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SUMMARY 

The purpose of this project was to investigate the relative 
load-carrying capabilities of spur and helical gears with 
increased-profile contact ratio (greater than 2) by carrying 
out a program of experimental investigation to assess the 
influence of increased load sharing among teeth on load capacity. 

This report presents the results of an experimental program to 
substantiate load intensity and load sharing of a particular 
high-profile contact ratio (greater than 2) spur and helical 
1-to-l speed-ratio gear design. 

Baseline test gear geometry with a minimum-profile contact ratio 
of 1.30 was chosen to be consistent with present aircraft design 
practice to permit comparison with the high-contact-ratio gear 
geometry which had a minimum-profile contact ratio of 2.10. 

A strain-gage survey was conducted on 9.0-pitch spur and helical 
gears to ascertain the load-sharing characteristics of the high- 
profile contact ratio tooth geometry and to provide information 
for deriving equations to determine the load intensity at any 
point of contact. 

The conclusions of this report are summarized as follows: 

1. The rotating dynamic load tests indicated that high-profile 
contact ratio (greater than 2.0) gear teeth can carry more 
load than gear tooth designs of current aircraft practice. 

2. Test results indicate that both the 9 and 13 diametral pitch 
high-contact-ratio (greater than 2.0) spur test gears carried 
more load, in the range of 5 to 6 million cycles, than the 
6.5 diametral pitch baseline spur test gears of current design 
practice. These tests were run to a load level which resulted 
in a tooth-bending fatigue failure. 

3. The results of a strain-gage survey conducted on the 9-pitch 
spur and helical test gears substantiated the inherent 
capability of high-profile contact ratio (2.1 minimum) gear 
tooth geometry to carry more load than the tooth geometry 
currently used in aircraft design. 

4. The strain-gage survey data provided the necessary information 
for deriving equations for load intensity and the nature of 
the load sharing among several tooth pairs for this specific 
design and thereby verified that the increasecl-load-carrying 
capacity of high-contact-ratio gears is due to load sharing 
by more pairs of teeth than current aircraft design practice 
permits. 
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FOREWORD 

The evaluation of the high-profile contact ratio gears was 
accomplished by conducting rotating-load tests of spur and 
helical gears within the experience range of helicopter main 
power gears.  In addition, strain surveys were conducted on 
high-contact-ratio spur and helical test gear sets in an attempt 
to determine the load-sharing characteristics.  This program was 
conducted during the period April 1969 through October 1970 for 
the Naval Air Systems Command, Washington, D. C, under Contract 
N0019-69-C-0418. 

Technical direction was provided by Mr. H. A. McCullough, Head 
of Auxiliary and Reliability Sections of the Naval Air Systems 
Command, and Mr. James Conboy, Senior Engineer of the Naval Air 
Propulsion Test Center. 

The program was conducted at the Vertol Division of The Boeing 
Company under the technical supervision of A. J. Lemanski, Chief 
of the Advanced Drive System Technology Department.  Principal 
investigators for the program were J. P. Alberti, Project Engineer, 
and V. J. Perillo. 

Acknowledgment is made to H. J. Rose, R. J. Drago, and J. C. Leeds 
of the Advanced Drive System Technology Department for conducting 
the strain survey, data reduction, and load-sharing analysis. 

Acknowledgment is also made to Professor W. J. Murphy and his 
staff at Villanova University for their assistance and contribu- 
tions during the experimental testing. 
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INTRODUCTION 

The objective of this project was to investigate the relative 
load-carrying capabilities of spur and helical gears with 
increased-profile contact ratio (2.1 minimum) as compared to 
baseline gears of current technology with a 1.3-minimum profile 
contact ratio. 

A preliminary evaluation of one design of a high-profile contact 
ratio spur gear set was accomplished by Boeing-Vertol's Advanced 
Drive System Technology Department in CY1967 and 1968.  This 
company-funded research project included rotating fatigue tests, 
a strain-gage survey, and a noise and vibration survey.  Although 
this was a preliminary evaluation, the results of this program 
indicated that the high-profile contact ratio gear tooth geometry 
had promise of carrying substantially more load and operated at 
a lower noise level than current aircraft gear tooth design. 
These improvements were attributed to increased load sharing 
among teeth. 

Current design practice for spur and helical gears, as used in 
helicopter transmissions and other aircraft applications, pro- 
vides a profile contact ratio (ratio of circular pitch to arc 
of action, or average number of teeth in contact) in the range 
of 1.3 to 1.6.  Gears designed with high pressure angles, in 
the range of 25 to 28 degrees, will operate with a contact 
ratio in the vicinity of 1.3. 

The load shaving of spur gear teeth during the cycle of engagement 
is dependent upon the contact ratio.  Gears with a contact ratio 
in the range of 1.3 to 1.6 share the load among 2 pairs of teeth 
during the entrance and exit phases of the cycle of engagement, 
while only 1 pair of teeth carries all the load during the remain- 
ing phase.  The same conditions will prevail essentially for all 
designs where the operating contact ratio is less than 2.0.  As 
the contact ratio approaches 2.0, the 1-pair load-sharing zone is 
reduced with an accompanying increase in the 2-pair load-sharing 
zone. 

In aircraft gear design practice, the size of a gear tooth 
(diametral pitch) is established on the basis of bending strength 
requirements; these requirements, in turn, are dependent upon the 
load-sharing (profile contact ratio) characteristics.  Current 
aircraft design practice dictates the use of coarse-pitch teeth 
with high pressure angles to carry high loads, within the allow- 
able stress limits as established for the gear materials used. 
It is a well-known fact that coarse-pitch teeth are very sensitive 
to profile and spacing (index) errors and, as a result, develop 
short periods of nonuniform motion which superimposes an incre- 
mental dynamic or vibratory load on the load transmitted by the 
prime mover (turbine engine).  This condition can produce a 



clashing action at the entrance phase of tooth engagement, which 
in turn can develop increased noise and decreased gear life. By 
contrast, finer-diametral-pitch teeth are not as sensitive to 
profile and spacing errors and thereby make the engagement at 
the entrance phase more smoothly and with less noise. 

The attributes of fine-pitch teeth have been known for many 
years; however, their bending-strength rating does not permit 
using them in place of coarse-pitch teeth because the allowable 
bending stress for the gear material would be exceeded.  The 
experimental test results of this project indicate that high- 
contact-ratio (2.1 minimum operating), fine-pitch teeth can be 
designed to the bending-stress allowables which are being used 
for much-coarser-pitch teeth of current design. 

