@ https://ntrs.nasa.gov/search.jsp?R=19700015047 2020-03-12T02:41:28+00:00Z

FINAL REPORT NASA CR72642
/l/ 70 ,,;l//ﬁffa
THE

DESIGN AND FABRICATION
OF THE

BRAYTON ROTATING UNIT

OPERATING ON
ROLLING ELEMENT BEARINGS

[BRU-R)

by B. B. HEATH AND R. A. LUTHER

PREPARED BY e
ARESEARCH MANUFACTURING CONPANY OF ARIZONA
(A DIVISION OF THE GARRETT CORPORATION)

FOR

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
SEPTEMBER 1969

NASA-LEWIS RESEARCH CENTER
CONTRACT NAS3-9428
LLOYD W. REAM, PROGRAM MANAG

El}%m%% il

!

e - -,3‘:

11111111




AIRESEARCH MANUFACTURING COMPANY OF ARIZONA

‘A DIVIBION OF THE GARRETT CORPORATION

NOTICE

This report was prepared as an account of Government
sponsored work. Neither the United States, nor the
National Aeronautics and Space Administration (NASA),
nor any person acting on behalf of NASA:

(a) Makes any warranty or representation,
expressed or implied, with respect to
the accuracy, completeness, or useful-
ness of the information contained in
this report, or that the use of any
information, apparatus, method, or
process disclosed in this report may
not infringe privately owned rights;
or

(b) Assumes any liabilities with respect
to the use of, or for damages resulting
from the use of any information, appara-
tus, method or process disclosed in this
report.

As used above, "person acting on behalf of NASA" in-
cludes any employee or contractor of NASA, or employee
of such contractor, to the extent that such employee
or contractor of NASA, or employee of such contractor
prepares, disseminates, or provides access to, any
information pursuant to his employment or contract
with NASA, or his employment with such contractor.

Requests for copies of this report should be referred to

National Aeronautics and Space Administration
Office of Scientific and Technical Information
Attention: ATSS

Washington, D.C. 20546



NASA CR-72642
APS-5327-R

FINAL REPORT

THE DESIGN AND FABRICATION OF THE BRAYTON ROTATING UNIT
OPERATING ON ROLLER ELEMENT BEARINGS (BRU-R)

by

B. B. Heath and R. A. Luther

AIRESEARCH MANUFACTURING COMPANY OF ARIZONA
A DIVISION OF THE GARRETT CORPORATION

Phoenix, Arizona

Prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

September 1969

CONTRACT NAS 3-9428

NASA Lewis Research Center
Cleveland, Ohio
Lloyd W. Ream, Project Manager



AIRESEARCH MANUFACTURING COMPANY OF ARIZONA

A DIVISION OF THE GARRETT CORPUORATION

FOREWORD

This report was prepared by the AiResearch
Manufacturing Company of Arizona, A Division of
The Garrett Corporation, to describe the work
conducted under Contract NAS3-9428, Brayton
Rotating Unit Operating on Oil-Lubricated Roll-
ing Element Bearings (BRU-R), for the National
Aeronautics and Space Administration, Lewis
Research Center, Cleveland, Ohio.
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ABSTRACT

The Brayton Rotating Unit with Rolling Element
Bearings (BRU-R) consists of a compressor, turbine,
and alternator mounted on a common shaft, supported
by two 30~-mm angular contact ball bearings, gas-
cooled and oil-mist-lubricated within a closed-
cycle system. A unique bellows face. seal with a
hydrodynamic gas bearing on the carbon nose isolates
each bearing and prevents o0il contamination of the
Brayton-cycle working fluid. The bearing and seal
designs were confirmed in the BRU~R during a 500-hr
and 50-hr endurance test. Seal leakage into the
Brayton loop during the test was less than the

0.07 1lb of o0il specified for a 500-hr operation.
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FINAL REPORT

THE DESIGN AND FABRICATION OF THE
BRAYTON ROTATING UNIT OPERATING ON
OIL-LUBRICATED ROLLING ELEMENT BEARINGS (BRU-R)

1. SUMMARY

The AiResearch Manufacturing Company of Arizona, A Division of
The Garrett Corporation, has designed, manufactured, and tested a
prototype Brayton Rotating Unit operating on oil-lubricated rolling
element bearings (BRU-R) and the associated equipment to support the

bearing and seal system.

The Brayton Rotating Unit with oil-lubricated rolling element
bearings (BRU-R) is a backup unit for the Brayton Rotating Unit (BRU)
furnished under Contract NAS3-9427 which operates on gas bearings.

The turbine wheel and compressor aerodynamic designs and the alternator
design are identical for the BRU-R and the BRU. The BRU-R and its
lubrication and cooling system are designed for evaluation and test at
the NASA Space Power Facility (SPF) at Plum Brook, Ohio.

The Brayton Rotating Unit with oil-lubricated rolling element
bearings (BRU-R) has a radial turbine wheel, a radial compressor,
and a four-pole alternator rotor assembled as a group, rotating at
36,000 rpm. The assembly is supported by two 30-mm angular contact
ball bearings that are gas-cooled and oil-mist-lubricated by a closed-
cycle loop, identified as the BRU-R Lubrication and Cooling System (LCS).
Each bearing cavity is isolated from the Brayton cycle thermodynamic
loop by a hydrodynamic face seal. This seal is a carbon-nose, bellows-
supported design with a hydrodynamic gas bearing geometry located on
the inside diameter of the carbon nose. The face seal has rubbing con-
tact with the tungsten carbide rotor at speeds below 5000 to 8000 rpm.
As the speed increases, the gas bearing will become hydrodynamic and

APS-5327-R
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generate a gas film-thickness of 0.000150 in. at the design speed of
36,000 rpm. To prevent oil from migrating into the Brayton cycle
thermodynamic loop while the seal is hydrodynamic and noncontacting,

a differential pressure is maintained across the hydrocdynamic face seal
to promote gas flow into the bearing cavity from the thermodynamic loop.
The deviation controller of the BRU-R lubrication and cooling system
maintains a set differential pressure of 0.45 psi between the pressure

at the hub of the compressor impeller and the bearing cavity.

A radial labyrinth seal is located between each bearing and the
alternator cavity to prevent oil-mist from entering the alternator
stator section. In addition, the alternator cavity is supplied with
clean dry cooling gas from the BRU-R Lubrication and Cooling System at
a higher pressure than the bearing cavity, thereby continually purging
the alternator cavity through the labyrinth seals.

The BRU~R Lubrication and Cooling System is a closed, hermetically
sealed loop that provides a gas and oil-mist mixture to the bearings.
The Lubrication and Cooling System utilizes the same gas as the
Brayton cycle thermodynamic loop, i.e., a mixture of helium-xenon with
a molecular weight of 83.8. A two-stage water-cooled compressor driven
by an electric motor compresses the gas and delivers it to the lubri-
cator tank where the flow is split, part going to purge the alternator,
and part to an oil injection section where a positive displacement .pump
injects a controlled amount of o0il into the gas stream. These gas
flows are delivered to the BRU-R. The gas and oil-mist mixture is
drained from the bottom of the BRU-R and passed through two control
valves which regulate the bearing cavity pressure. The gas and oil-
mist mixture is filtered to remove the oil and the clean gas supplied

to the inlet of the compressor to complete the closed loop.

APS-5327-R
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The bearings used in the BRU-R are 30-mm, M-50 tool steel
angular-contact ball bearings with a contact angle of 22 deg and are
installed in resilient mounts having a stiffness of 30,000 to 40,000
lb/in. The bearings are spring-loaded to maintain an axial preload of
80 to 100 1lb. The bearings were evaluated in a test program that in-
cluded investigation of cooling-gas/oil-mist ratios and 400:1 by weight
was selected. Five bearings were tested for a total of 1864 hr at a
design speed of 36,000 rpm. This included a final test of 1058 hr with

no evidence of wear.

The hydrodynamic face seal design incorporates a Raleigh stepped-
sector gas bearing in conjunction with a conventional sealing land on
the face of a bellows-mounted carbon nose. The gas bearing feature
permits the seal to operate with a very low power loss, a minute con-
trolled leakage and practically zero wear. The conventional sealing
land on the nose provides static sealing. The gas bearing geometry
consists of 18 equally spaced pads, separated by a radial slot of 1
deg in width and 0.010 in. depth and separated from the sealing land
by an annular slot width of 0.020 in. and 0.010-in. depth. The step
portion of the geometry has a depth of 0.0002 in. and has a width of
4 deg.

The seal evaluation test program consisted of evaluating a con-
tacting carbon-nose seal as a backup and two designs of hydrodynamic
face seals: One with the gas bearing geometry on the inside and the
other with it on the outside. The tests of the "backup" rubbing con-
tact design demonstrated that the seal would be adequate for use if
necessary and would have an estimated life of 5000 hr. The power loss,
however, was approximately five times as high as the gas bearing
designs. The hydrodynamic seal test evaluation selected the design
with the gés bearing geometry on the inside diameter, with the oil-
mist environment located on the outside diameter. A seal of this de-
sign with a tungsten carbide rotor was operated at a speed of 36,000
rpm for a period of 1000 hr, including 79 hydrodynamic starts and stops
with no measurable wear.

