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SUMMARY

The objective of this program was to retrofit a Mark 48 fuel turbopump with hybrid
hydrostatic/ball bearings and to demonstrate hybrid bearing feasibility and per-
tormance through turbopump testing. Requirements tor future space maneuvering
missions have indicated the need for the improvement in operational life of smalil
high-speed liquid hydrogen turbopumps. The mission requirements dictate long life
operation at high speeds and with many starts. Of major concern is the loung-~life
reliability of conventional ball bearings when subjected to these operating condi-
tions. The hybrid bearing was developed with the intent of having the capacity to
operate as a conventional bearing and carry axial thrust and radial loads of the
shaft during turbopump transient startup and shutdown while being able to utilize
the hydrostatic bearing at high speeds with the ball bearing outer and inner races
rotatfug with the shaft, This solid body rotation, while operating as a hydrostatic
bearing at high speed, would reduce ball bearing wear and extend overall bearing
lite. The specific objectives of this program were to design, analyze, and fabri-
cate hybrid bearings and modify the Mark 48-F turbopump for operation with them.
The additiounal objective was to test the turbopump with the bearings using both
external and internal (pump supplied) hvdrostatic bearing supply fluid.

At the beginning of the program, an analytical study was made to determine the
predicted operating characteristics of the hybrid bearings and the critical design
dimensions of hydrostatic bearing clearance and orifice size. Also required were
decisions as to where the hydrostatic bearing fluid supply would be taken from the
pump in the internally supplied mode. Hydrostatic bearing performance predictions
were made for direct and cross-coupled stiffness and damping characteristics as a
function of turbopump speed and supply pressures. The analytical predictions
availablie were used for turbopump rotordynamic analysis te determine critical
speed, stability, and response oi the rotor within the turbopump housing. The
sprin; rate of the turbopump housing coupled to the rotor was included in the
analvets, This was done using the advanced superposition methods developed for
high-speed turbopump vibration analysis developed early in the program as a part of
this contract 2i1tort. The objectives and resulrs of that study have been reported
in CR-15970, "Interim Report - Advanced Superposition Methods for High-Speed Turbo-
pump Vibration Analysis,” May 1981.

The rotordynamic analysis of the turbopump provided interesting operational pre-
dictions., The hydrostatic bearing pressure and flow supplied by the turbopump
increases as pump speed increagses, which causes the hydrostatic bearing stiffness
to increase with an attendant increase in critical gpeed, This results in the
natural frequency of the rotor tracking the rotor speed. Changes in hydrostatic
bearing parameters (clearances, orifice size, and supply pressure levels) uvere
tound analvtically to shift the natural frequency of the rotor. It was found that
supply pressure levels held constant with speed change at or below the pressures
consistent with the pump-supplied pressure caused the rotor natural frequency to



be constant. The results did indicate that with a wide range of supply pressures
and some design latitude the critical speed and stability of the rotor can be
controlled on the turbopump.

The design of the hybrid bearings and the turbopump modification was completed.
The turbopump was carefully assembled with emphasis given to dynamic balancing

of the rotor. Procedures for rotor assembly and balancing were developed to
minimize the imbalance changes during rotor housing assembly. The asseubled
turbopump was installed in the Advanced Propulsion Test Facility at the Rocketdyne
Santa Susana Field Laboratory. A large amount of instrumentation was incorporateil
on the facility and turbopump to record dynamic and steady~-state operating charac-
teristics including shaft radial and axial motion. A pressure control system was
developed and installed to simulate pump-fed (internal) flow supply pressure to
the hydrostatic bearings or other selected pressure profiles as a function of shaft
speed. The supply temperature, pressure, and flowrate were measured for all test
conditions. The turbopump was operated in 15 tests for a total test time of 1,261
seconds of shaft speed rotation. Maximum shaft speeds in excess of 9,110 rad/s
(87,000 rpm) were achieved. During the tests, the pump~end hydrostatic bearing
cartridge speed followed and matched shaft speeds up to approximately 7,330 rad/s
(70,000 rpm). Above that speed, the pump-end cartridge speed lagged shaft speed.
This always occurred with a condition of high casing vibration levels and shaft
orbiting amplitudes. Thke turbine-en. bearing did not generally rotate with the
shaft speed due to end-play restrictions imposed on it by the basic turbopump
design. The tests were run using externally supplied liquid hydrogen to the bear-
ings during one test series and pump-fed liquid hydrogen to the bearings on another
test series. High vibration levels were observed at high-speed operation and sub-
synchronous instability occurred on two high-speed tests at the end of the test
series.

The test data were reduced and reviewed in detail. The results were coupled
with the results of the turbopump disassembly and component inspection. The
conclusions from the test results are that the turbopump has proven it can
operate with hybrid hydrostatic/ball bearings at high-speed levels. The test and
analysis experience points out the need for the ability to accurately predict

the dynamic coefficients of thehydrostatic bearing to accurately determine the
hybrid bearing operating conditions required. This will allow the ybrid bvearing
to operate where, with proper controls, the rotordynamic conditions are favorabie
to the turbopump for quiet, smooth operation. The problems inherenr with

design of hybrid bearings for turbopump operation have been closely :xplored
during this study, and solutions to many of these problems were determined.

It is recommended that further study be made in specific areas of hydrostatic
bearing technology so implementation of the hybrid bearings into turbopump
designs can be accomplished.



INTRODUCTION

Vehicle requirements for future space maneuvering missions indicate the need

for development of small, high-pressure liquid hydrogen turbopumps These
missions require high-speed operation for a long life, with many starts in a

unit of minimum weight and envelope. A small, high pressure hydrogen turbopump
has been designed, fabricated, and tested by Rocketdyne under NASA-LeRC direction.
The objective of this program was to retrofit a Mark 48-F turbopump with the
objective of extending the state of the art by demonstrating, through testing,

the ability of the turbopump to operate with hybrid hydrostatic/ball bearings.

Prior effort by Rocketdyne on the small, high-~pressure hydrogen turbopump,

under the direction of NASA-Lewis Research Center (LeRC), was acco.plished under
Contracts NAS 3-17794 and NAS 3-21008 (Ref. 1). Past efforts included fluid
dynamic and mechanical analysis and design to produce a liquid hydrogen turbo-
pump for a 20,000-pound-thrust staged-combustion cycle engine for orbital trans-

fer vehicle applications. The turbopump design developed is the Mark 48 fuel
turbopump which contains three centrifugal shrouded impeller stages preceded by

an axial inducer (Fig. 1). The impeller stages are followed by internal crossover
passages and a diffuser and volute on the final stage. The turbopump is driven by
a two-stage axial flow reaction turbine driven by hot combustion products of
hydrogen and oxygen. The design speed is 9,948 rad/s (95,000 rpm).

Three test series had previously been performed on the turbopump with several

design modifications developed between test series. These include design cianges
from a scroll-type inlet to an axial inlet with added inducer stage and opening

up the first-stage impeller eye for improved suction performance. Tests speeds

to 9,739 rad/s (93,000 rpm) and pump discharge pressures to 2885 N/cm2 (4,182 -7 )
have been achieved, using gaseous hydrogen as the turbine drive fluid. Exce

suction performance has been shown with measured head rise and isentropic ef. ncy
higher than predicted., On the last test serles, a resonant condition was foun? at
approximately 9,634 rad/s (92,000 rpm), causing unacceptable vibration levels
limiting further testing at design speed.

The program plan of this study was defined in two basic phases. The first phase
consisted of one technical task and a reporting task. The vibration analysis task
consisted of preliminary "ringing" or rap testing of the turbopump rotor and the
assembled housing without the rotor to determine the resonance characteristics
(frequencies and mode shapes) of each assembly. A modal analysis was used to
determine the cause of the resonance condition. An interim report summarizing

the results was published following the vibration analysis program (Ref. 3).

The second phase of the contract, which is reported herein, consisted of design,
analysis, and modification of the turbopump to incorporate hybrid hydrostatic/ball
bearings in both the pump and turbine~end bearing packages. The completed
turbopump configuration was assembled and tested and the data analyzed to
demonstrate the capability of the bearings to operate effectively within a
turbopump.
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As early as 1969, a hybrid bearing was tested by Rocketdyne to a speed of 2,870
rad/s (27,400 rpm) in Freon 12. The major analytical and test aciivity occurring
in the study of hybrid hydrostatic/ball bearings has been that of the NASA-Lewvis
Research Center. Through the 1970's to the present, hybrid bearing designs were
tested at NASA-LeRC and the basic configurations developed there and at MTI (Ref.
2) were helpful in selecting the bearing design for these turbopump tests. A major
achievement made during the period of study was the development of analytical
models to predict hydrostatic bearing behavior and stiffness and damping coef-
ficients. At present, only the data from the tests of NASA-LeRC are.available to
correlate with the analytically predicted direct stiffness. Programs to directly
measure the direct stiffness and damping are in progress in a test and analysis
program at Rocketdyne sponsored by NASA-LeRC, Contract NAS 3-23263, and entitled
"SSME Long-Life Bearing Program.” During the program repcrted herein, it has been
evident that accurate prediction of the hybrid bearing dynamic coei.ficients are
required to utilize hybrid bearings in high-speed turbomachinery and control the
critical speeds and rotordynamic stability. A significant bene“icial product of
the hydrostatic bearing is that there is some degree of stiffness and damping
control simply by changing supply pressure to the bearing. This can be done easily
during operation without requirements of access to the bearings or rotor for mechan-
ical adjustments.

The benefits of using hybrid bearings within a high-speed turbopump are readily
recognizable in extended bearing life and start capability. Present high-speed
turbopump designs are prevented from achieving minimum size and weight and maximum
efficiency by shaft speed limitations. With the development of the hybrid bearing,
the ceiling on shaft speed and bearing DN values for reliable operation will be
removed and the turbopumps capability and efficiency per unit weight will be
enhanced greatly. The purpose of this study was to determine the feasibility of
operating with the hybrid bearings in a high-speed turbopump. The results of the
study indicate that although some technology is limited, it can be developed and
the hybrid bearing design concept has great merit in meeting the objectives of
higher speed, smaller, more efficient, and reliable turbomachinery.






