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ABSTRACT

The main purpose of this study was to use localised tooth
dimensions to determine che magnitude and location of the
maximum tensile stress for the spur gear teeth.

Log linear equations using Broghamer and Dolan data for
stress concentracion were developed and compared with the
existing equations. It was found that these log linear
equations improved the accuracy and Gecreased the deviation.

By comparing tooth geometry and Lewis factor with that
given by AGMA, by graphical construction, and by Broghamer and
Dolan for involute spur gear teeth, it is shown that FIGS.EXT
software accurately generates teeth.

Dimensions such as the load height, tooth thickness and
radius of the trochoid contour, determined at the various
locations of the trochoid contour, were used to determine
maximum nominal tensile stress and its location in FIGS.EXT
software for involute spur gear teeth. This location defined
as the theoretical weakest location, and its corresponding
dimensions were recorded as the localised dimensions. As a
function of these localised dimensions, a single log linear
equation is developed for stress concentration factor. This
equation is independent of pressure angle and manufacturing
process,

The single eguation of the gear tooth stress
concentration was also used to predict the maximum tensile

stress and its location as a general solution for



proportionate cantilever beams. This general solution was
compared with that obtained by FEA and it was fouund that this

single equation overestimates the maximum tensile stress.
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1.INTRODUCTION

Gears are among the oldest machine elements in the
history of machine design. Gears are not only used in
automobiles but also in delicate devices such as computers and
printers. Almost every machine in modern industry depends on
gears for its basic function. Therefore, it 1is not an
exaggeration to say that the annual dollar volume of all
geared devices sold in the world runs into billions of
dollars. Though gears are part of the machine, gear design and
its level of design are extremely important for successful and
smooth function of the machine. In order to understand gear
geometry and its design, it is helpful to know what gears are
and why they are used in a machine.

A gear is defined as a toothed wheel that is usually
round. Teeth, which carry the load and transmit the uniform
motion from one shaft to another to run machines, are found on
the periphery of wheel. They are as essential to the gear as

the heart is to the human body.

1.1 Involute Gear Tooth Geometry And Its Role In Stress

Concentration:

A gear tooth is described by two kinds of profiles, as
shown in Figure 1.1. The first part is the contacting profile
where contact of two mating gears takes place. This profile

lies between the addendum circle and the base circle of a



Addendur Circle Contacting Profile

Non Contocting Profile
Base Circle

Dedendum Circle

FIGURE 1.l1l: GEAR TOOTH AND ITS PROFILE



gear. It could be of any conjugate form such as involute of a
circle or cycloidal. The involute profile is the most common
form of all tooth forms. Straight tooth gears with involute
tooth form and connecting parallel shafts are called involute
spur gears. These are the most basic gears which are widely
used in industry. Although there exist numerous processes to
manufacture involute gears, most of them are based on two
basicrmethods, generating and forming. Both methods produce
involute form in a gear tooth.

The second part, called the root profile, is belcw the
involute profile. This profile is significantly different in
a generated gear tooth and a formed gear tooth. This
difference in the profile of the jenerated gear tooth and
formed gear tooth is illustrated in Figure 1.Z. In a formed
gear tooth, this profile is of constant radius of curvature.
while in case of the genaraied gear tooth, it is of gradually
increasing curvature with minimum trochoid radius occurring at
the intersection of the root profile and the dedendum circle.
This type of root profile is called a trochoid root profile.

It should be noted that s-ress concen:ration increases as

this radius decreases.
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1.2 Bending Stress Concentration Factor Of A Gear Tooth:

In 1942, Broghamer and Dolan(2) conducted photoelasticity
experiments on several generated and formed gear tooth models,
while changing variables such as pressure angle of the tooth,
addendum, dedendum, cutter tip radius, number of teeth and
load height to determine maximum tensile stress(S.) and its
location in the root profile. It was found that the maximum
tensile stress is always greater than nominal tensile
stress(0,) as determined at the nominal weakest section. It
was also observed that the position of maximum tensile stress
is lower than the nominal weakest section, but not as low as
the intersection of the root profile and dedendum circle. They
defined the stress concentration as the ratio of the maximum
tensile stress found in the root profile to the nominal
tensile stress as determined at the " Lewis " weakest section.
It was concluded that the minimum radius of the trochoid, the
tooth thickness, the load height and the pressure angle of
cutter were the principal variables and the addendum,
dedendum, number of teeth and the method of manufacturing were
the secondary variables of the stress concentration factor of
a gear tooth. Therefore, two equations of stress concentration
factor based on these principal variables were developed - one
for 14.5° and the other for 20° pressure angle gear teeth.

Stress concentration is a highly localised and geometry

dependent phenomenon. It is also very sensitive to small



changes of section. Therefore, it is logical to infer that
stress concentration of a gear tooth is dependent only on the
localised geometry of the root profile where the position of
the maximum tensile stress is found.

At this point, it is important to cite the drawbacks of
present equations of stress concentration factor for a gear
tooth. The Lewis weakest section theory neglects the direct
compressive stress produced by the axial component of a load.
Perhaps this is the reason why the position of the Lewis
weakest section is found to be higher than the position
located in the photoelastic analysis. In spite of this
position discrepancy, present equations are based on the Lewis
weakest section and its location. Furthermore, these equations
utilize the minimum trochoid radius as the principal variable,
even though the maximum stress is never found at the
intersection of the root profile and the dedendum circle.

Knowing these drawbacks of bending stress concentration
analysis for the gear teeth, it will be of great interest to
know

(i) The accurate localised dimensions of the gear teeth

and its corresponding equation for bending stress
concentration.

(ii) The maximum tensile stress and its location in the

gear tooth.



1.3 Involutometry And Its Important Properties :

It is useful to know the involute profile, its important
properties and involutometry equations since they are used in
the FIGS.EXT software to generate the involute tooth models.

An involute curve can be defined as the locus of a point
(I) on a line rolling out on its base circle, as shown in
Figure 1.3. Consider an instantaneous point (I) on the
involute curve at the radius (r) from the centre of the base
circle of radius(r,) as shown in Figure 1.4 to define the
following involute properties.

(1) Line Of Action

A line such as IF, tangent to the base circle at F, is
defined as the line of action. The line of action, being
tangent to base radius at point F, is always perpendicular to
that base radius(CF}.

(1i) Pressure Angle (¢) :

an angle ICF is defined as the pressure angle in the
involute gear geometry corresponding to the point I of the
involute profile. Though this pressure angle varies all along
the involute profile, it is used as a definable variable when
referred at the pitch point to identify the group of involute
gears. The most common groups of gears based on the pressure
angle are 14.5° involute spur gears and 20° involute spur

gears. It can be determined corresponding to any point at



FIGURE 1l.3: INVOLUTE CURVE
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radius "r" on the involute profile by the following equation.

r
d=arccos ( —rb- )

(iii) Roll Angle (8) :

An angle ACF is called the roll angle and is used to
define an important involute function in the involutometry.
- (J.’z-.rbz) 3

Iy Iy ) Iy

(iv) Involute Of The Pressure Angle (Inv(d)) :

An involute of the pressure angle is defined as the
difference between the roll angle and the pressure angle. It

is frequently used in the FIGS.EXT software to generate the

involute profile.

Inv(d)=0-¢

~Inv(p) =tan{d) - ()

(v) Half tooth thickness angle (f) :
An angle ICD defined as follows is called the half tooth

thickness angle.

T

I
2%r

B::

(vi) Tooth Thickness Constant ((,):

The sum of the half tooth thickness angle and involute of
pressure angle [inv($)] at any point on the involute profile
is always constant, no matter where it is on the involute
profile. It is determined by the following equation.

10



T
c,=Inv S
1 (¢)+2-r

{vii) Addendum (a) : It is the radial distance
between the addendum circle and the pitch circle. It is used

to determine the addendum radius of the gear(r,).
I,=Ip+a
(viii) Dedendum (b) : It is the radial distance

between the dedendum circle and pitch circle. It is used to

determine the dedendum radius of the gear(r,).

Id=.rp—b

i1



2. LITERATURE SURVEY

Since 1892, the Lewis theory of gear analysis has
remained the basis for the design of spur gear teeth, But
there has been improvement and continuous research (4], (S},
(61}, (71, (81, (9] and ([10] in this area in the subsequent
years. The most important improvement made by Broghanier and
Dolan [2] in 1942, was the addition of the stress
concentration factor in the design of the gear teeth.

Before proceeding with an analysis of Broghamer and Dolan
stress concentration factors for the gear teeth, it is useful
to know the Lewis theory of gear design in brief.

The Lewis theory considers a parabola, drawn from the
intersection of the line of action and the tooth axis, and
defines the "Lewis weakest section" in the root profile where
this parabola becomes tangent to the root profile as shown in
Figure 2.1. The Lewis theory assumes a tooth load acting at
the apex of this parabola. The gear tooth is then assumed as
the short cantilever beam of a section similar to the Lewis
weakest section (F*t) of a gear tooth, subjected to only
uniformly distributed load (P.,) across its width. The Lewis

theory finally determines a bending stress of this cantilever

¥
[

beam. The Lewis bending stress equation [1l] is

12
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(a) GBAR TOOTH AND ITS FORCE ANALYSIS
(b} CANTILEVER BEAM FOR LEWIS EQUATION
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2.1 Broghamer And Dolan Stress Concentration Factors:

Broghamer and Dolan discovered that the Lewis equacion
determines the bending stress at an assumed {Lewis) weakest
section and does not consider the stress concentration
produced in the section of the stressed root profile of a gear
tooth, In order to consider this stress concentration in the
gear tooth design, they performed photoelastic experiments on
eleven kinds of the gear tooth models to determine magnitude
and location of the maximum stress developed in the root
profile and its variables. The dimensions of gear tooth models
are given in Table A-5.1. These gear tooth models are then
grouped according to variables such as loading condition,
pressure angle of the tooth and the manufacturing method
(Table A-5.2). The effects of the variation in each of these
variables on the skress concentration were analyzed. Each gear
tooth model was tested a number of times to obtain the
consistent pattern of photoelastic fringes. The fringe stress
value of each of ‘these patterns was obtained from the
calibrétion of beams loaded in pure bending. The stress value
for each model was then converted to equivalent stress for a
model of unit width and unit load. These values of maximum
tensile stress (S,) and maximum compressive stress(S;) with the
values of 1load angle($,), load height(h) and tooth
thickness(t) for each case of the tooth models are tabulated

in Table A-5.1.

14



Broghamer and Dolan also determined the position of the
"actual weakest section", corresponding to the maximum stress
developed in the root profile and then compared it with the
position of the Lewis weakest section.

The maximum stress obtained in the test for each model
was 30% to 120% greater than the Lewis bending stress
determined at the Lewis weakest section by using the equation
2.1. These maximum stresses were expressed in the form of
dimensionless factors called " Bending stress concentration
factors(K and Kc) ", which were defined as the ratio of the
maximum stress developed in the root profile to the nominal
stress. Broghamer and Dolan used the following equations [2.1]
to calculate the nominal stresses and bending stress
concentration factors for tensile fillet and compressive

fillet of a gear tooth.

15



2.1.1 Gear Tooth Stress Concentration And Its

variablesa:

The maximum stress - S, and S, for tensile and compressive
fillets respectively, were identical for all nine cases of the
tooth model 1 of the group A as shown in Figure 2.2{a). While
for all six cases of the tooth model 2 of the group B, the
effect of direct compressive stress produced by the axial
component was observed in the form of smaller maximum tensile
stress at the tensile fillet, and larger maximum compressive
stress at the compressive fillet as shown in Figure 2.2(b).

The slight increase in the bending stress was obtained .
for a only few cases of the sharp fillet radius in group C,
when the addendum was increased by 35% and 4.5% in model 4 and
model 5 respectively. While in cases with larger minimum
trochoid radius, no remarkable change in these factors was
noted.

Broghamer and Dolan determined, for 14.5° and 20° pressure
angle tooth models of group D and group E, that bending stress
concentration factors decreased with the increase in the load
height and a pronounced increase with a decrease in the
minimum trochoid radius. Furthermore, the pressure angle was
also considered as a dominant variable of stress concentration
since stress concentration factors, for 14.5° pressure angle
teeth, were 3% to 10% greater than these of 20° pressure angle
teeth. It was noted that the bending stress concentration

factors decreased with the increase in the number of teeth.
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The conventionalized gear tooth models, as mentioned in
group F, were short cantilever beams having circular fillet.
These gear tooth models were tested to determine the effects
produced by varying only one variable at a time during the
experiment on stress concentration. These models were similar
to formed tooth models. In comparing the stress results of
these models with those of standard gear tocoth models,
Broghamer & Dolan drew the two following important
conclusions.

(1) Maximum tensile stress developed in the
conventionalised tooth models was only slightly larger than
that for the standard gear tooth models of similar proportions
if the effect of direct compressive stress produced by an
axial load is consideredlin the nominal stress for stress
concentration analysis.

{2} Bending stress concentration factors for generated
tooth models were smaller than those for conventionalised
tooth models of similar proportion. The reason for these
smaller bending stress concentration factors waé mentioned as
the effective radius which acts as a stress raiser in the root
profile of the generated models is larger than the minimum
trochoid radius of the root profile.

In the final analysis, Broghamer and Dolan concluded that
the principal factors affecting the stress concentration were
the minimum trochoid radius, the pressure angle, the tooth

thickness and load height and the secondary variables were the

19



length of addendum & dedendum, number of teeth and the

manufacturing method of producing the tooth profile.
2.1.2 Location Of Stress Concentration :

The actual weakest section was not located at the
position where Lewis defined the weakest section, but was
slightly lower towards the dedendum circle. The maximum
distance between the Lewis weakest section and the actual
weakest section, was so small that they used the Lewis weakest
section for the analysis of the gear tooth stress
concentration.

Tn order to compute the bending stress concentration
factors based on tooth dimensions, Broghamer and Dolan
developed the following two equations [2.2] in terms of the
principal variables - One for 14.5° and the other for 20°

pressure angle generated teeth.

For 14.5° pressure angle teeth

K=0.22+(-Ly0z(Lyoe . (2.6)
r, h

For 20° pressure angle teeth

K=0.18+(-E.yo-1s(Eyoues (2.7)
I, h
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It has been claimed that these equations determine the
bending stress concentration factors with an accuracy of 3%
for the following range of t/r, and t/h ratio.

1.9 < t/r, < 12.60
0.94 < t/h < 3.24

2.1.3 pisadvantages Of Broghamer Stress Concentration

Factors:

Broghamer and Dolan used the identical stress
concentration factor for the Lewis bending stress and the
direct compression stress, as realised from the following

derivation.

Sf.':K(SI) "K(S‘)

62Pealy _g( fa,

&g, =K
=K 2 Fxt

Generally stress concentration factor varies with the
change in the geometry and loading condition of machine
elements. Therefore, the stress concentration factor for the
tangential load and the axial load cannot be identical as used
in the definition of the stress concentration of a gear tooth.

It is discovered from the reported Broghamer and Dolan

experimental data that the load angle is erroneous for each
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case of the experiments. In general, the value of load angle
decreases as load moves from the tip down on the tooth profile
towards pitch circle and is equal to the pressure angle of the
tooth, when the load is at the pitch circle. This value
further decreases as load moves down towards the base circle.
In the experimental data, the value of the load angle is never
equal to the pressure angle in any case having load position
at the pitch circle (Except model 11). While in model 11, the
value of the load angle is egual, instead of smaller, to the
tooth pressure angle for each case having the load position
below the pitch circle. Since these values of the load angles

are in error for most of the cases, the values of the nominal

stresses calculated using these load angles are incorrect and
hence the present bending stress concentration factors are
wrong.

Since the value of the maximum compressive stress
obtained from the test results includes the effect of direct
compressive stress produced by an axial component of the load,
stress concentration factor for compressive fillet should not
only consider the Lewis stress, but also the direct
ccapressive stress. Compressive stress concentration factor
should be defined as follows.

Kc-'m ----------- (2.9)

Bending stress concentration factors increased only in

the cases of smaller minimum trochoid radius with the increase

22



of addendum.

