (Build 36)
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Figure 132, stussembly Condition of Reaction , ‘ FE 80638

Bearing (8/N EE-1) With Turbine End "
of Rollers Up, (Build 36) ,’ |

. ﬂ i )

Figure 133. Disassembly Condition of Load FE 80639
Bearing (S/N EE-2) With Rear End
of Rollers Up (Bulild 36)
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Figure 134. Disassembly Condition of Load FE 80640

Bearing (S/N EE-2) With Turbine
End Rollers pp (Build 36)

Prior to testing Build 37 of the bearing test rig, the bearing coolant
system was revised to provide a series coolant flow arrangement to reduce
the coolant consumption. The coolant was supplied to the reaction bearing, and
after cooling the two test bearings, it was split to provide flow control through
the slave bearing. Testing of Build 37 began on 18 October 1968 and ended on
21 October, Testing was terminated after 2 minutes on the third cycle to rated
speed because of high slave bearing outer race temperatures and increased vibra-
tions. Build 37 testing had accumulated 3.9 hours of operation at design condi-
tions. The teardown inspection revealed that the slave bearing had failed but
that the test bearings were in good condition. Slight thermal cracking was seen on
both outer races outside the roller track in the area of cage contact. The average
reaction bearing end wear was 0.0011 in. with 0,0022 in. on the roller with
maximum wear. The average load bearing end wear was 0, 0002 in. with 0, 0004
in, on the roller with maximum wear. The wear was on the turbine end of the
rollers for both bearings with moderate scoring on the rear end of both

Build 38 of the roller bearing test rig included the same test bearings as
Build 37 and a new slave bearing. Testing of Build 38 was performed on 25
October and the test was terminated after 2.3 hours of the first cycle because
of an increase in the reaction bearing and the slave bearing outer race tempera-
ture that could not be reduced by Increasing the coolant flow rate. The teardown
inspection revealed no appreciable‘damage to the test bearings other than increased
thermal crackin;; on the outer races as shown in figures 135 and 136. One crack
had extended into the roller track but it was considered acceptable for continued
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testing. No measurable change was noted in the roller end wear for either test
bearing. The slave bearing cage ball pockets showed wear from the differential
pressure across the cage and from ball excursion.

Figure 135, Reaction Bearing FE 80934
(S/N FF-1) Outer Race ID
Showing Thermal Cracks
(Build 38)

Build 39 of the roller bearing test rig included the same test bearings
as Build 38 and a new ball bearing with a Salox cage instead of Rulon as used
previously. Revisions were incorporated in the rig build to provide bearing
coolant flow under the inner race of the slave bearing in addition to the normal
flow path through the bearing cage. Testing of Build 39 began on 30 October and
ended on 31 October. Testing was terminated after 2 hours of the second cycle
to rated speed because of increase in vibrations, decrease in speed, and
increase in the load bearing outer race temperature. The test bearings had
accumulated a total time of 9.9 hours. The teardown inspection revealed that
the outer race of the load bearing had cracked at the loaded side with the frac-
ture faces coincident with the thermal cracks as shown In figure 137. Except
for the thermal cracks on the outer races, both test bearings were in good
condition and the roller end wear was found to be nearly identical with the
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previous build measurements. The average roller end wear on the reaction
bearing was 0,0011 in. with 0.0019 in. on the roller with maximum wear.
The average load bearing end wear was 0, 0003 in. with 0,0004 in, on the
roller with maximum wear. Figures 138 and 139 show the post-test condition
of the reaction bearing (matrix point 3) and load bearing (matrix point 22),

Figure 136. Load Bearing (S/N FF-2) FE 80935
Outer Race ID Showing
Thermal Cracks (Build 38)

Build 40 of the roller bearing test rig incorporated single crown L/D =
1.000, stainiess steel (AMS 5630) rollers and stainless steel (AMS 5630)
inner races with outer race guilded Armalon cages. The load bearing cage
had lateral cooling slots 0,053 in. wide (circular diameter) and 0.035~in. deep
machined between the pockets. The outer races were fabricated from Inconel
718 (AMS 5663). The reaction bearing matrix point 3) had a 0.0028 in. tight
Internal clearance and a roller end-to-side rail clearance of 0.0411 In., The
load bearing (matrix point 3) had a 0.0031 in, tight internal clearance and a
roller end-to-side rail clearance of 0,0386 in. These diametral fits are
equivalent to the 0, 005 in. tight fit used with the stainless steel (AMS 5630)
outer races when adjusted for the difference in thermal expansion coefficients
of the two materials.
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Testing of Build 40 was completed on 6 November 1968. The test was
terminated after 1. 5 hours of the first cycle when there was a speed shift
and an increase in the load bearing outer race temperature and vibration level.

o el st e

FE 81074

Condition of Load Bearing
(S/N FF-2) Cuter Race (Build 39)

Figure 137,
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A teardown inspection revealed that the load bearing outer race had
cracked in two places in the loaded zone and the roller path was severely
spalled and deformed as shown In figure 140, The rollers suff red severe
impact damage particularly on the rear end as shown in figures 141 and 142,
The inner race side ralls were heavlily spalled as a resuit of the rollers
impacting with the rear rail, this condition is shown In figure 143, The cage
sustained severe abraslve damage as a result of partlcle Ingestion from the
rollers and races as shown In figure 144, The overall corndition of the load
bearing (matrix point 3) is shown In figures 145 and 146, The heavy damage on
the load bearing rollers prevented measurement of roller end wear, The
reaction bearing was in good condition except for some spalling on the outer
race roller path in the loaded area as shown In flgure 147. The rollers exhibited
an average cnd weat of 0,0001 {n, with 0, 0003 in, on the roller with maximum
wear, All wear was on the turbine cnd of the rollers, The overall condition
of the reaction hearing (matrix point 3) is shown in figure 148,

Iligure 140, View showing Condition of I'F 81239
Load Bearing Outer Race
(SN GG-2) After Test of
Build 10
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Figure 141. View Showing Condition of FE 81245
Load Bearing Rollers (8/N GG-2),
Turbine End Up (Build 40)
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figure 142, View Showing Condition of Load FE 81244
Bearing Rollers (87N GG-2),
Rear End i'p (Build 40)
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Figure 143. View Showing Cendition of
Load Bearing Inner Race
(S/N GG-2) After Test of
Build 40

Figure 144, View Showing Condition of Load
Bearing Cage (S/N GG-2) After
Test of Build 40
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Figure 145. View Showing Overall Condition FE 81234
of Load Bearing (S/N GG-2),
Rear End Up (Build 40)

Metallurgical analysis of the [ailed outer race from the Build 40 load
bearing Indicates that the Inconel 718 (AMS 5663) race was severely over-
loaded, which can be attributed to the mechanical deformation in the roller
track. Heat generation from the deformed roller track appears to have
permitted further piastic deformation until the failure was completed with
the lateral cracks seen in the plastically deformed area. Metallurgical
examination revealed that the microstructure in the failed zone had transformed
to a cast structure. The less heavily loaded reaction bearing had begun
spalling in the loaded zone and it is viewed as preliminary to the failure
encountered with the load bearing. It appears that the hardness of Re 44
on these races is not sufficient for the loads and life required in this bearing
application.
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Figure 146. View Showing Overall Condition FE 81233
of Load Bearing (S/N GG-2),
Turbine End Up (Build 40)
FE 80830

Figure 147. View Showing Condition of
Reaction Bearing Outer Race
(S/N GG-1) Aflter Test of Build 40
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Figure 148, View Showing Overall Condition FE 81231

of Reaction Bearing (S/N GG-1),
Turbine End Up (Build 40)

Build 41 of the bearing test rig consisted of test bearings with single crown
L/D = 1,000 stainless steel (AMS 5630) rollers, stainless steel (AMS 5630) inner
races, Armalon outer race guided cages with lateral coolant slots, and steel alloy
(AMS 6265) outer races. The reaction bearing (matrix point 3) had a 0, 0036 in.
tight internal clearance and a roller end-to-side rail clearance of 0,0391 in, The iy
load bearing (matrix point 3) had a 0, 0040 in, tight internal clearance and a roller
end-to-side rail clearance of 0,0393 in, These diametral fits are equivalent to
a 0,0046 and 0,0050 in, tight fit, with stainless steel (AMS 5630) outer races
respectively, when adjusted for the difference in coefficient of expansion.

3
-

Build 41 testing, was begun on 18 November 1968 and was ended the next
day after accumulating 10,01 hours. Testing was terminated after 1 minute of
the sixth test cycle when a speed shift and an increase in the reaction bearing outer
race temperature were observed,

A teardown inspection revealed that one roller in the reaction bearing had
skewed as shown in figure 149, The cage packet from another roller showed the
characteristic dog-bone wear pattern associated with insufficient roller preload,
The equivalent negative internl clearance on this bearing, 0.0046 in., was the
lowest value tested recently, The inner race showed light chipping on both side
rails with the turbine end more heavily damaged. Moderate thermal cracking of
the outer race was detected in the cage contact areas on each side of the roller
tract, The average roller end wear was 0,0082 in, with 0,012 in, on the rcller
with the maximum wear, The turbine end of the rollers exhibited the heaviest I "
wear. The post-test condition of the reaction bearing is shown in figure 150 with v
detail vicws of the rollers, inner race aud zu*er race shown in figures 151, 152, .
and 153, respectively, The load bearing was in excellent condition as shown in
figure 154 and could be used for further resting, The average load bearing roller
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end wear was 0,021 in. with 0,0048 in, on the roller with the maximum wear.
Both ends of the rollers exhibited some wear with the maximum wear on the rear

end,

Figure 149, View Showing Skewed Position of FE 81483
Roller No. 7 in Reaction Bearing
Cage (S/N HH-1) After Test of
Bulld 41

TRENEREN.
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Figure 150, View Showing Overall Condition FE 81214
of Reaction Bearing (S/N HH-1),
Turbine End Up (Build 41)

188




ity

Figure 151. View Showing Condition of FE 81478
Reaction Bearing Rollers (S/N
HH-1), Turbine End Up (Build 11)

Figure 152, View Showing Condlition of FE 81475
g
Reaction Bearing Inner Race
(SN HH-1) After Test of Build 41
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Figure 153. View Showing Condition of FE 81473
Reaction Bearing Outer Race
(S/N HH-1) After Test of Build 41

Figure 154, View Showing Overall Condition FE 81216
of Load Bearing (S/N HH-2),
Turbine End Up (Build 41)
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Build 42 of the roller bearing test rig incorporated single crown I./D =
1.000 stainless steel (AMS 5630) rollers, stainless steel (AMS 5630) inner
races, Armalon outer-race-guided cages with lateral cooling slots, and
outer races fabricated from steel alloy (AMS 6265) with the inside diameter
carburized. Both test bearings had a roller end-to-side rail clearance of
0.0202 in. and a negative diametral internal ciearance of 0,0043 in. This
fit corresponds to a 0.0053 in. internal clearance with a stainless steel (AMS

5630) outer race.

Testing of Build 42 begun on 2 December and was concluded on 5 December
1968. During the test program, 15.3 hours of bearing operation at maxiimum
load and speed condition, and 305 acceleration cycles were accumulated.
A bearing coolant reduction survey was also conducted. No increase in outer
race temperature was observed when the coolant flow was reduced from 31
gpm to 10 gpm in increments of approximately 5 gpm. Below 10 gpm coolant
flow, a rapid increase in bearing outer race temperature was observed and
the coolant flow was increased back to 31 gpm where the outer race temperature
again stabilized. After completing all program objectives the tcct rig was
pulled from the test stand to permit teardown inspection of the bearings.

Post-test inspection of the roller bearings rcvealed that both bearings
were in good condition and could have undergone further testing. The only
discrepancy noted was thermal cracking of the outer races in the areas of
cage contact as shown in figure 155. End wear measurements showed moderate
wear on the reaction bearing and extremely light wear on the load bearing,
The wear on the reaction bearing was on the turbine end with an average wear
of 0, 0070 in, and 0,0098 in, on the roller with the maximum wear. Figures
156 and 157 show the condition of the reaction bearing rollers. The wear on
the load bearing was on the rear end with an average wear of 0, 0005 in, and
0. 0014 in. on the rolier with the maximum wear., Figures 158 and 159 show
the condition of the load bearing rollers, The overall condition of the reaction
bearing is shown in figures 160 and 161, and the load bearing is shown in
figures 162 and 163. The roller bearing qualification test program was con-
cluded with the completion of the Build 42 test.

Figure 155. Enlarged View of ID of Outer FAL 14328
Race Showing Numerous Thermal
Cracks




Figure 156, View Showing Condition of Re- FE 81801
action Bearing Rollers (S/N
JJ-1) With Rear End Up (Build 42)
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Figrre 157. View Showing Condition of Re- FE 81802
action Bearing Rollers (S/N
JJ=-1} With Turbine End Up
(Build 42)
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Figure 158. View Showing Condition of FE 81803
Load Bearing Rollers (8/N JJ=2)
With Rear End Up (Build 42)

Figure 159. View Showing Condition of Load FE 81804
Bearing Rollers (S/N JJ-2) With
Turbine End Up (Build 42)
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Figure 160, View Showing Overall Condlition FE 81794
of Reaction Bearing (S/N JJ-1)
Turbine End Up (Bulild 42)

3900890392
3939293809

Figure 161. View Showing Overall Con- FE 81793
dition of Reaction Bearing
(S/N JJ-1) Rear End Up (Build 42)
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Figure 162, View Showing Overall Con-
dition of Load Bearing (S/N
JJ~2) furbine End Up (Buiid 42)
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Figure 163. View Showing Overall Condition
of Load Bearing (S/N J.J-2)
Rear End Up (Build 42)

FE 81795

:
3
3
-
t
2
2
=

195/146




C. PUMP INLET EVALUATIOM
1. Introduction

The objective of this test program was 'o obtain supporting data for the
design of the inlet configuration to be used on the liquid hydrogen and liquid
oxygen turbopumps., Because of engine packaging considerations, the proposed
demous.rator engine has a flow distributor at the inlet to each main turbopump
as shown in tigure 164. The effect of an Inlet flow distributor on the head-flow
and suction characteristics of the inducer was investigated using water as the
test fluid, These data are being used to design a suitable pump inlet configura-
tion within the demonstrator engine envelope.

FE 70038

Figure 164, Demonstrator Engine Showing Inlet GS 7466A
Flow Distributors at the Fuel and
Oxidizer Inlets (Circled Areas)

2. Summary, Conclusions, and Recommendations

Nine inlet configurations were evaluated during the preliminary study as
shown in figure 165, Electrical analog studies of these candidate configurations

were performed and the head loss coefficients shown in figure 165 resulted
from this study.
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NO. INLET DESCRIPTION INLET HEAD LOSS  HEAD 108§ *

CONFIGURATION  COEFFICIENT pai
) #0 Deg Elbow With - 06 - .
Guide Vanes and RN .
R/D =076 \
90 Deg Miter With
2 Guide Vanes .___.T\:] 020 hé

890 Deg Elbow Without

3 Guide Vanes and 0.26 7.2
R/D = 0.75 \
Double Inlet Without
4 Line Branch Loss
(Double Discharge 0.40 i1t
Boost Pump)
5 Siugle Inlet Without
Guide Vanes @ 0.50 139
6 Single Inlet With
Guide Vanes @ 0.4b 12.6
7 Stepnofl @ 070 19.4
8 Scroll :@ 0.75 208
9 80 Deg Miter Without 1.20 331
Guide Vanes ——‘—1
LY
\ *Assuming an lilet Velocity Head of 27.7psi
Figure 165. Candidate Inlets and Predicted FD 231%4A

Pressure Loss

Two configurations were selected as a result of this electrical analog
study for evaluation on the water test loop. These were a short radius elbow
with turning vanes and a single inlet without guide vanes similar to configurations
No. 1 and § of figure 165. Although an elbow inlet with guide vanes was the
best design analyzed from a head loss and velocity distribution standpoint, it
was less suitable for the fuel pump because of the severe space limitations,
The single inlet without guide vanes was a more flattened design that would
satisfy the envelope requirements of the fuel pump and was selected as the
second candidate for evaluation on the water test loop.

Three inlet configurations were tested on the water loop using an existing
350K oxidizer pump inducer fabricated under Contract NAS8-20540. These
were: (1) a straight inlet to establish baseline inducer performance, (2) a
112 deg elbow inlet with turning vanes, and (3) a 112 deg flattened pancake inlet.

Suction characteristics of the 350K inducer with the straight inlet
compared favorably with Bredicted levels. Peak suction specific speed was
near 25,000 rpm (gpm)1/2/£t3

Suction performance with the elbow inlet compared favorably with that
of the straight inlet and with predicted suction performance levels, Maximum
demonstrated suction specific speed was 24,000 rpm (gpm) 2/1t3/4,
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Suction performance with the pancake inlet also compared favorably with
that of the straight inlet and with predicted levels of suction performance.
Maximum demonstrated suction specific speed was 23,500 rpm (gpm)1/2/£t3 /4,

Indicated noncavitated performance with the straight inlet was about 15%
lower than determined during oxidizer pump tests under Contract NAS8-20540
using LOg and LNg as the pumped fluids.

The noncavitated head coefficient versus flow coefficient slope was
steeper with the elbow inlet and the head coefficients were higher at low flow
coefficients than obtained with the straight inlet. The head coefficient flow
coefficient characteristic with the pancake inlet was approximately the same
level as with the straight inlet, but had a discontinuity between flow-to-speed
ratios of 0,16 and 0,18,

Higher noise level:s emanate from the pancake inlet at low flow-to-speed
ratios and also at high speeds indicating a possible structural problem.

Large static pressure losses occur in the inlet section of both the elbow
and pancake housings at low flow-to-speed ratios. These losses appear to be
pump related and are accompanied by severe inlet pressure oscillations,

The various inlet configurations were tested over the range of flow-to-speed
ratios expected in the engine throttling range; however, maximum speed and
flow rates were restricted by test stand limitations to about 40% of design. It
is believed, however, that the test results can be extrapolated to design conditions.

The elbow inlet appears to be superior to the pancake inlet and is
recommended for both the fuel and liquid oxygen pumps although some slight
modification to the inlet may be required to fit this configuration into the engine
envelope on the fuel pump inlet.