DISCUSSION

HYBRID BEARING DESIGN

The design of the hydrostatic bearing packages was incorporated into the Mark 48
fuel turbopump (Fig. 1 and Appendix A). This was coordinated by a design study
that determined the configuration requirements of the hydrostatic bearings and
how to incorporate them into the existing turbopump envelope. A hybrid
hydrostatic/ball bearing design had previously been developed for testing by
NASA-LeRC and MTI (Ref. 2). A review of the basic design of these bearings was
made and it was determined that the basic configuration of the bearings should
be utilized in the turbopump. This would provide a solid data base for correla-
tion between the MTI hydrostatic bearing performance predictions, NASA-LeRC test
data, and the independent Rocketdyne performance analysis. The turbopump tests
would provide dynamic performance data that could be correlated back to dynamic
performance predictions based on the combined data base. After a review of the
available data, the basic ground rules for the hydrostatic bearing design were
agreed upon by Rocketdyne and NASA-LeRC Project Management.

The ground rules agreed upon for the conversion of the existing Mark 48 fuel
turbopump with conventional ball bearings to the hybrid hydrostatic/ball bearing
configuration was as follows:
° Maintain basic MTI design of details
NASA-LeRC test configuration data available
Duplicate basic pad and orifice configuration
) Utilize materials agreed upon

Journals and bearings - Inconel 718; thin dense chrome-plated
journals

Silver plating on bearing inside diameter (bearing surface)
Axial stops on turbine bearing - Bearium B-10

Armalon cages on ball bearings

° Design must allow conversion back to ball bearing configuration
. Use special care in rotating assembly balancing
° Instrumentatlon requirements were defined for

Pressure

Temperature

Axial and radial position
Shaft and journal rotating speed

The basic design details of the hybrid hydrostatic/ba.l bearing was to generally
match that of the NASA-LeRC test bearing configuration. The pad and orifice
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configuration and number would duplicate that previously tested. This pad
configuration is given in Fig. 2. The bearings and journals were made of Inco-
nel 718 to match the material of the turbopump housings. The rotating journals
were to be ground and then plated with thin, dense chrome and the static bear-
ing surfaces were to be plated with silver from 0.025 mm (0.001 inch) to 0.102 mm
(0.004 inch) thick. The axial stops on the turbine bearing for transient axial
thrust control were fabricated of a lead impregnated bronze alloy designated as
Bearium B-10. The modifications to the turbopump were also to be made to allow
conversion back to the conventional ball bearing configuration if required.

The selection of the orifice size and the hydrostatic bearing clearance was
determined 'y hydrostatic analysis and the effects of these two parameters on
bearing stiffness and damping. These parameters were used to extend the analysis
to determine critical speed and dynamic response and stability of the rotor sys-
tem. A wide range of operating diametral clearances from 0.0152 mm (0.0006 inch)
to 0.061 mm (0.0024 inch) were considered in the selection process. The orifice
size was dictated by the requirement to have the pressure ratio (fluid film pres-
sure drop to the overall pressure drop) value of between 0.3 and 0.6 through the
range of operating speeds and conditions. This analysis will be discussed fully
in a later section of this report.

The basic features of the pump-end bearing package modifications for the Mark 48
fuel turbopump are shown in Fig. 3 and 4 in two separate views. The pump-end
bearing flow supply enters two radial supply tubes (Fig. 3) to feed the circular
hydrostatic bearing manifold over the bearings. The flow then enters through

2 rows of 10 orifices each, equally spaced around the bearing, and drops into the
bearing pad. It is then distributed into the fluid film of the bearing-to-
cartridge interface and flows axially outward to discharge into the cavity on
either side of the bearing. The discharged flow is drained overboard in the
bearing flow discharge lines (Fig. 3). The shaft speed is measured by a magnetic
speed sensor (Fig. 3). The radial position of the shaft is recorded by two
radial position transducers angularly spaced 90 degrees apart (Fig. 4). Journal
rotative speed and radial position was recorded by one of two probe purts situ-
ated over the journal which is overhung past the ball bearings for that purpose
(Fig. 4). One of these two ports was dedicated early in the program to accommo-
date the use of three small pressure transfer iines which measured bearing pad
pressures in the hydrostatic bearing. A shaft axial position probe was also
located in the pump inlet centerbody, as was a pressure measurement for sump
pressure, both exiting from the inlet flange as shown in Fig. 4.

The turbine hybrid bearing design features are summarized in Fig. 5. Two bear-
ing supply lines supply fluid to the supply manifold. Both pump and turbine-end
bearings are generally of similar de3sign. The two major differences of the hear-
ings are the discharge flow of the turbine-end bearing shares the cavity with the
balance piston flow from the aft side of the third-stage impeller. This flow is
returned to the second~stage impeller inlet through the space between the center
of the impeller hubs and the drawbolt (Appendix A). The resistance of this flow
path was decreased to handle the added flow from the hydrostatic bearing. The
pump-end hydrostatic bearing fluid 1s drained overboard. Two ports were added to
the turbine-erd bearing area. One was used for a radial position transducer
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Figure 3. Pump Bearing Design Features (View 1)
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(Bently) to mecsure cartridge (journal) rcotation and the other as an interim
overboard drain to ensure the balance piston sump pressure would not be exces-
sive. Other hardware modifications to the turbine-end bearing area was to pro-
vide additional pressure taps for balance piston sump pressure and hydrostatic
bearing supply manifold pressure. Bearing internal pad pressures could not be
measured in the turbine-end bearing.

Tc accommodate axial thrust transients during start and shutdown, the turbine-end
bearing journal end play was limited with Bearium axial rub ring stops on either

side of the journal.

Bearing Clearance Selection

The final selection of the hydrostatic bearing diametral clearance was 0.0622 mm
(0.00245 inch) at no rotational speed and 0.0305 mm (0.0012 inch) cold, and at
9948 rad/sec (95,000 rpm). The clearance change analytically derived by finite
element analysis is caused by the dimensional changes of the bearing cartridge and
journal due to chilldown, pressure load and rotational speed. These effects are
shown in Fig. 6 and 7. The clearance change with speed and pressure effects is
given in Fig. 8 and 9 for the pump and turbine end, respectiveiv. The analysis
used predicted fluid film pressure distribution as a function of speed. It is
important to note that each component (bearing and journal) deflects due to the
forces exerted upon them. This deflection is not uniform along the axial length
of the bearing surface. This results in an irregular clearance variation along
the bearing; these data are given in Fig. 10 and 11 for the pump and turbine-end
bearings, respectively. The net result is a surface irregularity of up to
0.0229 mm (0.0009 inch). Design of a hydrostatic bearing clearance which is not
irregular during operation is difficult since the irregular loading and stresses
of the surfaces cannot be eliminated.

Structural Analysis

The design progressed with a structural analysis study to verify the design was
adequate for full-speed operation to 9948 rad/sec (95,000 rpm). The stress anal-
ysis of the modified turbopump consisted of developing two axisymmetric finite
element models of the separate bearing packages, as shown in Fig. 12. Load cases
were run to account for the interference fit between the bearing outside ciameter
and the housing, operational temperatures, cartridge rotation to 9948 rad/sec
(95,0060 rpm), and pressure fields of the manifold and fluid film. This was used
to predict the operating clearances previously presented and to evaluate the
maximum stress levels on the bearings and cartridges. Adequate safety factors
were found with the minimum values greater than 3.2 on yield and 3.6 on ultimate.

The impact to the siructure due {0 the various modifications was also analyzed.
On the pump end of the turbopump, the minimum limiting safety factor of 1.86 on
pressure stress was determined for the loading adjacent to the inside diameter of
the bearing cavity adjacent to the supply tube. Later, as the components were
reviewed during modification, the analysis set a pressure limit of 1300 psig in
the hydrostatic bearing manifold for a limit safety factor of 1.4. All other

13
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areas of the pump bearing and inlet modifications showed safety factors greater
than 10. Analysis of the modification to the turbine-end bearing indicated the
minimum ultimate safety factor of 2.9 on pressure stress due to the removal of
material on the inside diameter of the bearing cavity. All other areas of stress
in the turbine-end area also were very satisfactory.

Ball Bearing Stresses

A concern was expressed at the start of the design study that che ball bearing
might be overstressed as the outer race rotated with the inner race and balls

and might incur loads greater than the ball Brinell capacity. Further concern was
whether the armalon cages would be strong enough to carry the high rotational
speeds. The results of the bearing analysis indicates the ball bearing is not
overstressed at the maximum cartridge speed. The ball outer race stress was
calculated as a function of outer race speed with an axial preload of 445 N

(100 pounds). The results are shown in Fig. 13 and indicate the outer race
stress at maximum speed at 260,000 N/cm? (377,000 psi) whereas the Brinell capac-
ity of the balls is 344,721 N/cm? (500,000 psi). Additionally, the analysis
indicated the cage would not be damaged by cartridge speed and the net diametral
cage-to-race clearance (chilled at speed) would range from 0.0432 to 0.1956 mm
(0.0017 to 0.0077 inch). Ball bearing Bl life was calculated as a function of
outer race speed for an inner race speed of 9948 rad/sec (95,000 rpm) and a pre-
load of 445 N (100 pounds). The results (Fig. 14) indicate Bl life with no cart-
ridge rotation is 23 hours and the minimum Bl life of 6.5 hours occurs at a cart-
ridge speed of 6283 rad/sec (60,000 rpm}. The curve also indicates that cart-
ridge speed above 9477 rad/sec (90,500 rpm) greatly improves Bl life.