The reason for higher bending stress for 14.5° pressure
angle tooth models is due to their smaller tooth thickness at
the Lewis weakest section than that of the 20° pressure angle
tooth models. Therefore geometric change of the root profile,
instead of the pressure angle, was responsible for this
increase in bending stress.

The Broghamer and Dolan equations of stress concentration
factors are dependent on the minimum trochoid radius of the
generated root profile or the constant radius of the formed
root profile (r,) depending upon the manufacturing method used
to produce the gear teeth. Since the location of maximum
stress for generated gear models was never found at the
minimum trochoid radius, they should be dependent on the
localised radius of the trochoid contour corresponding to the
theoretical weakest section. It was also identified that
bending stress concentration factors were smaller for
generated tooth models than those for formed tooth models
because of the larger effective radius(localised radius of the
trochoid contour) of the former models, than that of the
latter tooth models. Broghamer and Dolan could not incorporate
this decrease of bending stress concentration factors in their
equations by using the localised radius of the trochoid
contour as a variable. Furthermore the Broghamer & Dolan
equations are applicable to the cases of the models in which

a value of the ratio of t/rf ranges from 1.9 to 12.60. This
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range is determined from the dimensions of the tooth models
used in the experiments. Since a case in model 8 has the value
of 12.66 for t/rf ratio as shown in Table 2.1, therefore this

case should not be considered in tooth stress analysis.
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TABLE 2.1: DIMENSIONS OF A CASE 12 OF THE MODEL 8. [2.3]
Model Case Y 0, t r, h t/r,
in. deg. in. in. in.
8 12 -0.15 20 1.14 _"0.09 | 0.448

12.66
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3. OBJECTIVE OF RESEARCH

From the analysis of Broghamer and Dolan for gear tooth
stress concentration, it is clear that the variation in the
tooth dimensions produces the change in the localised
variables of the root profile and hence the bending ctress
concentration is either increased or decreased accordingly. If
the bending stress concentration factor is expressed as a
function of only localised variables where the position of the
maximum nominal tensile stress is found, it is possible to
develop an eguation which is dependent only on the localised
geometry and independent of the other non localised tooth
variables such as the minimum trochoid radius, addendum,
dedendum, pressure angle of cutter, type of tooth form and
manufacturing method of a gear tooth. Since the nominal
tensile stress includes the direct compressive stress produced
by the axial component of a load, the position of the weakest
section corresponding to maximum nominal tensile stress may be
more accurately locaied than the one determined by the Lewis
theory. Thus a general solution for the bending stress
concentration factor can be obtained by determining the
maximum tensile stress and its location. Furthermore this
equation can also be used to estimate the maximum tensile
stress and its location for the typically loaded proportionate
cantilever beam.

The objectives of the research are summarised in the

following order.
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3

.1

.3

3.4

3

.5

To analyze the Broghamer and Dolan experimental data for
bending stress and to determine the equations which fit
the test data better in comparison with the Broghamer and
Dolan equations.

To use FIGS.EXT software to generate the Broghamer and
Dolan gear tooth models, to confirm the correctness of
the software by comparing the Lewis factors of these
models determined by this software with those obtained by
graphical methods as well as gear design references, and
to demonstrate that this software correctly determines
the tooth thickness, load height and localised radius of
the trochoid contour of the gear tooth models.

To determine the bending stress concentration factors
dependent on the dimensions of the theoretical weakest
section for 14.5° and 20° pressure angle teeth and then
to determine the bending stress concentration factors
independent of the pressure angle using a single
equation.

To determine the magnitude and the location of the
maximum tensile stress for a gear tooth.

To test the applicability of a single equation of the
bending stress concentration factor to determine the
general solution of stress concentration for beam

bending.
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4. ANALYSIS OF THE EQUATIONS FOR GEAR TOOTH STRESS

CONCENTRATION:
4.1 Purpose:
The purpose of analyzing the Broghamer and Dolan

equations - 2.6 and 2.7 is

(1) To wverify the c¢laim that these equations are
accurate to 3% to determine the bending stress
concentration for 20° and 14.5° pressure angle teeth.

(2) To determine a better statistical £it of the
data for the equations.

4.2 Methodology:

4.2.1 Accuracy Of The Broghamer and Dolan Equations:

The accuracy of Broghamer and Dolan equations is defined

as the absolute maximum error in per cent that occurs between

the values of the maximum tensile stress determined by these

equations and the experimentally measured maximum tensile

stress.

The maximum tensile stress(S,) 1s calculated by

multiplying the nominal tensile stress with the bending stress

concentration factor(K) obtained by using equations 2.6 and

2.7 for each case of the 14.5° and 20° pressure angle tooth

models. The error in this value of the maximum tensile stress

28



in comparison with the experimental maximum tensile stress is

determined by using the equation 4.1.

S. -5
P=(—2—X)*100 ------~--—-~ (4.1)
St
4.2.2 Log Linear Bquations And Their Accuracy:

Log linear equations for 20° and 14.5° pressure angle
teeth were developed using the computer program GETSCO20 and
GETSCO14.5 respectively. These programs determine values of a

matrix A(3,3), and arrays C(3) and B(3) defined as below.

K=y (Z) (£ —mmmmeeeeee (4.2)
r

Taking log of both sides of the equation 4.2
Log(k}=Log(c,) +c2*109(-f;) +c3*1og(%)
Determining the error term
e=log(K) -Log(c,) -c, *Log(th) -c, *Log(%)

Squaring this error term, taking derivative with respect
Lo constants c¢;, ¢, and c;, and rearranging the terms, the
result is expressed as matrix A(3,3), C(3) and B(3), and then
solved using the Gaussian Elimination to determine the

constants of the equations in both computer programs.
A(3,3) * C(3) = B(3)
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N N

N X LOG(t/rf) Z LOG(t/h)
i=1 i=1
N N
I LOG(t/rf) Z LOG{t/rf)? Z {LOG({t/rf)* *
i=1 i=1 i=1 LOG(t/h)}
N N N
X LOG(t/h) Z {LOG(t/rf)* L LOG(t/h)*
i=1 i=1  LOG(t/h)} 1i=1
N
LOG (C,) X LOG(K)
i=1
N
C, = T LOG(K)*LOG(t/rf)
i=1
N
C, Z LOG(K)*LOG(t/h)
i=1
Where N = 35 for 20° pressure angle teeth.

A
1

54 for 14.5° pressure angle teeth.

The equations 4.3 and 4.4 are the log linear equations as
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obtained from the computer program for 20° and 14.5° pressure
angle teeth respectively. The accuracy of these equations is

determined in the same fashion as previously.

For 20° pressure angle teeth

— £ yousg Eyoude o 4.3
K1.16(rf) (h) (4.3)
For 14.5° pressure angle teeth

x=1.15(-:i‘f)°-=°(_;)°-3° ——————————— (4.4)

4.2.3 Comparison Of Broghamer And Dolan, With The Log

Linear Equations.

In order to compare the equations, statistical parameters
such as average error (|}, standard deviation(o), accuracy and
range for 30 limits of error of Broghamer and Dolan, and log
linear equations are determined for 14.5° and 20° pressure
angle teeth. The formulae for average error(l} and standard

deviation {(¢) are:

D L R —— (4.5)

i=1 N

1i;(z:‘m—u)* ----------- (4.6)
9= n-1
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4.3 Resultsg/Discussion:

4.3.1 Accuracy:

The error in determining the maximum tensile stress by
using Broghamer and Dolan, and Log linear equations is listed
in Table B-1 for each case of the tooth models. 20 per cent of
14.5° pressure angle tooth cases and 18.5 per cent of 20°
pressure angle tooth cases have 3 per cent or greater error.
The maximum error (accuracy) of the Broghamer and Dolan
equation for 20° and 14.5° pressure angle teeth is about 6%.

In the case of log linear equations, the accuracy is 5%

and 4.4% for 20° and 14.5° pressure angle teeth respectively.

4.3.2 Statistical Analysis Of Broghamer and Dolan,

And Log Linear Equations.

Table 4.1 indicates the statistical parameters such as
average error, standard deviation, accuracy and renge for 30
limits obtained in determining the maximum tensile stress by
using Broghamer and Dolan, and Log linear equations for 14.5°
and 20° pressure angle teeth models. Average error for both
sets of the equations do not change significantly. But the
decreased standard deviation and smaller range of 30 limits in

case of log linear equations for 20° and 14.5° pressure angle
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TABLE 4.1: STATISTICAL PARAMETERS FOR EQUATIONS OF BENDING
STRESS CONCENTRATION FACTOR BASED ON MINIMUM
TROCHOID RADIUS.

e . ——— e
Equations ¢ v ls] Accuracy | Range-3¢
deg. | per cent | per cent | per cent | per cent
|| -6.77
Broghamer 14.5 -0.11 2,22 5.42 to
& 6.55
Dol
an -7.24
20 ~-0.49 2.25 5.78 to
6.26
-5.62
14.5 0.32 1.98 4.39 to
Log 6.26
Linear
w -5.76
20 0.66 2.14 4.98 to
' 7.08
S SRR s ———— — ——————
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teeth indicate that error of these equations are reduced
compared to Broghamer and Dolan equations. The accuracy of the
log linear equations for 20° and 14.5° pressure angle teeth is

also increased compared to Broghamer and Dolan equations.
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SOFTWARE FOR GENERATED INVOLUTE SPUR GEAR TEETH TO

DETERMINE ITS LOCALISED VARIABLES.

5.1 Purpose:

T™wo methods are used to generate the gear tooth medels.

The first one is graphical and the second one is analytical.

The procedure to generate the tooth model is the same in the

graphical as well as the analytical method. In the analytical

method, this procedure is programmed in FIGS.EXT software. The

purpose of generating the tooth layout is as follows.

(1)

(2)

The layout for a standard proportion AGMA tooth
model is generated by both the graphical method and
FIGS.EXT software to determine the Lewis form
factor. This value of the Lewis form factor is then
compared with that given by AGMA to determine the
reliability of the methods to generate the tooth
layout and to determine the dimensions of the Lewis
weakest section giving load height (h) and tooth
thickness(t) for a known load position.

Layouts for tooth models 3 to 11 were generated by
FIGS.EXT software to determine the Lewis x-factor
and the dimensions of the Lewis weakes: section.
These values of the Lewis x-factor and the
dimensions of the Lewis weakest section for each

tooth model are then compared with those recorded by
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Broghamer and Dolan.
(3) To show the capabilities of FIGS.EXT software, for
example:

(i) To generate the gear tooth models with varying
design parameters such as tooth thickness, tooth
pitch, addendum, dedendum and number of teeth.

(ii) To accurately determine the locad angle.

(4) To determine the dimensions of the theoretical
weakest section including the radius of the trochoid
contour(r,), tooth thickness{t,) and the load

height {(h,).

5.2 Methodology:

5.2.1 Determination Of The Lewis Form Factor For AGMA

Tooth Model.

5.2.1.1 By Using Graphical Methods:

The graphical method to generate the layout for the AGMA

tooth model and to determine its Lewis form factor 1is

explained in Appendix C.

5.2.1.2 By Using FIGS.EXT Software:

FIGS.EXT software determines the Lewis form factor for
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AGMA tooth models in the following manner.
(1) Computing The Gear Geometry:

In the beginning of the software, values of the
dimensions required to construct the gear tooth, are provided.
The software uses the fundamental involute gear geometry
equations to calculate the rest of the dimensions of the gear
tooth geometry.

(ii) Generating The Tooth Layout:

The procedure that is used in FIGS software to generate
the tooth model is exactly same as the graphical method. The
graphical version of this software called FIGS.BAS(copy-
righted) produces the tooth layout as shown in Pigure 5.1.
This software determines the co-ordinates of various points,
defining the contour of the cutting edge of the cutter, for
various locations where pitch line of the cutter is tangent to
pitch circle of the gear tooth. These co-ordinates are
determined by using the analytical equations of gear tooth
geometry. Thus plotting these points, the full layout of the
gear tooth is generated. In order to compare the similarity of
the tooth layouts generated by the graphical method and
FIGS.EXT software, the tooth thickness at the tip and the base

circle of these tooth layouts is compared.
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FIGURE 5.1: TOOTH LAYOUT AS GENERATED BY FIGS SOFTWARE

! ab: Load line for tip loaded tooth model
cd: Load line for Broghamer & Dolan tooth model
ef: Tooth thickness for tip loaded tooth model
gh: Tooth thickness for Broghamer & Dolan tooth model
ij: Pitch circle
kl: Addendum circle
mn: Base circle
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(iii) Lewis Form Factor For AGMA Tooth Model:

The Lewis form factor is calculated from Lewis x-factor
as explained in the graphical method by using the equation C-4
1n FIGS.EXT software and then this value of the Lewis form
factor is compared with that obtained from the graphical

method and AGMA [1.2].

5.2.2 pDaetermination Of The Lewls x-Factor And
Dimensions Of The Lewis Weakest Section For

Tooth Models.

The Lewis x-factor and the dimensions of the Lewis
weakest section for generated tooth models 3 to 11 are
determined by FIGS.EXT software. In order to compare these
values of the dimensions with those recorded by Broghamer and
Dolan, the error(P,, P, and P,} in the values of the load
height, tooth thickness and the Lewis x-factor for each case
of the tooth model is determined by using the equation 5.1.

These errors are recorded in Table A-5.1.

P, or P, or P, = (Dy-Dg)*100/Dg) ~===~~-=-—=m (5.1)

where D, = Broghamer & Dolan value of dimensions

De

FIGS.EXT software‘value of dimensions
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5.2.2.1 By Graphical Methods For Model 3, 6 And 10,

The purpose of generating three tooth models such as
model 3 (Non standard), model 6 (20° pressure angle tooth) and
model 10 (14.5° pressure arngle tooth) by the graphical method
is to determine the Lewis x-factor and dimensions of the Lewis
weakest section and then to compare them with those obtained
by FIGS.EXT software and recorded by Broghamer and Dolan([2].
This comparison determines contiguity of three methods
{(Graphical, FIGS.EXT software and Broghamer And Dolan) for
these results.

The procedure of the graphical method to generate these
models is similar in every manner to that used to generate the
AGMA tooth model except in the construction of the load line
because the load position varies depending upon the given
value of Y for the respective cases of the models. The load
line is constructed by locating the point B, as the
intersection of load line and the tooth axis, at the distance
Y either above or below the point R on the tooth axis as shown
in FPigure C€-S5. Then load line BB, passing through the point
B and tangent to the base circle of the tooth is drawn.

In order to determine how accurately these layouts for
models 3, 6 and 10 are produced by the graphical method, tooth
thickness at the tip and at the base is measured and compared
with those obtained from the analytical tooth thickness

relation of gear geometry and FIGS.EXT software. The
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analytical method to determine the tooth thickness at the tip
and the base is described in Appendix Dn.

The Lewis x-factor with the dimensions of the Lewis
weakest section is determined from the graphical layout for
these models. Then the values of Lewis x-factor with
dimensions of the Lewis weakest section determined by the
graphical method and Broghamer and Dolan are compared with
those obtained by FIGS.EXT software. In addition to this
comparison of the dimensions of the Lewis weakest section, the
values of the tooth thickness and the load height for model 3
and 6 are plotted against the distance Y to determine the
variation of these dimensions Adztermined by these three

methods.

5.2.3 Capabilities Of FIGS.EXT Software:

The following are the important features of FIGS.EXT
software to generate the layout of the variety of the tooth
models.

(1) Generates Standard As Well As Non Standard Propoztion

Gear Teeth:

The determination of Lewis x-factor with 10 per cent
accuracy for 94 per cent of tooth models shows that FIGS.EXT
can be used for standard proportion gear tooth. The scope of
the FIGS.EXT software is not only limited to standard

proportion teeth but also it works for non standard proportion
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gear teeth. Consider an example of generating the layout for
tooth model 4 having non standard pitch tooth thickness -
0.883" and the length of addendum - 0.675". The procedure to
use this software for this model is similar to that used for
standard proportion teeth except for a few changes. These
changes are:

(1) Assume the value of cutter space equal to that of

the non standard pitch tooth thickness.

