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SUMMARY 

The purpose of this 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 10' 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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•t*** l^****?''** 

FOREWORD 

This program was conducted for the U. S. Army Air Mobility Research 
and Development Laboratory under Contract DAAJ02-71-C-0028, Project 
1 GI62207AA72.    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 

vl 



TABLE OF CONTENTS 

Pajge. 

SUMMARY  iii 

FOREWORD  v 

LIST OF ILLUSTRATIONS  viii 

UST OF TABLES  xiii 

LIST OF SYMBOLS  xiv 

INTRODUCTION  1 

DESIGN AND ANALYSIS  3 

TEST FACILITY  18 

TEST PROCEDURE  31 

TEST RESULTS AND DISCUSSION  43 

METALLURGICAL STUDY  82 

CONCLUSIONS  87 

APPENDIXES 

I.     Analysis of Clutch Operation  89 

11.     Computer Program  109 

III.     Raw Data,  Override Test  139 

DISTRIBUTION  14^ 

T 
Vll 



OST OF ILLUSTRATIONS 

Figure Page 

1 Principle of Sprag Clutch Operation.  4 

2 Clutch Modes of Operation  5 

3 Clutch Designs A and B  7 

4 Clutch Design A Details  8 

5 Clutch Design B Details  10 

6 Clutch Lubrication Details  13 

7 Inner Race Lubrication Hole Pattern  14 

8 Overall Rig Arrangement  19 

9 Test Rig Installation  21 

10 Test Cartridge Details  22 

11 Lubrication Schematic  23 

12 Console and Instrument Panel  24 

13 Clutch Instrumentation Schematic  26 

14 Cyclic Fatigue Test Schematic  27 

15 Cyclic Fatigue Test Installation  29 

16 Static Overload Test Installation  30 

17 Typical Log Sheet  32 

18 Indi-Ron.  38 

19 Proficorder  39 

viii 



» ■mpwuyWWm.mrWCTWW 

Figure Page 

20 Typical Proficorder Chart  40 

21 Typical Indi-Ron Chart  41 

22 Sprag Wear Following Override Test,  Design A    , . . . 44 

23 Inner and Outer Races Following Override Test, 
Design A         45 

24 Sprag Wear Versus Hours of Operation,  Design A Full- 
Speed Override (Input Stationary)         46 

25 Sprag Condition Following Override Test,   Design B. . 47 

26 Inner Race Following Override Test,   Design B         48 

27 Outer Race Following Override Test,   Design B         49 

28 Reaction Torque Versus Oil Flow,  Design A Full- 
Speed Override    (Input Stationary)  51 

29 Reaction Torque Versus Oil Flow,   Design B Full- 
Speed Override    (Input Stationary)  52 

30 Oil Leakage Paths  53 

31 Oil AT Versus Flow,   Design A Full-Speed Override 
(Input Stationary)         55 

32 Oil AT Versus Flow,   Design B Full-Speed Override 
(Input Stationary)         56 

33 Clutch Race Temperature Versus Oil Flow,   Override 
Test,   Design A  57 

34 Clutch Race Temperature Versus Oil Flow,   Override 
Test,   Design B  58 

35 Bearing Race Temperature Versus Oil Flow,   Override 
Test.   Design A  59 

36 Bearing Race Temperature Versus Oil Flow,   Override 
Test,   Design B  60 

IX 



Figure Page 

37 Design Modifications        61 

38 Sprag Wear Following Differential Speed Test, 
Design A        63 

39 Inner Race Following Differential Speed Test, 
Design A        64 

40 Outer Race Following Differential Speed Test, 
Design B        65 

41 Plot of Clutch Engagement,   Design B        67 

42 Sprag Wear Following Differential Speed Test, 
Design B        69 

43 Inner Race Following Differential Speed Test, 
Design B        70 

44 Outer Race Following Differential Speed Test, 
Design B         71 

45 Methods of Decreasing Centrifugal Energizing Moment        73 

46 Plot of Dynamic Engagement Test,   Design A            75 

47 Typical Clutch Race Condition Following Cyclic 
Fatigue Test  76 

48 Bearing Fretting in Cyclic Fatigue Test  78 

49 Sprag Rollover Failure  80 

50 Diametral Growth of Outer Race  83 

51 Angular Displacement of Outer Race  84 
i 

52 Sprag Microstructure  85 

53 Sprag Case Hardness Versus Depth  86 



WWUB^PWrt^^y^j,^,^,, .   _ 

Figure Page 

54 Sprag Cam Positions for Various Operating 
Conditions         90 

55 Relationship Between Sprag Rotation Angle and 
Sprag Height for Parallel Flat Plates         92 

56 Relationship Between Sprag Rotation Angle and 
Strut Angles for Curved Surface Raceways         94 

57 Sprag Forces for the Torque Transmittal Mode of 
Operation         95 

58 Sprag Forces for the Override or Differential Speed 
Modes of Operation  100 

59 Spring Forces Acting on Sprag for Override or 
Differential Speed Modes of Operation  102 

60 Computer Program Input Cards 3 and 4  112 

61 Computer Program Input Card 5  113 

62 Computer Program Input Card 6  115 

63 Computer Program Input Card 7  116 

64 Computer Program Input Card 8A  118 

65 Computer Program Input Card 8B  119 

66 Computer Program Output Data - Clutch Design A . 121 

67 Computer Program Output Data - Clutch Design B . 122 

68 Strut Angle Versus Sprag Height for Clutch Design A 123 

69 Strut Angle Versus Sprag Height for Clutch Design B 124 

70 Reaction Torque Versus Oil Flow at Various Speeds, 
Design A Full-Speed Override (Input Stationary). . . 141 

XI 



' 

Figure Page 

71 Reaction Torque Versus Oil Flow at Various 
Speeds,  Design B Full-Speed Override (Input 
Stationary)      142 

72 Oil AT Versus Flow at Various Speeds.  Design A Full- 
Speed Override (Input Stationary)      143 

73 Oil AT Versus Flow at Various Speeds,   Design B 
Full-Speed Override (Input Stationary)      144 

xn 



LIST OF TABLES 

Table Page 

I               Clutch Geometry  9 

II               Teat Clutch Materials  11 

III Clutch Design Parameters  15 

IV Full-Speed Dynamic Clutch Override Oil Flows and 
Pressures  33 

V               Full-Speed Override Test, Sprag Wear,   Design A. . . 43 

VI               Differential Speed Test Results,   Design A  \(y 

VII Conditions at Maximum Cyclic Fatigue Torque, 
8, 040 Inch-Pounds  77 

VLII                Metallurgical Results,   Case-Carburized Races .... 82 

xiu 



LIST OF SYMBOLS 

bi half width of Inner race contact area,  override mode - 
in. 

bi* half width of inner race contact area,  torque transmittal 
mode - in, 

bQr half width of outer race contact area,  torque transmittal 
mode - in. 

c^CG angle between lines connecting inner race contact point 
to center of clutch - deg 

<J[CBs angle between a radial line to the spring contact point at 
the sprag back face and a line passing through the inner 
race contact point and the center of the clutch - deg 

^CCF_ 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 

C specific heat = .46 Btu/lb - 0F 
P 

D as-assembled spring diameter at the point of contact - in. 

Df free spring diameter - in. 

D0 outer race inside diameter corresponding to outer strut 
angle a'  - in. 

D0, outer race inside diameter resulting from radial growth 
due to rotation and pressure loading effects - in. 

F^Q sprag centrifugal force - lb 

Fgp total spring force for clutch design A - lb 

Fsp« spring deflection force for clutch design A - lb 

Fgpn spring centrifugal force - lb 

xiv 



*SP,B 

FSRF 

FSTB 

F
STF 

G 

g 

hEHD 

hHYD 

J 

KS 

Kwt 

L 

M 

MB 

MF 

mG 

ms 

■pring force acting normal to the back face of the sprag 
lb 

spring force acting normal to the front face of the sprag 
lb 

spring deflection force for clutch design B - lb 

spring tangential component at the sprag back face - lb 

spring tangential component at the sprag front face - lb 

materials parameter for film thickness calculations 

acceleration due to gravity = 386.4 - in. /sec 

elastohydrodynamic film thickness at inner race contact 
point - in. 

hydrodynamic film thickness at inner race contact point • 
in. 

sprag height between parallel flat plates - in. 

spring constant - lb/in. 

conversion factor = 2.205x10'    - Ib/gm 

sprag effective length - in. 

oil flow - Ib/hr 

moment arm to back face at spring contact point     in. 

moment arm to front face at spring contact point - in. 

sprag mass - lb-secz/in. 

spring mass - lb-sec   /in. 

xv 



RNJ 

N number of aprags 

Ng number of springs 

•wy- distance between centers of sprag cam inner and outer 
radii of curvature - in. 

Pi external pressure at inner race outsi  3 diameter for 
override mode - psi 

P internal pressure at outer race inside diameter for torque 
transmittal mode - psi 

Q heat loss - Btu/hr 

R equivalent radius - in. 

R. inner race outside radius - in.   (engineering drawing) 

normal force at inner race for override mode - lb 

Rpj normal force at outer race for override mode - lb 

Rj. tangential force at inner race for override mode - lb 

RT tangential force at outer race for override mode - lb 

RNIT, normal force at inner race for torque transmittal mode - 
lb 

^NOT. normal force at outer race for torque transmittal mode   - 
lb 

RTIT tangential force at inner race for torque transmittal 
mode - lb 

R-pOr tangential force at outer race for torque transmittal 
mode - lb 

RES total spring force at sprag back face for clutch design B - B ^ 

xv i 



RES, 

RES TB 

RES TF 

41 

r2 

rll 

r22 

rCG 

SCl 

SrR 

StR 

Sh 

<$SP 

<SP B 

total spring force at sprag front face for clutch design B - 
lb 

spring combined tangential component at the sprag back 
face - lb 

spring combined tangential component at the sprag front 
face - lb 

radius to any point on inner or outer race - in. 

outer race inside radius - in.   (engineering drawing) 

outer race outside radius - in.   (engineering drawing) 

outer race inside radius due to rotation - in. 

outer race outside radius due to rotation - in. 

radius to sprag's center of gravity - in. 

compressive stress at inner race contact point - psi 

compressive stress at outer race contact point - psi 

radial stress due to pressure loading - psi 

radial stress due to rotation - psi 

tangential stress due to pressure loading - psi 

tangential stress due to rotation - psi 

maximum hoop stress - psi 

angle between lines connecting inner race contact point 
to center of clutch for clutch design B - deg 

angle between a line that is tangent to the spring contact 
point at the sprag back face and a line passing through the 
inner race contact point and the center of the clutch for 
clutch design B - deg 

xvii 



4SP, 

T 

U 

w 

w. 

Wc 

a 

ai 

o 

ß 

Ar. 

angle between a line that is tangent 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 for 
clutch design B - deg 

transmitted torque - in. -lb 

velocity parameter for film thickness calculations 

tangential velocity of sprag at the inner race contact 
point - fps 

tangential velocity of the inner race at the contact point - 
fps 

load parameter for film thickness calculations 

sprag weight - lb 

spring weight - lb 

difference between free and deflected position of the 
spring tang - in. 

inner or outer strut angle for parallel flat plates - deg 

inner strut angle for parallel flat plates - deg 

outer strut angle for parallel flat plates - deg 

inner strut angle for curved surface raceways - deg 

outer strut angle for curved surface raceways - deg 

lubricant pressure-viscosity coefficient = 95x10"" - in.^/lh 

angle between lines connecting inner race contact point to 
center of clutch - deg 

deflection of inner race contact points due to compression - 
in. 

XVUl 



A r deflection of outer race contact points due to compression 
in. 

A r total radial growth of outer race inside radius - in. 

A rR radial growth due to rotation - in. 

A r» radial growth of outer race inside radius due to rotation - 
in. 

A rg. radial growth of outer race outside radius due to rotation - 
in. 

AT change in oil temperature - 0F 

6 weight density constant = . 282 - lb/in. 3 

E modulus of elasticity = 29x10    - psi 

E1 materials factor - psi 

r| design point speed - rpm 

TV inner race speed - rpm 

Tl outer race speed - rpm 

6 sprag rotation angle - deg 

|i j inner race traction coefficient of friction 

li y. sliding coefficient of friction 

|JQ outer race traction coefficient of friction 

li0 absolute viscosity of the lubricant = 73x10"° reyns 

v Poisson's ratio - 0.25 

TT constant = 3. 14159263 

xix 



r 

tu 

sprag cam inner race radius of curvature - in. 

■prag cam outer race radius of curvature - in. 

sprag rotation angle as measured from 'X1 coordinate 
axis - deg 

drag torque - in.-lb 

angular velocity - rad/sec 

xx 



INTRODUCTION 

The purpose of thii 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. 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 aldo 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. 