A detailed design review was conducted at NASA-LeRC on 18 December 1980. The
review indicated that the modifications required were acceptable as developed and
that work could proceed on the fabrication of the components. All the dimensions
of the design were fixed at that time except for two values: the desired hydro-
static bearing operating clearance and the orifice size. A necessity for addi-
tional dynamic analysis was evident before the clearance could be established.
This analysis will be detailed in a later section of this report. This decision

did not, however, hinder the turbopump modification and fabrication activities
that followed.
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TURBOPUMP MODIFICATION AND ASSEMBLY
Modification

The detail design review approval allowed the modification and fabrication of
hardware to begin. The design required that many components be fabricated cr
modified. These components are listed in Table 1 for both the turbine-end and
pump-end bearings. The number of items per build and the number to be fabricated
are listed. Spares were considered necessary on some components since it was
expected that the hydrostatic bearings may need replacement or rework during the
testing. The parts shown for modification or fabrication are correlated with the
«cmponent part numbers in Fig. 15 and Appendix A. Major modifications to the
exinting components are given in Tabie <

The febrication of matching components (bearings and journals) had to be very
clos~ly controlled. A target value of 0.0610 m=m (0.00Z24 i r~h) static, ambient
radial clearance on the hydrostatic bearings required very high tolerances be
held as the bearing components were machined and assembled. The bearings on the
pump end had an added complication due to the requirement of bear.ag pad pressure
taps (Fig. 16). To accomplish this, holes to the bearing pads were drilled into
the rough machined bearing. Then pressure transfer tubes were vacuum furnace
brazed into the bearing in a combined brazing and heat treat operation. After
brazing, the bearing was machined to fInal fit dimensions and the inside diameter
was silver plated to given requirements. The bearing was then shrunk fit into
the pump inlet housing. The inlet housing had previously been modified to accom-
modate the bearing as well as machined and welded to provide the hydrostatic
bearing supply lines and instrumentation ports. After the shrink fit. the bear-
ing inside diameter was machined to concentricity with the inlet housing and to
the diameter of 44.303 +0.010, -0.000 mm (1.7442 +0.0004, -0.0000 inch). The
cartridge for the pump-end bearing was then match ground for a thin, dense

chrome plating diameter to provide 0.0610 +0.0076 mm (0.0024 $0.0003 inch) radial
clearance. The final configuration of the pump-end bearing in the housing is
given in Fig. 17.

After final machining of the pump-end bearing in place in the housing, the three
bearing pad pressure lines were welded to transfer tubes and routed radially out
through a larger transfer line. This was to protect them from the pump inlet
flow. They were then sealed by brazing in the transfer tube outside the inlet
housing body. Figure 18 shows the two bearing supply lines (largest tubes), the
bearing pad supply pressure transfer tube (2 o'clock), the eight equally spaced
bearing supply tapoff tubes, and other pressure taps and drains. The eight
equally spaced beaving supply tapoff holes were designed to minimize the radial
pressure effects on the first-stage impeller front shroud. The flow was tapped
off from just inside the impeller tip with the tapoff noles chamfered in the flow
direction to minimize the entrance losses (Fig. 19). For the recirculation tests,
the flow was tapped off to external lines and then routed back into the two large
bearing supply lines shown.

The inlet flange P/N 9YRCC15131 (Appendix A) provides an enclosing faired section
for the pump-end bearings (Fig. 20). 7The modification to this part consisted of
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TABLE 2. MAJOR COMPONENT MODIFICATION REQUIREMENTS

TURBINE HOUSING: INCONEL 718 AND HAYNES 188

MACHINE FOR SUPPLY LINE, MANIFOLD, AND BEARING
MACHINE FOR CARTRIDGE EXTENSION

MACHINE FOR PRESSURE TAPS - WELD FITTINGS

PLUG WELD AND CLEAN UP SURFACES

MACHINE FOR CARTRIDGE SPEED PICKUP - WELD FITTING
SHRINK FIT BEARINGS - FINAL MACHINE IN PLACE

INLET HOUSING: INCONEL 718

MACHINE FOR EIGHT FIRST-STAGE IMPELLER FRONT SHROUD FLOW TAPOFFS
MACHINE FOR TWO SUPPLY LINES, MANIFOLD, AND BEARING

MACHINE FOR MANIFOLD PRESSURE TAP - WELD FITTING

MACHINE FOR TWO CACTRIDGE SPEED PICKUPS - WELD FITTINGS

WELD ALL PRESSURE TAP AND SUPPLY LINE FITTINGS

SHRINK FIT BEARINGS - FINAL MACHINE IN PLACE

INLET FLANGE: INCONEL 718

e MACHINE MOUNT FOR AXIAL POSITION BENTLY
o DRILL IN TWO VANES ADDITIONAL BEARING FLOW DRAINS - WELD FITTINGS
e DRILL IN ONE VANE, LINE FOR AXIAL BENTLY CABLE, SUMP PRESSURE TAP
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drilling holes through three of the four radial vanes for use in increasing the
drain flow area for the _:aring tsump, as a transfer line for the wiring to the

proximity detector (Bently) for shaft axial pusition measurement and a pressure
measurement for the bearing sump. The center inside segment of the nose piece

was also machined to mount the axial proximeter probe.

The turbine housiung modifications were given in Table 2. After all the modifica-
tions were made, including the machining and welding, the bore for the hydro-
stat:- bearing was final machined to concentricity with the critical pilot points
on the housing. The bearing was then shrunk and press fit into the housing.
Final machining of the bearing inside diameter was completed. Figure 21 shows
the turbine housing looking from the third-stage impeller side. The outer diame-
ter shown 18 the balance piston high-pressure orifice area and the entrance open-
ing of the diffuser. The hydrostatic bearing with its characteristic pressure
pads are shown aft of the balance piston aft face. The threaded section in the
bore is used to hold the bearium low-pressure orifice rub ring for the balance
piston which was not installed for the photo. A cross section for "etter orien-
tation of the photo can be seen in Fig. 5.

The complete rotor assembly of the hybrid hydrostatic/ball bearing configuration
is shown in Fig. 22. The basic components shown, starting from the pump inlet
end, are as follows:

Instrumentation nut

Hybrid bearing - pump end

Inducer

First-, second-, and third-stage impellers

Hybrid bearing -~ turbine end

Turbin: hot-gas seal surface - shaft

First- and second-stage turbine wheels

Figure 23 shows the pump-end bearing and rotor assembly. The bearing cartridge
has eight 0.762 mm (0.030 inch) slots equally spaced about its circumference on
the inlet end for use with a radial position proximeter to record cartridge
speed. The instrumentation nut at the shaft end has three distinct features
worth noting. The end section of the nut has an axial slot cut in*o the material
encompassing 0.785 radians (45 degrees) of arc and 0.152 mm (0.006 inch) deep.
This is used to calibrate the shaft axial position on the target ring shown for
the axial proximeter detector mounted in the inlet flange (Fig. 4). Immediately
aft of the axial proximeter ring is a four-sided section used as a balancing and
torquing surface and also in conjunction with a radially mounted shaft magnetic
speed counter to monitor shaft speed (Fig. 3). The four flats per revolution
provide a gool sine wave signal for speed counting. Just aft of this is a circu-
lar section with a culibration slot cut jnto the circumferencc for an arc of
0.785 radians (45 degrees) and 0.066 mm (0.0026 inch) deep. This axial section
was used in conjunction with two orthogonally mounted radial proximeters to mea-
suie the shaft radial motion (Fig. 4). Aft of the instrumentation nut is the
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ball bearing locking nut. This nut also preloads the rotor assembly stackup
through the impeller hudb stack with a load of approximately 40032 N
(9000 pounds) ambient.

The turbine-end hydrostatic bearing cartridge mounted on the rotor assembly
between the first-stage turbine wheel and the third-stage inducer is given in
Fig. 24. The cartridge is shown with eight equally spaced slots for cartridge
speed monitoring. Adjacent to the slots are eight holes drilled at 0.785 radians
(45 degrees) off the radial and axial axes. These are to allow the hydrostatic
bearing flow to discharge into the bearing cavity if the axial position of the
shaft were to close off the end clearance between the cartridge and the froat
axial thrust stop. Also note the set of holes in the third-stage impeller hub.
These are used for returning the balance piston and hydrostatic bearing flouu
back to the second-stage impeller inlet.

All modifications were made to the turbopump hardware. Major problem areas that
had to be closely monitored and required special care were distortion possibil-
ities of the housings from machining and welding, close tolerances in matching
hydrogtatic bearing clearances combined with silver and chrome plating processes,
and shrink fits on the bearings. In general, the modifications were satisfactory
due to expert professional support in the Rocketdyne machine and weld and plating
facilities and several outside vendors who fabricated the cartridges and other
components.

Assembly - Rotordynamic Balancing

The assembly of the turbopump began with the balancing of the rotor assembly.
The balancing of the rotor assembly was considered extremely important to the
success of the program. In addition to the complexity of balancing the rotating
assembly, which includes one inducer, three impellers, and two turbine wheels,
is the problem encountered with balancing the outer races and cartridge journal
rings for the hydrostatic bearing. A major problem encountered is that relative
angular position of the cartridge with the rotating assembly changes continually.
For satisfactory operation at all speeds and chilled conditions, there is diame-
tral clearance required between the bearing outer races and the cartridge which
adds to the complexity. Therefore, it was necessary to balance both components
individually to a high tolerance prior to balancing the complete assembly.
Proper care was also taken to control total indicated runout (TIR) on the cart-
ridge inside diameter and bearings were selected with minimal TIR on the outer
races.