The increased load capacity of high-profile contact ratio gear 
teeth is attributed to the sharing of load by more teeth during 
all phases of engagement.  Because of this fact the load intensity 
on any one tooth is considerably less than on a tooth of current 
design practice.  It is also evident that current AGMA rating 
formulas for bending strength cannot be used directly to calculate 
the bending stress of high-profile contact ratio (greater than 
2.0) gear teeth. The tooth load must be calculated on the basis 
of an intricate load-sharing distribution and associated tooth 
deflections. 

n 
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TECHNICAL APPROACH 

BACKGROUND 

Spur gear designs incorporating a profile contact ratio greater 
than 2.0 were used 25 years ago to a limited extent in aircraft 
piston engine accessory drives.  Reports on the performance of 
these designs were most favorable.  However, it is not entirely 
apparent as to why the high-profile contact ratio designs did 
not receive more attention and follow-on use in gas turbine 
engine accessory and main drives.  One can only surmise that, 
due to a general lack of knowledge as to the actual load-sharing 
characteristics and the lack of a suitable rating method for 
bending and Hertz contact stresses, its further use was dis- 
couraged. 

The Boeing-Vertol independent research project conducted in 
CY1967 and 1968 on one high-profile contact ratio spur gear 
design provided new data on load sharing and operating noise 
levels.  This design featured a 32 by 76 tooth ratio, 9 pitch, 
17-degree pressure angle, 2.13-inch face, and a 2.19-minimum- 
profile contact ratio. 

The evaluation of the strain-gage survey conducted during this 
program showed that the design had an overlapping tooth contact 
which permitted load sharing by 3 pairs of teeth at entrance, 
exit, and pitch-line contact.  The remaining contact was shared 
by 2 pairs of teeth. 

The results of the noise and vibration survey conducted during 
this program indicated a definite trend that this design is 
capable of operating at a reduced noise and vibration level 
when compared to gears of standard design. 

STATEMENT OF PROBLEM 

The current AGMA formulas for rating gear tooth strength and 
surface durability cannot be used in their present form to 
ascertain the bending and Hertz contact stresses of high-profile 
contact ratio (over 2.0) designs.  A major change is required 
to these formulas in order to permit calculating the maximum 
tangential tooth load.  For high-contact-ratio tooth designs, 
the maximum tooth load occurs at a position in the immediate 
vicinity of the pitch circle where 3 pairs of teeth all share 
a portion of the transmitted load (see Figure 1).  By contrast, 
for current aircraft tooth designs the maximum tooth load 
occurs high up on the driving tooth at the position of high- 
single-tooth contact where only 1 pair of teeth is carrying all 
the load (see Figure 2).  In order to rate high-contact-ratio 
gear designs for tooth strength and durability, it is necessary 
to determine the percentage of maximum tooth load carried by 1 
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pair of teeth at the pitch-line position. At this worst position, 
2 additional pairs of teeth also share a percentage of the maximum 
load.  Calculation of the load shared by the 2 pairs of adjacent 
teeth involves a determination of the tooth deflection per unit 
load. 

The net result of the improved tooth load-sharing characteristics 
of high-contact-ratio designs is that the bending and Hertz con- 
tact stresses are substantially lower for an equivalent pitch. 
If a given design stress level is maintained a considerably finer 
pitch can be used to carry the transmitted load, with an accom- 
panying reduction in operating noise level due to smoother 
meshing conditions. 
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TEST METHOD 

TEST SPECIMEN DESIGN 

The design of the test gears used in this program reflected 
similar parameters in ratio, pitch diameter, diametral pitch, 
and numbers of teeth to those now used in the sun-planet mesh 
of the CH-46 helicopter transmission.  Tolerances and dimen- 
sional accuracy duplicated Boeing-Vertol experience with similar 
gear designs.  In addition, an analytical evaluation was employed 
to establish design parameters which indicated satisfactory 
results in fabrication and performance.  All test gears were 
fabricated to the following general specifications: 

o Diametral pitch 6.5, 9.0, 13.0 

o Pitch diameter 6.000 

o Face width 1.00 

o Number of teeth 39, 54, 78 

o Pressure angle, transverse 25°, 17°, 20° 

o Helix angle, transverse (where applicable) 37°, 35°, 32° 

The detail specifications for the test gears are depicted in the 
engineering drawings. Figures 3 through 11.  Table I lists the 
basic variables under investigation for all test gear designs. 

MATERIAL 

AMS6265 (AISI9310) vacuum-melt, consumable-electrode steel was 
selected as the material for all test specimens.  This material 
is currently used for most helicopter main power gears and 
therefore was the logical choice as the basic material for this 
program. 

FABRICATION 

The test gears were fabricated by a vendor approved for the 
manufacture of helicopter gears, in accordance with the engi- 
neering drawings, and to the appropriate Boeing-Vertol specifi- 
cations.  The manufacturing procedure for all test gears was 
the same and the processing sequence was as follows: 

1. Forge to individual biscuit 
2. Rough-machine gear blank and stress-relieve 
3. Final-machine gear blank (bore, faces, and outside diameter) 
4. Machine gear teeth (hob) 
5. Carburize gear teeth 
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6. Heat-treat (harden and draw) 
7. Finish-grind bore and faces 
8. Grind gear teeth 
9. Bake 

10. Final inspection 

Figures 12 through 19 show the 8 test gears in as-received 
condition. 

METALLURGICAL EVALUATION 

A destructive metallurgical examination was conducted on one 
baseline helical gear (SK22028-1, serial No. XC101) and one 
baseline spur gear (SK22029-1, serial No. XC105) for determina- 
tion of conformance to Boeing-Vertol specifications.  The 
helical gear conformed to all specification requirements except 
for the effective case depth, which exceeded maximum allowable 
depth by 0.013 inch.  The baseline spur gear conformed to all 
specifications except for the effective case depth, which 
exceeded maximum allowable depth by 0.009 inch. 

Table II contains a listing of the specified chemical analysis 
for the test gear material and Table III lists the actual 
composition, hardness, and cleanliness rating.  Each lot of 
test gears for each type of gear (spur and helical) was fabri- 
cated from the same heat and melt of steel to minimize possible 
variations introduced by material processing. 

TEST APPARATUS 

The gear specimens were tested on a Boeing-Vertol regenerative 
(4-square) load test stand.  This test stand was specifically 
designed and constructed to conduct rotating-load test programs 
for gear research and development.  The test machine is capable 
of operation with 3 center-distance options and has provisions 
for control of torque, oil temperature, and oil quantity. 
Lubrication of all gear meshes and bearings is provided by 
individual oil jets (see Figure 20). 

