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COMPARISON OF PERFORMANCE OF EXPERIMENTAL AND CONVENTIONAL CAGE DESIGNS
AND MATERIALS FOR 75-MILLIMETER-BORE CYLINDRICAL ROLLER BEARINGS
AT HIGH SPEEDS !

By Wriiaz J. ANpERsoN, E. FrEp Macks, and Zovron N. NeMETH

SUMMARY

The results of two investigations, one lo determine the relative
merils of four experimental and two conventional design 76-
millimeler-bore (size 215) cylindrical roller bearings and one
lo delermine the relative merils of nodular iron and bronze as
cage materials for this size and type of bearing, are reported
herein. Nine lest bearings were operated over a range of DN
values (product of bearing bore in mm and shaft speed in rpm)
from 0.3X10° to 2.3X10°, radial loads from 7 to 1613 pounds,
and oil flows from 2 to 8 pounds per minule with a single-jet
circulalory oil feed.

Of the six bearings used to evaluate designs, four were experi-
menlal lypes with outer-race-riding cages and inner-race-
guided rollers, and two were conventional types, one with outer-
race-guided rollers and cage and one with inner-race-guided
rollers and cage. Each of these siz test bearings was equipped
with a different design cage made of nodular iron.

The experimental combination of an outer-race-riding cage
with a straight-through outer race and inner-race-guided rollers
was found to give the best over-all performance based on limiting
DN values and bearing temperatures. The belier performance
of this type bearing over both the conventional inner-race-riding
cage type and the conventional outer-race-riding cage type with
ouler-race-quided rollers is a result of the relative ease of lubrica-
tion and cooling and of the adequate 0il exiting paths which
minimize oil entrapment and churning losses.

The conventional inner-race-riding cage-type bearing could
not be successfully operated at DN values above 1.78X10° be-
cause it 18 inherently difficult to lubricate and cool. For the same
reason, the operaiing temperatures of this type bearing were
higher than those of the four experimental bearings throughout
the range of speed and oil flow investigated.

The conventional ouler-race-riding cage-lype bearing with
outer-race-guided rollers operated successfully at a DN value
of 2.13X10° but incurred very severe cage and roller wear at very
ligh speeds, probably because of high cage slip. This type
. bearing was found to be adequately lubricated and cooled at
relatively low oil flows (2.0 and £.76 Ibfmin). At oil flows of
6.6 and 8.0 pounds per minute, however, this type bearing
operated at higher temperatures than the other test bearings
because of excessive churning losses.

Cage-pocket type (broached or fitted) had little or no effect on
bearing operating lemperature or heat dissipation fo the oil.
Both cages with filted pockets incurred greater wear in the roller
pockets than did their prototypes with broached pockets.

Four identical bearings with outer-race-guided rollers and
cages (two with nodular iron and two with bronze cages) were
used to evaluate the two cage materials. The resulls, which are
applicable with certainiy only to the outer-race-riding cage-type
bearing, indicate that wear rates vary with cage slip and appear
to be a function of cage malerial and also of the sliding velocity
and load between the rollers and inner race. Cage slip occurs
more readily at DN values above 1.2XX10° if the cage material is
nodular iron rather than the bronze investigated. Consequently,
bearings with nodular iron cages showed more wear of rollers and
cages (especially in cage-roller pockets) than did bearings with
bronze cages.

The severe roller and cage wear obiained in the two conven-
tional ouler-race-riding cage-type bearings with nodular iron
cages suggests that roller-pocket and cage-locating-surface friction
may, under certain operating conditions, exceed theé iractive force
between the rollers and inner race and may, therefore, be re-
sponsible for the onset of cage ship. Cages slip in bearings with
bronze cages was accompanied by severe roller wear and light
cage wear in the cage-rollsr pockets. - This fact, together with
the severe cage wear associaled with nodular iron cage-type-

| bearing slip, suggesis that cage material may be a factor in

reducing cage wear in a bearing operating under slip conditions.

There was litile dyfference in performance between the bronze
and nodular iron cages as measured by bearing temperature,
heat dissipation to the oil, and bearing wear at DN values to
1.2X10° (16,000 rpm). The wear in all test bearings at speeds
to 16,000 rpm was light and was not of & magnitude that would
indicate a very limited life.

INTRODUCTION

The investigation reported herein was conducted at the
NACA Lewis laboratory during 1952 and 1953.

Although eage failures rank high among the causes of bear-
ing failure in high-speed roller and ball bearings in turbojet
and turboprop engines (refs. 1 to 6), little research has been
reported on either cage materials or cage designs. Basic
friction and wear studies of cage materials are reported in
references 7 to 9.

It would be ideal to design a cage with hydrodynamic
lubrication at all points of contact between the cage and races
and rollers, for then failures due to wear, galling, and cage
pickup would not exist. This mode of lubrication has been
the object of preliminary NAOA research on cage designs,

1 Supersedes NACA TN 3001, “Comparison of Operating Oharacteristics of Four Experimental and Two Oonventional 75-Millimeter-Bore Oylindrical-Roller Bearings at High Speeds,”
by Willlam J, Anderson, E. Fred Macks, and Zolton N. Nemeth, 1953, and TN 3002, “Effect of Bronzo and Nedular Iron Cage Materials on Cage Slip and Other Parformance Oharacteristics
ot 75-M0limeter-Bore Oylindrical-Roller Bearingsat DN Values to 2X10%,” by William J. Anderson, B. Fred Macks, and Zolton N. Nemeth, 1953,
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but success has not yet been achieved in this regard. Until
hydrodynamic Jubrication at all cage-contacting surfaces can
be achieved, boundary lubrication will exist at points of
gliding contact, and the wear and frictional properties of the
cage material will be of extreme importance. In addition, oil
interruption requirements are becoming exceedingly severe.
For a bearing to operate 15 minutes without oil supply, as is
recommended in & recent military specification, auxiliary
lubrication systems must be employed to achieve hydro-
dynamic lubrication. The oil interruption requirement there-
fore serves to emphasize the cage material problem.

Much work remains to be done on the evaluation of the
merits of the more promising cage materials in actual bear-
ings. Dala obtained with friction and wear machines merely
act as a guide in the choice of materials from which cages
should be made, and results cannot be considered conclusive
until bearing performance data are at hand.

The evaluation of the relative merits of various cage de-
signs must be considered along with the materials problem.
Some of the present cage designs are not satisfactory because
they incorporate many inaccessible surfaces making ade-
quate lubrication difficult or impossible. The inner-race-
riding cage type, which is perhaps used more widely than
any other, has given fairly good results notwithstanding the
fact that Jubrication of the cage-locating surface is very
difficult, since centrifugal force tends to throw the oil away
from this surface (ref. 6). There is not much published infor-
mation on the performance characteristics of outer-race-
riding cages. Cages of this type are believed to trap oil,
create high churning losses, and thus operate at higher tem-
peratures than do other types of cages. However, such
churning losses are due primarily to design and are not

necessarily characteristic of this cage type. Furthermore, it .

appears that a properly designed outer-race-riding cage might
prove to be inherently better than other types of cages.

