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ABSTRACT

MSc THESIS

A COMPARISON OF APPROACHES TO INVOLUTE HELICAL GEAR
DESIGN

Zekiye Dicle Topal

CUKUROVA UNIVERSITY
INSTITUTE OF NATURAL AND APPLIED SCIENCES
DEPARTMENT OF MECHANICAL ENGINEERING

Supervisor : Prof. Dr. Necdet GEREN
Year: 2019, Page: 257
Jury : Prof. Dr. Necdet GEREN
: Prof. Dr. Melih BAYRAMOGLU
: Prof. Dr. Ugur ESME

In this thesis, helical gears are designed according to different design
approaches. The analytical iterations were made using MATLAB tool and the
design results, module (m) and face width (F) were obtained for each design
approach. Afterwards, three dimensional solid modeling was created using CATIA
with the aid of design result of analytical calculations. The results obtained from
the analytical method were confirmed by “Finite Element Analysis” using ANSYS.
The design results of each design approach used in this study are compared with
each other. Useful graphs, outputs, tables and charts are presented. In addition, the
conversion factors of four different design approaches with respect to ANSI /
AGMA Standard were obtained.

Key Words: Helical gear, Design approaches, Design output, Converting,
Comparison
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YUKSEK LiSANS TEZi

EVOLVENT HELISEL DiSLI TASARIM YAKLASIMLARININ
KIYASLANMASI

Zekiye Dicle Topal

CUKUROVA UNIiVERSITESI
FEN BIiLIMLERIi ENSTIiTUSU
MAKINE MUHENDISLiGi ANABILiM DALI

Danigsman : Prof. Dr. Necdet GEREN
Yil: 2019, Sayfa: 257
Juri : Prof. Dr. Necdet GEREN

: Prof. Dr. Melih BAYRAMOGLU
: Prof. Dr. Ugur ESME

Bu tez caligmasinda helisel dislilerin farkli tasarim yaklasimlarma gore
tasarimi ele alinmustir. Analitik iterasyonlar MATLAB kullanilarak yapilmis ve
tasarim sonuglar her bir tasarim yaklagimi i¢in modiil (m) ve yiizey genisligi (F)
elde edilmistir. Daha sonrasinda analitik hesaplamalarin sonucu kullanilarak ii¢
boyutlu kati modellemesi CATIA kullanilarak yapilmistir. ANSYS kullanarak
“Sonlu Eleman Analizi” ile analitik metottan elde edilen sonuc¢lar dogrulanmaistir.
Bu calismada kullanilan her bir tasarim yaklasimlarinin sonuglar1 birbiriyle
kiyaslanmistir. Faydali grafikler, ciktilar, tablolar ve gizelgeler sunuldu. Buna ek
olarak, bu ¢alisma dort farkli tasarim yaklagiminin ANSI/AGMA Standardina gore
doniisiim faktorleri elde edildi.

Anahtar Kelimeler: Helisel Digli, Tasarim yaklagimlari, Tasarim g¢iktilari,
Doniistiirme, Karsilagtirma
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EXTENDED ABSTRACT

Gear boxes are used for transmitting power and rotary motions consist of a
set of gears, shafts and bearings that are mounted in an enclosed lubricated
housing. This transmission is achieved with or without change of speed or
direction. Helical gear is widely used in industry. The teeth on helical gears are cut
at an angle to the face of the gear. When two teeth on a helical gear system engage,
the contact starts at one end of the tooth and gradually spreads as the gears rotate,
until the two teeth are in full engagement. This gradual engagement makes helical
gears operate much more smoothly and quietly than spur gears.

There are two primary failure modes for gears. First one is tooth breakage
from excessive bending stress and the second one is surface pitting from excessive
contact stress. In both cases, main interest is the tooth load which comes from
applied load or torque during the transmission of power. Bending stress occurs at
the root of the tooth profile mainly. Bending stress is highest at the fillet and can
cause breakage or fatigue failure of tooth in root region. Even though a gear tooth
may not break due to bending stresses during its lifetime, it could develop pits on
the tooth face due to high contact stresses fatiguing the surface by compression.
The contact pressure is intensified near the pitch circle, where the contact is pure
rolling with zero sliding velocity.

After the material selection for pinion and gear, the best combination of
two design parameters that are module (m) and face width (F). After defining the
pinion and gear materials, module is estimated and calculations are carried out to
determine the face width. Module and face width calculations are iterated until the
face width is in a range of 3p<F<5p where p is circular pitch that is dependent on
the selected module. The iteration may require considerable time depending on the
initially selected module, which is  dependent on expertise. Various design
formulas are available in the machine elements or machine design text books for

the design or finding “m” or “F”. In addition to this, the international and national
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standards such as ANSI-AGMA, ISO JGMA provide different formulae with
different level of difficulty. However, the results of using different approaches
have not been compared so far. Thus the designer does not aware of the success or
loss gained using each of the approach. Therefore, there is a need to compare the
results of each of the most accepted design formula or design approach for the
involute helical gear design. Hence, this study aims to compare the design results
(F and m) obtained using the design formula or design approaches to determine
loss or gain obtained in each of the approach. The results of this study may provide
usable outputs for teaching and designers practicing gear design.

The main intention is to compare the design results given by the most
commonly used gear design approaches. Hence, the designer can be aware of the
success or loss gained using each of the approach. The results of the study may also
help to select the proper gear design approach depending on the requirements of
the particular design.

An involute helical gear design has been performed at speed ratios of 1:1,
2:1,3:1,4:1, 5:1, 6:1, 7:1 and 8:1, in this thesis work. And these speed reductions
has been carried out at different amount of power transmissions from 1 kW to
1000kW.

This thesis meets a need of selecting and using appropriate involute helical
gear design approaches for all designers including the expert designers and novice
learners who are practicing a helical gear design. This was made by comparing the
most commonly used involute helical gear design approaches available in the
literature. The selected approaches are given as follow;

1. Shigley’s Mechanical Engineering Design 9th Edition (SI), Budynas R.G.

and Nisbett J.K., 2011

2. Fundamental of Machine Component Design 5th Edition, Juvinall R.C. and

Marshek K.M., 2011

3. ISO 6336 Standards, 2006 and ISO 9085:2002 Standards, 2002
4. ANSI/AGMA 2101-D04 Standards, 2004

This study proposes to use the easier and the most appropriate approach
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provided in the common text books considering the verified results of FEA, if there
is no obligation to use ISO or ANSI/AGMA Standards. Because these standards
are more challenging, time consuming and include complicated equations.
Conversion factors for the conversion of text books results to the verified results
were developed. Now, the results obtained by text books can be converted to the
standards with the aid of conversion factors developed in this study. As a result of
these, gear designers do not have to deal with the computational load of the
standards. This does not only allow saving time and resources, but also provides
safer and reliable designs.

A systematic methodology which relies on dimensionless numbers called
as GR; and CFs, has been described and proposed to rate most common design
approaches with ANSI/AGMA 2001-D04 (2004) based on bending fatigue failure
for helical gears. Although the results of four design approaches differ from each
other, good similarity and continuity of the charts were found out. This allowed to
obtain CFs between the standards. Now, these two approaches can be converted to
each other with minimum of error. Beyond the investigations already available in
the literature, following conclusions can be drawn in this study.

Dimensionless conversion factors (CFs) were generated for helical gears to
convert the design results, module (m) and face width (F) of ISO Standard, B&N
textbook and J&M textbook into AGMA with a minor error.

Scatter and radar charts presented to make a relative comparison between
design approaches. The results showed that gear design approaches have similar
behaviour in all power ranges.

Two methods are now available to obtain CFs. One can be made by linear
interpolation from Table 4.12 for pressure angle of 20" and Table 4.15 for pressure
angle of 25°. Secondly, C, expressions can be used for any desired speed ratio from
Table 4.13 for pressure angle of 20" and Table 4.16 for pressure angle of 25

Universality of CFs were verified by case studies and worked reasonably

well. The maximum total Gear Volume error (GV.) was found as 9,2% for pressure
\%



angle of 20" in Table 4.14 and 9.72% for pressure angle of 25  in Table 4.17 with
the aid of CFs.

Briefly, this study may serve as a guideline for a designer who deals with
the design of an involute helical gear. This study is only valid for most common
used helix angle which is 30°. For other helix angles, all results would change. If a
designer concerns with light weighted applications, the overall size of a gear is
important as well as material usage that are objectives of optimization. On the other
hand helical gear design is the subject of almost all machine design courses. And it
is important to introduce clear, easy to understand and reliable design approach for
learners and students. Consequently, the results of this work interests both expert

and novice designers and learners.
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GENISLETILMIS OZET

Disli kutulari, gii¢ iletmek i¢in kullanilir ve doner hareketler, kapali bir
yaglanmis mahfazaya monte edilmis bir digliler, miller ve yataklardan olusur. Bu
aktarma, hiz veya yon degisikligi ile veya hiz veya yon degisikligi olmadan elde
edilir. Helis disli endiistride yaygin olarak kullanilmaktadir. Helisel diglilerdeki
disler disglinin yiizeyine acili olarak kesilir. Helisel disli sistemindeki iki dis
birbirine gectiginde, temas disin bir ucundan baslar ve disler dondiikge, iki dis tam
olarak oturana kadar yavasca yayilir. Bu kademeli iliski helisel dislilerin diiz
disliye gore ¢cok daha yumusak ve sessiz ¢alismasini saglar.

Disliler igin iki ana ariza modu vardir. Birincisi, asir1 biikiilme stresinden
dis kirilmasi ve ikincisi asir1 temas stresinden yiizeyde oyuklasmadir. Her iki
durumda da ana ilgi, gii¢ iletimi sirasinda uygulanan yiik veya torktan gelen dis
yiikiidiir. Egilme gerilmesi esas olarak dis profilinin kokiinde meydana gelir.
Biikiilme stresi, fillet bolgesinde en yiiksektir ve kok bolgesinde diglerde kirllmaya
veya yorgunluga neden olabilir. Bir disli disi, kullanim 6mrii boyunca biikiilme
gerilmeleri nedeniyle kirilmasa da, ylizeyi sikistirarak sikistiran yliksek temas
gerilmeleri nedeniyle dis yilizeyinde c¢ukurlar olusturabilir. Temas basinct adim
cemberi etrafinda yogunlagir.

Pinyon ve disli i¢cin malzeme se¢iminden sonra, modiil (m) ve yiiz genisligi
(F) tasarim parametrelerinin en 1iyi kombinasyonudur. Pinyon ve disli
malzemelerinin tanimlanmasindan sonra, modiil tahmin edilir ve yiiz genisligini
belirlemek icin hesaplamalar yapilir. Modiil ve yiiz genisligi hesaplamalari, yiiz
genisligi 3p<F<5p araliginda oluncaya kadar tekrarlanir; burada p, secilen modiile
bagh dairesel araliktir. Iterasyon, uzmanliga bagh olan baslangigta segilen modiile
bagli olarak olduk¢a zaman alabilir. Makine elemanlar1 veya makine tasarimi ders
kitaplarinda, tasarim veya “m” veya “F” bulma i¢in ¢esitli tasarim formiilleri
bulunmaktadir. Buna ek olarak, ANSI-AGMA, ISO JGMA gibi uluslararast ve

ulusal standartlar, farkli zorluk seviyelerinde farkli formiiller sunar. Ancak, farkl
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yaklagimlar kullanmanin sonuglari su ana kadar kargilagtirilmamistir. Boylece
tasarimci, yaklagimin her birini kullanarak kazanilan bagar1 veya kaybin farkinda
degildir. Bu nedenle, helisel digli tasarimi i¢in en ¢ok kabul edilen tasarim
formiiliiniin veya tasarim yaklagiminin sonuglarmin karsilagtirilmasina ihtiyag
vardir. Bu nedenle, bu ¢alisma, her bir yaklagimda elde edilen kayip veya kazanci
belirlemek i¢in tasarim formiilii veya tasarim yaklasimlar1 kullanilarak elde edilen
tasarim sonuglarim1 (F ve m) karsilastirmayi amaclamaktadir. Bu calismanin
sonuglari, digli tasarimi uygulayan 6gretim ve tasarimcilar igin kullanilabilir
ciktilar saglayabilir.

Temel amag, en yaygin kullanilan digli tasarim yaklasimlari tarafindan
verilen tasarim sonuglarini karsilastirmaktir. Bu nedenle, tasarimci yaklagimin her
birini kullanarak kazanilan basar1 veya kaybin farkinda olabilir. Caligmanin
sonuglart ayrica, belirli tasarimin gerekliliklerine bagli olarak uygun disli tasarim
yaklagiminin segilmesine de yardimeci olabilir.

Bu tez ¢alismasinda 1: 1, 2: 1, 3: 1, 4: 1, 5:1,6: 1, 7: 1 ve 8: 1 hiz
oranlarinda helisel digli tasarimlar1 yapilmistir. Ve bu hiz disiisleri 1 kW'dan
1000kW'a kadar farkli gii¢ iletimlerinde gerceklestirilmistir.

