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VIOL drive systems must incorporate an overrunning (freewheel)
clutch unit so that in the event of engine malfunction the
aircraft can safely autorotate or, in the case of multiengines,
proceed on singe-engine operation, Current overrunning speeds
are limited to speeds of approximately 12,000 rpm or less
depending on the torque transmitted, The objective of this
program was to evaluate a ramp roller clutch operating at
engine input conditions of 26,500 rpm and 1500 hp.
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SUMMARY

The results of a 12-month program to evaluate a ramp roller clutch operating
at engine input conditions of 26,500 rpm and 1500 hp are contained herein.
The purpose of this design, manufacture, and test program was to evaluate
clutch operation at the high speeds of advanced technology engines.

The ramp roller clutch was designed using the most advanced state-of-the-art
technology available. Several new features were added to enhance high-speed
operation. The most outstanding results were cobtained from hollow rollers
which were used for the first time in a ramp roller clutch.

Although the ramp roller clutches tested operated well within acceptable
limits for full-speed overrunning and engagement conditions, differential-
speed overrunning tests resulted in excessive roller and housing vear.

Further exploratory development effort is required in the housing and roller
retainer assembly elements of the ramp roller clutch.
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FOREWORD

The program reported herein was conducted during an 1l-month period from
February 22, 1971 to January 22, 1972 for the Eustis Directorate, U.S5. Army
Air Mobility Research and Development Laboratory (USAAMRDL), Fort Eustis,
Virginia, under Contract DAAJ02-T1-C-0026, Project 1G16220TAAT2.

USAAMRDL technical direction was provided by Mr. L. M. Bartone, Mr. E. R.
Givens and Mr. D. Lubrano of the Eustis Directorate, Propulsion Division.

The program was conducted at Sikorsky Aircraft, Stratford, Connecticut, and
Bridgeport, Connecticut, under the technical supervision of Mr. Lester R.
Burroughs, Supervisor, Transmission Design and Development Section. Princi-
pal investigators for the program were Mr. T. Lally and Mr. R. Costanzo of
the Transmission Design and Development Section, Mr. D. Wilson and Mr. R.
Mack of the Mechanical Test Section, and Mr. J. Bucci of the Materials

Section.
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INTRODUCTION

An overrunning clutch permits the output or driven member of the clutch to
freewheel whenever the input or driving member is stopped or is rotating at
a slower speed. In a helicopter transmission, overrunning clutches are used
to disengage the engines from the rotor, thus allowing the rotors to turn
without engine drive. In multiple-engine aircraft, the overrunning clutch
permits individual engines to be started without rotating the remaining en-
gines. Safe landings may be executed by autorotation without the use of
engines because the overrunning clutch automatically disconnects the engines
from the rotor head when the engines are stopped.

One type of overrunning clutch is the ramp roller clutch, which is the sub-
Ject of this report. The principal components of a ramp roller overrunning
clutch are the cam, rollers, outer housing, and cage as shewn in Figure 1.

A spring and plunger mechanism acts on the roller retainer, which in turn
forces the rollers up the ramps and against the outer housing. Driving ac-
tion is obtained by wedging the rollers between the circular outer housing
and the flats of the cam. This wedging of the rollers will occur only when
the driving member attempts to turn faster than the driven member. Overrun-
ning occurs whenever the driven member attempts to drive faster than the
driving member. In the overrunning condition, the rollers theoretically roll
on the outer housing and slide on the cam. However, in practice, the
rollers do some sliding on the outer housing which reduces sliding on the
cam.

The driving member may be either the cam or the housing. Each arrangement
has its own advantages and disadvantages. The advantage of designing the
outer housing as the driving member and the cam as the overrunning member is
that lubricant can be fed from the center of the rotating cam and out to
rollers, cage, and housing by centrifugal force. The disadvantage of cam
overrunning is that the rollers are subjected to centrifugal load, which in-
creases wear of rollers and housing. In the design with the cam driving,
centrifugal roller loads during full-speed overrunning are eliminated, but
the lubrication system must be pressurized to assure lubrication when the
cam is stationary. In the high-speed ramp roller clutch design of this pro-
gram, the configuration with the cam as driving member has been chosen since
roller wear at the high speeds encountered is an overriding factor.

The purpose of this program was to test a ramp roller clutch at the high
speeds of advanced technology engines. The helicopter overrunning clutch
designed to operate at engine speed will be lighter than it would be when
designed to operate on the second stage gear shaft (which is the usual case).
Present state-of-the-art clutches generally operate at 6000 to 8000 rpm with
12,000 rpm the upper limit. Thus with the 26,500 rpm speed of the test
clutch centrifugal effects are an order of magnitude higher since centrifu-
gal load is proportional to speed squared.

- o
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Figure 1. Principal Components of a Ramp-Roller Clutch.
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DESIGN

DISCUSSION

The ramp roller clutch was designed using the methods and practices devel-
oped by Sikorsky Aircraft through years of successful ramp roller
overrunning clutch applications. The clutch was designed for reliable oper-
ation in a helicopter transmission compatible with 26,500 rpm and 3,570
inch-pounds of torque. MIL-L~7808 lubricant was used at 195°F minimum oil
inlet temperature and 100 psi maximum oil inlet pressure. Several new fea-
tures make it possible to operate at the 20,850-fpm pitch-line velocity
encountered during the 26,500-rpm differential speed overrunning tests.
Three new design features are used for the first time on a Sikorsky Aircraft
ramp roller clutch: oil-exchange ports, hollow rollers, and close-tolerance
concentricity. Other recent design features also incorporated include pres-
surized lubrication system, tungsten-carbide flame-plated outer housing,
straddle-mounted roller retainer, lubricated roller retainer return-spring-
pin assembly, and outer housing oil dam. Table I summarizes the clutch
design criteria, design geometry, and component stresses. Appendix I pre-
sents a structural analysis of majJor clutch components. Figure 2 is a cross
section of the ramp roller clutch assembly indicating design features.

TABLE I. SUMMARY OF DESIGN CRITERIA, GEOMETRY, AND
COMPONENT STRESS, RAMP ROLLER CLUTCH
Minimum Roller Maximum Roller

Item Contact Angle Contact Angle
No-load roller contact angle 3 deg 52 min 4 deg 51 min
Roller contact angle (1500 hp) 5 deg 9 min 5 deg 50 min
RPM 26,500 26,500
HP (normal) 1,500 1,500
HP (static) 3,000 3,000
Housing outside radius 1.8800 in. 1.8700 in.
Housing bore radius 1.5030 in. 1.5035 in.
Cam flat to centerline 1.1250 in. 1.1240 in.
Cam inside radius 0.795 in. 0.805 in.
Roller radius 0.1875 in. 0.187L in.
Effective roller length 0.56 in. 0.56 in.
Number of rollers 14 1k
Roller load (1500 hp) 3770 1b 3320 1b
Roller Hertz stress (1500 hp) 433,600 psi 407,300 psi
Roller load (3000 hp) 6,540 1b 5,940 1b
Roller Hertz stress (3000 hp) 571,300 psi 544,700 psi
Clutch assembly weight 9.34 1v 9.34 1b

h—x“wmm e



CRITICAL SPEED

As shown in Figure 2, the basic design has a low length-to-diameter ratio,
resulting in the benefit of high natural frequency of lateral vibration for
the system. This was verified during the design phase of the program using
a computer program which determines natural frequency of rotating shaft sys-
tems. The first bending natural frequency was found analytically to be
35,060 cpm, which is well above the 26,500 cpm operating frequency. Concen-
tricity tolerances on the outer housing were closely controlled during
manufacture since this component creates the highest unbalance forces be-
cause it has the largest mass and polar moment of inertia.

FLAME PLATING

The outer housing of the ramp roller clutch is coated with tungsten-carbide,
and the inner cam surface is case carburized. On the outer housing, the
tungsten-carbide coating prevents excessive wear on the rolling surface.

The coating process used on the outer housing conforms to Aeronautical Mate-
rial Specification 2435. Previous tests conducted at Sikorsky Aircraft have
shown that the inner cam flats can not be tungsten-carbide coated because of
poor plating adhesion properties on the noncircular cam surfaces.