3. Testing

The pump inlet evaluation test program was conducted using the existing
closed loop water test facility in test stand D-34, which is shown in figure 166.
This tacility includes a 250 hp dc¢ motor gearbox unit capable of closely con-
trolled speeds up to 9000 rpm, The test stand has one 5 in. and two 8 in.
parallel loops with flow measurement capability from zero to 4000 gpm. A
schematic of the D-34 test stand is shown in figure 167. The test rig in-
corporated an existing 350K liquid oxygen turbopump inducer, which demonstrated
a suction specific speed capability of 23,000 rpm (gpm)1/2/£t3/4 in liquid oxygen
during the 350K Liquid Oxygen Program, Contract NAS3-20540,

Water testing of a straight inlet section, shown in figure 168, was con-
ducted to establish a baseline. Testing was then conducted on a short radius
elbow with turning vanes (figurc 169) and a pancake inlet (figure 170). Each of
these configurations was constructed with transparent windows to permit taking
photographs of the flow patterns at the inducer inlet. However, the lucite
material was easily damaged by inducer tip cavitation as shown in figure 171
and little useful information was obtained. In each configuration, damage to
the viewing section necessitated replacing the window with a steel insert or
fiberglassing over the window.
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Motor Generator

Test Rig

6 in. Motorized Flow Valve
8 in. Manuslly Operatsd Valve
8 in. Motorized Flow Valve
Deaeraiion Tower Inlet Gearbox
' Burge ccumulator Drive Motor
1t

Tank
-_
Ay

i

“

Heat Exchsnger

400 xal
Htorage Tank

Flow Meters

Figure 166. Closed Loop Water Test Facfility FD 19643A

Moturized
Flow Valve

; #-in, Loop Gentile Tube
B Manually Operated
L 8-in. Loop Venturi Meter /_ Flow Valve

Vacuum Pump

-

If 6-in. Loop Venturi Meter | ——— Motorized Flow Valve
l ]
Vortex : DC AC
Generator Generator] Motor

\__.l)whurur Accumulator

Rix Drive
Motor

Torque Meter \—Genrhox

Hest Exchancer—/ Inlet Accumulator

Figure 167. Water Test Stand Schematic FD 19703
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Figure 168, Straight Inlet Test Installation FE 75097

Figure 169, short Radius Elbow With Turning Vanes FC 16029
Inlet Test Installation
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Figure 170. Pancake Inlet Test Installation I'E 76743

Figure 171, Cavitation Damage on Lucite Viewing FI 75129
Section
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Testing was conducted by setting a positive inlet pret’sure at the rig and
then accelcrating to the desired speed. Flowrate was varfed to determine the
head-flow characteristics, and inlet pressure was reduced until cavitation
occurred to determine suction performance. The test results are summarized
in table XX,

Table XX, Cavitation Test Data

Flow Speed Q/N Inlet Pressure Suction Net Positive
(gpm) (rpm) (gpm/rpm) at 3% Cavitation Specific Suction Head
(psia) Speed (ft)
(rpm)(gpm)1/2
£3/4
Straight Inlet

1450 7000 0.21 12.5 22,600 27.0
1540 8500 0.18 17.8 20,900 40.0
1260 7000 0.18 13.0 19,900 29.0
1670 7000 0.24 13.9 21,900 31.0
2025 8500 0.24 19.2 22,600 43.3
1750 8500 0.21 17.4 22,800 39.0
1035 7000 0.15 15.4 15,300 35.0
1030 7000 0.15 14.6 16,700 32.5
1260 8500 0.15 20,0 17,400 45.0

420 7000 0.06 22.0 7,800 49,0

500 6000 0.08 14.6 9,900 32.5

Elbow With Turning Vanes
1910 8500 0.23 18.2 22,500 42,0
1750 8500 0.21 16.4 23,250 38.0
1455 7000 0.21 11.3 23,060 26.3
1545 7500 0.21 12.3 23,900 28.5
2015 8500 0.24 17.4 23,700 40.5
1670 7000 0.24 12.1 23,450 28.1
1565 7000 0.22 11.7 23,100 27.5
1495 8500 0.18 17.9 20,200 41.5
Banjo Inlet

1250 8500 0.15 20.7 17,370 44.7
1550 8500 0.18 16.3 22,830 36.0
1830 8500 0.22 16.9 23,450 38.5
2050 8500 0.24 21,3 21,400 47.2
1770 8000 0.22 17.2 22,500 37.0

600 7000 0.086 17.3 11,330 37.5
1010 7000 0.14 14,0 17,100 30.5
1220 7000 0.17 11,0 22,950 23.5
1575 7000 0.23 13.2 22,200 29.0
1695 7000 0.24 15.1 21,100 32.8
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4, Analysis
d. Caviio ton Performance

Sucti. i serformance was based on an inlet preasure in a straight section
of line w1+ 2 ob cach of the inlet housings. The approximate locations of
the inlet pressure tips are shown in figures 172, 173, and 174. The suction
specifiic speed versus unit flow for the straight, elbow, and pancake inlets is
presented in figures 175, 176, and 177, respectively. These curves are based
on 3% inducer noncavitating head fall off. The percent predicted head coefficients
versus net positive suction head for all cavitation points is provided in figures 178
through 183, In some instances, the 3% head fall off point was not reached;
however, it was visually apparent, and from increased noise, that the inducer
was cavitating. Percent predicted head coefficient versus suction specific speed
is shown in figures 184 through 189,

Location of Discharge
Plenum Pressure

Iniet =
- : 3

\_Location of Upstream
Static Pressure Measurement

Figure 172, Straight Inlet Test Section Pressure FD 25424
Tap Locations

Locstion of Discharge
Plenum Pressure

Channel -1

Location of Upstream
Static Pressure

Measurement
Inlet E
Bection A-A
Figure 173. Elbow Test Section Pressure Tap FD 25425
Locations
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Vertical Vertical
Inducer Dome 13.6 in.~e-j}—=D g G
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(’:le';l; . Vertical Vestical
' (Vertical) s % P’I‘PZ 1 PSP') i
Pancake |
Inlet A j— L.
A ~ PSP2.1 PSP2-3
‘ 2.0 in. PSP2-2 Section D-D
Section C-C
Inlet PSP = Static Pressure Tap
n PTP = Total Pressure Tap

PDP-13 = Differential Pressure PSP1-1/PSP3-1

Figure 174, Pancake Test Section Pressure Tap FD 25426
Locations
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Figure 175. Suction Specific Speed vs Unit Flow for DF 66833
Straight Inlet
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Figure 176. Suction Specific Speed vs Unit Flow for DF 66834
Elbow Inlet
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Figure 177. Suction Specific Speed vs Unit Flow for DF 66835
Pancake Inlet

206




Ve O &) oLy —a—— Speed (rpm)  Flow (gpm)

NET MOSITIVE SUCTION HEAD - f2t

i
~ 1
LA © 1000 420
L 0 7000 1030
on A O 1000 w3
& 1000 1280
S D 000 1430
0O 71000 16°0
R 8
-
]
I~
»
8 70
g
g 60
0 i
) :
0 T
o 20 40 [ 80 100 120 140 160 1 200 H
H
|
{

Figure 178. Percent Noncavitating Head vs Net Positive DF 66836
Suction Head (Straight Inlet)

100 {’: 00 ) — 29O Speed (rpm)  Plov (gpe)
a n‘ (o 1260
&8 Q  sse0 1560
I Lo TN 17 1750
L s 2028
O 6000 500
| 3
" ,
:
g 10
k.
i
4
9
0 20 40 60 80 100 120 140 130 180 200
MET POSITIVE SUCTION NEAD - ft

Figure 179, Percent Noncavitating Head vs Net DF 66837
Positive Suction Head (Straight Inlet)

207




100 ?v‘~~——~—————®»-—-- Specd (rpm)  Flow (gpm)
[0} 1000 1453
O 10 1565
9 O 1000 1670
L 1s00 154%
:
g
g 70
%
I w
sojr
"o 20 40 60 80 100 120 140 160 130 200
NET POSITIVE SUCTION HEAD - f¢
Figure 180. Percent Noncavitating Head vs Net DF 66838
Positive Suction Head (Elbow Inlet)
100 —_—— Speed (rpm)  Flow (gpn)
0] 4300 Leyr
a] 8500 1750
90 [OZNE 11 ] 1910
Fay 8500 01
2
Z ¥0
2
)
34}
4
”() 20 40 60 B8O 100 12n e 180 ian 200
HIT POSLTIVE SICTION MEAD - f¢
Figure 181. Percent Noncavitating Head vs Net DF 66839

Positive Suction Head (Elbow Inlet)
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Suction performance of the 350K inducer for all three inlet configurations
was as predicted. The predicted levels for the elbow and pancake inlets used
the baseline level for the straight inlet, corrected for the expected total pressure
losses in the elbow and pancake, respectively, using the loss factors predicted
by the electrical analog study previously shown in figure 165. The predicted
total pressure loss through the elbow inlet was small, thereby providing a
suction specific speed curve that is essentially the same as the baseline straight
inlet. Predicted peak suction specific speed for the pancake was 23,700 rpm
(grm)1/2/1t3/4, which represents a loss of 1300 rpm (gpm)1/2/£t3/' 4 from the
straight inlet baseline.

Data from the 350K pump rig using both LOg and LN2 obtained under
Contract NAS8-2540 are previously shown in figure 175. Suction specific speed
values for LOg and LNg data were corrected for recirculation flow and
thermodynamic suppression head and are also based on 3% inducer head fall off.
Although the water tests were limited to flowrates and speed of about 40% of
design because oi test stand limitations, the excellent agreement betwcen the
water data and the high-speed (20, 000 rpm) LO2 tests indicate that the water
test results can be used to predict engine requirements.

At low flow-to-speed ratios, noise and vibration levels were considerably
higher than at flow-to-speed ratios near design. Large static pressure losses
in the inlet section of both the elbow and pancake configurations accompanied
by severe inlet pressure oscillations were also noted. During throttling opera-
tion the pump would operate in the flow-to-speed ratio range of these {nlet
disturbances. Several cavitation points were taken with the pancake inlet at
these conditions and suction performance was as predicted. No cavitation data
were obtained at low flow~to-speed ratios with the elbow inlet, however, the
results of the pancake inlet did not indicate that cavitation performance was
adversely affected.

Y TR RV SIS IR SN

b, Noncavitated Performance

VRN,

Noncavitated performance, which is shown in figures 190, 191, and 192,
was based on a static discharge pressure measured in the discharge plenum.
Although this does not represent the true inducer characteristics because
of the additional housing losses, it was used for comparison because it was
believed that the plenum pressure measurement was the most repeatable,

Noncavitated head rise based on the static pressure tap at the impeller
discharge was approximately 15% lower than observed with liquid oxygen
during previous testing with the discharge pressure tap in a similar location.
The reduced head rise may be attributed to; (1) leakage past labyrinth seals
that could affect the static inducer discharge measurement (the pressure tap
location was directly upstream of the impeller front labyrinth seals and the
water test rig had no seals or ftmpeller); (2) the running blade clearance was
greater for the water tests than on the liquid oxygen tests. Although both
pumps had the same assembled tip clearances they operated at significantly
different temperatures and the difference in thermal contraction of the {nducer
and housing reduced running clearance at liquid oxygen temperatures., The
increased recirculation flow during the water tests with increased tip clearances
would be expected to reduce head rise.
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Figure 192, Unit Head vs Unit Flow (Pancake Inlet) DF 66850

The noncavitated head coefficient for the elbow inlet was higher and had
a steeper slope than the straight inlet. This effect 18 because of the reduction
of prerotation with the elbow inlet, At capacities less than design, prerotation
with a straight inlet is in the direction of impeller rotation, which results in a
reduction of head. It can be seen from Euler's equation for ideal head rise,
U,C,, - UyC
2 u, 1 u1

H; =
i g

that with the tangential component of inlet fluid velocity (Cyy) positive (i.e., in
the direction of impeller rotation) a reduction of head results. Prerotation
with the straight inlet was investigated and is shown in figure 193, presented
as an inlet line wall static pressure rise. It can be seen that the pressure risc
reached a minimum (no prerotation) at the design flow-to-speed ratio of 0. 22,

The head coefficient, flow coefficient characteristic with the pancake inlet

was approximately the same level as with the straight inlet but had a discontinuity
between flow-to-speed ratios of 0,16 and 0.18.

A comparison of the head coefficlent, flow coefficient characteristics for
all inlets tested is provided in figure 194, The velocity profile obtained from a
traversing total pressure probe located just upstream of the inlet is provided in
figure 195. The curve indicates the effect of the upstream bend. The magnitude
of the variation about a mean velocity is small and should not be a major factor
in the inlet pressure disturbances.
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Figure 195, Velocity Proﬁle at Inlet Housing Flange DF 68852

D. NOZZLE FABRICATION INVESTIGATION
1. Introduction

An investigation of nozzle fabrication techniques was conducted to provide
additional data and information to sapport the subsequent design of the two-posi-
tion nozzle. Sample nozzle panels were fabricated to evaluate manufacturing
techniques, and succ :ssful panels were subjected to hydraulic stress and thermal
cycling tests to determine structural capability,

2, Summary, Conclusi~ns, and Re >mmendations

Nozzle design and fabrication r ntimization studies were conducted and
completed. It was concluded that the material most suitable for constructing
this two-position nozzle application was Inconel 625 (AMS 5599) and that the
internal corrugated design was the most feasible to fabricate. An important
factor in this selection was that the desigr allowed the use of standard stiffener
bands on the smooth outer surface,
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It was also concluded that stiffener bands of the "dunce hat' design would be
used for the optimum lightweight configuration. The progressive die forming
process produced good corrugation detail with minimum elongation and was
selected for final fabrication. Resistance seam welding the assembly provided
the easiest and most reliable construction method and produced high quality
stiffener bands, as substantiated by the samples fabricated and the hydrostatic

tests performed.

Twenty-one thermal fatigue tests were conducted on segments of the
sample panels. The proposed panel (0.005 in. thick corrugated inncr sheet
with 0.010 in, thick outer sheet) could not complete the required minimum of
300 thermal cycles at the predicted nozzle temperatures; in fact, the average
was 33 cycles, The nozzle hot wall temperature had to be decreased to 1760°R,
which is 400°R below that desired, before 300 cycle fatigue life could be achieved.
Increasing the thickness of the corrugated sheet to 0, 010 in. allowed the hot wall
temperature to be increased to 2010°R for 300 cycles of fatigue life, while causing
only a 107 increase in the total nozzle weight. Therefore, this 6.010/0,910 in.
thick nozzle configuration using the internal corrugation design is recommended
for the subsequent two~position nozzle design.

3. Analysis
a. Design Study

To optimize the performance of an engine using a lightweight, two=position
nozzle, it was nlecessary to design the nozzle to maintain the inner wall tempera~-
ture as hot as possible. This level of temperature was controlled mainly by the
material selection, material thickness, coolant flow rate, coolant velocity, and
configuration geometry.

It is desirable to exit the cooling gases at as high a temperature as
possible, which would be as shown in figure 196. To do this, the inner
hot wall must be run at as high a temperature as physically possible for
the entire length of the nozzle (i.e., constant hot wall temperature).

Wall——\

Fluid

TEMPERATURE -

AREA RATIO —=
Figure 196. Fluld Temperature vs Area Ratio FD 25317
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Because the heat flux (Q/A) decreases along the nozzle length, as shown
in figure 197, and film coefficient, h, is equal to (Q/A)AT, the inside film
coefficient plotted against area ratio is as shown in figure 198. Because
h = (1/A), the coolant passageway flow area required along the nozzle is
shaped as showr in figure 199,

HEAT FLUX, Q/A

AREA RATIO —

Figure 197. Heat Flux vs Area Ratio FD 25318

INSIDE FILM COEFFICIENT, h—

AREA RATIO ——

Figure 198, Inside Film Coefficient vs Area FD 25319
Ratio
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AREA RATIO

Figure 199, Coolant Passageway Area vs Area FD 25320
Ratio

b, Material Selection

All available material candidates were studied for use in this nozzle
application, comparing physical properties, mechanical properties, and
ease of fabrication. The material had to have high strength at elevated
temperatures and good ductility at both room temperature and elevated
temperatures so it could be formed easily and would exhibit high thermal
cycle fatigue strength, Table XXI provides a comparison between the final
material candidates, Inconel 625 (AMS 5599) proved to be the most suitable
for this application. Table XXII lists the pertinent material properties,

Table XXI. Comparison of Material Candidates

Elongation, %

Room 2000°R 0.2% Yield Strength Weldability
Temperature at 2000°R
(psi)

Inconel 625 50 *105 40,000 Good
(AMS 5599)

Hastelloy X 317 20 22,000 Fair
(AMS 5536)

Hastelloy N 45 12 22,000 Fair
(PWA 1036)

Ni 200 50 *110 3,600 Good
(AMS 5553)

TD Nickel 12 2 20,000 Poor
(PWA 1035)

Stainless Steel 50 35 10,000 Good
(AMS 5646)

*International Nickel Data
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Table XXII.

Properties of Inconel 6256 (AMS 5599)

Property

Parameter/Characteristic

Density

Ultimate Tensile Strength at Room Temperature

0.2% Yield Strength at Room Temperature

0.2% Yield Strength at 1460°R

0.2% Yield Strength at 2160°R

Elongation

Brazability and Formability

Corrosion Resistance

Weldability

0.305 1b/in3
147, 000 psi
72,300 psi
53,000 psi

32,000 psi

50% at Room Temperature

Good
Excellent
Good

C.

Table XXIII summarizes the advantages and disadvantages of each configura-
Several configurations were eliminated during this study, with

tion studied.
These were the corru-

only two candidates selecied for further investigation.
gated inside and outside diameter configurations.

Table XXIII,

Configuration Study

A study of different heat exchanger configurations was conducted.

Configuration Study

Advantages

Dicadvantages

N

Ammular

1, Simplicity of construction,

2 More uniform innce sheot
temperature gradiet,

Area required would dictate a 0.020 in,
high gap at the inlet that would
present & tolerance control problem.

Hot innner sheet would expand approxi-
mately 0,230 in, on the radius at the
inlet during operation and would closc
off 0.020 in. gap due to coll (not cx~
panding) outer sheot,

Both sheots will wee entive coolant
pressure as hoop preseare at the

33 In, I station, stress 240, 000 pui,
No vibration control of {ancr {iner,

Exceantve axial growth which ix only
restealned st inlet and oxit,

oSy

Corrugated OD

1. smooth Janer sheot might result
In hetter nozzbe erformance,

tower contant flow than corrugnted
.

3. Can e gather formed and spot
welded small dic vequiredr,

Nozele roguives stiffeacr bats which
are cold am! the (aner shoeot (Ixlng
stronger of two shecis) expmde
approsimately 0, 230 (n, ont the rudivs
and cuts off coolant passagewny o
buchlcs the inaer xheot,

Ditficult 1o attach stilfencrs o thin
material.

