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SUMMARY

The research performed on this program had the following two
objectives:

1) Demonstrate the feasibility of using an oil aspirator as
an emergency lubrication device for a helicopter engine mainshaft
ball bearing (approximately 46mm bore) operating at speeds and
load corresponding to present engine mainshaft conditions.

2) Design and manufacture a full time oil mist lubricating
system and air cooling system and demonstrate their feasibility for
lubricating and air cooling of a helicopter engine mainshaft bearing
operating at high speeds (DN of 1.75 x 109 and higher).

The feasibility of an emergency aspirator lubrication
system was demonstrated as a viable survivability concept for
helicopter engine mainshaft bearings for periods as long as 30
minutes after cessation of the recirculating oil supply. Without
the emergency aspirator system, test bearings failed within 30 sec-
onds after cessation of the recirculating o0il. With the_aspirator,
the bearings operated for 2.5 minutes on a 10cc (0.61 in®) reservoir
of 0il in the o0il manifold. Extended operation to 30 minutes was
achieved by refilling the reservoir every 2.5 minutes. Therefore, the

duration of the emergency aspirator lubrication was limited only by
the size of the reserve oil reservoir, at least within the 30
minute time boundary. A type II ester oil (MIL-L-23699) was used

at an inlet temperature of 438°K (330°F) with room temperature air
supplied to the aspirator at a flow rate of 0,024 scmm (0.84 scfm).
The bearing speed was 38,000 rpm (1.75 x 106 DN) with a thrust load
of 1779 newtons (400 1bs.) applied.

Analytical and experimental studies were performed to deter-
mine the lubricant and coolant flow rates and flow paths needed
in an oil-mist, air cooled lubrication system. A system was
designed and manufactured and coupled with an existing SKF owned
test rig to perform evaluation testing. The bearings were
aircraft quality 45.923 mm bore split-inner ring angular-contact
ball bearings.

The oil mist system was designed to supply air supported oil
particles through eight converging reclassifying nozzles to one
side of the test bearing. The o0il mist was directed by the
nozzles to the gap between the cage bore and inner-ring land and
on to an enlirged chamfer on the inner-ring face from which it
was centrifugally pumped into the bearing. The cooling air system
was designed to supply three flow paths; directly through the
bearing from eight straight nozzles, circumferentially around the
bearing housing, and through the hollow shaft.

RESEARCH LABORATORY SKF INDUSTRIES, INC.
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A total of fourteen step-speed tests and two extended period
tests were performed with the mist lubrication applied to the test
bearing. Three mist tests, one each, were performed with a
domestic refined Type I ester (MIL-L-7808H), a specially formu-
lated polyphenylether, and a foreign refined Type I ester (MIL-
L-7808, NATO-0-148). The remaining tests were performed with a
Type II ester (MIL-L-23699).

The results of the step-speed tests proved the feasibility
of using a once-through oil-mist and cooling-air system to
lubricate and cool current high speed helicopter engine mainshaft
bearings. The extended period tests (50 hrs. at 55,000 rpm and
100 hrs. at 43,600 to 45,000 rpm) demonstrated the feasibility
of long term bearing operation with mist lubrication. All tests
were performed with cooling air supplied through the bearing only.
Housing cooling air and shaft cooling air were not required.

A majority of the tests were performed with a mist oil flow
rate of 442 to 492 cc/hr (27 to 30 in3/hr) and at total mist and
cooling air flow rate of 0.439 to 0.586 scmm (15 to 20 scfm). How-
ever, ig one step-speed test an oil flow rate as low as 51 cc/hr
(3.1 in9/hr) was shown to be adequate. In a different step-
speed test a total mist and cooling air flow rate as low as
0.283 scmm (10 scfm) supplied at a temperature of 359°K (185°F)
was found adequate to maintain the bearing temperature below
505°K (450°F). 1In another step-speed test an appreciably simpli-
fied mist system (drip/mist system) where oil drops were fed
directly into the cooling air flow stream within the rig demonstra-
ted the feasibility of operating with a significantly reduced
vulnerability profile and mechanical complexity of the mist system.

No problems were encountered in any of the mist lubgication
tests up to speeds of approximately 55,000 rpm (2.5 x 10°DN).
At speeds between 55,000 and 65,000 rpm (3 x 10°DN) two problems
were frequently encountered; 1) cage instability and 2) excessive
wear and drag between the outer ring guide land and cage rail on
the downstream side of the bearing. Changes in cage design were
only partially successful in eliminating these problems.

2
RESEARCH LABORATORY SKF INDUSTRIES., INC.



AL77TO021

1.0 INTRODUCTION

1.1 Objective

The high speed mainshaft bearings in helicopter gas turbine
engines and the input pinion bearings in helicopter transmissions
are normally lubricated by recirculating o0il, supplied through
pressurized jets, impinging on the sides of the bearings or oil
pumped through holes in the bearing rings. The oil performs two
functions; lubrication of the bearing elements contacting sur-
faces and removal of the bearing generated heat. Previous studies
conducted at the SKF Technology Center (1)* established that the
major portion of the lubricating oil supplied to high speed,
ltighly loaded bearings is required for the removal of the bearing
generated heat, while only a small portion is required to provide
the desired elastohydrodynamic (EHD) lubrication. The bearing
generated heat of which a large portion results at high operating
speed from the churning of the o0il supplied to cool the bearing,
represents a power loss to the engine.

The circulating oil systems required to lubricate and cool
the critical high speed helicopter engine and transmission bear-
ing are highly vulnerable to ballistic damage which can result
in the cessation of oil flow. The loss of oil to the bearings
precipitates a bearing se®zure, generally within 1 to 3 minutes,
which can result in a forced landing or the crash of the aircraft.
Based on the vulnerability of the recirculating lubrication
system, the U. S. Army now specifies that the next generation of
helicopter engines and transmissions shall be designed to operate
for 30 minutes following oil cessation to permit emergency landing
of the helicopter away from ernemy occupied territory.

There are several approaches which can be employed which
offer possibilities of providing feasible backup or emergency
bearing lubrication and cooling systems to obtain the desired
emergency operating life. These systems would include:

1. A redundant recirculating oil system.

2. An aspirated oil system utilizing residual oil retaiaed
in the recirculating oil menifold.

3. A once through oil mist and cooling air system.

Redundant systems are frequently employed in aircraft elect-
ronics to improve reliability and provide an emergency operating
mode. In these cases, the penalty of increased weight and complex-
ity is generally insignificant compared to the advantages gained.

*Numbers in parentheses refer to List of References at the end 3
of this report.

RESEARCH LuAEBC)F?AFTCDF?Y"EE'Cl7 INDUSTRIES, INC.
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However, a redundant oil system would add an appreciable amount
of weight and complexity and add only marginally to the emer-
gency operating mode since the redundant system would be as
vulnerable to ballistic damage as the primary system and may be
inoperative when needed.

An aspirated o0il lubrication system could be devised which
would be continuously operative, simple in construction,
minimally vulnerable to ballistic damage, and carry a very small
weight and complexity penalty. The effectiveness of such a
system depends on the oil supply rate and the quantity of
compressor bleed air required to aspirate the oil and provide
some cooling under emergency operating conditions.

The use of an emergency oil mist and cooling air system,
which is basically an extension of an aspirator system that
supplies a greater quantity of oil and cooling air, could be
incorporated which would automatically be actuated by the loss
of recirculating oil pressure. Again the higher reliability
expected from such a system relative to that of an aspirator
system would carry a weight and complexity penalty. However,
the effect on engine efficiency due to bleed off of compressor
air would be considered insignificant under emergency conditions
and possibly offset by deactivating the recirculating oil
system,

A once through mist oil and cooling air system also
represents a possible replacement of the primary recirculating
0oil system and could provide the following advantages:

1. Reduced vulnerability to ballistic damage since large
volume pressurized oil tanks, an air-oil heat exchanger,
and o0il supply and scavenge pumps would not be necessary.

2. Reduced bearing heat generation rate at high operating
speeds from oil churning.

3. Higher temperature capability, since the lubricant is
discarded after use and thermal degradation is of less
concern.

4. Reduced weight and system complexity, since large
capacity supply and scavage pumps, and heat exchangers
may not be required.

It is noted that these advantages could possibly offset the
reduction in engine efficiency from the use of bleed-off air
from the compressor or some other source to supply the mist and
cooling air requirements.

4
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The :urpose of the research perform:d on this program
was directed at demonstrating the feasibility and practicability
of using an aspirator type mi.ting device as an emergency
lubrication method for high speed helicopter engine and trans-
mission bearings and to demonstrate the feasibility of lubricating
and cooling high speed bearing (DMof 1.75 million and higher) with a
once through oil mist (microfog) and cooling air system using
lubricants presently specified for military aircraft engines
and transmissions. The program consisted of two major tasks.

Task I - Design, manufacture, and test an oil aspirator
as an emergency lubrication device for a full-scale aircraft
quality engine ball bearing (approximately 46mm bore) operating
at specds and loads corresponding to present engine mainshaft
conditions.

Task II - Design and manufacture a once through oil mist
and cooling air application system and demonstrate the 6
feasibility of lubricating a high speed (DN of 1.75 x 10
higher)®, approximately 46mm bore, aircraft quality engine
bearing as modified for use with the lubrication system.

and

1.2 Background

The use of mist-o0il lubrication for bearings is not new,
the principles were first developed by a European bearing
manufacturer in the late 1930's. The problem that nurtured
this development was the inability to satisfactorily lubricate
high-speed spindle bearings on grinders and similar equipment.
Using the principles developed at that time, the generation of
microfog oil, its delivery and insertion to lubricate bearings
was further developed by various companies and used in a broad
range of industrial applications. These applications, however,
are less severe (lower DN values, loads and temperatures) than
those presently envisioned for aircraft engine bearings of the
near future.

Early studies and evaluation testing of mist lubrication
of aircraft turbine engine ball bearings was performed by SKF(Z).
Sevegal different lubricants were evaluated in tests up to 1.75
x 10° DN, These tests showed a definite potential; however,
these studies were basically conducted with bearings and lubricant
supply components which were designed for recirculating oil
systems., In particular, the bearings and oil-mist, cooling air

*The DN value is the product of the bearing bore in mm and the
shaft speed in RPM.

5
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supply configuration was not optomized for delivery to bearing
areas where the lubricant is required for effective utilization.
Thus, initial attempts to operate large mainshaft size ancular-
contact ball bearings with mist lubrication under advanced tur-
b;ne powerplant speeds, loads, and temperatures were unsuccessful
with most candidate lubricants and on%y partially successful with
one oil (Mobil XRM-177F) at 1.75 x 10° DN.

As the result of these tests, basic oil mist studies
were conducted by Mobil 0il Commany (3, 4) to determine oil-mist
particle size distribution, mist reclassification nozzle oper-
ation and wetting efficiencies, heat transfer coefficients through
wetted films, and a variety of related basic phenomena under-
lying oil-mist lubrication technology.

A synopsis of the most important resuits from the Mobil
studies is as follows:

1. Larger mist particle size (11 microns) gave greater
wetting rates when the oil mist was impinged on flat rotating
disks. Previous reference data had indicated optimum particle
size range of 2 to 3 microns for most effective wetting.

2. Centrifugal forces enhance wetting. Wetting rates
increased with increasing temperatures and speeds of a rotating
disk.

3. Convective heat transfer to the mist is primarily
a function of the gas phase. O0il in the mist had little effect
on the heat transfer coefficient (e.g.,4 percent increase).
Heat tr?nsfer coefficients were established to be approximately
340 W/m“-°F).

4, The use o/ a 150-mesh screen inserted into the inlet
of the mist nozzle increased the wetting rate of the mist
by 80 percent.

5. The synthetic paraffinic lubricant was found to have
the best wet*ting characteristic of five fluids studied.

6. Rates of oil output were found to increase with
decreasing kinematic viscosity of the oils and with increasing
gas flow rate.
DRIGINAL YAGE I8
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Based on these results and the potential advantage of oil-
mist lubrication, further studies were performed at SKF (4).
The approach used to evaluate mist lubrication of helicopter
engine mainshaft bearings aad the results obtained ace the
subject of this report.

7

RESEARCH LABORATORY SKF INDUSTRIES. INC.



AL77T021

2.0 MATERIALS TESTED

2.1 Test Bearings

The test bearing design selected for this program is a
split-inner-ring, angular-contact ball bearing; the type most
widely used in aircraft propulsion turbines. This design,

SKF 464539VAA, which permits a maximum ball complement by virtue
of the separable inner-ring halves, can support high thrust
loads in either direction. The separable ring feature also
permits the use of a precision-machined one-piece cage which is
required for high-speed, high-temperature oreration. The cage
is outer-ring piloted with a nominal diaasetral clearance of
0.33mm (0.013 in.).

The test bearings have a bore diameter of 45.923 mm and a
nominal unmounted design contact angle of 32° 30'". The basic
bearing is illustrated in Figure 1. The ring and balls are
manufactured from consunable el ctrode vacuum melted (CVM)

M50 tool steel to provide high temperature hardness. The cage
is silver plated AMS 6414 steel according to the latest jet-
engine bearing rractice to minimize the friction and wear at the
ball and ring land contacts.

The basic bearing design was modified for the major portion
of the mist test by incorporating a 45 degree chamfer (1.8 x 1.8 mm)
between the inner-ring face and land surface on the side opposite
the puller groove. This chamfered surface was provided to pump
plated out mist oil particles by centrifugal action into the
bearing. In addition a taper of 3 degrees was machined on
both sides of the cage bore which sloped radially outward toward
the center line of the bearing to cause the oil plated on the bore
surface to be centrifugally pumped into the bearing ball pockets.

In addition to the described mist cage design, four addition-
al redesigned cages were tested to determine if improved beargng
performance could be obtained at high speeds (2.5 to 3.0 x 10° DN).
One of the modifications consisted of increasing the diametral
clearance. The clearance of one rail was increased 0.05 mm
(0.002in.) above the other rail which was machined to provide
the maximum design tolerance dimension of 0.40 mm (0.016in.).

Two cages were specially designed to provide the pumping of
lubricant and cooling air into the rail land interface.
One cage, shown in cross section in Figure 2, incorporated
a bore tapered radially outward from the center to an oil
retaining lip beneath each rail. At the base of each
ORIGINAL PAGE 13
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FIGURE 2
RADIAL OIL PUMPING CAGE CROSS SECTION
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lip, eighteen 0.635 mm (0.025 in.) diameter holes equally spaced
around the bore extend to the rail OD. The second cage design
incorporates 27 pumping grooves on each rail OD equally spaced
around the circumference. The (0.050 in.) wide grooves extend
from the side to the center of the rail at an angle of 20° with
the face and tapered radially outward, see Figure 3.

The final cage configuration shown in Figure 4, is an
inner ring piloted cage based on standard aircraft bearing
design guide lines and tolerances. All modified cages are
manufactured from AMS 6414 steel and silver plated.

2.2 Lubricants

The selection of the test lubricants for this program was
made from military specification lubricants used in recircul-
ating oil systems for aircraft jet engine and transmission
bearings. The four fluids used in the test program were:

1. A domestic refined Type I ester which meets the
requirements of MIL-L-7808H specification.

2. AType II ester which meets the requirements of
MIL-L-23699.

3. A specially formulated polyphenylether.

4. A foreign refined Type I ester which meets the
vequirements of MIL-L-7808 and NATO-0-148 specifications.

Identification by chemical type, and the physical properties
for each lubricant are listed in Table I.

11

RESEARCH LABORATORY SKF INDUSTRIES, INC.



FIGURE 3
GROOVED CAGE DESIGN
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FIGURE 4
INNER RING RIDING CAGE DESIGN
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TABLE I - PHYSICAL PROPERTIES OF TEST

ALrTvad ¥00d ¥O

svd TVNIOINO

s1 4

FLUIDS
Chemical Domestic Refined Foreign Refined
Type Type 1 Ester Type Il Ester Polyphenylether Type I Ester
Flash Point, °F 450 485 565 426
Fire Point, °F 545 660 473
Kinematic Viscosity, cs
@ 400°F 1.29 1
@ 210°F 3.3 5.15 12.9 3.3
@ 100°F 13.5 28.30 353 13.3
Density @ 20°C, g/cm> 0.955 0.93 1.2 0.940
Surface Tension
€ 25°C, dynes/cm 49.9 30
Specific Heat @ 300°F
Btu/1b°F 0.56 0.55 0.43 0.56
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3.0 TEST FACILITY

All tests were performed in an existing SKF owned
high speed bearing test facility modified to accomodate
the requirements for emergency aspirated and mist lubrication
of the test bearing. The basic test equipment consists of the
following components:

Test Rig

Mist and Bearing Cooling Air Systems

Rig Bearing Recirculating Lubrication System
Instrumentation

3.1 Test Ri&

The test rig, layout drawing shown in Figure 5, consists of
a 8.5 x 6.5 x 9 inch rectangular rig housing with a stepped
bore to accomodate the hollow shaft, support bearings, bearing
housings, and oil delivery manifolds. The housing also contains
access holes for cartridge heaters, o0il and air inlet lines, and
0il scavenge lines.

The shaft is supported on two 45.923 mm bore angular
contact ball bearings (described in Section 2) which are thrust
loaded against each other. The test bearing, located cn the
end of the shaft opposite the drive turbine, is mounted in an
extended housing ''load plug" which is supported within the rig
housing on a ballsleewassembly. The ball-cage assembly permits
both free axial movement and angular rotation of the load pluyg
and thus provides a means of applying thrust to the test bearing
and measurement of the bearing drag torque. The thrust load
is applied directly to the center of the load plug through a
ball-to-flat contact by a spring loaded beam. The load beam,
which reacts through two rod extensions to the rig housing,
is equipped with a temperature compensating strain gage system
to provide thrust measurement capability. The thrust load,
impacted in this manner to the shaft through the test bearing,
is reacted by the rig bearing on the other end of the shaft.

Test bearing torque measurement is achieved since the load
plug assembly, containing the bearing ocuter ring, is free to
rotate in the supporting ball sleeve and at the ball-to-flat
thrust load application point. During operation of the rig,
the load plug assembly is restrained from rotating by a strain-
gaged, flexible '"torque arm" attached to the rig housing and
reacted against a pin in the face of the load plug.

15
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FIGURE 5

LAYOUT DRAWING OF TEST RIG
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The inboard end of the ball sleeve is sealed by a flat
teflon washer supported by a steel washer of slightly smaller
0.D. attached to the load plug end. This seal is incorporated
to eliminate the flow of cooling air and mist through a path
away from the bearing. To minimize the loss of cooling air and
mist to the rig bearing, a viscous pumping seal is located between
the two bearings by incorporating a grooved sleeve on the shaft.
The stationary surface of the viscous pump is formed by the bore
of the lubricant manifold.

