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ABSTRACT

INVESTIGATION OF ASYMMETRIC GEAR TOOTH BENDING STRESS
FORMULATION

Or ak, Mahir G°khan
M.S., Department of Mechanical Engineering
SupervisorPr o f . Dr. Metin Akk?®°Kk
March2018,183pages

An asymmetric gear has different pressure angle and base radius tivihand

coast side tooth flank#\ standard is not available to determine the bending stresses
of external and internal asymmetric spur gears, although there are international
standards to determine the bending stresses of external and internal symmetric spur
gears.The main objective ofhis thesisis to determinghe bending stress of the
external and internal asymmetric spur gears. The tooth thickness of a gear tooth at
the critical bending stress section is summation of both drive and coast side tooth
thicknesss. These thicknessese not same for an asymmetric gear tooth contrary to

a symmetric gear tooth. Then, the bending stoéss asymmetric gear tooth cant

be calculated same withsymmetric gear tooth. Thereforde bending stress of

exterral and internal asymmetric wpgearsshall be formulated.

In this thesis, ISO Bnethodology isnodified to determindothexternal and internal
asymmetricspur gearbending stressedn this method although the drive side

tangent angle at the critical section is equal A 30a@ 4 ®Hor external a
asymmetric spur gesirrespectivelythe coast side tangent argylat ther critical

sectiors arecalculated by using thkinematics of thegeneratios of the gear coast



side root filles. In this thesis, the analytical resutisthe modified ISO mébd are

verified by FEA works. In order to do FEA works and determine the critical bending
stress sectionsletailed geometry stigs of both of external and internal asymime

spur gears are carried otrt these studies, an asyratric rackcutter and pinion type
shaper cutter are used to generate the external and internal asymmetric spur gears,

respectively.

For the external asymmetric spur gedng, calculated bending stress decreases with
an increase in drive side pressurglanThis enables to enhance the bending strength
of the gear toothiThe maximum bending stress calculated in analytical methéd is
lower than FEA results for low number of teeth and that increases to %10 for high

number of teeth.

For the internal asymetric spur gearghe calculated bending stress decreases with

an increase in drive side pressure angly for low coast side pressure angiealler

than 2@\ The bending stresses tife modifiedISO method are about % 5 different

than the results of the FEA for drive and c¢
but the percentage difference increases to % 15 for low drive and coast side pressure
angles smaller than 20A (for example for 16A

As a result, the modified ISO methotbr externaland internal asymmetrispur
gearsgive as accurate resulssthe standard ISO methsdor externaland internal

symmetricspurgears.

Keywords: Externalasymmetricspur gear bending stress, interaaymmetricspur

gear bending stresasymmetric racicutter, asymmeic pinion type shaper cutter
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ASKMETRKKNKEJKLME GERKLMESK FORWBN LASYON!
KNCELENMESK

Orak, Mahir G°khan
M. S. , Makina M¢chendi sl ijJi BOoIl ¢r
Tez Y°neticisAkKkk®Pkof. Dr . Met i n
Mart 2018,183 sayfa
Asimetri k dikli, bir dikin saj ve sol ya
sahip oldn dexkxkdedisi metrik d¢gz diklileri

ulusl ararasé standarvd adéw!| smais@aar irlka] dign

geril mel erini hesapl ayaBw btierz isnt aanndaa rgta ybeus
asimetrikd ¢di kKl i l erin ejil me geril melerini b e
geril mesi kesi tindehkeim edte kdailjéenrl ey a&n ahjeémm

kal enl ékl areée toplaména exittir ve bu et
bir dikte¥gkeysdejaobdmetrik bir diklinir
di kIl inin ejil me gramazBwmey yiz-d éwasinariode; zhes ap
di kl il erin é&joirlmgd eg eerdiill nmeell & rdii r .

Bu tezde, hem i -dodeinkldd eddn agbelamse igke r i |
I - IS@ B metodu modifiye ediliBu metodag ° r e di k1 i ni nkritkal & Kk an
e] i | me kensjiantidaekées édaék di k| AVeesPAikén- i n s é
-al ékmayarkryan&klegridmaet kasiét anéebiu tyamjak
radyusl arénén el kal # eaimE ke h Buistezgeinadifigek | e r i

edi | mi K I SO metodunun analitik sonu-1 ar é
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Sonl u el eman anal izl eri yapabil mek vV e Kri

belirl eyebil mek -1 n, hem i - hem deécxk di k|l
ger -ekl eRé@kmal arda, séraséyla i- ve déxk asin
i -in kremayer ve pinyon kKekil/l.i pl anya kesic
Dék asimetri k d¢gz dikliler I -in hesapl anan
yanaj én basén- a-eése arttek-a artmaktadeér .
mukavemetini artérer. D¢keéek dik sayeéel arénda
ejil mel geirj!l smnl u el aman analizlerine g°re
sayeéelaréenda ise bu fark %10 civaréna -ékmakt

K- asimleenri k-idmkhegedlmleraywyalh @&t émea -al ékan
basén- a-é€sé artteéek-a yaad@dendyxk kalbtasreda - a
a-éséna sahip ol masé durumunda azal maktadeér.
maruz kalmayan yanaklar@DA 6 den daha y¢c ksek basén- a-é&lar
met oduna g°re hesap edilen ejierimemeggrirlei Md5e

farrkl él ek g°stermekt ed20hd deAdmad athear digkic ky ebma

a-éel agr@&dui fiamk %15 civaréna -ékmaktader.
Sonu - ol ar ak, i - ve dék asimetrik d¢gz di kId |
ve dék simeenmi k-idgzvai kbian standart | SO me

vermektedir.

Keywords: K- asimetirk dikl: ejil me geril mesi, d é

asimetirk kremayer kesici, asimetrik pinyon
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CHAPTER 1

INTRODUCTION AND LITERATURE SURVEY

1.1 Introduction

In gear design, there are possible failure forms that shall be considered. These are
mainly bending, pitting andcuffing failures. In order to avoid these failures many
solutions can be applied on gears such as shot peening, heat treatment, using a better
materialandtooth macro and micro geometry modificatio@e of the tooth macro

geometry modifications is tressymmetric gear tooth form.

A symmetic involute spur gear tooth h#fse same pressure angle and base radius for
the left and right flanks of the tooth. On the othercham asymmetric gear tooth has

different pressure angle and base radius for thedlank

In most of theapplicationswhere gears are used in, the system mainly works by
rotating in the same direction during the operation life. In such an application, a gear
tooth is mainly and highly loaded on one of iildes which is called drive side.nO

the contrary, lie other side of the gear tooth is unloaded or lightly loahedcalled

coast sideAnd the design purpose of an asymmetric gear tooth is to imghsve

performance of the drive side.

In order to be able to design an asymmetric dgeath, the bending and contact
stresses shall be calculated. Since the contact stress of a gear tooth is directly related
to the drive side, an asymmetric gear tooth contact stredsecealculated same with

a symmetric gear tooth having the same presaogte with the drive side of the



asymmetric gear tooth.dwever, the bending stress afgeartooth is dependent on
not only the drive side but also the coast side. Becaudedtiethickness of gear
tooth at thecritical bending stressection is sumition of bothdrive and coast side
tooth thicknessesvhich are not same for an asymmetric gear todtmen, the
bending stress of an asymmetric gear too#mnotbe calculated same with
symmetric gear tooth. Therefore the bending stress of an asymgesritooth shall

be formulated.

The main objective of thithesisis to determingheexternal and internasymmetric
spurgeas bending stress In this thesis, ISO B methodology has been modified to
determineboth of the asymmetricexternal and internajear toothbending stress
Also, adetailed studyo obtainthe geometryf both of theasymmetric external and
internal geas have been done such that a REérk can be carried out to compare
the results with modified ISO B methddgy.

1.2 Literature Survey

The first bending stress formulation is given by Wilfred Lewis (1893). Inmiuide]

the tooth, which was substituted by a parabola of uniform strength, was handled as a

beam clamped at one end, i.e., a cantilever, and the lofmleggywas assumed to be

an evenly distributed force along the tooth lenaytidl applied on the tip of the tooth

as the worst load cas€&or bending, the most dangerous section of the tooth is

pointed by the point of the parabola which is tangent to thi tawmt curve. The

introduction of the notion of the toofbrm factor is linked to Lewi§l]. Later Hofer

refined Lewisd model . He marked out t he dan
straightlinemng!l ed 30A wi fife[l}t Afterthatoat h 966 06er resear
works were published at both national and international levelseoigetir strength

scaling The design recommendations of the American Gear Manufacturers

Association (AGMA) have been published. Ten years later, in 1970, the national

standard DIN399G in West Germany and the international standard 1ISO 6336



were issued. Noadays, the main regulations governing the calculation of the tooth
root stress are summarized in ANSI/AGMA 21D@4 (2004), DIN 39968 (1987),

ISO 6336 3:2006 [1].

The traditional Lewis bending stress and form factor equations of a symmetric gear
tooth is defined in the pap§] where the unknowns are the critical tooth thickness
and heightln bending stress formulations of international standards, beside the form
factor, there is alsa stress correction factor whichbased on the wor3] and this
factor is also dependent on the critical tooth thickness and héigletre are
analytical ways of calculating these unknowns for symmetric gears in AGNA
which uses the Lewis model and in 6336 [5] which uses the Hofer model.
Examination of rurin teeth reveals that when a single tooth carries theédadl and

the load is applied at the highest point of single tooth contact (HPSTC), the
maximum bending stress occUyflj. So when doing the bending stresses arglys
contrary to application of the load at the tip of the gear tooth in traditlcaais
model,theload isapplied at the HPST® both AGMA and ISGstandards.

Although the gear geometry and design of asymmetric tooth gears are not covered by
modernnational and international gear design and rating standards, they are known

and described in a number of technical articles and books.

In terms of the asymmetric spur gear geometrynethod is developed for the
geometry and design of external spur gedith asymmetric involute teeth in paper

[7]. This is a direct gear design method and independent on the traditional cutter
parametersThen, a mathematical model of a helical gear with asymmetric involute
teeth is developed by using rack cutter in pa@r In the paper9], a double
envelope concept is used to determine the basic profile of an internal spur gear with
asymmetric involute teeth. Based on this concept, the required cutter to generate the
internal asymmeitr gear can be obtained by the envelope¢htfamily of a rack

cutter surface This generated cutter is like a pinion type shaper cutter. However by

using this methodhe tip of the shaper cutter cast be rounded but can bétained



with a trochoidaltip. Then, the internal gear ise¢henvelope for the family of this
generatedshapercutter surfaces andhe generated internal gear has a different root
fillet than the generated internal gear by a rounded pinion type shaper cutter.
Through thisproposed rathod, the profile of an internal gear with asymmetric
involute teeth can be easily obtainéu paper[10], a pinion-type shaper cuttewxith
rounded tipis considered as the generating tool for the generation oéxteznal
asymmetricgear, and a mathematical model of spur gears with asymmetric involute
teeth is given according to the gearing theory. The equations of the profile of the
cutter, the pringle of coordinate transformation, the theory of differential geometry,
and the theory of gearing are applied for describing generating and generated

surfaces.

In terms of the asymmetric spur bending straspaper{7], it is found that external
asymmetric spur gear tooth geometry (with larger presangle on drive tooth side)
allow for an increase in load capacity while reducing weight and dimensions for
same types of gearsn the paper[1l], an adaptation of the standard ISO C
methodology to determine bending stress calculationgxXternal spugears with
asymmetric teeth is used and the results are compared with the reilsabsig
modern finite element methads anotherpaper[12], the effect of bendingtressof

an external spur geatt the critical section for different pressure angle on the drive
side along with the profile shift is studieg finite element analysiue to positive
profile shift, the tictkness of tooth at the roancreases, resultinin greater load
carrying capacity of the teeth. Profile shift varied from 0 to 0.5 and found lowest
bending strength at critical section with profile shift value of 0.5; drive side pressure
angle is also varied from 20 to 30 degree and found lowest Hiprstiiength at
critical section with 30 degree pressure angle. It has been found that implementation
of positive profile shift and pressure angle modification reduces bending stress
considerably In the papef13], the Lewis factorof an external spur gear tootbr
different coefficient of asymmetry is calculated for different number of teeth and it is

found that Lewidactor increases with coefficient of asymmetry and number of.teeth



Then, in the papefl4], the sngletooth bending fatigue strength and scuffing
resistance of asymmetric and symmetric tooth geadletermined experimentally by
designing, fabricating andesting specimens. Test results demonstrated higher
bending fatigue strength for both the asymmetric tooth form and optimized fillet
form compared to symmetric designs. Scuffing resistance was significantly increased
for the asymmetric tooth form compareda conventional symmetric involute tooth
design As an analytical study to determine the maximum bending sinetb& paper

[2], a devdoped analytical method based on a previous trial graphical method has
been introduced to find the solution of bending stress equation for symmetric and
externalasymmetricspur gear teethwith and without profile correction and for
different gear designgsameters. In order to achieve this analytical solution, certain
geometrical properties for gear tooth shape of tooth loading angle, tooth critical
section thickness, the load height from this section and Lewis form factor which are
imperative to formulatehe final form of the tooth bending stress equation must be
determined analytically stelpy-step. As a result of this work, the trial graphical
method has been avoided by establishing a simple analytical expression which can be
easily solved and it gives higher accuracy and requires a shorter timenother
analytical method in papét5], in order toestimatethe tooth thickness and height at

the gear tooth critical bending stress section for external asymmetric spur gear tooth,
the standard ISO B methodology has been adapted suitably suctt thatcritical
section 30degres is used for the drive sidangent angle andor the coast side
tangent angle, coast side pressure angle minus drive side pressure angle is added to
30 degrees.Then, the critical tooth thickness and heigirid the parameters
depending on them such esot fillet radius of curvature antboth form factor for
asymmetric spur gear tooth with several sets of drive side and coast side pressure
angles are determined through an adapted ISO method and a comparative study with
FEM is also carried ouAn optimum design for an internal gear piar the desired

values of input parameters has been attempted through a direct gear design approach
in paper[16]. By synthesizing several sets of asymmetric pinion cutters for specific

values of input parameters, the respective irtlegear and external pinion generated



by them have been analyzed by FEA for a balanced and lowest possible maximum
fillet stress to decide the optimum one. A conventional gear design process has also
been suggested with stub tooth concept in this regard.

