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ABSTRACT

DEVELOPMENT OF A USER FRIENDLY SOFTWARE FOR
ASYMMETRIC SPUR GEARS INCLUDING MACRO AND MICRO
GEOMETRY CONSTRUCTION

YILDIRIM, Omer
Ms.C. in Mechanical Engineering
Supervisor: Prof. Dr. Nihat YILDIRIM

August 2019
106 pages
The aim of this thesis is to develop user friendly software for macro and micro generation

of asymmetrical tooth profile spur gears.

This thesis is a part of Indigenous Helicopter Program of Rotary Wing Technology Center
(DKTM) [1] which was launched at METU Technopark Facility within the scope of
contract signed between Undersecretariat for Defence Industries (SSM) and Turkish
Aerospace Industries, Inc. (TAI) on June 26, 2013.

A user friendly software has been developed to generate macro geometry of asymmetric
gears for checking geometric limits. Analysis and design of asymmetric spur gears for
tooth root bending stress with micro profile design for minimum peak to peak transmission
error (PPTE) can be fulfilled by using this software. Tooth pair and mesh stiffness values

can also be calculated and curves can be constructed.

Key Words: Asymmetric spur gears, Gear design, Quasi static transmission error, Tooth

pair stiffness, Mesh stiffness, Tooth root bending stress, Helicopter gears.



OZET

ASIMETRIK DUZ DISLILERIN MAKRO VE MiKRO GEOMETRILERIN
TURETILMESI ICIN KULLANICI DOSTU BiR BILGISAYAR PROGRAMI
GELISTIRILMESI

YILDIRIM, Omer
Yiiksek Lisans Tezi, Makina Miihendisligi Boliimii

Damisman: Prof. Dr. Nihat YILDIRIM

Agustos 2019
106 sayfa

Bu g¢alismanin temel amaci asimetrik diiz dislilerin makro ve mikro geometrilerinin

tiiretilmesine olanak saglayan kullanict dostu bir bilgisayar programi gelistirilmesidir.

Bu tez, TAI (Tiirk Havacilik ve Uzay Sanayi A.S) ile Savunma Sanayi Miistesarligi (SSM)
arasinda 26.06.2013 tarihinde imzalanan anlasma ile ODTU Teknoparkta kurulmus olan
DKTM (Déner Kanat Teknoloji Merkezi) tarafindan desteklenen Ozgiin Helikopter

Programui [1] kapsaminda yiirtitiilmiistiir.

Asimetrik diiz dislilerin dis c¢ifti direngenliklerini, statik iletim hatalarin1 ve dis dibi
gerilmelerini hesap edebilen ayrica dislilerin geometrik limitlerinin kontroliine imkan

tantyan bir program gelistirilmistir.

Anahtar Kelimeler: Asimetrik diiz disliler, Disli tasarmi, Statik iletim hatasi, Dis
cifti direngenligi, Disli temas direngenligi, Dis dibi gerilmesi,
Helikopter dislileri.
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CHAPTER 1

INTRODUCTION

1.1 General Introduction

This thesis has been conducted as a part of Indigenous Helicopter Program of Rotary
Wing Technology Center (DKTM)[1] which was launched in the scope of contract
signed between SSM (Undersecretariat for Defense Industries) and TAI (Turkish

Aerospace Industries).

This study mainly is based on macro and micro design-analysis of asymmetrical tooth
spur gears which can be applied to helicopter transmission units because of their high

load carrying advantages.

1.2 An Overview of Asymmetric Spur Gears

Gears are very essential machine elements used for power transmission between
parallel or non-parallel shafts. Several gear types are in use for transmitting power,
torque and speed between power source and machine/systems. Due to significance of
gears and their important tasks for power transmission, gear design has been given
great importance by gear designers and engineers. Gear design requires two main

criteria; static and dynamic performances.

Static performance is based on geometrical necessities and stress analysis of gear
materials during operation whereas dynamic performance usually deals with vibration

and noise. Gears experience contact stress at tooth flank and bending stress tooth root.

Safety, reliability and service life for gears are influenced by gear geometry and
loading conditions. Gear engineers need to have a strong background for designing of
gears and gearboxes owing to plentiful of parameters and complex structure of
gearboxes. There are several design procedures such as Lewis bending equation,

AGMA equation and international gear standards.



A standard spur gear has same pressure angle at both left and right sides of a gear tooth
flanks because of symmetry in tooth profile and same level of performance in terms of
bending and contact stresses. This symmetry of both tooth sides stems from gear

generation methods but it is not an obligation.

In most practical cases, both the forward and backward rotations are not always used
for power transmission. Both flanks of gear tooth have the same geometry/shape and
hence similar bending and contact strengths. However, in most practical cases, both

the forward and backward rotations are not always used for power transmission [2-3].

In many gear transmissions, a tooth load on one flank is significantly higher and is
applied for longer periods of time than for the opposite one; an asymmetric tooth shape
reflects this functional difference. With asymmetric gears, the standard symmetric

tooling gear rack is modified by altering the pressure angle of one of its flanks [4].

Two sides of the gear tooth are different in terms of functions for most gears. Whereas
one side (drive side) is highly loaded for longer durations, the opposite side (coast
side) is unloaded or slightly loaded for short time. Thus asymmetric tooth (Figure 1.1)
is well suited for cases where the torque is transmitted mainly, in one direction, [5] as

in the case of most aerospace applications.

Asymmetric gears can be a good alternative to symmetric ones because of loading
situation differences of both flanks of almost all gears. Asymmetrical tooth gears are
mainly suitable for unidirectional torque transmission. These kinds of gears provide
less space for same transmitted torque value or more torque transmission at same level

of space [6].

Figure 1.1 Asymmetric involute gear tooth profile

Gear mass, noise and vibration level can be significantly reduced by designing and
producing gear tooth in asymmetric form (in macro level and by applying proper

profile modifications in micro level). Similarly by providing standard pressure angle



at coast side and higher pressure angle at drive side, both bending and contact strength
can be significantly improved with less mass [5].

While symmetric gears are being designed with standard methods, decision of suitable
pressure angles at coast side and drive side for asymmetric gears are more important.
Although pressure angle increase produces stronger gear in terms of bending, this
increase is not limitless because of its effects on contact ratio and tooth tip thickness
decrease.

Decision on pressure angle cause to change of many factors namely tooth thickness at
root form factor, stress concentration factor, load factor, and moment [6]. Therefore a
software is required to predict the abovementioned significant factors and design

asymmetric gear having bending (and contact) stresses for specific applications.

Designing gears for a good dynamic performance, minimizing transmission error and
obtaining smooth transmission error curves are important at least as much as static

design regardless of symmetric or asymmetric tooth spur gears.

All requirements expected to be satisfied by gears for static and dynamic performances
necessitates more efforts on asymmetric gear designs and following tasks are planned

to be studies:

v Macro geometry construction of asymmetric spur gears,

v Design and analysis of asymmetric spur gears based on tooth root bending
stress theoretically,

v Micro geometry design of asymmetric gears for minimized transmission error

by applying profile relief to tooth tip.

1.3 Purpose of the Thesis
The purpose of this thesis is to:

> Construct gear macro geometry of asymmetric spur gears,

» Conduct a theoretical study on asymmetric spur gears to determine

bending stress,

» Calculate tooth pair and mesh stiffnesses,



» Conduct a theoretical study on asymmetric spur gears to minimize peak
to peak transmission error (PPTE) values and obtain smooth

transmission error curves.

1.4 Structure of the Thesis
Structure of thesis is explained in this section briefly.

Chapter 2 includes literature survey on asymmetric spur gears for macro profile

generation, micro profile design, and analytical efforts for root bending stress.

Chapter 3 is based on macro geometry generation of asymmetric tooth profile spur
gears. Cases studies are presented for symmetric and asymmetric gears by comparing

gear profiles with KissSoft [7].

Chapter 4 includes root bending stress calculations for symmetric and asymmetric
tooth spur gears. Some modifications of root bending stress equations are also

presented for asymmetric gears.

Tooth pair and mesh stiffness calculations are carried out. Micro geometry design for
symmetrical and asymmetrical spur gears to minimize transmission error and obtain

transmission error curves are presented in Chapter 5.

Chapter 6 includes discussion and conclusion of thesis.



CHAPTER 2

LITERATURE SURVEY

Gears are power transmission units used for many vehicles and machines. Gear pairs
are expected to provide safe meshing for required service life under required level of
torque. They need to be evaluated for bending stress at tooth root section and contact
stress at tooth flank surface for accurate design. In addition, obtaining minimum
transmission error value and constructing smooth transmission error curves under
design and off-design loads by tip relieving of gears is an important task for gear
engineers. Several studies are available in literature for different design criteria; macro
geometry generation, tooth root bending stress calculation and micro profile design for

minimized transmission error.

2.1 Macro Geometry Generation of Asymmetric Spur Gears

Asymmetric tooth spur gears are different than symmetric ones in terms of pressure
angle of drive (highly loaded for long time) and coast side (unloaded or lightly loaded
for short duration) of tooth. Romax [8], Dontyne [9] and KissSoft [7] are well known
gear software to evaluate gear performances for obtaining macro geometry of gears
and evaluation of tooth stresses and transmission error values. During literature survey,
no commercial software has been encountered for asymmetric profile gears. It is an
important task to generate macro geometry of asymmetric spur gears for stress analysis
based on finite element works. In some researches, macro geometry generation of

asymmetric spur gears are presented.

A mathematical model was presented to generate asymmetric spur gears in the study
of Fetvaci and Imrak [10]. A computer program was developed for macro geometry
generation of gear and geometry of gear cutting tools. Finite element analyses were
carried out to evaluate the effect of coast side pressure angle on root stress for different

case studies and stress reduction was obtained by this means.



Fetvaci [11] presented a study for macro geometry generation of asymmetric spur
gears by modeling trajectory of cutting tool with different pressure angle and tip radius

alternatives during gear generation for hobbing and shaping processes.

Alipiev et al [12] presented realized potential method for determining lowest value of
minimum teeth number of both symmetric and asymmetric spur gears by using
standard and non-standard racks. Parameters of rack cutter namely addendum, tip
radius, pressure angle and fillet radius restrictions were taken into consideration for
asymmetric gears with four or five teeth. Areas of existence were determined for gears

with undercut and undercut-free.

Alipiev [13] intended the method of realized potential to design spur gears with
profiles of symmetric and asymmetric shapes. The method aims to determine existence
areas of gears with involute profile and realized potential for minimum number of teeth

regardless of symmetric or asymmetric gears.

Alipiev [14] proposed a theory for gear meshing conditions based on generating

asymmetric gears by using two different generalized basic racks.

Vojtkova [15] developed software to construct geometric profile of asymmetrical
gears by checking thickness of top land and interference. Asymmetrical gears were
presented by taking limits of pressure angle, top land thickness and contact ratio into

account. Reduced radii of curvature and specific sliding curves were constructed.

2.2 Bending Stress Calculations of Asymmetric Spur Gears

There are two significant concerns in terms of gear design; bending stress at tooth root
section and contact stress on tooth surface flank. Stress calculations and comparing
them with regarding strengths are necessary for whether gears are safe or not. Some
international gear standards such as ISO [16], DIN [17] and AGMA [18] are presented
for performance evaluations of symmetrical tooth spur gears. In contrast, no
international standard is encountered for calculations of geometrical parameters or
stress values of asymmetric tooth profile spur gears. Some literature works for root

bending stress calculations are discussed in this part of the thesis.

Kapelevich [19] established a geometrical theory for asymmetric gears. Finite element

analyses were conducted in addition to experiments for asymmetric gears used in a



planetary gear reduction unit of a turbo-prop engine. Author suggested that asymmetric
gear with greater pressure angle at drive side of tooth yields stress reduction.

Kapelevich and Shekhtman [20] proposed a method for evaluation of bending and
contact stress calculations for asymmetric tooth gears based on stress calculations for
equivalent symmetric gears. 2D and 3D finite element analyses were conducted to
obtain conversion coefficients to calculate tooth and root stress of asymmetric gears

based on symmetric ones.

Kapelevich [21] presented a study on bending and contact stress calculations of
symmetrical and asymmetrical gears for unidirectional and bidirectional loadings.
Symmetric spur gear with 25 degree of pressure angle was accepted as reference for
comparisons. When greater pressure angle for drive side was selected in analyses,
stress reductions of 6-12% were obtained for contact stress whereas stress increase of
7-8% occurs for bending stress.

Kapelevich [22] proposed three different methods such as random search,
trigonometric functions approximation and finite element to calculate root bending
stress for asymmetric gears. A non-traditional method of direct gear design was
developed for root stress evaluation for asymmetric external and internal gears of two

stage planetary gear box of TV7 — 117S turboprop jet.

Sekar and Muhtuveerappan [23] modified equations presented in ISO standards [16]
to calculate root stress modifying factors, tooth thickness at gear root, bending moment
arm and root bending stress for asymmetric spur gears. In addition to calculations,
finite element analyses were carried out. Load sharing and root stress were evaluated
by loading asymmetric gears at tooth tip and highest point of single tooth contact.
Authors recommended using greater pressure angle for drive side flank to obtain stress

reduction.

Cavdar et al [24] carried out some finite element analyses for symmetrical and
asymmetrical tooth spur gears to calculate tooth root bending stress. It was claimed
that stress reduction of 35-39% was obtained by using asymmetric gear instead of

symmetric one with 20 degree pressure angle.

Francesco and Marini [3] adapted method presented in ISO [16] for root stress

calculations of asymmetric tooth spur gears. It was aimed to present a procedure for



bending stress evaluation of asymmetric gears. Stress values calculated were compared
finite element works result and 13% difference was obtained.

Francesco and Marini [2] underlined that asymmetry in gear tooth profile produces
higher load carrying capacity or higher bending strength based on greater value of
pressure angle for drive or coast side respectively. Stress reduction of 18.5% in
bending was obtained in the case of drive (17.5degree) and coast (30degree) side

pressure angles.

Karpat [25] performed analytical and numerical investigation concerning tooth
bending stress analysis of symmetrical and asymmetrical tooth spur gear pairs.
Asymmetric gears with greater pressure angle on drive side were evaluated in terms of

bending stress.

Karpat et al [26] investigated asymmetric spur gears in terms of root bending stress,
deflection and mesh stiffness. Profile shifted symmetric and asymmetric (with no
relief) tooth spur gears were compared for root bending stress based on DIN [17]

standards and finite element analyses.

Karpat et al [27] conducted a number of finite element analyses to determine bending
stress for both flanks of gear tooth. Root thickness at a distance from two times module
from gear tooth tip was calculated for asymmetric gear pairs. In addition, contact stress

and stiffness were determined.

Marimuthu and Muhtuveerappan [28] made effort to determine optimum profile shift
for asymmetric gears with normal contact ratio and high contact ratio based on direct
gear design. Multi pair contact analysis was carried out to estimate load sharing and

finite element analyses were conducted for gears with full rim.

Marimuthu and Muhtuveerappan [29] investigated the effects of addendum, teeth
number and module on load sharing for asymmetric spur gears with greater drive side
pressure angle by conducting finite element analyses for 3-teeth gear models. Stress
reduction in bending and contact stresses were obtained by increase of teeth number

while addendum and normal module increase yields to bending stress increase.

Sekar and Muhtuveerappan [30] estimated load sharing, bending stiffness and bending

stress of asymmetrical profile helical gears designed conventionally and by direct



method. Area of existence diagram was used to determine gear pair requirements and
finite element analyses were carried out to evaluate the influence of gear ratio,
transverse contact ratio, top land thickness and number of teeth on load sharing,

stiffness and stress.