The shaft is driven by an impulse air turbine located at
the end of the rig opposite the lcad plug. The buckets are
machined into an aluminum disk attached to the end of the shaft.
The nozzle block, containing nine converging-diverging nozzles,
is attached to the end of the rig housing. The turbine is
designed to provide a variable speed range of 0 to 65,000 rpm
with a maximum output power of 25 horsepower at 65,000 rpm,

To accomodate the various types of lubrication tests per-
formed on the program, three differently configured lubrication
manifolds were provided. All manifolds are designed to provide
recirculating oil to the rig bearing through three 0.81 mm I.D.
jets equally spaced on the turbine-drive-end face of the manifold.
One jet is positioned to direct oil into the gap between the outer
ring and the cage and the other two to the inner-ring gap. The
lubricant manifold used in the lost lubricant and emergency
aspirated oil tests is identical on the test bearing side except
for the incorporation of an atomizing nozzle (standard tip from
a De Vilbiss 127 atomizer). The tip is mounted in a special
connector to permit forced air to aspirate oil from the supply
annulus and direct it into the test bearing.

The manifold configuration incorporated to provide mist
lubrication to the test bearing §onsistszof an open annulus with
a cross-sectional area of 3.9 cm“(0.6 in“) into which the mist
is supplied. Eight converging nozzles, with an exit diameter of
2.0mm (0.080 in), positioned in an equally spaced circular
pattern extend from the annulus to impinge mist on the chamfer
on the inner ring and into the gap between the inner ring and
cage bore. Exterior to the mist cavity, a second annulus is
formed by a flange on the manifold and the rig housing wall

17
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to serve as the manifold for the through bearing cooling air
which is directed into the bearing by eight straight 3.2 mm
(.125in) diameter nozzles. The air nozzles are equally spaced
between the mist nozzles.

To accomodate the drip/mist system test, the mist manifold
was modified by plugging six of the mist nozzles and inserting
an oil drip tubes in the other two nozzles. The drip tubes
are positioned to feed drops of aé¢l into two through bearing
cooling air streams located 180° apart, see Figure 6.

3.2 Mist and Bearing Cooling Air Systems

The mist and cooling air system is shown schematically in
Figure 7. The air flow commences with the air compressor whic?
has a rated output of 2.57 scmm (91 scfm) at 1.38 newtons/meter
(200 psig). Air feeds directly to a dryer and filter column
which reduces the moisture content to a 227°K(-50°F) dew point
and the hydrocarbons to 13 parts per million. This clean, dry
air then flows to a 0.57 cubic meter (20 cu. ft.) receiver
where the_supply rressure is maintained between 6.55 x 10° and
7.24 x 10° newtons per square meter (95 to 105 psi).

The air leaving the receiver divides, one portion going to
the mist system and the remaining portion to the cooling air
system. A pressure regulator, flowmeter, and thermucouple
are located in the mist air line to control and measure the air
flow rate. The air them enters a 3 kw heater where it is heated
to 478°K before entering the mist generator. The mist generator
consists of a ,38m3/min. mist generating head housed in a rectangular
mist oil retainer where the mist oil supply is maintained at
356 to 367°K (180 to 200°F) by a thermostat controlled electrical
heater attached to the container. Leaving the generator, the
mist flows through a 25.4 mm (1 in.) I.D. stainless tube to the
mist manifold in the test rig. A thermocouple is located just
prior to the rig housing to determine the mist inlet temperature.
The description of the mist manifold accompanying eight nozzles
are described in Section 3.1.

The cooling air passes through a pressure regulator and
4 kw heater and then divides into three separate paths; 1) shaft
cooling air, 2) outer ring cooling air, and 3) through bearing
cooling air. Each path contains a flowmeter, valve, and two

18
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FIGURE 6
LAYOUT DRAVING OF DRIP/MIST SYSTEM
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FIGURE 7

TEST RIG, RECIRCULATING AND MIST OIL, AND COOLING AIR FLOW SCHEMATIC
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thermocouples to control and measure the air flow rate and the
temperature of the air entering the rig.

The shaft or inner ring cooling air enters the hollow
shaft through a 12.7 mm (0.5 in) I.D. stationary tube attached
to the load plug. It is forced radially outward from this
manifold through four 6.35 mm (0.25 in.) diameter holes located
90 degrees apart. The air then sweeps axially outward through
the annulus formed by the shaft bore and manifold outer surface.
A thermocoupie is lccated at the end of the annulus to sense
the exhaust air temperature.

The bearing housing , outer-ring cooling air also enters
through a hole in the load plug and passes through an annulus
.adially outward fram the outer-ring seat. The air is exhausted
through a hole located 180 degrees from the entrance where the
temperature is sensed by a thermocouple.

The through bearing cooling air enters through the rig
housing into the annulus located in the mist manifold. It then
passes through the 8 air nozzles described in Section 3.1 and
impinges on the test bearing. The combined mist and through
bearing cooling air is forced through the bearing and the
exhaust temperature sensed by a thermocouple located slightly
doimstream of the bearing before it leaves the rig through a
hole in the load plug.

3.3 Rig Bearing Recirculating Lubrication System

0il circulation to the rig bearing is provided by an internal
gear type pump through a filter wunit, flowmeter and flow
control valve to the test rig 0il manifold. The o0ilis recovered
through drain holes in the test rig and returned to the storage
tank by a scavange pump. A by-pass line is incorporated down-
siream of the pump to permit the excess flow to be pumped
directly back into the supply tank. The filter unit accepts fiber
glass elements having a specific pore size o’ 29 microns and
deliberately has excessive flow capacity in order to secure low
pressure drops and long life, even with an oil that is undergoing
some thermal degregation. The o0il in the storage tank is heated
by a thermostatically controlled electric immersion heater capable
of maintaining the supply oil at a temperature in excess of 450°K
(350°F) if desired.

ORIGINAL PAGE IS
OE POOR QUALITY,

21
RESEARCH LABORATORY SKF INDUSTRIES. INC.



AL77T021

3.4 Instrumentation

The desired temperature measurements are sensed by shielded
iron-constantan thermocouples. The test bearing inner and outer
ring temperatures are recorded on a continuous strip chart
recorder, and the rig bearing temperature on a temperature
indicator. The following temperatures are automatically
recorded on a Esterline Angus Model E-6704 multipoint recorder.

Mist air at flowmeter and entering mist generator

Mist entering rig

Shaft cooling air at flowmeter, entering shaft and leaving
shaft

Bearing housing cooling air at flowmeter, entering rig,
and leaving housing

Through bearing cooling air at flowmeter and entering rig
Combined mist and through bearing cooling air out
Rig bearing o0il in and out
Test bearing hous.ag
Rig housing
In addition the fcllowing data are recorded manually:
0il level in mist supply tank
0il temperature in mist supply tank
Rig bearing outer ring temperature
Shaft speed
Mist air flow rate
Shaft cooling air flow rate
Bearing outer-ring cooling air flow rate

Through bearing cooling air flow rate

22
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Pressure at mist air flowmeter

Pressure at each cooling air flowmeter
Mist generator adjustment screw position
Recirculating oil flow indication 4

The test bearing drag torgque and thrust load are sensed by
strain gaged beams and recorded on a Hewlett Packard Model
7702B strip chart recorder. The shaft speed is detected by a
magnetic pickup and presented on a Hewlett Packard Model 531CR
electronic counter. All air flow measurements are made by
Brooks flowmeters. All air flow rate measurements are correc-ed

for the pressure and temperature values at the flowmeters.
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4.0 ANALYTICAL STUDY

) In preparation for designing the mist lubrication and cooling
air system for a helicopter gas turbine mainshaft bearing,
several different methods of applying the mist o0il and cooling
air were reviewed. The evaluation of these various methods and
the final selection were performed on NASA Contract NAS3-16826
which was performed concurrently with this program. (5). The
selected procedure was then refined considering the theoretically
required mist oil and cooling air flow rates. Methods initially
considered included:

1. Injection of o0il mist and cooling air axially to both
sides of the test bearing through oil mist and cooling
air nozzles located in a circular pattern similar to
that used in many aircraft engine recirculating jet
lubrication systems.

2. Injection of mist oil radially through holes in hollow
shaft and bearing inner ring with cooling air forced
axially through the bearing and through a circumferential
path in the outer ring housing.

3. Injection of oil mist and cooling air through nozzles
located in a circular pattern on one side of the bearing
allowing the momentum and small pressure build up to
carry the mist into the bearing and exhaust through a
port on the opposite side.

4, Same as method three plus modification of the bearing
inner ring and cage geometry to aid in pumping the
lubricant into needed locations within the bearing. In
addition, cooling air would be forced axially through
a hollow shaft to aid in the removal of heat from the
inner ring, and circumferentially through the bearing
housing to remove heat from the outer ring.

Method #1 was selected for more detailed evaluation.
This method of application had the advantages of permitting
cooling air to be inserted in three different locations which could
be independently controlled. In this manner, temperature differ-
entials in the bearing assembly could be properly adjusted. The
volume of air, and indeed the need for each flow path could be
established through testing. In addition, the possibility of
the mist and cooling air flows bucking each other, as may occur
if method 1 was incorporated, was eliminated. The housing and
shaft cooling air flow paths also provide alternatives to forc-
ing all the cooling air through the bearing where high air vel-
ocities could possibly sweep useable c¢il from the cage, rings and
ball surfaces, out of the bearing.

24
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4.1 Evaluation of Cooling Air Flow Rate Requirements

One of the major questions with respect to mist lubrication
and air cooling of high speed helicopter engine bearings was the
feasibility of removing the bearing generated heat by the use
of mist and cooling air. To establish the expected quantity of
air required, the heat generated by the bearing was calculated
at various shaft speeds and specified loads. This is the amount
of heat which must be transferred from the bearing to obtain a
steady-state thermal condition. From the established bearing
heat generation rate,the quantity of air required was calculated.

The expected heat generation rate of a 46 mm bore angular
contact ball bearing with a thrust load of 1779 Newtons (400 1bs.)
applied and lubricated by mist o0il was initially calculated using
SKF Computer Program AE79Y003. The applicable output values from
the computer runs are listed in the following table:

COMPUTER OUTPUT DATA
(Bearing-464539)

\ Ri100

PR [RS—
r 'a'“ A R

SHAFY HEAT GENERATION LY . "ERTE ftehaiad
Secep INNER OQurer Luse Cace ToTaL-Luse Tongul Ii:z;ACT Agﬁ¥§n luuzasrgs;zn hnégnc637£n
{ger)  (aru/ur) fevw/im) (sru/me) (szu/ue) (exu/me)  (gu-te) (Decmees) (Pecrees) (ps)) (pst) (lu)  (In)

25,000 517 453 287 28 °38 1,27 LL R A0 1.9:105 1.61105 L0u6 074
35,000 1800 893 600 53 2746 2,37 ¥5.9 24 1.9x105 1.7x10S 086 »080
45,000 4211 1238 1000 8y 5533 3.6.‘ V5,7 19 1.9:105 1.8:&10'i LOué ,08¢6
55,000 7736 1475 1504 118 9329 4,87 4y, 7 15 1.9x!05 l.97x|05 046 L092
65,000 12157 1647 2077 156 13950 6.1 43 12 1,9x10° 2.1x105 LOU6 .10

25

RESEARCH LABORATORY SKF INDUSTRIES.

INC.



AL77TO021

This data presents the theoretical heat generation by the
inner and outer race contacts, the cage, lubricant churning and
thetotal heat generated less the lubricant churning. The latter
value represents the heat generated when mist lubrication is
utilized and is presented graphically in Figure 8 .

This projected curve of heat generation was utilized
to determine the quantity of cooling air required to maintain a
steady state thermal condition in the bearing at an operating
temperature of 533°K (500°F) at the maximum anticipated speed,
i.e., 65,000 rpm (3 x 106 DN). The calculations are presented
in Appendix I which indicate that a total air flow of approx-
imately 2.04 scmm (72 scfm) would be required when the air
inlet temperature was 366°K (200°). Based on the conceived
method of supplying the mist and cooling air as presented
earlier, it was considered logical that 50 percent of the air
should be passed through the bearing to cool the race and cage
contact surfaces. The remaining air would be applied external
to the bearing cooling the outer housing and the hollow shaft at
a volume ratio equal to that of the heat generation rates at the
inner and outer ring contacts.

The computer program was also utilized to establish the
expected bearing drag torque, the major contact lengths formed
between the races and rolling elements, and the maximum contact
(Hertz) stresses at the contact for various shaft speeds from
25,000 to 65,000 rpm with a 1779 Newtons (400 1bs.) thrust load
applied to the bearing.
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Heat Generation Rate - KW (BTU/Hr.x 10'3)
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4.2 Evaluation of Mist 0Oil Supply Rate Requirements

Elastohydrodynamic lubrication theory was applied to
calculate the quantity ofoil necessary to lubricate the bearing
inner-ring contacts. These contacts are considered to be the
most critical with respect to oil replenishment as the oil
displaced from the inner ring will have a tendency to flow to
the cage pockets and outer ring due to centrifugal forces. The
maintenance of an elastohydrodynamic oil film relies on a
sufficient supply of lubricant in the inlet of the contact between
the contacting surfaces. Insufficient lubricant supply results
in a phenomenon called "EHD film starvation'" characterized by
the reduction in EHD film thickness and in a lessening of the
distance from the front edge of the contact to the miniscus line
at which the fluid pressure begins to rise (6).

The calculations of required oil replenishment rate were
based on the assumption that all of the oil displaced out of
the inner-ring track as a ball passes must be replaced by the
mist supply, a very conservative assumption. It is known that
some of the o0il displaced from the track does flow directly back
into the depleted track by the action of surface tension forces
after the rolling element has passed. Some of the oil which is
lost is also recirculated in the bearing by centrifugal,
gyroscopic, and windage forces and finds its way back to the
contact area thus decreasing the amount of replenishment oil
required. It has been shown that, at high speeds, values of
starvation can be relatively high and adequate EHD lubrication
still be obtained.

In performing the oil flow rate calculations the following
assumptions were made:

(1) The contact is only slightly starved, i.e. the film
thickress (h,) is 90% of the unstarved film thickness
(hf) calculated from classical theory.

(2) The half-films clinging to the ball and race ahead of
thg contact, see Figure 9, are to be increased in
thickness by o0il mist directed onto the track or ball.
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FIGURE 9

INNER. RACE BALL CONTACT SHOWING
OIL FILM THICKNESS AT VARIOUS LOCATIONS
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(2) At each ball passage, the o0il on the track is displaced
out of the track except for a thin layer of film thickness ho/2°

Starvation theory developed in Reference S shows that in
order to maintain a ratio hy/hg =0.90, the half film height
(h1)/2 at the contact inlet must satisfy the following conditions:

ho/hy = 0.70 (1)
ux? Ry
= 0.10 (2)
hy 3/ 2 (3+2K)

where u = roliing velocity at the contact (in/sec)

/4 = viscosity of oil at the inlet of contact (lb—sec/inz)

3 = pressure-viscosity coefficient (inzllb)
Rx = equivalent radius of curvature in *he rolling direction
(in)

Ry = equivalent radius of curvature transverse to rolling
direction

k = Rx/Ry = 0.027 for a typical ball-raceway contact with
contact ellipse axis ratio equal to 10.

ho = plateau film thickness in the contact (in).

The amount of increase of inlet film thickness between
two successive contacts due to spray is

h=hy - hg = 0.3h (3)

The time interval between two contacts is t = s/u where s
is the rolling element spacing. The contact frequency is

«1l.u 4
f=l.u ()

The rate of 0il supply to the rolling track is given by

q =Lab vE (5)
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where w is the effective width of the rolling track and 4 is
the length of rolling track.

For z rolling elements,
A= sZ

From the SKF Computer Program AE70Y003 the inner race major
axis contact is approximately 0.046 inch for all speeds from
25,000 to 65,000 rpm with a thrust load of 1,779 Newtons (400 1bs.).

The factor 1/2 in the above equation for q denotes that
the layer thickness varies linearly with distance from h,/2 to
hyj/2 at the inlet. Thus, after substituting for ah from (3),
one has

q = 0,15 h1 wuz (6)
Substituting for h; from (2) into (6) and using k = 0.027
gives,
1/22/3
qQ = 0.15 wu z (3.2849%xR, ) (7

For the test bearing, SKF No. 464539VAA, one has
Z =18
u = 0.0663N in/sec.
N = shaft speed (rpm)
Ry = 0.1362

The properties of a Type II ester and the calculated q values
at N = 65,000 rpm are presented in the following table.
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Type II Ester
MIL-L-23699
(Jet No. II)

Sp Gr @ 20°C 0.99 gm/cm3
Pressure-Viscosity Coeff. («) 1.1 x 107% in?/10b
Kinematic Viscosity @ S500°F 0.88 c.s.

Absolute Viscosity @ 500°F 0.87 c.p.

Absolute Viscosity @ 500°F 1.26 x 10-7 1b-sec/in?
Absolute Viscosity 1.39 x 10-11 sec

0.565 in3/min.

Figure 10 is a plot of the variation of the calculated

required oil supply rate for h,/fg = 0.90 with respect to shaft
speed.

The calculatigns show that oil replenishmgnt rates of
3.6cc/min (0.22 in?/min) and 9.2cc/min (0.56 in°/min) are required
when operating at 38,000 and 65,000 rpm respectively. A
comparison cf the mist lubricant requirement rate as calculated
in the same manner for a 125 mm bore ball bearing with mist flow
established by testing shows that the calculated value is
conservative, approximately 8 times the actual quantity required
(5). However, the calculated values were used as a guide line
for the mist lubrication testing on the program.
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FIGURE 10
CALCULATED OIL REPLENISHMENT RATE REQUIREMENT
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4.3 Mist and Cooling Air Delivery System

In establishing the physical components of o0il mist and
cooling air delivery system several design parameters were con-
sidered. These included the selection of the ratio of air
passed through the bearing to the externally applied air; quantity
of mist air, mist generator size selection; sizing of mist trans-
fer piping and manifold; number, des1gn and location of mist
nozzles; point of applxcat1on of the mist, and modifications to
the bearing to assist in distributing the oil to the desired
locations within the bearing.

Due to the apparently large quantity of mist and ccoling
air flow required to cool the test bearing, as established in
Section 4.1, the selection of a system to supply mist and
cooling air through the bearing and cooling air around the
bearing was considered essential even though the complexity may
be difficult to apply in all gas turbine mainshaft bearing
mounting configurations. To take full advantage of the heat
transfer surfaces, both internal and external of the bearing, it
was concluded that an equal split between the total required
flow would be reasonable. Thus, considering the maximum desired
operating speed of 65,000 rpm, as the design speed. an air flow
rate of 1.02 scmm (35 scfm) would need to be passed through the
bearing and the same amount external to the bearing. It was
also considered reasonable to divide the external cooling air
proportionally, based on the ratio of the calculated heat
generated at the inner ring and outer ring, and direct the
flows along the surfaces of a hollow shaft and through a
circumferential groove machined in the bearing housing.

