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DISCLAIMERS

The findings in this report are not to be construed as an official
Department of the Army position unless so designated by other authorized
documents,

When Government drawings, specifications, or other data are used for any
purpose other than in connection with a definitely related Govermment
procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the
Government may have formulated, furnished, or in any way supplied the
sald drawings, specifications, or other data is not to be regarded by
implication or otherwise as in any manner licensing the holder or any
other person or corporation, or conveying any rights or permission, to
manufacture, use, or sell any patented invention that may in any way be
related thereto.

Trade names cited in this report do not constitute an official endorse-
ment or approval of the use of such commercial hardware or software.

DISPOSITION INSTRUCTIONS

Destroy this report when no longer needed. Do not return it to the
originator.
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SUMMARY

The purpose of thie program was to investigate the performance of high-
speed overrunning clutch assemblies for use in a multiengine helicopter.
The design operating conditions were 3, 570 inch-pounds torque trans-
mitted at 26, 500 rpm. Two clutch configurations with differing design
philosophies were evaluated. One design utilizes inner and outer

sprag retainers with a central energizing ribbon spring. The other
design positions the sprags with one retainer and incorporates garter

springs at the sprag edges.
An extensive test program was conducted as follows:

1. Full-Speed Dynamic Clutch Override Test - Operation at zero input
speed and 26, 500 rpm output speed for 5-hour runs at various oil
flows

2. Differential Speed Dynamic Clutch Override Test - Operation at
output speed of 26, 500 rpm and input speeds of 13, 250 (50 percent
normal rated), 17,755 (67 percent normal rated) and 19, 875 (75 per-
cent normal rated) rpm

3. Dynamic Engagement Test - Simulated high-speed engagements

4. Static Cyclic Torque Fatigue Test - Operation at 7, 140 + 900 inch-
pounds for 107 cycles

5. Static Overload Test - Torque application to failure

Drag torque and metal and oil temperatures were measured during the
dynamic testing. Results of the test program indicated that the most
severe operating condition was differential speed operation and that both
clutch configurations would require design modifications to operate
successfully in this mode.

An analysis of high-speed sprag clutch operation was performed, and a
computer program was developed as an initial step to provide a mathe-
matical model of clutch operation reflecting modern, high-speed mechan-
ical component technology.
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FOREWORD
This program was conducted for the U, S. Army Air Mobility Research
and Development Laboratory under Contract DAAJ02-71-C-0028, Project
1G162207AA72. The period of performance was 15 March through 15
December 1971.

U.S. Army technical direction was provided by Mr. R. Givens and
Mr. D. Lubrano.

Acknowledgement is made to the engineering staffs of the following
organizations for their assistance in the design, fabrication, and eval-
uation of the clutches used in this program:

Spring Division, Borg-Warner Corporation, Bellwood, Illinois

Formsprag Company, Warren, Michigan
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INTRODUCTION

The purpose of this program was to advance the technology of overrun-
ning sprag clutch units to allow for reliable and efficient operation at
speeds and loads commensurate with advanced aircraft gas turbine
engines. The design operating conditions for this program were 26, 500
rpm and 3,570 inch-pounds torque.

The overrunning clutch is a critical helicopter component that transmits
engine torque in normal operation and allows the rotors to autorotate in
case of engine malfunction. With the advent of multiple engine configura-
tions, the overrunning clutch assumes an even greater role since the
aircraft must be capable of operation with an engine shut down or with
engines operating at different speeds.

Current transmission designs locate the clutch after the first or second
gear reduction stage from the engine in order to eliminate problems
associated with high-speed operation; however, this practice is costly
in terms of component size, weight, and oil flow. To achieve the light-
est configuration, the overrunning clutch must be located on the high-
speed shaft before or in combination with the first gear reduction,

Difficulties associated with high-speed overrunning clutches fall into two
categories:

1. Fatigue and overload capability
2. Problems associated with high-speed overrunning operation

The fatigue and overload capabilities of a clutch configuration are rel-
atively easy to predict using established theory. Successful high-speed
clutch operation depends upon the effect of clutch heat generation and
deterioration during prolonged periods of freewheeling and differential
speed. Also, clutch engagements and disengagements at high rates of
speed and acceleration with attendant shock loads are a potential source
of difficulties.

The approach taken to investigate these problems and to advance the
technology of overrunning sprag clutches in the subject program follows:



1.

3.

An analytical study was conducted to arrive at the sprag clutch con-
figuration best suited for high-speed aircraft operation. Two de-
signs currently used in aircraft applications were considered.
Design A features a sprag assembly positioned by outer and inner
cages and a central energizing ribbon spring. Design B positions
the sprags with one retainer and incorporates energizing garter
springs at the sprag ends. Design B alao incorporates a feature
which prevents sprag rollover due to torque overload. Because
both configurations have advantages, it was decided to evaluate the
two designs both analytically and experimentally,

A computer prograimn was developed to provide an analytical tool for
the analysis of high-speed sprag clutches.

An extensive test program was conducted as follows:

a, Full-Speed Dynamic Clutch Override Test - Operation at
zero input speed and 26, 500 rpm output specd for 5-hour
runs at various oil flows,

b. Differential Speed Dynamic Clutch Override Test - Operation
at output speed of 26, 500 rpm and input speeds of 13, 250

(50 percent normal rated), 17, 755 (67 percent normal rated)
and 19, 875 (75 percent normal rated) rpm.

c. Dynamic Engagement Test - Simulated high-speed engagements.

d. Static Cyclic Torque Fatigue Test - Operation at 7, 140 £+ 900
inch-pounds for 107 cycles.

e, Static Overload Test - Torque application to failure.
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DESIGN AND ANALYSIS

DESCRIPTION OF CLUTCH OPERATION

The principle of sprag clutch operation is illustrated in Figure 1. The
sprag component is designed with cross-corner dimensions such that

a >b, Assuming that an engine is driving counterclockwise through the
outer race, the wedging action of the sprag (contact through dimension
""a") will drive a gearbox through the inner race. If the engine is shut
down and the gearbox continues to rotate, the clutch will overrun (sprags
rotate clockwise toward dimension ''b"), t(hus achieving the desired effect
of disengaging the engine and its associated drag tcrque from the power
drive system.

A section of the clutch has been enlarged (Figure 2) to illustrate the
forces involved during the driving and overrunning modes of operation.
The outer or inner operating surfaces of the sprag may be thought of as
cams of circular form. If radial lines are drawn from the center of the
clutch through the centers of the radii determining the sprag surfaces,
the intersections of these lines with the race surfaces define the contact
points of the sprag with the races. A line drawn between the inner and
outer race sprag contact points is called a strut, and the angles between
this strut and the radial lines through the centers of the cam radii are
called strut angles.

The transmitted components of the driving load (RTI;, RTo ) arefunctions
of the strut angles (a'i)and (@'y)s respectively, suchthat RTIL = RNIL tan
a'jand RTO, = ANO tana'y. ThetractionforceequalsuyRyyy atthe inner
race and uo RNOj, atthe outer race whereuyp and ug are coefficients of
friction. Therefore, to ensure that the strut will not slip on the raceways
and the torque will be transmitted through the clutch, the tan- ential force
must be less than the available traction force (RN tan a'i<u, RNIL).
(RNOy tana'y <do RNOL)‘ If all components aremade of the san material,
LI willr equal ug; since o'y = a'o + 3, it follows thata'i>a',, so ' at the
available traction force at the inner race will govern. For stecel on steel,
therefore, the inner strut angle must be approximately 4 degrees or less,
since the tangent of 4 degrees is 0.07, which is approximately the co-
efficient of friction for this type of contact.
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Figure 1, Principle of Sprag Clutch Operation.
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A spring is normally added to the clutch to ensure traction (energizing)
during driving, and to maintain’ raceway contact during overrunning.
This spring force is designated by Fgp in Figure 2. To provide for
equal load sharing (full phasing), a retainer is employed between the
races, which keeps the sprags uniformly spaced. A centrifugal force
Fcge aresultofthemassand rotation of the sprags, also acts to ener-
gize the clutch during the engine drive mode. No centrifugal force acts
on the sprags during the overrunning mode because the tangential
driving force component is greater at the inner race (o >a} ) so that
slipping will occur initially at the inner race, and the sprags will re-
main stationary with the outer race.

An important feature of sprag cam design is the compounding of radii
of curvature, especially at the inner race. When the clutch changes
from the load to overrun mode of operation, called the release position,
the radius of curvature at the inner race is greatly reduced, thus allow-
ing the clutch to slip more easily into the overrun mode.

In addition to the conditions just described, drive and overrunning, a
third mode of operation called ''differential speed' must be evaluated.

In a twinning application, if one engine is driving the gearbox, the clutch
on the second engine is overrunning (inner race coupled to gearbox and
rotating at speed of the first engine). If the second engine is started it
cannot transmit torque to the gearbox until it accelerates to the first
engine speed. During this time, however, centrifugal force of the sprags
is acting to energize the clutch, and this condition is much more severe
on the wear life of the clutch than pure overrunning., This mode of oper-
ation could occur during preflight checkout of the aircraft or during flight
if one engine is driving and the other is maintained at idle for quick
response to any necd for reserve power.

DESCRIPTION OF TEST CLUTCHES

Two clutch designs currently used in aircraft applications were evaluated
analytically and experimentally. The designs are designated ''clutch
design A" and 'clutch design B.' The difference in design philosophy

is shown in Figure 3.

Clutch design A utilizes retainers (cages) both at the top and bottom of
the sprags with a ribbon spring in between. The outer retainer pilots on
the outer race and the inner retainer in turn pilots on the inner race.

A stainless steel drag band was incorporated on the outer retainer to
create frictional drag between the sprag assembly and the outer race.
Clutch design A components are shown in Figure 4.
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Clutch design B utilizes a single retainer piloted by the outer race with
garter springs at each end of the sprags. This design also incorporates
a feature which prevents sprag rollover from torque overload. The
sprags are designed to contact and lock up against one another when
overloaded (Figure 3). Clutch design B components are shown in Fig-
ure 5.

Both clutch designs, in addition to energizing the sprags by springs,
use centrifugal engaging. The center of gravity of the sprag is located
to provide an engaging moment when the sprag assembly is rotating.

Pertinent dimensions for clutch designs A and B are listed in Table I,
and materials data are listed in Table II.

TABLE I, CLUTCH GEOMETRY
Design A " . Design B
Outer Race OD (in.) 3.7500 3.0950
Outer Race ID (in.) 2.9042 2.4060
Inner Race OD (in.) . 2.1562 1. 7500
Inner Race ID (in.) 1.0000 1. 0000
Number of Sprags 20 24
Sprag Effective Length (in.) 0. 665 0. 880
Race Surface Finish (AA) 20 Max 20 Max
Sprag Surface Finish (AA) 12 Max 7 Max
Eccentricity of Races 0.0015 Max 0.0015 Max
- ]
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TABLE II, TEST CLUTCH MATERIALS
Design A Design B
Inner and Quter Races
Material Specification AMS 6265 AMS 6265
Heat Treatment Carburize Carburize
Case Depth (in.) .050-, 065 . 050-, 065
Max. Stock Removal
(After Heat Treatment) (in.) ,010 .010
Case Hardness Rc 60-63 R, 60-63
Core Hardness R 32-40 Re 32-40
Sprags
Material Specification M-50 SAE 52100
Heat Treatment Thru hardened Thru hardened
Surface Hardness R, 61 min R. 75
Core Hardness R, 58-62 R, 58-62
Surface Treatment Nitrided Chromium carbide
Retainers
Material Specification SAE 4340 AMS 6274
Heat Treatment Nitrided Thru hardened
Re 50 case R¢ 40-47
Re 38-42 core )
Surface Treatment Silver plated Shot-pe ned
Springs
Material Specification 17-7 AMS 5112E
Treatment Stainless Music wire
Cold drawn Heat treated and
normalized
Drag Band
Material Specification Stainless
Treatment Cold drawn
Qil MIL- L-23699
11
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Lubrication for both clutch designs is provided centrifugally via holes
drilled through the inner races as shown in Figure 6. Dams are pro-
vided at each end of the sprag assembly to ensure operation in a flooded
condition. The dams also trap some oil at shutdown to provide lubrica-
tion at subsequent startup.

Dams are also placed before the bearings, and the clutch scavenge flow
is drained between the clutch and bearing dams. This arrangement keeps
clutch particles from contaminating the bearings and eliminates oil
churning in the bearings.

The lubrication hole pattern for clutch design B is shown in Figure 7.
That for design A is similar. Axial grooves, machined in the inner
race, extend to the bearing and sprag ends away from the feed oil so as
not to starve this area in case of low oil flow.

The test program was designed to evaluate oil flows from 33 percent to
300 percent of design flow. A design oil flow of 0. 8 gpm (376 pph) was
selected as being reasonable for this type of transmission component,
Twenty-one percent of the flow lubricates the clutch bearings, and the
remainder lubricates the sprag assembly,

The bearinge are 40x62x12 millimeter bronze cage angular contact,
quality ABEC 7. Bearings are preloaded by a 40-pound spring (Figure
6) to take up end play. This is done to prevent bearing skidding at
speed and eliminate axial shaft excursion at the rubbing surfaces.

Clutches were dynamically balanced to 0. 25 inch-grams prior to oper-
ation, This procedure is standard for high-speed rotating components.

CLUTCH ANALYSIS

The successful design of a high-speed sprag overriding clutch requires
consideration not only of the load-carrying capability but also the energy
losses during overriding and differential speed operation,

The critical parameters for load-carrying capability are compressive
stress at the inner race-sprag interface and hoop stress at the outer
race inside diameter. These parameters are listed in Table III for
both the A and B clutch configurations at the design point of 3, 570
inch-pounds and 26, 500 rpm.

12
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Figure 7.
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Inner Race Lubrication Hole Pattern.
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TABLE IIl, CLUTCH DESIGN PARAMETERS (DESIGN

POINT: 3,570 IN,-LB AT 26,500 RPM) :

R —

Parameters Design A Design B

Driving Mode

Tangential stress due to rotation 1

of outer race ID (psi) 18, 300 12, 500
Tangential stress due to pressure loading i

of outer race ID (psi) 35, 200 45, 700 3
Total tangential stress (hoop) 4

of outer race ID (psi) 53, 500 58, 200 i
Compressive stress (Hertz)

at inner race OD (psi) (max) 343, 500 347, 600

4

Overrunning Mode i
Oil film thickness (in.)(!) @) +0003 . 0003 |
Load/inch x velocity factor (lb/in. x fpm) 28, 800 25, 680
Interface pressure x velocity factor

(psi x fps)(3) o & 3, 4x106 2. 7x108

(3 k3 i
Sliding velocity (tpm) = EEML Ri 2 14, 900 12, 150
Differential Speed Mode
Load/inch x velocity factor (Ib/in. x gpm)2) 259, 000 137, 400

at outer race speed (rpm) 4) 17, 436 17, 265
Interface pressure x velocity factor (psi xfpg)(36. 8x106 4. 15x106 i

at outer race speed (rpm)(‘” 13,250 13, 250

1. Refer to page 108.
2, Refer to page 107,

3. Refer to page 106.

4. Outer race speeds chosen are those which the computer analysis
showed to give maximum values for the factor.

15
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To develop a means of predicting wear and heat generation during over-
running and differential speed operation, three indexes were investigated:

1. Elastohydrodynamic and hydrodynamic oil film thicknesses were
calculated at the inner race-sprag contact.

2. A 'PRS-V!f{actor, interface pressure (psi) times velocity (fps),
was calculated at the inner race-sprag contact.

3. A 'PV'factor used in the clutch industry, load per inch times velocity
(¢pm), was calculated at the inner race-sprag contact.

The usefulness of these indexes will depend on the accumulation of far
more data than was generated in the test program.

These parameters are listed in Table III for the override condition.
The last two factors are listed for the differential speed condition at the
outer race speed for which they are a maximum.

A complete mathematical analysis of clutch operation was performed
(Appendix I), and a computer program was developed (Appendix II).
This initial effort was made to provide an analytical base that can be
appropriately modified as data becomes available to incorporate new
information. This base will provide a valuable analytical tool with
which trade-off design studies can be efficiently conducted.

The initial computer results for the test clutches are immediately use-
ful in the following areas:

1. Clutch Stresses - An iteration procedure is used to determine the
proper position of the sprag, i.e., strut angle for any given value
of torque. The critical stresses and deflections are then calculated:

a. Compressive (Hertz) stress and deflection at both inner and
outer race contact points

b. Hoop stress and radial deflection at the outer race ID

2. Rollover Torque - Rollover or slippage of the sprags at the inner
race due to excessive torque occurs when the inner strut angle
exceeds approximately 4 degrees. Therefore, by running cases
with increasing values of torque, this point can be determined.

16



3.

4.

Strut Angle Curve - Values for the strut angle versus sprag height
are calculated assuming both flat plate and curved surface raceways.
The {lat plate values can be used to generate a strut angle curve
that is commonly used in the industry along with an inspection in-
strument to functionally check sprag geometry. The curved sur-
face values are usea in the stress and deflection calculations.

Sprag Centrifugal Force - At each strut angle position, the location
of the center of gravity is calculated in relation to the contact points.
This value is then used to calculate the energizing moment due to
the sprag.

17




TEST FACILITY

DYNAMIC TESTS

Test Rig

The dynamic tests were conducted on an existing rig especially fabricated
for high-speed overrunning clutch development. The test vehicle

(Figure 8) consists of two independently controlled 8-inch Barbour
Stockwell 100 hp, 30, 000-rpm steam turbine prime movers driving
through 3:1 speed increasers. One turbine drives the clutch inner race
and the second turbine drives the clutch outer race. A pad is provided
on each speed increaser to accommodate slip ring assemblies that
transmit data from the rotating shafts. A photograph of the test setup

is presented in Figure 9.