Bu tez, uygun tasarimi segcme ve kullanma ihtiyacimi karsilar; helisel disli
tasarimi uygulayan uzman tasarimcilar ve acemi 6grenenler dahil tiim tasarimcilar
icin helisel disli tasarimi yaklagimlari igerir. Bu, literatiirde bulunan en yaygimn
kullanilan helisel disli tasarim yaklasimlarmi karsilastirarak yapildi. Segilen
yaklagimlar agagidaki gibi verilmistir;

1. Shigley’s Mechanical Engineering Design 9th Edition (SI), Budynas R.G.

and Nisbett J.K., 2011

2. Fundamental of Machine Component Design 5th Edition, Juvinall R.C. and

Marshek K.M., 2011

3. ISO 6336 Standards, 2006 and ISO 9085:2002 Standards, 2002
4. ANSIVAGMA 2101-D04 Standards, 2004
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Bu galisma, ISO veya ANSI / AGMA Standartlarini kullanma zorunlulugu
yoksa, FEA’nin dogrulanmig sonuglarini dikkate alarak, ortak kitaplarda saglanan
en kolay ve en uygun yaklasimi kullanmay1 &nermektedir. Ciinkii bu standartlar
daha zor, zaman alict ve karmasik denklemler igeriyor. Ders kitaplarinin
sonuglarmin dogrulanmis sonuglara donistiirilmesi i¢in doniiglim faktorleri
gelistirilmigtir.  Simdi, ders kitaplarinda elde edilen sonuglar, bu ¢alismada
gelistirilen doniisiim faktorleri ile standartlara doniistiiriilebilir. Bunun bir sonucu
olarak, digli tasarimcilarinin standartlarin  hesaplamali yiikiiyle ugragmasi
gerekmez. Bu sadece zamandan ve kaynaklardan tasarruf saglamaz, ayni zamanda
daha giivenli ve glivenilir tasarimlar sunar.

GR; ve CF olarak adlandirilan boyutsuz sayilara dayanan sistematik bir
metodoloji tanimlanmis ve helisel disliler i¢in yorulma arizasina bagli olarak ANSI
/ AGMA 2001-D04 (2004) ile en yaygin tasarim yaklagimlarin1 degerlendirmek
icin Onerilmigstir. Dort tasarim yaklasiminin sonuglari birbirinden farkli olsa da,
grafiklerin iyi benzerligi ve siirekliligi tespit edildi. Bu, standartlar arasinda
CF'lerin elde edilmesine izin verdi. Simdi, bu iki yaklagim minimum hata ile
birbirine doniistiiriilebilir. Literatiirde zaten mevcut olan arastirmalarin Gtesinde, bu
caligmada asagidaki sonuclar ¢ikarilabilir.

Helisel disliler i¢in tasarim sonuglarini, modiil (m) ve yiiz genisligini (F),
ISO Standardi, B&N ders kitabi ve J&M ders kitabini, kiigiik bir hatayla AGMA'ya
donistiirmek igin boyutsuz doniistiirme faktorleri (CF'ler) iiretildi.

Tasarim yaklasimlari arasinda goreceli bir karsilastirma yapmak igin
dagilim ve radar grafikleri sunulmustur. Sonugclar, disli tasarimi yaklagimlarinin
tiim gii¢ araliklarinda benzer davraniglara sahip oldugunu gostermistir.

CF'leri elde etmek igin iki yontem mevcuttur. Biri 20 ° 'lik basing agisi i¢in
Tablo 4.12'den ve 25 °' lik basing agis1 i¢in Tablo 4.15'ten dogrusal enterpolasyon
ile yapilabilir. Ikinci olarak, Cp ifadeleri, 20 ° basing acis1 i¢in Tablo 4.13'ten
Tablo 4.13'ten ve 25 ° basing acisi i¢in Tablo 4.16'dan istenen herhangi bir hiz

orant i¢in kullanilabilir.
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CF'lerin evrenselligi vaka calismalari ile dogrulanmig ve oldukga iyi
caligmistir. Maksimum toplam Disli Hacmi hatast (GVe), CF'lerin yardimiyla
Tablo 4.14'te 20 ° basing agis1 i¢in% 9,2 ve Tablo 4.17'de 25 ° basing agis1 i¢in%
9.72 olarak bulunmustur.

Kisaca, bu ¢aligma, ilgili bir helisel disli tasarimiyla ilgilenen bir tasarimci
icin bir rehber gorevi gorebilir. Bu c¢alisma sadece 30° olan en yaygin kullanilan
helis agis1 igin gegerlidir. Diger helis agilar1 i¢in tiim sonuglar degisecektir. Bir
tasarime1 hafif agirlikli uygulamalarla ilgileniyorsa, genel olarak bir disli boyutu,
optimizasyonun amaci olan malzeme kullanimi kadar onemlidir. Ote yandan,
helisel disli tasarimi hemen hemen tiim makine tasarim derslerinin konusudur. Ve

acik, anlagilmasi kolay ve giivenilir tasarim yaklagimini tanitmak dnemlidir.
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1. INTRODUCTION

The most common way to classify gears is by category type and by the
orientation of axes. Gears are classified into 3 categories; parallel axes gears,
intersecting axes gears, and nonparallel and nonintersecting axes gears. Spur and
helical gears are parallel axes gears. Bevel gears are intersecting axes gears. Screw
or crossed helical, worm gear and hypoid gears belong to the third category. In this

study, helical gear is the main focus.

1.1. Helical Gears

Helical gears, used to transmit motion between parallel shafts. The helix
angle is the same on each gear, but one gear must have a right-hand helix and the
other a left-hand helix. The shape of the tooth is an involute helicoid.

The angled teeth engage more gradually than do spur gear teeth, causing
them to run more smoothly and quietly. With parallel helical gears, each pair of
teeth first make contact at a single point at one side of the gear wheel; a moving
curve of contact then grows gradually across the tooth face to a maximum, then
recedes until the teeth break contact at a single point on the opposite side. In spur
gears, teeth suddenly meet at a line contact across their entire width, causing stress
and noise. Spur gears make a characteristic whine at high speeds. For this reason
spur gears are used in low-speed applications and in situations where noise control
is not a problem, and helical gears are used in high-speed applications, large power
transmission, or where noise abatement is important.

Figure 1.1 provides the general nomenclature which is used in this thesis

work for gear.
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Figurel. 1. General nomenclature for gear

1.2. Significance and Goal of Study

Gear boxes are used for transmitting power and rotary motions consist of a
set of gears, shafts and bearings that are mounted in an enclosed lubricated
housing. This transmission is achieved with or without change of speed or
direction. Helical gear is widely used in industry. The teeth on helical gears are cut
at an angle to the face of the gear. When two teeth on a helical gear system engage,
the contact starts at one end of the tooth and gradually spreads as the gears rotate,
until the two teeth are in full engagement. This gradual engagement makes helical
gears operate much more smoothly and quietly than spur gears.

There are two primary failure modes for gears. First one is tooth breakage
from excessive bending stress and the second one is surface pitting from excessive

contact stress. In both cases, main interest is the tooth load which comes from

2



1. INTRODUCTION Zekiye Dicle TOPAL

applied load or torque during the transmission of power. Bending stress occurs at
the root of the tooth profile mainly. Bending stress is highest at the fillet and can
cause breakage or fatigue failure of tooth in root region. Even though a gear tooth
may not break due to bending stresses during its lifetime, it could develop pits on
the tooth face due to high contact stresses fatiguing the surface by compression.
The contact pressure is intensified near the pitch circle, where the contact is pure
rolling with zero sliding velocity.

After the material selection for pinion and gear, the best combination of
two design parameters that are module (m) and face width (F). After defining the
pinion and gear materials, module is estimated and calculations are carried out to
determine the face width. Module and face width calculations are iterated until the
face width is in a range of 3p<F<5p where p is circular pitch that is dependent on
the selected module. The iteration may require considerable time depending on the
initially selected module, which is  dependent on expertise. Various design
formulas are available in the machine elements or machine design text books for
the design or finding “m” or “F”. In addition to this, the international and national
standards such as ANSI-AGMA, ISO JGMA provide different formulae with
different level of difficulty. However, the results of using different approaches
have not been compared so far. Thus the designer does not aware of the success or
loss gained using each of the approach. Therefore, there is a need to compare the
results of each of the most accepted design formula or design approach for the
involute helical gear design. Hence, this study aims to compare the design results
(F and m) obtained using the design formula or design approaches to determine
loss or gain obtained in each of the approach. The results of this study may provide
usable outputs for teaching and designers practicing gear design.

The main intention is to compare the design results given by the most
commonly used gear design approaches. Hence, the designer can be aware of the

success or loss gained using each of the approach. The results of the study may also
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help to select the proper gear design approach depending on the requirements of
the particular design.

An involute helical gear design has been performed at speed ratios of 1:1,
2:1, 3:1, 4:1, 5:1, 6:1, 7:1 and 8:1, in this thesis work. And these speed reductions
has been carried out at different amount of power transmissions from 1 kW to

1000kW.
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2. PREVIOUS STUDIES

There have been so many studies in the literature for helical gear design
and stress analysis such as bending stress at the root of tooth and surface contact
stress at the gear tooth surface while a pair of gear is in transmission of power.

Because of the lower dynamic load, the noise level during operation and
the demand for lighter and smaller automotive transmissions, helical gears have

become the subject of attention.

2.1. Verification of FEM Analysis by Making Analytical Approach

Rao, Ch Rama Mohana et al. (1993) has analyzed the stress of helical gear
teeth by finite element method. They explained the geometry of helical gears by
simple mathematical equations, the load distribution for various positions of the
contact line and the stress analysis of helical gears using the three-dimensional
finite element method.

Vishal Singh et al. (2018) have analyzed the tooth bending stresses and
contact stresses in a helical gear pair which is calculated using AGMA theory and
finite element analysis(FEA).They observed that the bending stresses and contact
stresses, both decreases with an increase in the helix angle if pressure angle
remains constant.

Patil, Santosh S. et al. (2014) have studied the contact stresses among the
helical gear pairs, under static conditions, by using a 3D finite element method.
The variation of contact stresses with helix angle and also with friction coefficients
has been discussed. The commercial finite element software used was ANSYS and
the results were compared with analytical calculations. As a result, increasing the
coefficient of friction increases the contact stresses and increasing the helix angle

of gear pairs decreases the contact stresses.
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Chen, Yi-Cheng et al. (2002); Rao, Ch Rama Mohana et al. (1993); Tsay,
Chung-Biau (1988) have analysed helical gear set stresses with localized bearing
contact by using a finite element method and compared with theoretical
calculations. They all have concluded that FEM is in a good agreement with
analytical approaches.

In conclusion, they have analyzed the stresses of the finite elements and
compares them with the theoretical calculations. All of the researchers working on
the finite element method in gear design have decided that FEM results can be

compared well with analytical approaches.

2.2. The studies on the Effect of Profile Modification

Wu, Yong-jun et al. (2012) have studied both static and dynamic
behaviours of gear drives. At first, a precise tooth profile modification (TPM)
approach of the helical gear pair is presented. The type and amount of the TPM are
accurately determined by the static contact FEA results. Then dynamic contact
simulations for the helical gear pairs with and without TPM are, respectively,
carried out to evaluate the effect of the presented TPM approach on vibration
reduction. Results show that the presented precise TPM of helical gears is effective
on vibration reduction around the working load, and the dynamic contact
simulation is effective in estimating the effect of the TPM on vibration reduction in
the designing stage.

Zhang, Y. et al. (1997) have studied analysis of transmission errors under
load of helical gears with modified tooth surfaces. This study presents a model
which accommodates the modification of tooth surfaces, gear misalignments and
the deformation of tooth surfaces caused by contact load. In this model, the gear
contact load is assumed to be nonlinearly distributed along the direction of the
relative principal curvature between the two contacting tooth surfaces. As
compared with conventional tooth contact analysis (TCA) that assumes gear

surfaces as rigid bodies, the model presented in this study provides more realistic
6
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simulation results on the gear transmission errors and other gear meshing
characteristics when the tooth surfaces are deformed under load.

Tsay, Chung-Biau (1988) has studied influence of tooth profile
modification on helical gear durability. A nonlinear finite element contact
mechanics model of a helical gear pair was used to study the effect of intentional
tooth profile modifications on durability of helical gear pairs. Both two-
dimensional (2D) and three-dimensional (3D) modifications were considered in his
study. A detailed parametric study was performed to quantify the changes in the
contact and bending stresses as a function of tooth profile modification parameters
as compared to an unmodified gear pair baseline. The combined influence of
modification parameters and torque transmitted on the maximum stresses is
described.