Spitas et al [31] made a parametric investigation to obtain a stronger gear tooth by
evaluating combined effect of gear cutting tool tip radius and dedendum on gear root
clearance. Analytical calculations and finite element works were carried out to

determine root stress by taking those all abovementioned into consideration.

2.3 Stiffness Evaluations, Micro Profile Design and Transmission Error
Prediction of Asymmetric Spur Gears

Transmission error (TE) has long been established as main source of vibration and
unpleasant noise of gear pairs. It is highly unwelcome due to its negative effect on gear
performance. TE has to be minimized in amplitude and optimized in shape to get a
smooth TE curves. It is strongly related to gear dynamic performance and influence
noise, vibration and harshness (NVH) characteristics adversely. There are some
studies to minimize peak to peak transmission error values for gear pairs and are

summarized here.

Munro et al [32] presented a study of transmission error calculation at outside of path
of contact for spur gears. Theoretical and experimental works results were presented
in paper. Theoretical calculations differs from actual measurements of TE values; with
an amount of changing from 9.5 to 12.0 micron.

Yildirim and Munro [33] proposed a systematic approach for designing micro profile
relief for low and high contact ratio spur gears. Calculations were verified by
comparing results of experiments for TE values under several loads. Minimum peak
to peak transmission error was obtained for design load and off design loads by

applying intermediate relief to optimize TE value.

Yildirim and Munro [34] presented double relief by applying short and long relief
together. It was mentioned that this new type of relief is superior to other relief types
for many parameters such as PPTE, tooth load sharing and smooth TE curves. In

reference study, theoretical calculations were supported by experiments.



Yildirim et al [35] designed spur gears with high contact ratio applied double relief for
helicopter transmissions. In this paper, double relived spur gear pairs were tested; low

PPTE and noise reduction of 7-11 dB were obtained.

Palmer and Fish [36] designed micro geometry of spur gears with and without adjacent
pitch error values. Gears with different relief parameters were evaluated in terms of no
relief, very short, short, intermediate, long and very long tip relief. It was underlined
that a correctly designed micro profile, gear produces low transmission error.

Houser et al [37] compared theoretical and experimental results of transmission error
for parallel axes gears. Experimental works for spur and helical gears were carried out
by using a gear test rig whereas load distribution program (LDP) was used for

theoretical calculations.

A limited number of literature works have been found on the design of micro geometry
of asymmetric gears. An optimum design for micro geometry of asymmetric spur gears
combined with the advantage of gear in terms of bending stress can compete with
helical gears for load carrying capacity. Minimization of transmission error is very
important to improve dynamic performance of asymmetric gear pairs and to keep

vibration level as low as possible.

Karpat et al [38] performed 2D finite element analyses to determine stiffness by
varying and holding constant (20degree) pressure angle values for drive and coast side
respectively. Teeth numbers were also changed with applying different degree of

asymmetry to tooth profile to see its effect on tooth stiffness.

Kapelevich and Shekhtman [39] made effort to find an optimum solution for
asymmetric gear pairs with low and high contact ratios to obtain low transmission
error, high load carrying capacity and high efficiency. It was stated that manufacturing
tolerances with deflection of tooth under load affects TE and contact ratio. But

deflections under the effects of bending and contact were taken into account.

Karpat and Ekwaro-Osire [40] presented a study for asymmetric spur gears by
relieving gear tooth tip to investigate the effect of relief on wear. Reduction of wear
depth and dynamic load was obtained with increased tip relief. By taking all these
studies and requirements into account, it is aimed to develop a user friendly software

which can fulfill following tasks in this thesis:

10



Macro geometry generation of symmetric and asymmetric spur pairs,

Tooth root bending stress calculations of symmetric and asymmetric spur

gears,

Tooth pair and mesh stiffness calculations of symmetric and asymmetric spur

pairs,

Micro profile design for minimization of quasi static transmission error for

symmetric and asymmetric spur gears.
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CHAPTER 3

MACRO GEOMETRY CONSTRUCTION OF ASYMMETRIC GEARS

There are some formulae and principles for macro geometry generation of symmetric
involute tooth profile gears. Procedures for modifying these formulae to generate
macro geometry of asymmetric spur gear are explained in this chapter. To prove
correctness of these formulae modifications, some case studies have been carried out
for symmetric and asymmetric tooth spur gears. Software which fulfils tasks of macro
geometry generation for both symmetric and asymmetric tooth profile spur gears has
been developed in the scope of this thesis. This software and some case studies are
presented in this chapter. Same case studies have been also carried out by using
KissSoft [7] for symmetric gears directly and asymmetric based on comparable

symmetric tooth profile for drive and coast sides.

3.1 Symmetric Tooth Profile Spur Gears

Power cannot be used directly where it is produced for many applications. Therefore
power transmission between power source and machines is very significant. Gears are
important power transmission elements and their design requires safeness and
accuracy for transmitting power and motion between parallel or non-parallel shafts
through teeth.

Gear tooth profile is expected to provide a uniform motion / power transmission
between shafts with a nonslip and smooth drive. Because of reasons abovementioned,
gear tooth size and profile is very important. There are many different gear profiles
namely cycloidal, circular and involute which perform required tasks such as uniform
motion transfer with constant angular velocity. Involute profile is in universal use for
gear profiles because it produces constant angular velocity and allows center distance

variation without transmission ratio change.

0= tan® — @ = inv (@) (3.2
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Where 0 and @ are vectorial and pressure angles respectively in radians, and inv is
involute function. The involute curve can be expressed in mathematical form of

vectorial angle.

R,Rg and R are any radius on involute curve, base radius and radius of curvature
related to Radius of R respectively as presented in Figure 3.1. R and R depend on

base circle radius of Rg. Relations are given in (Eq. 3.2-3.3).

cos @ = R—lf (3.2

R¢ = /R2 —R%, (3.3)

Rg is the radius of the base circle which involute curve generates from (Figure 3.1 and
3.3). Pressure angle is the angle between line of contact and the common tangent to
the gears pitch circles in mesh. Pressure angle is not a constant value for each point on
involute curve and differs from one radius to another. Three gear teeth models which
having same module and teeth number and differ from each other in terms of pressure
angle are presented in Figure 3.4. Increase in pressure angle produces stronger gear

root section and thinner tooth tip (Figure 3.4).

TVOLUTE CURVE

R

Figure 3.1 Involute tooth profile
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Figure 3.2 Pressure angle, base circles, dedendum circles and pitch circles [41]
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Figure 3.4 Symmetric gear teeth with pressure angle values of 20, 25 and 30 degree
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3.2 Asymmetric Tooth Profile Spur Gears

Pressure angle is main gear parameter for symmetry or asymmetry of gear tooth
profiles. Both flanks of gear tooth for spur gears with symmetrical profile are identical
in terms of geometry, and strengths against bending and surface contact loading. In
almost all applications, gears rotate in same direction without reversing. Therefore,
generating gears in identical symmetric profile for both flanks is not an obligation; it
is outcome of manufacturing methods. Because of all these statements given above,

gears with asymmetric tooth profile can be used instead of those with symmetric tooth.

Asymmetric gears are different than symmetric ones because of pressure angle
difference for drive and coast sides (Figure 3.5). This yields two different base circle
radii as shown in Figure 3.6. Asymmetry in gear tooth profiles in terms of bending

stress calculations are going to be evaluated in Chapter 4.
20 degree 30 degree/ \ 20 degree

e AN - A

Figure 3.5 Symmetric and asymmetric tooth profile

Rb drive

Figure 3.6 Asymmetric teeth with two different base circles
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There are gear standards and well accepted formulae for evaluation of bending and
contact stresses for symmetric tooth profile spur gears whereas no tool for asymmetric
gears is encountered. Therefore gear designers who aim to investigate root stress of
asymmetric gears can modify formulae already presented for symmetric gears or
conduct finite element analyses. So macro geometry generation of asymmetric gears
to analyze root stress or check geometrical limitations is very significant. Macro

geometry generation software has been developed in this thesis for these aims.

3.3 Gear Geometry Generation

Gears are generated by different generation and manufacturing methods such as Maag,
hobbing and Fellows shaping as shown in Figure 3.7. Hobbing is one of the gear
generating processes and based on usage of gear cutter called as hob (or rack) which
is straight sided cutting tool. During hobbing process, hob moves longitudinally
whereas gear blank rotates in Figure 3.8. Gear tooth is generated with two different
profiles of involute and trochoidal root when gear generation is completed as given in
Figure 3.9.

]
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N \ \ ‘- Rack-culter
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’
ol « 1 AR
W g —Centrodes
% \ X
e vy
AN e
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\
NN Ny,
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\ e it // ‘— Addendum circle
\Tif)/ \—Pitch circle

‘— Dedendum circle

a.Maag b.Hobbing c.Shaping
Figure 3.7 Gear generating methods [42]
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h
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Figure 3.8 Gear generation process
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A gear cutting tool, hob is a used to generate gears with identical pressure angle for
drive and coast sides and module (Figure 3.10). Gear pairs generated by same hob can

mesh together because of having identical same module and pressure angle.

Sum of the length of f and R equals to dedendum of gear where R is tip radius of
cutting tool. TP and TH are hob tooth space and hob tooth thickness respectively.
Tooth thickness of gear (on pitch circle) is equal to tooth space of hob. During
generation of gears, hob moves a distance of (TP+TH) while gear rotates via an angle
of (TP+TH)/R;, where R is pitch radius.

Y T-axis ¥-axis

\ L’XT-axis L& Xoanis

Center of
Tooth Space

TH TP

Hob Space

Figure 3.10 Hob geometry for symmetrical tooth profile
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Gear tooth profile including involute and trochoid sections can be drawn on Cartesian
coordinates. From reference book [41], equations of 3.4 — 3.27 were obtained to

generate symmetric gear tooth profile and explained below.

Based on these equations and relations can be read from Figure 3.9-3.12, tooth involute
profile with respect to tooth center is generated by starting at a point where tooth
thickness and pressure angle are known. This point is generally selected pitch point
with a pressure angle of @,, pitch radius of R; and tooth thickness of CTT;.

0, = tan@, — @, (3.4)
A= 6, + 0.5*;1TT1 (35)
B= A— 0, (3.6)
@, = cos‘li—z (3.7)
6, = tan@, — 0, (3.8)

0.5+CTT,

X and Y coordinates are determined for any point on involute curve:
X = R, sinB (3.10)

Y =R, cosB (3.11)

Where

@, : Pressure angle at any radius,
0, : Involute angle at any radius,
R, : Any radius on involute curve,

CTT, : Circular tooth thickness at any radius.

18



These relationships were used to prepare software for obtaining involute curve.
Software routine principle is initiated based on base circle to obtain the closest point

to tip with a difference of 0.125mm.

Figure 3.11 Calculating tooth thickness at any point on involute curve

Following equations are used to determine trochoid coordinates,

0.5+(TH+TP)

W+V= (3.12)
Rg
L
V= Re (3.13)
Where L is distance between the center of the hob tooth and point Z.
TH R
L—T—Btan(z)—@ (3.14)
y = L5+ (TH+TP)-L (3.15)

Rg

It can be seen that trochoid curve is generated by Point Z, when hob moves a distance

of R¢ * E and gear blank rotates via an angle of E.

XZ = RZ Sin(T — E) (316)
Yz = Rz cos(T —E) (3.17)
cosT = Re=F (3.18)

Rz
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RG*E

sinT = R_Z (319)
Xz = (Rg*E) * cosE — (Rg — B) *sinE (3.20)
YZ = (RG — B) * coSE + (RG * E) * sin E (321)

Trochoid actual value of coordinates is evaluated by adding hob tip radius to generated

coordinates (Figure 3.9):
Xt =Xz + R*cosA (3.22)
Yr=Y; — R#*sinE (3.23)

Trochoid coordinates with respect to tooth center is determined at last:

X1 + XcosW

sinW = = (3.24)
cosW = w (3.25)
X =Yr sinW — Xt cosW (3.26)
Y =Yy cosW + Xt sinW (3.27)

Thus far, macro geometry generation including involute and trochoid profiles has been
explained based on Figures of 3.8 - 3.12 and Equations of 3.4 - 3.27. Hob geometry
and equations for generation of asymmetric tooth profile involute gear are modified as

shown in Figure 3.13.

In this thesis, an asymmetric tooth spur gear is modeled as two comparable symmetric
tooth spur gears to generate gear tooth and whole gear models (Figure 3.14). These
two comparable symmetric gears refer to drive and coast side of asymmetric gear in

terms of pressure angle and base circle radius.
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Yz Rz

Figure 3.12 Trochoid generated by Point Z

Figure 3.13 Hob geometry for asymmetrical tooth

Symmetric drive coast Symmetric
Tooth Profile side side Tooth Profile
of drive side / of coast side

asymmetric gear

Figure 3.14 Modelling asymmetric gear as two symmetric gears
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All equations given for macro geometry generation of symmetric spur gears have been
modified to obtain asymmetric tooth involute profile. These equations are presented
below (Eqg. 3.28-3.37).

e1d,c = tan (Z)ld,c - ¢1d,c (328)
0.5+CTT
Agc = e1d,c + R, - (3.29)
Bd,c = Ad,c - 62d,c (330)
-1 RBd,c
Drgc = cOs™ —= (3.31)
, R,
024, = tan Q)Zd,c - (Dzd,c (3.32)
CTToq =2+ Ry * (T + 614 — 054) (3.33)
1
CTTye = 2 Ry * (Fo + 81c — 05c) (3.34)
1
Xd,c = R2 sin Bd,c (336)
Yqc = R, cosBg (3.37)

Where

@14, - Pressure angle at any radius for drive and coast side flank,

0,4, : Involute angle at any radius for drive and coast side flank,

R, : Any radius on involute curve (it is same for both flanks on involute curve),

CTT, : Circular tooth thickness at any radius (it is sum of half thickness of drive and

coast side tooth flanks)

3.4 Software

Based on gear geometry generation principles explained above, a software has been
developed for generation of symmetric and asymmetric tooth spur gears. Software has
module of geometrical construction including Main Window, Input Parameters

Window, Output and Tooth Profile Drawing Window, Results Window and Error
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Warnings Window as shown in Figure 3.15-3.18. Symbols for gear parameters used
in software and their descriptions are given in Table 3.1. When main window is

obtained, sections of inputs, outputs, calculations and drawings can be seen as shown
in Figure 3.15.

- x

SAVE Graph (JPEG) | SAVE Points ToTxt Fie | View Outputs

g ool

Figure 3.16 Input parameters window of software
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Figure 3.17 Output parameters and drawing section window of software

As shown in Figure 3.16, gear parameters such as teeth numbers, pressure angles of
drive and coast side of tooth profiles, coefficients of addendum, dedendum, hob tip
radius and profile shift and backlash can be selected for pinion and gear separately
whereas module is common parameter for both gears. By using software, different root
fillet radii coefficients can be applied for drive and coast side of trochoidal region. This
enables asymmetric fillet whose advantages were deeply discussed in reference studies
[43-46] for application to spur gears. Scale for gear macro geometry drawing on screen
and number of points to generate involute and trochoid profiles can be changed by
user. Sections of tooth profiles and root profiles for drive and coast sides of gear tooth

can be selected for generation or can be omitted by designer.