The air passing through the bearing would consist of a
combination of mist air and auxiliary cooling air with the
additional cooling air applied externally.

Based on the estimated mist oil flow requirement determined
in Section 4.2 an Alerite high volume o0il-mist generator (Model
3720-BS5) was selected with a 13 ctfm mist head The mist head
has a rated mist oil delivery rate of 0.4 in3/hr per cfm air
flow. Experience with a similar mist generator had shown that
appreciable greater flow rate existed when heated oil and
preheated air was used. Thus for the purpose of determining the
mist air flow rate necessary to prov1de the desired o0il flow,
an oil delivery rate value of 2.7 in3/hr. per scfm was used.
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The maximum estimated oil flow rate requirement of 557 cms/hr.
(34 in3/hr.) couid be obtained with a mist air flow rate of
0.354 scmm (12.5 scfm). The remaining through bearing cooling
air 0.665 scmm (23.5 scfm) would be suppliad as auxiliary
cooling air which wculd contain no oil.

The oil-mist research, conducted by the Mobil 0il Company,
reported in References 3 and 4, established that the best o0il
wetting occurred on a rotating disk when the application nozzle
was of a reclassifying design. The reclassifying nozzle
increases the mist 0il partile size thus increasing the momentum
of the o0il particles whicn decrease the effect of air currents
from dispersing the particles away from the desired surfaces.
Commercial mist generators produce oil particles in the 4 micron
range which minimize the premature plating out of the oil in the
transfer lines. The reclassifying nozzle design found most
effective by Mobil consisted of a screen located in the entrance
of the application nozzle on which 0il is collected and larger
particles emitted.

Mobil also established that maximum wetting of the desired
surface occurred when the nozzle was located 4 to 8 nozzle
diameters from the surface and optimum efficienty of the oil
supplied is obtained when a secondary air nozzle, concentric
and outside the mist rozzle, is provided to blow any oil
dripping from the primary nozzle into the bearing.

Based on this information the mist nozzles were designed
to be converging with a throat diameter of 2.0 mm (.080 in) and
having a screen at the entrance to increase the mist particle
size. A 100 mesh screen using 0.076 mm (0.003 in) diameter
stainless steel was utilized which provides a 50 percent open
area, see Figure 11. A total of eight nozzles was selected to
be positioned in a circular pattern to provide a well distributed
0oil flow pattern to the bearing; thus, attempting to eliminate
hot spots. The design of the mist nozzles is presented in
Appendix II. Due to space limitation it was not possible to
ir.corporate the cooling air nozzles concentric with the mist
nozzles. Therefore, eight straight air nozzles were incorpor-
ated on the same circle and equally spaced between the mist
nozzles.
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FIGURE 11

MIST AND COOLING AIR NOZZLE CONFIGURATION
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In the lubrication of a ball bearing, there are four major
types of contact areas which must be plated with oil: 1) the
contact area between the ball and inner ring (inner ring ball
track), 2) the contact between the ball and the outer ring
(outer ring ball track), 3) area between the cage and the land
on which it rides and 4) the contact area between the ball and
cage pocket. The ball tracks can be lubricated by applying
0il to either the ball or the races.

Since the o0il entering a bearing migrates toward the outer
ring, the most difficult area to lubricate is the inner ring
ball track. It is also noted from the calculated bearing heat
generation rate values presented in Section 4.1 that proportionally
more heat is generated at the ball inner-ring contacts than at
the tall outer-ring contacts as speed increases. This condition
results from differences in the contact angle at the innerand
outer rings. At high speeds the outer-race contact angle
decreases and the inner-ring contact angle increases thus
producing less sliding at the outer ring. In addition to being
more difficult to lubricate,more heat must be conducted from the
inner ring to obtain a thermally stable operating bearing.

Thus it was decided that the dual mist and cooling air
nozzles should be directed from the inboard side of the bearing
toward the space between the inner ring and cage and against a
chamfer machined on the inner ring side face. In this manner the
air, at its lowest temperature, impinges on the inner ring on
the loaded half to obtain maximum cooling of this area. A
portion of the oil or mist enters the bearing inner cavity where
it 1s available to be picked up by the ball (collision between
the_mist particles and ball) as it orbits the shaft. An
additional portion of the o0il is plated out on a chamfered surface,
See Figure 12, provided for this purpose. The chamfer is
configured to insure that the location of the intersection of the
of the sloped surface and the ring land is well within the outer
edge of the cage. The 0il on the chamfer migrates along the surface
to the corner due to centrifugal force where it is thrown off
and impinges on the cage bore or carried further into the bear-
irg by the cooling air flow. The cage is modified to form a
radially inward slope on its inner diameter surface along which
the oil flows, again due to centrifugal forces, to the ball
pocket where it-lubricates the contact area tetween the ball
and cage and wets the inner 1ing contact path on the ball.
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FIGURE 12

LUBRICANT FLOW PATH
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The lubricant on the ball provides lubrication to the inner
ring and ball contact area. As the ball rotates into the inner
race that portion of the oil which does not form the EHD film is
forced to both sides of the major ellipse. Some of the extruded
0il remains on the ball and some on the race where it has a
tendancy to migrate toward the outer race due to the centrifugal
force generated by the rotation of the ball and inner ring. 1In
so doing, part of the oil flows back into the inner ring ball
track where it is again available to form the EHD film. Surface
tension and cohesion forces also tend to draw the extruded oil
back into the ball track area. In addition, according to EHD
lubrication theory, that oil which forms the EHD film is equally
divided on the ball and race and aids in forming the next
contact EHD film. That oil which migrates to the outer
stationary ring is available to lubricate the outer ring contact
area and the outer ring land and cage contacts.
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5.0 TEST PROCEDURE

Three basic types of tests were performed during the program;
these were: ‘

1. Lost lubricant and emergency lubrication tests
2. Step-speed tests

3. Extended period tests

In all tests a thrust load of 1779 newtons (400 1b.) was
applied to the test bearing. The test load was selected to
provide a maximum Hertzian stress of approximately 1.28 x 109
newtons per square meter (200,000 psi) at speeds from 25,000 to
65,000 rpm. The theoretical contact stress and the contact
angle, calculated using SKF Computer Program AE70Y003, at
various test speeds are presented below:

Shaft Speed Contact Stress/Contact Angle
(rpm) (ksi)/ (degrees)
Inner Ring Outer Ring
25,000 190/44.5 160/31
35,000 190/45.9 170/24
45,000 190/45.7 180/19
55,000 190/44.7 197/15
65,000 190/43 210/12

In the emergency and lost lubricant tests, both the primary
lubrication system, either recirculating or mist, and the emerg-
ency lubrication system were energized prior to rotating the
shaft. In test runs where the rig housing heaters were being
utilized, the heaters were also energized prior to shaft rotation
and the housing heated to the desired temperature. After
the desired lubricant temperature and flow rate were obtained,
air was supplied to the drive turbine ard the shaft accelerated
at a relatgvely uniform rate to a test speed of 38,000 rpm
(1.75 x 10°DN) in approximately 30 minutes and operated at this
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speed until thermal stabilization was obtained. The primary
lubrication was then shut off and operation continued until a
bearing failure was imminent. In cases where it was feasible,
the primary lubrication was reinitiated to prevent a catastrophic
failure and permit additional checks to be performed.

In tests where a secondary or emergency method of lubrication
was being supplied, the test wa- -ontinued after cessation of
the primary oil supply until t!» =esired period of operation was
obtained or a bearing failure w.s imminent.

All step-speed tests utilized a mist oil and cooling air
system to lubricate and cool the test bearing. With the thrust
load applied, the cooling air and mist air were turned on and
allowed to pass through the rig while the oil in the mist supnply
tank was heated to the desired temperature, 266°K (200°F). The
rig-bearing circulating o0il system was also activated and the oil
heated to the desired temperature while being circulated through
the rig. In all cases, the same type o0il was used in the
recirculating system as in the mist system. During the warm up
period, adjustments were made to the air heaters and pressure
valves to obtain the operating temperature and flow rates.

Having obtained the desired operating conditions in the
lubrication and cooling air systems, the shaft was accelerated
to a relatively low speed. The test bearing temperature was
allowed to stabilize and test data recorded. The shaft speed
was then increased in incremental steps,allowing the bearing
temperature to stabilize after each increase and data recorded.
This procedure was continued until the maximum desired speed
was obtained or a bearing failed. 1In all step-speed tests in
which the rig housing heaters were not used, the test bearing
generated heat transferred to the mist and cooling air was
calculated by using the equation q = atCpW where:

heat transfer rate

q

at inlet and outlet air temperature difference

Cp = specific heat of air at constant pressure

W

air flow rate
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The extended period tests procedure was similar to that used
in the step-speed tests with ¢he excention that the shaft was
accelerated directly to the desired speed at a relatively uniform
rate in approximately 30 minutes. The rig was then run for a
desired period, shut off and allowed to cool to room temperature.
The cycle was repeated until the pre-established period of
operation at speed wgs obtained. One test was performed at
55,000 r B éz.s x 10°DN) for S0 hours and another at 44,000 rpm
(2.0 x 18 DN) for 100 hours.

Following all tests, the rig was disassembled and the test
bearing visually inspected using a light microscope with
magnification up to 30X.

42
RESEARCH LABORATORY SKF INDUSTRIES, INC.



JFAEA R0
¥

AL77TO021

6.0 TESTING RESULTS AND DISCUSSION

The testing performed on this program, for the purpose of
this discussion, is subdivided into two cotegories of type
and classification. Type refers to the gencral method of
running the test as described in Section 5, an) class is a
subdivision referring to the general purpose of ithe test.

The three types of tests performed are; (I) emergency
lubrication, (II) step-speed, (III) extended neriod.
Type I included two classes; 1) baseline and 2) emergency
lubrication. The baseline tests were performed to determine the
length of time that the test bearing would run after the
cessation of lubricant supnly under a given set of conditions.
The emergency lubrication tests were performed to determine if
the emergency methods applied were adequate to obhtain the
desired operating period of 30 minutes. A total of six Type I
tests were performed.

Four classes of tests were included in the Type II category.
These were: 1) relative evaluation of different lubricants used in
a mist and cooling 2ir system 2) evaluation of the effects of
changes in the controlled variables of the mist and cooling air
system 3) evaluation of the effects of changes in the mist
system configuration 4) evaluation of cage changes to eliminate
wear between the cage OD and guide land. A total of 14 tests
of Tvpe II were performed.

Two Type III tests were performed, both of the same class,
to demonstrate an extended period of operation with a mist oil
and cooling air system used to lubricate and cool the test
bearing.

6.1 Emergency Lubrication Tests - Type I

The initial testing on the program was performed to establish
a baseline for-the program and evaluate two approaches of apply-
ing lubrication to the test bearing after cessation of oil from
the primary system. The goal was to obtain 30 minutes of
emgrgency operation at a bearing speed of 38,000 rpm (1.75 x
10° DN) and a thrust load of 1779 newtons (400 1b.). These
conditions are representative of those experienced by contem-
porary helicopter engine mainshaft bearings. All tests were
performed with an oil meeting MIL-L-23699 specifications.
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The first approach, which has the advantage of being
readily incorporated into many engine bearing mounting configur-
ations, was an attempt to utilize the residual oil adhering to
the shaft to extend the lost lubricant operation period. To
accomplish this, a tapered sleeve was incorporated on the shaft
adjoining the bearing inner ring on the 0il injection side.

The major OD of the sleeve taper was mated flush with the corner
chamfer on the inner ring such that oil migrating up the sleeve,
due to centrifugal force, would continue to flow along the
chamfer. The o0il reaching the inner corner of the chamfer would
continue to migrate into the inner race due to adhesion forces
or be dispersed radially outward onto the bore of the cage.

This latter surface was also tapered to permit centrifural
pumping of the oil into the ball pockets where it could be
distributed to the contact surfaces.

The second approach was the incorporation of an atomizing
nozzle connected through a special mounting fixture to permit
the residual oil in the primary recirculating oil system manifold
following shut-off to be aspirated and sprayed directly into the
test bearing.

6.1.1 Baseline Tests

Several tests were performed to establish a baseline value
of the time between o0il cessatiion and imminent bearing failure
without supplying emergency lubrication. A bearing failure was
considered to be imminent when the bearing outer ring temperature
reached 617°K (650°F) or the speed appreciably decreased with the
air flow to the drive turbine held constant. The high sensit-
ivity of shaft speed to bearing drag torque would generally
permit reinstating the lubricant flow or terminating the test
before appreciable bearing damage occurred. Thus, the location
of the failure initiation area could be determined.

The first two baseline runs (Test 1, Run 1 and 2) were
performed with recirculating lubrication. In run 1, the o0il was
supplied at an inlet temperature of 460°K (370°F) and a flow rate
of 757 cc/min. (0.2 gpm). The rig housing heaters were energized
to heat the housing to 505°K (450°F). The shaft was accelerated
to speed and the bearing outer ring temperature stabilized at
510°K (460°F). Following oil cessation, the bearing continued
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to operate for 6.9 minutes before the outer ring temperature
reached 617°K (650°F). The inner ring temperature, measured with
an optical pyrometer after cessation of oil flow, increased from
516° to 624°K (470 to 665°F). The second run was performed

with an oil inlet temperature 422°K (300°F) without the rig
housing heaters energized. The bearing temperature stabilized

at 444°K (340°F) at the test speed prior to oil shut off. The
bearing ran for 5.8 minutes before a failure was indicated by a
speed decrease. The inner ring temperature increased more
rapidly than the outer ring with a total difference of 50°K
(90°F) present at the time of failure. The inspection of the
bearings following the tests showed that the bearing used in the
first run had not seized but appreciable wear had occurred
between the cage rails and the outer ring guide lands. The
bearing used in run 2 had experienced a thermal imbalance failure
or binding due to the unequal thermal growth between the inner
and outer rings.

In general, the baseline tests with recirculating oil
lubrication resulted in a longer operating period after oil
cessation than was expected. However, the relatively uniform

" temperature change of the inner and nuter ring, allowing the

bearing radial clearance to remain fairly constant, was consistant
with the extended period of operation. Further consideration
suggested that the oil was not being scavenged properly from the
bearing chamber, ie. o0il was building up around the bearing and
was continuing to lubricate the bearing for a period followinn

0oil cessation. A scavenge pump was therefore added in the return
line prior to the conduct of additional lost and emergency
lubricant testing.

The second two baseline test runs (Test 2, Run 1 and 2) were
performed with mist o0il being the primary lubrication system.
In the first run, since it was the initial attemnt to onerate
the test bearing with th~ mist o0il and cooling air system, the
primary goal was to obtain temperature stabilization at test
speed and determine if sufficient lubrication was being supplied.
Thus, the tests were terminated for bearing inspection without
0il cessation.

Utilizing the values obtained in the design of the mist and
cooling air system analysis as a guide, a total of 0.83 scmm
(29.3scfm) mist and cooling air was supplied to the bearing. A
flow of 0.12 scmm (4.4 scfm) of preheated air was passed through
the mist generator and entered the rig at a temperature of
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378°K (220°F). The_mist oil was preheated to 366°K (200°F) and
an average of 126cm3/hr transferred by the mist air to the
bearing. The remaining 0.70scmm (24.9scfm) of air was sunplicd
at 350°K (170°F) to the various cooling air paths: through
bearing cooling air-0.31scmm (1lscfm), bearing housing cooling
air-0.18 scmm (6.3 scfm), shaft cooling air-0.21 scmm (7.6 scfm).

No problems were encountered in obtaining thermal stabil-
ization at the test speed of 38,000 rpm. A test bearing outer
ring temperature of 412°K (285°F) anproximately 55°K above the
average air inlet temperature was recorded. Inspection of the
test bearing indicated good lubrication was obtained during the
test.

In the second run (Test 2 Rvn 2) after thermal stabilization
was cbtained at 38,000, the mist 0il was shutoff while maintain-
ing the mist air and cooling air flows. An imminent bearing
failure, indicated by a shaft speed decrease, occurred after
l.6minutes following the mist o0il cessation.

6.1,2 Utilization of Residual 0il on Shaft

With the modification descrihed in Section 6.1, emergency
lubricant tests were performed to determine if residual oil on
the shaft could be utilized to extend the bearing life following
0il loss. A total of three test runs (Test 3, Run 1, 2 and 3)
were performed with recirculating oil as the primary system and
one (Test 4) performed with mist oil.

The runs with the recirculating oil system were
performed under conditions similar to those used in the second
baseline run with the exception that a scavenge pump was
attached to the drain line. By reinitiating the o0il flow when
a failure was indicated by a decrease in shaft speed a total of
seven different checks were performed without any catastrophic
bearing failures. During Test 3, Run 1 three checks were
performed with the inlet o0il temperature at 455°K (360°F) and
a bearing outer ring temperature of approximately 505°K (450°F).
In the first two checks, indications of test bearing problens
occurred within 20 seconds. During the third check a bearing
problem was observed 40 seconds after the oil was shut off,
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It was reasoned that the appreciably shorted period of
operation, compared to the second bhaseline test, may have
resulted partially from higher oil inlet temperature in addition
to the fact that the oil was being scavenged more effectively.
Thus, the second and third runs were performed with o0il inlet
temperatures maintained at 432°K (320°F) and 442°K (335°F)
respectively. In the second run, two checks were nerformed with
the bearing temperature at approximately 488°X (420°F). BRearine
problems occurred after 40 seconds of operation in both cases.

An inspection of the test bearing following Run 2 indicated that
the problem, increased drag torque, resulted from a bindine
between the cage and the guide lands on the cuter ring. This
condition was considercd to have occurred due to a thermal growth
of the cage resulting from the increase in the heat generation
rate produced by the increascd friction coefficient following the
loss of lubrication. In run 3, the same results were obtained
except the failures occurred within 26 seconds in the two checks
performed.

Plots of the inner and outer ring temperature following
oil cessation in Test 1, Run 2 and Test 3, Run 2 are presented
in Figure 13. The plot of Test 1, Run 2 data shows that the
inner ring temperature increased more rapidlv than the outer
producing the thermal imbalance failure between the inner and
outer races. The plot of Test 3 Run 2 data shows that the two
rings increased in temperature essentially uniformly for 30
seconds and then the outer ring temperature increased rapidly
indicating the time when the cage started to bind. The increase
in inner ring temperature shertly thereafter indicates the time
when the heat generated by the increasd sliding of the balls on
the inner ring occurred due to spin velocity decrease resulting
from driving the binding cage.