LUBRICATION

The shape of the inside of the cam shaft provides a natural chamber for oil
flow to all clutch components. This chamber is pressurized to assure oil
flow when the clutch overruns and the shaft is stationary. A single, fixed
Jet supplies o0il to the chamber, which in turn supplies oil to clutch
rollers, bearings, roller cage, and cage return-spring pin assembly. The
clutch theoretical oil flow may be calculated by empirical methods which de-~
termine the friction horsepower. In practice, the most efficient oil flow
may vary substantially from the theoretical. Windage and churning create a
back pressure at the oil jet outlets which cannot be predicted by known anal-
sis. As a result of windage and churning losses, the calculated oil flow of
1.42 gpm was reduced to .83 gpm. A further discussion is presented in the
"TEST RESULTS" section of this report.

Each bearing has an oil port directed to the gap between bearing cage and
inner race outside diameter. On the outer spacer of the matched spacer set
between bearings, four 0.125-inch-diameter holes provide a rapid drain of
0il between bearings. This rapid drain port reduces heat generation from
churning.

A lubrication feature used for the first time on the clutch of this program
is the oil-exchange port concept. Two 0.040-inch-diemeter holes drain oil
from the clutch roller area at approximately 0.6 gpm at 26,500 rpm and under
the influence of pressure created by centrifugal force in the area of the
oil dam (see Figure 2). This is less than the flow being fed to the roller
area, spilling part of the oil over the oil dam and part of the oil through
the oil-exchange ports. A constant turnover of new, cool oil is presented
to the roller contact area; stagnant, trapped oil is prevented. Field expe-
rience has shown that frequently this area of the ramp-roller clutch outer

I
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housing builds up a sludge deposit which further reduces clutch efficiency,
creates heat, and increases wear.

The pressurized lubrication chamber also provides oil for the roller retain-
er return-pin-spring assembly to reduce fretting created by the relative
motion between pin and bushing.

The axially restrained roller retainer is straddle-mounted on oilite bush-~
ings and is rree to rotate about its own axis. Straddle mounting helpec to
prevent misalignment of rollers on the cam during overrunning and also cre-
ates a chamber which forces oil to flow to the rollers.

HOLLOW ROLLERS

Hollow rollers have been incorporated into the design of the ramp-roller
clutch. Although hollow rollers have previously been used in cylindrical
roller bearings, this is the first time this concept has been used in a ramp-
roller clutch. Hollow rollers reduce centrifugal load, increase heat
dissipation, and improve load sharing as a result of increased roller flexi-
bility.

The 0.125-inch~diameter hole in the 0.375-inch-diameter roller reduces solid
roller weight by 12.5 percent. Since centrifugal roller load is directly
proportional to roller mass, the load of the rollers on the housing at dif-
ferential overrunning is reduced by 12.5 percent. Reduced ceatrifugal loads
reduce wear of rollers and housing.

The most important advantage of the hollow roller accrues from greater
roller flexibility. Small roller deflections greatly increase the contact
area between rollers and housing and rollers and cam. Increased area of
contact reduces surface compressive (Hertz) stress. The magnitude of the
compressive stress is the overriding factor which controls the housing
roller and cam cross-sectional dimensions. Hence, the overall freewheel unit
size may be reduced when hollow rollers are used. A detailed analysis of
hollow rollers is presented in Appendix II.

Preceding page blank
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TEST FACILITY

DYNAMIC

The ramp-roller clutch dynamic test facility was used to conduct full-speed
overrunning, differential-speed overrunning, and engagement tests. The test
facility is shown in Figure 3.

The facility is a back-to-back open-loop configuration consisting of two
Sikorsky H-3 helicopter main transmission input gearbox sections with sepa-
rate electric drive motors. The ramp roller clutch test specimen is
installed in a separate casing between drive transmissions. The clutch

outer housing is belt driven through the H-3 rotor brake flange with a two-
speed 40-hp electric motor. The rotor brake takeoff, normally operated at
3195 rpm, is driven at 4464 rpm, which corresponds to 26,500 rpm at the gear-
box high-speed shafts. The ramp-roller input cam shaft is belt driven by a
variable-speed T75-hp electric motor and has the capability of driving at any
speed from 8500 rpm to 26,500 rpm.

Separate lubrication systems are supplied for the ramp-roller clutch and the
drive transmission. The test clutch lubrication system with instrumentation
is shown schematically in Figure L. The clutch lubrication supply pump is
capable of delivering 6 gpm at 100 psi at the clutch inlet. Flow and pres-
sure are controlled by a bypass valve. A thermostatically controlled
electrical heater is located between the lubrication supply pump and clutch
0il inlet. This heater maintains oil inlet temperature at 195  F minimum,
simulating extreme gearbox operating temperature.

The measurement of clutch drag torque is taken as shown in Figure 5. The
linear potentiometer, which is rigidly connected to the spring scale, pro-
vides an accurate, remote measurement of spring deflection and hence load on
the arm.

The test equipment and measurement instrumentation for the ramp-roller
clutch dynamic test facility are listed in Taeble II.

STATIC

The ramp-roller clutch static test facilities were used to conduct the stat-
ic cyelic clutch test and the ultimate load test of the ramp-roller clutch.
The static test facility is shown in Figure 6.

The same clutch mounting fixture was installed on two different loading fa-
cilities to conduct the static cyclic and ultimate load tests. The clutch
mounting fixture was installed on an IVY-L Universal Fatigue Testing Machine
during the static cyclic test and on a Static Universal Test Fixture with
hydraulic cylinder during the overload test.

Cyclic torque of T1k0 + 900 inch-pounds is applied at 1800 cpm through a 12-
inch torque arm mounted to the clutch camshaft. The clutch outer housing is
bolted to a fixed support to react torque through the clutch. Load is con-

tinuously monitored by a calibrated load cell located between the torque arm

Wan
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Figure 3. Schematic Arrangement, Dynamic Test Facility.
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TABLE II.

TEST EQUIPMENT AND MEASUREMENT INSTRUMENTATION -~

RAMP-ROLLER CLUTCH DYNAMIC TEST FACILITY

Item

Equipment

Input drive motor

Output drive motor

Input gearbox

Output gearbox

Clutch test specimen

H-3 transmission lubrication pump

Clutch lubrication supply pump

Clutch lubrication scavenge pump

Input gearbox rpm

Output gearbox

rpm

Test clutch oil flow rate
Clutch oil-in temperature

Clutch oil-out

temperature

Clutch oil-in pressure

Drag torque (full-speed override

test only)

Drive gearboxes bearing

temperature
Drive gearboxe

Drive gearboxe
pressure

Drive gearboxe

s oil flow
s manifold

8 inlet and outlet

oil temperature

T75-hp "Varidrive" electric motor
40-hp two-speed electric motor

H-3 main transmission input section
with left-side input spur and left-
side freewheel unit shaft removed
and special fabricated rear cover

H-3 main transmission input section
with right-side input spur and
right-gside freewheel unit shaft re-
moved and special fabricated rear
cover

Ramp roller clutch

S5-hp electric-motor-driven vane
pump

2-hp electric-motor-driven vane
pump

0.5-hp electric-motor-driven vane
pump

Pulse pickup and converter
Pulse pickup and converter
Flowmeter

Immersed thermocouple - strip chart
recorder

Immersed thermocouple - strip chart
recorder

Pressure gage

Linear potentiometer and 0- to 2-1b
spring. scale

Lug type thermocouples

Flowmeter

Pressure gage

Immersion type thermocouples

13
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and the testing machine.
nute testing if failure occurs.

Ultimate load is applied by a Static Universal Test Fixture with hydraulic

e o e o el L el S s i & Lo aid giie duded oot U ceai bl

Microwire and limit switches automatically termi-

cylinder using the same support structure of the static cyclic test.

The test equipment and measurement instruvmentation for the ramp-roller
clutch static test facility is listed in Table III.

fo s biaoe e

TABLE III.
RAMP-ROLLER CLUTCH

S

TEST EQUIPMENT AND MEASUREMENT INSTRUMENTATION -

TATIC TEST FACILITY

Item

Equipment

Ultimate load applicator

Static cyclic load applicator

Clutch test specimen

Input torque

Radial housing displacement
Angular displacement
Cycles

Static Universal Test Fixture with
hydraulic cylinder

IVY-U Universal Fatigue Test
Machine

Ramp-roller clutch

Load cell with Ellis Console
Dial indicator, micrometer
Dial gage

Cycle converter

1k
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TEST PROCEDURE

DYNAMIC

Full-Speed Override

The purpose of the full-speed override test was to determine the optimum oil
flow rate for the ramp-roller clutch test specimen and to subject the com-
ponents to extreme speed differential. The tests were conducted on the
ramp-roller clutch dynamic test facility. Prior to the start of testing, a
checkout was conducted to verify test stand operation at 26,500 rpm, to
check out the test stand instrumentation, and to determine characteristies
of the H-3 main transmission input section lubrication system.