A simple and effective approach to rating asymmetric tooth gears is outlipager

[17]. The maximum bending stresscalculated by either using2 or 3D FEA for

both asymmetric and comparable symmetric gear teeth and a bending stress
conversion coefficient is defined by using FEA results of these gé&aen a
standard stress analysis for the comparable symmetaictgeth is done and the
bending safety factor is found. Finally the bending safety factor for the asymmetric
gear tooth is obtained by using the symmetric gear tooth bending safety factor and
the bendingstress conversion coefficienThe Direct GearDesign approach to
asymmetric epicyclic gear stages with the singular and compound planet gears is
outlinedin paper[18]. Methods of optimization of the tooth flank asymmetry factor
and root fillet profile are considered. This allows for a considerable increase in
power transmission density, increase in load capacity, and reductiba size and
weight of asymmetric epicyclic gear drive&nd an example implementatiaof
asymmetric epicyic gears has been demonstratddhis example is two stage
planetary gearbox of the TVIF17S turboprop engine is demonstrated. This engine
has ben used in the Russian airplanelll4 for several years and is going to be
used in 1:112, MIG-110, TU136 airplanes which resulted in extremely low weight

to output torque ratifl9].



CHAPTER 2

EXTERNAL ASYMMETRIC SPUR GEAR TOOTH GEOMETRY AND
ANALYTICAL BENDING STRESS INVESTIGATION

2.1 Generation of External Involute Spur Gear Tooth bya Rack Cutter

The generation of aexternalinvolute spurgear by a raclutter is shown irfrig. 2.1.
The gear to be cut rotates with angular eélg aboutl, and the rackcuttermoves

with velocity .

Fig. 2.1 Basic visualization of external spueay generation by a rackitter

The rackcutterand theexternal involute gear tootlare bothcomposed of three parts

as seen irFig. 2.2. Theinclined surface  generates the involute flank surface



The roundsurface  generates the root filleturface . And thestraightsurface

generates the dedenduwincle surface

The rack-cutter The external

involute
gear tooth

Fig. 2.2 Generating parts of raakutter andhe correspondingenerated parts of

external spur gear tooth

2.1.1 The Generation of the Gear Involute Flank Surface

The rack-cutter inclined surface  generates the involutdank surface as
mentioned aboverhe basic kinematic relations of the generation lama to obtain

gear irvolute flanksurface are discussed below.

2.1.1.1 Basic Kinematic Relations

A rack-cutter having a constant linear velocity, have a constant normal angle,
and normal velocity componeni,A 1 |O, on all points along thenclined surface,

. In order for two bodies to remain in contact their normal velocitresantact
points must be equabs stated in[20]. Thus for conjugate action during the
generation of involutélank surfacethe gear to be cut must have the same constant
normal angle and velocity with the racktterinclined surfaceon all contact points.

As it is illustrated inFig. 2.3 by regarding constant angular velocity of the gear to be

cut,] , constant normal velocity A T |O is only possible Wwen the common normal



lines on all contact points are always tangent to the same circle, called base circle,

with radiusi .

11 0AT|O (2.1

By also knowing that these normal lines have the same angkbey result in a

single line, called line of action, which includes all contact points.

Instantaneous

Instantenous Contact Point

|

|
Center of Rotation ‘ ‘ \

|

Line of Action

Generating Rack-Cutter
Pitch Line
Involute Curve
\-. v

Reference P RAND* ..

Pitch Circle 7 v.cos(a)

ritehtirde
/ ; |

Fig. 2.3 Generation oéxternal geamnvolute flanksurface by the inclined surface of

the rackcutter



According to Lewis theoremng point of the rackcutter inclined surface
generates theorrespondingoint of thegear involute flank surface in a position
thattheir common normal intersects tgear verttal center line aa point'Ccalled
instantaneous center of rotatigkt point ‘Qthe velocity of the gear to be cuflis

that is parallel to the raetutter velocity,0 and has the angle with the line of
action And for this point,the normal velocity component of the gear to be cut is
11 AT O which must be equal toéhe constant normal velocitp A T |O of the

rack-cutter inclined surfactor the conjugate action. Then,
11 AT1O 0AT|O (2.2)
171 0 (23)

As seen in Equatio(2.3) the velocities of the gear to be cut and the 1adker are

egual to each other at the instantaneoester of rotation’O
Also, uise Equatios(2.1) and(2.2):
11 AT1O 711 (2.4)
i 1 AT|10 (2.5)
2.1.1.1.1 Sliding Velocity
The conjugate surfaces have equal velocities along the common normal at contact
pointas it is mentioned abovén generathe tangential velocity componentsfdifin

magnitude as it is illustrated Fig. 2.4. This results in a relative velocity or sliding

velocity0 between two centroids

10



Rack-Cutter | Instantaneous
i Point of Contact

| '| /N

T
Tangential Direction \ |

: / Normal Direction

/\/\ (Line of Action)

/'\-’“&\"gﬁ
y
Fig. 2.4 Instantaneous point of contact during generation of external gear involute

flank surface
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b 0 ATIO (2.6)

o OVAT|O (2.7)

Use the equality of normal velocities at contact point:

O 0 (2.8)
. ULATIO

v 270 (2.9

b 0OEI (2.10)

o 0 OHI (2.11)

O U U (2.12)

o 0OEBT o OHFI (2.13)

U UVOEI M() =N (2.14)
AT |0

0 0i Q¢ @&l o OE (2.15)

Here,0 and| are constant and , the instantaneous pressure angle of the involute
flank surface, varies by rotation for any contact point. Thuss a function of ang
rotation. And the sliding or relative velocity is only zero at pdipinstantaneous
center of rotation where and0 is equal td andv, respectively, so thai is

equal tov .
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2.1.1.2 Parametric Representation of the Family of Surfaces
The coordinate systems’Y whohd , Y @hohy and Y @hohy that are

rigidly connected to rackutter external gear to be cut andeferenceframe

respectively, as illustrated Fig. 2.5.

V1 Y

V2

X
0,, 05 T, .

Fig. 2.5 Coordinate Systems of rackitter, external gear amdference frame

For anypoint on therack-cutterinclined surfacei representshe position vector of
that pointin “Y. As illustrated inFig. 2.6, 6 and "Qare the raclcutter inclination
direction and face width direction, respectiveAnd in terms ofall 6 and "Q

components.  0RQ representtherack-cutterinclinedsurface ,in"Y.

13



Fig. 2.6 Position vector of rackutterinclined surface

During the generation motigtherack-cutterinclined surface , can berepresented
by a corresponding surface ¥ at any instant. For theshole generation motion

these corresponding surfaces are called as the family of surfacesllustrated in

Fig. 2.7.

Fig. 2.7 The family of surfaces during external spur gear generati@rhgkcutter

In order toobtain parametric representationtbé family of surfaces | firstly, a
translation matrix,0 , between"Y&"Y and secondly, a rotation matrix, |,
between'Y&"Y should be appliedn the rackcutterinclined surfacej 6RQ. Then

the following matrix equation is obtained:

14



VI (2.16)

The counterclockwiserotation matrix incw plane aroundx axis has the following

form,

(JL) € %o [ Ok TU
Y %o | Ok wWeéE% T (2.17)
Tt Tt P

The direction of avector rotation is counterlockwise if %ois positive and the
direction of avector rotation is clockwis# %.is negative. According to theig. 2.5
during the generation motion, the directiongefar rotatioris counterclockwiseso
the direction of the rotation matrjx0 , which is opposite to the direction of the
gear rotation, is clockwise ar¥bis negative. Then the rotatianatrix 0  can be

written as:

WéE% | Ol T
0 Y %o [ % &% T (2.18)
T L p

The translation matrixp , is related withi andi as seen inFig. 25. The

translation matrix components can be added to fourth coandwritten as:

(2.19)

44 370
44 °H
4 34
=

During the generatiomotion for a given time intervaf, the gear rotates amount of
%oaboutd with an angular velocity, , and the raclutter translates amount of
with a velocity,b. Theni can be found as follows:

For gear:

15



% 1 O (2.20)

For rackcutter:

i 0O (2.22)
UseEquation (2.3) in Equation(2.21):
i 110 (2.22)
UseEquation (2.3) in Equation(2.21):
i1 %o (223
ThusO can be rewritten as:
p T T i %o
0 Te ol (2.24)
T T P T
T 1T T p

The rotationmatrix 0  is modified for matrix multiplication conveniencand

written as:

WE% | o T T
r o, A i % 0,
5 i " WeE% T TT (2.25)
1 ] p T
] ] T p
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According to the position of the rackitterin “Y, coordinates of change andn
Chapter2.2.3.1 1 matrix is definedaccordingly desiredack-cutter position in"Y.
However as being independent on the ragtter position inY the coordinates af
are function ofd and™Qas metionedabove And the elements of both matricés
and0 are functions ofeas seen in Equation®.24) and (2.25). Thusi is a

function of6, "Qand%.andi OH®%e represents the faily of surfaces,

2.1.1.3 The Determination of the Envelope to the Family of Surfaces

The envelope of a family of surfaces is tangene&zhsurface of the family along
the characteristic curvéds seen inFig. 2.3, at any instant during the generation
motion, the gear to be cut is in contact (tangency) with the-catter inclined
surface(an instantaneousurface of the family, , in "Y) along theline of action
(characteristic curve). Thus, the generagtiérnalinvolute flank surface of the gear,

, Is determined as the envelope to the family of surfaces,

The partial derivative$ i jT 6 and? i |T "Qrepresenthe tangents teach pointon
the rack-cutterinclined surfacein "Y at each instantAnd the cross product of these
tangents gives the normactorsto these points and represented as follows:

i i

b o— — 2.26
0 5 T 0 (2.26)

—a
—a

As illustrated irFig. 2.4, the sliding velocity vectob is inthetangential direction at
any contactpoint Thus at any point whereone of the surfaces of the family ati
involute tooth surface of the gear,, are in tangencgythe normal vector ofhat
surface of the family and must beperpendicular to each oth&o,the dot product
of these twovectorsis zero at anyangencypoint andif the dot product of these

vectors is not zero, then, there is no tangefdys is the engineering approach

17



method to determinéne involuteflank surface of theexternalgear, , as being
envelope to the family of surfaces,, in gear theory21].
i i

o T—“Q:)J T (2.27)

—a
—a

As shown inFig. 2.4, at axy point whereone of the surfaces of the family atite

involuteflank surface of the gear, , are in tangency

i1 0 (2.29)

i1 0 & v U (2.29)

T To &€ 0 AU
T %o T %o

(2.30)

L L A L
' % Tt 7w OV (2:31)

During thegeneratiommotion the normal velocity of the contact pointasnstant as
mentioned inChapter2.1.1.] soits patial derivative with respect tois zero. Then
Equation(2.31) reduces to:

e 1o

| T H (2.32)

Ti P v
—  — o-u 2.33
T %0 ] T %o ( )

Equation(2.33) shows thathe partial derivativgé i jT %s inthetangential direction

at any contact point. This is alfee directionof 0 . So,in Equation(2.27), Ti jT n

18



can be usedhstead of0 . This isthe classical or differential approach mettod
determinethe involute tooth surface of the gear, as being envelope to the family

of surfaces, ,in gear theory21].

T T i
—(,) FQﬁo Tt (2.34)

These Kuations(2.27) and (2.34) are called as equatiaf meshing.In this thesis
the differential approas method withequaion (2.34) is used in order to obtain gear

geometry.
2.1.2 The Generation of the Gear Root Fillet Surface

The generation of the gear root fillet is illustrated Rig. 2.8 by considering
coordinate systems illustratedfig. 2.5. As defined in introduction of Chapt2ythe

rackcutter rouncsurface  generates the gear root filirface

2.1.2.1 Basic Kinematic Relations

During the conjugate action the normal velocities must be equal and this equality can

be written as:
VOE+ 11 (2.35)
Here,—defines the point on the radktter round surface betweén anda and

changes with respect to the contact point at any instant, so does the normal velocity

as seen irFig. 2.8. Thus,i  is not constant and is a function-ef Then Equation

(2.35) can be rewtten as:

19



| B« " Normaj Direction

T'bf(@)

o —

@)

Fig. 2.8 Generation oéxternalgear root filletsurface by theouncded surface of the

rack-cutter

VOE+ 11 —

Use Euation (2.3) in Equation(2.37):

N uQ \ N

As seen irFig. 2.8, U 'O equal to—and by using) "Onght triangle:
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0O 06 (2.39

Do 1 — (2.40

UseEquation(2.38) in Equation(2.40):

0 OE+ i OE+ (2.41)

60 i (2.42)

The equation above shows that@ equal to the reference pitch radius as being
independent or=This can be explainegccording to Lewis theorethata point of
the rackcutter round surfacgenerates the respectipeint of the gear root fillet
surfaceat a position where their conam normal at the point of contact passes

through the instantaneous center of rotation,

2.1.2.2 The Determination of the Envelope to the Family of Surfaces

For anypoint on the racicutter roundsurfacei represents the position vector of
that point in"Y. The vectori is dependent oifQ face width direction, ane~And
in terms ofall "Qand—components; —HQ represents the surface , rackcutter
roundsurfacejn Y. Thei matrix is definedn Chapter2.2.3.2because of the same

reason foi mentioned irChapter2.1.1.2
Since thegeneration motions are sarfer both gearinvolute tooth androot fillet

surfaces, the rotation and the translation matrices are also same for these two

generations. Them is representeth Y as:
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VIR (2.43)

Herei is a function of—"Qand %candi —H®M% representinghe family of

surfaces , generated ifY by surface , and illustrated irFig. 2.7 together with

Because of the conjugate action during the generaiiengear root fillet surface,
, Is determined as the envelope to the family of surfaces,And as mentioned
in Section2.1.1.3 the equation of meshing ised to find thenvelope. Then modify

Equation(2.34) for the gear root fillet surface and obtain:

T T fli
2 244
T— T 0T % (244)

2.2 Details of Asymmetric Rack Cutter and External Asymmetric Spur Gear
Tooth

In order to generate aexternalasymmetricspur gear tooth, an asymmetrack
cutter is usedThe details of an asymmetric racktter andexternalasymmetric spur

gear tooth ardiscussedn the following sections.

2.2.1 Details of an Asymmetric Rack Cutter

Fig. 2.9 shows aepresentativéransverse cross sectional shape of basic asymmetric
rackcutter, which is used to generate the respective asymmetric tooth profiées.
rack tooth thickness and spaeédth at the tool reference line ated ¢. If the
direction of the profile shift coefficienty is downward, it is negative and if the
direction of wis upward, it is positive. With reference Fig. 2.9 the rack tooth

thicknessand space widtht the generating pitch lineandd , are defined by:
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0 “d¢ w W (2.45

) a0 A1l (2.46)

'rr?f

Generating

N Tm/2 Pitch Line /_
ma . . . I _ _ - /_‘ - _

) ) ) Tm/2 Y ) o
Reference
‘ . Line
mb Drive Side ‘ Coast Side a
N O
A A
Fig. 2.9 Asymmetric rackcutter details
@ wdad Al (2.47)
0 “d¢ waOAT OATl (2.48)
o “a o (2.49
o “o¢ waOAT OAIl (2.50)
The rackcutter may be fulfounded with a radius . The detailed derivation for

calculatingd is given inAppendixA.1 and is expressed by

“Gc GOoGE o0
p p
SET GHET O WE

(2.51)

0 We
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2.2.2 Detalils of an External Asymmetric Spur Gear Tooth

Fig. 2.10 shows a representatiteansverse cross sectional shape of basternal

asymmetricspurgear toothGear tooth axis is defined as the line passing through the

gear center and the point whetooth tip is pointed. Here is the pointed tooth tip

radius and can be found as definedppendixB.1.