The test performed with mist lubrication and the
modifications incorporated to pump residual oil from the shaft
into the bearing was carried out in a similar manner to the second
baseiine test (Test 2, Run 2). Following mist oil cessation,
with the mist air and through bearing cooling air retained, the
bearing ran for 2.6 minutes before indications of bearing
nroblems,

A review of the test data resulting from the first two sets
of tests performed (Test 1 through Test 4) indicated that the
relatively long period of operaticn cbtained during the baseline
tests with recirculating oil (Test 1) results from an oil buildup
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FIGURE 13
BEARING TEMPERATURE AFTER OIL CESSATION

Test 1-Run 2

L //’
//) [ Iy
i i 1 i |
0 1 2 3 4 5

Time After 0il Cessation-Minutes

Test 3-Run 2

- Quter —Z-
Ring
inner
- 2 —Ring
L
1 1 1 ! 1
1n 20 30 40 S0

Time After 0il Cessation-Seconds

ORIGINAL PAGE I8
OF. POOR QUALITY]



-ELA B0

AL77T921

in the beavring chamber which continued to lubricate and cool

the bearing until it drained. The short time periods obtained
in Test 3 definitely indicated that the scheme to pump residual
oil from the shaft into the bearing was unsuccessful or the
residual oil was inadequate to produce a significant effect on
bearing life. Therefore, the operating period following
cessation of 0il in Test 3 is considered to represent the time
before a bearing problem starts when recirculating oil is lost
and the bearing sump is well scavenged under the test conditions
and rig configuration employed.

The slight extension of operation obtained when mist oil
was used as the primary system of lubrication is attributed
to the cooling supplied by the mist and cooling air which was
continved after oil shut off. However, the extension was
insignificant in light of the desired goal. An increase in the
cooling air flow rate was not evaluated as it was considered to
have little potential in adding greatly to the bearing litfe.

6.1.3 Emergency Lubrication ty Aspirated Residual 0il

The purpose of this testing was to determine the feasibility
of obtaining tlie desired goal of 30 minutes of operation following
recirculation oil cessation by aspirating the oil retained in
the lubricant reservoir and injecting it into the bearing as
mist. To accomplish these tests, an atomizing tip (standard
tip from a De Vilbiss 127 atomizer) was incorporated in conjuction
with an air supply line to aspirate, atomize, and direct the
rasidual oil into the test hearing. The tip was assembled to the
0il manifold, see Figure 5, by a snecial connector.

Preliminary checks were performed with the aspirator system
prior to the emergency lubrication testing to determine the air
pressure and flow rate required to aspirate and atomize the oil.
It was determined that an air supnly pressure of 40 psi easily
aspirated and atomized the oil into a fine mist. The air flow
rate produced was 0.024 scmm (0.34 scfm) and the residual oil of
10cc (0.61 in 3) retained in the reservoir below the lowest jet
nozzle was depleted in 2.5 m1nute5° thus producing an oil flow
rate of 239cc/hr. (i4.6 in3/hr.). Due to the quick depletion of
the residual 0il, which was limited bythe oil marifold config-
uration, the 0il in the reservoir was replenished every 2.5
minutes. In this manner, continuous aspirator operation could
be obtained.
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Two emergency lubrication tests were performed (Test 5 and
6) using the aspirator system. Both tests were initiated under
conditions similar to those in the prior emergency lubrication
tests with the exceptions that a standard bearing, no modification
to the inner ring chamfer or cage bore was used and both the
recirculating oi? and aspirator systems were employed at the
initiation of the test. Room temperature air was used to act-
ivate the aspirator.

After the shaft speed of 38,000 rpm was obtained in Test §,
with an o0il inlet temperature and flow rate of 438°K (330°F) and
757 cc/i"in. (0.2 gpm) respectively the outer ring temperature
stabilized at S508°K (455°F). The recirculating oil was then
shut off and operation continued with the aspirated oil only.
After 2.5 minutes, the aspirator reservoir was refilled while
operation continued. The refilling cycle was repeated each 2.5
minates until a total time of 30 minutes of operation was
obtained after cessation of the recirculating oil.

During the period of emergency lubrication there was no
indication of improper operation of the test bearing which
suggested that even a longer period of operation could have been
obtained. A maximum outer ring temperature increase of only
19°K (35°F) was recorded which was considerably lower than
anticipated.

To insure that no oil was reaching the test bearing from the
rig bearing supply and the test bearing chamber was being
properly scavenged four additional checks were performed. In the
first two checks, the aspirator was used without replenishing
the reservoir supply. In both checks, shaft deceleration was
observed in appnroximately 2.5 minutes after recirculating oil
shut off and the bearing outer ring temperature increased to
590°F before recirculation of the oil was reestablished. In
the second two checks, the aspirator system was not activated
and in both cases bearing nroblems were encountered after 40
seconds. These four checks thus provided further assurance of
the effectiveness »f the aspirator.

In the second test (Test 6) utilizing the aspirator system,
cooling air was supplied at 350°K (170°F) through the shaft and
bearing housing at a rate of 0.28 and 0.11 scmm (10 and 4 scfm)
respectively. The cooling air supply was initiated approximately
one minute after the cessation of the recirculating oil. Shertly
thercafter, bearing nroblems were encountered as evidenced by a
rapid temperature increase and speed decrease. The recirculating
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0oil was reinstated with the coolings air retained. Four
additional checks were performed by turning o°f the recirculating
oil. 1In all cases, bearing problems resulted hetween 1.6 minutes
and 3 minvtes. 0il was replenished in the aspirator reservoir
when the overating neriod dictated.

These results indicated that the cooling air supplied to
the shaft and bearing housing at the rates used was detrimental
to the bearing performance. To further varify this assumntion,
an zdditional check was performed without the cooling air.
After ten minutes of omeration in this mode (remlenishing the
aspirator oil every 2.5 minutes) with no indication of bearing
problems the test was terminated having concluded that the
assumption was correct. The bearing outer ring temnerature
stabilized at 572°K (570°F) during this check which was more
reasonable and indicated the measurement in run one was
erroneous.

It is concluded from the results of these two tests that
it is feasible tn appreciably extend the operating life, up to
more than 30 minutes, of helicopter engine or transmission
bearings following the loss of o0il from the primary system by
aspirating a small quantity of oil from a reservoir and injecting
it into the bearing in the form of mist. It is also concluded
that the use of cooling air, at rates apnlied in Test 6 through
the shaft and bearing housing, is detrimental in extending the
bearing life. Changes in the cooling air flow rates or locatior
of the cooling air could be beneficial; however, this was not
verified by testing.

In general, the lost lubricant and emergency tests showed
that bearing failure can be expected in anproximately two minutes
or less when no emergency lubrication is supplied. With an
aspirator tyne system used to supply emergency lubrication,
operation periods of 30 minutes or greater can be obtained.

6.2 Step Speed Tests ~ Type II

The first set of step speed tests (Test 7-10) were performed

with four different lubricants to obtain a relative evaluation

of their performance when used in a mist lubrication system.
Three of the lubricants, described in Section 2, meet snecific
military specifications and all four are presently being used

in recirculating o0il systems to lubricate bearings in commercial
or military gas turbine engines. It should be noted that these
four tests were also an evaluation of the initial design of the
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mist and cooling air systems. Prior to performine the tests, the
intent was to evaluate the lubricant nerformance by comparing the
bearing contacting surfaces after testing wascomnlete. lowever,
since bearing failures were encountered which were not necess-
arily related to the lubricant used, no attempt was made to rank
the performance of the oils.

The second set of step-speed tests (Test 11-13) was per-
formed to establish the effects of changes in the controlled
variables and the third set of tests (Test 14-16) .as performed
to evaluate basic changes in the system configuration. During
many of these step speed tests, two basic nrohlems were encount-
ered (cage instability and excessive care rail wear and binding
between the downstream rail and guide land on the outer ring) at
speeds between 53,000 to 65,000 rpm (2.5 x 10° *to 3.0 x 106 pN)
Thus, the fourth set of step speed tests (Test 17-20) were
performed with different modificatons to the care in an attempt
to eliminate these problems.

6.2.1 Lubricant Evaluation Tests

Standard bearings (SKF 464539VAA) with the modifications
described in Section 2.1 and the removal of the ball retainine
tangs to permit easy disassembly of the bearine for inspection
gurpqses were used in all lubricant evaluation tests. A

earing load of 1779 newtons (400 lb.) thrust force was used
in all testing.

The first test (Test 7) was performed with a Tyne II Ester
meeting MIL-L-23699. The shaft was accelerated to 26,000 rpm
and then 40,000 rpm and data recorded. At this sneed the cooling
air flow rates through the shaft,circumferentially through the
bearing housing, and directly through the bearing were individually
changed to establish their effect on the bearing temnerature and
behavior. It was found that little cr no immediate effect was
produced by the shaft or housing cooling air, but the through
bearing cooling air had an appreciable effect on the beariung
outer ring temperature. No reliable inner ring temperature
values could be neasured due to interference of the pyrometer
line-of-sight by the oil mist. However, it was assumed that the
through bearing cooling air had the same or greater effect on
the inner ring temperature since it was directed to impinge on
or pass across the inner ring surface. The total air flow was
then set at 0.439 scmm (15.3 scfm) (mist air-9.7 scfm and through
bearing cooling air-5.6 scfm) and the shaft speed increased in
steps to a maximum speed of 65,000 rpm (3 x 106 DN). Since the
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bearing outer ring temperature did not exceed the pre-established
maximum limit of 533°K (500°F) no further increase in air flow
was made. After operating at 65,000 rpm for approximately 30
minutes without the bearing temperature comnletely stabilizing,
the temperature suddenly increased and the shaft decelerated
terminating the test. From a speed of 55,000 to 65,000 an
intermittent noise, interpreted as being produced by caze
instability, was observed During the test, a mist oil flow
rate of 492 cc/hr. (31 in3/hr) was supplied to the bearing. The
inspection of the test bearine showed that the cause of failure
had resulted from excessive rubbing between the cage rail and
the outer ring guide land on the downstream side of the bearing.
Test data, including the calculated heat transferred from the
bearing to the mist and cooling air, is presented for this and
subsequent testc in Appendix III.

Based on the good results obtained ir this test, it was
decided that the housing and shaft cooling air would not be used
in any subsequent tests. The elimination of two of the cooling
air flow paths greatly simplified the cooling air system and
thus increased the number of possible applications of a mist
and cooling air system by including those where housing and
shaft cooling could not be incorporated.

Based on the good results obtained in this test, operations
up to 3 x 10° DN with appreciably less air than theoretically
determined necessary without the bearing temperature reaching
533°K and the use of only through bearing mist and cooling air
without 2 thermal imbalance between the rings producing a
failure, it was decided that the housing and shaft cooling air
would not be used in any subsequent tests. The elimination of
two of the cooling air flow paths greatly simplified the cooling
air system initially envisioned as being necessary and thus
increased the number of possible apnlications of a mist and
cooling air system by including those where housing and shaft
cooling could not be incorporated.

The next three tests (Test 8-10) were performed with a
Type I Ester meeting MIL-L-7808H specifications, a second Type I
Ester which was refined in a foreign country, and a polyphenylether
respectively. The tests were performed in the same manner as
Test 7 with the exceptions that mist air flow rates were increased
from 40 to 55 percent and moderate changes in the mist and
through bearing cooling air temperature as noted in data presented
in Appendix III.

In Test 8, a total of 0.543 scmm (122 scfm) of air was

passed through the bearing with 0.385 scmm (13.6 scfm) being
mist air. The average mist oil flow rate was 590 cc/hr.
(36 in3/hr.). A maximum speed of &¢0,000 rpm was obtained prior
to a decrease in shaft speed indicating a bearing problem. In
Test 9, a total air flow of 0.586 scmm (20.7 scfm) was supnliec
at the maximum speed obtained and an average mist oil flow rate
of 492 cc/hr (30 in°/hr.) was supplied. The desired speed of
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65,000 was obtained and operation continued for 40 minutes
before the test was terminated due to excessive noise. 1In
Test 10, a similar air flow was supplied with a mist oil flow
rate of 442 scmm (27 in3/min). A maximum speed of 50,000 rpm
was obtained before a sudden temperature excursion occurred
and the shaft decelerated terminating the test.

In each of the three tests, there was indication of cage
instability noted by an intermittent rattle starting at speeds
from approximately 50,000 to 55,000 rpm. Inspection of the
test bearings indicated that the cause of the bearing failures
encountered were produced by excessive friction between the
downstream cage rail and the outer ring guide land which suggested
that insufficient lubrication was present at this locaticn.

This condition was diagnosed from the excessive wear on the rail
and land, and the heavy wear on the leading face of the ball
pockets caused by the balls trying to drive the cage.

The results of the mist lubricant evaluation indicated
that any of the four lubricants tested could be utilized with a
mist and cooling air system to provide adequate lubricatiorn of
helicogter engine mainsnaft bearings operating at speeds up to
2 x 10° DN. Although there were differences in the maximum
speeds obtained with the different lubricants before problems
were encountered, these differences are not necessarily a function
of the lubricating qualities of the oils. The problems were
considered to be the result of inadequate lubrication and cooling
to the downstream side of the cage. The cage instability, which
is a function of the cage configuration and mass, and damping,
occurred in the mist lubricated bearing and not the recirculating
jet lubricated bearing due to the decrcased 0il damping provided
by the mist system.

A plot of the heat transferred from the bearing to the air
in each test is presented in Figure 14. This plot shows that
the bearing heat generation rate was quite similar during the
testing of three of the lubricants. However, an appreciable
difference (approximateiy 60 percent higher) was obtained with
the pclyphenylether. This difference is considered, at least
in part, to result from the higher viscosity.
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The MIL-L-23699 lubricant was selected for the remaining
bearing tests. This selection was based on its good performance
in the early tests and its widespread use in military aircraft
engines in this country.

6.2.2 Changes In Controlled Variable Tests

The purpose of the controlled variable tests was to
determine the possibility of operating under more severe
conditions with respect to the mist oil flow rate, air flow rate,
and air temperature. All tests were performed with MIL-L-23699
0il, and mist and through bearing cooling air only. Test 11 was
nerformed to evaluate the possibility of operatine with apprec-
iably less mist oil supplied to the bearine. Tests 12 and 13
were performed to evaluate the effects of operating with a
reduced air flow rate and a higher average air temperature
respectively.

Prior to Test 11, an attempt was made to calibrate the mist
generator. For the mist generator being used, the manufacturer
does not guarantee mist generation for adjustment screw setting
below 180° open when 294°K (70°F) temperature air is utilized.
At this opening, the oil flow was greater than the minimum value
at which testing was desired since the air was being supplied
to the mist generator at a temperature of 478°K (400°F). Further
checks at screw settimgs less than 180° produced inconsistencies.
Thus, the calibration could only be used as a guideline and the
actual oil sunply rate established after the test by measuring
the quantity of oii used.

A total of four runs were performed in Test 11, each for
a duration of approximately 4 hours. The first two runs were
performed with the same o0il flow rates, 328 cc/hr. (20 in3/hr.)
or approximately 66 percent of what was supplied in the lubrication
evaluation tests. The total air flow rate in both runs was 0.458
scmm (16.2 scfm), 0.260 scmm (9.2 scfm) as mist air and 0.198
scamm (7 scfm) as cooling air, at an average temperature of
approximately 350°K (172°F). 1In both runs, the maximum desired
speed of 65,000 was obtained with the only problem observed being
an intermittent noise (rattle) interpreted to be cage ins:tability,
at speeds from 60,000 to 65,000 rpm. A cursory inspection of the
test bearing following the second run indicated that the bearing
was in excellent condition.

ORIGINAL PAGE 1§
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In run 3, the mist flow adjustment screw was opened only
80 degrees. The mist and cooling air flow rates were set at the
same values as in the prior runs and the average air temperature
was 355°K (178°F). The shaft was accelerated to 65,000 rpm in
steps. No problems were encountered except for intermittent
noise at the hicher speeds. The calculated oil flow rate was
only 51 cc/hr. (3.1 in. 3/hr.) or approximately N.11 nints/hr.

Run 4 was essentially a repeat of run 3 with the exception
that the mist generator oil flow adjustment screw was opened only
60 degrees. At the 60° opening, the first visual indication of
mist flow was observed at the rig exhaust port. After temnerature
stahilization at 55,000 rnm, the shaft was accelerated to 60,000
rpm at which point the test was terminated following a sneed
decrease and a ranid increase in the test bearing temperature.

Without anv changes in the mist and cooling air flow rates,
following the shaft deceleration, no mist could be visually
detected at the exhaust port. Although this did not definitely
indicate that the mist had stopped flowine, it didindicate that
the flow had decreased from the initiation of the test.
Measurement of the o0il used during the test showed that the
average flow rate was 56 cc/hr. (3.4 in°/hr.) which indicated that
the flow rate was fluctuating. A plot of the heat transferred
from the bearine to the air is presently in Figure 15 for all
runs. This granh shows that no appreciable change resulted
from varying the oil flow rate.

The inspection of the test bearing showed that the prohlems
resulted from excessive friction between the cage rail and outer
ring guide land on the downstream side of the bearing. Since
this type of failure had occurred in prior tests when the mist
01l flow rate was ten times as great, it was thus reasoned that
the failure was not the result of the lower flow rate, but the
distribution of the o0il in the bearing. It was, therefore,
concluded that the same quality of lubrication was ohtained with
the much reduced o0il flow rate and that adequate lubrication was
provided with as little as 51 cc/hr (3.1 ind/hr.) to permit
operation to speeds as high as 2.5 x 106 DN,

In Test 12. the reduced air flow rate test, the testing was
initiated with oil and air flow rates and temperaturessimilar to
those used in the lubricant evaluation tests. After allowing
temperatures to stabilize at a speed of 30,000 rpm, the cooling
air flow rate was slowly decreased to zero without any bearing

problems produced. With a mist air flow rate of 0.283 scmm (10 scfm)
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and inlet temnerature of 352°K (185°F) the sneed was increased
to 65,000 rpm in steps. Before temperature stabilization at
65,000 rpm, a rapid increase in the bearing temperature occurred
and the test terminated. he average o0il flow rate during the
test was 442 cc/hr. (27 in°/hr.). The bearing inspection
revealed that smearing had occurred between the downstream cage
rail and outer ring land as in prior tests.