(2) Determine a value of the TRATIO in the following

manner.
T,=(P,-B) -T,
I, P.-B
TRATIO= 1= -] ---~-----u- (5.2)
TZ TZ

A Value of this ratio for model 4 and model 5 is
1.2838 and 1.4063 respectively.

(3) Since the value of the addendum is provided to
FIGS.EXT software, this value can easily be varied
according to the requirement. Set the value of
addendum equal to 0.675" for this model.

(1i) Generates Tooth Models With Varying Number Of Teeth:

The standard proportion teeth having number of teeth in

range of 12 to 300 are generated by the FIGS.EXT software to
determine their Lewis form factor. These form factors are then
compared with those given by AGMA {1.2]). Thus the capacity of

FIGS.EXT to generate the tooth models with varying number of
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teeth is determined.

(1ii) Datermines Load Angle:

Load angle is defined as the angle B;BB; between the load
line and the perpendicular to the tooth axis as shown in
Figure C-5. This angle is analytically determined in FIGS.EXT

software as follows.

m{B,BB, +m/&=m.&+m.BOB,; =30°

+§,=m.B,BB,=m{BOB, ------===-~ (5.3)

The value of the load angle for each case of the tooth
models 4 to 11 is calculated by the equation 5.4 and recorded

in Table A-5.1.

I

=2t 08 (cac? ) ——mmeme e (5.4
¢,=arccos ( rp+Y) )

5.2.4 Determination Of Tooth Thickness(t,;), Load

Height(h,) And Radius ©0f fThe Trochoid

Contour{r,) For Tooth Models:

Before describing the method used in FIGS.EXT software to
determine the tooth thickness, load height and radius of the
trochoid contour corresponding to the tleoretical weakest
gection, it is important to understand the trochoid contour.

The contour, produced by a point of the cutter tip, when
the cutter rolls down on the pitch circle of the tooth, is
known as trochoid contour. Based on this concept of trochoid
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contour, the trochoid contour produced by the cutter tip can
be defined, if the location of a point on the cutter tip,
corresponding to every tangential location of the pitch line
of the tooth cutter and the pitch circle of the tooth, is
determined, while the generating rack rolls on the pitch
circle of the tooth to produce the tooth layout. This location
is determined by analytical equations of the gear tooth
geometry. Consider an instantaneous location such as a point
14 on the tip of the cutter as well as on the trochoid contour
of the tooth layout, to describe the method used to determine
the tooth thickness, load height and the radius of the
trochoid contour as shown in Figure 5.2. This method is
briefly described as follows.

(i) Tooth Thickness:

It should be noted that the horizontal distance between
the point 14 and the gear center 0 is the half tooth thickness
corresponding to the point 14 of the trochoid contour. This
distance is determined in the following manner.

Determine the angle betal2 as shown in Figure 5.2

DR )

TR | ===m—mm———— (5.5)
R(2) =

f,,=arctan(
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FIGURE 5.2: INSTANTANESUS TAOOTH CUTTER AND LOCALISED
DIMENSIONS OF K GEAR TOOTH
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where TR/2 = Distance between the centre of the cutter
tir radius and the tooth space axis of the
rack.
R(2}= Distance between point 1 and the tooth space
axis of the rack.

Determine the distance of the centre of the cutter tip.

Determine the distance of the trochoid point.

Rid=Riz2-~r,
Based on this R1l4 distance, the coordinates of trochoid

point 14 is determined in FIGS.EXT software and then tooth

thickness at the weakest section of the trochoid contour is

determined as:

z,=2*[x(14) -x{0}] -——-----=--- (5.7)
(ii) Load Height:
Load position on the tooth axis is Jocated by the radius
R3 as shown in Pigure 5.2. 1In case of the Broghamer and Dolan
tooth wod=2ls, the load position is recorded as the distance Y
either above or below the pitch circle of the tooth, Therefore

load height is determined from the centre of the gear as

follows.

R3®wR{1) +Y —===-==-=--= (5.8)

h=R3-[¥(0) -¥(2Q)] ----------- (5.9)
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(iii) Radius Of Trochoid Contour:
. Pigure 5.3 shows the procedure to determine =the
insrantaneous centre of the trocholid contour of the gear

5
-

rooth. While the gear tooth profile is being generated by L

in

rack the gear blank rotates at constant angular velocityvim) .
The point 12, centre of tip radius, is thought of as a point

located at the distance "R12" from the point 1. Hence the loci

i

of points 12 and 14 represent the trochoid contours which ar

1.

parallel and the distance between each corresponding locus o:

t

the trochoid contours is equal to the tip radius. Veloccity
vectors of the points 1 and 12 are always parallel and
opposite in direction for any locus of the trochoid contour.
Hence the instantaneous centre is determined by locating the
intersection point of the line connecting the peints 1 and 1:,
and the line joining the extremities of these velocity
vectorz. The distance "R16" of this intersection point Is
obtained as follows.

R16 _ R{1)sin(B,,)
R1Z  Riz+R(1)sin(P,)

R12*R(1)3in(B,;)

“RI6= FIZeR(1)51n(P,,)
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Gear Center

FIGURE 5.3: DETERMINATION OF RADIUS OF THE TROCHOID
CONTOUR
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Similarly the value of the tooth thickness, load height and
the radius of the trochoid contour corresponding to any

locus of the root profile can be determined. These values of
tocth thickness and load height are used to calculate the
nominal tensile stress (6,) by using equation 2.3 at various
locations of the trochoid profile.‘Then maximum value of the
nominal tensile stress is sought from these values of the
nominal tensile stress, calculated at the various locations of
the trochoid profile. Thus the maximum value of the nominal
tensile stress and its location is determined. The tooth
section corresponding to this location is defined as the
theoretical weakest section. It should be noted that this load
height (h,) represents the location of the theoretical weakest
section and the load height(h) determined by Broghamer and
Dolan represents the location of the Lewis weakest section.
Thus comparison of the values of the load heights for each
case of the tooth models 4 to 11 indicates the difference in
the location of the theoretical weakest section and the Lewis

weakest section.
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5.3 Resultse/Discusgion:

5.3.1 Graphical And Analytical Tootli Layout For AGMA

Tooth Model:

The error in the values of the tooth thickness at the tip
and the base circle of the AGMA tooth model generated by the
graphical method and FIGS.EXT software is tabulated in
Table 5.1. The tooth cutter dimensions such as addendum and
dedendum, pressure angle, pitch tooth thickness and the number
teeth in gear are the same for these layouts. Since the
difference in tooth thickness is small, it can be inferred
that both the methods are consistent, and that FIGS.EXT

software produces accurate dimensions of the tooth.

5.3.2 Graphical And Analytical Lewis Form Factor For

AGMA Tooth Model:

The Lewis form factor for the AGMA tooth loaded at the
tooth tip as determined by the graphical method and FIGS.EXT
software is compared with that obtained from AGMA in Table
5.2. Since these values of the Lewis form factors are
identical, it can be assumed that the procedure used to

determine the Lewis x-factor in FIGS.EXT softwars is correct,.
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TABLE 5.1: GRAPHICAL AND ANALYTICAL TOOTE THICKNESS FOR
AGMA TOOTH MODEL.

Tooth Graphical Analytical Erroxr |
thickness measurement calculation
in. in. per cent
T, 0.798 0.795 0.38
T, 2.070 2.074 -0.19 !
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TABLE 5.2: LEWIS FORM FACTOR FOR AGMA TOOTH MODEL.

- Rl A T T T T ﬂ

Lewis form AGMA FIGS.EXT Graphical |
factor [1.2] software o

Y, 0.308 0.308 0.308 ||
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£.3.3 Lewis x-factor And Dimensions Of The Lewis

Weakest Section For Tooth Models.

The error in the values of the Lewis x-factor and the
dimensions of the Lewis weakest section for tooth models 3 to
11 as determinad by FIGS.EXT software and Broghamer and Dolan
car. be found in Table A-5.1. The error in the values of load
height and tooth thickness is in no case greater than 10 per
cent for each case of the all standard and non standard
proportion tooth models except the tooth model 3. These errors
are logical because Broghamer and Dolan measured these values
from the graphical layout of each tooth model. These errors
are positive and negative which provide the evidence for
graphical errors.

The errors in the values of the Lewis x-factor as shown
in Table A-5.1 are less than 10 percent for each case of the
all tooth models except the six cases of model 3 and four
cases of the model 10. The errors are in the range of 12 to 20
per cent for these cases of the models 3 and 10. 1In
calculating these errors, it is assumed that the Lewis

x-factor determined by FIGS.EXT software is accurate.

5.3.3.1 Tooth Thickness For Model 3, & and 10.

The values of the tooih thickness at the tip and the base

determined by the graphical method, analytical tooth thickness
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relation and FIGS.EXT software, and their errors in percent
are cited in Table S.3. In calculating these errors, it is
assumed that the tooth thickness as defermined from the
analytical tooth thickness relation is correct. The similar
values of tooth thickness for these models indicate that
layouts for these models are correct and also that FIGS.ENT

generates the correct tooth layout.

5.3.3.2 Graphical Lewis x-factor And Dimensions 0f The

Lewis Weakest Section For Model 3, 6 and 10.

The comparison of the load height (h), tooth thickness(t)
and Lewis x-factor for medels 3, 6 and 10 determined by the
graphical method and Broghamer and Dolan with those obtained
from the FIGS.EXT software is shown in Table 5.4.

For each case of the model 3, the error in the values of
the load height, tooth thickness and the Lewis x-factor as

determined by the graphical method and FIGS.EXT software is

less than the error of the same dimensions (h,t, Lewis

x-factor) as obtained by graphical method and Broghamer and

Dolan. This indicates that FIGS.EXT scftware and the graphical
method are consistent and that FTIGS.EXT software reports good
values for tooth dimensions. The greater error in the values
of these dimensions as determined by Broghamer and Dolan

signals that FIGS.EXT software has not produced the geometry
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TABLE 5.3: TOOTH THICKNESS FOR MODEL 3, 6 and 10.
Tooth Theoretical | Graphical | Error FIGS | Error ‘,I
thickness equations i
per per !
in. in. cent in. cent }
Model 3 |
T, 0.222 0.219 -1.35 0.222 | 0.0
T, 0.412 0.422 2.43 0.412 0.0
Model 6
e 0.173 0.175 1.16 0.173 0.0
T, 0.430 0.440 2.33 0.430 0.0
Model 10
T, 0.236 0.250 5.93 | 0.236! 0.0 |
T, 0.432 0.434 0.46 0.432 0.0 !
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TABLE 5.4:

LEWIS X-FACTOR AND DIMENSICNS OF THE LEWIS

WEAREST SECTION FOR MODEL 3, 6 AND 10.
I i L '.E
i oy ¢ { Dim | FIGS | Graphical | Errer |B & D , Error
| dai a | | i method ! ' ]
el 8 | per . per
|1 e | l in. in. cent in. | cent 1!
o h 10.757 | 0.741 | -2.11 |0.845  11.62 |

€/2 | 0.421 | 0.418 -0.71 | 0.399 ﬁggé;:ﬂ
4 X | 0.234 0.236 0.85 |0.188 | -19.66
h | 0.592 0.633 6.93 | 0.652 i 10.14 |
5 | t/2 | 0.428 0.438 2.34 | 0.406 -5.14_i
3 X | 0.309 0.302 -2.27 | 0.253 | -18.12 |
h | 0.435 0.463 6.44 | 0.479 1} 10.11 !
6 | t/2 | 0.443 0.453 2.26 | 0.421 | -4.97
X | 0.450 0.443 ~1.56 | 0.370 | -17.78
h |0.725 0.731 0.83_} 0.728 { 0.4l
11 €72 | 0.459 0.457 -0.44 | 0.461 | 0.44
X |0.290 0.289 -0.34 { 0.292 | 0.69
h | 0.597 0.610 2.18 | 0.596 | -0.17 |
o ! /2 | 0.467 0.466 ~0.21 | 0.461 | -1.28
X | 0.365 0.356 -2.47 | 0.357 | -2.19
6 h |0.476 0.472 ~0.84 | 0.472 | -0.84
5 | £/2 | 0.480 0.475 ~1.04 | 0.492 | 2.50
X |0.483 0.476 -1.45 | 0.462 | -4.35
h | 0.363 0.335 -2.20 | 0.341 | -6.06
4| £/2 | 0.502 0.488 -2.79 | 0.456 | -9.16
X |0.693 0.711 2.60 | 0.710 | 2.45
h | 0.633 0.645 1.90 | 0.685§ 8.21
119} ts2]0.906 0.885 -2.32 | 0.862 | -4.86
0 X |0.268 0.266 ~0.75 | 0.229 | -14.55
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TABLE 5.4 (CONTINUED)
M
o c Dim. FIGS Graphical | Error B & D Error |
g : per per %
1 e in. in. cent in. cent
h 0.633 0.645 1.90 0.685 8.21
10 £/2 | 0.459 N.464 1.09 0.438 | -4.58
X 0.332 0.333 -0.30 0.279 | -15.8¢
h 0.503 0.505 0.40 0.544 8.15
10 11 t/2 | 0.467 0.464 -0.64 0.443 | -5.14
X 0.433 0.425 -1.85 0.361 | -16.63
h 0.377 0.34S -8.49 0.398 5.57
12 £t/2 | 0.480 0.458 -4.58 0.447 | -6.88
X 0.610 0.609 -0.16 0.501 | -17.87
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of model 3 as described by Broghamer and Dolan. Hence model 3
is omitted from the further analysis of stress concentration
of the gear tooth.

In each case of the standard proportion 207 pressure
angle tooth model 6, the error in the values of the load
height, tooth thickness and Lewis x-factor determined by the
graphical method and FIGS.EXT software is not gieater than 3
per cent. While the difference in the values of the Lewis
x-factor determined by Broghamer and Dclan and FIGS.EXT
software is also not greater than 4.5 per cent. This small
error indicates that FIGS.EXT software accurately generates
the layout and determines the correct values of the
dimensions.

The error in the values of the Lewis x-factor for each
case of the model 10 determined by the graphical method and
FIGS.EXT software is not only less than 1.75 percent, but the
error in the values of the load height and the tooth thickness
is also consistently less than 4 percent in each case except
the case 12. The values of the Lewis x-factor determined by
Broghamer and Dolan and FIGS.EXT software are in error in the
range of 14 to 18 per cent. Therefore once again, FIGS.EXT
software and the graphical method have proved their
consistency in determining the Lewis x-factor and the
dimensions of the Lewis weakest section.

Since the error in the Lewis =x-factor determined by

Broghamer and Dolan, and FIGS.EXT software for the standard
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propertion tooth models 8 and % as shown in Table A-5.1 is
within 10 =er cent, it is assumed that the values of the load
height, tooth thickness and the Lewls x-factor determined by
FIGS.EXT software for tlhie model 10 are correct and this tooth
model is considered in stress concentratioa analysis for the
gear tooth.

Figure 5.4(a) shows variation of the tooth thickness with
the distance Y for the model 3 and 6. The tooth thickness,
determined at the Lewis weakest section by the graphical
method, Broghamer and Dolan, and FIGS.EXT software, increases
as the intersection of the line of action and the tooth axis
moves farther from the addendum circle.

Figure 5.4(b) indicates the variation of the load height
with the distance Y. The load height, determined by the
graphical method, Broghamer and Dolan and FIGS.EXT software,
decreases as the intersection of the line of action and the
tooth axis moves farther from the addendum circle.

Thus the variation in the dimensions of the Lewis weakest
section determined by FIGS.EXT software, graphical method and

Broghamer and Dolan are similar.

5.3.4 FIGS.EXT Software Capabilities:

FIGS.EXT software consistency with the graphical method

for generating the tooth layout and determining the accurate
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Lewis x-factor for models 6 to 1l as shown in Table A-5.1,
indicates that FiGS.EXT software can be used for standard
proportion tooth models. Since FIGS.EXT software can derermine
the Lewis x-factor for tooth models 4 and 5 as shown in Table
A-5.1 within 10 per cent error, it can also be used for non
standard proportion tooth models.