The test cartridge is shown in Figure 10, The cartridge containing the
test clutch has been designed to be installed between the supporting
frames without moving either frame. This procedure ensures good
alignment for each test increment and rapid turnaround between tests.

MIL-L-23699 lubricant as specified was employed in all tests. One
batch of Hatco 3211 lubricant was used.

A schematic representation of the lubrication system is presented in
Figure 11. Two independent pressure pumps were employed in the tests,
one to feed the test clutch, and the other for the rig support bearings. A
constant flow of 0.17 gpm was supplied to the rig support bearings.

High quality ABEC 7 ball bearings with bronze retainers were utilized.
The oil used in the dynamic tests was analyzed and found to be clean

and in good condition. The viscosity at 100° F was found to be 25.71,
and the acid number was 0.05. Wear metal was less than one part per
million each for chromium, nickel, silver, copper, aluminum, and
magnesium.

Instrumentation

A typical console and instrument panel for external control of rig oper-
ating environments is shown in Figure 12, Clutch rig instrumentation
monitored from the panel included:

1., Oil flow and pressure

2. Oil temperature in and out
3. Rig vibration

18
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Rig speeds

Clutch inner and outer race temperatures
Bearing inner and outer race temperatures
Clutch drag torque

Chip detectors

O~ N

The locations where measurements were obtained are shown
schematically in Figure 13. Iron-Constantan thermocouples were
employed throughout. Clutch scavenge oil temperature was measured
at the test clutch oil ports rather than the rig scavenge port so that no
heat would be lost to the rig housing.

Clutch torque was measured by two methods in the over.-unning tests.
One method measured driving shaft torque (Figure 13). Foil resistance
strain gages were mounted on a reduced section of the inner race drive
shaft. The gages were located to form a torque bridge at 45 degrees

to the axis of the shaft., The shaft and gage installation was calibrated
for torque versus bridge output over the expected torque range (0 to

250 inch-ounce). The calibration was accomplished through the applica-
tion of weights on a specially constructed fixture. Corrections were
made for extraneous loads and temperature effects.

The other n.ethod of measuring shaft torque was to restrain the outer
race from rotating with an instrumented beam (Figure 10). Foil resis-
tance strain gages were mounted on the beam to form a shear bridge.
The beam was calibrated for point load versus bridge output over the ex-
pected load range. Corrections were made for extraneous loads and
temperature effects. The shear bridge was chosen to eliminate any

need to correct the calibration for variations in the point of load applica-
tion relative to the strain gage locations. When the differential speed
tests were conducted with both shafts rotating, only the drive shaft
torque could be measured.

STATIC TESTS

Test Rig

The cyclic fatigue tests were conducted in the experimental mechanical
laboratory using electrohydraulic closed-loop, servo controlled, rotary
actuator systems. A cross section of a typical installation is shown in

Figure 14. The system utilizes a rotary actuator and provides the

25
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required torque load of 7,140 + 900 inch-pounds at a frequency of 10
Hertz. The torque load was applied, using the hydraulic rotary actua-
tor, through a bolted adaptor splined to the clutch outer race. This
load was then reacted through a torque sensor bolted to an adaptor and
splined to the clutch inner race. Continuous oil flow of 0.5 gpm was
maintained within the clutch assembly at a pressure of 20 psig using
MIL-L-23699 oil. The system uses a full-flow chip detector and is
instramented for an automatic shutdown in the event of chip detection
or component failure. 7The equipment compares input and output torque
and shuts down automatically if the difference is greater than 1/2 percent
of full torque. Torque load, angular displacement between input and
output races, and outer race radial deflections were monitored every
l-million cycles, The torque readouts were observed with an oscil-
loscope, digital voltmeter, and load amplitude measurement system.
Angular displacement between outer and inner races was measured
with graduated scales, located on the input and output adaptor flanges,
and with pointers attached to ground. Outer race radial deflection

was determined by averaging the output of eight strain gages tangentially
oriented and equally spaced around the shaft circumference. The rig
utilizes a rotary actuator that is rated at 8,020 inch-pounds dynamic
and 12, 000 inch-pounds static. Maximum travel is 90 degrees (+ 45
degrees). A 10 gpm hydraulic power supply at 3, 000 psi source pres-
sure is employed. A photograpk of the cyclic fatigue test installation
is shown in Figure 15.

The overload tests were performed on a second rotary actuator that is
rated at 72, 000 inch-pounds static torque. Instrumentation utilized
was the same as that in the cyclic fatigue test. A photograph of the
overload test installation is shown in Figure 16.
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Figure 15.

Cyclic Fatigue Test Installation.
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TEST PROCEDURE

GENERAL

Five series of tests were conducted as follows:

1. Full-speed dynamic clutch override test

2. Differential speed dynamic clutch override test

3. Dynamic engagement tests
4, Static cyclic torque fatigue test

5. Static overload test

One design A clutch and one design B clutch were subjected to tests 1
through 3. Twodesign A clutches and two design B clutches were sub-
jected to tests 4 and 5. For the dynamic tests, data were recorded
every 15 minutes. A typical log sheet is shown in Figure 17. Data
points taken were averaged for presentation under "Test Results and
Discussion."

FULLSPEED DYNAMIC CLUTCH OVERRIDE TEST

The objective of this test was to determine the optimum clutch oil flow
in terms of heat generation, drag torque, and component wear.

Prior to testing, the clutch rig was fully instrumented to monitor the
following parameters, which w~re recorded every 15 minutes:

Parameter Number of Positions

Outer race temperature of bearings - °F

Inner race temperature of bearings - °F

Clutch outer race temperature - °F

Clutch inner race temperature - °F

Temperature of clutch, oil in - °F

Clutch drag torque, dynamic measurement - in, -oz
Clutch drag torque, static measurement - in, -oz
Clutch assembly oil-out temperature - °F

Oil flow to clutch assembly - pph

Rig housing vibration (displacemznt and velocity)
Chip detectors

Oil pressure at rig housing for clutch assembly - psig
Output shaft speed - rpm

— et NN ke e e = o= NN b W
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The clutch was operated at zero input speed and 26, 500 rpm output speed.
Tests were conducted with oil flows of 300, 200, 100, 67, and 33 percent
of design flow (design flow = 0.8 gpm). Each test was of 5 hours duration.
The oil inlet temperature was held to a minimum of 195° F and did not go
above 215% F, The oil inlet pressure did not exceed 100 psig, nor did it
go below 45 psig throughout the dynamic test program. It must be remem-
bered that this is the oil fed to the inside of the clutch inner race. Test
oil flows and pressures are listed in Table IV,

TABLE IV, FULL-SPEED DYNAMIC CLUTCH OVERRIDE
OIL FLOWS AND PRESSURES
Test Percent Design Flow GPM PPH Feed PressureJ
1 300 2.4 1125 98
2 200 1.6 750 85
3 100 .8 375 63
4 67 .54 250 48
5 33 .26 125 45

At the end of each oil flow level test, (300 percent oil flow, 200 per-
cent oil flow, etc.) a speed rundown was conducted. For this portion of
the test, the variable was clutch vutput speed and the operating oil flow
was maintained at a steady state. The output speed levels selected are

listed below:

QOutput Speed Level (rpm)

25,000
20,000
15,000
10, 000

Each output speed level was maintained until steady-state temperature
condition was achieved. Temperatures were stabilized for approximately
15 minutes at each speed level. After testing, the test rig was dismantled
and the clutch components were inspected visually and analytically.
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The entire test procedure for the full-speed override test, including the
speed rundown, was repeated without the sprag assembly installed. The
purpose was to resolve clutch drag force into individual components pro-
duced by bearings and shafts on one hand and the sprag assembly on the
other hand.

One clutch each of designs A and B was subjected to the full-speed over-
ride test.

DIFFERENTIAL SPEED DYNAMIC CLUTCH OVERRIDE TEST

The objective of this test was to determine the maximum drag condition.

The test objective was accomplished by adjusting the clutch output speed
to 26,500 rpm (100 percent normal rated) and then adjusting the clutch in-
put speed to the values noted below:

Output Speed Normal Rated Input Speed Normal Rated
(rpm) (percent) (rpm) (percent)
26, 500 100 13, 250 50
26, 500 100 17,667 67
26, 500 100 19, 875 75

The optimum oil flow rates established during the full-speed override test
were used during this test., Oil inlet temperatures and pressures were
maintained at 195°2 F minimum and 100 psig maximum, respectively.
After conditions were stabilized, each speed condition was maintained for
1 hour and the following parameters were monitored every 15 minutes:

Parameter Number of Positions

Outer race temperature of bearings - °F

Inner race temperature of bearings - °F

Clutch outer race temperature - °F

Clutch inner race temperature - °F

Temperature of clutch, oil out - °F

Clutch drag torque, dynamic measurement - in, -oz
Clutch assembly oil-in temperature - °F

Oil flow to clutch assembly - pph

Rig housing vibration (displacement and velocity)
Chip detectors

Oil pressure at rig housing for clutch assembly - psig

Output shaft speed - rpm
Input shaft speed - rpm
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After completing the three 1-hour speed runs, i.e., clutch input speed
adjusted to 50, 67, and 75 percent normal rated, the clutch input speed
associated with the highest drag torque was selected as the next operating
point, and a 5-hour test was conducted at the selected clutch input speed.
All other test parameters were the same as betore,

At the end of the differential speed dynamic override test, the clutch rig
was dismantled and clutch components were visually and analytically
inspected. One clutch each of designs A and B was subjected to the differ-
ential speed test.

DYNAMIC ENGAGEMENT TEST

The objective of this test was to investigate the engaging and disengaging
characteristics of the clutch.

The test procedure employed was to adjust the output speed to the clutch
to 13,250 rpm (50 percent normal rated). The input speed of the clutch
was then accelerated to exceed 13, 250 rpm, such that clutch engagement
occurred. As the input speed increased, the output prime mover was shut
down to impart a shock load to the clutch components, an operation that
was accomplished twice.

The procedure was repeated at output speeds of 19, 875 rpm (75 percent
normal rated) for two engagements and of 26, 500 rpm (100 percent) for
five engagements, For this test series, the strain-gaged drive shaft,
capable of monitoring clutch drag torque, was not used. The shaft was
designed to measure only small values of drag torque and would fail if
subjected to the shock loads. Accordingly, another drive shaft capable
of withstanding shock loads was employed. The optimum oil flow estab-
lished in the full-speed override test was utilized.

One clutch each of designs A and B was suljected to the dynamic engage-
ment test.

Following the test, clutch components were visually and analytically in-
spected.

STATIC CYCLIC TORQUE FATIGUE TEST

The objective of this test was to determine the fatigue characteristics of
the clutch.
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A torque load of 7,140 £+ 900 inch-pounds was applied for 107 cycles.

The cyclic fatigue test program was conducted at twice the design torque,
reflecting safety factors commonly used in the aircraft industry to account
for torsionals, shock loads, etc. Load application frequency was 10 Hertz
using sine wave excitation. The following parameters were monitored:

Torque - in.-lb
Angular Displacement - deg
Outer Shaft Radial Deflection - in.

A continuous oil flow of 0.5 gpm at 20 psig and room temperature was
maintained within the clutch assembly with the use of special fixtures.

Two clutches each of designs A and B were subjected to the cyclic fatigue
test.

Following the test, clutch components were visually and analytically
inspected.

STATIC OVERLOAD TEST

The objective of this test was to determine the clutch's ultimate capacity
and the overload mode of failure.

Static torque load, in increasing increments of 500 inch-pounds, was
applied until slippage or component failure occurred. The following
parameters were monitored:

Torque - in.-lb
Angular Displacement - deg

Outer Shaft Radial Deflection - in.

Internal clutch components were lubricated with MIL-1.-23699 oil prior to
testing.

Two clutches each of designs A and B were subjected to the static overload
test.

Following the test, clutch components were visually and analytically
inspected.
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INSPECTION

Prior to testing, all clutch components were completely dimensionally
inspected. Clutch races were measured on the Indi- Ron (Figure 18)

to determine race roundness to 1.5x10-6 inch and on the Proficorder
(Figure 19) to determin: surface texture to 3x10-6 inch. Proficorder
traces were also taker. on the sprags in both the axial and circumferential
directions. A typical Proficorder chart, which provides a permanent
record of component surface texture, is shown in Figure 20. An Indi- Ron
chart of an inner race permanently recording roundness and squareness of
all critical surfaces with respect to a reference surface is shown in
Figure 21.

These measurements were taken following each test run in order to
determine component deterioration during operation. In addition, mag-
naflux inspections were perfiyrmed after testing to determine crack
initiation, if any.

In practice, measurement of sprag wear by use of the Proficorder was
not successful., The inner cam surface of the sprag is made up of two
radii of curvature, one for load transmittal and the other for overriding,
Wear occurred during dynamic tests at the transition between these

two curves, which made it extremely difficult to set up the Proficorder,
since it is set to a radius and then zeroed out at each end of the curve
defined by the radius. It was found that the best sprag wear indication
was to measure the width of the wear band.

The wear was manifested as a flat on the cam surface, so knowing the
width and the radius of curvature enabled calculation of wear depth.
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Figure 18. Indi-Ron.
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Figure 19.
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TEST RESULTS AND DISCUSSION

FULL SPEED DYNAMIC CLUTCH OVERRIDE TEST

Design A clutch testing was terminated at 67 percent design oil flow

(0. 54 gpm) because of wear at the sprag inner surface where the inner
raceoverrides. The sprag wear pattern after the 100 and the 67 percent
oil flow runs is shown in Figure 22. The inner and outer races exhibited
no measurable wear, but there was slight scuffing on the inner race
following the 67 percent oil flow run as shown in Figure 23, The width
and depth of the sprag wear band after each oil flow run are listed in
Table V.

TABLE V, FULL SPEED OVERRIDE TEST, SPRAG WEAR,
DESIGN A
Wear After 5 Hours (in.)
Qil Flow (percent) Width of Band Depth of Wear

300 . 005 . 00002
200 .008 . 00005
100 (. 8 gpm) .015 . 00017
67 . 031 . 00071

The width of the wear band versus hours of operation is plotted in
Figure 24, which shows an increasing wear rate as oil flow was reduced.
Wear was apparent on the drag band where it contacts the outer race
following testing. Also, some of the silver plating on the retainers had
flaked and some silver was deposited in the sprag pockets.

The design B clutch survived all oil flow runs down to 33 percent (0. 26
gpm) in excellent condition without measurable wear. Clutch component
condition following the override testing is shown in Figures 25 throuch
27.
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100 Percent Oil Flow Mag: 9. 5X

67 Percent Oil Flow Mag: 5X

Figure 22. Sprag Wear Following Override Test, Design A.
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Figure 23.
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Inner and Outer Races Following Override Test,

Design A.
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Figure 25. Sprag Condition Following Override Test, Design B.
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The energy loss in the clutch due to overriding was measured in three
ways: oil temperature increase, reaction torque on the stationary
outer race, and shaft torque on the rotating inner race.

Theoretically, one would expect the shaft torque to be equal to the
reaction torque and also to the torque calculated from oil-in and oil-
out temperature differential and speed. The measurements obtained
showed a reasonable correlation between shaft and beam torques. In
some runs, difficulty was experienced with the slip ring readout; there-
fore, reaction torque was taken to be the more reliable data, These
data for designs A and B are plotted in Figures 28 and 29 respectively.
In order to determine the energy loss due to the sprag assembly alone,
the rig was operated both with and without the sprag assembly installed.
The results are reflected in the solid and dotted lines in Figures 28
and 29,

Energy loss using oil-in and -out temperatures was calculated as follows:

= MC AT
Q P

where
Q = Heat loss - Btu/hr
M = Flow - pph
Cp = Specific heat - taken 28 . 46 Btu/1b-°F
AT = Change in oil temperature - °F
Torque = ———z:;’:]Q (in, -1b)

At the higher oil flows, the torque calculated from oil-in and -out tem-
peratures was significantly higher than shaft or reaction torque, which
indicates that a large percentage of the oil flow was lost in leakage

and was not passing through the sprags and bearings. Potential oil leak-
age paths are shown in Figure 30. Temperature probes were placed
adjacent to the scavenge ports as shown in the figure,therefore measur-
ing only the oil passing through the clutch.
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Figure 28. Reaction Torque Versus Oil Flow, Design A
Full-Speed Override (Input Stationary).
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Figure 29. Reaction Torque Versus Oil Flow, Design B
Full-Speed Override (Input Stationary).
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The raw data for shaft torque, reaction torque, and oil temperature are
shown in Appendix III.

Oil temperature changes versus oil flow at 26, 500 rpm for designs
A and B are shown in Figures 31 and 32. Clutch and bearing race metal
temperatures are shown in Figures 33 through 36.

On the basis of the conditiun of the sprags, the torque measurements,
and the metal temperatures, it was decided to designate 200 percent
design flow, 1.6 gpm, as the optimum flow for design A and 67 percent
design flow, 0.54 gpm, for design B, These flows were to be used in
the differential speed and dynamic engagement tests. Design A flow
was chosen mainly on the basis of the sprag wear experienced. Design
B performed well at all oil flows down to 33 percent; however, it was
decided to use 67 percent, since metal temperatures were approaching
300° F and nearing the range where tempering of the case-carburized
inner and outer races might occur,

Clutch design A sprag wear could be eliminated by incorporating design
changes that would force the sprags further into the release position and
away from inner race contact during periods of cverride. The mecha-
nism by which this function can be accomplished is a force exerted on the
sprags by the inner retainer (Figure 37).

