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! SUMMARY

The purpose o f this projepio w r sue as follaws: . .r
strength of bevel gear teeth, to select the method that is currently

con1idcr. eto be the best, to determne what factors in this method
need further study and development, to outline a program for improv-ing the method, L.nd to carry out a program of theoretical ard expert-

reel.tl investigation to develop this improved method.

Four methods for analyzing gear strength were reviewed. One of these
S5was selected a the most reliable starting point for the project, andi!•i:six factors were selected for further analysis.

i•oBasic test gear geometry was chosen to be consistent with current-day
practice and to permit fatigue testing on the three major pieces of
available equipment.

.our types of tests were selected tat would provide sufficient inforh a-
tion concerning the fatigue properties of gears.

The conclusions of this report are summar'ized as follows:

1. _A new, improved rmethod for the stress determination of bevel

gears was found.

2. The basic material strength csren fo- carburized AMS-6265
wa establi shed.

•t~•:3. A design S-N curve fo': AMS-6265 was established.

li4. An improved formula for effective face width was developed,

•i•5. The correction factor for locating the position of the point
i!: •of load application has been modified.

6. An imnproved formula for the load distribution factor was

! de rive d.

i•7. A now formula for size facto,.,• been introduced in the
S• equation for working stress.

S,!ii'S. Lengthwise tooth curvature was found to have the most

i•. ~significant effect on gear r~ooth strength and is recognized :

I' for the first time in a gear tooth strength formula.I•: iii



9. A computer prog am has been provided for the gear designer.

A significant improvement in the formulas for the strength of bevel gear
teeth has been achieved, which will materially aid in the design of future
bevel gear drives.

iv
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FOREWORD

This is the final report on the Gleason project entitled "Advancement of
Straight and Spiral BevAI Gear Technology", This projaet wan cnndlicted
during the 16-month period from 23 February 1968 through 23 June 1969
for the U. S. Army Aviation Materiel Laboratories (USAAVLABS) under
Contract DAAJOZ-69-C-0032, Task IG162204A01401.

USAAVLABS technical direction was provided by Mr. R. Givens.

Outside consultants consisted of Professor Frank Mc Clintock of the
* Massachusetts Institute of Technology and Mr. Eugene Shipley of

Mechanical Technology Incorporated, whose suggestions were very
useful.

Special ackr.owledgement is given to Mr. Charles B. King of the Gleason
Works, who managed the project until his retirement.
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INTRODUCTION

The purpose of this project wac to review existing formulas for the
strength of bevel gear teeth, to select the method that is currently con-

cidered to be the best, to determine what factors in this method need
further stindy and development, to outline a program for improving the
method, and to carry out a program of theoretical and experimental
investigation to develop this improved method.

A review of past and present methods was undertaken with the object of
selecting the best method for further study. This method was analyzed
for possible areas of improvement. From this analysis it was apparent

that the complexity of bevel gear geometry made the complete solution
to the problem a formidable task. Therefore, it was decided to select
certain specific areas where immediate improvement of the formulas
would result in substantial benefit to the gear designer.

The basic procedure for developing new formulas consisted of the follow-
ing steps:

1. Derivation of new theoretical formulas to reflect the observed

behavior of the gears under load and to provide stresses that
correlate with the strength of the material.

2. Design of a test program and test gears that would evaluate

the effects ef changes in the gear design parameters.

3. A carefully controlled manufacturing and testing program to
provide reliable data.

4. Use of previously generated test data for the solution of
problems related to stress distribution in the gear tooth roots.

5. An analysis and evaluation of the test results using the new

theoretical formulas.

6. A final review of the formulas to assure correlation with the
gear test data.

7. Writing of a computer program incorporating the newly
developed formulas for use on the IBM 7090/7094 Computer.

, .

_____________________________



8. Testing of the computer program on a series of gear designs

to assure the usefulness of the program and formulas,

9. Evaluation of vacuum-melt 9310 steel (AMS-6265) to determine
the endurance limit for bevel gear design.

f0

ORegistered trademark of the Gleason Works
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I

PRELIMINARY ANALYSIS

HISTORICAL BACKGROUND

The first serious attempt to compute the strength of a gear tooth was
the work performed by Wilfred Lewis, Reference 1, in 1892. Lewis
treated the gear tooth as a cantilever beam and attempted to solve for
the bending stress in the root of the tooth. The use of the Inscribed
parabola for locating the weakest section of the tooth, which was iniro-
duced by Lewis, is still the basis for present-day formulas for gear
tooth strength. The basic flexure formula derived by Lewis is still

in use.

In 1922, McMullen and Durkan, Reference 2, proposed a significant
change in the Lewis formula: To consider the load applied at the highest
point of single tooth contact rather than at the tip of the tooth. This was
first applied to bevel gear teeth aad eventually was adopted for anslys-
Ing spur gear teeth.

Carl G. Barth introduced the first factor for the consideration of the
dynamic effects of tooth load on an elastic system. Through his in-
fluence, an ASYLE Special Research Committee on Strength of Gear
Teeth was established under the leadership of WiLfred Lewis. Much
of tha actual work was carried out under the direction of Professor
Earle Buckingham, Reference 3.

General Motors Research Laboratories, under the direction of John 0.
Almen, conducted extensive fatigue tests on automotive spiral bevel
gears and later on transmission gears, which resulted in the first use
of S-N diagrams for gear design, References 4 and 5.

In 1941, Candee, Reference 6, introduced at an AGMA meeting a geo-
metrical method for arriving at the tooth form factor to replace the
graphical method that had been in common use up to that time. At the
same meeting, Messrs. Dolan and Broghamer, Reference 7, presented
a concise review of their photoelastic studies of gear tooth models.
Their work resulted in a combined stress concentration and stress
correction term, which compensated for the inaccuracies in the in-
scribed parabola as a means for locating the weakest section of the
tootb, corrected the stress values in the root fillet, and considered
the radial component of the normal tooth load. This factor is widely
used in current gear strength formulas.

3



The first attempt at a unique formula for the strength of bevel gear teeth
was the work of Coleman, Reference 8. Previously, formulas for the
strength oi bevel gears were adaptations of spur gear formulas. In the
method presented by Coleman, an attempt was made to analyze the load
sharing between teeth, to deterrnrne the most damaging position of the
load on the tooth, to consider the load distributiun along the line of
instantaneous contact and its effect on the root stress by means of the
concept of effective face width, to incorporate a change in allowable
stress with a change in gear tooth size, and to introduce a factor for
the effect of temperature on gear tooth strength. Many of these factors
were introduced for the first time in a gear tooth strength formula.

Wellauer and Seireg, Reference 9, have investigated the effects of load
distribution and effective face width on helical gear teeth using the
cantilever-plate theory. Their work has led to the latest bending
strength formulas for helical gears, Reference 10. Kelley and
Pedersen, Reference 11, have extended the investigation of root fillet
stresses by photoelastic means.

A significant advance in the analysis of bevel gear tooth strength was
made by Baxter, References 12 and 13, in his study and mathematical
analysis of tooth contact conditions between mating gear teeth and the
effects of misalignment on the same. This work is the basis of the
present analysis of load distribution factor.

Work recently performed by Hoogenboom, Reference 14, under the
direction of the contractor in an effort to extend the work of Wellauer
and Seireg, Reference 9, has added much new knowledge to the concept
of effective face width and load distribution. This work also was used
In the present study.

Other workers too numerous to name have contributed to the overall
knowledge of gear tooth strength.

COMPARISON OF BEVEL GEAR STRENGTH STANDARD'S

In addition to the AGMA strength standards for bevel gear teeth,
References 15 and 16, three other methods were reviewed by the
contractor prior to the initiation of, or during, the present contract.
These were the following:
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1. Ger-rmn Standard, DIN3990, Reference 17.

2. Kelley-Pedersen Method, Reference 11.

3. British Standard, BS545, Reference 18.

German Standard

This method is based on an adaptation of the spur and helical gear tooth
formulas. A detailed comparis"nn of the AGMA standards and the German
standard was made by the contractor and is includd in Appendix VII.
From the conclusions it can be seen that this method lacks many of the
features contained In the AGMA standards.

Kelley-Pedersen Method

In 1961, the contractor attempted to incorporate the Kelley-Pedersen
formulas into the AGMA method for bevel gear tooth strength. The
stresses resulting from the combined method were found to be essen-
tially the same as those from the AGMA standards except for a
generally higher stress level (approximately 20 percent higher). Since
no reduction in the scatter of the plotted results over that of the exist-
ing method was found, this combined method was not adopted.

British Standard

This method is based on an adaptation of the British formulas for spur
and helical gear teeth to bevel gears. The method is based on the
original Lewis method with various modifications. However, it has not
been updated over the years and lacks many of the features included in
the latest AGMA bevel gear strength standards. Therefore, only a
cursory analysis was made.

Summary of Existinz Standards

Upon completion of the review of the various strength standards in
current use, it is concluded that the AGMA bevel gear strength
standards should furnish the most reliable starting point for improving
the formulas. Accordingly, for the work conducted under the present
contract, the following factors were selected for further analysis:

1. Improved formulas for effective face width, which were to be
based on experimental data.

- , • ; ,
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2. Correction of the formula for point of load application to improve
the strength balance between sear and mating nini•,n

3. Improved formulas for load distribution factor, which would
incorporate the effects of lengthwise tooth curvature and mount-
ing deflections on the load distribution on the tooth.

4. Transferral of the size factor from the equation for calculated
stress to the equation for working stress in order tc calculate
true stress values more accurately.

5. Determination of the S-N diagram and endurance limit stress
for AMS-6Z65 steel.

6. Establishment of a base line on a bevel gear pulser.

I .' I



TEST GEAR DESIGN

TOOTH DESIGN

Selection of Gear Parameters

The basic gear geometry was chosen with two factors in mind. First,
the size and ratio should be consistent with current-day practice in high-
speed power drive line applications such as helicopters. Second, the
gear must be of a size to permit fatigue testing on available equipment
so that the program cost could be minimized.

The gear parameters are shown on the dimension sheets in Figures 1
and 2. The dimension sheets were produced on a computer using the
contractor's Program No. Al01. This program is based upon American
Gear Manufacturers Association formulas, References 16, 19, and 20.

Additional data on the output format are in agreement with present
industry-wide standards. The above program is in regular use in the
contractor's engineering department to produce data for bevel gear users
all over the Free World and is also in use at many companies where P

bevel gears are used. Therefore, the basic gear tooth geometry is con-
sistent with current-day practice, and no special formulas have been . '
introduced that could alter the results, except as noted later.

The following items of input to the computer program were chosen for
the test gears:

Gear Size

The gear size was selected to be within the capacity Ifmitation of
the Gleason No. 510 Axle Test Machine and the available test boxes.
It was also selected to be within the range of helicopter power drive
gears. Therefore, a gear diameter of 12. 5 inches was chosen.

Ratio and Tooth Numbers

The gear ratio and tooth numbers were chosen to make the test
meaningful to the helicopter industry. A three-to-one speed-
reducing ratio was selected since this corresponds to a typical
VTOL power transmission application. The numbers of teeth in
gear and pinion were based upon data given in Reference 21. The

7
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Figure 1. Spiral Bevel Gear Dimension Sheet for the
17/51 Combination, Test Gears Produced
With 12-Inch Cutter Diameter.
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Figure 2. Spiral Bevel Gear Dimension Shoot for the
17/51 Combination, Test Gears Produced
With 7-1/2-Inch Cutter Diameter.



graph given in this reference indicates that a 15-tooth pinion is
recommended for reneral work; however, for high-speed
a• . ha,. ,c . Uh -- , ,L-ucn tu reduce a scoring
tendency and to decrease noise. Thus a 17-tooth pinion was
selected for this design. The resulting number of teeth ir, the
gear was 51. The combination of 17/51 agrees with current
aircraft practice.

Face Width

The face width is generally chosen to be 30 percent of the outer
cone distance or less. In this case, It was reduced to 22 percent
to cause breakage to occur on the available test equipment. This
reduction in face width will not affect the results of this analysis.
A face width of 1. 5 inches was selected.

Pressure Angle

A pressure angle of 20* was selected, which is in accordance with
recommended design for a power gear application, Reference 21.

Spiral Angle

The spiral angle was chosen to give a face contact ratio sufficient
for smooth-running gears. Generally, a contact ratio between 1. 5
and 2.0 is adequate. For quieter, smoother running gears, a
contact ratio closer to 2. 0 is more desirable, but for this test
program a lov ir value was selected to permit tooth failure within
the capacity of the test equipment. For the test gears, a spiral
angle of 35' was selected, which resulted in a face contact ratio
of 1. 548. See Reference 21.

Hand of Spiral

The hand of spiral was selected to yield an outward thrust on both
members. This was accomplished by consideration of the driving
member and the direction of rotation. This resulted In the selection
of a left-hand pinion and a right-hand gear.

Cutte r D Lamerte r

The cutter diameter for spiral bevel gears, which determines the
lengthwise tooth curvature, is usually chosen approximately equal
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to, or slightly smaller than, twice the outer cone distance. The
-tit_._er ccnc d': .. 4z. c&" - -f Lci. gears iv 6. 5D8 inches. Twice this

value is 13. 176 inches. Cutters are made with standard diameters,
and those in the range of this gear set arc of 9-inch, 12-inch, and
16-inch diameters. A 12-inch cutter diameter was selected for
these gears in accordance with the generally accepted standard
since it was the next smaller diameter than twice the outer cone
distance.

On the other hand, the use of this cutter diameter results in a tooth
contact that tends to shift toward the heel as load is applied. The
amount of shift is a function of the cutter diameter, the applied
load, and the deflection characteristics of the gear mountings. The

above rule for selection of the cutter diameter yields a reasonable
balance between cost and performance and has been the accepted
method of selection by the gear industry.

For comparative purposes, a second, smaller cutter diameter was
also selected. It has been observed that when the cutter diameter
approaches the product of the mean cone distance times twice the
sine of the mean spiral angle, the tooth contact tends to resist a
movement to the heel of the tooth as load is applied. As a result,
the contact pattern can be lengthened and more tooth area can be
used under light and intermediate loads. For the test gears, asecond cutter diameter as determined by the above formula was

Dc = 2(5. 838)(0. 57358) - 6. 697

A cutter diameter that is slightly larger than the calculated value
was chosen. Some earlier observations indicated that if the cutter
diameter becomes too small, the contact pattern tends to move
toward the small end of the tooth, which is undesirable. To avoid
such a condition, a 7-1//2-inch cutter diameter was selected.

Tooth Proportions

The tooth proportions for the 12-Inch cutter diameter design are in
accordance with Reference 19 and are the generally accepted
standard for the given diametral pitch and combination. Long and
short addendums are specified, since they eliminate undercut and
yield the best balance among strength, pitting resistance, scoring
resistance, and contact ratio. The tooth thickness of pinion and
mating gear has been adjusted by the AGMA method of stress
analysis to obtain approximately equal bending stress on both
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members.

t"',, fl--purvL~of •Lor Lhe 7-ii2-inch cutter dLameter design
were modified to obtain the optimum pinion point width taper.
Point width taper (frequently called slot width tapcr) refers to the
change in the maximum limit point width (slot width) of a V-shaped
cutting tool of nominal pressure angle whose sides are tangent to
the two sides of a tooth space and whose tip is tangent to the root
line along the tooth length. The tooth proportions were modified
by altering the depthwise taper until the outer and inner slot widths
of the pinion nmember were nearly equal. Depthwise taper refers
to the change in tooth depth along the tooth length measured perpen-
dicular to the pitch surface. This change affects the face angles
and root angles of both the pinion and the mating gear and Is
referred to as "tilting the root lines". The tooth depth, addendum,
and dedendurn of both members remain the same at the middle of
the face width but are smaller at the outer cone distance and larger
at the inner cone distance when compared to a tooth with standard
depthwise taper. The latter refers to a tooth in which the depth of
the tooth in any section Is proportional to the distance of the section
from the pitch cone apex.

Fillet Radius

In the roots of the gear teeth, the fillet radius should be as large as
possible. Therefore, the cutter edge radius was chosen by the
computer program to meet the following three criteria: (1) the
maximum radius that can physically be manufactured on the cutter
blades, (2) the maximum radius that can be cut into the tooth before
"the clearance side of the cutter blade mutilates the fillet on the
opposite side of the tooth space, and (3) the maximum radius that
can be used before an interference occurs between the root fillet
of one member and the tooth tip of the mating member. The final
cutter edge radius Is selected to be approximately 0. 010 inch less
than the smallest of the above three values.

Undercut and Fillet Interference

Undercut and fillet interference were checked using another computer
program previously developed by the contractor. This program uses
the actual machine settings and cutter specifications. The data
obtained from this program Indicate the location of undercut along the
tooth length, thn height of the undercut up from the root of the tooth,
the angle of intersection of the undercut with reference to the tooth
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profile, and the location of any interference. Inspection of the data
showed thac undercut and interierence wouid not exist ior either tooth
design. I
Selection of Gear Quality

The gear tooth accuracy was established in accordance with Reference 22
as AGMA Class 13 by contractual agreement. This is currently the
highest quality obtainable In production on bevel gears and was specified
here in order to assure maximum strength. Generally high accuracy Is
necessary for high-speed heavily loaded gears to reduce detrimental
dynamic effects.

The selection of gear blank tolerances is dependent upon the accuracy
requirements of the teeth. The detail drawings indicate the tolerances
on the locating and centering surfaces that are required to obtain the
specified gear tooth accuracy.

Preliminary Stress Analysis

The bending stresses, compressive stresses, and scoring indexes were
calculated for the test gears produced with both 7-1/2-inch and 12-inch
cutter diameters using the American Gear Manufacturers Association
and the contractor's manuals that are in current use. The stress
formulas contained in these manuals had been previously programmed
on a computer by the contractor and resulted in Dimension Sheet
No. 139. 898AB for the 7-1/a-inch cutter diameter design and Dimension
Sheet No. 139. 887AB for the 12-inch cutter diameter design. A summary
of the calculated stresses is shown in Table I for the four load levels
used in the dynamic tests and in Table II for the maximum, minimum,
and an intermediate level used in the static test (pulsing tests). (See
Table IX in Appendix I for complete load-stress spectrum used in the
static tests.

BLANK DESIGN

The gear and pinion blank configuracions were .hosen to permit the use
of existing rigid test boxes In the possession of the contractor.

The pinion shank s Lze and length, an well as the front pilot, were LdentL-
cal on all pinion designs. Pinions used in the pulser contained an
additional 0. 750-inch-diameter hole through the shank at right angles
to the pinion axis. The three pinion designs are shown in Figures 50,
51, and 52 in Appendix I, which includes the pertinent data for each

13



des ign.

Sf.milarly, the gear blanks were made as nearly identical as possible.
No special provision was necessary for the gears tested in the pulser.
The two gear designs are shown in Figures 53 and 54 in Appendix I.
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TABLE II. SUMMARY OF CALCULATED TOOTH STRESSES*! I
Based on Static Loading

Dimension Sheet No. 139.887AB

Calculated Calculated
Bending Compre a sive

Teost Torque Stress Stress

Number Member (in. -Ib) (psi) (psi)

4 Pinion 20,000 66,000 316,000
Gear 60,000 66,100

9 Pinion 33,300 109,900 407,900
Gear 99,900 110,100

21 Pinion 50,000 165,000 499,700
Gear 150,000 165,300

See Appendix I for complete listing of stresses

for the full range of test loadings.

*Calculated stresses in above table are based on AGMA
formula s.
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.TEST GEAR MANUFACTURE

BLANKS

Sequence of Operations

Routing sheets indicating the sequence of operations are included in
Figure 55 in Appendix I. Since all of the gear members followed the
identical processing procedure, only one set of routing sheets is shown
for the gear member. Similarly, only one set of routing sheets is
included for the pinion in Figure 56 in Appendix I since the pinions are

k also nearly identical.

Inspection of Blanks

During the machining processes, each operation was inspected on the
firdt piece before proceeding with the balance of the parts. Upon com-
pletion of the blanks to the point of cutting the teeth, each member was
individually inspected 100 percent, and records have been maintained.

TEETH

Data for Gear Manufacturing

Information regarding the gear dimensions, the cutter specifications,
machine settings for cutting and grinding both gear and pinion, inspec-
tion data, and machine sequencing data including speed and feed
information is given on a Summary. Copies of the developed Summaries
for both designs are included as Figures 57 and 58 in Appendix I.

The Summaries were calculated using a computer program developed by
the contractor. This program is uved regularly to provide Summaries
for bevel gear users throughout the world. The gear member of the
pair was cut and ground by the "spread-blade" method, in which an
alternate-blade face-mill cutter is used to cut a slot of uniform width
from toe to heel. The pinion was cut and ground by the "fixed-setting".
method, in which independent control of each side of the tooth space is
maintained by individual machine settings and separate face-mill
cutters for the concave and convex sides of the tooth.

Another computer program, the Tooth Contact Analysis Program,
previously developed by the contractor, provides a kinematic analysis
of the tooth contact between mating tooth surfaces based upon the actual

1?
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machine settings. This pro-Ades the gear engineer with a means to
I- l y .r- --1-- - L-AA 5- , -L&D.- .. - --I--- J _

time and decreases the cost of a cutting development since the proper
cuttmr blade angles and point diameters can be specified with greater
certainty.

Gear Tooth Cutting

Upon cdmpletion of the gear blank manufacture, the tooth slots were
roughed and semifinished in a conventional spiral bevel gear generating
machine.

Heat Treatment

Due to the lack of capacity of the carburizing and quenching facklities at
the contractor's plant, it was not possible to heat-treat all of the gears
or all of the pinions in one batch. Therefore, it was necessary to
separate the gears into smaller quantities for processing. A schedule
was established whereby the gears were split into two groups for carbur-
izing and four groups for quenching. Similarly, the pinions were also
split into two groups for carburizing and quenching. Each gear and
pinion was serialized before carburizing so that the heat-treat process-
ing group could be identified for each part. The purpose of these records
was to minimize the effect of heat-treatment variation when the gears
were paired for testing.

Heat-treatment batch groupings are shown In Table X in Appendix I.

Gear Tooth Grinding - Contact Pattern Development

Some modifications of tooth contact pattern are generally required to
suit the deflection characteristics of the gearbox. Several pairs of
dummy gears and pinions of both the 7-1/2-inch and 12-inch cutter
diameter designs were processed prior to the processing of the test
gears. They were manufactured in the same manner as the test gears,
and their tooth profiles were ground to give a normally acceptable
contact pattern. To verify this, the dummy gears were mounted in the
test boxes and were checked for tooth contact under the range of loads
scheduled in the fatigue test. If the tooth contact pattern ground on
dummy gears was acceptable, the test gears were ground with the same
grinding machine settings 4o produce the same tooth shape. These
machine settings were recorded on the developed Summaries shown
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Gear Tooth Grinding - Stock Removal Control

After tho completion of heat treatment and process grinding of the
hardened parts, the gears were ready for grinding the teeth. This
operation was performed in a standard spiral bevel gear grinding
machine. Prior to the grinding of the test gear or pinion teeth, tooth
thickness measurements were made at three points along the face width:
one near the toe (inner end of the tooth), one at the center of the tooth,
and the third at the heel (outer end of the tooth) on each piece. In
addition, the tooth whole depth was measured prior to the grinding.
Identical measurements were made after gear tooth grinding. The
difference between before and after values established the amount of
stock removed. On the gear member, since both sides of the tooth are
ground simultaneously, it is not possible to determine the amount of
material removed from each side individually, but every effort was
made to divide the stock evenly. On the pinion, measurements were
made after grinding each side of the tooth. In this manner the stock
removal on each surface can be controlled. Tabulation of stock removal
at mid-face is shown In Tables XI and XII in Appendix i.

Inspection of Test Gears

Inspection of the runout and pitch variation are also shown in Tables XI
and XII in Appendix I.

MATERIAL EVALUATION

Selection and Inipection of Material

The gears were made from AMS-6Z65 steel which is a consumable-
electrode vacuum-melted material in general use in the aircraft
industry. This material was specified in the contract. The forgings
were purchased, inspected, and processed in the normal manner for
precision spiral bevel gears. This included metallurgical inspection
of the forgings, hardness checks, and certification of the chemical
analysis. These are recorded.in Table XIII in Appendix I.

R. R. Moore Specimen Manufacture

The contract called for performing R. R. Moore rotating-beam tests
on the same steel used for the test gears in order to establish
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LI
confidence that the material was comparable with material used for
other tests. The material for these R. R. Moore specimens was
received at the contractor's iaciity, where it went through the mamne
metallurgical and chemical inspection as the gear forgings. These
bars were sent to the John Stulen Company, located in Pittsburgh,
1Penrisylvania, for mnachining. A drawing of the part, Figure 59, is

shown in Appendix I. Also included in the appendix is the routing
shoot, Figure 60, used to produce the specimens.

To duplicate the heat treatment of the R. R. Moore specimens and
the test gears as closely as possible, the carburizing, hardening, and
stress-relieving operations of the specimens for all parts were per-
formed at the contractor's plant. Upon completion of the manufacture
of the test specimens, they were inspected. A compilation of the
inspection results is shown in Table XIV in Appendix I.
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I
GEAR TESTING

In the following sections will be found a brief description of the test
equipment used on this project together with the test proeedure,

TYPES OF TESTS

Tooth Contact and Deflection Tests

The purpose of a tooth contact test and deflection test is to determine

the suitability of the gear and pinion development and their mountings.

For the tooth contact tests, the gears are rotated very slowly in their
mountings under various loads from friction load (no load) to full load.
At each load level the teeth of the gear are painted with a gear marking
compound'while the gears are rotating. In this manner a true picture
of the tooth contact at the specified load is obtained. There is no carry-
over of the tooth contact pattern from operation at other loads. The
machine is stopped at eaci' load level, and tape transfers and/or photo-
graphs are made of the gear tooth pattern.

For the defl~ction test, indicators are placed at strategic positions in
the housing to measure the deflections within the housing and to measure
the relative shift of the positions of gear and pinion with respect to one
another.

The data obtained from these two tests were used to determine the suit-
ability of the tooth bearing development when the gears operate under
load. These data were also used to derive the formulas for load
distribution factor, which is described in greater detail elsewhere in
this report.

Dynamic Tests

The purpose of the dynamic tests is to determine the behavior of the
gears at operating speeds and to establish a stress-life curve (S-N
diagram).

The primary reason for this series of tests was to obtain sufficient
information to:

1. Establish an S-N curve for spiral bevel gears made from
carburized AISI 9310 vacuum-melt steel.
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2. Establish the difference in fatigue life between spiral bevel gears
j nLmade with a 12-inch cutter diameter and those made with a

7-li•-tnch cutter Itarneter.

3. Confirm the validity of the new formulas for effective face width
and load distrtaution factor developed on this project.

Pulser Tests

The purpose of the pulser tests is to cetermine the suitability of gear
tooth pulsing on spiral bevel gears and to establish a base line for future
testing.

On the gear tooth pulser the gear member of the pair is rigidly locked
against rotation. Therefore, the contact between the pinion and gear
tooth is that represented by an instantaneous line of contact during gear
rotation. For these tests, a position of the line of contact was selected
from theoretical calculations, which indicated that only one tooth in the
pair of gears would be supporting the load and that its position would
produce the highest stress in the root of the tooth. No measurements
of root stresses were made on the gears used in these tests to confirm
this theoretical result. Furthermore, under the high torque loads
imposed on these gears, the instantaneous line of contact spread over
an enlarged area because of the gear tooth and mounting deflections.
Adjacent teeth on the gear were removed to assure that all of the load
would be carried by a single tooth.

The actual pulsing tests performed in this program serve as a base line
for future testing. It it believed that with further testing to confirm the
theoretical calculations, a practical procedure for testing spiral bevel
gear teeth can ultimately be achieved.

R. R. Moore Tests

The purpose of performing R. R. Moore tests on the material used for
these gear tests is to determine the true material strength and to show
that the particular heat of material is comparable to that used in other
similar tests.

4!