Table A-5.2 shows the comparison of the Lewis form factor
determined by FIGS.EXT software and AGMA for the tooth models
having the number of teeth in range of 12 to 300. These
identical Lewis form factors reveal that FIGS.EXT software can
be undoubtly used for a varying number of teeth and si-e of
the gear. This comparison also shows that FIGS.EXT software
c¢an also be used for the load at the tip of the tooth.

It is interesting to note how FIGS.EXT software has
accurately determined the values of the load angle
(Table A-5.1) for each case of the tooth models 4 to 1ll. The
concept for variation in the value of load angle corresponding
to the position of the load on tooth axis is derived from the
eguation 5.4. It should be recalled thut the posit.on of load
is given in terms of the distance Y measured from the pitch
circle. For positive value of Y (Load position is above the
pitch circle}, the value of the load angle is always greater
than the value of the respective pressure angle. The load
angle and the pressure angle are identical corresponding to
zero value of ¥ (Load position at the pitch circle). While in

case of the negative value of Y (load pos.ition below the pitch
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circle), value of the load angle is always less than the value
of respective pressure angle.

Examining values of the load angle determined by
Broghamer and Dolan for each case of the model 3 to 10 having
value of Y equal to zero, it reveals that these values are
never equal to the respective pressure angles. With reference
to these cases, FIGS.EXT software has determined the correct
values of the load angle. Broghamer and Dolan identified
incorrect values of the load angle as 20© and 14.5"
corresponding to the negative values of Y in each case of the
model 8 and 11 respectively. FIGS.EXT software has determined
18.78° and 12.72° for these cases. Thus for each case of the
models 4 to 11, the correct value of the load angle 1is

determined by FIGS.EXT software.

5.3.5 Maximum Nominal Tensile Stress And Dimensaions

Of The Theoretical Weakest Sectilon.

The value of the localised radius of the trochoid
contour, load height, tooth thickness and maximum nominal
tensile stress corresponding to the theoretical weakest
section for each case of the tooth models 4 to 11 zre cited in
Table A-5.1. These values are compared with the values of the
load height and tooth thickness corresponding to the Lewis
weakest section to determine the difference P, and P, as shown

in Table A-5.1 for each case of the tooth models. Distance
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between the location of the theoretical weakest section and
the Lewis weakest section is recorded in Table A-5.1 under
colurn headed "C". It should be noted that rhe localised
dimensions of the medel 3 are not considered in this analysis.

The value of the load height(h,) corresponding to the
theoretical weakest section is always bigger than that ¢t the
Lewis weakest section in each case of the tooth models. The
maximum distance between the location of the theoretical
weakest section and the Lewis weakest section is found to be
0.01". In only 2.4 percent of the cases are these sections
found at the same location. This indicates that the location
of the theoretical weakest section is always lower on the root
profile than the location of the Lewis weakest section. The
reason, that this theoretical weakest section is found lower
on the root profile, is that the direct compressive stress
produced by the axial component of the load is considered,
while determining the theoretical weakest section.

In the photoelqsticity experiments, the location of the
actual weakest section corresponding to the maximum tensile
stress is also found slightly lower than that of the Lewis
weakest section but unfortunately the maximum distance between
the actual weakest section and the Lewis weakest section
distance was not recorded. Thus exact location of the actual
weakest section is not known. Therefore it is difficult to say
that the location discrepancy between the Lewis weakest

section and the actual weakest section 1is completely

64



eliminated and the location of the theoretical weakest secrieon
iz the location of the actual weakest section.

Tooth thickness of the theoretical weakest section 1s
larger than that of the Lewis weakest section for each cas~ of
these models in range of 0.0 to 8.0 per cent. The reason for
this increased tooth thickness is that the location of the
theoretical we..est section is lower on the root profile.

A comparison of the localised radius of the trochoid
contour and the minimum trocheid radius shows that the former
radius is always bigger than the latter radius, in a range of

2.8 tao 63.9 per cent for these models.
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6.1

BENDING STRESS CONCENTRATION AS A FUNCTIUN OPF

LOCALISED VARIABLES,

Purpose:

The purpose of making the bending stress concentration

factor dependent on the localised variables 1is:

(1) To determine the bending stresz concenvration
factors{K and K.) considering the nominal tooth
stresses calculated &t the theoretical wsaakest
section.

(2} To develop the single equation of the bending stress
concentration factor in terms of the localised
dimensions of the theoretical weakest section.

6.2 Methodology

6.2.1 Bending Stress Concentration Factors For 20°

And 14.5° Presgsure Angle Teeth

The experimental value of the maximum tensile stress and

the maximum ccmpressive stress for each case of the tooth

models 3 to 11 in Table A-5.1, shows the value of the

resultant stress due to the bending stress and the direct

compressive stress produced at the actual weakest section.

Therefore bending stress concentration factors(K and K.) for
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gear teeth should be defined as the ratio of the maximum tooth
stress to the nominal tooth stress determined at the
theoretical weakest section. The value of the bending stress
concentration factors for each case of the tooth models are
caiculated by using the equation 2.5 and 2.9 and listed in
Table A-5.1.

Stress concentration 1is a localised phenomenon and
bending stress concentration factor should be dependent on the
localised dimensions of the thecoretical weakest section
instead of the Lewis weakest section and the minimum trochoid
radius of the root profile. Hence the equations - 6.1 for 20°
and 6.2 for 14.5° pressure angle teeth, are develcoped by
performing multiple log linear regression using localised
dimensions of each respective case of the tooth models. These

equations are:

For 20" pressure angle teeth.

k=1.18(L2y020( Eayouzs o (6.1)

For 14.5° pressure angle teeth.

Ke1,29 (2) 0 (71033 —mmooooooooe (6.2)
1 1z

Where t,, h; and r, are the localised tooth dimensions.
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In order to carry out the statistical analysis of these
equations, parameters such as average errov, standard
deviation and range of 30 limits obtained in determining the
maximum tensile stress, are calculated in the same manner as
that explained in section 4.2.3. Broghamer and Dolan data for
ratios of t/h and t/r, is plotted against the experimental
stress concentration factor as determined at the Lewis weakest

section by the equation 2.5,

6.2.2 Bending Stress Connentration Factors -

Independent Of The Pressaure Anglae.

If bending stress concentration 1is dependent on the
theoretical weakest section, then why should it not be
independent of the pressure angle?

The answer to this question is explained from the
variation in the radius of the trochoid contour and tooth
thickness of the generated contour for 14.5° and 20 pressure
angle teeth. The tooth thickness at the weakest section for
14.5° pressure angle teeth is smaller than that of the
corresponding 20° pressure angle teeth. However the localised
radius of the trochoid contour is larger in 14.5" pressure
angle teeth than that of the corresponding 20° pressure angle
teeth. This fact can also be seen by comparing the values of
the tooth thickness and the localised radius of the trochoid

contour for corresponding tooth models (6 & 9), ‘7 & 10) and
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te & 11) of 14.% and 20° pressure angle teeth in Table A-5.1.
When bending stress concentration factors are made dependent
on the localised radius of the trochoid conctour and tocth
thickness, then it should not be dependent on the
pressure angle. Based on this concept, a log linear equation,
for bending stress concentration factor using the dimensions
of the theoretical weakest sertion of all tooth models 4 to
11, is develored in the same fashion as described in section
4.2.2. The equation is:
K=1.31(-£J-')°'“(E'—‘)°-“ ------------ (6.3)
z, h;

Average error, standard deviation, accuracy and range for
30 limits of the error obtained in determining the maximum
tensile stress by this equation are computed and compared with
those determined for Broghamer and Dolan equations as well as

equations 6.1 and 6.2,
6.3 Results/discussion:
6.3.1 Bendlng Stress Concentration Pactors:

Bending stress concentration factors(tensile) and bending
stress concentration factors{compressive} based on the
dimensions of the theoretical weakest éection are found in the
range of 1.50 te 2.77 and 1.61 to 3.3% respertively,
Compressive bending stress concentration factors are computed
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TABLE 6.1:

RANGE FOR BENDING STRESS CONCENTRATION

FACTORS BASED ON LEWIS WEAREST SECTION

AND THEORETICAL WEAKEST SECTION.

1
Stress Lewis Theoretical | Difference !
concentration weakest weakest Percent
factor gsaction gaction .
Max 3.75 3.39 -9.60
R Min 1.66 1.61 -3.01
Max 2.47 2.77 12.15
R
Min 1.51 1.50 -0.66
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only to prove that the higher stresses are developed on the
compressive side of the tooth even if direct compressive
stress is considered. Comparison of the maximum and minimun
values of these stress concentration factors with those
determined by Broghamer and Dolan is made in Table 6.1. It
shows that the difference in the values of bending stress
concentration factors {tensile) and bending stress
concentration factors {compressive) is in the range of 0.66%
to 12.15% compared to those determined by Broghamer and Dolan.
This difference is due to correction in the values of the load
angle and converting these bending stress concentration
factors dependent on the theoretical weakest section for each
case of the tooth model.

Figure 6.1 shows a plot of sguation 6.3. The value of the
tensile bending stress concentration factor K increases with
general increase of t,/h, and %,/r, ratios. This equation comes
from a best fit to the experimental results of Broghamer and
Dolan, and smooths out the extremes as found in Figures 6.2
and 6.3. Figures 6.2 and 6.3 show the plots of Broghamer and
Dolan data (t/h  and t/rx) and experimental stress
concentration factor (Exp K).

The extremes of these figures show possible errors of

Broghamer and Dolan results.
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|
FIGURE 6.1: VARIATION OF STRESS CONCENTRATION FACTOR WITH
RATIO OF t,/r, AND t,/h,
[BQUATION 6.3]
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FIGURE 6.2: VARIATION OF STRESS CONCENTRATION FACTOR WITH
RATIOS t/r;, AND t/h FOR 20° PRESSURE ANGLE
TEETH [TABLE A-5.1]
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6.3.2 Statistical Analysis Of Equations For Gear

Tooth Stress Concentration.

Table 6.2 shows the comparison of statistical parameters
of the Broghamer and Dolan equations, and the equations based
on the dimensions of the theoretical weakest section. It s
found that the average error of all the log linear equations
is approximately the same however the spread(g) is larger for
these eguations.

The single equation 6.3 shows that bending stress
concentration factors are dependent only on localised tooth
dimensions and these stress concentration factors are now
independent of following variables.

(1) Manufacturing method, for example generating and
forming method. As long as the ratios of t;/h, and t,/r, fall
in specified limits(page 102), this equation can be used to
determine bending stress concentration for the gear teeth.

{2} Type of tooth profile, for example involute, circular
or cycloidal tooth profile. Stress concentration depends on
the geometry where it occurs in root profile of the gear teeth
and hence the stress concentration does not depend on the
geometry of the tooth profile where stress concentration does
not occur.

The average error and standard deviation of the single
equation are -0.28 per cent and 7.51 per cent respectively.

The standard deviation of the error for the single equation is
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TABLE €.2:

STATISTICAL PARAMETERS FOR EQUATIONS OF
BENDING STRESS CONCENTRATION FACTOR.

P

) 11 o ! Range-3g |
Bquations Basis | I
per per i
deg. cent cent per cent
Lewis -6.77 .
weakest 14.5| -0.11 2.22 to
Broghamer secticon & 6.55 |
& minimum 7.24 |
=7 il
Dolan trochold | 5o | -0.49 | 2.25 to
6.26
Theoretical -19.38
weakest 14.5 0.75 6.71 to
Log section & 20.88
Linear localised
trochoid -16.24
, radius 20 0.19 5.48 to
16.63
Theoretical !
Single weakest -22.81 |
equation section & - -0.28 7.51 to
localised 22.25
trochoid
radius
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slightly increased compared to that of the equation for 1d.%
pressure angle teeth (separate equations). The maximum error
between the values of the maximum tensile stress as determined

by the single equation and experimental tensile stress is 17.

un

per cent.
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7 DETERMINATION OF MAXIMUM TENSILE STRESS AND ITS LOCATION

FOR THE SPUR GEAR TEETH.

7.1 Purpose:

The purpose of determining the maximur tensile stress and

its location is to present the general solution of the bending

stress concentration for the gear tooth.

7.2 Methodology:

7.2.1 Maximum Tensile Stress And Its Location.

The value of maximum tensile stress(M,,) for each of the

tooth models 4 to 11 is determined as follow.

My,=K*0,

Mbl=K( SJ_ -S‘)

= jﬁ 0.22¢ tlyo.22 -
M= (131 (2102 (£ 0] (5,-5,)

£, t 6P h P
M =1.31(=2)0.22(_“lya.22¢("Tca’l___a
=131 (1) 0-32 (L) 022

s 1 R (7.1)
1 h, Ft?2 Ft;

It is assumed that stress concentration factor is the
same for bending and direct ccmpressive stress in determining

the maximum tensile stress because the explicite experimental
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value for either stress explicitly is not available. Equation
7.1 shows that the maximum tensile stress depends upen the
tooth load and the localised dimensions of the theoretical
weakest section. This maximum tensile stress for each case of
rhe tooth models is plotted against the ratics of t,/r, and
t,/h,. Furthermore the location of the maximum tensile stress
is also determined from the free end of the tooth for each
case of the tooth models. This distance can be found under the
column headed "L* in Table A-5.1. Thus a general solution for

the gear tooth models 4 to 11 is obtained.

7.3 Results/Discussion:

7.3.1 variation 0Of Maximum Tensile Stress With

Respect To Localised Dimensions Of the Gear Teeth

Figure 7.1 represents equation 6.3 multiplied by the
nominal tensile stress at the theoretical weakest section in
the form of M,,. It indicates that the maximum tensile stress
increases with the genral decrease of t,/h; and t,/r, ratios.
As equation 6.3 is derived for a best fit of the experimental
data of Figure 7.2 and Figure 7.3, the results are somewhat
smoother. Figures 7.2 and 7.3 suggest possible experimental
errors. Hence it is assumed that the spikes in Figure 7.1 are

a result of experimental errors in Broghamer and Dolan data.
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! pata for t, h and r, are given in Table A-5.1
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8 'HE GENERAL SCLUTION OF THE STRESS CONCENTRATION FOR BEAM

BENDING.

8.1 Purposa:

The purpose is to determine if equation 7.1 can be used
to accurately predict the magnitude and location of <he

banding stress in a cantilever beam.

8.2 Methodology:

Maximum tensile stress, developed in Broghamers
photoelastic experiments for the conventionalised gear tooth
models, is found slightly larger than that of the standard
gear tooth models of similar proportion, if direct compressive
stress is considered in the gear tooth stress concentration.
This conclusion provided a direction that if loading condition
and localised geometry(t;/r, and t,/h;) of the proportionate
cantilver beam, defined as below, are similar to the gear
tooth cases, the maximum tensile stress and its location for
these "proportionate* cantilever beams should be estimated by
the eugation 7.1. Based on this concept, an attempt was made
here to determine the maximum tensile stress and its location
for these proportionate cantilever beams by two procedures-

One uses finite element analysis and second uses the equation

7.1,
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These proportionate cantilver beams are of unit width and
rthe distance of the load position from the fixed end of the
cantileve: beam 1is identical to the distance of the load
position from the dedendum circle in the respective tooth
case. The value of the fillet radius 1is also equal to the
value of the localised radius of the trochoid contour of the
corresponding tooth case. In order be to consistent with the
corresponding gear tooth case for load direction, the load was
applied at an angle equal to the load angle of the
corresponding tooth case in these conventionalised models
instead of applying only perpendicular load to the cantilever
surface, in the same fashion as Broghamer and Dolan did during
the experiments. The methrndology to compare the general
solutions obtained from the two procedures is as follows.