Briefly, the pre-search on the literature has indicated that there are only
limited studies on the literature and most of these are comparing the design results
of individual formula with the results obtained from FEM analyses. Hence, the
design results obtained by the most accepted helical gear design formula or design

approach have not been compared yet.
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3. MATERIAL AND METHOD

3.1. Material

Gear and pinion materials have to be selected before starting to gear
design. The combination of a steel pinion and cast iron gear represent a very well-
balanced design. This is because cast iron has low cost, ease of casting, good
machinability, high wear resistance, and good noise abatement. Cast iron gears
typically have greater surface fatigue strength than bending fatigue strength
(Ugural A.C., 2003). Table 3.1 shows the selected material types in this study.
Nevertheless, design of a gear based on bending fatigue failure primarily considers
only pinion material properties. This is because it is the smallest and weakest one

in a meshing couple during power transfer.

Table 3.1. Material properties of pinion and gear

Material Pinion Pinion Pinion Gear
Property Type1 Type 2 Type3

Yield strength 441 MPa 1140 MPa 1640 MPa 621 MPa

Ultimate tensile 586 MPa 1250 MPa 1770 MPa 827 MPa
strength

Brinell hardness 207 HB 370 510 400 HB
number
Density 7850 kg *m® | 7850 kg *m® | 7850 kg *m® = 7850 kg * m®

Poisson's ratio 0,3 0,3 0,3 0,3

Modulus of 200 200 200 170

elasticity
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3.2. Method
3.2.1. Helical Gear Design

In this thesis work, design of an involute helical gear has been performed
based on bending fatigue failure theories according to the four most common

design approaches. These are;

1. Shigley's Mechanical Engineering Design 9th Edition (Budynas R.G. and
Nisbett J.K., 2011),

2. Fundamentals of Machine Component Design 5th Edition (Juvinall R.C.
and Marshek K.M., 2011),

3. American Gear Manufacturers Association (ANSI/AGMA) 2001 - D04
Standard (2004) and

4. 1SO Standards 6336-Part 1-3 (2006), -Part 5 (2003), -Part 6 (2004), and
ISO 9085:2002 (2002).

In addition, the reliability of the obtained results have been verified by
using ANSYS Workbench 15.0 after the design calculations have been carried out
for each of the design approaches used in this work. The design results, module
(m) and face width (F), has been determined analytically using bending fatigue
failure theories according to the four most common design approaches mentioned
above. Afterwards, three dimensional helical gear has been modelled on CATIA
R18 with the aid of design results. Finally 3D models of helical gears have been
subjected to gear stresses on ANSYS Workbench 15.0, and then numerically
obtained results have been compared with analytical calculations.

Two important design parameters, module (m) and face width (F)
calculations have been carried out with the four most common design approaches
mentioned above. In each of the above approaches, bending fatigue failure has
depended on design variables that affect the material strength and failure stresses.

But it has been found out that different kinds of design approaches uses various
10



3. MATERIAL AND METHOD Zekiye Dicle TOPAL

design variables which have to be tackled in some different ways in each of the
approach.

Module and face width are two essential parameters for sizing a gear. In
this study, these two important parameters have been determined based on gear
stresses called as “bending stress” which is occurred in tooth root. Module
selection and face width determination have been performed iteratively with the aid
of design variables required for determining failure stresses considering the
operating conditions while the bending stress is limited by the material strength.
When the face width is in between 3p and 5p where p is the circular pitch (m.m),
iteration is ended, and the last iteration step gives the proper module of the target
gear set (see Figure 3.2). A comprehensive comparison has been made between
four types of design approaches by defining a dimensionless geometric rating
number, GR;, in this work. Afterwards, conversion factors, CFs, for each design
approach are defined with the aid of geometric rating numbers. This allows the
designer to use any design approach to perform the design, and then multiply the
results by CFs instead of using more complex gear design standards. A flow chart
has been introduced in Figure 3.1 and Figure 3.2 with the intention of exhibiting

the step by step procedure for the helical gear design used in this thesis.

11
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Zekive Dicle TOPAL
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In each type of design approach, the operating conditions such as number
of cycles, gear speed ratio, gear transmission accuracy, input speed of a power
source, design factor of safety, reliability, etc. have been kept identical throughout

the study. This has provided fair comparison of the results in the work.

Table 3. 2. Values for the input parameters for each design approaches

Input parameters Value
Pressure angle @ (°) 20° and 25°
Gear tooth geometry (standard) Interference free involute helical, full depth
teeth
Input speed of power source (rpm) 1200
Number of life cycles, N 10°
Design factor of safety, nq 21
Reliability (%) 99.9
Operating temperature, T (°C) Moderate or low, ~120
Quality number for gears AGMA:9 and 1SO:8
B&N-J&M: shaved and ground
Material properties of gear pair see Table 3.1
Working characteristics of driving Uniform

and driven machines

Transmitted power range 1-1000 kW
Gear speed ratio range 11-21-31-41-51-6:1-7:1-
8:1

To provide the same conditions for the comparison of the results obtained
from the each approaches a safety factor of 2,1 has been taken. Design of involute
helical gear has been defined for a life cycles of 10,

Since helical gears are used as speed reducers or to transmit power and
motion all calculations have been done at a gear speed ratio from 1:1 up to 8:1

which is limited speed ratio recommendation for helical gears. The results are

14



3. MATERIAL AND METHOD Zekiye Dicle TOPAL

given by the increment of 1:1 and power transmission range is selected between 1
and 1000 kW for each of the speed ratio. All results have been plotted on a same
diagram or tabulated into the same diagram for the ease of comparison. All of the
calculations have been executed on MATLAB scripts. The results obtained from
MATLAB was also verified for only 1:1 gear speed ratio and at 10 kW power
transmissions by using numerical finite element method, ANSYS Workbench 15.0.

Gear bending stresses are going to be determined numerically for each
design approach by using ANSYS software. On the other hand, analytical design
results of helical gears that are modelled with the same input parameters using each
design approach have also been made available. These allow us to compare them

with each other. Hence, the difference is calculated by using following equation;

Numerical — Analytical
Anclytical

ﬂxf}“w‘mm={ )lﬂﬂ{%} (3.1)

In this study, only the design of pinion has been considered for the
comparison of the results of the different approaches. This is because the pinion
gear is the smallest and weakest member in meshing couple, and rotates more than
the gear itself for the speed ratios greater than 1:1. This approach is also used
commonly for the design of gears. The work aims to determine the effect of speed
ratio, therefore gear speed ratios of 1:1, 2:1, 3:1, 4:1, 5:1, 6:1, 7:1 and 8:1 were
considered, and for these speed ratios the minimum number of teeth on pinion has
been selected to be the same and determined at the following section considering

the interference-free involute profile.

3.2.2. Defining Geometric Rating Numbers (GR;) for Design Approaches
The design data for both module and face width can be generated to obtain
Ly for the combination of many power and speed ratios. For fi#f;, m times F
results are combined to obtain a more like a geometrical value which may be used
as a representative for the cross-sectional area at the pitch diameter (Geren N.,
15
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Uzay C., Bayramoglu M., 2017). This is because half of the circular pitch
(;- m%) approximately equals to tooth thickness in SI units. Hence, a
dimensionless parameter, which may be called as “geometric rating number”, &k,

may be defined specifically as

Fra 11
GR. = —L _ il
i = 1 (3.2)
Z

where m; and F; are the module and face width obtained from each of the gear
design approaches respectively, and my and F, obtained according to the selected
technical design standard. In this thesis, ANSI/AGMA 2001-D04 Gear Standards
have been considered. GR; numbers may be used to rate the design approaches for

gear tooth volume or weight with respect to AGMA Standards.

3.2.3. Defining AGMA Conversion Factors (CFs) for Design Approaches

The main aim of this thesis work is to find out a correlation between
commonly used design approaches (ISO, B&N, J&M) and AGMA. Therefore,
conversion factors are generated to convert module (m) and face width (F) obtained
from each design approaches (ISO, B&N, J&M) to AGMA standard. The mean

values of conversion factors for module (£F,,) and face width (€Fgy) with their

standard deviations are provided in . 3.3.

16



3. MATERIAL AND METHOD Zekiye Dicle TOPAL

Table 3. 3. Expressions of mean and standard deviation for module and face width
(Geren N., Uzay C., Bayramoglu M., 2017)

Conversion factor Mean Standard deviation
Module 1w S
The =570, I, :
FR™ | s [5G TR
R
Face width q =
EET=£ o lJ. L .
¥y aree= [ 2,08~ D)
J
Tk E
iy = and B'= (3.3)
g Fhgara EE Eama
1y —_— ﬂ
mE = and EFE‘E = (3.4)
Mo ampra oSN

where

Subscript “i” : represents each of the design approaches (ISO, B&N, J&M)
Subscript “c”: represents converted value

N: number of points at selected transmitted power

iy the value of M at a certain transmitted power
F&: the value of F* at a certain transmitted power

Dimensionless number of FFy,; and f:Fx, obtained using expressions given

in Table 3.3 may be used to convert the design results of the target approach to
AGMA if we have m; and F; values for a gear designed using any of ISO, B&N, or
J&M design approaches. This allows any gear designer to find converted values

b

“Myg, ggaea” and “Fi, ages” using simple expressions. Total error considering
converted m times F ((mxF)agma) values of AGMA is obtained using a gear
volume error (GV.) expression;

Em FXoacara — i Flacura
’- bm F) geapa

A flow chart has been introduced to obtain GR; and CFs in Figure 3.3 with

rkg =

100 (3.5)

the intention of exhibiting the step by step procedure used in this thesis.

17
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3.2.4. Determination of Interference-Free Pinion Gear Teeth Number
If the mating gear has more teeth than the pinion, then the smallest number
of teeth, Np, on the pinion without interference is given by Budynas R.G. and

Nisbett J.K. (2011),

N 2k comp

= T+ 2msinla, fm -+ m? -+ (L + 2m)sin®g.) (3.6)

where

Ng:  Number of teeth for pinion

m: Speed ratio of gear train
g, Normal pressure angle
dh,: Transverse pressure angle

(T Helix angle
k: For a full depth teeth, k=1

where m=mg=Ng/Np

roslE = (3.7

@, =20°, Y =30, ¢ = 22.80°

The shape of the tooth in the normal plane is nearly the same as the shape
of a spur gear tooth. The equivalent number of teeth (also called virtual number of
teeth) is defined in below equation. It is necessary to determine Lewis form factor,
Y. Determination of geometry factor, J, is also based on the virtual number of
teeth.

[g—

v (3.8)

NT®:  Virtual number of teeth

19
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Table 3.4 provides calculated minimum number of teeth for helical pinion

with corresponding virtual number of teeth for various speed ratios.

Table 3.4. Minimum number of teeth on pinion for various speed ratios

Minimum number of teeth on pinion
Speed ratio b, = 20° b, = 25°
N, N N, N
1:1 Na=9 Ni= 14 M. =6 N'=10
2:1 Nz=10 N =18 Na=7 N =11
3:1 Np= 11 HNi=17 W =7 N =11
4:1 Na= 11 W= 17 ¥.=8 =13
5:1 =1l Nt=17 N.=8 Nt=13
6:1 =11 Nt=17 Mz =8 Nt=13
7:1 Na= 11 Ni=17 W =8 HN=13
8:1 Na=11 Nt =17 N.=8 Nt=13

3.2.5. Helical Gear Design Based on Bending Fatigue Failure
3.2.5.1. Design Approach Using ISO Standards 6336 - Part 3

These ISO Standards (ISO 6336-1, 2006; ISO 6336-3, 2006; ISO6336-5,
2003; ISO 6336-6, 2004; ISO 9085-2002, 2002) give three methods to calculate
these factors included in the parts. These methods are mentioned as A, B or C in

decreasing order of accuracy.

- Method -A often includes full size testing as would be appropriate in the
aerospace industry.

- Method-B uses detailed calculations to correlate field data to similar
designs and is the method typically used in the industrial gear market.

- Method-C is a simplified method used for narrow applications.
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with

where

T -

Tooth root stress 7 is the maximum tensile stress at the surface in the root.

Tooth root stress is calculated as

Fp= me':,ﬂﬁyﬁg'gﬁm = Frp (39)
- )
Trg = m ey (3.10)

Nominal tooth root stress, which is the maximum local principal stress
produced at the tooth root

Permissible bending stress

Application factor

Dynamic factor

Face load factor for tooth root stress
Transverse load factor for tooth root stress
Nominal tangential load

Face width

Normal module

Form factor

Stress correction factor

Helix angle factor

Rim thickness factor

Deep tooth factor

The application factor, Kj, adjusts the nominal load F, in order to

compensate for incremental gear loads from external sources. The value of K is
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determined from Table 3.5 which is obtained from ISO Standard 6336 - Part 6
(2004).

Table 3. 5. Application factor, K

Working Working characteristics of the driven machine

characteristics of ) ) Moderate Heavy
the driving machine Uniform Light shocks shocks shocks

Uniform 1,00 1,25 1,50 1,75

Light shocks 1,10 1,35 1,60 1,85

Moderate shocks 1,25 1,50 1,75 2,00
Heavy shocks 1,50 1,75 2,00 2,25 or
higher

The internal dynamic factor, Ky, relates the total tooth load, including
internal dynamic effects of a multi resonance system, to the transmitted tangential

tooth load. The value of Ky is determined by Equation (3.9) with the aid of Table
3.6.