The experimental results reported herein consist of two
comparisons: one of cage designs and one of cage materials.
All test bearings were 75-millimeter-bore (size 215) cylindrical
roller bearings. The operating characteristics of six bearings
equipped with nodular iron cages of different design were
determined at DN values (bore in mm times shaft speed in
rpm) of 0.3X10° to 2.3X10°% loads of 7 to 1613 pounds, and
oil flows of 2 to 8 pounds per minute. The materials evalua-
tion consisted of a determination of the operating charac-
teristics of four bearings which were identical except for cage
material, two being equipped with bronze and two with
nodular iron cages, at DN values of 0.3 10° to 2.1X10°% loads
of 7 to 1613 pounds, and oil flows of 2 to 8 pounds per minute.
Test bearings are compared with respect to operating tem-
peratures, limiting DN values, wear, and heat dissipation to
the oil. The test bearings are described fully in the section
TEST BEARINGS.

APPARATUS

BEARING RBIG

The bearing rig (fig. 1) used for ‘this investigation is basi-
cally the same as that used in references 10 and 11. Prior to
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running the tests reported herein, the rig itself was connected
to a new gearbox and drive motor. In addition, a dashpot
was added to the load arm to dampen vibrations of the arm
at high speeds.

As shown in figure 1, the bearing under investigation was
mounted on one end of the test shaft, which was supported
in cantilever fashion in order that bearing component parts
and lubricant flow could be observed during operation. A
radial load was applied to the test bearing by means of a lever
and dead-weight system in such & manner that the loading
of the test bearing was essentially unaffected by small shaft
deflections or by small shaft and load-arm misalinements.

The support bearings were lubricated in the manner de-
seribed in reference 10. Oil was supplied to the support bear-
ings at a pressure of 10 pounds per square inch through 0.180-
inch-diameter jets and at a temperature equal to that of the
test-bearing oil (100° F).

DRIVE EQUIPMENT

The high-speed drive equipment consisted of a shunt-
wound 30-horsepower direct-current motor connected to a
14:1 speed increaser. The high-speed shaft of the speed in-
creaser was connected to the test shaft by means of a floating
spline coupling. The speed range of the test shaft was 1100
to 36,000 rpm, controllable to within 450 rpm at all speeds.

TEMPERATURE MEASUREMENT

The method of temperature measurement is described in
reference 10. Iron-constantan thermocouples were located
in the outer-race housing at 60° intervals around the outer-
race periphery at the axial midpoint of the bearing under
investigation. A copper-constentan thermocouple was
pressed against the bore of the inner race at the axial mid-
point of the test bearing. The thermocouple electromotive
force was transmitted from the rotating shaft by means of
small slip rings located on the end of the test shaft (ref. 12).

LUBRICATION SYSTEM

The lubrication system used was of the circulating type.
Separate pumps were used to supply oil to the support bear-
ings and the test bearing, and full-flow filters were provided
after the oil-supply pumps. Oil inlet temperature was con-
trolled to within +1° F and oil inlet pressure to within +0.5
pound per square inch. Support-bearing oil flow was drained
by gravity from the base of the rig. Test-bearing oil was
collected in cans and pumped either to weighing buckets or
back to the sump.

TEST BEARINGS

Nine test bearings (size 215) were used for the investigations,
Bearing dimensions were: bore, 75 millimeters; outside diam-
eter, 130 millimeters; and width, 25 millimeters. All bear-
ings had standard SAE 52100 steel races and rollers of the
same surface finish and hardness (within manufacturing tol-
erances). Schematic drawings of all nine test bearings are



EXPERIMENTAL AND CONVENTIONAL CAGE DESIGNS AND MATERIALS FOR CYLINDRICAL ROLLER BEARINGS 491

Turbine-bearing Support-beari -
: ring
housmg--“ pgiclﬁjets--\
\ n
" Test "\
Solenoid -~ Y chaften N gy ort-bearing
oo ’ k ol shields Drive
Test-bearing outer-race N Y \ ‘ motor
thermocouple Ieads-w\ oot '
Test -bearing
oil Jet-—~__
Test-bearing g
el collectors = —~-emdjz o 2 x o4 n
Inner-race
thermocouple
slip rings-——no )
Test~bearing =
o ouflet-—-"""Le T\
: ~
Inner-race e s
thermocouple _ .-~ -
pickup-—"~ |
./,L - N
Pid [
. Test bearing-~" \ . ~—
i l\/, N\,
Stap pin-—"
Locating
pilot pin-~

"
Uprights -/

_-—-Weights

Figure 1.—Cutaway view of radial-load rig.

shown in figure 2. Data for bearings A to F were used for
tho cage-design evaluation, while data for bearings F to |
wore used for the cage-material evaluation. Bearings A to
G were equipped with pearlitic nodular iron cages cut from
the same billet, and bearings H and | were equipped with
bronze cages. Physical properties and chemical composition
of the cage materials are given in table I. Nodular iron was
chosen as the first material to be used in this experimental
cage-material program because it affords a good combina-
tion of antiweld, wear, expansion-coefficient, and strength
properties (ref. 7).

Bearings A, B, C, D, and E all had double-flanged inner
races (inner-race-guided rollers) and straight-through outer
races., Bearings F to | had double-flanged outer races (outer-
race-guided rollers) and straight-through inner races. Bear-
ing A was equipped with a one-piece inner-race-riding cage

with 20 broached pockets (fig. 2(a)). Bearing B was
equipped with a two-piece cage with 16 fitted pockets which
was piloted on the outer race outside the roller track (fig.
2(b)). Bearing C was equipped with a one-piece cage with
16 broached pockets which was piloted on the outer race out-
side the roller track (fig. 2(c)). Bearing D was equipped
with a one-piece cage with 16 broached pockets which was
piloted on the outer race in the roller track (fig. 2(d)). Bear-
ing E was equipped with a two-piece cage with 16 fitted
pockets which was piloted on the outer race in the roller
track (fig. 2(e)). Bearings F to | were equipped with one-
piece cages with 20 broached pockets which were piloted on
the shoulders of the outer-race flanges (fig. 2(f)).

The dimensions of all nine test bearings are given in
table II.
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Figure 2.—Schematic drawings of test bearings.

PROCEDURE

Each bearing was first subjected to a number of tests at
DN values of 0.3X10° to 1.2X10°%, loads of 7 to 1613 pounds,
and oil flows of 2 to 8 pounds per minute. (These tests were
collectively termed the low-speed tests.) Each bearing was
then run to the maximum speed at which equilibrium tem-
peratures could be obtained at oil flows of 2 to 8 pounds per
minute. The six bearings used in the cage-design investiga-
tion were checked for wear only after the high-speed tests,
whereas the four bearings used to evaluate the cage materials
were checled for wear after both the low- and high-speed tests.
Eachbearing wasrun through thesameseries of testsso that the
total running time on each bearing was approximately equal.