Pitch circle is the reference pitch circle withicesd

14

. aw
l —
C

(2.52)

‘/_g}ear Tooth Axis

|

Tip Circle
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. Base Circle.— \ —
WV R ) | I
N T nVOer—17 7 ‘l_” Va,,
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\
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{ -

T 71,
\

Fig. 2.10 External asymmetrispur gear details
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Regarding Huation (2.5) drive and coast sides base circles carrdspectively
defined as:

i i AT|1O (2.53

i i AT|1O (2.54)

The gear tooth thickness at reference pitch circle is equal to the tooth space width of
the rackcutter at generating pitch line whichds . And the detailed derivation for

calculating the drive and coast sidesth thicknesses is given AppendixB.1 and
is expressed by

O — O WEEP -2 OEP Qe U | (2.55)
C Lo o
al . .o, igc v ioc s
o Towmsf’i—‘*f oosP‘l—“" QE U | (2.56)
(0] [0}

2.2.3 Determination of the Position Vector Matrices for the Surfaces of the
Asymmetric Rack Cutter

The position of the rackutter in"Y gives us the desiregkternalgear tooth position
in “Y. In FEA for bending stresan externalgear tooth is analyzed as its tooth axis
being coincide with the vertical axis. Thus the raokter should be positioned i

so that the obtained gear tooth axis coincides with the vertical axis.
Fig. 2.11 illustrates that the dargoloredinclined and rounded surfaces of drive and

coast sides of the asymmetric ramiiter generates the asymmetric external gear dark

coloredflank and root fillet stfaces which represent the tooth space. By complete
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circular patterning as the number of the gear taibin asymmetric gear having the

desred tooth position is obtained

\ Gear Tooth Axis

\
Fig. 2.11 The desired position dhe external asymmetric gear tooth

2.2.3.1 Determination of the Position Vector Matrices for the Inclined Surfaces

of the Asymmetric Rack Cutter Coast and Drive Sides

With reference td-ig. 2.12 andFig. 2.13, the asymmetric rackutterdrive andcoast
sideinclinedsurfacesre defined as:
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Fig. 2.12 The position vector of asymmetric racktter drive side inclined surface

o 1 Qe
0 WEell . . . n
| 0 0 60 hm "Q "Q (2.57)

0 i

. ¢

i N
Q
p

Vi

Fig. 2.13 The position vector of asymmetric rackttercoastside inclined surface

0 0
|

oo

0
oA

Bl
i 0 h " Q (2.58)
p

|
0O O O hm
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In Equationg2.57) and(2.58) thefirst and second rows are x and y componérits.
detaiked derivationsof 6 , 6 , 6 , 6 are in Appendces A.2 and A.3 and

expressed by:

foem e o foon A x a
0 i OEAI Oi_ 1 OEIl 8AI (259

) (2.60)
o | @OERT O— 1 OBT DA] (2.61)

) il (2.62)

The tird row is facewidth component. Foa spur gear the involute gear tooth
sections are all samertugh the facevidth direction. Finally the fourth row is

added for appropriate matrix multiplicationEquatiors (2.57) and(2.58).

2.2.3.2 Determination of the Position Vector Matrices for the Rounded

Surfaces of the Asymmetric Rack Cutter Coast and Drive Sides

With reference td-ig. 2.14 andFig. 2.15, the asymmetric rackutterdrive andcoast

sideroundedsurfaces areefined as:

28



! R = /
‘ rlrd d |, =

Fig. 2.14 The position vector of asymmetric racktter drive side rounded surface
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Fig. 2.15 The position vector of asymmetric racktter coast side rounded surface

29



0 o00HgI
i aw o 0AIIO o [ Fx @ Q (2.64)

With reference td-ig. 2.14 andFig. 2.15:

[ L (2.69)
| E | (2.66)
The detailed derivations of , 0 are in AppendipA.4 and expressed by:
O o aw o OAl A'ﬁc’) (2.67)
O o o aw o OAl Aﬁo (2.68)

2.3 Analytical Method to Determine the Critical Bending Stress Section and

Related Parameters for an External Asymmetric Spur Gear Tooth

In this sectiona modified ISOB methodwhich is very similar to the method j&5]
mentioned inChapterl.2, is used in order taeterminethe critical tooth thickness
and tooth heightor an asymmetric external spur gebr this method, s illustrated
in Fig. 2.16, the drive side tangent angle at the critical sedtionis equal to 38
same with[15] but the coast side tangent angle at the critical settios not same
with [15] and calculated by using the generatidrih@ externalgear coast side root
fillet.
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. |
Gear Tooth Axis /‘

Fig. 2.16 The basic visualization of exterredymmetricspur gear tooth bending

stress critical section
2.3.1 Determination of the Angle and Radius of the Applied Force

The maximum bending stress the externalgear rootoccurs when the force is
appliedon the gear tooth d@he highest point single tooth contacicording td6] as
mentioned in Chaptet.2 In order to verify the critical tooth thickness and tooth
height,firstly radius of the applied force,, and anglel , asillustrated inFig. 2.17
shall be determinedFor this,radius ofthe highest point single tooth containt,

i , must be knownThe detailed derivatioafi is in AppendixB.3.

oo
AT 66— (2.69)

31



0t 0| OAT | (2.70)

Qe v| Qe | (271

|
Al |0

2.72)

Gear Tooth Axis /4

Fig. 2.17 The applied force at hpstc and the relgiathmeters
2.3.2 Determination of the Critical Tooth Thickness and Height

The critical tooth thickness and toothidtg can be determined by using the
generation of the gear root filletith a rackcutter Firstly, the drive side critical
tooth thickness anthe critical tooth height are obtained. Then with respect to the
critical section, the coast side critical tooth thickness is obtained. Firially
summation of the drive and coast side critical tooth thicknesses thigecritical

tooth thickness.
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2.3.2.1 Determination of the Drive Side Critical Tooth Thickness and Height

The drive side criticaldoth thickness antboth height are obtainedy using the
generatiorof the external asymmetric spgeardrive side root filletsurfacewith the
asymmetriaack-cutterdrive side rouned surfaceFig. 2.18 shows the generation of

the gear drive side root fillet pbint 0 where the critical section occurs.

The rackcutter translates amount bf and with reference toduation(2.23), i is

equal to:

i1 %o (2.73)
0DOi 0 (2.74)
0 : Absolute value ofocomponent of |, Fig. 2.14, Equation(2.63)
00O i% o 0i Q& (2.75)
0 "Gs also equal to:
00 00 K& (2.76)

‘O"Absolute value ofocomponent of , Fig. 2.14, Equation(2.63)

0O AW 0 dwéE+ 0 Gt (2.77)
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O

Fig. 2.18 The generation of the external asymmetric spur gear drive side root fillet at
thelocationwhere the critical section occurs
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By using Fuatiors (2.75) and(2.77), obtain%o. in terms of—:

%o ‘ (2.78)

As seen in) 0 tangle:
— 1 %o  — 2.79
c (279
Note that:
R (2.80)

And put Equatiors (2.78) and(2.79) in equation(2.80) and solve for—. Then,

s .. OO0
00—+ (2.81)
wWeE+
.. G® O Odwé+
00 —— (2.82)
wWeE+
600 DE+ (2.83)
601 wé+ (2.84)
66 0'0QE (2.85)
06 11 Qs (2.86)
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(2.89)

(2.90)

(2.92)

(2.92)

(2.93)

(2.94)

(2.95)
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Notethat0 Oisi , Fig.2.17, then:

i Qe o, ao 6 'C)(:)é—i—E
w €T w €+

(2.99)
i ReEO @E i Qe

2.3.2.2 Determination of the Coast Side Critical Tooth Thickness and Height

The coast side critical tooth thickness is obtained by using the generation of the
externalasymmetricspurgear coast side root fillsurfacewith theasymmetriacack

cutter coast sideoundced surfaceFig. 2.19 shows the generation of the gear coast

side root fillet at pointYwhere the critical section occurs.

The rackcutter translates amount bf and with reference todoiation(2.23), i is

equal to:

i1 %o (2.99

oYi oY (2.100)

Y:oa !V AOT DAGAEAT | BT T &l §Fig. 2.15, Equation(2.64)

OYi% “a o0 00 Qs (2.10)

"O"¥ also equal to:

"0Y O® MOi (2.102)
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‘O@\bsolute value ofocomponent of , Fig. 2.15, Equation(2.64)

OY G0 0 00EéE+ 0 D&

By using Equationg2.101) and (2.103), obtain%. in terms of—:

~

G & 0QEHo0nE “a o oi Qs

%0

i
As seen in) 'Y tBangle:

— 1 %o —
00 C

Put Equation (2.103) in Equation (2.104) and obtairi in terms of—. Then,

. 6h 6 dhEomE “a o Bi R

i

el

o OO0
YO ——
wE—+

G 0 dwé+

YO —
W€+

YO U DEA

YOI Gé+

0Y 00Qe

38

(2.103

(2.104

(2.105

(2.106)

(2.107)

(2.109

(2.109

(2.110

(2.111)



Fig. 2.19 The generation of the external asymmetric spur gear coast side root fillet at
thelocationwhere the critical section occurs
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Note thatf is already obtained in terms ef, in Equation (2.106). If Equation
(2.106) is put into the Huation (2.122), thenQ is only a function of—. And
remember thal is already found in §uation(2.98). Then if the Euation(2.98) is
equated to Guation (2.122), — at point“Yis found.After that put— in Equation
(2.106) and obtaini . Now, the coast side critical tooth thickness can be obtained as

below:

o YXIro (2.123

‘ e, GO B bwEL o
o] I WE+ I i 'Qeodde AITO (2129
wE—+

2.4 Determination of Tooth Form Factor, Stress Correction Factor and
Maximum Bending Stress for an External Asymmetric Spur Gear Todt
through Modified ISO and FEA

The maximum bending stress at #wdernal spugeartooth root may be expressed

throudh the following known relation:

o .
” @ww (2.125
where," O is normalload, @ is tooth form factor and is stress correction factdn
addition to the bending stress formulations oEMA and SO standards, the
compressive stress produced by the radial T@ad also taken in to account in this

thesis so that the normal for&@is used instead 60 in Equation(2.125).

@ and® are ceterminedfor an external asymmetric gear toatith both modified
ISO and FEAmethodsn the following Chapters.
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2.4.1 Modified ISO Methodfor Bending Stress Parameters

Thetooth form factord is also affected by the radial lo&d The detailed derivation

of @ can be found in Appendix ¢15] and defined as:

PAQOET  ai Qe

X 212
W 5 5 (2.126)
where,
0O 0 O (2.127)
The stress correction factar is defined in5] as:
. ., 8 3 (2.128
W P T O 1
where,
5 2 2.129
b 5 (2129
, o
n CT (2.130)

Here,” is theroot fillet radius of curvaturef the drive side root fillet trochoid at

the critical section and can be found with the help ofFige2.20:
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Trochoid Center Line

I/

o

Fig. 2.20 Theroot fillet radius of curvaturat the drive side critical section of the

external asymmetric spur gear
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00 60060

Here,0'Gand0 "@re already defined by Equatiof®s82), (2.84) ando Qs defined as

60 0 60AMT |

Here,; and0 Oare already defined by Equa
can be defined by the helpBig. 2.21:

Trochoid Center Line

1

L hd+4d

/

(2.131)

(2.132)

tio(s80), (2.86) and the anglé¢

Involute drive side
root fillet trochoid

C)‘.

Fig. 2.21 The angle of theoot fillet radius of curvaturat the drive side critical
section of the external asymmetric spur gear
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il 0 Q b (2.133

The parameter® ando are found by using Equatiofs.1), (A.2) and (A.4).

o Q b
| (2.139

Finally, the stress correction factor®o , can be estimated, too. Then, the

maximum bending stress of an asymmetric ¢@ath root can be calculated by:
” e~ (-'b (I) (2.135

2.4.2 FEA Method for Bending Stress Parameters

Tensile stresses cause crack initiations and propagations. Thus, in terms of the
bending failure of a gear tooth, the maximum tensile stress on the root fillet can be
definedas the maximum bending stregglditionally the maximum tensile stress is
determined as the maximum principle stredsch is normal to the surface where
shear stresses are zefidereforethe maximum principle stress on the root fillet

gives the maximum bending stress through FEA.
_— W (2.136)

The form factor @ is calculated with Equatio(R.126) by using FEAbased

values ofdo andQ. Then ® can be defined as:

® 0 . (2.137)
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The FEA based at the critical section is obtained bging Equation(2.131) with
the FEA based critical section parameters which are defined in CRap2P.1

In order touse this methadD FEA is carried out in this thesedthe asymmetric
external spulgear2D FE modelis the needfor FEA. In order to create a 2D FE
model,firstly, a 3D cat model of the asymmetiiternalspur gear icreatedn this

thesis an®D geargeometryis obtanedby using this cat modellhen2D FE model
can be created by using tl2B gear geometry

2.4.2.1 External Asymmetric Spur Gear 3D Model

The externalasymmetricspur gear as shown inFig. 2.23 is obtained by using a
Matlab code, written according to the theory explained in this thesis, andaiib

in Fig. 2.22. Here, the profile is consist of points and represents the tooth space
surface Also the profile is 3D and the points continue through tfaee width

direction. Since this is a spur gear, fhefile at each section is same.

Fig. 2.22 External asymmetric spur gear tooth space profile

In order to obtairBD model of theexternalasymmetricspurgear,firstly, the points
obtained in Matlalareputin an excelffile, a macro of CATIA V5 R22This macro
has the spline option inside itseBy choosing this spline option the involute flank

and trochoidal root profiles are generated in CATIA fromséhgoints. Later in
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generative shape design of CATtAe generated flank and root profiles are joined
and the gear tooth space surface is obtained from the jointed profiles being at
different sections of thiace widthby using multisection surface commanthen, a
complete circulapatterning as number tie gear tootls done and the wholedth

space surfaceare obtained. After thathe whole tooth space surfacase splited

from the3D model of the gear to be cut which is a cylinder with a radiuand a

height,"Q. Finally, 3D model of theexternalasymmetricspur gears obtained

Fig. 2.23 External asymmetric spur gear 8Btmodel

Later, bycreating sketch on one of the faces of the gearusimty the project 3D
elements option in CATIA @D geometry of the external asymmetric spur gear can

beobtained.