The balancing proceeded with detail balancing of the individual cartridges on an
arbor. Only minor corrections were required and the assembly of the cartridge
onto the arbor was changed to verify balance corrections were not assembly
related. The balancing of the rotor assembly began using a set of slave bearings.
The basic procedures used were those developed through several previous builds
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(Fig. 25). The procedure is a step-by-step balance of the rotating assembly as
components are added to the rotor until all components are assembled. The first
step is to assemble the first- and third-stage impellers separated by a pre-
viously balanced spacer arbor and obtain correction requirements for the first
and third impeller planes. Next, the second-stage impeller is installed and
correction determined for the second-stage impeller plane. Next, the first and
second turbine wheels are added and corrections are made for these planes.
Lastly, the instruwentation nut is added and corrections made for that plane.

This process (described above) was preceded by a series of builds to determine

the rotor component stackup which resulted in the minimum TIRs of each component
(Fig. 26). The angular positioning of each component was matchmarked so that

the assembly position would be duplicated every time. The balancing process
described was then repeated several times to determine if the correction require-
ments repeated. At this time, it was found that the procedure for stretching the
shaft center bolt and torquing the locking nut had to be modified. In this
assembly, the shaft bolt is stretched on a tensile machine to 60048 N

(13500 pounds) for a shaft stretch of approximately 97.813 mm (0.032 inch). Inm
previous builds, the locking nut torque of approximately 3389 N-cm (300 in.-1b)
was applied prior to releasing the shaft bolt. This resulted in a final net com-
bined compressive load through the impeller stack of around 40032 N (9300 pounds).
It was found however, that the added torque of the locking nut was responsible for
causing variable TIR in the rotor assembly components after release by the tensile
machine. As a result, the locking nut torque was reduced to 565 N-cm (50 in.-1b).
This resulted in a much smaller variation in TIR after rotor assembly loading.
Structural analysis indicated the change was acceptable and impeller hub com-
pression preload requirements were satisfied. The after release shaft bolt
stretch was measured at 0.452 mm (0.0178 inch).

The repeatability of the rotor balance between builds was found to be within

9 x 103 kg-mm (0.2 gram-inch). The dynamic balancing of the rotor was made on
a Gisholt balancing machine. Final rotor assembly balance was made with the
assembly containing the selected bearings and prebalanced cartridges. The bal-
ance machine was checked for sensitivity by placing 0.00035 kg (0.2 grams) on
the three impellers alternately at 1.57 radian (90 degree) increments and check-
ing the imbalance. The results indicated the variation in sensitivity to be
2.03 x 104 mm (8 x 10-6 inch). The final assembly runouts were measured and
recorded in Fig. 27.

The rotor balance was checked as a function of various angular positions of the
hydrostatic cartridges with the cartridges in static position. For a total of
nine mixed orientation positions, the rotor balanced within 1.35 x 10~3 kg-mm
(0.03 gram-inch) at the instrumentation nut and turbine wheel balance planes.
Several attempts were made to set up a balance system whereby the cartridges
could rotate with the rotor, but none were successful. This was due in part to
the low friction torque of the assembled bearing which was measured at 022.6 N-mm
(0.2 inch-pound) for an assembly prelocad of 578 N (130 pounds). The rotor bal-~
ance was considered to be satisfactory. Satisfying the rotor balancing require-
ments must be considered as a priority problem with the incorporation of hybrid
bearings into a high-speed turbopump.
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Assembly - Balance Piston Positioning

The axial positioning of the balance piston orifices to coincide with end play
clearances of the turbine-end hydrostatic cartridge was recognized early in the
program to be of major importance. If the clearances coincide properly, the
balance piston is allowed to control shaft axial position while the hydrostatic
journal is allowed adequate end play and, thus, is able to rotate freely. An
additional concern, however, was the need to limit the axial travel of the shaft
during start and shutdown thrust transients that the balance piston could not
control. The need for this control resulted in a stackup analysis to determine
the range of clearances required.

Due to the nature of the fine axial clearances required, a bearing stickout
analysis was required to determine how the bearing axial position from inner to
outer race changed with changes in outer and inner race rotation changes; this
analysis is summarizes in Fig. 28, which also shows the stickout changes due to
the effects of preload ana shrinkage due to temperature changes. The results of
the study resulted in the balance piston position limits given in Fig. 29.
Ambient static to chilled operating conditions were d/:veloped and are given in
Table 3. In previous builds, the balance piston allowable travel between bear-
ing stops was set at approximately 0.279 mm (0.0l11 inch). This is for the range
of axial load exerted on the bearing stops (or bearings) of 1779 N (400 pounds)
in each direction. It was found, however, that bearing spring compression and
stickout changes accounted for approximately half of the axial shaft travel allow-
ance and would allow only 0.152 mm (0.006 inch) total end play for the turbine-
end hydrostatic bearing cartridge if allowable balance piston travel was held at
0.279 mm (0.011 inch). Analysis of hardware and data from previous builds indi-
cated transient shaft axial thrust was toward the turbine and had caused the
low-pressure rub ring some wear, whereas no evidence of high shaft thrust toward
the pump end was seen. As a result, it was decided that a compromise would be
used with the allowable travel ¢ the balance piston being raised to approxi-
mately 0.373 mm (0.0147 in~h), thus allowing the net chilled clearance or end
play of the bearings to be 0.257 mm (0.010! inch). 1In this arrangement, the low-
pressure rub ring was to be protected from excessive rubbing in start transients,
while the high-pressure orifice could have a negative clearance. The high-~
pressure orifice lip on the impeller diametrally clears the housing section of
the orifice in ambient and chilled conditions. The effects of rotation, however,
allow the diameter of the impeller tip to grow, thus causing the radial clearance
of the orifice to become negative. Similarly, due to impeller and housing deflec~
tions, as speed and pressure increases, the balance piston travel gap increases
from 0.137 mm (0.0054 inch) to 0.257 mm (0.0101 inch).

The data in Fig. 30 show the results of the final assembly push-pull test of the
shaft in LN>. This test is done to verify that the axial position stackup of the
balance piston and thrust control bearing are correct. The results show that the
turbine-end journal touches the aft rub ring (G2 = 0) at a position 0.0533 mm
(0.0021 inch) before the balance piston low-pressure rub ring makes contact. The
figure also indicates the predicted positions of the high-pressure orifice H| = 0
for the conditions of ambient-static, chilled-static, and chilled-high speed-
pressurized. The predicted steady-state shaft operating position range at
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9948 rad/sec (95,000 rpm) is given as between Hy = 1.676 um (0.066 inch) and
1.930 mmn (0.076 inch). The position is only slightly biased toward the high-
pressure orifice but indicates sufficient capacity and gap for proper operation.

The exercise of trying to obtain hydrostatic journal bearing axial end-play in a
turbopump with a balance piston thrust control is inherent in the design of hydro-
static bearings in a high-pressure turbopump. Hydrostatic bearings require free
end-play for allowing the cartridge to rotate with the shaft. Similarly a
"floating" shaft requires a high tolerance balance piston for efficient operation
whicii operates eff -*ively at high speeds. For these designs then, the sftart and
cutoff transients .. uire high tolerance shaft position control devices which may
or may not be independent of the hydrostatic bearings. It is clearly evident by
these studies that the hydrostatic bearing design considerations for high-speed
turbopumps must include detailed development of shaft position control.

Assembly - General

The assembly of the turbopump was very closely controlled with critical clear-
ances and build dimensions monitoved throughout the build. The verification of
clearances was generally taken by diameter or depth gage measurements of major
components during assembtly. Clearances on the pump inlet components are given

in Fig. 31 including the radial and axial clearances of the position transducers.
Impeller-inducer pilot diametral clearances are shown in Fig. 32. The impeller
seal labyrinth diameters were measured on each labyrinth and the resultant diame-
tral clearances are given in Fig. 33. The turbine-end bearing and turbine seal
clearances are given in Fig. 34. Note the press fits required on the bearing
inner races to shaft diameters. These dimensions were iused in the bearing stick-
out analysis for balance piston-turbine-end bearing spacing. The proximeter
minimum radial gap for the cartridge speed monitoring also is shown. The diame-
tral clearances for the turbine seals are shown in Fig. 35. The small clearances
indicated at the turbine tip are from the tip of the seal rings to the copper-
plated inside diameter of the seal rings. Similar clearances have been run to
high speeds in other ambient GH, drive tests on this turbopump without excessive
seal wear or rubbing problems. Figure 36 presents the turbine blading axial
clearances of the test build. The nozzle-to-blade clearances were set in con-
formance to required spacing dictated by aerodynamic design principles.

Upon completion of the assembly including instrumentation installation, a leak
check was macde to verify the assembly was sealed properly. Several minor ieaks
were found and corrected. After leak checks, ~he pump end of the turbopump
assembly was insulated by polyurethane foam covered with a fiberglass shell.

The turbopump was then installed in the test base. The completed *urbopump
assembly, insulated and “nstalled in its base, is shown in Fig. 37. With the
completion of the assembly, the turbopump was transported to the Advanced Propul-
sion Test Facility (APTF) at the Rocketdyne Santa Susana test facility (SSFL) for
installation and test.
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TESTING
Installation

The hyvbrid, hydrostatic/ball bearing turbopump configuration was installed in
AYTF Lima test stand where it had been previously tested using conventional ball
bearings. Initial installation consisted of plumbing existing ducting to the
main turbopump interfaces, e.g., the pump inlet and discharge, and turbine inlet
and discharge and securing the base to the tcst stand structure.