APS~-5327-R
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The inspection and acceptance test of the BRU-R and the Lubrica-
tion and Cooling System consisted of three separate tests: 500-, 50-,
and 5-hr. The 500-hr test was performed with dummy inertial masses
replacing the aerodynamic components. The BRU-R was driven with an
air turbine motor. An electrical heater was attached to the turbine
end to simulate the thermal input equivalent to operation at a 6.O—kwe
power level., The turbine back shroud was maintained at a temperature
of 900° to 950°F. The unit was operated for a total of 502.5 hr at a
design speed of 36,000 rpm and for 10 min at an overspeed condition of
120 percent; 68 starts were made during the test. Seal leakage mea-
surements were performed by withdrawing gas samples from the turbine
cavity and analyzing the samples on an infrared spectrophotometer with
a l0-meter gas cell. These measurements showed oil leakage less than
the maximum permissible of 0.070 1b during 500 hr, with no measurable

wear on disassembly inspection,

The BRU-R was reassembled with new bearings and seals and the
50-hr test was performed. As in the 500-hr test, dummy inertial masses
were substituted for the aerodynamic components, and the BRU-R was
driven at a speed of 36,000 rpm. The electrical heater was not used
in this test. Seal leakage measurements were again performed by draw-
ing a gas sample from the turbine cavity. Analysis on the infrared
spectrophotometer revealed that there was no measurable oil leakage
past the hydrodynamic face seal. The BRU-R was reassembled with the
turbine wheel and compressor impeller and operated at design speed of
36,000 rpm for 5 hr. The BRU-R was then operated for 10 min at a

design overspeed condition of 120 percent.

APS-5327-R
Page 1-4



AIRESEARCH MANUFACTURING COMPANY OF ARIZONA
n A DIVISION OF THE GARRETT CORPORATION

2. INTRODUCTION

This report, submitted by the AiResearch Manufacturing Company of
Arizona, A Division of The Garrett Corporation, describes the results
of a program performed under NASA-Lewis Research Center, Contract
NAS3-9428,

Originally, the program was directed toward the design and fabri-
cation of a radial-flow turbocompressor and the provision of a set of
research compressor components. The radial-flow turbocompressor was
to operate in a Brayton cycle, using argon as the working fluid with
a turbine inlet temperature of 1950°R. The design consisted of a
radial-flow turbine wheel and compressor impeller mounted on the same
shaft and supported by oil-lubricated rolling-element bearings. Dur-
ing the early design stages, the program was redirected to provide
a Brayton Rotating Unit with ocil-lubricated rolling element bearings
(BRU-R) --a backup for the Brayton Rotating Unit (BRU) which operates
on gas bearings (NASA Contract NAS3-9427). The second major task of
the contract was the set of research compressor components to provide
an improved impeller design with backward curved exit blading and a
scroll to retrofit the Compressor Research Package fabricated under
NASA Contract NAS3-2778. '

The turbine and compressor aerodynamic and the alternator designs
are identical for the BRU~R and the BRU. However, the BRU-R has two
angular contact ball bearings that are gas-cooled and lubricated with
a MIL-I~7808 oil mist. There are two seals that isolate each bear-
ing cavity and prevent the oil-mist from entering the alternator cavity
and the Brayton cycle thermodynamic loop. A maximum of 0.07 1lb of oil
leakage into the Brayton cycle thermodynamic loop in 500 hr of opera-
tion was permitted. The oil-mist and gas—cooling was provided to the
BRU-R in a closed-loop Lubrication and Cooling System (LCS).This system
consists of a compressor, an oil injection system, filters, and asso-
ciated controls to deliver 0.0011 1lb/min of o0il to each bearing. The

APS-5327-R
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design requirements of the BRU-R are shown in Table I. The BRU-R and
its lubrication and cooling system is intended for operation at the
NASA Space Power Facility (SPF) at Plum Brook, Ohio.

Appendix A describes the preliminary mechanical design and bearing
analysis that had been performed on the radial flow turbocompressor
before that program was redirected toward a Brayton Rotating Unit with

oil-lubricated rolling element bearings.

Appendix B documents the design history of the closed-cycle lub-

rication and cooling system.

Appendix C details the design of the backward-curved compressor

impeller for the retrofit of the Compressor Research Package.

Appendix D contains drawings of the BRU~R Lubrication and Cooling
System, the Carbon Nose Seal, and the thermocouple locations.
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TABLE I

SYSTEM REQUIREMENTS

Condition A Condition B Condition C

Alternator output, kwe 2.25 6.0 10.5
Cycle working fluid Helium-Xenon with molecular weight of 83.8
Mass flow rate, lb/sec 0.418 0.796 1.32
Turbine inlet temperature, °R 2,060 2,060 2,060
Turbine pressure ratio 1.73 1.75 1.75
Turbine inlet pressure, psia 13.7 25,8 43.2
Compressor inlet temperature, °R 540 540 540
Compressor pressure ratio 1.88 1.9 1.9
Compressor inlet pressure, psia 7.6 14.2 23.7
Design operating life, years 5 5 5
Test operating life (TBO) 500 500 500

(bearings and seals), hr
Speed capability, % design 0 to 1202
Speed at design, rpm 36,000 36,000 36,000
Bearing lubricant and coolant MIL-L-7808 or egquivalent
Alternator and turbine seal coolant Dow Corning =- 200

Temperature (supply), °R 530 530 530

Flow, lb/hr max To be determined by contractor
Bearing lubricant objectives

Flow, lb/hr max To be determined by contractor

Exit temperature, °R max 836 836 836

Internal leakage c

qgustain 20 percent overspeed for 5 min at end of 500 hr of test operation (a design
objective).

bRefers only to minimum bearing and seal life before replacement is required (a design
objective).

CThe unit will be designed with the objective of obtaining the lowest possible leakage of
lubricant into the cycle working fluid. Total accumulated leakage of MIL-L-7808 oil into
the cycle working fluid shall not exceed 0.07 1lb of o0il maximum for the 500 hr of
operating-life of the bearings and seals.
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3. BRU~-R CONFIGURATION

The Brayton Rotating Unit with Rolling Element Bearings (BRU-R)
consists basically of a compressor, a four-pole alternator, and a tur-
bine mounted on the same shaft and supported on gas-cooled, oil-mist-
lubricated angular contact ball bearings. The BRU-R is shown in Fig-
ure 1l; the disassembled structure in Figure 2; and the cross-section
in Figure 3. The BRU-R is similar to the BRU with gas bearings. 1In
fact, the turbine and compressor aerodynamic designs and alternator
designs are identical for the BRU-R and the BRU.

3.1 BRU-R Rotating Group

The BRU-R rotating group (Figure 4) consists of an alternator
rotor that is straddle-mounted between ball bearings with the radial-
flow compressor impeller overhung at one end of the shaft and the
radial-flow turbine wheel overhung at the other end. The compressor
impeller and the turbine wheel are attached to the alternator rotor
through 1.06-in. dia curvic couplings and secured with a tie-bolt and
self-locking nut. The bearing on each end of the alternator rotor is
held against a shoulder on the alternator rotor with a "round nut"”
that is locked to the rotor with a retaining ring. The round nut also
secures the seal rotor. A soft copper rotor spacer is placed between
the seal rotor and the round nut to prevent distortion of the seal
rotor under the clamping force. The "arm" of the retaining ring must
be inserted through one of the four holes in the alternator rotor and
into one of the six slots of the round nut. This installation requires
that the copper rotor spacer must be lapped to achieve this alignment.
The assembled BRU-R rotating components are shown in Figure 5.
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BRAYTON ROTATING UNIT WITH
ROLLING ELEMENT BEARINGS (BRU-R)

FIGURE 1
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DISASSEMBLED BRU~R PARTS

FIGURE 2
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ASSEMBLED BRU-R ROTATING GROUP

FIGURE 5
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3.2 Turbine and Compressor

The turbine wheel is a 4.97-in.-dia radial-flow wheel operating
over a ptessure ratio of 1.87, has a demonstrated performance of 90
percent, and is assembled with a blade clearance between the wheel and
the scroll of 0.008 to 0.010 in. This blade clearance increases by
0.0135 to 0.0153 in. due to thermal expansion as the BRU-R is operated
to the thermodynamic cycle conditions of the system requirements. For
example, if the blade clearance is initially set at the nominal value
of 0.009 in. during assembly, the blade clearance will increase to
0.0225 in. when the BRU-R is operated to a system condition of 2.25 kwe
with a turbine inlet temperature of 2060°R. As will be discussed in
Paragraph 3.4, the turbine end bearing is "fixed" while the compressor

end bearing is "free" to float and accommodate thermal expansion.