Fig. 2.24 External asymmetric spur ge2ld geometry
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2.4.2.2 FE Model of the External Asymmetric Spur Gear

In this thesis FE modeling and analysis are done in ABAQUS A.3ample2D FE
model of theexternalasymmetricspurgear is shown ifrig. 2.25. The FE model is
consist of three tooth and have enough rim thickness to provide a rim thickness

factor of 1 according tfb].

Fig. 2.25 External asymmetric spur gear tooth2D FE model

FE model properties:

1) 2D FE analysisvith plane straincondition is done by assuming a uniform load

distribution along face width of the gear tooth.

2) The material is a tiear elastic isotropic and homogeneous one with an elastic

constant of E = 210 GPa and Poisson's ratio= 0.3.
3) The load is applied at RP (reference point) which is HPSTC poimhe reference

point is coupled to theodesat that diameter with continuumhistributingand the FE

model is fixedfrom theinnerroundand siddinesas shown irFig. 2.26.
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4) The gear tooth profiles for this analysis have been generated using a full rounded

rack cutter.

5) The 2-D 8-noddedquadraticelemens are used to mesh the gear mod&he
loaded geardoth flanks and root fillets and the next unloaded tooth flanks and root
fillets are meshed sensitively by using partition regiomisich areoffsetfrom the
original profile around 0.1 times modul€here are 350x10 elements in tloaded
tooth drive sideoot fillet and 150x10 elements in theaded tooth drive sid#ank

and coast side root fillet ariDx10 elements in the loaded tooth coast sivolute
flank. There are als60x5 elements in theextunloaded tooth flanks and rofutets.

For the otheregions suitable global size elements are used.

Fig. 2.26 External asymmetric spur gear to@b FE model boundary condition and

force application point
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2.4.2.2.1 External Asymmetric Spur Gear FE Model Critical Section
Parameters

In the FEA the maximum principle stress location which is the point P illustrated in
Fig. 2.27, is found and defines the critical section. Thendwcomponents of point

P are read in Abaqublere,0 and0 are defined as:

0 0o (2.139)
0 00 (2.139

‘ Gear Tooth Axis

L/ l Highest Point Single Tooth Contact

Maximum Prineiple Stress
location (Critical Section)

Fig. 2.27 External asymmetric spur gear to@b FE model critical section

The critical toothheight is found as:
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Q 00 00 (2.140

Remember thah Uisi , Fig.2.17, then:

Q 1 v (2141

S, Max. Principal
(Avg: 75%)

+2.458e+01
+2.253e+01
+2.048e+01
+1.844e+401
+1.63%+01
+1.434e+01
+1.22%+01
+1.024e+401
+8.193e+400
+6.1452+400
+4.0972+00
+2.048e+00
+0.000e+00

Max: +2.458e+01
Elem: PART-1-1.3261
Node: 876

Max: +2.458e4+001

Fig. 2.28 An example of th&EA bending stress results for tgernal asymmetric
spur gear witl20 teeth] 7 =3 0284

Since the critical tooth height is known and the critical section tangent angle is not
known for the gear tooth drive side in FEfMje same methodith the analytical
methodused in the coast side parameters derivasarsedto obtainthe drive side
parameters in FEA methodccording to this methothe drive side critical tooth

heightis calculated by using Equatidd.98) and equated with Equatiq@2.141) so
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thatunknown paramterscan be foundAlthough tere are two unknowns- andf

in Equation(2.98) the drive side tangent angle can beobtained in terrm of — by
using Equatias (2.78) and(2.79). Then— becomes the only unknown and is found
by equatingequationg2.98) and(2.141).

f - — - (2142

The drive side critical section tooth thickness,, can also be found by using
Equation(2.92) for FE model. The results of Equatio(&92) and (2.138) shall be
equal such that the correctness of the analytical method is proven.

The coast side critical section parameters for FE model are found by using totally
same equations dimethod mentioned in Chap@B.2.2 The only difference is that

the input parameter, the critical tooth height, is not obtained by analytitdabdnleut

it comes from FEA. The coast side tangent angle and critical tooth thickness are

found by using Equation§2.106) and (2.124), respectively.

52



CHAPTER 3

INT ERNAL ASYMMETRIC SPUR GEAR TOOTH GEOMETRY AND
ANALYTICAL BENDING STRESS INVESTIGATION

3.1 Generation of Internal Involute Spur Gear Tooth by a Pinion Type
Shaper Cutter

The generation of an internal involute spur gear by a pinion type shafier is
shown inFig. 3.1. The internal gear to be cut rotates with angular velocitgbout

0 , and thepinion typeshapercutter rotates with angular velocity abouty .

—Internal Gear
- -;"‘-—-,.,_,__‘T'O be Cut
Ao :’,\'\'Tﬁﬁ\ﬁﬁ\"f_@@?‘t"?{-_p;‘ 4
o qf by 7Y
&< e L
o5 SRCR 2
s ,_) & f"l
5° A
A 2 o
/ % (\:‘/J A E&YB L Shaver
/ RL 0\ j[\J . ’ a p (\(
,‘/«" 3\"_' ( utter _qg “
.f"‘ Q; 1 Z \‘.‘
.f ?\:‘ i) i,‘ ~ /f—
% e
[ ?
" > b
‘l (!i'\ C) . IP I‘
f gl P

Fig. 3.1 Basicvisualization ofinternal spur gar generation by a shapertter

The pinion typeshapercutter and the internal gear tooth are both composed of three
parts as seen iRig. 3.2. The shaper involutBank surface generates the internal

gearinvolute flank surface . Theshaperroundsurface  generates thenternal
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gearroot fillet surface . And the shaper addendum surface generates the

internal geadedendunsurface

D
A A
VAN RN L'.ZS ,/"\..
) \) \_ The Internal /
/ The Shaper A\ Gear Tooth /
- Cutter \ >/ /

Fig. 3.2 Generating parts of pinon type shaper cutter and the corresponding

generated parts of internal spur gear tooth

3.1.1 The Generation of the Gear Involute Flank Surface

Vr
A
X,
I
.ys X
qﬁ-f ! Agp.s i
Vi
0.
ET 1 ‘gpi
i
=X
f
0,0,

Fig. 3.3 Coordinate Systems of shaper, internal gear to be cut and gear housing
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The shaper cutter involute flank surfacegenerates the internal gear involute flank
surface as mentioned abov@&he coordinate systems illustrated fing. 3.3, °Y, “Y
and"Y that ae rigidly connected to shapeutter, internal gear to be cut and frame
(gear housing), respectively. By using these coordinate syshamsasic kinematic

relations of the generation and how to obtain internal gear invitédule surface are

discussed Hew.

Internal Gear Generating Shaper Generating
Pitch Circle Pitch Circle

Fig. 3.4 Generation of internal gear involute flank surface by the involute surface of

the shaper cutter

3.1.1.1 Basic Kinematic Relations
The kinematics of a shaper cutter is same with an external invg#atesince it is

essentially an external involute gear. Therefore, the involute flarflaceof a shaper

cutter has a line of action passing through the instantaneous center of rotation and a
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constant normal velocity at all contact points during any @aigiaction. Then an
internal gear to be cut must alsoveahe same line of action awmdnstant normal
velocity at all contact points during the generation motion with the involute flank

surfaceof the shaper cultter.

0 0 (3.1
o AT1O UV ATO (3.2)
i1 AT1O i1 A1O (3.3
1 i 11 (3.4
Here] ,i and ] are constant parameters, thenis also constant. Then the

generatedsurfaceof the internal gear by the involute flaskirfaceof the shaper

cutter must also be ioute.

The velocities of the shaper and internal gear must be equal at point I:

b 0 (35)

] ] (3.6)

I 1 — (3.7)

i i 0 (3.8)

Use Equation$3.4) and(3.8) in (3.7):
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For zero profié shift:

N Es

i i ATI1O

i I a —
C
i i AT1O
| a—AIllO
C

Then use Equation8.14) and(3.17) in Equation(3.10):
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(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)



E

(3.19)

{6
o

O i i [ (319

Herew is the amount of the vertical shift of the shaper cutter. If the shift is upward it
is positive and if the shift is downward it is negatiBg. defining an input value for
®,i can be found with Equatidi3.18).

Then the| can be found as:

i i AlO (3.20)

B
AT O— (3.21)

3.1.1.2 The Determination of the Envelope to the Family of Surfaces

For any point on the shaper cutter involute flank surfacegpresents the position
vector of that point inY. The vectoii is dependent oif) face width direction, and
| . In terms of all"Qand| componentsj | HQ represents the surface,

shapercutter involute flank surface Y.

In order to obtain parametric representation of the family of surfacesfirstly, a
rotation matrix,00 , and translation matrixi , between'Y&"Y and secondly, a
second rotation matrix) , between'Y&"Y should be applied on the shajpeitter

flank surfacej | HQ. Then the following matrix equation ébtained:
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P00 0 i (322)

According to theFig. 3.3 during the generation motion, the direction of shaper
rotation is counteclockwise so the direction of the rotation matiix, , which is
same with the direction of the shaper rotatisnalso counteclockwise ando is

positive. Then the rotation matri, can be written as:

WE% | W T
0 i " WE% T (323
Tt Tt p

The translation matrix) , betweendY&"Y is simply:

(3.24)

C
43 3°
4 43° 4
o304

A4° 43 3

According to theFig. 3.3 during the generation motion, the direction of internal gear
to be cut is counterlockwise so the direction of the rotation matiix, , which is
opposite to the direction of the intermgar rotation, is clockwise arib is negative.

Then the rotation matrixj can be written as:

WE%o | Ok T
0 [ U OE% T (3.29)
L L p

Here%o is dependent ofto. By using Equation$3.4), (3.14) and(3.17):

1 A
=& (3.26)
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Then,

%0 &) 3.9
%0 () ( ' 7)
@
%o %o (3.29)
W

According to the position of the shapartter in"Y, coordinates of change andh

Chapter3.2.3.11 matrix is defined accordingly desireldapercutter position in'.

However as being independent on the shapéer position in'Y the coordinates of

i are function 6| and"Qas mentione@dbove And the elements of both matrices

O and0 are functions of%.. Thusi is a function of , "Qand %. and

i | H®% representing the family of surfaces , generated iRY by surface

Because of the conjugate action during the generation, the internal gear flank surface,
,Is determined as the envelope to the family of surfaces,And as mentioned in

Chapter2.1.1.3 the equation of meshing is used to find the envelope. Then modify

Equation(2.34) for the internal gear flank surface and obtain:

LT T
T 0t % L1 (3.29

3.1.2 The Generation of the Gear Root Fillet Surface

The shaper cutter round surface generates thmternal gear root fillet surface
as mentioned in Chapt8&:1l By using the coordinate systemshiyg. 3.3 the basic
kinematic relations of the geragion and how to obtain internal gear root fillet

surface are discussed below.
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Fig. 3.5 Generation of internal gear root fillet surface by the rounded surface of the

shaper cutter

3.1.2.1 Basic Kinematic Relations

During the conjugate action the normal velocities must be equal and this equality can

be written as:

1 i — 7 1 —+bo (3.30)

Here,— defines the point on the shagmirtter round betweed and0 and changes
with respect to the contact point at any instant as seEigi.5. Alsoi  andi

arefunctions of— and%eo.
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L o 3.31
i —Hbo ] (331)

By using the similarity between triangleshkig. 3.5 and also putting Equatiq(3.26)
in to Equation(3.31).

SL (3.32)
oL ®© '
o @ (333
OO0 O @ '
066 000 06 (3.34)
066 06 0 6 (335
00 H G 0 (3.36)
o5 —29 33
0 R (3.37)
. 0O
O & (3.39)
o P

The Equation(3.38) is same with Equatio(B8.18) which meansOUis equal to the
generating pitch rads as being independent eaThis can be explaineakccording

to Lewis theorem that a point of the shapetter round generates the respective
point of the internal gear root fillet at a position where their common normal at the

point of contact passelsrbugh the instantaneous center of rotation,
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3.1.2.2 The Determination of the Envelope to the Family of Surfaces

For any point on the shapeutter round) represents the position vector of that
point in"Y. The vectoni is dependent oif) face width direction, aneé— And in
terms of all'Qand— components, —HQ represents the surface , shapercutter
round surfacdn “Y. Thei matrix is defined in Chapte&.2.3.2because of the same

reason foi mentioned iChapter3.1.1.2

Since the generation motions are same for both internal gear involute tooth and root
fillet surfaces, the rotation and the translation matrices are also same for these two

generations. Them, is represented itYas:

P00 0 i (3.39)

Herei is a function of— "Qand%. andi —Hi®%. representing the family of
surfaces , generated ifiY by surface . Because of the conjugate action during
the generation, the internal gear root fillet surface, is determined as the envelope
to the family of surfaces, . And as mentioned in Chapt2rl.1.3 the equation of

meshing is used to find the envelope. Then modify Equdf@4) for the nternal
gear root fillet surface and obtain:

Tt i
T— 7 "Q%%o L1 (3.40)

3.2 Details of Asymmetric Shaper Cutter and Internal Asymmetric Spur Gear
Tooth

In order to generate asymmetric internal gear tooth, an asymmetric shepter
is used. The details of an asymmetric shaqpgter and internal gear tooth are

discussed in the following chapters.

63



3.2.1 Details of an Asymmetric Shaper Cutter

Fig. 3.6 shows a representative transverse cross sectional shape of basic asymmetric
pinion type shapercutter, which is used to generate the respective asymmetric

internal tooth profilesSome basiqroperties of an asymmetric shaper cutter are

defined below:

9@ (341)
C
i i ATIO (3.42)
i i AT|O (3.43
o
Al O (3.44)
o
Al O0— (3.45)

The shaper tooth thickness and space width at the tool reference pitch circle are

“ qc.

o “ GG (3.46)

The shaper cutter tooth axis is defined as the line passing through the middle of the

tooth tip thickness.