LUBRICATION OF TEST BEARINGS

Lubricant was supplied to the test bearings through a
single jet having a 0.050-inch-diameter orifice. The oil was
directed normal to the bearing face opposite the load zone.
The optimum radial position for the oil jet was determined
experimentally for each test bearing and was found to be
between the cage and inner race for all test bearings.

A highly refined nonpolymer-containing petroleum-base
lubricating oil used to lubricate the bearings in several cur-
rent turbojet engines was used to lubricate the test bearings.
The viscometric properties of the test oil are shown in figure
3. Data for figure 3 were obtained from daily samples of
test oil. Viscosities were obtained by standard laboratory

procedures, and the data plotted in figure 3 represent the
mean for all the samples of oil.

O1il was supplied to the test bearings at a temperature of
100° F and at pressures of 30 to 405 pounds per square inch,
which corresponded to oil flows of 2 to 8 pounds per minute.

TEST-BEARING MEASUREMENTS

Measurements of test-bearing component parts were ob-
tained in & constant-temperature gage room. Standard,
precision inspection instruments measuring to 0:0001 inch
per division were used to obtain dimensions of the races
and cages. A comparator-type gage measuring to 2X10-%
inch was used to obtain roller measurements. Test-bearing-
hardness measurements are given in table IIT, and test-
bearing surface-finish measurements are given in table IV.

RESULTS AND DISCUSSION

The results of the experimental investigation of cage
designs are presented in figures 4 to 10 and tables II to IV.
The results of the experimental investigation of cage mate-
rials are presented in figures 11 to 15 and in tables II to VI.
Bearing performance is discussed and analyzed with respect
to bearing temperature, heat dissipation to the oil, bearing
wear, and limiting DN value. The latter is defined as the
maximum DN at which the bearing will operate at an
equilibrium temperature.
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Fraure 3.—Effect of temperature on kinematic and absolute viscos-
ities of test oil. Pour point, less than —75° F; flash point, 300° F;
viscosity index, 75; autogenous ignition temperature, 500° F (time
lag before ignition at temperature indicated was under 2 min). )

CAGE-DESIGN INVESTIGATION
DN VALUE

Effect of DN on operating temperatures.—Figure 4 shows
the effect of DN (values to 1.2X10%) on the outer-race maxi-
mum temperature of test bearings A to F at oil flows of 2.0,
2.75, 5.5, and 8.0 pounds per minute. The outer-race maxi-
mum temperature of each of the six test bearings is very
nearly a linear function of DN value at all four oil flows
over this range of DN values. Bearings B, C, D, and E
operated at lower temperatures than did bearings A and F
under all conditions of operation, the difference in operating
temperatures becoming greater with increasing DN. This
indicates that the four experimental bearing types were
more effectively lubricated and cooled at all four oil flows
than were the two conventional designs. Among the four
experimental types, bearings D and E (cage-locating pads
between the rollers) operated at slightly lower temperatures
than did bearings B and C (cage-locating surfaces outside
the roller track). However, the operating temperatures of
bearings B and C varied only 4° F from those of bearings D
and E at a DN of 1.2)X10°. The cages of bearings B and C
have a slightly greater tendency to trap oil than do those
of bearings D and E.

The curves of figure 4 show that bearing A operates at
significantly higher temperatures than the four experimental
bearings at the two lowest oil flows, while bearing F operates
at the highest temperatures at the two highest oil flows.
These results indicate that the interior surfaces of bearing A
were not, properly lubricated and cooled at the low oil flows
and that o high-velocity oil jet is required for sufficient oil
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Fiaure 4.—Effect of DN on bearing outer-race maximum temperature
at four oil flows for bearings A to F. Load, 368 pounds; oil inlet
temperature, 100° F.

to penetrate through the small space between the cage and
inner race. The results also indicate that, while bearing F
was adequately lubricated at the two lowest oil flows, con-
siderable oil entrapment between the outer-race flanges
occurred at the higher oil flows and resulted in heat genera-
tion due to oil churning.
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F1eure 5.—Effect of DN on ratio of deflected to transmitted oil flows
for bearings A to F. Load, 368 pounds; oil flow, 2.75 pounds per
minute; oil inlet temperature, 100° F.

It can be seen then that high operating temperatures
result with the conventional inner-race-riding cage-type
bearing because of its inherent difficulty of lubrication and
cooling and with the conventional outer-race-riding cage-
type bearing because of its tendency to trap oil and create
high churning losses. Besarings B, C, D, and E operated at
lower temperatures than did the conventional bearings,
because the lubricant had easy access to the interior surfaces
plus a low resistance path to exit from the bearing.

Cage-pocket type had little effect on bearing operatmg
temperature, as is evidenced by the fact that the curves
of bearings B and C and those of bearings D and E are
coincident at DN values to 1.23X108. -

Effect of DIV on ratio of deflected oil low to transmitted
oil low.—Figure 5 shows the effect of DN on the ratio of
deflected oil flow (that oil which is collected on the side of
the oil jet) to transmitted oil flow (that oil which is collected
on the side opposite the oil jet) for test bearings A to F.
The curves illustrate the relative ease of lubricant flow into
and through the bearing types under investigation (trans-
mitted oil flow increases with decreasing flow ratio) For
all six test bearings, the flow ratio increased with increas-
ing DN because of the greater tendency to-throw oil off the

face of the bearing at higher rotative speeds. The flow ratio’

was highest for bearing A, because it offered the greatest
resistance to lubricant flow; and lowest for bearing F, be-
cause its straight-through inner race offered little resistance
to lubricant flow. Since bearings B, C, D, and E had only
16 rollers while bearing A had 20 rollers, the total of all the
voids between the rollers was some 33 percent greater in
bearings B, C, D, and E. This could account in part for
the greater resistance to lubricant flow, but the major re-
sistance to flow in bearing A was the small space between
the cage and inner race.
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Effect of DNV on power rejected to oil.—Figure 6 shows the
effect of DN on power rejected to the oil at oil flows of 2.0
and 2.75 pounds per minute for test bearings A to F. The
heat dissipated to the oil is lowest for bearing A, because this
type of bearing is inherently difficult to cool. This advan-
tage, although small when compared with the heat dissipated
to the oil for bearings B, C, D, and E, is gained only at the
expense of the higher operating temperatures previously dis-
cussed. The heats dissipated to the oil for bearings D and
E are only slightly greater than for bearing A and are
somewhat less than those for bearings B and C. The higher
heats dissipated to the oil for bearings B and C may be due
to the greater tendency of their cages to trap oil and create
churning losses higher than those in bearings D and E. The
curves for bearing F show that its heat dissipation to the oil
does not exceed those of the other bearings until DN values
of about 0.85<10° (approximately 11,000 rpm) are reached.
At higher speeds, however, its heat dissipation to the oil
becomes significantly greater than those of the other bearings.
These results illustrate the effects of oil entrapment and the
consequent churning losses, which do not become significant
until high speeds are reached. The combination of a double-
flanged outer race and an outer-race-riding cage, not pro-
vided with adequate oil-drainage paths, results in excessive
oil churning losses at high rotative speeds.