The compressor impeller has a 4.25-in. diameter and backward-
curved blades. The design pressure ratio is 1.9, and the impeller has
a demonstrated maximum efficiency of 82 percent at design correéted
speed. The compressor impeller is assembled with a blade clearance of
0.017 to 0.019 in. This decreases by 0.0076 to 0.0095 due to thermal
expansion as the BRU-R is operated under "hot" conditions. For exam-
ple, if the compressor blace clearance is initially set at the nominal
value of 0.018 in., the decrease will be to 0.0103 in. when the BRU-R
is operated to a system condition of 2.25 kwe with a turbine inlet
temperature of 2060°R and a compressor inlet temperature of 540°R.

3.3 Alternator

The BRU-R four-pole alternator utilizes a solid rotor (Figure 6).
The stator has a conventional three-phase ac winding, with two station-
ary field coils located outside. The magnetic flux generated by the
field coils passes into the rotor across a secondary air gap at the
end, through the north pole of the machine, around the magnetic frame,

and re-enters the rotor at the south pole. Then it passes again across
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a secondary air gap at the end of the rotor to complete the flux
circuit. The construction of the rotor consists of two sections of
SAE 4340 steel and a center segment of precision cast Inconel 718. The
three pieces are positioned by the use of special tooling, while the

center rotor segment is brazed into place.

3.4 Bearings and Seals

The BRU-R operates on two gas-cooled, oil-mist-lubricated angular
contact ball bearings. Each bearing is resiliently mounted in a four-
lobe flex-mount. The turbine end bearing in the flex-mount is fixed
in relation to the alternator housing, and the compressor end bearing
in its flex-mount is "free" to move axially to account for thermal
expansion. The resilient mount adjacent to the compressor is spring-
loaded to provide an axial preload of 80 to 100 1lb on both bearings.
The axial preload is established during assembly, realizing that ther-
mal expansion will decrease the preload as the BRU-R is operated to the
thermodynamic cycle conditions. The thermal expansion at the compres-
sor bearing is 0.0089 to 0.0104 in. for power levels of 2.25 to 10.5
kwe. The springs that provide the preload have a rate of approximately
700 1lb/in. Thermal expansion would produce a maximum preload reduction
of 7.28 1lb. As discussed in Section 5, as the preload decreases, the
ball spin/roll ratio increases with a greater tendency for skidding and
subsequent wear. However, the preload design range was recommended
to be 60 to 100 1lb, but in order to compensate for thermal expansion,
assembly procedures were established to give preloads on the high side
of this range; that is, 80 to 100 1lb.

Each bearing is individually cooled and lubricated by a gas and
oil-mist mixture circulated through a closed-loop lubrication and cool-
ing system. Each bearing is provided with 0.0011 lb/min of MIL-L-7808
oil. The gas and oil-mist is scavenged from each bearing cavity and
through a duct at the bottom of the BRU-R. Two noncontacting seals
surround each bearing cavity to prevent the oil-mist from entering the

alternator cavity and the Brayton cycle loop, as shown in Figure 7.
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The angular contact bearings have a bore diameter of 30 mm, an outside
diameter of 55 mm, and a width of 13 mm. M-50 tool steel is used in
the ring and the balls. The ball diameter is 9/32 in. The inner- and
outer-race curvatures are 56 and 54 percent, respectively, of the ball
diameter. The angular contact ball bearing and the resilient mount are
shown in Figure 8. The bearing resilient mount has a stiffness of
30,000 to 40,000 1b/in.

There are two seals that isolate each bearing and prevent leakage
into the Brayton cycle loop: one is a radial-gap labyrinth seal and
the other is a carbon-nose bellows face seal. Separating each bearing
cavity from the alternator cavity is a radial gap seal, a nonrotating
labyrinth type with a fixed-radial clearance (Figure 9). The pressure
in the alternator cavity is higher than that in the bearing cavity,
resulting in a "controlled leakage" from the alternator across the
radial gap into the bearing cavity. The seal located between the
compressor impeller and the adjacent bearing, as well as that between
the turbine wheel and its adjacent bearing, is a carbon-nose, bellows
face seal. This seal and its rotor are shown in Figure 10. A Rayleigh
stepped-sector gas bearing is incorporated in the carbon nose of the
face seal. The seal differential pressure control of the lubrication
and cooling system controls the pressure in the bearing cavity to give
a pressure that is less than that at the compressor impeller hub. The
pressure at the turbine wheel hub is slightly higher than that at the
compressor impeller, so that there is always a "controlled leakage"

across the face seal into the bearing cavity.

3.5 Alternator Housing Assembly

The alternator housing assembly contains the instrumentation
receptacle housing, the alternator stator and field coils, the power
output receptacle, all coolant supply fittings, and all pressure tap
fittings. The alternator housing is the nucleus to which all struc-

tural ties are made. The compressor end is shown in Figure 11l. To
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ANGULAR CONTACT BALL BEARING AND
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FIGURE 8

APS~-5327-R
Page 3-12

MP-2h37h



AIRESEARCH MANUFACTURING COMPANY OF ARIZONA

A DIVISION OF THE GARRETT CORPORATION

LABYRINTH SEAL-KAPTON LANDS

FIGURE 9
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ALTERNATOR\%OUSING ASSEMBLY
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FIGURE 11
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each end, an ingot iron end-bell is bolted to complete the flux path

of the alternator. To these, the bearing carrier assemblies, provid-
ing the support and positioning of the alternator rotor, are bolted.
The seal carrier assemblies that position the carbon-nose seals are
bolted to the bearing carrier assemblies. The turbine seal carrier
assembly has internal cooling passages for extraction of heat from
the turbine side. The housing assembly has piloted diameters for
positioning the turbine and compressor scrolls. The blade clearances
for the scrolls are obtained by machining scroll spacers. Flanges are
provided on the alternator housing and on the écrolls for the attach-
ment of sealing channels. The provision for these sealing channels is
also made at the instrumentation receptacle housing and at the bearing
drain flange and are welded to the flanges during final preparation

for test operation.

The BRU-R is instrumented with 32 thermocouples (Figure 12) and
three capacitance probe speed pickups. These are located at the
compressor end of the BRU-R (Figure 12).
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4, BRU-R LUBRICATION AND COOLING SYSTEM

Each bearing of the BRU-R is lubricated and cooled by a gas and
oil-mist mixture that is circulated in a closed, hermetically sealed
loop. The design of the BRU-R Lubrication and Cooling System (LCS)
evolved from several preliminary design configurations, as detailed in
Appendix B. This section discusses the final design that was used in

the test program reviewed in Section 10.

The BRU-R Lubrication and Cooling System consists of a two-stage
water-cooled compressor driven by an electric motor, a positive dis-
placement oil-lubricator pump and reservoir, a seal differential pres-
sure control, loop instrumentation and control panels, and associated
filters, heat-exchangers, and valves. The Lubrication and Cooling Sys-
tem injects a controlled amount of o0il into a gas stream and directs
this oil-mist and gas mixture to the bearings. The system also pro-
vides clean dry purging gas to the alternator cavity. The seal differ-
ential control regulates the pressure of the bearing cavity lower than
the compressor hub, preventing oil-mist from migrating into the Brayton
cycle. The system filters the o0il from the gas stream, compresses the
gas, filters it again, and returns the gas to the oil injector. The
BRU-R and the Lubrication and Cooling System are designed for operation
at the NASA Space Power Facility (SPF) at Plum Brook.

4.1 Lubrication and Cooling System Description

A schematic of the Lubrication and Cooling System is shown on
Drawing 699220 in Appendix D. The major components are the compressor
tank, the lubricator tank, the seal differential pressure control, and
the control panels. In the NASA Space Power Facility, the Lubrication
and Cooling System will contain the same gas as used in the Brayton
cycle loop--a helium-xenon mixture of molecular weight 83.8. During

development testing, argon was employed as the working fluid.
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Referring to Drawing 699220, the gas and ocil-mist mixture enter
the compressor tank through the water-cooled heat-exchanger HX-1 where

it is cooled to approximately 100°F and then passed to the sump area.
The oil-mist entrained in the gas is filtered out in the polyfoam fil-
ter (F-2) and drips into the sump. The relatively clean gas is drawn
into the compressor (C-1) through a coarse filter (F-5). The gas leav-
ing the compressor is cooled to approximately 100°F by the heat-
exchanger (HX-2) and passed through an automatic drain vortex filter
(F-3) to remove any oil picked up during compression. The gas passes
to the receiver where a motorized remote-control back-pressure regula-
tor (R-2) maintains a pressure of approximately 80 psia. The gas
passes from the receiver through the filters (F-1), where the remaining
traces of oil are removed, and the clean gas is then pumped through the
wall of the space chamber to an electrically heated heat-exchanger

where the gas is raised to approximately 100°F.