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

3. 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 speod 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 10^ 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"),  thus achieving the desired effect 
of disengaging the engine and its associated drag torque 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 (RTIL» RJOL^ a re function8 

of the strut angles fa'^) and (a'o), respectively, suchthat RTIT   = ^NIL tan 

a'iand RTOL = ^NOLtan0ilo*   ^le traction force equals m RJ^JJ» at the inner 
race and \J.Q RNOL atthe outo r race wherejaj and HQ 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' cntial force 
must be less than the available traction force (Rfji^tan a'j^li^ ^NIT )• 
(RJ^Q    tana'o <tio ^NOT ^*   If all comPonents arernat'e of the san     material, 
HI will equal ^Q; since a'i = a'o + 3, it follows that a,i>a,0, so ■   at the 
available traction force at the inner race will govern.    For stuol 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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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 Fsp 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 
^CG* a resu^of themass and 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 (a'j >a'0 ) 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 need 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 deiign B utilize! a tingle retainer piloted by the outer race with 
garter gprings at each end of the apragi.    This deiign 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 

i      Outer Race OD (in.) 3.7500 3.0950             ! 

Outer Race ID (in.) 2. 9042 2.4060             | 

Inner Race OD (in.) - 2.1562 1.7500             j 

|     Inner Race ID (in.) I. 0000 1.0000 

|      Number of Sprags 20 24                      i 

|     Sprag Effective Length (in. ) 0.665 0.880              1 

|      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 Outer Races 

Material Specification AMS 6265 AMS 6265 
Heat Treatment Carburize Carburize 
Case Depth     (in.) .050-.065 .050-.065 
Max. Stock Removal 

(After Heat Treatmer t)(in.)      .010 .010 
Case Hardness Rc 60-63 Rc 60-63 
Core Hardness Rc 32-40 Rc 32-40 

Sprats 

Material Specification M-50 SAE 52100 
Heat Treatment Thru hardened Thru hardened 
Surface Hardness Rc 61 min Rc 75 
Core Hardness Rc 58-62 Rc 58-62 
Surface Treatment Nitrided Chromium carbide 

Retainers 

Material Specification SAE 4340 AMS 6274 
Heat Treatment Nitrided Thru hardened 

Rc 50 case Rc 40-47 
Rc 38-42 core 

Surface Treatment Silver plated Shot-pe ned 

Springs 

Material Specification 17-7 AMS 511^E 
Treatment Stainless Music wire 

Cold drawn Heat treated and 
normalized 

Drag Band 

Material Specification Stainless 
Treatment Cold drawn 

Oil MIL-L-23699 

II 
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Lubrication for both clutch designs it provided centrifugally via holei 
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 bearings 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. 
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SECTION D-D SECTION E-E SECTION F-F 

.046 TO .049 INCH DIAMETER THROUGH 

5 HOLES EQUALLY SPACED 

DIAMETER e .010   INCH 

D    E     F 

Figure 7.    Inner Race Lubrication Hole Pattern. 
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P                  TABLE III.    CLUTCH DESIGN PARAMETERS (DESIGN 
POINT:   3, 570 IN. -LB AT 26, 500 RPM) 

Parameter!                                          Design A Design B 

Driving Mode 

Tangential itresa due to rotation 
of outer race ID (psi)                                             18,300 \2, 500 

Tangential stress due to pressure loading 
of outer race ID (psi)                                             35, 200 45, 700 

Total tangential stress (hoop) 
of outer race ID (psi)                                             53, 500 58, 200 

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

Overrunnins Mode 

Oil film thickness (in.)(1)                                         .0003 
Load/inch x velocity factor (lb/in. x fpm)( '     28, 800 
Interface pressure x velocity factor 

(psixfps)^)                 n(RPM)R.                         3-4*106 

Sliding velocity (fpm) = " U&ZU wl                        14, 900 

.0003 
25, 680 

2.7xl06 

12,150 

Differential Speed Mode 

Load/inch x velocity factor jlb/in. x fpm)^    259, 000 
at outer race speed (rpm)-4'                                17,416 

Interface pressure x velocity factor (psi xfps)^6. 8x10° 
at outer race speed (rpm)(4)                               13, 250 

1 37, 400 
17,265 
4. 15x106 

1 3, 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 < 
showed to give maximum values for the factor. 

malysis 
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To develop a memn« of predicting wear end heat generation during over- 
running and differential «peed operation, three indexei were investigated: 

1. Elattohydrodynamic and hydrodynamic oil film thicknesses were 
calculated at the inner race-iprag contact. 

2. A 'PRS-V factor, 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 
(fpm), 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 aprag, 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.     Strut Angle Curve - Valuee for the itrut angle vertut tprag height 
• re calculated attuming both flat plate and curved turface raceway«. 
The flat plate valuet can be uted to generate a ttrut angle curve 
that it commonly uted in the induttry along with an intpection in- 
ttrument to functionally check eprag geometry.   The curved tur- 
face valuet are utea in the ttrett and deflection calculations. 

4.    Sprag Centrifugal Force - At each ttrut angle petition, the location 
of the center of gravity it calculated in relation to the contact point«. 
Thit value it then uted to calculate the energizing moment due to 
the tprag. 
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TEST FACILITY 

DYNAMIC TESTS 

Teit Rig 

The dynamic test« were conducted on en 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-Z3699 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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4. Rig speeds 
5. Clutch inner and outer race temperatures 
6. Bearing inner and outer race temperatures 
7. Clutch drag torque 
8. Chip detectors 

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 overrunning 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 method 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 
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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 Z0 psig using 
MIL-L-23699 oil.    The system uses a full-flow chip detector and is 
instrumented for an automatic shutdown in the event of chip detection 
or component failure.    The equipment compares input and output torque 
and shuts down automatically if the difference is greater than 1IZ percent 
of full torque.    Torque load, angular displacement between input and 
output races, and outer race radial deflections were monitored every 
1-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 tangenlially 
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 (f 4S 
degrees).    A 10 gpm hydraulic power supply at 3. 000 psi source pres- 
sure is employed.    A photograph of the cyclic fatigue test installation 
is shown in Figure 1 5. 

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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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 
instrumented for an automatic shutdown in the event of chip detection 
or component failure.    The 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 
1-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 tangenlially 
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 photograph of the cyclic fatigue test installation 
is shown in Figure lb. 

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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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.    Two design 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. " 

FULL-SPEED 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 were recorded every 15 minutes: 

Parameter Number of Positions 

Outer race temperature of bearings  -    F 4 
Inner race temperature of bearings - 0F 4 
Clutch outer race temperature - 0F 2 
Clutch inner race temperature - 0F 2 
Temperature of clutch,  oil in - 0F 1 
Clutch drag torque,   dynamic measurement - in.-oz 1 
Clutch drag torque,   static measurement - in.-oz 1 
Clutch assembly oil-out temperature - 0F 1 
Oil flow to clutch assembly - pph 1 
Rig housing vibration (displacement and velocity) 2 
Chip detectors 2 
Oil pressure at rig housing for clutch assembly - psig 1 
Output shaft speed   - rpm 1 
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The clutch was operated at zero input speed and 26, 500 rptn output speed. 
Tests were conducted with oil Aows 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 RO 

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 Pressure 

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 output speed and the operating oil flow 
was maintained at a steady state.    The output speed levels selected are 
listed below: 

Output 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-apeed override teat,   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° 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 - 0F 4 
Inner race temperature of bearings - 0F 4 
Clutch outer race temperature - 0F 2 
Clutch inner race temperature - 0F 2 
Temperature of clutcht oil out - 0F 2 
Clutch drag torque,  dynamic measurement - in.-oz 1 
Clutch assembly oil-in temperature -    F 1 
Oil flow to clutch assembly - pph 1 
Rig housing vibration (displacement and velocity) 2 
Chip detectors 2 
Oil pressure at rig housing for clutch assembly - psig 1 
Output shaft speed - rpm * 
Input shaft speed - rpm 1 
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After completing the three 1-hour speed runs,  i.e.,  clutch input «peed 
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 before. 

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 increase^ 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 subjected 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 f  900 inch-pounds was applied for 10    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-L-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"" inch and on the Proficorder 
(Figure 19) to determine surface texture to 3x10"° inch.    Proficorder 
traces were also taken 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 performed 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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F i g u r e 18. Indi -Ron. 
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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 gpni) because of wear at the sprag inner surface where the inner 
race overrides.   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 

Oil Flow (percent) 

Wear Aft er 5 Hours (in. ) 

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 through 
27. 
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F i g u r e 22. S p r a g W e a r F o l l o w i n g O v e r r i d e T e s t , D e s i g n A 
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Figu   e 24.   Sprag Wear Versus Hours of Operation,  Design A 
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F i g u r e 25. Sprag Condition Fo i l 
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F i g u r e 26. Inner Race Following O v e r r i d e Tes t , Design B. 





The energy los« 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: 

where 

MC       AT 
P 

Q     « Heat loss - Btu/hr 

M    = Flow - pph 

Cp   = Specific heat - taken as . 46     Btu/lb-0F 

AT   = Change in oil temperature - 0F 

Torque 24.8 Q 
rpm 

(in. -lb) 

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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The raw data for shaft torque,   reaction torque,  and oil temperature are 
shown in Appendix III. 

Oil temperature changes versus oil flow at Z6( 500 rpm for designs 
A and Bare shown in Figures 31 and 32.    Clutch and bearing race metal 
temperatures are shown in Figures 33 through 36. 

On the basis of the condition of the sprags,  the torque measurements, 
and the metal temperatures,   it was decided to designate 200 percent 
design flow,   I. 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,   siocc metal temperatures were approaching 
300° F and nearing the range where tempering of the case-carburi/.ed 
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 override.    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 energising 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 ',-entrifugally lubricated clutch design. 

Drag torques measured in the override test were on the order of 4 to 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 arc pre 
sented in Appendix III.    Operation at speeds lower than 26. 500 will be 
less severe 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 32.   Oil ^T Versus Flow,   Design B Full-Speed Override 
(Input Stationary). 
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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. 

58 



■ 

260 
67 100 

250 

240 

oc 

< 

t- s 230 

220 

210 

DESIGN FLOW - PERCENT 

200 300 

Q FORWARD BEARING OUTER RACE 

O FORWARD BEARING INNER RACE 

A AFT BEARING OUTER RACE 

O AFT BEARING INNER RACE 

1.2 1.6 

OIL FLOW - GPM 

2.4 

Figure 35.    Bearing Race Temperature Versus Oil Flow,   Override Test, 
Design A. 

59 



DESIGN FLOW - PERCENT 

100 200 

oc 
o 
< 
oc 
U4 a. 
S 
UJ 

.8 1.2 1.6 

OIL FLOW - GPM 

Figure 36.    Bearing Race Temperature Versus Oil Flow,   Override Test, 
Design B. 

60 



DEENERGIZE     ENERGIZE 

OUTER RACE ID 

INNER 
CAGE 

INNER 
RACE 

SPRAG 

COMPONENTS OF 
OIL VELOCITY 

TEST PROGRAM 
CONFIGURATION 

DRAG 
BAND 

DRAG BAND 
ADDITION 

■TANGENTIAL 
FORCE 

CUTOUTS 

CUTOUTS IN 
INNER CAGE 

■TANGENTIAL 
FORCE 

COMPONENTS OF 
OIL VELOCITY 

Figure 37.    Design Modifications. 

61 



DIFFERENTIAL SPEED DYNAMIC CLUTCH OVERKIPK TKST 

The dcai^n A clutch oil flow was 1.6 Rpm,    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 exhibited 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 either 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 temperatures compares 
well with the shaft torque,   especially for the 50 and (>7 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 u^ed in the clutch industry,   becomes a maximum at approx- 
imately 67 percent differential speed.     These 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 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, S00 rpm and the outer 
race at C), 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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F i g u r e 42. Sprag Wear Following Di f f e ren t i a l Speed Tes t , Design B 



F i g u r e 43 . I n n e r R a c e F o l l o w i n g D i f f e r e n t i a l S p e e d T e s t , D e s i g n B 



F i g u r e 44 . O u t e r R a c e F o l l o w i n g D i f f e r e n t i a l S p e e d T e s t , D e s i g n 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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Figure 45.    Methods of Decreasing Centrifugal Energizing Moment. 
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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. 
Complete 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 10    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 10' 
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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Figure 46.   Plot of Dynamic Engagement Test,   Design A. 
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TABLE VII. CONDITIONS AT MAXIMUM CYCLIC 
FATIGUE TORQUE,   8, 040 INCH-POUNDS 

Design 

Angular 
Displacement 

(deg) 

Outer Race 
Diametral 

Growth 
(in.) 

Compressive 
Stress, 

Inner Race OD 
(psi) 

Hoop Stress, * 
Outer Race ID 

(psi) 

A 

A 

B 

B 

4.9 

4.9 

7.2 

c..7 

.0038 

.0038 

.0049 

.0049 

497,900 

500,500 

73, 700 

94, 400 

'"This stress does not include rotational effects. 
I.                                                                                                                                 

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 0. 0001 
inch in depth.    Several patterns are visible on the racest   since there 
were    shutdowns during the test and the bearing angular positions 
changed several times during the 10^ 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. 