0
1 T Qg v Q¢ v Qguv Qo (3.47)
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As mentioned inChapter3.1.1.1with respect to vertical shift amourdy, of the
shaper cutter the generating pitch circle changes and the generating pitch radius of
the shaper cuttér and the generating pressaeglel are already defined. Then

| and can be found as:

Lo
Al O — (3.48)
Al O — (3.49)

And the drive and coast sides tooth thicknesses are defined as:

6 1 g0 QIO Tjc (3.50)
O 1 MEL QYL Tjc (351)
6o o6 o (352

The details of point® ,6 ,0,0 ,0 andd are defined with respect to the
radiuso in AppendixC.1 Alsothe shapecutter may be fultounded with a radius

0 . The detailed derivation for calculatiig is given inAppendixC.2
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! Shaper Tooth
| Center Line

Fig. 3.6 Asymmetric shaper cutter details

3.2.2 Details of an Internal Asymmetric Gear Tooth

Fig. 3.7 shows a representative transverse cross sectional shape of basic asymmetric
internal gear tooth. In an asymmetric internal gerbase radiuses of the coast and
drive side flaks may intersect or may not intersect each other. However in general
they do not intersect each other as representédgir3.7. For this case the larger

base radius is accepted as the imaginary tip radius of the internal gear tooth and the
gear tooth axis is defined as the line passing through the middle of the imaginary tip

tooth thickness.
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rInternal Gear Internal Gear
Generating Tooth Axis
Pitch Circle

I Internal Gear
Reference
‘ Pitch Circle

i

i {ag)

Fig. 3.7 Internal asymmetrigear tooth details
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Some basic properties of an asymmetric internal gear tooth are defined below:

2@ (353
C
i i AT|O (3.54)
i i ATIO (3.55)
. g :
0 5 0 (3.56)

The internal gear tooth axis angjleand respective generating pitch circle coast and

drive side tooth thicknesses are defined accordifggtB.7 as below:

) lo— Q& U YO QYO (3.57)
Al O;— (3.59)

o 1 QL 1jg (3.59)

0 i Q80 QL 1j¢ (3.60)

In contrast taFig. 3.7, if the drive side base radius is larger than the coast side base
radius and they do not intersect each other, then Equd8d&, (3.59) and (3.60)

can be modified as:
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0
1o eHY ey 0y (3.61)

.o
Al O— (3.62

|
o 1 0L Tijc (3.63)
O 1 Q0 QEL ¢ (3.64)

If the base radiuses intersect each gttiemthe gear tooth axis is defined as the line
passing through this intersection point. The radius of this intersectioni paiah be
found as defined in Appendi®.1. The generating pitch line coast and drive side
tooth thicknesses according to this case are also defined in AppPntiand

expressed by:

6 1 QL QYO (3.65)

O 1 QgL QL (3.66)

3.2.3 Determination of the Position Vector Matrices for the Surfaces of the

Asymmetric Shaper Cutter

The position of the shaper cutter i gives us the desired internal gear tooth
position in“Y. In FEA for bending stressmainternalgear tooth is analyzed as its tooth
axis being coincide with the vertical axis. Thus the obtained internal gear tooth axis

must coincide with the vertical axis.
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Fig. 3.8 illustrates that the dark colored involute flanks and rounds of drive and coast
sides of the asymmetric shagmitter generates the asymmetric internal gear dark
colored flanks and roots wihiaepresent the tooth space. Also in order to obtain the

desired tooth position the obtained tooth space must be rotated as th&.angle

I

Internal Gearj,

Tooth Axis ﬁ;
Shaper Cutter - [/

Tooth Axis \ !

Fig. 3.8 The desired position of the internal asymmetric geath

Then by complete circular patterning as the number of the gear tooth the asymmetric
gear having the desired tooth position is obtained.

%o (3.67)
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@ € %o i O T
0 i O @ € %o T
Tt Tt p

0

0

(3.69)

(3.69)

(3.70)

3.2.3.1 Determination of the Position Vector Matrices for the Involute Flank

Surfaces of the Asymmetric Shaper CutteCoastand Drive Sides

With reference td-ig. 3.9, the asymmetric shapeutter flank drive and coaside

surfaces are defined as:

1 1 Q¢ QYL QL
N A Y- S OL- [ VA O - [ VAR o
11 “Q )
u p ¥
I B O QYL QgL
SN B XY - S O - RV I -V RS  hm Q0
11 "Q "
u P U
Herel ,1 ,| and| are defined in Appendi.l Alsoi andi
defined as:
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(372

can be

(3.73



W (3.74)

Y Shaper Tooth

Center Line

A

+

Fig. 3.9 The position vectors of asymmetric shaper cutter drive and coast sides

involute flank surfaces

Then Equatior§3.71) and(3.72) becomes:

l r e, bt e, 1 Al e, 1 A} >
1 Q¢ Qg v Qg 0 1]
”AI |O

| ~ >

i S MQgo Qgo M
AT 10 Y (379

L 0 I

u 0 U

72



l r r, 1 er, Y Al v, 1 \ »
i Q¢ Q¢ v Qg v 1)

o =~ <
L] A‘ll |O 1
i U &Héxi QYL Qyou N
lIA 1 |O Il
L "0 I
u P U (3.76)
T |
T 'Q 'Q

3.2.3.2 Determination of the Position Vector Matrices for the Rounded
Surfaces of the Asymmetric Shaper Cutter Coast and Drive Sides

With reference td-ig. 3.10 the asymmetric shapeutter round drive and coast side

surfaces are defined as:

w 0 WEi
i w ol Ee  _ _ _ Ap qQmu 3.77)
Q
p
© 0 wéi
i @ o0l Re _ _ _ hg oo (379
Q
p
Herew ,0 ,— ,— ,® ,w ,— and— are defined in Appendi€.1
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Shaper Tooth
Center Line

Fig. 3.10 The position vectors aisymmetric shaper cutter drive and coast sides

rounded surfaces
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3.3 Analytical Method to Determine the Critical Bending Stress Section and

Related Parameters for an Internal Asymmetric Spur Gear Tooth

In Fig. 3.11, the basic visualization of asymmetric internal spur gear tooth bending

stress critical section is illustrated.

'r.‘i'fc r?’id

Internal Gear
Tooth Axis

—OFi

(@]
Fig. 3.11 The basic visualizain of asymmetric internal spur gear tooth bending

stress critical section
In this chapter the same modified ISO B method which is used for the external

asymmetric spur gears mentioned in Cha@é is used for internal asymmetric

gears in order to determine the critical tooth thickness and tooth height. In this
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method, the drive side tangent angle at the critical settions equal to 68 the
coast side tangent angle at the critical sectionis calculated by using the

generation of the internal gear coast side root fillet.
3.3.1 Determination of the Angle and Radius of the Applied Force

The maximum bending stress on the internal gear root occurs when the force is
applied at the lowest point single tooth contact point. In order to verify the critical

tooth thickness and tooth height, firstly radius of the applied foarceand angle,

|, as illustrated irfrig. 3.12, shall be determined.

Internal Gear —
Tooth Axis ——

~-Cpi -
1

Fig. 3.12 The applied force dtPSTCand the related parameters

76



For this, radius of the lowest point single tooth contact poinmust be known. The

detailed derivation of is in AppendixD.2.

o (3.79)
o
AT O— (3.80)
VED QEY (3.81)
R
— (3.82)
i
376 (3.83)

3.3.2 Determination of the Critical Tooth Thickness and Height

The critical tooththickness and tooth height can be determined by using the
generation of the internal gear root fillet with a shaper cutter. Firstly, the drive side
critical tooth thickness and the critical tooth height are obtained. Then with respect to
the critical sectin, the coast side critical tooth thickness is obtained. Finally, the
summation of the drive and coast side critical tooth thicknesses gives the critical
tooth thickness.

3.3.2.1 Determination of the Drive Side Critical Tooth Thickness and Height

The drive side critical tooth thickness and tooth height are obtained by using the

generation of the internal gear drive side root fillet surface with the shaper cutter
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drive side round surfac&ig. 3.13 shows the generation of the gear drive side root

fillet at pointd where the critical section occurs.

- — (3.84)

l
I — % — %o (3.85)
I S (3.86)
%o %06.0;, (3.87)
W
— 1 — %o %o (3.88)
“ 0 0 ()
_ %o — %o (3.89)
(0) | w
06 @ ® (3.90)
— 0AT B (39)
w
60 06 OEF %o (3.92
0000 (0 (3.93
0006 ATS % i (3.94)
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Shaper
Tooth Axis

Internal Gear {5;5
Tooth Axis (.

Q.

T

Fig. 3.13 The generation of the internal asymmetric spur gear drivecaddillet at
the location where the critical section occurs
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OAF %o 50 (3.95)
% OAT 2O (3.96)
00 6 “O .
OAIl 00 % 3.9

— = % (3.97)

In Equation(3.97) and(3.89), the only variable i$%o andby equating them obtain
%0. Then by usingequation(3.89) obtain— . Some of the details of the shaper

cutter are given ifrig. 3.14.

0 06 OEF % 06 AT S % (3.99)
0 06ATS % 0 OE+F % (3.99)
0 0 (3.100
0o 0 © (3.101)
PR 0
OA] — (3.102
A~ D
. OAT = (3.103
0 OO00EY |, %o (3.104)
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Fig. 3.14 The details of the asymmetric shaper cutter during the generation of the
internal asymmetric spur gear drive side root fillet at the location where the critical

section occurs
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) 0 6 OEL . %w (3.105

Q O00AT O |, % 0 0 (3.106)

0 0 0 AT & |, %o~ i (3.107)

3.3.2.2 Determination of the Coast Side Critical Tooth Thickness and Height

The coast side critical tooth thickness and tooth height are obtained by using the
generation of the internal gear coast side root fillet surfatie the shaper cutter
coast side rouredl surfaceFig. 3.16 shows the generation of tihernalgear coast
side root fillet at pointYwhere the critical section occuiSome of the details of the

shaper cutter are given kig. 3.15.

06 R @ (3.108
— OAI s_w_s (3.109
w

6® 06 OEF %o (3.110
0O U 00 (3.111)
0O 06 AT S % i (3.112

R (O]A
OAF+ % — (3.113

ow
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Shaper Tooth Axis

Fig. 3.15 The details of the asymmetric shaper cutter duteggeneration of the
internal asymmetric spur gear coast side root fillet at the location where the critical

section occurs
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Shaper
Tooth Axis

Internal Gear
Tooth AXis

_ 0
Fig. 3.16 The generation of the internal asymmetric spur gear coast side root fillet at
the location where the critical section occurs
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Put Equatior(3.116) in Equationg3.117) and(3.118). Then Equatiori3.124) is now
only dependent ofe. Note that'Q is already found in Equatio(8.107) and by
equating Equation.107) and(3.124) obtain%e..

o) 0 YOE4 . %o (3.125

0 Y Y OEF , % (3.126)
0 0

i e— (3.127

I - % — %o (3.129

I - %o9 — %o (3.129

Put Equation(3.116) in Equation(3.129. Then Equatior{3.129) is only dependent

on %o. Since%o is already founfl is found, too.

3.4 Estimation of Tooth Form Factor, Stress Correction Factor and
Maximum Bending Stress for an Internal Asymmetric Spur Gear Tooth
through Modified ISO and FEA Methods

The maximum bending stress formulation at the internal gear tooth root is same with

the exernal gear tooth root and may be expressed as:

O o 3.13
v g (3.130
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where,"O is normal loadg is tooth form factor andy is stress correction factor.

In addition to the bending stress formulations of international standards, the
compressive stress produced by the radial T@adés also taken in to account in this
thesis so that the normal for&@ is used instead 60 in Equation (2.125. @ and

w are determined for an internal asymmetric gear tooth with both ISO B and FEA

methods in the following Chapters.
3.4.1 Modified ISO Method for Bending Stress Parameters

Thetooth form factor® is also affected by being taken in to account of the radial

load "O. The detailed derivation d@b is same withi of the external gear tooth

which can be found in Appendix (5] and defined as:

eaQ wEli ai Qe
0 o

(3.131)

6 o o (3.132)

The stress correction factdr is same withd of the external gear tootnd defined

in [5] as:
. 5 = (3.133
W pPg TP O 1
o 2 3.13
0 5 (3134
, 0
n - (3.139
G
Here,” is root fillet radius of curvature of the internal gear drive side root fillet

trochoid at the critical section and can be found with the help &ith&8.17:
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Trochoid

Center Line\ v
e

Internal Gear Y

. Tooth Axis |

O,

Fig. 3.17 Theroot fillet radius of curvaturat the drive side critical section of the

internal asymmetric spur gear
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" 80 60 (3.136)

§ 060AF % 060AFL % %o | (3.137)
06 0 ATOS % (3.139
06 1 AT O % (3.139

Here all parameters 6f are already found for the drive side critical section so that

can be found, too.

At the instant when the centerline of the trochoid coincides with the shaper drive side

round center on the axis, the angleé  between the trochoid center line add is

equal to the angle- , divided by the gear ratio.

_'cT (3.140

—_—

4
The angle— was already defined by Equati(®91) as:
W S

—  O0Al == (3.141)
W
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.]'zf Shaper Cutter

1)
Vs

Tooth Axis

Internal Gear Drive Side

‘ ;f' / Root Fillet Trochoid
Trochoid .
Center Line
o R

Fig. 3.18 The angle of theoot fillet radius of curvaturat the drive side critical

section of thenternal asymmetric spur gear
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3.4.2 FEA Method for Bending Stress Parameters

The maximum principle stress on the internal gear root fillet gives the maximum

bending stress through FEA as state@lvapter2.4.2for the external gears.

9 ) 3.14
n “Qd (L) (L) ( . 2)
The form factor @ is calculated withEquation(3.131) by using FEA based
values oo andQ . Then ® can be defined as:
(I) _ ”
O . (3.143
Qg @

The FEA based at the critical section is obtained by using Equaf®©37) with
the FEA based critical section parameters which are defined in CBapt2P.1

In orderto use this methth) 2D FEA is carried out in this thesis and the asymmetric

internal spur gear 2D FE model is the need for FEA. In order to create a 2D FE
model, firstly, a 3D cat model of the asymmetric internal spur gear is created in this
thesis and 2Dnternal gear geometry is obtained by using this cat model. Then 2D

FE model can be created by using this 2D gear geometry.
3.4.2.1 Internal Asymmetric Spur Gear 3D Modd
The asymmetric internadpur gear as shown ifrig. 3.20 is obtained by using a

Matlab code, written according to the theory explained in this thesis, and illustrated
in Fig. 3.19.
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Fig. 3.19 Internal asymmetric spur gear tooth space profile

Here, the profileconsiss of points and represents the internal gear tooth space
surface. Also theprofile is 3D and the points continue through tfaee width
direction. Since this is a spur gear, the profile at each section is same.

Fig. 3.20 Internal asymmetric spur gear 3D model
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In order to obtainfirstly 3D cat model and then2D geometry of the internal
asymmetric spur geathe same method explained in Chaj&et.2.1for the external
asymméric spur gear is usedkig. 3.21 shows an example of 2D geometry of the

internal asymmetric spur gear

Fig. 3.21 Internal asymmetric spur gear 2D geometry
3.4.2.2 FE Model of the Internal Asymmetric Spur Gear
In this thesis FE modeling and analysis are done in ABAQUS 6.14. A sZDH&
model of the asymmetriaternalgear is shown ifrig. 3.22. The FE model is consist
of three tooth and have enough rim thickness to provide a rim thickness factor of 1
according td5].

FE model properties:

1) 2D FE analysis ith plane strain condition is done by assuming a uniform load

distribution along face width of the gear tooth.
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2) The material is a linear elastic isotropic and homogeneous one with an elastic

constant of E = 210 GPa and Poisson's ratio= 0.3.