TESTING TECHNIQUE 

The primary test variables were shaft torque and oil inlet 
temperature.  Gear tooth load was a function of shaft torque 
which was applied through a lever system at the beginning of 
each test run.  Torque levels were observed on a Strainsert 
SR2 instrument at specified time intervals and recorded. A 
final torque reading was recorded at the conclusion of each 
test run.  Deviation from the initial target torque was 
controlled to +5 percent at start-up and within +2 percent 
during the individual test runs. 
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Figure 12. SK22031, Serial No. XC103, 9-Pitch, High- 
Contact-Ratio Spur Gear as Received

Figure 13. SK22030, Serial No. XC103, 13-Pitch, High-
Contact-Ratio Spur Gear as Received

Figure 14. SK22028, Serial No. XC102, 6.5-Pitch,
Baseline Helical Gear as Received

Figure 15. SK22034, Serial No. XC102, 6.5-Pitch,
Baseline Helical Gear as Received



Figure 16- SK22026, Serial No. XClOl, 9-Pitch, High-
Contact-Ratio Helical Gear as Received

(

k
Figure 17. SK22032, Serial No. XC102, 9-Pitch, High-

Contact-Ratio Helical Gear as Received

#1

%
Figure 18. SK22027, Serial No. XC102, 9-Pitch, High-

Contact-Ratio Helical Gear as Received

Figure 19. SK22023, Serial No. XC102, 9-Pitch, High-
Contact-Ratio Helical Gear as Received



TABLE II.  SPECIFIED CHEMICAL COMPOSITION OF TEST GEARS 

Element 
AMS6265 Steel (% by weight) 
  (AISI9310) 

Carbon 
Manganese 
Silicon 
Chromium 
Molybdenum 
Nickel 

0.07 - 0.13 
0.04 - 0.7 
0.2 - 0.35 
1.00 - 1.40 
0.08 - 0.15 
3.00 - 3.50 

TABLE III.  ACTUAL METALLURGICAL ANALYSIS OF ONE TEST SPECIMEN 
OF EACH GEAR TYPE 

Baseline Baseline 
Specification Helical SK22028 Spur SK22029 

Composition (% by weight) 
Carbon 0.12 0.11 
Manganese 0.61 0.63 
Silicon 0.29 0.25 
Chromium 1.38 1.43 
Molybdenum 0.12 0.13 
Nickel 3.05 3.02 

Case hardness, Re 61-62 62-64 

Core hardness , Re 38.0 37.0 

Grain size 8 7 

Inclusion DT-1 DH-1 
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The torquemeter was calibrated before and at the conclusion of 
the test program.  Calibration was conducted on a Riehle dead- 
weight torsion test machine (Figure 21).  Recalibration curves 
agreed with the initial curve within 2 percent.  Test time 
(cycles) was determined by a log record of running time and an 
elapsed-time meter in the test stand console.  Power was supplied 
by an electric motor driving the input shaft through a toothed- 
belt arrangement, maintaining the input pinion speed at 3,660 
rpm. 

Inlet oil temperature for the test gearbox was maintained at 
135+50F at an oil pressure of 55+5 psi.  The oil used for 
lubrication of the test gearbox was Atlantic Premier No. 12. 
This oil contains extreme-pressure additives in the form of 
lead soaps which form antiweld platings on the minute asperities 
on the gear tooth flank.  In the opinion of the Atlantic Refining 
Company, this action materially reduces the possibility of damage 
to the flanks at the higher load levels. 

The testing technique for the test gears was to conduct rotating- 
load testing at each of the specified load levels for 6 million 
cycles or until failure.  If a test run was successfully completed 
without failure, the applied stress was considered to be below 
the fatigue endurance limit and this data point was recorded as 
a runout. 

An attempt was made during the test program to obtain a warning 
of impending failure.  This was accomplished through the use of 
accelerometers attached to the gearcase; the signatures were 
observed with an oscilloscope and amplitudes were recorded in 
the test program log.  Vibration signatures were photographed 
at specified intervals (see Figures 22 and 23). 

The test procedure for all test gears in this program was the 
same and consisted of the following sequence: 

1. Conduct static pattern checks at the 50-percent and 250- 
percent load levels for load-distribution evaluation. 

2. Conduct a run-in rotating test run at the 50-percent load 
level for 4 hours (8.8 x 105 cycles). 

3. Complete the test load schedule by conducting rotating-load 
tests for 6 x 10^ cycles (or failure) at each of the 
specified load levels. 

To fully evaluate the load-carrying capacity of the high-contact- 
ratio test gears and experimentally determine the load-sharing 
characteristics, a strain survey was conducted on the 9-diametral- 
pitch spur and helical high-contact-ratio test gears.  The 
procedure for both gear types was the same and involved the 
following:  15 strain gages were applied to the fillet root area 
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of 5 pinion teeth and calibrated.  The test specimen was in- 
stalled in the gear research test stand with provisions for 
recording gear torque loading and angular rotation. 

Upon completion of the installation, the mechanical torque 
system was applied.  The strain-gage bridges were zeroed and 
calibrated.  Test runs were conducted by slowly rotating the 
test gear through mesh clockwise and couterclockwise at the 
100-percent and 200-p2rcent load levels.  Oscillograph record- 
ings were taken of the 15 strain-gage outputs and associated 
angular position. 

GEAR STRESS CALCULATIONS 

The gear stress levels presented in this report for the baseline 
spur and helical gears were calculated by an existing Boeing- 
Vertol computer program based on the following AGMA Standards: 

o  220.02 - Rating the Strength of Spur Gear Teeth 

o  221.02 - Rating the Strength of Helical and Herringbone 
Teeth 

o  210.01 - Surface Durability of Spur Gears 

o  211.02 - Surface Durability (Pitting) of Helical and 
Herringbone Gear Teeth 

AGMA 220.02 and 221.02 rate the bending strength of spur and 
helical gears as follows: 

st = w^ x Pa i( KSK. _ 

where St = calculated tensile stress at critical section, psi 

Wt = transmitted tangential load, pounds 

K0 = overload factor 

Kv = dynamic factor 

P^ = diametral pitch 

F = face width, inches 

Ks = size factor 

Km = load distribution factor 

J  = geometry factor. 
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Figure 22.

RUN NO. 4 
31 MINUTES 
14 APRIL 1970 
1.5 VOLTS

Vibration Signature of Spur Gears, SK22030-1, 
Serial No. XC105 and XC103, 21 Minutes Before 
Failure

RUN NO. 4 
50 MINUTES 
14 APRIL 1970 
2.2 VOLTS

Figure 23. Vibration Signature of Spur Gears, SK22030-1, 
Serial No. XC105 and XC103, 2 Minutes Before 
Failure



For the test specimen, assume 

o'  v' ^s ' ^nn' = i • 0 

F = 1.000 inches 

Pd = 6.50 

J0.5418 baseline helical) 
J =( \  (calculated by computer program) 

|0.5508 baseline spur   ( 

Therefore, the baseline spur test specimen tensile stress is 

c   Wt x 1   6.50   1x1 
bt     T"  X ITÖOÖ X 0.5^08 ' U) 

St = 11.801 Wt (see Figure 24), (3) 

and the baseline helical spur test specimen tensile stress is 

Wt x 1   6.50    1x1 
St     T- X ITOOO X ü'.5418 ' (4) 

St = 11.817 Wt (see Figure 25). (5^ 

A typical example of a computer tooth plot stress layout is 
presented in Figure 26. 

AGMA 210.01 rates the surface durability of spur gears as follows: 

(6) 

where Sc = calculated contact stress number 

Cp = elastic coefficient (2,300 for steel gears) 

Wt = transmitted tangential load at operating pitch 
diameter, pounds 

C0 = overload factor 

Cv = dynamic factor 

d = pinion operating pitch diameter, inches 

F = face width, inches 
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TOOTH SPACE 

PITCH_CIH^ IRCLE 

TRUE INVOLUTE 
FORM CIRCI£ 

BASE CIRCLE _ 

TOOTH SPACE 

LEGCNÜ 
t     = TOOTH THICKNESS AT CRITICAL SECTION 
RL    = LOAD RADIUS 

'i'L 
= LOAD ANGLE 

HPSTC = HIGHEST POINT OF SINGLE TOOTH CONTACT 

Figure 26.  Tooth Form Stress Layout 
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C    = size   factor 

Cm =  load distribution  factor I 
I = geometry factor 

Cf = surface condition factor. 