High bending stross bucause coolant
in on hot low strength shde - 90, V00 psi
bending.




Table XXIII.

Conflguration Study (Concluded)

Advantages

Disndvantages

Corrugated ID

1. Hot inner sheet removes radial
thermal growth in corrugation amt
has no tendency to close off
passageways (wven with stilfener
handur,

2, Can he gather formed and apot
wolded (small die required),

3, Ensicr stiffener attachment.

4. Might allow axial growth with
folded integrat hands on flat shect,
thereby increasing LCF life,

3. Beenuse flat sheet is always
thicker than corrugstion, this
configuration has an cahanced
“fin” effoct at the welds,

23 higher conlant Mow than outwide
vory, because of Iarger aurface area
1o he cooled,

Extt rocket nozzle (abrication duficult
in ovder to keep discontinuitios out of
hot {as stream.

4

Tubmlar

1. Has tigid construction.

2 Allows installation of atiffencr
bands directly tc tuber without
closing off passagewny.

3. £xperieact and st data are
available from RLLO,

4. Loss expored surface area than
configuration 3, Somoewhat lesx
flow requiremont,

2

Hravy because of 13 |b braze material
and double wall thickness betwoeen
PASSAECWEY S,

Taper of the tubes would be compbi-
cated to maintain required area and
circumference.

Expensive to fabricate (tubes, mandrelr,
retorty.

Difficult to attach stiffetwr rings to
thin wall tube,

Great number of tubes at inlet (2330
round tubes).

High temperature pushing braze limit,
Deviations from area schedule to
smooth out comour would require
more coofant flow.

More pressure drop for same coolant
flow as in configuration 3,

Wallle Plate

1. Rigid structurc in all planes.

2. Adaptable to bonding In the flat,
then hydvoforming.

1.
2.

4

3.

G,

7.

Depends on elongation to form.

Tolerance control to match weld Nats
would be difficult,

Full size (entire nozzle) dies would
be necessary to form contour il pas-
angeways were formed first or full
size dies would be nccessary .

LCF possibility In radial as well as
axial.

Difficult to prectict inside (HIm cocl-
ficlent due to uncontrollcd Mowpath,

Poor Now aren control uninlly.

Should stagger loeal area reductions
to increasc hent transtor.

1tigh pressure drop.

Double Corrugstions

1. I radinl growth is not allowed by
attachment to the fiats, thermal
riddinl growth in taken ir corrugn-
tionn with litte cffcct on area,

2. Might allow hvdrolorming In an
inside-outside die.

3. Low stress from coolant pres~
ure.

Corrugatlon angles would have to be
amaller to obtain a given arca sche-
dule since the area would be cut
appraximately in hatl for cach corru-
gation, Shallow corner angles ghve
poor heut transfer,

Dilficult to attach stilfencrs aml pre-
vemt buckling.,

All hoop loads must be trans mitied
10 the stiffencr bands, Hecaune cor-
rugations cannot tke loads.

Sandwich Design

1. Rigid construction for buckling
and noisc.

2. Coolamt flow roquirement simi-
lar to 2 above beeaune of minimum
surface aren,

A itndinl growth would be toloratod
as fiat shect dolorma botween

supports,
4. Simplilicd support bands,

3. Minimum sur{ace ares exposed W
hot gas ~ thus low flow require~
menta relative to configurations 3,
4, 3, and 6.

e, Webs are aasicr 1o cool than welds
of configurations 2, 3, 3, and G,

1.

4.

4

3.

Nigh bemding stress on inaide shect
hot aide from coolant pressure -
90, 000 pai.

Miuts muy buckle becuuse of thermal
Krowth,

Difficult to fabricate,

Fxit rocket nozzle [abrication prob-
lem simitar to inside cor rugations.

Gap height very small at inlet sec-
tion, therefore, heavy - relatively
thick webs will be roquired to keep
the gap beight to rensonsble values
at the inlet region,

Probably more pressure drop than
conliguration 2,
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Two additional sandwich type configurations were investigated (rectangu-
lar and triangular coolant passages) in response to an Air Force request for
alternative designs and for geometries suitable for diffusion bonding. Thesc
configurations were not fabricated because of the limited time allowable for this
initial investigation and the nonavailability of equipment for diffusion bonding.

d. Heat Transfer Analysis

All work performed during the heat transfer analysis assumed a low-
speed inducer tapoff coolant supply condition.

(1) Corrugated Geometry

The design point weight flows were set using a one-dimensional "idealized"
analysis. However, a two-dimensional procedure was used to set the flow area
and included-angle schedules and to investigate the effects of geometry variations
from the design point. The external corrugation design was evaluated first. To
prevent hoop failure, it was necessary to attach a system of external bands to the
nozzle outer diameter. Corrugations on the external surface made the band
attachment extremely difficult; thercfore, the internal corrugation design was
chosen. Because this configuration increased the exposed surface area to the
hot gases, a 22% coolant flow increase was required.

A Bt houl et ¢

(2) Alternative Configuration Analysis

The rectangular coolant passage configuration was investigated first.
Parametric curves were developed that defined the coolant passage geometry
at locations of primary interest. Using these geometries, the cross-sectional
temperature distribution was established, and coolant pressure drop and tempera-
ture rise trend information was obtained. Results indicate that this scheme offers
a reduction in coolant flow relative to the internal corrugation configuration with
little change in weight.

In analyzing the triangular coolant passage, the coolant flow requirements
were assumed to be identical to the rectangular configuration, Parametric
curves were developed that defined the coolant passage geometry. This con-
figuration weighed more than the basic corrugated and rectangular passage con-
figurations. Figure 200 illustrates the three basic designs with a weight and
flow comparison.

e. Structural Band Study

Several configurations of the sheet metal support bands for the ring-
stiffened translating nozzle under hoop compression were studied. Of all the
configurations, the integral ''rib, '' the '""hat band, '* and the ""dunce-hat'' designs
seemed more promising, and thene were studied in detail, The "rib" band was
found to have serious adverse pressure drop effects as compared to the "hat
band" or "dunce hat" configurations. Of the two remaining configurations, the
""dunce hat'' stiffener had the best characteristics (ease of fabrication, moment
of inertia, buckling, etc.) and showed a 33% weight savings in comparison to
the "hat band" design. Figure 201 shows that the '"dunce hat'' design has the
largest moment of inertia for a given material cross section of the several
configurations studied. A comparison of the band weights for different appli-
cations is previously shown in figure 200,
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Figure 200. Nozzle Configuration FD 25321A
Comparison

4. Fabrication Investigation
a. Method Selection

The first step in this fabrication study was to select a method to form the
corrugated section of the assembly. Several techniques were considerad, in-
cluding explosive forming, hydrostatic forming, and die forming. The explosive
forming method was used previously on a small dump-cooled nozzle extension
of an RL10 nozzle, but material thinning and difficulty in holding tolerances
eliminated this method. From the two remaining methods, die forming was
selected because it offered the highest degree of success. Figure 202 illustrates
the type of gather forming die selected to form the sample panel and low cycle
thermal fatigue test samples. The corrugated sheets were joined to the flat sheets
by resistance welding (as was successfully demonstrated in the RL10 dump-cooled
nozzle program).

A die was fabricated to form corrugated panels, but with a panel size re-
duced to 18 in. long and 16 corrugations wide. The corrugation height was
varied from 0.293 to 0.350 in. over the 18 in. sample. The samples represented
the nozzle inlet configuration where maximum thermal stresses occur.

b. Fabrication

The first corrugated sheet formed with the die set was measured and found
to have corrugation heights 16.5% below the blueprint requirements. The material
spring-back after forming had caused this. The final die set for the actual nozzle
will be designed to compensate for this material spring-back to obtain the blueprint
limits. It was impractical to rework this die set because it was for sample panels
only. To eliminate some of the spring-back, all the corrugated panels were placed
in a retort, annealed at 1875°F + 25°F for 30 minutes in hydrogen, cooled in the
retort, and then restruck with the forming die. This Increased the corrugation
height to within 5% of the blueprint requirements.
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The corrugated sheets were then resistance seam welded to flat sheet stock
to make sample assemblies, as shown in figure 203,

Figure 203. Corrugation Sample Panel FD 23227

Altitude and sea leve! configuration supporting bands of the '""hat band"
style were spun. These rings were cut into segments and tacked in place on the
flat side of the sample assemblies to maintain their position during the braze
cycle., Silver braze wire was then tacked in place at the joints of the stiffeners
and the assembly run through the furnace braze cycle. The stiffeners would not
need to be tack welded to the full-scale nozzle, as was done in the case of these
small segments, but would be fixtured and held in position.

Three assemblies were made that demonstrated the integral band design.,
The corrugated sheets were resistance welded to stacked segments of a spun
ring. The ribs of the rings were then welded to form the assembly, as shown
in figure 204, The corrugated sheets were also cut into smaller segments and
seam welded to special shaped flat sheets for thermal fatigue subassembly
samples. The sample panels were cut into segments and used as hydrostatic
pressure test specimens.

5. Test
a. Hydrostatic Pressure Test
(1) Unrestricted Specimens

Three 2-corrugation, pressure~-test specimens were made per figure 205,
These specimens are sections of the sample 12-corrugation panel assemblies.

The first specimen pressurized failed at 225 psig. Examination revealed
that the specimen failed at a spot tack weld that was outside the resistance weld
width. The failure is depicted in figure 206a. The corrugated sheets were spot
tack welded to the flat back sheet prior to resistance welding of the assemblies.
The resistance welds were supposed to cover the spot tacks. The test specimen
failed at one tack weld that was not centered and the resistance weld had not
covered it.
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Figure 204. Integral Band Design Sample FD 25322
Panel
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2

Pec——

P-arc——
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N

2.647 2.647 '\_
F ] G H—l - Ends Welded

Closed
|-

6.000 ——{ Around

1/8 inch
Tubes-Both
Ends
Section F Section G Section H

) I 0.005 —= I
0.334 0.342 0.350

-1 -1 -

0.010
0.176 R 0.177R 0.179R

Figure 205. Hydrostatic Test Samples FD 24993
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The next two specimens were pressurized and failed at 275 psig and 400
psig, respectively. Both specimens started to roll up as shown in figure 206b,
and both failed at the edge of the resistance weld, but at random points along the

specimen.

(2) Restricted Specimen

All of the unrestricted specimens tended to roll up. To assure that this
rolling did not cause early fallures, a specimen was tack welded along the edges
(four places both sides) to a 1/8~-in. steel sheet. This specimen was pressurized
to 380 psig, at which point one of the tack welds tore loose and caused a leak in the
corrugation, as shown in figure 206c. The other tack welds on the No. 1 corruga-
tion side still held, so the No. 2 corrugation was pressurized. This corrugation
held until the other tack welds on the No. 1 side broke loose; when the No. 1 corru-
gation folded up, the No. 2 corrugation failed next to the resistance weld. This

again indicated that the rolling up caused premature failures.

The second specimen was seam welded on both sides to the 1/8 in. thick
plate, as shown in figure 206d. This specimen had both corrugations pressurized
tv 1300 psig. At this pressure, one corrugation failed next to the seam weld. The

other corrugation held 1300 psig with no failure,

Failures Occured in
Hand Spot Tack Where Sharp Corners Caused by

Failure Occured : Ends Bending Up
A
Seam Weld

(Machine) b
a 337 psig ave Failures

225 psig Failure

Seam Weld Full Length
Each Side

Broke Away From Tack Welds

380 psig Failure
' 450 psig Faiied Here
Qe 2 Spot Tack at 1300 PSiK
G PP P 4 Places
Each Side
c d
1. 380 psig Failure From Tear 1. 1300 psig Failure
2. 450 psig Failure When No. 1 2. Other Corrugation Held
Corrugaution Folded Up at 1300 psig
Figure 206. Failed Hydrostatic Test Samples FD 24994

b. Resistance Weld Quality Tests

T s et Sl gt o

(1) Micro-Examination of Joints

A section of a sample corrugated panel was taken to the Materials Develop-
ment Laboratory (MDL), mounted in plastic, and examined to determine the
quality of the resistance weld. The mounted specimen and a closeup of the joint
are shown in figure 207. Table XXIV shows the results of this examination.

Surface burning and expulsion were present in the seam welds. These
conditions can cause rejection and must be eliminated on the final assembly.
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Mounted Nouzle Sample Panel Specimen

FM 25034

Closeup of Joint of Specimen

Figure 207. Resistance Weld Examination FD 25323
Specimen

Table XXIV. Resistance Weld Measurements

No. 1 No. 2 No. 3
(in.) (in.) (in.)

Penetration into 0. 9001 0.001 0.001

0.005 in. thick material
Penetration into 0. 005 0.004 0,003
0.010 in. thick material

Weld nugget width 0. 045 0.044 0.040

During this examination, the thickness of the 0.005 in, thick corrugated
sheet was checked to see if thinning had occurred during die forming. Micro-
scopic and micrometer readings showed no measurable thinning had occurred.

2) Tensile Test of Resistance Welds
The tensile test specimens were constructed by cutting the sheet into 1 in,

wide strips, 12 in. long. The two thicknesses to be evaluated were stacked and
resistance welded 6 in. [rom the end, giving a 1 in. length of weld to be tested.
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The two ends of the same thickness material were folded back together and the
load applied to these ends, as shown in figure 208.

8 Inches
l Both Sides ' ~ Resistance Weld - 1 Inch Wide
N
——
Tensile Load
0.005 Thick 0.010 Thick

Tensile Test Specimen

0.020 dia 0.025 dia
g} %‘ ’E’ <o %
le—o0.050 ba—o0030
Weld Nuggets Torn

Spacing Spacing

From Mating
Metal Sheet

Bad Resistance Weld Good Resistance Weld :

Failed Tensile Specimens

Resistance T—=
Seam Weid IS

o Tear Test

Figure 208. Resistance Weld Test Samples FD 24995
4

The initial tests were conducted with 0.005 in. thick Inconel 625 (AMS 5589)
welded to 0.010 in. Inconel 625 (AMS 5599) with the following results:

Maximum Load, 1b

225
218 189 1b average

125

Examination oi the welds after failure revealed the weld nuggets to be 0. 050 in.
apart (center-to-center) and the nugget diameter was 0.020 in. The nuggets
should overlap as illustrated in figure 208. A second test conducted with this
material combination showed the following results:

Maximum load, 1b

435
302 357 1b average ‘

336 ;
|
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Examination revealed the weld nugget diameter to be 0.025 in. and nuggets were
i overlapping with 9.030 in. center-to-center distance. Figure 209 shows the
: specimens from the first two tests.

Figure 209, Specimens After First Two Tests FE 78030

The next test was conducted with 0.010 in. thick Inconel 625 {AMS 5599)
welded to 0.010 in. thick Inconel 625 (AMS 5599) with the following results:

Maximum Load, lb
353
599

y 423 1b average
343

399 )

The weid nuggets were 9. 035 in. in diameter and nugget center-to--center dis-
tance was 0.030 in. resulting in a good overlapping seam weld.

(3) Tear Test of Resistance Weld

An inch wide piece of 0.005 in. thick Inconel 625 (AMS 5599) and 0. 010 in.
thick Inconel 625 (AMS 5599) were resistance welded along the length for 2 in.
: and centered 06.500 in. from the edge. The ends not welded were pulled apart,
] and a maximum force of 7.5 Ib average was recorded, as shown in figure 208.
All specimens ‘ore evenly, with the original torn edge rounded with a 0.015 in.
radius. The weld nugget was 0, 020 in. in diameter,

c. Thermal Fatigue Investigation

An attempt was made to predict the LCF life for the corrugsations of
the two-position nozzle. The prediction system used was the S. S, Manson
technique, which uses the universal slopes equation for calculating the pre-
dicted LCF life. When using this equation, it is required that, for low cycle
rates and relatively hig' ‘emperatures, an additional check be made to deter-
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mine if the failure s might be time dependent or creep limited. A check was made
and the limit case for the expected operating conditions was not creep but fatigue
ruptured. Therefore, the Manson equation for selected values of total strair was

used to determine cycle life, as follows:
3.50

Aét —_unmne~0.12 | D0.611f-0.6

where
E = Modulus of elasticity
o, = Ultimate tensile strength
D = Ductility 5
ne = Cycle life ' ]
a€y <= Total strain range 3

Because prediction of LCF becomes more of a defin‘tion of LCF range
than an actual predicted number, it should be understood that when actual con-
ditions are inserted in the equation, estimates of elevated temperature L.CF be-

havior can be made as follows:

S MBS 2 s g a8 b+ e

1. As an estimate of the lower range of life, use either 10% 7, or ng
, (Creep), whichever is the lower. For the two-position noz&le,
the temperatures were such that the lower limit cagse was 7 gor

LCF, not 'nf creep rupture,
2, As an estimate of average life, use two times the lower range life.

3. As an estimate of upper range of life, use 10 times the lower range
life,

These limits, which the LCF test data should fall within, are shown in :
figure 210. The actual test data from the LCF test are also shown on this !
figure as being within the acceptable predicted scatter of test data. It should :
be noted that there are no published data for reduction of area (required to
determine ductility for the Manson equation) for thin sheet metal. P&WA labora- z
tory tests indicated values around 20% to 30% and were used to establish the
limits shown in figure 210,

The purpose of the thermal fatigue investigation was to develop a method

to simulate in the laboratory the nozzle tnermal stress that would occur during

actual nozzle firings. The theoretical nozzle temperatures to be obtained with

the corrugated inside diameter design were: (1) corrugation crown temperature

to be 2060°R; (2) resistance weld at the valley temperature to be 1800°R to 1900°R;
and (3) center of the cold side temperature to be 150°R. These conditions exist

at the coolant inlet to the nozzle and produce the maximum temperature difference

from cold side to crown in the nozzle.
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Analyticel Prediction Using Kaneon's Equations Assuming RA « 20%

Lover Limit Upper Limic

@  Tube Test Peists | s

Maximm Temperature :

1 1wso'x O Corrusation test L

1.8 D Points Grown Temperaturs .

o ' ~J‘

. ; 1.0 :4

£ ¢
3 . ~ - :
£ os 2060°R  2060°R 1960'!““? 2100°R 2000°R. LIKCR 1060%K !
‘ ! i

10 100 1000 10,000
oY <L

Figure 210, Strain vs Cycle Life for Inconel DF 68256 !