The fact that the curves for bearings B and C and those
for bearings D and E are nearly coincident indicates that
cage-pocket type (broached or fitted) has little or no effect
on the heat dissipated to the oil.
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Fiaurs 7.—Effect of load on bearing outer-race maximum and inner-
race temperatures for bearings A to F. DN, 1.2X10°%; oil flow,
2.75 pounds per minute; oil inlet temperature, 100° F.

LOAD

The effect of load on bearing outer-race maximum and
inner-race temperatures for test bearings A to F is shown in
figure 7. As theload was increased from 368 to 1613 pounds,
outer-race maximum temperatures increased only slightly,
while inner-race temperatures increased at a somewhat
greater rate. As the load was increased from 7 and 113
pounds to 368 pounds, outer-ra¢e maximum temperatures
increased sharply because of the decrease in cage slip. At
low loads, roller slip occurs between the rollers and inner
race, causing the cage to slip or to rotate at a rotational
speed somewhat below its theoretical rotational speed. Per-
centage cage slip is defined as follows:

. Nor—N,
P t lip=(—%5—<) 10
ercentage cage slip T Nom 0
where
Nor theoretical cage rotational speed, rpm
Ng actual cage rotational speed, rpm

At the lowest loads, cage slip varied from 7 to 88.5 percent
and was responsible for the decreased rate of heat generation.
Inner-race temperatures, however, do not always rise as
sharply in going from the low-load to the high-load range,
because the rolling and sliding contact which exists between
the inner race and rollers when cage slip is present apparently
generates nearly as much heat as the pure rolling contact
which exists at zero cage slip.

Cage slip is later shown in the section cacesiie Tests to
‘be a cause of high wear in cylindrical roller bearings; con-
sequently, operation at light loads should be avoided. The
cause of the erratic shape of the inner-race temperature
curve for bearing D is unknown; excessive vibration accom-
panied the sharp rise when the load was increased from 613
1o 1113 pounds.
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HIGH-SPEED OPERATING CHARACTERISTICS

Effect of oil flow on limiting DN value~—Each of the six
test bearings was run to its limiting DN value from a tem-
perature standpoint only (that speed at which the bearing
would not operate at an equilibrium temperature or at which
bearing temperature rose rapidly, indicating an incipient
failure) at oil flows of 2.0, 2.75, 5.5, and 8.0 pounds per
minute. The results shown in figure 8 indicate that, in
general, limiting DIV values increase with increasing oil flow.
The outer-race-riding cage-type bearings exhibited signifi-
cantly higher limiting speeds than did bearing A. Bearing
A would not run at DN values above 1.723<108 (23,000 rpm),
whereas bearing C was operated sucessfully at a DN value of
2.32X10° (31,000 rpm). The type of cage used in bearing C
seems to be best suited to ultra-high-speed operation. Of
the four experimental bearings, bearing E showed the poorest
high-speed operating characteristics; this may have been due
to a weakness in design or to the relatively small diametral
clearance in this bearing.

Although bearing F was successfully operated at a DN
value of 2.1X10° (28,000 rpm), operating temperatures above
a DN of 1.5X10° were extremely erratio because of high cage
slip, which produced extremely high wear as discussed in the
section wWEAR DATA.
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Fiaure 9.—Bearing outer-race maximum temperature as function of
DN at very high speeds at two oil flows for bearings A to F. Load,
368 pounds; oil inlet temperature, 100° F.,

Effect of DIV on operating temperatures at very high
speeds.—Curves of bearing outer-race maximum tempera-
ture as a function of DN at very high speeds for test bearings
A to F are shown in figure 9 at oil flows of 2.75 and 8.0
pounds per minute. It is evident that the linear relation
which existed at low speeds (fig. 4) does not hold for all test
bearings at very high speeds. The curves for bearings B, C,
D, and E are generally linear, but those of bearings A a.nd F
are quite erratic and indicative of unstable operation at very
high speeds. At an oil flow of 2.75 pounds per minute, the
slope of the curve for bearing F showed & marked tendency
to increase with speed, probably because of the increasing
rate of heat generation due to oil churning. Thus, the basic
weakness of this design becomes more apparent at very high
speeds. At an oil flow of 2.75 pounds per minute and a DN of
1.65X10°% bearing F operated at a temperature 54° F higher
than did bearing C. The curve for bearing F at an oil
flow of 8.0 pounds per minute is quite interesting in that the
bearing temperature decreased when the speed was increased
from & DN of 1.5X10° to 1.65X10°%. This unusual phenom-
enon was caused by a sudden increase in cage slip from 1 or
2 percent to 35 percent.

WEAR DATA

Wear data for the test-bearing component parts (wear
indicated by weight loss) are shown in bar graphs in figure
10. These data, together with thorough visual inspections,
are invaluable because they reveal the critical or weak
points in the various bearing designs. However, because
wear is such a complex phenomenon, the data should be used
only qualitatively and not quantitatively.

Heaviest wear in bearing A occurred between the roller
ends and the inner-race roller-track flanges. In bearing A
very little oil gets to this location, because it is difficult for
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Fieure 10.—Wear of component parts of bearings A to F,

the oil to penetrate through the small space between the
inner-race flange and the cage inside periphery; whatever
oil does pass through this barrier is immediately thrown
outward by centrifugal force.

Heavy wear occurred in bearing B in the cage-roller
pockets, with the rollers sustaining especially heavy wear.
In contrast, no severe wear occurred at any point in bearing
C. Since the cages of bearings B and C were alike excopt
for cage-pocket design, the more intimate contact produced
by the fitted pockets of bearing B together with their rela-
tively greater inaccessibility to the lubricant may have
contributed to the higher wear. Neither bearing B nor C
sustained any significant wear at its cage-locating surface.

In bearing D heavy wear occurred at the cage outside
periphery and at the outer-race inside periphery. Appar-
ently, cage-locating pads of bearing D were not of sufficient
size to support loads between the cage and its locating surface,
because very little wear occurred at this point in bearing
E which had cage-locating pads that were about 60 percent
larger than those of bearing D. Bearing E sustained greater
wear in the cage pockets than did bearing D. Here again,
broached roller pockets seem to be superior to fitted roller
pockets.

In bearing F severe wear occurred in the cage-roller
pockets. Both cage and roller wear were extreme; theso
high values of wear were found to be the result of the high
cage slip which occurred at DN values above 1.5X10° at
the higher oil flows. The possible causes of this cage shp_
are discussed in the following section.
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F1raune 11.—Effect of DN on outer-race maximum temperatures of
bearings F to | at four oil flows. Load, 368 pounds; oil inlet
temperature, 100° F.