TEST EQUIPMENT

The test equipment used on this project Includes the deflection testing
machine, dynamic testing machine, and bevel gear pulser.
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Deflection Testing Machine

The deflection testing machine is shown in Figure 3. The input shaft is
driven through a universal joint shaft arrangement connected to a reduc-
tion gearbox driven by a 10-horsepower electric motor. The output
shafts are connected to brake units which consist of conventional
hydraulic truck brakes with the master cylinders controlled by air
valves. Lever systems are used to measure the torque reactions of
the brakes in pounds of force on two platform scales.

Dynamic Testing Machine

The dynamic testing machine, Figure 4, was primarily designed and

built for automotive and truck axle testing. The versatility of the
machine makes it ideal for testing any right-angle bevel gear drive
application within the maximum torque range of 300, 000 lb-in, total
output torque and output shaft speeds of up to 1500 rpm.

Figure 5 shows a schematic diagram of the dynamic testing machine.

This machine incorporates a four-square arrangement with two torque
loops, a test gearbox, and a slave gearbox, both gearboxes containing
the same gear ratio and assembled at opposite ends of the machine to
close the two torque loops. The load is applied by increasing the torsion
in the machine shafting by means of a windup mechanism on one of the
corner transmission units. The windup is actuated from the machine
console, and when the proper torque load has been applied, the windup
mechanism is deactivated; the torque then remains constant in the loop
until a failure occurs.

The drive line is rotated by a center drive motor and transmission unit
incorporating an infinitely variable speed range up to a maximum speed
of 5000 rpm on the input shaft.

A motor-generator unit provides power to the main motor and coolant
motors. All operating controls are located at the machine console and
consist of speed, load, and operating on-off switches, Also included
are indicators for reading DC current, drive motor speed, and test
gear driven speed.

A safety inte -lock system is coordinated with the console controls to
protect the machine from serious damage and to insure more accurate
test results. This system provides automatic shutdown of the machine
upon failure of a part of the test unit or for a variety of other causes,
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Figure 3. Deflection Testing Machine With Teat Box.
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overspeed, underapeed, and loss of -il pressure in any of the machine
V I components.

The vibration indicators attached to the test boxes and slave boxes are
the primary detection devices for tooth failure. The vibration indicator
tuit i: adjusted for the ambient vibration at the beginning of each test
and is then set for some known sensitivity. Au the test progresses, and
tooth failure begins, even the smallest crack in the tooth is indicated by
a rise in the vibration level, alerting the operator that failure has
occurred. A visual inspection of the unit then follows to confirm the
failure.

Description of Dynamic Tersting Machine Test Box

The test box consists of an enclosed gear drivr, Figure 6, having a
right-angle spiral bevel gear set. A sketch of the test box is shown
in Figure 7.

The pinion is straddle-mounted on a double-raw taper roller bearing
behind the pinion, which locks this member against thrust in both
directions, and a straight roller bearing in front of the pinion. The
pinion assembly is mounted in an eccentric sleeve which permits the
pinion to be moved in a direction at right angles to the plane containing
the gear and pinion axes. Shims are provided to adjust the pinion
mounting distance to obtain the optimum tooth contLct pattern.

The gear shaft is straddle-mounted on straight roller bearings to
support the gear and hub assembly. The hub assembly consists of a
four-pinion differential, which splits the torque between the two side
gears splined to the two output shafts. Shims are provided to adjust
the geer for the proper backlash.

The slave box at the other end of the test machine has no differential.
so torque can be transmitted from each torque loop on the machine
back into the center drive box, thereby completing the closed loops.

The gears in the test box are libricated by a splash system in which
the gear member dips into the oil sump in the bottom of the box. The
bearings are pressure-lubricated. Internal channels within the box
return the oil to the sump. The sump oil is circulated to an external
oil reservoir where it is filtered and returned to the box at the required
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*Figu~re 6. Test Box Used for the Gleason No. 510 Axle
Test Machine for Dynamic Testing.
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H I V
u1i oemperature, which was maintained at a level of 150*F to 160°F.

Failure Detection Devices

The N-I bearing test set, Model BTS 101, in designed to check and
evaluate the condition of equipment and machinery while in operation.
It detects vibration caused by excessive clearances, ball checks,

shaft galling, and misalignment. The gain control positions of the -1
switch provide five graduated levels of gain so that successive tests
of any bearing can be conducted under identical conditions. The meter

of the bearing test set provides a numerical indication of relative bear-
ing noise picked up by the probe through an amplified electronic system
of the instrument. Indications are presented on a scale of zero to 100
and are not intended to represent any particular absolute units but to
provide relative measures of bearing noise. The reference gain setting

is established and recorded at the start of each bearing inspection
program. The headset permits a qualitative evaluation of bearing
condition and is especially useful when the operator is familiar with
the different sounds associated with a smooth-running bearing and one
that requires replacement.

The vibra-switch-malfunction detector is designed for protecting rotat-
ing equipment against damage in the event that malfunctions occur,
which may be detected as an increase in vibration. An alarm is acti-
vated which indicates a probable failure, requiring an inspection by
the operator.

Thermocouples are mounted in the test box. The signal Is monitored
on the temperature recorder-controller used to control the oil temper-
ature in the test box. In the event that the temperature exceeds the set
point, an alarm system is activated which shuts off the main drive motor.

Bevel Gear Pulser

The pulser, Figure 8, was designed and built to cause fatigue failure
in pinion or gear teeth by the application of a cyclic load, which has
come to be known as pulsing.

A schematic diagram of the Gleason gear pulser is shown in Figure 9.
Item 1 on this diagram is an 1800-rpm, 5-horsepower electric motor,
which is the drive motor for the pulser. Item 2 Is a gear tooth pulley
and belt assembly connecting the motor to the pulser drive shaft. An
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Figure 8. Gleason Bevel Gear Pulser.
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eccetri ca, Itm 3 montedon hisshaft has an adiustablim thnrnvw
which can be set to apply the proper torque load through the lever arm,
Item 4, to the pinion spindle, Item 5. The applied torque is measured
through strain gages, Item 6, mounted on the pinion spindle. The signal
output of the strain bridge is read out on a digital voltmeter, Item 7, and
visually monitored by the height of the wave form on an oscilloscope,
Item 8. The gear shaft, Item 9, is rigidly supported at each end by the
pillow blocks, Item 10, which provide resistance to torque as well as to
radial and axial movement.

In order to pulse the pinion and gear teeth, the cam is rotated at the
desired speed, and during each revolution the cam applies and releases
through the lever arm the torque load on the pinion and gear teeth.

The phase angle of engagement of the teeth is held the same on each
test by observing the contact pattern under load. A vernier and scale
provide minute adjustments in the rotation angle of the gear shaft.

Failure is detected by a reduction in the wave height on the screen of the
oscilloscope, which indicates a loss in torque In the system and, hence,
the beginning of tooth fatigue failure.

TEST PROCEDURE

Below are listed the test procedures employed on the three machines;
namely, the deflection testing machine, the dynamic testing machine,
and the pulser.

Tooth Contact and Deflection Tests

The test box was assembled with the ground spiral bevel test gear pair.
The pinion bearing preload was 50 lb-in, torque with a backlash of
. 007 inch to . 008 inch. The assembly was mounted in a deflection test-
ing machine, and tooth contact tests were made on gear sets for both
the 7-1/2-inch and 12-inch cutter diameters.

Torque loads in accordance with Table III were applied on the convex
side of the gear (concave side of the pinion). Photographs were made
of the gear tooth contacts at each torque load. See Figures 61 through
75 in Appendix II. Following the tooth contact test, the test box was
disassembled, and holes were drilled in the main housing so that dial
indicators could be mounted to register gear and pinion displacements.
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khe unit was reassembied witn the spiral bevel gears, and an indicator

anchorage system was mounted on the housing. See Figure 10. All dial
indicators were mounted from this anchorage, and their respective
locations are shown on the indicator diagrams, Figures 76, 77 and 78
in Apprendix II. Torque loads were applied in the same manner as in
the tooth contact test. See Table III. Indicator readings were recorded
at each torque load as shown in Table XV in Appendix UI.

TABLE III. LOAD DATA FOR DEFLECTION
AND TOOTH CONTACT TESTS

Load Gear Torque Pinion Torque
Level (lb-in.) (lb-in.)

I 100,000 33,333

II 71,600 23,867

III 50,000 16,667

IV 35,800 11,933

Test Objectives

1. To provide a grinding development of tooth contact
that would be satisfactory in the test boxes.

2. To observe and photograph the gear tooth contacts
under the specified loads.

3. To record the displacements of the gear and pinion
under the specified loads.

Test Outline

Tooth contact test - 12-inch cutter diameter.

Tooth contact test - 7-1/2-inch cutter diameter.

Deflection test gear sets with 12-inch and 7-1/2-inch cutter
diameters.
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The final grinding developments for the spiral bevel test gears
mannfaehir-d with hath 7-1/2-inch and 12-inch cultter diameters
had a length, position, and shape suitable for the displacements
registered in the deflection test.

The gear and pinion displacements are summarized in Appendix I1,
Table XV.

Testing Loads on Dynamic Testing Machine

th order to produce an S-N diagram for gears made from AMS-6Z65
steel, four load levels were selected. For a satisfactory S-N diagram,
a range of two to one in the load levels at which tests are to be con-
ducted is required. The highest load level was based on the capacity
of the No. 510 Axle Test Machine, which has a maximum capacity of
300, 000 lb-in. torque on the gear shaft. However, because of the
design of the existing test boxes it was not feasible to use this upper
limit of the No. 510 machine. A limit value of 100, 000 lb-in. torque
was established as load level I for these tests. Load level IV was to
be the torque corresponding to the endurance limit of the gears. An
initial prediction of this level was 35, 800 lb-in, gear torque. This
value was 33 percent above the presently used endurance limit for air-
melt steel. The two intermediate gear torques were selected as
71, 600 lb-in. (twice the minimum torque) and 50, 000 lb-in. (one-half
the maximum torque). These were tentatively established as load
levels II and III, respectively. This produced nearly uniform spacing
on logarithmic plotting paper.

Testing was initiated at the highest loads and extended downward by
steps, thereby producing a rough S-N curve with single points at the
three upper load levels. By projecting this S-N line down to the lowest
load level (load level IV), it appeared that the 35, 800 lb-in, gear torque
would be below the endurance limit, Therefore, the initial test at load

level IV was performed at a gear torque of 40, 000 lb-In. At this load
no failure was experienced within the 30, 000, 000-cycle limit. Further
testing indicated that the endurance limit was close to a gear torque of
50, 000 lb-in. (load level III). Therefore, the remainder of the testing
at load level IV was performed iP the gear torque range of 45, 000 to
50, 000 lb-in.

A new load level III was established at 60, 000 lb-In, gear torque, which
was roughly halfway between load levels II and IV.
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7-1/Z -inch-diameter cutter at load level 11 (71,600 lb-in, gear torque).
However, after testing two sets of these gears at this level, it became
apparent that this was too close to the endurance limit for this design.
Therefore, only four sets were tested at this load level. The remaining
four sets were tested at load level I (1000, 000 lb-in. gear torque).

By this means it was possible to establish roughly the fatigue curve for
gears produced with a 7-1/2-inch-diameter cutter.

The load levels finally used are presented in Table V.

The sets of test gears and pinions were paired in such a manner as to
cancel the effect of batch hardening. The heat-treatment pairing is
shown in Appendix II, Tables XVI and XVII.

Operating Speeds on the Dynamic Testing Machine

Operating speeds for the dynamic tests were selected to be compatible
with the vibration characteristics of the machine and to suit the test
program best.

Load levels and gear and pinion speeds are listed in Table IV.

TABLE IV. OPERATING SPEED FOR DYNAMIC TESTS

Load Pinion Speed Gear Speed
Level (rpm) (rpm)

1 950 317

II 1300 433

In 1900 633

IV 2600 867

Tests were terminated at 30, 000, 000 pinion cycles or when failure was
experienced, whichever occurred first. From previous testing it had
been established that a life of 30, 000, 000 cycles represents a close
approximation to the endurance limit for dynamic gear testing.

36 i



Testing Loads on the Pulser

In order to produce an S-N diagram for gears made from AMS-6265
steel and to roughly correlate the results with the running tests per-
formned on the No. 510 Axle Test Machine, it was necessary to use
approximately the same range of loads. However, it was decided that
the torque loads applied in the pulser should be higher to compensate
for the absence of the dynamic effects felt in the axle test machine.
The first tests were performed at a load level of 100, 000 lb-In, gear
torque. From here the loads were extendeli upward and downward in
an effort to obtain a complete S-N diagram and to establish an endur-

* ,ance limit. No attempt was made to operate the pulser at four
predetermined load levels, as was done on the running tests on the
No. 510 Axle Test Machine. The range of torques covered by the
pulser tests extended from 60, 000 lb-in, to 150, 000 lb-in.

Operat ng Speeds on the Pulser

The cycle rate of pulsing was selected to be compatible with the
vibration characteristics of the pulser machine. For the high-load
short-run tests, the speed was selected at 1, 200 stress cycles per
minute to minimize the percentage of error in life when fatigue
occurred. For the light-load long-cycle runs, the cycle rate was
increased to 2, 700 cycles per minute to minimize the length of the

tests.

Tests were terminated at 10, 000, 000 cycles or when failure was
experienced, whichever occurred first. From previous testing it
had been established that a life of 10, 000, 000 cycles represents a
close approximation to the endurance limit for pulsing gear testing.

Test Gears Used on the Pulser

The gears used for the pulser tests were produced with a la-inch
cutter diameter. Tooth geometry was identical with the gears used
for dynamic testing. However, gnar teeth adjacent Io the tooth being
stressed were removed from the gear prior to testing so that the load
would be carried by a single gear tooth.
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TABLE V. TEST RESULTS NO. 510 AXLE TEST MAC

Lead Level I II
Gear Torque 100, 000 lb-in. 71,600 lb-in.
Pinion Speed 950 rpm 1, 300 r,3m
Cutter Diam. 12 In. 1Z in.

Pinion Failure* Pinion
Test Serial Cycles Pinion Gear Test Serial Cycles

1 8-108 89,190 B A 5 6-106 401,000
2 IZ-112 122,900 B A 7 9-109 406,000
8 3-103 1 03,juO B A 10 35-135 399,900

11 21-121 109,900 B A 27 17-117 485,800
14 34-134 111,700 B A 28 20-1z0 429,300
30 26-126 147,000 B A 31 27-127 421,500
35 37-137 136,300 B A 34 46-146 442,900
39 41-141 118,700 B A 38 45-145 368,500

Load Level IV I
Gear Torque 50,000 lb-in. 100,000 lb-in.
Pinion Speed 1,900 rpm 950 rpm
Cutter Diam. 12 in. 7. 500 in.

Pinion Failure* Pinion
Test Serial Cycles Pinion Gear Test Serial Cycles

3 1-105 2,753,000 None B 19 72-172 478,800
4 19-119 2,861,000 None A 1 78-178 254,900
6 4-104 30,000,000** None tlne 23 79-179 173,500
9 10-110 1,981,000 None B 25 71-171 314,000

12 14-114 30,000,000 None i AB
13 15-115 30,000,000t None None
lb 30-130 30,000,000t None None
26 44-144 23,320,000 None A

* A = Fatigue cracks on profile near root
B = Fatigue cracks in root fillet
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510 AXLE TEST MACHINE

II III
71,600 lb-in. 60, 000 lb-in.

1, 300 rpm 1, 900 rpm
12 in. 12 in.

Pinion Failure* Pinion Failure*
Serial Cycles Pinion Gear Test Serial Cycles Pinion Gear

6-106 401,000 B A 15 7-107 550,500 B None
9-109 406,000 B A 20 31-131 517,500 B A

35-135 399, 900 B A 22 18-118 284,900 B A
17-117 485,800 B A 24 22-122 884,700 None B
20-120 429,300 B A 29 36-136 2,244,000 None A
27-127 421,500 B A 32 32-132 1,756,000 None B
46-146 442,900 B None 33 39-139 3,083,000 None A
45-145 368,500 B None 37 47-147 1,881,000 None A

i i

100, 000 lb-in. 71,600 lb-in.
950 rpm 2, 000 rpm

7. 500 in. 7. 500 in.
Pinion Failure* Pinie Failure*

Serial Cycles Pinion Gear Test Serial Cycles Pinion Gear

72-172 478,800 None A 17 69-169 5,055,000 None B
78-178 254,900 B A 18 70-170 6,358,000 A None
79-179 173,500 None A 36 73-173 10,260,000 None A
71-171 314,000 B A 40 80-180 4,446,000 None A

** 40,000 lb-in, gear torque
t 45,000 lb-in, gear torque
*47,500 lb-in, gear torque



RESULTS OF TESTS

From the three series of fatigue tests conducted during the program,
data have been accumulated on the dynamic fatigue life of repro-sentatLve
gears (d~rnamic tests), the static fatigue life of the same representative

gears (pulser tests), and the moterial fatigue strength (R. R. Moore
tests).

DOCUMENTATION OF RESULTS

Dynamic Tests

Table V shows the results of the dynamic tests. This table contains the

data from the six series of tests - four load levels for the 12-inch
cutter diameter gears and two load levels for the 7-1/2-inch cutter
diameter gears. For each series, the test number, the pinion and
gear serial numbers, the pinion life, and the type of failure on both
pinion and gear are listed.

Pulsing Tests

Table VI shows the results of the pulser tests. This table lists the
gear torque the life, and the member on which failure was first
observed.

R. R. Moore Tests

Table VII shows the results of the R. R. Moore tests. This table lists
the specimen number, the stress level, and the life to failure.

Tooth Contact and Deflection Tests

Results of the tooth contact and deflection tests were reported in the
Test Procedure section. Pictures of the tooth contacts are shown in

Figures 61 through 75 In Appendix II.

TEST FAILURES

An extensive analysis of the test failures was performed, including
visual and metallurgical inspections. Every effort was made to pinpoint
the origin of the failure and to explain the causes. This section deals
with the visual inspection of these failures.
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TABLE VI.. PULSER TEST RESULTS

Gear Torque Life

(Ib- in.) (cycles) Failure

60,000 10,215,000 None

70,000 10,000,000 None
73, 500 1,051,200 Pinion
73, 500 566,400 Gear
73,500 10,000,000 None
76,500 536,400 Pinion
79, 500 649,780 Pinion

100,000 69,600 Pinion-Gear
100,000 63,600 Pinion-Gear
100,000 103,250 Pinion
103, 500 48,290 Gear
103, 500 62, 100 Pinion-Gear
111,000 28,050 Gear

! 1,000 47,870 Pinion-Gear
111,000 50,250 Pinion
115, 500 45,450 Gear
120,000 18,420 Gear
129,000 21,210 Gear
135,000 17,900 Gear
135,000 20,850 Gear
135,000 13,600 Gear
135,000 11,120 Gear

150,000 3, 540 Gear
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TABLE VII. FATIGUE TEST RESULTS FOR R. R. MOORE
[ SPECIMENS

Calculated Cycles to
Serial Streos Failure

Number (ksi) (x 10,6)

10 100.0 10.200 *
12 120.0 29.340 *
14 130.0 11. 580 *

8 140.0 10. 716 *
1 145.0 12.980 *
5 148.0 11. 330 *

15 150.0 2.905
13 151.0 2.281

2 155.0 8.678
4 160.0 0.392
3 160.0 0.101

11 160.0 11. 109 *
16 160.0 4.839

6 170.0 1.156
9 171.0 0.410
7 172.0 0.400

*Did not fail (run-out)
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Dynamic Tests
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failures in the root fillet and failures on the tooth profile near the root
area. T hese are indicated, in Table V. Figures 11 and 12 illustrate
representative bending fatigue failures in the root fillet of the gear. The
cracks extend along the root of the tooth for two-thirds of the distance
from the toe toward the heel. Figures 13 and 14 Illustrate representative
bending fatigue failures In the root fillet of the pinion. Here also it will
be seen that the cracks extend along the root of the tooth for approxi-
mately two-thirds of the tooth length. On many parts, several teeth
showed cracks when treated with Spot-Check after the failure was first
detected. With two or three exceptions, no failures progressed to the
point where the teeth were physically broken out. One of these excep-
tions Is shown in Figure 16.

As indicated in Table V, many of the gears failed from bending fatigue
on the tooth profile near the root area. This is illustrated in Figure 15.
The crack is well above the root fillet and is on the working profile of
the tooth. A further analysis of these failures is made in the Metal-
lurgical Investigations section.

P•lsing Tests

On the pulsing tests, only bending fatigue failures in the root fillet were
experienced. See Figures 17 and 18. This no doubt was due to the fact
that the line of contact between gear and mating pinion did not pass
through the area of the tooth where cracks were observed on the gears
that were tested dynamically.

Although both gear and pinion failures were observed on this series of
tests, gear failures outnumbered pinion failures by nearly two to one.
In four cases both gear and pinions cracked at approximately the same

time. This would indicate that the lives of pinion and gear teeth were
nearly equal ander the particular test conditions. It will be evident
from an examination of Table VI that the pinions generally failed at the
lower torque loads, whereas the gears failed at the higher torque loads.
In the middle-load range both members failed. This would appear to be
at variance with the results of the dynamic tests, in which gear failures
were most prevalent at the lower torque loads.
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Figure 11. Typical Bending Fatigue Crack in Root ofI
Gear Tooth.

Figure 12. Typical Bending Fatigue Crack in Root of
Gear Tooth.
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I ~Figu.re 13. Typical Bending Fatigue Crack in Root of
Pinion Tooth.
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-Figure 15. Fatigue Cracks on the Profile of a
Gear Tooth.

Figure 16. Fatigue Fracture Resulting From Cracks on
the Tooth Profile of a Gear Tooth.
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Figure 17, Typical Bending Fatigue Crack in the Root of the
Pinion Tooth on Pulmer Test.

Figure 18. Typical Bending Fatigue Crack in the Root of the
Gear Tooth on Pulser Test.

47

ýMIM



I
R. R. Moore Tests

The R. R. Moore tests were used primarily to establish that the
material used In these test gears was of a quality suitable for
comparison with other test results.

The R. R. Moore specimens failed in fatigue because of the reverse
bending encountered in this type e' test. The failures experienced in *

this test are not representative of failures exper!enced on gear teeth.

Gears are seldom subjected to reverse bending. In addition, the size
of the cross-sectional area of the R. R. Moore specimens was selected
to be within the capacity of the standard R. R. Moore testing machine
and was not related to the cross-sectional area of the gear teeth.
Finally, the polished surfaces uied on the R. R. Moore specimens
were not representative of the ground fillets used on the test gears.

The failures experienced here occurred in the central area of the

el: .irnens. The scatter in the location of the failures was about

normal for this typo of test. Tests were run f3r 10, 000, 000 cycles
or until failure, whichever occurred first. Table VII includes the
results of the R. R. Moore fatigue tests.

METALLURGICAL INVESTIGATIONS

Preliminary Examinations of Test Gears

Metallurgical examinations of test gears and pinions were conducted
prior to fatigue testing to insure that the gear sets were properly heat-
treated. One gear or pinion from each of the four carburizing loads was
sectioned. The results of surface hardness and case depth checks for
gear No. 123 are shown plotted in Figure 19. The microhardness
traverse was made normal to the root fillet. The core hardness of the
gear was 38 Rc. Similar results were obtained from the other three

specimens.

The heat-treatment requirements were:

1. Case hardness, Rc 60 minimum.

2. Effective case depth at root radius, 0. 045"-0. 055".

3. Core hardness, Rc 34 to 38.
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It was concluded that the test gears and pinions were properly heat-
treated. The metallurgical structure of the carburized case is shown i
in Figure 20. The structure consists of martensite and a small quantity
of retained austenite. The core structure, Figure 21, consists of low
carbon martensite with no evidence of proeutectoid ferrite.

Examination of Failed R.. R. Moore Specimens

Two R. R. Moore specimens, No. 3 and No. 16, were fatigue-tested at
the same stress level of 160, 000 psi. Specimen No. 16 ran 4.8 x 106
cycles before it failed, while specimen No. 3 lasted only 0. 1 x 106

cycles. A metallurgical investigation was conducted to determine the
reason for the difference in specimen life during the fatigue test. A
microhardness traverse on a Leitz tester under a load of 1 Kg was run;
refer to Figure 22. The case depth vs hardness traverse shows the
case hardness, effective depth of case, and the core hardness of each
specimen to be nearly identical.
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Figure 19. Hardness Traverse on Test Gear No. 123.
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Figure 20. Photomicrograph of Came Structure in Test Gear
No. 123 (X 500).

Figure 21. Photomicrograph of Core Structure in Test
Gear No. 123 (X 500).
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Visual examination showed the two samples to be almost identical in
S........ ..... .... . .. 'i.o.,,-•, au,,. rugrapho oi th•e came

and core structures are shown in Figures 23 and 24. The retained
austenite in both specimens was estimated to be about 15 to 20 percent.
It was concluded that the metallurgical examination did not reveal any
gross discrepancies that could be held accountable for the difference
in specimen life. It is believed that stress concentration at grain
boundaries and at inclusions, and strength variations due to grain
orientation are the factors most likely to have affected the difference
in life between the two specimens.

Examination of Failed Test Geaors

During the test program, bending fatigue cracks on the test gears were

observed at two locations: one in the tensile fillet and the other slightly
higher on the tensile profile of the tooth. Usually,bending fatigue cracks
occur in the tensile fillet and originate at the surface. An extensive
effort was made to determiAne whether the cracks that occurred higher
up on the profile were initiated at the surface or below the surface
(subsurface).

Gear No. 122 was typical of the test gears that failed because of bend-
ing fatigue cracks in the tensile fillet. The cracked tooth was removed
from this gear and sectioned. Microhardness traverses were made
normal to the convex (tensile side) surface both in the root of the tooth
below the crack and at the pitch line and normal to the concave surface
in the root. See Figure 25. Photomicrographs typical of the case and
core structure of this tooth are shown in Figures 26 and 27. The case
and core structures are essentially the same as the structures
examined prior to testing.

Gear No. 178 had profile cracks on about half the teeth. One tooth on
this gear that did not show any surface cracks under either the "Spot-
Check Technique" or the microscopic examination was removed. A
normal section slice was made near the heel end of the tooth, and the
section was examined for the presence of subsurface cracks. None
were found. An additional 0. 010 inch of stock was carefully ground
off the normal section, and the specimen was reexamined. This
process was repeated on this tooth until the area of probable damage
had been completely examined. Another tooth was selected at random
from the same gear, and the process was repeated. In neither case
were subsurface cracks visible.
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Figure 23. Photomicrograph of Case Structure in R. R. Moore
Specimens (X 500).

Figure 24. Photomicrograph of Core Structure In R. R. Moore
Specimens (X 500).
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Figure 27. Core Microstructure on Test Gear No. 122 (X 500).
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A tooth from Rear No. 178 that had a surfaci rrierl nr% f.k 4.d1 r

j was removed and sectioned. A microhardness traverse was triade in
the normal section slightly above the crack; see Figure Z8. The plot of
hardness versus depth is shown in Figure 29. This traverse, like all
the others made on failed test gears, showed a reduction In the value of
effective case depth from that measured prior to fatigue testing. This
is explained by the removal of stock during the final tooth-grindIng
operation which followed the preliminary metallurgical examinations
of the test gears.

Gear No. 172 also had a few teeth with profile cracks. One tooth with
a profile crack was removed (Figure 30) and a normal section was made
near the heel end. Figure 31 shows where the microhardness traverse
was taken. The hardness versus case depth was almost identical to
the plot shown in Figure 29.

Stock was carefully ground off the normal section in successive steps
going from heel to toe. What may have appeared as a subsurface crack
in one section joined the surface crack in another section. It can be
concluded that no cracks were seen which did not at some point along
the tooth length come to the surface. It was not possible to prove con-
clusively the true origin of these cracks.

X-ray diffraction techniques were used to determine the amount of
retained austenite on the tooth surface both in the tensile fillet and on
the profile approximately where the higher cracks were located. The
concave side of pinion No. 35 and the convex side of gears Nos. 122
and 118 all showed about 8 to 11 percent retained austenite.

Pinion No. 35 and gear No. 122 had fatigue cracks in the root of the
tooth. Profile fatigue cracks were observed on the teeth of gear
No. 118.