The addition of a drag band between the inner retainer and the inner
race would create a frictional force on the retainer that,when trans-
mitted to the sprags, would tend to reduce the energizing moment.
The drag band approach would result in the transferral of sliding from
the sprags to the band and might result in band wear as noted on the
outer cage drag band in the test program. This problem could be re-
solved by proper choice of band material and sufficient drag band area.

Another method of obtaining drag between the inner cage and race is to
interrupt the inner cage flanges with a series of cutouts that are directly
in line with the oil holes in the inner race (Figure 37). This method
would be applicable only to a r:entrifugally lubricated clutch design.

Drag torques measured in the override test were on the order of 4to 10
inch-pounds or 2 to 4 horsepower at 26,500 rpm. Drag torques and
temperature data were measured at speeds from 26, 500 rpm down to
10, 000 rpm to provide more useful design data. These data are pre
sented in Appendix III. Operation at speeds lower than 26, 500 will be
less scvere in terms of heat generation and wear.
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Figure 31. Oil AT Versus Flow, Design A Full-Speed Override
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Figure 33. Clutch Race Temperature Versus Oil Flow, Override Test,
Design A.
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Figure 34, Clutch Race Temperature Versus Oil Flow, Override Test,
Design B,
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DIFFERENTIAL SPEED DYNAMIC CLUTCH OVERRIDE TEST

The design A clutch oil flow was 1.6 gpm. This clutch exhibited its
highest drag torque at a differential speed of 50 percent, and a 5-hour
test was conducted at this condition, The sprags cxhibited a wear band
0.047 inch wide and 0.002 inch deep on the inner cam surface following
the test. Slight scuffing was noted on the inner race; however. no wear
was measured on cither the inner or outer races, Clutch component
condition is shown in Figures 38 through 40,

Drag torque and oil temperature results are listed in Table VI, Note
that the torque calculated with oil-in and oil-out tempecratures compares
well with the shaft torque, especially for the 50 and 67 percent speed
points. The torques presented are average values., Actual readings
varied + 5 percent from the average. The oil leakage encountered in the
override test was not noted here because with the outer race rotating,
centrifugal force assists in scavenging the sprag area. Therefore, a
greater percentage of the feed oil was able to flow through the clutch.

It is interesting to note that the 'PRS-V! factor, interface pressure (psi)
times sliding velocity (fps), is a maximum at 50 percent differential
speed. The 'P-V! factor, load/inch times sliding velocity (fpm),
commonly used in the clutch industry, becomes a maximum at approx-
imately 67 percent differential speed. Thesc factors come to a
maximum because as the speed differential between the races de-
creases, the sliding velocity decreases. As the outer race speed in-
creases, however, the sprag load due to centrifgual force increases;
therefore, the product of the two comes to a maximum within the speed
range.

The design B clutch exhibited strong centrifugal engaging characteristics
and could not be made to operate at the test points., An explanation
follows.

With the inner race rotating at 26,500 rpm, the outer race was held
stationary by applying reverse steam to the turbine prime mover. As
the outer race was brought up to speeds of 6000 to 9000 rpm, by reduc-
ing reverse steam, the clutch commenced to engage., The inner race
speed decreased, the outer race speed increased, and full engagement
was accomplished at approximately 17,000 rpm. This relationship
occurred because the steam turbines could not exert sufficient torque to
hold the races at the required differential speeds. The test results

are further illustrated in Figure 41. The plot is accomplished by read-
ing the inner and outer race speeds on an X-Y plotter.
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Figure 38. Sprag Wear Following Differential Speed Test, Design A.
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Figure 39. Inner Race Following Diffcrential Speed Test, Design A.
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Figure 41. Plot of Clutch Engagement, Design B.
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The scale ratio is 1:1, so that if both races are accelerating or deceler-
ating at the same rate, the resulting plot is a 45-degree line. The
Figure 41 curve starts with the inner race at 26, 500 rpm and the outer
race at 6,000 rpm. As outer race speed is increased to 9, 000 rpm, by
reducing reverse steam, engagement commences. Although no adjust-
ment is made to the prime movers, the inner race speed decreases as
the outer race speed increases. Full engagement occurs with both races
at 17,000 rpm. The engagement time was approximately 2 seconds.

If more torque were available in the prime movers, the design B clutch
could have been made to operate at the test differential speed points;
however, this is academic, since heat generation and wear would have
been excessive.

Initial design B clutch differential testing was with 0. 54 gpm oil flow,
the optimum determined from the override test. Because the design

A clutch had been able to operate with 1.6 gpm flow at the test points,
it was decided to test the design B clutch at this flow. Again the clutch
engaged at outer race speeds of over 6,000 rpm. A 5-hour run was then
conducted with the inner race at 26, 500 rpm and the outer race varying
between 3,400 and 5, 400 rpm. Sprag and race condition following this
test are shown in Figures 42 through 44, The sprag wear band width
was 0.039 inch, and the depth was 0.001 inch, The inner race was
scored. Drag torque measured during the 5-hour run was 5. 3 inch-
pounds, and the oil temperature differential was 26° F.

There was some question as to whether the wear occurred during the
period of operation at 0.54 gpm oil flow, and whether this operation
affected the ability of clutch B to operate successfully at the higher oil
flow. To investigate this possibility, another unworn clutch of design
B was operated at 2.4 gpm oil flow. Attempts were made to operate at
the test points, and again the clutch engaged at over 6,000 rpm. Sprag
wear was again noted at disassembly equivalent to the wear noted in the
previous test,
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Figure 42. Sprag Wear Following Differential Speed Test, Design B.
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Figure 43.
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Inner Race Following Differential Speed Test, Design B.
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Figure 44.

Outer Race Following Differential Speed Test, Design B.
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The differential speed condition is clearly the most severe in terms

of clutch component wear and drag torque. Further high-speed clutch
development should concentrate on this mode of operation. High-speed
sprag clutches can operate successfully in the differential speed mode
if close attention is paid to the following areas:

1. Precise definition of sprag geometry; location of center of gravity
and points of spring contact at speed

2., Development of lubrication method; amount of flow, location, and
patttern of oil inlet jets and scavenge ports

3. Close attention to clutch component surface texture and hardness,
including surface treatment to reduce wear

The design A clutch exhibited excessive wear at the sprag inner cam
surface., To overcome this wear characteristic, the same design
recommendation as for the overriding test is made; namely, to re-
duce the energizing moment on the sprags. (See Figure 37.)

The design B clutch was unable to fulfill the differential speed test
requirements because of excessive positive centrifugal engaging action
by the sprags. The action also resulted in wear of sprag inner race
cams and metal flow of the inner race sprag contact surface. Pos-
itive centrifugal engaging can be reduced in two ways (Figure 45):

1. Reduction of sprag energizing moment by profile modification;
i. e., move sprag center of gravity closer to the radial line from
the center of the clutch to the outer race contact point.

2. Reduction in the energizing moment due to spring mass by mod-

ifying the sprag profile to move the spring energizing contact
toward the center of the sprag.
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DYNAMIC ENGAGEMENT TEST

The design A and B clutches that underwent the 5-hour differential
speed tests were used in the dynamic engagement test to determine if
the wear experienced in the differential speed test would affect the
clutch's ability to engage or disengage. No difficulty was experienced
with either design at any of the engaging speeds:

13,250 rpm - 2 engagements and disengagements
19, 875 rpm - 2 engagements and disengagements
26,500 rpm - 5 engagements and disengagements

Measurements following the test indicated no change in clutch compon-
ent condition, Oil flows of 1.6 gpm for design A and 0. 54 gpm for
design B were used.

No attempt was made in this test to exactly simulate acceleration rates
or inertias that would be experienced in an aircraft installation.

Figure 46 illustrates a typical engagement of a design A clutch using

an XY plotter hooked up to the inner and outer race speed signals, Ini-
tially, the inner race is rotating at 25,200 rpm and the outer at 12,000
rpm. As the outer race speed is increased, engagement commences at
point A with the outer race accelerating and the inner race decelerating.
Comple.e engagement is at point B with both races at 17,700 rpm.
Engagement time was approximately 3 seconds.

STATIC CYCLIC TORQUE FATIGUE TEST

Two design A and two design B clutches were subjected to this test. All
four specimens survived 7, 140 + 900 inch-pounds for 107 cycles with no
failures. Neither the angular displacement of the input shaft with respect
to the output nor the outer shaft radial deflection varied over the 107
cycles., Although there were visible traces on the inner and outer races
where the sprags had contacted (Figure 47), there was no measurable
wear. Magnaflux inspection showed no crack indications. Angular
displacement, outer race diametral growth, and calculated clutch
stresses at 8, 040 inch-pounds torque are listed in Table VII.
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TABLE VII, CONDITIONS AT MAXIMUM CYCLIC
FATIGUE TORQUE, 8,040 INCH-POUNDS

Outer Race Compressive

Angular Diametral Stress, Hcop Stress, *
Displacement Growth Inner Race OD Outer Race ID
Design (deg) (in.) (psi) (psi)
A 4.9 .0038 497, 900 73, 700
A 4.9 .0038
B 7.2 .0049 500, 500 94, 400
B 5.7 . 0049

mThis stress does not include rotational effects.

A problem noted following the cyclic torque fatigue tests was fretting
of the bearing balls and races. Figure 48 illustrates fretting on an
inner and outer race, which was measured to be approximately 6. 0001
inch in depth. Several patterns are visible on the races, since there
were shutdowns during the test and the bearing angular positions
changed several times during the 107 cycles. Also, this bearing was
used in two cyclic fatigue tests.

The fretting experienced may not be representative of an actual applica-
tion, since lubrication conditions would be better in a rotating installa-
tion. Also, the application of load would be different. The degree of
fretting, however, if experienced in an application, would be detrimental
to bearing performance and could cause vibration and/or initiation of
bearing fatigue.
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Bearing Inner Race

Figure 48. Bearing Fretting in Cyclic Fatigue Test.
Mag: 5X
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Bearing fretting in an application "could be forestalled by investigating
four areas of improvement:

1. Coating of the bearing races with a dry lubricant
2. Use of dissimilar materials in the bearing balls and races

3. Surface hardening of the balls or races using such processes as
nitriding or chromizing

4, Use of roller or journal bearings

STATIC OVERLOAD TEST

Two design A and two design B clutches were subjected to this test.
Torque was applied in 500 inch-pound increments until failure.

The mode of failure of the design A clutch was sprag rollover, which
occurred at 22, 500 inch-pounds. This failure is a catastrophic type,
which renders the clutch inoperable.

Design B clutch failures, because of the sprag lockup feature (Figure 3),
resulted in slippage of the outer race with respect to the inner race.

One sample slipped at 15, 500 inch-pounds, and the other at 18, 000 inch-
pounds. This mode of failure is preferable to sprag rollover since the
clutch is still functional when the overload is relieved. In fact, no
deterioration in clutch condition was noted due to the overload test.

The first overload test, using a design A clutch, resulted in a sprag
rollover failure at 5, 000 inch-pounds. This rollover was attributed to
a rig assembly problem whereby the outer race was assembled eccen-
trically to the inner. Eccentricity of the races results in unequal load
sharing among the sprags, which causes premature rollover of the
overloaded sprags. Evidence of this occurrence was that five of twenty
sprags were heavily edge loaded. This failure is shown in Figure 49,
which illustrates the quadrant of heavily pitted sprags. When the over-
loaded sprags rolled over, the remaining sprags tried to pick up the load
and also rolled over. Further evidence that an unbalanced radial load
had occurred was that the bearings were heavily Brinelled.

The assembly procedure was modified to ensure concentricity of the

races, and three overload tests (one design A, two design B) were
conducted without difficulty.
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The diametral growth of the outside of the outer race measured during
the overload test is shown in Figure 50. The angular displacement of
the outer race versus the inner race during the overload test is shown
in Figure 51. The angular displacement plotted includes windup of the
inner and outer race shafts.

Sprag rollover and/or slippage due to overload occurs when the tangent
of the strut angle (1';) at the inner race contact approaches the value of
the coefficient of friction. Using the computer analysis and inputting
torques of 22, 500 inch-pounds for design A and 18, 000 inch-pounds for
design B, strut angles of 4. 69 and 4. 26 degrees were calculated. There-
fore, the computer results agree well with the test results.
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METALLURGICAL STUDY

Sprags and races of designs A and B were sectioned and analyzed to
determine metallurgical characteristics. Laboratory measurements
for the case carburized races are listed in Table VIIL

TABLE VIII, METALLURGICAL RESULTS,
CASE-CARBURIZED RACES
Case Depth Case Hard- Core Hard-
(in.) ness (R.) ness (Rc) Remarks
Design A
Inner Race .051 62.5 36
Outer Race . 042 62.5 37
Design B
Inner Race . 047 60.0 37 Retained austenite
in case, approxi-
mately 10%
QOuter Race . 048 52.5 37 Traces of retained
austenite in case

The design A sprag is of M50 steel that was through hardened and

gas nitrided for an especially hard outer case. Sprag microstructure
is shown in Figure 52. The case consisted of tempered martensite,
carbides, and nitrides. The core consisted of tempered martensite and

carbides.
The design B spraguses 52100 stzel, through hardened and surface treated
by a pink phase chromizing process. Sprag microstructure is shown in

Figure 52. The compound layer due to chromizing was found to be
0. 00025 inch thick, and the actual surface hardness could not be deter-

mined.

Sprag case hardness versus depth for designs A and B is shown in
Figure 53.
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CONCLUSIONS

Full-speed dynamic clutch override testing showed that:
a. Design A clutch sprags wore at the inner cam surface.

b. Design B clutch operation was successful at all oil flows
tested.

c. Oil flow requirements in the override mode are relatively low.
Differential speed dynamic clutch override testing showed that:

a. The design A clutch completed the test, but sprag wear
occurred at the inner cam surface.

b. The design B clutch did not meet the test requirements because
of excessive posgitive centrifugal engaging actiorn by the sprags.

c. Differential speed operation is the most severe mode in terms
of clutch component wear, heat generation, and drag torque.
Future testing to develop high-speed overriding clutches and
determine operating characteristics such as optimum oil flow,
drag torque, etc., should concentrate on the differential speed
mode of operation.

Dynamic engagement testing was successfully completed by the
design A and B clutches.

Static cyclic torque fatigue testing showed that:

a. Two clutches each of designs A and B successfully completed
the test at rated torque for 107 cycles. Clutch industry stan-
dards which generally work to an allowable Hertz stress of
450, 000 psi for 106 cycles of torque application may be con-
servative for aircraft quality clutches.

b. A potential clutch bearing fretting problem exists.

Static overload testing showed that:

a. The design A clutch failed in the sprag rollover mode at 22, 500
inch-pounds (six times design point) torque.
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b. The design B failures resulted in slippage at the inner race
at torques of 186, 000 and 15, 500 inch-pounds.

c. The design B clutch sprag lockup feature, which prevents
sprag rollover due to overtorque, was found to be very effec-
tive,

The mathematical mode of clutch operation and the computer pro-

gram that was developed can provide a valuable tool for clutch
analysis and design trade-off studies.
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APPENDIX I
ANALYSIS OF CLUTCH OPERATION

Presented in this appendix is the mathematical model upon which the
computer program is based.

In order to analyze the various operating conditions, an iteration pio-
cedure involving the sprag position with respect to the outer race is per-
formed. A sprag position is assumed which sets the outer and inner
race contact points, For the overriding condition, the inner and outer
race contact points are at radii corresponding to the engineering drawing
dimensions. For the load condition, the outer race contact point radius
will exceed the specified dimension. The outer race deflection due to
speed and load is then calculated and compared with the assumed outer
race radius. At some sprag position, the assumed and calculated outer
race radii will be equal, and this is the position uscd to calculate stresses
and deflections,

The following assumptions were used in the analysis:

1. The radial growth of the outer race was calculated using thick wall
cylinder theory with the length of the cylinder assumed equal to the
effective sprag length.

2. Deflection of the outer race inside diameter was calculated with
consideration given to rotation and pressure loading of the outer
race only. Hertzian deformation at the contact points was neglected.

3. Loading of the outer race due to centrifugal force on the sprags is
negligible compared with the normal load due to the transmitted
torque.

4. In overriding, the sprags are assumed to slip only at the inner race.
A coefficient of friction of 0.05 is used.

This analysis represents an initial step toward establishing a mathemat-
ical model for high-speed clutch analysis. As more experience is gained
and test data become available, the analysis will be refined and expanded.

MATHEMATICAL PROCEDURE

Evaluation of a clutch design is begun by determining the relationship
between an angle of retation § and the distance between inner and outer
races J, Figure 54, for positions of the sprag from overrun, Figure 54 (1),
to overload, Figure 54 (4). Once this relationship has been established,
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the various operating conditions such as override and load transmittal
can be analyzed. Parallel flat plat::s have been used to represent the
inner and outer races because clutch companies employ an inspection
instrument for checking actual sprags in this manner; the curved race-
ways will be substituted later on.

Rotational angle 8 is bounded by a line passing through the centers of
the sprag radii of curvature and a line passing through the center of the
inner race sprag radius p, that is parallel to the flat plates. In Figure
54 (1), the distance between the flat plates is greater than the sprag
height J, which indicates that contact between sprag and raceways has
not yet taken place. In actual operation a spring force is acting to
energize the clutch so that this condition cannot occur. The gap as
shown between the sprag and the outer race is used in the computer pro-
gram., When the rotational angle is such that the gap equals zero,

initial contact has occurred. In Figure 54 (2), the sprag height just
equals the distance between the flat plates. In the computer program this
condition applies to override, differential speeds (inner race speed great-
er than outer race speed), and up to the point where the engine begins
driving and transmitting torque (inner and outer race speeds are equal).
Different engine driving conditions are represented in Figures 54 (3) and
54 (4). The sprag height continues to increase and tends to expand the
outer race (J increases).