—

PNy - ||' me
A B T+ me
f"a?;t 1aqg N 1+m

Ee=1+ (3.11)

Table 3. 6. Values of factors K, and K, for calculation of Iy (ISO 6336 Part 1,

2006)
K, Accuracy grades as specified in ISO 1328-1 K., All
accura
3 4 5 6 7 8 9 10 11 12 cy
grades
Spur 14, | 26, | 39, | 52, | 76, | 102,
21139175 146,3 | 0,0193
gears 9 8 1 8 6 6
Helical 13, | 23, | 34, | 47, | 68,
1,9 35| 6,7 91,4 | 130,3 | 0,0087
gears 3 9 8 0 2
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To find K;
PN, ) ml
—F T 3.12
i lﬂﬂ4l+ m:jﬂ’z Ny =1 G.12)
PN, | m VN, | m?
e ~> 02 = Ky =—035F—2 |—o 42, 3.13
i mn,jum-'“ K ﬂ35?1ﬂﬂ,j1+m-+”?l G-13)

The face load factors, gy and Kyp, takes into account the effects of the
non-uniform distribution of load over the gear face width on the surface stress
(Kgg) and on the tooth root stress (i gp).

ISO Standard 9085:2002 suggests for gear pairs without helix correction
and crowning, the minimum value for Kgg is 1,25 for lowest speed stages (also for
single reduction gear drives) and 1,45 for all other stages. For the calculation of

I ':’pg_? 5

g = (Egg) ™ (3.14)
Kgg:  Face load factor (root stress)

P

Igg:  Face load factor (contact stress)

Ng: exponent
h - :
i 1
i Yyz3 Ny = 1;:( kjﬁ = — —7 (.15
LB+ (B LR+ (R)

it Pfp=3 Np = 00923 (3.16)

h: tooth height from tip to root
h = addendum-+ dedendum 3.17)
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addendum= 1 +moduls (3.18)
dedendum = 1,25 « medule (3.19)

The transverse load factors, g, for surface stress and &g, for tooth root
stress, account for the effect of the non-uniform distribution of transverse load
between several pairs of simultaneously contacting gear teeth as follows. The

values for Kg, and Ky, are determined from Figure 3.4.

Table 3. 7. Transverse load factors for tooth bending stress and surface stress
(Babalik F.C., 2010)

i <100
Kdii: >100 N/mm N/mm
Quality of gear> 6] 7] 8] 9] 10| 11 12 [ <6
1 .=12
§_ 'Rr.?."n FFEE
%) 1r, =172
3 Kre 10 11 |12 frel
(0]
°
m —
T © LA i
L | Ko foos, 2 4
T | Ky 10 [11 |12 |14
= Ypz12
he =] K T
8 | 2 |Fue o
3 Kea 1,0 11 12 fr.ell
©
g E Hata Erffmsé- =
S | K, 1,0 11 (12 |14 o

Form factor, Yy, which takes into account the influence on nominal tooth
root stress of the tooth form with load applied at the outer point of single pair tooth

contact. The value of Y is determined from Figure 3.4.
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r = —
I Profil Kaydurra Fakiiirl) x o -
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| ‘ | 0.2 l a1 o 01 1] +11 a2 ’ 4

.”;:ri‘:.’j’i[‘_”_ 2 EIE s
| ] '
.’

?P?Eﬁfﬂﬁééﬁﬁﬂsﬁﬁﬁ

SER3ETRERR

The stress correction factor, Yy, is used to convert the nominal tooth root
stress to local tooth root stress and, by means of this factor, the stress amplifying
effect of section change at the fillet radius at the tooth root is taken into
consideration (ISO 6336-Part 3, 2006).

Form factor, ¥, the stress correction factor, ¥:, are determined considering
the number of teeth and profile shifting factor (x). The value of Yy is determined

from Figure 3.5.
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Figure 3. 5. Stress correction factor (Babalik F.C., 2010)

The factor ¥g can be calculated using Equation (3.18), which is consistent

with the curves illustrated in Figure 3.6.
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Y14 AY?2
1 % — 0
‘-‘-:"'-'--.__—_'_'_"'—— 1
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0,5
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\\\\ 07
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>1
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Figure 3.6. Value of helix factor, ¥g (ISO 6336 Part 3, 2006)

X reference helix angle, i, degrees

Yl helix factor, ¥g

Y2 overlap ratio, &g

i g
p=1- E‘pﬁ (3.20)

where £ is the reference helix angle, in degrees. The value 1,0 is substituted for £g
when £3>1,0, and 30° is substituted for £ when §>30°. ( ¥g = 0,75 when gg = 1)
Where the rim thickness is not sufficient to provide full support for the
tooth root, the location of bending fatigue failure may be through the gear rim,
rather than at the root fillet. 'z can be calculated using following equations and

Figure 3.7.

s
if h—REl,Z then ¥z = 1,0 (3.21)
r
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s s h
if E»05 and £<12 then¥z=16m{2242-=] (3.2
(3.22)

h::- nr Sﬂ'

Y4

0 =
05 0,7 1 1,2 2 3 4 5 X1

Figure 3. 7. Value of rim thickness factor (ISO 6336 Part 3, 2006), YB

X1 backup ratio %
t
Y rim thickness factor ¥z

For gears of high precision (accuracy grade < 4) with contact ratios in the
range of 2 < €an < 2,5 and with applied actual profile modification to obtain a
trapezoidal load distribution along the path of contact, the nominal tooth root stress

Frgis adjusted by the deep tooth factor, ¥z which may be read from Figure 3.8.
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RN

1]

0.6 -
18 2 2.1 22 23 24 25 28 X

Figure 3. 8. Deep tooth factor, ¥, (ISO 6336 Part 3, 20006)

X virtual contact ratio, €an
Y deep tooth factor, ¥pr

a Accuracy grade > 4.

b Accuracy grade < 4.

Permissible tooth root bending stress, 17z, is calculated as;

THim ¥TI 0T :
Frp = — o Faver Yarerrl (3.23)
Sintn
where;
Fm,,. Nominal stress number (bending) from reference test gears

¥or:  Stress correction factor

¥gr:  Life factor for tooth root stress

S . Minimum required safety factor for tooth root stress
¥ireir: Relative notch sensitivity factor

¥irerr: Relative surface factor

Yy Size factor relevant to tooth root strength
29
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The nominal stress number (bending), &g, ., was determined by testing
reference test gears. It is the bending stress limit value relevant to the influences of
the material, the heat treatment and the surface roughness of the test gear root
fillets. ISO 6336-Part 5 (2003), see Table 3.7. provides information on commonly
used gear materials, methods of heat treatment and the influence of gear quality on

values for nominal stress numbers which is used for nominal stress.

iy = A%+ B (3.24)

where
x 18 the surface hardness HBW or HV;
A, B are constants (see Table 3.8).
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Table 3. 8. Factors that affect nominal stress number (ISO 6336 Part 5, 2003)

No. Material Stress Type Abbre- | Fig. | Quality A B Hard- Min. Max.
viation ness | hardness | hardness
1 Normalized contact | wrought normalized St 1a) | MUMQ | 1,000 190 HBW 110 210
2 | low carbon low carbon stesls ME | 1,520 | 250 110 210
steels/cast
3 stesls @ cast steels St 1b) | MU/MQ | 0,986 | 131 HBW 140 210
4 (cast) ME 1,143 237 140 210
5 bending | wrought normalized St 2a) | ML/MQ | D455 69 HBW 110 210
G low carbon steels ME 0,386 147 110 210
7 cast steels St 2b) | MUMQ | 0.313 62 HBW 140 210
g (cast) ME 0.254 137 140 210
9 Castiron contact | black malleable GTS 3a) | MUMQ | 1,371 143 HBW 135 250
jp | materials cast iron (peri.) ME | 1.333 | 257 175 250
11 nodular cast iron GGG 3b) | MUMG | 1434 | 211 HBW 172 300
12 ME 1,500 | 250 200 300
13 grey cast iron GG 3e¢) | MLMQ [ 1,033 132 HBW 150 240
14 ME 1,465 | 122 175 275
15 bending | black malleable GTS 4a) [ MUMQ | D345 7 HBW 135 250
16 cast iron (perl.) ME 0,403 | 128 175 250
17 nodular cast iron GGG 4b) [ MU/MQ | D350 119 HBW 175 300
18 ME 0,380 | 134 200 300
19 grey cast iron GG 4c¢) [ MUMQ | D256 g HBW 150 240
20 ME 0,200 53 175 275
| Through contact |carbon steels W 5 ML 0,963 283 HY 135 210
27 | hardened ma | 0825 | 280 135 210
wrought
23 steels B ME 0.838 | 432 135 210
4 alloy steels v 5 ML 1,313 188 HV 200 360
23 MQ 1,313 373 200 360
26 ME 2,213 260 200 390
27 bending | carbon steels W [ ML 0,250 108 HV 115 215
28 MQ 0,240 183 115 215
29 ME 0,283 | 202 115 215
30 alloy steels v 6 ML 0.423 104 HY 200 360
1| MaQ 0,425 | 187 200 360
3z ME 0,358 23 200 390
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Table 3.8.(continued)

Mo. Material Stress Type Abbre- Fig. | Quality A B Hard- Min. Max.
viation ness hardness | hardness
a3 Through contact | carbon stesls W T MLMG | 0,831 300 HV 130 215
34 | hardensd cast (cast) ME | D@51 | 345 130 215
steals
a5 alloy steels v 7 | mMuma | 1276 | 288 | Hv 200 280
28 (cast) ME | 1250 | 258 200 280
a7 bending | carbon stesls v & | MLMQ | 0224 | 117 | HV 130 215
ag cast) ME | D288 | 167 130 215
0 alloy stesls v & | MUMQ | D384 | 181 | HV 200 280
40 (cast) ME | D258 | 128 200 280
41 Case contact Eh o ML | oooo | 13m0 Ry 600 200
42 hardened me | oooo | 1500 560 800
wrought
43 stmels © ME | oooo | 1es0 &80 800
44 bending | core hardness: Eh 10 ML 0,000 32 Hv 800 200
45 25 HRC, mMc | oooo| 425 880 200
lower
48 25 HRC, D000 | 481 660 500
upper
47 30 HRC 000 | soo 80 200
48 ME | oooo| s25 &80 500
49 Flameor | contact F 11 ML | o7e0 | soz [ mv 485 815
50 L”:r:;‘;:'j Ma | 0541 | sa2 500 615
81 | wrought and ME | os0s | 1002 500 815
52 cast steels bending F 12 ML 0,205 78 HV 4a5 615
53 mMe | oo13g | 280 500 570
54 nooo | ze0 570 515
55 ME | o271 | 237 500 815
56 Nitrided contact | nitriding NT | 12a)| ML |o0ooo|1128| mv 650 200
57 wrought steels (3] (mitr.) ma | 0,000 | 1250 850 200
I ME | o.ooo | 1450 50 500
steels .
50 ithrough through Nv | 12p)| ML [oooo| 7es | mv 450 850
po | Merdening hardening {mitr.) mMa | oooo | oos 450 850
steals steals (b)
81 nitrded ME | oooo | 1217 450 850
82 bending | nitriding NT |14a)| m [oooo| 20 | mv 850 200
83 steels (a) {mitr.) ma | nooo | 420 850 800
B4 ME | Dooo | 4ss 50 500
85 through n | 14p | me [oooo| 2s8 | mv 450 850
88 Zf;:i”[i;;g {mitr.) mMa | oooo | se3 450 850
87 ME | oooo| 432 450 850
88 wrought contact | through NV 15 ML | oooo | eso | mv 300 850
gg | stesls nitro- hardening {nitro- MoME | 1187 | 425 300 450
qp | corburized® stests car) oooo | @50 450 850
71 bending | through NV 18 ML | oooo | 224 | Rv 300 850
72 :f;':li” ing {nitro- MaME | 0853 | o4 300 450
3 car.) pooo | =88 450 850

7
2 |n accordance with IS0 4848-2.

% In accordance with 150 883-1.

% In accordance with IS0 B83-11.

9 In accordance with 150 883-10.

& In accordance with ISO §83-1, IS0 683-10 or ISO 683-11.
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For the calculation of stress correction factor, ¥gr, the ISO Standard
recommends that the tooth root stress limit values for materials, according to ISO
6336 - Part 5 (2003), were derived from results of tests of standard reference test
gears for which either ¥z = 2,0 or for which test results were recalculated to this
value.