There did not appear to be any metallurgical difference between the
gears with root cracks and the gears with profile cracks. The gears
made of vacuum-melt material are able to run longer at higher stress
levels; therefore, it is possible that the tensile surface stresses sur-
rounding the area of high contact stress near the root of the gear tooth
combine with the bending stresses to cause bending fatigue failure on
the tooth profile rather than in the root fillet. No other explanation for
this difference has been found to date.
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Figure 28. Photograph Showing Location of Microhardness
Traverse on Test Gear No. 178 (X 100).
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Figure 29. Case Depth V. Hardness Traverse for Test
Gear No. 178.
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Figure 30. Photograph of Profile Crack on Test Gear

No. 17 2 (X 6).
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Figure 31. Photograph Soowing Location ofT Mcrohardness

Traverse on Test Gear No. 172 (X 100).
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Finally, a high-magnificatLon photograph of a typical profile fracture
is shown in Figure 32. This photograph was taken with the aid of an
elect ron-beam- scanning microscope.

Figure 32. Photograph From Electron-Bearn.Scanning
Microscope on Test Gear No. 120 (X 1105).
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I
While gears were being manufactured and tested, an analysis of the I
existing strength formulas was initiated, and the following positive
steps were taken to improve these formulas.

EFFECTIVE FACE WIDTH

Using data generated in a previous experiment, Reference 14, a detailed
study of the stress distribution In the root fillet of several model gear
teeth was performed. This experiment consisted of mounting five
equally spaced strain gages In the root fillet of each model tooth along
the length of the tooth. Point loads of equal value were applied succes-
sively at a series of equally spaced grid points on the tooth surface -
three rows each at a different height above the base of the tooth and
eleven points in each row along the length of the tooth. See Figure 33.
Strain readings from each gage were recorded for each loading point.
Computer programs were established to interpolate between grid points
and between strain gages. By selecting a series of discrete, equally
spaced points in a straight line on the tooth surface, a second computer
program could effectively duplicate the stress distribution produced by
any line of contact. By varyLng the magnitude of the loads at the various
points, any load distribution could be simulated. The method assumed
that superposition of strains is valid.

Once the strain distribution along the root of the tooth was determined
from the data, an exponential curve was fitted to the data. A regres-
sion program then determined the coefficients of the exponential
equation.

The final formula for effective face width is based on the ratio of the
average stress to the maximum stress and can be expressed as follows:

Fe = Sava (1)
F $max

where Fe = effective face width

F = actual net face width

savg = average stress along root of tooth produced by a
uniform load distribution along the total length of
the tooth at the assumed load height used for mrax
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sax =maximum stress along root of tooth produced by
I ,.,surMeU tooth ioading

Values of effective face width given by this new formula are smaller
than the values given by the present AGMA formulae. This results in
higher calculated baending stresses. A detailed and complete derivation

of the effective face width formulas is contained in Appendix 1II.

POSITION OF POINT OF LOAD APPLICATION

In previous work, Reference 8, it was concluded that the center of
pressure along the instantaneous line of contact on a spiral bevel gear
tooth lies at a point offset toward the heel end of the tooth from the
center of the line of contact. This conclusion was based on the assump-
tion that the center of pressure lies close to the widest portion of the
instantan6ous line of contact. An analysis performed by the contractor
prior to the initiation of this project showed that the load will be great-
eat at this widest point along the line of contact, but the center of
pressure will lie nearer the center of the line of contact. By replotting
available fatigue test data versus the calculated stresses based on a new
assumption that the point of load application lies halfway between the
center of the line of contact and the widest point, it was demonstrated
that a better correlation existed. The width of the scatter band was
reduced appreciably. The most important effect was an Improved
strength balance between gear and mating pinion.

In the present analysis this new assumption, that the point of load appli-
cation can be considered to be represented by a point load acting halfway
between the center of the instantaneous line of contact and the widest
point, has been incorporated in the formula for the geometry factor.
This results in the value of the correction factor, k (given in the
Appendix to the AGMA Strength Standards, References 1S and 16),being
doubled or made equal to Sn + 6.4N. The correction factor, k, used in
the present formulas is the iiprocal of k, and its value is therefore
halved or made equal to N-n This value is used in the formulas

Sn + 6. 4N
documented in Appendix V.

LOAD DISTRIBUTION FACTOR

It has long been known that the shift in the tooth contact along the length
of a gear tooth will cause the tooth to break at its end even under
moderate loads. In this program a study was made of the effect of
this contact shift.
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When a deflection test is made on a gear mounting, indicators are
placed at strategic positions to measure the relative displacements
of the gear and mating pinion. Using the formulas derived by Baxter,
Reference 13, it is possible to calculate the shift of the tooth contact
position along the length of the tooth under any known relative displace-
ments, assuming that the tooth is a rigid body and does not deflect.
From the experimental data obtained on a Gleason No. 14 Testing
Machine under light loads, measurements were made of the lengthwise
shift in the tooth bearing under various displacements. A correlation

coefficient between the calculated shift and the measured shift was
thereby determined. This correlation coefficient turned out to be
unity, indicating the accuracy of the formulas for adjustability.

Using the same basic data given in Reference 14 and the approach used
to determine the stress distribution •ng the tooth given in the Effective
Face Width section, it waq possible to establish a formula for the load
distribution factor. The final formula for load distribution factor is
based on the ratio of the maximum stress at the displaced position of
the contact pattern to the maximum stress at the central position on
the tooth face width. It can be expressed as follows:

Km = $shift (2)
@ max -

where Kmi load distribution factor.

Bshift = maximum stress along the root of the tooth when
the tooth contact pattern has shifted away from its
central position on the tooth.

smax = maximum stress along the root of the tooth when
the tooth contact pattern is centrally located. This
is the same @max referred to in the Effective Face
Width section.

The effect of lengthwise tooth curvature (cutter diameter) is reflected
in the adjustability coefficients, which are used in the determination
of the calculated lengthwise tooth contact ahift. In addition, the effect
of the lengthwise radius of curvature on tooth contact length is con-
sidered. For the first time, the effect of lengthwise tooth curvature
on bending stresses is included in the formulas.

It is the difference in lengthwise tooth contact shift between the test
gears produced with 7-1/2-inch and 12-Inch cutter diameters that
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accounts for the difference in fatigue life between the two designs when
tested at the same load level, Figure 34. When an S-N diagram is
plotted, based on these new iormuias, tfhe daiierence in caiculated
stress resulting from this new load distribution factor largely compen-
sates for the difference between the two designs, Figure 35.

A detailed and complete derivation of the load distribution factor is
contained in Appendix IV.

SIZE FACTOR

The AGMA bevel gear strength formulas contain a size factor that
compensates for the size effect of the particular gear. Formerly,
this size factor, for convenience, was included in the formula for

calculated stress; in the formulas contained herein, the size factor
has been included in the formula for working stress. This has the
effect of raising the calculated stresses to a value more nearly equal
to the true stress level.

This change was made to comply with the requirement that the strength
calculations for bevel gear teeth should produce stresses corresponding

to the true stresses In the gear material.

It would be well to point out that this change results in certain disad-
vantages:

1. For the average gear engineer, it increases the hazard of
mistakes. At the present time, the calculated bending stress
in a bevel gear tooth requires only the multiplication of a
strength factor, given on the contractor's dimension sheets
for bevel gears, by the torque. This value is then compared
with a single value for the allowable stress of the material.
With the present change, both a calculated stress and a work-
ing stress must be calculated and compared.

2. When fatigue data are plotted to produce an S-N diagram, the
plotting of true stress ve gear life no longer has meaning,
except when the data are plotted for a single gear design.
Frequently, one wishes to plot data obtained from several
gear designs of varying sizes. This cannot be done. Since
bevel gears are produced in a wider range of diametral pitches
than is common with spur and helical gears, this change results
in a greater hardship to the bevel gear user.
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If one ts concerned only with infinite life applications, the use of true

stress may have some merit. Otherwise the existing AGMA. method
modified by the new effective face width, position of the point of load
application, and load distribution factor would appear to be more useful.

The new formula for the size factor for bevel gears incorporated in the
equation for working stress is given as follows:

2d0.20 5

Ke 2 d 5 for gears of 16 DP and coarser (3)

1.0 for gears of 16 DP and finer

where K. = size factor

Pd = transverse diametral pitch at outer end of tooth

This formula for size factor gives values twice the magnitude of those
given in the AGMA bevel gear strength standards.

In the present AGMA bevel gear strength standards, the allowable
stresses have been reduced to a value corresponding with the working
stress in a 1-DP gear. This allowable stress is one-half the working
stress for a 16-DP gear. The size factor for a l-DP gear was estab-
lished as unity. Therefore, the size factor for a 16-DP gear was 0. 5.

With this new approach to the use of a size factor, the allowable stress
is established on the basis of the strength of the material in a small
specimen (R. R. Moore), which corresponds approximately to a 16-DP
gear tooth. The size factor for a 16-DP gear is now established as
unity. Therefore, the size factor for a 1-DP gear becomes 2. 0.

In the plotting of comparative data in the Analysis of Results section,
where it is indicated that a size factor has been Included in the calcu-
lated stress values, the size factor referred to is the one used in the
present AGMA bevel gear strength standards and is not the one used
here.

FINAL STRENGTH FORMULAS,

The final strength formulas are very similar in form to the existing
AGMA formulas. The basic equation for the calculated bending stress
in the root fillet is given as follows:
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Kv ' "Y" (4)

where st a calculated tensile stress in the root of the tooth, psi

Tp a transmitted pinion torque, lb-in.

Ko a overload factor

Kv = dynamic factor

Pd = transverse diametral pitch at outer end of tooth

F = face width, in.

d = pinion outer pitch diameter, in.

Km = load distribution factor from equation (2)

J a geometry factor

In equation (4), use the face width, load distribution factor, and
geometry factor for the member being calculated. The size factor
no longer appears in equation (4). However, the load distribution
term is evident. The term for effective face width and the change
in the position of the point of load application are incorporated in
the geometry factor and therefore do not appear directly in equation
(4).

The basic equation for the working stress is given as follows:

Bat
sw KT KR Ks (5)

where sw a working stress, psi

$at = allowable bending stress, psi. This is the value of
allowable stress taken from an S-N diagram based on
R. R. Moore tests on a 0. 250-Inch-diameter specimen,
corrected for single-direction bending.

KT a temperature factor

KR n factor of safety
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Ks = size factor from equation (3)

The calculated bending stress must be equal to, or less than, the work-
ing stress.

st aw (6)

The complete Histing of formulas for calculated bending stress and work-
ing stress is given in Appendix V.
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Using both the now, improved strength formulas developed during this
program and the AGMA strength formulas, plots of the results from the
dynamic tests and the pulsing tests have been made. These plots include
the following:

1. Gear torque vs life in cycles for dynamic tests, Figure 34.

2. Gear torque vs life in cycles for pulsing tests, Figure 36.

3. Calculated bending stress vs life in cycles for dynamic tests
using new, Improved strength formulas with the size factor
omitted, Figure 35.

4. Calculated bending stress vs life in cycles for pulsing tests
using new, improved strength formulas with the size factor
omitted, Figure 37.

5. Calculated bending stress vs life in cycles for dynamic tests
using new, improved strength formulas with the size factor
included, Figure 38.

6. Calculated bending stress vs life in cycles for dynamic tests
using AGMA strength formulas with the size factor included,
Figure 39.

7. Calculated bending stress vs life in cycles for pulsing tests
using new, improved strength formulas with the size factor
included, Figure 40.

8. Calculated bending stress vs life in cycles for pulsing tests
using AGMA strength formulas with the 4lze factor included,
Figure 41.

TORQUE VS LIFE DIAGRAMS

Figures 34 and 36 present the test data in graphical form; that is, the
test load in gear torque is plotted against the life in cycles. In Figure 34
the data points have been separated into two groups: those representing
the 12-inch cutter diameter design and those representing the 7-1/2-inch
cutter diameter design. The mean lines for the two groups are also
shown. It can be seen from this graph that the 7-1/2-inch cutter diame-
ter design resulted in a substantially increased average life over the
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12-inch cutter diameter desigr. Since only one design (IZ-inch cutter
diar) , ",* - te. ,,-- onIA, i plver, only one line representing the mean
Is shown in Figure 36.

STRESS VS LIFE DIAGRAM S

Figures 35, 38, and 39 present dynamic test data by three S-N diagrams.
Figure 35 is a plot of calculated stress by the new, improved method with
the size factor omitted vs the life in cycles. Note the compact grouping
of the data points, outlining a well-defined slope. Figure 38 is the same
plot with the size factor (AGMA method) included in the calculated stress
formula. The grouping of the points is the same as that in Figure 35
but at a lower stress level. Figure 39 is a plot of the calculated stress
by the AGMvA method with the size factor included. There is a much
greater scatter of the points on this graph and a less sharply defined
slope. In addition, the calculated stresses are much lower than those
shown in Figure 38.

Figures 37, 40, and 41 present similar S-N diagrams for the pulsing test
results. Figure 37 is a plot of calculated stress by the new, improved
method with the size factor omitted vs the life in cycles. Figure 40 is
the same plot with the size factor (AGMA method) included in the calcu-
lated stress formula. The grouping of the points is the same as that in
Figure 37 but at a lower stress level. Figure 41 is a plot of the calcu-
lated stress by the AGMA method with the size factor included. The
shape of the S-N diagram in this last case differs from that obtained in
Figures 37 and 40; there appears to be less scatter of the points. The
apparent difference is explained in the next section.

TORQUE VS STRESS

When Figures 34 and 39 for the dynamic tests are compared, it will be
seen that the torque and stress data points produce identical patterns.
Only the value of the ordinate differs. This is because the stress is
proportional to the torque with the AGMA strength formulas. A similar
comparison of Figures 34 and 38 shows that the patterns are not iden-
tical. This is due to the fact that with the new, improved strength
formulas the stress is no longer proportionai to the torque. The non-
linear increase in the peak root stress is caused by a shift in the contact
pattern from the central position lengthwise along the tooth as the load
changes. The amount of lengthwise shift is a function of the gear mount-
ing rigidity and the tooth geometry. It can be clearly seen that there is
much less scatter among the data points in Figure 38 than in either
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Figure 34 or Figure 39. Only one geometric variable affected the test
nCy ... ,... .y a,, two %;LAxLvrndaeters. This demonstrates quite con-

clusively why gear performances cannot be measured by the load alone.
This Is why the K-factor, commonly used to compare and rate spur and
helical gears, is a very Inadequate tool for comparing bevel gear designs.

Similarly, the comparison of Figures 36 and 41 for the pulsing tests
shows identical patterns for the torque and stress data poLnts. This Cs
for the same reason explained in the preceding paragraph. A compari-
son of Figures 36 and 40 shows a greater scatter of the data points when
the stresses are calculated by the new, improved method. This can be
explained primarily by the fact that the mounting displacements were
assumed to be the same on the pulser as in the dynamic test boxes.
Since no deflection test was performed on the pulser mountings, the true
displacements are not known. In addition, every effort was made to
mnaintain the tooth contact in the same position on the tooth for all pulser
tests, which would effectively reduce the mounting displacements to zero
and would therefore cause the actual stresses to be proportional to the
applied torque.

R. R. MOORE ANALYSIS

Ideally, the calculated gear tooth bending stress should correlate directly
with the basic strength of the gear material. To provide a basis for this
correlation, R. R. Moore tests were performed in order to obtain stress
data pertaining to the material. These data in turn were modified to
reflect the differences between the R. R. Moore test specimen and the
gear tooth and between the Rt. R. Moore test and the gear tooth action.

Figure 42 provides this basis for reference. It is an R. R. Moore S-N
diagram for 9310 vacuum-melt steel (AMS-6265), the material used In
the test gears, in which the original test data, Figure 44, have been
modified to incorporate the effects of

1. Single-direction bending as experienced by the gear tooth.

2. The difference in surface finish of the gear tooth fillet as
compared to the R. R. Moore test specimen.

The effects of temperature, speed, and hardness remained constant for
the duration of the R. R. Moore and the gear testing.
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The true slope of this modified S-N curve is not known because there
.-..na n,. ftil..�.. l..s•ln.... 4. a 4.4t 1 nuWe of 3 n A5 .%iI+. lt". a *lArU

a sufficient number of data points to confidently establish the basic
endurance limit of the material.

Effect of Single- Direction Bending

In the R. R. Moore test, the specimens are beams which rotate about
their longitudinal axis while subjected to bending in a plane of the axis.
Thus, the stress at any point on the surface is completely reversed
during each revolution of the beam. This variation of stress is illus-
trated in Figure 43a. However, the loading on a gear tooth is in a
single direction, as illustrated in Figure 43b. To provide the proper
basis of comparison, the original R. R. Moore S-N diagram for
reversed bending, Figure 44, was adjusted for single-direction bend-
ing with the use of the modified Goodman diagram, Figure 45, where
the maximum stress, the ordinate, is compared to the mean stress,
the abscissa.

A value of 335, 000 psi was used as the ultimate strength of the material,
Reference 23. This value is based on a case hardness of Rockwell C 60,
the condition of the tooth surface in the root fillet where the bending
fatigue failures initiated.

The single-direction line in Figure 45 was drawn from the origin with a
slope of 2 since the maximum stress is twice the mean stress for gear
tooth loading.

The steady-stress line in the same figure was drawn from the origin
with a slope of 1 to the ultimate-stress point of 335, 000 psi.

The stresses at points X, Y, and Z on the ordinate were obtained from
the original R. R. Moore reverse bending curve, Figure 44, which has
been repeated as curve C1 in Figure 46. These are the stress values
corres•onding to life in cycles of 105 (200, 000 psi), 106 (165, 000 psi),
and 10 (145,000 psi), respectively.

Three straight lines representing life of 105, 106, and 107 were then
drawn from points X, Y, and Z to the ultimate-stress point (335; 335).
The intersection of these cycle lines with the single-direction line
establishes points X', Y', and Z' on the ordinate, which were plotted
in Figure 46 as curve CZ. This curve represents the R. R.. Moore
data modified for single-direction bending.
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It has been recognLzed that fatigue life is affected by the surface finish
of the stressed area. In this case, the R. R. Moore specimens were
polished, whereas the gear tooth surfaces were ground. The allowable
stress for a ground surface Is estimated to be 95 percent of the allow-
able stress determined for a polished surface.

Other Effects

While it is recognized that variations in temperature, speed, and hard-
ness have an effect on fatigue life, these factors were closely controlled
during the manufacture and the testa and are considered to be constant.
Therefore,these factors had no effect on the test data, and their value
was set at unity in this analysis.

Final Stress-Cycle Diagram

The resulting R. R. Moore S-N curve is plotted as curve C3 in Figure 46.

It is obtained by applying the surface-finish effect, 0. 95, to the allowable
stress curve C2 .

Curve C3 is the final S-N curve and represents the value of mean perform-
ance; I. e., for any stress value on this curve, 50% of the parts will have
failed at the corresponding life. It to duplicated as Figure 42, the basis
of reference of the gear tooth material. From this curve a mean allow-
able stress for the test material, AISI 9310 vacuum-melt steel (AMS-
6265), was established at 192, 000 psi.

COMPARISON OF R. R. MOORE AND DYNAMIC TESTS

In Table VIII the mean allowable stress from the R. R. Moore tests is
192, 000 psi, Figure 42, and the mean working stress at the endurance
limit will also be 192, 000 psi. For the dynamic tests, Figure 35, the
mean working stress at the endurance limit is 156, 000 psi. However,
the mean allowable stress for the test gears must be calculated using
equation (5). It is rewritten here in a form for direct solution:

Uat = Ow KTKRKS (Sa)

where sw = working stress, psi

KT= temperature factor
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TABLE VIII. ALLOWABLE STRESS VS WORKING STRESS
FOR AISI 9310 VACUUM-MELT STEEL

Allowable Strese(pei) Working Stress(psl)

Specimen Mean Design Limit Mean Design Limit

R. R. Moore* 192,000 160,000 192,000 160,000

Dynan-c Test
Geari** 221,000 160,000 156,000 115,000

Pulsing Test
Gears** 275,000 194,000

*Mean allowable stress corrected for single-direction bending and
surface-finish effects. Values taken from Figure 42.

**Values for working stress taken from Figures 35 and 37.
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KR = factor of safety

SKS = size factor

The temperature factor and factor of safety are both equal to 1. 0 for the
dynamic tests. The size factor for the test gears from equation (3) is

1.42. Substituting in the above equation,

sat = 156,000 (1.0) (1.0) (1.42) = 221, 000 psi mean
allowable stress

It will be noted that this value is somewhat above the value obtained from
the R. R. Moore tests, but shows reasonable correlation between the
new strength formulas and the actual stresses in the gear teeth. The
difference may be partially due to the small size of the R. R. Moore
specimens.

COMPARISON OF R. R. MOORE AND PULSING TESTS

The mean working stress for the pulsing tests, Figure 37, is 194, 000
psi. Since the temperature factor, factor of safety, and size factor
for the pulsing tests are identical with the dynamic tests using equation
(5a),

Sat = 194,000 (1.0) (1.0) (1.42) = 275,000 psi mean
allowable stress

It will be noted that this value is approximately 45 percent higher than
the R. R. Moore or dynamic test values for mean allowable stress.
The explanations for the higher calculated stresses for the pulsing

tests are given as follows:

1. The gear and pinion were positioned in the pulser to produce a
line of contact between the gear and mating pinion, which was

assumed to duplicate the position of the load in the dynamic

tests when the root stress would be a maximum. It is probable
that the load position selected did not produce the corresponding
maximum bending stress in the root of the pulser gears. Thus,

the calculated stress was undoubtedly higher than the actual

stress.

2. The calculation of bending stress inclucies a dynamic factor.

For both the dynamic tests and the pulsing tests a value of unity
was used for the dynamic factor. Although it was assumed that
the dynamic effects were negligible on the dynamic tests, this
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can be proven only by running more extensive tests on the pulser

with the positin" nf the !--d variral Lu produce tme maximum static

root stress in the teeth.

EFFECT OF CUTTER DIAMETER

It was previously pointed out that when running the dynamic tests on the
2l-inch and 7-1/2-inch cutter diameter designs, Figure 34, there was

a pronounced difference in life between the two designs. With the present
AOMA formulas, there Is no difference between the stresses for the
12-inch and the 7-1/2-inch cutter diameter designs, Figure 39. But
because the life of the 7-1/2-inch design greatly exceeds the life of the
12-inch design, it should be concluded that the stresses in the two designs
should not be equal.

Figure 47 is a replot of Figure 35 showing only the comparative tests
between the two cutter diameter designs at the two upper load levels.
Arso shown in Figure 47 are the mean lines for the two designs. It
should be apparent that with this new, improved method of stress calcu-
lation, the difference in stresses between the 7-1/2-inch and 12-inch
cutter diameter designs has resulted in bringing the two mean lines
nearly into coincidence. For the first time, the effect of cutter diameter
on gear tooth stress has been successfully incorporated in a bevel gear
strength formula.

ENDURANCE LIMIT FOR AISI 9310 VACUUM-MELT STEEL

From Table VIII it can be seen that the mean working stress for the
dynamic test gears is 156, 000 pet. From Figure 35 a design working
stress of 115, 000 psi has been established. It is now necessary to
relate this design working stress to a design allowable stress. The same
procedure that was used to relate the mean working stress to the mean
allowable stress can be used. Again, equation ( 5a) will be used with the
temperature factor and factor of safety equal to 1.0, and the size factor
equal to 1. 42. Then,

mat = 115,000 (1.0) (1.0) (1.42) = 163,000 psi design
allowable Atress

In Table VIII this value has been rounded to 160, 000 psi. This,thenjis
the endurance limit for AISI 9310 vacuum-melt steel.
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FATIGUE TEST DATA FROM PAST DYNAMIC TESTS

S.... . -- ft..... ijua trars aucuztiiated by the contractor prior to the
initiation of this project are plotted in Figure 48 using the new, Improved I
strength formulas. Figure 49 shows a plot of the same data using the
AGMA strength formulas. In both cases the scatter of points is consid-
erable. There appears to be little choice between the two methods.

There is one fairly apparent reason for the wide scatter shown by the
new formulas using these previous data. These formulas are based on
a re.sonably precise knowledge of the gear displacemnents under load.
Theme gear displacement data were not available for these earlier tests.
Therefore, the displacements were based on the approxirnate formulas
contained in the computer program. Also, less attention was paid to
control of-variables in many of the prior tests. For these reasons,
these data have limited usefulness.

ENDURANCE LIMIT FOR AIR-MELT STEEL

The data plotted In Figuro 48 are for gears made from air-melt steel.
A line representing the design limit for this material is included. The
design working stress is approximately 45, 000 psi, based on the stresses
having been corrected for a 1-DP gear. This means that with the new
method, a size factor of 2. 0 must be used. Assuming a temperature
factor and a factor of safety each equal to 1.0, the design allowable
stress can be solved using equation (5a):

sat = 45, 000 (1. 0) (1. 0) (2. 0) a 90, 000 psi design
allowable stress

This, then, is the endurance limit for air-melt steel when used with the
new, improved strength formulas. However, as pointed out in a preced-
ing paragraph, the data for air-melt steel are not as well defined, and,
therefore, this value of 90, 000 psi may be on the low side.

By comparing this value with the value of 160, 000 psi obtained for
AISI 9310 vacuum-melt steel, it can be seen that the vacuum-melt steel
gives a 78 percent increase in strength over the present design limit
for normal air-melt gear steels. This is a significant improvement.

SLOPE OF THE S-N DIAGRAMS

In all three series of tests, an attempt was made to determine the slope
of the S-N diagrams.
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For the R. R. Moore specimens it wan die,.,1t f-^1.-.air.. -cl.ibl; 041
diagram due to the limitations of the test equipment. With the specimen

size used for these tests, the peak stress that could be attained was
approximately 170, 000 psi. This is not too far above the endurance
limit of 145, 000 psi, Figure 44. For this reason, the portion of the S-N

diagram below 3 x 105 cycles cannot be defined from the test data, and
the portion between 3 x 105 cycles and 3 x 10 cycles is not well defined
from the data because of the relatively wide scatter in the results.

Therefore, the slope of the S-N diagram is unknown.

For the dynamic gear tests, Figure 35, the nean slope is shown extend-
ing from 10 cycles to approximately 5 x 10 cycles. This line has a
slope of approximately 8. 5. By statistical means, using log-normal,
Weibull, and Weibull-hazard techniques, a I -percent line was established.
This line has a slope of approximately 6.6.

For the pulsint gear tests, Figure 37, the mean slope is shown extending
from 1. 7 x 10" cycles to approximately 106 cycles. This line has a
slope of approximately 10. 3, which is somewhat flatter than the mean
slope obtained during the dynamic tests.

PEAK STRESS

Up to this point the emphasis in this analysis has been on the endurance
limit for the gear material. However, a look at the peak stress should
be taken to determine whether the values are reasonable.

For the R. R. Moore specimens, it was not possible on the existing test
equipment to perform tests at the very high stress levels. In fact, very
few tests were performed above the endurance limit. For this reason,
the value of the peak stress was not obtained.

For the dynamic gear tests, Figure 35, gears were operated at stress
levels as high as 275, 000 psi. Projecting the line representing the mean
slope to a life of 104 cycles produces a stress value of 325, 000 psi.
This is in close agreement with the established value for this material
of 335, 000 psi, Reference 23.

For the pulsing tests, Figure 37, the plotted points appear to level off
at an upper limit of approximately 300, 000 psi. This level is reached
at a life of approximately 2 x 104 cycles. Agreement between this value
for peak stress and the value of 325, 000 psi obtained on the dynamic
tests is quite reasonable. It might be argued that as the load level
increases on the gears, the correlation between the dynamic results and
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b the pulsing results converges. This is not surprising, since at the higher
loads the contact will tend to spread out, thereby tending to equakize the
stresses along the tooth root.

An interesting observation can be made concerning the size factor at tht
peak stress. At the endurance limit, the mean allowable stress for the
test gears did not agree with the mean allowable stress for the R. R.
)Moore tests until the size factor was introduced. However, at the peak
stress, the mean allowable stress for both the pulsing tests, Figure 37,
and the dynamic tests, Figure 35, was in close agreement with the
established value of the material strength without introducing a size
factor. Between the endurance limit and the peak stree@ it appears
that there may be a variation in the size factor, which hAs not been
considered in the computer program. Since most designs are based
on the endurance limit, this omission in the computer program should
not cause any inconvenience.