‘The gas enters the lubricator tank and ié again filtered by an
automatic drain filter and regulated to approximately 66 psia by a motor-
ized remotely controlled regulator (Reg-1). The gas at this point can
bypass around an oil-mist injector (positive displacement pump, L-1) or
through it at the option of the operator. Solenoid valves (V-4 and V-5)
provide this feature. From the downstream side of Reg-1l, clean gas 1is
also passed through a sonic orifice to the alternator cavity of the
BRU~R. The sonic orifice serves to limit the flow of helium-xenon gas
to the alternator cavity to 0.2 lb/min under all conditions of operation
The gas that bypasses around or through the lubricator is ducted to the
BRU-R bearing cavities through two sonic orifices, which serve to limit
the flow to each bearing to approximately 1.90 1lb/min. After passing
through the bearings, the cooling gas and oil-mist is drawn from the
bottom of the BRU-R and ducted back through the space chamber wall to
control valves V-1 and V-2. These valves are part of an automated con-
trol system to maintain a fixed-differential pressure between the cav-

ity back of the BRU-R compressor impeller (Pl) and the bearing cavity
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pressure (Pz). The differential pressure is required to prevent

leakage of oil-mist into the Brayton cycle thermodynamic loop. As the
gas leaves the V-1 and V-2 valves and returns to the compressor tank,
the lubrication and cooling loop is closed. The thermocouple locations
in the lubrication and cooling system are shown in Appendix D, Drawing
303913.

4.2 Seal Differential Pressure Control

The automatic regulation of the bearing cavity pressure is
accomplished with the seal differential pressure control. A block
diagram of the control is shown in Figure 13.

The transmitter (Figure 14) senses the differential pressure in a
liquid-filled diaphragm-sealed element and exerts a force on a pivoted
beam. The movement of the beam varies the reluctance of a force-
balance-detector until the feedback transducer mounted on the pivoted
beam exerts an equal balancing force.

The deviation indicating controller (Figure 15) is basically an
analog computer that compares the milliamp signal received from the
differential pressure transmitter to a set-point, indicates the devia-
tion, and supplies a milliamp output signal from an operational ampli-
fier. The amplifier relates the input to the output signal through a
feedback path regulated by adjustable responses. The controller can
be set to maintain a set differential pressure between 0.0 to 0.75 psi
and can be operated in either an automatic or a manual mode. The
normal setting is the automatic mode with a set point or a process
control value of 60 percent. This results in a controlled differential

pressure of 0.45 psi.

In the electropneumatic transducer (Figure 16), the air pressure
is regulated to provide a pneumatic output signal proportional to the
milliamp input signal. The pneumatic signal powers the valve posi-
tioners and control valves shown in Figure 17.
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DEVIATION CONTROLLER

FIGURE 15
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"VALVE POSITIONERS AND CONTROL VALVES
FIGURE 17
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4.3 Compressor Tank

The compressor tank contains the gas compressor and the primary
gas clean-up mechanism. The compressor tank is shown in Figure 18 and
with the cover removed in Figure 19. The compressor tank has a fitting
with a pressure rupture diaphragm rated at 20 to 25 psi; this fitting
is for attachment to the NASA gas clean-up system.

The components within the compressor tank are a compressor and
motor, three water-cooled heat-exchangers, four filters, and a gas
receiver with a motorized remote control back pressure regulator.
There are two filters (F-1) outside the tank connected in parallél
(Figure 20). The motorized regulator is similar to that shown in

Figure 23.

4.4 Lubricator Tank

The lubricator tank contains the mechanism for providing the oil-
mist to the helium-xenon gas flow. The lubricator tank is shown with
the cover removed in Figure 21.

The components of the lubricator tank are an electrically-heated
heat-exchanger (located outside of the tank), an automatic drain
filter (Figure 22), a remotely controlled motorized regulator, two
solenoid valves, a positive displacement metering pump, a check valve,
a pressure transducer, a venturi mixing section, and an oil reservoir.
The remotely controlled motorized regulator is shown in Figure 23.
There are two solenoid valves in the lubricator tank; one is a normal-
ly closed valve and the other a hormally open valve. A typical valve

is shown in Figure 24.

The 0il is injected into the gas stream with a positive displace-
ment lubrication system shown in Figure 25. This system consists of a

metering pump, a pressure transducer, a check valve, and a venturi
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COMPRESSOR TANK WITH COVER REMOVED

FIGURE 19
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LUBRICATOR TANK
FIGURE 21
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MOTORIZED REGULATOR

FIGURE 23
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ASCO SOLENOID VALVE

FIGURE 24
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section. The positive displacement metering pump is shown in Figure
26. Mounted on the discharge of the pump is the pressure transducer
and poppet check valve. The transducer senses the pressure build-up
of the pump and provides an input signal to an electronic switch that
blinks a light on the lubricator control panel. This light will blink
approximately 30 times a minute when the pump is properly supplying oil
to the gas flow. The poppet check valve provides a positive discharge
pressure to allow the pump's internal check valves to seat and thereby
provide precise flow control. The oil from the discharge of the check
valve is injected into the upstream side of a venturi section. Then
it is carried away from the injector, accelerated in the venturi sec-
tion, atomized, and thoroughly mixed with the helium-xenon gas flow.
The last component of the lubricator tank is an o0il reservoir fitted
with an o0il level indicator and an electrical heater regulated with a
thermostat. The o0il level is displayed on the lubricator control
panel with a digital voltmeter.- The oil capacity of the reservoir is
sufficient for approximately 26 hr of testing. A remote oil-fill
should be provided to replenish the reservoir. This supply can con-
sist of a solenoid valve, a pump, and a large o0il reservoir that can

be set up at a convenient location outside of the lubricator tank.

4.5 Control and Instrumentation Panels

There are two control panels and three instrumentation panels for
the BRU-R lubrication and cooling system. These panels contain the
controls for the differential pressure, the compressor tank, the lub-

ricator tank, and the indicators of the loop pressure transducers.

The two control panels are for the gas-flow and the lubricator.
The cooling gas flow and the controllable pressures can be regulated
from the gas flow control panel (Figure 27). The switch labeled
"Bearing Cooling Flow V-4/V-5" controls the solenoid valves within the
lubricator tank. When the switch button titled "Gas/0il" is depressed,

APS-5327-R
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the valve V-4 is opened and the valve V-5 is closed; the helium-xenon

gas flows through the oil-mist injector section. This is the normal
run position. When the switch button, "Gas Only", is depressed, the
red light above the switch will be illuminated, and the helium-xenon
gas will bypass the oil-mist injector section; the valve V-4 will be
closed and the valve V-5 will be opened. The gas-flow control panel
also contains three switches labeled "Increase-Decrease" that control
the electrically-heated heat-exchanger (HX-3) and pressures P-5 and
P-7. A voltmeter is located adjacent to the control switch for the
HX-3 heat-exchanger. The P-5 and P-7 switches control the position
of the Reg-1l and Reg-2 motorized regulators, respectively.

The oil injection into the cooling gas flow can be regulated with
the lubricator control panel (Figure 28). The oil level in the reser-
voir with the lubricator tank is indicated on the digital voltmeter.
The lubricator panel contains a light to indicate when the pump is
injecting oil into the gas stream; this light will blink at a rate of

approximately 30 times a minute and has a "Press-to-Test" button.

Figure 29 illustrates three instrumentation panels. The right
hand panel contains the pressure transducer indicators for the loop
pressures P-5, P-6, P-9, and P-10. P-5 is the pressure downstream
from the lubricator pump; P-6 is the pressure within the compressor
tank; P-9 is the pressure of the purge gas supply to the alternator
cavity; P-10 is the pressure within the lubricator tank. The middle
panel contains the pressure transducer indicators for the loop pres-
sures P-3, P-4, P-7, and P-8. P-3 is the pressure within the alter-
nator purge cavity; P-4 is that at the turbine hub; P-7 is the pres-
sure of the discharge of helium—-xenon as it leaves the compressor tank;

P-8 is the loop pressure downstream from the F-1 filters. The left
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hand panel contains the deviation controller and the pressure

transducer indicators for the compressor hub (P-1l) and the bearing
cavity (P-2).

A complete lubrication and cooling system schematiec is in
Appendix D, Drawing 699220,
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5. BEARING DESIGN AND TEST EVALUATION

The bearings in the BRU-R were designed to support the axial and
radial loads of the turbine wheel, compressor impeller, and alternator
rotor. The two 30-mm ball bearings are mounted in resilient four-lobe
flex mounts. The resilient mount adjacent to the compressor is spring-
loaded to provide an axial preload on both bearings. Each bearing is
individually cooled and lubricated with a helium-xenon gas mixture with

oil-mist.