Fig. 3.22 Internal asymmetric spur gear to@b FE model

3) TheloadisappliedatRP (r ef erence point) which is kPSS
point is coupled to the nodes at that diameter with continuum distigoammd the FE
model is fixed from the outer round and side lines as shoWwigir3.23.

4) The gear tooth profiles for this analysis have lggmerated usga full rounded
shaper cutter.

Fig. 3.23 Internal asymmetric spur gear tooth 3D FE model boundary condition and
force application point
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5) The 2D 8-nodded quadratic elements are used to nibshgear model. The
loaded gear tooth flanks and root fillets and the next unloaded tooth flanks and root
fillets are meshed sensitively by using partition regiomisich areoffsetfrom the
original profile around 0.1 times module. There are 350x10 elesmerthe loaded

tooth drive side root fillet and 150x10 elements in the loaded tooth drive side flank
and coast side root fillet and 50x10 elements in the loaded tooth coast side involute
flank. There are also 50x5 elements in the next unloaded tooks #aud root fillets.

For the other regions suitable global size elements are used.

3.4.2.2.1 Internal Asymmetric Spur Gear FE Model Critical Section

Parameters
In the FEA the maximum principle stress location which is the point P illustrated in

Fig. 3.24, is found and defines the critical section. Thandwcomponents of point

P are read in Abaqus. Hete, and0 are defined as:

0 o (3.144)

0 00 (3.145

The critical tooth height is found as:

Q 00 00 (3.149

Remember thah Disi |, Fig.3.12, then:

Q 0 i (3.147)
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‘- ~Maximum Principle Stress
i .-"; Location (Critical Section)

i‘J'ic f,.m-

Lowest Point Single
Tooth Contact

Internal Gear —_
Tooth Axis

O

Fig. 3.24 Internal asymmetric spur gear to@b FE model critical section

Since the critical tooth height is known and the critical section tangent angle is not
known for the gear tooth drive side in FEA, the same method with the analytical
method used in the coast side parameters derivation issasddain the drive side
parameters in FEA method. According to this method put EqudB@v) in
Equation(3.107) such that the only parameter becotesn Equation(3.107). Since

the drive side critical tooth height is also calculated by using Equ@ib?), %o is
obtained by equatingquations(3.107) and(3.141). Then— is obtained by using
Equation(3.97). Finallyl  can be found by modifying Equati¢&.88):
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I — = %o %o (3.148)

f _ %o(b—, %0 (3.149

4

Max:1.883e+01

S, Max. Principal
{Avg: 75%)

+1.883e+01
+1.726e+401
+1.569e+01
+1.412e+401
+1.255e+401
+1.098e+01
+9.416e+400
+7.846e+00
+6.277e+00
+4.708e+00
+3.13%400
+1.569e+00
+0.000e+00

Max: +1.883e+01
Elem: PART-1-1.5040
Node: 56281

Fig. 3.25 An example of th&EA bending stress results for the internal asymmetric
spur gear with 60 teeth, I =3 0 A/ 16 A

The drive side critical section tooth thickness,, can also be found by using
Equation(3.105) for FE model. The results of Equatiaf$s105 and(3.144) shall be

equal such that the correctness lod analytical method is proveiihe coast side
critical section parameters for FE model are found by using totally sanaéicetu

and method mentioned iGhapter3.3.2.2 The only difference is that the input
parameter, the critical tooth height, is not obtained by analytical method but it comes
from FEA. The coast side tangent angle and critical tooth thickness are found by

using Equation$3.126) and(3.129), respectively.
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CHAPTER 4

RESULTS AND DISCUSSIONS FOR MODIFIED ISO AND FEA
METHODS OF EXTERNAL AND INTERNAL ASYMMETRIC SPUR
GEARS

4.1 Results and Discussions for Modified ISO and FEA Methods of External

Asymmetric Spur Gear

The critical section and bending stress parameter§ (, Q,0,” ,®, ®,, ) are
determined through FEA andodified ISO methods amrding to the differentases

for the external asymmetric spur gears.

4.1.1 The Case of Lightly Loaded Gear with Small Module

In this chapter external asymmetric spur gears with 1 mm leoaloit face width,
standard tooth height¥1, c>=1.25) zero profile shiftand 10 N applied force are
studiedwith FEA andmodifiedISO methodsThese studies are donetwo caseslin
first casethe influence of drive side pressure angles are exanaimeéth second case
the influence of coast side pressure angles are examined.tiiéheesults of these

studies are compared with the previous wWa.

4.1.1.1 The Effect of Drive Side Pressure Angle

In previous work[15], the influence of drive side pressure angle the critical

section and bending stress parametersi( , Q,0,” ,®, ®, ,) is plotted for
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different pinion teth numbersi (from 20 to 100). On these plots the datas are
given for only two teeth number 20 and 100. These datas are compared with this
thesis works ifrable1 andTable2. Here, PW means previous work and TH means
this thesis worklt is seen that this thesis and previous wWdi dataare very close

to each other for these two teeth numfaerthis caseln order to verify this thesis
results more accurately, another teeth number from the previous[Yjrkan be
selected. This teeth number is chosen as 40 sincathat this teeth number are the
farthest ones to the line which starts from dag¢aof 20 to 100 teeth numbers in the

previous worl{15] plots.

Table 1. Comparison of the FEA andodified ISO method resultwith previous

work [15] for the bending stress paramefers=204 & = =20

PARAMETERS

&y O ba( A) B (A)h(mm) | t(mm) [Je(mm)| Ye Ys |G (M

PW-ISO| 30 30 1.0507| 1.9564| 0.5507| 1.3821| 1.824 | 25.209

20 A/PW-FEN 33 33 1.0784( 1.9918| 0.5473| 1.37 1.918 | 26.276

TH-ISO 30 30 1.0507| 1.9575| 0.5511| 1.3805| 1.8242| 25.183

TH-FEM| 34.0285 34.0285 1.0875| 2.0035| 0.5469| 1.3659| 1.9196| 26.22

PW-ISO| 30 35 1.1682| 2.0666| 0.4906| 1.2734| 1.924 24.5

Z20,m] 25 A/ PW-FEN 37 39 1.2276| 2.1492| 0.4826| 1.2393| 2.0407| 25.29

TH-ISO| 30 33.909| 1.1672| 2.0622| 0.4912| 1.278 | 1.9207| 24.547
TH-FEM| 34.544§ 38.826| 1.2049| 2.1137| 0.4859| 1.2572| 2.0077| 25.24
PW-ISO| 30 40 1.2896| 2.1919| 0.4181)| 1.1447| 2.0695| 23.69
PW-FEM 39.75 | 51.2 | 1.3561| 2.3074| 0.4068| 1.086 [ 2.265 | 24.594
TH-ISO| 30 [39.9043 1.2891( 2.1915| 0.4188| 1.1447| 2.0682| 23.674
TH-FEM| 39.1719 51.7379 1.3528| 2.3005| 0.4077| 1.09 | 2.2551| 24.58

30A/
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Table 2. Comparison of the FEA andodified ISO methodesults with previous

work [15] for the bending stress parameterss204 & =¢ =100

PARAMETERS
&y O ba( A) b A)h(mm) | t(mm) [Je(mm)| Ye Ys |G (M
PW-ISO| 30 30 0.826 | 2.225 | 0.493 | 0.795 | 2.298 | 18.28
20 A/PW-FEN 40.9 41 0.906 | 2.354 | 0.489 | 0.784 | 2.581 20.3
TH-ISO 30 30 0.8257| 2.2391| 0.4934| 0.7841| 2.3117| 18.126
TH-FEM| 43.502| 43.502| 0.9235| 2.3848| 0.4884| 0.7801| 2.5919| 20.22
PW-ISO| 30 35 0.958 | 2.364 | 0.424 | 0.753 | 2.453 | 18.47
Z100, m 25 A/ PW-FEM 45.05 | 47.81 | 1.027 | 2.462 | 0.418 | 0.753 2.66 20.03

TH-ISO| 30 [31.1754) 0.9562| 2.3598| 0.4241( 0.7584| 2.4522 | 18.5963
TH-FEM)| 45.1679 46.7417 1.0508| 2.5084| 0.4176| 0.7432| 2.7261| 20.26
PW-ISO| 30 40 1.085 | 2.522 | 0.339 | 0.688 | 2.728 | 18.77
PW-FEM 49.9 55.7 1.181 | 2.68 0.33 | 0.668 | 2.996 | 20.03
TH-ISO| 30 [32.9042 1.0818| 2.5065| 0.3394( 0.696 | 2.7164 | 18.906]]
TH-FEM)| 46.9293 51.1941] 1.1672| 2.6503| 0.3311| 0.6755| 2.9948| 20.23

30A/

Table 3. Comparison of the bending stress parameters for the FEAadidied ISO
method results, =204 & =@ =40

PARAMETERS

& U Ba( A) B (AR (mm)| t(mm) [4e(mm)| Y Ys |0 (M
TH-ISO| 30 30 0.9249| 2.126 | 0.5188| 1.0072| 2.0732) 20.8824
TH-FEM| 37.9907] 37.9907] 0.9909| 2.2149| 0.5128| 0.9984| 2.2345| 22.31
Z40,m] 25 A/ TH-ISO| 30 |32.3793 1.0444| 2.2395| 0.4538( 0.9477| 2.1966| 20.8164

TH-FEM| 39.435(42.3297 1.1133| 2.3395| 0.4458| 0.9293| 2.3534| 21.87
TH-ISO| 30 |35.9222 1.1658| 2.3774| 0.3748| 0.8587| 2.4005) 20.6126
TH-FEM| 42.4855 50.6337 1.2414| 2.5033| 0.3632| 0.827 | 2.5865| 21.39

20A/

30A/

Table 4. Comparison of the bending stressstéindard 1ISO method witFEA results
fory =| =20A

oat |
W O O/ ISO FEA
20/20 | 27.54 | 26.22

H nc k| 40/40 22.96 22.3
100/100| 20.72 20.22
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Then this thesis works for 40 teeth are also compared with the previouglWwphy

putting signs in its plots as shownkhig. 4.1, Fig. 4.2, Fig. 4.3 andFig. 4.4. In these

figures some of the parameters have different symbols, Hasd ,| is| ,Qis

"Q andi is 0 according to this thesis work.is clearly seen that for 40 teeth the

results of thighesis and previous wofk5] is also very close to each other. Thus this

thesis work is verified by using the previous w@is] results.Then the gmilar

discussiongor this casawith the previous workl5] can be done:

1-

FromTablel, Table2, Table3 andwith the help ofig. 4.1t is found that as

| increases the angle of tangent at the drive and coast sidendi )
increasesand by increasing the number of teeth the amount of increase
becomes larger anldrgerin the FEA study. However, the value ¢f is
always equal to 3®and the respectiVe increases with an increaselin in
themodified ISO methodAlso contraryto the FEA studyand previous work
[15] modified ISO methodby increasing the number of teeth, teast side

tangent angle  decreasem this thesis modifiedSO method.

From Tablel, Table2, Table3 and with the help ofFig. 4.2, Fig. 4.3 and

Fig. 4.4 it is found that a$ increases the tooth form factar decreases
which is mainly because of the corresponding increase in critical tooth
thicknesso , despite the icrease in critical tooth heighf. However the
stress correction facto increases because of the corresponding decrease in
root fillet radius of curvaturé . The respective determined values of the
bending stressi decreases with an increase|in. This is because of the
corresponding decrease in tooth form faaior which is more dominating
than the increase in stress correctiaotor. This enables to enhance the
bending strength of the gear tooth.
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3- The present FEA results shdvigher values ofi t han tnodified of t h

ISO method, which is mainly because of higher critical tooth hé@land

lesserroot fillet radius ofcurvature” . The bending stresses in FEA are %5
percentage higher thanodifiedISO method for low number aéethandthe

percentage increaseas %10 for high number dketh According toTable4,

for externalsymmetric spur geawi t h 20A pr estandard O angl e
method gives %% larger bending stresgesuls than FEA resuls. By

increasing the number of tooth, the resuisdoser to each other.

By increasing the number of teeth the bending stiestecreases. The
bending stresén modified ISO methoddecreases more th&EA method
since the stress correction factay increasedess than FEA method for the

modifiedISO methodvhile the number of teeth is increasing.
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4.1.1.2 The Effect of Coast Side Pressure Angle

In previous work[15] the influence ofcoastside pressure angle on the critical

section and bending steparameters (,1 ,Q,0,” ,®, ®,,) is plotted for

different pinion teeth numbers (from 20 to 100). On these plots ttiataare given

for only two teeth number 20 and 16@nilar to the drive side platdhesedataare

compared with this thesis works Table5 andTable®. It is seen that this thesis and

previous worl{15] dataare very close to each other this case.