For the baseline test gears (spur) used in this program, assume 

^o' ^v ''S' *"m' ^f = i•"• 

Then Sc = 2300  V wt x 1   _^    1x1 (7) 
V    1     6.0 x 1.0   0.0958* 

Sc = 2300 V O-TITS (see Fi^e  27^ (8) 

AGMA 211.02 rates the surface durability of helical gear teeth 
as follows: 

Vv sc^u^-is^^    . (9: 

The nomenclature is identical to the spur gear listing. 

For the baseline test gears used in this program, assume 

C0/ Cv/ Cs, Cm, Cf = 1.0. 

Then Sc = 2300 V 
Wt x 1 x    

x    x '   " t (10) C        V     1   x 6.0 x 1.0 x 0.1609*  ' 
1      1x1 

Sc = 2300 y       t      (See Figure 28). (11) 
¥  0.965 

CONTACT RATIO CALCULATIONS 

To determine the minimum profile contact ratio for a pair of 
mating spur or helical gears, 

V (ROB )2-(Rbi)2 +  V(ROBJ2"(IV2
 " c'-sin*' mP   =   V   BP     1      V  BG     2  ,     (12) 

(min) p' • cos*' 
p,   =   301159265 i (13) 

pd 

♦Calculated by computer program 

; 
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where R\ 

Ro BP 

Rt 

R2 

RO BG 

Rb 

c 
p,( 

operating pitch radius, pinion 

radius to break point on pinion (min) 

base circle radius, pinion 

pressure angle, operating 

circular pitch at operating pitch radius 

operating pitch radius, gear 

radius to break point on gear (min) 

base circle radius of gear 

center distance of operation 

diametral pitch, operating 

profile contact ratio. 

To determine the face contact ratio for a pair of mating helical 
gears, 

mf = Of 

Qf = Fe 

where mf = face contact ratio 

Qf =  face advance 

Fe = effective face width 

tan i|; , 

ty    =  helix angle 

p" = circular pitch at operating pitch radius 

(14) 

(15) 

'  ) 
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TEST RESULTS 

TEST DATA 

The objective of the experimental test program was to evaluate 
the load-carrying capability of spur and helical gears with 
increased-profile contact ratio (greater than 2.0) as compared 
to baseline spur and helical gears with typical profile contact 
ratios (less than 2.0). 

A summary of the test results is shown in Tables IV and V, which 
contain the pertinent information obtained during the test phase, 
including part numbers, serial numbers, gear type, load levels, 
number of test cycles, and failure mode.  Figure 29 presents the 
final test results for all test gear configurations. 

TABLE IV.  RESULTS FROM TESTS OF SPUR GEARS 

Part 
No. 

Serial 
No. 

Maximum 
Load 
Level 
(%) 

No. 
Test 
Cycles Results 

Baseline Spur Gears 

SK22029 

SK22029 

SK2 2029      4    6 

SK22029      6    6 

High-Contact-Ratio Spur Gears 

1 6.5 ^ 

2 6.5 J 

• 5 J 

250 

300 

SK22031 

SK22031 

SK22031 

SK22031 

SK22030 

SK22030 

SK22030 

SK22030 

XC102 

XC104 

XC105 

XC103 

XC104 

XC102 

XC105 

XC103 

300 

300 

350 

350 

2 teeth failed, 
4.58 x 10  drive member 

2 teeth failed, 
5.88 x 10  driven member 

1 tooth failure, 
5.99 x 106 drive and driven 

Pitch-line pitting 
1.18 x 10  on drive gear, 6 

consecutive teeth 

1 tooth failure, 
3.3 8 x 105 drive and driven 

2 teeth failed, 
1.87 x 10  drive gear 

44 



400 

EH 
2 
W 
u 
w    300 

i 

EH       200 

w 
EH 

O 

EH 

< 
c2   loo u 
o 

j                      LEGEND                                                  | 
| SYMBOL GEAR                                            } 

o BASELINE   SPUR                            j 
A 9-PITCH  HCR   SPUR                     | 

i     V 13-PITCH  HCR   SPUR                  \ 

1    a BASELINE  HELICAL 

0 9-PITCH,   32°   HCR HELICAL 

1      B 9-PITCH,   35°   HCR HELICAL] 

®- .-^7 V 

-a Eh* 

® 

^ 

\] 

io- 10ö 

CYCLES   TO  FAILURE 

.a 
H——O 

10 

Figure   29.     Final Test  Results  for All Test  Gears 

45 



TABLE V.  RESULTS FROM TESTS OF HELICAL GEARS 

.      Maximum    ~~ ~" 
Load No. Helix 

Part Serial Level Test Angle 
No. No.   d   (%) Cycles   (deg) Results 

Baseline Helical Gears (37° helix angle) 

SK22034  XC102 6.5^ 1 tooth failure, 
300   1.17 x 10b  -  drive and driven 

SK22028  XC 

102 6.5 *> 

102 6.5 J 

101 6.5 ^ 

103 6.5 ) 

SK22034  XC101 6.5 ] 2 teeth fractured, 
300   4.14 x 105  -  3 teeth chipped, 

SK22028  XC103 6.5 J drive gear, fretting 
both gear bores 

High-Contact-Ratio Helical Gears 

SK22033  XC102   9 ^ 2 teeth failed on 
> 250   4.72 x 105  32 drive, fretting on 

SK22027  XC102  9 ) drive bore and shaft 
pilot diameter 

SK22032  XC102   9 ^ 1 tooth failed on 
> 250   4.57 x 10   35 drive, crack from 

SK22026  XC101  9 J midtooth thru web 
and mounting hole. 
Fretting on drive 
bore and shaft pilot 

SK22027  XC101   9 ^ 1 tooth failed on 
350   1.4 x 105  32  drive gear 

SK22033  XC101 

SK22032-1 XC101   9 i 1 tooth failed on 
300   1.46 x 10°  35 drive gear 

SK22026-1 XC102 

The basic 100-percent design load level for the baseline gears 
was established for this program as 2,446 pounds per inch of 
face (7,338 inch-pounds torque), resulting in a bending stress 
of 29,000 psi and a contact stress at the pitch line of 150,000 
psi calculated by the respective AGMA standards. 

The basic load schedule for the baseline test gears was as shown 
in Table VI. 

J 
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TABLE VI.  BASIC LOAD SCHEDULE FOR TEST SPUR GEARS 

Tangential 
Tooth No. 