77 



B e a r i n g O u t e r R a c e 

B e a r i n g I n n e r R a c e 

F i g u r e 48 . B e a r i n g F r e t t i n g in C y c l i c F a t i g u e T e s t . 
M a g : 5X 



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 
nit riding 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 6,000 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 (a'i)   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 VIII. 

TABLE VIII.    METALLURGICAL RESULTS, 
CASE-CARBURIZED RACES 

Case Depth    Case Hard- 
fin. ) ness (Rc) 

Core Hard- 
ness (Rc) Remarks 

Design A 

Inner Race 

Outer Race 

Design B 

.051 

042 

62. 5 

62. 5 

36 

37 

Inner Race .047 60.0 37 Retained austenite 
in case,  approxi-     | 
mately 10%                 \ 

Outer Race .048 62. 5 37 Traces of retained 
austenite in case 

i                                                                                                   ■                  ■                                  i 

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 sprag uses 52100 stael,  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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Figure 50.    Diametral Growth of Outer Race. 
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Figure 51.    Angular Displacement of Outer Race. 
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CONCLUSIONS 

1. 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. 

2. 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 positive centrifugal engaging action 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. 

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

4. Static cyclic torque fatigue testing showed that: 

a. Two clutches each of designs A and B successfully completed 
7 the test at rated torque for 10    cycles.    Clutch industry stan- 

dards which generally work to an allowable Hertz stress of 
450, 000 psi for 10° cycles of torque application may be con- 
servative for aircraft quality clutches. 

b. A potential clutch bearing fretting problem exists. 

5. 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 18, 000 and 15, 500 inch-pounds. 

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

6.     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 used 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 rotation 6 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 plates 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 9 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! , a' ) are more common- 
ly used terms in clutch analysis,   their values have been used instead of 
the rotation angle in the final form of the equation: 

1   +   tar/ a )   J^   -   2 ;p + P. ) 
O I 

J + ( j p +   p    V 
O 1    ' ÖL2' 

Th;s 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 a is 
made. 
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J 

Pi 

Po 

inner itrut angle 

outer strut angle 

iprag height 

sprag cam inner radius of curvature 

tprag cam outer radius of curvature 

NOTE:     Outer and inner surfaces are parallel; 

therefore a o   =   Cj 

GIVEN:        p0, Pj,  g-L 

Find: J = f(a) 

Development 
X X 

cot 6 =   -^  ,  tan a =   
ÖL J 

J ton a 
cos e 

fl       Y     =      P0+ Pj  -  J 

51 5L 

since 

cos2e +  sin2e   =   1 

J2 tan2 a    +     (p0 + Pj   -  J) 2 

"SI2 

reduces to 

7JLJ 

(1 + ton2a) J2  - 2 (p0+ pj) J  +   (   j Po + Pi j ÖL2) =   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 A1 to A.    The inner 
and outer strut angles a|, ajj respectively are no longer equal.    The 
important parameters to be determined are D0, a[,  and a^.    The inner 
race radius of curvature is Ri.    D0/2  represents the radius of curvature 
that the outer race would need in order for the sprag to have strut angles 
al and a1.    R^  therefore,   remains constant while D0/2 varies as a function 
of aj. 

V 

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 assumed 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 9,   Ri,  "Üh,  pj and p0 at the start of load 
transmission (initial contact) and calculate D0,  aj,  and a'. 

2. From Figure 57,  calculate RTOL»   ^NOT»  aod RJ^IT   using design 
point horsepower and speed. 

3.      Calculate the radial growth of the outer race inside and outside 
diameters due to rotation. 

3 + .2 ,2 
ri2   +    r22     „HJL     .J 

3 + v 5 

9 

Tt   1 

30 n2 + r22   + 
2     2 rl    r2 
r2 

1 +  3v 

3+  v 
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GIVEN: R,, OL, P,, p0 

FIND: D0, o-, oj 

2 

LAW OF COSINES A OLC 

LC  =       [ÖL2  ♦ ÖC2 -  2   ("ÖL) (OC) cos (90-6)] 

SEE NOTE BELOW) 

OC  =     P,  ♦    R, 

'■'      ^o   ^    LC  ^   P0 

LAW OF SINES  A OLC 

-2k     «m (90-6) 

AD 
ton   a.   =   —— 1 üb 

JÖ  -     ÄC «In ß   =    Dg    tin   ß 
                       T 
DB =    DC - BC =   D    co« ß -  Rj 

T 
£o   «in   ß 

2 2.)      a;   =     ton 

^o   co»p  -  Rl 

2 

3.)   »i =   <>; - ß 

NOTE:  USE 6  FROM PARALLEL PLATE THEORY SO THAT o^, a;, D,,   (CURVED SURFACES) 
AND J, a (PARALLEL PLATES) CAN ALL BE RELATED TO THE SAME ANGLE e. 

Figure 56.    Relationship Between Sprag Rotation Angle and 
Strut Angles for Curved Surface Raceways. 
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''''PWf^'ÄVrPH-ifwti 

GIVEN:        0^,0,,, 

design point HP and speed (q) 

Vm-- RT0L'RN0L'
RTIL'

RN.L 

T -      63025 (HP) 

2J 
o* D0N    '    RT"L 

T 

R:N 

where    N  =     number of sprags 

'Ml. 
:TI L   ,      R 

ton a'. 
NO, 

'TO. 

tan a. 

Figure 57,    Sprag Forces for the Torque Transmittal Mode 
of Operation. 
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where    S 
rR 

radial stress due to rotation (psi) 

tangential stress due to rotation (psi) 

o = design point speed (rpm) 

ri = outer race inside radius (in.) - engineering drawing 

'2 = outer race outside radius (in.)   -   engineering drawing 

r = radius to any point (in.) 

5 = density (lb   mass/inr) 

The radial growth is 

NOTE: S, rR 

^R --T {\- VV 
0  at outer race inside and outside diameter 

where   A, 

^R 

ArRi   for   r^  r, 

ArR2   for  r=  rj 

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

rll 

'22 

=    M     +   Art 

r2    + ArR. 

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, 

r22 rll 
2 2 r22   - rir 

N  RNOL 

^D0 L 
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where   S. 

^NO, 

radial stress due to transmitted load (psi) 

tangential stress due to transmitted load (psi) 

Note:   Sign is chosen so that (+) represents 

tension and (-) represents compression 

internal pressure at outer race inside diameter due to loading (psi) 

normal force from step 2 

outer race inside diameter from step 1 

The superimposed radial growth due to pressure is 

Ar, 
rll (St    -   v  Sr ) 
E P P 

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

2r11     +      2 Ar 

7.     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 9. 

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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^"*—TTr^TrOTrwHi.. ., 

b.     The maximum compreasive stress and deflection are determined 
as follows: 

1)      For the outer race 

2  R NO. 

TTBQ   L 

8R N0L      ^   "o P    DQ 2     / 1 - ^ 

Ar0      =      2(1-^)     ^NOL 

TTL 

2\    K 

2s 
2 

L   TT 

I'n 
2PoL 

b.   2 

(*) 

+     1.6002 
(*) 

where    S/- 

Ar, 

compressive stress of outer race contact point 

half width of outer race contact area 

deflection of outer race contact point 

2)      For the inner race 

2R, Nl 

TTb,     L 

8R 
NIL      Pi   Ri 

TTL PJ + RJ 

1- ^ (*) 

Ar, 2(l-v2)      RNI 

LTT 

2PiL 

V2 
+      1.6002 

(*) 

(*) H.   Rothbart,     MECHANICAL DESIGN AND SYSTEMS HANDBOOK, 
New York,   McGraw-Hill,   1964. 
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where   S C, 

Ar, 

compressive stress of inner race contact point 

half width of inner race contact area 

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, a|,   ana ajj can be calculated for various positions of 
the sprag angle 9 as explained above.    When the value of D0 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: 

CG centrifugal force of the sprag (lb) 

Fsp'     =     spring deflection force (lb) 

Fgpn   =     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: 

RT. 

RN: 

R Nr 

= tangential force at inner race (lb) 

= normal force at inner race (lb) 

= tangential fo»*ce at outer race (lb) 

= normal force at outer race (lb) 
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GIVEN:   Pi-Po-o'. «i'ß-Do 

FSP ' Fee 

FIND:       RT 'RT   ' RN '  RN   ij      "0     N,     "o 

Figure 58.    Sprag Forces for the Override or Differential Speed 
Modes of Operation. 
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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 Fßp acts radially outward at the corner 
of the slot.  Figure 59 (1). 

'SP 

"SP' 

"SP' +  F SP' 

2TT KS   (Df  -  D) 

N 
N< 

where   N 

NS 

KS 

number of sprags 

number of springs 

spring constant ( lb/in.) - measured 

free spring diameter (in.) - measured 

as-assembled spring diameter at point of contact ( in.) 

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

rSP" = 

FSP" = 

WS       = 

KWt     = 

%    = 

ms_E-   o?   ^s ,   -s = ^s 
2 N '        g 

K Wt 
=        2   TTT] 

60 

W, K S^Wt 2  TTHr 
.2 Nc 

2g \     60   / N 

weight of one spring ( gm) -' measured 

2.205xl0'3   (lb gm) 

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 FSpp. 

SRF 
KSY 

where   Y difference between free and deflected position of tang (in.) 

101 

■■v-^i,.;-n   ■.'■■•■ 



■■ .- 

^SPf 

FRONT 
FACE 

SPACE FOR SPRAG 

TANG 

RES 

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 
FSpiF,  Figure 59 (2) 

where ^f SPp   = 

"J:CFS = 

F. JRr 

"SP'c cos (90-^: SPF + < CFS) 

angle between a line that is tangent 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) - measured 

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 equilibriurric    Therefore,  the tangential 
component of the spring at the front face equals FsTTr: 

»TF 
Fc tan     (90-    ^ SPp    +    < CFj) 

5RF 

For torsional equilibrium, 

»TB »TF 

The spring force acting normal to the back face of the sprag is Fsp1 

Figure 59 (2): 
B' 

SP 
^B 

B cos  ( <}: SPB   +    «* CBS ) 

103 



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

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

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): 

r
Sp" = S _    Ü.    ,   ms    =       S ^Wt   (     a   -      <o_ 

2       N g 60 

_      WsKWtD     /   2^ 
SP' V      An     ' 2g x      60 

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 RESp and RESg,   respectively.    These resultant forces are found 
by combining the effects of the spring force and centrifugal force as 
follows: 

RESF =       FSp. 
"SP" 

F sin (<tSPF   -   ^CF-) 

The tangential component of the spring acting at the sprag front face is 

RESTF =    RESp   sin   (90-   < SPp  +    < CFS ) 

For torsional equilibrium of the spring,   RES-pg   =   RES-pp. 
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The resulting total spring force acting normal to the back face of the 
sprag is RESB-" 

RES 
RES 

TB 
B 

cos(«^SPB  + -^CBs) 

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

'"CG 

FCG 

mG rCG w 

Kwt WG 

^Wt 

rcG \-^~) 

W, 
60 

WQ       =        weight of one sprag (gm) 

rCG 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:     Y »^ 

For clutch design A, 

1FX    =       0=    RESß cos    «* SPB   -   RESp cos 4: SPp   +   Rj   cos ß   -   RN    sin ß 

"   «Ti  +  FCG    sin  ^ CG 

iFy    =       0=-RESB   sin    <*: SPg   +    RESp sin   <fc SPp   -   Rj     sin ß  -   RN    cos ß 

+   \  +   FCG  cos ^CG 

i:Mc   +      0,      RESB  {MB)   -  RESp  (Mp)   -  RT,    (Rj)   +   RT    (']) 
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MW ffvimpvmm 

where   Mg 

Mc 

rl 

moment arm to back face spring contact point (in-) 

moment arm to front face spring contact point (in.) 

inner race outside radius (in.)    -   engineering drawing 

outer race inside radius (in.)   -   engineering drawing 

For clutch design B, 

IF, 0 =  Fcp   sin   <): SP   +   Frr   sin  >4:CG +    RT    cos ß  _   R^,    sin ß - R CG N, 

IFy    =       0 =  FSP cos "^SP   f    FCG cos «tCG  -  Rj    sin ß   -  RN   cos ß + ^. 

IM, 0, RT.    (RJ)  = RT    ('il 
11 'o 

Wi.ere 
^ SP   =      angle between a line connecting the inner race contact point and center 

of the clutch and 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       =       pk  RM 

where =     sliding coefficient of friction. 

The above four equations can now be solved simultaneously for RNü 

RTi»   RNo and RT0- 

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.      Ri (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 = P^. 
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^N i (psi) 

bjL 

where   Ri N; normal force at the inner race (lb) 

SRK 

nL 

RiPi 

Ri + Pi 

1-^ 

Velocity = V, 

TTRI 

360 
(ii -n0) (fps) 

where inner race speed (rpm) 

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. ' ) 

Load per inch     = ' (lb  in.) 