MIL-L-7808 o0il was used as the lubricant during all dynamic testing. During
the full-speed override tests, the input cam was held stationary while the
output housing was rotated at 26,500 rpm. Four tests of 5 hours duration
each were conducted at progressively lower oil flow conditions. After each
5-hour test, the test specimen was disassembled and inspected. Measurements
were taken of the diameter of each roller, diameter of housing, and depth

of wear of cam flats. Each roller was numbered and assembled into its cor-
responding numbered slot in the roller retainer. Full-speed overrunning
test conditions are listed in Table IV.

TABLE IV. FULL-SPEED OVERRUNNING TEST
PLANNED OPERATING CONDITIONS

0il Input Output
Flow Speed Speed
Test (%) (rpm) (rpm)

1 300 0 26,500
2 200 0 26,500
3 100 0 26,500
L 67 0 26,500
S* 83 0 26,500

# Test not conducted - see discussion in "TEST RESULTS" section

Each test was run for 5 hours after temperature conditions had stabilized.
The minimum o0il inlet temperature was 195 F for all tests and was thermo-
statically contrclled by a heater in the clutch lubrication system.

At 15-minute intervals, measurements were taken of total running time, tem-
perature at the oil inlet and outlet lines, pressure of oil in, flow of oil
in, and clutch drag torque. The test specimen outer casing was insulated
during each full-speed overrunning test to determine heat rejection.

15



Differential-Speed Override

The purpose of the differential-speed override test was to determine the
clutch maximum drag condition and to ascertain the effects of centrifugal
force on clutch operation. The ramp-roller clutch dynamic test facility was
used to conduct the differential-speed tests.

During the differential-speed tests, the clutch output housing was rotated
at 26,500 rpm whiie the input cam was rotated at 50 percent, 67 percent and
75 percent cf output. Rotation of the input cam subjected the rollers, cam,
cage, and cage return-spring-pin assembly to the effects of centrifugal
force for the first time. Three tests were scheduled to be conducted for

5 hours each at progressively higher input cam speed at the oil flow con-
dition established during the full-speed overrunning tests. The test
conditions of the differential-speed overrunning tests are listed in

Table V.

TABLE V. DIFFERENTIAL-SPEED OVERRUNNING TEST PLANNED OPERATING CONDITIONS

0il Input Output

Flow Speed Speed

Test (%) _(rpm) (rpm)
6 100 3 13,250 26,500
i 100 ' 17,667 26,500
g# 100 19,875 16,500

# Test not conducted - see discussion in "TEST RESULTS" section

Each test was run for 5 hours after temperagure conditions had stabilized.
0il inlet temperature was maintained at 195 F minimum with a thermostatic-
ally controlled heater. At 15-minute intervals, measurements were takeu of
total running time, temperature at the oil inlet and outlet lines, pressure
of oil-in, and flow of oil-in.

After each 5-hour test, the clutch test specimen was disassembled and in-
spected. Each roller was numbered and assembled into its corresponding
numbered slot in the cage. Measurements were taken of each roller diameter,
depth of wear of cam flats, and outer housing diameter (average of two read-
ings). The test specimen outer casing was insulated during each
differential-speed overrunning test to determine heat rejection.

Engagement

Engagement tests were conducted on the ramp-roller clutch to verify oper-
ation under various dynamic conditions. All engagement tests were conducted
on the ramp-roller clutch dynamic facility. Engagement tests were conducted
by first rotating the outer housing above the engagement speed. The input
cam was then rotated at the required engagement speed. The output electric

16



drive motor was then shut off, allowing the outer housing speed to decay un-
til engagement occurred at zero housing and cam speed differential. Table
VI lists the engagement speed and number of engagements.

TABLE VI. ENGAGEMENT TEST PLANNED OPERATING CONDITIONS

Engagement
Test Speed Percent Number of
Number (rpm) (%) Engagements
9 13,250 50 2
10% 19,875 75 2
11 26,500 100 p

# Test not conducted - see discussion in "TEST RESULTS" section

After each engagement test, the clutch was disassembled and inspected. Mea-
surements were taken of each roller diameter, depth of brinelling in cam
flats, and diameter of outer housing bore (average of two readings). The
rollers, housing, and cam flats were examined for brinelled areas. The cage
was examined for cracks or brinelling in roller slots.

STATIC

Cyclic Load

Cyclic load tests of the ramp roller clutch were conducted to verify struc-
tural integrity of the clutch components. During this test the ramp roller
clutch outer housing was fixed while the input cam was subjected to T1LO +
900 inch-pounds torque in the engagement direction. The test was conducted
for 10 million cycles with the test specimen installed in the ramp-roller
clutch static facility on an IVY-U Universal Fatigue Test Machine. Torque
was applied at the rate of 1800 cpm.

Torque was continuously monitored by a calibrated load cell and oscillograph
readout. Microwire and load monitoring units were installed to automati-
cally shut the test machine off. The load monitor was set at + 2 percent
load deviation. At 60-minute intervals, readings were taken of clutch
torque, number of cycles, clutch creep, and outer housing radial displace-
ment. Clutch creep is defined as angular displacement of input relative to
output. At the completion of testing, the clutch was disassembled and in-
spected.

Overload

An ultimate load test of the ramp-roller clutch test specimen was conducted
to verify static structural integrity. The clutch was installed in the ramp
roller clutch static facility on the static universal test fixture. A
steady load was applied in the engaging direction in increments of 1800

17
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inch-pounds up to 10,800 inch-pounds and in increments of 900 inch-pounds
thereafter until slippage or failure occurred. At each load increment,
readings vere taken of clutch torque, housing radial displacement, and
clutch creep. Two separate tests were conducted: one with a case carbu-
rized outer housing without tungsten-carbide flame plating and one with
tungsten-carbide flame plating on the outer housing.

18
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TEST RESULTS

DYNAMIC TESTS

Full-Speed Override

Analysis of the friction horsepower absorbed by the ramp roller clutch dur-
ing overrunning indicated that 1.42 gpm would be required to remove heat for
the 100-percent oil flow condition. During the actual initial trial runs
with the input cam fixed and the output housing rotating, it was found that
with flow rates greater than 0.83 gpm, a choking phenomenon occurred inside
the clutch pressurized chamber. As the rpm of the outer housing increased,
churning and windage losses also increased in the area of the rollers, cre-
ating a back pressure which restricted flow from the jets. Figures 7 and 8
show pressure and flow versus speed of the output housing with the input cam
fixed. Note that the choking effect does not occur below approximately 0.83
gpm final flow rate. On this basis, the 100-percent flow condition was cho-
sen to be 0.83 gpm.

Once the 100-percent flow condition was established, the 300-percent flow
test at 2.5 gpm was conducted. After temperatures were stabilized with the
input cam fixed and the output housing rotating at 26,500 rpm, 5 hours of
overrunning time were accumulated. The clutch was disassembled and visually
inspected for signs of wear. Measurements were taken of all roller diame-
ters, depth of depressions on cam flats, and outer housing diameter. Visual
inspection showed negligible wear on all components. Inspection of rollers
and cam showed that the black oxide surface was partially removed. Depth of
wear did not exceed 0.0001 inch on any component.

The same ramp roller clutch specimen was assembled, and the test at 200-per-
cent flow condition of 1.66 gpm was conducted. Disassembly and inspection

after 5 hours of running again showed negligible wear. On the tungsten-car-
bide flame plating of the outer housing, a hard line appeared approximately
0.03 inch wide and 30 percent of the circumference with no measurable depth.

Similar results were obtained during the third 5-~hour run at the 100-percent
flow condition. Roller wear again measured less than 0.0001 inch. The hard
line experienced during the 200-percent flow test was enlarged to approxi-
mately 0.0l inch wide and 40 percent of the circumference with no measurable
depth.