Run Load Torque Percent Test 
No. (lb) (in.-lb) Load Cycles 

1 1,223 3,669 50 8.8 x 105 

2 2,446 7,338 100 6.0 x 106 

3 3,669 11,000 150 6.0 x 106 

4 4,892 14,676 200 6.0 x 106 

5 6,115 18,338 250 6.0 x 106 

At the conclusion of the baseline testing it was decided that 
the results indicated that the test runs conducted at the lower 
load levels had little or no effect on the final gear failures. 
Therefore, approval was received from the contracting officer 
to establish a new load schedule for the high-contact-ratio 
test gears.  The test schedule established for these gears was 
as shown in Table VII. 

TABLE VII. REVISED LOAD SCHEDULE FOR HIGH-CONTACT-RATIO 
TEST SPUR GEARS 

Tangential 
Tooth No. 

Run Load Torque Percent Test 
No. (lb) (in.-lb) Load Cycles 

1 1,223 3,669 50 8.8 x lO-j 
2 6,115 18,338 250 6.0 x 10^ 
3 7,338 22,014 300 6.0 x 10^ 
4 8,561 25,683 350 6.0 x 10^ 
5 9,784 29,3^2 400 6.0 x 106 

During the baseline spur gear test portion of this program both 
test gear sets experienced tooth failures (2 teeth) on one 
member.  Set No. 1 failed at the 250-percent load (4.58 x 106 

cycles) and set No. 2 failed at the 300-percent (5.9 x 106 

cycles) load level.  Inspection of the tooth surfaces on both 
test gear sets revealed little or no evidence of surface distress 
on the majority of gear teeth. 

Macroscopic investigation of thf SK22029-1, serial No. XC101 
baseline spur gear revealed ;he following.  The gear with two 
consecutive tooth failures is shown in Figures 30, 31, and 32, 
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the failure sequence is shown in Figure 31.  Initial tooth 
fracture surface and origin in the fillet area are illustrated 
in Figures 33 and 34.  Surface topography revealed flat features 
indicative of fatigue; however, classical propagation arrest 
lines were not evident.  The features shown are characteristic 
of the high-load, mixed-mode fracture shown in Figure 35.  Sur- 
face features and scuffing pattern on the drive flank of the 
initial tooth failure are shown in Figures 36 and 37. 

Combined tooth fractures and the origin of the secondary tooth 
failure in the drive fillet area are shown in Figures 38 and 39. 
The surface topography on the secondary fracture resembles the 
initial failure since both show no clear macroscopic fatigue 
arrest lines and both reveal evidence of mixed-mode fracture 
fatigue and overload (Figure 40) .  The tooth contact pattern on 
the secondary failure is shown in Figure 41. 

Testing conducted on the high-contact-ratio spur gears resulted 
in the following:  The 9-diametral-pitch, high-contact-ratio 
spur gears, SK22031, serial No. XC102 and XC104, sustained tooth 
failures (1 each drive and driven) at the 300-percent load level 
(5.99 x 106 cycles) (see Figures 42 and 43).  The second set of 
9-diametral-pitch, high-contact-ratio spur gears, SK22031, serial 
No. XC105 and XC103, sustained a pitting failure on the drive 
gear at the 300-percent load level (1.2 x 106 cycles).  The 13- 
diametral-pitch, high-contact-ratio spur gears, SK22030, serial 
No. XC102 and XC104, sustained tooth failures (1 each drive and 
driven) at the 350-percent load level (3.4 x 10^ cycles) (see 
Figures 44 and 45).  The second set of 13-diametral-pitch, high- 
contact-ratio spur gears, SK22030, serial No. XC103 and XC105, 
sustained tooth failures (2 teeth drive gear) at the 350-percent 
load level (1.87 x 105). 

All these high-contact-ratio test gears were tested in accordance 
with the revised load schedule.  The initial runs at the 250- 
percent load level (for all gear sets) resulted in moderate 
scoring early in the runs.  This can be attributed to the fact 
that the profile asperities did not have the opportunity to 
level off at the 100-percent load level which was the basis for 
the involute profile modification parameters.  This fact was 
verified by the healing over of this condition at the conclusion 
of the runs at this load level. 

During the baseline helical gear test portion of this program 
set No. 1, SK22034-1, serial No. XC102, and SK22028-1, serial 
No. XC102, experienced failure of 2 teeth (1 on each member) 
at the 300-percent load level at 1.14 x 10^ cycles (see Figures 
46 and 47).  Test gear set No. 2, SK22034-1, serial No. XC101, 
and SK22028-1, serial No. XC103, experienced failure of 2 
fractured teeth and 3 chipped teeth on the drive gear member 
(see Figure 48).  Inspection of both gear bores and shaft pilot 
diameters revealed evidence of heavy fretting. 
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Figure 38. Fracture Sur­

face of Second 
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Figure 42. SK22031, Serial No. XC102, 9-Pitch,
High-Contact-Ratio Spur Gear
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Figure 47, SK22028, Serial No. XC102, 6.5-Pitch,
Baseline Helical Gear
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Figure 48. SK22034, Serial No. XClOl, 6.5-Pitch,
Baseline Helical Gear



The basic load schedule for the baseline helical test gears was 
as shown in Table VIII. 

TABLE VIII.  BASIC LOAD SCHEDULE FOR TEST HELICAL GEARS 

Tooth No. 
Run Load Torque Percent Test 
No. (lb) (in.-lb) Load Cycles 

1 
2 
3 
4 
5 
6 

1,223 
2,446 
3,669 
4,892 
6,115 
7,338 

3,669 
7,338 

11,000 
14,676 
18,338 
22,014 

50 
100 
150 
200 
250 
300 

8.8 x 10= 
6.0 x 106 

0 x 106 
0 x 

6 
6 
6 
6 

10° 
0 x 106 

Ü x 106 

The test portion of the high-contact-ratio helical gears resulted 
in the following:  SK22033-1, serial No. XC102, and SK22027-1, 
serial No. XC102, experienced failure of 2 teeth on the drive 
gear at the 250-percent load level (4.7 x 105 cycles).  SK22032-1, 
serial No. XC102, and SK22026-1, serial No. XC101, experienced 
failure of 1 tooth on the drive gear at the 250-percent load 
level (4.6 x 10^ cycles) (see Figure 49).  Inspection of this 
tooth failure revealed a crack from approximately midtooth 
through the gear web and one mounting hole.  Prior to conducting 
the test phase on the high-contact-ratio test gears, the mounting 
bolt torque was increased to 720 inch-pounds from 480 inch-pounds. 
This appeared to solve the mounting flange fretting condition but 
did not remedy the fretting problem on the test gear bores and 
shaft pilot diameters.  Inspection of the test gears, SK22032, 
SK22026, SK22034, and SK22028, revealed cracks in the gear mount- 
ing holes and shaft pilot diameter fillet radius. 

Before continuation of the test program, new shafts were designed 
and fabricated with increased flange thickness of 0.625 inch 
from 0.500 inch and relocation of the flange on the drive gear 
shaft to resist the thrust component.  In addition, the shaft 
pilot diameter and mounting flange were shotpeened on both gear 
shafts. 