VALIDATION OF NEW STRENGTH FORMULA

This section of the report has attempted to substantiate the validity of the
stress values obtained whon using the new, improved strength formulas.
It has been shown that

1. Torque vs life is not a satisfactory criterion for design.

2. Since with the AGMA method stress is proportional to torque,
the AGMA method is not a completely s %tisfactory criterion
for design.

3. The effect of cutter diameter on gear tooth strength is accounted
for by the new, improved formulas for the first time.

4. The stress values resulting from the new formulas are in
close agreement with the basic material strength, both at
peak loads and at the endurance limit.
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COMPUTER PROGRAM

One of the principal purposes of this project was to derive improved
formulas for predicting the strength of bevel gears and to furnish a
useable computer program which would enable a gear designer to
effectively design high-capacity gear sets.

In a previous section of this report, a review has been made of new
formulae that have been derived for toad distribution factor, effective
face width, and size factor. These formulas have been compiled Into a
computer program that will calculate the stresses in bevel gear teeth.

STRESS FORMULA DOCUMENTATION

The complete set of formulas required for calculating the stresses in a
bevel gear tooth comprises a rather lengthy Hott. These formulas are
documented in Appendix V along with a complete list of the letter symbols,
FORTRAN symbols, and description of each, All formulas are writter.
in terms of the letter symbols.

Basically the formulas contained in this report include all of the neces-
sary items to calculate the geometry factor and the load distribution
factor. These are the two major terms in equation (4) for bending stress.
Other terms appearing in this formula are either given or assumed and
must be supplied as input to the program, These other terms include the
load, the factors for dynamic effects resulting from gear inaccuracies
or from external causes, and the dimensions defining the size of the gears.

Finally, the formulas include the complete equations for bending stresses
in gear and mating pinion and the equation for working stress.

INPUT-OUTPUT DATA

The input data to the program and the output results from the program
are explained in detail in Appendix VI.

Input Data

The Input data are contained on six standard 80-column cards. These in-
lude the basic design parameters, the tooth proportions, the cutter

specifications, the load data and other factors concerning the quality
of the gears, the suitability of the gear mountings, and the dynamic effects
resulting from the nature of the external loads applied to the gears.
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Output Data

The output listing includes all of the input items to the program plus the I
useful output results from the program. In addition to the calculated
bending stresses and working stress, the output includes such items as
the geometry factors, the strength factors, the load distribution factors,
the contact ratios, the load sharing ratio, and certain additional gear
dimensions and (assumed or given) mounting displacements due to deflec-
tions under load.

PROGRAM LISTING

The complete FORTRAN IV program listing is given in Appendix VI. A
This includes the listing of all special subroutines used in the program.
It is based on the formulas documented in Appendix V, where an
explanation of the FORTRAN symbols is given.

Operating Instructions

Operating instructions include a list of program stops and the possible
causes and cures for each.

9
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This program has resulted in the following conclusions:

1. A new, improved method for the stress determination of bevel
gears, which is a modified form of AGMA Standards 222. 02
and 223. 01, was found to provide better correlation with actual
gear tests and with the basic strength of the material. This
modified form consists of improved formulas for the effective
face width and load distribution factor, and the transfer of the
size factor from the equation for calculated stress to the
ecuation for working stress.

Z. The basic material strength curve for carburized AMS-6265
was established by R. R. Moore specimens. The strength
cLrve correlates closely with the stresses calculated by the
new, improved bending strength formulas for gear teeth when
appropriately modified by factors for reverse bending and

surface finish.

3. A design S-N curve for AMS-6265 was established based on
dynamic fatigue tests on spiral bevel gears. For design pur-

poses,an endurance-limit stress of 160, 000 psi was established
for this carburized vacuum-melt steel.

4. An improved formula for effective face width was developed,
which is based on an extensive previous study of the strain
distribution in the root fillet of a gear tooth along its entire
length under many different positions and lengths of the line
of contact, and under uniform, elliptical, and parabolic load
distributions.

5. The correction factor for locating the position of the point of
load application has been modified to place the load nearer the
center of the instantaneous line of contact. This change results
in increased accuracy of the resulting stresses and in an
improved strength balance between gear and mating pinion.

6. An improved formula for the load distribution factor was
derived based on theoretical and experimental studies of

the behavior of root fillet stresses under various concen-
trationd of load. The effect of tooth contact shift on a bevel
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gear tooth as a result of mounting deflections is of vital
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7. A new formula for size factor has been introduced in the
equation for working stress. This ts theoretically where
the size factor shc.41d appear in the design formulas rather
than in the equation for calculated stress.

8. The most significant finding resulting from this program is
the pronounced effect of lengthwise tooth curvature (cutter
diameter) on gear tooth strength. This effect is introduced
into the gear tooth strength formulas through the adjustability
coefficients, which are used in determining the load distri-
bution factor. A cutter diameter approximately equal to
twice the outer cone distance times the sine of the spiral
angle was found to produce a significant improvement over
the "standard" cutter diameter, which is approximately
equal to twice the outer cone distance.

9. A workable computer program is included for the use of the
gear designer. This will provide pertinent gear design
information for intelligently selecting the correct bevel
gears for a given application.
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TABL* iX. SUVLMAaY OF CALCULATED A.C'II A &b0A&A *

FOR PULSER GEARS

Based on Static Loading
Dimension Sheet No. 139. 887AB (Fig. 1)

Calculated Calculated
Bending Compressive

Test Torque Stress Stress

Number Member (in. -1b) (psi) (psi)

4 Pinion 20,000 66,000 316,000

Gear 60,000 66,100 -
5 Pinion 23,000 75,900 339,100

Gear 69,000 76,000 -

6.8 Pinion 24,500 80,800 349,800
Gear 73,500 81,000 -

24 Pinion 25,500 84,100 356,900
Gear 76,500 84,300 -

23 Pinion 26,500 87,400 363,900
Gear 79,500 87,600 -

3 Pinion 26,700 88,000 365,000
Gear 80,000 88,100 -

9 Pinion 33,300 109,900 407,900
Gear 99,900 110,100 -

1,2 Pinion 33,300 110,000 408,000
Gear 100,000 110,200 -

10,11 Pinion 34,500 113,800 415,300
Gear 103,500 114,100 -

12,13,14 Pinion 37,000 122,100 430,000
Gear 111,000 122,300 -

15 Pinion 38,500 127,000 438,500
Gear 115,500 127,300 -

16 Pinion 40,000 132,000 447,000
Gear 120,000 132,200 -

19 Pinion 43,000 141,900 463,500
Gear 129,000 142,200 -

17,18,20,22 Pinion 45,000 148,500 474,000
Gear 135,000 148,800

21 Pinion 50,000 165,000 499,700
Gear 150,000 165,300 -

*Calculated stresses in above table are based on present AGMA

formulas.
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TABLE X. HEAT-TREATMENT BATCH GROUPING

Carburizing Quenching Serial
- Group Group Number

108 - 110

A 126,127

130 - 132, 134 -136

103 - 107
B 161,169

Gears 170,171,178

119- 132
A 137, 139

141, 144-147
II

112,114,115,117,118
B 165

172,173,179,180

1, 3,4,6 -10, 12

III A 14,15,17 - 22
61,62
69 - 73

Pinions

26,27, 30 - 32, 34- 37,
IV B 39, 41, 44 - 47

65
78 -80

103

I - - .,~.- ---.-- -- *--

! I
4%..



TABLE XI. INSPECTION RECOR

Pitch Eccentricity
Variation (Runout) Fillet Radiu

Load Part Serial Convex Concave Convex Concave Convex Con
Level Number Number Side Side Side Side Side Si

139887-P 8 .00015 .00013 .0006 .0006 .050 ,
12 . 00011 . 00011 .0006 .0006 .050 .

3 . 00038 . 00010 .0005 .0008 .045

21 .00015 .00C05 .0005 .0009 .040 '
34 . 00019 . 00009 . 0007 . 0009 . 050 ,

26 ,00015 .00010 .0005 .0004 .045 .

37 . 00010 . 00013 . 0010 . 0006 . 040

41 , 00015 . 00008 . 0006 , 0006 . 045

139898-P 72 . 00012 . 00018 . 0005 . 0005 .040
78 .00010 .00014 .0005 .0006 .045 .
79 .00012 . 00015 .0005 .0006 .045 .

71 .00017 .00011 .0005 .0006 .040 .0

II 139887-P 6 .00011 .00012 .0003 .0006 .050
9 .00019 .00010 .0005 .0007 .040 .0
35 .00008 .00014 .0006 .0008 .050 ,0
17 . 00013 . 00007 . 0010 . 0007 . 045 .

20 .00018 .00009 .0006 .0006 .040 .

27 .00006 .00009 .0006 .0007 .045 .

46 .00025 .00008 .0003 .0004 .050 .0
45 . 00013 . 00014 . 0004 . 0006 . 050

139898-P 69 . 00015 . 00017 . 05 .040
70 .00012 .00005 .0006 .0005 .040
73 . 00011 . 00016 0007 . 0006 . 040
80 . 00010 . 00016 . 0005 . 0004 . 040
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INSPECTION RECORD OF PINIONS

SBottom Grind Stock Tooth Thickness Grind Stock
Fillet Radius by Blank Checker at Midfaee onEach Side of

Depth Check After After Tooth
Total Grind Grind

Concave Convex Concave Before After Grind Before Convex Concave Convex Concave
Side Side Side Grind Grind Stock Grind Side Side Side Side

.0006 .050 .040 +.001 -.003 .004 373 .368 .362 .005 .006

.0006 .050 .040 +.002 -. 003 .005 .369 .365 .361 .004 .004

.0008 .045 .040 +.002 .000 .002 .376 .364 .360 .012 .004

.0009 .040 .040 +.004 -.003 .007 .374 .365 .362 .009 .003

.0009 .050 .040 +,003 +.002 .001 .372 .365 .363 .007 .002

.0004 .045 .035 4.002 +.001 .001 .313 ,364 .362 .009 .00Z

.0006 .040 .040 +.005 .000 .005 .372 .367 .363 .005 .004

.0006 .045 .040 +.003 .000 .003 .372 .365 .363 .007 .002

.0005 .040 .040 +.004 .000 .004 ,379 368 .361 .011 .007

.0006 ,045 .045 +.003 .000 .003 .379 .370 .360 .009 .010
S0006 .045 .040 +, 003 -. 001 .004 .380 .367 .362 .013 .005
• 0006 .040 .040 +.005 +.001 .004 .378 .369 .358 .009 .011

.0006 .050 .040 .000 -. 003 .003 .372 .366 .363 .006 .003
0007 .040 .040 +.002 .000 .002 .372 .368 .362 :004 .006

.0008 .050 .030 +.001 .000 .001 .372 .366 .364 .006 .002
.0007 .045 .040 +.001 .000 .001 .373 .367 .363 .006 .004
.0006 .040 .040 +.001 -. 001 .002 .373 .366 .362 .007 .004
.0007 .045 .040 +.003 .000 .003 .373 .363 .360 .010 .003
.0004 .050 .040 +.001 +.001 .000 .373 .366 .366 .007 .000
.0006 .050 .040 +.002 .000 .002 .375 .366 .364 .009 .002
0005 .040 .040 +.004 .000 .004 378 .367 .360 o011 .007
0005 .040 .045' +.004 .000 .004 .379 .369 .360 .010 .009

.0006 .040 .040 +.006 -. 001 .007 .379 .369 .360 .010 .009
.0004 .040 .040 +.005 -.001 .006 ,379 .367 .360 .012 .007
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II

TABLE XI - Continued

Pitch Eccentricity Fillet Radiu
Variation (Runout)

Load Part Serial Convex Concave Convex Concave Convex Conc
Level Number Number Side Side Side Side Side Sid

III 139887-P 7 .00011 .00012 .0005 .0008 .040 0
31 .00005 .00009 .0004 .0007 .040 .0
18 .00012 .00007 .0008 .0008 .045 0
22 00031 0 00012 .0005 . 000i .045 ,0-
36 .00010 .00008 .0005 .0008 .040 .0

32 .00006 .00012 .0005 .0010 .050 0
39 .00012 .00009 .0005 .0008 .050 .0
47 .00017 .00010 .0005 .0008 .050 .0

IV 139887-P 1 .00011 .00010 .0004 .0006 .050 .0
19 .00008 .00015 .0006 .0007 .050 0
4 ,00025 .00010 .0006 .0010 .050 0
10 .00038 .00007 .0006 .0007 .040 .0
14 .00010 .00010 .0007 .0010 .045 .0
14 .00016 .00008 .0004 .0006 .045 0

30 .00024 .00014 .0007 .0010 .040 .0
44 .00015 .00009 .0005 .0004 .045 .0

Pulser 139887-PP 61 .00011 .00012 .0006 .0007 .050 .0
62 .00013 .00006 .0005 .0004 .050 .0
65 .00012 .00005 .0006 .0005 .050 .0

All measurements in inches.
Part Numbers 139887-P and 139887-PP (12" DC)
Part Number 139898-P (7. 5" DC)
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.ABLE XI - Continued

ity Bottom Grind Stock Tooth Thickness Grind Stock
t Fillet Radius by Blank Checker at Midface on Each Side of

Depth Check After After Tooth
Total Grind Grind

oncave Convex Concave Before After Grind Before Convex Concave Convex Concave
Side Side Side Grind Grind Stock Grind Side Side Side Side

0008 .040 .040 +.002 +.001 .001 .374 .368 .363 .006 .005
0007 .040 .040 +.004 -. 001 .005 .372 .365 .364 .007 .001
0008 .045 .040 +.004 -. 004 .008 .374 .364 .360 .010 .004
0008 .045 .040 +.003 +.001 .002 .374 .368 .365 .006 .003
0008 .040 .040 .000 .000 .000 .374 .368 .363 .006 .005
0010 .050 .040 +.002 +.001 .001 .370 .362 .362 .008 .000
0008 .050 .040 .000 .000 .000 .373 .368 .363 .005 .005
0008 .050 .040 +.001 +.001 .000 .373 .365 .362 .008 .003

,0006 .050 .035 +.001 -. 003 .004 371 .367 .363 .004 004
0007 .050 .040 +.003 -. 002 .005 .371 .367 .362 .006 .005

0010 .050 .040 +.003 -. 001 .004 .375 .365 .362 .010 .003
,0007 .040 .040 +.003 +.001 .002 .374 .365 .36Z .009 .003
.0010 .045 .040 +.001 -. 005 .006 .373 .365 .360 .008 .005
,0006 .045 .040 +.003 +.002 .001 .375 .368 .364 .007 .004
.0010 .040 .040 +.001 .000 .001 .372 .365 .36Z .007 .003
0004 .045 .040 +.001 +.001 .000 .373 .364 .36a .009 .002

,0007 .050 .040 +.003 -. 003 .006 .369 .365 .363 .004 .002
.0004 .050 .040 +.004 -. 003 .007 .370 .366 .363 .004 .003
.0005 .050 .040 +.003 -. 002 .005 .369 .366 .363 .003 .003

0005 050i040l,003 -.00 .00n.36 . .363ii 00 inl 00ll

- - ..



TABLE XII. INSPECTION RECOR

Pitch
Variation Fillct Radi,

Load Part Serial Concave Convex Eccentricity Concave C4
Level Number Number Side Side (Runout) Side

139887-G 108 .00018 .00011 . 0006 .080
112 . 00011 . 00011 . 0010 . 080
103 . 00016 • 00011 . 0005 . 080
121 .00006 . 00018 .0006 .080
134 . 00011 . 00012 . 0007 . 085
126 . 00016 . 00014 . 0006 . 080
137 . 00015 . 00017 . 0005 . 080
141 . 00018 . 00016 . 0004 . 080

139898-G 172 .000z0 .00020 .0005 .080
178 .00016 .00020 .0005 .080
179 . 00020 . 00015 .0003 . 080
171 .00025 .00018 .0005 .075

II 139667-G 106 .00012 ,00015 .0005 .080
109 .00012 .00005 .0005 .080
135 .00017 .00013 .0006 .080
117 .00017 . 00005 .0007 ,080
120 .00013 .00014 .0007 .085
127 .00024 .00016 .0005 .085
146 . 00018 .00017 .0006 .080
145 .00012 .00013 .0005 .080

139898-G 169- . 7--00 0002 .0007 .080
170 .00011 .00020 .0007 .080
173 .00020 .00023 .0007 .080
180 . 00021 . 00017 . 0006 . 075
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SINSPECTION RECORD OF GEARS

Bottou Grind Stock Tooth Thickness
Fillet Radius by Blank Checker at Midiace

Depth Check
Total Grind Stock

tricity Concave Convex Before After Grind Before After Total for
out) Side Side Grind Grind Stock Grind Grind Both Sides

06 .080 .080 +. 004 -. 002 .006 .205 .191 .014
10 .080 .080 +. 005 +. 001 .004 .205 .190 .015
05 .080 .085 +.004 -. 003 .007 .206 .191 .014

106 ,080 .080 +.005 .000 .005 .Z05 .192 .013
107 .085 .085 +.003 -. 003 .006 .203 .190 .013
106 .080 .080 +.003 -. 004 .007 .203 .189 .014
105 .080 .080 +.004 -. 001 .005 .205 .190 .015
104 .080 .080 +.004 -. 003 .007 ./01 .188 .013
05 .080 .080 +.008 +.001 .007 .203 .189 .014
05 .080 .080 +. 010 +. 001 .009 .?.04 .191 .013
103 .080 .080 +.008 +. 001 .007 .204 .188 .016
05 .075 .075 +.008 +.005 .003 .204 .190 .014

05 .080 .080 +.005 -. 003 .008 .?20 .188 .014
05 .080 .085 +.004 -. 003 .007 .Z04 .190 .014
106 .080 .085 +.002 -. 004 .006 .?203 .190 .013
ý07 .080 .080 +.005 .000 .005 .205 .190 .015
07 .085 .085 +.006 -. 003 .009 .205 .189 .016
05 .085 .085 +.003 -. 001 .004 .206 .190 .016
06 .080 .080 +.005 -. 00?. .007 . Z05 .190 .015
05 .080 .085 +.007 -. 002 .009 .205 .188 .017
07 .080 .080 +. 008 . 003 .005 .?205 .191 .014
i07 .080 .080 +.010 +.O.l .009 .204 .190 .014
ý07 .080 .080 +.008 +.002 .006 .205 .191 .014
106 .075 .080 +.008 +.001 .007 .205 .191 .014



TABLE XII - Continue

Pitch
'V- ri ation Fillet Radi

Load Part Serial Concave Convex Eccentricity Concave C

Level Number Number Side Side (Runout) Side

III 139887-G 107 . 00012 . 00010 . 0006 . 085

131 .00023 .00013 .0003 .085
118 .00018 .00009 .0005 .085

122 .00015 .00012 .0006 .080

136 . 00020 . 00016 . 0004 .085

13Z . 00021 . 00011 . 0006 .080
139 .00012 .00013 .0008 .085

147 . 00012 . 00009 . 0006 . 080

104 .00015 . 00012 .0005 .080

IV 139887-r- 105 . 00029 . 00011 . 0006 . 085

119 .00013 .00000 .0005 .085

110 . 00010 . 00016 . 0005 . 085

114 .00012 .00011 .0007 .085

115 .00017 .00010 .0005 .080

130 .00010 .00007 .0006 .085

144 .00020 .00020 .0006 .080

Pulser 139887-G 161 .00020 .00020 .0005 .085

165 .00014 .00007 .0005 .085

All measurements in inches.

Part Number 1398R7-G (12" DC)

Part Number 139898-G (7. 5" DC)

m__



rABLE XII - Continued

Bottom Grind Stock Tooth Thickness
Fillet Radius by Blank Checker at Midiace

Depth Check
Total Grind Stock

city Concave Convex Before After Grind Before After Total for
Side Side Grind Grind Stock Grind Grind Both Xides

.085 .080 +.004 -. 002 .006 .203 .190 .013

.085 .080 +.002 -. 003 .005 .203 .188 .015

.085 .080 +.004 -. 002 .006 .201 .190 .011

.080 .080 +. 003 -. 001 .004 .205 .192 .013

.085 .080 +.001 -. 003 .004 .202 .190 .012

.080 .090 +. 003 -. 001 .004 .203 .190 .013

.085 .085 +.006 -. 003 .009 .205 .188 .017

.080 .080 +.006 .000 .006 .205 .190 1015

.080 .080 +.004 -. 002 .006 .205 .191 .014

.085 .080 +.004 .000 .004 .204 .190 .014

.085 .080 +.005 -. 003 .008 .202 .190 .012

.085 .085 +.004 -. 002 ,006 .204 .191 .013

.085 .085 +.006 -. 003 .009 .204 .187 .017

.080 .085 +.005 -. 003 .008 .203 .191 .012

.085 .085 +.003 -. 003 .006 .203 .189 .014

.080 .080 4.006 .000 .006 .204 .191 .013

.085 .085 +.003 .000 .003 .203 .190 .013

.085 .080 +.005 .000 .005 .,105 .189 .016



I
TABLE XIII. RAW !ATE'EIAL EXAMINATION RE, ýORDS

Pinions
Material Specification AMS-6265B (AISI 9310-CVM)
Suppliers Heat No. 23138
Material Size 90 Weldless Hammered Stem Forgings
Chemical Analysis

C Mn P S Si Cr Ni Mo
.09 .75 .010 0.006 .,Z8 1.35 3. 34 .11

Hardness BHN 196-228
Grain Size 6 - 8
Forging Lines O.K.
Hardenability 1/38 6/37
Jerkontoret (JK) rating

Inclusion Type A B C D
Inclusion Size Thin Thick Thin Thick Thin Thick Thin Thick

0 0 0 0 0 0 1 0
Inclusion Content Material conforms to AMS 2300

Magnaflux F-O, S-0
Gears

Material Specification AMS-6265B (AISI 9310-CVM)
Suppliers Heat No. Z3138
Material Size 90 12-5/8" OD x 8' ID x 1-7/8" thick
Chemical Analysis rings

C Mn P S Si Cr Ni Mo
.08 .66 .007 .006 .30 1.34 3.42 .13

Hardness BHN 196-217

Grain Size 6-8
Forging Lines O.K.

, Hardenability 1/39 6/38 Quenched from 1500"F
Jerkontoret (JK) rating

Inclusion Type A B C D
Inclusion Size Thin Thick Thin Thick Thin Thick Thin Thick

0 0 0 0 0 0 1 0

Inclusion Content Magnaflux F-0, S-O
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TABLE XIV. INSPECTION RECORDS FOR

Gage Section

Support
Bearing

Diamete re Deviation Surface

Serial Right Left Middle From Finish

Number End End Diameter** 5" Radius** (rma)

10 .4796 .4793 .2060 +. 0010 1.5

12 .4798 .4793 .2071 +.0010 1.5

14 .4796 .4795 . 2080 +. 0015 2.0-2. 5

8 .4797 .4797 .2085 +. 0010 1. 0-1. 5

1 .4797 .4790 .2084 +.0010 1.0

5 .4797 .4796 .2085 +. 0015 1.0-1.5

15 .4790 .4790 .Z084 +.0010 1.0-1.5

13 .4800 .4795 .2085 +.0010 1. 5-2.0

2 .4798 .4795 .2085 +.0010 1.0-1.5

4 .4795 .4793 .2085 +.0010 1.0

3 .4790 .4790 .2076 +.0010 1.0-1.5

11 .4800 .4795 .2085 +.0015 1. 5

16 .4790 .4790 .2090 +,0010 1.0-1.5

6 .4810 .4796 .2085 +.0010 1.0-1.5

9 .4794 .4793 .2085 +.0010 1.0-1. 5

7 .4797 .4792 .2084 +.0010 1.0-1.5

*Part Number FESP-1
**Dimensions in inches
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GROUND SPIRAL. BEVEL PINION

INSPECTION DATA ARRF ULTAGMA QUALITY NO.SPETI13~
RUNOUT TOLERANCE 10%00SETIN0?QD
PITCH TOLERANCE-00

NORMALC$OROA AODENLIMIM~&.-. l OATESA' A14.1 E 'MUST BNORML COROL ADENUM IIIIIIAIC8ANFENTIC WIT H EACH 0THE~R
NORMAL CHORDAL TOOT H THICK NE55.1041L.3 5S6-.3I $1WITHIN 0002 T. iR.

AT ~SRFACES" 9' AND"Y 'MUST BE PAPWIPPLOI&OPIT IF118TWIUTH EACH OTHER WITHIN, .0002
MOUNTINGQ DISTANCE- -006 -. 008 SQUARE WITH DIAMETERS A" AND
WHOLE DEPTH .421 -,424 WITHIN .0002

6.5625 M.D. (HOLD)

VIBRO PEEN SO .400-(REF)*I 40
V 0 - inl

ry .531 DR. 1.25 0

Ac1 0 03F c.2

CD-- N~ - In -'E E .

J2 .R q n c RM V 1
,. ý N , Ap

4 y to q

.50 R

C, A
p- t.*4

191~RC RELIEF "s11

09- 
P~

TN. A.97-3 TR. 7.554
F. 4DW HON. 3.969 RIE~ H.R. 7.562 REF~

L411.531 E

Figure 50. Pinion Drawing for 7-1/2-Inch
Cutter Diameter Teut Gear Set.
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BEVEL GEAR DATA
kiRCRAFT OUALITY ] NUMKR OF TEETH 17L% INSPCTION REQ'Dl PITCH (DP) (REP) 4.080

PITCH DIAMETER (THEORETICALL4.167
NO ýýUST BPITCH ANGLE IRIEF) 10626'
ITHT. R.CH OTHER SHAFT ANGLE_ __ 90!__ '

,N" Y MUST BE PARALIEL PRESSURE ANGLE (.EL. 200
TE R WITHIN 0002 AqI• SPIRAL ANGLE (RIF) 35*

DIAMETERS'A" AND E0 HAND OF SPIRAL L.H.{DRIVER OR DRIVEN DRIVER

DIRECTION OF ROTATION - C.w.

TOOTH FILLET CURVE .040 MIN, RAO
PART NO OF MATE I-1999-0
NUMBER OF TEETH IN.MATE. 51
SUMMARY NO. - _ 139,896
MATERIAL: AMS 6265 B

.531 DR. 1.25 DR COPPER PLATE THOS. AS SHOWN

.625-1i1 TAP 1.00 DP CASE .045-.055 EFFECTIVE-ROOT
60 CENTER .69 DIA. REHEAT 15500F
REMOVE IV 2 THOS. DRAW 350*F

CORE HARDNESS Re 34-38
CASE HARDNESS Re 60 MIN.
TEST PIECES REQ'D

.03 R FORGINGS TO TFST BRIN. 228 MAX.
STRESS RELIEVE AT 325*F AFTER
FINISH GRINDING TEETH

pm EXTERNAL SPLINE DATA
T o FILLET ROOT SIDE-FIT

j .. * 7"ONO. OF TEETH IS
-L4 PITCH (RIP') 8/16

•. 5u. J- PITCH DIAMETER. 1110O.) 2.250
n PRESSURE ANGLE- IR.EF . 30 INV.S. MEASURING PIN. DIA.. _- .240

S------ DIM. OVER 2 PINS. 2.616-2.619
INOD NO. HS 552-I

.06 X 45 NOTES ON MACHINING
CHAMFER/I. LIMITS ON FINISH DIMENSIONS ARE

.14- -.-. 01 UNLESS OTHERWISE

2. BREAK ALL SHARP CORNERS
STAMP: 3 ROUND ALL TOOTH EDGES
,DENT. NO. 4 ROUND ALL KEYWAY AND SPLINE ENDS

SLACK OXIDE COAT PER AMS 24610
qPPR

P- AT[

S[#~fART NO. 1390SP

4w-. MANUFACTURE AND INSPECT TO STO BLANKTOLERANCES FOR GLEASON BLANK CHECKER

- "1 MAGNAFLUX INSPECT
NITAL ETCH



GROUND SPIRAL BEVEL PINION

AGMA QUALITY NO. 15 J3
RUNOUT TOLERANCE .0007 100%INSPECTION REQ
PITCH TOLERANCE..... .0002 DAEEV'ADE UTB
NORMAL CHORDAL TODEOTHMTIMII.* CONCENTRIC WITH EACH OTHER

NOMA CORALTOTHTHCKES.ML356-.361 WITHIN .0002 T~IR.
NOML AAS~ ATTIT 1 T SuftFAC~x' AND"Y 'Y ST BE PARA

PMIN PMS TSEIIDviITH EACH OTHER WITHN. 0002 A
MOUNTING DISTANCEr .006-008 80-YARE WITH DIAMETERS'A' AND 09
WHOLE DEPTH .463- .466 WITHIN .0002

1,51612 Mi... (CUTTLING

6.MD. M.D. (HOLD

140.v; (4946N IN~ .531 DR. 1.25 OP.
tyn n Cy.625-11 TAP 1.00

'M wlyfy600 CENTER .69

fy~~~I 12Rtc a.C

50.0

4.9 IDEA

.YR T, 11

6H11.531 R Fv

- VHH
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11ON

BEVEL GEAR DATA
AIRCRAFT QUAI-TY I NUMBER OF TEETH - 17

ý2%JN5PECTIONIREODI PITCH (DP) (REF) 4.080

MS !h PITCH DIAMETER ITHEORETICALL4.167Ah0ý UTB PITCH ANGLE IREF1 18'2 6
02WI.HAC OH SHAFT ANGLE 9o~da
02TN. B PRALE PRESSURE ANGLE. ( FBL.......) 2 o*

bOTH RtMI 00 4D SPIRAL ANGLE- IREF) 5
IrM OIAMETEIRS"A' AN~ L ' HAND Of SPIRAL 6.H.