625 (AMS 5599)
(1) Flat Sample Tests

Corrugated segments of the configuration shown in figure 211 were used
for the initial investigation of heating and cooling techniques. The heat was
supplied with a portable quartz lamp unit producing 75 watts per square in,
The flat side of the specimen was first air cooled and then water cooled by
suspending it in a water bath. One of the specimens had a 1/8 in. coating of
Rockide applied to the flat side of the resistance weld area and the center of
the cold side exposed.

A -y

] o050

A~ Both
Sides

5.000
+0.050

5 -
0.500 +0.025
FTavVavVa Ve
1800 ————=
Ref
Section A-A
Figure 211, Initial Thermal Fatigue Sample FD 25324

Weld ‘
Both Sides —”
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The data from these tests, shown in figures 212 through 215, showed
that different heating aind cooling methods were required to obtain the correct

temperature difference.

(2) Finned Sample Tests

Thermal fatigue specimens of the configuration shown in figure 216 were
constructed to evaluate cooling with copper fins (0. 040 in, thick). Considerable
time was spent developing an induction coil geometry that would give a broad
heating pattern across the corrugated samples. Finally, the twin-coil con-
figuration, which is shown in figure 217, was developed and testing begun. The
first tests were run with the copper fins suspended in liquid nitrogen. Additional
tests were made with prechilled helium gas flowing through the corrugations,
but no liquid nitrogen on the fins. The final tests were run with prechilled
helium and the cooling fins in liquid nitrogen. The best results were obtained

with the cooling fins in liquid nitrogen and no helium coolant (1625°RT). The
test results are shown in figure 218,
1600
i
j
é |
00 15 30 45 60 75 90 105 120 135 150
TIME - sac
Figure 212, AT Investigation With Air-Cooled Back DF 68252
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Figure 215. AT Investigation With Water= DF 68255
Cooled Back and Insulated Weld
Joint

H

C/C Thermocouple Wire
Ceramic Insulated Where It
Enters Corrugation

J——

A —-—
2.250.
40.050

Silver Solder
Both Fins
1.500

+0.050 \Copper

L Fin
0.040

A

Section AA
4.500
138, o0
Figure 216. Thermal Fatigue Sample With FD 25325

Cooling Fins
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SIDE VIEW

Figure 217. Thermal Fatigue Cycling Setup FD 24996
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Figure 218. Test Results of Flat Sample FD 25326
With Corrugations and Copper
Fins
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(3) Evaluation of Cooling Fin Thickness

When it was determined that a corrugated sample with copper cooling
fins would best simulate engine conditions, the next step was to optimize
the thickness of cooling fins, Rather than waste corrugated specimens,
flat sheets of 0. 0165 in. thick Inconel 625 (AMS 5599) the same size as the
specimen were used and different thickness copper fins were brazed on the

plate. The thickness ranged from 0, 040 to 0.125 in, The results of these

tests are shown in figure 219,
A 0, 250 in. thick cooling fin was brazed on a corrugated sample and

compared to a 0,060 in, thick finned sample. These results are also shown
in figure 219. The results show the optimum cooling fin thickness to be

0,065 in,

Induction ..@ E
Coil Thickness T; (*R) Tz (°R) AT
T2 T 0.0165
-\ /_ [- 0.040 2088 796 1292

. .
s o et
i o Al A
Y i bt i o

— —— 0.085 2110 410 1700 ~=—
LN,
Thickness (T )| |*— e~ Copper 0.126 2090 436 1654 1
L) (Both Sides)

L

Thickness Ti(*R) T2('R) T3(°'R) AT(T1-T3)

—Tal
0.065 2150 1600 320 1830 e

Copyper
(Both Sides)

Thickness ——
0.250 2105 1696 392 1713

Figure 219, Cooling Fin Thickness Test FD 25227

Results b
H

(4) Corrugated Can Configuration

A corrugated can configuration was tested in an attempt to obtain
the required temperature difference. A 4 in. diameter can, with cor-
rugations on the outside diameter and a manifold for flowing a coolant }
in the corrugations, was constructed. A standard circular induction
coil was placed around the can and prechilled helium gas used for the
coolant. The can was heated, then coolant flow was started. The results

are shown in figure 220,

The third test run with the oxyacetylene torch proved that the cold side
was being induction heated, and that this test method could not be used. To
keep induction heating from occurring in the corrugation, and to assure heating
with radiant heat, a metal shield was used on the fourth test. The cooldown
time was too long (4 minutes) to make this test realistic, and good temperature

gradients were not achieved,
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Peak Temperature

Heat Source No Coolant Cooldown Time Temperature After Cooldown
T, = 18R T = ISR
Induction Coil __/.i 7 sec ﬁ
X N T, = I4R T = R
T, = ISMFR -—-T L™ IBFR
—— T, = 208'R | - TR
Induction Coil _._m_ 9 sec _/‘i
L N T, = ISR Te® IR
T.= 1965'R un R
Ti= 201FR 1 = AR
Onyacetylene Torch ﬂ 8 sec ﬂ
A Ty 1R Te= QR
T, = R =- 1481 R
T = 266°R = NoeR
Ozxyacetylene Torch __/‘i 8.2 vec ﬁ_
X N~ T.= 18WR N Ty = 2R
T, = 20014R T‘-laun
Radiant Heat Ty = IR 1= 10008
from 1/8 in. Thick ﬂ
Sleeve Heated by 5 sec
Induction Coil N\ S Ty = 1R S
nduction Coi Ton 10 0 1’,- pory T¢» RE'R
] ¥ N amkiad
Cooled Helium L
for Corrugations ——™ 4in. T
—l 0.350— H~om§

Material-Incone! 625 Corrugation Configurstion

Figure 220, Test Results of 4=in, Diameter FD 25328A
Corrugated Can

(5) Line Resistance Heating Using the Proximity Effect

Induction heating or flame heating in the laboratory appeared to heat
the crown of the corrugation higher than the valley. For this reason, high
frequency resistance heating, using the proximity effect, was investigated as
a means of localizing the heat where required,

This type of heating is a form of resistance heating (where the current
is passed through the material, causing the material to heat). To control
the path of the current in the specimen and,’ therefore, control the heated areas,
the proximity effect principle was used. This principle states that if the
high frequency alternating current being delivered to resistance heat the
piece of metal is passed through a lead that is run parellel and very close to
the metal surface, the return current in the specimen will follow a path
directly under the lead, The concentration of the current under the lead is
dependent upon the height of the lead above the surface. This phenomenon is
illustrated in figure 221,

The first test was run as illustrated in figure 221, A flat sheet 0. 016 in.
thick and 10 in, long was heated. The distance, d, between loops was varied
to determine how close the loops could be spaced and still have effective line
heating under 100% of the lead~in, Atd = 0,500 in, the system line heated,
but at d = 0.400 in. the current took a straight line between the inlet and dis-
charge post.

The sccond test was run with another thermal fatigue specimen and the
line heater set up as shown in figure 222, The copper lead-in was insulated
from the specimen by coating the copper with Rockide, With the cooling fins
in liquid nitrogen, the test was run and results obtained as shown in figure
223, The temperature difference between resistance weld and cooling fins
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less thaa 1000°H, and the welds were hotter than tha crown of the corrugations,
In an eftort to increase the temperature difference, the lead-in coil was raised
by placing 1/16 in, ceramic spacers between ¢oil and apecimen. . This decreased
the temperature difference even more, as shown in figure 223, This type of
heating was discontinued because of temperature difference limitations and also

the difficulty in attaching and spacing the coil from the specimen.

{1 Current In (High
‘ J' Freguency!
- P iy =T .

I T R

Metal To Be /. Current In Meta!
Heated - Will Follow Path Directly =) Current OQut
Under Input Lead

Current In Current Out

Figure 221, Line Resigtance Heating Using FD 25329

Proximity Effect

Copper
Braze Electrodes

Joint—\

/P‘Iastic Hose

for Coolant Flow

Section A-A

A -

Figure 222, Line }eater Assembly ¥FD 25330
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Coil Spaced With {/32-in. Rockide Couating

1200°R

‘ 580"R 1624 8656°R
~ Rockide
Coating
1430°R H 1845°R  1/32-in, Thick
wzu 'nNz
!
0% Power Setting 0% Power Setting

Coil Spacing Increased With
Addition of 1716-in. Thick Ceramic Spacer
1370°R 817°R

1357°R 705'R
, ) "& éﬁ ~~ 1/16-in. Ceramic
1035°R —d ! ' 1067°R i Spacer

[ |
0% Power Setting 20% Power Setting

Figure 223. Line Heating Test Results FD 25331A
d. Evaluation of Final Design Thermal Fatigue Specimen
Using the data previously obtained, five thermal fatigue specimens,

as shown in figure 224, were designed and procured. These specimens
were used to determine the final conditions for low cycle fatigue tests.

7.260

_1.390 7.240
| 1.360
Both Sides

1810 w 1 1640
1.790 1.575

= 'l 1.630
L o, | o

/—- 2 Each T/C Wires from Fins

— e = ——
1.510
1360 1.490
13601
4510
4.490
Figure 224, Thermal Fatigue Sample FD 25332
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The corrugations of the first specimen could not be pressurized. The
cooling fins were immersed in liquid nitrcgen and the induction heater pattern
set, The induction cof] was set'J, 160 {v 0,180 in, above the crown of the
corrugation and the induction heat power setting placed at 10% to 12%. The
desired temperatures and those obtained on the first test are shown in
figure 225, T

2
(o] (o] (o]
T, (°R) T, (°R) T, (°R)
Desired 2060 1800 to 1900 160
Actual 2060 1820 300
Figure 225. Initial Test Temperatures FD 46583

The crown temperature (Tl) was read from a thermocouple attached at
that point and from an optical pyrometer. The thermocouple wires were
attached to the crown for these first tests so that optical pyrometer
emmisivity settings could be checked and calibrated,

The automatic timer was set to produce a 20 sec. heating cycle and a
21 sec., cooldown cycle, The heating cycle is shown in figure 226, which
is a reproduction of the visicorder tape on these first tests. These times
were sufficient to let all temperatures reach steady-state before the next
cycle began.,

Conditions: Cooling Fins in LN
No Pressure in Corrugations
Induction Coil 0.160 to 0.170-in.
Above Crown of Corrugation
Induction Coil Power Setting at 10%

Ty = 2060°R Heating Time - 20 sec
/ Cooling Time - 21 sce
T, = 1770°R

T, = 177¢'R
_/—'r., = 305°R
\\_ T, = 1770°R

T, = 300°R T, = 1990'R 1=

0.005-in. thk - Ty = 2060°R

0.016-in. thk
Incone: 625

Inconel 625 (AMS 5588)

Ty = 300°R (AMS 5599)
+ 20 Seconds After Inducti .
Haeater Was Turned On / ~ Ty A: W5'R
T, = 1T0R 0‘2?:,::'.‘;3}::" ’
Tigure 226. Visicorder Tape of Heating FD 25333A

Cycle Tests
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The first specimen completed 100 cycles and was then examined. Thermal
fatigue cracks were visible in all four corrugations, as shown in figure 227,
and appeared to have occurred early in the 100 cycles. Because this specimen
was not pressurized, the exact number of cycles at times of failure could not
be determined. The failed area was sectioned and photographs were taken,
Figure 228 shows one side of the crack in the 0, 005 in. thick Inconel 625
(AMS 5599) prior to etching. It clearly shows the large number of fatigue
cracks in the area around the failure. Figure 229 shows the same failed area
after etching, with the oxide buildup on the surface and in the cracks, Con~
tamination of the grain boundaries is also visible, The oxidation is more
severe in this instance because the specimen was cycled many times after
the failure had occurred.

The second specimen was assembled to allow pressurization of the
passages as shown in figure 217, The 2060°R crown temperature point with
the cooling fins in liquid nitrogen was repeated with this specimen with the
corrugations pressurized to 80 psig. One corrugation failed after 24 cycles;
another failed at 45 cycles.,

Figure 227, Initial Thermal Fatigue Specimen FM 25767
and Enlarged View Showing Thermal
Fatigue Fractures
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1 . .

Figure 228, Crack in 0,005 in, Thick Inconel
625 (AMS 5599) Before Etching

(500X Magnification)

Crack in 0,005 in. Thick Inconel
625 (AMS 5599) After Etching
(500X Magnification)
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Up to this point, the temperatures strived for were the predicted engine
conditions. The test samples were then investigated to determine how the
addition of the copper fin to the cold side affected the strain simulation. The
increase in strength and stiffness from adding the large copper fin cross-
sectional area allowed only a negligible strain on the cold side caused by the
mismatch force. Therefore, a smaller temperature differential could be used
to produce the expected hot side strain. Although the nozzle would have a
2060°R hot side and a 150°R cold side, the finned specimens only need a 2060°R
hot side and 560°R cold side to produce the same hot side strain.

Three more specimens were run, setting temperatures as close to the
desired level as possible. The results of these tests are shown in Table XXV.
With the crown temperature 2060°R, the cold side became 100° hotter than
desired, Therefore, to produce the required hot side strain, the crown tem-
perature was raised 100°R cn the final series of tests. A photograph of the
specimen being run at these final conditions is shown in figure 230,

Table XXV. Preliminary Thermal Fatigue Cycling Test Results

Crown Valley Fin Number of Date
Test Temperature, Temperaturc, Temperature Cycles Before
No. °R) (°R) (°R) Failure Started Completed Comments
1 2060 1820 (LNy) approx 3-5-68 3-7-68 The corrugation configuration
-3 40 to 50 was not correctly shaped and
was not pressurized; therefore,
the No. of cycles is approx-
imate.
2 2060 1720 (LN2) % 3-10-68 3-10-88 Preasurized to 80 psig; one
400 corrugation failed at 24 cycles
and the other at 45 cycles.
3 2160 1960 (Hy0) 42 3-14-68 3-14-68 The speciman was highly over-
6&0 heated on the first heating
cycle.
4 2060 2020 (Ha0) - 3-15-68 3-15-68 Not cycled because corrugations
649 were damaged, (Used to check
heat pattern. )
5 2060 1900 (H20) 42 3-13-68 3-19-68 First furnace braze sample
660 lood braze).

€. Thermal Fatigue Testing

(1) Specimen Configuration

The final specimens were assembled as shown in figure 231. The 0,005
in, thick corrugations were cut from the corrugated panels. These panels
were struck on the new die set, annealed in a hydrogen atmosphere at 2335°R
+ 25° for 30 minutes, and restruck to bring them to within 10% of the designed
configuration. The base sheet was 0,010 in, thick. The copper fins were
furnace-brazed at a temperature of 1935°R to 1960°R. This temperature was
required because the copper forms an eutectic with the silver braze and lowers
the melting point of the silver. The first two assemblies through the furnace
braze cycle lost their fins when run in the thermal fatigue rig. The copper
used for these assemblies was found to be not oxygen-free, which caused
voids in the braze when the oxygen combined with the purge hydrogen to form
a water vapor at the interface of the copper and the inconel 625 (AMS 5599).
New Oxygen-free copper fins were made and used on later assemblies. The
final assemblies are shown in figure 232, 233, and 234,
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Figure 230. Specimen Being Tested at
Final Conditions
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Figure 231. Final Thermal Fatigue Specimen
Configuration
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Figure 232. Thermal Fatigue Specimen
Final Assembly (Top View)

Figure 253, Thermal Fatigue Specimen Final

Assembly (Side View)
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Figure 234, Thermal Fatigue Specimen Final FE 76593
Assembly (Bottom View)

2} inetrumentation

A 1/16 in. diameter shielded copper/constantan thermocouple wire with
a closed end was attached to the two center cooling fins, The tip of the wire
was brazed into the silver braze joint at the same time the fin joint was being
furnace-brazed. The chromel/alumel thermocouple wires for reading valley
temperature were attached in the Materials Development Laboratory., The
crown temperature was read using the optical pyrometer,

(3) ‘atigue Testing
(a) = Peak Engine Condition Tests

The following are the adjusted temperatures necessary to simulate the
predicted bot side strain at peak engine conditions:

Crown temperature - 2160°R
Valley temperature - 2160°R
Fin Joint Temperature - 660°R

300 thermal cycles required

Specimens No, 1 and 2 were set to run at these temperature conditions,
but voids in the braze weakened the joints so that the joints failed when a small
strain was applied and the cooling fins broke ofi before the conditions could
be set.
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Specimen No. 3 had one fin break loose, but continued until the corruga-
tion failed at 36 cycles. Number 4 ran 25 cycles at these conditions and then
all the fins separated at the braze joint. Specimens No. 4 and 5 completed
30 cycles before corrugation thermal fatigue fallure occurred.

() Determination of Crown Temperature for Required Life

The No. 6 specimen was run at 1660°R crown temperature and 650°R
cold side. The speé¢imen ran 1300 cycles without failing, The test was
stopped because the specimen far exceeded the required life.

The crown temperature was raised to 1860°R, and three specimens were
cycled at this level. They ran 136 cycles, 189 cycles, and 137 cycles, respectively,
before failing (154 cycle average). The test was repeated at 1860°R in an
argon atmosphere. This test was to determine if excessive oxidation of the
surface was causing early failures. The specimen was cycled 200 times prior
to failure. This increase of 11 cycles over the prior maximum was not
considered sufficient to continue testing in argon,

The crown temperature was lowered to 1760°R with a cold side temperature
of 660°R and three tests were performed. The first specimen completed 350
cycles and failed in the thermocouple tack weld. The tack was made too close
to the corrugation and had missed the resistance weld bead, The last two tested
completed 680 and 441 cycles with failures occurring in the resistance welds in
both cases and a small leak occurring next to the cooling fin in the cold side of
the 680 cycle specimen.

All the res:ults of the thermal fatigue tests of the configuration shown in
figure 231 are plotted in figure 235. Figure 235 indicates that for a sample
with 0, 005 in, :hick corrugation and 0, 01¢ in. thick flat sheet, 1580°R is the
maximum AT for a fatigue life of 300 cycles. The cold side temperatures on
all these tests stayed within the range of 660°R + 10°,

(4) Configurations Change and Associated Cycle Life
@) 0.010 in, Thick Corrugation

Six specimens were fabricated with 0,010 in, thick corrugated sheet. The
specimens were identical to the assembly illustrated in figure 231, except for
the corrugation thickness.