The life factor, ¥yr, accounts for the higher tooth root stress, which may be
tolerable for a limited life (number of load cycles), as compared with the allowable

stress at 3x10° cycles. ¥y may be read from Figure 3.9.
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Figure 3.9. Life factor for number of load cycles (ISO 6336 Part 3, 2006)

X number of load cycles, NL

Y life factor, YNT

1 GTS (perl.), St, V, GGG (perl. bai.) 2 Eh, IF (root)
3 NT, NV (nitr.), GGG (ferr.), GG 4 NV (nitrocar.)
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Relative notch sensitivity factor, ¥zrzs7, Which is the quotient of the notch
sensitivity factor of the gear of interest divided by the standard test gear factor and
which enables the influence of the notch sensitivity of the material to be taken into
account. The reference value ¥gpeir = 10 for the standard reference test gear

coincides with the stress correction factor ¥g = Z,¥. Fgreir may be read from Figure

3.10.
/ og =200 N/mm? T, = 1000 N/mm?
Y Eh, IF ¢ / /

y / /
1,8 7?/ )
1.7 A / /

| A
) e
1,5 g V, GGG
w/// B (perl., bai.)
1,4 . !
1,3 // - /
4 7 . .
12 - NT, NV
B / -~ / ____—-'"'—-—'_-—'_"--—_(‘
1 - _______.--"'" ? GGGC ors
0.9 GG, GGG (ferr.)°
0,8
07
15 2 25 3 3,5 4 X

Figure 3. 10. Relative notch sensitivity factor (ISO 6336 Part 3, 2006)

X stress correction factor, ¥z

Y relative notch sensitivity factor, ¥gper, for static stress
a Fully insensitive to notches.

b Fully sensitive to notches.

c With increasingly pearlitic structure.

d (root).
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For Eh and IF(root) with stress up to crack initiation:
Yorar = 044¥, + 0,12 (3.25)
Equation is consistent with the curve in Figure 3.10.
The surface factor, ¥g g7, accounts for the influence on tooth root stress of

the surface condition in the tooth roots.

For V, GGG (perl., bai.), Eh and IF (root) :
¥Yorer = 1,672 —Q52HR_+ 1) lam < B < 40 wn (3.26)

The size factor, ¥y, is used to take into consideration on the influence of
size on the probable distribution of weak points in the structure of the material, the
stress gradients, which, in accordance with strength of materials theory, decrease
with increasing dimensions, the quality of the material as determined by the extent
and effectiveness of forging, the presence of defects, etc. Yy may be determined

from Table 3.9.

Table 3.9. Size factor (root), ¥5 (ISO 6336 Part3, 2006)

Material @ Normal module, my, Size factor, Iy

St, V, My = 5 Fx=10

GGG (perl., bal.), 5<mp<30 Yx=1,03-0,006 my,

GTS (perl.), 30 = my ¥x=0,85
My = 5 x=1,0

Eh, IF (root), For 3 x 108 c.

NT NV cycles S5<mp<25 Yx=1,05-0,01my,
25 < my =08
My = 9 =10

GG, GGG (ferr.) S5<mp<25 ¥x=1,075-0,015 my,
25 < my =07

All materials for static stress — Fx=1,0

3 See ISO 6336-1:2006, Table 2 for an explanation of the abbreviations used.
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3.2.5.2. Design Approach Using ANSI/AGMA 2001 - D04 Standards
ANSI/AGMA 2001 - D04 (2004) Standards provide a simpler gear design
approach than ISO 6336. The fundamental formula for bending stress number in a

gear tooth is given by ANSI/AGMA 2001 - D04 (2004):

& =F, Hﬁﬁ,ﬁ% (3.27)
where
T Bending stress number, N/mm?®
F.: Transmitted tangential load, N
K_ Overload factor
K Dynamic factor
K. Size factor
b: Net face width of narrowest member, mm
m,:  Transverse metric module, m,, for spur gears
Kg: Rim thickness factor

¥ Geometry factor for bending strength

K, Load distribution factor

The overload factor, K, is intended to make allowance for all externally
applied loads in excess of the nominal tangential load F; in a particular application
(ANSI/AGMA 2001 - D04, 2004).

The value of K can be read from Table 3.10.
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Table 3. 10. Overload correction factor, K ,(Shigley J.E., 1985)

Driven Machinery
Source of Power Uniform Moderate Shock Heavy Shock
Uniform 1,00 1,25 1,75
Light shock 1,25 1,50 2,00
Medium shock 1,50 1,75 2,25

Dynamic factor, K., accounts for internally generated gear tooth loads

which are induced by non-conjugate meshing action of the gear teeth

(ANSI/AGMA 2001 - D04, 2004).

. B
K, = (w} (3.28)
A
A-00+561—-F) forS 5@, =11 (3.29)
B =025¢12 — @, )%es7 (3.30)

where

7, is the transmission accuracy level number.
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Dwwnamic factor, K

Very Accurate Gearing

0 2000 4000 6000 8000 10 000

Pitch-line velocity, ¥, ft/min

Figure 3.11. Dynamic factor K, as a function of pitch-line speed for graphical
estimates of K. (ANSI/AGMA 2001-D04, Annex A)

The size factor, K, reflects non-uniformity of material properties. It
depends primarily on tooth size, diameter of parts, ratio of tooth size to diameter of
part, face width, area of stress pattern, and ratio of case depth to tooth size,
hardenability and heat treatment of materials (ANSI/AGMA 2001 - D04, 2004).

The load distribution factor I, is defined as the peak load intensity
divided by the average, or uniformly distributed, load intensity; i.e., the ratio of

peak to mean loading (ANSI/AGMA 2001 - D04, 2004).

Em=Chp=1+ Emc-{cﬁfcwﬂ + Cuale) (3.31)
where

1 For uncrovensd teeth
Crne =

0.8  for erowned teeth (3.32)
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F
—_— o = 2
'LE- n 0,023 F= 23 nim
Cor= T 00373 + 492(10-41F 25 = F = 425 nom (3.33)
F _
—— — 01009 + S 15600~ F — 3.53010"T)F% 425 = F = 1000 uw

10 6

1 For straddie — mounted pinion with F“-f_g- = 0,175

g (3.34)
1,1 forstraddle — mounted pinion with “Lf o= 0,175

Cﬁlm =

The definition of 5 and 5, used in evaluating C »m 18 illustrated in Figure

3.12.

Centerline of
gear face
Centerline of —— Centerline of
beanng bearing
[ |
|
==
1 I
1
i
|,,. . 5 -
5, e
| = |
=k 5 =]

Figure 3.12. Definition of distances § and §, used in evaluating Cpp.
(ANSI/AGMA 2001-D04, 2004.)

where
S5i: Offset of the pinion; i.e., the distance from the bearing span centerline to
the pinion mid face

5t Bearing span; i.e., the distance between the bearing center lines
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K,,: Load distribution factor
Gy Face load-distribution factor
Czs: Pinion proportion factor
C.: Load correction factor
Cym: Pinion proportion modifier
C,:  Mesh alignment correction factor
Cima:  Mesh alignment factor
Cme=1 foruncrovnes testh (3.35)
Eﬁl?ﬂ =1 (3.36)
Ca—1 (3.37)
Coe = A+ BF + CF*? (3.38)
For precision, enclosed units (see Table 3.11),
A=00675;8 =00128; ¢ =-0926{10%} (3.39)

Table 3. 11. Empirical Constants A, B, and C. Face width F in Inches”

(ANSI/AGMA 2001-D04, 2004).

Condition A B
Open gearing 247x10% 0.16Fx10-2
Commercial enclosed 1,2Fx10-t 013810~
gear units

Precision enclosed 0 o¥s U= 0128108
gear units

Extra precision 00560510~ 0.102x10°¢

enclosed gear units
“See ANSI/AGMA 2001-D04, pp. 20-22, for SI formulation.
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The mesh alignment correction factor, ., is used to modify the mesh

alignment factor when the manufacturing or assembly techniques improve the

effective mesh alignment.

8 forgearing adfusted af asrambly, or compatibility

€, =
1

iz tmproved by lapping,or both
For all ather conditions

The rim thickness factor, K, adjusts the calculated bending stress number

for thin rimmed gears (ANSI/AGMA 2001 - D04, 2004). K may be read from

Figure 3.13 as a function of the backup ratio, g,

My =— (3.40)
u¥
where
tg: gear rim thickness below the tooth root, mm
h,: gear tooth whole depth, mm
24 F 1.2 -
n or my < L2 //‘E
22 Ky=161n (—;; —) h,
& 2.0 B
£ 18
-::": 1.6 !R '__,...ﬂ-"'"—__'-"‘--n....__‘_‘
4 Formgy 2 1.2
= M K ]JI{] }/ =
G 12 g= 1 hr
2 12
Z 10
E
[ | | | L 1
05 06 08 10 12 2 3 4 5 6 7 8910

Backup ratio, mp

Figure 3. 13. Rim thickness factor E 5. (ANSI/AGMA 2001-D04.)
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The bending strength geometry factor, ¥, takes into account the effects of

shape of the tooth, worst load position, stress concentration and load sharing
between oblique lines of contact in helical gears (ANSI/AGMA 2001 D04, 2004).
¥; may be read from Figure 3.14.

0.70

0.60

500
0.50 150

60

30

20

Factors are for
teeth cut with
a full fillet hob

Geometry factor J'
MNumber of teeth

0.40

0.30
0 5° 10° 15° 20° 25° 30° 357
Helix angle o
Figure 3.14. Helical gear geometry factors J* {F;). Source: The graph is from
AGMA 218.01, which is consistent with tabular data from the
current AGMA 908-B89 (1989). The graph is convenient for design
purposes.

The relation of calculated bending stress number to allowable bending

stress number is;

Trp ¥x
F = S Ya¥;

(3.41)
grp:  Allowable bending stress number, N/mm?®

Yy Stress cycle factor for bending strength

Se Safety factor for bending strength

Ya: Temperature factor

Yz Reliability factor
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The allowable stress numbers, @gg, for gear materials vary with items such
as material composition, cleanliness, residual stress, microstructure, quality, heat

treatment, and processing practices (ANSI/AGMA 2001-D04, 2004).

o

E

E Metallurgical and c';uality

=z control procedures required

500
B
& Grade 2
5 400 OFp = 0.749 Hg + 110
Fa)
5 N — T
» |
2 300
% ——
o ____.__._—-—-————;\’—
=]
o
g 20 Grade 1
P opp =0.588 Hp + 838
g
5 100
<

0
250 275 300 325 350

Core hardness, Hg
Figure 3. 15. Allowable bending stress numbers for nitrided through hardened steel
gears (i.e., AISI 4140, AISI 4340), gz, (ANSI/AGMA 2001 — D04,

2004).

The stress cycle factors, Yy, adjust the allowable stress numbers for the

required number of cycles of operation (ANSI/AGMA 2001 - D04, 2004). The

stress cycle factors, ¥y, may be read from Figure 3.16.
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5.0
NOTE: The choice of ¥ in the shaded
4.0 PR Y, =9.4518 N-0148 area is influenced by:
7 Pitchline velocity
_ a7—0.1192 }

30 £*£e£3£‘\ Yy=6.1514N Gear material cleanliness

= 250HB ™ Yo = 4.0404 y-01045  Residual stress

:ﬁ o N N Material ductility and fracture toughness

o Nitrided b

S 2. p—

é’ _‘*-.\ ) Yy=3517 N 00817

po 160 HB - ,\\

o -

By \-\\ Y. = 1.3558 N-001T8

& Yy=2.3194 N -00538 S =1 {

5 I

“ 1.0 1.0
0.9 0.9
0.8 - 0.8
0.7 ¥, = 1.6831 N-00323 07
0.6 0.6
0.5 — 0.5

10° 10° 10* 10° 10° 107 10% 10” 10"

Number of load cycles, N

Figure 3.16. Bending strength stress-cycle factor, ¥, (ANSI/AGMA 2001-D04,
2004).

For moderate and low temperature operations, the temperature factor, ¥g, is
generally taken as unity when gears operate with temperatures of oil or gear blank
not exceeding 120°C (ANSI/AGMA 2001 - D04, 2004).

The reliability factors, ¥z, account for the effect of the normal statistical
distribution of failures found in materials testing and may be read from Figure

3.17.

0.9999 1.50
0.999 1.25
0.99 1.00
0.90 (.85
0.50 0.70

Figure 3.17. Reliability Factors ¥= (ANSI/AGMA 2001-D04.)
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3.2.5.3. Design Approach Using Shigley’s Mechanical Engineering Design 9"
Edition

The procedure is mainly similar to the previous one but some differences
exist for the factors. Failure by bending will occur when the significant tooth stress
equals or exceeds either the yield strength or the bending endurance strength.
Allowable bending stress has been equalized to fully corrected endurance strength

of gear tooth by considering the selected design factor of safety.