{1) Six tip loaded cantilever veam models, three of them
subjected to tensile load and the rest of them
subjected to bending load, are analyzed by the
finite element technique to determine the maximum
tensile stress developed in their filleted section.
This value of the maximum tensile stress is then
compared with the theoretical maximum tensile stress
determined by using the stress concentration factors
taken from reference [1.3]. Thus this comparison
ensures the accuracy of the finite element
analysis{FEA) to determine the maximum tensile

stress for these kinds of models.
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(2) Four proportionate cantilever beam models, similar
to cases 5, 6, 7 and 8 of the model 6, are defined
and analyzed to determine the maximum tensile stress
and its location by FEA. This value of the maximum
tensile stress and its location is compared with
that obtained from the equation 7.1 for each case.
in order to minimize the statistical errvor ot
equation 7.1 in this comparison, only the above
cases with less than 5 per cent error in the values
of the maximum tensile stress determined by this
equation and the experimental maximum tensile stress

are selected for this verification.

8,.2.1 Finite Blement Analysis(FEA):

Dimensions of the cantilever beam models are listed in
Table 8.1. Figure 8.1 shows the cantilever beam models and
their loading condition. These models are generated 1in
ALGOR -finite element software that performs the static stress
analysis. Figures 8.2(a) to (£) indicate the FE2Z models of
these cantilever beams. The value of the maximum tensile
stress is compared with the reference value [1.3] of the
stress obtained as follows to determine the error in these
values of the maximum tensile stress. The error is calculated

by the equation 4.1.
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TABLE 8.1 : DIMENSIONS OF CANTILEVER BEAMMS.

=~Model Loading r, d, D, 1. t.
condition
in. in. in. in. in.
1 ‘ 0.4 | 1.5 | 2.25 | 1.2 | 0.04
2 Tensile o3 | 2.0 [ 2.62 | a0 | 0.04
3 0.5 | 2.0 [ 3.0 | 1.2 | 0.04
4 . 0.3 | 2.0 | 2.6 | 4.0 | 0.05
5 Bending 9.4 | 2.0 | 2.6 | 4.0 | o0.05
6 0.4 | 266 | 2.6 | 4.0 | 0.05 |
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FIGURE 8.2(a): FEA - CANTILEVER BEAM MODEL 1

FIGURE 8.2(b): FEA CANTILEVER BEAM MODEL 2
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Where 6. = P, /t.*d. -----~~ For tensile load
= P.*d.*{d./2)/t.*(d."/12) -~--- For bending load
K. = Stress concentration factors taken from

reference [1.3}.

8.2.2 Maximum Tensile Stress And Its Location Of

The Proportionate Cantilever Beam.

Table 8.2 shows the dimensions of the proportionate
cantilever beam models. Figure 8.3 shows the proportionate
cantilever beam. These proportionate cantilever beams are
modelled and analyzed in Algor software in the same fashion as
used for cantilever beams to determine the maximum tensile
stress (FEA), its corresponding section thickness{t,) and load
height (h.) . These values of the maximum tensile stress is then
compared with the values of the maximum tensile stress of the
corresponding cases 5, 6, 7 and 8 of the tooth model 6 as

determined by the equation 7.1.

8.3 Results/Pliscussions:

8.3.1 Maximum Tensile Stress Of The Cantilever

Beam - Finite ERlement Analysis.

Table 8.3 indicates the maximum tensile stress for
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TABLE 8.2 : DIMENSIONS OF PROPORTIONATE CANTILEVER
BEAMS
Model r, d. ¢, 1, D, b,
in. in. deg. in. in. in,
1 0.32710.826}27.56|1.078 | 1.378 | 0.878
2 0.299 | 0.826 { 24.17|1.078 | 1.412 | 0.728
i 3 0.267 | 0.826 §20.00]1.078 11 1.354 | 0.578
|| 4 0.234 | 0.826 | 14.36 | 1.078} 1.28 0.428
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TABLE 8.3: MAXIMOM TENSILE STRESS FOR CANTILEVER BEAMS

M Type Maximun tensile stregs(s,)

o K, (418

d of Theoretical | FEA P

] G * Rb

i Load (1.3] psi “psi psi per

cent

1 1.65 166.67 275.00 258.65 1 -5.95
T il

o | TeRS® | 170 [125.00| 212.50  [206.48 | -2.87

3 1.65 125.00 206.25 191.08 | -7.36

4 1.62 60.00 97.20 92.38 -4.95
Bending

5 load 1.57 60.00 94.20 86.45 -8.23

GW 1.52 45.11 68.57 62.40 -8.99

Abgolute Average
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the cantilever beams as determined from the tinite element
analysis. Figures 8.4(a) to (f) show the stress contours
obtained in the finite element analysis for these models. The
maximum tensile stress obtained by FEA for each case of the
cantilever models is less than the maximum tensile stress
determined from the equation 8.1 in the range of 2.87 to 8.99
per cent. Hence it can be implied that this method of finite
elements determines the magnitude of the maximum tensile
stress with an absolute average error of about 6.0 per cent

compared to that value of the reference(l.3]

8.3.2 Maximum Tensile Stress And Its Location In

The Proportionate Cantilever Beam.

2. comparison of the maximum tensile stress and its
location for the proportionate cantilever beams determined by
the finite element analysis and the equation 7.1 for their
corresponding gear tooth cases is shown in Table 8.4. Maximum
tensile stress as determined by the finite element analysis
for each proportionate cantilever beam is smaller than that of
the corresponding gear tooth case(equation 7.1). However the
value of ratios t./r. and t./h. falls in the specified range of
the localised tooth dimensions of the gear teeth as shown in
Table 8.5, the difference in the values of the maximum tensile
stress as determined from the FEA and the equation 7.1 for the

proportionate cantilever beam is in the range of 6 to 21 per
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FIGURE 8.4(a): FEA - STRESSES FOR CANTILEVER BEAM MODEL 1

FIGURE 8.4(b): FEA STRESSES FOR CANTILEVER BEAM MODEL 2
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FIGURE B8.4(d): FEA STRESSES FOR CANTILEVER BEAM MODEL 4
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FIGURE 8.4(e): FEA - STRESSES FOR CANTILEVER BEAM MODEL 5

FIGURE 8.4(f): FEA STRESSES FOR CANTILEVER BEAM MODEL 6
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TABLE 8.4: MAXIMUM TENSILE STRESS AND ITS LOCATION
FOR PROFORTIONATE CANTILEVER BEAMS.

M Maximum tensile Location from
° stress(S,) free end
d
e | Bgn. FEA | Eqgn. Pa,
1| 7.1 7.1 FEA
per per
psi psi cent in. in. cent
11 7.43 6.98 -6.06 0.963 0.833 -13.50
2| 6.55 5.21 -20.46 0.980 0.869 -11.33
3] 5.58 4.64 -16.85 1.005 0.900 -10.45%
| 4 | 4.56 | 4.25 -6.80 1.036 | 0.951 -8.21
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TABLE 8.5: LOCALISED DIMENSIONS OF THE PROPORTIONATE
CANTILEVER BEAMS

Model t, T h, gl T, t,/h,
in. in. in.

1 0.846 0.327 0.633 2.59 1.34

2 0.854 0.299 0.519 2.86 1.65

3 0.858 0.267 0.400 3.21 2.15

4 0.880 0.234 0.30% 3.76 2.2

100



cent. The contribution of statistical error and FEA error is
not greater than 6 per cent compared to this large difference
obtained in maximum tensile stress. Hence it can be suggested
that the equation 7.1 overestimatesa the maximum tensile stress
of the proportionate cantilever beam.

The location of the maximum tensile scress from the free
end of the cantilever beam determined by the finite element
analysis is found higher on the root profile than that of
equation 7.1 in the range of 8.00 to 14.00 per cent. The
location of the stress concentration is normally not specified
with the value of the stress concentration factor in any
stress concentration reference for beams. Hence these
locations for the proportionate cantilever beams cannot be
compared with any reference except for the locations of the
corresponding gear tooth cases. The importance of this
difference in the locations of the proportionate cantilever
beams and the corresponding gear tooth cases depends upon how
accurately any method (photoelasticity)} of stress analysis can
determine the location of the stress concentration. Even in
the photoelasticity method of stress analysis, this method
only identifies the general region of the stress concentration
in any machine element and not the exact location in that
region. Based on this fact of the stress analysis, the
equation 7.1 estimates the location of the stress
concentration, reasonably close to that determined by the

finite element analysis in the proportionate cantilever beams.
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9. CONCLUSIONS
9.1 Bending stress concentration factor and its equation for

spur gear teeth.

9.1.1 statiastical model for the equation of the

bending stress concentration.

The comparison of the statistical parameters of the
Broghamer equation and the log linear equation for 20* and
14.5* pressure angle teeth showed that the log linear
equations are statistically better as shown in Table 4.1. The
improved accuracy of the log linear egquations provided the
strong base to use this statistical model to fit the
experimental data with the 1localised dimensions of the

theoretical weakest section.

9.1.2 Gear tooth layouts and their localised
variables for the bending stress concentration

factor.

The comparison of the tip tooth thickness and the base
tooth thickness as determined by FIGS.EXT software and the
analytical involutometry equations for AGMA tooth models as
well as the tooth models 3, 6 and 10 as shown in Table 5.1 and
Table 5.3 respectively, indicates that FIGS.EXT software is

capable of producing the correct involute tooth layout. Lewis
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factors determined by FIGS.EXT software for standard
proportion AGMA tooth models having a number of teeth in a
range of 12 to 300 are identical to that used by AGMA as shown
in Table A-5.3 indicates that FIGS.EXT software does not ouly
generate the correct root profile, but also correctly
determines the required dimensions of the gear tooth to
calculate the Lewis factors.

The error less than 10 per cent in the dimensions of the
Lewis weakest section as determined by FIGS.EXT software and
Broghamer and Dolan for each case of the tooth models 4 to L1
as shown in Table .-5.1, and the consistency of FIGS.EXT
software with the graphical method to generate the layout and
to determine the Lewis x-factor for tooth models 6 and 10 as
shown in Table 5.4, provided the confidence to use the
FIGS.EXT software for standard and non standard gear teeth.
Since the reason for large discrepancy in the dimensions of
the Lewis weakest section for model 3 is unknown, this model
was removed from the bending stress concentration analysis of
the gear teeth.

A larger tooth thickness and load height corresponding to

th

i

theoretical weakest section than those corresponding to
the Lewis weakest section for each case of the tooth models 4
to 11 shows that the theoretical weakest zection is indeed
lower on the root profile than the Lewis weakest section. As
expected, the localised radius as determined by FIGS.EXT

software of the trochoid contour of the generated gear tooth
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models is always larger than the minimum radius of the fillet.

9.1.3 Equations for bending stress concentration

factors:

The statistical parameters for bending stress
concentration factor {tensile) using localised tooth

dimensions for 20° and 14.5° pressure angle teeth are:

For 20° pressure angle teeth :

K=1.18 (—4)0-26 (ZL)o0.23
I by
Average Error = 0.192%
Standard Deviation = 5.48%
Maximum Error (Accuracy)}=11.09%
For 14.5° pressure angle teeth :
K=1.29 (.ﬂ)o.z? (_t_l_)o.zz
I h,
Average Error = (0.749%
Standard Deviation = 6.71%
Maximum Error{Accuracy)=17.71%
The statistical comparison of these equations with Broghamer
and Dolan equations using minimum fillet radius as shown in
Table 6.2 reveals the fact that the average error is less than

1 per cent and standard deviation is less than 6.75 per cent
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for these log linear equations. The maximum error is markedly
increased.

The comparison of the statistical parameters of the
single equation for stress concentration based on localised
tooth dimensions with that of the separate equations for 20
and 14.5Y pressure angle teeth wusing localised tooth
dimensions as shown in Table 6.2, shows that the standard
deviation of the single equation is only slightly increased.
Hence the single equation of the bending stress concentration
factor{tensile) for spur gear teeth having the following range
of t,/r, and t,/h, ratios is recommended.

1.028¢-1¢3,281 ~---------- (9.1)
'hl

E
2.153¢—=1¢7.551 ---~-------- (9.2}
I

The recommended single equation is

K=1.31(ﬂ)°-22(.&)°-22 ___________ (9.3)
I h,
Average Error = -0.28% and

Standard Deviation = 7.51%

Maximum Error {Accuracy)=17.28%

Since this equation is dependent only on the localised
tooth dimensions, it becomes independent of the manufacturing
method and type of the tooth profile.
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9.2 The General solution O©Of The Bending Stress

Concentration:

9.2.1 For the spur gear teeth:

The spikes and variation of the maximum tensile
stress(M,.) with respect to t,/r, ratio as shown in Figure 7.1,
and an overestimation of the maximum tensile stress by the
single equation for the proportionate cantilever beams as
cited in Table 8.4 indicated that the experimental values of
the maximum tensile stress for the gear teeth could be in
error.

From the comparison of the load height corresponding to
the theoretical weakest secticon and the Lewis weakest section,
it can be concluded that location of the theoretical weakest
section is closer to the location of the actual weakest

section found in the photoelasticity experiments.

9.2.2 For the proportionate cantilever beams:

The comparison of the maximum tensile stress as
determined from equation 7.1 and the finite element analysis
as shown in Table 8.4 indicated that this equation
overestimates the maximum tensile stress for the proportionate
cantilever beams. This equation also predicts reasonably

accurately the location of the maximum tensile stress for the
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proportionate cantilever beams.
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10. RECOMMENDATIONS
10.1 Separating stress concentration factor for tangential
and axial components of the tooth load for spur gear

teeth.

In order to precisely determine the stress concentration
factors for spur gear teeth, it is recommended to separately
determine the stress concentration produced by the tangential
and axial components of the tooth load as follows.

Maximum tensile stress(S.) as developed by normal load(P)
and maximum tensile stress(S,) as developed by tangential load
(P,,} should be experimentally determined for tcoth models 4
to 11. Stress concentration factor(K,) for each case of these

tooth models should be calculated as follows.

S,
Ko—?: ——————————— (10.1)

Substituting this stress concentration factor(K,) and
maximum tensile stress(S,) in the eguation 10.2 and then
solving this equation for stress concentration factor(K,) to
determine the stress concentration produced by the axial

component of the tooth load for each case of the tooth models.
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10.2 General solution of the Stress Concentration For Thso

Cantilever Beam:

Since Broghamer and Dolan did not compare the
experimentally determined location of the meximum tensile
stress for the cantilever beam with that of the corresponding
gear tooth, it is recommended that proportionate cantilever
beam models similar to tooth models 4 to 11 should he
experimentally examined to determine the location of the
maximum tensile stress and then this location should be
compared with that obtained from the single equation. This
comparison will provide the experimental authenticity to use
this equation to determine the general solution of the

cantilever beam.

109



1

LIST OF REFERENCES

J. E. Shigley., C. R. Mischke., Mechanical

Engineering Design. Mcgraw-Hill Book Company.
1.1 Fifth Edition, Chapter 14, PG 587.
1.2 Fourth Edition, Chapter 13, PG 598.
1.3 Fifth Edition, Appendix, PG 587.
* Figure A-15-5 for tensile load.
* Figure A-15-6 for bending load.

E. L. Broghamer., 7. J. Dolan., A Photoelastic Study

0f Stresses In Gear Tooth Fillets., University of

Tllinois., Bulletin series 335.

2.1 Equation Number (2), (3), (4) and (5) of PG 18
and 19.

2.2 Equation Number (6) and (7) of PG 25.

2.3 Appendix C, Table 2, PG 41.

Raymond J. Drago., Fundamentalg Of Gear Design.

Butterwor;h Publishers, Chapter 14, PG 89,

Figure 4.5.

S. Timoshenko and R. V. Baud., The Strength Of Gear
Teeth., The journal of the American Society of
Mechanical Engineers., Volume 48., Number 11., 1926.
M. A. Jacobson., Bending Stress In Spur Gears.,
Proceedings o4f The Institution of Mechanical
Engineers., Volume 169., 1955.

R. B. Haywood., Tengile Fillet Stresses In Loaded

110



TV T AT T AR

e v mme e e s

10

Projections., Proceedings o4f The Institution ot
Mechanical Engineers., Volume 159., 1948.