Gear parameters of tooth thickness on pitch circle, tooth tip thickness, profile shift
amount are calculated for pinion and gear and presented in Figure 3.17. Transverse
contact ratio and nominal center distance are given for gear pair. Nominal center
distance is calculated based on given gear pair parameters and can be changed by
designer. It also allows checking its effect on contact ratio of gear pair. Pinion and gear
macro geometries are generated and presented in drawing section of output module of
software. If there is any error or warning should be taken into consideration such as
low contact ratio and excessive decrease in tooth tip thickness, these are given in error-
warning section of this module. For design or analysis, a new gear pair with different

parameters of gears except module (module is common for all gear pairs) can be added
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and then can be removed from analysis list. Designed gear tooth or whole gear profiles

can be imported as points in a text files (Figure 3.19).
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Figure 3.19 Adding new gear pair, removing and importing

Table 3.1 Gear parameters descriptions for software

Symbol Description Unit
#T Teeth Number -
PA d Pressure Angle (Drive Side) deg
PA ¢ Pressure Angle (Coast Side) deg
a* Addendum Coef. -
b* Dedendum Coef. -
X Profile Shift Coef. -
rth_d Hob Tip Radius (Drive Side) -
rth_c Hob Tip Radius (Coast Side) -
B* Backlash Coef. -
ar Amount Of Relief um
Relief Input RoII_AngIe deg
ar_param Value Input Radius mm
Input Extend Of Relief mm
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Gear geometry generation and simulation of gear pair is selective for software. Single
tooth, whole gear and simulation of gears (rotating in mesh) can be select by user.
These gear drawings and meshing simulation can be scaled (Figure 3.20). In addition,
number of points for generation of tooth and root profiles may be determined
according to needs. Different selections to draw different sections of involute and
trochoid for drive and coast sides of gear tooth as shown in Figure 3.20. There are
some buttons of “Calculate and Draw” and “Only Draw” as presented in Figure 3.21.
These buttons provides calculations and then drawing gear profiles or only drawing of
gears after changing any of gear pair parameters. After clicking button of “Calculate
and Draw”, gears are generated as shown in Figure 3.22. To check only geometrical
change of gear pairs, button of “Only Draw” is used. Additionally, gear pairs more

than one can be drawn on another pair as shown in Figure 3.23.

QOrientation Paths Of Tooth
(®) Single Tooth For Each ] MIGHT-Trochaid
() Ml Gear Teeth For Each ] RMIGHT-Tip Circle

) Combined Gear And Finion || [ ] RIGHT-Involute
T UL T [] LEFT-Tip Circle
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. [] LEFT-Involute
Quality | High Quality
[] LEFT-Trochaid
#Inv Points | 100

_ Generate Tooth Profile
# Tro Points 100

e " [] Loading Of Extreme Points

Alr 4 [ D ¢

Figure 3.20 Orientation of gear geometry generation and selection of profile section

generation

Calculate and Draw | Only Draw | Hob Tip Geometries | Calc Stresses

Figure 3.21 Calculation and running buttons
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Figure 3.23 Drawing of gear pairs one over another by using button of “Only Draw”

Software allows checking hob geometry and its tip radius as given in Figure 3.24. By
this means, any disorder of hob geometry generation before gear macro generation can
be determined.

When radio button of “Combined Gear And Pinion” is selected (Figure 3.20),
simulation can be started as presented in Figure 3.25. Then simulation of gear pair can
be observes as in Figure 3.26. Buttons of Start, Pause/Play and Take SS (Figure 3.25)
allows starting simulation, pausing-playing again and taking screen shot respectively.
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Figure 3.24 Generation of hob geometry
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Figure 3.26 Simulation Window

Software enables to save gear macro profile, save single tooth or whole gear
coordinates and view all calculated gear parameters by clicking on related button
(Figure 3.27). Gears can be saves as JPEG as shown in Figure 3.28. Coordinates of
points needed to gears by using Solidworks [47] can be saved in txt format (Figure
3.29-3.32).
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Figure 3.28 Gear figure saving as JPEG
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Figure 3.29 Saving gear pair profiles coordinates in file
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Figure 3.30 Saving pinion and gear profiles coordinates in file
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Figure 3.31 Saving gear profiles coordinates for left-right flanks

By clicking button of “View Outputs” as shown in Figure 3.27, calculated gear

parameters in HTML format are presented in Figure 3.33
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Figure 3.32 Saving gear profile coordinates for left side flank
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Figure 3.33 Viewing outputs in HTML format

Macro geometries of single tooth, loading positions of gear tooth, whole gear body
and gear pair in mesh can be seen in Figure 3.34-3.37 respectively. Generations of
single tooth profile or whole gear body for more than one pair of gear are possible by
this software.

With center distance change, contact ratio change and interference can occur between
gear teeth as presented in Figure 3.38. Gear parameters such as pressure angle and
teeth number have significant effect on undercutting. Occurrence of undercutting for

gear pairs is also determined by software and warning is presented in Figure 3.39.
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Figure 3.34 Single tooth macro geometry for pinion and gear
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Figure 3.35 Loading gear teeth at highest point of single tooth contact (HPSTC)
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Figure 3.38 Interference because of center distance change
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Figure 3.39 Undercutting occurrence and warning

3.5 Case Studies Of Symmetric Tooth Spur Gears

The main aim of this chapter is to generate asymmetric tooth profile spur gears for

graphical check of its correctness and accuracy. Generated macro geometry of
symmetric or asymmetric spur gears can also be used for any finite element analyses

to determine stress or deflection values. Before generating of asymmetric spur gear
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profiles, macro geometry of symmetric tooth profile spur gears are generated and
compared to obtained geometry by KissSoft [7] in this section.

DXXCYY is an abbreviation used for case studies of symmetric and asymmetric tooth
spur gears. D refers to drive side of tooth profile whereas C represents coast side flank.
XX and YY are used to define pressure angle values of both tooth flanks. For instance,
D20C20 symbolize a symmetric tooth spur gear with pressure angle of 20degree for
both side of tooth profile. In contrast, D30C20 refers to an asymmetric tooth spur gear
with the pressure angle values of 30degree and 20degree for drive and coast sides

respectively.

3.5.1 Case S1

Gear parameters for macro geometry generation of symmetric spur gear pair are given
in Table 3.2. Symmetric spur gear tooth profile was generated by using developed in-
house software and KissSoft [7]. Gear tooth profiles are compared for both tools in
Figure 3.40. Blue curve refers to geometry generated by in-house software whereas
red curve belongs to KissSoft. Solid black and red lines obtained by in-house software
are given for drive side and coast side profiles respectively. Blue and yellow points
refer to drive and coast side flanks constructed by KissSoft as can be seen in Figure
3.40. These curves and corresponding points overlap without any difference or

deviation from each other.

Table 3.2 Symmetric tooth spur gear pair parameters (Case S1)

Parameter Value Unit
Module 3 mm
Teeth number 40 -
Pressure angle 20 degree
Addendum coefficient 1.00 -
Dedendum coefficient 1.25 -
Cutter tip radius coefficient 0.25 -
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Figure 3.40 Tooth profile for Case S1

(obtained from KissSoft and in-house software)

3.5.2 Case S2

Macro geometry of a symmetric tooth profile spur gear pair with 20degree of pressure
angle similar to Case S1 but different module and teeth number values was constructed
by using in-house software and KissSoft. Gear parameters are given in Table 3.3. Drive
and coast side profiles are presented for different line types and colors. Whereas black
and red lines refer to profiles constructed by using in-house software, blue and yellow

circles are belong to curves obtained from KissSoft for drive and coast flanks.

Table 3.3 Symmetric tooth spur gear pair parameters (Case S2)

Parameter Value Unit
Module 1 mm
Teeth number 20 -
Pressure angle 20 degree
Addendum coefficient 1.00 -
Dedendum coefficient 1.25 -
Cutter tip radius coefficient 0.47 -

3.5.3 Case S3

Gear pair with same gear parameters except pressure angle was constructed. Pressure
angle of 30degree for drive and coast sides of gear tooth was preferred to 20degree.
This gear pair macro geometry construction was carried out by both tools; in-house

software and KissSoft. Curves are presented in Figure 3.42. Types and colors of curves
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and points for Case S3 are identical to those presented for Case S2. Curves and points
coincide; there is no deviation for profiles generated by both tools (Figure 3.42).

Figure 3.41 Tooth profile for Case S2
(obtained from KissSoft and in-house software)

Figure 3.42 Tooth profile for Case S3

(obtained from KissSoft and in-house software)

3.6 Case Studies Of Asymmetric Tooth Spur Gears
Cases studies for macro geometry generation of asymmetric tooth spur gears are
conducted in the scope of this thesis. During investigation, no commercial tool is

encountered for generation of macro geometry for asymmetric spur gears. Therefore,
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constructed asymmetric tooth profile is compared to the symmetric tooth profiles
obtained by KissSoft for drive side (modeled as one symmetric profile) and coast side
(modeled as another symmetric profile). In case of need to explain this comparison
method in detail, two symmetric tooth spur gears with pressure angles of 20degree
(D20C20) and 30degree (D30C30) are generated by using KissSoft to compare an
asymmetric tooth spur gear (D30C20) constructed by in-house software.

3.6.1 Case Al

Asymmetric tooth profile with pressure angle of 30degree and 20degree for drive and
coast sides respectively is generated by using in-house software. Gear parameters used
for macro geometry generation are given in Table 3.4.

This profile is required to compare but no commercial software which constructs
macro geometry of asymmetric spur gears has been encountered during survey. So an
asymmetric tooth is considered as two representative symmetric tooth profiles. For
instance, an asymmetric tooth with pressure angles of 30degree and 20degree for drive
and coast sides respectively are generated. These two representative symmetric teeth
profiles are constructed by KissSoft for comparison. In-house software generates
asymmetric gear macro geometry at one time without any need for comparable

symmetric profiles.

Comparison of drive and coast side tooth profile of asymmetric gear is carried out by
superimposing profiles obtained by in-house software and KissSoft as shown in Figure
3.43.

Table 3.4 Asymmetric tooth spur gear pair parameters (Case Al)

. Representative
Asymmetric . .
Parameter gear symmetric gears Unit
Gear1 | Gear?2
Module 3 3 mm
Teeth number 40 40 -
Pressure angle (drive/coast) 30/20 30/30 ‘ 20/20 degree
Addendum coefficient 1.00 1.00 -
Dedendum coefficient 1.25 1.25 -
Cutter tip radius coefficient 0.1 0.1 -
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Figure 3.43 Tooth profile for Case Al
(obtained from KissSoft and in-house software)

3.6.2 Case A2

An asymmetric tooth profile with pressure angle of 30degree and 20degree for drive

and coast sides (Table 3.5) respectively is constructed by using in-house software.

Same gear pair is modeled as two comparable symmetric tooth profiles by using

KissSoft. Drive and coast side profiles of asymmetric tooth are generated. Obtained

curves from both tools are presented in Figure 3.44; it is clear that there is no difference

or deviation between curves.

Table 3.5 Asymmetric tooth spur gear pair parameters (Case A2)

Representative

Parameter Asymmetric symmetric gears Unit
gear Gear1 | Gear?2
Module 1 1 mm

Teeth number 20 20 -

Pressure angle (drive/coast) 30/20 30/30 \ 20/20 degree
Addendum coefficient 1.00 1.00 -
Dedendum coefficient 1.25 1.25 -
Cutter tip radius coefficient 0.11 0.11 -

38




Figure 3.44 Tooth profile for Case A2
(obtained from KissSoft and in-house software)

3.6.3 Case A3

An asymmetric gear pair whose parameters are identical with gear pair given in Case
A2 (Table 3.5) except pressure angle is presented here. Asymmetric tooth spur gear
with pressure angle values of 25degree and 20degree for drive and coast sides
respectively were constructed by in-house software and KissSoft. These tooth profiles

are identical, they do not differ from each other (Figure 3.45).

Figure 3.45 Tooth profile for Case A3

(obtained from KissSoft and in-house software)

39



Involute and trochoid profiles of gear tooth were constructed by using developed
software and a commercial gear software, KissSoft. Generated macro geometries by
these both tools do not differ from each other and there is no deviation between curves.
In case of symmetric tooth profile spur gears, KissSoft is an efficient tool for macro
geometry generation and stress calculation whereas no tool is encountered for

asymmetric spur gears during literature surveys.

To compare macro geometry of asymmetric tooth spur gear obtained by in-house
software, a different solution is discovered. Idea behind this solution is that assuming
two different comparable symmetric tooth profiles for both drive and coast sides of
asymmetric spur gear. Then generated comparable symmetric profiles refer to drive
and coast sides of tooth respectively by KissSoft were compared to asymmetric profile

constructed by in-house software.

All tooth profiles including involute tooth and trochoidal root sections coincides for
both tools regardless of symmetric and asymmetric gears. These all give weight to idea
of using in-house tool’ module for macro geometry generation of symmetric and

asymmetric spur gears.
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CHAPTER 4

TOOTH ROOT BENDING STRESS CALCULATIONS FOR SPUR GEARS

Gears are significant power transmission elements and they are used to transmit power,
torque and speed between parallel and non-parallel shafts. Gear pairs are required to
be designed for a safe meshing and required service life under intended design torque.
Gears need to be evaluated for stresses at tooth root and surface flanks of gears. There
are well accepted formulae such as Lewis and AGMA equations, gear standards
namely 1SO [16], AGMA [18] and DIN [17].

ISO 6336:2006 [16] is one of the international gear standards and includes different
parts given in Table 4.1. Each part consists of different aspects of gears such as
calculations of introduction and general influence factors, basic principles, tooth root
bending stress, surface pitting, strength and quality of gear materials and service life

under variable load.

Many of gears usually rotate in unidirectional for many applications without reverse
motion. One of the gear flanks (drive) is highly loaded for long service life while the
other side (coast) is lightly loaded for short time or unloaded. An asymmetric gear
(Figure 4.1) is alternative to symmetric tooth gears for power transmission especially

for unidirectional movement.

Asymmetric spur gear is presented by the two different involute profiles of different
base circles in the Figure 4.2. Pressure angle of drive side of tooth differs from other

side (coast) to provide stronger tooth of asymmetric spur gears.

Gears are needed to check for tooth root bending stress regardless of gear tooth profile
of symmetric or asymmetric. For this aim, there is a need for tools to estimate if

asymmetric gear pairs are going to be in safe or not during meshing.
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Table 4.1 ISO 6336:2006 parts

Standard

Part

Scope

ISO 6336:2006

Basic principles, introduction and general influence factors

ISO 6336:2006 | 2 | Calculation of surface durability (pitting)

ISO 6336:2006 | 3 | Calculation of tooth bending strength

ISO 6336:2006 | 5 | Strength and quality of materials

ISO 6336:2006 | 6 | Calculation of service life under variable load

ISO 53:1998 - | Cylindrical gear for general and heavy engineering -Standard
basic rack tooth profile

ISO 54:1996 - | Cylindrical gear for general and heavy engineering - Module

Figure 4.1 Asymmetric spur gear

Rb drive

\Rb coast

N\

N\

Figure 4.2 Asymmetric tooth gear with two different base circles

No standard for asymmetric spur gears is encountered during literature survey.

Therefore any gear designer who wants to investigate asymmetric gear performance

in terms of root stress can modify formulae given for symmetric ones, conduct finite

element analyses or carry out measurements. The first one, modifying formulae given

for symmetric spur gears is investigated to improve a tool for root stress calculation of

asymmetric gears in this chapter.

Using gear standards or equations presented for symmetric gears directly for

asymmetric gears is not possible. Because asymmetric gears differ from symmetric

gears in terms of pressure angle and so tooth profiles, tooth thickness and root stress.
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Design and analysis of asymmetric spur gears calls for some modifications of formulae
presented in 1ISO 6336 Part 3 [16].