During turbopump assembly, thc test facility was prepared to receive the turbo-
pump for test. The basic major ducting requirements and tankage to be used for
the turbopump is shown in the facility schematic of Fig. 38. A major require-
ment for these tests was to provide a closely controlled supply of high-pressure
liquid hydrogen for the hydrostatic bearings from a source external to the turbo-
pump. This hydrogen supply also had to be controlled so that the pressure of the
supply in the hydrostatic bearing manifold could duplicate the pressure levels
supplied by the turbopump as a function of pump speed. The design of two con-
trollers, one for each of the hydrostatic bearings, was begun early in the test
preparations and installed in the facility. These controllers were designed to
provide a hydrostatic bearing manifold supply pressure as a function of pump
pressure levels fed back to the controller. The impeller first-stage discharge
pressure was the feedback pressure reference for the pump-end bearings and the
pump discharge pressure was used as the feedback reference pressure for the
turbine-end bearings. The controllers can be independently used to provide the
respective feedback pressures to the hydrostatic bearing manifold. They also can
be set to provide a positive bias (value greater than reference pressure by a
constant) aud also provide a 1limit to the pressure level (for maximum supply
pressures allowed by structural limitations). The controller designs effectively
provided the pressure levels required within the limits of the external supply
pressure source.

The pump-end and turbine-end hydrostatic bearing supply system is depicted sche-
matically o Fig. 39 and 40, respectively. Also shown is some of the turbopump

instrumencition. The fluid supplied for each system goes through the controller
regulatu: . Dcwnstream of the controller is the sharp-edged orifice flow measur-
ing levice for measuring pressure drop across an orifice and temperature instru-
mentatior. befor2 the fluid enters the turbopump bearings. The pump-end bearing

drain l.ne is shown in Fig. 39. In Fig. 40, the turbine-end supplemental drain

line i¢ snhown., This drain was used and dumped overboard, although the majority

of the balance piston sump flow goes back to the second-stage impeller inlet.

The placement of the turbopump in the facility was completed by installation of
the instrumentation lines (Fig. 41 and 42). The large number of facility and
turbopump insicumentation lines for the pressure measurements were plumbed indi-
vidually from each pressure tap source to banks of pressure transducers located
on the top, bottom, and sides of the turbopump stand. The electrical wiring from
the transducers was routed to the facility recording center. Temperature and
Bently proximeter signal cables were similarly routed. In Fig. 41, the servocon-
troller mechanism for the pump-end and turbine-end bearings is shown on the left
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and right side of the turbopump, respectively. Thephotographs were taken prior to
the insulation of all the liquid hydrogen supply and pump flow lines. Figure 42
shows the pump inlet gide of the installation. For this configuration, the
external bearing supply was in use. The pump internal hydrogen supply to the
hydrostatic bearings was not plumbed in, resulting in eight blanked lines extend-
ing from the pump first-stage impeller area of the housing and a plugged tapoff in
the pump discharge line just downstream.of the piezometer ring and pump discharge
temperature ports (upper left section of Fig. 42).

Instrumencat icu

The instrumentation conformed to turboprump and facility requirements to monitor
the turbopump and control the tests. These requirements were reviewed and
defined in the test plan anproved by the NASA-LeRC project manager (Ref. 17).
The instrumentation for the turbopump is given in Fig. 43. The turbopump body
and internal sections were heavily instrumented with pressure, temperature,
Bently proximeter, magnetic speed, and accelerometer sensors. Other sensors
monitored all facility ducting and tankage.

All pressure, temperature, and flow measurements were recorded on tape during
each test by means of a Beckman Model 210 Data Acquisition and Recording System.
This system acquires data from the transducers and converts the data to digital
form in binary-coded decimal format. The latter is recorded on tapes which are
then used for computer processing. The Beckman Data Acquisition Unit sequen-
tially samples the input channelrs at a rate of 5625 samples per second. Pro-
grammed computer output consists of tables of time versus the average parameter
value over a preselected slice time printed out at the appropriate slice time
intervals for the run duration. Calibration factors, prerun and postrun zero
readings, and relat-d data also are provided. The Instantaneous parameter values
are machine-plotted .nd displayed as CRT outputs on appropriately scaled and
labeled grids for simple determination of gradients, establishment of steady-
state conditions, etc. For the turbopump tests, a computer program was avail-
able to calculate propellant flowrates and turbopump actual and sceled perform-
ance parameters. This program was modified to include hybrid bearing parameters
from its previous use on conventional ball bearing testing of this turbopump.

The primary data recording system for the testing was the Beckman 210 System.
The following auxiliary recording systems also were employed:

1. One Honeywell direct reading oscillcgraph was used to record the
dynamic data such as Bently shaft movement, accelerometer data, and
raw shaft speed signal.

2, Direct-inking graphic recorders (DIGRs); three six-channel Watanabe
strip chart recorders and nine Esterline-Angus two-channel strip chart,
recorders were used. These ~harts aided in sett. ¢ prerun propellant
supply pressures and, also. re used for recording of system tempera-
tures and pressures co pru-riae quick-look information and redline moni-
toring, and as secondary backup to the Beckman and oscillograph
recorders.

62



63

uoj3wlusunaysul dundoqanl -8y AI®W ‘€% ¥anB1J

FUNSS IYd ONOCYUNHS ANOYS
VIV IOVAS ONZ

FUNSSIUY ALIAYI NOLSIH IINVIVE 2UNSS INd IDHVHISIO
2UNISAtd GI0JINVYN DNIUY: YIA0SSOYD IDVAS ASL
IUNSSIVS O

IVUNSSINY 3T1ZZ0N INIBNNL JDVLS 181
YIA0SSOMD IDVAS ASL

JUNSSINA VIS INEUNL
— (€) $3UNSSAUJ AVd ONIUVIE

ORIGINAL PAGE

(1) 3348
< D w./ N ‘n a3
[}
= Y M ..
< \ , .*.. 3UNSSIYd
o ) ﬁq A AN _—gnns ONIUYVIE
AN A .
o P : ATLNIS WVIXY
m o, B, paRA Tk .,W ) ~
13400 7 g R QLWH ’
s INIBUNL LR YAl = 3#
\ ; D X| . Y. 2) AVANIS
) G
ﬁs : h A 431 3w0u31300v
2z MW JunssIvg
GI04INVIE ONINVIE
a4UNSSIYd 13N YIINANI :
. —— $3344 IDUVHISIG UIINON
 JRL Tt Y IUNSSIWY IDUVHISIO
. INISHNL $3713401 3OVLS 2S84
INNSSIVY L3IN)
JUNTSINY JNNS cu»m:ocmdozwu._am(.ﬁuu_ U3IAOSSOUD IDVAS ASL
NOASHK JINVIVE
INISHNL NO TVILNIONVL 3UNSS 344 IDUVHISIO
IUNTIIYS IOUVHISIO GNY IVIXY “IVIOvY HISNI410 IDVLS ONZ
¥37134Wt 3DV1S QUE $¥313WOU 31339V NIBUNL



3. Event recorders to record sequences and other event functions

4. A high-frequency tape recorder was used to record output of high-
frequency transducers, including proximeters, accelerometers, and
speed signals. A real time and test start signal was included for
data analysis.

5. Oscilloscopes were used for real time display of the Bently transducer
and accelerometer outputs to be used as redlines during operation 1if
certain anomalies occurred.

6. A television camera was utilized with taped replay capabilities. Key
areas of the turbopump system were monitored for real time operational
analysis.

7. Bell and Howell motion picture coverage was required for each test.
Film processing was determined following each test. No filam process-
ing was required.

8. Still photographs of each test hardware installation were required for
presentation in test reports. .

A summary of all the instrumentation requirements for the turbopump test program
is shown in Table 4. They include instrumentation to obtain the basic perfor-
mance data of the pump and turbine, facility instrumentation to control the test,
and special instrumentation for operation of the hydrostatic bearing flow systems
on both pump and turbine sides. The table utilizes the same parameter identifi-~
cation on those parameters used in previous testing and indicates the type of
instrumentation required.

Instrumentation and transducer calibrations were used to obtain appropriate fac-
tors for test data reduction and to develop statistical histories for each trans-
ducer so that estimates of short- and long-term deviations could be made and
probable error bands calculated. The calibration methods used for the various
types of transducers are described below.

Pressure transducers are calibrated against aigh-precision Bourdon tube gages.

The latter are calibrated periodically on Ruske deadweight testers, with weights
traceable to NBS.

Subsonic venturis are calibrated by the vendor for discharge coefficients as a
function of Reynolds number with traceability to the National Bureau of Standards.
Using the upstream pressure, upstream temperature, and upstream to throat differ-
ential pressure measurements, the flowrates are accurately calculated using a
computer program that accounts for changes in density through the venturi and
venturi dimensions due to the cryogenic temperatures. On small supply and drain
lines, the flow was measured using sharp-edged orifices with measured pressure

differences and temperatures used to calculate flow from the standard orifice
equations.

Resistance of the platinum resistance thermocouples used in the propellant lines
are converted to millivolt outputs by a triple-bridge system. Transducers are
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calibrated at ice point and LN boiling point and, when applicable, at LHg
boiling point. Thermocouple data are reduced on the basis of the standard NBS
millivolt/temperature tables. Thermocouple recorders are electrically calibrated.

With each proximeter used, the spacing between the proximeter and the target
material was documented on assembly. On each target of the proximeters, a small
notch of a given depth was added that provided a slope of the calibration curve
throughout the test. Bench testing of the proximeters and rotor assembly veri-
fied the calibration notch concept. A typical example is the signal output for
the two radial proximeters used for shaft radial movement at ambient test condi-
tions (Fig. 44). The top of the figure shows the profilometer trace of the slot
0.066 mm (0.0026 inch) deep in 0.785 radians (45 degrees) circumference of the
instrumentation nut of Fig. 22, The lower traces show the individual signal
output as the shaft is rotated past the two proximeters which are 7.62 mm

(0.300 inch) in diameter and spaced orthogonally or 1.571 radians (90 degrees)
apart. The calibration curve of the proximeter S/N 002 at ambient conditionms,
for different radial gap spacings from the shaft nut, shows the linear range of
the transducer (Fig. 45). Also note the expected d-c shift due to hydrogen
environment temperatures taken from previously tested proximeters with K-Monel
targets. The smaller 4.826 mm (0.190 inch) diameter pump-end proximeter probe
{P/N ES 91792-02) calibrations on Inconel 718 cartridge target material show a
much smaller linear range of signal with gap (Fig. 46) than the larger diameter
probe (Fig. 45). This 'imits the small probe range of measurement capability
over that of the larger probe.