Testing of the SK22027~1, serial No. XC101, and SK22033-1, serial 
No. XC101, gears experienced a single tooth failure on the drive 
gear member at the 350-percent load level (1.39 x 105 cycles) 
(see Figure 50).  Inspection of the shaft pilot diameters, bolt 
flanges, and test gear bores revealed a slight fretting condition 
on the top edge of the shaft mounting flange. 
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FRACTURED TOOTH AND CRACK IN 
WEB RADIUS DUE TO FRETTING

2.5X FRACTURED TOOTH

■;C
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FATIGUE ORIGIN IN RADIUS 
PROGRESSING THROUGH WEB

Figure 49. SK22032, Serial No. XC102, 9-Pitch,
35-Degree Helix, High-Contact-Ratio 
Helical Gear
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Figure 50. SK22027, Serial No. XC102, 9-Pitch,
32-Degree Helix, High-Contact-Ratio 
Helical Gear



Testing of the final high-contact-ratio helical gear set 
SK22032-1, serial No. XC101, and SK22026-1, serial No. XC102, 
resulted in a single tooth failure on the drive gear at the 
300-percent load level (1.46 x 10^ cycles).  Inspection of the 
shaft pilot diameters, mounting flanges, and test gear bores 
revealed a more pronounced level of fretting. 

STRAIN SURVEY 

A strain survey was conducted on the 9-diametral-pitch, high- 
contact-ratio spur gears SK22031-1, serial No. XC105 and XC103, 
at load levels of 100 and 200 percent.  The procedure involved 
the following:  15 strain gages were applied in the fillet root 
area of 5 pinion teeth and calibrated (see Figures 51 and 52). 
The test specimens were installed in the gear research test 
stand with provisions for monitoring gear torque loading and 
angular rotation. 

Upon completion of the installation, the mechanical torque sys- 
tem was applied.  The strain-gage bridges were zeroed and cali- 
brated. Test runs were conducted by slowly rotating the test 
gear through mesh, first in the clockwise direction and then 
in the counterclockwise direction.  Oscillograph recordings 
were taken of the 15 strain-gage outputs and the associated 
angular positions.  The data from this test were reduced and 
are presented in Figure 53. 

The plot of percent strain versus pinion degrees of rotation 
shows the successive areas of 2- and 3-pair contact, with the 
maximum strain located at the pitch line.  Since stress is 
directly proportional to strain, this position is also the 
location which yields the maximum root stress. 

A line dropped perpendicular from the maximum strain point 
intersects the strain curves of 2 adjacent teeth at approxi- 
mately the 20-percent and 33-percent strain levels.  This does 
not imply that the adjacent teeth are accepting 20 and 33 
percent of the maximum load, since strain and load are not 
directly proportional.  The amount of load at these points was 
calculated with the method described in the load-sharing 
analysis section. 

The second strain survey was conducted on the 9-diametral"pitch, 
high-contact-ratio helical gears, SK22033-1, serial No. XC101, 
and SK22027-1, serial No. XC101 (see Figures 54 and 55), at the 
100- and 200-percent load levels.  The gage installation and 
test procedure were identical to the high-contact-ratio spur 
gear phase.  The data from this test were reduced and are pre- 
sented in Figure 56. 

( ) 
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Figure 54. Instrumented Helical Gears in Test Stand
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Figure 55. Strain Gages Installed on Helical Gear
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The location of the strain gages along the face width of the 
helical gear specimen was approximately the same as the location 
on the spur gear specimen.  However, due to the fact that the 
load on a helical gear tooth progresses axially across the tooth, 
a phase relationship exists in the strain-gage response. This 
relationship can be identified from Figure 56 (5-tooth plot) 
which presents the response of the entire 15 gages.  The maximum 
strain for gage number G6 on tooth number 2 demonstrates that 3 
pairs of teeth are in contact.  The percent of maximum strain 
for each gage (for any degree of pinion rotation) can be deter- 
mined from the plot. The root stress at some specific degree 
of rotation can be determined from the proportional relationship 
for stress and strain. 

DATA REDUCTION 

The procedure described in the following paragraphs was used to 
reduce the raw strain-gage data for analytical purposes. 

The degree of pinion rotation from the lowest to the highest 
point of tooth contact were calculated as follows: 

ß = a^ + oi2 + [^2 " ^1^ ' 

where ß = degrees of pinion rotation during contact 

iK = polar angle to lowest point of contact 

ij>2 = polar angle to highest point of contact 

a, = arc of approach 

»2 = arc of recession (based on minimum radius to 
outside-diameter break 

4) = pressure angle at pitch diameter 

(j), = pressure angle at highest point of contact 

4)2 = pressure angle at lowest point of contact 

ul = *1 " *2 

(16) 

a2 = - <t) 

The highest point of contact (or point at which the gear tooth 
unloads) is clearly defined on the strain-gage traces by the 
rapid change of slope in the shape of the curve.  From this 
point and the degrees of rotation for tooth contact, the 
initial load point for the strain gages on each tooth was 
located with the trace from the rotational potentiometer. A 
horizontal datum line was selected for evaluation of the degrees 
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of rotation as recorded by the rotational potentiometer. A 
vertical line was then drawn from the unload point of the strain-       _ 
gage trace through the horizontal datum line.  The deviation of 
the rotational potentiometer trace from the datum was measured ^ 
along the vertical line.  The following calculation was performed 
to determine the initial load point on the strain-gage trace: 

K 

= K (6 - O , 

= 6 - e , 

= 6 - * 

(17) 

where e = deviation of rotational potentiometer trace from 
datum at point of initial load 

6 = deviation of rotational potentiometer trace from 
datum at point of unload 

3 = degrees of pinion rotation during tooth contact 

K = degrees/inch of vertical shift of rotational 
potentiometer trace (average value determined 
from calibrations at start and end of runs). 

A vertical line was drawn through the point located on the 
rotational potentiometer trace and the strain-gage trace.  The 
intersection of this line with the strain-gage trace defines 
the initial load point.  Then the line between the initial load 
point and the unload point was considered as the datum for the 
strain trace.  Specific points along the strain-gage trace were 
selected as the basis for measurement of the deviation from the 
common vertical lines for the strain-gage trace and the rota- 
tional potentiometer trace from their respective data. 

LOAD SHARING ANALYSIS (SPUR GEARS) 

An indication of the relative load sharing among the pairs of 
teeth in contact was obtained by strain-gaging a set of 1:1, 
9-pitch, high-contact-ratio spur gears.  Strain was recorded 
as a function of pinion rotation by gages on 5 consecutive 
teeth.  The results of this strain survey are shown in Figure 
53 (5-tooth plot).  An average curve of percent maximum strain 
was derived and plotted versus pinion roll angle (Figure 57). 
From this plot it can be seen that the maximum strain occurred 
with the load located in the vicinity of the pitch line.  It is 
therefore logical to assume that this is also the location which 
results in the maximum stress.  The critical load position, from 
a bending stress point of view, then occurs when the gear set is 
in a position of 3-pair contact. 
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Figure  57. Roll Angle and Strain Factors of 9-Pitch, 
High-Contact-Ratio Spur Gears 
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The stress at any section of the tooth may be expressed by 

o = [WTi hi C - Wp^] KFi , 

and since 

we have 

a, = W. N. 