The relationship between rotation angle and sprag height is developed in
Figure 55. Since the strut or gripping angles (a{ o 0.:)) are more common-
ly used terms in clutch analysis, their values have been used instead of
the rotation angle in the final formn of the equation:

(]+?0n20)J2-2(p°+pi)J+(:p°+pi}2 - gl) =0

This equation in quadratic form relates sprag height to strut angle given
the sprag inner and outer race radii of curvature and the distance be-
tween their centers. The inspection equipment used by sprag clutch
manufacturers to check out sprag radii of curvature can now be more
fully described. Reference to Figure 54 shows that the inner race flat
plate is fixed while the outer race flat plate is made to contact the sprag
surface and is kept parallel to the inner race. As the outer race plate is
moved axially to the left, the sprag height J increases. The axial motion
can be related to the strut angle a. The outer race plate is connected
electronically to a pen recorder, and a continuous plot of J versus ais
made.
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SURFACE

oy
o, = inner strut angle
4 a, = outer strut angle
J = sprag height
F 75 P; = sprag cam inner radius of curvature
SURFACE P = sprag cam outer radius of curvature

NOTE: Outer and inner surfoces are parallel;

therefore o, = O, = a
e
GIVEN: Por Pir BL
Find: J=f(a)
Development
X X
8= — , ¢t T —
cos 5 an 3
cos 6 = dfon o
. Y = P°+ Pi - J
0 = e e Sl T
sin T 3T
since

cos20 + sin29 =1
J2tan?a 5 (Po * Py - Nt 1
B2 BL?

reduces to

(14 1an2a) J2 = 2 (pgt p) J + ( ’Po’fpi‘z' (TLZ)= 0

Figure 55. Relationship Between Sprag Rotation Angle
and Sprag Height for Parallel Flat Plates.
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The flat plates have been replaced by actual curved raceways in Figure 56,
and the contact point at the outer race has shifted from A' to A. The inner
and outer strut angles a!, a; respectively are no longer equal. The
important parameters to be determined are D, ai, and a,:). The inner
race radius of curvature is Rj. D,/2 represents the radius of curvature
that the outer race would need in order for the sprag to have strut angles

a! and 0'2,' R., therefore, remains constant while DO/Z varies as a function
of al.

i'

These relationships will now be used to evaluate the various operating
conditions.

DESIGN LOAD POINT STRESS AND DEFLECTION ANALYSIS

A load point condition with the engine transmitting torque through the
outer race is represented in Figure 57, Sprag inertia and spring force
have been neglected in this analysis because their magnitude is small
compared with the force being transmitted.

Before the stresses in the various elements can be calculated, the de-
flections due to the transmitted loads and rotation of the elements must

be correlated with the acsumed strut angle of the sprag. This analysis

is performed at the outer race contact point only, since the deflections are
far greater than those at the inner race contact point. The method of
superposition is used to determine the total growth at the outer race.

The following iteration procedure is used:

1. From Figure 56, assume 8, Rj, OL, p; and p, at the start of load
transmission (initial contact) and calculate Do, a{. and o.:).

2, From Figure 57, calculate RTO1, RNOjp, and RNIL uging design
point horsepower and speed.

3. Calculate the radial growth of the outer race inside and outside
diameters due to rotation,
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{SEE NOTE BELOW)
o oc = p, t R
o 1.) & = LC ¢+ Po
i
2
LAW OF SINES A OLC
R _— . -
! B = wn ! —(_)_L- sin (90-6)
LC
c
, _ AD
tan a, = -ﬁ
AD = AC sinp = g’ sin P
DB = DC - BC = gncosﬁ- R
: Do sin
2) o = s | 2
&3_ cosB - R,
2

NOTE: USE @ FROM PARALLEL PLATE THEORY SO THAT o, a;. D, (CURVED SURFACES)
AND J, o (PARALLEL PLATES) CAN ALL BE RELATED TO THE SAME ANGLE 8.

Figure 56. Relationship Between Sprag Rotation Angle and
Strut Angles for Curved Surface Raceways.
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where S = radial stress due to rotation (psi)

R
S'R = tongential stress due to rotation (psi)
n = design point speed (rpm)
n = outer race inside radius (in.) - engineering drawing
r9 = outer race outside radius (in.) — engineering drawing
r = radius to any point (in.)
& = density (Ib mass/in,3)

The radial growth is

r
AI'R =? (S'R - VSrR)

NOTE: S, = 0 ot outer race inside and outside diameter

R

where A,R = A'R] for r= n

ArR ArR2 for r= "

4, Calculate new outer race inside and outside radii due to rotation,

M=ot AR,

r22 = r + Ar
2 R2

5. Calculate the radial growth of the outer race inside diameter due
to the transmitted load while assuming the normal forces to be
acting as a pressure distribution on the outer race. For the outer
race inside diameter,

S = =P
"o ° , 5
, s = P 22 il
K 2" T M
R
T D° L
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where Sr = radial stress due to transmitted load (psi)

P
S, = tangential stress due to transmitted load ( psi)

P

Note: Sign is chosen so that (+) represents
tension and (=) represents compression

Po = internal pressure at outer race inside diameter due to loading (psi)
RNOL = normal force from step 2
D, = outer roce inside diameter from step |

The superimposed radial growth due to pressure is

a = Mo s )
P TE e T T

Calculate the final outer race inside diameter from the superimposed
radial growth due to pressure;

DO' = 2r” + 2Arp

Compare this final diameter with Do from Step 1. If they are equal,
the correct sprag strut angles have been assumed; if not, the process
is repeated by incrementing on 8.

a. When the correct condition of loading has been found, the max-

imum hoop stress for the outer race inside diameter may be
determined:
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b. The maximum compressive stress and deflection are determined

as follows:

|
1) For the outer race
£ 2 R
S = NO
© "
TT
oL
—~ ™%
boL - BRNOL po D, 2 <l-v )
TTL _D_Q. oL po E
2

.2y R 2 (*)
Aro = 2(] Y ) NOL n poL n 1.6002

E L

b. 2
oL
where SCO =  compressive stressof outer race contact point
bOL = half width of outer race contact area
bArg = deflection of outer race contact point
2) For the inner race
2R
_ NI

SCI = L

L

2 (*)
1-
I :¢8RN|L o4 < V )
uls AR, E
2 R %
| ayp = 20-4 Rag el N e | O
£ E o b, 2
L

o5
( )H. Rothbart, MECHANICAL DESIGN AND SYSTEMS HANDBOOK,
E New York, McGraw-Hill, 1964,
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where SC| = compressive stress of inner race contact point
b'L 3 half width of inner race contact area
Ar = deflection of inner race contact point
|

OVERRIDE AND DIFFERENTIAL SPEED ANALYSIS

Refer again to Figure 54, where item 2 represents initial contact. For
the clutches analyzed in this program, the spring force acts to keep the
sprag cams always in contact with the inner and outer races; and since
no torque is being transmitted as in Figures 54 (3) and 54 (4}, Figure
54 (2) represents the override and differential speed modes of operation,
The forces acting on a sprag during these modes of operation are shown
in Figure 58. Do, ai, ana aj, can be calculated for various positions of
the sprag angle 8 as explained above. When the value of D, equals that
of the outer race inside diameter given by the engineering drawing, the
correct position of the sprag for override and differential speed analysis
has been found. The forces acting on the sprag are as follows:

Fecg = centrifugal force of the sprag (1b)
Fgp' = spring deflection force (1b)
Fgp'" = centrifugal force of the spring (lb)

Since the clutch is not transmitting any torque during these modes of
operation, the reaction forces on the sprag at the inner and outer races
are due solely to the spring and centrifugal forces just decribec (Figure
58). The reaction forces are:

RTi = tangential force at inner race (lb)
RNi = normal force at inner race (lb)
RTo = tangential force at outer race (lb)
RNO = normal force at outer race (lb)
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The spring and centrifugal forces are determined as follows:

Clutch design B employs two garter springs (one at each end of the
sprag). The total spring force Fgp acts radially outward at the corner
of the slot, Figure 59 (1).

Fsp = Fgpr t Fsp
_ 2mwKg (Df - D)
Fspr = Ns
N
where N = number of sprags

Ng = number of springs
Kg = spring constant (Ib/in.) — measured
Dy = free spring diometer (in.) — measured
D =  as-assembled spring diameter at point of contact (in.)

Note: D¢ > D  so that spring always acts at outer slot surface
rather than at inner slot surface.

FSP v o_ msi (3 Eé 0 ms - E wa F @ - 2 TTT]O
2 N g 60

Fon e WsKyyD (270 \2 N

SP —_—

2g 60 N

Ws =  weight of one spring (gm) - measured

Kwe = 2.205%103 (Ib gm)

No = speed of the outer race (rpm)

Clutch design A employs a ribbon-type spring with a center tang. When
the sprag is inserted in the slot, the tang is deflected, and the spring is
assumed to apply a normal force to both the front and back faces of the

sprag (friction forces are neglected). The radial force required to de-

flect the spring to its assembled position is FSRF.

where Y =  difference between free and deflected position of tang (in.)
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i Figure 59. Spring Forces Acting on Sprag for Override or
Differential Speed Modes of Operation.
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The resulting spring force acting normal to the front face of the sprag is
Fgp'y, Figure 59 (2)

FsRp

Fspr_ =
F cos(90-¢SPF t < CFg)

where SPF =  angle between a line that is tangent to the spring contact peint
at the sprag front face and a line possing through the inner race
contact point and the center of the clutch { deg) — measured
| CFg =  angle between a radial line to the spring contact point at the sprag

front face and a line passing through the inner race contact point
and the center of the clutch (deg)

The spring load acting on the back face of the sprag is found from a free
body diagram of the spring. The tangential components of the spring
acting at the front and back faces of the sprag must be equal in order
for the spring to be in torsional equilibrium. Therefore, the tangential
component of the spring at the front face equals FSTF:

Fspp = Fsge tom (90- £sPp + Ry

For torsional equilibrium,

Fo =

F
S8 STF

The spring force acting normal to the back face of the sprag is FSP'B-
Figure 59 (2);

F

518
cos ( <):SPB t & CBS)

Fspg =
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angle between a line that is tangent to the spring contact point
at the sprag back face ond a line passing through the inner -ace
contact point and the center of the clutch (deg) — measured

where 4 SPB

angle between a radial line to the spring contact point at the
spraog back face and a line passing through the inner race contact
point and the center of the clutch (deg)

< cs,

For purposes of this analysis, the centrifugal force of the spring has
been applied to the front face of the sprag, and the contact points at the
front and back faces are the same for differential and overriding modes
of operation, Therefore, the effect of the spring's centrifugal force is to
increase the load on the sprag without changing its position. The cen-
trifugal force of the spring is Fgpn, Figure 59 (3):

FSPn - ms _D__ _(‘)_2_ ’ ms - wS KWt , w = 2w T-]O
2 N g 60
2
Fopr = W Kyy D ( 2, ) _1_
2g 60 N
where D = as-assembled spring diameter at point of contact (in.)

The total spring forces acting on the front and back faces of the sprag
are RESy and RESp, respectively. These resultant forces are found
by combining the effects of the spring force and centrifugal force as
follows:

Fop
sin (€SPp - K CF)

The tangential component of the spring acting at the sprag front face is
RESTF:
RES;p = RESg sin (90 -  SPe + J cFg)

For torsional equilibrium of the spring, RESpp = RESTF'
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The resulting total spring force acting normal to the back tace of the
sprag is RESp*

RESTg
cos (< SPg + <K CBg)

RESg =

The sprag centrifugal force for either clutch is determined as follows:

K 2
Fos = mereeels Mg T g @ = —=
g 5 69
PR T R ks A
CG p CG 60
WG = weight of one sprag ( gm)
'cg = radius to the center of gravity of the sprag (in.)

In all of the preceding equations, the sprags, and therefore the springs,
are assumed to stay with the outer race (no slipping occurs between the
outer race cam and the inside diameter point of contact). It is evident
therefore, that for the overriding condition of operation, the sprags
remain stationary with slippage occurring at the inner race, and the
centrifugal components of both the sprag and spring equal zero.

Now that the spring and centrifugal force equations have been determined,
the normal and tengential forces at the sprag cam points of contact may
be calculated.

Assume: Yf "\
——
X

For clutch design A,

LFX = 0= RESB cos < SPB = RESF cos ¢ SPF + RTo cos P - RNo sin B
};FY = 0 =-RESg sin <):SPB + RESg sin <kSPF = RTo sinp - RNo cos B
+

RN' + FCG cos ¢CG

EMC + 0, RESB (MB) - RESg (MF) - RTi (R + RTo (r)
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where MB =  moment arm to back face spring contact point (in.)

MF = moment arm to front face spring contact point (in.)
R, = inner race outside radius (in.) - engineering drawing
n = outer race inside radius (in.) — engineering drawing

For clutch design B,

.‘;Fx = 0= Fgp sin ¥ SP + Fcg sin <CG + RTo cos P - RNo sin ﬁ'RTi
LFY = 0= Fgp cos <XSP + Fcg cos <CG - RTo sin B — RN° cos f3 +RNi
wiere
<K SP = angle between a line connecting the inner race contact point and center

of the clutch ond a line connecting the spring contact point and center
of the clutch.

For both clutches, a fourth equation is needed for a solution. This
equation is obtained by assuming a coefficient of friction for sliding at
the inner race point of contact:

RT = ul( RNl

]
where pk = sliding coefficient of friction.

The above four equations can now be solved simultaneously for Ryj,
RTi' RN, and RTD.

Now that all of the forces acting on a sprag have been determined, the
following parameters may be evaluated:

1. Inner race drag torque - This parameter is calculated with the follow-
ing equation:
Td = N RT| R| (in.-lb)
2. Pressure-velocity factor (psi-fps) - This factor is useful as a wear
correlating parameter in high-speed mechanical components. A

value of 2x10° is considered to be within good design practice.
Pressure = Pj.
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b;L

where RNi =

normal force at the inner race (Ib)

Velocity = V.,
TR
v = L (n =y (fps)
360
where n; = inner race speed ( rpm)
o =

outer race or sprag cam speed (rpm)

3. Load per inch-velocity factor (lb/in. -fpm) - This factor is used by
some clutch companies as a wear-correlating parameter.

A value
of 14, 000 is considered to be within good design practice. (%)
RN.
Load perinch = _! (Ib in)
L
TTR'
Velocity = V = ——

30 (nj _ no) (fpm)

*
( )Formsprag Company, SPRAG-TYPE OVER-RUNNING CLUTCHES,

Power Transmission and Bearing Handbook, 1969-1970 Edition,
Cleveland, Industrial Publishing Company, pp. A/196-A/202,
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4. Hydrodynamic and elastohydrodynamic oil film thickness - The
following equations are used to calculate the elastohydrodynamic and
hydrodynamic oil film thickness : (*)

1.6 (G)6 (U)7R

hEHD
w13
h _ 49U R
HYD 5
where hgpyp =  elastohydrodynomic film thickness (in.)

hHYD = hydrodynamic film thickness (in.)

R = equivalent radius = Ri P '(Ri + p;)
G = moterials parameter = ap E’
where o = pressure viscosity coefficient (in.2 'Ib)
E’ = materiols porameter = E "(l-v2) (|b/in.2)
W = load parameter = Ry /ETRL
}
1
U = velocity parameter = __ (VR t Vg ke
2
E'R
where u, =  absolute viscosity (reyns)

VR =  tangential velocity of the inner race at the contact point =
R, nj ™30 (fps)

tangential velocity of the sprag at the inner race contact
point = p. ny /30 (fps)

<
(2}
1

%
( )D- Dowson, and G. Higginson, ELASTOHYDRODYNAMIC LUBRICA-
TION - THE FUNDAMENTALS OF ROLLER AND GEAR LUBRICATION,

London, Pergamon Press, 1966,
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APPENDIX II
COMPUTER PROGRAM

This computer program was written specifically for one-way, sprag-
type overriding clutches. The program calculates pertinent sprag
geometry data in double precision for each incremented rotation angle
from minimum to maximum sprag cam travel. Override and design
point data are stored, so that after incrementing is completed, these
data can be used to calculate the design point stresses and radial
deflections as well as the override and differential speed point wear and
film thickness parameters.,

The clutch is assumed to drive through the outer race and override
through the inner race, the sprag cams remaining stationary with the
outer race, In addition, the clutches contain single ribbon or double
garter type springs, and the inertia and spring forces act to energize
the clutch during the overriding mode of operation,

The program evaluates drag torque, load perinch-velocity, and pressure-
velocity (wear correlating parameters), as well as hydrodynamic and
elastohydrodynamic oil film thicknesses for the override and differen-
tial speed modes of operation. Pressure loads are superimposed onto
rotational loads to determine compressive stresses, hoop stresses, and
their deflections for the driving mode of operation,

Other specific features of the computer program are as follows:

1. Cyclic testing stresses and deflections can be determined by in-
putting the load point torque and zero speed.

2. The slip or rollover point for the overload test can be determined
because the inner strut or gripping angle is calculated and printed
out for the load point condition.

If aj >4 degrees, slip or rollover should occur.
3. Sprag height J', parallel plate strut angle a, and curved surface

inner strut angle a; have been subscripted for future addition of a
plotting subroutine.
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4. The program can accommodate a maximum of six radii of curva-
ture, three for the inner race and three for the outer race, for
each input case.