4.1 Modification Of Formulae Presented In Gear Standards

ISO 6336 Part 3 [16] presents fundamental formulae for root stress calculations of
involute external or internal parallel axes gears. It recommends following formulae to
determine form factor (Yg), stress concentration factor (Ys) and root stress of

symmetric tooth spur gears given in 1ISO [16]:

F¢

O-FO == bmy YF YS YB YB YDT (41)
G;llpe COS AFpen

¥y = e (42)
(mL;l) cos an

1
o
Ys= (1.2 +0.13L)qL “F (4.3)
L= (4.4)
Os= % (4.5)

Abbreviations for these equations are given in Table 4.2.

Some modifications on formulae of stress modifying factors namely form and stress
concentration factors are needed for asymmetric spur gears. Tooth root thickness and
bending moment arm are very significant parameters for calculation of form factor and

stress concentration factor so tooth root bending stress.

In this chapter, tooth root critical section thickness for asymmetric gear are determined
by modelling asymmetric spur gear as two different symmetric spur gears (one for

drive side and other one for coast side) as shown in Figure 4.4.
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Table 4.2 Parameters required for equations of 4.1-4.5

Symbol | Unit Explanation
F; Newton | Nominal tangential load
b mm | Face width
my, mm | Normal module
Yr - Form factor
Ys - Stress concentration factor
Yg - Helix angle factor
Ys - Rim thickness factor
Ypr - Deep tooth factor

Apen Radian | Load direction angle, relevant to direction of application of load
at the outer point of single pair tooth contact of virtual spur gears

a, Degree | Normal pressure angle

hre mm | Bending moment arm for tooth root stress relevant to load
application at the outer point of single pair tooth contact

Srn mm | Tooth root chord at the critical section

PF mm | Radius of root fillet

qs = Notch parameter; qs = Sg, /2Pf

Two non-identical root thicknesses for gear tooth models of drive and coast flanks
(Figure 4.4) are summed up and then divided into two. This calculated thickness is
accepted as tooth thickness at root of asymmetric spur gear. Length of bending moment
arm is determined by taking this new thickness into account. Two significant stress
modifying factors; form factor (Yz) and stress concentration factor ( Y5) are evaluated
by depending on tooth root thickness and bending moment arm of asymmetric gear
calculated by this method. Tooth root stress is calculated based on all these parameters

and factors.

Fonl(blcos Bp) = Folb

WP

9.

a4  Base circle.

Figure 4.3 Determinations of normal chord dimensions of tooth root critical section
[16]
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drive coast

asymmetric gear

Figure 4.4 Modelling asymmetric gear as two symmetric gears

4.2 Root Stress Calculation Software For Asymmetric Spur Gears

Owing to their high load carrying capacity, asymmetric spur gears are in general use
as an alternative to spur gears with symmetric tooth profile. With their increasing use,
it is required to carry out more and more studies to evaluate asymmetric gears
performance under load. A software which can achieve evaluation of root stress in
addition to macro geometry generation process (presented in Chapter 3) has been
developed and presented in this chapter.

A module of software to determine root bending stress of asymmetric spur gear is
presented in Figure 4.5. Module, teeth numbers, pressure angles of both flanks,
coefficients of addendum, dedendum, profile shift and root fillet radii can entered as
inputs as shown in Figure 4.6-4.9. Tooth root thickness, length of bending moment
arm, form factor (Yg), stress concentration factor ( Ys) and other related parameters and

tooth root bending stress are calculated and presented in Figure 4.10.
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Figure 4.5 Tooth root bending stress calculation of asymmetric spur gear

(in-house software)
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Figure 4.8 Selections of coefficients of addendum, dedendum and profile shift
(in-house software)

Figure 4.9 Selection of coefficients of root fillet radii (in-house software)
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Tooth Root Bending Stress Factors

PROPERTY PINION
Radius of Root Fillet (Drive Side) 1,206023 1,206023 mm
Radws of Root Fillet (Coast Side) 1,229115 1,229115 mm
AB1 (Drive Side) 0,866025 0,866025
AAAL (Drive Side) 35,623027 35,623027
AAAZ (Drive Side) 316,433883 326,483883
A4A3 (Drive Side) 0,009446 0,009446
AAA4 (Drive Side) 3,083955 3,083955
AAAS (Drive Side) 2699,999955 26'99,999955
den (Drive Side) 122,617962 122617962 mm
E (Drive Side) -0,155279 0,571182 mam
G(Drive Side) -1,050000 -1,050000 mm
M (Drive Side) -0,966070 -0,978177 mm
&ng (Drive Side) 0,147263 0,136618 mm
Theta (Drive Side) 0,899935 0,910579 mm
Gama E [Drive Sude) 0,028279 0,026279 Radian
Form Factor Pressure Angle in Radian (Drive Side) 0,559472 0,559472 Radian
Form Factor Pressure Angle in Degree (Drive Side) 32,055405 32,055405 Degree
Invalute Function of Normal Pressure Angle (Drive Side) 0,053751 0,053751 Radian
Involute Function of Form Factor Pressure Angle (Drive Side) 0,066742 0,066742 Radian
Bending Moment Arm for Tooth Root Stress (Drive Side) 3819953 3,819953 mm
Bending Moment Arm for Toath Root Stress (Coast Sade) 3071520 3071520 mm
Tooth Rect Normal Chord 1 7, 792081 7,792081 mm
Tooth Root Normal Chord 2 6,407793 6,407793 mm
Tooth Root Normal Chord 7,099937 7,099937 mm
Tooth Root Normal Chord (Hypotenuse) 7,13927% 7,139276 mm
AABS(Dvive Side) 4,850618 4,850618

AABS(Drive Side) 6,579398 6,579398

Form Factor (Drve Side) 1,356404 1,356404

L (Drive Side) 1,858645 1,858645

AABS(Dvive Side) 0,408587 0,408587

Motch Parameter (Drive Side) 2,943534 2,943534

Stress Correction Factor (Drive Side) 2,240916 2,240916

Contact Ratio Factor for Tooth Root Stress(Drve Side) 0,794301 0,794331

YF*YS*VEps (Drive Side) 1414438 1,414438

Pitchline Velocity 15,707963 mfeac
TangentialLoad 2673,803044 Newton
Face Width 20,000000 mm
Helix Angle Factor 1,000000

Rim Thickness Factor 1,000000

Ceep Tooth Factor 1000000

Nominal Tooth Root Stress (Drive Side) 135,454330 135,454330 MPs

Figure 4.10 Tooth root bending stress parameters’ results (in-house software)

4.3 Case Studies Of Tooth Root Bending Stress

Some case studies for root bending stress evaluation of spur gears with symmetrical
and asymmetrical tooth shapes are presented in this section. While root stress results
of in-house software and KissSoft are compared for symmetric spur gears, there is no
commercial tool for asymmetric gears. Therefore, stress values evaluated by in-house

software for asymmetric gears are compared to papers in literature.

4.3.1 Case Studies Of Symmetric Spur Gears
Case studies for tooth root bending stress of symmetric spur gears are presented here.
Results of some papers in literature are initially compared to in-house software’s

results by analyzing same symmetric gear pairs for root stress.

4.3.1.1 Case S1
Spitas et al [48] investigated root bending stress of a gear pair whose parameters are
given in Table 4.3. Initially same gear pair was analyzed by using developed software
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for different alternatives of dedendum and clearance. Root stress values obtained from
in-house software, KissSoft and reference study are presented in Table 4.4 and 4.5.
Whereas the difference between stress values between in-house software and Ref [48]
is 12.8% (Table 4.4) there is no difference of in-house software and KissSoft values
(Table 4.5).

Table 4.3 Gear pair parameters [48]

Parameter Value Unit
Module 1 mm
Pressure angle 20 Degree
Teeth number 20 -
Addendum coefficient 1.0 -

Table 4.4 Tooth root stress of in-house software and reference study [48]

Cutter tip Dedendum Root stress (MPa)

Standard | Profile radius coefficient Ref in-house

coefficient [48] software
ISO 53 A 0.38 1.25 2.51 2.86
ISO 53 B 0.30 1.25 2.65 3.02
ISO 53 C 0.25 1.25 2.73 3.13
Optimum - 0.47 1.12 2.24 2.55

Table 4.5 Tooth root stress of in-house software and KissSoft [7]

Cutter tip Dedendum Root stress (MPa)
Standard | Profile radius coefficient in-house KissSoft
coefficient software 15550
ISO 53 A 0.38 1.25 2.86 2.86
ISO 53 B 0.30 1.25 3.02 3.02
ISO 53 C 0.25 1.25 3.13 3.14
Optimum - 0.47 1.12 2.55 2.55

4.3.1.2 Case S2
Root bending stress was studied here for a gear pair whose parameters are presented

in Table 4.6. KissSoft and in-house software results are presented in Table 4.7

Table 4.6 Gear pair parameters - Case S2

Parameter Value Unit
Module 3 mm
Pressure angle 20 Degree
Teeth number 40/40 -
Torque 160.43 Nm
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Table 4.7 Tooth root stress of in-house software and KissSoft for symmetric spur gears

Gear | Coefficients of Tooth Root Stress (MPa)
Pair cutter tip in-house software | KissSoft [13]
radius

1 0.10 147.50 147.18
2 0.15 140.55 140.50
3 0.20 134.39 134.35
4 0.25 128.68 128.65
5 0.30 123.13 123.33
6 0.35 118.19 118.35
7 0.38 115.50 115.50
8 0.40 113.53 113.65
9 0.45 109.12 109.21
10 0.47 107.40 107.50

Under this section (Case study of S2), many case studies were performed and presented
actually for different values of hob tip radius coefficients of symmetric tooth profile
spur gears. Stress calculations were done by using in-house software and KissSoft. It
is possible to say that these two tools give same results with a highest difference of
0.2% regardless of cutter tip radius coefficients. These all show that developed

software calculates bending stress at tooth root correctly.

4.3.1.3 Case Study - S3

Sekar et al [23] studied on symmetric and asymmetric spur gears for tooth root bending
stress. In this section, symmetric case studies are compared to software results. Gear
pair parameters are presented in Table 4.8 and results are given in Table 4.9. Root
stress versus contact point along length of contact is presented in Figure 4.11 in
reference paper. Maximum bending stress is 26.3 MPa in this curve. Some screen shots
from in-house software which shows input and outputs are presented in Figure 4.12-

4.15. Results of both studies are very close to each other.
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Table 4.8 General gear parameters [23]

Parameter Gear Pair 1 | Gear Pair 2 Unit
Module 1.0 mm
Teeth number (driver gear) 20 -
Teeth number (driven gear) 20 -
Pressure angle 20 30 degree
Addendum coefficient 1.00 -
Dedendum coefficient 1.25 -
Cutter tip radius coefficient 0.47 0.11 -
(fully rounded)

Table 4.9 Tooth root thickness, bending moment arm and root bending stress [23]

Gear Ref [23] In-house software
Pair
Root Moment Root Root Moment | Root
thickness arm stress | thickness arm stress

(mm) (mm) (MPa) (mm) (mm) | (MPa)

1 1.96 1.05 26.30 1.96 1.05 26.83

2 2.36 1.39 26.70 2.36 1.39 27.56

——a,le, =30"20

N\

24.6 MPa ( at HPSTC)

T T T T T T T
08 -06 -04 -02 00 02 04 06 08
LPTC (Xfp, ) ~HPTC

Figure 4.11 Tooth root stress for Gear Pair 1 - Case S3 [23]
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Figure 4.12 Gear parameters of Case S3 - Gear Pair 1 (in-house software)
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0,628801

Radius of Roat Fillet (Drive Side) 0,628801 mm
Radius of Root Fillet (Coast Side) 0,628801 0,628801 mm
Teoth Roct Normal Chord 1,956641 1,956641 mm
Tooth Root Normal Chord (Hypotenuse) 1,956641 1,956641 mm
AAB4{Drive Side) 3,597562 3,597562 -
AABS(Drive Side) 5,945487 5,945487 .
Form Factor (Drive Side) 1,652643 1,652643 -

L (Drive Side) 1,861455 1,861455 -
AABE(Drive Side) 0,408899 0,408899 -
Notch Parameter (Drive Side) 1555852 1,555852 -
Stress Correction Factor (Drive Side) [ 1,727657 1,727657 -
Contact Ratio Factor for Tooth Root Stress(Drive Side) 0,731746 0,731746 -
YFYS™YEps (Drive Side) 2,089281 2,089281 -
Pitchline Velocity 2,617994 m/sec
Tangentialload 5,356526 Newton
Face width [ 1,000000 mm
Helix Angle Factor 1,000000 -
Rim Thickness Factor 1,000000 -
Deep Tooth Factor 1,000000 -
Nominal Tooth Root Stress (Drive Side) | 26830118 | 26830118 MPa

Figure 4.13 Tooth root stress parameters of Case S3 - Gear Pair 1

(in-house software)
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Figure 4.14 Gear parameters of Case S3 - Gear Pair 2

(in-house software)

0,403469

Radius of Root Fillet (Drive Side) 0,403468 mm
Radius of Root Fillet (Coast Side) 0,403469 0,403469 mm
Tooth Root Normal Chord 2,360625 2,360625 mm
Tooth Root Normal Chord (Hypotenuse) 2,360625 2,360625 mm
AAB4(Drive Side) 4,825968 4,825968

AABS(Drive Side) 7,122786 7,122786

Form Factor (Drive Side) 1,475929 1,4755929

L (Drive Side) 1,691699 1,691699

AABS(Drive Side) 0,389169 0,389169

Notch Parameter (Drive Side) 2,925411 2,525411

Stress Correction Factor (Drive Side) 2,156202 2,156202

Contact Ratio Factor for Tooth Root Stress(Drive Side) 0,822432 0,822432

YF*YS*YEps (Drive Side) 2,617307 2,617307

Pitchline Velocity 2.61:1994 m/sec
TangentialLoad 8,660254 Newton
Face Width 1,000000 mm
Helix Angle Factor 1,000000 -
Rim Thickness Factor 1,000000 -
Deep Tooth Factor 1,000000

Nominal Tooth Root Stress (Drive Side) 27,560401 | 27,560401 MPa

Figure 4.15 Tooth root stress parameters of Case S3 - Gear Pair 2 (Software)
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4.3.2 Case Studies Of Asymmetric Spur Gears
Several case studies for root stress calculations of asymmetric tooth spur gears are

presented based on only literature works in this section because lack of a tool as
software or any other means.

4.3.2.1 Case Al and A2

Sekar et al [23] studied on symmetric and asymmetric tooth spur gears for bending
tooth root bending stress. This reference study consists of numerical works of finite
element analyses and analytical calculations based on ISO [16]. Common and different

parameters of gear pairs of Case Al and A2 are given in Table 4.10 and 4.11.

These parameters are entered to developed software and some figures are shown for
Case Al and A2 (Figure 4.16-4.19). Stress versus contact position along contact path
constructed in reference paper for Case Al is presented in Figure 4.20 whereas stress
and related parameters taken from in-house software are given for Case Al and A2 in
Figure 4.21 and 4.22 respectively. Tooth root thickness, bending moment arm and root
bending stress values are presented in Table 4.12.