Table 5. Comparison of the FEA and modified ISO metheduits with previous

work [15] for the bending stress parameterss304 & =& =20

PARAMETERS

& O ba( A) B ADh(mm)| t(mm) |4e(mm)| Ye Ys |0 (M
PW-ISO| 30 40 1.2896| 2.1919( 0.4181| 1.1447| 2.0695| 23.69
30A/ PW-FEM 39.75 | 51.2 | 1.3561| 2.3074| 0.4068| 1.086 | 2.265 | 24.594
TH-ISO[ 30 |39.9043 1.2891| 2.1915( 0.4188| 1.1447| 2.0682| 23.674
TH-FEM| 39.1719 51.7379 1.3528| 2.3005( 0.4077| 1.09 | 2.2551| 24.58
PW-ISO| 30 35 1.338 | 2.2635| 0.3494| 1.108 [ 2.2434| 24.858
Z20,m] 30A/ PW-FEM 41.15 49 1.4055| 2.374 | 0.3345] 1.056 | 2.324 | 24.594
TH-ISO| 30 |35.6678 1.3385| 2.2659| 0.3502| 1.1059| 2.243 | 24.805
TH-FEM)| 41.2497] 48.998| 1.4057| 2.3745| 0.3349| 1.0581| 2.291 | 24.24
PW-ISO| 30 30 1.3953| 2.36 [ 0.2675] 1.056 | 2.5244| 26.66
30A/ PW-FEM 47.7 | 47.73 | 1.4759| 2.4874| 0.2424| 1.0063| 2.5244| 25.399
TH-ISO| 30 30 1.3953| 2.36 [ 0.2686| 1.056 | 2.5258| 26.673
TH-FEM| 46.1429 46.1429 1.4704| 2.4757| 0.2446| 1.0122| 2.4827| 25.13
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Table 6. Comparison of the FEA and modified ISO method results with previous

work [15] for the bending stress parameterss304 ¢ = =100

PARAMETERS
&y O ba( A) b A)h(mm) | t(mm) [Je(mm)| Ye Ys |G (M
PW-ISO| 30 40 1.085 | 2522 | 0.339 | 0.688 | 2.728 | 18.77

PW-FEM 49.9 55.7 1.181 | 2.68 0.33 | 0.668 | 2.996 | 20.03
TH-ISO| 30 [32.9042 1.0818| 2.5065| 0.3394| 0.696 | 2.7164| 18.906]]
TH-FEM)| 46.9293 51.1941] 1.1672| 2.6503| 0.3311| 0.6755| 2.9948| 20.23
PW-ISO| 30 35 1.165 | 2.639 | 0.256 | 0.679 | 3.121 | 21.24
Z100, m 30 A/PW-FEI\/ 525 | 54.78 | 1.247 | 2.787 | 0.244 | 0.652 | 3.23 21.14

TH-ISO| 30 [31.8007 1.164 | 2.6405| 0.2562( 0.6775| 3.125 [ 21.172]]
TH-FEM)| 48.596§ 51.5478 1.2367| 2.7632| 0.2457| 0.6601| 3.2206| 21.26

PW-ISO| 30 30 1253 [ 2.795 | 0.155 | 0.652 | 3.971 | 25.9
30A/ PW-FEM 58 58.05 | 1.317 | 2.926 | 0.139 | 0.627 | 3.894 | 24.42
TH-ISO| 30 30 1.2523| 2.8039| 0.1553| 0.6476( 3.9866| 25.8192

TH-FEM)| 52.1206¢ 52.120§ 1.308 | 2.8979| 0.1413| 0.6351| 3.8186| 24.25

Table7. Comparison of the bending stress parameters for the FEA and modified ISO
method results, =304 & =& =40

PARAMETERS
& O Ba( A) B ADh(mm) | t(mm) |4e(mm)| Ye Ys |0 (M
30A/ TH-ISO| 30 |35.9222 1.1658| 2.3774| 0.3748| 0.8587| 2.4005) 20.6126
TH-FEM| 42.4855 50.6337 1.2414| 2.5033| 0.3632| 0.827 | 2.5865| 21.39
Z40,m] 30A/ TH-ISO| 30 [33.4942 1.232 | 2.4862| 0.2982 0.8286| 2.685 | 22.2483
TH-FEM| 46.995¢ 52.753| 1.3139| 2.6262| 0.2811| 0.7939| 2.7937| 22.18
30A/ TH-ISO| 30 30 1.3055| 2.6196( 0.2061) 0.789 [ 3.2026]| 25.2669

TH-FEM| 53.4706¢ 53.4704 1.3843| 2.7553| 0.181 | 0.7577| 3.1528| 23.89

Table8. Comparison of the bending stressstéindard ISO methadith FEA results
for| = =30A

6at |
W J| &/ ISO FEA
20/20 | 28.44 | 25.13
0 nc K|l 40/40 25.75 23.89
100/100| 26.76 | 24.25

Then similar to the previous case, this thesis works for 40 teeth are also compared
with the previous work by putting signs in its plots as showhRign 4.5, Fig. 4.6,
Fig. 4.7 andFig. 4.8. It is clearly seen that for 40 teeth the results of this thesis and
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previous work is also very close to each other. Thus this thesis wagkiis verified
by using the previous worKl5] results. Then thaimilar discussions for this case
with the previous workl5] can be done:

1- FromTable5, Table6, Table7 andwith the help ofFig. 4.5it is found that as
| increases the angle of tangent at the dside] increasesn FEA study.
It is also inferred that the angle of tangent at the coast sidiecreases with
an increase in in modified ISO methodAlso by increasing the number of
teethboth off andf increase in both dhe FEAandmodified ISO studes

2- FromTable5, Table6, Table7 and with the help ofFig. 4.6, Fig. 4.7 and
Fig. 4.8 it is found that a$ increases the tooth form factar decreases
which is mainly because of the corresponding increase in critical tooth
thicknesso , despite thdncrease in criticatooth height'Q. However the
stress correction facto increases because of the corresponding decrease in
root fillet radius of curvaturé . The respective determined values of the
bending stress$i increaseswith an increase in . This is because of the
correspondingncreasen stress correction fact@b is more dominating than
the increase imooth form factor®. Thus an increase jn is not a suitable
way to enhance the bending strength of the gear téégb.by increasing the
number of teeth the bending strésdoes not decrease for high since the

@ increases very much.

3- The present FEA results also show higher valuesiof t han t hat of t
modified ISO method The bending stresses in FEA are %5 higher than
modified ISO methodor low number oteethand the percentage increases to
%10 for high number oteeth According to Table 8, the standard ISO
methal gives %812 larger bending stress results than FEA results for

external symmetric gears with 30A pressur
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4.1.2 The Case of Heavily Loaded Gear with Large Module

In this chapter exteal asymmetric spur geavdth 4 mm module unit face width
standard tooth height¥1, 6x=1.25) zero profile shift and00 N applied force are
studied with FEA andnodified ISO methosl These studies are done in two cases. In
first case the influence of drive side pressureesgle examined and in second case

the influence of coast side pressure angles are examined.
4.1.2.1 The Effect of Drive Side Pressure Angle

By the help offFig. 4.9 Fig. 4.1Q Fig. 4.11andFig. 4.12 the heavily loaded case
aralysis can be compared withightly loaded case analyseccording to the drive
side pressure angle chani¥ith respect to thdightly loaded casethe drive and
coast side tangent angfesandf are almost same. The critical section tooth height

"Q and thicknes® andtheroot fillet radius of curvaturg almost increased to four

times of their valuesAlso the tooth form factor and stress correction faet@r
almost sameFinally, the maximum bending strassalmost 12.5 times largéor this
case Herethe value,12.5 comesfrom 50 divided by 4 where the load is 50 times
larger and the module is 4 times larfmrthis caseAll these results are the expected

results.

The graphs othis case areery similar to thdightly loaded casso that the same
discussionswith the first analysis can bdone The main result is that the bending
stressll decreases with an increase in. Also, the bending stresses in FEA are %5
higher thanmodified 1ISO methodfor low number ofteeth and the percentage
increasego %10 for high number dketh Also by increasing the number of teeth

the bending stressdecreases.
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4.1.2.2 The Effect of Coast Side Pressure Angle

By the help offFig. 4.13, Fig. 4.14, Fig. 4.15 andFig. 4.16, the heavily loaded case
analysis can be compared with lightly loaded case analgsigrding to coast side
pressure angle increas#ith respect to théightly loaded case, the drive and sba
side tangent anglés andf are almost same. The critical section tooth height

and thicknes® and theroot fillet radius of curvaturé almost increased to four
times of their values. Also the tooth form factor and stress correction factor are
almost same. Finally, the maximum bending stress is almost 12.5 timeddaries

case Here the value12.5 comes from 50 divided by 4 whetiee load is 50 times
larger and the module is 4 times larfmrthis caseAll these results are the expected

results.

The graphs of this case are very similar to ligetly loaded case so that the same
discussions with the first analysis can be ddree main result is that the bending
stressll decreases with an increase in. Also, the bending stresses in FEA are %5
higher thanmodified 1ISO methodfor low number ofteeth and the percentage

increases to %10 for high numberteéth Also by increasing the number of teeth

the bending stressdecreases.
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4.2 Results and Discussions for Modified ISO and FEA Methods of Internal

Asymmetric Spur Gear

The critical section and bending stress paramstersf( ,"Q,0 ,” ,®,®,, )
are determined through FEA anubdified ISO methaosl according to the different

cases for thinternal asymmetric spur gears.

4.2.1 The Case of Lightly Loaded Gear with Small Module

In this chapter iternal asymmetric spur gearstivil mm moduleunit face width

zero profile shif and 10 N applied force are studied with FEA and ISO methods.
These studies are done in two cases. In first case the analysisnaréor internal
gears having standatdoth height for different numbef teeth In this studythe
effects of the coast and drive sidessureangles are reflected in a single figure for
each parameter for a specified number of tedtbreover, the results of the standard
and modified 1ISO methods are compared with FEsults for symmetric internal
gears.In second case the analysis are done for internal gears having small tooth
height for a specified number of teeth and only the effect of the dlideepressure

angle is studied such thide results can be companstth [16].

4.2.1.1 The Effect of Drive and Coast Sides Pressure Angles for Internal Gears
Having Standard Tooth Height

The first and secondanalyses arelone withinternal geas with 60 and 81teeth
respectively The addendum coiétient of the pinion type shaper cuttes (the
dedendum coefficient of the internal gear at the same tgvie5and he addendum
coefficient of the internal geab is 1 Then the internal gears in this study are typical

standard (normal height) interrgears.
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In terms of the first analysisy ithe FEA according tbig. 4.17the drive side tangent

anglef  increases by the inrease of both of the drive and coast side pressure angles
butthe coast side tangent angle either slightly inceasesr decreases unt80A f o r
coast side pressure angle.the modified ISO methodthe value off is always

equal to 6Aand the respectiie increases with the increase of coast side pressure
angle but decrease with the ingeaof drive side presire angle and is generally
higher than the FEA resultk the FEA according t&ig. 4.20the tooth form factor

@ decreases with increase in both drawved coast side pressure anglehich is

mainly because of the corresponding increase in critical tooth thickneskespite

the ircrease in critical tooth heighi® . However the stress correction factab
increases with the increase in both drive and coast side pressure augase of

the corresponding decrease rvot fillet radius of curvaturé . In the FEA he
respective determined values of the bending stresscreases with the increase in
coast side pressure angdad usually decreases with the decrease in coast side
pressure angldn terms of increase in drive side pressure angle the bending stress
increases for the high coast side pressure angles and decreases only for very low
coast side pressure angles (smaller tha 204. In case of a 1&coast sie pressure

angle, for instance, the bending stress decreases % 6 by the increase of the drive side
pressure angle froh6A t o Th& lerding stress results of modified 1ISO method

are % Slower than the results of the FEA except low drive and coast side pressure
angles smaller than 20A. For exampl e, for
modified ISO method gives % 416 lower bending stress than FEA method.
Therefore, in the modified 1IS@ethod, the bending stress always increases with an
increase in drive side pressure andter the low drive and coast side pressure
anglesthis is mainlybecause of the high differenceg in andl  for FEA and ISO
methods which causéscreasan the amount of the differencésd and@ values

for thesemethods.
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Table 9. Theanalysis input parameters fes=¢ ¢ =p

Analysis Input Parameters
Ze 20

as 1,25

ai 1

ae 1

Fni 10 N

Table 10. Comparison of the bending stressstdndard ISO methoaith FEA

results for internal symmetrgpurgears

oat |

Z W O ISO FEA
16A/ 1 23 20

50 20 A/ 2 20 19.76
25A/ 2 2216 | 205
30A/ 3 28 38.5

According toTable 10, for internal symmetric spur geathe standard 1ISO method

generally gives %1 0

| arger

bending

stress

resul t

pressure angle. For low and high pressure angles the percentage increase to %15.
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correction factor for different drive and coast side pressure aaglight loadfor

O QT
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Fig. 4.20 Comparison of the critical section tooth form factor and bending stress for

different drive and coast side pressure anglédight loadfor & ¢ Tt
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By the help ofFig. 4.21, Fig. 4.22, Fig. 4.23and Fig. 4.24, the second analysis,
internal gear with 81eeth can be compared with the first analysis, integesr with

60 teethWith respect to the first analysthie drive and coast side tangent angles

andf are alnost same The critical section tooth heigh and thicknesd
generally decreased bthe root fillet radius of curvaturé generally increased

Also the tooth form factor generally decreased and stress correction factor generally
increased. Finally, the maximum bending strdssreased very less or remained

same.

The graphs of the second analysis asry similar to the first analysis so thaiet

same results with the first analysis canobéained.The maximum bending stregs
increases with the increase in coast side pressure angle and almost always decreases
with the decrease in coast side pressure angle. In terms of increase in drive side
pressure angle the bending stress increases for the high coast side pressure angles and
decreases only for very low coast side pressure anglésmaller than 2. In case

of a 16Acoast side pressure angle, for instance, the bending stress decréabgs %

the increase of the drive side pressure angleién t o 3 0 A

Table 11. The analysis input parameters far=y p& =p

Analysis Input Parameters
Ze 27
3 1,25
a 1
B 1
Fri 10N
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Fig. 4.21 Comparison of the drive and coast sides critical section tangent angles for

different drive and coast side pressure angldight loadfor & ( p
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Fig. 4.22 Comparison of the critical section tooth height and thickness for different

drive and coast side pressure anglelight loadfor &  ( p
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Fig. 4.23 Comparison of the critical sectioaot fillet radius of curvaturand stress

correction factor for different drive and coast side pressure aaigligbt loadfor

w Yp
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Fig. 4.24 Comparison of the critical section tooth form factor and bending stress for

different drive and coast side pressure anagtéight loadfor & ( p
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4.2.1.2 The Effect of Drive Side Pressure Angle for Internal Gears Having
Different Tooth Heights

The results of the previous chapter shows that by the increase in drive side pressure
angle the bending stress decreases for only low coast side pressure anf@st In

is stated that the desired trend that the fillet stressesatssat with the increasing

drive side pressure angle has been achieved to a large extent by the consideration of
stud tooth at the cost of contact ratio by keeping its values always above the required
limit 1.1. The bending stress decreases with respedetoease in the tooth height
according td16] and the minimum tooth height with an addendum coefficient, 0.8 is
analyzed. In this study the same minimum tooth height with the same addendum
coefficient is also analyzed with respecttie increasen drive side pressure angle

and the results are discussed.

The addendum coefficient of the internal gear does noaffect its own bending
stress butffects the bending stress of the external gedné mesh since the HPSTC

of theexternalgear isaffected by the tip diameter of the internal g&dre addendum
coefficient of the external gear affectsthe bending stress of the internal gear since
the LPSTC of thénternalgear isaffectedby the tip diameter of the external gekir

the tip diameter of the extml gear increases the LPSTC diameter increases and
critical section toothheight decreases. Thethe maximum bending stress also
decreases. If the tip diameter of the external gear decreases the LPSTC diameter
decreasesral critical section toottheightincreases. Thethe maximum bending
stress also increase¥he addendum coefficient of the shaper cuter (the
dedendum coefficient of the internal gear) addtectsthe bending stress of the
internal gear. If®d increasesthe critical section tooth height increases so that the
bending stress increases andvif decreases, then the critical section tooth height
decreases so that the bendstigss dereasesAfter all these explanatioristhe @ is
decreased from 1.25 to 0.8 the bending stress ambsstiutelydecrease. Howeven

must also decrease since the dedendum of the internal gear is decfbasethe
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bending must increasagain. Herefor instance,® can be maximum 0.6 because
theremust be also an enough clearance between the root of the internébajbar

and tip of the external getwoth From Fig. 4.25andFig. 4.26it is clearly seen that

the bending stredsr @ (0.8) andw (0.6) caseeither remains same wery slightly
decreases with respect to increase in drive side pressureamtgié is also even
more thanthe bending stressfdhe normal tooth height casé, (1.25) andw (1).