5. There is no limitation on the number of cases that may be run.

The subject program is written in FORTRAN IV language and was
developed on an IBM 370 system, model 155 computer. Computer run-
ning time is 19 seconds for compile and link edit and 2 seconds per
executable case,

INPUT DATA

Note: All angles must be in degrees and decimal fractions.

Card One - Format (1X, 79H)

Identification

Card Two - Format (6F12,5)

Word 1: Horsepower
Word 2: Torque (in. -1b)
Word 3: Speed (rpm)

Word 4: Coefficient of sliding friction at inner race for override
mode of operation

Word 5: Number of springs

Note: Words 1 and 2 - One value must be given and the other value must
be 0. 0.

Word 3 - design point speed

Word 5 - use 1.0 for one ribbon type spring, use 2.0 for two
garter type spring

110



TS e e

Card Three - Format (6F12. 5)

Word 1: Inner race inside diameter (in.)

Word 2: Inner race outside diameter (in.)

Word 3: Number of increments on rotation angle
Word 4: Minimum rotation angle

Word 5: Maximum rotation angle

Note: Word 3: Maximum number of increments = 190
Words 3, 4, 5: Therotation angle referred tois £
See Figure 60 for definition and relationship to 8.

Card Four - Format (6F12.5)

Word 1: QOuater race inside diameter (in.)
Word 2: Outer race outside diameter (in.)

Card Five - Format (3(F6.5, F6.2, 2F6.5)) (See Figure 61)

Word 1: Inner race radius of curvature for override position (in.)

Word 2: Rotation angle for Word 1. This value must be at the
junction point with the next value of inner race radius
of curvature,

Word 3: 'X' coordinate for Word 1 (in.)

Word 4: 'Y' coordinate for Word 1 (in.)

Note: A total of three values of inner race radius of curvature may be
read in as input so that words 5 through 8 correspond to the sec-

ond value and words 9 through 12 correspond to the third value.

Words 3, 4, 7, 8, 11, and 12 note proper sign convention used
in Figure 61,
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CARD 3 CARD 3
WORD 2 WORD |

;/\ ;
_—

P

Figure 60. Computer Program Input Cards 3 and 4.
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NOTE: WORD 10
WORD 1N
WORD 12

WORD 5, CARD 3 (Z MAX)
0.0
0.0

Figure 61. Computer Program Input Card 5.
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Card Six - Format (3(F6.5, Ft.2, 2F6.5)) (See Figure 62)

Word 1: Outer race radius of curvature for override position (in.)

Word 2: Rotation angle for Word 1. This value must be at the
junction point with the next value of outer race radius of
curvature,

Word 3: 'X' coordinate for Word 1 (in.)

Word 4: 'Y'! coordinate for Word 1 (in.)

Note:

A total of three values of inner race radius of curvature may be
read in as input so that words 5 through 8 correspond to the
second value and words 9 through 12 correspond to the third

value.

Words 3, 4, 7, 8, 11, and 12 note proper sign convention used
in Figure 61,

Card Seven - Format (6F12.5) (See Figure 63)

Word 1: 'X' coordinate of center of gravity (in.)

Word 2: 'Y' coordinate of center of gravity (in.)

Word 3: Weight of one sprag (gm)

Word 4: Number of sprags

Word 5: Effective sprag length (in.)

Word 6: Code word for type of output desired
Note: Words -- as used in this program neglects chamfering of the
edges,

Word 6: Use 1.0 for minimum output - includes input data,
overriding data, and maximum stresses and deflections for load

point.

Use 2.0 for all of 1.0 plu.s stress and deflection distribution in
inner and outer races.
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WORD 1

WORD 11—
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NOTE: WORD 10 = WORD 5, CARD 3 (Z MAX)

Figure 62. Computer Program Input Card 6.
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Figure 63. Computer Program Input Card 7.
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Use 3.0 for maximum output - includes 2all of 2,0 and computer
table of sprag height versus strut angle and other sprag cam
geometry,

Card Eight A - Format (3(F6.5, F6.2, 2F6.5) (See Figure 64)

(For use with garter type spring; Card Two - Word 5 = 2.0)
Word 1: 'X' coordinate of spring contact point on sprag (in.)
Word 2: 'Y' coordinate of spring contact point on sprag (in.)
Word 3: Spring weight (gm)

Word 4: Free spring diameter (in,)

Word 5: Spring constant (lb/in,)

Note: Word 4: Spring is designed to be compressed radially before
insertion into cam slots.

Card Eight B - Format (3(F6.5, F6.2, 2F6.5)) (See Figure 65)

(For use with ribbon type spring; Card Two - Word 5 = 1, 0)

Word 1: 'X' coordinate of spring contact point with front face of
sprag (in.)

Word 2: 'Y' coordinate of spring contact point with front face of
sprag (in.)

Word 3: 'X' coordinate of spring contact point with back face of
sprag (in.)

Word 4: 'Y' coordinate of spring contact point with back face of
sprag (in.)

Word 5: Spring weight (gm)

Word 6: Spring deflected height (in.)
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Figure 64, Computer Program Input Card 8A.,
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RIBBON SPRING

WORD 2 o~
FRONT ~ ~_
FACE N\
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X

&
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WORD 6

g T T

Figure 65. Computer Program Input Card 8B.
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Word 7: Spring constant (lb/in.)

Word 8: Angle between front face contact point of spring and
inner race contact points

Word 9: Angle between back face contact point of spring and
inner race contact points

Note: Only one card, either 8A or 8B, is to be used in each case.

OUTPUT DATA

The short form (input Card 7, Word 6 = 1.0) of computer program out-
put for bLoth clutch designs A and B is shown in Figures 66 and 67.
The first 1) or 13 lines following the heading represent input data.

The next section of output relates to sprag cam geometry and is only
obtained with extensive printout (input Card 7, Word 6 = 3.0). Two
sample rows of values beginning with 'SIGMA ANGLE' are listed.

For 105 increments there would be 105 rows of data,and each row would
represent a 1/2-degree increment on 'SIGMA ANGLE'. The significance
of each term is explained as follows:

SIGMA ANGLE - Angle of rotation of sprag cam as explained in the
input section of the computer program discussion.

J PRIME - Flat plate dimension, sprag height as measured between
flat plates.

INNER STRUT OR GRIPPING ANGLE - Flat plate dimension, angle
between strut and inner race contact point correspond to J PRIME,

Note: The two preceding values are used by sprag clutch manufacturing
companies as a means of sprag cam inspection (see Figures 68
and 69).

STRUT ANGLE INNER AND STRUT ANGLE OUTER - Curved surface
dimension, angle between strut and inner and outer radii contact points
respectively for an actual clutch. These values relate to the ones pre-
viously discussed except that now the flat plates have been replaced by
the curved surfaces of an actual clutch., All computer program stress
calculations are based on the curved surface strut angles.
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SPRAG CLUTCH CASE RFQ PGN (X137303) CLUTCHIAD

MOASESOVER ,, 15010710
SPEED (RPM) ccccescovcncvcoscacasosaeae 26900.0000

X COORDINATE-SPRING FRONT FACE (IN) .c000e 041010
Y COORDINATE-SPAING FRONT FACE {IN) cccoes =,0094
SPRAG CCNTACT ANGLE-FRONT FACE (DEG.) 38,4140
SPRAG CONTACT AMGLE-BACK FACE (DEG.) 19.2900
SPRING WEIGHT (GW) 2.7130
A0, OF SPRINGS .... .e « 10000
SPALNG HEIGHT-EREE (IN) es  0.,0%00
SPAING CONST ILB/IN) ccecesccscsessseascse $.2400
INNER RACE 0.0¢ cvoccccssccccanscsccssccssce 2:1%62
INNER RACE 1,00 cee . 1.0000
MUNBER OF INCREMENTS . « 10%5.0000

FLAT PLATE DIMENSIONS

6llT-1,0- /72
TORQUE (IN-LBS) cecevesrvoccscecancscesce 39370.0000
FAICTION COBFF. (SLIDING) soccecescrcocccses 0.0500

R COOROIMATE-SPRING BACK FACE (IM) ..
Y COORDINATE~SPRING BACK FACE (IN)

X COORDINATE-C.G. (1IN} 0.0223
Y COORDINATE=C.G. (IN) 0.0063
SPRAG WEIGHT (GM) ... 5,319
NOs OF SPAAGS ceccossesseccce 20.0000
EFFECTIVE SPRAG LENGTH (IN) covcsciccccense 0.00%50

OUTER RACE [.D.INON.) ,
OUTER RACE 0.0¢ cvceee ®sesscsssssnce . 3. 7500
SIGNA ANGLE (DEGREES) cooc 59.5000({MIN)ecces 112.0000(NAK)

.
~
.

°
[-d
»
~

CURVED SURFACE DINENSIONS

———— seeme - ———--e- OUVEl
SIGMA INNER STRUT STRUT ANGLES RACE 4 DIFF
ANGLE  J PRINE ANGL € TNNER OUTER 1eDs ANGLE  ANGLE
1DEG) (AL1] (0EG) (DEG) (0EG) tIN) (DER)  {DEG)
84.0000  0.3767 3.0484 3.%536 2.632¢ 2.9100 0.973  0.0%1
84.500C 0.3769 3.0036 3.5969 2.6661 2:9!03 0.976 o:ou
OVERAUN ¢ DIFFERENTEAL SPEED POINT VALUES
STIGMA ANGLE (DEGREFS) covecee ees 15,0000 OEFLECTED OUTER RACE 1.De (IN) cocoscecccsccencs  2,9042
INNER STRUT ANGLE (DEGREES) .. . 2.7212 OUTER STRUT ANGLE (DFGREES) ..se ees 240200
INNER  OUTER SPRAG SPRING FILM  FILM
PERCENT ’ v r-v RACE RACE DRAG RS PRS-V CENTRIF, SPRING CENTRIF, THK.  THK,
SPEED SPEED  SPEED  TORQUE FORCE FORCE  FORCE YD,  EWD,
(PPIY  IFPM)  (PPI-FPM) (RPHM)  (RPM)  [IN-LS) (PSI)  (PSI-FPS) (LB) ne) (L8) (MICRO-1N)
WITH SPRING
0.0 1+71 16939, 28806, 26520, [ B 1.38 13760, 3429583, 0.0 0.31 0.0 364,30 32,7%
2%.00 8.95 11219, 100465, 26%00. 6625, 6.62 29629, 5%402%9, 19,2 0,31 0,49 55,53 21,93
$0.0C 30.34 7480, 224699, 26320, 19230, 21.56 54269, 67635131, 16.6 0.%1 1.96 11.03 14,11
AS,BY  BALs1 S1YT, DRANKS, 2ASIN, | T616, 14,27 TAal,  RONARaY, 0,7 AT o PRI T
15.00 65.19  3760. 243784, 26500, 19873, 4b.TY 79941, 4982087. 172.4 0.31 te37 2.5 1,89
100,00 114439 0. 0o 26500, 26500 82.01 105897, . 306,46 o.M 1.78 0.0 0.0
WITHOUT SPRING
0.0 0.0 16999 0 26500, 4 0.0 0. 0. 0.0 0.0 0.0 meemve cocees
zs:oo ‘:o; 11219, 45200, 26300, o825, 2.89 19874, 3716125, 19,2 0.0 0.0 123.43 24,33
50,00 16.12 7487, 120%}3, 26300. 132%, 11.5% 39747, 4934034, 16,6 0.0 0.0 20.57 15.%0
6,66 20,65 4987, 142856, 26500. 17666, 20,94 87996, 4404483, 136.2 0.0 0.0 T.72  10.69
75.00 36.26  37640. 135600. 26530. 1987S. 26,00 89621, 3716129, I72.4 0.0 0.0 .97 0,47
100,00 64,48 n. 0. 265)0. 26500, 48,21 19494, 0s 306,46 0.0 0.0 0.0 0.0
LOAD POINT VALUES
SICHA ANGLE (DEGREES) eovosnsscesccscascnses 84,0000 OEFLECTED OUTER RACE 1.0, (IN) .. 2.9100
IANER STRUT ANGLE (DEGREES) scoccvcsocscnsss 343538 DUTER STRUT ANGLE {DFGREES) seccccsccoccasncrces 26324

NEK4AL LCAL Pkn SPtau AT JUTFR RACE CUNTALT PCINT (LA} ... 2688,

OUTER QACE Lode HIIP DTRESS VAKX, (PSI) covevsvessssecsnscccscncense 53339, CEFLECTION {IN) seuseaces 0.002704
IATTR Y TN R A el M STRESS MAX, - HENTZ UBSI) ccrccscconasess 363504, CERECTIOV (I¥) coveeees C.0CCOII)
M ICn 8CF LEMPREIS IVE STHISS MAX, = PERTE (PST) sevsescrcencnes 285303, DEFLECTINON (IN) coneseee 0000809

Figure 66. Computer Program Output
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SPRAG CLUTCH CASE

HORSEPONER ccoceccoccsaccrnsncsontones
SPEED (aPN) ..

X COORDINATE-SPRING (IN) .

REQ PGM {CL-AL1T73) CLUTCH 203

1501.0710
ececes, s 26500,0000

Y COORDINATE-SPRING (IN) -«0617
SPRING WEIGHT (GM) cevceee 2.0248
NO. CF SPRINGS covcas 2.0000
SPRING DIA.-FREE (IN) 2. 5400
SPRING CONST (LB/IN} ... 2.5147
INNER RACE 0.D0s csvocscoscscncsssscencacnnss 1. 7500
INNER RACE 1,00 aceoes .e 1.0000

NUMBER OF INCAEMENTS .

FLAT PLATE DIMENSICONS

e 10%5.0000

[

IT-1.0- 1/72

TORQUE (IN-LBS) sececascccctsarcccscences 3970,0000

FRICTION COEFF. (SLIDING)

-

eee 04,0500

X COORDINATE-CoGe (IN} esncscevcocensonnces 0.0202
Y CONRDINATE-C.G. [ IN} 400 e 0,0290

SPAAG WEIGHTY (GM) ccevees
NOs OF SPRAGS csessecessvens

ee  $.4100
e 24,0000

EFFECTIVE SPRAG LENGTH (IN) , eee 0.8800

OUTER RACF 1.,0¢(NDM.) sucsesscocecscnsossone
OUTER RACE NiDe concene
SIGMA ANGLE (NFCREES) ,

o 59,.5000(MIN) . 000

CURVED SURFACE DIMENS IONS

SIGMA TNNER STRUT STRUT ANGLES

ANGLE J PRiNE ANGLE IINER QUTER
(DEG) (R L1] {OEG) {0EG) {DEG)
83.000C 0.330% 2.6724 3. 1185 2.2638
83,%00¢C 0,308 2.6940 Jol1493 2.2020

QUTER

RACE 41 DIFF

1.0. ANGLE  ANGLE
LIN) (NEG)  (DFG)
2.6012 1.0l 0.18)
2:8115 1,026 0,14}

2.4060
3.09%0
112.0000(MAX)

OVERRUN ¢ DIFFERENTIAL SPFFD PNINT VALUES

SIGNA ANGLE (NEGREFS) cievvevee 72,4000 NEFLECTED OUTER RACE 1,0, (In) o 2.4061
INNFR STRUT ANGLE (DEGREES) seeccocsoncssass 245176 QUTER STRUT ANGLE {DEGREES) ccveccocercevccocasnas 1.8307
INNER  OUTER SPRAG SPAING  FILM  FIiM

PERCENT ’ v »-v RACF RACE nRAG s PRS-V CENTRIF. SPRING CFNTRIF, THK,  THx,
SPEEC SPEED SPEEN TORQUE FORCE FORCF FORCE MYD, Fun,

(PPL)  (FPM)  (PP1-FPM) (RPM)  (RPu}  (IN-LA) (PST)  (PSE-FPS) (LA} J8.1] (L1 (MICRO-1N)
wiTH SPRING
0.0 2412 12161,  2%600. 26%00, o, 1.95 13337, 2098717, 0.0 0.46 0-0 29657 29,86
2%.00 6.59 9106,  5997%. 26%0. 6625 5.09 21538, 18717186, [ENY 0,48 0.%1 Tl.st 21,08
80,00 20.00 6379. 121613, 205)0, 132%0, 18,48 €1013. 4169425, 2.4 0448 2.0 15.68 13.7%
65,15 32,48 4231, 137431, 26%00. L7265, 30.01 S2266. 368%611, 123,0 0.46 3,68 6.73 10.01
15.00 42,36  303%. 128%64.  265)0, 19875, ALES 5986, 3019266. 163.0 0.48 657 1,70 T.66
100,00 73,66 . 0. 28%30. 20500, 68,06 18105, 0. 209.8 0.48 a1 0.0 0.0
WITHOIUT SPRING

0.0 0.0 12141, 0.  26%00, 0. 0.9 0. 0. 0.0 0.0 0.0 B
2%,0¢C 2,13 9106.  19396.  26%00. 6625, 1.97 13386, 203122¢, 18,1 0.0 0,0 220.87 24.%9
$0.00 8.52 607). 81723, 26500, 13250, 1.87 26769. 2708279, 12.% 0.0 0.0 161 15,
66,66 15,15 4047, 61301, 265J0. 17666, 14,00 38690, 2407467, 128,84 0.0 0.0 13.81 10.72
15,00 19.17 3035.  S58188.  26500. 19873, 1. 40153, 2011224, 181.0 0.0 0.0 A.%  8.50
100,00 346,08 0. 0. 26500. 26500, 31,49 53537, 0. 289,08 0.0 0.0 0,0 0.0

LOAD POINT VALUES

s 83,0000
3.119%

SIGPA ANGLE (DEGREFS) ceeene OEFLECTED OUTER RACE (.0, (IN) .
INNER STAUT ANGLE (DEGREES) occovesesevcsccns QUTFR STRUT ANGLE (DEGREES) cenveescsssssssserce

NUAMAL LUAL #ER S2RAu AT TWTEr HACE JUNTACT PUINT (LR) ... W22,

2.4112
2.26135

OJT R HACE lode 'hod? 3THESS MAX, (PSE) sessssscsscnconcoccncccsnans 58068, VEFLECTION (IN) cesceees 0.00292%
INNFL RACY Suieadl vt STHESS MAX, - PENTZ (PST) cuesessnenseess 341589, DEFLECTION (IN} .. ess 0.0CO76%
QUTER QACH LIYERLaSIVE STHESS MAR, = FIRTZ (PS1) sevevncessscnce 256039, VEFLECTION HIN) seceeees 0,000741

Figure 67. Computer Program Output Data - Clutch Design B.
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OUTER RACE I, D, - Value that the outer race inside diameter would

need in order to correspond with the curved surface inner and outer
strut angles.