5.1 Shaft Dynamics

As with many designs of rotating equipment, the BRU-R shaft
dynamic characteristics dictated the selection of bearing size and
span. Figure 30 shows the elastic and mass model of the BRU-R assembly
used to establish the rotor dynamics. The bearing span was placed at
8.650 in. in conjunction with a 30-mm bearing bore size. This config-
uration resulted in a rotor fundamental (free-free) bending mode criti-
cal speed of 53,600 rpm, which is 24 percent above the designed 120-
percent overspeed requirement of 43,200 rpm. Figure 31 shows the first
two critical speeds as a function of bearing stiffness. The analysis
revealed that with solid-bearing mounting (implying a stiffness in the
order of 250,000 lb/in.), the first two critical speeds would be very
near the operating speed of 36,000 rpm. Consequently, resilient bear-
ing mounts were incorporated to reduce the first and second critical
speeds. Using a resilient mount stiffness of 30,000 to 40,000 1lb/in.,
the first and second critical speeds are reduced to 10,000 to 15,000 rpm
and well below the normal operating speed. These critical vibration
ranges were verified during coastdown tests, as discussed in 10.2.2.1.
Figure 32 shows the configuration of the resilient mount designed for
the BRU-R.

APS-5327-R
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The dynamic operating loads on the resiliently mounted bearings

for a rotor cg eccentricity of 0.0002-in. are shown in Figure 33. The

loads remain low even at the overspeed of 43,200 rpm.

5.2 Bearing Design

The rolling-element bearings were optimized for the BRU-R to ful-
fill the system requirements of minimum power loss and wear, light
weight, and high reliability (time between overhaul, 500 hr) and yet
to stay within present bearing design and manufacturing technology to
ensure their availability. This is normal design practice for high-

speed turbomachinery bearings.

The design selected as a result of the bearing optimization pro-

gram is shown in Figure 34. The major characteristics are:

Bore diameter 30 mm

Outside diameter 55 mm

Width 13 mm

Ball diameter 9/32 in.

Inner-race curvature 56% of ball diameter

Outer-race curvature 54% of ball diameter

Contact angle 22 deg

Ring and ball material Consumable-electrode vacuum-
melted M-50 tool steel

Separator material 4340 Steel, silver-plated

The calculated maximum bearing power losses with oil-mist lubrica-
tion are 191 w at the turbine end and 190 at the compressor end. The
Blo life of the turbine-end bearing is 25,260 hr and of the compressor-
end bearing is 25,623 hr. This results in a minimum system life of

13,770 hr and gives a 3100-hr time between overhaul (TBO).
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PHOENIX. ARIZONA

ONE LOCATING SLOT

.210
.190

| —=f = .08 MIN

.06 MIN

TO CLEAR ] (TYP 3 PLACES)
.02 MAX K - .040
TO CLEAR .04 MAX R
1.680 DIA .06 MIN |
MIN
1.390 DIA - .
REF
BEARING DESCRIPTION  SINGLE ROW, ANSULAR CONTACT, 7106 GRADE  AIRESEARCH 5
INNER RING OUTER RING ‘ SPECIAL FEATURES
CEVM M-50 STEEL CEVM M-50 STEEL 1. CONTACT ANGLE TO BE 20°- 24°

MATERIAL: 6490 MATERIAL: PER AMS 64G0 : Ul

pore: (M) 1.1809 - 1.1811 (30 M) | opMD2.1651 - 2.1654 (55 M) 2. pSEFARATOR HARDNESS TO BE

w

SEPARATOR TO BE SILVER PLATED
PER AMS

w1DTH:® .5018 - .5118 (13 MM) WIDTH: .5018 - .5118 (13 MM) 241C. 001 - .002 THICK

4. PARTS SHALL NOT CHANGE IN DIMEN-
RACE DEPTH: 15 MIN % BALL/ROLLER DIA. | RACE DEPTH: 10 MIN% BALL/ROLLER DIA.

55.5 - 53.5-54.5 WHEN EXPOSED TO 7509F FOR 10
RACE CURVATURE: 56.5% BALL/ROLLER DIA. | RACE CURVATURE: % BALL/ROLLER DIA. HOURS
SEPARATOR PILOT LAND SEPARATOR PILOT LAND 5. HEAT TREATMENT OF CEVM M-50 TO
TO GROOVE RUNOUT: TIR| TO GROOVE RUNOUT:  .0005 TIR|  BE PER HT-55.
"6. SEPARATOR BALL POCKET CLEARANCE
SEPARATOR ROLLING ELEMENTS " T0 BE .C17 - .027.
SAE 4340 STEEL PER E

7. ;ACES A & B" TO BE FLUSH WITHL

C -
MATERIALS:  AMS 6415 MATERIAL: AMS 6490 G001 WITH 5 LB. THRUST LOAD

APPLIED IN DIRECTION SHOWN.
8. BEARING

i
H
i
i

ELEMENTS PER ROW: 14

UNDER NORMAL HANDLING.

CONSTRUCTION:  MACHINED ‘ ELEMENT DIA.: 9/32 INCH 9
ASSEMBLY: ONE PIECE ELEMENT LENGTH: ~ TO BE Re 60 MIN.
PILOTING SURFACE: OUTER RING LAND CLOSURES g
PILOT CLEARANCE: -008 - .018 NUMBER: NONE
ASSEMBLED BEARING CHARACTERISTICS| TYPE: =
TOTAL o CLEARANCE OF | \ATERIAL:
— UNDER LBS GAGE LOAD | CONSTRUCTION: ;
PACKAGING PER AIRESEARCH PRODUCTION BULK PACK COMMERCIAL SPARES PACK MILITARY SPARES PACK
PRESERVATIVE: , MIL-L-6085 : MIL-L-6085 MIL-B-197
AIRESEARCH PART NUMBER: 358546 ] 358546 1 358546  _ 4

PROCUREMENT PER ASL______ 358546

FIGURE 34 A34130
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The design of rolling-element bearings for reliable operation at

high speeds in turbomachinery is complicated by conditions that do not
exist or do not affect bearing performance at low speeds. Some of

these conditions are:
(a) Centrifugal loading of the outer race and rolling elements
(b) Skidding at the rolling-element-to-race contacts
(c) Localized heating at the contacts

Analysis of these effects is complex and requires the use of digital
computer techniques. The method used in the analysis of this applica=-
tion was developed by Mr. A. B. Jones, Jr., whose theory has been pub-
lished by McGraw-Hill Book Company in Section 3 of the "Mechanical
Design and Systems Handbook."

In conjunction with Figure 33, the radial loads due to eccentricity
in this analysis were 10 1lb at the compressor bearing and 6 at the
turbine bearing. A total of 16.75 1b of static radial locad accounted
for shaft and wheel weights. An axial component of 31 1lb due to aero-

dynamic imbalance was also assumed.

5.2.1 Bearing Power Loss

Power loss from bearing friction has two possible causes: one,
effects due to bearing speed and lubricant viscosity, and the other,
due to the effect of load. The effect of lubricant viscosity on bear-
ing friction is predominant at increasing speeds but is almost inde-
pendent of bearing geometry and small at low speeds. For the operating
conditions of this application, the bearing power loss due to lubricant
viscosity is approximately 55 percent of the total, with oil-mist

lubrication. This would increase to 84 percent if oil-jet lubrication

APS-5327-R
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were used, and the calculated bearing power losses would increase to

532 w at the turbine end and to 531 at the compressor end.

Minimum bearing power loss is of paramount importance in this
application because the complete cooling system must be sized in propor-
tion to the bearing losses. Due to the low specific heat (Cp = 0.059)
of the He-Xe cooling gas, approximately 0.9 lb/min gas flow is required
to adequately remove each 100 w of heat generated in the bearing. For
example, a nonoptimized bearing of conventional design operating under
‘the BRU-R conditions with oil-mist lubrication and a calculated power
loss of 276 w would require a gas cooling system 45 percent larger
than required for the optimized BRU-R bearing.

In the analysis of bearing system life, the B10 life for each bear-

ing was determined. The individual bearing lives were then combined

statistically to obtain the expected B life of the system (Llo)—-the

10
life for which 90 percent of the bearings in the system can be expected

to survive without a fatigue failure.

To obtain the system TBO, the BlO

tain the Bl life (Ll)-—the life for which 99 percent of the bearings

can be expected to survive without a fatigue failure.

life (LlO) was modified to ob-

Figure 35 shows the relationship between B life (Llo) and bear-

, 10
ing life (LX) for probabilities of survival from 90.00 percent to
99.99 percent. It can be seen that the B, life (Ll) is 0.225 times

the BlO life (Llo)'

1

5.2.2 Race Curvature

The curvature of the inner énd outer races influences both bearing
power loss and fatigue life. Generally, tight curvatures give long
fatigue life but cause high power loss, while with loose curvatures

the reverse is true.

APS-5327-R
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In order to optimize for this specific application, race

curvatures ranging from 52 to 56 percent of the ball diameter were

considered.