Table 4.10 General gear parameters of Case Studies of Al and A2 [23]

Parameter Value Unit

Module 1 mm
Teeth number 20/20 -
Addendum coefficient 1.00 -
Dedendum coefficient 1.25 -
Cutter tip radius coefficient Fully rounded -

Center distance 20 mm

Table 4.11 Pressure angle values of Case Studies of Al and A2 [23]

Gear Pair Pressure Angle Unit
Drive Side Coast Side
Al 30 20 Degree
A2 25 20 Degree
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Figure 4.16 Input parameters - Case Al (in-house software)
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Figure 4.18 Input parameters - Case A2 (in-house software)
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Figure 4.19 Loading parameters - Case A2 (in-house software)
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Figure 4.20 Tooth root stress — Case Al [23]
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Figure 4.21 Output parameters - Case Al (in-house software)

53



FROPERTY FINION

Rpdui of Root Fillst (Drve Sida) B8 25050 Q825052 e
Radus of Root Fillet (Coast Sida) B,638801 0,638801 mm
den (Drree Sade) 20, 7E5507 20, TE550T e
E {Driree S -R,096509 0001338 Lyl
G{Crmve Side) -2, 7R0000 -0, TEQ000 mem
H [Brive Sida) -0 n0a7 -0 0252 mem
Ang (Brive Side) BL,za7074 D33 Ll
Theta [Orive Sida) (=B L 0.BO2E e
Gama E (Drve Sade) B.055254 0,05554 Badian
Farm Factar Prassura Angle s Badian [Diros Sudy) B,500687 0, 50EE Badan
Fanm Factar Prassure Angle in Degres (Deive Side) 29, 20007 T0,202907 Degres
Insrslube Furstion of Normal Preddons Angls [Dinve Sele) 2,029975 0,029975 Eadan
Invelute Funstion of Farm Factar Pressure Angle (Drvve Side] 0,080261 0045361 Ladan
Load Cwection Angle 1 Radan (Donve Side) 0450433 0450433 Radan
Load Cwrection Angle in Degree (Drive Side) 25507883 Z5,8078383 Degree
AABL(Dvive Side) 20,134381 20,134331

AMBTDvive Side] 19, 350644 19,352644

AABNDvive Side] -1,589695 -1 BERERS

Bending Moment &rm for Tooth Root Stress (Drive Side] L165717 1,185747 mm
Tecth Root Hermal Chord 2047283 2,04T383 i
Naminal Tecth Root Stress (Drive Sade) 26,0 TEAE 4,097063 L]

Figure 4.22 Output parameters - Case A2 (in-house software)

Table 4.12 Tooth root thickness, bending moment arm and root bending stress [23]

Ref [23] In-house software
Root Moment | Root stress Root Moment | Root
Case | thickness arm (MPa) thickness arm stress
(mm) (mm) (mm) (mm) | (MPa)
ISO | FEA | ISO | FEA | ISO | FEA ISO ISO ISO
Al | 219|231 |129| 136 |23.7 | 246 2.15 1.30 25.1
A2 | 207 | 215|117 | 123 | 245 | 25.3 2.05 1.17 26.1

4.3.2.2 Case A3

Kapelevich and Shekhtman [20] used a method for modeling an asymmetric spur gear
as comparable symmetric gear teeth. Pressure angle values of drive and coast flanks
of asymmetric tooth are summed up and divided in two. This is used as pressure angle
of comparable symmetric tooth profile spur gears. Tooth root stress was determined
based on comparable symmetric tooth spur gear by conducting finite element analyses.
A conversion coefficient was determined to calculate root stress of an asymmetric gear

by modelling it as comparable symmetric gears [20].

While gear pair parameters for asymmetric and comparable symmetric spur gears are
presented in Table 4.13 and 4.14, root fillet radius coefficient value is missing (not
given in reference paper). It is stated that root optimisation is performed to minimize
root stress by authors. In this thesis, highest usable cutting tool tip radius is used for

stronger tooth root less root stress. Some screen shots are presented for inputs and
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outputs (in-house software) in Figure 4.23-4.25. Tooth root stress values of Ref [20],
current study and KissSoft are given for comparable symmetric gears in Table 4.15.
Owing to lack of commercial tool to calculate root stress of asymmetric gears, stress

values are presented for only reference paper and current study in same table.

Table 4.13 General gear parameters - Case A3

Parameter Value Unit
Module 5 mm

Teeth number (pinion/gear) 20/49 -
Torque (pinion) 900 Nm
Rotational speed (pinion) 1000 rpm
Center distance 172.5 mm

Table 4.14 Gear pair parameters - Case A3

Parameters Asymmetric gear Comparable Unit
symmetric gear
Pressure Angle (drive/coast) 35/20 27.5 Degree
Addendum coefficient 0.921 1.080 0.951 -
Dedendum coefficient 1.151 1.081 1.127 -
Profile shift coefficient 0.06 -0.06 0.06 | -0.06 -
Root radius coefficient - 0.327 -

Table 4.15 Comparison of tooth root stress with Ref [20]

Case A3 — Gear pairs Tooth Root Stress (MPa)
Ref [20] in-house software KissSoft
Asymmetric 295 353 -
Comparable symmetric 309 336 336
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Figure 4.23 Gear pair parameters — Case A3 (in-house software)
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Figure 4.24 Loading parameters for Case A3 (in-house software)
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PROPERTY

Radius of Root Fillet (Drive Side)

Radius of Root Fillet (Coast Side)
Bending Moment Arm for Tooth Root Stress (Drive Side)

Bending Moment Arm for Tooth Root Stress (Coast Side)
Tooth Root Normal Chord 1

Tooth Root Normal Cherd 2

Tooth Root Normal Chord

Tooth Root Normal Chord (Hypotenuse)

AABS(Drive Side)

AABS(Drive Side)

Form Factor (Drive Side)

L (Drive Side)

AABE(Drive Side)

Notch Parameter (Drive Side)

Stress Correction Factor (Drive Side)

Contact Ratio Factor for Tooth Root Stress(Drive Side)
YF*YS*YEps (Drive Side)

Pitchline Velocity

TangentialLoad

Face width

Helix Angle Factor

Rim Thickness Factor

Deep Tooth Factor

Nominal Tooth Root Stress (Drive Side)

PINION
2,215337
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Figure 4.25 Output parameters - Case A3 (in-house software)

4.3.2.3 Case A4-A5-A6-A7

Cases of A4-A5-A6-A7 were based on finite element analyses and calculations of ISO
[16] based calculations of asymmetric tooth spur gears. Gear pair parameters for all
these cases are given in Table 4.16. Based on given gear parameters, non-identical
pressure angle values for drive and coast sides of tooth profile were used.
Combinations of 20, 25 and 30degree such as D20C25, D20C30, D25C20 and D30C20

were analyzed. Results of both studies are given in Table 4.17. Some screen shots for

root stress and related parameters from software can be seen in Figure 4.26-4.29.

Table 4.16 Gear pair parameters for Cases of A4-A5-A6-A7

Gear pair parameter Value Unit
Module 3 mm
Teeth number 40 -
Gear ratio 1 -
Addendum factor 1.00 -
Dedendum factor 1.25 -
Face width 20 mm
Rack cutter tip radius coefficient 0.1 -
Torque 160.428 Nm
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Table 4.17 Tooth root stress values for Cases of A4-A5-A6-A7
(in-house software and FEA)

Gear Tooth root stress (MPa)

Pair in-house software FEA
A4 D20C25 138.61 128.5
A5 D20C30 130.43 121.6
Ab D25C20 147.38 129.7
A7 D30C20 146.94 121.3

Case No

Tooth Root Bending Stress Factors

Radius of Root Fillet (Drive Side) 1,039317 1,039317 mm
Radius of Root Fillet (Coast Side) 1,025811 1,025811 mm
Tooth Root Normal Chord 1 6,414059 6,414059 mm
Tooth Root Normal Chord 2 7,107077 7,107077 mm
Tooth Root Normal Chord 6,760568 6,760568 mm
Tooth Root Normal Chord (Hypotenuse) 6,769981 6,769981 mm
AAB4({Drive Side) 4,772102 4,772102 -
AABS(Drive Side) 6,008110 §,008110 | -
Form Factor (Drive Side) 1,258007 1,258007

L (Drive Side) 2,127371 2,127371

AABE(Drive Side) 0,436463 0,436463

Notch Parameter (Drive Side) 3,252408 3,252408 -
Stress Correction Factor (Drive Side) 2470637 2,470637 -
Contact Ratio Factor for Tooth Root Stress{Drive Side) 0,687692 0,687692 [
YF*Y5*YEps (Drive Side) 2,139100 2,139100

PFitchline Velocity 15,707963 [ m/sec
TangentialLoad 2673,803044 Newton
Face Width 20,000000 mm
Helix Angle Factor 1,000000 -
Rim Thickness Factor 1,000000 [

Deep Tooth Factor 1,000000

MNominal Tooth Root Stress (Drive Side) 138,616621 138,616621 [ MPa

Figure 4.26 Tooth root stress calculated by software for Case A4

Tooth Root Bending Stress Factors

PINION C L UNIT
Radius of Root Fillet (Drive Side) 1,039317 1,039317 mm
Radius of Root Fillet (Coast Side) 1,011460 1,011460 [ mm
Tooth Root Normal Chord 1 6,414059 6,41405% A
Tooth Root Normal Chord 2 7,863566 7,863566 mm
Tooth Root Normal Chord 7,138812 7,138812 mm
Tooth Roct Normal Chord (Hypotenuse) 7,178039 7,178039 mm
AAB4(Drive Side) 5,321024 5,321024 -
AABS(Drive Side) 6,008110 6,008110
Form Factor (Drive Side) 1,129127 1,129127
L (Drive Side) 2,246394 2,246394
AABG(Drive Side) 0,447655 0,447655
Notch Parameter (Drive Side) 3,434376 3,434376 [ -
Stress Correction Factor (Drive Side) 2,582107 2,582107 [ -
Contact Ratio Factor for Tooth Root Stress(Drive Side) 0,687692 0,687692 [ -
YF*YS*YEps (Drive Side) 2,012748 2,012748 [ -
Pitchline Velocity 15,707963 . m/sec
TangentialLoad 2673,803044 . Newton
Face Width 20,000000 mm
Helix Angle Factor 1,000000 =
Rim Thickness Factor 1,000000 -
Deep Tooth Factor 1,000000 -
Nominal Tooth Root Stress (Drive Side) 130,428856 130,428856 MPa

Figure 4.27 Tooth root stress calculated by software for Case A5
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Tooth Root Bending Stress Factors

Radius of Root Fillet (Drive Side) 1,025811 1,025811 mim
Radius of Root Fillet (Coast Side) 1,039317 1,039317 mm
Tooth Root Normal Chord 1 7,107077 7,107077 . mm
Tooth Root Normal Chord 2 6,414059 6,414059 mm
Tooth Root Normal Chord 6,760568 5,760568 mm
Tooth Root Nermal Chord (Hypotenuse) 6,769981 6,769981 mm
AAB4(Drive Side) 4,602561 4,602561 . -
AABS(Drive Side) 6,409829 6,409829 =
Form Factor (Drive Side) 1,392666 1,392666 . -

L (Drive Side) 1,912590 1,912590 -
AABE(Drive Side) 0,414458 0,414458 -
Notch Parameter (Drive Side) 3,295230 3,295230 -
Stress Correction Factor (Drive Side) 2,374773 2,374773 -
Contact Ratio Factor for Tooth Root Stress(Drive Side) 0,746261 0,746261 -
YF*YS*YEps (Drive Side) 2,458084 2,468084 -
Pitchline Velocity 15,707963 m/sec
TangentialLoad 2673,803044 Newton
Face Width 20,000000 mm
Helix Angle Factor 1,000000 -
Rim Thickness Factor 1,000000 -
Deep Tooth Factor 1,000000 -
Nominal Tooth Root Stress (Drive Side) 147,382898 147,382898 . MPa

Figure 4.28 Tooth root stress calculated by software for Case A6

Tooth Root Bending Stress Factors

Radius of Root Fillet (Drive Side) 1,011460 1,011460 mm
Radius of Root Fillet (Coast Side) 1,039317 1,039317 mm
.Tcmh Root Normal Cherd 1 7,863566 7,863566 mm
| Tooth Root Normal Chord 2 6,414059 6,414059 mm
Tooth Reot Nermal Cherd 7,138812 7,138812 mm
Tooth Root Normal Chord (Hypotenuse) 7,178039 7,178039 mm

[ AAB4(Drive Side) 4,903882 4,903882

' AABS(Drive Side) ' 6,764282 ' 6,764282 -

. Form Factor (Drive Side) . 1,379373 . 1,379373 -

[ L (Drive Side) 1,817743 1,817743 -
AABS(Drive Side) 0,403991 0,403991 -
Notch Parameter (Drive Side) 3,528963 3,528963 -

[ Stress Correction Factor (Drive Side) 2,390514 2,390514

. Contact Ratio Factor for Tooth Root Stress(Drive Side) 0,794331 0,794331 -

. YF*YS*YEps (Drive Side) 2,619235 2,619235 -
Pitchline Velocity 15,707963 m/sec
TangentialLoad 2673,803044 Newton
Face Width 20,000000 mm

[ Helix Angle Factor 1,000000 -

. Rim Thickness Factor 1,000000 -
Deep Tooth Factor 1,000000 -

: Nominal Tooth Root Stress (Drive Side) 146,943783 145,943783 MPa

Figure 4.29 Tooth root stress calculated by software for Case A7

4.4 Conclusion

In this chapter, a software has been developed for root stress evaluation of spur gears
with symmetrical and asymmetrical tooth profile. Tooth root stress for spur gears with
both profiles can be determined via same software based on ISO standard [16] for
symmetric spur gears and some modified formulae of Ref [16] for asymmetric spur

gears.
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Several case studies have been conducted to verify results of in-house software by
comparing with those of paper presented in literature for symmetric and asymmetric

spur gears and KissSoft for symmetric spur gears

By keeping practical applications in mind, calculations and comparison have been
done for constant torque transmission unless otherwise stated in reference studies.
Variation of loading position (Highest Point of Single Tooth Contact - HPSTC) is
taken into account with the increase or decrease of drive side pressure angle of tooth

profile for all calculations.

In this study, all calculations are based on an already manufactured gearbox whose
operating conditions and geometrical limitations predetermined and not prone to be
changed. Therefore, any gear pair, symmetric or asymmetric, for a constant center

distance and input-output values of power and speed can be used in these analyses.

Increase in pressure angle of drive side flank yields reduction in base circle radius.
Therefore tooth load and bending moment arm starts to increase with increase of root
thickness. Tooth root thickness produces lower stress whereas increase of load and
moment arm results in higher bending stress. To evaluate effect of pressure angle on
different gear parameters such as base radius, loading point position (HPSTC), root
thickness, bending moment arm, tooth load and so on root bending stress, several case

studies are carried out.

When looking at all case studies, in-house software guesses stress values higher than
literature works regardless of symmetric or asymmetric spur gear pairs. Tooth root

bending stress values obtained from in-house software and KissSoft are almost same.
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CHAPTER 5

TRANSMISSION ERROR THEORY AND MICRO GEOMETRY DESIGN

Gears are critical power transmission elements and their design requires to be given
importance to obtain a safe operation during meshing. Gear design necessitates taking
static and dynamic conditions into account at same time. Because dynamic
performance is as important as performance under static loading conditions. It is
directly related to gear vibration level. Vibration is an outcome of non-uniform

distribution of load and yields noise during operation of gear pairs.

Transmission error (TE) has been accepted as main source of vibration and noise of
gear pairs during meshing. It is unwanted owing to its severe effect on gear
performance. One of the main aims of this thesis is to minimize quasi static
transmission error and obtain smooth transmission error curves under loading. Tip

relieving is applied to fulfill the requirements given above.