C.G. ANGLE - Angle between the center of gravity force component

and the inner race contact point, See Figure 58.

DIFF. ANGLE - (<L CG - g(B) See Figur=z 58. As long as this angle

remains positive, the sprag centrifugal force will act to energize the
clutch,

The next section of output data is entitled 'OVERRUN + DIFFERENTIAL
SPEED POINT VALUES',

The first two rows of data define the actual contact points of the sprag

on the inner and outer races as explained in Appendix I and as shown in
Figure 54(2). At this point, the calculated value of 'DEFLECTED
OUTER RACE I.D.' is equal to the nominal input value (Card 4, Word 1).
It is assumed that all override and differential speed modes take place

at these points of contact,

The override mode occurs at zero rpm outer race speed and 26, 500
rpm inner race speed (design point). As the outer race increases in
speed (differential mode), the sprags will rotate also (sprags assumed
to remain with outer race). The effect of sprag and spring centrifugal
force will now be felt as increased 'DRAG TORQUE' at the inner race
contact point, The same four points of differential speed mode of oper-
ation are calculated for every case. These points are listed under the
'PERCENT SPEED' column as 25, 50, 75, and 100, The race speeds
are listed under the columns entitled 'INNER' and '"OUTER RACE
SPEED'. A fifth point, representing the maximum 'P-V' value,

is also listed. The 'P-V! factor in (lb/in. - ft/min.) is a wear
correlating parameter used by some sprag clutch manufacturec»s, 'P'
is the normal load per inch of effective sprag length and 'V' is the rel-
ative tangential (sliding) velocity; both values are determined at the
inner race contact point. If the spring effect is neglected, the maxi-
mum 'P-V' value occurs mathematically at n, = (2/3) ny. This value
is shown in data headed '"WITHOUT SPRING',

When the spring effects are accounted for, the maximum value occurs

at a slightly different percent speed (65.15 percent for design B, and
64. 38 percent for design A).
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The 'PRS-V' factor in (lb/in, Z . ft/sec) is also a wear correlating
parameter used by industry in the design of other mechanical compon-
ents. 'PRS' is the normal load per square inch of contact area as de-
fined by Hertzian equations. 'V' is again the sliding velocity. Both
values are determined at the inner race contact point. Values in the
other columns listed in this section are calculated at each percent speed
point according to the formulas presented in Appendix I.

The next section of output is entitled ' LOAD POINT VALUES.'  As the
outer race comes up to the design point speed and then starts to
transmit torque, the outer race expands. When the radial growth of

the outer raceinsidediameterdue to loading and centrifugal force effects
matches the value calculated from sprag geometry, the correct position
of sprag contact on the raceways has been found. The first two lines
of data, i.e., 'SIGMA ANGLE' and 'INNER STRUT ANGLE,' represent
this geometry.

The next line of output represents the tangential stress at the outer race
inside diameter and the corresponding radial deflection. Both values

are a maximum at this point, and they are arrived at by superimposing
the pressure loads onto the rotational loads. The next two lines of output
represent the compressive stress and deflection at the inner and outer
race contact points, respectively. A FORTRAN listing of the computer
program follows.
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FORTRAN LISTING OF COMPUTER PROGRAM

£ SPRAG CLUTCH DESIGN - BY AL MEYER =
IMPLICIT REAL®8 (A-H,0-2)

- — _KRD=5 -
KPR= €

_DLMENSION XJPRIL200), ALFPL200) o ALFI(200),RHITU3)o5IGMI(3), XI( 3D, Y]

LU3),RHIVI3),SIGMUL3),X013),YO(3),SIGMAL200)

PI=3,14159263

=P 1/180.0

GRAVTY=386.4

GRAMLB= ,CC2205

_EL;‘_M“‘)_'Z_Q.O‘I_0.0“b.O

PUISSN=Z0,25

WIDENS=,282

COPRVI=z .0CCCS5

REYNS=,00000073
1 READIKD, 1600)

REANC KR »1002) AORPOW, TORCySPEEC, FRCOSL S PRNGS

REAND (KD, LON2IXIRID XIROD, SINCy SIGMIN,SIGMAX

READ(KRU¢1002) XORIU,XOROL

READ (KR D,y 17031AHOT (1) s SIGMIE LYo XTU 1) o YI (1) (RHOT(Z) ,SIGMIT2) XTI T2),

LYLU2) JRHOE(3) o SIGMI(3) o X 113D ,Y1 (D)

READ (KD, 1003)RHOD( 1) SIGMOL 1)y XO( 1) ,YDU 1) 4RHOOL2) o SIZMOL2) ,X0D (2},

LYUL 2) yRHNCE3) 4 SEGMBI(3) ¢ XO(3) ,Y0 (3)

KEAD{XIDy LOO2IXC Gy YCG 4 WTSPAG, SPRAG S+ WIDTHCODEL
____IF(SPRN3S.EQ.1.0) GO TC 490 o -
READ(KD, 1003 )XSP,YSP 4 WTSPNGyDOSPRNGy SPRNGK

ol TC 491
490 READ(KRD, 1003) XSk gYSH o XSB oYSB o hTSPNG ¢SPNGHT oS PRNGK ¢ ANGSPF o ANGSP B
491 ARITE(KPR,1107)
wrl TECKPR ,1000)
_WRITE(KR23,1001)
IF{HORPOW) 2 43,2
2 TIR1=63025.0*HORPIW/SPELD
sU TC &
3 HUKPDW=TURQ* SPEED/€3025.0
4 aR[TE(KPR, 1004 YHORPOW, TIRQ
C WRITE(KPR,1005)SPEFD FRCOSL
IF{SPRNGS«EQel .0) GO TG 495
AL ITE(KPR o 1006 )XSP 4 XCG
WwRITE(KPR,1007)YSP,YCC
WRITE(KPR 41003 )W ISPNG ¢WTSPAG
AR TEC KPR 1 G09) SERNGS » SPRAGS
_ARITE(KPR 4 1012)0SPRNG yWIDTH
ARTTE{ KPR 41 013) SFRAGK
Gu TN 496
495 wkITE(KPR,1023)XSF,XSE
AKITE(K?R 4 1024)YSH,YSB
WRITE(KPR 41025) ANGSPF,XCC
WRLTE(KPR1026)ANG SPB, YCG
AKITEI(KPR 41008 IWTSPNG,yWTSPAG
WKl TECKPR 91 009) SPRNGS o SPRAGS
WRITE(K?R 41027 )SPNGHT yWIDTH
wRI TEC KPR 1 013) S FRNGK
456 ARITE(KIR 4 1017 IXIROD ¢ XORID
_ WKITE(KPR41022) X IRIVyXURCO
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WRITE(KPR,1011)SINC,SIGMIN, SIGMAX
IF(CCDEL.LT.3.0) GO YO 500
WR ITE(KPR,101%)
WRITE(KPR,1015)
I=1
J=1
M=1
WRITECKPRZIOLAIXT( 1) o I(J) yRHOT (1) ,SICMI(M)
SIGMI(MI=SIGMI (M) %2
[=2
J=2
M=2
ARITE(K2, 1017 iXI(T)yYI(J)4RHOLCTI) ,SIGMI( M)
SISMIUM) =SIGMI (M) %2
=3
J=3
M=3
WRITE(KPR,ZLGLISIX I 1) oY 1{J) 4yRHOTCI) oS IGMI ()
SIoAIIM)=SIGHMI (M) #2
[1=1
JJ=1
Mm=1
ARITE(K?R,1019)X0(T1 ), YO(JJI) yRHOO(T L) ySIGMQL MM)
SLOMCIMM) =SIGMC(MM) 7
11=2
JJ=2
MM=2
WRITE(KPR4102I)XO(I1)yYO(JJI)yRHOOCII),S IGMO (MY )
SIGHO (MM ¥=SIGMO (MM ) %7
[1=3
JJ=3
MM=3
WR ITE(KPR, 1021 )XO(I1 ), YO(JJ)4RHOC( I L) 5SIGMO( MM)
SIGMCIMM) =SIGMC(MM) %7
wrR ITE(K2R,1033)
WRITE(KPR,103%)
WRITE(K>R,1035)
WRITE(KPR,1036)
Wi ITE(KPR,1039)
G0 TO 503
500 DJ 501 M=1,3
SIGAI(M)=SIGMI(M) %7
501 CuvTINUE
UU 502 MM=1,3
SISHM0(MM) =SIGAC (MM %7
502 CuNTINUE
503 n=1
SIOGMA (N )=SIGMIN %2
SIGINC={ SIGMAX=SIGMIN) %2/ (S INC)
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FORTRAN LISTING OF COMPUTER PROGRAM

SPRAG _CLUTCH DESIGN - BY AL MEYER

IMPLICIT REAL®8 (A-H,0-1)
KRD=S

KPR=&

DIMENSTON XJPRI(200) 4 ALFP(200), ALFI{200),RHI1(3)o3IGMI(3), XI(3), VI
1430, RHIVE3), SIGMUL 3),X0(3),Y0(3),SIGMA(200)

PI23,164159263

{=P1/180.0
GRAVIY=3R6.4

GRAMLB= ,CC2205
ELOMOD=29.0%10.0%+6.0
PUISSN=0,25
WIDENS=,282

COPRVI= ,0CCCSS

REYNS=, 00000073
READIXD, 1G00)

REAN( KRV »1002) AORPOW, TORCySPEECy FRCOSL ¢S PRNGS
REANIKAD, 1072 IXIRID 4y XIROD,y SINCy SIGMIN , SIGMA X

READ(KRD ,1002) XOR1 Uy XOROC

LE D)
471

_MRITEIK22,1001)

2

3
4

" IFUSPRNGS.EQ.1.0) GO TO 495

READ KRy 1003IRHOL ( 1)y SIGMIE 1Dy XT( 1Y 4¥ICLY JRHOLUZ) (STGMIT2) T I2Yy
LYLC2)RHOLE3) o SIGMT(3) X E(3)4¥Y1 (D)

ReAD(KDy 1003 )RHOO (1) o SIGMOL 1)y XO( 1) ,¥YNU 1) yRHOD(2) o SISMOL2) 4K 0K2) 4
LYUL 2) 4RHOCE3) o SIGMOL3) 4 X0{3) 4YO(3)

READ(XADy LOO2IXC Gy YCGyWTSPAG, SPRAG S, wiDTH,C ODE1
IF(SPRNGS.EQ.1.0) GO TC 490
READ(KID, 1003 )XSP,YSP yWTSPNG,DSPRNG, SPRNGK
wU TC 491 .

READ(KR0 9 1003) XSk o YSk o XSB YSH g WTSPNG ¢ SPNSHT S PRNGK 9 ANGS PF o ANGSP B
ARITE(KPR,1100)

wil TECKPR ,1000)

LHIHORPOW) 24342 ’ o T
T4R 1263025, 0%HCRPIW/SPEED

GU TC 4

HURKPDW=TURQ* SPEED/€3025.0

WRITE(KPR, 1004 YHURPOW, TORQ

WK ITE(KP 9 1005 )SPEFD (FRCOSL

W ITF (KPR 4 1006 )XSP 4 XCG
wRITE(KPR,1007)YSP,YCC
WR ITE(KPR » 1OOS IWTSPNG yWTSPAG
ARI TECKPR4LO09) SFRNGS SPRAGS
_ARITE(KPR, LO12 JUOSPRNG 4WIOTH

495

456

TARTTECKPR 410131 SFRAGK

GU TN 496
WKITE(KPR 1023 )IXSFoXSE

Ak ITE(KPR ¢ 1024 )YSE 4, YSB
wRITE(KPR ,1025) ANGSPF,XCC
ARLTE(KPR s 10261ANG SPB,y YCG
ARITE(KPR 1008 JWTSPNGyWTSPAG
WKI TECKPR 1009 ) SPRNGS 4 SPRAGS
AR ITE(KPR y 1027 )SPNGHT yWIDTH
wRITE( KPR 1013} SPRNGK

AK ITE(K2R 4 1017 IXIROD ¢ XORTD

_WKITE(KPR,1022) XIRIUyXURCD
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£3INC=ISINCHL
RaUTAL GROWTH OF DUTER RACE DUE TO ROTATION
B2=( (3,0 +POISSN)/8 .0) ¢ (WTDENS/GRAVTY ) (P [#SPEED/30,0) #(PI+SIEED/30
1.0)
83=(1.0¢3,0#PNISSN) /(3 .0¢PUISSN)
_STRIT2=B2#( (0. 5#XOROU*XORUD ) +{ XORI U$ . 25¢ XOR 1 D) *( 1. 0~B3) )
UKROT2=0, S#X (IR [D®S T ROT 2/ EL SMOD
 XURTDR=XNRID+2,04URROT2
STAOT3=B2%(( 0. 5¢ XORIV#XORI 0} + (XDROD* .25$XOR0D ) #{ 1. 0-R3) )
UKAIT3= 0. 59X0100 #STROT 2/EL SMOD
XURNDR=X URCD+2 .0 #U RROT 3
E4D_UF_RADIAL GROWTH CALCULATION

"5 D0 50 N=1,iS INC

6 CENOIS=DSQRTU(XD(II)=-XI(H)I*%24(YI(J)=YC(JJ))¢*2)
IF(YT(J)o6TYO(JJ)) GC TO 7
XLAMA=DARSIN((YO(JJ)=YI(J) DI/CENDIS)
THETA=(90.,0%2) =S IGMA(N) +XL AMB

_ANG= (9,042 )-THETA
LU TC R

T XLAMB=DATAN((YI(I)=YO(JINI/ZEXOLTL)=XT(I)))
THETA=SIGMAI N} ={90 ,0%Z) + XL AMB
ANG={3).,0%L ) +THETA

3 XXx=CENUI S*DCOS{THETA)

YY=CENDIS*NSINITHETA)

T AJPRICNY =YY e RHOL L L) ¢RFCOCT D)

[FIYO(UI ) oGT oYL (J I IXJPRIINI=RHOI (T ) +RHUO(TT) ~YY

ALK PUN) =DATANU XX /XJPRI(N))

XKPRIC=RHOI (1) +( .5S*XIROD)

AKC =DS QRT (CENDIS*CENDIS+XKPRICH*#XKPRIC~2,0%CEND IS#X<PRIC*DCOSIANG))
_RUsXKZ+RHOO(IT )

VUU=2.0%R0

BETA=VAISIN(CENDIS*DSINCANG) /XKC)

ALFTUN} =DATANE RUS( CS INC(BETAN) /7 ((RUSICCOSIRETA) ))=-(,.5*XIR0I)))
ALF)=ALF [(N)=3ETA

CENTER OF GRAVITY CALCULATION
CICHEDSIRTUARTG=XI (T ) )*024(YI(J)-YCG)*e2)
KOMEGA=DATAN( DABS ((YI(I)=YCGI/{XCGC-XT(I)))}
SUMANG=S I GMA (4 )= XOMEGA

IF(YTLJ) 6T, YCG) SUMANC=SICMA(N) +XDMEGA

LLC=0SIAT (XKPRIC *XKPRIC +CDCGSCDCG-2. C* XKPRIC*ZDC 3¢ DCOS{SUMANG))
ANGCG=UARSINICCCG* NS IN{SUMANG)/CGC)