02DRIVER OR DRIVEN DRIVER
DIRECTION OF ROTATION-....... w,

TOOTH FILLET CURVE - .040 MIN. RAD.
PART NO. OF MATE - 139887-0
NUMBER OF TEETH IN MATE_. 5I
SUMMARY NO. -0200 -.. 139,667
MATERIAL' AMS 6265 B

S.531 DR. 1.25 DR. COPPER PLATE THIDS. AS SHOWN
-~.625-I1 TAP 1.00 OP CASE .045-.055 EFFECTIVE-ROOT
* 60*CENTER .69 DI A. REHEAT 1550*F
S REMOVE IV 2 THOS. DRAW 350'F

CORE HARDNESS Re 34 -38
CAS E HARDNESS Re SO MIN.
TEST PIECES REQ'D

.03 R FORGINGS TO TEST ORIN *226 MAX.
STRESS RELIEVE AT 325 F AFTER
FINIS3H GRINDING TEETH

Fm EXTERNAL SPLINE DATA
! FILLET ROOT - SIDE-FIT

zat E NO. OF TEETH - Is
N;;VI PITCH (glin -6/16

-hP o 5 J PITCH DIAMETERJ.~IL 2.250
ad PRESSURE ANGLE..JAJ!..... 30' 1NV.

-Z MEASURING PIN. DIA. - .240
DIM. OVER I PINS. 2,616 - 2.619
M OB NO. HS552-1

R .06 X 46 NOTES ON MACHINING
CHAMFER I. LIMITS ON FINISH MDIMEN 10N Al?14-pf~ UNLIESS OTE WISE

2. BREAK ALL SHARP CORNERS
STAMP. 3 ROUND ALL TOOTH EDGES
IDINT, NO. 4 , ROUND ALL KEYWAY AND SPLINE ENDS

SLACK OXIDE COAT PER AMS 24850

ATE

rPAR TN NO.3 6P
SMANUFACTURE AND INSPECT TO $TO $LANK

TOLERANCES FOR GLEASON BLANK CHECKER

MAGNAFLUX INSPECT

NITAL ETCH



GROIJND RPIRAI RFVFI- PINIONh

AGMA QUALITY NO. (PULSER TEST) AICAT ULT

TINSU DITOEANCE .0067 110 008ECIO RETH AC
WITHTOLERAC 0002H .43 IHN 00

NORMALCODA OED.C T IMKNI 2ON A
NOMLCODLTOH4IKESMN 3r9M T1 ~A TTI

WIH N.01 2TI..
-; if-l A

.703~~~0 NR.3 N MU

.0002

A9 I , Sy65i A

40 cyRY~E in.603-2.81

12GR R.6 E

41 119



f_ý110U.40% iPMRL BEEL PNII
(PULlER TEST)

13 AIRCRAFT OUALITT NUMBER OF TEETH-........... 17.0007 100%NSPECTION REQ'D PITCH (O) REE) 4.0000AN PITCH DIAMETER (THEORETICALL4.i6?0 6 PITCH ANGLE - 111111
TN E SIIH .35 I IN.S AFT ANGLE-. 9 0 o 9b

SIUFA O0H0 'TI MUST EPALELPRESSURE ANGLE...J&ZL...
PhO7 AD SPIRAL ANGLE (_RlM..00-00 S@~R AMErERA AD HAND OF SPIRAL LH16036 WI.3 R .TR DRIVER ORt DRIVEN - DtIVER

.703 OR, .75 RU, TNRUDIRECTION OF ROTATION-......... c.w.H. a t 7500 -.7502
TING)O PRONO OLE WTOHI N TOOTH FILLET CURVE = .040 MIN. RAD.

WITHI PART NO. OF MATE - i9887-a.409REin 
NUMBER OF TEETH IN MATE.... 51.44A.,4*"f SUMMARY NO. (12 pi) 139.66?.444 a ~'

v MATERIAL: AMS 62651
-0; a' .531 DR. 1.25 DP COPPER PLATE THOS. AS SHOWN-cj f~w -c 625-11 TAP 100 DP CASE .045-.055 EFFECTIVE- ROOT

rn60* CENTER .69 CIA. REHEAT '550*F.12 9:4( ,M REMOVE [it2 THOS, DRAW 350*1F
9( In'l CORE HARDNESS Ro 34 -55

TEST PIECES REO'Dul t.03 FOGING TOTEST BRIN. 226 MAX.
STRSS ELIVEAT 3259F AFTER

____ _FI.NO. H OF NDN TEETETH

PITC IAEXTERNA SLTINE. 2.AT 0

DIM.ý OVE PIC PIAMTNS.kT 2.66250 ,

HOD NO. - I 5-
.06 R 6 X 4 NOTES ON MACHINING

R E LIE FIM ITS O N U N L d S 0 H E R W IS E
SURACEK~2. BREAK ALL SHARP CORNERS

ACE*Y*STAMP: 4.3. ROUND ALL TOOTH EDGESACY4.19 
IDENT. NO 4 ROUND ALL KEYWAY AND SPLINE ENDS

[12-.6012 
BLACK OXIDE COAT PER AIMS 2465 0

WIS28831-2.813-PAE

TN.7.56[PART NOI 7p
REF ,GR.IV511 EF * MANUFACTURE AND INSPECT TO STD. BLANK

-11.51 REFTOLERANCESIFOR GLEASON BLANK CHECKER
MAGNAFLUX INSPECT
NITAL ETCH

12. PInion Drawing for 12-Inch Cutter
Diameter P~ulser Gear Sot.
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GROUND SPIRAL BEVEL GEAR

AGMA QUALITY NO.--. 13 AIRCRAFT OU-AL.TY
RUNOUT TOLERANCE .0009 00 IjNSPECTION REO D
MITCH TOLERANCE .0002
'ON1MAL CHORDAL, ADDENDUM WElAh) .o
-40RMAL CHORDAL TOOTH TsaSICKN58!) .18 - .191

WHOLEDEPT -A2484 5 *,lEn OUT DIA.

[~IR PEEN: ~ i

3 0 25 R .03 X 45*

WI NJ

STAMP: IDENT NO.
HO. ?.970-797I

-o475 -ýSE IWAS. OR. 7.9850 - 7.985 D IAAV
H. OR 6.0000- 6.0003

2.3 I I45* CHAMFZR 6.2 OIA.

10.000 REF B.C. DIA.

w C * MANUFACTURE AND INSPECT TO STO BLANIkv TOLERANCES FOR GLEASON BLANK CHECKER

40 .562 DR. .04 DR
25-IS TAP .81 OP

"6--00C'SINK .69 DIA.
10 HOLES EQ. 5P
LOC. WITHIN .005 OF TRUE P05.

Figure 53. Gear Drawing for 7-1/2-Inch
Cutter Diameter Test Gear Set.
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GROUND SPIRAL BEVEL GEAR

SEVEL GEAR DATA
.13 QT AITY, NUMBER OF TEETH - 51Ib-0009 [0%N IONREO PITCH WDP) (-4090
0002 PITCH DIAMETER (THORET ICAL) 12 111

PITCH ANG INE 1 --E
A•-,MEA - .I 1 SHAFT ANl E _ .0

PRESSURE [ - Os-
, -00 -O SPIRAL ANGLE -lt 38B006 -.,08 H•AND Of SPIRAL R,.,H.

DRIVER OR DRIVEN - DRIVEN
12.560 (off)*aT PIA. 0IRECTMiO OF NOTATION _- C.C.w

TOOTH FILLET CURVE 060 MIN. RADO
PART NO. OF MATE 1396ti-P
-NUMBER OF TEETI, IN MATE-- 1?

"!boo SUMMARY NO. ' ac) 139.098

MATERIAL: AMS 62653

J2 R -- CASE: .045-055 EFFECTIVE-ROOT
REHEAT ,5IO'F
DRAW 350*F
CORE HARDNESS As 64-33
CASE HARDNESS Rs 60 MIN.-25R .03 X 45 TEST PIECES REO'D

L FORGI'4Gs TO TEST BRIN, 226 MAX.
STRE8S RELIEVE AT 325"F AFTER
FINISH GRINDING TEETH

SURFACE" " MUT rE SOUARE
l WITH DIA. A' WITH4IN .0002 T.I.R,

SR MAGNAFLUX INSPECT

SNT NO. /GR . 970- ?.#?I NITAL ETCHS . O R. T. 9650 i - 7.91155 DIA !&W
SEE 11EW A t.+K OR 6.0000- 6.0003

45' CHAMFER B, I _____A.

6.111 CNOTES ON MACHINING
1. LIMITS ON FINISH .IMENSIONS ARE

jpl&itf +UNLESS OTHERWISE
10.000 REF B.C. WA 2. U.RI1AK ALL SHARP CORNERS

3 ROUND ALL TOOTH EDGE,
4 ROUND ALL KEYWAY AND SPLINE ENDS4 . "- MANUFACTURE AND INSPECT TO ITO I LANK

TOLERANCES FOR GLEASON BLANK CHECKER BLACK OXIDE COAT PER AMS 24850

.562 DR. .94 OR PR O 3S6O
! ,ý025-•sl TAP .1 DOp

- 00 C'SINK GS DIA.
10 HOLES EQ. SR
LOC, WITHIN 005 OF TRUE PO0.

ý3. Gear Drawing for 7-1/2-Inch
Cutter Diameter Test Gear Set.
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GROUND SPIRAL BEVEL GEAR

INSPECTION DATA
AGMA QUALITY NO. 13F ICRF 3ULT
RUNOUT TOLERANCE .0009 Lj90%NSKCTI0NREQDJ
PITCH TOLERANCE -. 0002
NORMAL CHORDAL. ADDENDUMJ-iKL1gO4
NORMAL CHORDAL TOOTH THICKNESS iMgkuigY .-.192

SAT 1 1 7 .I 2 TJEP UTDA
0511AINCE .0-0

WHOLE DEfPTH- 463-.466

Z VIBRO PEEN: k-A9 0

S PART N Q .12 R

2

" ý -O R SURFACE 0 'STAMP: IDENT NO.
SO. 7.970- 737?I

S. OR. T. 9S50- 7.985 DIA*A
4.7 ~~~ ~ 1 5 SRE E .Of 6.0000- 6.0003

2. 9 d45* CHAMFER s.i25 DIA.

___________10__000_ REF 5. C. DIA.

TOEANUFCTUES AND INSPECT TO STD BLANK

WtTLERNCE FOR GLEASON ot BLANK CHECKER

.52DRZ 94O



GROUND SPIRAL BEVEL GEAR

BEVEL GEAR DATA
-IAIRCRAFT QUITY NUMKR OF TEETH 511-.O1005 INSCTIONREQD PITCH (OR) INIF) 4.060-.-O002 PITCH DIAMETER (THORETICAL) I1,s09L..104 

PITCH ANGLE 101g) ?1,-3J.104 -.I52 
SHAFT ANGLE - 90",IrPRESSURE ANGLE Ze 2
SPINAL ANGLE WED 50-. OoS -. 006 HAND OF SPIRAL N.H.

-.-AU AGO DRIVER OR DRIVEN DRIVEN

12. 7 -)' OUT DIA. DIRECTION OF ROTATION- C.C.W

TOOTH FILLET CURVE 060 MIN. RAO.
PART NO. OF MATE 13g 8 6:p

- - •_ . .. •.LNUMBER OF TEETH IN MATE-. 17
SUMMARY NO. 112).7

-q MATERIAL: AMS 62653
.12 R -~CASE: .O45-.055 EFFECTIVE-ROOT

REHEAT 1550OF
DRAW 350P"
CORE HARDNESS Re 34 -36
CASE HARDNESS Re 60 MIN,.25 R .03 X 45 TEST PIECES REOD
FORGINGS TO TEST ORIN. 226 MAX.] I P STRESS RELIEVE AT 325"F AFTER

. FINIUH GRINDING TEETH
SURFACE*Xt #UST BE SQUARE
WITH DIA. A WITHIN .0003 T.I.R.

0 SURFACE X X MAGNAFLUX INSPECT
"t NO. / 50. 7. 970- 7 971 NITAL ETCH

SEE VIEW �A S.OR. 7.99e0- .9e IA.A
SEE VIEW R 5.0000- ,00003

45* CHAMP R _ .125 OIA. NOTES ON MACHINING

I. LIMITS ON H

10.000 R2. EAK ALL SHARP CORNERS
3 ROUND ALL TOOTH EDGES
4 ROUND ALL KEYWAY AND SPLINE ENDS

0 . )-*" MANUFACTURE AND INSPECT TO STO BLANK
1 TOLERANCES FOR GLEASON SLANK CHECKER SLACK OXIDE COAT PER AMI 2465 D

.562 DR. .94 OR IPART NO I 7-

.25-IS TAP .81 DP
S_ I'C'SINK .69 0IA.SIO HOLES EQ. SR
LOC. WITHIN .005 OF TRUE POS,

54. Gear Drawtng for 1 2-Inch Cutter
Diameter Test Gear Set.

1Z3



SH91T I -OF 3OPERATION SHEET ODNN

METHODS MUST INITIAL ALL EXCEPTIONS
PART NAME GEAR, GROUND SPIRAL 13EVEL CUSTOMER FORT EUJSTIS.DAAJO2-68- "Or13

DIP. *i Opal- NAME OF OPERATION TOOL NO. NAME OF TOOL cx 09T

AMS 6265SB PLIRCHASED FORGINGS$___

_8TrlFU MEASURE FORGING
ROUlqh ANGLES AND FRONT __

89LZ 010_ ROUGH & FINISH TURN BOBE AND BC

________ __________ F1222Z _BSHN

52 34P 020 DRILL, TAP & CO'SINK HOLES _

57 Tf3- GREEN BOTTOM TA.PHE

88 17 025 SPOT-FRONT 4, GRIND BACK TO CLEAN __________

89 21 030 SOFT GRIND BORE____ ______

SEE OPER. 0-40 _____

__AND RADIUS 0,V l.F12Z52 ARBOR

89 040- INSPECT DIMENSIONS TURNED IN OPER. ___

035 ON FIRST PIECE BEFORE OrxERS
ARE___________________ TURNED__________893 05DPI OINPC IS IC

SEguE OPR55.Tu0erRotn hos

% IUýUR FRNT1NGL

N'V FRNT AN



ORDER No QUANTITY ai. o.±. OPERATION SHEET
TIONS ____METHODS MUST INITIAL ALL EXCC

P-8--ART 3980PART NAME GEAR. GROUND SPIRAL BEVEL CUSTOMER FORT EUSTIS -DA

Cosl PART SIMILAR PARIT

IlOITOOLC E T. TIME rim ogrN~-m p.¶' NAME OF OPERATION TOOL NO.
E_ OF_ TOOL_ ex_ SI UPI PER PC. ESTIMATE-- ________ ________________

~ 89 060 VIBRO PEEN PART NO.,____

-069* STAMP TflENT1FTCATIC)N NO-
PLIT RNG - -SEE ORDER OR NOIS.

USH-ING 8- _ - .j 070 INSPECT BLANKS 100%

A 89 j 92A 075 MAGNAFLUX INSPECT

89 --- 3. 3 Q _ R UV239

-- __89- 085 CHAMFER & BURR TEETH

89- 72A 090 TEST & INSPECT - M. D. HELD F41A

IRBOR J - 21 100 HARDEN -DRAW -CLEAN 275___

- ~- DIAMS. AN*DSOLES
PIECES MUST NOT BE BURNED_____

_____ -W ~ 1W DEPT. 89 TO INSPECT FIRST PIECE -SE
_____ - -L~ ~OPER. 110

SPOT FONT & GRIND SURFACE X TO

89 110[j INSPECT SURF'ACE GROUND IN CIPER I0
- - Q l~ EF~ORE: OTHERS ARE

- PD GROUND,



"lIAN SHEET PIORS P_ QoT OPERATION
iTIAL ALL EXCEPTIONS METHODS MUST INITIAL

M RFORT EUSTIS -DAAJ02-68 •,C o PART 9 98

M FOT SSj o 139898G PART NAME GEAR, GROUND SPIRAL BEVEL CUSTOMER Fa
SIMAss. PART METHODS TIME STUDY S R PART

JB 1 J . . NO. 3.27-68 N.G. Ii.

TOOL NO. NAME OF TOOL Cx IsTUP PEm IDc ESTIMATI DEPT. I.PE NAME OF OPERATION

2-6 21 115 DEPT- 89 O'0 INSEC FIRST PIFCE.
______ ____....SEE OPER. 120 GRIND BORE

-89 lez INSPECT BORE GROUND IN OPER• 115 ON
.... _FIRST PIECE BEFORE OTHERS ARE GRO3

_-89 A4B 125 NITAL ETCH GROUND SURFACESS~~(_ MIN. ONLY

... Fr - 737 MAGNA LUX INSPECT

__.... -_ 1.5 INSPCT AOn E AND A..ACI. -

____ 89 60C 40" GRIND TEETH - M. D. HELD

_n ________89 145 ROUND ALL SHARP EDGES
IBB~F24319AG X-PAND'IsK AF B ' R

_9 X9 7ZA 150 TEST & INSPECT - M. D. HELD

__750_ ._ DSN _ -__89 A48 155 NITAL ETCH TEETH ONLY, PROTECT
" _____REST OF PIECE

--- _--- - -]-- - - 2.89 92A 160 MAGNAFLUX INPSECT-

......... .... .. i ' '64 C85 162 STRESS RELIEVE__

CE -•EE 89 _6- VIBRO PEEN AS SHOWN

S9 BEb T7o BLACK OXIDE COAT ZR AMS i485D

_________ __..--__-____- - ---4-. -89 DELVER TO TEST CE

II[--- ,T



~- $MEET 3 ~3OPERATION SHEET O, *At?

METHODS MUST INITIAL ALL EXCEPTIONS________
PART NAME GEAR, GROUND SPIRAL BEVEL CUSTOMER FORT EUSTIS -DAAJ 02 6¶Vbj "A 19B
WHTODSl TIME STUDY IM*JOR AT5NIA PART S. PR

3-27-68 N.G. PN

TIME M~.$O 19 TM
ESTIMATE DE.PT CLASS OPK" NAME OF OPERATION TOOL NO. NAME OF TOOL Cx SIT UP PER PC.' ESIAT

1~ ~ -120~J GRIND BORE r~o -immLN -u:

189 1_ iZO INSPECT BORE ORN OER 115___ON
FIRST PIECE BEFOR OTHERS ARE GROU I

-89=B- S NITAL ETC14 GROUND SURFACES_____

8v 'IL 1ZT 3V MWG'FLUX INSPECT___

-9 .135. TNSPrC-T IQR E AND HACIK

8- -0 C 74- GRIND TEETH - M, D. HELD F24000 N. E BALL S LEEV ARIO

~~ ~89 -145 ROUND ALL SHARP EDGES___________

~ B9 7ZA 150 TEST & INSPECT - M4.D. HfELD _____

I ~ ~~ W C58- I STRESSREEV____

P 9 It'VB-l.EEIASSOW



$MEET I OF 4 OPERATION SHEET ODRN
4 4 METHODS MUST INITIAL ALL EXCEPTIONS

PART NAME PINION, GROUND SPIRAL BEVEL CUSTOMER FORT EUSTIS-DAAJOZ-68-C-00 a:A:

MEH D TIM STUDY MAJOR PART 15M A ATASS PART

CLASST OPER NAME OF OPERATION TOOL NO. NAME OF TOOL cx --

AMS b265B PURCHASED FORGINGS

89 B 005__ MEASURE FORGING' L .- -. .

i ~ SHOULDE ROUGH ~
- - ___ DIAM, F. BACK NL N I~J

1_ CHECK, CHAMFER. _DRILL. TAP &c CENTER-

9-9 11B 0-10 FACE FRONT TO LENGq RUHAD THISC OMTO
- E~c~ FRONT DIaM.AND SuRFACZY_'I RU~FRONANG~AND HUB D._

STAMP IDENTIFICINNO
SEE ORDER FOR NO'S. _________

89 33L 00 _LAP -CENTERS___

89 16 025 DEPT. 89 TO INSPECT FIRST PIECE-SEE _ __

- - ___ OPER. 030 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

SOFT ORIND IMAANGiD
__SURFACE XTO LENGTH __

030 DNp~IMENSIO)NS CgROUND ANCpyR~a. - "'

89 3 035 DEPT. 09T INSPECT FIRSTPIC 5.___

OE.05FINISH TURN FOTAG ~ *~ --.---.

P0 ataii~m __ AND HUB.ND FZ4ISA - QjJQJ

Figure~~~~~~ 56.etPno otn hea

127 1j41ISETDMNIN UqDI PR

A3 NjSPEE FOEOHR
ARE____ TURNER--- . . -... ,



It

ooSWEET 2 OF,. 4 OPERATION

;EPTIONS METHODS MUST INITIAL
AJ2r 139887? PART NAME PINION, GROUND SPIRAL BEVEL CUSTOMER F

TIfti StUcl MAJOR PART IIA
A go ".312-6 8o.C.,_

1O 139898P - N 0.

NL ITO.,TIM TIME O MAT . IoPE. NAME OF OPERATIONNAME OF TOOL Cx I Icy UP[ PE pc. gSTMUATI IP C GN

055 - -•SPrT DKIM&NSIONS 1TURNED IN OPER.
050 ONFIiS IECE BEFOE OTI(

8 _3 660 POLISH ALL SURFACES EXCEPTr THOSE
T-0 B E G ROUN D,

S.. ..... .. ...... • 7 -_"% _+ •89 -67-0 '_ _•c :p L _ •

5218 A 075 8OB SPLIN-qES FF -

.I._ .__ ol0 _§PSTb & BURR SPLINES

.. 89 92A 085 MAGNAFLUX INSPECT

i• ' P89 -63D 090 __gD3LO'U<3ISEhdtI-FINISH CUT TEmTH l
___ . . . .. __ __ _(BOTT. SIDE __-

: • " M Io•,r w. COLEMAN M. D ,mIEL

- 89_ 63D 095 SEMI-FINISH CUT TEETH TOP SIDE)~~~~~~_ - m ... . .. . ... . . . 0 . H EL13

9 7 -- 5 TZS INSPECT - M. 0, ELD

__ L9Z&j0. MkAflJjjJ INSprECT

90• AMh M1 COPPER PLATE AS SHOWN

Po ill-IsIm

1• )



HEET ODER,,o QuAN,,,, 3. _ _ OPERATION
ALL EXCEPTIONS_ _____ _ _ _ METHODS MUST INITIAL

oT EUSTIS -DAAJ0-68.C .-398P7? PART NAME PINION, GROUND SWRAL BEVZL CUSTOMER FoR

Ps ]ART METHOD TIE UpY MAJOR PART JimILRP
t.I__ 139898P 3M27-68 NG. . -iTooLNO NA o,,TOOL c.o SO. TIME TIME D,,T MACH

TOOL____ NO. _NAMEOFTOOL __ SETUP PER PC. ESTIMATE DP CLASS OPER. NAME OF OPERATION

--i -- 4--- 4-4-- DIA MS AND SI-IOULDER.S.

- - -PIECES MIUST__NOT BEý BURNED -

_____26 -1ý 135 I 8jTO INSECT FIRST PIECE - S-EE '

GRIND DIA. A AND DIA. E ,

I _ U FLANGE_5_AE 89 - 140 INSPECT DIAMS. GROUND IN OPER. 3'

ON FIRST PIECE BEFORE OTHERS ARE1 " GROUND

[ ,2 - -6 16U 145 DEPT, 89 TO INSPECT FIRST PIECE - SEEI F~l46BJ BUSHNG iOPER, 150
F21246BJ BUSHING GRIND SURFACE X TO LENGTH AND GRIN

_____,_____ SURFACE Y TO LENGTH AND BLEND
________ _ '____ RADIUS .

'89 150 INSPECT SURFACES GROUND IN OPER. 145
'- - 'ON FIRST PIECE BEFORE OTHERS ARE
,_- -IGROUND

F1 3 B IG89 A48 155 NITAL ETCH GROUND URFAE
iF21246Bj BUSHINGi (2 MIN. ONLY' ___

[] 212•4ORR CHUCK
- -] - - -8 jE 160 DEPT. 89 TO INSPECT FIRST PIECE -SEEf _ .___165

_ _-- GRIND THDS. AT DIA, C

1 1 89 165 INSPECT THDS. R ND N PE 1
TPIECEBORE OTHERS RE

_______ - - g ZA 170 MAGNAFLUX 13PEC T

* 18IIII .lMiL

C



SHEET SHEET 4O OF 4I~

ALL EXCEPTIONS METHODS...L..

ORT EUSTI -DAAJ02-6 tjoo 139887P PART NAME PINION, GROUND SPIRAL BE
PART Allt PANtT 0 MPR

- ______NO 139898P "3 t 68 NG. ?'il $I SUDY N~UP

TOOL NO. NAME OF TOOL o Xjpv NAME OP 0
R_ up PC ESTIMArT P LASS NAME O

89. 175~L MGNrU INSPECTDA )

.i9 1.5 GRIND. gTEEWT'



OPERATION SHEET o°o"tNO QUANTITY

METHODS MUST INITIAL ALL EXCEPTIONS
PART

GN, ROUND SPIRAL BEVEL CUSTOMERFORT EUSTIS-DAAJO.6S-c- No. 139B87P
STUDY MAJOR PART SIMILAR PART P TR 139898P

sT - im. TIMENAME OF OPERATION TOOL NO, NAME OF TOOL cx E'PE, PC._ STIMATE

GRI~r TKFH(jQ1 Fq936) , T)Aqr.SLEEVE HC

F1936JIl-I BALI. SLEEVE ____

GRINDSDEM ELD_

BOND SL SHAR EDES. _ -

_ _ _ _ __CIY URAESv& O_ _ _-_ _ 4--'
•|TEST 16 INSPECT - M.D. aEJ . . .. ~ • _••,I,,•FE]_ Ul ._lCK _ -

SEE MEMO BY W. COLEMAN F.936JI-1 BALLSLEEVE

SINITA ETH TETETHONLY. PROTECT
REST OF PIECE

MAGNAFLUX INSPECT

• -2 I • VER TO -TEST C ENT E• "--R--

_ -- - - - "E
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NR.R. MUURI I-AIIGUE TEST

INSPECT .215 DIA, AND THOS.
NON-CASE TAPPED HOLES
CARS,.030 .040 EFF CASE
REHEAT AVO WUENCH4 1550 P1
DRAW 350 F
CORE Re 34-;40
CASE Re 60

SEND OUT FOR FINAL GRINDING
AND POLISHING
INSPECT 481 DIA. 208 DIA., 5 RAD.
AND SURFACE FINISH
STRESS RELIEVE AT 3250 F

4 NITAL ETCH

U, SLACK OXIDE COAT PER AMS 2405 D

0
16 I -S MATERIAL: AMS 6265 I

II V
wt . CENTER FOR TURNING AND GRINDING

NOTE: FOR SPECIMEN INSPECTION JIG USE 60*
INCLUDED ANGLE CENTER WITH MAXIMUM
DIAMETER OF CENTER a .344Z,005 DIAMETER

.010 RELIEF

TAPER 0.625-!.010 PER FOOT ION DIAMETER)

FILLETI
NOTE: UNLESS OTHERWISE SPECIFIED ALL

DIMENSIONS ARE IN INCHES

SURFACE FINISH TO BE AS FOLLOW:
GAGE SECTION .0 5 TO 2.0 MICROINCHES

(LONGITUDINALLY POUSHED)
OTHER SURFACES IS MICROINCHES OR FINER
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APPENDIX 31

GEAR TESTING DATA

DYNAMIC TESTING MACHINE INSTRUMENTATION

D-ilital Voltmeter - Hewlett Packard - Model 3439A
Atomnatic Range Selector- Hewlett Packard - Model 3442A
.. otating Torque Sensor - Lebow Asiociatos, Inc. - Model 1241-101
Temperature Recorder - Taylor Instrument Company - Model 91JF
Temperature Recorder - Minneapolis Honeywell - Model KI 53X
Vibraswitch - Robertshaw Control Company - Model 66

Function and Purpose of Each Instrument

A digital voltmeter is used to monitor the torque in the system. Direct

numerical readout combined with automatic range-changing features
permits monitoring the signal of the torque sensors mounted between
the cornerboxes and the output shafts of the test gearboxes.