Transmission error (TE) is defined as the difference between the effective and the ideal
position of the output shaft with reference to the input shaft. The ideal position
represents a condition of perfect gear box, without geometrical errors and deflections.
TE can be expressed either by an angular displacement or, more conveniently, as a

linear displacement measured along a line of action at base circle [33].

In other words, (TE) is defined as the difference between the actual position of the
output gear and the position it would occupy if the gears were perfectly conjugate. It
can be defined in angular units, or can be expressed in linear units along the line of
action. The TE is generally converted to linear motion along the line of action which
is tangential to the base circles of the mating gears. The mathematical formulation of

TE in linear units is given in Eq. 5.1:

TE = 1y, * (8, — 1% 61) (5.1)
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0,: Angular rotation of the input gear
0,: Angular rotation of the output gear
T,: Tooth number of the driving gear
T,: Tooth number of the driven gear

Iy, Base radius of the output gear

Figure 5.1 Corner contact [33]

The quasi static transmission error is directly related to the kinematic accuracy of
gears, dynamic tooth load and noise. It can be defined as the difference between the
theoretical position of the output gear with perfect accuracy and the actual output
position [33].

Generating gear pair with minimum geometrical error is very significant to decrease
transmission error. However, transmission error occurs under loading owing to tooth
flexibility regardless of gear profile with and without error. There are two impactful
parameters which yield corner contact and transmission error (Figure 5.1); tooth

deflection under load and adjacent pitch error.

Corner contact has a significant effect on instantaneous variation in transmission error
curve with damage on tooth surface during heavily loaded operation. To avoid corner
contact and obtain smooth transmission error curves under loads, intentional profile

relief is applied (Figure 5.2).

Linear tip relieving is defined by two relief parameters of amount of relief and extent
of relief (Figure 5.3). Amount of relief is the material thickness removed from tooth
tip whereas extent of relief refers distance of how far the relief extends down the tip
(Figure 5.3).

Extent of relief can be defined in linear or angular units (Eq. 5.2):
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Extent of relief = r,*(roll angle o, — roll angle gia.t) (5.2)

Material removal

from driving tooth
\ /
\ /
\\ /f
Y Material remgval

f \\ from driver tooth

/ \
(@) Driving gear (b) Driven gear
Figure 5.2 Application of tip relief for driving and driven teeth to avoid corner

contact

Construction of loaded and unloaded transmission error curves for gear pairs with
profile relief is shown in Figure 5.3. Gear pair conjugates with no adjacent pitch error,
constant stiffness and load. The vertical axis is transmission error axis whereas
horizontal axis refers to contact position along line of contact. When double tooth pair
is in contact, it is called as double contact (DC) and total load on tooth is shared by
these pairs. But if it is in single contact (this means only one gear pair meshes), tooth
load is carried by single gear tooth pair. Relieving can be applied to both of tooth tips
of driving and driven gear pair or tip of one tooth and root of other tooth. The first one
is preferred in this thesis. Properly designed and applied tip relief is important because
of its effects on construction of transmission error curves under design or off-design

load by depending on application.

Static transmission error curves are constructed for a constant load and constant
stiffness with a linear profile relief regardless of no load and loaded situations (Figure
5.4).

Amount of relief(r)

on driver tooth 7

(exaggerated)

Amount of relief(r)
on driven tooth
(exaggerated) T

Corner contact

Extent of relief(e) — g Extent of relief(e)

————
: : A 4 :
driven side driver side
Amount of relief(r) Amount of relief(r)
(magnified) (magnified)
\ 4

Figure 5.3 Geometry of the tooth contact and profile relief
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Figure 5.4 Constructions of transmission error curves for spur gear pairs

The procedure for constructing loaded or no load transmission error curves are

presented as follows (Figure 5.4):

1)

2)
3)

4)

5)

6)
7)

8)

9)

Construct the boundary profiles of the mating tooth pairs such as curves f-g-
h-k-1-m.

Displace them by the base pitch of the gears along the horizontal axis.
Construct the no load TE curve by following the top boundary borders of the
each tooth boundary profile, curve d-e-h-k-n-r.

To construct the loaded TE curve under any load, such as design load F,

Fp

calculate the tooth pair deflection, p
t

Take a slice, for example S-S, downwards representing the deflection of

teeth) by the amount of teeth deflection, %
t

Check if this new point is in the double pair region.

If answer is NO as in the case of slice S-S, mark the position of the new point
b, which is the actual position of the output gear.

If answer is YES then use the load constraint F, = Y%, F; to find the actual
position in the double pair region. For instance, in case of slice D-D the
actual position (point b,) is founded by equations:

Fy = ki(02—b3) + k¢(c; — by)

Repeat the procedure 5-8 for the required number of contact positions

(slices).

10) Connect the new marked points (b,, b,, etc.) to construct the loaded TE

curve.
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Long, short and intermediate relief types are illustrated in Figure 5.5. Their useful and
applicable limits are defined in terms of corner contact, loading and TE. The amount

of relief is identical for short and long relief whereas extent of relief differs for both.

2tg
E

at zero load (0.0)

short

intermediate

™ long
atnormalized

optimum load {fopf)

TE

curves
at normalized

desian load(1.0) /o

Figure 5.5 Profile relief geometry

5.1 Thin Slice Theory For Gear Tooth Pair Stiffness

When designing micro profile of spur gear pair, design load and tooth pair stiffness
are needed in addition to macro geometry parameters. Amount of relief is determined
based on design load and tooth pair stiffness. Therefore, evaluation of tooth pair
stiffness has a significant influence on micro design of gear pair. Although approaches
based on finite element analyses for evaluation of tooth pair stiffness are available in
literature, there are no presented results for different tooth profile gears such as
symmetric and asymmetric involute tooth profile spur gears.

There are some theoretical and experimental method to evaluate tooth stiffness [49-
63]. Theoretical methods bases on analytical calculations [55-62], numerical methods
of finite element analyses [51, 57-60, 62] and thin slice theory [50, 53, 54, 61].

Experimental methods and finite element analyses require long time periods and prone
to big difference in result owing to any small mistake. Even in the case of fault

detection, time consuming occurs for correction.

Analytical calculations are not commonly preferred but still in use. Analytical methods

have been developed for definite and constant cross section geometries being not
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complex [63]. In this method, elastic material or part under load is modeled
mathematically by using macro geometry. Then strain generated on material/part is
determined based on mechanics and elastic deformation is determined according to
Hooke’s Law by assuming loading in elastic region. But generated analytical equations
cannot be used for gears because of variation in their geometries from root to tip.
Numerical calculation methods based on finite element analyses are more suitable to
analyze these kinds of complex and varying cross section geometries which cannot be

analyzed by analytical methods.

Finite element methods which have increasing usage in academic and other researches
is one of the mostly used method for tooth root bending stress and tooth pair stiffness
[51, 57-60, 62]. But these methods require commercial software and long analysis time
duration by depending on element type, mesh size, number of element, load and
boundary conditions. Different results can be obtained from these analyses owing to

variation of input parameters.

There is another method, thin slice theory which can be used for stiffness evaluations.
This theory is based on theoretical and analytical calculations. Anyone who intends to
determine gear tooth pair stiffness can generate his own codes based on numerical
method of this slice theory.

In applying thin slice method, part to be analyzed is divided into thin slices with
constant cross sections instead of dividing the part into too many, very small pieces
(as in the case of finite element analyses). Approximate total deformations are
calculated for each slice easily by using analytical equations. There some studies [50,
53-54, 61] which uses thin slice method for gears. Elastic deflection of each slice is
firstly calculated and then total deflection is determined by assuming gear as

combination of thin slices.

In this study, thin slice method is preferred because of its mathematical ease of use
with simple applicability to software of micro geometry design and static transmission
error analysis in addition to obtaining results quickly compared to experimental and

finite element studies.

A tool of tooth pair stiffness calculation has been developed by using positive
contributions of studies based on thin slice theory and integrating these all to

transmission error analysis software. Tooth pair stiffness calculations are developed
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and stiffness curves are constructed under different loads for gear pairs with different
values of module, teeth number, root fillet radius, tip and root diameters, pressure
angle, etc. by using this tool. Accurate calculations can be carried out to minimize
transmission error by using these stiffness values and curves obtained by using this

tool for micro geometry design.

In literature, gear tooth under load is considered as a cantilever beam with one end
fixed and elastic deformation and stiffness calculations are carried out based on this
fixed end. Tooth load is normal to the tooth flank so vertical component yields bending
down and shear whereas horizontal component causes bending up and compression of
tooth. In addition, there are two another elastic deformations; tooth root rotation under
the effect of bending and elastic contact deformation on tooth flank. Loading point,

bending, shear and tooth root rotations deformations are shown in Figure 5.6.

A Fj
W , — = k
1 ’ N 7 g / | 6, D
| L | §
| ( A 1. |
\J ) j_r,;;-:i"f' ."I, T /._,v,‘;j"_‘:v 2 \,. 7
i i p—— Tt

a b C d
Figure 5.6 Loading point (a), bending (b), shear (c) and tooth root rotation (d)

S

deformations [55]

Cantilever beams have uniform cross sections and constant height and analytical
equations are developed for cantilever beams based on these geometrical features.
Involute or any other gear tooth profile has variable cross sections and height. There
is no analytical equation for tooth stiffness calculations and some finite element
analyses are conducted for this aim. Thin slice method is also a numerical method
(similar to finite element), based on analytical calculations and do not require a specific
commercial software. Because of all these reasons abovementioned, thin slice method

has a widespread use area in mechanics.

In this theory, a gear tooth is assumed as too many thin slices bonded to each other
like cantilever beams with a width of dx (Jy * dx) and height of y. Each slice is

accepted it is bonded to next and previous slices as shown in Figure 5.7.
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By using analytical equations, elastic and bending deflections are calculated for each
slice with uniform cross section and height. Then, total deflection is calculated by
evaluating these elastic and bending deflections of each slice. A tooth which is divided
into thin slices and loaded by Fij is given in Figure 5.8. Loading and geometry of slice
at point of i is also presented in same figure. Deflections of each thin slice having
constant height under different loads can be calculated by using analytical equations.
Deflection owing to contact pressure at meshing point for one tooth regardless of slices
is determined by using Eq. 5.3 and 5.4 [54].

Part of tooth inside of gear body has fractional effect on total tooth deflection in
addition to the effect of teeth integral part to gear body (at outside of gear body). This
deflection is called tooth foundation effect and rotation of root section at inside of gear
body is modeled [54]. There are some similar equation are presented in different
literature works [50, 54]. Tooth foundation effects are included in models developed
in this study similar to Ref [50, 53].

Equation for elastic deflection (gr); of wide tooth including tooth root deflection is

presented in Eq. 5.5 and tooth geometry is shown in Figure 5.9.

1,37

(SHJ' = _2 EIZe*be 01 (53)
_ E1e*Eze
E12e =2 (E1etEze) (5.4)
( 16.67 lf 2 )
T
__ Wjcos B] 1 —v— 2v
(e); = — (1= s [ ] > (5.5)
tan” f;
| +1.534 (1 ¥ 24(1+v))
L /] 1]
10 slices 50 slices tooth under load

Figure 5.7 Thin sliced teeth and tooth under load
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Figure 5.8 Loading at a slice of tooth [54]

Figure 5.9 Tooth geometry used for deflection (gr); owing to tooth foundation effect
[50]

Total deflection () is calculated based on Eq.5 by adding contact deflection regardless
of slices and elastic deflection of tooth root to deflections of all slices at point j and

converting it to component along load [54].

By using equations given above, a software is developed for calculations of tooth

deflection and tooth pair stiffness.

5.2 Software For Transmission Error Calculation
A user friendly software has been developed for micro profile design/analysis of
symmetric and asymmetric tooth profile spur gears. Enterance screen of software is

illustrated in Figure 5.10. This software includes four main sections as shown in Figure
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5.11. These are four main sections; input, micro profile design and design loads, output
values, and graphical screens.

All inputs such as module, teeth number, pressure angle for drive and coast side flanks,
coefficients of addendum, dedendum, profile shift and hob tip radius, face width, load,
modulus of elasticity, Poisson’s ratio and angular velocity can be entered by input

section of software (Figure 5.11).

The section of software for entering parameters of micro geometry design and loads
to software is presented in Figure 5.12. Optimum relief can be applied by user in this
section for short, long and intermediate relief types or relief parameters (amount of

relief and extent of relief) can be entered by user.

Peak to peak transmission error value under the selected load is calculated and

presented as in Figure 5.13.

Constructed curves are transmission error (TE), tooth pair stiffness, mesh stiffness,
contact stress, sliding velocity, PxV (contact stress x sliding velocity) and load sharing.
These curves are constructed under design load and off-design loads (as different
percentage of design load) as shown in Figure 5.14. Different colors can be selected

for each curve under a specific load to prevent confusion.

Tooth pair stiffness calculation procedure is adapted to software. This software enables
tooth stiffness calculations for symmetric and asymmetric tooth spur gears. Stiffness
curves are obtained by two different ways; minimum and maximum stiffness values
can be entered by user (Figure 5.15) or stiffness values are determined based on thin

slice theory (Figure 5.16).

Tooth pair stiffness and mesh stiffness curves are presented in enlarged scale in Figure
5.17 and 5.18 respectively.

Selection of different load values, curves of transmission error, load diagrams, contact
stress, sliding velocity and PxV are presented in Figure 5.19, 5.20, 5.21, 5.22, 5.23 and
5.24 respectively.
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a5! DKTM: Asymmetric Transmission Error

Run

Relief Inputs

Optimum Load (N) 2250,000
Length Of Contact {mm) 15,176
Base Pitch (mm) 8,856
Transverse Contact Ratio 1,714

m

Module (mm) 3,000+
Teeht Number 40k 401%]
[Driver, Driven]

Pressure Angle (deg) 20,005 25,005
[Drive, Coast]

Addendum Coef. (mn) 1,005
Dedendum Coef. {mn) 1,2512])
Hob Tip Radius Caef. (mn) | 0,100 0,100
[Drive, Coast]

Face Width (mm) zu,m@‘
Modulus Of Elasticity (MPa) 20700013 2070003
[Driver, Driven]

Posion’s Ratio (MPa) 0,300/ 0,300/
[Driver, Driven]

Design Load {N) 300,01

Angular Velocity Of Driver (rpm) 1400,0/%]

5
100

-10.5

Transmission Error Curves

- o
—

Single Tooth Pair Stiffness

Contact Stress

K ((Nimm)/um)

[for X = 15,131269]

— Driver: 14,851
Driven: 59,985

gth Pair: 11,904

Stress (MPa)

for X = 0,000000]
i— 0: NiA

4 6 H 1 12
1 anath OFf Contact

o] 2 4 6 H 10 12 " 1%

1 anath Of Contact

4 [ B 1 12 14 ERIEES

Contact Path Retween Teath

Optimum Defined

Short

User Defined Intermediate

Long
Alpha
Opt. Load Coef. prso =
Amount Of Relief (um) [ 9300 ] 9,306
Extend Of Relief (mm) 5,05 | 5,055

Parameters to be Investigated

!