Figures 36 and 37 show the effects of race curvature on bearing
power loss and life. An outer-race curvature of 54 percent and an
inner of 56 percent of the ball diameter were chosen. From the curves,
the slight power loss and life decrease is evident for the curvatures
greater than 56 percent. In order to achieve minimum power loss, a
56-percent inner-race curvature was selected. Outer-race curvature,
however, has less influence on torque than on bearing system life.
Thus, a 54-percent outer-race curvature was selected to achieve a long
life.

5.2.3 Contact Angle

The angle of contact between the races and balls affects the
thrust-carrying ability of the bearing and its performance under com-

bined radial and axial loads.

Analysis indicated that the optimum contact angle would lie in
the range between 20 and 30 deg. Since the life of the bearing with
this contact angle is adequate (Figure 38) and the contact-angle vari-
ation due to load and speed is not excessive, the 22-deg contact angle
was selected. From Figure 39 it can be seen that minimum power loss

would be obtained with this angle.

5.2.4 Preload

The effect of preload is to decrease fatigue life and increase
power loss (Figures 40 and 41). Thus, it would seem that a very low
preload should be used. However, Figure 42 shows that the preload also

influences the ball spin/roll ratio, which is a measure of the skidding

APS-5327-R
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and wear that will occur between the ball and the race. In order to

minimize the spin/roll ratio, it is desirable to use the highest

practical preload--in this case 60 to 100 1b.
5.2.5 Materials

Consumable-electrode vacuum-melted (CEVM) M-50 tool steel was
selected for bearing rings and balls because of its high temperature
resistance and excellent fatigue-life characteristics. Bearings having
CEVM M-50 rings and rolling elements have fatigue lives up to 10.7
times those attainable with the use of conventional SAE 52100 bearing

steel.

The separator material is silver-plated SAE 4340 Steel. Steel
was selected rather than bronze since the bearing temperatures are
expected to be as high as 350°F. At this temperature, bronze has poor
mechanical properties, while SAE 4340 Steel maintains good mechanical
properties. Thus, this steel is the better material for this applica-
tion.

5.2.6 Separator Design

The separator is designed as a thin-section, outer-ring land-
guided, one-piece machined-type to minimize drag and has several advan-

tages over an inner-ring land-guided design:

(a) It allows maximum flow of lubricant to the hot inner race
and through the bearing.

(b) The rotating inner-ring forces the lubricant to the
separator/guiding land contact which minimizes friction

and wear.

APS~-5327-R
Page 5-19



AIRESEARCH MANUFACTURING COMPANY OF ARIZONA

A DIVISION OF THE GARRETT CORPORATION

(c) The heat generated by separator rubbing is absorbed by the
outer-riayg, which is normally the cooler of the two and has

the least severe loading.

5.2.7 Design Comparison

The optimum bearing design for this application is nonstandard.
Figure 43 is a comparison between the optimum and the more conventional

bearing design.

The tighter race curvatures of the conventional design would
logically be expected to result in longer fatigue life than that of
the optimized design, which has wide race curvatures. However, bear-
ings with tight race curvatures require relatively high thrust pre-
loads to maintain contact between the inner race and the balls in the
radially unloaded portion of the race circumference. This prevents
excessive pounding of the separator pockets which can ultimately cause
premature bearing failure. Thus, the minimum required preload for the
optimum design is only 60 1b, while that for the conventional design
is 120 1lb. This accounts for the greater fatigue life and lower power

loss calculated for the cptimum design.

5.3 Bearing Test Evaluation

The test evaluation of the bearings was performed in conjunction
with the seal testing described in Section 6.3 and were performed in
the bearing and seal test rig shown in Figure 44. The evaluation con-
sisted of oil-mist lubrication and bearing endurance tests. For ex-
pediency, the oil-mist lubrication tests were performed with 20-mm ball
bearings. The bearing and seal test rig was later modified, and endur=-
ance testing was performed with 30-mm ball bearings of the BRU-R design

configuration.
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OPTIMIZED BEARING
(PART 358546)

CONVENTIONAL DESIGN

INNER-RACE CURVATURE
(PERCENT OF BALL DIAMETER)

OUTER-RACE CURVATURE
(PERCENT OF BALL DIAMETER)

CONTACT ANGLE (DEGREES)
MINIMUM PRELOAD REQUIRED (LBS)
MAXIMUM PRELOAD (LBS)

BEARING SYSTEM B. LIFE (L),
UNDER MAXIMUM PRELOAD (HOURS)
BEARING POWER LOSS (WATTS)
TURBINE END
COMPRESSOR END

B5.5 TO 56.5

53.5 TO 54.5

22

60
100
3,100

191
190

52 TO 53

52 TO 53

22
120
150

2,600

276
276

BEARING DESIGN COMPARISON

FIGURE 43
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5.3.1 0il-Mist Lubrication Tests

Exploratory tests of gas-cooled oil-mist lubricated ball bearings
were conducted with 20-mm ball bearings. The initial tests were per-
formed over speed ranges between 20,000 and 65,000 rpm. Approximately
20 hr of testing was accumulated. The air/oil-mist ratios (by weight)

investigated were as follows:

Mixture Ratio Airflow Rate, 0il Flow Rate (7808),
Air/0il by Weight 1b/min gm/min
50:1 0.2687 2.440
200:1 0.2687 0.610
400:1 0.2687 0.305
800:1 0.2687 0.152

Severe bearing wear was encountered after 4 hr of running at 65,000 rpm

with an air/oil mixture of 800:1.

Bearing temperatures were primarily a function of the cooling air
mass flow and virtually independent of the air/oil mixture ratios
tested.

Industrial air/oil-mist lubricated systems normally operate with
air/oil ratios of 250:1 to 400:1. These systems are very conservative

and tend to supply an excess of oil for lubrication.

Based on industrial practice and the desire to minimize the o0il
control required in the BRU-R system, an air/oil-mist ratio of 400:1
was selected for test. A 250-hr endurance test was run on the 20-mm
bearing, operating at 50,000 rpm (DN = 1,000,000) with an air/oil-mist
ratio of 400:1. The cooling airflow was maintained at 0.25 lb/min.

Based on the satisfactory completion of this endurance test, the rig
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was subsequently modified to permit testing the 30-mm bearing size

selected for the BRU-R. Tests were conducted on a commercially avail-
able 30-mm bearing, operating at 36,000 rpm (DN = 1,080,000) to deter-
mine the optimum cooling airflow. Airflows were varied between 0.30
and 0.50 1b/min while the oil flow was held constant at approximately
0.0011 1b/min (air/oil ratio, 400:1 at 0.50 lb/min airflow).

Bearing temperatures were measured by four equally spaced thermo-
couples welded to the outer race of the bearing. The bearing tempera-
tures associated with a cooling airflow of 0.30 lb/min averaged 147°F
as compared to an average of 137°F observed for an airflow of 0.50
lb/min. The temperatures resulting from the lower airflow were unstable
and spanned a range of 35°F, whereas the temperatures associated with
., the higher airflow were stable and spanned a range of only 20°F.

Using the 250-hr endurance test on the 20-mm bearing operating at
a DN value of 1,000,000 as reference for satisfactory cooling airflow,
the equivalent airflow for the 30-mm bearing operating at the same DN

value (36,000 rpm) was calculated as approximately 0.46 1lb/min.

5.3.2 Bearing Endurance Tests

Endurance testing of the 30-mm bearing of the BRU-R design config-
uration was initiated in conjunction with tests of various seals. The
cooling airflows were maintained at 0.45 to 0.50 1b/min and the oil
regulated to 0.0011 (i.e., air/oil ratio of 400:1).

Five bearings were tested in the bearing and seal test rig for a
total of 1864 hr--endurance test times of 132, 562, 78, 34, and 1058 hr.
The first bearing, with a test time of 132 hr, was replaced because
of roughness and a worn separator caused by an assembly error. During
a seal test, a scheduled disassembly for seal inspection was performed,
and upon reassembly, the bearing was installed so that the axial pre-

load was applied in the wrong direction. After 16 hr of operation
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following this assembly error, roughness became apparent. The bearing

was replaced, and this second one was successfully operated for 562 hr,
before it was intentionally replaced.