H. E. Merritt., Gear Tooth Stresses And Rating

Formulae., Proceedings o4f The Institution ot
Mechanical Engineers., Volume 166., 1952.

AGMA Standard 220.02., Strength Of Spur Gear Teeth.,

1966.

Toshio and Norihisa ARAI. Stress Distribution Along

mhe Fillet Curve Of Gears., Bulletin Of Japan

Society Of Mechanical Engineers., Volume 17, Number
104, 1974.

bkira Ishibashi and Shiro Kido., Bending Stress and

Load Capacity of Gears.. Bulletin Of Japan
Society Of Mechanical Engineers., Volume 12, Number

51, 1969.

111



APPENDIX A

112



TABLE A-5.1: GEAR TEETH GIMENSIONS AND THEIR M/AXIMUM BENDING STRESS

Case Pm ] m T N Y n n L] Pr toed angls h
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TABLE A-5.2: CHARACTERISTIC AND PURPOSE OF TOOTH MODELS.

Group Model Characteristic and purpose of the
number tooth models.
a 1 * Load action line is
perpendicular to the center line
Standard of the tooth and thereby only
Formed tangential load was applied in
Teeth this group. Hence load angle is
zero in all these cases.

* Used to study the effects of the
tangential load on the stress
concentration.

B 2 * Load action line is
perpendicular to the toocth
Standard surface.
Formed * Used to study the effects of the
Teeth radial component of a load on the
stress concentration.
c 3,4 &5 * These tooth models were in the
form of spur gears, but their
Non design was based on bevel gears
Standard of varyving addendum and dedendum.
Generated | * Used to determine the effects of
Teeth varying addendum and dedendum on
the stress concentration.
D 6,7 & 8 * This group has 20 degree
pressure angle tooth models with
Standard varying number of teeth, Load
Generated position and tool tip radius.
Teeth * Used to determine the effects of
these variables on the stress
concentration.
E 9,10 & 11 | * This group has 14.5 degree
pressure angle tooth models with
Standard varying number of teeth, load
Generated position and tool tip radius. The
Teeth proportion of these models are

same as the models group D.

* Used to determine the effects of
these variables on the stress
concentration.

{Contd)
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TABLE A-5.2 (CONTINUED)

——— e _

Group Model Characterlistic and purpose of
number the tooth models.
F * This group has models in
Conventionalised form of the short cantilever
Gear Tooth beam with the varying
Models. [2] circular fillet radius and

lcad position.

* Used to determine the
effects of each tooth
variable on the stress

concentration.

__—____———_____—_—“_——""'_—._—-—u_———ﬂ-———_“—'—“‘“————'”‘—-i
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TABLE A-5.3: LEWIS FORM FACTOR FOR VARYING NUMBER OF TEETH

AGMA[1.2] FIGS.EXT
Sr. No, N Y,

1 12 0.22960 0.22960
2 13 0.24317 0.24317
3 14 0.25530 0.25530
4 15 0.26622 0.26622
5 16 0.27610 0.27610
6 17 0.28508 0.28508
7 18 0.29327 0.28327
8 19 0.30078 0.30078
9 20 0.30769 0.30769
10 21 0.314086 0.31406
11 22 0.31997 0.31997
12 24 0.33056 0.33056
13 26 0.33979 0.33979
14 28 0.34790 0.34790
15 30 0.35510 0.35510
16 34 0.36731 0.36731
17 38 0.37727 0.37727
18 © 45 0.39093 0.39093
15 50 0.39860 0.39860
20 60 0.41047 0.41047
21 75 0.42283 0.42283
22 100 0.43574 0.43574
23 150 0.44930 0.44930
24 300 0.46364 0.46364
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TABLE B-1: ERROR OF EQUATIONS FOR 14.5° AND 20° PRESSURE
ANGLE TOOTH MODELS

S M
T o| C S, Sea Py
4 a

g g 2 psi psi cpeerﬁ:

Brog. & Dolan Log linear

Equations. Equations.

Pressure angle 20°
1 1 6.12 6.10 -0.33 6.15 0.49
2 2 5.75 5.68 -1.22 5.71 -0.70
3 3 4.81 4.78 -0.62 4.79 -0.42
4 4 3.92 3.79 -3.32 3.78 -3.57
5 5 7.12 6.96 -2.25 7.06 -0.84
6 6 6.50 6.40 -1.54 6.49 -0.15
7 ° 7 5.50 5.39 -2.00 5.44 -1.08%
8 8 4.72 4.72 0.00 4.74 0.42
9 9 8.40 7.91 -5.83 8.11 -3.45
10 10 | 7.40 7.30 -1.35 7.46 0.81
11 11 6.25 6.19 -0.96 6.31 0.96
12 12 5.25 5.44 3.62 5.51 4.95
13 1 5.35 5.50 2.80 5.55 3.74
14 2 4.75 4,81 1.26 4.84 1.89
15 | 3 1] 3.92 | 4.03 | 2.8 | 4.03 [ 2.81
16 4 3.22 3.08 -4.35 3.06 -4.97
17 5 6.30 6.17 -2.06 6.27 -0.48
18 6 5.34 5.38 0.75 5.45 2.06
19 7 7 4.51 4.59 1.77 4.64 2.88
20 8 3.54 3.57 0.85 3.58 1.13
o | 7.00 | 6.99 | -0.14 | 7.06 [ 2.20
: e ————————r e M b B bl
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TABLE B-1:

(CONTINUED)

e
S Ste Py Ste Py
per per
psi pai cent psi cent
Brog. & Dolan Log linear
Equations. Equations.
Pressure angle 20°
22 10 6.25 6.16 -1.44 6.30 0.80
23 11 5.27 5.27 0.0 5.36 1.71
24 12| 4.20 | 4.19 | -0.24 | 4.23 0.71
_EEL“ 1 5.17 5.21 0.77 5.26 1.74
26 2 4.40 4.50 2.27 4.53 2.95
| 27 3 | 3.60 | 3.69 | 2.50 | 3.69 2.50
28 4 2.75 2.84 3.27 2.83 2.91
29 L 5 5.95 5.86 -1.51 5.97 0.34
I 30 8 6 5.09 5.02 -1.38 5.10 0.20
31 7 4.42 4.26 -3.62 4.31 -2.49
32 8 3.40 3.41 0.29 3.43 0.88
33 9 6.50 6.44 -0.92 6.63 2.00
34 10 5.91 5.66 -4.23 5.81 -1.69
35 11 4.86 4.83 -0.62 4.93 1.44
Absolute Maximum Error 5.78% 4.98%
Average Error -0.49% 0.66% |
Pressure angle 14.5°
1 8.52 8.52 0.00 8.37 -1.76
2 7.34 7.57 2.86 7.51 2.32 |
3 3 5.90 6.04 2.37 6.07 2.88
4 | 10.01 | 10.41 3.60 10.30 2.90
5 9.04 9.25 1.77 9.24 2.21
6 7.35 7.39 0.27
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TABLE B~-1l: (CONTINUED)

P See Pu

per per

cent psl cent

Brog. & Dolan Log linear

Equations. Equationsa.

Pressure angle 14.5°

42 1 7.19 7.21 0.28 7.13 -0.83
43 2 5.87 6.07 3.41 6.05 3.07
44 3 4.95 4.82 -2.63 4.85 -2.02
45 4 8.48 8.65 2.00 8.63 1.77
46 5 7.23 7.32 1.24 7.36 1.80
" 47 6 6.01 5.96 -0.83 6.05 0.67
48 1 6.06 6.11 0.83 6.06 0.00
49 2 5.10 5.12 0.39 5.12 0.39
50 3 4.51 4.27 -5.32 4.31 ~-4.43
51 4 7.40 7.31 -1.22 7.33 -0.95
52 5 | 6.30 | 6.25 | -0.79 | 6.31 0.16
6 5.45 5.25 -3.67 5.34 -2.02
1 8.08 8.07 -0.12 7.91 -2.10
2 6.65 6.66 0.15 6.59 -0.90

3 5.54 5.60 1.08 S5.59 0.90

4 4.50 4.63 2.89 4.66 3.56
5 110.32 | 9.99 -3.20 9.92 -3.88
6 8.80 8.53 -3.07 8.54 -2.95

7 7.52 7.27 -3.32 7.33 -2.53 i

8 6.22 6.10 -1.93 6.19 -0.48
9 | 11.20 | 11.09 -0.98 11.11 ~-0.80

10 | 9.50 9.50 0.00 9.5% 0.95

11 { 8.09 8.05 -0.49 8.17 0.99
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TABLE B-1l:

(CONTINUED)

See P See Pu

per per

psi cent pai cent

Brog. & DPolan Log linear

Equations. Equations.

Pressure angle 14.5°

bes | o [12] 7.00 | 6.93 | -1.00 | 7.08 1.14
66 1| 7.35 | 7.64 3.95 7.54 2.59
67 2 6.35 6.32 -0.47 6.30 -0.79
68 3 5.12 5.20 1.56 5.22 1.95
69 4 4.32 4.17 -3.47 4.23 -2.08
70 5 9.20 9.04 -1.74 9.02 -1.96
71 6 7.73 7.68 -0.65 7.71 -0.26
72 10 7 6.45 6.36 -1.40 6.43 -0.31
73 8 5.61 5.45 -2.85 5.54 -1.25
74 9 {10.01 | 10.05 0.40 10.06 0.50
75 10 | 8.52 8.74 2.58 8.80 3.29
76 11 7.27 7.29 0.28 7.39 1.65
77 12 6.15 6.10 -0.81 6.22 1.14
1 6.87 7.05 2.62 6.98 1.60

2 5.90 6.00 1.69 5.99 1.53

3 4.75 4.86 2.10 4.88 2.52

4 3.67 3.69 0.55 3.74 1.91

5 8.00 8.12 1.50 8.12 1.50
6 7.08 7.01 -0.99 7.04 -0.57
11 7 5.88 5. -1.70 5.84 -0.68
8 4.59 4. ~-5.45 4.43 -3.49

9 8.65 8. 1.62 8.86 2.43

10 7 G.93 7.68 2.40




TABLZ B-1: {CONTINUED)

Averays Error

122

————q___[
Elt
per per
cent psi cent
Brog. & Dolan Log linear I
Equations. Bquations.
Pressure angle 14.5°
88 11 6.35 6.35 0.00 6.47 1.89
go | 212 s.12 | s.01 | -2.15 | s5.14 | 0.39
Absolute Maximum Error 5.42% 4.39%
-0.11% 0.32%
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GRAPHICAL METHOD TO GENERATE THE LAYOUT FOR AGMA TOOTH
MODEL AND TO DETERMINE ITS LEWIS FORM FACTOR.

The graphical method is explained in four following
sections.

(i) Generzting The Tcoth Layout

The principle of the graphical method to generate the
tooth layout is same as that used in the generating method to
manufacture the gears. Therefore it is important to know the
basic principle of the generating method of producing the gear
tooth. The principle is that 1if the dimensions of the
generating rack of the tooth form are known, that tooth form
can be generated. This generating rack has straight sided
teeth, whose contour is used as the sharp cutting edges to
remove the material from the gear blank. It reciprocates along
the gear axis and is fed into the gear blank until the pitch
circles are tangent. The gear blank rotates at constant
angular velocity, while gear teeth are being generated. Thus
the generating rack cuts the material as shown in Figure
c-1.

Table C-1 shows the dimensions of the AGMA tooth model
whose layout is graphically generated. The first step in
generating the tooth layout is to prepare a template of the
generating rack for the AGMA tooth model. This generating rack
is shown in Figure C-2. The equipment needed to generate the
tooth layout are listed in Table C-2. The following is the
procedure, written with reference to Figure C-3, for cutting
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(b}

FIGURE C-1: GENERATING PROCESS
(a) COUTTER CUTS INVOLUTE SHAPE ON LEFT FLANK AS IT ENTERS.
(b) CUTTER CUTS INVOLUTE SHAPE ON RIGHT FLANK AS IT

LBAVES.
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TABLE C-1: DIMENSIONS OF AGMA TOOTH MODEL.

T ——

sr m N o a b .
no. in. deg. in, in. in.

1 1.18 20 20 1.18 | 1.48 ¢ 0.354
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FIGURE C-2: GENERATING RACK FOR AGMA TOOTH MODEL
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TABLE C-2 : EQUIPMENT USED IN GRAPHICAL METHOD

Name Of Equipment Qty Size
Sheet of clear plastic 01 28" * 22v
Drawing papeq(White) 0l 28 * 22¢
Engineering compass 01 15" radius
Sharp edge blade 01 -
! Scale 01 Accuracy 1/64"
Sellotape 01 -
Set square 01 1 set
Divider 01 -



ft+&a”ﬂ r‘ Cutting Eclge

Clear Plastic
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/
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|
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FIGURE C-3: DIMENSIONS OF A TEMPLATE FOR GENERATING RACK
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the template for this model.

.(l) A centre line is cut on the clear plastic with a
sharp edge blade. This centre line is known as the pitch line
of the generating rack. It is necessary to make sure that this
pitch line should be slightly deep in the template so that it
can be sensed by a finger tip, when the finger is moved on it.

{2) A& line AB, at an angle equal to the pressure angle,
is cut on the template. This line AB shows the cutting edge of
the generating rack.

{3) Lines BC and AD, whose lengths must be atleast equal
to the tool tip radius, are slightly cut on the template. The
clear plastic of shape ABCD is deeply cut and then removed
from the template.

{4y A circle of radius equal to the tool tip radius is
slightly cut on the template. The tool tip radius in the shape
of EFG 1is removed from the template and attached by a
sellotape to the cutting edge of the template. It is essential
to make sure that the point E and F of the tocl tip radius are
tangent to the cutting edge of the generating rack.

The second step is generating the tooth layout as shown
in Flgure C-4. A point O, near the lower edge of the drawing
paper is selected as the centre of gear. The addendum circle,
pitch cirxcle, base circle and the dedendum circle of the tooth
are drawn to scale from this centre. After constructing these
circles, the pitch line of the template is kept on the pitch

circle of the tooth in such a way that it is tangent to the
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Template Of Generating Rack

Tangential Points

re rb

Gear Center O

t Drawing Poper

FIGURE C-4: CONSTRUCTION OF AN INVOLUTE TOOTH
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pitch circle of the tooth at point 1. This point is marked on
the drawing paper as well as on the template by poking che
divider through the template. Holding the template in this
position, a contour of the cutting edge of the template is
drawn on the paper with a sharp pencil. Next the pitch line of
the template is moved to the adjacent point 2 on the pitch
circle of the tooth and is again made tangent to this point.
Once again without displacing the template, the contour of the
cuttihg edge is drawn in the same fashion as before. This
process 1is continued until the root profile of the tooth
layout becomes tangent to the dedendum circle.

(ii) Constructing The Tooth Axis:

In order to construct the tooth axis, the chordal tooth
thickness for this model is determined by using the equation
C-1. A line PQ, whose length is equal to this chordial tooth
thickness, is drawn in the layout as shown in Figure C-5. The

tooth axis 00, is then drawn passing through the point Q.
_ 90, ___________ _
PQ'Ib*Sin(‘EF) {(C-1)

(iii) cConstructing The Load Line:

The Lewis bending stress equation 2.1 is derived based on
the assumption that the maximum load is exerted at the tip of
tooth. Therefore the position of the load is assumed to be at
the tip of the tooth for this AGMA tooth model in order to
draw the load line. The load line for this model is

constructed by drawing a line B,B,, tangent to the base circle
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Load Line

Tooth 1
ANS

FIGURE C-5: CONSTRUCTION OF LOAD LINE AND TOOTH
AXIS
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from the tip of the tooth. Then the intersection of the load
line and the tooth axis is located at the point B.
(iv) Determining The Lewis Form Factor For AGMA Tooth Mcdel.
Lewis form factor{Y,) is derived from the Lewis x-factor
determined at the location of the Lewis weakest section.
Therefore at first, it is necessary to determine the Lewis
x-factor and the dimensions of the Lewis weakest section from
the following Lewis equation of the bending stress.