The fourth test run of 5 hours duration was conducted at the 67-percent flow
condition of 0.55 gpm. Post-test inspection results were markedly different
from those of the previous tests. Total roller diametral wear from all pre-
vious tests ranged from 0.0003 to 0.0005 inch. During the 6T-percent test,
the roller diametral wear ranged from 0.0066 to 0.0103 inch. Roller wear
data is shown in Figure 9 for all full-speed overrunning tests. Heavy
sludge deposits were found in the oil-exchange-port area of tie outer hous-
ing. Figure 10 shows the condition of the rollers after the 67-percent flow
test. Although high wear was measured, as shown in Figure 9, the rollers
were highly polished and perfectly round The flame-plated outer housing,
shown in Figure 11, showed wear for 360 and the full length of the roller

19
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contact area for a depth of 0.0002 inch. The cam flats exhibited & polished
surface, as shown in Figure 12, but the depth of wear was less than 0.0001
inch. The outer housing support bearing nearest the clutch rollers had ex-
tensive heat and deformation damage as shown in Figure 13. Discoloration of
the inner race showed a maximum temperature of 475 when matched to a stan-
dard temperature color comparator for 52100 bearing steel. Figure 14 shows
all ramp roller clutch components after the 67-percent flow test of 0.55 gpm.

Examination of all clutch components showed that the high wear of rollers
and overheating of the duplex bees=‘ng nearest the rollers were caused by in-
sufficient quantity of lubrication. This conclusion is based on the
following facts:

1. The bearing discoloration was heat induced and was typical of a
failure due to insufficient lubrication.

2. The only test variable changed during the 67-percent flow test was
the flow, which was reduced from 0.83 gpm to 0.55 gpm.

3. Marked increase in housing and roller wesar rate uccurred only after
oil flow was reduced to 0.55 gpm.

The magnetic chip detector switch located in the oil return line from the
ramp roller clutch contained magnetic particles but not of sufficient magni-
tude to cause the chip detector to indicate. No other outward appearances
of failure were evident throughout the test. Even with the heat damage and
wear indicated above, the clutch was fully operational and capable of trans-
mitting full Joad if required. Based on the conclusion that the results of
the 67-percent flow test were created by an insufficient quantity of lubri-
cation, the 33-percent flow test at 0.28 gpm was cancelled, as this test
would provide no additional useful information.

Figure 15 depicts the average oil temperature rise as a function of flow
during the full-speed overrunning tests. The reduction at 0.55 gpm indi-
cates that the heat generated was not transferred to the oil. The velocity
of the bearing lubricating Jjet stream may have been reduced to the point
where lubricant was not in contact with the bearing.

Drag torque data for each flow condition of the full-speed overrunning tests
are given in Appendix III.

Figure 16 is a graph of full-speed overrunning drag torque as a function of
flow.

Analysis of the roller wear curves and the heat rejection curves leads to

the conclusion that the design flow condition should be chosen as low as pos-
sible for minimum heat generation but must be of sufficient magnitude to
maintain lubrication on all surfaces. Projected roller wear with proper
lubrication as shown in Figure 9 shows that wear of rollers during full-
speed overrunning is approximately 0.000005 inch per overrunning hour after
initial break in wear of 0.0005 inch in a period of 15 hours. Assuming
0.005 diametral wear life of rollers, this leads to 915 hours roller
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Figure 13.

Forward Support Bearing Heat Damage,
6T-Percent 0il Flow Overrunning Tests.
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full-speed overrunning life. This exceeds expected transmission life on a
typical helicopter, since overrunning is estimated to occur less than 5 per-
cent of the time.

Differential-Speed Override

The rollers, housing, and bearing which were damaged during the full-speed
overrunning test at 0.55 gpm were replaced with new parts. The first dif-
ferential-speed test was conducted with the cam at 13,250 rpm and outer
housing at 26,500 rpm for 5 hours after temperatures had stabilized.

Based on the results of the full-speed overrunning tests, the 100-percent
flow rate for the first differential-speed overrunning test was set at 1.1
gpm. This provided a 100% flow margin above the inadequate flow experienced
during the 0.55-gpm full-speed overrunning test and was not detrimental to
wear, as shown by the wear rates at higher flow conditions during the full-
speed overrunning tests.

Disassembly inspection after the first S-hour test revealed wear on rollers,
cam, cage and housing. The tungsten-carbide flame plating on the outer
housing was worn through, as shown in Figure 17. The edges were chipped and
peeled but not beyond the parent material. The roller diametral wear experi-
enced during the 50-percent differential-speed overrunning tests ranged from
0.0051 to 0.0070 inch. The original roller diameters ranged from 0.3749 to
0.3750 inch.

Roller cocking caused wear on the ends of the rollers as shown by the typi-
cal example of Figure 18. Another example of roller cocking may be found on
the ends of the cage roller slots as shown in Figure 19.

The cam flats were rounded at the intersection of the flat and undercut sec-
tion as shown in Figure 20. The wide band area at approximately the center
of the flat was formed previously during the full-speed overrunning tests
and had no measurable depth. The rounded area on the flat corner indicated
that the roller was not located at the proper overrunning position but was
running partially in the undercut and partially on the flat of the cam.
Thus, without intimate contact between housing and cam, the roller was as-
sumed to be "fluttering" between cem and housing. During the test, no
measurable vibration was recorded on vibration pickups mounted to the clutch
housing. The depth of wear of the tungsten-carbide coated outer housing,
which was suspiciously even with the coating depth and not beyond, may have
been created by the impacts of the fluttering rollers against the housing.
The tungsten-carbide coating is vulnerable to impact type loading. The resi-
due from the worn coating may have acted as a grinding abrasive compound,
creating accelerated roller and cage wear.

The tests were temporarily halted so that the outer housings could be re-
plateé with tungsten-carbide; the testing was then continued.

To correct the cocking of the rollers and the roller flutter problem, the
cage return spring which preloads the roller retainer and holds the roller
in intimate contact between housing and cam was changed to a larger size,
increasing the load per pin from 1.0 pound to 1.5 pounds at installed length
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Figure 19. Roller Retention Cage Wear , 50-Percent
Differential-Speed Overrunning Test.
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in the overrunning condition.

A new set of hollow rollers with reworked outer housing was installed, and
the 67-percent differential-speed overrunning test was conducted with output
housing rotation at 26,500 rpm and input cam rotating at 17,667 rpm. The
flow condition of 1.1 gpm for the 50-percent differential-speed test was in-
creased to 1.8 gpm for the 67-percent differential-speed test to increase
roller lubrication.

Disassembly inspection after the 67-percent differential-speed overrunning
test again revealed wear on rollers, cam, cage, and housing, but to a lesser
extent than that found after the 50-percent test. Roller diametral wear,
which ranged from 0.0051 to 0.0071 inch after the 50-percent differential-
speed test, now ranged from 0.0013 to 0.0035 inch after the 67-percent
differential-speed overrunning test.

The housing flame plating was worn through, with measurements of 3.0063
inches prior to test and 3.0134 inches diameter after test. As in the 50-
percent differential-speed overrunning test, no wear was noted in the parent
metal. The roller wear, which was lower in the 67-percent speed test than
in the 50-percent speed test, may be attributed to the higher, 1.8-gpm, o0il
flow rate used, which probably flushed the f{lame plating abrasive compound
away from the roller contact area.

Drag torque data for the 50-percent and 6T7-percent differential-speed over-
running tests is shown in Appendix III. Drag torque versus speed of input
cam as a percentage of housing speed is shown in Figure 21. Temperature
rise (AT) as a percent of housing speed is shown in Figure 22.

With the output housing rotating at 100 percent and with the input cam rota-
ting at speeds greater than 67 percent, the drag torque decreases until the
minimum value is reached when the freewheel unit is in the locked driving
position. This low-drag condition at locked position is created by the ab-
sence of churning in the roller contact area. The zero point was obtained
from the full-speed overrunning tests at the 1.8 gpm flow condition.

Note the smali decrease in drag torque shown from O percent to T5 percent in
Figure 21. As cam speed increases, churning losses are counterbalanced by
higher centrifugal roller loads. At cam speeds greater than 75 percent, the
churning losses become less important even though centrifugal load is in-
creasing as the square of speed.

Based on the wear rates experienced during the 50-percent and 6T7-percent
differential-speed overrunning tests, a third test scheduled to be conducted
at T5-percent differential speed overrunning was cancelled since it was ex-
pected that the flame-plated outer housing would again experience high wear.