The third and fourth bearings were tested for 78 and 34 hours,
respectively. These bearings were removed because of problems that
appeared in the test rig. After 78 hours of operation on the third
bearing, a greatly increased flow of cooling gas to the test rig was
observed. Upon disassembly, the broken nozzle supplying the cooling
air and oil-mist lodged in the bearing carrier (Figure 45). The nozzle
is normally located as shown in Figure 46. Further investigation
revealed that the bearing carrier had rotated in a direction opposite
to that of the bearing and shaft rotation with sufficient force to
shear a 0.094-in.-dia antirotation pin and break the 0.25-in. dia tube
of the cooling nozzle. However, both the BRU-R test bearing (30 mm)
and the bearing of the test rig (25 mm) were free-turning and had not
seized. Inspection of the BRU-R bearing revealed that the silver plate
on the 4340 separator had been extruded and worn by the balls. Figure
47 shows a tjpical separator ball pocket with the silver plate deforma-
tion. Detailed inspection of the bearing proved the bearing balls and
races were in excellent condition, although the silver plate on the
separator was excessively thick. The bearing was sent to the vendor
for an analysis. The test rig was repaired and a new bearing (the
fourth) was installed. On the theory that the high-velocity cooling
alr jet from the nozzle was loading the balls and separator, a new
nozzle with greatly reduced air velocity relative to the bearing was
fabricated and installed. After 34 hr of testing, the rig was dis-
assembled and inspected. The bearing carrier had again rotated in a
direction reverse to shaft rotation but had not sheared the antirota-
tion pin. The bearing-separator ball pockets showed similar wear
of the silver plate. Considerable fretting of the bearing carrier in
the test rig was noticed on both tests where separator wear had been

experienced. The conclusion of the vendor was that the bearing had
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BEARING CARRIER AND COOLING NOZZLE

FIGURE 46

APS-5327-R
Page 5-27

MP-20910



MP-20912

‘AIRESEARCH MANUFACTURING BOMPANY OF ARIZONA

A DIVISION OF THE GARRETT CORPURATION

BALL AND SEPARATOR

FIGURE 47
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been subjected to high radial loads. The vendor's report emphasized

that the bearing was in excellent condition despite the silver plate
smearing on the separator. The high radial loads were undoubtedly
caused by a loose fit of the bearing carrier. The bearing carrier and
housing had experienced considerable fretting. At the time the endur-
ance testing was terminated, the average clearance between parts was
over 0.003 in. The bearing carrier and housing were reworked to a

clearance of 0.0003 in.

The fifth bearing was successfully tested for a duration of 1058
hr. This bearing was tested in conjunction with the comparative and
endurance tests of the hydrodynamic face seals. The endurance test
was voluntarily terminated in order to permit assembly and setup of
the BRU-R and lubrication and cooling system. At the completion of

this test, the bearing was in excellent condition.

APS-5327-R
Page 5-29



AIRESEARCH MANUFACTURING COMPANY OF ARIZONA
A DIVISION OF THE GARRETT CORPORATION

6. SEAL DESIGN AND TEST EVALUATION

The seals in the BRU-R were designed to minimize the contamination
of the cycle working fluid with the lubricant to cool the bearings.
Two seals were designed to surround each bearing cavity. A hydrodyna-
mic face~-seal was designed to prevent oil from entering the cycle work-
ing fluid at either the turbine wheel hub or the compressor impeller
hub. A radial labyrinth seal was provided to prevent oil from migrat-
ing into the alternator cavity. The seals were designed in conjunction
with the BRU-R Lubrication and Cooling System to provide a differential
pressure--a directional flow of helium-xenon--across each seal to con-
tinually purge and scavenge the oil-mist away from the seals, through
the bearing cavity, out and down through the duct at the bottom of the
BRU-R. The effectiveness and the life of the designs were demonstrated
in a test evaluation program with a seal test rig.

6.1 Seal System Requirements

The seal system was designed with the objective of obtaining the
lowest possible leakage of the lubricant into the cycle working fluid.
The total accumulated leakage of MIL~L-7808 oil into the cycle working
fluid was not to exceed 0.07 1lb of 0il maximum for the 500 hr of

operating-life of the bearings and seals.

To achieve the seal objective, controlled leakage seals were posi-
tioned on each side of the individual bearing cavity. The function of
each was to permit a limited amount of helium-xenon working fluid to
flow into each bearing cavity with a minimum of seal power loss. The
direction of flow was established by maintaining a favorable pressure
differential across each seal. This was determined by analyzing the
pressures back of the compressor impeller and turbine wheels as a
function of power level and speed. The pressures at a radius of 0.63

in. on both the turbine wheel and compressor impeller correspond to
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those imposed on the inside of the seal surface. Since transient
conditions imposed on the seals during startup and shutdownh are of
short duration, the pressures corresponding to steady-state operation
at 36,000 rpm were selected for use in seal design and are listed as

follows:
Pressure-Compréessor Pressure~Turbineg &t
Power Level at Radius = 0.63 in., Radius = 0.63 in.,
kwe psia psia
2.25 10.2 10.5
6.00 19.1 19.8
10.5 32.0 32.9

In order to minimize the préssure differentials across the seals
and thereby leakage, the cooling system bearing cavity pressures were
assigned as follows:

Seal Pressure Differential

Power Level, Bearing Cavity Compressor Seal Turbine Seal
kw Pressure, psia psi psi
2,25 10 0.2 0.5
6.00 18.9 0.2 0.9

10.50 31.5 0.5 1.4

The power loss was minimized by providing the seal with a gas
thrust bearing of sufficient self=acting load capability that the mating
seal surfaces and rotor are separated by a gas film at operating speed.
The nonrotating seal surface is supported by an elastic bellows and
is, therfore, free to displace axially. The leakage flow rate across
the seal is thus established by matching the bellows flexibility and
preload with the self-acting load capability generated in the gas
£ilm,
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6.2 Hydrodynamic Face Seal Design

A cross-sectional view of the-hydrodynamic face-type seal is
shown in Figure 48. The seal design incorporates a conventional damped
bellows holding a carbon nose but is unique in providing a Rayleigh
stepped-sector gas bearing as well as a sealing land in the face of
the carbon. The gas bearing feature permits the seal to operate with
a thin film of gas between the seal nose and rotor, while providing an
excellent sealing surface. The geometry for the initial gas bearing
seal nose is shown in Figure 49. Eighteen stepped-sectors with a
depth of 0.0002 in. are incorporated on the outer edge of the seal
nose to provide the hydrodynamic film. The sealing land is located
at the inner edge of the nose. Carbon material was selected for the
seal nose to provide conventional sealing properties until the gas

bearing becomes hydrodynamic and can support the preload.

The seal design ultimately used in the BRU-R is a variation of
this design that interchanges the relative locations of the sealing
land and the stepped-sector gas bearing. In this final design, the
gas-bearing geometry is located on the inside diameter and the sealing

land is located on the outside diameter.

The seal is installed so that the bellows will provide a face
preload of between 3 and 4 1lb. This preload assures stability of the
gas bearing portion of the seal during BRU-R operation and also pro-
vides static sealing. The seal design is overbalanced so that the
BRU-R loop may be evacuated to low pressures for start-up and purging
without separating the seal surfaces and causing oil contamination of

the main loop.
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During a start-up of the BRU and under the specified preload of
3 to 4 1b, the seal will have rubbing contact until the BRU-R reaches
a shaft speed of 5000 to 8000 rpm. At this speed, the gas bearing will
become hydrodynamic and gererate a gas film-thickness of 0.000050 in.
The curve on the right of Figure 50 shows this seal performance; the
power loss is shown on the left side. Losses range between 28 and
35 w as a function of seal preload and ambient pressures corresponding
to 2.25- and lO.S-—kwe alternator power levels.

With the seal preload corresponding to the load capacity of the
stepped-section gas bearing, Figure 51 shows that the seal will operate
with a gap or film-thickness of 0.00014 to 0.00018 in., again a func-
tion of preload and ambient pressures. The power loss shown pertains
to the gas bearing portion of the seal only. The hydrodynamic face
seal leakages resulting from the various pressure levels and differ-
entials associated with the BRU-R power levels of 2.25 and 10.5 kwe
are shown in Figures 52 and 53, respectively. Assuming a nominal seal
gas film-thickness of 0.00015 in., each face seal will permit a maxi-
mum leakage of 0.0000025 lb/min at the 2.25-kwe power level and 0.00002
lb/min at the 10.5 kwe power level.

6.3 Seal Test Evaluation

The seal test program evaluated three different face-type seals
and a radial seal. The face-type seals all are bellows-mounted with &
carbon-nose. Two of the seals are hydrodynamic with a gas-bearing
geometry incorporated in the carbon-nose and are the "primary" designs
for the BRU-R. One seal has the gas bearing geometry on the outside
diameter and the other on the inside diameter. The third face-type
seal is a contacting carbon-nose face seal and was tested as a
"back-up" seal. Testing the back-up design was initiated first because
of the manufacturing times involved. The radial seal was a noncontact-
ing labyrinth with "Kapton" polyimide lands.
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All seal designs were dynamically and statically leak-checked, as
discussed in the following paragraphs. Of the two seal designs with
the gas bearing geometry, that with the geometry on the inside radius
demonstrated superior performance. The carbon-nose contacting seal
proved adequate for a back-up design.