DEL ANG=ANGCS-3ETA

END CF CFNTER OF GRAVITY CALCULATION

SIGMALNDY =SIGMAIN) /72

(HET AsTHETA/Z

st TA=RFT A/

ALFP (NI=ALFP (N ) /2

ALFTIN) =ALFLINY /2

ALF)=ALFN/7

ACG=ANGCG/ L

LELANG=DELANG /Y

l"(K.STolcORcKK.G' .l, GU TU 9

IFICONEL.LT.3.0) GO TU 5CS

ARTTFIKPR 41037 ) SIGMAINDY ¢ XIPKTIN) JALFP IN),ALFIIND, ALFO, LIy ANGC Gy DE
ILANG

505 LUNTINUE

SILMAIN) =SIGMAIN) &2
THETA=THETA S
JETA=RETASZ

ALFP IN)=ALFP (N )®2
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T

T

A'FLIN) =ALFLIN)® 7
ALFO=ALFLI®L
SIGMAIN) 2SIGMA(N) +STGINC
G TO 11
9 IF(CODEL LT .3.0) GO TC 510
Wil TECKPR y103R)ISIGMAIN) o XJPRE IN) o ALFPIN)oALFI(NDy A, FO,0I0, ANGC G, DE
1LANG
510 CCNTINUE
SIGMAUNY =SIGMA(N) &
THETA=THETA %7
BETA=BETA®Z
ALFP (N)=ALFP(V)®Z
ALFIIN) =ALFI{N)®Z
ALFN=ALFO 2
11 IF(DCO.LT.XORID) GO TO 19
IFILEN.2) GO TD 12
(4 SAVE DATA FOR PV AND CRAG TORQUE CALCULATION
_Ul=CHCS )
TU2=XDMFGA
L3=SUMANS
U4=C0C
US=XKPRIC
JO=ANGC G *2
o br=xtn)
udzy1{J)
UI=SIGMA(N)
IF(K €2 .1)U9=U9-SIGINC
u10=000 o
UL1=BETA
__Ulg=RHOLL)
ull= ALFI'N)/
Ule=ALFO//
uls=uv/?
L22
c 40 NF SAVE DATA FOR PV
€ __CALC. AND SAVE CEFLECTION DATA FUR LOAD POINT STRISS ZO4PUTATIGNS
12 RTOL={TOL ., #2.0)/ (SPRAGS*D0OD)
ANUL=RT OL/ DT ANLALFQ)
ATIL=(TORQ*2,0 )/ (SPRAGS*XIROD)
Rl L=RTIL/CT ANCALFI(N))
L __PRESSI=SIRAGS*RNUL/(PI*DOO*WIDTH)
SRPRS2==PPESS
J$2=X030MPR *, 2 5%« XUROOR
KRISQ=X(RI DR® . 25¢X ORICR
STP1S52=PRFESSI®(RUSQ+R] SO I /(KROSO-RISQ)
URPRS220, 9¢X ORIDR® ( STFRS2-POISSN®SRPRS2)/ELSMOD
CALCID=XJRIDR+2, 0%URPRS2
c SAVE
IFICALCIN.GT.NONY GC TC 19
IF(LL.EQ.2) G TN 19
UUL=SIGMAIN) -SIGINC
UJ2=zALF I IN)
_.Uu3=AlF0
Ju4e=0l)
UUS =RHDIC 1)
YUb=RHIOLLT)
UUT=RTOL
JUB=RNIL
UU9=RTIL . B . e
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o L e

UUL10s3INIL

Wil =CALCID
SHP?MAX=STPRS2 +STROT2
UKAPMX =IJRPR3 2+ UFROT2
LL=2

-G END OF SAVE DATA FOR LCAC PUINT
1S IF(SIGMIIMILEQ.0.0) GC TC 20
IF(S IGMA [N).GE SIGMI (M), AND.K.EQ.1) GO TO 30
IFIK.EQ.2) GD TG 31
IF(K F03) GO TO 32
22 1F(SIGMO(MM) ,EQ.N.0) €C TO %0
IF(SIGMA {N),GE «SIGMO(MM)LAND.KK.EQ.1) GO TO 35
IF(KK.EQ.2) GO TC 36
IF(KK.EQ.3) 6] TO 37
60 TO 59
30 TEMP=SIGUAIN)
SIGMAUN) =S [GMI (M)
_K=2
U T0 6
31 SIoMA(N) =SIGMI (M)
I=1+1
J=del
K=3
GuU TC 5 .
32 SISMAIN) =TEMP
k=1
44‘"’1
Gu TO 50
35 TeAP=SIGMAIN)
STUMAIN)=SIGM)(MM)
KK=2
GJ TO &
36 SIGMAIN)=SIGMO (MM)
=14
Jizduel
KK=3
w TN &
37 SIGMA(N)=TEMP
KK=1
¢ MMzP Me]
E 50 SIGMAIN#1)=SIGMA(N)

PV AND DRAG TIRJUE CALCULATIONS
/ WRKITE{KPR41745)

¥ AR LTE(KI3,1046)

E WRITE(KPR,LIN&TIULS,UL0
i AR ITEIK2R,10481U13,U14
wRITE(KPR,1051)

W ITE(K23,1052)
WKITE(KPR,1053)

AR ITFIK23,105%)
WRITE({KPR,1057)

Ak ITE(K23,1062)

ANGS PF=ANGSPFe ]

(@]
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ANGSPBEANGSPBeZ
NNNET
DO 86 NNNs1,2

IFUNNN.EQ.1) GO 10 62

SPRNGK=),0

wISPNG20,0
62 LFISPANGSER.leN) GO TU 63

CI5PsDSQRTT(XSP=UT)I® {XSP-UT) ¢+ (UB=YSP)S(UR=-YSP))

FAUSDATAN (L {UB-YSP }/({ XSP-UT))

SPC=USORT(USY5¢ CUOSPECCSP-2 O®USSCNSPSDCOS{TAU#+I9) )

ANGSPsDARSINICDSPSDSIN( TAUCUS) /SPC)

56 202,08 PI®SPRNGK® (DS PARNG=2 .0 $SPC) )}/ SPRAGS

Al=DSIN(ANGSP )

T AL=0COS (ANGSPY T T

GJ TO 64
63 CUSPF2DSQRTI(XSF=UT)®(XSF-UT)¢(UB-YSF)*(UB-YSF))

CuSPR=NSIRTILUT-XSBIS(LT-XSBI+( LE-YSBIS(UB-YSB))

TAUF =DATAN((UB=VSF) /(XSF=U7))

 TAUB=DATAN({US-YSB)/(UT=XSP) ) o

"SFE=DSNRT(US*US+ COSPF* CCSP F=2 .0 #U5 ¢CCSPF*DCOS{TA I +U9))

SBC=DSIT (USBUS +CUSPB*CD SPB- 2, 0% US*CUSPBSOCOSI TAUB+ PI-U9))

2PC=0,5¢(SFC+SRC)

ANGCFS=DARSIN{CUSPF*OSIN( TAUF ¢U9) /SFC)

ANGCBS =DARSINI COSPB*0S IN(T AUB+P 1-U9)/SBC)

$4=SPINGK#SPNSHT
64 >43SPRNGSESY

 $5=(PI#P [SGRAMLO *h TSPNG*SPC ) /( 90C. 0% SPRAGS®GRAVTY)

T 95=2SPRNGS®SS

SO (PI#PTGKAMLB*WTSPAG®L4)/(900.0¢GRAVTY)

A3=0SIN(U6)

A4=DCOS LUs) e

AS=0SIN(UIL)

A63DCOS (UL1)
IF{SPRNGS.EQ.1 .0) GO TO 640
__S1sA2-(A1%A6/45)

S2=A4-( A3%A6/AS)

$3= ((XIROD®FRCZOSLI/(ULO*AS) )=( ( FRCOSL®AG) /EAS) ) =1.0

ST=(S1¢54)/(WIDT H®53)

S8=(S1¢55)/(WIDTHeS3)

S9=(S2¢S6) /{ WIDTHeS3)
) GO_T0 641
640 A30=CSIN({ANGSPB)

A31=DCOS (ANGSPB )

A32=0S1 N[ ANGSPF)

A33=DCOS (ANGSPF)

antSPCODSlN(O-S‘PI—ANCCES -ANGSP B)

XMF=SPC#0COS (ANGSPF-ANGCFS)

SSOsAS+FRCOS L* AS
o _ SSL=A6%A1+A306AS

SS2=AN®AI3+AI2¢A5

$532A68A3-44%A5

$951=551-1(2.0%XMB) /UL0)

$352=2((2,08XMF }/UL0)~-SS2
$553=$50-(( FRCUSL®X IRCC)/UL0)
. 355520SIN(ANGSPF-ANGCFS)
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64l

642

65

66

61

63

69

511

512

19

11
12

721

CES72C4/(NFAS(O, 54D [=ANRSOF & ANGCFS) )
SSSASNSININ 5P [=ANRSPEL ANRCES) /NENS(ANREP AL ANGE RS )
CST=(SSS7#(SCC1988SASSED) ) /{WINTHEEEST)
SSMs( S5 (§S51#S550465682) ) /(WINTHESSSI#GCG5)
959= (553¢S5)/IWIDTHSSSI)
$7a887
S8=5S8
592559 , .
$10=PI®XIROD/12.0
$11=S7e510
S12=(58+59)¢510
FSPEDL=4,09SPEED®SPFED /9.0
FSPEN2s(6.08511)/(3,0%512)
_FSPEUSFSPED)-FSPED 2 ) ) )
1FIFSPEL.LT.0.D)GO TN 642
MXSPEN=0,5%{ (2.0%SPEED/3.0)4USQRT(F SPED))
BB=VUSURT{{R.O0/ (PIeWIDTH) ) * (111240 .5*X IROD/ (J1240.5¢XIRID) )& (1. 0~-POI
LSSN*POISSNI/EL SMOD )
Ny=1
_OU_RS NNz 1,6

TTGUTTO (66457,59,69,70,71) 4NN

PEXCNT=0,0
$PEEL DO=PERCNTSS PEED/100 .0
GO TO 72

PERCNT 225 ,0

SPEEUD=PERCNT® SPEED/100,0
G TO 72

PERCNT =50 .0
SPEEDI=PERCNTOSPEED /10C. C
60 TC 72

IF( SPEEN.GT.0,0) 6O TC 511
SPEECU=0,0

T MKSPED=0.0"

PERCNT=0,0
G0 TC 72

IF(FSPED.LT.0.0) GC TC 75
SPLECO=YXSPED
PERCNT=100,0¢SPEECO/SPFEC

G TO T2

PERCNT=2100.N*5PFEDO/SPEEL

GJ TO 72

PERCNT=175.0

SPEE DO=PERCNT*S PEL1D/100 .0

w N 72

PeRCANT=100,0

SPEEDU=SPLED

FoP2254

F3PPP=SS%SPEFDIRSPEECE
FCG=SaH®SPEENNSSPEE VN

LFUSPRNSSEQ.1.0) GG YL 721

FSP=FSOD $FSPPO

wNL=(FSPESI¢FCReS2) /53

GJ T 722

FSRACF=S4%
FSPPT=FSAIAIF/IZASICS*PI=ANG SPF ¢ANGCFS)
FSTANF=FSRADI® LT ANGO .54P I=ANGSP r¢ANGCFS )

| FSTANRZFSTANE ~

FSPPR=FST ANR/ NCOS { ANGS PR¢ ANGCES )
RLSF=FSPPE+F $20P /SSSS
RESTNF=RESFSDSINIO .S#P I-ANGSPFe ANGCFS)
RL3TNS=ESTNF
RLSB=RESTNB/ DCOS ( ANGS FB+ AN CCRS )
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Kivl= (LESB®SSSI $RESF*SSS2¢FCL%553) /5583
722 AL =FRCOSL*RNI
TURING= O, S#SPRAGS*R VI #XI ROD
v=510¢(SPEEL=S PFENC)
P=RNT/WIDTH
_Py=vsy
9= 30 ¥)SQR TIRNT ) ’ T o =
IF{RNLEQ.D.0) GC TO 73
Pi3akNT 7 (BRWINTH )
GU TO 74
73 PR>=0, 0
C__ __FILM THICKNESS CALCULAL1§N§-________h___'”___"_u__
T4 PRSV=(PRSEV) 760, 0
WPRI=RNI/WIDTH
CMRACF=SPEED*P][/30.0
JUMSPRG=SPEEDO*P] /30,0
JVE LRA=X 1 RODS OMRACE® .5
_UVEL SP= XIRUD$OIMSPRG .5
TEQUIVR=UL2¢XTROD* .57 (UT2+X IROD*.5) ~
EPR I=ELSMOD/(1.0~POI SSN#PO1SSN)
W LM=WPRI/(CPRI®ECUIVR)
JF ILM= (UVELRA-UVELSP )%, SSREYNS/ (EPRI*EQUIVR)
oF 1 LM=f, OPRVISEPRI
IF(WFILY.EQ.0.0) 50 TO 76
HFIUM=1 . 66GFTLMP ¢ 5% UF ILMS ¢ 7/ WFILMS9,i3
FILFHD= HF ILM*QUIVR *1CCCC00.0
FILHYO=(4.9%UFILMs ECUIVR/WFIL 4) #1000000 .0
715 LE(FSPEN,LT.0.0.,ANDNN.EC.4) GO TO 77
Al TECKPRINSS)PERCNT o Py Vo PV SPEEDSPEEDD,TORQDGy PRS,PRSV,FCG o FSPP
LeF SPPP FILHYD,FILFAD B
wJ 10 85
75 WRITECKPR 1N58) PERCNT oP oV PV 4SPEELS PEEDN, TURQADG.PRS,PISV, FC Gy FSPP
Ly SPPP
GuU TC 35
71 wxi THIKPR ,1060)
32 LunTINUF
LEONANGEG.2) 50 TU 86 o= T -
AR ITE(KPR,1063)
35 CLNTINUE
(4 STLESS AND DEFLECTICN CALCULATICNS
Uul=uuls2
Ju2 =UU2/¢
LuU3=UU3I/?
whl TE(KPR,1075)
WR ITE(KPR,1076)
Wil TE(KPR,1077) UL, UUG
AL ITE(K?2,1078UU2,0U3
1I-(CCDEL1.LT.2,0) GO TC 515
Wk ITE(K2R,1079)
wiI TEL KPR ,1089)
w ITE(K?R,1081)
WRI TE( KPR,1082)
Wl ITEIKPR,1083)
WRITE( KPR 41084)
51% CJIVT INUE
olvic2=12.0
RINCI= (XIKOU-XIRIU ) /DIVID2
RINCC={XOROD-XORID)/CIVIC2
RUTCON=((3.04POISSNI/B8.0)*(PI*PI¢SPEL NS SPEEDSWTDENS) /(900 *GRAVIY)
VIARTI=DSQRT(XIRJUSX IRCC)
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<3

VIARTI=0SQRT( XOR ID*XORND )e
JIAIANN=XTRID
VIAOUT=XIR D
1Ll=1
TINNER=]
VU 103 1INNER= l.ll
92 IFIDIAINNGLT.DIARTL) GU TO 95
IFCILIL.GTel) GN TO 93
TeMP I=DIAINN
JIATAN=DIARTI
ILi=2
GU 1C 95
93 IF(ILI.ST.2) 50 10 S5
UIAINN=TEXPI
=3
95 AAL=XI[D9,25¢XIRID
AAZ2 =XI KOD*,25¢X 1 ROD
_RA I=DIAINNY,25%D] AINN
AAG=(1.0+3.0%PDISSNI/ (3.04PUISSN)
SKKOTI=OTCIN®{AAL¢AA2-AAL%AA2/AA3-AAD)
STROTI =RNOTCON® (AAL+AA2+AAL*AA2/ AAY~-AA4 %ALY )
URROTE=(0,5%DIAINN/ELSMOC ) *{ STFOTI=PCISSN® SRRNTI)
PRSI =(SPRAGS*UYLN)}/ (PI*X IROG*WICTH)
IRPRSI={-PRSIY#AA2%(AA2-AAL) /L AAIS(AA2-AAL))
STPRSI=(=PRSI)#AAZ#(AA3+AAL)/ (AA3S(AA2-AAL))
UKPRISI= (0 SH0IAINN/CLSMID ) *( STPRSI=POI SSN* SRPRST )
SRTOTI =SKRCTI+SRPRS I
STTATI=STROTI+STPRSI
URTOTL='JREQT T+URPRS ]
IF(CANEL.T.2.09) GO TO 520
T WRITECKPR,1085) CIAINN, SKROT T ,STROT 1,URROT I, SRPRST, STPRST 4 JRAS T, SR
 LTJT L, STTIOTI,WTOTI
520 CUNT INUE
C IFLILI=2) 100,492,100
100 CIAINN=DTAINN#RINCI
_IF(CUDEL.LT,?,0) GO TQ 525
AR ITE(K22,1084)
525 CUNTINUE
iLi=1
LUWUTER=] ]
00 110 ITUTER=1,11
132 IHEIDIAQUTLT.OIARTC) GO TO 105
IECILILGTDIG) 10 103
_ TeMPO=N] ACUT
U1AJUT=DIARTD
=2
GJ TO 105
193 IF(ILN.GT.2) 60 10 105
JIANUT=TEMPO
e MR
105 AAS=XORID*,25¢XURID
AA6=XIOD . 25%X)R0D
AAT=DIAQUT*.25*01A0UT
o ___SRJTI=RITCONS (AAG+AAS-AASCAAL/AAT-AAT)
STROTO=ROTCONS (A5 + AAS+ AASSAAG/ AAT=AALSAAT)
JRROTI={0.5¢DIAQUT/EL SMOD ) *( STRGTO—PCI SSN* SRROT)
PR3N=l SPRAGS*UUB)/ (PI*XORIC*WIOTH)
SKPRSI= (=PRSUISAAS*(AAG-AAT)/(AAT* (AA6=-AAS))
STPRSU=PRSU*AAS* (AAG+AAT)Y/ LAAT*(AAG-AAS))
URPRS]= (0.5%NIAOLT/ELSMOD)*( STPRSO-PCI SSN® SRPRSO)
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SKRTOTO=SRROT N+ SRPRS 0
STTOTOs STROTU+STPRSU