The wear improvement shown in the 67-percent test indicates that the flame-
plated outer housings may create the wear problem. This conclusion is based
on the fact that the wear advanced to the thickness of the plating and not
into the parent metal. Also, the higher flow rate carried the abrasive wear
particles away faster, indicating that the particles of flame plating may be
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the cause of high roller wear.

Dynamic Engagement

The hollow rollers were replaced with new rollers, and the ramp roller
clutch was reassembled for dynamic engagement testing.

With the output housing rotating at 13,250 rpm, the input cam speed was
brought up to 12,640 rpm. The output electric drive motor was then shut
off, allowing the output housing to coast down to 12,640 rpm, at which time
engagement occurred. The input cam then drove the entire assembly for a
period of 5 minutes. The engagement was smooth with no unusual noise, vi-
bration, temperature, or other adverse condition. The procedure was
repeated for a total of two engagements at the 50-percent engagement speed
condition. Disassembly and inspection revealed no measurable wear or other
abnormalities.

The components were reassembled and installed in the test facility for the
100-percent engagement tests. The above procedure was repeated with the
output housing rotating at 26,500 rpm and with the input cam rotating at
25,440 rpm. After engagement, the input cam was allowed to drive the entire
test stand. As with the 50-percent engagement test, the engagement was
smooth with no unusual noise, vibration, temperature, or other adverse con-
dition.

Approximately one minute after the engagement with the input cam driving the
entire test stand, an abnormal noise was heard and the stand was shut down.
Disassembly revealed a broken adapter shaft which connects the ramp roller
clutch assembly to the H-3 input gearbox assembly. This shaft is not a
clutch test component but is used to couple the drive gearbox to the clutch
housing. Figure 23 shows the failed adapter.

A new adapter shaft and nut were installed and the testing continued. A
second successful and smooth engagement was made at 100 percent without ab-
normalities. On the attempt at the third engagement, the output housing
did not engage at the speed of the input cam but was delayed substantially
below the cam speed. This "Jelayed engagement" created an impact or shock
load when the cam attempted to instantaneously accelerate the housing to
100-percent speed. The chip detector light was on after the delayed engage-
ment.

The clutch was disassembled and inspected after the delayed engagement. The
cam is shown in Figure 2k. Indentations were found on all flats at approxi-
mately the center of the flat where the roller had jammed into the cam.
These indentations measured 0.0018 inch maximum in depth. The rollers were
brinnelled, with changes in original diameter ranging from 0.0013 to 0.001k
inch. The new adapter shaft failed in the same location as on the previous
engagement tests. The cam, housing, rollers, and flange are shown in
Figure 25.

Adapter flange fractures were caused by fatigue bending with multiple ori-
gins as discovered in post-test metallurgical evaluations. The adapter
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Figure 2L.

Cam Condition After Delayed Engagement.
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flange failures were traced to a worn sleeve bearing in the H-3 gearbox fa-
cility. The sleeve bearing failure induced high bending stresses in the
adapter shaft. The sleeve bearing is shown in Figure 26.

It was assumed that the delayed engagement was a direct result of rollers
not riding in the proper engagement position on the cam ramps. This condi-
tion is attributed to the worn sleeve bearing and fractured adapter flange.
With proper support from the sleeve bearing, the adapter shafts would prob-
ably not have failed and the delayed engagement would not have occurred.

The remaining engagement test scheduled to be conducted at T5-percent engage-
ment speed was cancelled due to lack of adapter flanges.

STATIC TESTS

Cyclic Load

Static cyclic testing was conducted for 10 million cycles at a torgue of
7140 # 900 inch-pounds on the ramp roller clutch static test facility. An
IVY-4 Universal Fastigue Test Machine was used to apply the torque through a
12-inch load arm as shown in the "TEST FACILITY" section of this report.

Clutch creep, defined as the angular displacement of the input cam shaft re-
lative to output housing, is shown in Figure 27 as it progressed through the
cyclic test. This creep is an indication of wear, yielding or fretting of
cam, rollers, or housing. Angular displacement can not change with constant
load unless the cam, rollers, or housing experience dimensional changes.
Each reading of angular deflection was taken at the steady torque condition
of 7140 inch-pounds. As shown by Figure 27, the maximum clutch creep was
.30 degree and was essentially at a constant rate to 8 million cycles, where
an increase in slope occurred.

Readings of housing radial displacement were taken throughout the test. As
expected, the housing radial displacement did not change during the test
from the initiel setting of 0.0016 inch at 7140 inch-pounds torque.

Disassembly inspection of the cam after the 10 million cycle test revealed
slight fretting of the cage oilite bushing on the bushing Journal as shown
in Figure 28. Three of fourteen cam flats had brinnell marks measuring
0.0004, 0.0003, and 0.0003 inch in depth. The housing, shown in Figure 29,
experienced heavy chafing and wear of the contacting surface between rollers
and housing. The tungsten-carbide flame coating was damaged to a depth of
0.005 inch, which was through the coating to the carburized surface beneath.
The rollers had slight spalling on the side in contact with the cam and
heavy spalling on the side in contact with the housing, although compressive
stresses are lower on the housing side due to the housing radius of curva-
ture (concave/convex contact on housing and flat/convex contact on cam).

One roller of the fourteen was fractured as shown in Figure 30. The roller
was fractured by fatigue stresses with origins on the outer surfaces.
Therefore, it was assumed that stress concentrations introduced by break-
down of the tungsten-carbide coating on the contacting roller surfaces
caused the roller failure. The maximum roller stress is at the inside on
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Sleeve Bearing at Completion of Dynamic Engagement Test.

Figure 26.
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Figure 27. Clutch Creep Under the Influence of Cyclic Loading.
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Figure 28. Clutch Cam After Static Cyclic Test.
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Figure 29.

Outer Housing Wear Pattern in Tungsten-Carbide
Flame Plating, Static Cyclic Test.
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the surface of the hole under the load as shown in Appendix II. The calcu-
lated roller stresses at the test load were 250,000 + 35,000 psi. These
stresses are below the endurance limit for the roller material.

In aircraft use, the roller does not remain in the locked position for 10
million cycles. Surface breakdown will not occur in a concentrated contact
zone since the rollers are "polished" during overrunning. It is concluded,
*herefore, that the roller fatigue fracture will not occur in aircraft appli-
cation because:

1. Fatigue fracture originated on outside of roller due to tungsten-
carbide plating breakdown which created stress concentrations.
Outside of roller is not the maximum roller stress point.

2. Otress concentrations wiil not occur in rollers of aircraft ramp
roller clutch since overrunning will "heal" any start of this con-
dition.

3. Fatigue test at twice design load was at accelerated load condi-
tions not likely to occur for 10 million cycles in ramp roller
clutch life.

A composite of housing, cam, and rollers is shown in Figure 31. None of the
roller clutch components other than the housing, cam, and rollers showed
signs of wear, fretting, or yielding in any areas. The roller fracture may
have occurred at approximately 8 million cycles, where the slope of clutch
creep versus cycles increases as shown in Figure 27. Since no other rollers
were cracked as determined by magnetic particle inspection, it can be as-
sumed the failure was at the later stages of testing at high cycle count.

Overload

Two static overload tests were conducted on the ramp roller clutch static
test installation. Load was applied through a hydraulic cylinder monitored
by calibrated load cell. The initial test was conducted with a ramp roller
clutch with case-carburized outer housing, and the second test was conducted
with a ramp roller clutch with tungsten-carbide flame-plated outer housing.
The tests were not carried to complete destruction but were stopped at
24,000 inch-pounds torque, which is greater than six times design load. In
both tests the hollow rollers were the weak link, with all rollers experi-
encing diametral cracks across the contacting surfaces. Cracking sounds
were detected in both tests between 17,000 and 18,000 inch-pounds. A yield-
ing of 0.3 degree at 18,000 inch-pounds torque indicated that the rollers
failed at this point.

Torsional spring rate, or clutch angular deflection versus torque, is shown
in Figure 32 for the flame-plated housing. Identical results were obtained
with the carburized housing.