WT = WN cos (4).) , 
i    i 

% = % sin ^i) ' 

--.  sin U,) 
[ (cos (*.) h. g -  —-i- K,, ] . i' 'i i Fi 

Stress is related to strain by 

o = E e j_. 

We may then form the ratio, 

E ei 

0 max E Emax    KF max WN. max 

C  sin(*i)) 
cos(»i)h1 i -   A 
cos(^max)^ax     C_sin(^max) 

(18) 

(19) 

(20) 

(21) 

(22) 

. (23) 

Simplifying this ratio yields 

WN; = WN "max 
ei 

max 

v („nat6       \y> C   sinJ*max)\ KFmax (cos(^ax)hmax r "    A   j 

:tF (co8(^i)hi  (|) - ginUi) ) 
(24) 

If we let 

we may write 

/   /  »u C  sin(<H) mi = %£ (cos(4)i)hi i- --±- (25) 

W   =W, ^m ax 
Nmax V "max 

m. (26) 

We can see that the m's are functions of geometry only and are 
readily solvable (see Appendix). The ratio ^i  can be found 

max 
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from the plot of roll angle versus percent of maximum strain 
(Figure 57). The only remaining unknown is the load carried 
by each tooth. 

Since the total torque on the pinion is constant and the criti- 
cal load point is in the region of 3-pair contact, we may set 
up the following series of simultaneous equations: 

T = wNmax «max 
cos (*max) + % Rl cos (* l) + WN2 R2 cos 

% = WNmax 
el 

^max 

"Wx 
m1 f 

WN2 = WNmax 

c2 
emax 

mmax 
m2 

• 

(*2)' (27) 

(28) 

(29) 

Thus we have three equations, 27, 28, and 29, in three unknowns, 
WN   , WN-,, and WN2.  This system can be easily solved for 

wNmax 
and, having WNmax» t^e load intensity along the tooth profile 
(and the amount of load sharing among the teeth) can be found. 

The following calculations were made to determine the load 
sharing for the 9-diametral pitch, high-contact-ratio spur 
gear (SK22031), using the strain survey data from the 100- 
percent load run.  The methodology of the Appendix was employed 
to determine the required geometric parameters. 

The maximum load occurs approximately at the pitch line, which 
is in the region of 3-pair contact; therefore, the roll angles 
at the points of contact on the other 2 teeth are 1 angular 
pitch (6.6667°) away from the pitch line:  angular pitch = 
360° _ 3601 _ 6 fi7o 
N   "  54  " 6-67 ' 

0max = 9pi = 17.52°, (30) 

ü-L   = 17.52° + 6.67° = 24.19°, (31) 

e2   - 17.52° - 6.67° = 10.85°. (32) 

Since the roll angle and profile radius are related by 

-  i R2 - Rb2 

Rb 
(33) 
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we have 

Rinax = Rpl =  3-000   > 

Ri     =  3.114   , 

1*2  = 2.920 . 

J 

We also know that 

so that 

tan 4) = e , (34) 

*inax = *pl = 17-000 ' 

(^ = 22° 53' , 

4>2 = 10° 43' . 

The strain gages are estimated to be located at a 2.84-inch 
radius in the fillet area with a nominal fillet radius of 0.061 
inch and a radius to the center of the fillet radius of 2.888 
inches.  The following calculations define the specific para- 
meters required for this analysis: 

TTDl .  = 0.170 (35) 

*P1 = 
170 

Rp = 3.000 

INV (})pl= 0.009025 

TT i 
^5^ = 0.02833 
2RP 

TTP1 
x-^i - INV 4.pl = 0.03736 (36) 

p 
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( 

^  =  0.03736   -   INV  ^ (37) 

Given that  ^  =  22»   53',   then  ^ =  0.01468  =  0.84126°  =  0°   50'. 

Given that  *2  =   10°   43«,   then  *2  =  0.03515  =  2.01432°  =  2°   1'   . 

Given that  *pl  =  17°      ,   then  ^pl  =  0.02833  =  1.6234°     =  1°   37'. 

U,,   /2  =   0.00734   =   0°   25 

^  /2  =  0.01757   =   1°     0' 

^   1/2  =  0.01416  =   0°   49' 

cos   (^1   /2)   =   0.99997 sin   (i>l /2)   =  0.00727 

cos   (^2   /2)   =   0.99985 sin   U2  /2)   =  0.01745 

cos   Upl/2)   =   0.99990 sin   Upl/2)   =  0.01425 

tan   i^l   )   =  0.42207 RL      =  3.1044 

tan   {^2   )   =  0.18925 R.        =  2.9060 
h2 

tan   Upl)   =  0.30573 RT        =   2.9866 
Lpl 

x   =  sin -1 2 ■8882  +  0.0612   -  2.842 

2   (Ö.Ö6l)t2.dPl 
-   3.333 (38) 

X   =  48°   56' 
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„„e , » „ 2.888 cos (3° 20') - 0.061 sin (48° 56') cos m - j^  (39) 

cos (y) = 0.998989 

Y = 2° 35' 

h1      = 0.26724 C = 0.12799 

h2  = 0.07279     2C = 0.25599 = A 

h   = 0.14952 
max 

I = 0.001398 

C/I = 91.55222 

KFi = 0.202 + 1.289 (0»256)0-4227 (40) 

KF   = 1.2770   m1       = 26.8454 J 
KF   = 2.3933   m2  = 13.9326 

K „   = 1.8184   m v « m^, = 21.7274 Fmax ™ax P1 

^Ei = 0.80935  ?El = 1.5595 m m. 

From the  results of the preceding calculations the values for 
the normal load coefficient were calculated as follows: 

m,  = 26.8454  "max  n onnA 1  = 0.8094 m. 
mo 19.9326 

""max 
mmax = 21.7274 m. - 1.5595 
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From the plot of percent maximum strain versus pinion roll 
angle at roll angles 1 angular pitch above and below the pitch 
line, we obtain 

max 
= 0.33 

max 
= 0.20 

Substituting  these  results  into  equations  27,   28,   and  29,  we 
have 

w, N. max 
=  1,619  lb     . 

With WN   known we can now generate, from equation 24, the 

plot of load intensity along the profile as a function of this 
maximum load shown in Figure 58.  Since the ratio is 1:1 and 
the pinion and gear are identical, this curve should be symmet- 
ric about its maximum point, and indeed it is.  From this 
curve the tangential load profile can be obtained by consider- 
ing the effect of the varying pressure angle on the normal 
load.  This plot is shown in Figure 59. 