K W+
| 3 = 342
Yall Ty (3.42)
and
e (3.43)
where
g.11:  Allowable bending stress

W*.  Tangential component of load, in N

K,: Dynamic factor

F: Face width, in mm

™m: Module, in mm

¥ Lewis form factor

S Fully corrected endurance strength
N Design factor of safety

When a pair of gears is driven at moderate or high speed and noise is
generated, it is certain that dynamic effects are present. For gears with shaved or

ground profile;

l5 55'{‘ 'sﬂ‘
iy — |l— 3.44
hs ‘l 5,55 ( )

Lewis form factor, ¥, is determined from the Table 3.12.
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Table 3. 12. Values of the Lewis Form Factor Y (Budynas R.G. and Nisbett J.K.,

2011)
Number of Number of
Teeth Y Teeth Y
12 0.245 28 0.353
13 0.261 30 0.359
14 0277 34 0.371
15 0.290 38 0.384
16 0.296 43 0.397
17 0.303 50 0.409
18 0.300 60 0.422
19 0314 5 0.435
20 0.322 100 0.447
21 0.328 150 0.460
22 0.331 300 0.472
24 0.337 400 0.480
26 0.346 Rack 0.485

Fully corrected endurance strength is calculated as;

Fe = kglephk logheefop 5y (3.45)
where
ke o Surface condition modification factor,
ko Size modification factor
k. Load modification factor
ke 4 Temperature modification factor
Iea: Reliability factor
ke Miscellaneous effects modification factor
Sk Rotary-beam test specimen endurance limit
Surface factor, k;

kp,=aSo, (3.46)

where a and b are determined from Table 3.13.
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Table 3. 13. Parameters for marin surface modification factor (Budynas R.G. and
Nisbett J.K., 2011)

Factor a Exponent
Surface Finish S, kpsi S, MPa b
Ground 1.34 1.58 —0.085
Machined or cold-drawn 2.70 4.51 —0.265
Hot-rolled 14.4 57.7 —0.718
As-forged 39.9 272. —0.995

Size factor, ky;

Ky = 0,904h myT)*e= (3.47)

where b is the face width, m is the module and Y is the Lewis form factor.

Loading factor, A, — 1 for bending.

1 bending
oo [gﬁﬁ axial (3.48)
59 torsie

Temperature factor, & may be determined from following Equation (3.47)

or Table 3.14 according to operation temperature.

by = —— (3.49)

St Tensile strength at operating temperature

Sar: Tensile strength at room temperature
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Table 3. 14. Effect of operating temperature on the Tensile Strength of steel
Budynas R.G. and Nisbett J.K., 2011)

Temperature, °C S1/Sgr Temperature, °F S1/Ser

20 1.000 70 1.000

50 1.010 100 1.008
100 1.020 200 1.020
150 1.025 300 1.024
200 1.020 400 1.018
250 1.000 500 0.995
300 0.975 600 0.963
350 0.943 700 0.927
400 0.900 800 0.872
450 0.843 900 0.797
500 0.768 1000 0.698
550 0.672 1100 0.567
600 0.549

Reliability factors, k. may be determined using Table 3.15.

Table 3. 15. Reliability factors k. corresponding to 8 percent standard deviation of
the Endurance Limit (Budynas R.G. and Nisbett J.K., 2011

Reliability, % Transformation Variate z; Reliability Factor kg
50 0 1.000
o0 1.288 0.897
a5 1.645 0.868
g9 2.326 0.814
999 3.091 0.753
09,99 3.719 0.702
09,9949 4.265 0.659
099999 4,753 0.620

Miscellaneous effects factor, ks, for stress concentration is estimated as

1,66.
Rotary-beam test specimen endurance limit is determined as follow;

Sl m 5SS, for Sy < 1400 MPa (3.50)
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The textbook recommends that the Equation (3.4{} is important because it

forms the basis for the AGMA approach to the bending strength of gear teeth.

3.2.5.4. Design Approach Using Fundamentals of Machine Component Design
5" Edition

The design approach given by Juvinall R.C. and Marshek K.M. (2011)
slightly differs to the previous ones for bending fatigue failure. This approach
recommends that in the absence of more specific information, the factors affecting
gear tooth bending stress can be taken into account by embellishing the Lewis

equation to the following form;

F— r,e:.;_} KoK (Q93E,) (3.51)
where

o Bending fatigue stress,

m; Module,

h: Face width,

I Helical gear geometry factor, determined from Figure 3.18. This factor
includes the Lewis form factor Y and also a stress concentration factor.

K,: Velocity or dynamic factor that indicating the severity of impact as
successive pairs of teeth engage. This is a function of pitch line velocity
and manufacturing accuracy. Gears with shaved or ground profile, it is
calculated from Figure 3.19.

K, Overload factor that reflecting the degree of non-uniformity of driving and

load torques. In the absence of better information, the values in Table 3.16
have long been used as a basis for rough estimates.
K,;:  Mounting factor that reflecting the accuracy of mating gear alignment.

Table 3.17 is used as a basis for rough estimates.
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Figure 3. 18. Geometry factor | (Juvinall R.C., Marshek K.M., 2011)
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Figure 3. 19. Velocity factor I, (Juvinall R.C., Marshek K.M., 2011)
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V¥ iz in fest per minute. (3.52)

50



3. MATERIAL AND METHOD Zekiye Dicle TOPAL

Table 3. 16. Overload Correction Factor &, (Juvinall R.C., Marshek K.M., 2011)

1 ——
Driven Machinery

Source of Power Uniform Moderate Shock Heavy Shock
Uniform 1.00 1.25 1.75
Light shock 1.25 1.50 2.00
Medium shock 1.50 1.75 2.25

Introduction of the constant 0.93 with the mounting factor reflects the

slightly lower sensitivity of helical gears to mounting conditions.

Table 3. 17. Mounting Correction Factor K, (Juvinall R.C., Marshek K.M., 2011)

Face Width (in.)

Characteristics of Support 0to2 6 9 16 up

Accurate mountings, small bearing clearances, mini- 1.3 1.4 1.5 1.8
mum deflection, precision gears

Less rigid mountings, less accurate gears, contact 1.6 1.7 18 22
across the full face

Accuracy and mounting such that less than full-face Over 2.2
contact exists

The effective fatigue stress from Equation (3.49) must be compared with
the corresponding fatigue strength. For infinite life, the appropriate endurance limit
is estimated from the following equation;

Sy = 55 0 CaCok Rkt e (3.53)
where
St Standard R. R. Moore endurance limit.
For steel &5, = §@L3 15, and
for other ductile materials 5% = (0,7)5,-
Cp: Load factor = 1,0 for bending loads
Ca Gradient factor = 1,0 for P>5 ( m<0,2 ), and 0,85 for P<5 ( m>0,2 )
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Ce: Surface factor, Figure 3.20. Be sure that this pertains to the surface in the

fillet, where a fatigue crack would likely start. (In the absence of specific

information, assume this to be equivalent to a machined surface).

[ Reliability factor from Table 3.18.

k. Temperature factor. For steel gears use & = 1,U if the temperature (usually

estimated on the basis of lubricant temperature) is less than 160°F.

kms  Mean stress factor. Use 1,0 for idler gears (subjected to two way bending)

and 1,4 for input and output gears (one way bending).

Hardness (Hg)
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Figure 3. 20. Surface factor, {; (Juvinall R.C., Marshek K.M., 2011)
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Table 3. 18. Reliability factor, k,. (Juvinall R.C., Marshek K.M., 2011)
Reliability (%) 50 90 99 99,9 99,99 | 99,999

Factor k. 1,000 0,897 0,814 0,753 0,702 0,659

Module selection and face width calculations were carried out based on
bending fatigue failure. Table 3.19 provides fatigue bending stress, fatigue strength
and face width equations for each design approach used in thesis work. Symbolic
notations are kept same as in the original design approaches. The face width

abbreviation "F" was used for the conversion factors throughout this text.
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Table 3.19. Equations for bending stress for each design approach

Design Fatigue bending stress Fatigue strength Face width
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4. RESULTS AND DISCUSSIONS

In this thesis work, design of pinion, which is the smallest and subjected to
higher number of repeated cyclic loading in a meshing gear couple for the speed
ratios from 1:1 to 8:1 were performed to obtain the design outputs and make a
comparison of results obtained from each design approach. Module “m” and face
width “F” is obtained for 4 design approaches with different power transmissions
and speed ratios. 102 different power transmission values are used for 1 speed ratio
for each design approach. Each design approaches have 8 different speed ratios
which give 816 design results for just one. 3264 design results for 4 different
design approach is calculated for only type 1 material. Since 3 different type of
material for 20° and 25° are used, 19584 design results are calculated, in total.

All input parameters are shown in Table 4.1. Input parameters are kept

identical for each design approach to have a fair design comparison in the end.

Table 4. 1. Input parameters for each design approach

Input Parameters Value

Type of gear profile Involute

Operating temperature Moderate or low (~120°C)
Working characteristics Uniform

Pressure angle, @ 20° and 25°

Reliability, % 99.9

Number of life cycles, N 10°

Input speed, rpm 1200

Factor of safety 2.1

Quality number Grade 8

Transmitted power range, kW 1-1000kW (@102 points)
Speed ratio range, mg 1:1, 21, 3:1, 4:1, 5:1, 6:1, 7:1, 8:1
Material properties see Table 3.1

Design criteria Based on bending fatigue
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4.1. Comparison of Module Selection and Face Width Results of the Design
Approaches
4.1.1. Comparison of Results Based on Bending Fatigue Failure Considering
Power Transmission

Comparison of results are shown in following figures and tables based on
bending fatigue failure for pressure angle of 20° and material type 1. General trends
of module and face width with the increment of transmitted power are shown in
following figures for each design approach (see from Figure 4.1 to 4.6).
Additionally, ratio of modules with respect to ANSI/AGMA 2001-D04 (2004)
(Mpesign Approaches / MaGma) are shown in the tables for each design approach (see
Table 4.2 to 4.4).

Comparison of results based on bending fatigue failure for pressure angle

of 20° are given in;

e Appendix B.1 for material type 2,
e Appendix C.1 for material type 3.

Comparison of results based on bending fatigue failure for pressure angle

of 25° are given in;
e Appendix D.1 for material type 1,

e Appendix E.1 for material type 2,
e Appendix F.1 for material type 3.
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Figure 4.1. Module variation considering bending fatigue failure under increasing power at 1:1 speed ratio (@=20°, Type 1)
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Figure 4.2. Face width variation considering bending fatigue failure under increasing power at 1:1 speed ratio (@=20°, Type 1)
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Table 4. 2. Ratio of modules (Mpesign Approaches/ MaGma) based on bending fatigue failure at 1:1 speed ratio with each transmitted
power (9=20°, Type 1)

Transmitted Power [kW] HTA @A T g LU
LT L ETe @ e

1 1.00 1.000 0.917 1.167

5 1.00 1.000 1.000 1.200

10 1.00 0.857 1.143 1.000

100 1.00 0.875 1.000 1.000

200 1.00 0.900 1.000 0.900

300 1.00 0.833 1.000 0.917

400 1.00 0.917 1.167 1.000

500 1.00 0.857 1.143 1.000

600 1.00 1.000 1.143 1.000

700 1.00 0.875 1.000 1.000

800 1.00 0.875 1.000 1.000

900 1.00 1.000 1.125 1.000

1000 1.00 1.000 1.250 1.125
Average (1-1000kW) 1.000 0.928 1.096 1.006
Standard Deviation [0] 0.000 0.063 0.095 0.066
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Figure 4. 3. Module variation considering bending fatigue failure under increasing power at 2:1 speed ratio (9=20°, Type 1)
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Figure 4.4. Face width variation considering bending fatigue failure under increasing power at 2:1 speed ratio (@=20°, Type 1)
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Table 4. 3. Ratio of modules (Mpesign Approaches/ MaGma) based on bending fatigue failure at 2:1 speed ratio with each transmitted
power (@=20°, Type 1)

Transmitted Power [kW] HAENA Ty H Gk HE g LU
W AEiA EaEna e A @

1 1.00 1.000 0.917 1.167

5 1.00 1.000 0.900 1.200

10 1.00 1.000 0.857 1.143

100 1.00 0.813 1.000 0.875

200 1.00 0.813 1.000 1.000

300 1.00 0.875 1.000 1.000

400 1.00 0.875 1.000 1.000

500 1.00 1.000 1.125 1.000

600 1.00 1.000 1.250 1.000

700 1.00 1.000 1.250 1.125

800 1.00 0.889 1.111 1.000

900 1.00 0.889 1.111 1.000

1000 1.00 0.800 1.000 0.900

Average (1-1000kW) 1.000 0.904 1.078 1.001

Standard Deviation [0] 0.000 0.058 0.086 0.064
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Figure 4. 5. Module variation considering bending fatigue failure under increasing power at 3:1 speed ratio (9=20°, Type 1)
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Figure 4.6. Face width variation considering bending fatigue failure under increasing power at 3:1 speed ratio (@=20°, Type 1)
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Table 4. 4. Ratio of modules (Mpesign Approaches/ MaGma) based on bending fatigue failure at 3:1 speed ratio with each transmitted
power (@=20°, Type 1)

Transmitted Power [kW] HAGHA W HIGLEY L LU
HAEmA A @A BT @ Waana

1 1.00 0.833 1.000 0.917

5 1.00 0.900 1.200 1.000

10 1.00 0.917 1.167 1.000

100 1.00 1.000 1.231 1.077

200 1.00 0.889 1.111 1.000

300 1.00 0.900 1.200 1.000

400 1.00 0.833 1.000 1.000

500 1.00 0.917 1.167 1.000

600 1.00 0.857 1.000 1.000

700 1.00 0.857 1.143 1.000

800 1.00 0.875 1.000 1.000

900 1.00 0.875 1.000 1.000

1000 1.00 0.875 1.000 1.000
Average (1-1000kW) 1.000 0.896 1.076 1.005
Standard Deviation [0] 0.000 0.055 0.087 0.058
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In “Module vs Power” figures (Figure 4.1, Figure 4.3, Figure 4.5), ISO
6336 Standards (2006) show the highest module values out of 4 design approaches.
Budynas R.G. and Nisbett J.K. (2011) gives the smallest module values. In
addition, ratio of modules with respect to AGMA in 3:1, 4:1, 5:1 6:1, 7:1 and 8:1
speed ratios are same for each transmitted power. Since results are same for 3:1 to
8:1 speed ratio, related graphs are given in Appendix A.1.