_6 *P_,*h

L w2

3*P.,
8= T
Z*F*((E)Z/h)

Investigating the equation C-2, it can be cbserved that,
for constant loading condition (magnitude and direction) and
face width of a gear tooth, the Lewis bending stress is
dependent only on the (t/2)?/h - ratio of the dimensions of
the Lewis weakest section. This ratio is called x-factor. This
equation also indicates that the Lewis bending stress is
maximum, when the value of this x-factor is minimum. This
minimum value of the x-factor is called Lewis x-factor. Hence
the tooth section corresponding to the location, where this
Lewis x-factor is found in the root profile, should be the
weakest section of the tooth. This weakest section is called
Lewis weakest section. Using this theory of minimum x-factor,
thé Lewis weakest section for AGMA tooth model is graphically
determined by the method as described below.
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Points such as Q., 2, .... Q, are arbitrarily selected
on the tooth axis between the base circle and the dedendum
cir;le as shown in PFigure C-5. These points represent the
locations where the tooth thickness and the load height are to
be measured. Perpendiculars to the tooth axis such as P\Q,,
PQuvvvvvnn P,Q, are then drawn from each location by using a
set square. Since the distance of each location from the point
B and the length of each perpendicular represent the load
height and the half tooth thickness respectively for each
location, this load height and half tooth thickness are then
measured. Thus dimensions required to determine the x-factor
at each location are obtained. Figure C-6 shows the involute
tooth layout generated by this graphical method and Table C-3
indicates the wvalues of the lcad height and half tooth
thickness measured at each shown location in the tooth layout.
The following shows an equation to calculate the x-factor at

various locations.

The minimum value of the x-factor (Lewis =x-factor) 1is
then sought from these x-factors, calculated at various
locations of the tooth profile.

Based on this Lewis x-factor, the Lewis form factor for
AGMA tooth model is determined by using equation C-4 and this
value of Lewis form factor is compared with that given by

AGMA.
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7potn AxLS " Gear Axie

FIGURE C-6: GRAPHICAL INVOLUTE TOOTH LAYCYT FOR AGMA TOOTH
MODEL .

136



TABLE C~3: GRAPHICAL LOAD HEIGHT,

HALF TOOTH

THICRKNESS AND LEWIS X-FACTOR AT

VARIOUS LOCATIONS FOR AGMA TOOTH MODEL

Sr. h t/2 X=(t/2)*h
No. in. in. in.
1 1.7716 1.0391 0.6094
2 1.8811 1.0391 $.5962
3 1.8504 1.0430 0.5878
4 1.8898 1.0391 0.5713
5 1.9291 1.0469 0.5681
6 1.9685 1.0469 0.5567
7 2.0078 1.0546 0.5540
8 2,0472 1.0625 0.5514
9 2.0866 1.0664 0.5450
10 2.1260 1.0781 0.5467
11 2.1654 1.0938 0.5525
12 2.,2047 1.1094 0.5582
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ANALYTICAL METHOD TO DETERMINE INVOLUTE TOOTH THICKNESS

In standard proportion gear tooth design, the value of
the tooth thickness at the pitch circle, pitch radius and
involute of the pressure angle is generally known to determine
the tooth thickness constant (C.). The equation to determine
this tooth thickness constant is written in section 1.3.6

In order to determine the tooth thickness at some other
points such as point I located at any radius r as shown in
Figure 1.4 on the involute profile of the tooth, the tooth
thickness constant is equated to the sum of the half tooth
thickness angle (P) and the involute of pressure angle

(Inv(¢)) corresponding to this point I.
C;=p+Inv(¢)

Substituting the value of angle beta and solving for T,,

tooth thickness at the radius r can be determined as follows.

T,=2r* (C;-Inv(d))

r r
I}=2r*[cg-tan(arccos(—2))+arccos(ff)] ~---(D-1)

r
Subsequently, tooth thickness at the tip and the base is

determined by using the value of r, and r, in place of r in

equation D-1.
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GETSCO020 - PROGRAM LISTINGS
THIS PROGR2AM READS THE BROGHAMER AND DOLAN DATA, SUCH AS
MINIMUM FILLET RADIUS(RF), LOAD HEIGHT(H}, TOOTH
THICKNESS(T) AND EXPERIMENTAL TENSILE STRESS(ST}, OF 35
CA57TS OF THE TOOTH MODEL 6 TO 8 FROM THE DATA FILE
(GETSCO20.DAT), AND DETERMINES THE VARIAELES
(K, T/RF & T/H) FOR EACH CASE. THE VALUES OF THESE
VARIABLES ARE ADDED TO OBTAIN THE MATRIX A(3,3) 2ND
ARRAY B(3) DEFINED AS BELOW. THIS MATRIX AND ARRAY IS
THEN SQLVED BY GAUSSIAN ELIMINATION TO DETERMINE THE
CONSTANTS-C1l, C2 AND C3 FOR THE LOG LINEAR ZQUATION OF

20 PRESSURE ANGLE TEETH.

LR A A AR AL ESE A SR AR EEEEREEEREEESEEEEE R E RS EREESEEEEEEERES S S

* LIST OF VARTABLES *

drode deode U o de A 30 de kg e e e ok e e ol e e dle e e ok o A e e ol e e e b v e ke e e T ok ok S e e e e ok e e o e e

RF - MINIMUM FILLET RADIUS

H - LOAD HEIGHT AS DETERMINED BY BROGHAMER AND DOLAN

T - TOOTH THICKNESS AS DETERMINED BY BROGHAMER AND
DOLAN

ST - EXPERIMENTAL MAXIMUM TENSILE STRESS AS DETERMINED

BY BROGHAMER AND DOLAN.
AL - LOAD ANGLE AS DETERMINED BY BROGHAMER AND DOLAN
LOAD - APPLIED LOAD ON THE GEAR TOOTH DURING EXPERIMENTS
WIDTH - WIDTH OF THE GEAR TCOTH
SL - BENDING STRESS OF THE GEAR TOOTH

SA - DIRECT COMPRESSIVE STRESS OF THE GEAR TOOTH
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N N O N0 o N0 o0 o0 o0 o060 60 o0 o0 o0 o0 000000

NSTRES - NOMINAL TENSILRE STRESS OF THE GEAR TOOTH

K - BENDING STRESS CIONCENTRATION FACTOR FOR TENSILE

FILLET=ST/NSTRES

{(PAGE- NUMBER 30)

A(3,3)
N
A(3,3) = X1s
%28
35
N
Y LOG(t/r,)
i=1
N
Z LOG(t/h)
i=1

X18 X2s
Qs PS
PS RS
N
2 LOG(t/x,)
1=1
N 2
z LOG(t/x,)
i=1
N

L {(LOG(t/x;)*

i=1 LOG(t/h)}
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- MATRIX DEFINED AS FOLLOWS FOR THE EQUATION .3

N

¥ LOG(t. h)
i=1

N

T {LOG(t/r,)*
i=l  LOG(t/h)}
N 2

X LOG(t/h)

i=1




i

B(3) - BRRAY DEFINED AS FOLLOWS FOR THE EQUATICN 4.3

(PAGE NUMBER 30}

N
¥S L LOGI(K)
i i=1
B(3) = R1IK= = X LOG(K)*LOG({t/r,)
i=1
0|
R2KS Z LOG(K)*LOG(t/h}
i=1
IROW - NUMBER OF ROWS.
ICOL -~ NUMBER OF COLUMNS
PIVOT - PIVOTED ELEMENT OF THE EQUATION MATRIX

FE E R R EE 2R XA EEEE R R R R R R R R R E R R RS R R LSS &SRR SRR RS

* DECLARATION OF STATEMENTS *
MR kA ARk kKR KRR KRR KRR KRR A AR AR KA A,
REAL RF(35),H(35),T(35),8SL({35),5T(35),K(35),AL(35),
A(3,3),B(3),DET, PIVOT, FACTOR, NSTRES (35) , SA(35)

INTEGER WIDTH

Whkkkdkdhdhdhkhdkkdkhkrhkkrhkhhhrrrrhbdrhhkddkrbhkhbhddddhiddrdid

* OPEN UP AND READ IN DATA FROM FILE (GETSCO20.DAT) *

TS XEX2RZ3 222 XX 2SR RS2 R R RRRER R R X R R AR R R AR A SR h At R Rh Rk

OPEN (UNIT=11,FILE='GETSCO20.DAT’, STATUS="0LD’)

OPEN(UNIT=10,FILE='EQN20.0UT/, STATUS='NEW"')
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(a4

un

0 0O 0

0 0o 0 0

READ(LL,4) (RF(I),I=1,35)
READ(11,4) (H(I),I=1,35)
READ(L1,4) (T(I),I=1,35)
READ(L1,6) (ST{I},I=1,35)
READ(11,7) (AL(I),I=1,35)
FORMAT (12 (I2,1X)/12(I2,1X)/11(I2,1X))
FORMAT (12 (F4.2,1X) /12 (F4.2,1X) /11(F4.2,1X))
FORMAT (12 (F5.3,1X) /12(F5.3, LX) /LL{F5.3,1X) )
FORMAT (11 (F6.3,1X)}/1L(F6.3,1X)/L1(F6.3,1X)/3(F6.3,1X))
FORMAT (12 (F4.2,1X)/12(F4.2,1X)/11(F4.2,1X))
FORMAT (12 (F5.2,1X) /12 (F5.2,1X) /12 (F5.2,1X))
UG S
* ASSTIGNING THE VALUE FOR LOAD AND WIDTH OF THE GEAR *
* TQOTH *
E A E KA AR R KRR KRR KRR R R KRN R R AR KRR R KRR RN E
PI=3.1416
LOAD=1
WIDTH=1
e e R kR R KRR R KK R KA AR R AR AN R R Ak RN
*+ INITTALIZATION OF ELEMENTS OF THE MATRIX-A(3,3) AND *
* ARRAY B(3) )
PP
X15=0.0
X28=0.0
¥S=0.0
PS=0.0
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11

0S=0.0

RS=0.0

R1KS=0.0

R2KS=0.0

kR AR R KRRk KRR KRR kKK K

* DETERMINATICN OF ELEMENTS OF THE MATRIX-A(3,3) AND =

* ARRAY B(3)

AR R AR R AR R R R R AR AE AR R AR A AR AR AR R RR R E AR

DO 11 I=1,35

SL(I)=6.0*LOAD*COS( (AL(I)*PI/180))*H(I)
/ (WIDTH* (T(I)**2))
SA(I)=LOAD*SIN((AL{I)*PI/180))/(WIDTH*T(I})
NSTRES (I)=SL(I)-SA(I)
K(I)= ST{I)/NSTRES(I)
X1§=X1S+ALOG10 (T(I) /RF (I))
X25=X2S+ALOG10 (T(I) /H(I))
YS=YS+ALOGLO (K(I))
PS=PS+ (ALOGLO (T (I)/RF(I})*ALOGL0(T(I)/H(I)))
QS=QS+ ( (ALOGLC (T{I) /RF(I))) *2)
RS=RS5+ ( (ALOGL10 (T(I) /H(I))}) **2)
R1IKS=R1KS+ (ALOG10 (K(I)) *ALOGLO (T(I)/RF(I)))
R2KS=R2KS+ (ALOG10 (K(I)) *ALOGLO (T(I)/H(I)))

CONTINUE
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e e P R T AR E R A R EE R R R R R R AR R R R R R R R ARSI

* ASSIGNING VALUES TO ELEMENTS OF THE MATRIX A(3,3) AND-

* ARRAY B(3) v

N 0 0

P L A AECEER R AR E R R R E R R R R R R R E R EERESELEEESEEEERELEIJIILIESNE

A(l,1)=35.0

Aa(l,2)=X1lS

A(l,3)=X2S

A(2,1)=X1S

A(2,2)=0S

A{Z,3)=PS

A(3,1)=X25

A(3,2)=PS

A{3,3)=RS

B(l)=YS

B(2}=R1KS

B(3)=R2KS
C T S R R R AR R R T R A
c * WRITING MATRIX-A(3,3) AND ARRAY-B(3) FOR 20 DEG. ¥
C *+ PRESSURE ANGLE TEETH TO THE FILE (EQN20.0UT). *
C O L L E R R AR R AR 22 R R AR RS A R0 AR N

WRITE(10,40)
40 FORMAT(’/0’, ‘MATRIX A(3,3)’,TS3, 'ARRAY B(3}"')

DO 26 I=1,3

WEITE(10,27) (A(I,J),J=1,3),B(I)
27 FORMAT({'0 ’,5X,(3(F10.7,5X}), T54,F10.7)

26 CONTINUE
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]

31

PR R EEEEEEAE AR E R E BB EEEEEE RS RSN B i A

* DETERMINING THE COMNSTANTS-C1, C2 AND C3 FOR LOG *
* LINEAR EQUATION BY GAUSSIAN ELIMINATION FOR 20 DEG. ~
* PRESSURE ANGLE TEETH x

PEETEERE R NN R R R R R R R R R R RS SRS EESEESEERREEEERLESEEELSENEELAEESS D

*+ PIVOTING THE ELEMENT OF MATRIX A(3,3) .
e L AR LR AL
DET=1.0
DO 30 IPV=1l,3

PIVOT=A(IFV, IPV)

DET=DET*PIVOT

Wtk Y U de 3 v %ok e e e R Rk W Y T e % T e e e e v o Y o e o o o b ok o o ke ok S e e e e e O de e e e e ok e e

* NORMALIZING THE PIVOTED ROW. *
khkddkrhkhkrdhrhhkrhthrrrhbrrhhohhdkdhddhkhkddidddddhkhhdirdiki
DO 31 J=1,3
A(IPV,J)=A(IPV,J)/PIVOT
CONTINUE
B(IPV)=B{IPV)/PIVOT

Y ETEEETEEEEIESEEEE R SRS N RS E R RS R R R R R R S A R AR R E S S AR R EZSE RS

* ELIMINATION OF NON PIVCTED ROWS. *
Wk e e e e e ke e e e ok ek e e e ok e ke e ek ke ke Rk e ke
DO 32 IROW=1,3
IF(IROW .NE.IPV) THEN
FACTOR=A(IROW, IPV) /A(IPV, IPV)

DO 33 ICOL=1,3
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A(IROW, ICOL)=A(IROW, ICQL) - (FACTOR*A{IP\V, ICOL) )

33 CONTINUE
B{IROW} = B{IROW)} - (FACTOR * B(IFV))
ENDIF
32 CONTINUE
30 CONTINUE
C N 2 R R R R R R R R R A R R I T R ISR

C * WRITING CONSTANTS-CLl, C2 & C3 TO THE FILE (EQNIO0.QUT})*
C * FOR 20 DEG. PRESSURE ANGLE TEETH *
C B S T
WRITE(10,35} (B(I},I=1,3)
35 FORMAT('0 ‘', 'LOGCl=',F6.3,5%,'C2=',F6.3,5X,'C3=",F6.3)
Cl=10**(B(1))
WRITE(10,36) Cl
36 FORMAT(’'0’, 'Cl=',F6.3)
CLOSE(10)
CLOSE(11)
STOP

END

149



3

o2

o N N0 0o o0 O o0 0 0o 0o o0 0o 0o 0o 00 o o 0O 0 0O 6 0O 0 0

GETSC014.5 - PROGRAM LISTINGS
THIS PROGRAM READS THE BROGHAMER AND DOLAN DATA, SUCH AS
MINIMUM FILLET RADIUS(RF), LOAD HEIGHT(H}, TOOTH
THICKNESS(T) AND EXPERIMENTAL TENSILE STRESS(ST), OF 54
~ASES OF THE TOOTH MODEL([2] 3 to S and 9 to 11 FROM THE
DATA FILE (GETSCOl4.DAT), AND DETERMINES THE VARIABLES
{K, T/RF & T/H) FOR EACH CASE. THE VALUES OF THESE
VARIABLES ARE ADDED TO OBTAIN THE MATRIX A(3,3) AND
ARRAY B(3) DEFINED AS BELOW. THIS MATRIX AND ARRAY IS
THEN SOLVED BY GAUSSIAN ELIMINATION TO DETERMINE THE
CONSTANTS-C1l, C2 AND C3 FOR THE LOG LINEAR EQUATION OF