The stress correction factor and geometry factor for this 
specific design were calculated for the maximum whole depth, 
based on AGMA Standard 220.02, as follows: 

Kr = 0.202 + 

K, 

0.177 
/0.23444\     /0.2 
\0.062     j \0.1 

[ 

3444 
1222 

0.423 

f = 0.202 + I (1.262)(1.364) ] 

(41) 

K f = 1.92336 

Y = cos 
cos {- 

tan *L 1.5 
0.2444 

tan 17° 
0.2344 

(42) 

Y = 
12.0510 - 1.30408 " 10.74992 

Y = 0.83721 (critical section 3-pair contact) 
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Figure  59.     Tangential Tooth  Load Distribution of 
9-Pitch,   High-Contact-Ratio  Spur  Gears 
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0.83721 
J = 1.02330 <43J 

J = 0.43528 

The tooth form stress diagram is presented in Figure 60. The 
stress associated with the maximum load can be found by using 
the conventional AGMA equation with the calculated maximum 
load yielding 

W 

Sb = paXj  d = ffioijjj  = 32'027 Psi at 100 Percent torque. (44) 

The corresponding stress on the 6.5-diametral-pitch baseline 
spur gears is 31,824 psi (based on the maximum whole depth). 

A further comparison of the two desians can be made by using 
the Unit Load principle. The unit load theory is not an 
indication of the actual stress level but can be related to 
the stress at the critical section through the use of the gear 
tooth strength analysis. The advantage to be gained by employ- 
ing this principle is that all the factors involved are known 
quantities. 

Where UL = unit load, pounds per inch squared 

Wt = tangential tooth load, pounds 

F = face width, inches 

P^ = diametral pitch . 

For the standard baseline 6.5-pitch spur gears, 

n - 2446 x , 5 UL - Tf-Q- x 6.5, 

U,   = 15,899 pounds/inch2   . 'L 

For the high-contact-ratio,   9.0-pitch spur gears, 

UT   - 13,941 pounds/inch2   . 
Li 
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Figure  60, Tooth Form Stress Diagram of 9-Pitch, 
High-Contact-Ratio Spur Gear 
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From the maximum tangential load and the conventional AGMA 
standard for the surface durability of spur gears, the contact 
stress at the pitch line was calculated as follows: I 

Let C0, Cv, Cs, Cj,,, Cf = 1.0  . 

Then S_ = C. 
v/wl  cT el Cm \l   t . o  s  m . 
y  C     d.F   I 

C f 
c "' P 1/ "C     dTF        I    ' (45) 

= CP 

= 2300 

\l        Wt 
V F . d. I  ' 

A/ 1549 
^(1.0) (6) {Ö. 0699} 

S » 139,778 psi (at the pitch line). 

The corresponding contact stress at the pitch line for the 
6.5-diametral-pitch baseline spur gears is 150,072 psi. 

The contact stress distribution along the entire profile for 
the 9-diametral-pitch, high-contact-ratio spur gears was calcu- 
lated and is presented in Figure 61. 

J 
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Figure 61.  Contact Stress Distribution of 9-Pitch, 
High-Contact-Ratio Spur Gears 
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CONCLUSIONS 

1. An analysis of the test results shows that the 9- and 13- 
diametral-pitch, high-contact-ratio spur test gears sustained 
higher loads in the range of 5 to 6 million cycles than the 
6.S-diametral-pitch baseline spur gears. 

2. An analysis of the test results also shows that the 9- 
diametral-pitch, high-contact-ratio helical test gears (32- 
and 35-degree helix angle) sustained approximately the same 
loads in the range of 5 to 6 million cycles as the 6.5- 
diametral-pitch baseline helical gears. 

3. The results of the strain survey conducted on the 9- 
diametral-pitch, high-contact-ratio spur gears and 9- 
diametral-pitch, high-contact-ratio helical gears verify 
the fact that, throughout the line of action, there are 
alternately 2 and 3 pairs of teeth in contact. 

4. The 9-diametral-pitch (17-degree pressure angle), high- 
contact-ratio spur gears were subject to approximately 
the same bending stress and a 7-percent lower contact 
stress than the 6.5-diametral-pitch (25-degree pressure 
angle), baseline gears for the same operating torque 
level. 

J 

J 
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RECOMMENDATIONS 

Based upon the results from the evaluation and testing performed 
during this program it is recommended that further work be 
directed in the following areas to extend the evaluation of 
high-contact-ratio (profile) gearing: 

1. Conduct additional testing of a high-contact-ratio spur 
gear and baseline spur gear with the same diametral pitch 
and pressure-angle geometry.  This will establish data on 
the influence of these two significant variables on the 
strength evaluation. 

2. Conduct additional testing with a sufficient number of test 
specimens to establish a suitable confidence level for the 
test results. 

3. Conduct additional work to develop a process for strain- 
gage calibration that will permit load-intensity and load- 
position response, for both high-contact-ratio and standard 
proportions.  This will relate the normal tooth load to a 
specific gage response during the test phase. 

4. Conduct additional work to develop an analytical method for 
evaluating the load spectrum and bending strength of helical 
high-contact-ratio gearing using the cantilever-plate theory 
for any given load position. 
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APPENDIX 
ANALYSIS  OF  SECTION 

THICKNESS AND MOMENT ARM 

Refer to Figure  62  for derivation of terms. 

•   _ angular pitch _ 360' 
2 2N 

Area = A =  2CF 

I = 1/12   (2L)3 F 

*i = r^ihr+ INV *pi ' INV *i (46) 

lL. » Ri cos (^i/2) - Ri sin (^j^/2) tan (t^ (47) 

hi = RLi - Rc cos (y) (48) 

C = Rc sin (Y) (49) 

C = Ry sin (Y') - RF cos (A) (50) 

R cos (Y
1
) - RC cos Y = RF sin (X) (51) 

Rc sin (Y) = Ry sin (Y
1
) - Rp cos (X) (52) 

Rv cos (Y') - Rp sin (X) 
cos Y = -1 R  (53) 

Rv sin (Y
1
) - Rp cos (X) 

sin Y = -1 ' R  (54) 

J 
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LOAD LINE 

Figure 62.  Schematic Diagram for Gear Tooth Calculations 
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2        2 Note that sin A + cos A = 1. 

Rc
2 = Ry

2 cos2 (Y') - 2RF Ry sin (A) cos (y') + Rp2 sin2 (X) 

+ Ry2 sin2 (Y') - 2RF Ry cos (A) sin (y*) + Rp2 cos2 (X)    (55) 

2       2 Again, sin A + cos A = 1. 

*c   = Ry   + Rp   " 2R F Ry Tsin (X) cos (Y
1
) + cos (X) sin (Y')"] (56) 

Note that sin A cos B = 1/2 sin (A + B) - 1/2 sin (A - B). 
Also sin (- A) = - sin (A). 

2^2       r- 
. . Rc  = Ry  + Rp  - 2Rp Ry  1/2 sm (X + y') 

- 1/2 sin (X - y') + 1/2 sin (y1 + X) - 1/2 sin (y' - X)j (57) 

[^sin   (y1   +  X)l (58) 10
2 = R,,2 + Rp2  -  2RP R„ fsin   (y1   +  X)1 F    y J 

X   = •in-l I 'V2  ! RF2  - "c2 
-   Y (59) 

cos   (Y) 
R^ cos   (y1)   - RF sin   (X) 

(60) 

y  ■ cos 
-1 Ry cos   (y')   - Rp sin   (X) 

(61) 
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