Testing

A total of 15 tests was conducted on the turbopump with the hybrid hydrostatic/
ball bearing configuration. The summary of the testing is given in Table 5.
Hydrostatic bearing data for the tests having significant data are tabulated in
Appendix B. During the test series, a total of 1261 seconds of shaft speed
rotation was observed with the maximum test speeds near 9215 radians/sec

(88,000 rpm) on tests 012 and 014, The tests were run in three series. The
first of the series (test 001) was a blowdown test with all instrumentation sys-
tems, and start sequencing completed including external flow supply at varied
pressure levels on the hydrostatic bearings. No gaseous hydrogen was supplied
to the turbine to allow pumping and shaft torque. This allowed the checkout of
all instrumentation systems, chilldown, start procedures, and sequencing. The
influence of pretest turbine-end hydrostatic bearing supply pressures on the
balance piston sump pressures and the axial thrust balancing effects of added flow
in the balance piston sump pressure also were determined. The second test series
was with turbine GH) drive using an external liquid hydrogen flow supply to the
hydrostatic bearings. This series included tests 002 through Oll. During this
test series, shaft speeds were obtained to 8482 radians (81,000 rpm). A wide
range of hydrostatic bearing supply pressures t- .882 N/cm2 (2730 psig) on the
turbine end and 758 N/cm? (1100 psig) on the pump end was achieved. Bearing
supply flowrates were continuously monitored and start acceleration rates were
simulated from 628 to 10472 radians/sec/sec (6000 to 100,000 rpm/sec). Also on
the last test (011), a simulation of a pump-fed bearing supply or internally
supplied flow was achieved with the required settings on the bearing flow con-
trollers previously discussed. On the third test series (tests 012 to 015),
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internal pump-fed bearing supply flows were used. Turbine-end bearing sugply
pressures using a pump discharge supply source were achieved to 2413 N/cm:

(3500 psig) and pump-end supply pressures fed from the first-stage impeller front
shroud tapoff source achieved a supply presstre of 655 N/cm? (950 psig). Shaft
speeds in excess of 9110 radians/sec (87,000 rpm) were achieved on tests 012 and
0l14. In these tests, the bearing supply flowrates were individually measured by
routing the tapped off pump source flows through the flow-measuring orifices
prior to routing the flow intc the supply lines.

A summary of the individurl tests with their objectives, duration, problems,
and accomplishments fol »w. Reduced d.(a points of each test having valuable
data can be found in Appendix B.

Test 00l. This test was a blowdown test at chilled conditions with the objec-
tives of checkout out the chilldown procedures, and turbopump test sequencing up
to, but not including, a startup with turbine GH) supply pressure. Four major check-
outs were required: (1) the hydrostatic bearing supply temperature levels from
the external tank supply, (2) the balance piston svmp pressure levels as a func-
tion of hydrostatic bearing supply pressure, (3) the pump bearing sump pressure
level as a function of bearing supply pressure, and (4) a checkout of all the
instrumentation including the Beckman data acquisition »ud all other recording
devices. The test started with increased inlet pressure from 28 N/cw? (40 psig)
to 65 N/cm? (95 psig) over 120 seconds. During this time, the shaft wind~ill
speed varied from 21 radians/sec (200 rpm) to 147 radians/sec (1400 rpm) und the
hydrostatic cartridges rotated irtermittently. Pressurization of the hydrostatic
bearings external supply tank (tank 11) was increased to 3170 N/cm? (4600 psiz).
The pump bearing manifold pressure increased to a maximum 474 N/cm? (687 psig),
while the sump pressure increased only 7 N/cm? (10 psi) over inlet pressure. The
turbine bearing manifold pressure increased to 545 N/cm? (790 psig), while the
balance piston sump pressure increased to 92 N/cm (133 psig) or 26 N/cm? (38 psi)
over inlet pressure. During this time, the axial Bently showed the snaft moved
forward as expected due to the pressure in the balance piston sump. Corrections
in procedures developed by the test results were the chilldown procedures and
pressures used which resulted in reduced LH) usage of chilldown. Also, the hydro-
static bearing supply pressure controllers were found to require increased
response rates to keep up with the tank l1 pressurization. Data acquisition
pcoblems were corrected and pressure controller systems monitoring were improved.
This test was very successful.

Test 002. This test was the firsu attempt to start the turbopump with GH) drive
gas. The objectives were a checkout test with the iaitial startup to

3665 radians/sec (35,000 rpm) with each of the hydrostatic bearing supply con-
troller pressures set at 103 N/cm? (150 psi) above the reference turbopump pres-
sures (first-stage impeller discharge pressure fo. pump end 'nd pump discharge
pressure for turbine end). The test went well until the tank 11 pressure was
increased prior to sta-t to 188z N/cm? (2440 psig) when the redline for the pump
bearing flow confroller valve position cut the test by indicating the supply
valve was closed. This indicated further controller open-close redline analysis
was required and the -- :tem test control was further modified in an effort to
minimize unneczssary _st redline cutoffs from the controller systen.

78



Test 003. This test was a checkout test similar to test 002 to achieve the
following: (1) startup checkout with hybrid hydrostatic bearings to

3665 radians/sec (35,000 rpm), (2) checkout balance piston axial thrust control,
(3) checkout hybrid bearing behavior at startup and through first and second
predicted critical speeds, and (4) checkout facility capability for control of
turbopump and hydrostatic bearing. The turbopump started up very fast and
reached a speed of 3037 radians/sec (29,000 rpm) in 200 milliseconds; the pump
cartridge speed accelerated to 837 radians/sec (8000 rpm) in 1.2 seconds. After
that, the test was cut automatically due to a low inlet pressure redline. This
was due to the rapid acceleration of the turbopump reducing the inlet pressure
below the cavitation redline. The speed control system that allowed the high
start acceleration was checked out and corrected.

Test 004. This test was designed to complete the objectives of test 003 and
achieve extended running time on the bearings at low speed. The start was stiil
very rapid with shaft speed to 3120 radians/sec (29,800 rpm) in 0.7 second and
then to 3946 radians/sec (37,680 rpm) in 6 seconds. The turbine cartridge went
to 251 radians/sec (2400 rpm) in 1 second and then back to zero in 3 seconds.

The pump cartridge accelerated to the shaft speed of 3921 radians/sec (37,440 rpm)
in 7 seconds. The hydrostatic bearing supply manifold pressures at the control-
lers were set to 103 N/cm? (150 psi) over reference pressure at start. After
startup, the speed was reduced to 2308 to 2618 radians/sec (22,060 to 25,000 rpm)
and held for 200 seconds. The controlled hydrostatic bearing supply reference
delta pressure was raised to 552 N/cm? (800 psi) and 700 N/cm? (1015 psi) for the
pump and turbine end, respectively. Near the end of thas test, the speed was
reduced to 1910 radians/sec (18,240 rpm) for approximately 20 seconds. During
the test, the pump cartridge followed shaft speed while the turbine cartridge did
very little rotating. During the test, the speed was manually changed over a
small range in an attempt to see if the turbine-end cartridge might begin to
rotate. It should be .aoted that the hydrostatic bearing supply pressures were
controlled nicely with the control system providing adequate response with speed
changes and tight control of the values desired.

Test 005. The objectives of this test were o operate to speeds of 6807 radians/
sec (65,000 rpm) and to get test data at very stiff and medium stiff hydrostatic
bearing pressures, and also, to veri., axial thrust control at high speeds. On
test 005, the start was targeted to 3141 radians/sec (30,000 rpm) but was cut due
to an erroneous overspeed signal to 3864 radians/sec (56,00G rpm). The speed was
thought to be erroneous because of the low turbine drive inlet pressures recorded.
Pump-end cartridge acceleration was to 1528 radians/sec (14,520 rpm) in

1.40 seconds.

Test 006. 1his test had the same ubjectives of test 005. The shaft speed
reached was approximately 3560 radians/sec (34,000 rpm) at start and was held in
that range for 61 seconds. The shaft speed output in the test indicated a very
erratic condition. This was due to signal condftioning circuitry and attempts

to correct it as the test progressed failed. During the test, the pump cartridge
tracked the shaft but the turbine cartridge showed little rotation. At the lat-
ter part of the test, supply pressure levels were increased from '59 N/cm2

(230 psi) to 579 N/cmZ? (840 psi) above reference pressure for the pump bearing
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and from 276 N/cm? (400 psi) to 758 N/cm? (1100 psi) above reference pressure for
the turbine bearing. Cutoffi occurred due to the turbine bearing flow controller
servovalve reaching its redline full-open position. This was caused by inade-
quate pressure in the tank 11 supply for the very high supply pressures required.
After the test, procedures for repressurizing tank l1 and correction of the shaft
speed circuitry were initiated.

Test 007. The objectives of this test were to extend the speed of test C06 to a
speed of 6807 radians/sec (65,000 rpm). The turbopump was run to 3519 radians/
sec (33,600 rpm) for 25 seconds at the preset bearing supply pressures. Attempts
to increase the supply pressures by first increasing tank 11 pressure resulted in
the pump bearing valve indicating full closed due to the high tank 11 pressures
existing and the high pressure drop required across the servovalve. The redlines
set on the valves were to protect the system from losing control of the hydro-
static supply pressures. The problem arose that for high pressure drops, the
valves would approach fully closed to within less than 5X open. When this hap-
pened, the position monitor device did not have enough sensitivity to read the
last 5% on closure position and, as a result, activated the redline. The review
of the redlines indicated that these servovalve close and open redlines could be
deleted if other test procedure precautions and redlines were incorporated, which
was done. At this point in the test'ng, the pump cartridge speed tracked the
shaft well. The turbine cartridge did not track but, on occasion, had rotated
some as higher bearing supply pressures were used and higher speeds were reached.
From the data analysis the indications were that at nigher shaft speeds, the
balance piston axial position would be more favorable to the turbine cartridge
end clearance and the cartridge would begin to rotate with the shaft.