In the “Face width vs Power” figures (Figure 4.2, Figure 4.4, Figure 4.6)
with considering all design approaches, the face width exhibits a certain decrease
in each module increment. Afterwards, face width continues to increase as the

power increase.

4.1.2. Comparison of the Results Based on Bending Fatigue Failure
Considering Speed Ratio for the Selected Power Transmissions

Comparison of results are shown in following figures based on bending
fatigue failure for pressure angle of 20° and material type 1. Figures from 4.7 to
4.11 show that, module values are same at 3:1, 4:1, 5:1, 6:1, 7:1 and 8:1 speed
ratios for each design approach for the selected power transmissions when the
helical gear are designed based on bending fatigue failure. When below figures

analyzed it is observed that;

e Budynas R.G. and Nisbett J.K. (2011) give the smallest module values at
1:1 speed ratio compared to 3:1, 4:1, 5:1, 6:1, 7:1 and 8:1 at 10 kW
transmitted power while ISO 6336 Standards (2006) give the largest
module value for all speed ratios.

e All design approaches give larger module values at 1:1 speed ratio
compared to 3:1, 4:1, 5:1, 6:1, 7:1 and 8:1 at 1, 10, 100, 500 and 1000 kW

transmitted power.
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Figure 4. 7. The effect of speed ratio on module selection based on bending fatigue
failure at 1 kW power transmission (9=20°, Type 1)
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Figure 4. 8. The effect of speed ratio on module selection based on bending fatigue
failure at 10 kW power transmission (9=20°, Type 1)
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Figure 4. 9. The effect of speed ratio on module selection based on bending fatigue
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Figure 4. 10. The effect of speed ratio on module selection based on bending
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0
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Speed Ratio

Figure 4. 11. The effect of speed ratio on module selection based on bending
fatigue failure at 1000 kW power transmission (@=20°, Type 1)

When the above diagrams are scrutinized, the general trend is that module
values nearly remain the same for almost all power transmission ranges as the
speed ratio increases.

Comparison of the results based on bending fatigue failure considering
speed ratio for the selected power transmissions for pressure angle of 20° are given

in;

e Appendix B.2 for material type 2,
e Appendix C.2 for material type 3.

Comparison of the results based on bending fatigue failure considering
speed ratio for the selected power transmissions for pressure angle of 25° are given

in;

e Appendix D.2 for material type 1,
e Appendix E.2 for material type 2,

e Appendix F.2 for material type 3.
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4.2. Comparison of Gear Stress by Using Finite Element Method (FEM)

It is necessary to compare and validate analytical results with numerical
results. First, analytical design results and bending stresses are obtained for the
most critical speed ratio of 1:1 with 10 kW power transmission for each design
approach. Afterwards, 3D helical gear is created with the analytical design results
by using CATIA V5. The 3D design is converted to file format of “Standard for the
Exchange of Product (.stp)” and it is imported to ANSYS to determine numerical
bending stress result. Following major steps are involved in preprocessing stage in

ANSYS Workbench 15.0.

- Material properties are defined to ‘Engineering Data’ in Workbench 15.0
according to Table 3.1, material type 1.

- Force vectors (tangential, radial and axial, see Figure 4.12) are applied on
pitch line of pinion teeth as shown in Figure 4.13.

- Fixed support is defined to shaft contact surface of pinion (see Figure
4.14).

- Frictionless support is defined to lateral surface of pinion (see Figure 4.14).

- Element sizing to whole body of pinion and face sizing to tooth root which

is under bending stress are applied.
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Details of *Force”

| Scope

Scoping Method | Geometry Selection
Geometrny ‘1 Edge
=) Definition
Type Force
Define By Components

Coardinate System

Glabal Coordinate System

| ¥ Component

2526,3 N (ramped)

¥ Component

1835, N [ramped)

|| Z Component

A375,6 N (ramped]

Suppressed

Mo

X

13,50

Figure 4. 13. Applied force on gear tooth pitch line in ANSYS Workbench 15.0
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000 25,00 50,00 (trm)
I 000000000

12,50 37,50

Figure 4. 14. Preprocessing steps in ANSYS Workbench 15.0

The model has been solved with different element sizing whilst keeping
face size constant to find feasible element size number. Maximum Von Mises
Stresses have been recorded with the different element sizing (see Table 4.10). As
it can be seen in mesh sensitivity graph in Figure 4.24, stress values change slightly
with the change of element sizing. In conclusion, 1 mm element sizing is selected

as an optimum for meshing of whole body.
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Table 4. 5. Table of Von Mises stress results according to different element sizing

Number of Element Element Face Sizing | Von Mises Stress

Nodes Number Sizing (mm) (mm)

15062 9106 15 04 97.45
17870 10575 10 0.4 97.69
20541 12241 6 0.4 99.78
25024 14736 4 0.4 102.3
26245 15426 3.5 0.4 101.94
25305 15112 3 0.4 99.607
29732 17731 25 0.4 99.638
35669 21269 2 0.4 100
70076 41263 1 0.4 101.77

103 Mesh Sensitivity

Von Mises Stress [MPa]
2 L

o = =] =

o =] = [Se]

o
[wa]

o
=

0 10000 20000 30000 40000 50000 60000 70000 80000
Number of Nodes

Figure 4. 15. Graph of Von Mises stress results according to different element
sizing

Model has been solved with different face sizing with keeping element
sizing as 1 mm to find feasible face size number. Maximum Von Mises Stresses

have been recorded with the different face sizing in (see Table 4.5). As it can be
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seen in face sizing sensitivity graph in Figure 4.25, stress value does not change
after 35669 node number which is approximately equal to 0.4 mm face sizing. In

conclusion, 0,4 mm face sizing is selected for meshing of tooth root bending

region.

Table 4. 6. Table of Von Mises stress results according to different face sizing

Number of

Nodes
59181
59312
59675
60532
65762
35669
76401
96589

4,5 4

3,5

3

Element Element Face Sizing

Number Sizing (mm) (mm)
34459 1 4
34547 1 3
34796 1 2
35301 1 1
38591 1 0.5
21269 1 0.4
45089 1 0.3
57410 1 0.2

Face Sizing Sensitivity

2,5 2 1,5 1
Face Sizing [mm]

0,5

Stress
66.53
69.89
77.92
88.57
104.62
101.77
101.16
101.7

120
100
80
60
40

20

Von Mises

Von Mises Stress [MPa]

Figure 4. 16. Graph of Von Mises stress results according to different face sizing
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3D body of pinion is meshed according to selected element and face sizing

numbers (see Figure 4.17).

. Face Sizing
0,00 30,00 60,00 {rrm;)
IS |

15,00 45,00

Figure 4. 17. Meshing of body in preprocessing steps in ANSYS Workbench 15.0
In Figure 4.18, the result of bending stress distribution is exhibited along

the gear tooth root according to Finite Element Analysis (FEA) is shown. In Figure

4.19, total deformation behavior of the gear is shown during post analysis on

ANSYS Workbench 15.0.
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14,688
3,8028 Min

0,00 30,00 60,00 {mm}

15,00 45,00

Figure 4. 18. Numerical Von Mises stress results in ANSYS Workbench 15.0

000077346
0 Min

0,00 30,00 60,00 {mm}
[ e S|
15,00 45,00
Figure 4. 19. Total deformation in post processing steps in ANSYS Workbench

15.0
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Gear bending stresses have been determined numerically for each design
approach by using ANSYS software. On the other hand, the design results of
helical gears that are modelled with the same input parameters using each design
approach have also been made available. Now numerical and analytical results can
compared with each other. Hence, numerical results are compared with the
analytical calculations using Equation (3.1) given in Chapter 3. The results are
provided in Table 4.7.

It is observed that the numerical results are lower than analytical results
except ANSI/AGMA 2001-D04 Standards. Even though lowest difference
percentage between analytical and numerical calculations belongs to Juvinal R.C.
and Marshek K.M., ANSI/AGMA 2001-D04 Standards has been taken a base
solution for making comparisons between design approaches. The reason for this
is, ANSI/AGMA 2001-D04 Standards are well-known approach than Juvinall R.C.

and Marshek K.M. and it is commonly used in worldwide.
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Table 4. 7. Comparison of bending stresses obtained from the four analytical approaches and numerical (FEA) method

(03=20°, Type 1)
Results for Bending Stress

Design Approaches | ANSI/AGMA 2001-D04 Budynas R.G. and ISO 6336
Standards Nisbett J.K. Standards
Module (mm) 3.5 3 4
Pitch diameter (mm) 36.37 31.17 41.56
Face Width (mm) 40.45 44.77 42.52
Number of Pinion 9 9 9
Tangential Force 4.375 5.104 3.828
(kN)
Analytical (MPa) 95.92 153.50 80.47
Numerical (MPa) 101.77 128.27 74.52
Difference (%) +6.09 -16.43 -7.38
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4.3. Obtaining Geometric Rating Number (GR;) for Design Approaches

This thesis work investigates a translation technique from simple design
text book approaches (B&N, J&M) to AGMA or ISO Standard. In addition to this
if there is any possibility of constant relationship in terms of design results
obtained from design approaches, the technique can be employed to any design
approach including technical standards such as from ISO to AGMA or vice versa .

Geometric rating numbers, (GR;) have been calculated by using Equation
(3.1) to determine the effect of module and face width together. Both “Scatter” and
“Radar” charts have been prepared using GR; numbers obtained for each speed
ratio. Relative comparison can be seen in Figure from 4.20 to 4.22 for each design

approach. Radar charts are given in Appendix A.2 for all speed ratios.

1,4

Y,
| —e—B&N
: I ! ! D150
J&M
0,7
0,6
0 200 400 600 800 1000

Power (kW)

Figure 4. 20. Comparison of GR; results obtained from the design approaches at 1:1
speed ratio (@=20°, Type 1)

In Figure 4. 20, it is observed that ISO Standards (2006) gives highest GR;
number while the approach given by B&N (2011) gives minimum result.
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14

1,3

157

1,1

-
& —e—B&N
—A— S0
— &M
0,7
0,6
0 200 400 600 800 1000

Power (kW)

Figure 4. 21. Comparison of GR; results obtained from the design approaches at 2:1
speed ratio (@=20°, Type 1)

14

—e—B&N
—A—1S0
—— &M
0,7
0 200 400 600 800 1000

Power (kW)

Figure 4. 22. Comparison of GR; results obtained from the design approaches at 3:1
speed ratio (0=20°, Type 1)
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The same trend has still been maintained in Figures 4.21 and 4.22. In these
figures, the minimum results have given by Budynas and Nisbett (2011), and
maximum results have given by ISO Standards (2006).

It is seen that, geometric ratio numbers show similar pattern for each
design approaches for the 3:1, 4:1, 5:1, 6:1, 7:1 and 8:1 (see Appendix F.2.) speed
ratios when above graphs are investigated. ISO Standard gives the largest gear
tooth volume as B&N gives the smallest for the selected speed ratios for the
selected power transmission ranges.

The figures obtained by GR; numbers derived from each of the standards
have shown that very similar trends for all power transmission ranges are available
between design approaches. These results show the possibility of obtaining CFs
with a close approximation.

Additional figures for geometric rating number (GR;) of design approaches

for pressure angle of 20° are given in;

e Appendix B.3 for material type 2,
e Appendix C.3 for material type 3.

Additional figures for geometric rating number (GR;) of design approaches
for pressure angle of 25° are given in;
e Appendix D.3 for material type 1,
e Appendix E.3 for material type 2,
e Appendix F.3 for material type 3.

Figures show that results are very similar due to relative comparison
provided by GR;. As a result of this, ranking can be achieved for the different
approaches.