K ((Nmm)/am)
5

Load (%)

Load [1] 0 Load [6]
Load [2] Load [7]
Load [3] Load [8]
Load [4] Load [9]

Load 151 100 =/ Load (10| 225
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]

5]

Mesh Stiffness

— MESH_STIFF: 27,989
— TOOTH_PAIR_STIFF_0: Ni&
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[for X = 15,131268] for X = 0,000000]
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Figure 5.10 Main page of in-house software
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Module {mm)

Teeht Number
[Driver, Driven]

Pressure Angle (deg)
[Drive, Coast]

Addendum Coef, {mn)

Dedendum Coef. {mn)

=]

Hob Tip Radius Coef. (mn) | 0,1005

[Drive, Coast]

Profile Shift Coef. (mn) | 0,000 |§-1] n,ooo|i-ii
[Driver, Driven] - —
Face Width {mm) | 20,0000
Modulus O Elasticity (MPa) | 2070003 20700013
[Driver, Driven] ' '

Posion’s Ratio (MPa) | 0300 0,300
[Driver, Driven] i
Design Load {N) [ 300002]

Angular Velocity Of Driver {rpm)

[] Operating Center Distance

Figure 5.11 Input parameters

Relief Inputs

Optimum Load (N) 3000,000
Length Of Contact {mm) 13,788
Base Pitch (mm) 8,856
Transverse Contact Ratio 1,557

Optimum @ | O Short
User Defined O | Intermediate
@® Long

Opt. Load Coef. \7,000 LE‘

Alpha L: U?,OOOO ):—‘J R:

1,000 5

Amount Of Relief (um) E: ; 10,960 = \ R: ; 10,960 > i 10,960
Extend Of Relief (mm) L:[ 4932 5| R:[ 4932 (2] 4,932

L

Figure 5.12 Software interface for micro profile design parameters

Load (%) Load (N) TEpp A
150 4500,0... 2,3531
125 3750,0... 1,1697
100 3000,0... 0,8335
75 2250,0... 1,9999
50 1500,0... 3,1662
25 750,0000 4,3326 v

[- ST B SERTU R N 1Y

Figure 5.13 Output Values of PPTE
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Figure 5.14 Curves of TE, stiffness, contact stress, sliding velocity and load

o
w
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5 10 15 20 25

Tooth Pair Stiffness

) From Geometry
@ From MinMax Value

Stiffness Values (GPa) 12,005 18,00
[Kmin, Kmax]

Maote: Single Tooth Stffness’ will not calculate.

Figure 5.15 Entering maximum and minimum stiffness values by user

Tooth Pair Stiffness

@ From Geometry
() From MinMax Value

Stiffness Values (GPa) 10,005 10,001
[Kmin, Kmax]

Mote: Single Tooth Stiffness’ will not calculate.

Figure 5.16 Determination of maximum and minimum stiffness values based on thin

slice theory
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Figure 5.17 Tooth pair stiffness curve

Mesh Stiffness

Figure 5.18 Mesh stiffness curve
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Parameters to be Investigated

Load (%)

Load (1] 100,00 ] te=diel 000:
Load 21| 75,00{[ff] Lo 11| o00:
Load [3] 50,005. Load [8]| 0,002
Load 14| 25,00 S| lowd(®1 o00°

Load [5] Load [10]

Graphical Showing Options

Outputs
# Load (%) Load [N) TEpp
1 100 7484.7... 1,4337
2 75 5613,5... 3,5005
3 50 742,3... 6,3672
4 25 1871,1... 8,8340
5 0 0,0000 11,2743

Figure 5.19 Software interface for design load percentage and PPTE values for these
loads
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Figure 5.20 Transmission error curves for different load values (in-house software)
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Load Transmission Curves

Figure 5.21 Load diagrams (in-house software)
Contact Stress

Figure 5.22 Contact stress (in-house software)
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Figure 5.23 Sliding velocity curves (in-house software)
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Figure 5.24 PxV curves (in-house software)

5.3 Case Studies
Some case studies for stiffness calculations and micro profile design of symmetric and

asymmetric spur gears are conducted and presented in this section. Case studies were
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conducted based on gear pair macro and micro parameters given by literature works.
Values of tooth pair stiffness and mesh stiffness were determined with constructing
curves belong these values by using software for some cases. In other case studies,
peak to peak transmission error values were evaluated and transmission error curves

for different loads were constructed.

5.3.1 Case Studies Of Stiffness

Tooth pair stiffness, mesh stiffness and transmission error values for symmetric and
asymmetric tooth profile external spur gears were calculated by developed software.
Stiffness and transmission error calculations are based on thin slice theory and Harris
map respectively. After calculations, curves for each parameter was constructed and

presented for design load and off-design loads.

5.3.1.1 Case S1 (Stiffness calculation)

Symmetric tooth spur gear pair with module of 6mm, teeth number of 23 and gear ratio
of unity is studied for tooth deflection under load. Tooth deflection with different
components such as force, moment, shear, axial and tooth root foundation was
determined by loaded at different loading points on tooth flank surface along length of

contact (Figure 5.25).

Deflections of force, moment, shear, compression and tooth foundation were
calculated by using software. Constructed curves are presented for reference study [49]
and software in Figure 5.26. Their behaviors under load and relative magnitudes are
compared and it is seen that they are in compliance.

FORCE: 0.0202
— MOMENT: 1.6841
14 — SHEAR: 27101
3 COMPRESSION: 0.4274
— FOUMDATION: 10.781

-
%]

8y

H

o
Deflection (um)

! 8,
- bp

___________,_—-—*-"'f dn

(L3 0.1 15 .2 0.25 3 Bibm

a) b)
Figure 5.25 Tooth loading at different locations along path of contact
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Figure 5.26 Tooth deflection components

5.3.1.2 Case S2 (Stiffness calculation)

Gear pair analyzed in reference study [57] was studied here for stiffness calculations.
Finite element analyses were conducted in reference paper whereas calculations were
performed by using software based on thin slice theory. A symmetric spur gear pair
with 2mm of module, 20degree of pressure angle, 20 of teeth number, gear ratio of
unity was studied for 3325N. Curve of 1/keq= (E*0) / (F/L) was presented without unit
in reference paper where keq, E, 8, F and L are equivalent tooth stiffness, elastic
modulus, tooth deflection, force and width respectively. This value (1/keq) is
converted into tooth pair stiffness (N/mm/micron=GPa) by taking reciprocal of it and

multiplying with modulus of elasticity (E=207GPa).

Results from different sources are presented in same curve. Midpoint on horizontal
axes refers to pitch point of gear and edge points refer to start and end of contact. These
values of 17 and 23 are evaluated for pitch point edge points respectively. In this case,
stiffness for pitch point and edge points (start and end of contact) can be calculated as
follows ((1/17.0)*207=) 12.17N/mm/micron and ((1/23.0)*207=) 9.00N/mm/micron
respectively. Tooth pair stiffness curve constructed by software is presented in Figure
5.27. Values for pitch point and edge points can be read from this figure as
11.70N/mm/micron and 8.25N/mm/micron respectively. These values satisfy with
results of reference study [57] with 4-8% difference.

25 kea(20/20) a 1/keq_ (E 6)/(F/L) P os SOftware
v =
20 1
1.5
N - 1.0
15 4
10.5
—e—Arafa etal. e
w3 —o=Chol et al. o5
—e— Chakraboti et al. 50
—=— Modéle
] [57] z::
0+ 75
a 2 -1 0 1 2 =

Figure 5.27 Tooth pair stiffness (software) and 1/k,, curves along length of contact
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5.3.1.3 Case S3 (Stiffness calculation)

A gear pair with normal module of 4mm, pressure angle of 20degree, face width of
20mm and teeth number of 21 and 49 for pinion and gear respectively was analyzed
in this section and compared with results of Ref [60]. Tooth pair stiffness curves for
both studies are presented in Figure 5.28. The stiffness curve obtained by reference
study is given in N/mm whereas N/mm/micron is preferred in this thesis. So it is
converted through dividing by face width for comparison. Peak and lowest value of
tooth pair stiffness of curve [60] are evaluated by 13.25 N/mm/micron and 9.8
N/mm/micron respectively via dividing original values by 20mm of face width.
Corresponding values can be read as 12.75 N/mm/micron and 8.5 N/mm/micron from
curve constructed by software (Figure 5.28). Values are in accordance with each other
(with 4-13% difference).

K./ (10°N /mm)

2.6 T
- “ 130
- “ B 1zs
24l ’// \ B 12Zo

2.2
Ny Ref [60] ]
- rd \ 5.
- M Software

6 10 14 18 22 E =°

Figure 5.28 Tooth pair stiffness curves along length of contact for Ref [60]

and software

5.3.1.4 Case S4 (Stiffness calculation)

Spur gear pair with normal module of 3mm, 20degree of pressure angle, 60mm of face
width, teeth numbers of 65, addendum coefficient of unity and dedendum coefficient
of 1.25 was studied for stiffness evaluations. Tooth pair stiffness curve including single
contact and double contact regions for reference paper [62] is presented in Figure 5.29.
Stiffness for single tooth contact region is 14.0 N/mm/micron for Ref [62] whereas
corresponding value is 15.6 N/mm/micron for software (Figure 5.29). Value obtained
by software is relatively higher than that of reference paper. Peak value of tooth pair
stiffness referring to double contact region can be read as 24.5 N/mm/micron from
paper [62]. When this value is divided by 2, 12.25 N/mm/micron is obtained for single
tooth. Corresponding value is 13.5 N/mm/micron and higher than reference value with
a difference of 10-12%.
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Figure 5.29 Tooth pair stiffness curves along length of contact for Ref [62] and

software

5.3.1.5 Case S5 (Stiffness calculation)

A symmetric spur gear pair whose parameters are given in Table 5.1 [1] is analyzed
for stiffness calculations. Parameters are entered into software as shown in Figure 5.30.
Results are presented in Table 5.2. Mesh stiffness curves are presented in Figure 5.31
for both studies.

Software calculated values of maximum and minimum stiffness higher than reference

study [1] for this symmetric spur gear pair case.

Table 5.1 General gear parameters of Case S5

Parameter Value Unit
Module 4 mm
Teeth number 30/30 -
Pressure angle 20 Degree
Addendum coefficient 1.00 -
Dedendum coefficient 1.25 -
Cutter tip radius coefficient 0.3 -
Face width 15 mm
Design load 7500 N

Table 5.2 Mesh stiffness values obtained by Ref [1] and software (Case S5)

Mesh stiffness values FEA [1] Software Unit
Minimum 13.58 16.20 N/mm/micron
Maximum 27.43 28.90 N/mm/micron
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Module (mm) 4,000%
Teeht Number 3055 3015
[Driver, Driven]
Pressure Angle (deg) 20,000+ 20,000%
[Drive, Coast]
Addendum Coef. (mn) 1,000%
Dedendum Coef. (mn) 1,250%
Hob Tip Radius Coef. (mn) 0,300+ 0,300%
[Drive, Coast]
Profile Shift Coef. (mn) 0,000-% 0,000%
[Driver, Driven]
Face Width (mm) 15,000
Modulus Of Elasticity (MPa) = 2070005 207000
[Driver, Driven]
Posion’s Ratio (MPa) 0,300% 0,300
[Driver, Driven]
Design Load (N) 75001
Angular Velocity Of Driver (rpm) 2500
Tooth Pair Stiffness
© From Geometry
» From MinMax Value
tiffness Values (GPa) 10,0014 10,0055
ir
s

Figure 5.30 Gear parameters input screen to software (Case S5)

Mesh Stiffness

: 30,00
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15,00
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R DT Path of Contact

Contact Path Between Teeth
ChanDirector (lnregistered) from www advsofteng. com

() (b)
Figure 5.31 Mesh stiffness curves for Ref [1] and software (Case S5)

K ((Nimm)/um)

Stiffness (N/mm/um)

5.3.1.6 Case Al (Stiffness calculation)

An asymmetric spur gear pair whose general gear parameters are same with Case S5
(Table 5.1) was studied in terms of mesh stiffness. Pressure angle of drive side is
30degree whereas 20degree is used for coast side flank. General gear parameters were
entered in software and stiffness calculation method was selected (Figure 5.32). Mesh
stiffness values are given in Table 5.3 and curves are illustrated for Ref [1] and

software in Figure 5. 33.
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Module (mm) 4,000}%
Teeht Number 305 3015
[Driver, Driven]

Pressure Angle (deg) 30,0005 20,0005
[Drive, Coast]

Addendum Coef. (mn) 1,000%
Dedendum Coef. (mn) 1,250:%
Hob Tip Radius Coef. (mn) 0,300 0,300
[Drive, Coast]

Profile Shift Coef. (mn) 0,000-% 0,000%
[Driver, Driven]

Face Width (mm) 15,0005
Modulus Of Elasticity (MPa) = 2070005 2070005
[Driver, Driven]

Posion’s Ratio (MPa) 0,300% 0,3001%-
[Driver, Driven]

Design Load (N) 75005
Angular Velocity Of Driver (rpm) 250015

Tooth Pair Stiffness

o From Geometry
) From MinMax Value
F 10,00+ 10,00

Figure 5.32 Gear parameters input screen to software (Case Al)
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Figure 5.33 Mesh stiffness curves for Ref [1] and software (Case Al)

Table 5.3 Stiffness values obtained by Ref [1] and software (Case Al)

Stiffness Values FEA [1] Software Unit
Minimum 16.25 21.00 N/mm/micron
Maximum 33.26 35.50 N/mm/micron

5.3.1.7 Case A2 (Stiffness calculation)

Asymmetric tooth spur gear pair whose parameters are given in Table 5.4 was analyzed
for stiffness. General gear parameters were entered in software as in Figure 5.34. Tooth
pair stiffness and mesh stiffness curves are given in blue and red colors respectively in
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Figure 5.35 for software. Only tooth pair stiffness [1] is presented in same figure for
reference study. Tooth pair stiffness values are presented in Table 5.5.

Table 5.4 General gear parameters of Case A2

Parameter Value Unit
Module 1 mm
Teeth number 20/20 -
Pressure angle (drive/coast) 20/25 Degree
Addendum coefficient 1.00 -
Dedendum coefficient 1.25 -
Cutter tip radius coefficient 0.398 -
Face width 1 mm
Design load 10 N
Module (mm) 1,0001%
Teeht Number 2012 205
[Driver, Driven]
Pressure Angle (deg) 20,0001% 25,000%
[Drive, Coast]
Addendum Coef. (mn) 1,0001%
Dedendum Coef. (mn) 1,250%
Hob Tip Radius Coef. (mn) 0,398}% 0,398/%
[Drive, Coast]
Profile Shift Coef. (mn) 0,000-% 0,000/%
[Driver, Driven]
Face Width (mm) 1,000/%
Modulus Of Elasticity (MPa) 20700015 207000'%
[Driver, Driven]
Posion’s Ratio (MPa) 0,300/% 0,300/
[Driver, Driven]
Design Load (N) 105
Angular Velocity Of Driver (rpm) 105
[[] Operating Center Distance

Figure 5.34 Gear parameters input screen to software (Case A2)

Table 5.5 Stiffness values obtained by Ref [1] and software (Case A2)

Stiffness Values FEA [1] Software Unit
Minimum 9.58 10.62 N/mm/micron
Maximum 15.15 13.74 N/mm/micron

- Mesh Stiffness
o D20C25 - FEM
= 17
E 18
i 15
£
¥ 13
= g 11
o 9
0 0 1 2 3 4 5 1 2 3 4 5

ChartD from www.advsoft

Figure 5.35 Tooth pair stiffness curves for Ref [1] and software (Case A2)
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5.3.1.8 Case A3 (Stiffness calculation)

An asymmetric spur gear pair with greater pressure angle of drive side was studied in
this case for stiffness evaluation. General gear parameters are presented in Table 5.6.
Tooth pair stiffness (blue color) and mesh stiffness (red color) are presented for
software whereas tooth pair stiffness curve is illustrated for Ref [1] in Figure 5.36.