CAGE-MATERIAL INVESTIGATION

LOW-SPEED TESTS

Effect of DN on operating temperatures.—The effect of
DN on the outer-race maximum temperatures of bearings F
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Froure 12.—Effect of DN on power rejected to oil in bearings F to |
at four oil flows. Load, 368 pounds; oil inlet temperature, 100° F.

to | is shown in figure 11. Curves for oil flows of 2.0, 2.75,
5.5, and 8.0 pounds per minute are shown. Differences in
operating temperatures for the four test bearings were small,
with the maximum difference in bearing temperatures
occurring at an oil flow of 2.75 pounds per minute and & DN
of 1.2X10°. 'FHzg. |

Effect of DN on power rejected to oil.—The effect of
DN on the power rejected to the oil in bearings F to | is
shown in figure 12. Curves for oil flows of 2.0, 2.75, 5.5, and
8.0 pounds per minute are shown. Differences in the power
rejected to the oil in the test bearings became greater at the
higher oil flows. The power rejected in bearing H is seen
to be greater at the two highest oil flows than that in
bearings F, G, and [. Since only the power rejected in
bearing H and not that in both bearings H and | seems to be
high, the differences are probably due to test conditions, and
not to variations in frictional characteristies of the two cage
materials. At the conclusion of the tests of bearing H, it
was discovered that a slight load misalinement had existed
during the tests. This condition manifested itself in the
form of slightly greater roller wear on one end than on the
other and in slightly uneven wear patterns in the cage
pockets. This condition could have been responsible for
the discrepancy in results between bearings H and I.
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Frgure 13.—Effect of load on outer-race maximum and inner-race
temperatures of bearings F to |. DN, 1.2X10%; oil flow, 2.75 pounds
per minute; oil inlet temperature, 100° F.

Effect of load on operating temperatures.—Figure 13 shows
the effect of load on both the outer-race maximum and the
inner-race temperatures of bearings F to |. Inner-race data
for bearing H are not shown, because the inner-race thermo-
couple system was inoperative during that test. The curves
for all bearings are similar in shape with the greatest dis-
crepancies between bearings occurring at the two, lowest
loads, where slip occurred between the rollers and the inner
race, causing the cage to slip or to rotate at a rotational
speed somewhat less than its theoretical rotational speed.

Reproducibility of bearing temperature cannot be obtained
at loads where any appreciable amount of cage slip occurs.
_ Although care was taken to assemble test bearings with
nearly identical diametrical clearances, cage slip varied from
27 to 86 percent in bearings F to | when running at a load
of 7 pounds, an oil flow of 2.75 pounds per minute, and a
DN value of 1.2XX10% Values of cage slip for bearings F
to | operating at this combination of conditions are shown
by points a to d in figure 13. It has been found impossible
to duplicate cage slip in the same bearing from day to day.
The date of figure 13 show that, at a load of 7 pounds, the
two bearings with greatest slip had the lowest temperatures.

It is evident from the curves of figure 13 that outer-race
maximum temperatures increase sharply in going from the
low-load to the high-load range while inner-race tempera-
tures do not. The cause of this phenomenon is explained
in the previous discussion of the effect of load.

At the conclusion of the load tests, the characteristic
inner-race frosting, which accompanies roller sliding and
cage slip, was observed on bearings F, G, and H.

Test-bearing wear~—The low-speed-test wear data (wear
indicated by weight change) for the test-bearing component
parts are tabulated in table V(a). The data show that
there is little difference in wear characteristics between the
bronze and nodular iron investigated at DN values to
1.2¢10° (16,000 rpm), although the nodular iron ceges did
show slightly greater wear. At 16,000 rpm and zero cage
glip, the sliding velocity is 7970 feet per minute at the cage-
locating surface and 7310 feet per minute in the cage pockets.
The wear of all test-bearing component parts was low and
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Fiaure 14.—Effect of oil flow on limiting DN values for bearings F to |.
Load, 368 pounds; oil inlet temperature, 100° F.

not; indicative of any severe bearing-life limitations at speeds
to 16,000 rpm.
HIGH-SPEED TESTS

Effect of oil flow on limiting DN values.—The effect of oil
flow on the limiting DN values for bearings F to | is shown
in figure 14. At each oil flow, each test bearing was run
until an equilibrium operating temperature could no longer
be obtained. Limiting DN values, in general, increased
with increasing oil flow, and variations in limiting DN values
between bearings were relatively small.

Bearing operating temperatures at very high speeds.—
Figure 15 shows plots of bearing outer-roce maximum
temperature as functions of DN values from 1.2X10° to the
limiting values for bearings F to [. Curves for oil flows of
2.0, 2.75, 5.5, and 8.0 pounds per minute are shown. Unlike
the DN curves at low speeds, the curves become rathor
erratic at high speeds, especially at the two highest oil flows.
During the course of the investigation, it was found that the
sharp changes in slope occur at the onset of cage slip. The
tests seem to indicate that a roller bearing is capable of
absorbing only & fixed amount of torque when operating at
a specific load and oil flow. When this limiting bearing
torque is reached, the maximum friction force that can be
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developed between the rollers and inner race is being utilized.
An increase in shaft speed beyond that at which the maxi-
mum bearing torque is developed will result in cage slip.
Several significant points on figure 15 are identified, and the
corresponding values of cage slip are tabulated on the figure.
At an oil flow of 5.5 pounds per minute, the slope of the
curve for bearing F decreased in going from point a to
point b, and at the same time cage slip increased from 2 to
30 percent. At the same oil flow, the curve for bearing G
oxhibited & marked increase of slope in going from point
¢ to point d; this change was accompanied by a decrease
in cage slip from 23 to 5 percent. Sharp changes in slope
apparently indicate changes in cage slip.

Test-bearing wear.—The high-speed-test wear data for the
test-bearing component parts are tabulated in table V(b).
The data show that the bearings with bronze cages incurred
much less wear than did the bearings with nodular iron
cages at bearing DN values above 1.2X10% (16,000 rpm).
Maximum sliding velocities (assuming no cage slip) in the
test bearings at DN values of 1.2X10° to 2.1X10° are 7970
to 13,950 feet per minute. Cage, roller, and outer-race
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F1GUuRE 15.—Besairing outer-race maximum temperature as affected by

DN values from 1.2X10° to limiting value at four oil flows for
bearings F to I. Load, 368 pounds; oil inlet temperature, 100° F.
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wear were severe in both bearings F and G. Roller wear was
heavy in bearing H, presumably because of the slight load
misalinement discussed in the section Low-spEED TEsTs. The
most significant indication of the high-speed wear data is the
relative wear of the four test-bearing cages. The results of
basic friction and wear tests (ref. 7) and of low-speed tests
reported herein (which show negligible wear) indicate strongly
that the excessive wear incurred by the nodular iron cages
results not only from differences in material properties but
also from other factors. Comparison of the high-speed DN
curves (fig. 15) and the high-speed-test wear data (table
V(b)) suggests strongly that cage slip is responsible, at least
in part, for high wear rates and is therefore highly detrimental
to bearing life.