The results of the test showed that 0.283 scmm of air would
provide adequate, uniform cooling of all bearing components
except at the highest test speed where pnroblems also resulted at
much higher air flow rates. Figures 16 and 17 show the bearing
outer ring temperature and heat transfer rate to the mist and
cooling air respectively, compared with that ohtained in run 1
of Test 11 where the higher quantitvy of cooling air was supplicd.
The eraph shows that at speeds of 30,0600 to 40,000 rpm, the
increase in bearing temperature resulting from the lower air flow
was approximately 22°K (40°F). At the higher sneeds, 55,700 to
60,000 rpm, the temperature difference had increased, as would
be expected, to approximately 14°K(@B0°F). However, even with
the lower flow rate, the temperature was still well beiow that
where property changes in the bearing material would effect the
endurance 1life.

Test 13 was performed with a higher average air temperature,
approximately 388°K (238°F), entering the rig to cool the bearinz.
The through bhearing cooling air was supplied at 402°K (265°F) and
the mist air at 349°K (170°F). Tc obtain the high average total
air temperature, at approximately the same flow rate as used in
Test 11, the through bearine cooling air flow rate was increased
from 0.198 to 0.359 scmm {7 tn 12.7 scfm) and the mist air
decreased from 0.260 to 141 scmm (9.2 to S5 scfm). The decrease
in the mist air flow rate resulted in an average mist oil supply
rate of 236 cc/hr. (14.4 in3/hr.) which was apnroximately half
that supplied in Test 12, but well above that found to be adequate
in Test 11.

A speed of 60,000 rpm was obtained in incremental steps
without problems. However, a failure occurred shortly after
reaching a speed of 65,000 rrm. The inspection of the test bearing
showed that the failure was essentially the same as that which
had occurred in Test 12. gross wear hetween the downstream cage
rail and outer ring guiding land.
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The test bearing outer ring temnerature and the heat
transfer rates at the various test speeds arc presented in
Figures 18 and 19 , resnectively, along with the data from
Tests 11 and 12. As would be exnected at lower speeds the
test featurins a higher cooling air temperature results in
higher bearing outer ring temperatures than the test with a
decreased flow rate. However, at higher sneeds where consider-
ably more heat is generated by the bearing, the effect of air flow
volume on the bearing temperature is larger than the effect of air
temperature. Although bearing failures occurred at high speeds
in both tests, (the increased bearing temncraturcs were measured
prior to failure) the failures are not considered to be the
result of the higher hearing temneratures as failures were
typical of those in prior tests when the outer ring temperatures
were considerably lower.

As shown in Figure 18 the increasc in the air tcmnerature
of 39°K above that used in Test 11, resulted in approximately
the same temperature increase in the test hearine over the full
speed ranse. This is considered to be reasonable since the
same A4t between the bearing and cooling air was maintained to
remove approximately the same quantity of bearing generated
heat.

6.2.3 Changes In the Mist System Configuration Tests

A total of three tests (Tests 14-16) were performed with
modification to the mist system. All tests were performed with
the standard thrust load of 460 1lbs.and MIL-L-23099 0il., The
first two modifications were relatively simrle and involved the
test cavity configuration near the bearing or the mist nozzle
configuration. The third change simplified the mist system by
replacing the mist generator with a drip mist system.

In preparation for Test 14, a bhaffle plate was manufactured,
see Figure 20, to be located on the upstream side of thc bearing
as shown in Figure 21. Two tabs were formed on the hearing
outer ring flange to permit positionirg and assembly of the
plate. The bore of the baffle plate was chamfered at a 45°
angle from the outer surface and a 0.152 mm (0.006 in) 1lip
machined on the inner surface which extend into the bearine
and reduced the gap formed with the cage face. The dimension
of the bore were established to permit the high velocity cooling
air emitted through the eight nozzles to flow directly across
the chamfer and produce a pressure drop in the annulus formed
between the cage and baffle plate.
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The incorpuration of the baffle plate was aimed at improving
the cooling and lubricant flow paths within the bearing by
modifying the pressure distribution. It was hoped that this
would provide better lubrication and cooling of the downstream
cage rail and thus eliminate the excessive wear and binding
which had gccurred in several of the prior tests at speeds in
the 3 x 10° DN range.

The test was performed in & manner similar to prior step-
speed tests with a mist air flow rate of 0.321 scmm (11.34 scfm)
and through bearing cooling air flow rate of 0.190 scmm (6.7 scfm).
The average air temperature was_350°K (171°F). The mist oil
flow rate was 451 cc/hr (27.5in3hr.). The maximum desired
speed of 65,000 rpm was obtained and operation continued for
30 minutes before test termination. Intermittent noise, consid-
ered to be produced by cage vibration, :ras observed at both
60,000 and 65,000 rpm which had no measuravle effect on the
bearing performance.

The test hecaring was in excellent condition following the
test with minor polishing of both cage rails and slightly
heavier polishing and wear in the ball pockets. A thin layer
of degraded oil and fine wear particles of silver had collected
on the cage bore which had not been present following any prior
tests. This condition indicated that the mist and cooling air
flow paths through the hearing had been altered.

Test 15 was performed to evaluate the effect of replacing
the converging reclassifying noz:les with straight nozzles
without screens at the entrance tuv reclassify (increase the
0il particle size)oil droplets. The eight straight nozzles incor-
porated had an inner diameter equal to the minor diameter of the
converging nozzles ( 2.0mm). The baffle plate was
retained and the same bearing used to obtain additional test
results with the altered flow paths in the bearing.

The test was successfuliy perfcrmed to a maximum speed of
65,000 rpm and operated at that speed for 30 minutes before
termination., The mist air, oil, and cooling air flow rate and
temperature were essentially the same as in Test 14. Cage
instability was again indicated at ioth 60,000 and 65,000 rpm.
The test bearing was in excellent condition with only minor
changes in wear of the cage lands and pockets as evidenced by
the minor buildup of degraded oil and silver wear particles
occurring again on the cage bore. No changes could be detected
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on the contacting surfaces.

The results of these two tests indicated that the incorpor-
ation of the baffle plate was beneficial in minimizing the heavy
wear and binding of the cage experiences in several prior tests
at the higher speeds. No improvement in the apparent cage
instability resulted from using the baffle plate. Insufficient
testing was performed to establish the realibility of the scheme
employed and the goneration of the silver wear particles from
the cage indicated that metal to metal contact did still occur
to some degree whick is not abnormal even in a bearing lubricated
with recirculating oil.

lUnder the conditions used in Test 15 ( relatively high oil
flow rate, 29 in°/hr., compared to those used in Test 11) no
detrimental effects resulted from thc chance in nozzle config-
uration. Illowever, at lower oil flow rates where the efficient
plating out of the oil is more important, the nozzle configura*ion
could possibly have an appreciable effect.

The purpose of Test 16 was to establish the feasibility of
using a simplified mist system (drip/mist system) which would
greatly reduce the vulnerability to ballistic damage, and
decrease weight and complexity by eliminating the mist generator
and the relatively large mist transfer line required to minimize
0il plating out in transit. The idea was to provide o0il drops
in the flow path of the cooling air as it exited the noz:zles
where it would be misted and directed into the bearing.

To accommodate this scheme, six of the eight mist nozzles
were plugged and drip tubes, 0.040 in. ID, were attached to the
remaining nozzles to position o0il drops in the flow path of two
of the through bhearing air jets, see Figure 6 . An external
0il reservoir was provided to supply the oil. The o0il flow rate
(drip rate) was controlled by the hydrostatic head, due to the
elevated position of the o0il supnly reservoir, and a feedback
pressure from the chamber into which the o0il was fed.

The test was performed in a similar manner to prior step-
speed test, with the exception that the cooling air flow rate
was increased to 0.495 scmm (17.5 scfm) to compensate for the
elimination of the mist air. The cooling air temperature was
338°K (147°F) and the oil flow rate varied between 328 and
524 cc/hr. (20 and 32 in3/hr) during the test.
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The maximum speed of 65,000 rpm was successfully obtained.
At 65,000 rpm a noise, interpreted to be caused by cage instabh-
ility, occurred which produced variations in speed from 62,000
to 68,000 rpm. JMfter operating at this speed for approximately
20 minutes, a much louder noise was observed and the test
terminated. It was observed during the disassembly of the rig
that the two drip .ubes had loosened from the initial press fit
and were laying in the cavity between the oil manifold and
bearing. Heavy dents in the tubes indicated that they had
been battered back and forth between the shaft and rie housing
probably causing the noise heard just prior to test
termination.

The inspection of the test bearing, which was also used in
the two prior modified configuration tests was found to be in good to
excellent condition. The ball tracks were difficult tc detect
with the original surface finish mark still observable. Further
polishing of the rail on the downstream cage rail had occurred.

The results of the test indicated that sufficient lubrication
was being provided by the drip/mist system and thus the simpli-
fied mist system was shown to ce a feasible method of lubricating
the bearing. Although the method used to supply the oil drops
(hydrostatic head plus nressure feedback) was adequate for the
test, observed changes in the flow rate (524 to 327 cc/hr) could
not be tolerated if a lower initial oil flow rate was used.
Therefore, a constant rate or infusion type pump would have to be
used to maintain a constant 0il flow rate when the simplified
mist system was incorporated in a2n application.

6,.2.4 Cage Design Modification Tests

Although excellent bearing performance was obtained with
mist lubrication and air cooling in all prior step- speed tests
up to speeds in excess of 2 x 10 DN, either one or both of two
major problems occurred in the majprity of tests at speeds in
the range of 2.5 x 106 to 3.0 x 10° DN. The most severe of
these two problems was the excessive wear on the downstream
cage rail and binding of the same rail with the outer ring guide
land. The other problem was what appeared to be cage instability.

The excessive wear and binding problem occurred at a location
where such a problem might be exnected. The design gap between
the rail and land is quite small, 0.13 to 0.20 mm (0.005 to 0.008
inches), thus limiting the flow of o0il and air. In addition,
the cooling air is greatly increased in temperature (essentially
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exhaust temperature) when it reaches the downstream rail; thus,
its cooling effect is less, allowing the rail *o increase in
temperature and diameter. The downstream cage rail, therefore,
provides the total guidance since the upstream rail can not
contact the land.

The existence of this problem was easily detected by
inspection of the tested bearings. When excessive wear did
occur on the guide rails, it always occurred on the downstream
rail with little or no signs of contact existing on the upstream
rail. When the more severe condition of binding occurred, the
wear was uniform over the full circumference of the rail.

Also, excessive wear was present in the leading face of the
ball pockets where the ball pressed hard to force movement »f
the restricted cage. Photogranhs of a typical bearing which
had failed in this manner are presented in Figure 22.

Such failure suggest that insufficient cil is present at
the rail-land interface thus permitting metal-to-m~tal contact.
The resulting increased friction coefficient produces a greater
heat generation rate which increases the thermal growth of the
cage and thus further decreasing the fiow of 0il to the inter-
face. This cycle can thus rereat until birding occurs.

The detection of the other nroblem is more difficult and
the assumption that the intermittent noise resulted from cage
instability was based on experiencing similar problems in
other applications. Caoc instability is often encountered in
grease lubricated bearing and bearing operating in a vacuum
where low damping forces exist. Since the quantity of mist oil
present in the test bearing is relatively small compared to the
rig bearing (lubricated with recirculating oil}. where the
problem was not experienced, the nresence of cage instability
wasconsidered likely.

Since both problems were considered to result in some
degree from insufficient cage lubrication, the testing under
this classification was performed to evaluate the possibility
of eliminating the problem at high speeds by modifying the cage
design to increase the oil and cooling air in the critical
location,

A total of four tests (Tests 17-20) were performed, each
with a different cage design, aimed at increasine the o0il flow
to the cage land interface. Test 17 was performed with an
increased cage land clearance, Test 18 with a cagc designed to
pump oil from the bore to the interface, Test 19 with an inner
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rine riding cage, and Test 20 with pumping grooves mac.ined in
the cage rails.

The increased gap evaluated in Test 17 was accomplished
by increasing the outer ring land diameters. In the standard
hearing design, the cage land gap can vary from 0.13 to 0.20 mm
(0.005 to 0.008 in). Measurements performed on several of the
bearings nreviously tested showed that the gap was at the low
end of the tolerance limits. The bhearing used in this test was
modified by increasing the outer ring land diameter to provide
a 0.908 inch pap on the upstream side and a 0.009 inch gap on
the downstream side. The difference in the gans was incornorated
to compendate for the difference in the thermal growth of the
two cage rails resulting from the variations in cooline capacity
noted at the two locations. The care in the modified bearing
was projected to ride equallvy on both rails when omerating at
high speeds.

In addition, a change was incorporated in the test pro-
cedure to aid in obtaining a better evaluation of the cause
of the intermittent noise at high speed should it occur. The
change, using the housing heaters to maintaining the rig
housing temperature within 28°K (50°F) of the bearing outer
ring temperature, was included to insure complete freedom of
the load plug and thus permit the observation of minor changes
in bearing drag torque that would be produced by cage vibrations.

T. » test was performed i the same manner as prior sten-
speed tests with the excention noted. The mist 0il flow rate,
and the mist air and cooling air flow rates maintained through-
out the test were 426 cc/hr (26 in”/hr), 0.274 scmm (9.7 scfm)
and 0.25 sfmm (8.0 scfm) resnectfully. The shaft was accelerated
to 35,000 rpm with no indication of problems. After accelerating
to 40,000 rpm, a soft intermittent noise was noted which was
accomplished by minor vibrations of the drag torque trace.

As the speed was increased to 55,000 rpm, the intermittent noise
level increased as did the drag torque vibration level. It

was also ncoted that the temperature of the test bearing outer
ring would increase shortly after the vibration started and
decrease when it stopped. These observations confirmed that

the intermittent noise was the result of cage instabilitv.

While attempting to accelevrate to 60,000 rpm, the shaft

suddenly slowed indicating a failure.
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Inspection of the bearing revealed heavy wear had occurred
between both rails and the corresponding guide lands. Thus it
was concluded that the difference in the two gaps had permitted
the cage to be guided by both lands. However, no observable
improvement was obtained in lubricating the interface area and
the increased gap appeared to be detrimental with respect to
cage instability as the problem occurred at appreciably lower
operating speeds.

The cage used in Test 18 was modified to incorporate a bore
profile which was small at the center and tapered radially out-
ward to oil retaining lips located under each rail. Eighteen
0.65 mm (0.025 in.) diameter holes were drilled from the cage
bore to the OD of the rail just inside the retaining lip. The
holes were equally spaced circumferentially and located equal
distance between the ball pockets. A drawing of the cross section
of the cage is presented in Figure 2. This modification was
incorporated to pump the oil plated out on the cage bore to the
cage-land interface by centrifugal force.

Two test runs were performed. The first run was performed
with the following conditions which were relatively corservative
with respect to air flow rate and cooling air temperature.

Mist air flow rate 0.38 scmm (13.6 scfm)
Mist inlet temperature 366°K (200°F)

Mist o0il flow rate 410 cc/hr (25 in3/hr)
Through brg. cooling air flow rate 0.29 scmm (10.4 scfm)

Through brg. couoling air inlet temp. 300°K (80°F)

The shaft was accelerated in steps to 65,000 rpm without any
indication of cage instability. While operating at this speed
for approximately 10 minutes only two short periods, 3 to §
seconds, was cage instability observed. A cursive examination
of the test bearing, without removing it from the shaft, showed
no indication of wear.

The second run was initiated with conditions similar to
those used in run 1 with the intent to decrease the oil flow and
increase the cooling air temperature to determine if any major
changes in bearing performance occurred. The shaft was acceler-
ated to 45,000 rpm without any indication of problems. While
accelerating to 55,000 rpm, cage instability was encountered at
52,000 rpm which continued for approximately 2 minutes and
then stopped. The shaft was then accelerated to 65,000 rpm.
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During the speed change, the instability was noted several times
for a period of 1 to 2 seconds. The intermittent vibration
continued for approximately 2 minutes and did not occur again
during the next 7 minutes.

The mist air flow rate was decreased from 0.38scmm (13.6 scfm)
to 0.24 scmm (8.6 scfm) which reduced the oil flow from 459 cc/hr
(28 in3/hr.) to 246 cc/hr. (15 in3/hr.). After operating at this
condition for 20 minutes, int-rmittent cage instability began.

The mist air flow rate was returned to its former value and
operation continued for 7 minutes without any effect on the cage
vibration. The test was then terminated after operating at
65,000 rpm for 1.7 hours. The run was terminated to permit an
examination of the bearing before a failure initiated by the
cage vibration occurred.

The post bearing examination showed the bearing to be in
excellent condition. Only very slight polishing of the down-
stream cage rail had occurred which would be considered normal
even for a bearing lubricated with recirculating oil. Post
test photographs of thec test bearing cage are presented in
Figure 23,

The results of the test indicated that the cage modification
had been effective under the conditions evaluated to minmimize
cage-land wear and prevent cage seizure. The modification also
decreased the cage instability, but was not successful in
eliminating the problem.

Test 19 was performed with an inner ring guided cage. The
cage was designed to have a pilot clearance on the diameter of
0.13 to 0.40 mm (0.005 to 0.016 in.) and a ball pocket clearance
on the diameter of 0.23 to 0.40 mm (0.009 to 0.016 in).

The test was performed with & mist oil flow rate of 524 cc/hr
(32 in3/hr.) and a combined mist and cooling air flow rate of
0.64 scmm (22.6 scfm). The sp2ed was increased in steps to
55,000 rpm without incident. While increasing speed to 65,000
rpm a sudden increase in bearing outer ring temperature indicated
failure and the test was term nated.

Inspection of the test bearing showed excessive wcar
between both cage rails and inner ring lands over an arc of

140°, see Figure 24 . The wear pattern indicated that the cage
was forced radially to one position and continued to be piloted
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FIGURE 23

POST TEST PHOTOGRAPHS OF MODIFIED CAGE
USED IN TEST 18

Cage Showing Radial Holes in Rails

Cage Showing Taper and 0il Retaining
Lip in Bore

RIGINAL;
4" POOR ALy,

PAGE 13




76

POST TEST PHOTOGRAPH OF INNER RING
GUIDED CAGE USED IN TEST 19




WA

AL77T021

at this contacting area. The fact that the bearing heat gener-
ation rate at all speeds was approximately twice that measured

in previous tests indicated that the condition was present over
the major portion of the run.

The cage balance was checked prior to testing and the exist-
ing unbalance was less than the standard requirement for air-
craft engzine bearing cages, ie 3 gr-cm. At a shaft speed of
60,000 rpm (cage speed of approximately 25,000 rpm) this would
produce an unbalance force of approximately 47 pounds. An
additional unbalarced force of approximately 4.6 pounds is
produced from the eccentric position of the cage mass center with
respect to the center of rotation when the cage rides on the land.
In the worst condition, these two unbalanced forces would be
added to produce a total unbalance force of 51.6 pounds. This
force is not considered to be excessive if adequate lubrication
is present. Since the pressure at the contact is appreciably
less than at a ball race contact. Therefore, it was concluded
that insufficient oil was present on the rail-land interface
surface at high speeds to provide adequate lubrication.