Outer housing radial deflection was recorded for both tests as a function of

clutch torque and is shown in Figure 33. Note the yielding at 18,000 inch-
pounds torque, indicating roller cracking.
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Figure 32. Ramp Roller Clutch Torsional Spring Rate.
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The roller contact angle is calculated using the actual measured angular
displacement. Knowing the true roller contact angle and torque, the actual
roller load may be determined. At 18,000 inch-pounds torque, the roller
load was found to be 11,000 pounds at a roller contact angle of 8 degrees L9
minutes. The calculated roller bending stress at this load is 360,000 psi.
The hollow roller obviously yielded prior to reaching this stress, as the
minimum tensile stress of the roller material is 300,000 psi. The 360,000-
psi bending stress may be thought of as a modulus of rupture for the hollow
roller. At 24,000 inch-pounds torque, the roller load was found to be
12,650 pounds. For a solid roller with a 12,650-pound load, the calculated
Hertzian compressive surface stress is 897,000 psi between roller and hous-
ing. There is no known theoretical derivation of the contact stresses for
hollow rollers. Since the flame-plated clutch housing did not fail and the
allowable surface stress is in the order of 500,000 to 600,000 psi, the
stresses were obviously lower in the hollow roller owing to its greater
flexibility. This is a major advantage in using hollow rollers in a ramp
roller clutch. It is conservatively estimated that surface contact stresses
between roller and cam and between roller and outer housing are reduced by
50 percent due to greater flexibility of hollow rollers as compared to solid
rollers.

With solid rollers, "spit out" usually occurs when the coefficient of fric-
tion on the rollers becomes less than the tangent of the roller contact
angle. Previous experience has shown that roller spit-out generally occurs
at approximately 8 degrees. With this test, rollers of the ramp roller
clutch did not spit out with roller contact angles of 10 degrees 19 minutes.
This capacity for spit-out is also attributed to greater area of contact
from increased flexibility of hollow rollers. Thus, another important advan-
tage of hollow rollers in the ramp roller clutch is the use of higher
allowable roller contact angles. This leads to a reduction in roller load
by the ratio of cotangent of one-half of the roller contact angle. For ex-
ample, if an allowable roller contact angle of 8 degrees is used for hollow
rollers versus 6 degrees for solid rollers, the roller load will be de-
creased by 25 percent.
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METALLURGICAL EVALUATION

PROCEDURE

~ The following procedures were used to determine the mode of failure, origin

of fallure, microstructure of case and core, chemical composition, case
depth, and hardness of the case and core for one test sample of each major
ramp-roller clutch component:

1. Fractures, vear patterns, spalling, and brinnelling were visually
examined with a low-power stereo-microscope to determine the mode
and origin of failure.

2. One each of cam shaft, outer housing, roller retainer, adapter
shaft, and several hollow rollers were further examined as follows:

a. The Rockvell hardness was determined for the case and
core.

b. A section from each camponent was mounted., etched with
2-percent nital solution, and examined on a metallograph
to determine the microstructure of the cnse and core.

c. Total case depth was determined by examination of the
etched mounts under a Brinell microscope. The effective
case depth was determined in terms of "Knoop" hardness on
a Tukon microhardness tester. The case-core transition
point was taken at KHN 542 (approximately equal to R, 50).
The results presented have been converted to Ro readings.

d. Material chemical composition was analyzed on a spectro-
graph to determine conformity with the material
specifications.

RESULTS

The hardness data for the major clutch components examined are listed in
Table VII.

The cam shaft drawing specified an additional hardness requirement of R, 60
to be maintained for a minimum depth of 0.030 inch. Microhardness readings
taken at 0.030 inch indicated a hardness of Rc 60. Surface hardness was R.
62.

A spectrographic analysis was conducted on all the major clutch components.
This analysis indicated that the material of all components was 9300 series
steel. Metallographic examination of the mounted sections of clutch com-
ponents revealed typical martengitic structure with no evidence of excessive
carbides or retained austenite.
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TABLE VII. RAMP ROLLER CLUTCH COMPONENT HARDNESS DATA

Part Name Case Hardness Core Hardness Effective Case
Actual Required Actual Required Actual Required

(Re) (Re) (Re) (Re) (in.) (in.)
Cam Shaft 62 60-64 39 30-k5 .061 .060-.090
Outer Housing 55 52-58 35 30-L0 .050 .050-.090
Roller Cage 60 58-6L 39 30-45 .021 .010-.025
Roller 60 59-64 L) 30-L45 .038 .030-.060

Results of the stereo-microscope examination are discussed in the "TEST RE-
SULTS" section of this report.

The results of tests and examinations indicated that all parts conformed to
the drawing requirements.
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CONCLUSIONS

1. The ramp-roller clutch, in its present configuration, operated at 26,500
rpm, but under its most critical operating condition (differential-speed
overrunning) it experienced high roller and housing wear.

2. The pressurized lubrication system used to lubricate the rollers of the
ramp-roller clutch allowed designing of the cam as the input or driving
member by assuring lubrication without centrifugal force assist. Centrifu-
gal effects on the rollers during full-speed overrunning were eliminated,
resulting in a highly successful full-speed overrunning operation.

3. The straddle-mounted roller retainer that was used trapped oil around
the rollers and the cam, which reduced cam wear resulting from roller slid-

ing.

4. The use of hollow rollers in place of solid rollers in the ramp-roller
clutch gave the following advantages:

a. The surface contract stresses between rollers, cam, and outer
housing were reduced because roller flexibility created a
larger contact area.

b. The allowable maximum roller contact angle was increased to
8 degrees, thus reducing roller loads and resulting stresses
because the hollow rollers had higher resistance to "spit-out".
The flattened contact area of hollow rollers had a greater
resistance to skidding than solid rollers.

¢. Increased roller flexibility resulted in improved load sharing.

d. The lower mass of the hollow rollers reduced the centrifugal
load of the rollers on the outer housing during differential
speed overrunning. This lower centrifugal load reduced wear
of rollers and housing.

5. The tungsten-carbide flame-plating process used on the ramp-roller
clutch outer housing broke down in all tests, due to its susceptibility to
shock or impact loads. These loads were assumed to have been created by
vibrations of the rollers at high pitch-line velocities. It was also
assumed that particles from the tungsten-carbide coating acted as an abra-
sive compound on the rollers, thus accelerating wear.

€. The design load of the roller retainer return-spring-pin assembly was
insufficient when the centrifugal effects became more pronounced. Also, the
lack of the return-spring-pin assembly load did not allow the rollers to
overrun in the proper vposition, in contact with the cam and housing at all
times.

T. Additional exploratory development effort is required to minimize or

eliminate the excessive wear experienced at the differential overrunning
speed condition. Specific areas requiring additional development effort are
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surface treatment of outer housing and roller retainer return-pin-spring as-
sembly.
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APPENDIX I
STRUCTURAL ANALYSIS, RAMP ROLLER CLUTCH

FULL-LOAD ROLLER CONTACT ANGLE

This analysis determines the roller contact angle, commonly called the nip
angle, for the fully loaded ramp roller clutch. The analysis includes the
expansion of the housing and the contraction of the cam. The following
nomenclature is used for the ramp roller clutch analysis:

b = 1.875 in. = housing outside radius

R = 1.503 in. = housing bore radius

K = 1.125 in. = cam flat to cam center line
d = .800 in. = cam inside radius

p = .1875 in. = roller radius

1 = .560 in. = roller effective length

N = 1k = pumber of rollers

v = .32 = Poisson's ratio

Figure 34 shows the loads imposed on the roller.

Figure 34, Loads Imposed on Roller.