The first specimen was run at 1860°R crown temperature and §60°R
cold side temperature. The test was stopped at 1100 cycles without a failure,
The crown temperature was increased to 2160°R on the second specimen and
the cold side temperature set at 674°R. The specimen failed after 115
cycles, and a photograph of the failed corrugation is shown in figure 236,
These two tests bracketed the required 300 cycles,

Two specimens were run at 2010°R crown temperature and 670°R
cold side. The cycle life was 295 and 281 cycles. The temperature was
dropped to 1910°R on the next specimen and cycle life increased to 960 cycles,
A photograph of this failure is shown in figure 237,
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Figure 236, Photograph of Failed Corrugation FE 77547
With Crown Temperature at 2160°R
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Figure 237, Photograph of Failed Corrugation FE 77524
With Crown Temperature at 1910°R

These five tests proved that by increasing the thickness of the
corrugated sheet from 0, 005 to 0,010 in., the maximum allowable crown
temperature for a 300 cycle thermal fatigue life could be increased from
1780°R to approximately 2000°R.

The last specimen was cycled at 1910°R, but with the cooling fins in
liquid nitrogen, The cold side temperature stabilized at 219°R, giving
a AT of 1691°R. These conditions were set to determine what effect an
increase in strain at a constant hot wall temperature would have on cycle life.
The specimen failed at 441 cycles. Therefore, a 34% increase in strain caused

a 52% loss of thermal fatigue cycle life.

It should be noted that the strain obtained with the fins in liquid nitrogen
is greater than a predicted nozzle strain, and, therefore, the test was more

severe than required,
M) Inconel 625 (AMS 5599) Cooling Fins

Two thermal fatigue specimens were constructed with the cooling fins
made of Inconel 625 (AMS 5599), The rest of the assembly was identical to the
configuration in figure 231, with the corrugation and flat side 0, 005 in, and

0. 010 in, thick, respectively,
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The purpose of these specimen tests was to determine if agsembling and
furnace-~hrrazing corrvgated sheets, flat back sheets, and cooling fins (ail of
the same material), would reduce the stresses built into the specimen prior
to fatigue testing und, therefore, increase fatigue life. ‘

The corrugation crown started to ripple as soon as heat was applied to the
first specimen. While the crown heating pattern was being adjusterd, the

specimen failed, The crown had rippled so severecly that it had torn the 0. 005
in. material next to the resistance weld.

The second specimett was mounted and heat applied. The heating pattern
was being adjusted when it was noticed that the outside ceoling fin was beginning
to separate from the 0,810 in. thick sheet at the braze joint., Before the heating
pattern could be adjusted, all the finc had broken loose halfway across, thus
relieving the crown stresses and causing the part to overheat, Eutectric braze
joints were formed on these two samples. Using pure silver joints would probably
eliminate joint problems, These were the only specimens available of this
configuration, and production of more samples wotld have delayed the completion

of thermal testing. Therefore, it was decided to eliminate further studies of
this design. o ‘

4

(5) Thermal Fatigue Summasy

The following dats summarize the thermal fatigue testing of nozzle design
specimens: v ‘

1, Fatigue life at design conditions (T Nop——
cold side): h

= 2160°K with €60°R
a. 0. 005 in. thick corrugation - 30 cycles
b. 0. 010 in, thick cqrrugation = 110 cycles
c.  Required novzle life - 300 cycles
2., Corrugation hot side temﬁeratures that gave 300 cycles:
a. 0.005 in, thick corrugation - 1780°R
b. 0,010 in, thick corrugation - 2060°R

C. Designed nozzle temperawre - 2160°R with 660°R cold
side temperature

All the test data are summarized in tzble XXVI, The total strain for each

of these tests has been plotted against cycie life and is shown in figure
238, The strain was calculated using the following formula:

€otal - “hot (Thot = 70 * %opq (70 - Teold

where:
€total = Total strain (in. /in. )
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“hot = Coefficient of thermal expr 1sion in in./°R
%cold = Coefficient of thermal expansion in in,/°R
Thot = Corrugation crown temperature in °R

Tc old Cooling fin temperature in °R

These test data are compared with the total strain data from the RL10 nozzle
tube fatigue tests and are also plotted on the strain vs life curve. An operating
hot wall temperature of 1910°R has been selected for the design of the demon-
strator engine two=position nozzle,

s : QO Tube Dats ¢ = 0,014 In,
. (140°R Cold Wall)

A Cetrugeted Sh-et & = 4,005 n.
{Ag-roximately $60°R
Cold Wall)

O corrugsced sheet ¢ = 0.00 1a.
(Approximstely $560°R
Cald ¥all)
Cosrugated Shaet ¢ = 0.0} fa.
(246"R Cold Wail)

~

o " 1910°% vot Wall Tarpevsture Using
. Flow Retes for No Margin

MWOT-SIDE WALL STRAIR DUX TO THEOWLS - %

v

______ — -
Note!

- - = - - ‘ -
Total Strutn of Dump Ciacled Hessle st ¢ = 3%11
Opan Symbol ~ Air

Bel.cted Bot-$ide 8train Lavel of Duap-Cocled Nozsle Considering
Strain Shartng of Mot and Cold Stdes . Atmosphars
Soltd Syabol - Argon
Atwospher <

'JE: 100 ‘ 1500
Figure 238, Thermal Fatigue of Inconel 625 DF 65305

(AMS 5599) Tube vs Corrugated Sheet

Table XXVI. Thermal Fatigue Cycling Test Results

Test Crown Valley Fin Number of Date Comments
No. Tempera- Tempera- Tempera- Cycles to

ture ture ture Fullure

(*R) 'R R Started Completed :
1 3-27-G8 Cooling fins broke off due to

insufficient braze coverage;
uot cycled,

PSR S ——

2 3=27-68 Cooling fins broke off due to
insufficient braze coverage;
not cycled,

3 2130 2166 660 as 4-4-68 4-4=68 Onc copper fin separated (rom

sample causing poor heat pate
tern - poor furnace brase,

4 2180 2157 668 No Test 4=5-68 4=5~68 Cooling {ins separated from
sample after 28 cycies - test
was stopped,

5 150 2140 660 30 4-5-88 4=5~68

L} 1660 1650 650 Did Not  ¢-8-88 4=10~88 Stoppead test at 1300 cycles.

Fail
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Table XXVI. Thermal Fatigue Cycling Test Results (Concluded)

Test Crown Valley Fin Number of Nate Comments
No, Tempera~ Tempera= Temperne Cycics to
ture ure ture Fallure
*R) [} (}] [hd (]] Started Completed
7 1860 1836 670 136 4~15~68 4~15-68
8 1760 1755 665 350 4-17=68 +=17=68 Failed in valley where thermo~

couple was tack welded to skin
cutside resistance weld,

9 1760 1718 660 680 4«18-68 4=19=68 Failed in reaistance weld out
of heat zone and on bottom
aid¢ next to cooling fin.

10 1860 1847 663 139 4-23-68 4=23-GR

11 1860 1809 657 37 4=24-~64 4=24~G8

12 1860 1801 637 200 4-29-68 4-29-6G8 Test rurs in argon atmosphere.

13 1760 1759 661 441 1-30-68 5=1=68 Falled in resistance weld,

14 1860 1759 R59 Did Not  5-3-68 G=T7=68 (0,010 in, thick corrugatfon)

Fail Stopped test at 1100 cycles,

15 2100 1981 674 115 §=7=68 5=7-68 (0. 010 ‘n, thick corrugation)

16 1860 176¢ 700 - 5=8=68 5+8-68 (Inconel 625 fins) Corrugations
rippled during heat adjustment
and tore hole in material
next to resistance weld,

17 1960 1760 700 - 5=9=68 5~9-6G8 (Inconel 625 fins) Cooling (ins
broke off during heat adjust-
ment.

18 2010 1840 669 285 §5=-9-68 5-10-68 (0. 010 in. thick corrugation)

A9 2010 1840 870 281 5=13=68 5=13=68 (0.010 in. thick corrugation)

20 1910 1597 656 960 5=15-68 5=17=68 0. 010 in, thick corrugation)

21 1910 1560 (LNg) 441 5=2¢'=G8 5=23=68 (0.010 in. thick corrugation)

219 Run to check which had most
eifect on life crown tempers-
ture or AT,

E. CONTROLS COMPONENT TESTS
1. Main Chamber Oxidizer Valve
a. Introduction

The main chamber oxidizer valve was tested during Phase I (Con-
tract AF04(611)-11401)., Eight bullds of valve F-33466 and flve builds of valve
F-35106 were tested. This testing indlcated that the disk seal required redesign
to attain the 10 sccs shutoff leakage goal established for this valve. In addition,

rotary shaft lip seals were developed that required valve design revisions to op-
timize the seal application to the valve.

b. Suminary, Conclusions, and Recommendations
(1) Summary

During this report period, design, procurement, and endurance testing
of four main chamber oxidizer valve shutoff seal candidate configurations were
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completed. The shutoff seal candidates were; (1) the looseleaf Kapton F- FEP
Teflon seul; (2) the silver-plated hoop seal; (3) the strap-actuated seal, and
(4) the cam-actuated seal. All seals were tested at cryogenic conditions. Nore
of the seals met the leakage requirements throughout the cryogenic tests; how-
ever, the silver-plated hoop seal and the cam-actuated seal test results indicated
that additional development potential existed for both. Attempts to replate the
hoop seal indicated a need for improved access to the inside of the seal for clean-
ing purposes, and improved plating procedures. The cam-actuated seal element
failed during the test, indicating a need for improved support and a more flexible
seal material. The shaft lip seal support housing designs were revised and two
seal thicknesses were tested. A seal laminate of three layers of 0. 005 in.

Kapton F and one layer of 0.005 in. FEP Teflon bearing on the shaft gave satis-
factory results,

(2) Conclusions

1. The silver-plated hoop seal and the cam-actuated seal designs
were consldered to be acceptable shutoff seals for continued
development for the canted shaft butterfly valve.

2. The strap-actuated and looseleaf shutoff seals did not appear
to warrant further effort.

3. Laminated Kapton-Teflon lip seals met the leakage and dura-
bility goals and were recommended for this application.

(3) Recommendations

1, Continue development of the hoop seal to improve manufacturing
methods and cleaning capability.

2. Continue development of the cam actuated seal to improve
durability.

C. Hardware Description

The main chamber oxidizer valve was designed and fabricated during
Phase I (Contract AF04(611)-11401). It was designed to control the overall engine
oxidizer-to-fuel weight ratio by regulating the flow of oxidizer to the main burner
Injector. The valve is positioned by a rotary servo-actuator as a function of the
engine thrust level and the scheduled mixture ratio.

The main chamber oxidizer valve is located upstream of the mailn burner
injector. The valve is a butterfly type and incorporates a shutoff seal for the
oxidizer flow to the main burner injector. To accomodate this shutoff feature,
a canted shaft with integral disk was selected so that an uninterrupted disk seal-
ing surface would be provided. Incorporation of the shutoff seal in this valve

eliminates the need for a separate shutoff valve between the main chamber oxidizer
valve and the main burner injector.

The canted shaft arrangement requires a split main housing for assembling
the valve. Widely spaced doub'e roller bearings are incorporated to take the loads
produced by the maximum valve pressure drop, Shaft thrust bearings are required
to restrain the shaft against the flow-pressure thrust loads resulting from the
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canted shaft. These flow loads are minimized by partially pressure balancing
the shaft to oppose them. The valve configuration at the end of Phase I (Con-

tract AF04(611)-11401) is shown In figure 239,

Low-Pressure Vent

Roller Bearings

Integral Valve
Shaft and Disk

____\—_——__W

N ) l /K
"
; - / High-Pressure Vent
\lnw Pressure Vent
' l \qf\

Nnm:en Purge

Figure 239, Main Chamber Oxidizer Valve FD 18938A

d. Facilities

Testing was conducted in the B-22 test stand shown in figure 240, For
environmental endurance tests, the valves were mounted in the stand and instru-
mented as shown schematically in figure 241. The tests were performed by sub-

merging the valve in liquid nitrogen or liquid argon and pressurizing with nitrogen

to internal pressures of 50 {o 6000 psig. The valves were cycled at these con-
ditions and valve seal leakages were measured periodically. For the later tests,
liquid argon was selected for the cryogenic bath to ensure that all of the nitrogen
leakage vaporized at the valve external ambient pressure. This allows satisfac-
tory steady-state leakage measurement accuracy for all data points, Leakages
of 0.14 to 5200 sccs were measured by a series of gaseous nitrogen flowrates.
Lower leakages were measured by positive displacement leak deiectors.

€, Testing
(1) Valve F-33466-Build No. 9

Main chamber oxidizer valve F-33466-9 incorporated the following sealing
configurations:
1. A Looceleaf (OD bonded) Kapton F- FEP Teflon disk seal was

used (0.005 In. thick sheets In alternate layers), An Inconel
ring loaded each outside Kapton F layer against the housing
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faces to prevent leakage around the seal, Figure 242 shows
the shutoff seal configuration.

Figure 240. B-22 Cryogenic Static Cycle FC 13799
Test Stand

MOVPP1<>
MOVOPI
MOVITI MOVOT1

Header Description
MOVITI|MCOV Inlet Temperature
MOVIPI{MCOV Inlet Pressure Y\
MOVOPI{MCOV Outlet Pressure MOVIPI IN. Container
MOVPPIIMCOV Puosition TR
MOVOTIIMCOV Outlet Temperature

Figure 241, Main Chamber Oxidizer Valve FD 2306GA
Instrumentation Schematic (B-22 Stand)
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Figure 242, Laminated Kapton Shutoff Seal FD 25481

2. A primary lip seal of laminated Kapton F (two layers) and FEP
Teflon (one layer next to shaft) of 0,015 in. total thickness was
used. The lip seal retainer was modified to mate with the
thinner lip seal.

3. An inverted U-ring center flange static seal assembly that
loaded the 0.015 in, thick laminated Kapton F static seals
was used.

4. The primary shaft seal housing was modified to isolate static
seal leakage from the primary li;» seal leakage. A vent
passage was added to the valvc inlct housing to conduct this
leakage overboard.

The disk seal leakage at 50 psid was 3 sccs GNg with the valve ambient
temperature, and the torque required to rot:te the valve shaft was as follows:

Rotation out of disk seal 125 lb-in.
Clockwise and counterclockwise rotation 15 to 20 lb-in.
Rotation into disk seal 200 lb-in.

The valve was mounted in the B-22 test stand for an environmental endur-
ance and leakage test; 5000 partial stroke actuation cycles, 250 shutoff cycles,
and 153 pressure cycles were performed. Leakages from the primary lip seal,
disk seal, primary shaft seal housing, and thec main housing center flange primary
static seal are shown in figure 243. The maximum bearing cover primary static
seal leakage was 75.5 sccs and the maximum inlet flange trapped Teflon primary
static seal leakage was 1.9 sccs. The outlet flange primary O-ring static seal
vent was capped after 2500 actuation cycles and 125 shutoff cycles due to exces-
sive leakage. The secondary and vent shaft seal leakages remained less than
1.4 sccs throughout the test.
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The valve was removed from the B-22 test stand when the outlet flange
static senl leakage exceeded the stand limit. The torque required to rotate the
valve shaft at amblent temperature was as follows:

Rotation out of disk seal 85 lb~in.
Clockwise and counterclockwise rotation 10 lb-in.
Rotation into the disk seal 90 lb~in.

Disassembly of the valve revealed the following:

1'

The primary lip seal was in good condition with negligible wear.

A section of the disk seal had failed as shown in figure 244
and was found in the outlet housing. One disk seal axial sup -
port ring was bent as shown in figure 245,

The shafit disk outside diameter was scored where it contacted
the bent support ring.

Contamination particles were embedded in the Teflon coating
of the outlet flange primary O-ring static seal.

Figurc 24, Falled Portlon of Disk Seal After Test FE 74152
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Figure 245. Disk Seal Axial Supporting Ring FE 74153

After Test
(2) Valve F-35106-Build No. 6
Main chamber oxidizer valve F-35106-6 incorporated the following seal-

ing configurations:
A silver-plated hoop disk seal with a 0,011 in. tight fit on

1,
the disk. (See figure 246.) The disk seal was installed on
the shaft disk in the closed position by heating the seal to
approximately 250° F and cooling the disk in ligquid nitrogen.

2, The Inconel 718 (AMS 5663) disk sealing surface was 0.090 in,
wide with a 5 microinch finish.

3. The revised shaft lip seal design as shown in figure 247,

4, 0.019 in, thick laminated Kapton F (3 layers) and FEP Teflon
(1 layer next to shaft) primary and secondary shaft lip seals.

A trapped 0,01C in. thick laminated Kapton F primary inlet

flange static seal.

The valve was mounted in the B-22 test stand for an environmental endur-
ance and leakage test; 10, 000 partial stroke actuation cycles, 600 shutoff cycles,
and 500 pressure cycles were completed. This endurance test was conducted

with the valve submerged in liquid nitrogen.
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Figure 246, Hoop Shutoff Seal FD 24949A

\
0
\

|

=

\—

i

%
%
Ji

Secondary Shaft Lip Seal
Primary Shaft Lip Seal

Figure 247. Lip Scal Package FD 24852

Indicated disk seal leakage was somewhat unstable and varied with time as
shown in [igure 248, The measurements were apparently affected by variations
in vent line vaporization rates due to both variable flowrates and cooling bath
levels. The values shown on figure 249 are the final readings taken at each point.
After the endurance test was completed, an additional 100 shutoff cv :les were
performed using helium as the pressurizing and leakage test fluid to improve
stability, During these tests, the valve position for minimum leakage was found
to be 5.2 deg from the full closed position. The test results using helium as the
pressurizing medium and with the valve at 3. 2 deg open are shown in figure 250,
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Figure 250. Hoop-Type Disk Scal Leakage vs DF 65063

Total Cycles, Rig F-35106-6

No mechanical malfunctions were observed during the test. The thrust
bearing cap primary static scal leaked excessively at pressures above 2000 psig.
The vent was capped after 2625 actuation cycles. The primary and secondary
shaft seal and static scal leakages during the test are shown in figure 251.

Prior to disassembly, the ambient temperature disk seal leakage at 59 psid
GNg was 1. 33 sces with the disk positioned at 3.2 deg from the closed position.
At the closed position the leakage was 4.5 sces.  No other seal leakage was

evident,

Disassembly of the valve revealed no significant parts deterioration. The
disk secal showed some wear on the silver-plated hoop seal surface as shown in
figure 252. The shaft disk sealing surface is shown in figure 253. Scal-to-disk
fit was 0,0035 in. tight. All other parts were in excellent condition.
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Figure 252. Hoop Seal Surface After Test, FE 77114
Rig 1'-35106-6

Figure 253. Shaft Disk Surface After Test, FE 77111
Rig F-35106-6

3) Valve F-33466-Build o, 10

Main chamber oxidizer valve F~33466-10 incorporated the following modi-
fications from the previous build.