The torque sensors are of the in-line rotating type having a Wheatsone
bridge strain gage circuit. Each bridge is connected to slip ring, J,
silver graphite brushes on the shaft, which provide the incoming bridge
current and the outgoing strain signal.

A universal multipoint recorder is used to monitor bearing temperatures
of the test box. Points are indicated and recorded by a turret wheel
mechanism with records identified by various combinations of numbers
and symbols.

An air-operated temperature recorder-controller is used to monitor and
control the oil temperature in the test box. A preset alarm system shuts
off the main drive motor in the event that the test box lubricant tempera-
ture exceeds the set point.

The stress-cycle counter consists of a photoelectric cell and a light
source which is interrupted through approximately 120 degrees of
rotation by a slotted disc. This is used to provide an electrical signal
to a two-digit electronic counter which triggers a mechanical counter
after each 100 rotations of the gear shaft.
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BEVEL GEAR PULSER INSTRUMENTATION

Oscilloscope - Hewlett Packard.- Model 140A
Digital Voltmeter - Ballantine - Model 355
Strain Indicator -The Buidd Company - Medel P-350
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Figure 61. Deflection Test Geai Tooth Contacts on 12-Inch Cutter
Diameter Gear Design - Friction Load at Start of Test
on Gear Convex Tooth Surface.

Figure 62. Deflection Test Gear Tooth Contacts on 1Z-Inch Cutter
Diameter Gear Design - Friction Load at Start of Test
on Gear Concave Tooth Surface.
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Figure 63. Deflection Test Gear Tooth Contacts on 12-Inch Cutter
Diameter Gear Design - 35, 800 Lb-!n. Gear Torque on
Gear Convex Tooth Surface.

Figure 64. Deflection Test Gear Tooth Contacts on 12-Inch Cutter
Diameter Gear Design - 5O, 000 Lb-In. Gear Torque on
Gear Convex Tooth Surface.
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Figure 65. Deflection Test Gear Tooth Contacts on 12-Inch Ciitter
Diameter Gear Design - 71, 600 Lb-1rs. Gear Torqtze on
Gear Convex Tooth Surface.

Figure 66. Deflection Test Gear Tooth Contacts on 12-Inch Cutter
Diameter Gear Design - 100, 000 Lb-In. Gear Torque on
Gear Convex Tooth Surface.
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Figure 67. Deflection Test Gear Tooth Contacts an 12-Inch Cutter
ii Diameter Gear Design - Friction Load at End of Test

on Gear Convex Tooth Surface.

Figure 68. Deflection Test Gear Tooth Contacts on 12-Inch Cutter

Diameter Gear Design - Friction Load at End of Test
on Gear Concave Tooth Surface.
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Figure 70. Deflection Test Gear Tooth Contacts on 7-1/2-Inch Cutter
Diameter Gear Design - 35, 800 Lb-In. Gear Torque on
Gear Convex Tooth Surface.

Figure 71. Deflection Test Gear Tooth Contacts on 7-1/2-Inch Cutter
Diameter Gear Design - 50, 000 Lb-In. Gear Torque on
Gear Convex Tooth Surface.
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Figure 72. Deflection Test Gear Tooth Contacts on 7-1/2-Inch Cutter
Diameter Gear Design -. 71, 600 Lb-In. Gear Torque on
Gear Convex Tooth Surface.

Figure 73. Deflection Teat Gear Tooth Contacuo on 7-1/2-Inch Cutter
Diameter Gear Design - 100,000 Lb-In. Gear Torque on
Gear Convex Tooth Surface.

149



II

Figure 74. Deflection Test Gear Tooth Contacts on 7-1/2-Inch Cutter
Diameter Gear Design - Friction Load at End of Test on
Gear Convex Tooth Surface.

A'

Figure 75. Deflection Test Gear Tooth Contacts on 7-1/.-Inch Cutter
Diameter Gear Design - Friction Load at End of Test on
Gear Concave Tooth Surface.
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Figure 76. Side Elevation of Pinion Mounted in Test Box Showing
Locations of Indicators for Measuring Displacements.
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-e 77. Front Elevation of Gear Mounted In Test Box Showing

Locations of Indicators for Measuring Displacerments.
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Figure 78. Plan View of Gear and Pinion Mounted in Test Box Showing
Locations of Indicators for Measuring Displacements..
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APPENDIX III

EFFECTIVE FACE WIDTH

This appendix cunsists of a detailed description of the derivation of the
effective face width, Fe. The concept of effective face width has been
in use for a number of years and was first introduced for use in bevel
gear strength formulas in 1952, Reference B. This concept, as intro.
duced at that time, improved the accuracy of bevel gear strength calcu-
lations considerably, and was based on a simplified theory that has since
been found to be somewhat inaccurate. The derivation of a now formula
for effective face width is outlined below and is based on a thorough strain
gage study of gear tooth models.

The purpose of the effective face width formula is to account for the
following:

I. The fillet stress of a gear tooth is a maximum at a point in the
fillet below the instantaneous line of contact and is not uniformly
distributed over the tooth, as many calculation methods assume.
This becomes obvious in the case of a very long tooth and a
relatively short line of contact.

2. The pinion member of a pair is often designed with a longer
tooth for increased strength. Calculation procedures assuming
concentrated point loads do not provide for this difference in
gear and pinion face widths in determining the final stresses.

In the derivation of the formulas for Fe, the following assumptions are
made:

1. Calculations are made in a mean section assuming the load at a
height hN above the root of the tooth; see Figvre 79.

2. It is generally recognised that for a given line of contact on a
crowned gear tooth, the load is not uniformly distributed along
the line of contact. In this derivation it is assumed that the
load distribution along the line of contact is elliptical. This
will result in non-uniform stress along the root of the tooth.

The ratio of the maximum stress to the average stress can be considered
as resulting from a reduction in the face width by an amount inversely
proportional to the Increase in stress. This decreased face width is
called the effective face width and is defined as:
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Figure 79. Mean Section Through Tooth Showing Load Height, hN.
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Fe U F(savg/lmax) (1)

where F. : effective face width

F = actual face width

sMax maximum stress along the root of the tooth
produced by the assurned tooth loading

savg average stress along the root of the tooth produced
by a uniform load distribution along the total length
of the tooth at the assumed load height used for
smax *

DERIVATION

The derivation of the formulas for Fe ts based on general formulas for
savg and smax. These stresses are in turn based on calculations that
yield the stress distribution in the root of any specified gear tooth. Thus,
the derivation amounts to finding for a given tooth the average stress
caused by a uniform load across the tooth at height hN ('avg) and that
caused by an elliptical load along a calculated line of contact (smax) also
at height hN.

In 1966, the contractor conducted an experimental investigation to
determine the strain distribution in different curved gear tooth models,
Reference 14. A certain portion of that work as applied to symmetric A

teeth is applicable in the derivation of the new effective face width
formulas. A brief description of this prior work is included to give the
reader a full understanding of how the different stress distributions are
determined. In this analysis, stress is assumed to be proportional to
strain.

*The actual stress distribution along the root of the tooth resulting from
a uniform load distribution closely approximates a uniform stress.
However, the departure from uniformity has been considered in arriving
at the final formulas.
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Strain Distribution. in Curved Gear Tooth Models

Experimental Data

Five equally spaced strain gages were mounted lengthwise along the

fllets on both sides of the teeth on each of three aluminum gear tooth
nu~lols, Considerable attention was given to mounting these gages
at equal heights above the tooth root. The geometric configurations
of the tooth models chosen for this analyst@ are shown in Table XVIII.

TABLE XVIII. GEAR TOOTH CONFIGURATIONS

Pressure Nominal Cutter
M~odel Angle Diameter

Part Number (deg) (in.)

1 20 8.00

2 15 8.00

3 25 8.00

Equal point loads were successively applied normal to the tooth
surface on both sides of each tooth at 33 separate locations. The
loading matrix, shown in Figure 33, consisted of 3 rows of 11
equally spaced points. For each point load, the 5 tensile strains
were recorded. The strain data were refined to minimize any
experimental error. It was intended in this analysis to simulate
a contact line on the model tooth by a series of point loads along
that line. 1P

Data Analysis Program

A computer program was written for the purpose of analyzing the
experimental data. The strain gage data for a specified (convex
or concave) side of a tooth, which were used as input to the program,
determine a set of five strain readings for any contact line on that
tooth by superposition of a specified number of uniformly spaced
point loads.
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.Input items include:

1. Strain data in the form of a 33 x 5 matrix; 1ie., 33 load
points and 5 strain gage readings for each load point

2. Coordinates of the end points of the desired contact line

3. Type of load distribution along the contact line (uI#oot,
elliptical, parabolic)

4. Number of uniformly spaced discrete point loads used to
simulate the line load

5. Coordinates of matrix loading points

6. Coordinates of strain gages

Although it is possible to use any number of point loads to simulate
a line load, it was found here that 11 points were sufficient to
represent any line within the degree of accuracy commensurate
with the experimental data. The location of these uniformly spaced
points is calculated automatically by t. a program. For the points
not part of the original loading matrix, a second-order interpolation
procedure was included to calculate the corresponding strains at
each of the gages.

Exponential Curve Fit

It was established for these models that the lengthwise stress
distribution in the root of the teeth due to both uniform and ellip-
tical loads can be described by the following equation:

Y = A expB (x+C)2  (7)

where Y the stress

A, B, and C * parameters describing the gear tooth
geometry, load line geometry, and
the load distribution

x the lengthwise position along the tooth

Note: All models were of the same length.
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For each of the, contact lines applied to these models,A, B, and
r. e,*n Us..1 b1 .3 *" - ---- IV

equ= exp (B (x+C) ). A, B, and Ci were found in
practice by fitting a power equation through the logarithms of the
three highest of the five resulting strain readings. A computer
program with a curve-fitting routine was available for power
series but not for logarithmic expressions. It is of interest to
note that this equation can be modified to fit a gear tooth of any
length, provided A1 , B1 , and C1 can be calculated, by nondimen-
sionalising-the variable x by a scaling factor that is a function of
the face width F. The length of the test models was 2. 94 inches.

2

Thus, Y A exp B(x F + C) (8)
2. 94 cos 0

is obtained as the equation that describes the resulting stress
distribution on any tooth due to either a uniform or an elliptical
load distribution.

In practice, the parameters A1 , B1 , and C1 are found by the same
procedure that was used to find them for the test models. The
mathematical steps involved are outlined below:

Upon taking logarithms of both sides of equation (8), the
following equation in obtained:

2
In Y -- In Ai + Bi (x F + Ci) (9)2. 94 cos

= (In Ai+BiCi 2 )+ 2CjBi F x+Bi F x2

2.94 coso# (2.94 coo )

or in general,

In Y = W 1 + W2x + W3 x2  (10)

where the Wi's are constants for a particular set of Ai, Bi,
and Ci. Upon back substitution, Aj, Bi, and Ci can be
solved in terms of the Wils as follows:

A1 = exp (W 1 - W 2
2 /4W 3 ) (11)

*The distance between the center of the strain gage on the far left and
the center of the one on the far right was 2.72 inches.
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(i. 94 cos f )Z
Bi = W3 Z (12)

Ci = (WZF)/(Z W3 2.94 cos o, (13)

Thuslknowing the Wile for a given line of contact for a given
model, Ai, Bi, and Ci can be determined.

As a first step, It is necessary to determine the values of W" for selected

contact lines with uniform as well as elliptical load distributions on the
gear tooth models. To differentiate between the values of W" for the two
load distributions, the following change is made:

1. For uniformloads, WI will be referred to as UT.

2. For elliptical loads, W1 will be referred to as Vi.

Calculation of Uj (savg) for Uniform Loads

Three lines of contact were chosen and analyzed on both the convex
and concave surfaces of each of the three models using the data
analysis program to simulate the loading. The locations of the
three lines of contact in the axial plane on each of the three models
are shown in Figure 80. The data analysis program yielded for
each line of contact a set of five strain readings and a set of coef-
ficients U1 , U2 , and U 3 of an exponential equation, which defines
a curve closely approximating the strain distribution along the
tooth root. The values obtained for Ui for the 18 load lines are
given in Table XIX. 0."

Calculation of VI (smax) for Elliptical Loads

Fifteen contact lines were chosen and analysed on both the convex
and concave surfaces of each of the three models using the data
analysis program to simulate the loading, Figure 81. These
contact lines varied in:

1. Length (11) in the tangent plane.

2. Angle of inclination (w) of contact line with respect to
pitch line in the tangent plane.
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ELLIPTICAL LOADS
(ALL DIMENSIONS IN AXIAL PLANE OF TOOTH)

O00ULINES •

• ,. 'q--.-,LOADING•
S,- _i• 'rMATRIX

" 2500 me- "-1220

S2040

*:ORIGIN OF LOADING MATRIX AT THIS POINT XL: YL=O

7 -.7 t77 7 7' 7.7_7_ 77_ 7 7

,_ z 3

71L11111 1111 J1 11711 1777 i7

11117771 17,77,1
Figfure 81. Sketch Showing Location of 15 Contact Lines Used in

the Analysis for Effective Face Width.
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3. Load height on the tooth (hw) in the axial clan.I

Their exact locations on the tooth are listed in Table XX.

For each line of contact, the data analysis program yielded a set
of five strain readings and also the three coefficients V1 , V 2 , and
V3 of an exponential equation, which defines a curve closely
approximating the strain distribution along the tooth root.

An e Iample of a strain distribution obtained in this way ti given in
Figure 82 for line No. 2, on the concave surface of model No. 1 (20*
pressure angle). The values obtained for V1 for the 90 load lines are
shown in Table XXI.

Regression Analysis

From the calculated values of Ui (Table XIX) and Vi (Table XXI),
general formulas for these parameters can be derived through multiple
regression analysis.

Formulas for UL

Each set of U 1 , U2 , and U3 values is used to describe sav , thestream distribution in the tooth root due to a uniform load ATstri-

button across the entire tooth length. The geometrical variables
found to have a significant effect on U1 are:

1. hN height along tooth centerline from the wethkst
section in the root of the tooth to the point of
load application.

2. * = normal pressure angle.

3. rc = cutter radius.

The height hN is nondimensLonalized by dividing by ht the total
tooth height in the axial plane, and the 6utter radius is nondimen-
sionalised by dividing by F/2 cos €. The latter results in the
nondimensional variable P = F/2rc cos 0 . The values of two of
the geometrical variables for the nine selected lines of contact
are given in Table XXII. The value of P remained constant for
the nine lines. The values of the geometrical variables and the
corresponding values of U1 serve as input to a multiple regression
program. The final form of the equation of U1 is:
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TABLE XX. COORDINATES OF CONTACT T.TJI.Q

IN THE AXIAL PLANE

Left Coordinate* Right Coordinate*Line No. XLYLX YR

. 0. 5 800 0.350 0O

2 0.000 0.350 1.700 0.350 U,

3 0.600 0.350 1.900 0.350

4 0.800 0.250 1.700 0.250

5 0.800 0.450 1.700 0.450

6 1.014 0.433 1.486 0.267

7 1.014 0.333 1.486 0.167

8 0.826 0.500 1.674 O0.00

9 0.826 0.400 1.674 0.100

10 1.050 0.-500 1.450 0.200

11 1.050 0.400 1.450 0.100

12 1.150 0.500 1.350 0.200

13 1.150 0.400 1.350 0.100

14 0. 30U 0.350 2.200 0.350

15 0.300 0.250 2.200 0.250

*Coordinates are given in the direction facing the surface of the
tooth under study and with respect to the origin of the loading
matrix ahown in Figure 81,

169



M 0 N LA I A ' l 0. % 0 04 IQI

'El 4 C i .4 00 %Q % 0 LI 00 m 0 e
Nw . . . .4 N N N

Ln 0 n - - N t '- 0n i Ln LA tn ..- 0 In in

(**. 0 ~ 1700 - 0 4



I 00
I ~4 4 .4 4 w .4

P-1~a P- 0 f

I~~ ~ 0 4 P4 - -~ ,

e n In Go a I S I

io P-4 P-

E4

* .