L 

TTRJ 

Velocity =   V     =     —        (r^    _  r|0)      (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 : (*) 

hEHD      =       1•6(G)•6  (U)7R 

w.13 

4.9 U   R 
hHYD 

W 

where   hEHD  =       «lostohydrodynamic film thickness (in.) 

HYD  =       hydrodynamic film thickness (in.) 

R =       equivalent radius  =    R-p./IRj +   pj) 

G      =      materials parameter   =    a.    E' 

where    ai    =     pressure viscosity coefficient (in.    lb) 

E'   =     materials parameter    =     E    (1-v2)     (\b/\n.^) 

W       =       load parameter    =       RN / E "RL 

U       =       velocity parameter    =           (Vp   +    VG)      M0 
2 w 

E'R 

where    |JI0  =       absolute viscosity (reyns) 

Vp =       tangential velocity of the inner race at the contact point 

Rj Hi TT/30(fps) 

VQ =       tangential velocity of the sprag at the inner race   contact 
point   =    Pj n0 TT/30(fps) 

'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 per inch-velocity, andpressure- 
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 ai >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 (IX,   79H) 

Identification 

Card Two - Format (6F12. 5) 

Word I;        Horsepower 

Torque (in. -lb) 

Speed (rpm) 

Word 2: 

Word 3: 

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 
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Card Three - Format (6F12.5) 

Word 1 

Word 2 

Word 3 

Word 4 

Word 5 

Inner race inside diamt'ter (in. ) 

Inner race outside diameter (in. ) 

Number of increments on rotation angle 

Minimum rotation angle 

Maximum rotation angle 

Note:     Word 3:     Maximum number of increments = 190 

Words 3,  4,   5:     The rotation angle referred to is 2 

See Figure 60 for definition and relationship to 6. 

Card Four - Format (6F12. 5) 

Word 1: Oiter 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. 

Ill 
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Figure 60.    Computer Program Input Cards 3 and 4. 
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NOTE:    WORD 10 =  WORD 5, CARD 3 (ZMAX) 
WORD 11  =  00 
WORD 12 = 0.0 

Figure 61.    Computer Program Input Card 5. 
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Card Six - Format (3(F6. 5.  F6. 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 jf 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 plus stress and deflection distribution in 
inner and outer races. 
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NOTE:    WORD 10 =  WORD 5, CARD 3 (S 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 all 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:        'X1 coordinate of spring contact point on sprag (in.) 

Word 2: 'Y1 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: 

Word 2: 

Word 3: 

Word 4: 

Word 5: 

Word 6: 

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

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

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

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

Spring weight (gm) 

Spring deflected height (in.) 
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iwmuu 
WORD 2 

GARTER 
SPRING 

+ 'X, 

Figure 64.    Computer Program Input Card 8A. 
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RIBBON SPRING 

FRONT       \ 
FACE \ 

--   f'X' 

WORD 6 

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 both clutch designs A and B is shown in Figures 66 and 67. 
The first 13  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 10 5 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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WU6 CLUTCH CASE    MO *M UIIIMII UurCNOM 

HfW«Kfl<iCH   •«•••••••••••«••••••••••••• 
S*clO   lO^HI   ••••••••••«••••■«••«•••««« 

I  COOKOINtTE-tMING  PIONt   MCf   IINI   .. 
Y  COOROIN*fC-sr*INC  MONT   MCI   I INI   .. 
SM»0 CCNTtCT   «NCK-FIONI   f«CI   IDfC.I 
JP««G CONTtCT   «NCCF-OWK     r»Cf   IOEC.I 
SMINC  MflCHT   (CHI     
Ma   OF   (FRINGS   ••«•••••••••••■•••••••• 
SFIINC  HCIGHT-FtEE   IINI     
SFFIkO  CONST   Ill/INI     

INNEP  RACC   0«0«   •••••••■■••••■■••■■••• 
INNfR  RACE   l*0*   ••••••■*•••*••••acc#aa 

kUNKII  OF   INCMMCNTS     

isoi.ono 
2**00.0000 

... O.IOII 

... -.MM 

... li.*UO 

...   I«.}«00 

...   i.mo 

... I.OOOu 

... O.OSOO 

...    t.l«00 

        2.15*2 
.....       1.0000 
    105.0000 

HMOUt   IIN-IISI 
F« Id ION CKEFF. 

I COa*DIN*f(-»*INC HCK  F*CI  IINI 
V COOMINtTi-SMINe i«C«  FtCf   IINI 
I COOROINMf-C.C.   IINI     
Y COO«DIN»Tf-C.e.   IINI     
SF«»0   MIGHT   IGNI     
NO.   OF   $»«»6S     
EFFCCTIVF   SF«t6  KNCTH  |lNI 

GUT-l.»- 
1570.0000 

... 0.0500 

mi 

•••••••••••••••i 

-0.051* 
-O.OIT* 
0.0225 
0.00*1 
5.5150 

20.0000 
0.**50 

OUTE«  DACE   I.0.1 NO«.I 
OUTE*  IUCE O.D  
SIGN*   »NClC   IDECKEtSl 55.5000ININI. 

2.5042 
I. T500 

112.00001 N*l I 

SIGN* 
*NCIE 
IOEGI 

FL*T  FL*TC   OINENSIONS      CUHVEO  SU'FME  OINENSIONS 

J  F^INE 
IINI 

INNEI  STIUT 
*NCLE 
IOEGI 

STRUT   ANGLES 
INNER OUTER 
IOEGI IOEGI 

OUTER 
RACE 
1.0. 
IINI 

CC 
ANGIE 
IOEGI 

OIFF 
ANCLE 
IOEGI 

•4.0000 
14.500C 

0.W6T 
0.W*4 

S,04t4 
J.0M6 

1.551* 
1.55*5 

2.4124 
2.4*41 

2.9100 
2.9101 

0.9T1 
0.9T* 

0.051 
0.041 

OVERRUN  ♦  OlFFERENTIAl   SFIED  FOINT   VAIUES 

SIGMA 
INNER 

ANGLE   lOECREFSI 
STRUT   ANCLE   IOE 

n.oooo 
2.7212 

OEFIECTEO  OUTER  RACE   1.0.   1 
OUTER   STRUT   ANGCE  IOFCREESI 

SFRAG 

INI   .... 2.9042 
2.0200 

INNER OUTER SFRINC FUN FUN 

FERCENT F y F-V • ACE R*CF OR AC FRS FRS-V CENTRIF. SFRINC CENTRIF .    IHK. THR. 

SFEIO SFFEO SFEEO TORQUE FORCE FORCE FORCE Hvn. EHO. 

IFFII IFFNI IFFI-FFRI IRFNI IRFNI (IN-LBI IFSII IFSI-FFSI 11*1 ILBI ILSI INICRU -INI 

WITH SFRINC 

0.0 1.11 14959. 2R>0*. 2*5J0. 0. 1.1) 1)740. 14255*1. 0.0 0.11 0.0 144.10 J2.75 

25.00 (.95 11219. 100445. 2*510. **25. ».47 29429. 5540259. 19.2 0.11 0.49 55.5) 21.9) 

50.0C 10.34 T40». 224499. 2*510. 1'250. 21.54 542*9. 47*5111. 7*.* 0.11 1.94 11.01 14.11 
h*,H ■i'1.'.! Ill '. T^flo«.^, ?^sn. 1 T41*., 1*., >T TT.'.( . ^.T^Bfll . I"'.» l.M *.1T 

4.4» 11." 

T5.00 45.19 1T40. 2417(4. 2*410. 19*75. 44.71 79941. 49I2*«T. 172.4 0.11 t.)7 2.54 7.*5 

100.00 114.19 9. 0. 2*500. 2*500. §2.01 

NITM1UT 

105097. 

SFRIMC 

0. 10*. 4 O.M 7.7* 0.0 0.0 

0.0 0.0 14959, 0. 2*500. 0. 0.0 0. 0. 0.0 0.0 0.0 -....» 
25.00 4.01 11219. 45200. 2*500. **25. 2.89 19074. 171*125. 19.2 0.0 0.0 12).41 24.)) 

50.00 l*.12 145). 12051). 2*500. 11250. 11.55 19747. 4954*14. 74.4 0.0 0.0 20.57 I5.)0 

«6.66 2«.*5 49ST. 142*5*. 2*510. 17***. 20.54 52994. 4404441. 1)4.2 0.0 0.0 7.72 10.49 

T5.00 1*.2* 1149. 115400. 2*590. 19*75. 2*. 00 59*21. 171*125. 172.4 0.0 0.0 4.57 0.47 

100.00 64.44 9. 0. 2*5)0. 2*500. 44.21 79494. 0. 104.4 0.0 0.0 0.0 0.0 

LOAD   FOINI   VAIUES 

SIGNA  ANCIE   IDECREESI         «4.0000 
IMtER   STRUT   ANCLE   lOECREESt            ).551» 

NIM41I    ICH:   I'tK    SPIAu   IT   JUtFk   "«f.t   CUNtiCI   FCIKI    ll«P 

OEFIECTEO  OUTER RACE   1.0.   IINI 
OUTER   STRUT   ANGLE  IOFCREESI   ... 

2.9100 
2.4)24 

nurtK ■<«ci   i.i. IUJ* it»fss •«». IPSII 

nifs« 'lAif 
- H-MC ill vt    s?»» s?   MA«, -hlHl/KSll           14)504. 

-   tt»Jl    IFSII          2*5)01. 

«HICt ION   IINI    0.0027*4 

CEHECIIO«   1111       C.CCCtll 
DEFlfClinN   IINI    0.000*05 

Figure 66.    Computer Program Output Data - Clutch Design A. 
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s»«»c tiuTCM c«se     *re »CM ia-*irMi CIUTCH an» 

MOÄSiPOKt«       1*01.ono 
SfEEO   InrMI       26100.0000 

I  COODOINArE-SMING   I INI     0.100« 
T COODDINkTE-SPKING   UNI     -.0617 
SMIItC  MEICHI   IGNI     2.0260 
NO.   CE   SPRINGS     2.0000 
SMING   DU.-FREE   I IN I     2.1600 
SMIKG  CONS!   Ill/INI      2.4I6T 

Clir-1.6-   l/»2 
TOROUE   I IN-IBSI       «10.0000 
FRICMON  CnEff.   ISIIDINCI       0.0100 

I CUURDINtTE-C.G.   IINI         0.0202 
V  COnROlNRTE-CC.   IINI         0.0240 
SPR»0  WEIGHT   ICMI      6.6100 
NO.   OF   SPR6GS       26.0000 
EFFECTIVE   SPR6G  LENGTH  ||N|         O.MOO 

INNER   R»CE  O.D  
INNER  RACE   1.0  
NUPBER  OF   INCREMENTS 

I.TSOO OUTER  RACE   I.O.INOH.I 
1.0000 OUTER RACE  0.0  

101.0000 SIGH»  «NClE   IOFCREESI 

         7.6060 
         1.0410 
14.1000ININI    112.0090)NAH| 

Fl»I  PIRTE   DIMENSIONS      CURVED  SURFRCE   DIMENSIONS 

SIGN* 
«NCIE 
IDECI 

J PRIME 
IINI 

MNE«  STRUT 
«NClE 
IOEGI 

STRUT 
MNER 
IOEGI 

«NOlES 
OUTER 
IOEGI 

OUTER 
R»CE 
I.D. 
IINI 

CG 
6NGIE 
lOEOl 

DIFF 
RNCLE 
IOEGI 

11.0000 
ai.iooc 

0. «101 
0.1106 

2.6726 
7.6466 

1.1141 
i.Ull 

2.26» 
7.2R20 

2.6112 
2.6111 

1.014 
1.026 

O.ltl 
0.16) 

OVERRUN  »   DlFFERENMRL   SPFFO  POINT   V61UES 

SICMR  RNGlE   inEGREESI         Tj.fOOQ OEFIECTEO   OUTER   ««CE   1.0.   IINI 
INNER   STRUT   «NGIE   inEGREESI            2.1116 OUTFR   STRUT   »NOlf   IDEGRtESI   .. 

2.6061 
I.RIOT 

INNER OUTER SP««G SPRING FILM FIIM 
PERCENT p V P-V RRCF R6CF rw»o PRS PRS-V CENTRIF. SPRINli CENTRIF .    THK. TH». 

SPEEC SPEED SPEFO TUROUE FORCE FORCE FORCE HVO. Fun. 
IPPII IFPMI (PPI-FPMI IRPMI (RPMl I lN-ini IPSII IPSI-FPSI IIRI HBI IIRI |M|CRO -1N| 

«ITH SPRING 

0.0 2.12 12161. 21660. 26100. 0. 1.41 I))I7. 2646777. 0.0 0.66 0.0 246.17 24.86 
21.00 6.14 4106. 144 71. 26100. 6621. 6.04 2)1)1. 1171786. IR.I 0.66 0.11 71.61 21.06 
10.00 20.00 6071. 12161). 26100. 1)210. 16.6« 6101). 6164621. 77.6 0.66 7.01 11.68 l).71 
61.11 12.69 62)1. 1)76)1. 2610O. 17261. JO. 01 12266. 1*61611. 121.0 0.66 ).♦! 6.71 10.01 
71.00 62.16 )0)1. I2R166. 26110. 14R71. )4,l6 146R6. 1014266. 161.0 0.66 6.17 1.70 7.66 

100.00 71.66 1. 0. 26150. 26100. 61.06 

HITHnuT 

7R701. 