The modification to the cage used in Test 20 consisted
of 27 pumping grooves in each rail OD surface equally spaced
around the circumference and extending from the inboard side t-
the center of the rail. The grooves were 0.050 inches wide
forming an angle of 20° with the face to produce an axial pump-
ing force and tapered radially to perform centrifugal pumping
to the rail pad located between the grooves. The gap between
the cage rail and the guiding land of the outer ring was 0.13 mm
(0.005 in). The cage design is shown in Figure 3.

The speed was increased in stens up to 50,000 rpm without
any indication of abnormal performance. At approximately 53,000
rpm, a short period of cage instability was observed. While
accelerating from 60,"0 to 65,000 rpm the bearing temperature
suddenly increased and the speed de-~reased which resulted in
the termination of the test.

The post test inspection of the test bearing revealed that
excessive wedar had occurred between the downstream cage rail and
ring land. The wear on the rail and land was essentially
uniform over the complete circumference indicating that the
cage thermal growth was sufficient to cause the cage to bind.

As in prior tests where this same nroblem occurred, it was
attribuvied to insufficient Jubrication between the surfaces at
high speeds which increases the frictioral heat generation rate
causing the ca;« ‘o expand until it binds. It was therefore
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concluded that the pumping grooves did not sufficiently increase
the oil flow into the interface to provide adeguate lubricaiion.
A post test photograph cf the bearing cage is presented in
Figure 2§.

The modified cage incorporating feed holes from the cage
bore to the rail was the only one of the four designs tested
which showed a significant improvement in reducing the wear at
the cage-land interface. Although both runs performed with
this cage utilized an average air temperature anproximately
14°K (25°F) below that normally used, this difference is not
considered to be significant in the improved perf rmance
abserved. This conclusion is based on the fact that cage wear
prohlems were not encountered at lower speeds in Test 13 than
in many tests where lower air temperatures were sunplied.

The average air temperature used in Test 13 was 33°K (60°F)
above that normally used.

6.3 Extended Period Tests - Type I11I

Two extended period tests were performed (Test 21 ard 22)
utilizing the mist and air cooling system to lubricate and cool
the test bearing. BRoth tests were performed with the lubricant
meeting MIL-L-23699 specifications and with a thrust load of
1779 (400 1b.) applied. The purpose of the tests was to demon-
strate extended periods of onerationr without thernmal or
lubrication problems occurring. The periods of 50 hours and
100 hours of operation at the selected operating speed in
Test 21 and 22 respective were selected based on the conception
that inadequate lubrication would manifest itself in the form
of sur.ace distress on the bearirg race within this period if
it existed. The originally cancecived mist and cooling air
system, and bearing configuration (through mist and cooling air

with the increased chamfer on the upstream side of the inner
ring and the cage bore tapered radially outward from both sides
to the center) was used ir both tests.

The first extended period test (Test 21) was pnerformed at
a speed of 55,000 rpm (2.5 x 106 DN) based on the maximum speed
where cage instability and cage wear were considered to be
unlikely to occur. The air flow rates and temperatures and the
mist oil flow rate were selected to be quite conservative
compared to thnsc used, successfully in some of the more severe
step-speed :tests. Representatrive temperatures and flow rates
used throughout the “ost are as follows:
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FIGURE 25

POST TEST PHOTOGRAPH OF CAGE
WITH PUMPING GROOVES USED IN TEST 20
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Mist Air Mist Air Cooling Air Cooling Air Average Air Mist 0il

Flow Rate Temp. Flow Rate Tenp. Temp. Flow Rate
(scmm-scfm) (°K-°F) (scmm-scfm) (°K-°F) (°K-°F) (cc/hr-in°/hr)
0.39-13.6 371-210 0.19-6.8 353-175 365-198 623-38

The test was conducted ian a total of seven runs of the
following time durations at the test speed; 3.0, 0.5, 7.4, 10,2,
11.0, 11.2, and 7.5 hours for a tectal period of 50.8 hours.
After each run, the test hearing and rig temperature was allowed
to cnol to room temperature before starting the next run. The
average tost bearing outaer ring temperature and heat transfer
rate to the air was 450°K (350°F) and 530 watts (1809 bhtu/hr)
respectively. No cage instabilitv was obhserved durine the test.

The post test inspection of the bearing revcaled the
following conditions of the components:

Inner Ring - The ball track was visible basically due to
a thin film of yellowish brown varnish deposited on the bearing
lands and race outside of the track. Though slightly glazed,
the original finish was still evident in the ball track indicatiny
excellent lubrication. Several dents were present in the bhall
track indicating that dirt particles either introduced with the
mist or cooling air, or generated in the bearing had been rolled
over.

OQuter Ring - Similar to inner ring except no deposition film
on the cage riging lands which anpeared tc be equally polished
and uniform for the full 360°.

Cage - In good condition with minor polishing of the rails
with one area on the upstream rail polished slightly more than
the other areas. All pockets in good condition with minute
spots in some of the pockets where normal microwear had
occurred.

Balls - Good condition with a brownish disc~'oration indic-
ating a slight varnish coating.

It was concluded that the bearing had performed exceptionally
well and that it had been well lubricated. There was no indic-
ation that any failure mode was eminent. A post test photograph
of the bearings is presented in Figure 25.
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FIGURE 26

POST TEST PHOTOGRAPH OF BEARING
USED IN FIFTY HOUR TEST
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The second extended period test (Test 22) was performed
at a speed hetween 43,600 to 45,000 rom (2 x 106 DN) which is
representative of the maximum condltxon experienced by mainshaft
bearing in current helicopter engines. The average air
temperature was increased to be more representative of that
available in engines and the flow rate decreascd aporoximately
15 percent. The mist oil flow was guprec1ably decreased to an
average value of 293 cc/hr (17.9 in”/hr) which was still con-
sidered conservative comnared to that used in run 3 of Test 11.
Representative temperature and flow rates used through the test
are as follow:

Mist Air Mist Air Cooling Air Cooling Air Average Air Mist 0il

Flow Rate Temp. Flow Rate Temp. Temn, Flow PRate
(scmm-scfm) (°K-°F) (scmm-scfm) (°K-°F) (°K-°F) (cc/hr-in“/hr)
0.15-5.3 348-165 0.34-11.9 406-270 38%-238 284-16.7

The test was performed in ten separate runs with operating
periods at the test speed varying from 4 to 31 hours for a total
pericd of 100 hours. The cooling air (comb1ned mist and thrc .gh
bearing cooling air) varied from 380 to 392°K (225 to 245°F)
with an average value for all runs of 390°K (241°F) and a flow
rate of 0.49 scmm (17.2 scfm). The m1st 0oil flow rate varied
from 239 to 311 cc/hr (14.6 to 19 in 3/h1) dgring the ten runs
with an average value of 292 cc/hr (17.8 in”?/hr). Under these
conditions, the bezring temnerature varied from 463 to 472°K
(375 to 390°F) with a heat transfer rate to the air of approx-
imatel 380 watts (1300 Btu/hr).

The post test bearing inspection revealed the following
condition of the components:

. Inner Ring - Mild glazin: of the ball track with most of the
“inish marks removed and a considerable number of minute dent

marks. Thin layers of varnish over most surfaces except ball
track.

Outer Ring - Similar to outer ring except more finish lines
present in the ball track and less denting.

Cage - In good condition witl miror polishing of silver
plate on both cage rails. Uniform polishing of silver plate on
leading and trailing sides of ball pockets. Layer of varnish
on cage bore and downstream face.
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Balls - In good condition with a few minute dents

The rig bearing used for this test run, which had seen
recirculating lubrication was examined to obtain a relative
evaluation between the two lubrication methods. the rig bearing
was identical in design to the test bearing and had been lubri-
cated with recirculating oil sugplied at 367°K (?00°F) and at
a rate of 40,312 cc/hr (2460 in°/min) or 138 times that supplied
to the test bearing. This bearing operated at anproximately
478°K (400°F) during the test or 10°K higher than the test
bearing. The bearings were very similar in appearance with
slightly less glazing present in the rig bearing. However,
more wear had occurred in the ball pockets of the rig bearing.

A post test photograph of the test bearing is presented in
Figure 27. It was concluded from the relative appearances that
the mist lubricated bearing had been as well lubricated as the
recirculating oil lubricat~d bearing.

The results of these two tests demonstrated the feasibility
of using a mist and cooling air system for lubrication and
cooling of contemporary helicopter engine and transmission
bearings.

6.4 General Discussion of Test Results

The results of the tests demonstrated the feasibility of
using a once through mist lubrication svstem, in conjunction
with auxiliary air cooling, to effectively lubricate and cool
mainshaft engine and transmission bearings used in contemporary
helicopters. In almost all of the tests, bearing speeds of
2 x 10% DN were obtained without any irdications of bearing
malfunctions precipitated by the method of lubrication and
cooling. In several tests, bearing speeds as high as 3 x 106 DN
wege obtained sucgessfully. However, at speeds between z.5 x
10Y DN and 3 x 10° DN cage land wear and/or cage instability
prcblems were encountered.

The most serious of the two problems, with respect to
procucing early and yrssibly catastrophic failure, is the heavy
wear and binding that occurs between the cage and guide land on
the downstream size (opposite the side of mist and cooling air
insertion) of thke bearing. This problem, which was diagnosed from
the wear pattern existing in the failed bearings, manifests itself
by excessive wear on the guide land and cage rail on the down-
stream side of the bearing and wear on the leading face of the
ball pocket where the ball was driving the cage. There was only
slight or normal polishing of the silver plating on the upstream
cage rail and on the trailing pocket face in the failed bearings.
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FIGURE 27

POST TEST PHOTOGRAPH OF BEARING
USED IN ONE HUNDRED HOUR TEST
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A similar problem was encountered in mist lubrication testing of
a 125 mm bore angular contact a%rcraft engine ball bearing at
speeds of 2.5 x 100 to 3.0 x 10° DN (4).

The cape land interface on the downstream side is the most
vulnerable to this type of problem with the oil mist and coolinp
air system employed. With the outer land riding cage desien,
the gap is very small comnared to the innerring gap (0.13 to Nn.20
mm outer, 1.1 mm inner). This difference in gap size, combined
with intentionally directing the mist and cooling air at the
inner ring gap because of the greater hcat generation on the
inner ring at high speeds, minimizes the 0il and air reachine
the cage land interface. In addition, the temmerature incrcase
of the air passing axially through the bearing results in greater
downstream rail growth; thus, all guidancc is performed at this
location.

It was anticipated, during the desirn of the system, that
the centrifugal pumping produced by the inner ring and cage
rotation would force 0il into the interface. However, the oil
flow to this location was apparently inadequate at high speeds
and the incorporation of two cage modification (increased gap
size, axial pumping grooves on rail) did not improve lubrication
sufficiently. The problem is not considered to result from an
inadequate quantity c¢f lubricant to the bearing,
but poor distribution or flew in the bearing. This conclusion
is based on experience with high speed bearingslubricated with
a recirculating 0il system where the same problem existed until
one of the jets was directed at the outer ring gap. It is also
noted that in Tests 14 and 15, the modification of the o0il and
air flow path in the bearing by incorporating a baffle plate
appeared to reduce the wear appreciably.

The modified cage design, which incorporates pumping holes
from the bore to rail 0D, used in Test 18 eliminated the excessive
wear problem in the two runs performed and indicate that the
design may be reliable in eliminating the problem.

The same design was effective in reducing, but not totaily
eliminating the cage insvability.This suggested that improved
lubrication in the interface may have increased the damning and
resulted in less vibration. Thus it appears that the incorporation
of mist nozzles on the downstream side of the bearing to insert
0il and air directly into this interface nmerits investigation. The
increased lubrication and cooling could be sufficient to eliminate
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both the wear and the instability problems.

A mist oil flow rate of anproximately 491 cc/hr (30 ins/hr)
was supplied in the majority of the stevn-speed tests. It was
observed durine these tests that considerable o0il, not nossible
to measurc, was cemitted from the ecxhaust port as mist with the
air. It is not known whether the o0il had nlatcd out and been
remisted or passed directly through the bearing as mist. It
seems rcasonable, however, that at least a portion of the oil
nassed through the bearing without being utilized, thus indicatine
an excess supply.

The supply rate was based on the calculated 0il replenishment
rate of 557 cc/hr (34 in3/hr) for operation at 65,000 rpn obtained
in the design phase of the program (Section 4.2) usine EHD
lubrication theory. In applying the theory, it was assumed that
the oil displaced cut of the inner ring track as a ball passed
must be replaced by the mist supply. In Test 11 it was demon-
strated that considerably less oil, anproximately 0.1 that cal-
culated could be used to replenish the o0il loss. This is in
close agreement with information nresented in Reference 4 where
an oil replenishment rate of 13 percent of thc calculated value
was shown to be adequate in a short term test. Although the
feasibility of operating with as little as 0.1 the calculated
value was demonstrated, it is considered more reasonable to use
a flow rate of approximately 50 percent of the theoretical value
for bearing lubrication in high speed helicopter engines until
reliability at lower o0il flow rates is demonstrated by further
testing.

In the first step-speed test it was demonstrated that
appreciably less cooling air than anticipated was required to
maintain the test bearing at a reasorable operatino temperature.
It was also shown that hous1no and shaft cooling air was not
required to prevent thermal imbalance failure (removal of the
bearing internal clearance due to unequal thermal growth bhetween
the rings) thus appreciably decreasing the complexity of the
initial system design.
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In the major portion of the tests, a total air flow rate
of 0.48 to 0.62 scmm (17 to 22 scfm) was sunnlied compared to
the calculated requirement of 2 scmm (72 scfm). The lower
air flow rate required was basically the result of a lower
bearing heat generation rate than anticinated with mist 1lub-
rication, see Fipure 27. The heat transfer film coefficient
used in the analysis were also lower than those determined from
the test data at high speeds and air flow rate of 0.48 scmm
(17 scfm). This also contributed to a lower air flow rate
requirement. The fi;m coefficient values c¢r 322 to 362 W/m=°K
(57 to 64 Btu/hr ft.“°F) established durinc the Mobil studv (4)
were reasonably consistant with those determined from the Test 12
where 0.28 scmm (10 scfm) of air was used. The heat transfer
film coefficients calculated from Test 16 and Tost 12 are pre-
sented in Appendix I.

Based on these calculations the following set of heat
transfer film coefficient values are considered to be reasonable
for use in design analysis when the mist and cooling air is
forced through the bearing:

Bearing DN Value Film Coefficient
(DN x 10%) W/m2°K - Btu/hr.ftZ°F
1.5 289 - 51
2.0 310 - A0
2.5 391 - 69
3.0 442 - 78§

The comparison of the bearins temncratures and heat gener-
ation rates in Test 11 and 13 shov that an increase in the air
temperature results in essentially the same increase in the
bearing temperature when operating under similar conditions,
This observation indicates that no major chanpge occurs in the
heat transfer fiim coefficient over ihe range of hearine and air
temperatures investigated. Thus. hy knowing the bhearing and
cooling air tamperature at a set air flow rate and operating
speed, the allowable increase in air temperature can be calcul-
ated which would result in the maximum permissible bearing
temperature.
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The graph presented in Figure 28 shows a plot of the
experimentally determineu heat generation rate of a bearing,
identical to that used in this program, lubricated with a
recirculating ester oil run in a developmental engine test by the
turbine manufacturer. These valuss were established from the
heat transferred to the oil when a thrust load of 1334 newtons
(300 1b.) was applied. Also plotted on the graph are the bearing
heat generation rates measured in the four lubricant evaluation
tests (Tests 7-10) using mist lubrication conducted in the SKF
test rig. The graph indicates that only one third to one fourth
as much heat is generated in a mist lubricated bearing compared
to a bearing lubricated with recirculated oil. Similar results
were also obtained in tests performed with a 125 mm bore ball
bearing (5). The reduced heat generation rate results from
minimized o0il churning and this reduced heat generation aids in
making the operation of air cooled bearings feasible.
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7.0 CONCLUSIONS

A. Bearing Emergency Lubrication Systems Evaluation

1. The feasibility of an emergency aspirator lubricaticn system
utilizing residual o0il within the 0il manifold was demonstrated
as a viable survivability concept for helicopter mainshaft ergine
bearing.

2. The incorporation of shaft and bearing housing cooling air
in combination with the emergency aspirator system was not
necessary and in fact nroved detrimenial to the hearino aneration,

-

3. It was demonstrated that emergency lubrication could not
be provided by utilizing the residual o0il retained on the shaft
following o0il cessation.

B. Bearing Mist Lubrication and Air Cooling System Evaluation

1. The feasibility of using o0il mist and air to lutricate and
cool helicopteg engine bearings operating at current engine
speeds (2 x 10° DN) was repeatedly demonstrated in numerous
cshort term tests and one 100 hour test. Excellent bearing per-
formance was also obtained while usigg the mist lubrication
syst:m in a 50 hour test at 2.5 x 10Y DN,

2. The capability of achieving similarly successful bearing
operation with a greatly simplified mist supply (drip/mist)
system was demonstrated in one short term test.

3. The potential of applying the mist lubrication_principle
to bearings operating in the speed range of 2.5 x 109 to

3 x 109 DN was demonstrated, even though problems, ie. cage-
land wear and/or cage instabilities, remain to be solved before
long term successtul operations can be achieved in this regime.

C. Parameters of Mist Lubrication/Air cooling System

1. Supplying cooling air through the shaft and bearing housiug
was shown to be unnecessary with the mist lubrication system.
The flow of coolirg air directiy through the bearing was demon-

strated to provide sufficiently uniform cooling of the inner
rings to prevent thermal imbalance failures.

2. No detrimental effect was observed when straight, non-
reclassifying mist nozzles were evaluated wigh a mist oil and
air flow of 475 cc/hr, and 0.32 scmm (29 in°/hr and 11.3 scfm).
No evaluation was performed at lower oil flow rates where the
efficiency of the plating out of the oil on the bearing could
be more critical.

ORIGINAL PAG™ IS
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3. The assumption, used in the mist oil flow rate require-
ment analysis, that all the oil displaced from the inner ring
when a ball passes must be replaced was shown to be very
conservative in several short term tests. In one short term
test, as little as 0.1 (51 cc/hr) the theoretical value provided
adequate lubrication.