53



r-ﬂ o 3 R T Ra el Diedac " Y Y S i gl

p = 63025 hp (1)
k rpm
§ v = 63025 (1500)
; 26500
i
j T = 3570 in.-1b

4 For equilibrium of the roller,

Fo p = Fi [ (2)
g o
§ Also from Figure 35,
ﬁ. Fi+Focos¢/ - psiny = 0 (3)
f’- . which reduces to
- ¥ (4)
P = F_cot (2)
To determine the cam and roller contact angle,
L = 1+b-R (5)
L = .560 + 1.875 + 1.503
lh = .938@
A, = 27TRIL (6)
Ah = 2 7 (1.503)(.932)
Ah = 8.801 = effective expansion area of housing
1, = 1+K-d (1)
lc = .560 + 1.125 - .800
lc = .,855
Ac = 27K -1c (8)
A, = 2« (1.125)(.885)
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The radial contraction of the cam as given by Reference 1:

:

where

The radial expansion of the housing as given by Reference 1:

where

A
c

6.256 =

e K% + d°
E k2 - g2
PN
A

[}
F N . v

A cot 2

(o]

T 14
R A (cot 2)

(o}

=T K
T A ()

(]
W cot g

-7 (E) K2+d
EA, R w2

RPh

E

N
z 2
v® - R

4

-]
]

60

effective contraction area of cam

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)



Substituting for W and X gives the following:

2 2
P ~3570 (1.125) [1-1&5 + .8002 _.32]

29 x 10° (6.256) \1-503 1.1252 - .800
W = -=4o.2x 10'6
2 2
o = 3270 1.8752 tA20E 43
29 x 10~ (8.801) 1.875° - 1.503
X = 68.7x 10'6
Now
K+u +p
C
cos -2- = R + “h — (17)

Substituting for H, and “h gives the following:

[R '2' p]sin 2y + [X cosy + W] [l + cos !P] = sin#v[K +p](18)

[1.503 ; -;87‘5] sin 2y + 10'6 [58,7 cosy - h0.2][1 + coswﬁ]

= sin\P[l.lQS + .1875]

By an iterative solution procedure, V¥ in Equation (18) is solved for the
full-load contact angle, giving

¥ =5 deg 11 min

A full-load roller contact angle of less than 8 degrees at the maximum de-
sign horsepower has been shown by experience to be sufficient to retain the
rollers in position and prevent roller spit-out. A full-load angle

greater than 2 degrees has been shown by experience to be sufficient to
prevent self locking. Hence, the ramp roller clutch assembly meets the
design requirements for roller contact angle.

By the same method, the roller contact angle for twice the ahove design
torque is found to be 6 degrees 3 minutes.
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RAMP ROLLER CLUTCH HOUSING

The ramp roller clutch housing is subjected to bending and tensile stresses
induced by roller loads. The housing is analyzed as a ring subjected to
14 equally spaced loads reacted at the output flange as a uniform shear
flow. A typical load point is shown in Figure 35.

Z

7
&E"

Figure 35. Roller Contact Loads on
Quter Housing.

The roller loads are found from

P = RT—N (19)
_ 3570

45 1.503 (1%)

F, = 170 1b

P = Fo cot -g (20)

P = 170 cot —-2& il min

P = 170 (22.1)

P = 3760 1b
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- I (21)
27 R
r
where q, = ghear flow, 1lb/in.
q = radius to intersection of output flange and housing, 1lb
_ 3570
q.h = 2
, 27 1.58k4
q = 227 1b/in.

The critical sections through the housing are at the roller contact points

(6 =8 =%/N)

0 = % = I"L- = .224h rad = 12 deg 51 min =8

The maximum bending moment at these points as given by Reference 2:

S g e l_M+w_q,R23 (22)
max 2 ] sin @ 2 siné H r

radius to centroid of effective housing area, in.

oo
n

where

M - 3760(1.702) 14 _ cos .22WY  170(1.702)
max 2 r sin .22Lk 2

-277(1.5814)2 (.22hk)

249 in.-1b

M
max

The internal tensile load as given in Reference 2:

- P cosB _ Hostny (23)
H 2 siné 2 siné
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3760 (.2244) 170
2 (:::(.2%5))' —g_

= 8160 1b

The maximum bending stress occurs at the outside of the housing and is
given by

M Y
£ i -BaX o) (24)
b IH
where IH = moment of inef‘tia of effective housing area about
centroid, in.
Yo = radial distance from centroid of housing area to
outside fiber, in.
£, - 249 (.173)
.00531
fb = 8110 psi

The axial stress is given by

F

Pz B (25)
8 Ry
where A.H = housing cross-sectional area, in.2
£ = 8160
a .563
£ = 14,500 psi

The material of the ramp roller clutch housing is AMS 6260 heat-treated,
Re 30-U45, which has the following material properties:

Ftu = 136,000
Fty = 115,000
Fbu = 180,000
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The margin of safety is given by

>y 1 -1 (26)
M'S'ult B £, £
1.5[-1;— s
tu bu

o 1
BB 1.5 14,000 8110
*21136,000 180,000

M.S. +3.4

ult

RAMP ROLLER CLUTCH CAMSHAFT

The ramp roller clutch camshaft is analyzed in a manner similar to the
outer housing but with loading inward instead of outward as shown in
Figure 36. Ring formulas are used with 14 equally spaced loads and uni-
form shear flow acting at the radius to the centroid Rr of the input torque

flange.

e

Figure 36. Roller Contact Loads on
Inner Cam.
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The roller loads are identical to those on the housing and are

Fi = Fo = 170 1b

P

3760 1b

The radial and tangential cam loads Pc and Fc are found as follows:

d = (Rp) siny = (1.503 - .1875) sin 5 deg 11 min = .1188

_ -1fa\. -1 f.1188\ _ .
Y = tan (K>— tan (———1.125) = 6 deg 5 min

. _K 1,125 _
B cosY  cos 6 deg 5 min 1.131
Pc = Pcosy + Fi siny
= 3760 cos 6 deg 5 min - 170 cos 6 deg 5 min
= 3760 1b
F = P sinYy - F, cosY
] i
= 3760 sin 6 deg 5 min - 170 cos 6 deg 5 mir
= 230 1b
L
c oNF 2
r
where q, = shear flov 1b/in.
R. = radius to centroid of input torque flange

% 3570 =
q, = —27-—72 SiC7o8y = 890 v/in.

The critical sections through the cam are at the roller contact points

(0= g = W/N):
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o = X ﬁ; = .22uk rad. = 12 deg 51 min =
v o= e®T1 . e8] | K = . rR%g (33
max 2 0 sin @ 2 sin¢ c r

. =3780(.843) [ak _ cos (.22uL) 230 (.643)
2 * 7 sin (C22L% )J 2

+890 (.797)(.22Lk)
. -53 1no-1b
The internal compressive load is given by

=P cosfB F sing
c c

S S (34)
2 sind 2 siné

= 3160 cos (,20hL) . 230
sin (.224L) 2

= -8130 1b (compression)

The maximum bending stress occurs at the inside of the cam and is given by

¢ = max i (35)
b I
c
vhere Ic = moment of 1nsrtia of effective cam area about

centroid, in .

Y = radial distance from centroid of cam area to inside
fiver, iu.

. =53(.281)
Ty L01L8
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f, = -1000 psi

The axial stress is given by

a8 c
2
vhere Ac = cam cross-sectional area, in.
-8120
fa * .562
fa = -14,500 psi

The material of the ramp roller clutch cam is AMS 6260, heat-treated, R,30-
45, which has the following material properties:

Ftu = 136,000

Fty = 115,000

Fbu = 180,000

The margin of safety is given by

M.S. 1 -1

ult = T ff
tu dbu

M.S.ult =
1.

1
14,500 . 1,000
>1138,000 * 1Eo.ooo]

'”'S°u1t = +4.9
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RAMP ROLLER CLUTCH ROLLER

The rollers transmit power to the outer housing from the cam and are sub-
Jected to a maximum compressive stress when transmitting the maximum design
horsepower.

P = 3760 = 1load at maximum hp
p = 1875 = roller radius
1 = .56 = roller effective length

The compressive stress on the rollers is calculated as shown in Reference
1:

_ P E
£, = 591 = (37)

591 3760 (29 x 106)
c ) 2 (,56)(.1875)

425,900 psi

5
1]

f
c

The allowable compressive stress is given in Reference 3:
fc allowable = 600,000 psi

M.S. = 600,000 -1 = + .4

k25,900

RAMP ROLLER UNIT, DYNAMIC ANALYSIS, ROLLER RETAINER PIN SPRING ASSEMBLY

The pin and spring assembly as shown in Figure 37, exerts a force on the
roller retention cage which causes the rollers to contact the outer housing
and ramp roller cam at all times. Improper design can csuse the torque

on the roller retention cage to reverse under dynamic conditions due to
centrifugal forces. This phenomenon is critical when the cam and rollers
are in the freewheel position, i.e., initial contact angle. P, as shown
in Figure 37, is the total force on the roller retention cage due to
static and dynamic forces. In the ideal cesign, Pp should remain constant
under all conditions of rpm.
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Figure 37. Roller Retainer Return-Pin-Spring

Assembly Geometry and Dynamic Forces.
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The spring analysis is given below.