Test 008. This test was very successful from a standpoint of operating time and
areas covered in speed and hydrostatic bearing pressure r-nges. The object of
the test was o obtain a maximum speed of 6807 radians/s. . (65,000 rpm) and
obtain a wide range of hydrostatic bearing operating conditions. The turbopump
operated for 140 seconds at three basic speed levels of 3403, 6597, and

5027 radians/sec (32500, 63000, and 48000 rpm). A trace of the operating con-
ditions of the hydrostatic bearings pressures is given in Fig. 47. The data
plotted are the operating levels of the pump and turbine-end hydrostatic bearing
supply pressures (which are controlled by the supnly pressure controllers as
described) as a function of pump speed. The figure shows the supply pressures
at (:) start, increasing with speed to the first operating point at

3299 radians/sec (31.500 rpm), then increasing the two hydrostatic bearirg sup-
ply pressures to higher values at point (:). then again to higher values (:) and
back to lower values (:) again. (Note: The pump-end supply maximum pressure
limit of 758 N/cm2 (1100 psig) was maintained while the turbine-end bearing pres-
sure was varied.) The pump shaft speed was then increased with the turbine-end
hydrostatic bearing supply pressure tracking reference pressure tc point

where the tank il supply pressure matched turbine-end supply pressure (:). The
3peed was held at around 6702 radians/sec (64,000 rpm), while the hydrostatic
pressure reduced slowly to 1172 N/cm? (1700 psig) . The shaft speed was

then slowly reduced to 5027 radians/sec (48,000 rpm (E) and held constant as
the supply pressure further reduced to 827 N/cm? (1200 psig) for the turbine
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bearings and 655 N/cmZ (950 psig) for the pump-end bearings . The test was
then termirated with the shaft speed going to zero.

During the test, the pump-end cartridge followed the shaft speed at all condi-
tions. The turbiae-end cartridge began rotation at start but returned to zero
speed approximately 1.8 seconds into the test. An interesting correlation of
turbine-end cartridge rotation has been developed from the two proximeter mea-
surement outputs for the shaft axial position and the turbine cartridge rotation,
as shown in Fig. 48. The time expanded and correlated data show the plot of .
shaft axial position as measured from the axial Bently proximeter shown. Also
shown in Fig. 48 is the movement signal of the turbine cartrdige as each of the
eight flat faces of the cartridge face registers a peak on the trace. The
results show the shaft moves forward toward the pump end at startup approxi-
mately 0.305 mm (0.012 inch) and then eventually back to approximately 0.229 mm
(0.009 inch). At this point, the aft movement allows the turbine cartridge
freedom to accelerate for 330 revolutions of the shaft, which it does until the
shaft starts to move slightly forward axially. When this happens, the turbine
cartridge speed quickly tails off and stops within 280 shaft revolutions. Through-
out the test, the turbine cartridge occasionally changes its clocking, but only
at a very low and erratic frequency. These data show hard evidence that the
shaft forward movement does not allow the turbine cartridge to rotate. Further
analysis of the shaft movement to the higher speeds (shown in Fig. 49) indi-
cates the pump end of the shaft moves aft nearly 0.051 mm (0.002 inch) as speed
incr ises and at shutdown moves gently back to the backstop. During these shut-~
dowvn transients, the turbine-end cartridge on some tests had shown some slight
rotation as well, It should bLe noted that on test 008, a critical speed was
detected at approximately 3665 radians/sec (35,000 rpm). Also on this test, a
casing resonance was seen at about 950 Hz with a maximum amplitude of 12 g at a
speca cf 5969 radians/sec (57,000 rpm) as the speed was being reduced to

50.7 radians/sec (48.000 rpm). The dvnamic activity of each test will be
reported in the dynamic analysis section of this report.

Test 009. The objectives of test 009 were to test the hydrostatic bearing turbo-
pump at speeds to 9634 radians/sec (92,000 rpm) while operating at very stiff and
medium stiff supply pressure levels on the hydrostatic bearings. Verification of
turbopump axial thrust control was an initial check to be made at high speeds
before the te. - could proceed. This was done by setting redlines on the balance
piston cavity and pump pressures basea on previous test data anc current analy-

sis. Test 009 was cut off on a high inlet temperature redline at startup and no
usable data were generated.

Test 010. The objectives of test 010 were gimilar to those of test 009. The
planned procedure was tuv start with medium level supply pressures on the hydro-
static bearings of 128 N/cm2 (185 psi) above reference for the turbine supply

and 193 N/cm? (280 psi) above reference for the pump-end supply. This was done
and the shaft speed was raised to 4294 radian/sec (41,000 rpm) in approximately

7 seconds. While holding a constant speed, the bearings were pressurized to high
stiffness 1586 N/cm? (2300 psig) on the turbine end and 758 N/cm? (1100 psig) on
the pump end). The shaft speed was increased to 8482 radians/sec (81,000 rpm)
wh’lc targeting for 8901 radians/sec (85,000 rpm). At this pecint, the test was
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cut due to the redline vibration safety cutoff (VSC) circuit by pump radial
a.celerometers registering a vibration level greater than 15 g. The data show
critical speed levels of 3770 radians/sec (36,000 rpm) and 8482 radians/sec
(81,000 rpm) and a casing resonance at 5970 radians/sec (57,000 rpm). The tur-
bine cartridge rotation wus negligible through the test, and the pump-end cart-
ridge showed evidence of an inability to track shaft speed at the speeds above
7330 radians/sec (70,000 rpm). The shaft and pump-end cartridge speed are shown
in Fig. 50. The data show that during the shaft acceleration from 4294 radians/
sec (41,000 rpm) to high speed, the pump-end cartridge tracked shaft speed very
well initially. At a shaft speed of 7435 radians/sec (71,000 rpm), the pump cart-
ridge speed decelerated as if it had rubbed the bearing wall and then quickly
recovered speed and tracked the shaft to 7750 radians/sec (74,000 rpm), when it
quickly decelerated again as 1f it had touched the bearing wall. Touching is
indicated by the radial Bently proximeter traces at th¢ points of first, second,
and third cartridge decelerations. At this point, the cartridge did not return
to shaft speed but found an intermediate gpeed of 5760 radians/sec (55,000 rpm)
and operated there with minor fluctuations until the test cut off due to exces-
sive vibration levels. Note also in Fig. 50 that the cartridge increased its
speed at cutoff until the shaft speed matched it and then both decelerated
together. These data are closely analyzed and reported in the Dynamic Analysis
section of this report.

Test OlLl. The objectives of this test were to operate at an increased turbine
pressure ratio in an attempt to change the balance piston axial thrust position.
This was to provide added end play to the turbine cartrilze to allow it to rotate.
The pressure ratio was changed from 1.5 to 2.0 by decreasing the turbine down-
stream exhaust resistance. The estimated axial thrust change of turbine was

4893 N (1100 pounds). An additional objective was to operate at hydrostatic
bearing pressure levels so as to simulate internal (turbopump fed) supply conditions.
The test was begun with the hydrostatic bearing supply pressures set at less

than 68 N/cm? (100 psi) above respective reference pressures on pump and turbine
bearings. This was the minimum flow to keep the bearing temperatures at respect-
able start conditions. The turbopump start brought the speed to 4189 radians/ '
sec (40,000 rpm) in 3 seconds, and the bearing pressures were then reduced to
simulate pump-fed conditions. After startup, the turbine cartridge showed very
little signs of rotation. As a result, che speed was varied from 418% radians/
sec (40,000 rpm) to 1675 radians/sec (16,000 rpm) arnd the flowrates were varied
from 90 to 122% of nominal with very little effect on turbine cartridge rotation.
The speed was then increased slowly to 5864 radians/sec (56,000 rpm) where the
test was cut due to excessive vibiation levels caused by the previously mentioned
housing resonance. During this test, the pump-end cartridge tracked the shaft
speed while the turbine cartridge rotatioan was sporadic and at very low speed
when turning, although some slight improvement in cartridge rotation was

evident.

The results of test Oll indicated some improvement in turbine cartridge rotation and
dictated further increases in the turbine pressure ratio to approximately 2.5 for
shaft-balance piston repositioning. Conversion to the internally fed hydrostatic
bearing pressure supply was also initiated. This entailed tapping off the pump
discharge line and routing the flow through the pressure controller and flow
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measurement orifice before entering the turbine bearing supply lines. The pump
supply was taken from eight first-stage impeller discharge tapoff lines mani-

folded together, then routed through the pressure controller and flow measure-

ment orifice before entering the pump-~end bearing supply lines. The pressure
controllers were locked open (not used) and an overboard drainline was inserted into
the recirculation loops to facilitate chilldown. These drains were closed during
test.

Test 012. The objectives for this test were to operate with internally recir-
culated supply flow to the hydrostatic bearings as previously described. The

plan was to start to an intermediate speed, verify the balance piston operation

and turbine cartridge rotation, then increase speed to 9924 radians/sec

(90,000 rpm) and get some operating time at high speed. The pump start was suc-
cessful to 4189 radians/sec (40,000 rpm) in 10 seconds. The shaft speed was

then varied down to 2094 radians/sec (20,000 rpm) to attempt to get the turbine
cartridge to speed. At this level, the turbine cartridge speed varied from zero
to 1204 radians/sec (11,500 rpm). The speed was then increased toward 4 target
speed of 9425 radians/sec (90,000 rpm) in 10 seconds but, in 8 seconds, when the
shaft speed reached 9215 radians/sec (88,000 rpm), the test was terminated due

to facility ducting.low-frequency pressure oscillations. During the acceleration,
the pump cartridge tracked the shaft speed for 6 seconds to 9163 radians/sec
(87,500 rpm) then dropped to-2094 radians/sec (20,000 rpm) before test cutoff.