6.3.1 Contacting Carbon-Nose Seal Testing

The contacting carbon-nose seal is bellows-mounted and intended
as a "back-up" for the hydrodynamic seal designs. The contacting
carbon-nose seal, P/N 699190, is shown in Appendix D. The initial
testing of the carbon-nose seal consisted of a 30-hr test in the same
test rig as in the bearing tests (Figure 44). The seal was operated
at 36,000 rpm with 0.5-1b/min flow of air-oil-mist being supplied as
lubrication and cooling to the 30-mm ball bearing and seal. The air/
oil ratio was maintained at 400:1 for this test. The seal and rotor
were inspected at 10-, 20-, and 30-hr intervals, and the sealing effec-
tiveness remained constant. Figure 54 shows the debris generated by
the seal during the first 10 hr of the test. The initial wear rate
of the carbon face was 0.0001 in./hr of operation. The carbon wear
rate decreased to approximately 0.00001 in./hr during the balance of
the 30-hr test. The seal rotor sustained no measurable wear, although
some scratches were visible at an area corresponding to the outside
diameter of the carbon face. Based on the established wear rate, this
seal design has an established life of 500 to 1000 hr and has been
installed with a face load of 4 lb. Additional tests were performed

with a reduced face load on the carbon.

Testing of the carbon-face seal, P/N 699190~1, continued with a
3-1b load. The test conditions were the same, and a total of 509 hr
of endurance testing was accumulated on one seal. The seal rotor
after the 509-hxy test is shown in Figure 55 and the carbon-nose face-

seal is shown in Pigure 56. A second seal was tested approximately
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CARBON-NOSE SEAL AFTER 10 HOURS

FIGURE 54
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ROTOR AFTER 509-HOUR ENDURANCE TEST

FIGURE 55
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CARBON-NOSE FACE SEAL
AFTER 509-HOUR ENDURANCE TEST

FIGURE 56
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56 hr. The leakage rate of the endurance seal after 509 hr of

operation at 36,000 rpm and under a differential pressure of 2 psi was
0.000027 1b air/min. Seal leakage under static conditions was essen-
tially the same. The equivalent seal leakage for operation in a
helium-xenon environment corresponding to the 10.5 kwe BRU-R power
level is 0.000071 1lb/min. The original calculated leakage for this
type of seal was 0.0531 lb/min. The measured wear of the carbon nose
after 509 hr of operation was 0.0015 in. Based upon this wear rate
and a usable carbon nose height of 0.015 in., the estimated seal nose
life is 5000 hr.

6.3.2 Hydrodynamic Face Seal Testing

Two designs of the hydrodynamic seals were evaluated in the bear-
ing and seal test rig. Each design has a gas-bearing geometry incor-
porated in the carbon nose of the seal. The difference between the two
designs is that one has the gas-bearing on the inside diameter with a
solid land on the outside diameter, and the other seal uses the gas-
bearing on the outside diameter and a solid land on the inside dia-
meter. As with the contacting carbon—-nose seal testing, the evalua-
tion of the hydrodynamic face seal was performed in the seal test rig

shown in Figure 44.

The initial testing of the hydrodynamic seal was performed with
the gas-bearing on the outside diameter. These tests revealed that
the inner sealing land was contacting the rotor while the gas bearing
portion of the seal was not. The seal and rotor wear patterns after
12 hr of operation are shown on Figure 57. The gas bearing portion of
the seal was functioning but the inner sealing land surface was worn
0.0002 in. below that of the original coplaner gas bearing surfaces.
Subsequent analysis indicated that the wear was caused by thermal dis-
tortion of the rotor. In normal operation, the seal surfaces are sep-
arated 0.00015 in. by the hydrodynamic thrust of the bearing. However,
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during start-up, the seal rubs against the rotor with consequent large
frictional heating. The major portion of this heat is removed by the
bearing coolant, which impinges on the back side of the rotor. Thus,
a fairly large axial temperature gradient exists in the rotor which
causes the outer radius to bend away from the thrust surface. The
arrangement of the thrust bearing, seal land, and the deflected posi-

tion of the rotor are sketched below.

THRUST SURFACE
ROTOR

SEAL, LAND '>‘A>’ (EXAGGERATED)

The frictional heating present under steady-state conditions, with
undistorted surfaces, will cause a deflection (Ay) of the order of
6.5 x lO_5 in. However, as the rotor bearing surface distorts, the
power loss will increase due to the decreased gas film-thickness;
consequently, a further distortion is induced. The minimum f£ilm-
thickness can, in fact, diminish to zero before thermal equilibrium
is established. If rubbing were to occur, the distortion of the rotor

surface would be further accelerated.

In order to reduce the effect of rotor thermal distortion, rotors
made from tungsten carbide were substituted for the originally
designed 440C stainless steel rotors.

The next test was performed with a hydrodynamic seal having the
gas-bearing geometry on the inside diameter. The seal in this test
was not flat and had high points in three areas; also, there had been
distortion during the installation of the eloxed carbon nose in the

seal holder. Subsequently, the manufacturing techniques were revised
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to permit the Elox machining of the seal nose after installation in
the seal holder and this problem did not reappear. The seal used in
this test had a distorted seal face of 0.0001 in. A test of 100 hr,
including 16 starts and stops, was performed using the distorted seal
and a 440C Stainless Steel rotor. The hydrodynamic seal at the end of
40 hr is shown in Figure 58 and at the end of 100 hr in Figure 39,

The gas bearing surface was lightly rubbed at three separate high
points on the seal face. Due to the distortion of the seal surface
duréng'assembly, the seal leakage was statically measured at 160 x

10

at 36,000 rpm under the same differential pressure was 440 x 10

lb/min under a differential pressure of 2.0 psi. The seal éeakage
lb/min. The leakage rates were measured after 40 and 100 hr of testing
and were identical. While the leakage is relatively high due to the
distorted seal face, it is still two orders of magnitude less than
originally predicted. The test indicated that the gas bearing was
functioning properly. This conclusion is based on measurements of the
seal test rig drive torque and on inspections during the disassembly

of the: test rig. When the seal was operating hydrodynamically, there
was a measurable decrease.in the test-rig drive torque. Inspections
during disassembly revealed the absence of carbon dust and no measur-
able wear of the seal face.

Comparatiﬁe tests of the two hydrodynamic seal deéigns were per-
formed with a tungsten carbide rotor. The first part was a static test
to determine the differential pressure required to cause seal lift-off
and leakage. With the seal design having gas bearing geometry on the
inside diameter, seal leakage occurred under a differential pressure
of 19 psi; on the outside diameter, leakage was under a differential
pressure of 8.6 psi. The difference in differential pressure at lift-
off of the two seals was due to the location of the gas bearing geo-
metry and the corresponding pressure balance. The static test results
reveal that either design is acceptable in the BRU-R, as the normal
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HYDRODYNAMIC FACE SEAL AFTER
40-HOUR TEST

FIGURE 58
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HYDRODYNAMIC FACE SEAL AND 440C ROTOR
INSIDE GAS BEARING GEOMETRY - 100 HOURS

FIGURE 59
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operating differential pressure will be approximately 0.7 psi.

Special care in purging the Brayton Cycle Loop and Lubrication and
Cooling System would be required if the seal with the gas bearing
geometry on the outside radius were used.

The second part was a dynamic test. The hydrodynamic test with
the gas-bearing geometry on the inside diameter was tested for 107 hr
under simulated BRU-R conditions with 20 starts and stops. The seal
(Figure 60) was in excellent condition with only light rub marks,
resulting from the unlubricated starts and stops. The second seal
design with the gas-bearing geometry on the outside diameter was oper-
ated for 10 hr and inspected. Each gas-bearing pad of the seal was
coated with a thin film of carbonized oil. The seal is shown in Figure
61l. In this seal design, the MIL~L-7808 oil-mist is drawn into the
gas bearing geometry and is subsequently raised to high enough tempera-
tures to coke the o0il. As the oil cokes, particles build on the gas
bearing and destroy the load capacity of the bearing with subsequent
rubbing and higher temperatures. This test was repeated with a new

seal with the same coking buildup (Figure 62).

Accurate measurement of the seal nose operating temperatures
proved impractical. However, temperatures measured on the steel back-
ing of the carbon-nose ranged from a steady 250°F for the design with
the gas bearing on the inside to a highly variable 350° to 450°F for
the design with the gas bearing on the outside. The variable tempera-
tures coincide with the build-up of coke on the seal nose and the

subsequent dislocation of the particles.

The conclusions of these comparative tests were that the tungsten
carbide rotors have eliminated the problems caused by thermal distor-
tion of the rotor and that the hydrodynamic seal with the gas-bearing

geometry on the inside diameter be utilized.
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AIRESEARCH MANUFACTURING COMPANY OF ARIZONA

A DIVISION OF THE GARRETT CORPORATION

ONE HUNDRED SEVEN~-HOURS ON HYDRODYNAMIC
FACE SEAL WITH INSIDE GAS-BEARING
GEOMETRY AND T-CARBIDE ROTOR

FIGURE 60
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