CAGE-SLIP TESTS

The exact 'effects of increased cage slip, other than the
tendency to reduce bearing torque and bearing operating
temperatures because of reduced sliding velocities within
the bearing, were unknown at the time the high-speed
tests were run, so special tests were run to determine the
effect of cage slip on the wear rates of the bearing component
parts. These results are discussed in the following section.

Effect of cage slip on wear rates of test-bearing component
parts.—To determine the effect of cage slip on wear rates,
three tests were run using bearing |. Bearing | was chosen
because it had sustained the least wear of all four test
bearings and was not worn to any damaging extent. Three
tests, each of 4 hours duration, were run at a DN value
of 1.2X10° and an oil flow of 2.75 pounds per minute.
The load during each test was different in order to vary
the cage slip. The results of these tests are tabulated in
table VI. The data of table VI show that test bearing |
incurred no appreciable wear when cage slip was as high
a8 30 percent but that very severe wear occurred at 95-
percent cage slip. At the start of the run at a load of 7
pounds, cage slip was about 40 percent and did not reach 95
percent until about 30 minutes had elapsed. The gradual
increase in cage slip was accompanied by a steady decline in
bearing temperatures indicative of the decreased rate of
heat generation within the bearing.

Comparison of these results with those of the low-speed
tests, where values of cage slip of 80 and 86 percent were
obtained in bearings H and F at a load of 7 pounds and a
DN of 1.2X10° (fig. 138), shows a marked difference in wear.
The wear during the low-speed tests may have been low
because of the short time (approx. 15 min) the bearings were
run under these conditions. At DN values of 1.5X10°
and higher and at a load of 368 pounds, very severe wear
occurred at values of cage slip on the order of 30 percent in
bearings F and G (gee fig. 15 and table V(b)).

Cage material undoubtedly has an effect on wear rate, but
for- both cage materials investigated the results seem to
indicate that additional important factors affecting wear are
the sliding velocities and the loads between the component
parts. The sliding velocity between the rollers and inner
race is, in turn, a function of the percentage cage slip and
the DN value.
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It can be concluded then that cage slip, despite the fact
that it is accompanied by a decrease in heat generation, is
extremely harmful, from a wear standpoint, to a cylindrical
roller bearing with an outer-race-riding cage. For this
reason, nodular iron cannot be recommended as & cage
material for this type of high-speed roller bearing, because
it apparently tends to promote cage slip. In reference 7
it is shown that nodular iron, although exhibiting low wear
rates in sliding against SAE 52100 steel, showed higher
coefficients of {friction in many cases than did bronze.
It seems most probable that, with nodular iron cages under
poor lubrication conditions introduced by bigh sliding speeds,
the friction forces between the cage and rollers and between
the cage and outer race become great enough to exceed
the tractive force between the rollers and inner race. When
this happens, cage slip occurs, causing surface welding
between the rollers and inner race. Transferred and loose
particles of steel that result from failure in sliding serve to
abrade and lap, producing the characteristic frosted appear-
ance on the inner race. The loose particles of steel would
accelerate wear of all component parts, and the transferred
metal could accelerate wear of all surfaces contacting the
periphery of the rollers.

Effect of cage slip on limiting DN values.—Limiting
DN vsalue was previously defined as the highest DN at
which the bearing under investigation would operate at an
equilibrium temperature. In the light of the cage-slip and
high-speed test results, however, it might be advisable to
modify that definition to include the condition that no dam-
aging cage slip occur. The limiting DN value for a bearing
operating at a specific load and lubricated in a spécific
manner would then be the highest DN value at which the
bearing would run at an equilibrium temperature without
damaging cage slip; limiting DN value would thus be a
function of load, oil flow, and operating diametrical clear-
ance, as well as other factors such as surface finish.

GENERAL OBSERVATIONS

Several critical clearances which reflect the magnitude of
the wear at different points in the bearings are tabulated
in table II. It was observed that inner-race frosting ac-
companied cage slip in test bearings and that in bearings
with nodular iron cages the races and rollers appeared highly
polished where not frosted.

As shown in table ITT, test-bearing-hardness measurements
changed little during the tests. Roller and cage hardnesses
show a consistent small decrease, while race hardnesses de-
creased slightly in some instances and remained constant in
other cases.

Test-bearing surface finishes (table IV) generally became
rougher during the tests. Frosting considerably roughened
the inner races, and heavy roller wear resulted in rougher
surface finishes on both roller periphery and ends.

SUMMARY OF RESULTS

Two investigations, one to determine the relative merits
of four experimental and two conventional design 75-
millimeter-bore (size 215) cylindrical roller bearings (each
equipped with a different design nodular iron cage), and one
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to determine the relative merits of nodular iron and bronze
as cage materials (using four conventional outer-race-riding
cage-type bearings, two with nodular iron and two with
bronze cages), are reported herein. Nine test bearings wero
operated over a range of DN values (product of bearing bore
in mm times shaft speed in rpm) from 0.310° to 2.3X10°,
radial loads from 7 to 1613 pounds,-and oil flows from 2 to 8
pounds per minute with a single-jet circulatory oil feed.

The following results were obtained in the investigation
of bearing designs:

1. The experimental combination of an outer-race-riding
cage with a straight-through outer race and inner-race-
guided rollers was found to give the best over-all perform-
ance based on limiting DN values and bearing tempera-
tures. The better performance of this type bearing over
both the conventional inner-race-riding cage type and the
conventional outer-race-riding cage type with outer-race-
guided rollers was a result of relative ease of lubrication
and cooling and of adequate oil exiting paths which mini-
mize oil entrapment and churning losses.

2. Of the two basic types of experimental outer-race-
riding cages investigated, those with piloting surfaces out-
side the roller track were operated successfully at higher
DN values (2.32X10° than were those with piloting sur-
faces between the rollers. On the other hand, the latter
type of cage operated at slightly lower temperatures, pre-
sumably because of reduced oil entrapment and churning
losses.

‘3. The conventional inner-race-riding cage-type bearing
could not be successfully operated at DN values above
1.723X10°% because it is inherently difficult to lubricate and
cool. For the same reason, the operating temperatures of
this type bearing were higher than those of the four experi-
mental bearing types throughout the range of speed and oil
flow investigated. The heat dissipation to the oil was, how-
ever, slightly lower for this type of bearing than for tho
experimental types. -

4. The conventional outer-race-riding cage-type bearing
with outer-race-guided rollers operated successfully at o DN
value of 2.1X10° but incurred very severe cage and roller
wear at-very high speeds because of high cage slip. This
type bearing was found ‘to be adequately lubricated and
cooled at relatively low oil flows (2.0 and 2.75 Ib/min). At
oil flows of 5.5 and 8.0 pounds per minute, however, this typo
bearing operated at higher temperatures than the other test
bearings because of excessive churning losses. At DN values
above 0.85)10% the heat dissipated to the oil for this bear-
ing exceeded that of "the other test bearings, presumably
because of high churning losses. Temperatures and heat
dissipation to the oil increased at a greater rate with in-
creasing DN for this type bearing than for the other types
investigated.