TTURTOTO=URROT O*URPRSO
IF { IOUTER .GT.1) GO TO %30
%30 IFICCDEL.LT.2.0) GO VC 535
WR ITEIKPR ¢1085)DIAUUT, SRROTO, STROTO, URROTO, SRPRSO, STPRSO,URPRS O,SR
1TOT0,STTOTC,URTOTO
535 CUNTINUE
IFCILDO-2)110,102,110
110 Ul ACLT=DI AQUT+RINCO
WR ITEIXKPR, 1092 )uud
PRI TECKPR o1 089) SFFMAX , URHPMX
c FLRTZ
dX=1SURT (8 .08(1,0-POISSNWOISSN)I/Z{PISWIDTHEELSMID) )
31 =8 X¢)SQRT(UULO%0,S¢XIRCO*UUS/ (0.5%X IROD+JJIS))
Bu=BX*DSQORT (UUB*0, 5*UU11sUUE/ O, S¢UULL=-UUG) )
SCOMPI =2 ,0¢UUL G/ (PI*B I*W IOTH)
SCIMPI=2 .0%UUS/(PI*BO*RIDTH)
LX=2.0%(1.,0-POISSA*POISSN) 7 ELSMOC
URRTZE= (UX*ULO/(PLOWIDTH) )®(DLOGK ( 2, C*UUSSWIDTH) /{ BI*BI)) ¢l .6002)
JRAT20=( ( UX*UUB) /7 (PLeW IDTH) ) ¢{DLOG{ (2 .0%U6SWIDTH)/ (BI*B0 ) )¢ 1. 6002
1)
ARI TE( KPR ¢1090) SCOMP I ,URFT 21
w ITE(KP R, 1091 )SCOMPD yURHTZ0
Wi TE({ KPR 41100}
Cu TO 1
L1000 FLRMAT(1X ,79F
1 )
1001 FURMAT(116Xy* Gl17-1.7- 2/724)
1002 FURAMAT{6F12,5)
L1003 FURMAT(3(F6,5,F6.242F¢€,5))
l(\)‘ FORMA"BXQ. HORSEPWER L X NN N N N N N N A N NN NNENNNNNNNHN] a'Flo." 5x' .T
lUKdUE (lN-LBS’ ..0........00....l...ll..’d'FlO.l"
1005 "UKMAT(3X" sptEc (“F" ...l.t’....l'......Q....Q..alFll."sx' 'F
lKlC'lON COE"FO ‘SLlDlNG. ..Q.l.......ll.'..a'F7.~”
1000 FURMAT(3"' X COCRDINAT&-SPRING ‘IN’ 0000000 CGCIOIOOSBOOSTDS a'Fbo‘QSXQ
l'l an‘(DINAt[-COGO ‘lN) .00....OOOOQOOOOQOOQa'Faib.
ILO, FUKMA‘(3X" Y CUORD‘NA'E‘SPR'NG 'IN. [ E N RN N NNNNEN NN NN 3.F6.‘0'5X.
l.v CO)’(D‘N“TE‘C.G. (IN’ l.....l‘....'.COOOOOaQFBOQ'
lCOd FURMAI("A'. SPRING HEICHT (G"' Pos e esOOOBOEIOSIIOOIOIOEDPOOGIEOES ang.'nSX.
l.sPRAG HE'GHT (G"' .l........O....O.......OO"FB.“’
lco" FUKMAT‘;‘ '. NO. CF SP“INGS L N B N BN N BN N A N N A N N NN NNNNENNMNNRHYN] a.Fb."sx,
l"‘u. :)F SPQAGS 20000 0000000000 PF SOOI ONOEPNININOLOSLOIMSNOGS 3'F7.’0)
101\) FchAt(3x '. INNER RACE 0.0. .I...........lt.."l........a.FQI6'5x|
I.UUTER RACE lODO‘NUM., .......OQ..O.......O..Q'FQO‘,
1011 FURMAT(3X o' NUMBER CF INCREMENTS ccoccccsasccccsccsrssna@eFPsby5Xy
L'SIGMA ANGLFE (DEGREES) eeeedoFBeabe ' IM Nleuosed oF9 & ,?( MAX)Q)
1012 FURMAT({3X,® SPRING DIA=FREE {IN) ceocsscsosccesavcscse @ FbokoogkX,
1" EFFECT IVE SPRAG LENCTF (IN) ceseccocesssssa@sF B 4)
1012 FURMAT(3X4? SPRING CCAST (LB/IN) ceccecscocsccccccscsadyF8ab/)
1014 FURMAT (/17X," COORCINATESE,9Xe 'RADIUS OF 3y 8X, *SIGMA ANGLEQ) i,
10LS FURMAT (19X ,* XaollX'YGe9Xe *CURVATURED, 10X, *(DEGRZES)IA)
10Lo FURMAT (/3Xe? INNERD 94X sFCeS593XoF 9.5 45X oF9s5,10KeF9,.5)
LOL7 FURMATE3X of RACED +5X 9 F9e593X g FP 545X ¢ F9 o5 10X, F9.5)
1013 FUKMAT (13X F 959 3K eFGeSeSXoFGe5,10X,F9,5)
LOLY FCRMAT{/3X " GUTERD 94X oFG 45, 3Ky F9o595X,F9.5, 12X, F3,.5)
1020 FURMAT(3Xe® RACEQy 5K oF e 93X oF 9, 545X¢F 9 Se10XeF9,5)
1021 FURMAT(13X9F9.5¢3X9F9¢%95XsF9,5410X,F9,5)
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1022 FUIMAT (3Xy* INNER RACE [ oDs cccecvcccscrssscscnscsscncscsc®ofFdoh ¢5X,
L'UUTER RACE QeDe osscsvcovscocecccscccsscccsc@F9.4)

W23 FURKMAT (3Xy* X CUCROINATE-SPRING FRCNT FACE (IN) osoveee @9F5.% 45X,
1°Xx CCORDINATE-SPRING EACK FACE (IN) ccoseecc@yFB.4)

102+ FJIRMAT (3Xe* ¥ COORDINATE-SPRING FRONT FACE (IN) ceveee @9F5.%,5X,
L'y CCORDINATE=SPRINGC EACK FACE (IN) ceccecoce@dyFB.4)

1025 FIRMAT (3X,* SPRAG CUNTAC T ANGLE-=FRCNT FACE (DEGs) saee *pFT.4,5X;?
LA CCCRIINATE=CeGe (IN) coecvcccscccccccncse?yFB,é)

LU0 FURMAT (33X, ' SP?RAG CONTYACT ANGLE~BACK FACE (OEGe) seee *oFTo6¢5%,*
LY CNORDINATE=C.Gs (IN) coenccccccccscocscee? FB.4)

1027 FURMAT (3Xy* SPRING HEIGHTY-FREE (IN) ccoccccccscscscses @9FS.6 94X,
LY LFFECTIVE SPRAG LENCTF (IN) ccecsocecccccnsctyFBo4)

1033 FURMAT {/10Xy* FLAT PLATE DIMENSICNSE ¢3Xo*CURVED SURFACE DIMENS IONS
lad)

1035 FUKMAL A, 10Kyl =555 —o=em) mcem=cmcm=  —mmcus wemmees) —e-ammecoe 0
LUTER?®)

1035 FURMAT (2Xy* SIGMAGs 13Xy *INNER STRUTA 48X STRUT ANSLES3 o11X 4* RACES,
L7X o' CG® ¢5Xo* DIFF?)

1036 FURMAT(2X? ANGLEA,3Xy*') PRIMEG y6X 9" ANGLES 49X ¢! INNERD ¢ 7X ' OUT ERSy BX
Lo®lela® 96Xy ANGLE ANGLE")

LO37 FURMATUL X gFBoG oLl XgFB o ¢3X o8B o4 sOX g FB o4 9o X g FB ol 95Xy FBoahy Xy FEL3 92Xy
itee3)

10’6 FU“"AT(IXQFG:“.' ‘dpF7.6.3X0F8.4.6X.FB.‘an'FG.‘O.SX.FO.'O"’X.FG.3.2
L‘lFboB)

1035 FURMATI2X® (CEG)® o4X o' (IN)? ,8X,* (DEC) *9OX,y "{DEG)?, TXy *(DEG)*y BX,y *(
LiN)'y6X,y *(DEG!) (DEG )Y/

1045 FUKMAT( //740Xs* UVEKRUN ¢ CIFFERENT 1AL SPEED POINT VALUES®)

1046 FIRMAT (40Xy? =—-=~== = =cccccrccccn cceccs roace ccc-=- al/)

10647 FURMAT(3X % SIGMA ANGLL (DEGREES) cevecccccsncvcconsecoedh IXy 1FB. &
Le6Xy "OEFLECTED OLTER RACE leDe (IN) ccevscvsccccersoecdslXoLF8.4)
1043 FURMAT(3X ,* INNER STRUT ANGLE (CEGREES) essoccscccccsnsce@2XylFT.4
100Ky *JUTER STRUT ANGLE (DEGREES) eescccccccecoscosceede2XolFT,.4)
1051 FURKMAT(/35X,* [INNER CUTERG) 33X, 'SPRAGEy 12X, *SPRING FILM FILM

la)
LO52 rULRMAT(' PERCENT P v P=-v RACE RACE DRAG
1 PRS PRS-V CENTRIF, SPRING CENTRIF, THK, THK . @)
1053 FURMAT{1X,* SPttCay29X,*SPEEC SPEEC TIRJUE @y 23X,y * FORZE FOR
1ct FORCE HYD. EHD. &)

1054 FUXKMAT(10X,* (PPI) (FPM) (PPI-FPM) (RPM) (RP4) (IN-LB) [}
1Psl) (PSI-FPS) (La) (Le) (Ls) (MICRO-1NID)

LC55 FURMAT(2XFHe2 42X oFb02 .Zx.Fb.O.ZX.F7.0.3X.F6.J.ZK.F6.0.2X.F7.2.3x.4‘

LFTe002XoFB8a0902XoF60Llo3XoF5.2¢03IX9F562 93X oFToa29lXoF5,2)

1057 FURMAT(]LX? =-cccccescccrcersr e r e ccccccccecccecccecncccrronae
e e e e s e e c e e e e s r r r st n st acsccsc cc e scs vsaa - a/)

1053 FURMAT(2X oF6 42 92X 9F64292XeF60092Xe FT o009 IX9F6.092XeF6.092XeFTa2¢3Xy
LF7e092XoFBe0e2XoFb0loIXoF%e293XgF5.293X9? ===yl Xyt ==e===3)

10560 FURMAT(1X* MAX, SPLEC NCT CALCULATEC, EQUATIIN CIONTAINS A NEGATIV
1E SQUARE ROOTa)

1062 FURMAT(S55X,* WITH SPRINGd)

1063 FIRMAT (/53Xe* WITHOLT SPRINGA)

107% FURKMAT(/51X4s* LOAD PCINT VALUESGE)

1076 FIRMAT(S]1Xy? ==+> =ccee ccea==])

1077 FURMAT(/3Xs" SIGMA ANGLE (CEGREES) cocececcccccscscconcecdo Xy IFS,
149 6Xy *DEFLECTED OUTER RACE [eDe (IN) coccccocccscccncec@elXolFB %)

L0789 FURMAT(3X ' INNER STRUT ANGLE (CEGREES) ceveccccccccocse@ 2XylFT7. 4
l.bx' .OUIER S'Ru‘ ANGLE ‘DtGREES, 0.0"0".0.'...ll...i'Z"lF’."

1079 FGRMAT(///720X ¢* ROTATICNAL COMPONENT &8¢ 16Xy *PRIESSURE COMPONENT@,27X
1o 'TOTAL Q)

1080 FURMAT(]15X,® --vecececcce=e OO0 @y Xy Voo mceccccccana-"
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WPy

1081 FURMAT(15X,* RACIAL TANGENT 1AL RADIAL ADIAL TANGENT

L1AL RADIAL RADIAL TANGENTIAL RADIALS)
1082 FURMAT(1X,* CIAMETER STRESS STRESS DEFLECTIIN STRE
15> STRESS DEFLECTION STRESS STRESS DEFLECTICNS)
1083 FURMAT(3X ¢* (IN}@49X,*(PSI) (Psi) CIN)3s 99X, *IPSI)
1 (PsI) CIN)@yIXy ' (PSI) (PS1) (IN)3)

1084 FCRMAT(//53X+* INNER RACEQ)

1085 FURMAT (3Xy LFT.493(5XoFReCyé4XyFB.Cy3X,F8.6))

1086 FURMAT(//53X ' QUTER RACES)

10809 FUORMAT(/2Xs* OUTER RACE 1.D. HOUP STRESS MAX, (PSI) ccecsccccccsecs
l..........-...B.IK.IFB.0.7X.'DEFLECTlON (IN) ........3.1!. 1 8. €)

1090 FURMAT (/2Xe? INNER RACEQ ¢4 X,*COMPRESSIVE STRESS MAX. - HERTZ (PS1)
l ooooooooooooooo"lX'lFBoO"X'.ctFLECflON (IN) ........OolXp 1F 8, 6}

1091 FURMAT (2X,* OQUTER RACE®,4X,*COMPRESSIVE STRESS MAC(, - HERIZ (PSI1)
l...-...........'d.llplFB-O.'lX"CEFLECTl()N (IN) ooaooo-oa'lxolFaob,

1092 FIRMAT (/2Xe®* NORMAL LOAD PER SPRAG AT OQUTER RACE CONTACT POINT (LB
1) eee®y1F6.0/)

1100 FORMAT {1H1)

1101 FCRMAT(1 X)

END
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TYAY. I

APPENDIX III
RAW DATA, OVERRIDE TEST

CLUTCH DESIGN A

0il Inner Shaft Reaction Oil Torque Calcula-
Flow Race Speed Torque Torque AT ted Using OilAT
(gpm) (rpm) (in.-1b)  (in.-1b) (°F) Btu/hr (in. -1b)
2.4 26, 500 11.0 8.4 37 19,350 18.1
25,000 9% 9 8.0 33 17,250 17.1
20, 000 8.8 7.4 34 17,800 22.0
20,000 8.2 5.9 23 12,000 19. 8
10,000 4,0 4.4 17 8,900 22,0
5,000 2.3 2.6 13 6, 800 33.0
1.6 26,500 8.3 8.1 34 11, 900 11.0
25,000 7.4 7.6 31 10,000 10,7
20,000 7.5 e 1 26 9,100 11.3
15,000 6.0 5.8 19 6, 600 10.9
10,000 4,5 4.6 14 4, 900 12.1
5,000 3. 1 3.6 5 1,740 8.4
.8 26, 600 7.4 5.\ 38 6, 600 6.2
25,000 7.1 5.4 33 5, 800 5.8
20,000 5. 8 4.9 25 4, 400 5.5
15,000 5.3 4.8 21 3.700 6.1
10, 000 4.6 4.3 19 3,300 8.2
5,000 3.4 3.4 9 1,570 Te1 9
.54 26, 500 7.5 4.6 50 5,850 5.5
25,000 7.6 4.7 42 4, 900 4.9
20,000 5.4 3.9 30 3,500 4.3
15,000 3.8 3.3 14 1, 640 2y T
10,000 3.9 3.6 12 1,400 3. 5
5,000 2.8 2.8 3 350 1.7
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CLUTCH DESIGN B

0Oil Inner Shaft Reaction Oil Torque Calcula-
Flow Race Speed Torque Torque AT ted Using OilAT
{gpm) (rpm) (in, -1b)  (in.-l1b) (°F) Btu/hr (in. -1b)
2.4 26, 500 8.6 10.2 30 15,700 14.7
25,000 7.9 9.3 22 11,500 11,4
20,000 6.4 7.4 15 7, 800 9.7
15,000 5.4 5.9 10 5,200 8.6
10,000 4.1 4.4 6 3,100 7.7
5,000 2.9 3.3 4 2,100 10. 4
1.6 26, 500 7.9 9.2 30 10, 500 9.8
25,000 7.6 8.5 28 9,800 8.7
20,000 6.1 6.4 15 5,200 6.4
15,000 6.1 5102 5 1,750 2.9
10,000 3.9 3.8 6 2,100 5s 2
5,000 2. T 2.4 5 1,750 8.7
.8 26,500 4,0 8.4 50 8,700 8.1
25,000 3.9 8.0 45 7, 800 e T
20,000 4,6 br 2 30 5,200 6.4
15,000 4.7 5.1 17 3,000 5.0
10, 000 3.9 4.4 8 1,400 3.5
5,000 2.7 3.0 3 520 2.6
. 54 26, 500 %9 6.7 €6 7,700 7.2
25,000 2.0 6.1 53 6,200 6.2
20, 000 2.4 2 1 34 4,000 5.0
15,000 2.7 3.9 21 2,500 4.1
10,000 Bend 3.3 11 1,300 3: 2
5,000 1.7 2.3 3 350 1.7
. 26 26, 500 5% 2 4.4 76 4, 400 4,1
25,000 4,8 4.1 66 3,800 3,8
20,000 3.9 3.6 46 2,600 3.2
15,000 2.9 3.1 28 1,600 2.6
10, 000 2,6 2,6 16 920 2. 3
5,000 2.1 2,1 - - -
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Figure 70. Reaction Torque Versus Oil Flow at Various Speeds,
Design A Full-Speed Override (Input Stationary).
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Figure 71.

Reaction Torque Versus Oil Flow at Various Speeds,
Design B Full-Speed Override (Input Stationary).

142



e ey e R

TR

AT — °F

e L LT

N

26,500 RPM j
P —
25,000

Figure 72. Oil AT Versus Flow at Various Speeds,

>l
20,000
@'———-—.__:a_ Iﬁ;m
10,000 Y
— l
08 1.2 1.6 20 24
FLOW - GPM

Design A
Full-Speed Override (Input Stationary).

143



AT - °F

70
60
50
0 N\
TN
- B
. 10,000 15,000 s
104 /
/
% 0.4 08 = 12 16 2.0 24
FLOW - GPM

Figure 73.

Qil AT Versus Flow at Various Speeds, Design B
Full-Speed Override (Input Stationary).
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