1. A silver-plated and Teflon primer coated 0. 005 in. thick
Inconel X (AMS 5598) seal element, as shown in figure 254,
was used for the disk seal. The seal element was contracted
against the disk surface by a shaft lug and circumferential
strap., A 0,012 in. shim was used to adjust the seal load.
Ambient seal leakage was 1 sces at 50 psid of GNg prior to
cryogenic test. Figure 255 shows the shutoff seal configura-
iion,
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A scal actuating lug was welded to the shaft.  The disk had
a ilat (cylindrical) scaling surface 0.090 in. wide with an
11 miecroinch surface finish.

The revised shaft lip seal package design used (s previously
shown In figure 257.

A laminated seal of Kapton F (8 layers) and FEP Teflon
(1 layer next to shaft) was used for the primary shaft lip sel.
The iotal thickness of this lip seal was 0.019 in,

A trapped 0. 020 in. thick laminated Kaptou I seal was used
for the inlet flange static secal,

An Inconel X (AMS 5667) inverted U-ring center flange static
seal assembly was used for i»~ center flange static seal. It
loaded two 0,015 in. thick lam...ated Kapton F seals.

A Teflon coatcd, Omega-shape design, which incorporated an
assembly preload spacer and was pressure chnergized to
follow flange deflection during operation, was used for the
discharge flange static seal.

A rotary hydraulic servoactuator was used,

77557

Figure 254. Shutoff Seal Prior to Test, FD 24858

Rig F-33466-10
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Figure 255. Strap-Actuated Shutoff Seal FD 24851A

The valve was mounted in the B-22 test stand for an environn ental leakage
and cndurance test; 10, 000 partial stroke actuation cycles, 500 shutoff cycles
and 300 pressure cycles were completed. This endurance test was conducted with
the valve submerged in liquid argon.

Liquid nitrogen boiloff at the start of each measurement point resulted in
indicated disk seal leakage variation with time as shown in figure 256, The
values shown in figure 257 are the final readings taken at each set point. An
ambient temperaturc GNg purge to the discharge housing prior to each disk scal
1nakage measurement point was apparently only partially effective in removing
the liquid nitrogen that had accumulated in the housing.

No mechanical malfunctions were observed during the test., The thrust
hearing cap and shaft seal housing staiic seals leaked excessively at pressures
above 1200 psid. The vents were capped after 2625 actuation cycles. The
primary and secondary shaft scal leakage is shown in figure 258. The static
seal leakages are shown in figure 259,

Prior to disassembly, the following ambient temperature seal leakages
were measured at 50 psid GNo:

Disk Seal 0.80 sces
Shaft Primary Static Seal 0.0059 sccs
Discharge Static Seal 0.0182 sccs

No leakage was detected at the other seals.
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Disassembly of the valve revenled the following:

1. A glyeol base oll was found on the inlet surface of the disk
(rigurce 260), The same type oll was subsequently found in
a line used for the valve pressure check just prior to teardown,
2, The disk seal was in good condition. The Teflon primer was
worn through in tvwo locul areas ui the seal surtace, These
conditions are shown in figures 261 and 262,
3. The shaft disk had minor seal surface scratches, and fig-
urce 263 shows a typical disk scal surface condition.
4, All other parts were in excellent condition as shown in fig-
ure 264.
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Figure 260,

Figure 261,

R - - - et 7’ -
A
. e

Glycol Contamination on Inlet Side
of Disk, Rig F-33466-10 (Disk is
2,990 in. in Diameter)

Teflon Coated
Surface After
Test

Seal Contact
Area

- 0300 in.

FE 77845

Shutoff Scal After Endurance Test,
Rig F-33466-10
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Teflon Priraer
Rubbed Through

Seal Contact
Area

— 0.300 in.

FE 77846

Figure 262, Shutoff Seal After Endurance Test, FD 24854
Rig F-33466-10

R 77844

Figure 263. Disk Seal Surface After Endurance Test, FD 24856
Rig F-33466-10
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o, (D

Actuation Strap Loading Loading Seal
Ring Shim Ring

Figure 264, Strap Actuated Disk Seal, Rig F-33466-10 FD 24855

' (4)  Valve F-35106 - Build No. 7

Muin chamber oxidizer valve F-35106-7 incorporated the following sealing
configurations:

1.

2,

4,

G,

A Kel-¥ disk seal element contracted against the disk surface
by a cam-actuated tapered slip ring (figure 265).

A spherical chrome plated Inconel 718 (AMS 5663) disk seal
surface with a 9,5 microinch finish. The cam actuation
lug was electron-beam welded to the shaft.

A trapped 0. 020 in. thick l.uminated Kapton F primaryv
inlet flange static seal.

The center flange static seal was an Inconel X (AMS 5667)
inverted U-ring static seal assembly that loaded a portion
of the Kel=F seal element against the inlet housing and a
0.020 in. laminated Kapton-F seal against the discharge
housing.

The discharge flange static seal was a Teflon coated, omega-
shaped design that incorporated an assembly preload spacer
and is pressure energized to follow flange deflections during
operation.

The bearing cap static seal was 0,010 in. thick laminated
Kapton=F formed around the outside diameter of a ring.

The valve was mounted in the B=22 test stand for an environmental

endurance and leakage test, 10, 000 partial stroke actuation cvceles, 500
shutoff cyveles, and 260 pressure cycles were completed. The test was
conducted with the vilve submerged in liquid argon,
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Closed Rotation
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Figure 265. Cam-Actuated Shutoff Seal, FD 24991

Rig F-35106-7

The disk seal leakage measurements varied with time as shown in
figure 266, The values shown in figure 267 are the final readings taken at
each set point, The disk seal leakage prior to pressure cycling was less
than 0. 025 sccs. The seal failed during either pressure or actuation cycling
after 125 shutoff cycles and 2500 actuation cycles had been completed satisfactorily.

The test stand supply valve actuator failed after 250 pressure cycles
so the remainder of the programed 500 pressure cycles was not performed.
The discharge flange primary static seal leaked excessively above 1000 psig.
Primary shaft seal leakage is shown in figure 268 and static seal lcakages
arc shown in figure 269,

Visual inspection of the disk seal prior to disassembly revealed failure
of the Kel-F seal element. Pieces of the seal were found in both the inlet and
the discharge housings. The seal condition after the test is shown in figure 270,
Failure of the seal element at the edge of the shaft cutout, as shown in figure 271,
appears to have been caused by either a reverse differential pressure across the
scal or scal drag during valve opening after the pressure cycles. The possibility
of ¢xcessive reverse pressurization during pressure cycling existed because of
valve inlet and discharge cavity pressurizing line volume differences. The shaft
disk sealing surface is shown in figure 272,
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Figurc 270. Disk Scal After Test, Rig F-35106-7 FE 78243

Figurc 271. Arca of Seal Element Failure FE 78241
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Figure 272, Shaft Disk Sealing Surface After Test, FE 78242

Rig F-35106-7

The discharge static seal, which had been used in several test series
without recoating the seal surface prior to this bujld, had insufficient contact
load. All other parts were in excellent condition,

2. Preburner Oxidizer Valve

a. Introduction

During testing of the sleeve-type preburner oxidizer valve during Phase I
(Contract AF04(611)-11401), it was found that the wear characteristics of the
BeCu piston rings on the chrome coated main housing were not acceptable. The
objective, therefore, of this subtask was to investigate improved surface coatings
and a pressurc balanced piston ring design.

A series of tests was conducted to obtain an improved surface coating
and a piston ring pressure balance study was made.

Four cyclic endurance tests were made to cvaluate the design changes
on the wear characteristics of the piston rings operating at high differential
pressures,




b. Summary, Conclusions, and Recommendations

The wear results on all four configurations tested demonstrated acceptable
wear characteristics. The piston ring leakage on all four tests was also acceptable.
A variation in leakage observed between the tests was primarily because of
variations in the fit between the piston ring and housing., Strain gages were
installed on the secondary sleeve and actuator shaft on Rigs F-33458-7 and -8
to determine actuator loads for balanced and unbalanced piston rings.

As a result of the test program the following conclusions and recommenda~
tions have been made:

1. Precision chrome coating has been selected for the prcburner
oxidizer valve application because the plating techniques are
sufficiently developed. The application of molybdenum-chro-~
mium will require turther coordination with an outside vendor
or in-house plating shop to produce consistent results.

Further development of molybdenum~chromium is recommended
for extremely high load applications where the wear
characteristics of precision chrome are not acceptable.

2. The balanced piston rings provided acceptable wear
characteristics and a reduction in actuation force as com-
pared to the unbalanced rings; however, further force re-
duction is desirable to minimize actuator power requirements.

c. Electrolytic Coating Investigation

After it was discovered that the wear characteristics of the BeCu piston
rings on the chrome-coated main housing were not acceptable, a program was
initiated to develop and evaluate a wear resistant electrolytic coating that would
be superior under high loading stress at cryogenic temperatures, A chromium-
molybdenum alloy was considered the chief candidate because reports had been
made that small amounts of molybdenum in chromium produce improvements in
wear resistance. Several preliminary tests were conducted to compare adhesion
quality, abrasive wear, surface characteristics, and corrosion resistance of
normal chrome plate to a chromium-molybdenum alloy. When these tests were
completed, force-wear tests were conducted on all candidates to determine the
best wear resistant coating. The following paragraphs generally outline the test

procedures that were followed,

(1) Preliminary Tests

Several stainless steel (ASM 5646) panels (about 3 in. x 3 in. x 0.25 in.)
were plated on one side with chromium or chromium-molybdenum alloy. The
chromium~-molybdenum alloy was electrolytically deposited from a chromic acid
bath into which about 3 0z of molybdenum per gallon of solution had been anodically
dissolved. The composition of each panel was analyzed to determine the percentage
of molybdenum in each deposit. It was found that the amount of molybdenum in
the deposits varied with plating conditions, Plating at 1,5 amperes per square
inch and 110 to 130°F yielded deposits containing about 1% molybdenum.

Adhesion tests were then made. Holes (0.27 in, diameter) were drilled
from the unplated side to within 0. 06 in. of the plated surface, A steel rod
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(0. 25 in, diameter) was then inserted in the hole and pressure was applied until
the rod was forced through the plating, An examination was made of the break
area to find {ndications of adhesion quality. Comparing the results (figure 273)
revealed that the chromjum-molvbdenum alloy plate has the same adhesion to
stainless steel (AMS 5646) as regular chrome plate. Examination of low power
magnifications of the pressed out portions revealed that the crack pattern on
the alloy plated surface was finer and not as severe as on the regular chromium
plated surface indicating that the alloy plate was softer than the chromium plate.

Chromium Chromium-Molybdenum

FAL 13494

10X Magnification

Figure 273, Adhesion Tests of Chromium and FD 25271A
Chromium-Molybdenum Plating on
Stainless Steel (AMS 5646)

Abrasive wear tests were then made of chromium and chromium-molybdenum
alloy deposits. A Taber Abraser Model 174 with a C5-10 Calibrase Wheel was
used to make these tests. The test results, which indicate the alloy has about
six times the abrasive wear resistance of chromium, are shown in table XXVIL
Previous tests of the alloy in an amsler machine showed an improvement of six
to eight times over chromium plate.
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Table XXVII. Taber Abrascr Wear Testing of Chromium and
Chromium-Molybdenun Alloy Electroplate

Cycles to First Indication of Failure

Chromjium Chromium-Molybdenum
4000 23,000
3000 19, 000
4000 31,000

Surface characteristics of both the chromjum plate and the chromium-
molybdenum plate were then compared. Figure 274 shows magnified views of
stainless steel (AMS 5646) surfaces after plating with both materials. The
characteristic heavy crack pattern noted on conventional chrome is reduced
substantially on the alloy.

Chromium Chromium-Molybdenum

280X Magnification FAL 13495

Figure 274. Surface Characteristics of Chromium FD 25272A
and Chromium-Molybdenum Plating
on Stainless Steel (AMS 5646)

When the plating is conducted in a bath using ultrasonic energy, the
differences are more pronounced. By comparing the regular chromium and
chromium-molybdenum plates shown in figure 274 with their counterparts from
a bath using ultrasonic energy shown in figure 275, ultrasonic plating results
in: (1) a reduction in number and size of surface cracks on the chromium plate,
(2) elimination of cracks on the alloy plate, and (3) a finer texture, especially
for the alloy. These results suggest that plating in a bath using ultrasonic
energy will result in denser deposits with corresponding better wear and cor-
rosion characteristics.

Corrorion resistance tests were then made with stainless steel (ASM 5646)
panels plated with 0.001 in, of either chromium or chromium-molybdenum alloy.
These samples were placed in a salt spray test chamber for 250 hours. As shown
in figure 276, rust spots were evident on the surface of the chromium plate but
no indications of corrousion were noted on the alloy.
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Chromium

5.7X Magnification

Figure 275. Surface Characteristic of Chromium FD 25273A
and Chromium-Molybdenum Ultrasonic
Plating on Stainless Steel (AMS 5646)

Chromium Chromium-Molybdenum

‘e N FAL 13495
5.7X Magnification

Figure 276, Chromium and Chromium-Molybdenum FD 25274A

Plated Surfaces After 250 Hours of
Salt Spray Testing

The results of these preliminary tests clearly indicate that a chromium-
molybdenum alloy electrodeposit is generally superior to a conventional chromium
electrodeposit., Ultrasonic agitation used with the chromium-molybdenum alloy
plating appears to have merit in that the deposits appear to be free of cracks, ‘
denser, and more wear resistant.

2) Force-Wear Tests

Force-wear tests were required to screen the candidates for the preburner
oxidizer valve. The Materials Development Laboratory (MDL) coefficient of
friction machine, shown in figure 277, was adapted to enable the disk and rider
specimens to be immersed in liquid nitrogen.
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1. Disk Specimen
2. Rider Specimen

FAC 9305

FD 25275

Figure 277. Coefficient of Friction Machine

The disk and rider specimens were secured to the power shaft and transfer
shaft, respectively, of the friction machine and were immersed in liquid nitrogen.
The start of each test was delayed until nitrogen boil-off was minimal, A normal
load of 97 1b was then applied to the rider specimen and the disk was rotated at
a surface speed of 6 in. /sec as adjusted with the variable speed drive. Dynamic
friction force curves were obtained for each rider-disk combination at various
points during the 250 cycle test runs. Friction force curves were used to obtain
sliding friction coefficient data. Coefficients of friction were calculated by
dividing the friction force (1b) by the dead weight normal load (lb).

From the test program, summarized in table XXVIII, the following
conclusions were drawn,

Both the chrome (0.001 in, thick) and the molychrome

ll
(0, 0015 in. thick) plated disks running against uncoated
Berylco 25 (AMS 4650) rider specimens produced acceptable
wear characteristics.

2. The wear of the chrome plated surface was characterized by

light scratches while the wear of the molychrome surface was
characterized by a slight depression in the plated surface.
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3. No appreciable benefit in wear characteristics or reduction
in coefficient of friction was noted during testing of the
various lubrication coatings. A comparison of the wear
characteristics of the baseline configuration (0. 0001 in.
thick chrome) as compared to the 0. 001 in. thick chrome
and the 0, 0015 in. thick molychrome surfaces is shown
in figures 278, 279, and 280,

d. Piston Ring Pressure Balance Study
(1) General

During Phase I (Contract AF04(611)-11401) cryogenic endurance testing
of the preburner oxidizer valve, it was found that the lower piston ring wore
through the chrome coating of the main housing. An analysis of the pressure
loading effects of piston rings was made to determine if a piston ring redesign
to balance the loading would improve the wear characieristics. The analysis
was based on a procedure outlined in Engineers Piston Ring Handbook, Koppers
Co., Inc., which states that for a unit cross section of the ring, the axial force
per circumferential inch (FA) and the radial force (FR) can be determined from
the pressure distribution around the sealing surfaces. An illustration of this is
shown in figure 281. The determination of FR includes the static friction effects
from the axial sealing surface. A coefficient of friction {or Berylco 25 (AMS
4650) on either steel alloy (AMS 5735) or clirome plate in the presence of liquid
oxygen was assumed to be 0.25. A ratio of Fp/FR of less than 3.0 is desirable
to ensure that the piston ring will not bind on the axial sealing surface.

(2) Analysis Summary
(a) As Designed Upper Piston Ring

For a given pressure differential (Pg - Pr), the upper seal is loaded
radially at the following rate:

FR = 0.065 (PyH - Pp) lb/in. circumference,

At a pressure differential of 1000 psi, the radial loading of the upper seal is:

FRr = 0. 065 (1000) 1b/in, circumference,

FR =65 lb/in. circumference,
or, unit pressure, UP = 620 psi.

The upper piston ring demonstrated acceptable wear characteristics
during previous testing at a pressure differential of up to 1000 psi, Therefore,
a radial unit pressure of 620 psi and Fr = 65 lb/in. circumference, were used
as design criteria. This seal to housing loading was assumed to be satisfactory

providing the valve housing is chrome plated to 0, 001 in. maximum thickness
to approach the hardness of the valve sleeve.
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< A ;73553

Stainless Steel (AMS 5646) Disk With 0.0001-Inch Thick
Chrome Plate (PWA 48)

Berylco 25 (AMS 4650) Rider

Figure 278, Wear Characteristics of 0.0001 in. Thick FD 25590A
Chrome Plate (PWA 48)

L
| 30

AMS-5646 Disk With 0.091-Inch Thick " ***”
PWA 48 Chrome Plate

b}

AMS-4650 Rider M 75303

Figure 279, Wear Characteristics of 0,001 in. Thick FD 25591A
Chrome Plate (PWA 48)
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AMS-5646 Disk With 0.001-Inch Thick re 7ssse
Chromium-Molybdenum Plate

T

AMS-4650 Rider ¢t 7339

Figure 280. Wear Characteristics of 0,001 in, Thick
Chromium-~Molybdenum

_ Sleeve

Housing

PLow

Installation Configuration Piston Ring Pressure Distribution

FD 25267

Figure 281. Piston Ring Installation Configuration
and Pressure Distribution
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(b)y Reworked Upper Piston Ring

The rework configuration of the upper real recommended for the wear
rig tests at pressure differentials of up to 2000 psi is shown in figure 282, The

radial and axial loading conditions of the design are:

FR = 0.032 (Py - P;)
F, = 0,077 (Py - Pp)
Fu/Fp = 2.4
0.32 (Py - Pp)
0, 87

up

i

Therefore, for a pressure differential of 2000 psi:
FR = 64 1b/in.