5. Cage-pocket type (broached or fitted) had little or no -
effect on bearing operating temperature or heat dissipated
to the oil. Both cages with fitted pockets incurred greater
wear in the roller pockets than did their prototypes with
broached pockets, presumably because of the more intimate
roller contact produced by fitted pockets and the greater
inaccessibility of fitted pockets to lubricant flow.
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The following results, which are applicable with certainty
only to the type of bearing tested, were obtained in the
investigation to determine the relative merits of nodular iron
and bronze as cage materials:

1. Wear rates varied with cage slip and appeared to be &
function of cage material and also of the sliding velocity and
load between the rollers and inner race.

2. Cage slip occurred more readily at DN values above
1.23<10° with nodular iron cages than with the bronze cages
investigated. Consequently, bearings with nodular iron
cages showed more wear of rollers and cages (especially in
cage-roller pockets) than did bearings with bronze cages.

3. The severe roller and cage wear obtained in the bearings
with nodular iron cages suggest that roller-pocket and cage-
locating-surface friction may, under certain operating condi-
tions, exceed the tractive force between the rollers and inner
race and may therefore be responsible for the onset of cage
slip. ’

4, Cage slip in bearings with bronze cages was accompanied
by severe roller wear and light cage wear in the cage-roller
pockets, This fact, together with the severe cage wear
associated with nodular iron cage-type-bearing slip, suggests
that cage material may be a factor in reducing cage wear in a
bearing operating under slip conditions.

5. There was little difference in performance between the
bronze and nodular iron cages as measured by bearing
temperature, heat dissipation to the oil, and bearing wear at
DN values to 1.23X10° (16,000 rpm). The wear in all test
bearings at speeds to 16,000 rpm was light and was not of a
magnitude that would indicate a very limited life.

Natronar Apvisory COMMITTEE FOR AERONATUTICS
Lewis FrLigar PropuLsioN LABORATORY
CrLeveEranp, Omlo, June 30, 1964 -
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TABLE I.—PROPERTIES AND COMPOSITION OF CAGE

MATERIALS
Dlaterial._... PO Bronze Nodualar iron®
Yield point, psl_ . .ol anm- | 32,000-37, 000 b 58,800
Tensile strength, psl. .. ... 65, 000-73, 000 80, 500
Elongatlon, percent. 25-35 2
Redaetion of area, percent - - oo ceiccaeaaaaes 20-30 L3
Modulus of elasticity, psi.._. 15X 103 20, 9108
Chemmical composition, pereent ... - ooeoeocoeaooomanc. Cu 6.4 C 3
Zn 3.5 AMn .33
Pb Lo 81 233
Al L1 Cr .02
Cu 47
P .3
8 .on
Mg .06l

« Obtalned from the Ford Motor Company foundry.
b Specimen taken from 2}4-in. radius of 6-in.-diameter by 12-In.-long ingot.
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TABLE II.—DIMENSIONS OF TEST BEARINGS
Beartnge o co oo A B [0 D E F G H |
Plﬁ]cjl diameter of bearing, 4.038 4,038 4.036 4.036 4.036 ' 4.036 4.038 4.038 4.030
Lgﬁ%ﬂ-dhmete: ratio of 1 1 1 1 1 1 1 1 1
20 16 18 18 18 20 20 20 20
Nodular fron | Nodular iron | Nodular fron | Nodular fron | Nodular iron | Nodular iron | Nodular fron Bronze Bronzo
Cope tyPeeee o mceeeeee .-| One plece, | Two plecs, fit- | One plece, | One plece, | Two plece, it- | One plece, | One piece, | One piece, | Ono plece
8o broached ted pockets, broache broache ted ‘ broached broache broached broaohod’
pocke! located on ts, pockots, lo- located on pockets, pockets, lo- , lo- pookots, lo-
cate on outer-race cated on out- cated on out- outer-race cated on oated on catod on cated on
inner-race ide diam- er-race inside er-race ins. inside - outer-race outer-race outer-race outor-race
ges. eter outside diameter diameter be- eter between flanges, flanges. flanges, flanges,
the roller outsido tween the the rollers.
track. roller track. rollers. X
Before | After | Before | After | Before | After | Before | After | Before | After | Before | After | Beforo | After | Bofore | After | Boforo | After s
Total running time, br._.... 0 25.9 0 2.1 0 a9 0 2.7 0 2.7 1] 23.2 0 2.6 0 2.1 0 22,8
Average roller dfameter, In...| 0.5511 | 0.5505 | 0.5511 | 0.5506 | 0.5511 | 0.5509 | 0.5510 | 0.5509 | 0.5512 | 0.5510 | 0.58511 | 0.5501 | 0.5511 | 0.5500 | 0.5511 | 0.5505 | 0.5511 | 0. 5610
Average roller length, in.___| 0.5507 | 0.5505 | 0.5508 | 0.5506 | 0.5507 | 0.5505 | 0.5506 | 0.5505 | 0.5508 | 0.5506 | 0.5507 | 0.5500 | 0.5508 | 0.5500 | 0.5507 | 0.5502 | 0.5508 | 0. 5508
Tg%m&&%ehﬂ varla- [4.8X10-3 5X10—% 5X10— 5X10-s 5X10-3 5X10-3 5X10-3 5X10-% 5X1078 | e
’I‘(t)tal roller-length  varla- | 0.0004 0.00015 0.00045 0. 0002 0. 0003 0. 0004 0. 0004 0. 0004 0. 0004
fon,
Axial clearance between | 0.0025 | 0.0035 | 0.0021 | 0.0043 | 0.0022 | 0.0037 | 0.0026 | 0.0047 | 0.0028 | 0.0044 | 0.0022 { 0.0038 | 0.0020 | 0.0030 | 0.0019 | 0.0026 | 0.0018 | 0.0021
roller and race flanges, in.
Axial clearance between | 0.012 | 0.013 | 0.0065 | 0.007 { 0.006 | 0.0085 | 0.007 0.007 | 0.0085 | 0.0085 | 0.012 4 0.012 | 0.012 | 0.012 | 0.012 | 0.012 | 0.012 | 0.012
roller and cage,
Circumferential clearance | 0.011 0.015 | 0.011 | 0.0145 | 0.006 | 0.010 | 0.009 | 0.0105| 0.013 | 0.014 | 0.OLI5| 0.051 { 0.0115| 0.051 | 0.010 | 0.0115 | 0.011 0.012
between roller and cage, In. :
Mounted
Diametral clearance, In.
............... 0.001 | 0.0012 | 0.0009 { 0.0014 | 0.0011 { 0.0017 | 0.0008 | 0.0013 | 0.0005 | 0.00L | 0.0010 | 0.0030 | 0.0009 | 0.0033 | 0.0008 { 0.0027 | 0.0011 | 0.0015
(077, TN -] .014 .0145 | .008 <0085 | .009 .009 .008 .014 0.075 . 008 . 02261 L0205 ] .0225 ) .019 .019 0205 | L0205
Eccentricity, fn. ... 0.0001 | 0.0002 | 0.0001 | 0.0002 | 0.000L | 0.0002 | D 0.0008 | 0.0001 | 0.0002 | 0.000L | 0.0003 | 0,0001 | 0.0008 | 0.0002 | 0.0003 | 0.0001 | 0.0003
Remarks Heavly Heavy wearin | Wear of all | Heavy wearon | Heavy wearin | Inner-race | Inner-race | Inner-race | Noinner-raco
ller ends cage-roller light. uter-race cage-roller roller track roller track roller track frosting af-
and inner- and est per- - Eogketx Vi- frosted be- frosted be- frostod ter low-and
race flange on rollers. formance of eterand ration at causeofmgle mmeotmﬁt_a cause of high-spoed
faces. Good - outside high speeds. slip and pol- slip and po slip; outor tests.
{ﬁdopem— at very hi ameter. ished Innon- ished Innon- race un- Outer roco
speeds. frosted frosted marked. unmarked.
areas, Outer- areas, Outer- Cage wear Cago wear
race roller race roller lght, Roller very lHght.
track and track a&- wear falrly Roller wear
cage=-locat- dull, heavy on light, Be-
ing ce ller and periphory vero Inner-
;f)ho)llshed. cage weoar and ends, raco frost-
ller  and very sovere. Iing and
ocage wear slight sur-
very severe. faco galling
aftor allp
tests,
a Values obtalned after high-speed tests and before cage-slip tests.
TABLE IIL—TEST-BEARING-HARDNESS MEASUREMENTS *
Bearing. .o eceemmcemnm e A B (o] D E F G H |
Nodular fron | Nodular fron | Nodular fron | Nodular iron | Nodulariron | Nodular iron | Nodular iron Bronzo Bronzo
Cagematertal . ... Before | After | Before | After | Before | After | Before | After | Before | After | Before | After | Before | After | Before | Aftor | Bofore | Aftor b
Outer-race face (Rockwell
................ 59. 5-61 1595—&0.5 6061 5 60 |60.5-62 | 60-61 [59-60.5 | 60-61 |60-60.5| 61-63( 59-61| 60-61| 60-61 |60.5-62 | 58~60 [58.5-60 | 68-60
Inner-race facs (Rockwell |
................ 59-60 | 60-61 60 |60-6L& 61 |61-6L.5 82 60-61 | 61-62 |60-60.5 62 60-61 | 60-62| 60-61 [59-50.5 58.5-69.5‘01-02.5 60-01
Roller end (Rockwell O-
___________________ 65-85.5 | 63-85 85 [63-03.5 65 63647 6463 [64.566 64-65.6| 063-65| 61-63| 6366 62-64| 63-66 |62-03.5 |63-65.5 | 62-03
Cage face (Rockwell B- .
___________________ 9% 93-98 a3 92-96 95-98 a3 a3 01-93 07 92-95 8 93-98 | 60-65| 58-02| 61-05 | £§9-02