SPRING 

0. 264.8 0.66 R.n 0.0 0.0 

0.0 0.0 12161. 0. 26100. 0. 0.0 U. 0. 0.0 0.0 0.0 
21.OC 2.1) 4106. 14)46. 26100. 6621. 1.47 Dm. 20)1226. la.l 0.0 0.0 220.87 26.14 
10.00 0.12 6071. 1172). 26100. 1)210. 7.17 76764. 270a214. 72.6 0.0 0.0 16.PI 11.16 
66.66 11.11 606 7. 61101. 26100. 17666. 16.00 11640. 2607667. 12(1.H 0.0 0.0 11.81 10.72 
71.00 14.17 )0>1. IRIRi. 26100. 14R71. |7.7| 60111. 2011226. 161.0 0.0 0.0 8.11 8.10 

100.00 J6.J« 0. 0. 26100. 26100. )l.64 

LOAD  P0IN1 

1)117. 

V61UES 

0. 264.8 0.0 0,0 0.0 0.0 

SIGP6  «NClE   IDEGREFSI         81.0000 
I6NER   STRUT   ANGLE   IOECREESI            1.1141 

MWMM    lUJC   PCX   iM4-    «I    1UIEK   "»U   IDNTRCI   ClIM   ll«l 

DEFLECTED  OUIER  R6CE   I.D.   IINI 
OUTFR   STRUT   RNGIE   IDEGREESI   ... 

2.6112 
2.2611 

1UIM   ««CE    I.I.    'ku^    lIXEii   X««.    (HS1I 

DHTEK   "«CE 
,^<>>^ij>IVt    blBE ,S   "««.   -   EBHW   IPSII 
LJ'f »La->Ivt   STi'l'iS   »«< .   -   HBTZ    IPSII 

16?18>). 
216014. 

UEFltCMON   IINI    0.002121 

OEELECTIU*   IINI     0.0C0761 
UEFLICTION   IINI     0,000761 

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 - («^CCG -  c^g)   See Figure 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 valae, 
is also listed.    The 'P-V factor in (lb/in.   - ft/min.) is a wear 
correlating parameter used by some sprag clutch manufacture "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 T|0 - (2/3) rij.    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.     - 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 race inside diameter due 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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WfldWWJ^W^ww«*-,'" 

FORTRAN LISTING OF COMPUTER PROGRAM 

SiMAG  CLUTCH DESIGN  -   BY Al   MEYER 
IMPLICIT   REAL «8   (A'HtO-2) 

_ KR0«5  

OiMENSION  XJPRI(2nO)tALFPI200if ALFI(?00).RH]H3I.>1GMI(3),XI( 3 I. VI 
1(3).RH3Ü(3).SIGMUI3).XOOI.YU(3)ISIGMA(200) 

PI »3. 1*1'59263   
Z=P 1/180.0 
(iRAyTY«3«6.* 
GKAMLHs.CC2205 
eLjMno«29.0*10.0*«6.0 
PUISS^"0.25 
hrOENS-.282 
CÜPRVI=.0CCCS5 
KtVNS=.00000073 

1   KtADCK^D, 1000) 
KtAlt KRü»10ü2)HORPOW, TOPCtSPEECtFRCOSL.SPRNGS 
KkAOIMU. 1002IXIRID,X1RQO> SING« SIGMI N .S1GMAX 
 KbADlKRUtI002> XOHIUtXOROC _ 

rttAlJKRD, n0 3)i<HÖi ( 1 Jf SIGMK ii.XM'l) .VK II .RH0I(2) , SfSMIfZ »tlTTFl ,' 
iYi(2)fRHnmi.siGMim.xim .vim 
KtAU(K^Dt 100 3)RHl)ü( 1). SIGMOI 11. X()( II . YHI 11 «RHOUIZ) t SI 3MOI2 i .XO 12 I . 

1YÜI ?) ,HH(ICn», SIGMC(i) iXDCi» fYU(3l 
KtA'M-UU, 10U2IXCG, YCG.riTSPAG.SPRAGStVilDTH.CODEl 
IKSPRNOS.EO.! .0)    GÜ   TO 490   
KtAoTK? J, i0"03)XSPt YSPtWTSPNGfOSPRNGi SPRNGK   " 
oü  TC  <.'>! 

MO  KtAOlKlOi 1003»    XSh ,YS^ »XSB ,VSB i HSPNG tSPNT.HT ,S PRNCK , ANGSPFi ANGSP8 
'»n ^KirriKP-ttiiooi 

HKI TE( KPP.IOOO) 
_      _^'TE.(KJ*j.lU01.l _   

IKH0RPr)W)2i3,2 
2   TJX J=63025.0*H0KP()»*/SPfcrD 

JU   TC 4 
1  HuKPnw = TURO*SPEEü/e30i?5.0 
4   MKirtiKfR. 1004IH(KP0M, Tl>Rg 

v^rtiTEIKPIf 1005ISPFF0iFKC0SL  
IHSPRNÜS.EQ.r.OI    GC   TG  495 
WKlTFUPRt 1006IXSPfXCG 
hRITt« KPR,10071YSP.YCG 
WKlTFCK-'^ilüOH IWfSPNGfWTSPAG 
WKlTE(KPR|1009)SFRNCStSPRAGS 

    WKlTECKg^.1012lUSPRNG,WIDTH     
' WKITEC KPRflOM) SFRKGK 

ÜU   TH   A96 
495 wkITE(KPR,102J IXSF.XSB 

nKlTtlK^^tI024IYSFiVSB 
•»RITE( KPR.IO?1*) ANGSPF.XCC 
WRITE(KPR,1026IAN5SPB|YCG 
rtKlTEIKPRtl003IUTSPNG|WTSPAG 
WK1TH KPR,l009ISPRNGStSPRAGS 
HKlThCK?*,10 27)SPNGHT,WI0TH 
HKITH KPR|I013)SFPNGK 

496 WkllLCK'^t lOniXiKOOiXOKIO 
WKlTt( KPRtlO2?IXlRIU,X(JRC0 
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UR1TE(KI>< , 1 0 1 1 > S i N C , S I G M I N , SIGMAX 
I K C C O f c l . L T . 3 . 0 ) GO 10 5 0 0 

IT E <KP< , 10 l '» ) 
wKl 7 E( KPR ,1 0 1 5 ) 
1= 1 
J=1 
•1= 1 
WKI TE( K P R , 1 0 1 6 | X [ 1 I) ,Y K J I ,KHO I ( 1) , S I CM 1 (M ) 
i l G M I (M )=SIGMI <M )*Z 
1=2 
J= 2 
M=2 
W K I T E K ^ ^ , 1 0 1 7 > X I ( I ) , Y I ( J 1 »RHO I ( I I , SIGMI ( M) 
j l GMI ( N|) =S I GMI ( M) s Z 
1= J 
J = 3 
M= 3 
WRITE! K P R , 1 G 1 1 IX I» 11 * V 1 ( J ) , R HO I ( I ) , S IGMI (HI 
S luM KM 1= SIGMI <M ) *? 
I 1=1 
J J = 1 
f M=1 
WK IT E (K»-« , I 0 1 9 ) XG( I I I , Y(l( J J I ,RHOO< I I I , SI GMO! MM) 
S l u M C t MM) =SIGMC( MM) • Z 
I I = 2 
J J=2 
MM = 2 
WHITE! KPR . 1 0 2 3 ) X 0< I I ) , Y O U J ) , R HOO( I I I ,SIGMO(HH ) 
i1GM0{MM! = SIGMO(MM )*Z 
11 =3 
j j = 3 
MM=3 
W*ITE<Kf>* , 1 0 2 1 ) X 0 ( I I ) , Y 0 ( J J ) , R H O C ( I I I ,SIGMO( MMI 
SI J MC( MM) =S I GMC ( MM)*7 
W* IT E IK 3 < , 1 0 3 3 ) 
WRI TE( KPR , 1 0 3 4 ) 
W K I T E ( K 5 3 , 1 0 3 5 ) 
W R I T E ( K P R , 1 0 3 6 ) 
W* ITE (KP-t , 1 0 3 9 ) 
GO TO 5 03 

5 0 0 OJ 5 0 1 M = 1 , 3 
S l G ' t l ( Ml =S 5GMI ( M ) *Z 

5 0 1 CUuT INUE 
UU 5 02 MM=1, 3 
i l 5 -10( MM) = SI G "<C ( MM) * Z 

5 0 2 CcMTINUE 
5 0 3 ,«=1 

S I G M A ( \ ) = SIGMI\J*Z 
SI GI l\C = ( SI GM AX—S IGM IN) * Z / (S INC.) 
1=1 
I I =1 
J = 1 
J J = 1 

— _K=J 
KK=1 
M= 1 
Mrt=l 
L= 1 
LL = 1 
I S 1 N C = S I N C 
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FORTRAN LISTING OF COMPUTER PROGRAM 

_.£_ SgjUfi  CLUTCH DESIGN -   BY AL  MEYER 
REALM   U-H,0-n IMPLICIT 

_ K«0«5  

OlMENSinN XJPRM2OO)tALFPJ200l, ALFM2O0»,RH3mi, JIGMIOJ.XI« 31, VI 
im,RH3iji3i,SIGMU(3lfXO(3),VOm.SIGMA(200) 
PI»3.1»1S9263   
Z«t> 1/180.0 
GKAyTY«3B6.4 
GMAMLH>.CC2205 
£LjMnq«29.0*10.0**6.0 
PUISS^«Ö.25 
hrOEKS*.2e2 
CÜPRVI>.0CCC99 
KtVNS».00000073 

1 Kt-AOiK^ri, 1G0OI 
HtA')(KRü,10ü?) HOKPOW,FOPC,SPEEC.FRCOSL,SPRNGS 
KtAiKKiü, 1002IXIR10,XIR0D, SI NC, SIGMI N «SIGMAX 
 KtAD(KRUtl002» XOHIU,XÜPOC 

KtÄOKRD, iÖ03)KHÖ! ( llVSIGMll 11, XI ( 1» , Yl ( II ,RH0I ( 2» , SfSMM?! 
lVi(2l,RHQI(3l,SIGMI(Ji,Xl(3l ,Y I n I 
KcALXK^O, 100 3)ÄH()O( ll.SIGHOI U,XIM II ,Yn< U,RHaü(2) ,SI3MOI2i 

IYUI ?i ,HMncni, siGMom.xnm ,YUI3) 

KtAlK^U, 10U2IXCG, YCG,MrSPAG,SPRAGS,hlOTH,C03El 
IKSPRNOS.EO.! .0»    GÜ  TO A90 
KtÄ0«K> j, i0"b3)XSP,YSP",WTSPNG,ÜSPRNG,SPRMGK   " 
oU  TC  ^91 

470  KtAOCMO, 1003»    XSl- , YSH , XSö ,YSB , WTSPNG ,SPN;HT ,S PRN6K , ANGSPF, ANGSPB 
4*1   WKimKP-t.llOO» 

MKI TE(KPP,1000) 

_     _*»<'T£iKjM.tiy0L'     __    _ _    _  
IKH0RPnw>2,3,2 

2 TJ^ J=6 30?5.0*HnKP(JW/SPEr;0 
iiU  TC 4 

i   HUKPnw=TURQ*fJPEfcü/63025.0 
4   riKITtlKPR, 1004IH()><P0MI1I)R0 

WKITEIKP^IOOSJSPFFO.FRCOSL 
IhlSPRNGS.EQ.l.0»    00   10 495 
^i<ITF(KPR,lP06»XSP,XCG 
hKITt(KPR,1007)YSP,YCG 
WKiTf (K.>*,lü0d >WTSPNÜ,WTSPAG 
rfKlTE( KPR,1009)SFRNGS,SPRAGS 

-  WKITEUM, 1012 IUSPRNG,WIDTH   
.JR7TE( KP"K,10I iiSFRNGK 
üu TO 4<»ft 

495 wklTE( KPR,102J IXSF.XSß 
rtKlTHKP*, 1024IYSF,YSB 
wRITE( KPR,10?5|ANGSPF.XCG 

_WRLT£( KP« , 1026» AN5 SPB, YCG 
rtKlTE(KPR,1008IWTSPNG,WTSPAG 
WKITM KPR,1009 » SPR NGS ,SPRACS 
WK1TE(K?<,10 27>SPNGHT,WIDTH 
hKlTE( KPR,1013»SPRNGK 

496 wKITt(K»R, 1010)XIR0D,X0RIÜ 
WKlTt( KP«,102?»XIRIU,XIJBCD 
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ISINOISINOI 
KMüIAL   GROWTH  (IF   nUTEK   RACE  DUt   TO   ROTATION 
b<!»( (3.0*t>ÜISiN»/ö .0) »(WTOENS/r.RAVTY )♦(? I*SPFFO/S0.O)*(PI*S»EE0/3O 

_      1.01 
tJ3 = ( I. 0*3.0* P'l ISSN)/(3.0* MU ISSN) 

_STK3T2«Q?*((O.5*X(1R0U*XO«UO)*JXÜBIÜ».?i>«XOmO)*(l.0-B3)» 
lKRÖT2«0'.S*XO«IO«STROT2/ELSMOü 
XUKlUH»xr)KID*2.0*URROT2 
bH0T3 = B2*U O.5*Xl)RIU*XORID)*(xnR00«.2«>*XOR00)*( 1.0-R3) ) 
UK<JT3=0.'>*xrj'<OU*STROT3/ELSMOD 
XÜRni)R-XÜK0O2.0*URRaT3 

_Eni)  OF   RADIAL   GROWTH CALCULATION 
5 ÜÜ SOltöViSINC 
6 CtNl)IS=USÜRT((XOU I )-XI( I »»♦♦2*( YI ( J»-YC( JJ))»»?) 