UP = 736 psi

This unit pressure exceeds the maximum design criteria of 620 psi, but represents
the minimum value obtainable using existing hardware, without reducing the sealing

land below a minimum of €. 035 in.

(c) Reworked Lower Piston Ring

The rework configuration of the lower seal recommended for the wear rig
tests at pressure differentials of up to 2000 psi is represented by figure 282,
The radial and axial loading conditions of this design for complete seal to housing

contact are:

FR = 0.039 (Py - Pp)
FA = 0,090 (Py - Pp)

Fp/FR=2.3
_ 0.039 (Py - P1)
0.147

UP

Therefore, for a pressure differential at 2000 psi:
FR = 78 1b/in,

UP - 530 psi

294

.
s Mt e AR 5

et o, 1




0.200 in.

0.070 in.
0.018 in.

foa— (.0K35 in.
0.108 in

Sealing

Surface 0.018 in.

Sealing Surface

pin
L . Y e
).035 in, 30 deg (f‘.n!;g gu
45 deg : é LR |
| 031 in. 0.172 in.
=-=0.140 in.
45 deg
0.140 in.—l~—~

Upper Secondary Piston Ring Lower Secondary Piston Ring

Figure 282, Pressure Balance Piston Ring FD 24097
e. Cryogenic Testing
(1) Test Procedures

The preburner oxidizer valve rig illustrated in figure 283 was used to
evaluate the housing coatings and redesigned piston rings. Tests were
conducted on the B-22 test stand, which is shown in figure 284, The test
procedures were similar for all four tests except that for Rigs F-33458-7 and
-8 additional procedures were required to determine actuation force from the
specially installed strain gages.

Piston ring leakage was measured from the secondary discharge valve
through the heat exchanger with the primary discharge valve closed. The rig
was cold soaked with LN2 until the dome temperature was less than 180°R.
With the rig cold, the primary discharge valve closed, and the secondary
discharge valve opened, the rig was cycled with a sine wave input of 3 to 6 cps.
The cooldown procedures were repeated before each cycle set. The cycles
per set, stroke range, secondary differential pressure and valve position for
repeating piston ring leakage were recorded as shown in table XXIX,
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Preburner Oxidizer Valve Rig

Figure 283.
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Balence Piston Sesl Shutoff Seal

Leakage (BPSL) Leakage (88L)
*
8-22_ Piston Ring
Primary Bhnﬂ. Seal Rig Leakage Temp
Seal Leakage |Control 1 (C1) Flow- (PRLT)
(P8SSL) 0-1000 psig meter
Control 2 (C2) Fanel
0-1000 psig
Hydraulic Pressure In
A (HP1) Piston Ring
Actuator 0-3000 Secondary Vent Leakage (PRL)
poag Leakage (88SSL)
N . Hydraulic Pressure Out 3.-30
¥ r;l:\;::er ()ndnwr-\ (HPO) 0-300 ofm
0-1000 [ Purge PYE  gecondary
psig O GN2 p 0-1000 Discharge
peig Valve (SDV)
LN r—*—‘/— - Hex
Test Adapt e 1

0.750 in. Line —

iy — 4 L / J

LLNz Catch Tank L Primary Discharge Valve (PDV)

Figure 284. Schematic of Preburner FD 22151B
Oxidizer Valve Rig Test
Stand Installation

Table XXIX. Data Recorded During Tests

Cycle Cycles Stroke Range Secondary Valve*
Set (in.) AP Position

A 3334 0.470 + 0.050 1000 0.470

B 3334 0.580 + 0.050 1500 0. 580

C 3334 0.690 + 0,050 2000 0.690

*The valve positions for Rig F-33469-7B were 0.450 with AP of 1000 psig, 0.600
with AP of 2000 psig, and 0,750 with AP of 1500 psig. These points were set
because the primary port location did not allow a position below approximately

0. 400 in. valve stroke and because the secondary port gave a maximum approximate
valve position of 0.750 in. where the ports were uncovered thus providing a

leakage path and the required piston ring AP was unattainable,

(2) Cyclic Endurance Tests
(a) Rig F-33469-7B

Rig F-33469-7B had chrome coatings applied to the valve housing and the
sleeve, and had the lower and upper piston ring pressure balanced. The valve
housing had a 0.001 In. thick precision chrome coating that did not require
subsequent machining, The sleeve had a 0,001 to 0.0015 in. thick chrome
coating (per AMS 2406) that required machining to the final dimensions. The
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lower piston ring was pressure balanced to provide a unit bearing load of 500
psi at 2000 psid. The upper piston ring was pressure balanced to provide a
unit bearing load of 736 psi at 2000 psid. Figure 282 shows both piston rings
as they were after balancing. The valve was cycled a total of 10,000 cycles
and the piston ring leakages are shown in figure 285.

2

Nitrogen at 200°R A

3
g
i
E] 10
: © -~ 1wvo ar
o B IERELLY
g 5 A - 2000 AP
9 1 2 3 4 3 4 7 B 49 10 :
CYCLES (Thousands) j
Figure 285. Piston Ring Leakage on DF 62512

Rig F-33469-7B

Pretest and post-test views of the housing are shown in figure 286. The
post-test view shows a light BeCu plate as a result of the cyclic wear of the
lower secondary piston rings. Figure 287 provides pretest and post-test
closeup views of the housing area where piston ring wear occurred.

H 7590

Pretest Condition o 73080

Post-Test Condition

Figure 286. Pretest and Post-Test Condition FD 24098
of the housing

298




N 73380
. Pretest Condition

" 785

Post-Test Condition

Figure 287. Pretest and Post-Test Views FD 24099

of Housing Showing Piston
Ring Wear Area

The upper secondary piston rings wear area is shown in figure 288, The
wear pattern is characterized by a light dzposit of BeCu., The wear on the upper

and the lower BeCu piston rings is illustrated by comparing the pretest and
post-test conditions in figures 289 and 290,

N 75746 o 73857
Pretest Condition Post-Test Condition

Figure 288, Pretest and Post-Test Condition F1» 24077
of Sleeve Showing Wear from
Upper Secondary Piston Ring
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FE 78542 i FE 75054
Pretest Condition Post-Test Cond:tion

Figure 289. Pretest and Post=Test Condition FD 24100
of Upper Piston Ring

" 75888

Pretest Condition Pcst-Test Condition

Figure 290. Pretest and Post-Test Condition FD 24101
of Lower Piston Ring

A comparison enlargement of the housing in the pretest condition and the
three sets of wear patterns caused by the lower secondary ring are shown in
figure 291, The BeCu deposits from the cyclic endurance test were removed
from the valve and secondary sleeve by light polishing with sluminum oxide.




AP

1500 psi

1000 psi AP

Pretest

FD 24102A

Closeup Views of Main Housing Wear

Figure 291,
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®) Rig F-33469-8
The valve housing and sleeve for Rig F-23469-8 had chrome coatings

applird in the same manner as Rig F-33469~7B. The urbalanced upper and

lower piston rings, shown in figure 292, provided unit beariag loads of 1240 psi

and 990 psi, respectively at 2000 psid.

0.200 in.

[

.035 in.
l 3.375 in.
] . Gage Dia

0.148 in.
- . W
3.440 in. / U019 i,
Gage Dia % i o

Upper Secondary Piston Ring Lower Secondary Piston Ring
Figure 292, Unbalanced Piston Rings FD 24973
The rig was subjected to a 6666 cycle endurance test at LNy
The test was terminated after 6666 cycles because of insufficient actuation force

at the 2000 psi AP level. Piston ring leakages were measured with GN, at the
various valve positions and are shown in figure 293.

temperatures.

- 100 &
< 500 &r

- 1000 &7
« 1500 AP
- 2000 4P

pOBHO

O - . o)

-3
<

0 [4 ] 1 k] [ 5 4 ? E
CYCLES -Cl'hcunfm-) )
DF 65289

Figure 293. Piston Ring Leakage on Rig F-33469-8
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The overall pretest and post-test views of the housing shown in figure 294
shows a light BeCu plate resulting from wear of the lower secondary piston ring.
Figure 295 shows = pretest and post=test closeup of this wear area.

Pretest Condition Post-Test Condition

Figure 294. Pretest and Post-Test FD 24975
Condition of Housing,
Rig F-33469-8

Pretest Condition Post-Test Condition

Figure 295. Pretest and Post-Test Views FD 24976
of Housing Showing Piston
Ring Wear Area, Rig F~33469-8




The pretest and post-test upper secondary piston ring wear area Is shown
in figure 296. The wear pattern is characterized by a light deposit of BeCu.
The wear on the upper and lower BeCu piston rings can be seen by comparing
the pretest and post-test condition in figures 297 and 298, respectively.

Pretest Condition Post-Test Condition " '

Figure 296, Pretest and Post-Test Condition FD 24974
of Sleeve Showing Wear from
Upper Secondary Piston Ring,
Rig F-33469-8

T 76480 e 76500
Pretest Condition i Post-Test Condition
Figure 297. Pretest and Post-Test Condition FD 24977
of Upper Piston Ring, Rig
F-33469-8
304




FE 74282 o 6507
Pretest Concition Post-Test Condition

Figure 298. Pretest and Post-Test FD 24978
Condition of Lower Piston
Ring, Rig F-33469-8

() Rig F-33458-7

The Rig F-33458-7 valve housing had 0. 001 in. thick molychromic coating
applied without subsequent machining. The sleeve was chrome plated 0. 001
to 0,0015 in. thick (per AMS 2406) and ground to the final dimensions. The
unbalanced upper and lower piston rings, shown in figure 292, provided unit
bearing loads of 1240 psi, and 990 psi, respectively, at 2000 psi. The valve
was cycled a total of 10,000 cycles and the piston ring leakages are shown in
figure 299,

&5, Laskage at 140°R

m - scce (Thousands)

CYCLES - (Thoussnds)

Figure 299. Piston Ring Leakages on DF 65291
Rig F-33458-7
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The overall pretest and post-test views of the housing, shown in figure 300,
show a light BeCu plate resulting from wear of the lower secondary piston ring.
Figure 301 shows a pretest and post-test closeup of this wear area. The wear
pattern of the lower piston ring on the valve housing indicates a surface waviness
condition that compounded the apparent piston ring wear by increasing the unit

loading.

i 76438 H 77728

Post-Test Condition
FD 24979

Pretest Condition

Figure 300. Pretest and Post-Test Condition of
Housing, Rig F-33458-7

Post-Test Condition

Pretest Condition

Figure 301, Pretest and Post-Test Views of Housing FD 24980
Showing Piston Ring Wear Area,
Rig F-33458-7
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The pretest and post-test upper secondary piston ring wear area is shown
in figure 302, The wear pattern is characterized by a light deposit of BeCu,
The wear on the upper and lower BeCu piston rings can be seen by comparing
to the pretest and post-test condition in figures 303 and 304, respectively.

76840 27729
Pretest Condition Post-Test Condition

ek b IR 2 Lo s < e -

Figure 302, Pretest and Post-Test Condition of FD 24981 ;
Sleeve Showing Wear from Upper 1
Secondary Piston Ring, Rig F-33458-7

° M‘.‘““‘IWW‘W—»" e
.

® 77730
Pretest Condition Post-Test Condition

Figure 303. Pretest and Post-Test Condition of FD 24982
Upper Piston Ring, Rig F-33458-7
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L X444 ]
Pretest Condition Post-Test Condition
Figure 304, Pretest and Post-Test Condition of FD 24983
Lower Piston Ring, Rig F-33458-7

A K A 012 - - BBk 1t 1

The actuator shaft and the secondary sleeve shaft were strain gaged by -
the Material Development Laboratory of FRDC to determine force requirements

of the valve. The results are shown in figure 305.

6000 © Force To Open
] Force Yo Close
mhm Range During Test

b

ACTUATION FORCE -

Compression
H

T

g

Figure 305. Rig F~33458-7 Actuation Force Require- DF 65290
ments During Cycle Endurance




(d)  Rig F-33458-8

The valve housing and sleeve for Rig F-33458-8 had coatings applied in
the same manner as Rig F-33458-7. The balanced upper and lower piston rings,
previously shown in figure 282, provided unit bearing loads of 736 psi and
500 psi, respectively, at 2000 psid. The valve was cycled a total of 10, 000 cycles

and the piston ring leakages are shown in figure 306.

PI3TOR RINC LEAKACE ON RIC P-33438-9

= sces (Theusandy)

{BARAGE

GN, Leakage at 140°'%

B sov ar
© 1000 ar
Q 150 ar
A 2000 ar

°
° 1 2 ] [} 5 6 7 ] 9 10

CYCLES - (Thousssds)

Figure 306. Piston Ring Leakage on DF 65292
Rig F-33458-8

The overall post-test view of the housing shown in figure 306 shows a
light BeCu plate due to wear of the lower secondary piston ring. Figure 307
shows the post-test condition of the housing and figure 308 shows a post-test
closeup of this wear area.




Figure 307. Post-Test Condition of Housing, FE 78259
Rig F-33458-8

The post-test upper secondary piston ring wear area is shown in fig-
ure 309, The wear pattera is characterized by a light deposit of BeCu. The
wear on the upper and lower BeCu piston rings is shown in figures 310 and
311, respectively,

W.w,‘ X

The actuator shaft and the secondary sleeve shaft were strain gaged by
the Materials Development Laboratory of FRDC to determine force require-
ments of the valve. The results are shown in figure 312,

3. Translating Seal Rig F~33435

a. Int roduction

It was desired to reduce the seal package size of the preburner oxidizer
valve by eliminating one shaft seal and changing the seal configurationto a
Kapton-Teflon lip seal. To determine the best laminate for sealing translating
shafts, five 10, 000-cycle endurance tests were conducted.
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3000
2 22 222 22 Faece Raage Doring lust .
H
™ O raree to Open
O Foree wo Close .

2000

- 1o

1590

1000

ACTUATION FURCE

Tension ‘——-‘—'Camp ression
u .
<

500

[} »)0 1000 1500 2000

VALYE 3P - pai

Figure 312. Rig F-33458-8 Actuation Force Require- DF 65294
ments During Cycle Endurance ‘

b, Summary, Conclusions, and Recommendations

The KTTTK (a five layer laminate of Kapton and Teflon with the outer
layers being Kapton) laminate used in build 10B did not exceed the vent shaft
seal limit of 10 sccs as shown in figure 313; however, the same laminate tested
on Build 14 had wear of the Teflon inner layer. An additional laminate of
Kapton on the shaft should eliminate wear of the Teflon inner layer. The test
results obtained from Build 12, which was conducted with a KKTTK laminate,
were doubtful because of a one day delay that may have resulted in rig icing
and a boiloff problem. A laminate configuration of KKTTK is recommended
for application at the primary and vent shaft seal locations. The primary shaft
seal leakages are shown in figure 314.

A secondary test was conducted as Build 13B to determine the effect of
inlet pressure on leakages. As shown in figures 315 and 316 the irlet pressure
effect will be negligible,

Because of the high leakage shown in figure 317, a lip seal is not recom-
mended for the balance piston. The Omni-seal (glass- filled Teflon) tested
during Phase I (Contract AF04(611)~11401) had better wear characteristics
and lower leakage.
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Because of the high leakage shown in figure 317, an OD sealing lip seal is
not recommended for the balance piston. The ID sealing lip seal is designed so

it will seal around a shaft that translates through it.

This application provides

a uniform radial stretch about the surface where sealing is desired. In the
opposite application where the OD of a lip seal is used for the sealing surface,
the seal is held by the translating shaft and sealing is obtained on the housing
bore. The OD of the lip seal tends to gather and provide a scalloped sealing
surface. Therefore, ID sealing lip seals should be used for the balance piston

as well as the actuator shaft.
c. Hardware Description

{1) Translating Seal Rig

The translating seal rig was designed to evaluate lip seals for application

to high pressure, cryogenic translating shaft and piston applications. The rig

duplicates the preburner oxidizer valve shaft and housing configuration designed
during Phase I (Contract AF04(611)-11401). An exploded view of the rig is shown
in figure 318, The test rig is translated a total stroke of 1.375 in. at a rate of

1 cps by a pneumatically actuated piston.

(2) Shaft Lip Seals

Tests of this type seal in a rotary, 1 in. shaft seal rig at LN2 temperature
and 6000 psig GN2 pressure during Phase I (Contract AF04(611)-11401) showed

maximum primary and vent shaft (axial) leakages of 0.37 sccs and less than

0. 008 sces, respectively, after 10,000 shaft cycles.

Static (radial) leakages

were less than 1, 4 sccs. This sealing effectiveness allows a reduction in the

number of seals required for shaft sealing and eliminates separate static seals

in the seal package because the lip seal seals radially as well as axially,

Figure 318. Translating Seal Test Rig
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Scaling down the rotary lip seals resulted in a 1, 098 in, OD, 0, 600 in, ID,
0.025 in. thick seal of laminated layers of 0.005 in. FEP Teflon and 0,005 in,
Kapton, The stacking of these materials was varied during testing to determine
the best combination.

The shaft seal package is illustrated in figure 319, The primary seal
antiextrusion backup leaves 0.001 in. clearance between the seal gland and
the shaft. The secondary seal is forced against the shaft by the primary gland
configuration, thus, acting as a bearing for the floating seal package. This
prevents metal-to-metal contact between the primary gland and rig shaft.

St nkns Sted
Sement (AMS 5646)

(0.008 Seal Compression)

‘-— 0.016 (Typ)

Hrvdeo 25

High R
Pressure T

0.027

Brydeo 25 (AMS 46590
Searl Gland

High Pressure
0.0317 . ‘

L Chrome Plate Per Lamer (1.016 (0.009 Seal
- AMS 2406 0.160-4 Compression)

0.001 To 0.0015 Thick '
Ralance Piston Lip Ses!

SHAPFT LIP SEAL PACKAGE BALANCE PISTON LIP SEAL PACKAGE

Figure 319, Shaft Seal Package FD 24331C
(3) Piston Seal Package

The initial design dimensions of the piston lip seal were 0,715 in. OD,
0.353 in, ID, and 0.025 in. thick, Material was laminated FEP Teflon-Kapton.
The piston seal package is illustrated in figure 319. The sleeve shown in fig-
ure 319 was added to give the seal a backup during forming and force the seal
against the segment bore so that it acts as a bearing and prevents the seal
gland and shaft piston from making metal-to~-metal contact with the segment
bore.

d. Seal Laminate Fabrication

The lip seals are fabricated from FEP Teflon and 500F-131 Kapton 0. 005 in,
thick sheet stock. The 500F~131 Kapton consists of a 0,003 in. sheet of type F
Kapton with 0,001 in. thickness of kP Teflon on each side. The following pro-
cedure outlines the fabrication process:

1. Individual seal laminates are cut with a 2.5 in, diameter
~ cutting tool.

2. The laminates and molding tools are sonic cleaned in tri-
chlorethylene at 630°X,

3. The desired laminate stackup is placed in a mold housing
as shown in figure 320. TFE Teflon sheet stock 0,005 in.
thick is placed between the individual seals and the mold
housing to prevent bonding,
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4, A weight is placed on the mold plunger to provide 10 psi
unit loading, and the seals are haked at 985°R + 10°R for

1 hour.