4. Adequate bearing cooling was demonstrated with as little as
0.283 scmm (10 scfm) total air flow when supplied at a temperature
of 359°K (185°F) for the operating conditions evaluated. The
quantity of air required to cool the test bearing in all mist
tests performed was appreciably less than the calculated
requirement. This condition resulted from a lower bearing heat
generation rate than calculated and somewhat higher heat transfer
film coefficients than used in the air flow rate calculations.

S. Heat transfer film coefficients calculated from the test
data indicated values increase with increasing air flow rates
and bearing speeds. The increase is assumed to result from
greater turhulence. The calculated values range from 181 to
499 watts/m<°K which are in fair agreement with values (322 to
362 watts/m2°K obtained by Mobil Research for mist impinging on
a rotating disk.

6. Increasing the mist and cooling air temperature results in
an essentially equal increase in the bearing operating temper-
ature .

D. Corrective Actions for Operation Above 2.5 x 106DN

1. The incorporation of a baffle plate attached to the
upstream side of the bearing appeared to modify the mist and

air flow in the bearing and geduce cage-land wear at speeds
between 2.5 x 100 and 3 x 100 DN. However, the reduction was

not considered adequate to provide long term reliable performance
at the high speeds.

2. One cage design incorporating radial holes in the cage
rails showed potential in eliminating the cage wear and binding
problems at high speeds and resulted in less cage instability
in the one test performed. Three other modified cage designs
(1. increacsed cage clearance, 2. inner ring guided cage, 3.
axial pumping grooves) provided little or nc improvement in
cage-land wear. The increased cage clearance design aggravated
cage instabilaity.
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8.0 RECOMMENDATIONS

1. This program demonstrated the feasibility of using a
simplified mist (drip/mist) system to lubricate and cool heli-
copter engine bearings. Additional evaluations should be per-
formed with the simplified system incorporating a constant oil
flow ratc or infusion pump to demonstrate reliable performance
at bearing speeds encountered in current generation gas turbine
engines, ie. in the speed range of 2 x 10°® DN. Such a system
could be activated to provide emergency lubrication and cooling
or used as the primary system with an appreciably improved
(reduced) vulnerability vrofile.

2. The compressor bleed air available for a cooling medium is
quite hot in most engine configurations, ie. 300°F. This
program demonstrated that more efficient bearing operation can
result with cooler air flows. Vortex coolers, which are relat-
ively light weight, and simple in design could be used to reduce
the incoming air temperature. The feasibility of combining the
vortex cooler with the simplified mist system to extend the
range of possible applications, should be investigated.

3. This program demonstrated that additional effort is required
in the area of mist dep%oyment to eliminate failures in the
speed range of 2.5 x 10° to 3.0 x 10 DN due to inadequate
lubrication of the downstream cage-land interface. It is
recommended that future work be directed at eliminating this
condition by evaluation testing various mist application
approaches.

4, It is also recommended that work be initiated in the area

of cage design and analyses to eliminate cage instability observed
at high speeds. This work should include the analytical evalu-
ation with respect to stability of several cage designs using

the recently developed stability criteria as established at
Battelle Institute. The most promising designs should then be
manufactured and evaluation tests performed.
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APPENDIX I
ESTIMATED BEARING COOLING AIR FLOW
RATE REQUIREMENT

Based on theoretical calculations it was established that
a 46 mm bore angular contact ball bearing would generate heat at
a rate of 14,000 Btu/hr when operating at 65,000 rpm (3 x 106 DN)
and lubricated with o0il mist with a thrust load of 400 1bs.
applied. Using this value of bearing heat generation rate the
estimate of the cooling air required to remove the heat was per-
formed in the following manner.

From test data obtained in mist lubrication testing reported
in Reference 2 and considering the bearing as a heat exchanger
where the bearing temperature is uniform on all surfaces the
surface coefficient can be established using the equation

= 4
H = aat
m
where H = the surface heat transfer coefficient in Btu/hr-ftz-
OF
q = heat transfer rate in Btu/hr
A = surface area in ft2
At = mean temperature difference between the bearing and

air as the air passes axially through the bearing

For the particular case evaluated the bearing heat generation
rate of 15,222 Btu/hr was established and the following temper-
atures measured:

520 + ¢ llgggring Temp.

480 |-
“w " T Air Exhaust Temp.
©
. at,
e
3
&

166 |-

T Air Inlet Temp.

Bearing Width

The exposed surfaces of the 125 mm bore bearing (SKF 459981-Gl1)
is 1.02 ft2., The exposed surface includes all surfaces except
the inner ring bore and the outer ring 0.D. surfaces.
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The mean temperature differeiice in a heat exchanger is
obtained from the following equation from which a4ty of 144°F
was calculated.

At - at
a b 354-40
At = = = 144°F
m In Ata 1n 354
Axb 10

_ 15,222 ) 2

The efficiency of the bearing as a heat cxchanger based on the
ratio of the actual temperature rise of the air to the possible
temperature rise of the air is 89 percent.

314

Possible Temp. Rise x 100 = 354 X 100 = 89%

_ Actual Temp. Rise

Both of these values are considerably higher than published
values of convective heat transfer coefficients and heat exchanger
efficiencies. Surface heat transfer coefficierts of mist oil
impinging on a heated rotating disk were measured by Mobil
Research and Development Corporation and reported in Reference 3
ranged from 57 to 64 Btu/hr-ftZ-op. Since these values are in
better agreement with other published data on convective heat
transfer values and the surface area of the 46 mm bearing is
considerably less than that of the 125 mm bearing, a bearing heat
exchanger efficiency of 60 percent was selected for estimating
the bearing cooling air requirement.

The bearing cooling air flow rate (Q) is then computed
using the following formula:

Q = a/(FC, t)
where
q = bearing heat generation rate at 65,000 rpm -
14,000 Btu/hr
# = air density at 70°F - 0.075 1b/ft3
Cp = specific heat of air at constant pressure -
0.24 Btu/1b°F
At = air inlet and outlet temperature difference
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For the expected air inlet temperature of 200°F and bearing
temperature of 500°F, At equals 180°F (exit air temperature 320°F)
when the bearing efficiency as a heat exchanger is 60 percent.

Then

Q = mmhmmy = 4320 ft3/hr = 72 scfm

Heat Transfer Film Coefficients Calculated From Data
Recorded During Tests 12 and 16 Performed During the
Study Reported In This Report

The following heat transfer film coefficients were calcul-
ated from Test 16 and Test 12.

Test No. Total Air Flow Shaft Speed Film Coefficient
(scmm - scfm) (rpm-DN x 106) (W/mé°K-Btu/hr.ft.2°F)
16 0.48-17 35,000-1.6 380 - 67
16 0.48-17 40,000-1.8 408 - 72
16 0.48-17 45,000-2.0 431 - 76
16 0.48-17 50,n000-2.3 442 - 738
16 0.48-17 55,000-2.5 482 - 85
16 0.48-17 60,000-2.7 499 - 88
12 0.28-10 30,0n0-1.4 181 - 32
12 0.28-10 40,000-1.8 255 - 45
12 0.28-10 55,000-2.5 317 - 56
12 0.28-10 60,000-2.7 329 - 58

The calculations were based on the assumption that all
surfaces of the bearing were at a uniform temperature equal to
the measured vuter ring temperature and the temperature of the
air entering the bearing war equal to that measured value
unstream of the nozzles. The coefficients were calculated using
the equation used for a heat exchangers H =_q .
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The bearing surface area used in the calculations was 0.27 ft.2
which includes all surfaces except the bore, outer ring 0.D. and
the two downstream faces.

The results of the calculations indicate that the film
coefficient increases with both bearing speed and air flow rate.
The increase is attributed at least in part to the increase in
turbulance which increases with the two variables. It is also
likely that the greater coefficient values calculated for the
higher flow rate were the result of a higher Aty value actually
existing due to the drop in the air temperature as is passed
through the nozzles.
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MIST AND COOLING AIR NOZZLE DESIGN

In determining the design of the mist nozzles the desired
velocity of the mist impinging on the bearing components or
passing through the bearing must be considered. In the analysis
presented below it was considered desirable for the mist to
have a velocity which would permit it to transverse a distance
equal to a ball diameter in the time interval afforded by the
distance between ball passes. This insures that mist is
available for the leading surface of the balls to .collide with
as they pass by each nozzle. It can be argued that only half
this velocity is necessary due to the shape of the rolling
element; however, the retarding forces of the air currents
generated by the bearing are not known and the higher velocity
may be desirable. There will also be a natural deceleration
of the mist particles once they leave the nozzle. 1In addition,
higher mist velocities will produce a greater wetting of the
surface on which the mist impinges. Therefore, the higher
velocity seems desirable.

The maximum or design speed of the shaft is 65,000 rpm.
At this speed the linear orbital velocity of the balls is 266
ft/sec. This velocity is based on the bearing pitch diameter
of 2.305 in. and a cage vo inner ring velocity ratio of 0.4
which is a reasonable approximation for most ball bearing designs.
The ball diameter is 0.3125 in. and the gap between balls is
approximately 0.1 in. Therefore, the mist velocity should be
(0.3125/.1) 266 or 831 ft/sec.

With the air entering the nozzle at 200°F and zero velocity,
and making the assumption that the flow through the nozzle is
isentropic the flow rate at the nozzle exit can be calculated
ir. the following manner:

First determine the temperature drop of the mist as it
passes through the nozzle using the isentropic flow rate
equation.

Vv, = \2gCp(778) (T,-T,)

where V2 = velocity of mist exiting nozzle
Cp = specific heat at constant pressure
To = stagnation temperature of gas entering nozzle
T2 = terperature of gas exiting nozzle
g = acceleration constant
98
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Rearranging and solving

v 831)2 o
at = m' - ¥ = 57.4°R
Then the exit temperature T, = T, - At = 660 - 57 = 603°R

The nozzle exit pressure is determined by calculating the
pressure drop across the bearing. To perform this analysis
the turbulent flow equation between parallel surfaces is used.
This equation is used based on the assumption that the major
restriction exists between the cage rails and the ring land.
To calculate the pressure drop the equation is used in the
following form:

_ p2 . 0.133M"/4pral/ty
174
2 g 783
where P] = pressure upstream of bearing or at nozzle exit - 1b/ft
P, = pressure downstream of bearing - 1b/ft2
M = combined mass flow rate of mist and cooling air -

2

lbn/sec 1bpft
g = gravitational constant - IB?EEEZ
R = gas constant 1bgft
T = absolute temperature of air - °R
u = dynamic viscosity of gas - lE%iEE
L= f{gw iength - ft t
1 = circumferential length of gap - ft
h = gap height - ft

Substituting values into this equation results in a pressure
drop of less than .001 1b/inZ and therefore could be neglected
in establishing the density change in the gas at the nozzle exit.

Using a mist air flow rate (w) of 12.5 scfm, which is based
on a theoretical mist oil flow rate requirement of 34 in3/hr and
a mist generator delivery rate of 2.7 in3/hr per scfm, the mist
air flow rate at the nozzle exit is:

wT

L 603 . 3, .
WZ T-;—t—d- 12.5 -5-3-0- 14,2 ft /m1n
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Using the flow rate equation
Wy = VZA
where A = nozzle exit area

and rearranging to solve for A, the comtined 8 nozzle exit
areas equal

A= 14:2 x144 = 0.0410 in?

and the diameter of each nozzle equals

p = Y0-0051x4 _ o g0 sn.

”

A convergent angle of 16.5° was selected for th: nozzle
design with a 100 mesh screen (50% opening) located at the inlet
to reclassify (increase) the mist o0il particle size. With this
combination, the inlet area is approximately 3 times the outlet
area.

For the eight cooling air nozzles, a straight opening
.125 in. in diameter was selected to accommodate the theoretically
required 23.5 scfm flow rate.
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APPENDIX III

SUMMARY OF DATA FROM MIST LUBRICATION

STEP-SPEED AND EXTENDED PERIOD TESTS
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TABLE III-1
TEST NO. 7 (LUBRICANT EVALUATION)

Lubricant-Advanced Ester (MTL-L-23699)

Shaft Brg. O.R. Mist 0il Cooling Air Cooling Air
Speed Temp. §low Rate Flow Rate In/Fxhaust Temp.
(rpm) (°K-°F) (cm?/hr-inY/hr) (scmm-scfm) (°K-°F)
26,000 405-270 -- 0.160-5.64 344/387-160/235
40,000 440-333 -- 0.160-5.64 344/408-160/275
55,000 A473-390 508-31 0.160-5.64 .344/428-160/319
60,000 495-430 508-31 0.160-5.64 344/439-160/330
65,000 503-445 508-31 -- -- 344/-- -160/--
Shaft Mist Air Mist Air Total Air
Speed Flow Rate In/%xhaust Temp. Flow Rate
(rpm) (scmm-scfm) (°K-°F) (scmm-scfm)
26,000 0.153-5.42 350/387-170/235 0.313-11.06
40,000 0.153-5.42 345/408-160/275 0.313-11.06
55,000 0.273-9.66 356/428-180/310 0.439-15.3
606,000 0.273-9.66 356/439-180/330 N.439-15.3
65,000 -- -- 356/-- -180/-- -- -

Heat Transfer Rate

Shaft Cooling Air Mist Air Totzl
Speed (Watts-Btu/hr) (Watts-Btu/hr) (Watts-Btu/hr)
(rpm)

26,000 132-450 112-381 243-831
40,000 202-690 198-676 400-1366
55,000 264-900 197-1357 661-2257
60,000 299-1020 459-1566 757-2586
65,000 -- -- -- .- -- --
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TABLE III-2

TEST NO. 8 - {LUBRICATION EVALUATION)
Lubricant - Ester (MIL-L-7807)

Shaft Brg. O.R. Mist 0il Cooling Air Cooling Air
Speed Temp. Flow Rate Flow Rate In/Exhaust Temp.
(rpm) (°K-°F) (em3/hr-in3hr) (scmm-scfm) (°K-°F)
15,000 374-215 590-36 0.158-5.6 337/364-145/195
28,000 406-270 590-36 0.158-5.6 337/380-145/225
41,000 429-312 590-36 0.158-5.6 337/400-145/260
51,000 448-345 590-36 0.158-5.6  328/420-130/295
Shaft Mist Air Mist Air Total Air
Speed Flow Rate In/Exhaust Temp Flow Rate
(rpm) (scmm-scfm) (°K-°F) (scmm-scfm)
15,000 0.385-13.6 374/364-215/195 0.543-19.2
28,000 0.385-13.6 374/380-215/225 0.543-19.2
41,000 0.385-13.6 371/400-210/260 0.543-19.2
51,000 0.385-13.6 371/420-21063/290 0.543-19.2

Heat Transfer Rate

Shaft Cooling Air Mist Air Total
Speed (Watts-Btu/hr) (Watts-Btu/hr) (Watts-Btu/hr)
(rpm)

15,000 (3-302 *(85)-(292) 184- 9
28,000 141-483 43 - 147 134- 630
41,000 203-693 215 - 734 419-1430
51,000 293-999 344 -1175 637-2174

* () - Indicates minus value.
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Shaft
Speed
(rpm)
17,000
28,400
40,000
65,700
Shaft
Speed
(rpm)
17,000
28,400
40,900

65,700

Shaft
Speed
(rpm)
17,000
28,400
40,000

65,700
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TEST NG. 9 - (LUBRICANT EVALUATION)

TABLE III-3

Lubricant - Ester (MIL-L-78(8, NATO-C-148)

Brg. O.R. Mist 0il

zeng. Flow Rate Flow Rate
(°K-°F}  {cm3/hr-in3hr) (scmm-scfm)
371-210 —_— 0.160-5.64
403-265 — 0.160-5.64
437-325 492-30 0.160-5.64
475-355 492-30 0.161-5.71
Mist Air Mist Air
Flow Rate In/Exhaust Temp
(scmm-scfm) (°K-°F)
0.273- 9.66 352/356-175/180
0.273- 9.66 352/378-175/220
0.385-13.6 363/403-195/265
0.425-15.0 369/435-205/322

Heat Transfer Rate

Cooling Air
(Watts-Btu/hr)
71- 244
143- 488
223- 762
381-1302

Mist Air
(Watts-Btu/hr)
15- 52
138- 470
302-1030
571-1951

Cooling Air

Cooling Air
In/Exhaust Temp.
(°K-°F)
333/356-140/180
333/378-140/220
333/403-140/265
333/435-110/322
Total Air
flow Rate
(scmm-scfm)
0.433-15.3
0.433-15.3
0.543-19.2

0.586-20.7

Total
(Watts-Btu/hr)
86- 296
281- 958
525-1792
952-3253



Shaft
Speed
(rpm)

39,000
40,000
50,000
Shaft
Speed
(rpm)
30,000
40,000
50,000

Shaft
Speed
(rpm)

30,000
40,000
50,000

M{M“LJWO

TEST NO.

Lubri

Brg. O.R.
Temp.

TABLE III-4

10 (LUBRICANT EVALUATION)

cant - Polyphenyl Ether

Mist 0il Cooling Air

Flow Rate Flow Rate

(°k-°F)  (cm3/hr-in3/hr)  (scmm-scfm)

436-325

440-333

491-425

Mist Air
Flow Rate

_— 0.158-5.6
442-27 0.158-5.6
442-27 0.158-5.6

Mist Air
In/Exhaust Temp

(scmm-scfm) (°K-°F)

0.573-13.
0.425-15.
0.425-15.

Y] 369/410-205/280
0 371/425-210/305
0 375/450-215/350

Heat Transfer Rate

Cooling Air Mist Air
(Watts-Btu/hr) (Watts-Btu/hr)
246- 840 323-1103
290- 990 451-1539
369-1260 640-2187

Cooling Air
In/Exhaust Temp.
(°K-°F)
333/410-140/230
333/425-140/305
323/450-140/350
Total Air
Flow Rate
{scmm-scfm
0.532-18.8
0.583-20.6

0.583-20.6

Total
(Watts-Btu/hr)

5840-1943
741-2529
1009-3447
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Shaft

Speed

(rpm)
20
30
40
58
00
65

Shaft

Speed

(rpm)
20
30
40
55
60
65

Shaft

Speed

(rpm)
20
30
40
55
60
65

106
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TEST NO. 11 (DECREASED MIST - RUN 3)

TABLE III-5

Lubricant - Advanced Ester (MIL-L-23699)

Brg. O.R.