IHYK J».r,T.YO(JJ) )   GC   TO  7 
XLAMB'DARSIN((YO(JJ )-Yl(J ) l/CENDI S) 
IHETA^I 90.0*71 -S IGMA( N) »XL AMB 

_AiMt;=m.O*Z)-THETA 
GÜ TC  H 

7 XLAMB=OATAN((YI(J)-YO( JJ ) I/(XOI11)-Xi( I ) I ) 
THErA=SIGMAINI-<90.0*mXLAMB 
ANG= O1.0*Z)*THETA 

d   XA»CENÜlS*0COS(ThtTA) 
rVCE^UI S*nSH ( THE TA ) 
"xjPKl(Nr=YY»RHOrC I )*RHCOri I) 
IFIYOIJJI.GT.YK JDXJPRI (N)xRHUI(I )*RH00( I I»-YY 
ALF PIN)«OATANI XX/XJ PRI(N)) 
XKP4ic=Rmiin*( .5*XIROI)) 

XKC=0SqR» (CFNI)IS*CENUlS*XKPRIC*XKPRIC-2.0*CENim*<<PRIC*0C0SUNG)l 
_Ku»xK:fRHnoni i 

ÜUU>2.0*R0 
dkTA=ÜA«SIM(C»:NOIS*OSIN(ANGI/XKC) 
ALFI(N)=i)ArAN(KO*( CS INI BET A) 1/I (RU «I CC(JS (BETA ) ) )-( . 5*XI ROD 1) ) 
ALFO-ALFUNI-JtTA 
CENTER   OF   GRAVITY   CALCULATION 
«JCG»üSJ<T(H:G-XI (I n**2*(YI( JI-YCG)**2I 
XÜMEGAeOATANI ÜAÖS(IYI(JI-YCGI/(XCG-X 111111 I 
;>imNb= SIGMA ( 4 I- XUMtGA 
IF( YI( JI.GT.YCG)    SUMANG=SIGMA(N)*XOM£GA 
C0C = DSJ?T («i><IC*XKPRIC*COCG*CDCG-2.C*XKPRIC*:DC3»OCOSISUMANG) I 
Ai^CG=üARSIN(CCCG*nSIN(SUMANGI/CGC) 
0ELANG>ANGCG-3ETA 
tNJ   CF   CFNTh«   OF   GRAVITY   CALCULATION 
bljMAIN)=SIGMA(NI IL 
rHETA=THETA/Z 
JtrA=KFrA// 
ALFP(M) = ALt-P(N )/Z 
4U-nN)*ALFl|-4l/l 
4LF) = ALFn// 
Ai*iC(l«ANüCG/ L 
LtHNG=IJtLA^r,// 
II ( K.^T.l.OH.KK.Gl .1)   GO TO 9 
IHCODEI .LT.3.0)   CO   TO   5CS 
riKlTFIKPi<.1037ISIGMAIN)tXJPkIIN).ALfPIN)tALFI(NI, ALFO.UJQ.A^GCG.OE 

ILA^S 
^ü")   tü.^riNUE 

SIG^AIN) =SIGMMN)*Z 
IHtTA=THcTA*Z 
JtIA=HETA*Z 
ALFKlN)»AirP<^ )*Z 
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.»LHUALKI*/ 
SlbMA(NI>SICHA(M^SK.INC 
GU   TO   11 

'1   lf(CnOEl .IT.1.0»   GO TC   510 
•Ml TEI KP *tl03<n SIGMA INI «XJPRI (N> f ALFP (Nl, AL P I(N I, A . Rl, ü)ü, A^GC G, ÜE 

1LAN6 
913   CCNTINOE 

S1GÜA(NI>SIGMA(NI*Z 
rHETA«THETA»Z 
ttErA«BETA*Z 
ALFPm-ALFCm*2 
ALF1(NI-ALFIIN)*Z 
ALFO»ALFO*Z 

11   lF(OCa. LT.XORIO)    GO TO   19 
IFIL.EO.ZI  GO   TO   12 
SAVE   ÜATA   FOR   PV   ANÜ   CRAG  TORQUE  CALCULATION 

_   _yi.fCDC3  _     
U^XOMFGA "     " 
LJ=SUMANG 
U^CGC 
U5=XKPKIC 
U6»ANGC&« 

_       U7=Xim 
üä»V"llj"»  -    " 
U4«SIGKAIM 
IKK.E3.1 »U9 = J9-SIGINC 
uio=Don 
Ull=BETA 
Ul^HHOH ! ) 
Uli=ALFI'.N)/Z 
UU*ALFO/Z 

L=2 
C tiJ  OF   SAVE   DATA   Kl«   PV 
C_    _ CALC._A^O  S^iVE   DEFLECTION   DATA   FUR LOAU  P3IMT   STRESS  :3,<P,JTA Tl CNS_ 

'"c    " "CAL;^ 
12  KIÜL = (TOI>,»Z.0»/ISPRAGS*0O0) 

^^üL=HTnL/inAN« ALFO» 
KTIL*(TOR(J*?.OI/ISPrtAOS*XIROOI 
K.4IL-P.TI L/CTAi4( ALFIIN) ) 

_^lfSS3^S:»KAGS*HMIL/«PI*üOO*Wl^TH) 
SKPRS2=-"PPESS0'    ' .----. 
KJS'}»XO^i:)nH*.2 5*XUROOR 
KISQ«XORIQR*.25»XOBICU 
ST^tS2=P<ESSJ*«Ki)Sö*KI SOimOSO-RISO) 
JKt'RS2sO.')»XORIDR*(STFRS2-POISSN»SRPRS2)/ELSMOD 

 CALC ID»X')HIOK*2.0*URPHS? _ 
C iAVE 

IFICALCIO.GT.1)001   GO   TC   19 
IF(LL.EQ.2)   G3   TO   19 
UÜl=SlGMA<N)-SiGINC 
UJ2«ALFI(NI 

JJUBf^LFO  
JU4=03J 
0U5=RH()H It 
UUb-RHJOIil) 
UU7=RTQL 
aiJ8»RN3L 
UU9 = RriL    
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? 

UUil'CALCIO 
SH^MAX»STPftS2   ♦STROT2 
OM PfU «IJRPRS2* UP R0T2 
LL«2 

19 

20 

10 

31 

32 

3^ 

36 

3^ 

50 

t^i?  OF   SAVt   DATA   FOR   LCAC   POINT 
IK SI5MI( MI.FJ.O.O»   GC   TC  20 
IFISICMA(NI.Gt: .SIGMHHt.ANO.K.eO.l t   CO   TO  30 
IFIK.E0.2»   GH   TU 31 
IMK.FJ.3)  GO   TO   32 
IHSIGHOl MMt.FO.O.O»   CC   TO   SO 
IFISIGIAm.Gb.SIGMOIMM).ANO.KK.E0.il   GO   TO   35 
iF(KK.f0.2)   GO   TC  36 
1FUK.E3.3)  r,3   TO   37 

GU  TO 50 
Tt^c-SIGMAm 
SI»*AlN)*SIGMi(Ni 
<»2 
iU  TO 6 
ilj^AJNI =SICMI (Ml 

J*J*1 
K*3 
au   TC  5 
SliMAIN) =TEMP 
<»1 

ÜJ   TO   50 
rt.'ii'=sir,MA(N» 
iI^A(N)»SlGMl(f«MI 
<K=2 
GJ   TO   (S 
S»UMA(NI«SIGHOIMMJ 

JJ»JJ*I 
KK«3 
Go   TH   6 
SiGMA(N|=TEMP 
KK = 1 
MM = f M*l 
StGHA(N»ll«Srr>MA(N| 
PV   ANO  f^AG   TJKJUE   CALCULATIONS 
hHlT|{KPRtn45» 
rfKlTfltCM.KHM 
HKlTt« KPR,10*71015,010 
^KlTf (KJ^, lO<.SHJ13f01<t 
»RITE! KPR,l05l ) 
WKlTfc(K'<,lJ52l 
HKlTElKP4,1053» 
WKITFIK'^,105'*) 
WPITE«KPH,1057» 
WKlTEIK-*!, 1062» 
ANGSPF=ANGSPF»Z 
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Ai^SPB»ANGSPP»/ 
NNN«l 
Oü   86 NNN»l,2 
IHNNN. fcQ.l»   GO TO 62 
St»KNG«»3,0 
MTSPNG'O.n 

62 JKSIMNGS««;U»l«OI  GO   10 6 3 
C JSP»US(JRT((XSP-U7>*(XSP-U/)*(U8-VSP'»*«U8-VSPI» 
rAu-oftTAMHua-ysp m XSP-U?)! 
SPC»US0KTll»5»J5»CUSP*CCSP-2.O*U5»CDSP»0COS«TAU»J9| I 
A^i;SP«DAK$lM(Cr)SP*DSIN(TAU«09)/SPCI 
y»<(2.0«PI*SPnNGK*(USPPNG-2.O*SPC) l/SPKAGS 

_ A1«JSIN(ANGSPJ 
A<;»ÖCOS("VNGSP)" 
GJ   TO  ft* 

6i   CUiPF«ÜS0rtT(USF-U7)*IXSf-UT|»IU8-VSF)«(U8-VSFI» 
CüSf'i'DSaRTliOT-XSai^lLT-XSB»»! t8-VSPIM U8-YS8II 
TAUF«IJATAN(«U8-VSFI/(XSF-U7» I 
TAUH»ÜATAN((US-VSrt)/«U7-XSBJ» 
iFC=DStJ,<TVu5»Ui»C0SPF*CCSPF-2*.0*Ü,»*CCSPF«DC0SJTAJ::*U9ll 
SbC = OSQRT (U5«U5*CJSPB*C0SPB-2.0*U5»CÜSPB*0C0S» TAU»»PI-U9n 
jPC'O.S^CSFC^SHC) 
ANGCFSs0ARSIN(C0SPF*ClSIN(TAUF«U9l/SFC) 
ANGCBSs0ARSIN(C0SPB*0SINITAUB«PI-U9)/SBC) 
i4«SP*NGK»SPNjHT   

6*   ^»SPRN^S^S« 
S5<(PI*PI*r.R4HLd*tiTSPNG*SPC)/( 90C. 0* SPRAGS«GRAVTV) 
!»5"SPRNGS»S5 
S6= (PI*!>I»Gk44LB»mSPAG*U'i»/< 900.0*GRAVTY) 
Ai>bSIN(Ü6) 
A»'DC3S(U6>     
AS«0SIN(IJ11) 
A6=ÜC0S(Üll) 
IFCSPRNGS.EO.l .01   GO  TO 640 
Sl«A2-Ul»A6/AS) 
S2-A4-( A3«iÄ6/A5l 
S3» 1 lXlROO«f RCJSL >/<UlO*AS))-(I FRC0SL*A6I/< A5) )j;l._0 
S7«(SI»S4»/«WIDTH»S3)     ' 
Sd«ISl*SSl/<mOTH»S3> 
S9«(S2*S6)/(MI0TH*S3) 

 GO_TO_ 641  
640   Ä30«CSIN(ANGSPBI 

A3I«0C0S(ANGSPBI 
A32»0SIN( ANGSPFI 
A33-X0S(ANGSPF) _ 
XHB-SPC*DSIN(0«S*PI-ANCCeS-ANGSPBi 
XMF«SPC*0COSUMGSPF-AN6CFS» 
SSO»A5*FRC0SL»A6 