The turbine-end cartridge delayed acceleration until a shaft speed of 7645 radians/
sec (73,000 rpm) and then accelerated to 3665 radians/sec (35,000 rpm) before test
termination. The increased pressure ratio on the turbine to 2.5 at 9215 radians/
sec (68,000 rpm) helped the end play problem with the turbine cartridge but not
enough to allow completely free rotation. The hydrostatic bearing supply pressures
from the internally fed system worked as expected.

Test 013. On this test, the speed probe that reads the shaft speed would not pro-
vide an output signal and the test was terminated due to shaft high-speed acceler-
ations causing a low inlet pressure redline cutoff. During this start, the shaft
is estimated to have reached 5340 radians/sec (51,000 rpm) in 1.6 seconds. The
pump-end cartridge accelerated to 1728 radians/sec (16,500 rpm) in 1.9 seconds and
the turbine cartridge accelerated to 544 radiams/sec (5200 rpm) in 1.9 seconds,
These data indicated the turbine cartridge was rotating more freely with the higher
turbine pressure ratio. The speed probe was found tc¢ “ave gone bad at the shutdown
of.test 012 when chilled. It operated satisfactorily during ambient conditicns

in pretest checks of test 013, but would not function at LHZ temperatures.

Test 014. The objectives of test 014 were to test the turbo, uap to 9425 radians/
sec (90,000 rpm) with the internally fed hydrostatic bearings. This was to be
done in three speed steps of 3141, 7854, and 9425 radians/sec (30,000, 75,000,
and 90,000 rpm) with balance piston operation and cartridge rotation verified at
each speed. All three speed lavels were generally achieved. The pump was
started to 3141 radians/sec (30,000 rpm) in 7 seconds. The speed was varied
between 3246 to 2932 radians/sec (31,000 to 28,000 rpm). Turbine cartridge speed
varied from 1152 to 890 radians/sec (11,000 to 8500 rpm). The pump cartridge
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tracked shaft speed. After 71 seconds, the shaft speed was increased to

7959 radians/sec (76,000 rpm). The turbine cartridge speed went to zero and
remained. The pump cartridge tvacked to 5445 radians/sec (52,000 rpm) and
eventually worked its way up to 6702 radians/sec (64,000 fpm) although indica-.
tions of touching decelerations occurred throughout the 66 seconds of operation

at this condition. The speed of the shaft was then increased to 9111 radians/sec
(87,000 rpm) in 5.8 seconds. During this tirme, the pump cartridge worked its

way to zero rpm in 2.6 seconds. While the pump cartridge was decelerating tr

zero, the turbine cartridge speed increased from zero to 2639 radians/sec

(25,200 rpm) in 2.2 seconds, then immediately dropped back to zero in 0.5 second.
During this period of speed increase, the vibration levels were increasing and

the vibration safety cutoff redline of 20 g rms was reached, causing shutdown.

The supply pressure levels of the hydrostatic bearings at maximum speed reached
maximum values of 607 N/cm? (880 psig) for the pump-end bearing and 2261 N/cm2
(3280 psig) for tlie turbine-end bearing. It should be noted that much more turbine
cartridge rotation was achieved at the highest turbine pressure ratios of this test.
This indicates that the balance piston axial position was such as to nearly provide
free end play for the turbine cartridge at the highest speeds indicate the limits
on clearance may be reached; however, it is mainly tied to the large amplitude of
vibration levels encountered at these speeds. The dynamics of this test 1ill be
fully developed in the Dynamics Analysis section of this report.

Test 015. This test was attempted immediately following the test 014 in an
effort to achieve more operating time at high speeds in the 9425 radians/sec
(90,000 rpm) range. The pump start sequence was initiated, but the shaft would
not rotate although a high turbime irlet pressure equivalent to 5760 radians/sec
(55,000 rpm) was supplied to the turbine. The test was terminated due to high
vibration levels 2.5 seconds after the turbine drive pressure was applied. The
data indicated no rotation. Posttest torque checks after the turbopump warmed
up to ambient temperatures indicated both the shaft and cartridges would rotate
relatively easily. Some slight rubbing sounds were emanating from the turbine tip
and ‘abyrinth seals during rotation. At this point, the major objectives of

the pcogram had been achieved. A major teardown and inspection was required
before further testing would be beneficial. As a result, the turbopump was
removed from the test stand for disassembly and inapection.

Turbopump Disassembly — Mechanical Performance

At the end of the testing, the turbonump disassembly and inspection provided
interesting information regardimng the condition and mechanical performance of the
test hardware. After removal from the test stand, the turbopump was returned to
the Engineering Development Laboratory at Rocketdyne. Insulation was rem.,ved and
the turbopump was pressure checked to confirm instrumentation line integrity.

The balance piston cavity pressure line was found to have been damaged during
disassemblyv and neaded repair for a leak. Torque checks were performed on the
shaft after removal of the cartridge speed proximeters. A cross section of the
turbopump is given #4 Fig. 1. With the turbopump shaft horizontal, the torque
was 11.3 to 17 N-cm (1.0 to 1.5 in.-1b), with the pump hydrostatic cartridge
rotating intermittently with the shaft. A slight radial pressure on the pump
cartridge resulted in increased torque to 17 to 45 N-cm (1.5 to 4.0 in.-1b). The
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turbine cartridge did not rotate with the shaft rotation when the pump centerline
was either horizontal or vertical, but did not indiczte it was frozen or bound up.
The slightly increased torque levels over the build values probably indicate the
resistance due to the impeller labyrinth sea' and turbine seal daiage found during
the disassembly.

The first- and second-stage turbine wheels were removed (Fig. 51). The tip seals
showed excessive rubbing, as did the interstage seal on both wheel sides. No gal-
ling or fretting was observed in the turbine end to shaft attachment surfaces. The
shaft torque checks taken after turbine wheel removal were between 5.6 to 11.3 N-cm
(0.5 to 1.0 in. 1b) in all shaft positions and represents the same values found in
pretest assembly. The push-pull test was made on the pump with th¢ shaft position
measured as a function of load. The results duplicated the ! -. ¢. the pretest
push-pull within 0,025 mm (0.001 inch) (Fig. 30). Remcval of the turbine seal and
inspection showed a slight rubbing evident on the shaft circumference (Fig. 52),
but no sign of wear or scoring, except for light chatter marlts indicating some
intermittent rubbing pattern.

Removal of the aft rub ring of the turbine cartridge showed onl, slight, even rubbing
with no scoring ot the bearium B10 rub rinc or Inconel 718 cartridge. At this point,
the radial shaft movement side to side was measured. The total movement without high
radial load was 0.1397 mm (0.CO055 inch) at the _ump end and 0.1422 mm (0.056 inch) at
the turbine end, This is close to that expected as the pump end diametral clearance
of the bearing was (.1245 mm (0.0049 inch) and the outer race of 0.0330 mm (0.0013
inch), for a total of 0.1575 mm (0.0062 inch). Sim.larly, the turbine end values of
v.1143 mm (0.0045 inch) and 0.0356 mm (0.0Cl4 inch) respectivel combined for a total
of 0,1473 mm (0.0058 inch). The radial play v s not recorded du..ug the tu.bopump
build, but may be a measurement useful for subsequent builds. The indications are
that the static build radial play did not change through the testing.

The shaft stackup was disassemblied by st-etching the centerbol. and releasing
the stretching nut. The shatt length change was measured at 0.457 mm (0.0Q18
inch) and found to agree with that of the assembly. Next, the shaft bolt was
drawn out of the impeller stack from the turbine end using a maximum force of
3336 M {750 pounds). The pu-p-end bearings pull off the shaft in this process,
and the turbine-end bearings stay with the shaft. At disassembly, the pump-end
and turhine-end hydro:.tatic bearings were inspected in detail.

The pump-end hydrostatic cartridge outside diame.ar showed broad, dark streaking
lines around the cir.umference of the cartridee, as shown on the left of Fig. 53.
One section at ae front end was mottled and microscopic examination showed
slight amounts of silver flattened against the chrome plating in this area. No
chrome plating is missing on the part. Examination of the dark brown s2ctions
showed them to be more of a discoloration th a surface defect. There are also
some evenly spaced discolored spots that correspond to the hydrosvatic bearing
orifice location and size, which indicates the discoloration may be caused by a
substance in the 1liquid hydrogen flow. The pu-p-end bearing showed s'gns of
slight rubbing at the forward end of the bearir; between the pad row uind

the pump-end exit of the fluid film. This rubb. 3 is evident at 1l to 2 c'clock
and 5 to 7 vo'clock, as shown in Fig. 54. Light rubbing also occurs af¢ of

the front pad row Profilometer data on the deepest section of rubbing indi-
cate a material removal of approximately 0.0008 .m (0.0003 inch) deen at the
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front .of the bearing for a length of 2.54 mm (0.100 inch), and a buildup of mater-
ial of 0.0102 mm (0.0004 inch) for a length of 2.54 mm (0.100 inch) just aft of
that. Further aft, over the rest of the bearir- axial length, there was no mater-
ial transfer. The majority of the light rubbing was axially in front of the front
bearing pad row, and this is the area where slight silver transfer is seen on the
cartridge. In general, the bearings were in very good condition.

The turbine-end hydrostatic cartridge, on the left side of Fig. 53, showed little
evidence of wear. Small, dark spots on the.chrome surface indicated an etching
or discoloration caused by the orifice jet on the cartridge surface. Two scratch-
like circumferential lines were evident on the outside-flow edge location of each
pad row. The bearings showed scratch-like deformations over the circumference a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>