j*~i N W 44 ~ 444 sf In 171W



N -

~~~~j~~~ 00 - 0 .' - L 0 O

~~L 04 A t 0 0 0 '0 01 %0

'0 N N t 14 I L4 14 Lg 0 14 L

PA Ul% 00 00 N '0 Ln 0 Go 0 t-

V ~ j 00 . 0 -4 N' Nr 00 0 - -

No tn 14 LA - V LA M0 C- LM 0n

A~ - - 172



F j-

-m .IF in %0 r ~-N

bo n .n In .n In In .in %n in M
N Ni N N 0- 0 N-4 - N

I I a a a I173



sa - N t-L

Go 0 N 00 N

00 In In In tn n L

NN N0

174'.



c 2 P" N fn ~ 0

~2ho .-I NO m N r#

N~ N- Nf NO N~ N N N N eN NO If

17



It IAam OD e
Ln i i i>I

tn Ln '.0 M. LA Ln '.0 .0 '.M r. n NM

176



TABLE XXI. GEOMETRIC VARIABLES FOR Ut

Load Height
From the Root

Model of the Tooth Xi hN **
No.* (in,) - (rad)

0.4 0.429 0.262
0.5 0. 566 0. 262

o.6 0.720 0.262

10.4 0.403 0.349
0.5 0.563 0.349
o.6 0.723 0.349

3 0.4 0.376 0,436
0. 5 0.550 0.436
0.6 0.726 0.436

*For models 1, 2, and 3. c equals 20', 15'. and 25', respectively.

**Each value of hN it determined from a normal view layout at the
mean section of the tooth.

1I
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I

TT. - fr. 4. r. R I f r. r \ n_ '

* +(C?7+C8).) + (C 9 0C 1 0 #) (0)2 (14)I.

where C 1 through CIO are determined from the regression coef-
ficients from the computer program.

The upper sign to for the concave surface, and the lower sign to i '-+

for the matLng convex surfa c e ..

The final formulas for U, are:

U1  (7. 29 +7. 21 + (1.48±+2. 60/

-(20.9±+ 50. 2 3)~ (0. 27 3±+2.36 P) @UN)

tt

+ (28.0 +78.31) 7(1) 3-

U? - (5. 01+ 11.•) + (0.800+4.60o1 (ýF/

(h\2
+ (32.0 + 77. 8P) 0 - (0.717 + 3.9803)

-(47.1 + 1201) (16)

U3 (0.85±+4.1913) - (0. 321+1. 1lp)

+ (17.4+44.413) 1 (17)

The formulas for U1 , UZ, and U3 are Included In the computer
program. For straight bevels P a 0, U1 , U2 , and U3 are the
same for both the gear and mating pinion surfaces,
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t• ~Formnulas for ViE a * chetof VI' V2, and V3 value is ted tdecribethe stress

i distribution in the tooth root due to an elliptical load distribution

along the instantaneous line of contact. The following geometrical
variables found to have a significant effect on Vi are:

1. hN - height along tooth centerlins from the weakest
section In the root of the tooth to the point of
load applic., Ion.

2. FK = projected length of the line of contact in the
lengthwise direction of the tooth.

3. w = angle of inclination of the line of contact with respect

to the pitch line measured in the tangent plane.

4. * = normal pressure angle.

5. rc = cutter radius.

The variables hN and FK were made nondimensional by dividing
them by ht and FR, respectively; ht is the total tooth height In the
axial plane, and FR is the root line face width. The values of theme
variables are calculated for the 45 lines of contact (15 lines on each
of the three models). See Table XXIII. The value of 0 remained

constant for all lines of contact.

The final formulas for Vi are:

V, = (5.27 "5.80P) + (1.90±+0.5308) () h)

+ (4. 07 +I1 84) F--R-(0. 117"7 0. 179 0lw

(29.6 +48.0P) 0 + (36.7 +73.00 2 (18)

V 2  - (L. 0 + 7.48#) (1. 51 + 0. 570 )

- (7. 28 + 2.600) (• + (0. 173 +0. 155) w

+(49. 7+61.810) * - (66.1_+93.5#) *2 (19)
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Ii ~ TABLE XXIIl. GEOMETRIC VARIABLES FOR V1

Model Contact X1 2 F X3 r.W x 4=
No.* Line No. 1i= ; Xjt (red) (rad)

2 1 0.566 0.170 0.0 0.262

2 0.566 0.306 0.0 0.262
3 0.566 0.442 0.0 0.262

4 0.429 0.306 0.0 0.262

5 0.420 0.306 0.0 0.262

6 0.566 0.171 0.349 0.262

7 0.429 0.171 0.349 0.262
18 0.566 0.307 0.351 0.262

19 0.429 0.307 0.351 0.262
10 0.566 0.617 0.660 0.262

11 0.429 0.176 0.660 0. 26Z
1 1 0.566 0.126 0.999 0.364

13 0.459 0.126 0.999 0.369
14 0.566 0.647 0.0 0.364

4s 0.409 0.647 0.0 0.469

1 1 0.563 0.170 0.0 0.349

7 0.563 0.306 0.0 0.349

3 0.563 0.3442 0.30 0.349
4 0.0403 0.306 0.60 0.349
5 0. 723 0. 306 0. 0 0. 349 [

6 0.563 0.171 0.358 0.349
7 0.403 0.171 0.368 0.349
1 0.563 0.308 0.360 0.349
9 0.403 0.308 0.360 0.349

10 0.563 0.174 0.674 0.349
11 0.403 0.174 0.674 0.349
12 0.563 0.1I28 1.01 0.349

13 0403 0.128 1.01 0.349

14 0.563 0.647 0.0 0.349

181



I TABLE XXIII - Continued

Model Contact h x X4=0

X2 n .(r&d) (red)
No ine N no. iF ...

1 15 0.403 0.647 0.0 0.349

3 1 0.550 0.170 0.0 0.43W'
2 0.550 0.306 0.0 0.436

3 0. 550 0.442 0.0 0.436

4 0.376 0.306 0.0 0.436

5 0.726 0.306 0.0 0.436

6 0. 550 0. 172 0.370 0.436

7 0.376 0.172 0.370 0.436
8 0.550 0.310 0.372 0.436

9 0.376 0.310 0.372 0.436

10 0.550 0.177 0.691 0.436
11 0.376 0.177 0.691 0.436

12 0.550 0.131 1.03 0.436

13 0.376 0.131 1.03 0.436

14 0.550 0.647 0.0 0.436
15 0.376 0.647 0.0 0.436

*For models 1, 2, and 3, 0 equals 200, 15', and 25', respectively.

**Each value of hN is determined from a normal view layout at the
mean section of the tooth.

iU
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".w - I .. . we W. f - r % e I -. J ,J _'r .,- & ,dt /

69 1 01jS K)- (0.O 7 27 0. 0618Pw

-(18.5 +23. 8p) # + (24. 8 +35.8) #2 (20)

The upper sign is for the concave surface, and the lower sign is
for the mating convex surface. The formula@ for V1, Vj, and
V3 are included in the computer program.

S, Final Formula$ for say[ and an-ax

As stated in an earlier section of this appendix, the stress distributions

in the root of the tooth for both the uniform and elliptical loads are
deFcr mlr. by equation (8)a

Y A exp B X2.94Cos +

and In general by equation (10),

lnY= W1 + W2 x+ W3x2  
(10)

both of which are repeated here for reader convenience. Furthermore,
by definition, *max and savg are the maximum values of their respective
distributions and can be obtained by differentiating equation (8) with
respect to x. Differentiation yields A as the maximum value of Y.
Equation (11) shows the relationship between A and the parameters Wj;
this equation is also repeated here.I 2A exp (W 1 - W2 /4W 3 ) (11)

For Savg, U replaces W; for Srnax, V replaces W.
The final expressions for says and s are:

savg = exp (Ul - U2 2 !4U 3 ) (22)

$max = exp (V 1 - V2
2 /4V 3 ) (23)

Both equations are valid for gears as well as for pinions. However, the
pinion and gear stresses will be different since the expressions for Ui
and Vi are different for concave and mating convex surfaces.
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Equations (22) and (23) were verified by comparing the calculated values

oi stress to those obtained directiy iram the data analysis program. For
uniform loads applied to either concave or convex surfaces, the average
absolute error between the stresses is loes than 1. 0 percent. For

elliptical loads applied to concave surfaces, the average absolute error
between the maximum stresses is less than 3 percent, and on convex
surfaces the average absolute error is 5 percent. This is well within
the measuring tolerances of the experiment.

im•t-* *orula for gLaZuve Face Wit.h.

The final formula for effective face width is:

Fe = F (Savs / Smax) (1)

In the previous section it was stated that the calculated stresses compared
favorably with those obtained experimentally. This comparison also
indicates the accuracy of the effective face width formula, since Fe is
related to Savg and rnux by equation (1). The effect of the new formula
for effective face width is to raise the calculated stresses on both gear
and pinion to a level approaching the true stresses in the teeth.
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APPENDIX IV

LOAD DISTRIBUTION FACTOR

This appendix consist* of a detailed description of the derivation of
the load distribution factor, Km. When a gear and mating pinion are
loaded, the mounting deflections will create relative displacements of
the two members, which will cause the origiral tooth Oabnt&t tospread
out and shift to a new position on the tooth surfaces. The purpose of
the load distribution factor is to account fc': the increase in the stress
due to the lengthwise shift of the tooth contact from the central length-

S. wise position.

The following derivation results in a formula for the load distribution
factor as a function of the concave and convex tooth surfaces. In this
program the contacting surface of one member (pinion or gear) is
concave, and the contacting surface of the mating member is convex,
Therefore, the load distribution factors on gear and mating pinion will
generally be unequal.
CONTACT CONDITIONS

The development of the tooth contact on a gear pair, particularly the
a mount of mism-atch (crowning) chosen and the lengthwise location of

the contact, has a marked effect on gear tooth strength. Therefore,
any set of formulas for calculating gear strength needs to make some
basic assumptions about these items.

It is particularly important to consider the shift in tooth contact along
the tooth due to mounting deflections as load is applied. It has recently
become possible to calculate accurately the rate of this shift as a ...

function of tooth design and the characteristics of the mountings. This
makes it possible for the first time to include the effect of lengthwise . -

tooth curvature (cutter diameter) in bevel gear strength formulas.

The basic assumption is that the tooth contact will be developed with the
least -amount of mismatch that will permit the full range of load, from
zero to maximum, without the contact extending over the ends of the
teeth.

Figure 83 shows the position of the tooth contact under no load. It has
a length 1, and the center of pressure to a distance f from the center
of the tooth.
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I II
~ Figure 84 shows the position of the tooth contact under peak load. It

hna a 1e•n 0, and the naer oi pressure is assumed to ae at the
center of the tooth; 12 will generally be somewhat larger than •1 I
because of elastic deformation of the surfaces tander load.

Actually, the center of pressure does not necessarily coincide with the
center of the tooth contact area. For this reason two coefficients have
been introduced to modify the results. The coefficient k3 permits af
md ..... ati on in the length of the tooth contact pattern under load. When
-4It 44 Is soeo, the tooth contact pattirn wnder load will have the same
length as the pattern under no load ( 92 = 41 ). When k3 equals unity,
the tooth contact pattern under peak load TO will be equal to the tooth
length ( 12 = F sec 4,) Under the test conditions used for this
program, a value of k3 equal to unity best fits the test data and is there-
fore used in the program.

The second coefficient, k4 , is the ratio of the load at which the center
of contact pressure is located at the lengthwise center of the tooth to
the load at which the center of the contact pattern is located at the
lengthwise center of the tooth. As stated above, when the tooth con-
tact pattern is located at the center of the tooth, the center of contact
pressure does not necessarily lie in the center of the tooth. It is usual
practice to develop the tooth contact pattern to be centrally located on
the tooth under full load. However, there is evidence from previous
tests that the center of pressure will lie toward the inner (toe) end of
the tooth. From the present test data it has been determined that this
ratio should be approximately 1. 25. This means that the peak load To
is 25 percent higher than full load. The computer program has
incorporated this value of k4 = 1.25.

With further experience these two coefficients may require modification,
but the values selected did fit the test data.

Derivation of Equations

Referring to Figures 83 and 84, the following simultaneous equations
can be derived:

f = 1/FZ ec s - 1/2 4 (24)

f = k rm (25)

kIc 250/ -"1-5 (26)
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r k? 2 (27)

where f a shift of contact position under load

0 length of contact under light load

F sec. n tooth length

"r z mismatch radius of curvature

D u gear pitch diameter i

kI1  calculable factor based on the adjustabLlity
coefficients for the particular design, and
the mounting characteristics

Equation (24) is apparent from Figure 83.

Equation (25) follows from the definition of adjustability and the factor
kI.

Equations (26) and (27) are obtained from experier.ce relating the
observed length of contact under light load to the mismatch in the
gear set and the gear size.

Simultaneous solution of these equations yields the following equation
for Al:

11 = 4klk 2  8klkZF sac 0 - 1 (28)

It zan be demonstrated that for the lirrmiting case of kI = 0 (no shift of
the contact under load), the value of 11 becomes F sec 0 as would be
expected.

It is convenient to consider the length of contact projected to an axial
plane, and B I is the length in this section:

B' = 1 oo 0 (29)

The length of the contact under load (corresponding to the dimension
12 in Figure 84) may be expected to be larger than the value for

light load. Provision is made in the computer program for assuming
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a factor k 3 to allow for this effect as follows:

B I + k3 C, (-'g. - 1) B' (30)

0 • k 3 ! 1.0

As mentioned above, a value of k3 - 1 has been tentatively selected for

the computer program.

Adjustability Coefficients

The modified adjustability coefficients used in the program are as
follows:

cooy F (ini~ 1 1 .1
AFP - 1S lLCS An¢ _I•-J (31) i

A Cos- - + tan Y sn (3)

AF = cos r [0(A r - tanl rain (32)

coos0 (33)
AFE si . - -

AF, sin• (34)cos ý ssin I

where AFP. = rate of lengthwise contact shift due to unit dis-
placement in the pinion axial direction

AFC; = rate of lengthwise contact shift due to unit dis-
placement in the gear axial direction

AFE = rate of lengthwise contact shift due to unit dis-
placement in the offset direction between the
two axes

A~a a rate of lengthwise contact shift due to unit

angular change in the shaft angle

= pinion pitch angle

r = gear pitch angle

* = normal pressure angle

189
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= mean spiral angle
S= shaft angie

A mean cone distance

cr a mean cutter radius

Mounting Deflections

The.measured displacements obtained from a deflection test on a pair
of gears in their mountings must be converted to relative displacements
between the gear and mating pinion. The formulas given here apply to
the rigid test boxes used for this test program. Other test boxea may
be analyzed in a similar manner, but the formulas may require modifi-
cation to suit the individual case. These formulas are not included in
the computer program, since they are not sufficiently general for
universal use.

In the following formulas for P, 0, E, and a , the circled numbers
represent the indicator readings listed in Table XV in Appendix U.
The sign convention is shown in Figure 85, and Figures 76, 77, and 78
are the three views of the test box showing the indicator locations. The
lowercase letters are the distances illustrated in Figures 76, 77, and
78.

P = pinion axial displacement, inches; plus (+) means
the pinion moves out of mesh.

0 = gear axial displacement, inches; plus (+) means
the gear moves out of mesh.

E = offset displacement, inches; plus (+) means the
pinion axis moves down relative to the gear axis
when the pinion is to the right of the gear center
as an observer looks at the face of the gear.

a a shaft angle displacement, radians; plus (+) means
an increase in the shaft angle.

190



[ P " Po . P0  (35)

110

P. p + q

a: " -G (36)
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E EG (37)

*0 - (e-s l) +QL d

-m + , Z (38)
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INh1DWTA'rnR T.OV.ArrTnWhQ TNT "rlr'r e%

Letter Designation Distance

2.96

3.96

d 4.75

2.16
• f ~1.14""

g 3.38

h 10.97
m 2.90

0 4.18

p 2.69

q 1.60

t 0.31
w 5.71

0.24

The unit vectors i, j, and k are shown in Figure 85. The displacements
P, G, E, and a fo-r the four gear torque levels were calculated and are
listed in Tables XXIV and XXV. The results for gears produced with
both the 7-1/2-inch and 12-inch cutter diameters are included.

When no deflection test data are available to calculate P, 0, E, and a ,
the following approximate formulas were used:

P = + 0.00000033 TG (35)
0 = - 0. 00000020 TG (36)
E = - 0. 00000033 TG (37)
a = + 0.00000006 TG (38)

where TG = gear torque, lb-in.
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TABLE XXIV. E. P. rL AT-JnD FO' THE iZ-ICki C;UTTERDIAMETER DESIGN

Standard Displacements

Oear Torque E P 0 I
(lb-in.) (in.) (in..) 4.) (rad)

35,800 -0.0053 0.0031 0.0010 -0. 0004

50,000 -0.0080 0.0041 0.0005 -0.0004C

71,600 -0.0112 0.0056 0.0001 -0.00031

100,000 -0.0135 0.0075 0.0006 -0.0005

TABLE XXV. E, P, 0, AND a FOR THE 7-1/2-INCH CUTTER
DIAMETER DESIGN

Standard Displacements

Gear Torque E a
(Ib-in.) (in.) (in.) (in.) (rad)

35,800 -0.0057 0.0024 -0.0007 -0.00001

50,000 0.0072 0.0039 -0.0004 -0.00015

71,600 -0.0097 0.0049 -0.0008 -0.00011

100,000 -0.0126 0.0070 0.0000 -0.0003
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Thranfe--.-.ulw a aia 'Dosed on average values of P, 0, E, and as
Sobserved in past deflection tests performed at the contractor's facilities
on automotive rear axles, Which are typical of most commercial gear-

boxes in this size range (7-inch to 9-inch gear diameter), and which
are not an rigid as h to boxes used In this program. For other gearV
designs it would be best to Introduce known or assumed values based on
some prior experience.

Eouation for ConAact Shift

The equation for k1 can now be written

kI = PA.Ap+ GAF 0 + EAFE + *AFa (39)

This is based on the adjustability coefficients (31) through (34) a.d the
mounting displacements (35) through (38).

The contact shift from the lengthwise center of the tooth at any load level
is dependent upon the displacements at that load level. These are given
as follows: TG 

( k

TG - k4TD
a, -0 TD (41)

TG -k 4 TD
TD

K1=K TD (42),o .]

T G-k14sTD

where TO u gear torque, lb-in.

TD Sear torque, lb-in., which produces a central
tooth contact pattern - usually full load.

k4= ratio coefficient determined previously - assume
1.25.

A new equation for k 1 ' can now be written. ' 1
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kI' - PlAFp + GlAFG + ElAFE + alAFa (44)

which is proportional to the contact shift from a central bearing at any
specific load TG;.•

The shift can be calculated by solving equations (24) through (27) for f
and using the coefficient kl' in place of k1. The resulting equation
becomes i

F 1+.sc ÷ -c(45

The contact shift was checked experimentally on a testing machine under
light loads. The gears were displaced in many combinations on this
machine, and the contact shift was observed by eye. The correlation
proved to be excellent between the calculated shift and the observed
shift. A similar correlation under load is shown in Figures 86 and 87.

LOAD DISTRIBUTION FACTOR

The data analysis program, previously described in Appendix III, was
used to determine the stress distribution in the root of the tooth as the
center of an assumed elliptical load distribution shifts toward the end
of the tooth. In this analysis it was assumed that the line of contact on
the tooth remained parallel to the pitch line at a constant height above
the root of the tooth and that the total load on the line of contact remained
constant. The procedure of shifting the line of contact to various length-
wise positions was repeated for both the concave and convex tooth sur-
faces on three teeth with pressure angles of 15, 20, and 25 degrees.
The ratio of the maximum root stress caused by a centrally located
contact pattern was found to be nearly identical for the three pressure
angles. The resulting factors for the three pressure angles were
therefore averaged, and one equation is presented. The general form
of this equation for load distribution is:

Km= sshift (46)

where K = load distribution factor.

'shift = maximum stress along the root of the tooth when the
tooth contact pattern has shifted away from its central
position on the tooth.
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Irnax maximum stran .Rlý-ng th;• i-vi oi the tooth when the
tooth contact pressure is centrally located. This is
the same @eax referred to in Appendix IM on Effective
Face Width.

By nondimensionaliuing the factors used in this equation, it it possible
to develop a general equation from the model tooth data. The tooth
length of the model used in this analysis was 2. 94 inohes, and the
lengthwise radius of -curvature (catter radius)-wa-s-4-icieS. Fjigure 88
shows the relationship between the face width F and the tooth length for
spiral bevel gears. After plotting the nondimensional contaot shift,
f/F sac 0 , versus the load distribution factor, Km (Figures 89 and 90),
a polynomial of the form y xA~nX was fitted to the curve. The result-
ing polynomial formula for the load distribution factor is:

It2 4Km = l.00+(14.6+7.6 0)XFR - (6 6 . 3 ±+17.7) 8XFR
+105 X 6 Concave (47)FR Convex

F
where 2c con nondimenstonalized lengthwise radius

of curvature

XFR = Fnondimansion~lized tooth contact shift

The upper sign applies to the concave tooth surface, and the lower sign
applies to the convex tooth surface.
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APPENDIX V

STRESS FORMULA DOCUMENTATION

This appendix consists of a complete description of the formula@ used in
the program.

DESC.,LRIPTION OF PROBLEM

Given the details of the tooth design and the cutter specifications, these
formulas lead to the calculation of the bending stress in the root fillet of
a bevel gear tooth.

Referring to the New Strength Formulas section in the main body of this
report, the two major unknown factors in equation (4) for bending stress
are the load distribution factor, Km, and the geometry factor, J. The
formulas for these two factors as well as the formulas for the bending
stress, st, are given for both the gear and the mating pinion, The other
factors in equation (4) are either known or assumed.

Also included is the formula for working stress.

METHOD OF SOLUTION

The basic formulas used here are based on those used in the AGMA bevel
gear strength standards, References 15 and 16. Modifications have been
made in the formulas for effective face width and load distribution factor,
as described in detail elsewhere in this report. In addition, the size
factor has been removed from the equation for calculated bending stress,
and a modified formula for size factor has been incorporated in the
equation for working stress.
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?c;W -LA gear ratio

= 
sm

tMa n y pinion pitch angle

F = l-y gear pitch angle

AO r outer cone distance

Finn 7 -G, FP, IRG, or "P whichever As smallest

Ix = Fr, Fp' whichsver is larger

Fpm, .Fp or F. p whichever is smaller

FPmx - Fp Lq FR P whichever is larger

FGm- FG or FR G whichever is smaller

Fomx = F 0  or F5 0  whichever is larger

A -Ao -0.5F.. mean cone distance

- rcircular pitchPd

aop - hk -&or pinion addendum at outer end of tooth

bap " htp - P pinion dedendum at outer end of tooth

bog - htG -aOG gear dedendum at outer end of tooth

bp - bop - O.5Fmntan02 p mean pinion dedendum

bG W boG - 0"5 Fmntan 8G mean gear dedendum

I i2204



AP~ -aQ, -. 5F,,,, tan a, mean pinion addendum I
I, a a 051" CGn mean gear addendum

(0 tan a+ WO) _A when W0 is pinionc mena Circular ~
005, Co A~ 200os '0005 ir# given

A m pinion mean circular thicknessB
UMmoP 3P 0 2coo q6 coo o,

t mG A A Bin1 00 6 o gear mean circular thickcness
00 oo~oq 0

Hf -0.8264545 - 0.416695' j
-0.8818182 - 6.5W870 stream Concentration onastants (*'in radians)

L, - 0.2663S18 + 0.52087 0

PM MA . dmean dametral pitch

onCO mean normal circular pitch
- p.

P2 Cog Cos'*oo2 + tan 4.) Cog2 01

ka 1.0

k 1.25
4

To TG or k 4 TD whichever is langet

P - 0,00000033 TD
G - 0.00000020 TD when not given; otherwise use given values
E - - 0.00000033 TU

P1  0.00000033 (TD

P, 0.00000006 (TG - k 4 TD))
GI - -0.00000020 (TG - k4 TD) when P. 0, 3, and a are not given
El - -0.00000033 (TG; - k4 TID)

W 0.00000006 (TG -k 4 TD)1
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i 71
P P p.(T -k,)TDý)

I) I ••% - I~D
TD -- when P. 0. Z, and a ae given

.. . (T -- k To)

TD

a (TG - k4 TD)

'"TD

A aoo [00 5'
AFP - - 1 + tan ,sin• - '

A .rsi A , j
"AFG - 0 - .LOO• --i -tan ren.-•in V/

Cosb -A rcj r
modified adJustaoiltty

A _ I . c oos0  ooeffic nts
A uin I

sin~

AFet M " id

A•,, ... -4....
Coas( sinI

ki - (P. AF•p + GOAFG +E"AFE - a.AF.) k4
I -I = P! A~p +GI*A F +E .A + a.A

k 2
T 8 1]k

8 length of tooth contact at no load in tangent0k8 ''1] plane (when k < 0.00001, 1 mn)
4jk= k2  0o_.. plane

B M A 2 11 006 $A length of tooth contact at given load in axisa
plane

A, B A p 
face contact ratio

0RP8 AI pinion pitch radius in mean transverse section (1 DP)
206
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R0 GoIs A gear pitch radius in mean transverse section

::: : pinion pitchradiuh in:me=7al& acltion, DP

RbPI INp 1 00A Pinionb flbaediusin~pos hnomwala. "UIf D OM
R6C RNGIO5 seat bane radius in mesan norMa section (1 DP)

ap I a~,IUMIma

P Pd inionmeanaddendum (1 DP)::b =piio .b dIWDMean dedenduni (1 DP)
b b

GI G Pdgear meao dedendmn(1 DP)
ROP RNPI +a&P1  pinion outside radius in mean nicimal section

(1 DP)
ON 01 ~NGI G gear outside radius in mean normal section(IP

zi RONPl VRN!N~ P fN hi n~ are of (approach) in mean normal section (1DP)\RON~l /\recess;

2 NGI bNcjI apprin mof in mean normal section (I DP)~ RONGIV/ri7 7 ~RNGIS~~~O rrecess cnatal

NI 1 2 length of action in normal section (1 DP)

PN cdrn 00 normal base pitch (I DP)

k N - Nn
8 n + 8.4N load position correction factor

pr; normal contact ratio



- si~&oo~ -base spiral angle

Z. - ?Iij~ M t 00s16itiofau ~ in transverse SAflorin (1 DP)

F1 F'MUd minimum net face width (I DP')

BI B Pd length of tooth contact area In axal plane (1. DP)

-o whenm. > 2

U7j 9-1 - -4f j 2

22

s OSp 2± Convex

Z1 IJ BZi1 7JG k tan Ob Concave

(11"p)' 3 71 + \/j1 On p,4(kPN + 2f 3JP)
ka.1

+ jpý YL P4 kDpN (k. PN - f j'~

a

( -JG) 11GS + E1ý VbJG -
4 k1PN (k, PN + V A

+ 1WJfG2 _4knPN (knpN -2fjG))V

*NP - ___)

=1.Ohmn?2~ -load sharing ratio

MN G .- j

- 1.0 when 1j~ G 0
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>2 I
2 inertia factor

1.0 when n. > 2

SRNl - RNPI NGI

P ?p + IRN sin -- (RoNG -- RbNGIT)

RbNP,

tsnrh + IR .
RbNGI

BZ kcJPok'cos1 b-Bl r sinm b Concave

=2 Convex

l' - Bl Z1TJG coa&b B1tJGa sin Ob Concave
X BI I 17 G k CoC nvexjXG 2. 21,Ove

FK P - B I __ jp 008 Ob

32FXc B IZ 1 '73 Go 00 O

tp - mp cos o pinion mean non"l circular thickness

tA" Pn t- •Cos BMX gear mean normal circular thickness

tp " Pd tp pinion mean normal circular thickness (1 DP)

tGi Pd tG gear mean normal circular thickness (1 DP)

rTP1 = Pd rTP pinion cutter edge radius (1 DP)

rTG I =Pd rT- gear cutter edge radius (1 DP)

-5LP( -inv( - mv .0, + i angle in radins which the normal force makes
tP 7) with a line perpendicular to the tooth center-line

/ tG angle in radians which the normal force makes
-R - i v +hDV + with a line perpendicular to the tooth center.CLG " hhG~ ln

P4C line

909
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AR P R bNpX N I

RbNO application on tooth centerlineI

I4 P. I1P

+ b1  ~tTPirta

-2 bGI rTG I

1 Gr (first trial) * XP1 + y'p most always be positive

'NPI

ZIP - X~p-Z1P I

Z IP .y COB OP- 12 P sinG 0P
must always be positive

lip - Y2P sin OP + Z~p coo~ OP

tan 4 . must be greater than

tNP N P RNI (OP B- sin G 'T P 1T 0054 -

bNP - ARNP +RNP I('~ o6)+~ii COB +

kP M tN p tn C
INP

kp' - 2.0

kPmust be equal to kp' to 8 decimal places. If it is not, for seond trial make X0o, equal to

1. 1 Xt~ (first trial). For subsequent trials, interpolate.

?10
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XeG, (first trial) x z + Y must always be positive

NG

2G XOc -20 1

4ta rA4 
m .. ust be greste than

tNG -XtOG -R 2 G1 I (G Bi 6G) *T G I coo5 z

G 2G0

No 11G NG1 05e T I 4G+ I

XG N2 C
hN G

MUw tra) o sunb6. tant trial. ieo*at

tit 2ic iei agn ln

F RP I P PRPPinioin rooteruwe depth (I DP) 
.

h I - *d bt0  gear~ outer wh101e depth (1 DP) N

211



It NPFy

V1 P - (5.27 ±5.8o0) (1.90 ±0.580D ( +P (4.07 ±1.84A) ( -(0.117; 0.179P) w

- (29.6 + 4.80 )qS + (86.7 ± 78.0j) -0eU Convex

VOp -(1.00 17.48A) -(1.51 0.570P) ()(7.28 ±2.6 rP + (0. 178 nT0. 1) w

Concave
+ (49.7 ±61,8p)4, - (68.1 ± 08.5p) 01 one

-(18.5 t 28.8•B) + (24.8 ± 35.8p)4,2  Conovex
[v 1 ~ -convex

emapN Fxe

P (7.89 1 2.87P) +s (1.585 1 O.MAO +i) (20.9 ± 501M 4 (027 .027g ( 00618)w

Concave

* -(501± 1,2) (.80 "60) -~J + ± 7.~), (0S.71 ;s7.S9B, oPes

(82. \ho, 1/v
-(47.1 ± 8 8 .8p)40' Cona ve

Concvexd

Ultp

U *P .LPd 7 inio effective t(c. w5dth (1 .DP)

Connave

-~~~~~~~ (2~ mz +40 1 8.0~ - (.117 0.7) w

-I (5275.0# Is(9 +±(0. 7.8) 0-(071

(9.6 ± .0, ( + (88.7 I 7.0p) 6 Conavex
312

' --- J I III Jl II -_II _ ..++

:.L._ _ _ _ _ _ _ . ... .... . .

• • ,;,+. ", ... •- .. con.v,-x

• .. .: , . .I .P It 2• - .: . • •
,u 8-4.7 1.•8 .N P .: ,- ' : -- . +



2G - (1,0±.7.48jg)(l,51±O.570O) -.ZIl-(7.28±2g.6o0) _.2 +(0.178O,015519w
ýh- (4G, 7 1. r) 0 (61 ) .8.-1~ Cona,V F

concave
4 (6. ~ 8.ff)~'Convex z.

U (085.0 t 2.87) +(0.580 t0 .24.0)8 +(20 ),8~ (0.707 27
20 ~ht 1

Convex

U (7,29 ± .21P) (.48.2.60P (11.9 t 50.2M) 0 - (0.2764 2.3689) DN
kG hto/ h 0 )r

4(174±~.~~'concave

convex

I \2

2G t'G 
--- *~g a fe tv a e w dh(

+ (17.4
2  

44.p)

1%0 G F01G0 P 1 T0 geVGat efiletraium fate wooth l e(1DP)

m213 
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r(P ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~. '44+p r P iinflltrdu trotcme( P
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,(G TOI oat Metradius trootcicle(1DP



I Ks.. - ~H, 1..
stress oNcentrtollu fActors per Dolan and

S\'fo / V,,•

11,0 *P R 1  + !dA) + A RNP
lto Ro Pd, A1+ ARNG

FP I Pd Fp pinion face width (1 DP)

.P2  -d. gear faoe width (1 DP)

XP 1, NP
atNp - tan OLP

ax
Xo - N2 OG

8tNC. - XNo tl'l•LG

2xP
~8KP

YKG " 8KIP

8K1G

S... . . pinion geometry faotor for strength

mGKj G' Poo Pd gear geometry factor for strength

KS .-1---. when Pd is lear than 16

4 7 siae factor

- 1.0 when Pd is greater than 16
S8,20 ,PO2QP "-i•-d... pinion strength factor

*p d JP
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2.0U Pd ge ar stran ath faotnr

Iklm i j kjIj2 mF,,.. 1  tooth basting shift from CRO WO
+±____- kiCO.00001,fO0)

5~ ~ ~ ý 0 2- 11o ,8~k

- 1.00 + (14.6 t 7.6~>pRx : (6. t: :: :77i 3 106 xR CO S cooadveulutw

m ~ ~ m P gItFt F Ft Cn v W ex loddsrbto
4t +nG~G IOX600"Mr

aI workPpia baing stress

SW -G -erbudu

Sw KTKRKS



APPENDIX VI

COMPUTER PROGRAM

This appendix consists of a complete description of the computer program
and includes the input and output data sheets together with instructions
for their uase, the source program listing with operating instructions,
and a sample problem.

, T-YP AN D PRQ0,RAM IWOGUAOE

Thi subject program is written in FORTRAN IV language for use on the