E R
370-208
387-234
397-252
433-320
445-340
451-352

Mist 0il
Flow Rate

51-3.1
51-3.1
51-3.31
51-3.1
51-3.1
51-3.1

(cm3/hr-in3/hr)

Cooling Air

Flow Rate

(scmm-scfm)
0.198-7
9.198-7
0.198-7
0.198-7
0.198-7
0.198-7

Mist Air

Flow Rate
(scmm-scfm)
0.261-9.22
0.261-9.22
0.261-9.22
0.261-9.22
0.261-9.22
0.261-9.22

Mist Air
In/Exhaust Temp.
(OK_OF)
369/364-205/195
367/375-200/215
364/390-195/243
363/418-193/290
363/428-192/310
364/431-195/318

Heat Transfer Rate

Cooling Air
(Watts-Btu/hr)

55- 189
122- 416
201- 688
294-1005
339-1157
361-1232

Mist Air
(Watts-Btu/hr)

*(29)-(100)

44 - 149
140 - 478
283 - 966
344 -1175
359 -1225

) - Indicates minus value.

Cooling Air
In/Exhaust Temp.
(°K-°F)
350/364-170/195
344/375-160/21>

.340/390-152/243

342/418-157/290
342/428-157/310
341/431-155/318

Total Air
Flow Rate
(scmm-scfm)
0.1359-16.22
0.459-16.22
0.459-16.22
0.459-16.22
0.459-16.22
0.459-16.22

Total
(Watts-Btu/hr)

26- 89
165- 565
341-1166
577-1971
683-2332
719-2457
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TABLE III-6

TEST NO. 12 (DECREASED COOLING AIR)
Lubricant - Advanced Ester (MIL-L-23699)

Shaft Brg. O.R. Mist 0il Cooling Air Cooling Air
Speed Temg. low Rate Flow Rate In/Exhaust Temp.
(rpm) (°K-°F) (cm?/hr-in>/hr) (scmm-scfm) (°K-°F)

30 410-280 442-27 0 NA

40 436-325 442-27 0

55 480-405 442-27 0

60 500-440 442-27 0
Shaft Mist Air Mist Air Total Air
Speed Flow Rate In/Exhaust Temp. Flow Rate
(rpm) (scmm-scfm) (°K-°F) (scmm-scfm)
30 0.283-10 362/388-190/240 0.283-10

40 0.283-10 359/411-185/280 0.283-10

55 0.283-10 358/450-182/350 0.283-10

60 0.283-10 358/467-182/380 0.283-10

Heat Transfer Rate

Shaft Cooling Air Mist Air Total
Speed (Watts-Btu/hr) (Watts-Btu/hr) (Watts-Btu/hr)
(rpm)

30 NA 158- 539 158- 539
40 300-1024 300-1024

55 530-1811 530-1811
60 606-2070 606-2070
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Shaft
Speed
(rpm)
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Brg. O.R. Mist 0il Cooling Air
Temg. Flow Rate Flow Rate
°K-°F) (cm3/hr-in3/hr) (scmm-scfm)

394-250 236-14.4 0.359-12.7

408-275 236-14.4 0.351-12.4

417-290 236-14.4 0.345-12.2

424-303 236-14.4 0.351-12.4

431-318 236-14.4 0.351-12.4

441-335 236-14.4 0.351-12.4

452-355 236-14.4 0.345-12.2

465-378 236-14.3 0.351-12.4

480-405 236-14.4 0.351-12.4

Mist Air Mist Air
Flow Rate In/Exhaust Temp.
(scmm-scfm) (°K-°F)
0.142-5 352/387-175/235
0.142-5 352/398-175/255
0.142-5 350/402-170/265
0.142-5 350/408-171/275
0.142-5 350/417-171/290
0.142-5 350/425-170/305
0.142-5 350/435-170/321
0.142-5 349/440-168/334
0.142-5 347/450-162/350

* (

TABLE

I111-7

TEST NO. 13 (INCREASED COOLING AIR TEMP.)
Lubricant - Advanced Ester (MIL-L-23699)

Cooling Air
(Watts-Btu/hr)

*(60)-(205)
(59) - (200)
(50)-(170)
(16)-( 53)
82 - 279
136 - 465
234 - 800
327 -1117
343 -1170

) -

Heat Transfer Rate

Mist Air

(Watts-Btu/hr)

95-
126-
150-
164-
188-
213- 729
239- 815
254- 869
297-1015

324
432
513
561
642

Indicates m 1us value,

Cooling Air
In/Exhaust Temp.
(°K-°F)

394/387-250/235
406/398-270/255
409/402-278/265
406/408-271/275
405/417-269/290
406/425-270/305
400/435-260/321
395/440-250/334
401/450-262/350

Total Air
Flow Rate
(scmm-scfm)

0.501-17.7
0.492-17.4
0.488-17.2
0.492-17.4
0.492-17.4
0.492-17.4
0.488-17.2
0.492-17.4
0.492-17.4

Total
(Watts-Btu/hr)

35- 119
68- 232
100- 343
149- 508
270- 921
349-1191
473-1615
581-1986
640-2185



Shaft
Speed
L TPM)
26,000
40,000
55,000
60,000
65,000
Shaft
Speed
(rpm)
26,000
40,000
55,000
60,000

65,000

Shaft
Speed
(rpm)
26,000
40,000
55,000
60,000

65,000

TABLE III-8

TEST NO. 14 (BAFFLE PLATE)
Lubricant - Advanced Ester (MIL-L-23699)

Brg. O.R. Mist 0il Cooling Air
Temp. Flow Rate Flow Rate
(°K-°F) (cm3/hr-in3/hr)  (scmm-scfm)
383-230 451-27.5 0.184-6.5
414-285 451-27.5 0.187-6.6
444-340 451-27.5 0.190-6.7
461-370 451-27.5 0.190-6.7
467-380 451-27.5 0.190-6.7

Mist Air Mist Air
Flow Rate In/Exhaust Temp.
(scmn. . m) (°K-°F)
0.321-11.34 364/372-197/210
0.321-11.34 364/391-197/245
0.321-11.34 362/419-192/295
0.321-11.34 360/430-190/315
0.321-11.34 359/433-188/320

Heat Transfer Rate

Cooling Air
(Watts-Btu/hr)
82- 280
198- 677
328-1120
370-1264
381-1300

Mist Air

(Watts-Btu/hr)

47- 159
172- 587
369-1261
448-1530
473-1616

Cooling Air

In/Exhaust Temp.
(°K-°F)

350/372-170/210
339/391-150/245
333/419-140/295
333/430-140/315
333/433-140/320
Total Air

Flow Rate
(scmm-scfm)
0.505-17.84
0.508-17.94
0.511-18.04
0.511-18.04

0.511-18.04

Total
(Watts-Btu/hr)
129- 439
370-1264
697-2381
818-2794
853-2916
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Shaft
Speed
(rpm)
26,000
40,00C
55,000
50,000
65,000
Shaft
Speed
(rpm)
26,000
40,000
55,000
60,000

65,000

Shaft
Speed
(rpm)
26,000
40,000
55,000
60,000

65,000
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TABLE III-9

TEST NO. 15 (STRAIGHT NOZZLES, NO SCREEN)
Lubricant - Advanced Ester (MIL-L-23699)

Brg. O.R.
Temg.
(°k-°F)
386-235
408-272
447-345S
452-355

464-375

Mist 011
Flow Rate

(cm3/hr-in3/hr)

475-29

475-29
475-29
475-29
475-29

Cooling Air
Flow Rate
(scmm-scfm)
0.251-8.9
0.221-7.8
0.221-7.8
0.221-7.8

0.221-7.8

Mist Air

Flow Rate
(scmm-scfm)
0.321-11.34
0.321-11.34
0.321-11.34
0.321-11.34

0.321-11.34

Mist Air

In/Exhaust Temp.

(°K-°F)
345/374-160/215
356/387-180/235
352/413-175/285
350/418-170/290
354/423-178/300

Heat Transfer Rate

Cooling Air
(Watts-Btu/hr)
144- 493
242- 825
382-1305
395-1348
370-1264

Mist Air
(Watts-Btu/hr)
197- 673
197- 673
394-1346
430-1469
437-1493

Cooling Air
In/Exhaust Temp.

(°K-°F)
346/374-165/215
331/387-137/235
328/413-130/285
328/418-130/290
339/423-150/300
Total Air
Flow Rate
(scmm-scfm)
0.573-20.24
0.549-19.14
0.549-19.14
0.549-19.14

0.549-19.14

Total
(Watts-Btu/hr)
341-1166
439-1498
776-2651
825-2817
807-2757



Shaft
Speed
(rpm)
26,000
35,000
40,000
45,000
50,000
55,000
60,000
65,000
Shaft
Speed

(rpm)
26,000

35,000
40,000
45,000
50,000
55,000
60,000

65,000

Shaft
Speed
(rpm)
26,000

35,000
40,000

45,000

50,000
5,000
60,000

65,000

TABLE I11-10

TEST NO. 16 (DRIP MIST SYSTEM)

Lubricant - Advanced Ester (MIL-L-23699)

Brg. O.R. Mist 0il Cooling Air Cooling Air

Temp. Flow Rate Flow Rate In/Exhaust Tenp.

(°K-°F) (cm3/hr-in®/hr) (scmm-scfm) (°K-°F)

380-225 295-18 0.458-16.2 338/362-150/192
401-262 295-18 0.458-16.2 338/379-150/222
414-287 360-22 0.458-16.2 336/389-145-240
427-310 442-27 0.495-17.5 338/398-150/258
441-336 475-29 0.495-17.5 338/408-150/275
451-352 524-32 0.495-17.5 336/416-145/290
462-372 475-29 0.495-17.5 333/424-140/306
478-400 360-22 0.495-17.5 336/440-145/335

Mist Air Mist Air Total Air

Flow Rate In/Exhaust Temp. Flow Rate

(scmm-scfm) (°K-°F) (scmm - scfm)

Not Used Not Applicable 0.458-16.2
0.458-16.2
0.458-16.2
0.495-17.5
0.495-17.5
0.495-17.5
0.495-17.5

"eat Transfer Rate 0.495-17.5
Cooling Air Mist Air Total

(Watts-Btu/hr)

216-737
370-1263
488-1667

598-2041

692-2363
802-2740

919-3137
1051-3591

(Watts-Btu/hr)

Not Applicable

(Watts-Btu/hr)

216-737
370-1263
488-1667

598-2041

692-2363
802-2740

919-3137

1051-3591
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Shaft
Speed
(rpm)
15,000
20,000
35,000
40,000
45,000
Shaft
Speed
(rpm)
15,000
20,000
35,000
40,000

45,000

Shaft
Speed
(rpm)
15,000
20,000
35,000
40,000

45,000
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TABLE III-11

TEST NO. 17 (INCREASED CAGE CLEARANCE)
Lubricant - Advanced Ester (MIL-L-23699)

Brg. O.R. Mist 0il Cooling Air Cooling Air
Temg. Flow Rate Flow Rate In/Exhaust Temp.
(°K-°F) (cm3/hr-in3/hr) (scmm-scfm) (°K-°F)
410-280 426-26 0.252-8.9 Bad /402-Bad /263
430-305 426-26 0.252-8.9 . T/C /408-T/C /275
452-355 426-26 0.252-8.9 T/C /428-T/C /310
451-353 426-26 0.252-8.9 T/C /441-T/C /335
478-400 426-26 0.252-8.9 T/C /456-T/C /360

Mist Air Mist Air Total Air
Flow Rate In/Exhaust Temp. Flow Rate
(scmm-scfm) °K-°F) (scmm-sc£fm)
0.275-9.7 358/402-185/263 0.526-18.6
0.275-9.7 357/408-183/275 0.526-18.6
0.275-9.7 355/428-180/310 0.526-18.6
0.275-9.7 354/441-178/335 0.526-18.6
0.275-9.7 354/456-178/360 0.526-18.6
Heat Transfer Rate
Cooling Air Mist Air Total - (Calculated
(Watts-Btu/hr) (Watts-Btu/hr) from Brg. Torque)
(Watts-Btu/hr)
Not (Housing 97- 331
Applicable Heaters On)
136- 463
306-1040
401-1369



Shaft
Speed
(rpm)
15,000
25,000
35,000
45,000
55,000
65,000

Shaft
Speed
(rpm)
15,000
25,000
35,000
45,000
55,000
65,000

Shaft
Speed
(rpm)
15,000
25,000
35,000
45,000
55,000
65,000

TABLE

III-12

TEST NO. 18 (PUMPING HOLES THROUGH CAGE RAILS)
Lubricant - Advanced Ester (MIL-L-23699)

Brg. O.R. Mist 0il Cooling Air
Temp. Flow Rate Flow Rate
(°K-°F) (cm3/hr-in3/hr) (scmm-scfm)
350-170 359-28 0.289-10.2
372-210 359-28 0.289-10.2
389-240 359-28 0.289-10.2
407-272 359-28 0.289-10.2
428-310 359-28 0.289-10.2
452-356 359-28 0.289-10.2

Mist Air Mist Air
Flow Rate In/Exhaust Temp.
(scmm-scfm) (°K-°F)
0.385-13.6 371/344-210/160
0.385-13.6 369/359-205/185
0.385-13.6 369/370-205/208
0.385-13.6 366/380-200/225
0.385-13.6 363/389-195/240
0.246- 8.7 356/412-180/285

*(

Heat Transfer Rate

Cooling Air
(Watts-Btu/hr)

242-

825

Mist Air

(Watts-Btu/hr)

*

322-1100
396-1353
450-1540
499-1705
628-2145

(193) - (661)
( 83)-(284)
13 - 44
107 - 367
193 - 660
293 -1000

) - Indicates minus value.

Cooling Air

In/Exhaust Temp.
(°K-°F)

302/344-85/160
302/359-85/185
302/370-85/208
302/380-85/225
302/389-85/240
302/412-85/285

Total Air
Flow Rate
(scmm-scfn)
.674-23.8
.674-23.
.674-23.
.674-23,
.674-23,
.515-18.

O O O O O o
w o oo W o

Total
(Watts-Btu/hr)

48- 164

239- 816
409-1397
458-1°07
693-2368
921-3145
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Shaft
Speed
(rpm)

20
30
35
40
45

Shaft

Speed

(rpm)
20
30
35
40

45

Shaft

Speed

(rpm)
20
30
35
40

45
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TEST NO. 19 (INNER RING GUIDED CAGE)
Lubricant - Advanced Ester (MIL-L-23699)

Cooling Air
(Watts-Btu/hr)

242- 826
341-1166
398-1360
427-1458
396-1351

TABLE III-13

Brg. O.R. Mist 0il Cooling Air
Temg. Flow Rate Flow Rate
(°K-°F) (em3/hr-in3/hr) (scmm-scfm)
394-250 524-32 0.254-9
414-285 524-32 0.254-9
428-308 524-32 0.254-9
430-315 524-32 0.254-9
434-321 524-32 0.254-9
Mist Air Mist Air
Flow Rate In/Exhaust Temp.
(scmm-scfm) (°K-°F)
0.385-13.6 363/389-195/240
0.387-13.6 363/411-195/280
0.387-13.6 366/422-200/300
0.387-13.6 366/428-200/310
0.387-13.6 366/430-200/315

Heat Transfer Rate

Mist Air

(Watts-Btu/hr)

237- 808
409-1396
430-1470
473-1617
495-1690

Cooling Air
In/Exhaust Temp.

(°K-°F)

341/389-155/240
344/411-160/280
344/422-160/300
344/428-160/310
352/430-176/315

Total Air
Flow Rate
(scmm-scfm)
0.640-22.6
0.640-22.6
0.640-22.6
0.640-22.6

0.640-22.6

Total

(Watts-Btu/hr)

478-1634
750-2562
829-2830
900-3075
891-3041



TABLE III-14

TEST NO. 20 (PUMPING GROOVES IN CAGE RAIL)
Lubricant - Advanced Ester (MIL-L-23699)

Shaft Brg. O.R. Mist 0il Cooling Air Cooling Air
Speed Temg. Flow Rate Flow Rate In/Exhaust Temp.
(rpm) (°K-°F) (cm3/hr-in3/hr) (scmm-scfm) (°K-°F)

25 386-235 459-28 0.28-10 333/373-140/212
30 395-250 459-28 0.28-10 333/380-140/225
35 403-265 459-28 0.28-10 333/387-140/235
40 407-272 459-28 0.28-10 333/397-140/252
45 439-330 459-28 0.28-10 333/409-140/278
Shaft Mist Air Mist Air Total Air
Speed Flow Rate In/Exhaust Temp. Flow Rate
(rpm) (scmm-scfm) (°K-°F) (scmm-scfm)

25 0.38-13.6 359/373-185/212 0.67-23.8

30 0.38-13.6 359/380-185/225 0.67-23.8

35 0.38-13.6 359/387-185/235 0.67-23.8

40 0.38-13.6 359/397-185/252 0.67-23.8

45 0.38-13.6 359/406-185/278 0.67-23.8

Heat Transfer Rate

Shaft Cooling Air Mist Air Total
Spee? (Watts-Btu/hr) (Watts-Btu/hr) (Watts-Btu/hr)
(rpm

—_— Not Applicable (Housing Heater on
During Part of Test).
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Shaft
Speed
(rpm)

55,000

Shaft
Speed
(rpm)

£5,000

Shaft
Speed
(rpm)

55,000
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TABLE III-15

TEST NO. 21 (FIFTY HOUR TEST)
Lubricant - Advanced Ester (MIL-L-23699)

Brg. O.R. Mist 0il Cooling Air Cooling Air
Temp. Flow Rate Flow Rate In/Exhaust Temp.
(°K-°F) (cm3/hr-in3/hr) (scmm-scfm) (°K-°F)
450-350 623-38 0.194-6.8 353/411-175/280

Mist Air Mist Air Total Air
Flow Rate In/Exhaust Temp. Flow Rate
(scmm-scfm) (°K-°F) (scmm-scfm)
0.385-13.6 371/411-.10/280 0.577-20.4

Heat Transfer Rate

Cooling Air Mist Air Total
(Watts-Btu/hr) (Watts-Btu/hr) (Watts-Btu/hr)
228-778 302-1031 530-1809



Shaft
Speed
(rpm)

44,000

Shaft
Speed
(rpm)

44,000

Shaft
Speed
(rpm)

44,000

TACLE III-16

TEST NO. 22 (100 HOUR TEST)
Lubricant -~ Mobil Jet II (MIL-L-23699)

Typical Conditions

Brg. O.R. Mist 0Oil Cooling Air Cooling Air
Temg. §low Rage Flow Rate In/Exhaust Temp.
(°K-°F) (em?/hr-in°/hr) (scmm-scfm) (°K-°F)
470-385 284-16.7 0.337-11.9 406/428-270/310
Mist Air Mist Air Total Air
Flow Rate In/Exhaust Temp. Flow Rate
(scmm-scfm) (°X-°F) (scmm-scfm)
0.150-5.3 348/428-165/310 0.487-17.2

Heat Transfer Rate

Cooling Air Mist Air Total
(Watts-Btu/hr) (Watts-Btu/hr) (Watts-Btu’hr)
151-514 243-830 394-1344
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