Also this causes a very important decrease in the contact ratio. Thensthere
advantage of stud tootuggestion of16] for the internal gears\lthough@ can be
maximumO.6 for & 0.8 assume thadd is 0.8 in order tojust make an analysis.
Then, FromFig. 4.27andFig. 4.28it is clearly seen that the bending stressdbor

(0.8) and® (0.8) case, decreases with the increase in drive side pressure angle.
However, this causes a geometric interference during meshing and this solution is not

practical.

20

19 =

_——— =

° f\-\
17 —u— FEA,a=1.25,3=1

~u
g 16 —=— FEA,8~0.8, 3=0.8
= S = FEA, a=0.8, 3=0.6
o5 15 A --«- IS0, %:125, @:1
—— |S0O, @=0.8, a=0.8

v+ ¥ .. Y ISO’ %=08’ %=06

13 4 )

12

15 20 25 30 35

U, (degrees)

Fig. 4.25 Comparison of the critical section bending stress for diffatené side

pressure angsandtooth heightdor & ¢ T
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—— IS0, a=0.8, 3=0.8
vt .. x|SO, @20.8, %20.6
13 A
12
15 20 25 30 35
U, (degrees)

Fig. 4.26 Comparison of the critical section bending stress for different drive side

pressure angles and tooth heightsdbor  p

4.2.2 The Case of Heavily Loaded Gear with Large Module

In this chapter internal asymmetric spur gears wittnm module unit face width
standard tooth heighiti=1, ¢x=1.25) zero profile shiftand 500 Napplied force are
studied with FEA and 1SO methods. In this study the effects of the coast and drive
sidepressureangles are reflected in a single figure for each parameter for aisgecif

number of teeth.

Table 12. The analysis input parameters far=¢ Té =t

Analysis Input Parameters
Ze 20

as 1,25

aj 1

ae 1

Fni 500 N
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Fig. 4.27 Comparison of the drive and coast side critical section tangent angles for

different drive and coast sides pressure angles at heavy load fop Tt
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Fig. 4.28 Comparison of the critical section tooth height and thickness for different

drive and coast sides pressure angles at heavy load fop 1t
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Fig. 4.29 Comparison of the critical sectiooot fillet radius & curvatureand stress
correction factor for different drive and coast sides pressure angles at heavy load for

O QT
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Fig. 4.30 Comparison of the critical section tooth form factor and bending stress for

different drive and coast sides pressure angles at heavy load fop Tt
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Table 13. The analysis input parameters for=y) pi =t

Analysis InputParameters
Ze 27

as 1,25

a 1

8e 1

Fni 500 N

By the help ofFig. 4.27, Fig. 4.28, Fig. 4.29, Fig. 4.30, Fig. 4.31 ,Fig. 4.32 ,Fig. 4.33
andFig. 4.34, the heavily loaded case analysis can be compared with lightly loaded
case analysief the internal gear§Zi=60 and Z=81) according to the drivand coast

sides pressure anglehanges. Witlrespect to théightly loaded case, the drive and
coast side tangent angles andf are almost same. The critical section tooth
height Q and thicknessd and theroot fillet radius of curvatur¢  almost
increased to four times of their values. Also the tooth form factor and stress
correction factor are almost same. Finally, the maximum bending stress is almost
12.5 times larger than its value. Hesemilar to the external gear resulti2.5comes

from 50 divided by 4 where the load is 50 times larger and the module is 4 times

larger than their values. All these results are the expected results.

The graphs of the second case aery similar to the first case so that the same
results with the fist case can be obtained. The maximum bending stréissreases

with the increase in coast side pressure angle and almost always decreases with the
decrease in coast side pressure angle. In terms of increase in drive side pressure angle
the bending stss increases for the high coast side pressure angles and decreases
only for very low coast side pressure angles(smaller than 28. In case of a 18

coast side pressure angle, for instance, the bending stress decreases % 5 by the

increase of the drive side pressure angleftéh t o 3 0 A
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Fig. 4.31 Comparison of the drive and coast side critical sectingent angles for

different drive and coast sides pressure angles at heavy load fap p

145



h,; (mm)

t; (mm)

Fig. 4.32 Comparison of the critical section tooth height and thickness for different
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Fig. 4.33 Comparison of the critical sectiooot fillet radiusof curvatureand stress

correction factor for different drive and coast sides pressure angles at heavy load for

w Yp
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Fig. 4.34 Comparison of the critical section tooth form factor and bending stress for

different drive and coast sides pressure angles at heavy load fap p
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CHAPTER 5

CONCLUSION AND FUTURE WORK

The externahsymmetricspurgears are generated by using full rounded asymmetric
rackcutters and the internasymmetricspur gearsare generated by using full
rounded asymmetric pinion type shaper cutténs.this thesis, considering the
detailed geometries of the external and internal asymmetric gear texetndlytical
methods are developed to find the maximum bending stresstlofelternal and

internalasymmetricspurgearsby modifying ISO methods

The method for external ge#& very similar toprevious work[15]. The critical
section drive side tangent angle 38A and all other critical section parameters
including coast sie tangent angle are derived by using the generation motion. There
is no analytical mehod for internal asymmetricgears in the literaturebut the
analyticalmethoddevelopedor internal asymmetric geams this thesis is similar to

the external gearsn this methodthe critical section drive side tangent angl&0A

and all other critical section parameters including coast side tangent angle are
derived by using the generation motiohhen these resisl are compared with
previous worl{15] andFEA for external asymmetric gears and with FEA for internal
asymmetric geard'he analyses ardone for external and internal asymmetric gears

with small and large modules alight and heavyapplied forcesrespectively.

Forsmall module and light load caske external gear analytical and FEA results are
very similar toprevious work[15] results. Thereforealmostthe same results with
previous worl{15] are obtained for external asymmetric ge@tse calculatedvalues

of the bending stres8 decreases with an increase|in. This is because of the

149



corresponding decrease in tooth form faciomwhich is more dominating than the

increase in stress correction factor This enables to enhance the bending strength

of the gear toothThe maimum bending stress calculated in analytical meth@d5s

lower than FEAresults for low number of teetimdthatincreasesgo %210 for high

number of teethThis is mainly caused by differencestire critical section tangent

anglesof the modified ISO and FEA methodsThe results of standard ISO method

with FEA results for external symmetric gears are also compared in this thesis. For

20A pressure angl e t he-5kRErgeabeddmg stress r&salts met hod ¢
than FEA. For higher pressureandles k e 30A t his di-i2f erence incr

For small module and light load case, the internal desarding stress in FEA,

increases with the increase in coast side pressure anglesaallly decreases with

the decrease in coast side pressure aRglancrease in drive side pressure kentipe

bending stress increases higicreases only for very low coast side pressure angles

| (smaller than 28. In case of a 1coast side pressure angle, for instance, the
bending stress decreases % 6 by the increase of the drive side pressure angle from
16At o . JFHe Adending stress of ISOmethod areabout % 5different than the

results of the FEA for drive and coast sidespeeur e angl esbutther ger t han
percentagelifferenceincreases t86 15 for low drive and coast side pressure angles
small er than 20A ([Hisois mamlx bhecgude eof tHechigherl 6 A) .
differences in  andf  for FEA and ISO method$n modified ISOmethodof the

internal gearsthe bending stress always increageth an increase in drive side

pressure angleeven for very low coast side pressure andgbesauseof the
mentionedhigh bending stress differen@ 15 with FEA resultsfor low pressure

angles.In order to decrease the bending stress of an intasyehmetricgear by

increase in drive side pressure angle, shéb tooth is suggested ifiL6]. In this

thesis this suggestion is also analyzed and it is seen that the besidisg decreases

for small tooth heightf only the addendum coefficient of the external gear in mesh

equal or greater than the dedendum coefficient of the internal gear. Howeser

causes geometric interferencguringmesling and this solution igsot practical The
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results of standard ISO method with FEA results for internal symmetric gears are
also compared in this thesis. The standard ISO method generally givé8 Bger
bending stress results than FEA results. For low and high pressure dhiles,

difference increases up to %15.

In both of external and internal asymmetric gears,ldogye module and high load
case, the results of theegmetry related parameterthe tooth form and stress
correction factors, are almostdependent of module anthe same with small
module caseThis is an expected result because by increasing maduggeometric
paraméers of the gears increase with the same ratio. Therefbee maximum

bending stress changeith a ratioof the appliedoadto module.

As aresult, the modified ISO method for external asymmetric ggiges as accurate
resultsasthe standard 1ISO method for external symmetric gears. As a future work
the optimization of drive side critical section tangent angle can be conducted
especially forhigh numberof teeth. Similarly, the modified ISO method for internal
asymmetric geargives as accurate resulés standard ISO method for internal
symmetric gears. As a future worlhe optimization ofdrive side critical section
tangent angle optimizan can be conducted especially for low pressure angles.

Finally, an asymmetric planetary spur gear stage design optimiZatiGun, planet
and ring gearsan be investigated in terms of bending and contact stresséantop
thicknesses, contact rati@nd some other importamarameters. This optimized

desgn can be verified by FEA and also experimental works.
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APPENDIX A

DETERMINATION OF ASYMMETRIC RACK CUTTER PARAMETERS

A.l. Determination of Maximum Asymmetric Rack Cutter Radius

Tm/2

mb A; . A

T~
o .
) .
44 G

max
|

Fig. A.1 Maximumasymmetriaack-cutter radius

For anyrackcutter radiu®, the parameters of the racktter are given as:

Q aw 0O (A.2)
Q ™At (A.2)
Q DAt (A.3)

. 0

0 TG (A.4)
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. 0
o) - (A.9)

ATlO
If the rack is full rounded as shown Fig. A.l1, use0 in Equatiors (A.1) to
(A.5). Theno can be found as:
“94¢ Q Q o0 0 (A.6)
“ re 14 5 ©w éA’l‘ 14 5 o éA’l‘ 0 6 A 7
q C aw o aw 0 AT 6 AT 6 (A.7)
“d¢ awOAT OAT & OA1T OAT 8
5 o P (A.8)
ATlO ATO
“dgc anOAl OAT
\ p P A AT A (A.9)
° X16 Ano ©A! OAl
5 “d¢ anOAT OAl
P P SAT BAT (A.10)
ATTo Anjo ©OAl OAl

A.2. Determination of Lower Limits of Position Vectors of Asymmetric Rack

Cutter Coast and Drive Sides Inclined Surfaces

o) 00ET (A.12)

N aw o6 O (A.12)
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(A.13)
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Fig. A.2 Lower limits of position vectors aisymmetriaack-cutter coast and drive

side inclined surfaces

G 06 O00HI
0 ——r A.14
© AT O (19
Modify the Equation(A.14) and obtain the coast side parameder;
, dw 0 O00HFI
0 (A.15)

Al O

A.3. Determination of Upper Limits of Position Vectors of Asymmetric Rack

Cutter Coastand Drives Sides Inclined Surfaces

During the generation motioof involute flank surfaceany contact occurs on the
intersection of line of action and the ragltterinclined surfacelf the radius of the
contact point is equal to tip radius, then tadius point of the involutdéank is

generated. This idlustrated on the figure below.
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i ATIO i (A.16)

Al Oi‘l— (A.17)
66 1O ELo (A.18)

Generating
Pitch Line Rack-cutter
Line of Action .
- .
. S
/ :
/ .
/ | Involute
/ B Curve \
\ Reference
-\ Pitch Radius

Fig. A.3 Upper limits of position vectors of asymmetric rastkter coast and drive

side inclined surfaces

08 1,0 E b (A.19)
6 6 WAT (A.20)
6 66 "068AT (A.21)
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6 i 0BT 1 8ET Al (A.22)
, e s
0 | OERT O+ 1 8O&T DAI (A.23)

Define|  and modify theEquations(A.22) and (A.23) and obtain the coast side

parametero
|
AT O— (A.24)
o) i 0BT 1 8ET AT (A.25)
, o e o s oA A oA
6 | OEAT O— 1 BT OAT (A.26)

A.4. Determination of X Component Limits of Position Vectors of Asymmetric

Rack Cutter Coast and Drive Sides Rounded Surfaces

Fig. A.4 The x component limit of position vector asymmetriacack-cutter drive

side rounded surface
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0 0 0Q o (A.27)

0 0 aw o0 OAI TG (A.28)
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Fig. A.5 The x component limit of position vector of asymmetric raaker coast

side rounded surface

6 o 0 'Q b (A.29)

(A.30)
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APPENDIX B

DETERMINATION OF EXTERNAL ASYMMETRIC INVOLUTE GEAR
TOOTH AND GEAR PAIR MESH PARAMETERS

B.1. Determination of External Asymmetric Spur Gear Tooth Pointed Tip
Radius, Drive and Coast Sides Tooth Thicknesses

. Gear Tooth Axis
-
0(, ,_g\f\c
_: e Tip Circle
T /z(\ "/ Addendum Circle
o 1'ef ;} Pitch Circle "

~__Drive Side
<. Base Circle—
Ty VT

. v

\ o~ Y

VoNRd T
N \

Fig. B.1 Externalasymmetric gear tooth pointed tip radius
o] I Qv Qe 0| "MQeL| Q¢ U (B.1)

0t 0| OAT | (B.2)
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Qe v| OAT | (B.3)

i AT|O i (B.4)
o
Al oi— (B.5)
Qe 0| OAT | (B.6)
e o
Qt | OARI oi— Al oi— (B.7)
i AT1O i (B.8)
o
Al oi— (B.9)
Qe 0| OAT | (B.10)
e o
Qe v| OARI oi— Al oi— (B.11)

UseEquationgB.7) and(B.11) in Equation(B.1) and obtain:

(B.12)
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In Equation (B.12) all parameters are known exceptand in order to findi
NewtonRaphson mhod is used to solve thegHation(B.12). In Matlah fsolve
function uses this method and can be used toifinfihe drive and coast sides tooth

thicknesgson pitch circle are dafed as:

57

5 “c—” D¢ Yy 08 0 (B.13)

o U5 spier 00 Hgplon gy, (B.14)
q Lo 0

5 “C—” ‘08 Db QE D (B.15)

o “q—” ow:ﬁ)sf’ll—‘z d)gpll—‘*; Q& 0 | (B.16)

B.2. Determination of an External Asymmetric Spur Gear Pair Mesh

Properties

Here subscr i pt stheipipionand deargnameshe pr es en't

Al O——— 0mi o 6 (B.17)

U
Qe 0| OAT | (B.18)
. |
L AT6 (B.19)
o o]
Al O — (B.20)
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Fig. B.2 External asymmetric gear mesh
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