IBM 7090/7094 Computer. Computer running time ts approximately one
minute per data set.

PROGRAM DESCRIPTION

The program was written to calculate the bending stresses in a pair of
bevel gears given the gear design details, the cutter specifications, the
adjustability characteristics, and the load.

Three lists of symbols are included in the report:

1. A list of all input symbols showing the cord numbers, column
numbers, letter symbols, FORTRAN symbols, and a descrip-
tion of each item.

2. A list of all the symbols used. in the program showing the letter
symbols, FORTRAN symbols, and a description of each item.

3. A list of all output symbols showing the letter symbols,
FORTRAN symbols, and a description of each item.

INPUT INFORMATION

All but the items on card No. 0 and the last three input items on card
No. I (DRIVE, ROT, and HAND) must be entered in the following
manner:

1. Each value must have a decimal point. The decimal point
may be placed in any position necessary but must occupy a
column on the card.
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2. A negative number must be preceded by a minus 1-) sign,
""here... t,,hC plus (4) sign may be omitted from a positive
number.

3. All input items except TD, Kv, K0 , CZ, To, E, P, G, and
a may be found on a Gleason dimension shoot.

4. The computer program is written to permit multiple sets of
data to be run gonsecutivoly. Data iasdN0 pjeoedeg the
No. I data-card-.orthe irst sotd ta:.oly. itnwowu-
sary to duplicate card No. 0 for successive mets of data when
running multiple sets. It is necessary that a blank card follow
the last data card in the last set of data.

INPUT DATA

All data should be placed on 80-column IBM cards. A complete descrip-
tion of each item of input is given on pages 219 through 223, and sample
input sheets are included on pages 224 and 225.

PROGRAM LISTING

The complete program listing is given on pages 232 through 243. All
special subroutines are included in the listing.

OPERATING INSTRUCTIONS FOR PROGRAM

After all input data are placed properly on standard 80-column IBM
cards, the standard procedures for running a program on the IBM 7090
computer should be used.

There are only three subroutines used in this program that are not
standard on the IBM 7090. They are PICK, INTPIA, and ANGLE.
PICK is the subroutine used for picking a maximum or minimum value
from a given set of numbers. INTPlA is used for interpolation in the
X6 loop. ANGLE is used for finding all functions (angle, sin, cot,
and tan), given any one function. These subroutines are included as
,nart of the program deck.

List of Stops

There are two program stops that have been introduced. If a stop
occurs, the stop number, along with the key values, is printed out.
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Stop Number Description

Uear pitch angle r greater than or equal to 105".
This may occur if shaft angle is too high. Reduce
the shaft angle.

S2 Iteration fa~led in X0 loop. This situation will

ariie if the input data are not reasonable.
Check the input cards for accuracy. T

The output from the program is in the form of a printe: listing. 1Each
line of output contains a brief description of the item, its FORTRAN

symbol, and its numerical value. The output list is divided into two
parts: INPUT and OUTPUT.

On page 244 will be found an explanation of the caluulated output values.

The letter symbol, the FORTRAN symbol, and a description are given
for each item.

All angles given in the output are in degrees. Linear dimensions are in
inches. Stresses are given in pounds per square inch. The direction

of the bearing shift is dependent upon its algebraic sign: plus means
movement toward the outer end of the tooth (heel); minus means move-
ment toward the Inner end of the tooth (toe).

SAMPLE PROBLEM

The sample input and output data listed on pages 245 through 248 are

for the 17/51 test gear ratio produced with a 12-inch cutter diameter.

††††††††††††† - . *- ...-. . - -":



IN-PUT DATA IN4STRUCTIONS

Card Letter FORTRAN
No. columns ymo Symbol ec1tn

0 1-3 -T111 These items are constnts

5-8 ued ini the prog ram. This

9f1 - T I113-- 4*14s o ar~ein run#
this card has to be included13-15 -T1114 only at the very beginning,
and not with every set of
data.

1-10 nZNMl Number of teeth in pinion.
11-20 N ZN(2) Number of teeth in goar.

21-30 ~ dPDIA Diametral pitch.

31-40 PHA9 Normal pressure angle-
decimal degrees.

41-50 S109 Shaft angle - decimal
degrees..

51-54 -DRIVE Driving member. Enter PfIN
for pinion, GEAR for gear,
or BOTH when either
member drives. must
start in column 51.

61-63 -ROT Direction of rotation of
driving member (when
viewed from back). Enter
CW for clockwise, CCW
for counterclockwise, or
REV when rotation in in
either direction. Must
start in column 61.
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Card Letter FORTRAN
No. Columns SR.Ihnl r,,,,...,.

71-72 HAND Pinion hand of spiral.
Enter LH for left hand or
RH for right hand. Leave
blank for straight and
Zeral bevels.

-• .. .- I Fp FACE(l) Pinion pitch line face width.

11-20 FG FACE(Z) Gear pitch line face width.

21-30 PSM9 Mean spiral angle, decimal
degrees. Use zero for
straight bevel or Zerol
gears.

31-40 tmp TMP Mean pinion circular thick-
ness. Use for spiral bevels
only when WG (fifth item on
this card) is not given.
For straight bevels only:
tmp= (top- ,

Atm coo'

where
top 6 outer pinion thickness
Ao = outer cone distance
A= As- 0. 5FG

top and A0 are given on
Gleason straight bevel gear
dimension sheets. F 0 isL
second item on this nard.
Bna is eighth item on this
card. 0 is fourth item on
card No. 1.

41-50 WG WFG Point width of spread blade
gear finishing cutter. Use
zero for straight bevels.
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ICard Letter FORTRAN
No. Column# Sybo Symbol Dcizonh i -16 _E~) Pno utrtpeg aim

2 51-60 r~'TP RFl) Pin teripderai.

61-70 rTG RET(Z) Gear cutter tip edge radium.

71-So Em MAX Maximum normal backlash

31-10 hkHI Outer working depth.

11-20 htp HT(1) Outer pinion whole depth.

21-30 hto HT(Z) Outer gear whole depth.

31-40 ep ADD9( 1) Pinion addendum angle,
decimal degrees.

41-50 ADD9(2) Gear addendum angle,
decimal degrees.

51-60 ap DED9(1) Pinion dedendum angle,
decimal degrees.e

61-70 a ~ DED9(Z) Gear dedendum angle,
decimal degrees.

71-80 'LOG ADO(2) Gear outer addendum.

4 1-10 FRP FACR(l) Pinion root face width;
usually equals Fp. This is
the face width measured
along the root line.

11-40 RO FACR(2) Gear root face width;
usually equals F0 . This in
the face width measured
along the root line.
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Card Letter FORTRAN
N o. Colu mn sna nrIh I aU ... . ..

4 21-30 Ko 8KO Overload factor for strength.
This factor takes care of un-known dynamic loads result-

ing from shock overloads
caused by the driving motor
or driven machine, Refer-

S- i n-.- _. .-..... hences 15 and 16 p ovvlde
"additional inf&omatibn.

31-40 TD CTD Gear torque, in. -lb (central
tooth bearing). Thia is the
torque for which the gear has
been designed. Frequently,
it is the maximum torque.
It is the torque that produces
a tooth bearing centrally
located on the tooth in the
lengthwise direction.

41-50 Kv SKV Dynamic factor for strength.
This factor is dependent upon
the accuracy of the gears and
the operating speed. Refer-
ences 15 and 16 provide
additional Inforrnation.

51-60 TG CTO Gear torque, in. lb, for
which stress data are
required.

61-70 r. RCN Mean cutter radius. Enter
999999999 for straight bevels.

5 1-10 E AR(l) Offset change due to displace-
ment measured at torque
level (TD). If unknown, use
zero.

222
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Card Letter FORTRANNo. Col.umns Symbol Symbol Descrivtion
5 11-20 P AR(Z) Pinion axial change due to

displacement measured at
torque level (TD). If unknown,
use zoro,

21-30 a AR(3) Gear axial change due to dis-
orplace.rnit Meuar 0 t

zero*

31-40 AR(4) Shaft angle change, radians,
due to displacement measured
at torque level (TD). If un-
known, use zero.
Note: E, P, G, and a will be
approximated for torque level
(TD) in the prograu, when
values of zero are used as
input.

41-50 eat SAT Allowable stress for goar
material, psi
For carburized air-melt
steel, use 80, 000.
For carburized vacuum-melt
steel, u"s 140, 000.

51-60 KR SKR Factor of safety. Use 1 unless
extra safety is required.

61-70 TF ST F Operating temperature,
degrees Fahrenheit. Uf
unknown, assume 1600F.

223
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1o1_ -LU .. Rj v I.. V G E AIR R I HI

II

41-60_

[_71-80 .

CARD COLUMNS 1 2 3 4 5 6 7 8 9 I0
NO. 1 __1. 10 ZN(G)

11-20 - -ZN-) , -

21- 30 PDIA

--31 s. 40 PH.A9
41.50 s__ __ ,

51. 60 DRIVE
61. 70 ROT

71. 80 1-HAND

" CAR1 COLUMS 3. 2 4 5 6 7 8 9 10

NO. 1 1.1 0 FACE(1)

I1- 20 FACE(2)

,21. 30 PSW9

• _31.. 40 T~MP

Al. so WFOQ

.51 .. 60 R E L {I). ..

6 1' 72 REFR2)
71 - 0 BMAX,

NO..2 ...... - .L: J.L -AC •i) _ - a - - -22



II F

C A R D -"1.....1" 1 2 3 4 5 6 7 8

NO. 3 1 - •0,, . i_........

11- 20 H- -)
_2 1 •. 30 HT h'2) po ." ..... . ..................... ..

V.. & .... iL0 • D ! 1 .. . ___•. .. : 'r__'• ... .. :A22ill

61 - 70 QED.Iz ....

"SO- -ADO I -I

1AD c •.• N 2 3 4, 5 6 7 8 9 10
... 4.,, L.-.. .. 4 ¢•L(L) -,-.

CARD
NO. 4 10 FACR(l) ,.-

21 - 30 80o

31 40 CTD
41 so5 SKV

61 - 70 RC - - - -

71 - 80 - -1 1 -

"- - -- * .,_

COLUMNS . 2 3 4 5 6 7 8 9 10
CARD -

NO. 5 10 AR (1) -

.1• - 20 ARM--

21- -3 A 3). - . . .

31- 40 AR(4 -

* .lZ..W ... - - -. .- .41 - so S.4T
51 - 60 $IR

61 - 70 STF

7-- - 8-
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A3rABLETM. LIST OF SYMBOLS

i:::~.ADD(l A( G

ADD9 6(p 0) Addeandu Nang
A=M AMa)0 Me= addendumi

ADOM (I) 0 Outeo addendum
APO Ara0  ear axial modified adjustability coefficient

~ iio 311moi~e dusailt cefiAn
AINOT w Angle of iAolinatlon of lUse of contact with pitch line

AM A Mean cone distance

AO AC Outer cone distance

AR(l) E Offset displacement from no-load position to load CTD (TD)

AR(2) P Pinion axial displacement from no-load position to load
CTh (TO)

Al(8) 0 Goat axial displacement from no~los position to load 0TD (TD)

AI(4) a Shift angle displacemesnt from no-load position to load
0Th (TD)

AR 1.(l) EOffset displacement from position corresponding to load which
produines a centrally located tooth beating

ARl1(2) P1  Pinion axial displacement from position corresponding to load i
which produces a centrally located tooth bearing

Al 1 (8) atGear axial displacement from position corresponding to load
which produces a oentrally located tooth beoning

Al 1 (4) a ~ Saft ange displacement from position corresponding to load
Al5(1 ATEwhich produces a centrally- located tooth bearing

All(2) Ar Use APP

ARl5 () Aro SeecAPO

ARl5(4) Ara See BIPALPI4

ABIi- Absolute value of S I(k 1)

ASK 1P -Absolute value of KIP(k 1)

B D Length of tooth contact aroa w'der given load

B31a Lengh of tooth contact area under given load (1 DP)

BETA -
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TABLE 3 - Ceotinued

FORTRAN LITTiR
SYMBOL SYMBOL DISCRPTIo1

BFPALPH Ae shaft uigle adjustabilty ooebfiohnt

BPI Art Offset 14uugAblity coeffocnlmt

SMAX BMX Maimum normal boklash allowaob,

ci - PactePWWto deteauldh AI n Wtit~
Oft(t) k I, G) Pitch radius in me. transverse stlecon (I DIP)

(TD TD Oft torque for oental tooth oomta

CTO TG Gea torque
CTP Tp Pinion torque

CX X(p. 0) -

D09O(I) 8p10) Dedendum awipw
DEDM(1) b(eea, Mean dedendum

DEDO(I) bore. o) Outer dedendum

DIAP(I) d. D Outer pitch diameter

DRIVE Driving member

DRN 4Rp, 0) Distance from pitch olrcle to point of load ppliosticn
measured Alca tooth centrl4ne

ETA ) -
ITAJ •~,G

ETAJP '

l Pi Minimum face width (1 DP)

FAOZ (I) p, o) Pitch lne facto width

t rAOR(I) r. (P. ol Root line face width

FE I's (F . o) ffeotive face width
ra fjc We 0) '
FR FK (P, 0 ProJeed lengt of the lin of ontact Within the ellipe of

90o0h contaot In the lengthwise direction Of the tooth
P11 FMom Minimum face width
PRI RR1oPO) o0tfacel Wdth (l DP)

PX 1 f Lengthwise shift of tooth contact from center undu given load

A 7
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* SMBO SYBOL TASLE33 - Continued

run iKAM UIE DESCRIPTION

OAM9(I) Y, r Pitoh angle

HAND -Hand of pinion spiral

HK hk Outer working depth I
-H (,G Distance along tooth centerline fromn the weakest neotion to the

point of load application
HT(I) ht (P, G) Outer whole depth

HIM Iht!(, 0) Outer whole depth (1 DP)

P 2 P2

PS P3 P. G) Distance in mean normal section from beginning of action to
ps P (P G) point of load application

PCIR p, Outer circular pitch

PON PNNormal base pitch (1 DP)

PDIA PdTransverse diametral pitch

PHA9 Normal pressure angle

PHA 91 -Involute functioi, of PHA 9 (inv 0/)

PHIH 'A (. G) Pressure angle at point of load application

PH11L q~,(,G Angle that the normal force makes with a line perpendicular to
the tooth centerline

PM P, Mean transverse diametral pitch

PN P, Mean normal circular pitch

PSIB obBase spiral angle

PSM9 Mean spiral angle

P809 Outer spiral angle

Q (I) Q(P* G) Strength factor

RBN 1 (1) RbW1 (Pa. G) Base radius in mean normal section (1 DP)

RON r0  Mesn cutter radius

REIF(I) rT (P, G) Cutter tip edge radius

RF' f(P G) Fillet radius at root circle (1 DP)

RN (1) R PG Pitch radius in mean transverse section (1 DP)

Z'3



TABLE -M Continued

FORTRAN LETTER
'a-MSbOL $MiDU w-ooKP ISToN

RN 1 (I) RF N (P. 0) Pitch radiue in mean normal section (I DP)

RON 1(I) Ro , Outside radius in mean normal section (1 DP)

ROT- Direction of rotation of driving member as viewed tom the back

RT Rt(P, G) Mean transverse radius to point of load applioation (1 DP)

RT 1 (1) rT I (P, O) cutter tip- edge r. "it- DP)
SAi(1) a Mean addendum (1 DP)

SAT sat Allowable stress in gear material

SAVE savy (P. G) Average stress
SB 1 (1) b1 tP. G) Mean dedendum (1 DP)

Sr 1 (i) F , .) Pitch face width (1 DP)

slo9 I Shaft angle

Si (1) J(P, G) Geometry factor for strength
SK k (P. G) -

SK 1 k Coefficient for lengthwise tooth contact shift

SK2 k2  Coefficient descriptive of lengthwise crowning of the teeth

SK 3 k3  Coefficient descriptive of relative tooth contact length under
load and no load

SK4 k4 Coefficient descriptive of center of contact pressure under load

SK 1 P k Coefficient for lengthwise tooth contact shift

SKF K (p. G) Combined stress concentration and stress correction factor

SKI KI Inertia factor

SKM (I) Km(P. G) Load distribution factor

SKN kn Positive integer

SKO ko Overload factor

SKP k' Load position correction factor

SKR Ka Factor of safety

SKS Ks Size factor

SKT KT Temperature factor

SKV K v Dynamic factor
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TABLE 3 - Continued

FORTRAN LETTER DESCRIPTIONSYMBOL SYMBOL

SL 1 izLength of tooth contact area at no load I
SMAX $max Maximum stress

SMN(I) mn Load sharing ratio

ST(W a *t(P.G) Bending streas in root fillet

iT(D) t (p, G) Mean normal circular thickness

07T1(1) tMean norm&I circular thickness (1 DP)

STY Tr Operating temperature of gears

SW sw Working stress

SZl I (PoG)

SZ2 2 (P, G)

THET (p. G)

TMOP tmG Gear mean circular thickness (output)

TMP tMP Pinion mean circular thickness (input)

TMPOP trpo Pinion mean circular thickness assuming zero backlash

TMPP tM3 , Pinion mean circular thickness (output)

TN tN (P, G) One.half tooth thickness at weakest section

TO T. Peak torque

U1(I) UI (P, G) -

U2(I) U2 (11c) l

US(I) U3 (p,) --

UHF Hf Stress concentration factor constant

UJP i Stress concentration factor constant 0

ULP L' Stress concentration factor constant

V1(I) V I W, -

V2(1) V2 (P, G)

V3(0) V3 PM G) "

WrG WG Point width of spread blade Sear finishing cutter

230
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_________TABLE " -v Continuead

FORTR AN LETTER T.... .CPTIO N

SYMBOL SYMBOL DrSCRIuPTION
lx Il (pp G) ,

X2 Is2 (F, G:))

X XFR SP RM G)-

• rXMF Mr IPA"e oo0urot ratio

XMNR mI Normal oomatot ratio

XMP mp Transverse (profile) oont• ratio

XN X , Q Tooth strength factor

XNGNP m Gear ratio

XPP xl"(P. G)

XTHET XO(p, ) G)•;•

Y 2 2  ) " G)

YK YK (P. G) Tooth form faotor

Z 1 ZI Length of action in mea transverse section (1 DP)

ZETA (e G)

ZN(1) n. N Number of teeth

ZN 1 ZI I Length of aotion in mean normal sectlio (1 DP)

Zp (I) Z: Z2 ' r of action " aroac' In mean normal section (1 DP)
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TABLE OUTPUT SYMBOLS

LETTER FOTAIICITO
SYMBOL SYMBOL DIRPIt

tmp TMPP Pinion mean circular thickness

mo,' TMOP Gear mean oir-odua thickness

GAM 9(1) Pinionpicanl

r ~~~OAM 9(2)Go picanl

InpU Transverse contact ratio

MFXMF' Face contact ratio

MXMO1 Modified contact ratio

AO AO Outer cone distance

A AM Mean cone distance

p, POIR Circular pitch

MNP 8MN (1) Pinion load sharing ratio

mN G SMN (2) Gear load sharing ratio

K1  SKI Inertia factor

ipSi (1) Pinion geometry factor for strengt~h

BJ S (2) Gear geometry factor for strength

QP Q(1) Pinion strength factor

QG Q(2) Gear strength factor

Bi SST (1) Bending streass on concave side of pinion tooth
t P

SST (2) Bending stress on convext side of gear tooth

f FX I Lengthwise shift of tooth bearing from center

owSW Working stress
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CARD C OLUMNS 2 3 4 5 6 78910
NO. _ R E V G-E A R R H

11-20 C C W

21-30 ...-. . . .
31-40
41-50 ... Ž
51-60 _

61-70

71-80

CARD COLUMNS 1 2 3 4 5 6 7 8 9 10
NO. 1 I-10 ZNil) 1 - • _

11 j - 20 ZN(2) 5 -

21 - 30 PDIA 4 • 0 8 0 __

31 - 40 PHA9 2 g0
41 - 50 S109 0 ,

51 - 60 DRIVE LP N
61 - 70 ROT -E V -. .-. ...

71 - 80 HAND H -

CARD COLUMNS 1 2_ 3 4 5_6 7 8 9 10NO.C A 
-

- FACE(-) 
-5. 0

11! - 20 FACE(2) 1 : 5 0,,

21 - 30 I9 3 . 5 -....

31 - j0 . 0.
,L_41 .S0 ±G ' 1 - 0.

--51 - 60 .REFI) 10_, 1 44
61 - 70 RoI) "

71.-80 jA " .,0. .8 _
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-- I
CARCD LC___ _ 2 3 4 5 6 7 8 9 1

NO. 3 1- 10 HK 1 3 17 1 4 1 1 1 1

11- 20 HT(1) 4 2 -

21 - •0 HTM2 4 2 1

31-,L 40 ADD9(0) 8 5 - -o

41- 50 ADD9(2) * 5 0- ....

.51- 60 DEDg(1) ' 3 5 0
&I .- 20 DEr~p(2) ' 8 5 0

71- -0 ADO(2) J 1 0 ±

COLUMNS 1 2 3 4 5 6 7 8 9 10CARD

NO.4 I . 10 FACR(1) 6 0

11 - 20 FACR(2) 1 _ 5 0

21 - 30 SKO I'
31 --40 CTD 1 0 0 0 o0o .
41 - 0] ,sKy I • lo
51 - 60 CTG 1 0 0 0 .0 "

61 - 70 RCN 6"

71 - 80

-COLU._MNS_ 1 2 3 4 5 6 7 8 9 10

CARD
NO.5 1_- 10 ARM. . - ' 0 !-

_1 - 20 ARM 7 5 L
21 -- 30 ARM3_ ' 0
31- 40 AR4.. 1 10 0 0 5 -5

41 -,50 SAT 1 4 0 0 0 0

.L -&60 ,SKR 0 ,-0
61-70 STF l6 "..

71 -80- -
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APPENDIX VII

COMPARISON OF AGMA AND GERMAN METHODS OF
STRENGTH DETERMINATION FOR BEVEL GEARS

SUBJECT

Comparison of bending stress calculations for bevel gears by American
Gear Manufacturers Standards AGMA 222.02 and 223. 01 and German
Standard LIN 3990.

PURPOSE

The purpose of this appendix is to point out the differences between the
American (AGMA) and German (DIN) methods for calculating bevel
gear stresses and to show which method will produce the most reliable
results.

CONCLUSION

The following information was obtained from a careful study of the above
two methods:

1. The American (AGMA) Method:

a. Has been engineered to give simple design formulas
that yiell, correct values for actual bending stresses
and that permit design to maximum capacity of the
materials.

b. Can balance the strength of gear and mating pinion
to give optimum life.

c. Can be used to accurately compare two diffcreat
gear designs.

d. Is backed by extensive testing in the laboratory and
in the field.

e. Is widely used throughout the world.
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2. The German (DIN) Method:

a. Results in stresses which are generally too low when
compared with an allowable stress, thus resulting in

gears which are too weak.

- r b. Indicates that straight bevel gears are much stronger
than the corresponding spiral bevel gears, a con-
clusion that is contrary to established fact.

c. IS not designed to balance the strength of gear and

mating pinion.

d. Cannot be used to accurately compare two different
gear designs.

DISCUSSION

Meaning of Calculated Stresses Versus True Stresses

The ideal method for stress calculation would result in the calculation
of the actual stresses existing in a machine structure. However,
current design formulas are based on approximations in order to
simplify the formulas sufficiently for averyday use. In some methods
more attention is given to establishing a correlation between the calcu-
lated stresses and the observed measured stresses.

In order to insure a safe working formula for the strength of gear teeth,
it is customary to make a chart showing the relationship between the
calculated bending stress and the life in stress cycles to failure by
fatigue. With sufficient test data it is possible to determine statistically
the reliability of a given gear pair under any given load conditions. It
should be borne in mind that these calculated bending stresses are not
necessarily true stresses, and therefore they cannot be used as a
measure of safety when compared with the usually specified allowable
stresses resulting from tensile tests on the standard test specimens.

In the AGMA method, for example, a size factor has been included in
the formula for calculated stress. This size factor is intended to
reflect the eftects of specimen size on the allowable working stress.
Since the size factor is a function of gear geometry, it has been applied
to the calculated stress rather than to the allowable working stress as
a matter of convenience. Because this factor has the effect of reducing
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the calculated stress as the specimen size is reduced, it is necessary
to rl.c the . -.1u;; of alluwabie worliung stress. This has been done
in the AGMA publications.

Because the German standard does not make the distinction between cal-

culated bending stresses and the method for arriving at allowable bend-
ing stresses, there in danger that the gear designer will be misguided
by the German formula.

Comparison oflmg 5ue Aemults

Tables XXVIII, XXIX, and XXX show comparative results of bending
stress calculations by both the AGMA method and the German method.

Tables XXVIII and XXIX show a comparison of selected gear ratios from
the AGMA straight bevel gear system and the AGMA spiral bevel gear
system. In these two tables th. 'ace width was assumed to be equal to
three-tenths of the outer cone d,, .&ance, and the tangential load was
given by the following formula:

9, 000 FWt Pd

where Wt = large end of tangential load, pounds

F = face width, inches

Pd = large end of transverse diametral pitch

ComParative Stresses Between AGMA and German Methods

It will be noted in the tabulation for straight bevel gears (Table XXVIII)
that for 2. 5-DP gears the German calculated pinion stresses average
40 percent less than the AGMA calculated pinion stresses, whereas
for 20-DP gears the German values average only 2 percent less than
the AGMA values. This difference between the coarse-pitch and fine-
pitch gears is the result of the size factor included in the AGMA method.

A similar comparison is shown for spiral bevel gears in Table XXIX.
For 2. 5-DP gears the German calculated pinion stresses average
10 percent less than the AGMA calculated pinion stresses, whereas
for 20-DP gears the German values average 30 percent more than
the AGMA values.
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TABLE XXVIII. STRAIGHT BEVEL GEARS

ii., WITH 206 PRESSURE ANGLE

AGMA Method German Method **Stress Ratio

Pinion Gear Pinion Gear
Dear Corn- Stress Stress Stress Stress

Unation DP (psi) (psi) (psi) ( Pinion Gear

17/17 2.5 39,000 39,000 22,400 22,400 0.57 0.57 8

35/35 2.5 29,700 29,700 17,800 17,800 0.60 0.60

14/28 2.5 33,700 41,400 20,900 21,000 0.62 0.51

22/44 2.5 29,400 34,500 18,200 18,200 0.62 0.53

13/39 2.5 32,700 42,200 20,200 * 0.62 -

18/54 2.5 30,400 36,700 18,800 * 0.62

13/52 2.5 32,300 42,100 19,800 * 0.61 -

17/17 20 24,600 24,600 22,400 22,400 0.91 0.91

35/35 20 18,700 18,700 17,800 17,800 0.95 0.95

14/28 20 21,100 26,000 20,900 21,000 0.99 0.81

22/44 20 18,400 21,600 18,200 18,200 0.99 0.84

13039 20 20,500 26,500 20,200 * 0.99 -

18/54 20 19,000 23,000 18,800 * 0.99 -

13152 20 20.200 26.400 19. 800 * 0.98 -

*Values are not available for qk on the graph with the German standard.
A tooth layout would be required.

**Stress Ratio German stress
AGMA stress
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TABLE XXIX. SPTRAT. _UWVE. 04EAR3 WITh
20" PRESSURE ANGLE AND
35" SPIRAL ANGLE _ _.

AGMA Method German Method **Stream Ratio

Pinion Gear Pinion Gear
Gear Corn- rSress Streoms e ir. lieu PieoO Gel
bination DP (Pei) (psi) (psi)- ( ......

17/17 2.5 43,800 43,800 29,500 29,500 0.67 0.67

35/35 2.5 26,400 26,400 25,600 25,600 0.97 0.97

14/28 2.5 36,500 36,500 29,700 29,800 0.81 0.82

22/44 2.5 27,000 27,000 26,500 * 0.98

13/39 2.5 32,000 32,000 28,400 , 0.89

18/54 2.5 25,100 25,100 27,000 * 1.07

13/52 2.5 27,000 27,000 28,400 , 1.05 -

17117 20 27,500 d7,500 29,500 29,500 1.07 1.07

35/35 20 16,600 16,600 25,600 25,600 1.54 1.54

14/28 20 23,000 23,000 29,700 29,800 1.29 1.29

22/44 20 17,OOJ 17,000 26,500 * 1.56

13/39 20 20,000 20,000 28,400 * 1.42

18/54 20 15,700 15,700 27,000 * 1.72

13/52 20 16,900 16,900 28,400 * 1.68 -

*Values are not available for qk on the graph with the German standard.
A tooth layout would be required.

**Stress Ratio = German stress
AGMA stress
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Table XXX lists three automotive ratios which were compared by the
two methods. The biggest difference shows up on the 6/41 combination.
Table XXXT vi- a life dat; for ',iarwcu ree automottve ratios which were
obtained from laboratory tests under controlled conditions. Figures 91Sand 92 show the results of plottLng these data. The broken lines in
Figure 91 indicate the width of the scatter band in the standard AGMA

method. It will be seen that these points all lie within the scatter band.
Figure 92 is for the German method. There are lnsufficient data to show
the width of the scatter band, and this graph does not show as consistent
correlation as that shown by Figure 91.

Relative Strength of Straight Teeth Versus Spiral Teeth
H t

A further comparison of straight bevel gears and spiral bevel gears in
Tables XXVIII and XXIX shows that the German standard rates the
straight bevel pinions 41 percent stronger than spiral bevel pinion.,
whereas the AGMA method rates the spiral bevel pinions 7 percent
stronger than the straight bevel pinions (based on the average of the
tabulated automotive ratios). These results by the German method
do not appear to be reasonable.

Allowable Stresses and Strength Balance

The AGMA method tabulates the allowable stresses for most commonly
used gear inaterials. Also included is an S-N diagram to show the
relationship between calculated stress and gear life for stress levels
above the endurance limit. With the aid of the diagram one can determine
the required stress levels for gear and mating pinion that will result in
equal gear life.

Determination of Gear Size

The AGMA method is supplied with allowable stress values and an S-N
diagram relating the stress to the gear life, which provides the designer
with the necessary information to determine the gear size that will be
required to carry a sustained load for a given duration of time.

Comparison of Factors Considered in the AGMA and German Methods

Table XXXII gives a list of 16 factors affecting gear tooth strength
This table shows how these factors are treated in each of the above
'methods.
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Advantages of-the AGMA Method

The AGMA method has been specifically engineered to give reliable
design formulas for bevel gama teeh. It I": back-d 1-5 Wo, .~~. . . •, y I'm results oi

extensive laboratory and field testing of gears in their mountings and
shows remarkably consistent results.

It has been shown to give excellent results in balancing the thicknesses
of pinion and gear teeth to give optimum life. Various designs may be
easily and reliably compared.

This method is widely used throughout the world and is used as the
industry standard in the U.S.A. For this reason it has been used as
the starting point for further study in the present prograin.

TABLE XXXI. LIFE DATA FOR RATIOS
IN TABLE

Pinion Failures Gear Failures

Life in Number of Life in Number of
Combination Cycles Failures Cycles Failures

11/52 147,000- 4 None
253,000

8/33 27,400- 20 None
224,000

f
6/41 24,000- 8 17,000- 3

294, 000 29, 300

258181
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BENDING STRESS FORMULAS ACCORDING TO THE GERMAN
! • ,SrANDAR D D.IN..3990

The formula for the bending stress is given as follows: j

It= WtKo .Pd Rk (Ao)' (48)
Fv mpeos*

whetre t calculated tensile stress in psi

.Wt = transmitted tangential load in poands

1% = overload factor

Kv = dynamic factor

Pd= diamnetral pitch at large end of tooth

F = face width in inches

qk = strength factor (see below)

rp = transverse (profile) contact ratio

0 = mean spiral angle

A 0 = outer cone distance in inches

A = mean cone distance in inches

In order to determine the value for the strength factor, qk, either a
tooth layout is required, Figure 93, or the attached graph, Figure 94,
may be used, provided the normal pressure angle is 20' and the tooth
working depth is 2. 0 cos 0 /Pd. * To use the graph, the follcwing
values must be calculated:

*Graph based on symmetrical rack thickness proportions.
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H-TOOTH CENTERLINE

Figure 93. Tooth Layout Used to Determine
Weakest Section by German Method.
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ZVp = n sec Y sec3 0 equivalent number of teeth in pinion

ZVG = N sec r se ' * equivalent number of tooth in gear

Xp = 0. 460 (1 - pinion addendum fautor (AGMA system)xMG

xG xp gear addendum factor

N gear ratio

n = number of pinion teeth

N = number of gear teeth

= f pinion pitch angle

r = gear pitch angle

When a layout is made in the mean normal section to a scale of 1 DP

(usual AGMA procedure), load is assumed to be applied at the tip of
the tooth. The weakest section is determined by inscribing an equi-
lateral triangle within the tooth outline such that the two sides are
tangent to the fillet portion of the tooth at the base of the triangle.
Then,

qk =6h coo cos (49)
t I co's

where qk = strength factor

h = load height (radial distance from point where load line
intersects tooth centerline to base of inscribed triangle)
in inches

t = length of side of inscribed equilateral triangle in inches

OL =pressure angle at point of load application (angle between
load line and a line perpendicular to tooth centerline at
point where load line intersects tooth conterline)

normal pressure angle

26i
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