Tooth pair stiffness values for both studies are given in Table 5.7.

Table 5.6 General gear parameters of Case A3

Parameter Value Unit
Module 1 mm
Teeth number 20/20 -
Pressure angle (drive/coast) 20/30 Degree
Addendum coefficient 1.00 -
Dedendum coefficient 1.25 -
Cutter tip radius coefficient 0.308 -
Face width 1 mm
Design load 10 N
Mesh Stiffness
28
g D20C30
22
2 17
§ 18
¥ 13
2 11
4
2 9
0 0 1 2 3 4 5 1 2 3 4 5

ChantDirector {unregistered) from w oft

Figure 5.36 Tooth pair stiffness curves for Ref [1] and software (Case A3)

Table 5.7 Stiffness values obtained by Ref [1] and software (Case A3)

Stiffness Values FEA [1] Software Unit
Minimum 10.56 10.47 N/mm/micron
Maximum 16.13 13.65 N/mm/micron

5.3.1.9 Case A4 (Stiffness calculation)

Asymmetric tooth spur gear pair with same general parameters presented in Case A3
except pressure angle was analyzed for tooth pair stiffness values. Pressure angles of
30degree and 20degree were preferred for drive and coast side flanks of gear tooth
profile. Stiffness values and curves are presented in Table 5.8 and Figure 5.37

respectively.
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Mesh Stiffness
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ChartDirector {unreqistered) from advsoftena.com

Figure 5.37 Tooth pair stiffness curves for Ref [1] and software (Case A4)

Table 5.8 Stiffness values obtained by Ref [1] and software (Case A4)

Stiffness Values FEA [1] Software Unit
Minimum 11.44 12.19 N/mm/micron
Maximum 16.84 18.62 N/mm/micron

5.3.1.10 Case A5 (Stiffness calculation)
An asymmetric spur gear pair with gear parameters given in Table 5.9 was studied in

this case. Stiffness curves and values were obtained and presented in Figure 5.38 and

Table 5.10 respectively.

Table 5.9 General gear parameters of Case A5

Parameter Value Unit
Module 1 mm
Teeth number 20/20 -
Pressure angle (drive/coast) 25/20 Degree
Addendum coefficient 1.00 -
Dedendum coefficient 1.25 -
Cutter tip radius coefficient 0.398 -
Face width 1 mm
Design load 10 N
Mesh Stiffness
35
30 D25C20
s 25 17
§
i 15
&
g® 13
T "
5
9
0 0 1 3 O # B 1 2 3 4 5

ChartDirector {unregistered) from www.advsoftena.com

Figure 5.38 Tooth pair stiffness curves for Ref [1] and software (Case A5)
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Table 5.10 Stiffness values obtained by Ref [1] and software (Case Ab)

Stiffness Values FEA [1] Software Unit
Minimum 10.35 11.65 N/mm/micron
Maximum 15.87 16.12 N/mm/micron

In-house software developed in this thesis gives generally higher or lightly lower
values when results were compared to reference studies. Especially when software
results were compared with those of finite element analyses, it is obvious to say that

software yields higher stiffness values.

5.3.2 Case Studies Of Transmission Error

5.3.2.1 Case S6 (Transmission error calculation)

Results of reference study [33] and analytical prediction based on Harris map
(Software) were compared. Gear parameters of reference study are presented in Table
5.11. Peak to peak transmission error (PPTE) value was presented as 1.00 pm in
reference paper whereas 1.05 pm has been calculated by software. Transmission error
(TE) curves for different loads and PPTE values are given in Figure 5.39 and 5.40 for
current and reference study respectively. PPTE values in Ref [33] (measured and
predicted values) and predicted by software (based on Harris map) are close to each

other(with a difference of 0.05 pm).

Table 5.11 General gear parameters of Case S6

Parameter Value Unit
Pressure Angle (drive/coast) 20/20 Degree
Normal module 6.35 mm
Pinion tooth number 32 -
Gear tooth number 32 -
Design load 300 N/mm
Face width 20.0 mm
Relief type Long -

\ / N\ \ T
P Ja e pa
/ \ / \ / \ \
oY \ / \ / \ / \
|/ \ / \ / \ / \
“/ / \

Figure 5.39 TE curves and PPTE values for Case S6 (software)
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Figure 5.40 Measured and predicted TE Curves of Case S6 [33]

5.3.2.2 Case S7 and S8 (Transmission Error Calculation)

Gear pairs with long relief were studied for quasi static transmission error analysis.

Gear pair parameters are presented in Table 5.12 and 5.13. Peak to peak transmission

error values are given in Table 5.14-5.15 while static transmission error curves under

different loads are illustrated in Figures of 5.41-5.44. It can be concluded that the

difference of PPTE values evaluated by software and Ref [1] are very small for Case

S7 and S8.

Table 5.12 General gear parameters of Case S7 and S8

Parameter Value Unit
Normal module 3 mm
Teeth number of pinion 40 -
Gear ratio 1 -
Design torque 160.43 Nm
Face width 20 mm

Table 5.13 Pressure angle and relief parameters of Case S7 and S8

Value .
Parameter 57 8 Unit
Pressure angle (drive/coast) 20/20 25/25 degree
Amount of relief 9.128 7.917 um

Table 5.14 PPTE values of Case S7 (D20C20)

PPTE (um)
Load (%) In-house software FEA
25 3.588 3.200
50 2.586 2.000
100 0.584 0.700
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Table 5.15 PPTE values of Case S8 (D25C25)

PPTE (um)
Load (%) In-house software FEA
25 3.197 3.500
50 2.419 2.500
100 0.864 0.900

£
=
= W Y Y Y O
-18
0 10 20 30 40 50 60 0

Meshing Positions (mm)

Figure 5.41 TE curves of Case S7 (D20C20) [1]
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Figure 5.42 TE curves of Case S7 (D20C20) (software)

88



T YNAANS,
€ —s0x
N ™ N N\

=
~100%
R
-20
0 10 20 30 40 50 60

Meshing Positions (mm)
Figure 5.43 TE curves of Case S8 (D25C25) [1]

5 DKTM: 15 PAKET] [4] FAALIVET (2] Asymemetric Transmission

Run £ Transwission Error Curves
#
a8
3,000% o
Teeht Namber S B .
2,

Load (%) Load (N) TEpp
25 737,5000 3,1972 200%
mmmmmmm 50 1475,0... 2,4195
100 2950,0... 0,8642
200 5900,0... 3,2560

H
MEREREEHBEREEE
El siE 3l slal § B1sls] 5
r
BhSEEBEEERBBEEERBe e L sy aE LB bE:
L B W N = oy

» B
Finatact Sath Ratwoses Tooth,

Figure 5.44 TE curves of Case S8 (D25C25) (software)

5.3.2.3 Case S9 and S10 (Transmission Error Calculation)

Gear pairs with long relief (S9) and short relief (S10) were analyzed for transmission
error. General gear parameters are given in Table 5.16 and 5.17. TE curves for several
loads are illustrated in Figures of 5.45-5.48. PPTE values are given in Table 5.18 and
5.19.

Table 5.16 General gear parameters of Case S9-S10

Parameter Value Unit
Normal module 4 mm
Teeth number of pinion 30 -
Pressure angle 20 Degree
Gear ratio 1 -
Face width 15 mm
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Table 5.17 Relief parameters of Case S9-S10

Value )
Parameter S5 10 Unit
Relief type Long Short -
Amount of relief 31.46 31.46 um
Extent of relief 7.17 3.89 mm
5,00
0,00 ’
— -5,00 A/ /a\Wa
£ 1000 \/ / [ \/
S 1500 v v v v
: _20:00 \ P 7\ — — 0%
= -25,00 WAL WAL W A0 IV A
-30,00 —100%
-2(5)'88 MM M S N N
' 0 20 40 60 80 100

Meshing Positions (mm)

Deformation (um)

Figure 5.45 TE curves of Case S9 (D20C20 - Long relief) Ref [1]
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Figure 5.46 TE curves of Case S9 (D20C20 - Long relief) (software)
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Figure 5.47 TE curves of Case S10 (D20C20 - Short relief) Ref [1]
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Figure 5.48 TE curves of Case S10 (D20C20 - Short relief) (software)

Table 5.18 PPTE values of Case S9 (D20C20 - Long relief)

PPTE (um)
Load (%) In-house software FEA [1]
0 15.760 12.950
50 8.956 7.730
100 2.114 2.390

Table 5.19 PPTE values of Case S10 (D20C20 - Short relief)

PPTE (1um)
Load (%) In-house software FEA [1]
0 0 0.6
50 7.500 6.190
100 13.980 10.900
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5.3.2.4 Case A6, A7 and A8

Asymmetric tooth spur gears with different pressure angle and relief parameters were
studied to minimize transmission error here. General gear parameters and relief
parameters for this gear pairs are given in Table 5.20 and 5.21. Transmission error
curves of these gears by software and finite element analyses of Ref [1] are presented
in Figure 5.49-5.50, 5.51-5.52, 5.53-5.54. These figures’ regimes are similar and do
not differ from each other drastically. PPTE values are given in Table 5.22, 5.23 and
5.24 for Cases of A6, A7 and A8 respectively.

Table 5.20 General gear parameters of Case A6-A7-A8

Parameter Value Unit
Normal module 3 mm
Teeth number of pinion 40 -
Gear ratio 1 -
Design torque 160.43 Nm
Face width 20 mm
Table 5.21 Gear parameters of Case A6-A7-A8
Parameter Cases Unit
A6 A7 A8
Pressure angle (drive/coast) | 20/25 20/30 25/20 Degree
Relief type Long Long Long -
Design load 2845.26 | 2845.26 | 2950.06 N
Length of contact 15.18 15.18 12.91 mm
Amount of relief 8.833 8.533 8.149 um
0
? TN\ N\ NN\
= 0 —100%
- 25%
E 15 ——1f —50%
VW W WL "
20
0 10 20 30 40 50 60

Meshing Positions (mm)

Figure 5.49 TE curves of Case A6 (D20C25-Long relief) Ref [1]
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Figure 5.50 TE curves of Case A6 (D20C25-Long relief) (in-house software)
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Figure 5.51 TE curves of Case A7 (D20C30-Long relief) Ref [1]
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Table 5.22 PPTE values of Case A6 (D20C25)

PPTE (um)
Load (%) In-house software FEA
25 3.460 3.500
50 2.490 2.500
100 0.547 0.600
Table 5.23 PPTE values of Case A7 (D20C30)
PPTE (um)
Load (%) In-house software FEA
25 3.390 3.900
50 2.397 2.500
100 0.514 0.500
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Table 5.24 PPTE values of Case A8 (D25C20)

PPTE (um)
Load (%) In-house software FEA
25 3.298 3.800
50 2.505 2.800
100 0.918 1.000

5.3.2.5 Case A9 (No Relief), A10 (Long Relief) and A1l (Short Relief)
Asymmetric profile spur gears with long and short relief were studied for minimization
of transmission error. Gear and relief parameters for cases A9, A10 and A1l are given
in Table 5.25 and 5.26. Transmission error curves of asymmetric spur gears with no
relief (Case A9), long relief (Case A10) and short relief (Case All) constructed by
software and finite element analyses of Ref [1] are illustrated in Figure 5.55, 5.56 and
5.57. PPTE values are given in Table 5.27, 5.28 and 5.29 for Cases of A9, A10 and
Al1 respectively.

PPTE (Table 5.27-5.29) values differ from each other for both works but TE curves
constructed by software and FEA [1] are very similar in terms of regime. Difference
is higher for design load of Case A9 and A1l while higher difference is obtained for
no load condition of Case Al0.

Table 5.25 General gear parameters of Case A9-A10-Al1l

Parameter Value Unit
Normal module 4 mm
Teeth number of pinion 30 -
Pressure Angle (drive/coast) 30/20 Degree
Gear ratio 1 -
Addendum coefficient 1.00 -
Dedendum coefficient 1.25 -
Hob tip radius coefficient 0.3 -
Design torque 422 Nm
Face width 15 mm
Table 5.26 Relief parameters of Case A9-A10-All
Cases .
Parameter A9 AL0 AL Unit
Pressure angle (drive/coast) 30/20 30/20 30/20 Degree
Relief type No Long Short -
Amount of relief 0 25.514 25.514 um
Extent of relief 0 3.843 1.922 mm
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Table 5.27 PPTE values of Case A9

PPTE (um)
Load (%) In-house software FEA
0 0 0.57

50 5.07 4.97
100 10.14 8.90
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Table 5.28 PPTE values of Case A10

PPTE (um)

Load (%) In-house software FEA
0 13.15 9.77

50 8.94 6.51
100 4.73 2.25

Table 5.29 PPTE values of Case A1l

PPTE (um)
Load (%) In-house software FEA
0 0.12 0.67
50 6.2 5.47
100 10.87 8.90
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CHAPTER 6

DISCUSSION AND CONCLUSION

6.1 Introduction

This thesis has been conducted as a part of Indigenous Helicopter Program of Rotary
Wing Technology Center (DKTM) [1] which was launched in the scope of contract
signed between SSM (Undersecretariat for Defence Industries) and TAI (Turkish

Aerospace Industries).

This study mainly is based on macro and micro design-analysis of asymmetrical tooth
spur gears which can be applied to helicopter transmission units because of their high

load carrying advantages.

User friendly software which have capabilities such as macro geometry generation,
root bending stress calculations based on ISO [16], stiffness calculations based on thin
slice theory, and micro profile design for minimum transmission error based on Harris

map has been developed for symmetric and asymmetrical profile spur gears.

Results of root stress, stiffness and transmission error calculations have been compared

to those of published papers.

6.2 About Macro Geometry Generation

By using developed software, macro geometries of symmetrical and asymmetrical spur
gears have been generated. Commercial software, KissSoft [7] was used for checking
accuracy and correctness of generated macro profiles of symmetric spur gears. Two
comparable symmetric tooth profiles (for drive and coast side flanks) were generated
by using KissSoft for each asymmetric tooth profile for comparison with outcome of

developed software.
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Macro geometries for symmetric and asymmetric tooth spur gears generated by both
tools coincide with each other. Points of both profiles of involute and root satisfy for

in-house software and KissSoft.

It can be concluded that, developed software yields accurate macro geometries for

symmetrical and asymmetrical external spur gears.

6.3 About Tooth Root Bending Stress Evaluation
Gear root bending stresses have been evaluated based on 1SO [16] by using developed
in-house software for asymmetric spur gears. Root stresses were determined by using

software and compared to results of published papers and KissSoft [7].

Software estimates root stresses in almost same levels with KissSoft whereas root
stresses evaluated by using software are higher than reference papers presented in
literature. This give chance to design stronger gears for desired torque amount. But

heavier gears than intended are obtained.

6.4 About Tooth Pair Stiffness, Micro Profile Design, Static Transmission Error

Thin slice theory and Harris map method has been explained for evaluations of tooth
stiffness and transmission error respectively in this thesis. Micro profile design has
been conducted to optimize quasi static transmission error based on calculated
stiffness. Smooth transmission error curves have been constructed for design and off-

design loads.

A module of user friendly software has been developed to calculate stiffness,
transmission error, load sharing, surface contact stress (P), sliding velocity (V), (PxV)

and construct corresponding curves.

6.5 Further Studies
The studies conducted for asymmetric spur gears can be applied for helical gears and
internal spur gears. Asymmetry for helical gears can be searched for further reductions

in root stress.

Micro profile design can also be investigated to obtain minimum transmission error
and smooth transmission error curves.
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