5. The seal blanke are removed and separated by peeling off
the TFE Teflon separators. Individual seals are then cut
by dies.

HHERIILIT 111 1S

' / Separators

Vent Mold Housing

Figure 320, Lip Seal Mold FD 24092

e. Endurance Tests

Five 10, 000 cycle endurance tests were conducted to evaluate the laminated
lip seals, The test results are summarized in table XXX, A coding is used to
identify the seal configuration. A KTTTK laminate is two 0.005 in. thick sheets
of Kapton and three 0. 005 in. thick sheets of Teflon. The material next to the
dynamic sealing surface is identified first,

Table XXX. Summary of Test Results

Test Number Seal Maximum leakage Scal Wear After Number
Configuration Recorded During Test (sces) Test (grams) {
Balance Primary Vent Balsnce  Primary Vent Balance Primary Vent Cyeles
33435-10A KTTTR KTTTK KTTTK Terminated Test Terminatd Test
33435-108 KTTTR KTTTK KTTTK 3400 8 2.4 0,00127 0,0027)5 0.000701 10,000
33435-11 TTK TTTRKK TTTKK 2100 660 200 9,001646 0.00029 0O,000731 10,000
33435-12 KTK KKTTK KKTTh 1080 70 28 0.0110685 0,00734% 0,00094) 10,000
3343513 KTV KTT KTT 1800 140 11.5 0.007721 0,001625 no wear 10,000
33435-14 KTk RTTTK KTTTK 2100 1350 4 0,007877 0.00%07% 0,002012 10,000

The maximum allowable vent seal leakage (8 10 scos.  Balance piston and primary seal lcakages are vemed to controlied arcas.
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(1) Build 10B

This build incorporated the same seal construction and iaminate used in
Build 10A; however, the balance piston seal had an increased seal lip.

A total of 10,000 shaft cycles and 500 pressure cycles with the rig at LNg
temperatures was completed. The rig inlet pressure was maintained at 5900 to
6000 psig GN2 except during pressure cycling. The leakages from the test are
corrected to a nominal 6000 psig inlet pressure and are shown in figure 321.

Teardown inspection revealed the following:
The primary shaft lip seal had fatigue cracks and slight wear

1.
on the lip, as shown in figure 322,
2. The vent shaft lip seal exhibited little wear, as shown in
figure 323,
3. The balance piston lip seal exhibited little wear, as shown
in figure 324.
2) Build 11

The primary and vent seals tested were TTTKK and the balance piston
seal was TTK. The balance piston seal incorporated a thinner seal laminate
and an increased seal lip as compared to the configuration tested in Build 10B.

A total of 10,000 shaft cycles and 500 pressure cycles with the rig at LNo
temperatures was completed. The rig inlet pressure was maintained at 5900 to
6000 psig GN, except during pressure cycling. The leakages from the test are
corrected to a nominal 6000 psig inlet pressure and are shown in figure 325.

Teardown inspection revealed the following:

The primary shaft lip seal showed moderate wear. (See

figure 326.)

2. The vent shaft lip seal showed slight wear. (See figure 327, )

The balance piston lip seal showed very little wear. (See

figure 328.)

3) Build 12
The primary and vent seals tested were KKTTK and balance piston seal

was KTK.

A total of 10, 000 shaft cycles and 500 pressure cycles with the rig at LNy
temperatures was completed. The rig inlet pressure was maintained at 5900
to 6000 psig GN2 except during pressure cycling. The leakages from the test
are shown in figure 329. At 7000 cycles the test was stopped and the rig allowed
to warm to ambient, When the test was resumed, a step increase in the balance
piston leakage was observed, which may have been caused by icing in the rig.
At some points the vent leakage was above primary leakage indicating boiloff

in the vent lines.,
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Figure 324. Balance Piston Lip Seal After Test
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Figure 326, Primary Shaft Lip Seal After Test FE 75904
of Build 11
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A teardown inspection revealed the following:

1. The primary shaft lip seal showed moderate wear. (See
figure 330,)

2. The vent shaft lip seal showed slight wear. (See figure 331.)

3. The balance piston lip seal showed moderate wear. (See
figure 332.)

(4) Build 13
Al} scals tested were KTT laminate.

A total of 10, 000 shaft cycles and 500 pressure cycles with the rig at LNg
temperatures was completed. The rig inlet pressure was maintained at 5900
to 6000 psig GN2 except during pressure cycling. The leakages from the test
are shown in figure 333, Balance piston seal leakage shows a degradation as
a function at cycles indicating the affects of wear. Vent seal leakage exceeded
the 10 sces limit at only one data point during the test.

A teardown inspection revealed the following:

1., The primary shaft lip seal showed moderate wear. (See
figure 334.)

2. The vent shaft lip seal showed slight wear. (See figure 335,)

3. The balance piston lip seal showed heavy wear. (See fig-
ure 336.)

(5} Build 14
The primary and vent shaft seals tested were KTTTK and the balance piston
was KTK. This test was conducted with the stand configuration as shown in fig-

ure 337. The test procedure prevents a buildup of liquid in the seal vent lines
by maintaining a vacuum on the lines at all times,
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Figure 332. Balance Piston Lip Seal After Test of FE 764717
Build 12
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Figure 336. Balance Piston Lip Seal After Test of FE 77098
Build 13

Submerge Heat Exchanger Coil
in LN, Tub to Assure 140°R LN;
at Rig F-33435-14 Inlet

Rig F-13435-14
Primary
Vent ]
GN, Inlet
Static

Vacuum Manifold

Flowmeters

Vacuum
Pump
Q
O
‘ Atmos

|

) J L
Mamfuldj Warthington

1 Rectprocating Pump

|

Figure 337, Plumbing schematic for Testing Build 14 FD 24986A
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f. Test Summary

A total of 10,000 shaft cycles and 375 pressure cycles with the rig at LNg
temperatures was completed, The rig inlet pressure was maintained at 5900 to
6000 psig GNg cxeept during pressure eycling. The pressure cycles at the
8000 cycle point were omitted because primary lip scal leakage wus excessive
{above 5000 scces) during pressured cycles.  Scal wear produced some shredded
material that lodged between the sealing surface and shaft during pressurce
cycling. The leakages are shown in figure 338,

A teardown inspection revealed the following:

1, The primary shaft lip seal showed heavy wear. (Sce fig-
ure 339.)
2. The vent shaft lip seal showed slight wear. (See figure 340.) '

3. The balance piston lip seal showed heavy wear, (See figure 341.}
4, Static Scals .
a. Introduction

During seal rig, component, and staged combustion rig testing conducted
during Phase I (Contract AF04(611)-11401), excessive overboard static seal
leakage was experienced. The measured overboard primary seal leakage at
maximum thrust during the staged combustion rig test firings was equivalent to
an impulse loss of approximately 2 sec, and some additional uncontrolled over~
board leakage was visible, Static pressure tests on the main chamber oxidizer
valve indicated 'hat the leakage problem was aggravated by excessive flange
separation and inadequate static seals,

During this report period, under the current demonstrator engine design
program, hydrostatic test rigs with high~-pressure joints were designed and
tested. These rigs did not incorporate double seals with interseal vents because
of the attendant weight penalty, The design goal for the rigs was for zcro axial
deflection at the seal diameter with 7500 psig internal pressures at liquid
nitrogen temperature. Neither of the hydrostatic test rigs met the deflection
criteria, but agreement with finite element computer program predictions was
satisfactory. The computer program model was improved to provide a good
stress and deflection analysis capability for the seal rigs to be designed under
the component development phase <f this program.

b. Summary, Conclusions, and Recommendations
Supporting data for satisfactory seal rig design was accomplished during

this phase. The finitc element computer program, as adapted to coupling
analysis, will be satisfactory for optimizing coupling flanges.
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Figure 341. Balance Piston Lip Seal After Test of FE 73205
Build 14

It is recommended that static seal test rigs be designed for the minimum
deflection consistent with the demonstrator engine weight goals. The finite
clement computer program should be used to analyze all demonstrator engine
flanges to limit deflection to the values selected for the static seal test rigs.

C. Design Analysis

During this subtask, the primary effort was cxpended on obtaining in-
formation for a high pressurc static seal rig design. Several initial configura-
tions were sketched for specialized flange and seal combinations before calcula-
tion difficultics indicated that design effort should he concentrated on basic
coupling configurations with analysis dirccted toward minimum weight and deflec-
tion with demonstrator engine materials.

A 6 in. diameter aluminum (AMS 4127) pipe coupling was chosen for
analysis because of its relatively poor deflection characteristics 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




The configurations that were considered are shown as sketches

was completed.
Basic ground rules for the analyses were as follows -

A through E, in figurc 342,
Standard design criteria for the engine with regard to allow-

1.
able stresses, weight, ete., were to be followed,

2, Pipe and coupling designs were based on stress limits for
axial (blowoff) and hoop loads only. No vibration or mechani-
cal bending load factors were added.

3. All couplings werc assumed to have a perfect seal (not deflec-

tion limited) at the coupling inside diameter.

The results of the coupling spring rate deflection calculations, as shown
in figure 343, indicated that increasing the number of bolts had a minor effect
«n bolted coupling coverall spring rate, whereas weight increase was significant.
Calculations to determine the initial clamping load required for each of the
couplings to provide and maintain a minimum of 460 1b/in. seal load at 7500 psi
resulied in the clamping load to blowoff load ratio (F¢/F A) values shown in
figure 342 (sketches A through E). Aside from the impracticality of attempting
to obtain such high clamping loads, the numbers indicated thai some method of

improving the clamping load transfer to the seal area was required,

Bolts & Nuts Bolts & Nuts Pins & Clamp

(A) Large Bolt | (B) Small Bolt |(C) Pinned Joint { (D) Double (E) Clamped
Thread Nut i
- - =
S r —-—=']=— :
Wt 22 to 28 1b We 18.1 to 20.3 1b Wt 25.9 1b Wt 17.3 b wet 26,4 1b t
Ke 0.067 to 0.065 {n.] Kc 0.058 to 0.05) in.} Kc¢ 9.018 tn. Ke 0.015 in. Ke 0.038 to 0,045 in, i
Fc/Fs 7.6 to 25.8 Fc/Fa 8.8 to 16.5 Fc/Pa -- Fc/Ps 10.6 Fc/Fs 29.6 ‘:
Inconel 718 Inconel 718 Inconel 718 Inconel 718 Inconst 718 _
(WS 5663) (AMS 5663) (AMS 5663) (AMS 5663) Nut (AMS 5663)
Clamp & Bolts ;

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

Thread Nut
Thread Nut R"r::d Fncl: ﬁc.
_/“"TEI_ _/TL____ 4 b —~—

Reduced Deflection

e

Simple Beam load

Heavier than (D) Cantilever Beam Cantilever Baam
load transter to load transfer from transfer from Bolt at Seal
Hore deflection Sesl Bolt to Sesl to Seal

than (D)
All calculations for 6-in. ID, o inch long open end aluminum (AMS 4130) pipe coupling.

FD 25605A

bt o,

Figure 342, Coupling Configurations

Sketches F through I in figure 342 show some methods of providing this
seal force, while sketch J shows a pressure assisted coupling intended to main-
tain seal load when flange deflectlion is present. Another method, not shown, F
of providing more effective seal loading would be to move the seal closer to the f
clamping load circle. In this case, part of the improved load transfer advantage
would be lost becausc of the increased blowoff load. No detailed analyses of
these or other variations from standard flat flange couplings have been completed,
so no clear choice of coupling type for high pressure test was possible. The
apparently obvious advantages and disadvantages of each coupling type for engine
application were considered, and the small bolt flanged coupling was selected for
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detatled analysis and initial seal rig design. Analysis required for optimizing
the flange configuration or secal location to provide satisfactory seal load charac-
teristics over the full pressure range was undertaken as primary effort.

0,030

'
1. L ta 153 in | A Ly AUl 2022 ) P 26 N N in

Figure 343. Predicted Coupling Deflection at Seal DF 68872
vs Weight

A study computer program was developed to analyze proposed coupling
rig designs for stress and deflection characteristics. Initial rig designs were
found to be unsuitable for the intended application., A 6 in. aluminum hydrostatic
coupling stress and deflection test rig was then designed to evaluaie tihe computer
program predictions. Concurrently, a finite element computer program developed
for disk analysis was modified for coupling analysis.

A reanalysis of the hydrostatic aluminum coupling layout using this deck
on the IBM 360 computer resulted in lower predicted maximum flange stresses
and higher deflections than the previous program,

Cantilever and simple beam flange seal loading schemes were then analyzed
using the computer programs. This analysis indicated that the cantilever design
would be lighter than the simple beam designs for the same deflection limit. A
cantilever flange rework of the initial flat faced flange test rig was designed and
added to the test rig layout.

As testing of the hydrostatic rig progressed, the computer programs were
revised to improve agreement with the test results,

An additional flange design analysis based on shear center theory was com-
pleted. The application of this theory is that the load must pass through the
shear center, or center of flexure to prevent twisting. Preliminary calculations
indicated that the shear center design would improve flange stiffness but would
probably be more bulky than a conventional flange design, Further analysis of
the shear center flange design calculations indicated that effective coupling weight
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reduction by removing flange material that is not highly stressed may be possible
without significantly affecting flange stiffness,

d. Testing
(1)  Flange Yests

Hydrostatic flange test rig housings and bolts were procured and delivered
to the Materials Development Laboratory for assembly and testing., Rig 35120,
Build 2 (Build 1 was used to test imain chamber oxidizer valve inlet and outlet
flange seals) was assembled as shown in figure 344, Stresscoat was used to
determine strain gage locations. Sixteen biaxial strain gage roscttes were in-
stalled on the interior and exterior of the test rig according to the stresscoat
patterns (figurce 345). Preliminary Materials Development Laboratory tests in-
dicated that X-ray inspection would be [easible to determine flange separation
during the hydrostatic tests. A review of the X-ray techniques revealed that
separation at various radii could be measured if actual separation was known at
one or mre points, Consequently, magnetic proximity probes (figure 346) were
used to determine housing deflections at two points. The hydrostatic test rig
was then assembled for testing. Six of the coupling bolls were strain gaged and
calibrated for strain at the required load., All other holts were then torqued
sufficiently to obtain thc average stretch obtained for the instrumented bolits.
Assembly torque variation was too great to be useful for specific load applica-
tion. During the test, rcadouts from all internal strain gages were lost due to
potting material creep. The external strain gages and the proximity probes
operated satisfactorily.

Figurc 344. Flange Test Rig FE 78045
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Figure 346, Magnetic Proximity Probe Locations FD 25607
Rig 35120-2

Maximum axial tensile siress ot 58,200 psi (0.9% strain) occurred in the
flange radius at strain gage rosette location 11 (figure 345) under 5300 psig
internal pressure. Maximum axial tensile stress of 31, 700 psi (elastic) occurred
in the straight wall section at strain gage rosette location 6 under 5300 psig in-
ternal pressure. Hoop stress at this point was 25,000 psi tension. The flanges
began to separate at 2500 psig Internal pressure where internal pressure blowoff
load was approximately 25% of the assembly bolt load. Maximum flange
separations at the inside diameter wall and seal groove were 0.025 in. and
0.018 in., respectively, under 5300 psig internal pressure.
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The hydrostatic test rig data indicated reasonably good agreement with the
finite element computer program predictions for both stress and deflection as

shown in figure 347, 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 a cantilevered flange coupling.

Test Resultw
O Axtel Stress
9 Q Houp Stress
[ %
p i
w 2
£ Q
Iy
o~
"
a
\ rredicted

Jioop Stress

N
<

STRENS

redicted
10 Axial Stress

Strain Gage 6 7 8 10
Locacions

0 1.0 2.0 3.0
AXIAL LOCATION - in.

Figure 347. Finite Element Computer DF 68871
Program Predictions

The hydrostatic test rig flanges were reworked to the cantilevered design
configuration for Rig 35120-3. Sixteen strain gages and six proximity probes
were installed, as shown in figure 348, and the rig was assembled for test.
Hydrostatic pressure testing was conducted at ambient temperature up to
5300 psig. Bolt loads were nearly constant and deflection at the inside diameter
was essentially as predicted by the finite element program (figure 349).

Maximum indicated axial tensilc stress (above yield) occurred in the flange
radius at strain gage rosette location 5 (figure 348). The flanges did not separate
under 5300 psig internal pressure but pivoted at the raised face outer diameter
so that deflection at the seal diameter reached a value of approximat: !y 0,004 in.
Maximum flange separation at the inside diamc.ter wall was 0.008 in. at this

pressure.
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No. 6
No. 5 N4 No. 3

47

034 ) - ] : i
! Y No. 2

] 0.156
No. 1 i
B Proximity Probe 0312 =
O Strain Gage
f=- 1.000-
Strain Gages 1, 2, 3, 4, 5, 7, 8, 9 Located Between Bolts 27 and 28
Strain Gages 10, 12 Located Between Bolts 28 and 29 - - 3000 -

Strain Gage 6 Located Between Bolts 26 and 27

o B0 ~)—~’J
Sirain Gages 11, 13, 15, 17 Located Between Bolts 12 and 13
Strain Gage 16 Located Between Bolts 11 and 12

Proximity Probes 1, 3, 5 Located Between Bolts 20 and 21

Proximity Probes 2, 4, 6 Located Between Bolts 5 and 6

Figure 348. Instrumentation Locations Rig 35120-3

FD 25608

Review of the stress, load, and deflection curves for the cantilevered flange
hydrostatic pressure test rig revealed that maximum surface stresses (below
yield) near the flange were still somewhat below the finite element program pre-
dictions but agreement was improved as shown in figure 350, Both bolt loads

and proximity probes indicated flange separation was imminent at the maximum
pressure applied but holt load was nearly conrstant up to that point. Bolt loads
were then reduced to approximately 4000 pounds and the rig was pressurized to
3800 psig,

Bolt loads remained essentially constant up to 3000 psig and calcu-

lated joint efficiency (blowoff load/bolt load) was cssentially the same as in the
previous test,
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