_&Sl»A6*A3l»A30*A5. 
SS2«AIS*A33»A32*A5 
SS3«A6«A3-A4*A5 
iJ>Sl»SSl-«(2.0*X>«B»/UlO» 
SiS2«M2.0«XMF 1/U10)-SS2 
SSS3=SS0-((FRCUSL*XIRCCI/U10) 
iiS5»0SIN «ANGSPF-ANGCF S ) 
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«SST.^MnfnSCO.^iM-AN^SOF^Nr.r.PM ) 
SS^««^ INI 0 ,5«»> I-ANCS pef ANOC PS > / OCHS J «»"".So^* ft^.f, RS » 
SST«ISSS7«(S<St«SSS«»<;sn?)»/fWinTM*SSSH 

<»S9>  (SS)«S6t/IW10TH*SSS3) 
S7«SS7 
Stf-SSS 

_ S9-.SS9 
6^1   SIO«PI»XIROO/12.0 

Sll«S7«SlO 

FS^tDl»«.0»SPEEO«SPFED/9.0 
FSP€»2-(4.0*Slll/U.0«'$12i 

_       HSPEÜ'FSPEOl-JSPEOZ 
l>CFSPC:Ü.lf.0.3)GÖ TO 6*2 
NXSPEO>0.5«l(2.0*SPEEO/3.(muSORT<FSPEOn 

6*2   litt'OSURTI (fl.O/ |PI«MI0THI )«(U12*O.S*X IROO/U 12*0 .SMIRIO UM l.O-POI 
iSS^»PO ISSN l/ELSHOO) 

6 5   HH*l 
 JU   «5 >JN»lf6 

UÜ   TO   (66,S7,i>'),69,70,7l>,NN 
66 PWCNTxO.O 

S»>EbOO«PERCNT*SPfcfcD/lOU.O 
GO   TO   72 

67 PEKCNT»?S.O 
SPfcEüO«PERCNT«SPEEO/lOO.O 
üü   TO  72 

6a   PEi<CNT»50.0 
Sr'tEOD-PERC^T^SPEEO/lOC.C 
l>0  TC 72 

64   IK SPCfO.GT.O.O)   GO   TC   511 
iP£FCU=0.0 

"     MXSPED=0.0 ' 
PtKCNT»0.0 
liU TC 72 

511   IFIFSPED.LT.O.OI   GC  TC   75 
iPtECO^XSPED 
PtRCNT«lOO.O*SPEECü/SPFEC 
GJ   TO   7? 

5l>   PtRCNT»lOO.O«SPfEOO/SPEEC 
GJ   TO  72 

70  PtRCNT=75.0 
SPetOO»PERCNT»SPEf.l)/lOO.O 
oJ   TO   72 

71 PcKCNT=ino.O 
sPcEOO'S^lEi) 

72 FiP?«S4 
»■aPPP=S5*SP»-ri)n*SPfECr 
Ftü=S.S»SPEEOn«SPtEün 
1FI SPRN;S.E0.l.OI    SU 1U  721 
FVP^S-'P+FSPP' 

hNl=(HSP*Sl*FCr.«S2)/S3 
GJ   TO  7 22 

721    FSRACF'S* 
FiPPr^FS^AlF/OCnStCS^PI-ANGSPI-^ANGCfS) 
Fi>^A^^=FSR'<l)l»CTA^(0.5'»PI-ANGS^^♦ANGCfS) 
FilANiWSIA'MI-   -     ' - ... 
FbPPB«FSTA\h/nCOS( ANGSPH*»NGCBSI 
KtSF»FSPPF*FS>»P/SSS5 
KtSTNF»«ESF«DSINI0.5»Pl-ANGSPF»ANGCFS) 
KLiTNtfs^ESTNF 
KLSa=«ESTNrt/OCOS( AKGSFP»*NCCfiS» 
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■ 

K1Ml*(«tSB»SSSl»RESt:«SSS2*FCO«i'SS1)/SSS3 
7 22   KI1 »fHCilSL^RNI 

rdKinü-O.StSPHACS^KM^XIBÜD 
V = ilO*«SPEEU-SPf tDC) 
P^KNI/WIOTH 

ö«iß*TS(3RT(«NI I 
IHHM.fcO.0.0)   ÜC   TO  73 
»»^i'k^I/CB^WlDTiU 
UU  TO  74 

73  l»Ri»0.0 
_    _t"-M  THICKNESS   CALCy^A_MCNS 

A   PKiV=«PR"S»VI/60.0 
MPKI=KNI/riIOTH 
tMKACF=SPE£0*PI/30.0 
dMSfP&*SPEFDO*PI/30.0 
JVtIRA««IROO*0MRACE*.5 
Jtf LL S"- XIRÜD»I]MSPRG*.5 

■'EÖÜI VR=ür2«riRÖÖV.57(Ül2*VlRÖD*.5) 
tPr< I = ELSMOD/« l.O-POI SSN«POISSN> 
i^M LKSWPRI/(EPR1*ECUIVR) 
dHLH=(UVEHA-UVELSP)*.5»REYNS/(EPRI*E0UIVR» 
GH I f'srOPRVl^EPRI 
IKwFlL^.EO.O.O)   3j3   JO J76  
Hf ILM=l.6»0FlL^*.6«U>ILM**r7/WFTLMV*.r3 
FJUFm=HFILM*t0UlVrt*lCCOCO0.O   
i-iLHrj = (4.9*UFILM«ECUIVR/MFIL^I »1000000.0 

73    l^JFS^FT.LT.O.O.ANd.^N.FC.^)   GO   TO   7?  
«KlTE(KPR,1055IPEHCNT,P,Vf PV,SP£EU,SPEE00tT0R(}D6,>RS|P«SV^C57FSPP 

itFbPPP.FlLHYO.FILFHD   
OJ  TO as 

7 >   WHITG« KPK,lfl''BIPEHCNT,P,V,PV,SPE£C,SPEEDn,TUROOG,PRS|P<SVlFCG,FSPP 
l.hSPP" 

GiJ   TC  IS 
Mil TK KP" ,1063» 
LuxT INIUF 
IK f>NN. tO.?t    C,Q  Tlj   86 
WKITF(KP*,10631 
CtUTINUE 
ST<FSS   MO  OfiFLtCTlrN   CALCUIATICNS 
Ü01=UÜ1/Z 
OU2=UU2/Ü 
UU3=UU3// 
«KI TK KPR.IOTSI 
HKirt(KP^t1076l 
WKlTb( KPR,1077IUüI • UUA 

''   WAITE(KM,1078IUU2,UU3 

ll-(CCDCl.lT.2.0)   GO   TO  515 
HKlTtlK'*,10791 
HKITFCKP«,1080» 
MiilTEIK'RtlOBt) 
MKiTE( KPR,1082» 
«4KITF(K^<<,1083I 
WKITEIKPR,10b*» 

515 c-miMue 
uivir,2=io.o 
K14CI=(XIK01i-X(RIül/DI VI02 
KlNCC=(XORnO-XÜRI0l/CIVIC2 
KJTC0^=((3.0*PUISSN»/8.ü»*(PI*PI*SPEll)*SPEED»WTDfc^S»/«900.*GRAVTY» 
UiARTI«l)SQRT(XIRlU*XlM]C) 

77 
J > 

J'J 
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üIAKT) = l)SORTt XQRIOMORflO )• 
ÜIAIKN'XIRID 
UIAOIII-XriRIt) 
ILl =1 

L)U   lOJ   IINNEKsl.ll 
92   JKDIAINN .1 T.DIARTI )  GO   TO   95 

IH l LI.GF.l)   CD TO Pi 
rtMi» i=niAiNN 
JIAINN=DIARTI 
ILI*2 

OU   TT 9S 
91   IP( ILl.iiT.?)   3U   TO   S5 

UIAINN=TE'1P| 
IL(=1 

95   AAl^XR ri)*.25*XlRID 
AA<'=XI KUU».25«XIROD 

    rtAJ=OIAINN«.25*01AINN 
AA"<> = (1,0*3.0»P0ISSN)/(1.O»PUISSN» 

>K'<OTI»<(JTC]N»(AAl»AA2-AAl*AA2/AA3-AA3» 
STRfJTl =RnTCOM( AAI*AA2*AA1*AA2/ AA3-AA4*AA)) 
üKR0TI=<0.5*UIAlNN/fcLSMOD)*l STCOTI-PCI SSN* SRROTr» 
PKSI =( S PRAGS^UJl 0) / ( P l»X IP()ti«W I CTH) 
aKPRSI=(-PRSI >*AA2*(AA3-AAl)/(AA3»(AA2-AAin 
jI»'R"SI=(-PRSI>*AA^»(AAJ«-/»Al»/(AA3*«AA2-AAl)) 
ÜKPXSI=(0.5»UIAINN/CLSW'JU)*( STPR SI-POI SSN* SRPH SM 
SKTOTI =SKRCTI*SHPi<SI 
STTDTtsST'OTr+STP^SI 
UKTOTIs'JKfiOTIfüRPHSI 

_IFjCnOt^.LT.2.0)  GO   TO   520 
hKI TErkPR",l08^»CUINN,SJiROTI,STHUT I .U^ROT I, S RPRS I, STPRSI , J»<» < S Ii SR 

irjritSTTfirifUiTOTi 
520   CuNTINOE 

IFJILI-2)    100,92,100 
100   üiAlNN=OIAINN*KINCI 

IKCOOEl.LT.2.0)1   GO  TO  525 
"■"■ ~Hkiri'tK*i,'ioäh) 
5 25 CONTINUE 

1UUTER=1 
Oü no nurER=t,ii 

102    IH rjUO'JT.LT.ÜIARTC) 
ilv( flJ.'GT.llGJ   TO   103 
TcMPO=OI ACUT 
ülAJUI = i)[ART3 
ILÜ=2 
GJ   TO   1Ü5 

131   IFt lLr).GT.2)  GO  TO   105 

GO  TO   105 

105 

J1AOOT= TEMPO 
ILJ=3 
AA5=XORI0».25»XÜPID 
AA6=X3<in«.25*Xi)R00 
AA7=DIAOUT*.25«0IA0UT 

JRjrJTD=R3TC0N»(AA6*AA5-AA5*AA(S/AA7-AA7) 
StROfO»RÖTCO>il*(AÄ5»AA5*AA5«AAA/AA7-AA*«AA7» 
JR-tJTD= J0.5»DIA0UT/ELS«1OD)*< STPCTO-PCI SSN* SRPOTO) 
PKiQslSPRAGS«ÜU8l/(PI*X0RIC*WI0TM 
iKP<S3=(-PRSl)»*AA5«(AA6-AA7)/IAA7*« AAA-AA5)» 
STPRSO=PRSÜ*AAS*(AA6*AA7>/<AA7*(AA6-AA5|» 
UKPRS1=IO.5*niA0lT/ELSMOD)*<STPRSO-PCISSN*SRPRS01 
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SKTOTn>SKRaTr>SKPRSn 
__ _JTTOTp«STRüTU*STPRSÜ ._    _ 

URTOTO«üKPÖTÖ»URPRSO 
IFIIOUTER.ÜT.I)  GO   TO   «30 

530   IFJCCDEf. LT.2.ÖI   GO  TC  535 
HKlTf <KPR,l085»0lAÜUT,SRR0TO,STROTO,URROT0,S«PRSO,STPRS0,URPRS0tSR 

irorOtSTTÜTC.URTOTO 
535 CONTINUE 

IF(ILO-2)110tl02,110 
110 UlAOtT«OI AÜUURINCO 

MRlTEUPRt 10<)2IUUfl 
kKl TF( KPR(1089) SHfMAX.UPHPMX 

C H.KTZ 
dX-USURT (8.0*(1.0-POISSN«lPOISSN)/(PI*MlOTH*fcLSM33l I 
IH>HX*IJSURT(UU10«0.5*XIRCO*UU5/ (0.5«X IROD^JJS 11 
bü«QX«DSORT (UU8*0. 5*UU11*UU6/1 0. 5*UUU-UU6|) 
SCÜMPI«2.0«UU10/(PI*bI*WlOTH| 
SCJHP3=?.C«UU8/«PI*BO*V»IOfH> 
LX'2.0«(I.O-PUISSN*PaiSSK)/ELSMOC 
UKhTZ I* (UX*UU10/(Pl*t«10TH) |*|OLOGd 2. C*UU5*MI0THI/(BI*Bin »1.60021 
JKHTZO=(< UX*UU8i/( PI*MIDTH))*(OLOG( (2.0«UÜ6*MI0rH)/(B]*B0IU 1.6002 

1) 
Ml TE( KPR,10901 SCQfPI.URI-T 21 
M><irE(KP<» 1091ISC0MPOtURHTZO 
WKITE(KPRV11C0) 
CU   ro   1 

lüOJ   fCKMÄTdX ,791- 
1 ) 