14.5 PRESSURE ANGLE TEETH.

P 2 22 XA RS2 XSRS R R AR AR RS SRR SRS R R ERESEER SN

* LIST OF VARIABLES "

I LA EA L 22X AEEE AR RS R AR RS RR R AR AR RS RSB E S AN R AR

RF - MINIMUM FILLET RADIUS

H - LOAD HEIGHT AS DETERMINED BY BROGHAMER AND DOLAN

T - TOOTH THICKNESS AS DETERMINED BY BROGHAMER AND
DOLAN

ST - EXPERIMENTAL MAXIMUM TENSILE STRESS OF THE GEAR

TOOTH AS DETERMINED BY BROGHAMER AND DOLAN
AL - LOAD ANGLE AS DETERMINED BY BROGHAMER AND DOLAN
LOAD - APPLIED LOAD ON THE GEAR TOOTH DURING EXPERIMENTS
WIDTH - WIDTH OF THE GEAR TOOTH
SL - BENDING STRESS OF THE GEAR TOOTH

SA - DIRECT COMPRESSIVE STRESS OF THE GEAR TOOTH
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NSTRES - NOMINAL TENSILE STRESS OF 'THE GEAR TOOTH

K ~ BENDING STRESS CONCENTRATION FACTOR FOR TENSILE

FILLET=5T/NSTRES

(PAGE- NUMBER 30)

A(3,3)
N
a2(3,3) = X1s
X28
35
N
Z LOG(t/xy)
i=1
N
Z LOG(t/h)
i=1

X1ls X285
Qs PS
Ps RS
17
Z LOG(t/r,)
i=1
N 2
X LOG({t/x,)
i=1
N

T {LOG(t/x,)*

i=1 LOG({t/h)}
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- MATRIX DEFINED AS FOLLOWS FOR THE EQUATION 4.3

N
L LOG{t/h)
i=1
N
L {LOG({t/x,)*

i=1 LoG{c/h)}

2

2
Z LOG(t/h)

i=1




o

B(3) - ARRAY DEFINED AS FOLLOWS FOR THE EQUATION 4.3

(PAGE NUMBER 30)

N
YS Z LOG(K)
i=1
N
B(3) = R1KS = X LOG(K)*LOG(t/r,)
i=1
N
R2KS X LOG(K)*LOG(t/h)
i=1
IROW - NUMBER OF RCWS.
ICOL - NUMBER OF COLUMNS
PIVOT - PIVOTED ELEMENT OF THE EQUATION MATRIX

Y LR R LR RS EREE R R R R R R X R EEE R AR R AL S SRR S AR EE SRR AR

* DECLARATION Or STATEMENTS *
e A e R R R R R R R TR R R R S
REAL RF(54),H(54),T(54),SL(54}),ST{54),K(54),AL(54),
a(3,3), B{(3),DET,PIVOT, FACTOR,NSTRES (54}, SA(54),
INTEGER WIDTH

' TEEYXTZILEEZELZ SRR LR R AR RS R 2SR SRS R R R R A A A R X 8 A A R R &R R ki ks

* QPEN UP AND READ IN DATA FROM FILE (GETSCO1l4.DAT) *

'YEEEEEE SRR EESASREEE SRR AR R AR R R AR R AR R RS R LEEEERRESESEEEES]

OPEN{UNIT=11,FILE='GETSCO14.DAT', STATUS='0OLD’)

OPEN (UNIT=10,FILE='EQN14.0UT*, STATUS='NEW')
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READ(11,4)(RF(I),I=1,54)
READ(11,5) (H(I}, I=1,54)
READ{L1,5) (T(I),I=l, 54}
READ(11,6) (ST(I),I=1,54)
READ(L1L,7) (AL(I),I=1,54)
FORMAT(11(F6.4,1X)/11(F6
/1L(F6.4,1X)/5(F6.4,1X))
FORMAT (12 (F5.3,1X) /12 (F5
/L12(F5.3,1X))

FORMAT (11 (F6.3,1X)/11(Fé
/11{F6.3,1X)/5(F6.3,1X))
FORMAT (12 (F5.2,1X) /12 (F5

/12 (F5.2,1X))C

LA4,1X)/1L(F6.4,1X) /1L (F6.4,1X)

3,1XY/712(F5.3, LX) /L2 (F5. 3, LX)

.3,1X1/11(F6.3,1X) /11 (F6.3, 1X)

.2,1X) /12{F5.2,1X)/12(F5.2, 1X)

[ X R EELEREE AR Z R R RS R AR R R AR R AR R ER AR R R LR RS RREREREEEESEERSESSE;

* ASSIGNING THE VALUE FOR LOAD AND WIDTH OF THE GEAR *

* TOOTH CASES

L

Thkhkdhdkhkhkhkhkhkkhddhkhrhhkhdhhrddkdhddddkdhdddhdrkdddidhnddhirihkdk

PI=3.1416
LOAD=1

WIDTH=1

ddkdeddekdkkdhdw i ddddodddd dodedeod dododdedeodod g ek ode ko deode e de ok deode ok de v e e de h ok e

* INITIALIZATION OF ELEMENTS OF THE MATRIX-A(3,3) AND *

* ARRAY B(3)

L

TS Y LSRRI E SRR E SRR RS SR AR RS RE R E R RSl A

X15=0.0

X25=0.0
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15=0.0
PS=0.0
Qs=0.0
R§=0.0
RL1KS=0.0

R2KS=0.0

* ARRAY

O o 0o O

DO 11 I=

* DETERMINATION OF ELEMENTS OF THE MATRIX-A(3,3) AND

B(3)

1,54
SL(I)=6.0*LOAD*COS ( (AL(I)*PI/180))*H(I)

/ {WIDTH* (T(I)**2))

SA{I)=LOAD*SIN( (AL(I)*PI/180))/ (WIDTH*T(I))
NSTRES (I)=SL(I)-SA(I)

K{I)= ST(I)/NSTRES(I)
X18=X1S+ALOG1lO0(T(I)/RF(I})

X2S=X2S+ALOGLO (T(I}/H(I))

¥YS=YS+ALOGL0 (K(I))

PS=PS+ (ALOGL10 (T(I) /RF(I)}*ALOGLO ('T(I)/H(I)})
QS=QS+ ( (ALOGLO (T (I} /RF(I}))**2)

RS=RS+ ( (ALOG1O({(T(I)/H(I}))**2)

R1KS=R1KS+ (ALOGL0 (K(I))*ALOGL0 (T(I)/RF({I)))

R2KS=R2{S+ (ALOG10 (K(I)}*ALOGlO(T(I)/H(I)))

11 CONTINUE
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)

)

[

O o 0 0

B L R E R L R R L
* ASSIGNING VALUES TO ELEMENTS OF THE MATRIX A3, 3) AND»
* ARRAY B(3}

I R I T I I I sy
a(l,1)=35.0
A(l,2)=X18
A(l,3)=X25

A(2,1)=Xis

A(2,2)=QS8
A{2,3)=PS
A(3,1)=X28
A(3,2)=PS

A(3,3)=R5
B(1l)=YS
B(2) =R1KS
B(3)=R2KS
T L
* WRITING MATRIX-A(3,3) AND ARRAY-B(3) FOR 14.5 DEG. *
* PRESSURE ANGLE TEETH TO THE FILE (EQN14.OUT). *
Nk ke R kR Rk kR R R R R R R
WRITE(10,40)
FORMAT(’0’, ‘MATRIX A(3,3)’,T53, 'ARRP? B(3)’)
DO 26 I=1,3

WRITE(10,27) (A(I,J),J=1,3),B(I)

FORMAT (0 ’,SX, (3(F10.7,5X)), TS54,F10.7)

CONTINUE
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@)

FEE R TN T R AT AR TR T TR TN NN TN TR E N TN TITXTRTTT AT N RN

* DETERMINING THE CONSTANTS-Cl, C2 AND C3 FOR LOG *
* LIMNEAR EQUATION BEY GAUSSIAN ELIMINATION FOR 14.5 DEG.~
* PRESSURE ANGLE TEETH *

LE R RS A EE SR SRR ERERESEESESERRELSEESE R EEEREREEERERSRESREZEZRERERENR RSN RN S

* PIVOTING THE ELEMENT OF MATRIX A(3,3) *
R R X R R R R R RN K Rk R kR Rk ke ko Rk h ok ok e e ek ko e e R e ek ko
DET=1.0
DO 30 IPV=l,3

PIVOT=A(IPV, IPV)

BET=DET*PIVQOT

LA AR R A S AR SRR LS REEERSESERRLEAEALEEEREERRLARERRRSREREEEESSEES.

* NORMALIZING THE PIVOTED ROW. *
Rk KRR AR KRR KRR KRR AR R ARk kA kAR kR Rk kA Ak kR
DO 31 J=1,3
A(IPV,J)=A(IPV,J) /PIVOT
CONTINUE |
B(IPV)=B(IPV)/PIVOT

LA R AR AR S LR EERREEEAX SRR XS R RS R ERAR R RREXERRR R R X R E R X

* ELIMINATION OF NON PIVOTED ROWS. *
KRR AR A KKK ARk KR Kk Rk Ak Rk AR KA R AR Rk
DO 32 IROW=1,3
IF (IROW .NE.IPV) THEN
FACTOR=A (IROW, IPV) /A(IPV, IFV)
DO 33 ICOL=1,3

A(IROW, ICOL) =A(IROW, IC.JL) - (FACTOR*A (IPV, ICOL))
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36

CONTINUE
B{IROW] = B(IROW) - (FACTOR * B{(IF\]}
ENDIF
CONTINUE
CONTINUE

A R AR R R R AR AR R RS ERRSSRELAREESERRREREEERESERESERESESEERENRSEZ:RZE}N,:

* WRITING CONSTANTS-C., C2 & C3 TO THE FILE (EQNL4,OUT)*
* FOR 14.5 DEG. PRESSURE ANGLE TEETH .
e E TR R R RN R AR KA AR R R R R R R R R R AR R AR ARy
WRITE(10,3%) (B(I),I=1,3)

FORMAT (0 ‘', 'LOGCl=',F6.3,5%,'C2=',F6.3,5X%, ‘C3=",F6.3)
Cl=10**{B(1))

WRITE(10,36) C1

FCRMAT(‘0’, 'Cl=,F6.3)

CLOSE (10)

CLOSE(11)

STOP

END
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DATA FILES FOR GETSCO20 AND GETSCOl4.5 PROGRAMMES

Data File for 20 deg. pressure angle teeth.

PR R R R R R R R SRR R RS AR R R R R A

VALUES QF RF (Minimum Fillet Radius):

0.274 0.274 0.274 0.274 06.189 0.189 0.189% 0.18% 0.L110 0.110
0,110 0.110 0.277 0.277 0.277 0.277 0.170 0.170 0.170 0.17¢C
().106 0.106 0.106 0.106 0.275 0.275 0.275 0.275 0.158 0.158
0.158 0.158 0.090 0.090 0.090

VALUES OF H (Load Height Measured At lLewis Weakest Section):

0.728 0.596 0.472 0.341 0.797 0.650 0.505 0.379 0.826 0.677
0.538 0.405 0.711 0.577 0.451 0.333 0.757 0.615 0.494 0.362
0.791 0.667 0.522 0.388 0.744 0.602 0.460 0.363 0.820 0.658
0.527 0.398 0.882 0.719 0.573

VALUES OF T (Tooth Thickness Measured At Lewis Weakest

Section):
0.922 0.922 0.934 0.984 0.912 0.917 0.922 0.928 0.894 0.800

0.911 0.916 1.018 1.028 1.043 1.078 1.015 1.028 1.044 1.067
0.995 1.018 1.022 1.040 1.078 1.084 1.090 1.147 1.095 1.101
1.113 1.125 1.118 1.118 1.122

VALUES OF ST (Maximum Experimental Tensile Stress):
6.12 5.75 4.81 3.92 7.12 6.50 5.50 4.72 8.40 7.40 6.25 5.25

5.35 4.75 3.92 3.22 6.30 5.34 4.51 3.54 7.00 6.25 5.27 4.20
5.17 4.40 3.60 2.75 5.95 5.09 4.42 3.40 6.50 5.91 4.86
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VALUES

OF

Al (Load angles):

28.000

39
(38 ]

17.833

s8]
[ Re]

.000

(a2}

o

o

3

(5]
)

28.000 22

20.333 18

6o 21.

.333 17.

18,833 L7.833 22

L5040 .

pata File fox 14.5 deg. pressure angle teeth:

P L e A R AR R REE A E R ER SR R ER L EE R A SRS EE RS ELE S

VALUES OF RF_(Minimum Fillet Radius):

0.3170
0.1105
0.1700
0.2900
0.2530

0.1620

VALUES OF H

0

0.

.3170
1105
.1700
.1880
.2530
L1620

0

0

0
0

.3170
.1105
.1320
.1880
.253)

.1620

0

0.

0

0.

0

0

.3170

2760

.1320

1880

.1610

.2700

0.1660
0.2760
0.1320
0.1880
0.1610 0
0.2700 0

o o o o

L1320 0

.1l660 0.

L2760 0.

.1260 0.
.1610 0.

.2700 0.

1660 0.

2760 0.

1260 0.
2650 0.

1630 0.

.2900 0.

5,000

2.0eb

132
« 32D

Leel

1700

29100

1260

2650

1630

I .ooh

.500 21.333 20.666 20.000 22.500 21.333 l0.vob

0

L1105

L1700

L2900

L1260

.2650

0.

1630

(Load Height Measured at Lewis weakest Section):

0.718
0.541
0.%12
0.493
0.652
0.472

0

0.

o O

.568

.685

.

.867

408

359
479

0.448
0.716
0.544
0.803
0.797
0.650

0.331 0

0.398 0@

0.629 0

0.572 0.

0.€57 0.

0.509

.801

471

.707

522

434

0
0

159

.641
.344
.584
.393

.845

0.507
0.794
0.460
0.767

0.647

0

0.

0

L3371

638

.326
.614

.488

0

0.

0

.840

516

.741
.431

.790

0

0.

0.

.674



VALUES OF T

(Tooth Thickness

Measured at

Lewilis Wweakest

Section}:
0.840 0.859

N.850 0.862

0.862
0.960
0.812
1.069

(.875

0.989

0.842

1

.010

0

1

.870
.894
.886
.954
.934

.015

0

.900
. 911
.883
.960

.955

1.030

0.828 0.834

0.944 0.977

0.944 0.960

0.972 0.988

0.967 0.903

0.840
0.888
0.988
0.824

0.908

VALUES OF ST (Maximum Experimental Tensile

0.855 0.828
0.894 0.916
0.994 0.926
n.854 0.868

0.944 1.024

Stress):

08.08 06.65 05.54

08.09 07.00 07.35

10.01 08.52 07.27

05.88 (04.59 08.65

09.04 07.35 07.1¢9

04

.50

06.35

06.15

07

05

.50
.87

04.51 07.40 06.30 05.45

VALUES

10.32 08.
05.12 04.
06.87 05.
06.35 05.
04.95 08.

OF AL (Load Angles)

20.000
18.500
17.000
14.500
25.500
24.666

18.500 16
16.333 09.
11.333 18.
15,666 16
16.333 10
21.333 15

ooc 17
.333 14
.666 25
.666 25

000 18.

.333 05.000 20.000

000 17.500

.500 17.000
.500 14.5900
.500 16.333
.833 23.666

160

80
23
30
12

48

18

17

11.

15

10.

17

07.52
09.20
04.76
08.52
07.23

.500 16
.000 11.
333 15.
.666 15

666 24

.333 25

06.22 11.20
07.73 06.45
03.67 08.00
07.34 05.90
06.01 06.06

.333 09.000
333 18.000
666 15.333
.333 14.500
.666 21.333
.833 23.666

0%
05

07

10.

05

17.
14.
14.
15.
17.

.834
.§27
.949
.798

.048

.50
.61
.08
0l
.10
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