* Obtained with Rockwell suj

perficial hardness tester.
b Obtalned after high-speed tests but before cage-slip “tests.
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TABLE IV.—TEST-BEARING SURFACE-FINISH MEASUREMENTS s
Bearlng. .o eccceeee A B c D E F G H 1
Nodular iron | Nedularfron | Nodulariron | Nodulariron | Nodalariren | Nodulariron | Nodular fron Bronze Bronze
Cage material.....coeeeoan.- Bofore | After | Beforo | After | Bofors | After | Bofore | After | Befors | After | Beforo | After | Before | After Before | After | Before | After®
Inner-race roller-riding diam- g
eter, clrcumferential... ...} L&3 24 4 514 4 .53 24 2-8 24 2-3 2-3.5 | 25-20 23 12620 2564 | 820 2-3 520
Roller dinmeter, axlal....... 24 2-8 2-4 24 3 L53 [1.5-3.5 |[L53.5 34 |L53.5| 34.5 26 3-4.56 2-8 34 1564 |L54.5 [1.6-L5
Rollerend...ooocmcmceanca.. 2-3.5 2= | 3H4 3-8 34 37 34 2-15 34 2-16 34 | 1.510 34 | L512| 23.5| LE3 3 | LA
Onge-lomtlnl%l surfacs, dr- ~
cumferential ... _____. 3-5 3-5 35 8-12 48 24 34 2-5 3-5 36 3-5 2-5 3-5 LE4| 88 L64| 24 | 235
Ouatar-race roller-riding diam-
eter, circumferential. ... 34 2-3.5 35 48 4-6 |LE25 34 2-6 3-5 3-6 3-5 1.54 3 2-6.5| 345 24 24 | 2-3.5
Cage, locating diameter.....| 1428 | 10-18 | 1520 | 1020 | 1520 1020 | 15620 |. 3-8 15~20 3-8 10-16 | 15-20 | 10-15 | 15-20 | 20-26| 20-30 | 20~25 | 20-30
o Measured in mieroin rms with Be!roﬁlometer. -
b Obtalned after high-: tests but before cage-glip tests.
TABLE V.—TEST-BEARING-WEAR DATA » TABLE VIL.—-WEAR DATA FOR CAGE-SLIP INVESTIGATION
(a) Low-speed tests. . WITH TEST BEARING | =
[Oonditions for each test: time, 4 hr; DN, 1.2:X10% (16,000 rpmy); ofl flow, 2.76 1b/min; oll inlet
Bearlng....-.. . F e} H temparature, 100° F.]
Cogomaterlal.... oo Nodular | Nodular ronze ronze Wear, mg
8 iron fron B B AVET%EB
Test Load, 1b | cages| %, Onter
S percen s} Inner
Outer-race Wear, Mg o eeeemee e 17 23 16 5 ooy poves Rollers | Oage
Inner-roce Wear, Mg o o ooceccemccccnaen 5 1 7 2
368 2 3 -1 3 [}
Roller wear, mg---------------l ------------ 2 67 a3 z 43 30 i 10 3 8
Cage WeaAr, M eceme oo cmccceee 37 51 18 13 7 05 "7 132 1762 49
= Measured b ht loss,
(b) High-speed tests. v welg
Bearing. o cuo oo F G H
Caogo material. ... Nodular | Nodular | Bronye | Bronze
iron fron
Quter-race wear, ME. oo oeeemccacmncaaae 248 515 69 4
Inner-race Wear, Mg .. o ceeeooeocecccmenns 25 34 2 10
Roller wear, mg. —— 1744 1882 £83 48
OCage wear, mg 6233 8913 30 18

s Measured by weight loss,

868505—86——383
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