1001 FUK^ATI116X,«   G117-1.7-   2/72J) 
1002 FÜ^MAT(6F1>.5> 
lUUi   W^MATl3(F6.5,H6.2,2F6.5n 
l( 04   fÜKMATOX ,•   HORSEPOWER          a,F10.4f5X,    »T 

lüKJUf   (IN-LBS>    aUFlO.M 
1003 FÜKMATOX,*   SPtEC   (RFP)     a,Ftl.4f5X,       «F 

iKlCriON   COEFF.   (SLIDING»    i)(F7.4/| 
lUOo  FJKMATOX.«   X   COCKOINAT E-SPRING   (IN)           afF6.4,5X, 

i'K   CrmOINATE-C.G.   (IM    a.FS.^I 
U07   FUKMATISXt'   Y   CUOROINA1 E-S PRING   (INI         afF6.4,5X, 

l'Y   C0340INATE-C.G.   (IN»    a.FS.M 
1C04  FüIIMATOA ,•   SPRING WEIGHT   (CM»           a,F6.^f5X, 

PSfRAG  WEIGHT   ( GM I    <4.F8.t) 
1C0-)  FÜKMAT(3X ,•   NO.   CF   SPRINGS          S,F6.4,5X, 

l'i^a.  HF   SP^AGS       a,F7.«) 
1010 FCKMATOX.»    INNER   RACE   U.O a,F9.i»,5X, 

l'üüTEK   RACE   I.D.INQM.I     a,F9.<i) 
1011 FUKVIAT(3Xt»   NUMBER  CF   INCREMENTS    a,F9.4f5X, 

l'SIGMA   ANGLE   (DEGREES)    . . . . S.F 8. A, • m N) 9 ,F9. «. ,• ( MAX) a) 
1012 (-ÜKMAK 3X,«    SPRING  DIA.-FREE   (IN)          a,F6.4»4X> 

1*    EFFECT IVE  SPKAG  LENGTF   (INI     a,F8.4l 
lOli   FuKMATOX,«   SPRl N3   CCNST   (LB/IN)     a.Fd.WI 
101<»   FüKMAT (/WX,1   CU0RCINATES«,9X( «RADIUS  OF a. 8X, • Sl G^A   ANGLEa» ,, 
1015   FuKMATdSX,*   XJI.IU, •Vi,9X, «CURVATUREa, 10X, MOEGRiESia) 
lOlo   FJKMAT(/3X,>   INNERa ,<>X .F c. 5 ,3XfF 9. !> «SX .F9. 5 ,10X,F9. ^1 
1017   HJKMATI 3X ,•   HACEd,5X,F9.5l3X(F9.5,5X,F9.5tlOXf F9.5I 
10 13   FJKMAT(13X,F«).5,3X,F<;.5,5X,F9. 5,10X,F9. 51 
iOl-t   I-CKMATI/3X,»   QJTERal<»X,F9.5,3X,F9.5,5X,F9.5,lDX,F9.5) 
102J   FJKMATOX.«   R4CEi,5XtF9.5,3X,F<J.5,5X,F9.5,lOX,F9.5) 
1021   FORMAT ( 13X.F9.5,3XtF9.!>.5X(F9.5l10X(F9.5) 
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lOli   t-JWAHlX,1    INNEM   KAC£   1,0 8tF9.4t5Xt 
I'UJTtK   RACE   0.0 a,F9.M 

lOii   hJKMATnx.*   X  CUORDINATE-SPRINC   FRCNT  FACE   (INI         8.Fb.4*5X* 
1*X   CCOHOINATE-SPHINC   E*CK   FACE   (IN)     •,F8.4» 

102-»   l-JKMATIiX,*   Y  COOK 01 MA IE-SPRING   FRONT  FACE   (IN)         8,FS.4,5Xt 

i'r   CCOKüiI NATE-SPRING   EACK   (ACE   (IN)     8,F8.4» 
1025   FJKMATOX,'   Si'^AG  CONTACT  ANGLE-FRONT  FACE   (OEG.)    ....   •tF7.4(9X,' 

IX ClCRIWNATt-C.G.   (IN)     SFS.«) 
IOJJ   FJKMATOX,*   S'KAG  CONTACT  ANGLE-BACK     FACE   (OEG.)    ....   •tFT.'.SX,' 

IV  CnDKOlNATE-C.G.   (INI     ••F8.4) 
102^   FJKMATOX, •   SPKING  HEIGHT-FREE    .IN)          a,Fb.*,^X, 

I*   tFFECTIVE   SPKAG  LENGTH   (IN)     SFB.M 
10 Jl   FÜKHAT (/10X, •   FLAT  PLATE   01 MENSI CNS8 13X, «CUR VED  SURFACE   DIMENSIONS 

141 
IJJ4   hJKMATdOX,«                  0 

lOfER') 
lOii   FUKMAT(2Xt'   S IGMA«i 1 3Xf«INNER   STKUTi,8X,«STRUT  ANJLESitllX♦'RACEi, 

lU.'CG« .SX.'OIFF«) 
1036 FüRHAT(2X'  ANGLES,3X,•J  PR1 MEat6X,'ANGLEif9X , •INNERJ,7X, • OUTERa,8< 

It'I.O^.AX.'ANGLE        ANGLE1) 
103/  HCXMATI lXtFR.^ ,1 X,F8 .4 ,3X »FB .4 ,6X , F8 .4 ,4X, FB .A, 5X, F8.4, <»X, F6,3 .2X, 

IK».3) 
10 3d  FUKMAT( I X,F8.4,«    »d ,F7 .4 ,3X ,F8 .4 ,6X , F8 .4,*X, F8 .4, 5X, F8.4, 4X, F6 ,3, 2 

1X,F6.3) 
I0 3i  FCKM4T(2X»   ( CtGI« .'♦X,' ( IM« .SX,' (ObG) ',9X, '(OtGIS TX, MOEGI«, 8X, •( 

UWl'.bX, MOECt        (OEGIVI 
1043 l-JKMAT( //40X,«    OVERRUN   ♦   CIFFERENTIAL   SPEEÜ   POINT   VALUES'I 
1046 KJ<»1AT (40Xt ' 8/1 
1047 FJKHAT( IX.*   SIGMA   ANGLl    (UEGRtES )     a»lX,lF8.4 

1.6X. •UEFLFCTEO   niTEK  RACE   1.0.    (IN)     atlX,lF8.4) 
1J43   FüKMAT(3Xv'    INNERSTHUT   ANGLE   (CEGREES)     a.2X,lF7.4 

UoX.nUTEK   ST^UT  ANGLE   (DEGREES)    a»2XtlF7.4) 
1U31   HürfMAT(/35X.*    INNER       CUTER«, 33X , »SPRAGa, 12X, • SP* I SG       Fim        FILM 

la) 
1052  »-Lr<M4T( •    PERCENT P V P-V RACE RACE DRAG 

1 ms PKS-V CENTRIF.      SPRING     CENTKIF.   THK.        THK,8) 
1033 FL.KMAT(1X,«   SPtbCa,24X,*SPEEC        SPEEC        T3R JUE d, 23X, •  F OR; E F0'< 

lit        FfHCE          HYO.        EHO.a) 
1034 HUX-ATdOX,'    (PPI)      (FPM)      (PPI-FPM)      (RPNI        («P-tl        ( IN-LB» I 

lr»il)      (PSI-FPS)        (LH)                (LB)            (LB)           (iICR0-IN)8) 
1C33  KJKMAT(2X,F6.2,2X,F6.2 ,2X,F6.0,2XfF7.0,3XfF&.3,2X,F6.0,2X,F7.2,3X,4 

lF7.0.2X,F8.0.2XtF6. l,3XfF3.2t3XtF5.2 .3X(F7.2fIXfF&.2) 
105/   FÜ-<MAT( IX«     

1- -8/) 
1033 Füi<MAT(2X,F6.2,2X,F6.2t2X,F6.0.2X.F7.0t3X,F6.0t2X.F6.0«2X(F7. 2.3X» 

lF7.0,2X,F8.0,2X,F6,l,3XtF5.2t3X,F5.2t3X,« a,IXt« 8) 
106J FUKMATdX,« MAX. SPEEC NCT CALCULATED, EQUATION CONTAINS A NEGATIV 

IE  SQUARE   ROOT«) 
1062 HURMATI 35X,«   WITH   SPRINGa) 
1063 FJrfMAT(/53X,«   WITHULT   SPRING8) 
1073  FUi<MAT(/51X,«    LOAD  PCINT   VALUES«) 
10/6   F.UMATmx, « 8) 
1077 FuRMAT(/3Xt«   SIGMA  ANGLE   (CEGREES)     8flX, 1F8. 

14,6X.«DEFLECTED  OUTER  RACE   I.D.    (IN)     a,lX,lF8.4) 
107a   FUKMAT(3X,«    INNER  STRUT   ANGLE   (CEGREES)    a,2X,lF7.4 

1,6X, «3UTER   STRUT ANGLE   (DEGREES)    a,2X,lF7.4) 
10/V   FGKMAT(///20X,«   ROTATICNAL   COMPONENT ., 16X, «P^ESSUU   COMPONEN T8 ,27X 

l.'TOTALa) 
1080 FORMATI 15X(«     

i -f5K| 
dt 5X, 

-8) 
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1081   füRMATJ 
UAL        R 

108^   KJRMATI 

1S> 
108i   FURMATl 

1   (PSII 
1084  FCRMAT« 
1083  FU<MAT( 
1086  FURMATC 
lOtii   FüKHATI 

!••••••« 
1090 FURMAT( 

L   •••••• 
1091 FJRHATt 

1092 FJ^MATJ 
1)   ...• . 

1100 FORMAT ( 
1101 FCRMAT« 

ENO 

15X,» 
A DIAL 
IX,' 

STRE 

RACIAL TANGENTIAL        RADIAL <AOIAL TANGENT 
RADIAL TANGENTIAL RADIALd) 

CIAMETER STRESS STRESS       OEFLECTIDN STRE 

3X,« 

//53X 
3X,1F 
//53X 
/2X, • 
• •  • • • 
/2X,« 
• •   • • • 
2X,« 
• •   • • • 
/2X,« 
1F6.0 
1H1I 
1X1 

SS       DEFLECTION STRESS 
(IN1«,9X.MPSI) (PSI) 
<IN)£,9X.MPSI) (PSD 
,•   INNER  RACEa) 
7.4(3(5XtFe.C,4XfF8.C,3X(F8. 61) 
,'   GUTER   PACES) 
OUTER   RACE   I.D.   HOUP   STRESS MAX. 

..a,1X»1F8.0,7X,'DEFLECT ION   (IN)    atlX,1:8.6) 
INNER  RACEa,4X,'C0MPRESSIVE   STRESS   MAX.   - HERTZ   (PSI) 

....a,lX,lFa.0,7X,'CEFLfcCTION   (IN)     a»lX. IF8.6) 
OUTER   RACEa.^X.'COMPRESSIVE   STRESS   MA<.   - HERTZ   (PSI) 
...a,lXtlF8.0,7Xt'CEaECTI()N   (IN)    a.lX,lF8.6) 

NORMAL   LOAD  PER   SPRAG   AT   OUTER  RACE  CONTACT   POINT   (LB 
/) 

STRESS DEFLECT ICNd) 
( ma,9x,'(psn 

(iN)a) 

(PSI)    
.. . . .Sf IXt I' 
MAX. 
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APPENDIX III 
RAW DATA. OVERRIDE TEST 

CLUTCH DESIGN A 

Oil Inner Shaft Reaction Oil Torque Calcula- 
Flow Race Speed Torque Torque AT ted Using Oil AT 

(KRni (rpm) 

26,500 

(in. -lb) 

11.0 

(in. -lb) 

8.4 

(0FI 

37 

Btu/hr 

19,350 

(in.-lb) 

2.4 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 7.1 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 5.7 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 7.5 

.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 2.7 
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 

Oil Inner Shaft Reaction Oil Torque Calcula- 
Flow Race Speed Torque Torque AT ted Using OilAT 

(fiPm) (rpm) 

26, 500 

(in. -lb) 

8.6 

(in.-lb) 

10.2 

(0F) 

30 

Btu /h r 

15,700 

(in.-lb) 

2.4 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 5.2 5 1,750 2.9 
10,000 3.9 3.8 6 2, 100 5.2 
5,000 2.7 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 7.7 
20,000 4.6 6.2 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 1.9 6.7 66 7,700 7.2 
25,000 2.0 6.1 53 6,200 6.2 
20,000 2.4 5.1 34 4,000 5.0 
15,000 2.7 3.9 21 2, 500 4. 1 
10,000 2.5 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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FLOW - GPM 

Figure 70.   Reaction Torque Versus Oil Flow at Various Speeds, 
Design A Full-Speed Override (Input Stationary). 
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WITHOUT SPRAG ASSEMBLY INSTALLED 

Figure 71.    Reaction Torque Versus Oil Flow at Various Speeds, 
Design B Full-Speed Override (Input Stationary). 
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Figure 72.   Oil AT Versus Flow at Various Speeds,   Design A 
Full-Speed Override (Input Stationary). 
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Figure 73.   Oil AT Versus Flow at Various Speeds,   Design B 
Full-Speed Override (Input Stationary). 
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