fs = 1.00 = free length of spring

Ks =  L4.00 1v/in.= spring rate

WS S .0004567 = weight of spring

I = I-8+1L (38)
[} 2

.881 - .bok + .625
2

= .506

The centrifugal force acting on the spring is given as

r2 W rpm2
F = 8 RS+ ¥ 2 (39)
cs 900 g s

2 2
r~ (.0004567) (rpm) 2 2

1.786 x 1o‘8

2
rpm

The normal spring force is found from

i » (40)
] cs ¥
37+ IB
-8 2 7====%9§£==ﬁr'
= 1,786 x 10 rpm 1.280° + .506

= 1.661 x 10.8 rpm2
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The axial spring force is found from

A | (k)

as s R
- -8 2 -506
= 1.661 x 10 = (rpm) =55
= .656 x 10-8 rpm2

The spring force at the installed position is
F = K (f -T-S4+0L) (b2)
s 8 s

= L,00 (1.000 - .881 - .47k + .625)

= 1.000 1b

The resultant spring force acting on the pin in the axial direction is

P = F -(F _ +uN) (u3)
8 8 as 8

-8

= 1,000 - (.656 x 10-8 rpm2 + 4 1.661 x 10 rpme)

= 1.000 - rpn2 x 1070 (.656 + 1.661 4 )

If the rpm and u in the above equation are such that P is negative, the
spring will not act on the pin but will be forced in the opposite direc-
tion. In the ramp roller clutch design, the spring becomes inactive at
12,300 rpm regardless of u.
The analysis of the pin is given below.

D tJ ’125 ino

L = .625 in.

d = ‘0625 ino

1 = 0375 1no

W = ,001845 1b = pin weight
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_ ol - a?

> (L-ada) T 5S-G

X
P

2 2
.125(.625)° - .0625(.375)
2 [.125 (.625) - .0625(.375)] + .bgh - .625

= .235

The centrifugal force exerted on the pin in the radial direction is

v wp rpm2 O =
cp = 900 g R ™+ xp
2 2
_ __7°(.001845) rpm 2 2
= 900 (386 ‘[1.280 + .235

6.821 x 10-8 rpm2

The pin normal load is found from

R

F
N = P .
+x°

p
v
p

6.821 x 10°° rpm? (1.280)
'/ 1.280° + .235°

= 6.709 x 10~ rpm®

(L)

(45)

(k6)



The pin axial component of centrifugal force is given as

P e § —» (47)
ap P R
= 6709x10-8rm2 23>
P 1.280

2

1.232 x 10'8 rpm
The resultant pin force on the ramp roller carrier is given as

= - L8
Pp P+ Fap M Np (L8)

Py + rpm2 x 1078 [1.232 - 6.709;4]

where P resultant spring force on pin and can never be

negative.

Examination of Equation (48 ) reveals that P_ = O when the coefficient

of friction u is greater than .18 and the Ppm is such that P_ = 0,
Figure 38 is a plot of resultant pin load versus rpm for variois values of
coefficient of friction. It shows that for a range of practical values of
4, the resultant pin load is always positive.
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RESULTANT LOAD ON RETAINER PER PIN (1b)

T
B =0
‘ /
u=.0i7/
5
k=10

N //, ///
3 i
2 1///// b /]

:::;/,//, ,..,15:,,/’/’
1] _—”,i{/

u=.20 ,,f”"”

J “.018—\

0
0 5,000 10,000 15,000 20,000 25,000 30,000

SPEED OF CAM (rpm)

Figure 38. Resultant Pin Load on Retainer for Various
Values of Coefficient of Friction.
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APPENDIX II

HOLLOW ROLLER ANALYSIS, RAMP ROLLER CLUTCH

Hollow rollers have recently been investigated for applications in roller
bearings. Cylindrical roller bearings having annular rollers offer several
advantages over bearings having solid rollers, particularly in high-speed
applications. The chief advantage is the reduction of centrifugal roller
load due to lower roller weight. In high-speed applications, the centrif-
ugal roller loading may become more significant than the applied bearing
loads; thus the use of hollow rollers may improve bearing life substantially.
Another advantage of the annular roller is the improved heat dissipation of
the bearing by allowing additional collant flow through the centers of the
rollers. Hollow rollers also offer improved load sharing and may retard
cage skidding due to the higher flexibility afforded. These advantages must
be compared with the increased bearing deflections and bending stress which
affect the bearing fatigue life.

In the ramp roller clutch, annular rollers offer many of the same advantages
as the cylindrical roller bearing. A significant factor at high speed is
centrifugal roller loading during differential overrunning, which is reduced
with hollow rollers. Centrifugal roller loading is a direct cause of wear
in the rollers and housing of a ramp roller clutch. In the ramp roller
clutch of this program, the roller centrifugal load at full rpm exceeds
25,000 g's. Improved heat dissipation during overrunning and improved load
sharing are also important advantages of annular rollers in the ramp roller
clutch. Roller stresses are vibratory in the cylindrical roller bearing and
steady in the ramp roller clutch. Since rollers of the ramp roller clutch
carry steady loads only, it would appear that the advantage of reduced cen-
trifugal loading with hollow rollers is enhanced. In practice, however, the
applied roller loads are much higher in the ramp roller clutch than in
roller bearings, which offsets the advantages of static stress design.

Thus, in the ramp roller clutch of this program, the practical upper limit
for the 0.375-inch-diameter roller is a hole of 0.125 inch diameter which
reduces centrifugal load by 12.5 percent. A larger hole will reduce cen-
trifugal load significantly but will increase resultant roller stress levels.

There are several methods available for determining hollow roller stresses
analytically. From the method of Reference i, the stresses at various posi-
tions on the inside and outside of the hollow rollers are given by

4 p 4
¢ - kLR (49)

P = roller unit load, 1b/in.

D = outer roller diameter, in.

K = a factor dependent upon the position at
vhich the stress is required and on the
ratio of roller hollowness H (ratio of
inner to outer roller diameter)

f = annular roller tangential stress, psi

where
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The stress multiplication factor K is determined from photoelastic studies
and is given in Reference 4. The’point of maximum stress is on the in-
side of the hollow roller at a point directly under the applied load.

A second method which uses curved beam theory is given in Reference 5 and
is similar to the methods of References 6, T, and 8. The stress at
a point on the inside of the roller and directly under the load is given by

7 2P [ 1 ] (50)
*D |22H " (1 - H)

where H = 4d/D = ratio of inner to outer roller diameter

1+ H 1 (51)
Z = =1 *[E(il-—ﬂ)l] in (ﬁ)

For the roller of the ramp roller clutch, a comparison of the results of
these two methods for calculating stresses is presented in Figure 39.
Note that as H becomes small in Figure 39, the curved beam theory is in-
accurate since the stress is infinite for H = 0. The photoelastic method
is more accurate for small values of H.

Although the rollers of the ramp roller clutch are designed statically,
maximum stress dictates hollow roller design. The rollers are fabricated
from CEVM 8620 steel and heat-treated to R 59 minimum. This represents
an ultimate tensile strength in excess of 500.000 psi. At the maximum
operating condition, the allowable stress for hollow rollers can be in the
order of 150,000 psi. This value is chosen on the basis of low cycle
fatigue considerations. Referring to Figure 39, with an allowable stress
of 150,000 psi, the ratio H is approximately .32 for the curved beam theory
and .36 for the photoelastic analysis method; hence, a 0.125-inch-diameter
hole (H=.33) is about the maximum practical diameter for use in the annular
roller of the ramp roller clutch design presented herein.
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HOLLOW ROLLER STRESS (psi)
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Figure 39, Hollow Roller Bending Stresses for
3570 In.-Lb Design Condition.
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APPENDIX III

DYNAMIC TEST DRAG TORQUE DATA

Full speed overrunning test drag torque data is presented in Figures 40 and
4b1. The drag torque of Figure 40 was measured by spring scale and arm
whereas the drag torque shown in Figure 41 was measured by temperature rise
of the oil.

Drag torque data for the differential speed overrunning tests is shown in
Figure L2.
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DRAG TORQUE (in.-1b)
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Figure 40. Full-Speed Overrunning Test Drag Torque
Data Measured by Spring Scale and Arm.
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Figure L1. Full-Speed Overrunning (Input Stationary - Output 26,500 RPM)
Test Drag Torque Data Measured by Heat Absorbed in Oil.
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DRAG TORQUE (in.-1b)
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Figure 42. Differential-Speed Overrunning