Mean GR; numbers for various design approaches for each speed ratio with
20° pressure angle are shown in Table 4.8 and with 25° pressure angle are shown

in Table 4.9.
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Table 4. 8. Mean GR; numbers for the various desi

n approaches for each speed ratio with 20° pressure angle

@=20° Material Type 1 Material Type 2 Material Type 3
Speed ratio B&N ISO J&M B&N ISO J&M B&N ISO J&M
1 0.922 1.175 1.088 0.750 1.165 0.818 0.748 1.165 0.830
2 0.893 1.182 1.112 0.715 1.148 0.825 0.753 1.147 0.799
3 0.890 1.185 1.126 0.709 1.144 0.837 0.763 1.135 0.790
4 0.890 1.188 1.126 0.709 1.147 0.837 0.763 1.137 0.790
5 0.890 1.189 1.126 0.709 1.148 0.837 0.763 1.138 0.790
6 0.890 1.190 1.126 0.709 1.149 0.837 0.763 1.138 0.790
7 0.890 1.190 1.126 0.709 1.149 0.837 0.763 1.139 0.790
8 0.890 1.190 1.126 0.709 1.149 0.837 0.763 1.139 0.790
Average 0.895 1.186 1.119 0.715 1.150 0.833 0.760 1.142 0.796
Std. 0.011 0.005 0.014 0.014 0.006 0.007 0.006 0.010 0.014
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Table 4. 9. Mean GR; numbers for the various desi

n approaches for each speed ratio with 25° pressure angle

@=25° Material Type 1 Material Type 2 Material Type 3
Speed ratio B&N ISO J&M B&N ISO J&M B&N ISO J&M
1 1.228 1.369 1.092 0.982 1.348 0.811 1.094 1.342 0.749
2 1.194 1.390 1.101 0.967 1.377 0.826 1.069 1.363 0.759
3 1.194 1.395 1.101 0.967 1.379 0.826 1.069 1.365 0.759
4 1.111 1.395 1.123 0.886 1.363 0.836 0.992 1.368 0.765
5 1.111 1.395 1.123 0.886 1.364 0.836 0.992 1.369 0.765
6 1.111 1.395 1.123 0.886 1.365 0.836 0.992 1.369 0.765
7 1.111 1.395 1.123 0.886 1.365 0.836 0.992 1.369 0.765
8 1.111 1.395 1.123 0.886 1.365 0.836 0.992 1.370 0.765
Average 1.146 1.391 1.113 0.918 1.366 0.830 1.024 1.364 0.762
Std. 0.050 0.009 0.013 0.045 0.010 0.009 0.045 0.009 0.006
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The mean GR; numbers are obtained for each design approach by taking
average of values of GR; at each speed ratio. The approaches are then ranked by
GR; numbers and given in Table 4.10. Results indicate that general trend for GR;
with 20° pressure angle are same. If it is sorted from highest to lowest, it will be as

follow,

e Material Type 1: ISO>J&M>B&N;
e Material Type 2: ISO>J&M>B&N;
e Material Type 3: [SO>J&M>B&N.

Same study have been done for 25° pressure angle. Results indicate that
general trend for GR; with 25° pressure angle are same, as well. If it is sorted from

highest to lowest, it will be as follow,
e Material Type 1: ISO >B&N>J&M;
e Material Type 2: ISO >B&N>J&M;

e Material Type 3: ISO> B&N >J&M.

In conclusion, ISO gives the highest GR; regardless of pressure angle when

considering 3 types of material.

Table 4. 10. Mean GR; numbers for the various design approaches

Geometric rating GR;

numbers for the @=20° @=25°

approaches with three | Type 1 | Type 2 | Type 3 | Type 1 | Type 2 | Type 3
types of material

B&N 0.895 | 0.715 | 0.760 1.146 | 0.918 1.024
ISO 1.186 1.150 1.142 1.391 1.366 1.364
J&M 1.119 | 0.833 | 0.796 1.113 | 0.830 | 0.762
ANSI/AGMA 1.000 1.000 1.000 1.000 1.000 1.000
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The jumps in GR; numbers are related with module and face width changes
for a given power transmission range. An example is given to explain GR; jumps
which is observed in above graphs. Calculated module and face width values are
tabulated in Table 4.11 for J&M and AGMA. Geometric ratio number for J&M
(GRijemiacma) 1s given in the last column of Table 4.11. It is observed that, GR;

jumps when one of the module value changes because of the power increase.

Table 4. 11. Example for the GR; jumps explanation

AGMA J&M GR;
Power | Module | Face Width Module Face Width J&M/AGMA
430 12 173.608 14 142.907 0.960
440 12 177.645 14 146.231 0.960
450 12 181.683 14 149.554 0.960
460 12 185.720 14 152.878 0.960
470 14 143.428 14 156.201 1.089
480 14 146.480 14 159.525 1.089
490 14 149.531 14 162.848 1.089
500 14 152.583 14 166.172 1.089
510 14 155.635 14 169.495 1.089
520 14 158.686 14 172.818 1.089
530 14 161.738 14 176.142 1.089
540 14 164.790 14 179.465 1.089
550 14 167.841 14 182.789 1.089
560 14 170.893 14 186.112 1.089
570 14 173.945 14 189.436 1.089
580 14 176.996 14 192.759 1.089
590 14 180.048 14 196.082 1.089
600 14 183.100 14 199.406 1.089
610 14 186.151 14 202.729 1.089
620 14 189.203 14 206.053 1.089
630 16 151.162 14 209.376 1.212
640 16 153.562 14 212.700 1.212
650 16 155.961 14 216.023 1.212
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4.4. Obtaining AGMA Conversion Factors (CFs) for Module and Face Width
Conversion factors for module (€F,;) and face width (CFg) can calculated
by using the equations given in Table 3.3 together with their standard deviation,

for module (g7m,,,) and for face width (ozry, ), respectively. The results are found

and tabulated in Table 4.12 for pressure angle of 20” and material type 1.
Standard deviations for module (#gg,,) and for face widths (ezmy,) given

in Table 4.12 show that the module and face width results obtained from the
design approaches (ISO, B&N, J&M) can be converted to AGMA with reasonable
error at the selected speed ratios from 1:1 to 8:1. In addition to constant conversion
factors at certain speed ratios, correlation equations were derived in order to obtain
a conversion factor at any speed ratio. A fourth order correlation polynomial (C,)
expressions were obtained and given in Table 4.13.

A case study has been carried out to prove and validate the universality
of conversion factors by using C, expressions as seen in Table 4.14. The design
results (module and face width) is selected randomly from 6 points that is
obtained from design approaches. Since the both module (m) and face width (F)
values affect the design, converted m; times F; values are considered to validate the
success of expressions of €Fy; and CFs:. Then total error considering converted m
times F ((mxF)agma) values of AGMA is obtained using a gear volume error (GV,)
equation and the results are given in the last column of Table 4.14. The maximum

total &4 is below 9.2%.
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Table 4. 12. Conversion factors for module and face width (9=20°, Type 1)
Design From B&N to AGMA From ISO to AGMA From J&M to AGMA

approaches

me % TR Ywm F Ywm R YW R %W R Ym B W
1:1 9 0.928 @ 0.063 | 1.004 @ 0.125 | 1.094 | 0.095 | 1.088 | 0.159 | 1.006 | 0.067 | 1.092 | 0.125
2:1 10 | 0.904 | 0.059 | 0.996 | 0.113 | 1.076 K 0.086 | 1.110 | 0.144 | 1.002 K 0.064 | 1.119 | 0.124
3:1 11 0.897 | 0.055 | 1.000 | 0.106 & 1.074 | 0.087 | 1.113 | 0.142 | 1.006 K 0.058 | 1.127 | 0.118
4:1 11 0.897 | 0.055 | 1.000 | 0.106 & 1.074 | 0.087 | 1.116 | 0.142 | 1.006 K 0.058 | 1.127 | 0.118
5:1 11 0.897 | 0.055 | 1.000 | 0.106 & 1.074 | 0.087 | 1.116 | 0.142 | 1.006 K 0.058 | 1.127 | 0.118
6:1 11 0.897 | 0.055 | 1.000 | 0.106 & 1.076 | 0.087 | 1.115 | 0.143 | 1.006 K 0.058 | 1.127 | 0.118
71 11 0.897 | 0.055 | 1.000 | 0.106 & 1.076 | 0.087 | 1.116 | 0.143 | 1.006 K 0.058 | 1.127 | 0.118
8:1 11 0.897 H 0.055 | 1.000 @ 0.106 | 1.076 | 0.087 | 1.116 | 0.143 | 1.006 | 0.058 | 1.127 | 0.118
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Table 4. 13. Conversion factors for module and face width obtained from regression at any speed ratio in the range of 1 kW to
1000 kW (@=20°, Type 1)
Design approach (from) C, Expressions for Module (m;) R?

(to AGMA) regressions for CEp;

B&N to AGMA (B-A) TE.= . =0.0001mg"*-0.0024ms> + 0.0193mg % - 0.0655mg + 0.976 0.99
TkW - 1180 to AGMA (I-A) TF ., m0.0001mg* - 0.0025m¢ > + 0.0187mg2 - 0.057mg + 1.1347  0.98
1000KW T g to AGMA (3-A) 0= ™0.00005mg * - 0.0009mg * +0.0058mg *-0.0138mg+1.0144 0.61

C, Expressions for Face Width (F)

(to AGMA) regressions for WE

B&N to AGMA (B-A) T .z, m0.00007mg* - 0.0015mg * +0.01mg ? - 0.268mg + 1.0222 0.77
kW= 11SO to AGMA (I-A) T s ™ 0.0001mg * + 0.0023mg > - 0.0176mc>+0.0582mg+1.0454  0.98
1000KW T g to AGMA (3-A) CT% 7=a =-0.0001mg * + 0.003mg * -0.0232mg *+ 0.0776mg + 1.0347 | 0.99
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Table 4. 14. Validating and proving conversion factors with the percentage errors in the range of 1 kW to 1000 kW (@=20°,

Type 1)

Case: m; and F; converted to mc¢, agma and Fe, agma

Design

approach, | m; Fi Mac | Facwa (mxF) | EF; | Mc acmA m; [/ Fe, Fi (mxF)s, | GVe
m(speed MA AGMA Error AGMA Error AGMA %)
ratio), (%) (%)

Power

(kW)

J&M 9 132.65 10 102.65 1026.51 | 1.01 8.93 -10.74 1.15 | 115.70 | +12.7 | 1032.78 | 0.61
(4.5:1) 225 1

J&M 14 | 207.27 14 185.90 | 2602.67 | 1.00 | 13.94 -0.42 113 | 183.79 | -1.14 | 2562.24 | -1.55
(2.6:1) 680

B&N 6.5 | 101.19 8 86.00 688.03 | 0.90 7.26 -9.28 1.00 A 10149 | +18.0 | 736.57 7.06
(3.3:1) 125 1

B&N 10 148.66 12 130.88 1570.50 | 0.88 | 11.32 -5.65 0.98 | 151.47 | +15.7 | 171499 | 9.20
(6.7:1) 400 4
ISO (7.3:1) | 16 188.06 16 151.08 | 2417.31 | 1.03 | 15.59 -2.59 114 | 164.52 | +8.89 | 2564.14 | 6.07
775
ISO (1.8:1) | 12 146.61 12 119.28 1431.31 | 1.08 | 11.12 -7.34 111 | 13262 | +11.1 | 147467 | 3.03
330 8
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Conversion factors for module (€F,;) and face width (€F;) are found and
tabulated in Table 4.15 for pressure angle of 25~ and material type 1.
Standard deviations for module (&g, ) and for face widths (=zgy,) given

in Table 4.15 show that the module and face width results obtained from the
design approaches (ISO, B&N, J&M) can be converted to AGMA with reasonable
error at the selected speed ratios from 1:1 to 8:1. In addition to constant conversion
factors at certain speed ratios, correlation equations were derived in order to obtain
a conversion factor at any speed ratio. A fourth order correlation polynomial (Cp)
expressions were obtained and given in Table 4.16.

The second case study has been carried out to prove and validate the
universality of conversion factors by using C, expressions for pressure angle of 25
as seen in Table 4.17. The design results (module and face width) selection is same
as first case study (see Table 4.14) for each design approaches. Since the both
module (m) and face width (F) values affect the design, converted m; times F;
values are considered to validate the success of expressions of CFy; and CFey.
Then total error considering converted m times F ((mxF)agma) values of AGMA is
obtained using a gear volume error (GV.) equation and the results are given in the

last column of Table 4.17. The maximum total &+ is below 9.72%.

90



4. RESULTS AND DISCUSSIONS Zekiye Dicle TOPAL

Table 4. 15. Conversion factors for module and face width (@=25°, Type 1)
Design From B&N to AGMA From ISO to AGMA From J&M to AGMA

approaches

mg & R, 9w |k 9¢ |CR, o |CE 9% |CR, |9om CE | 9%

1:1 6 1.059 | 0.066 | 1.167 | 0.129 | 1.167 | 0.089 | 1.185 | 0.164 | 0.996 | 0.066 | 1.104 | 0.126
2:1 7 1.061 | 0.070 | 1.134 | 0.135 | 1.194 | 0.081 | 1.174 | 0.147 | 1.014 | 0.070 | 1.094 | 0.124
3:1 7 1.061 | 0.070 | 1.134 | 0.135 | 1.195 | 0.082 | 1.177 | 0.149 | 1.014 | 0.070 | 1.094 | 0.124
4:1 8 1.007 | 0.054 | 1.109 | 0.106 | 1.190 | 0.083 | 1.183 | 0.154 | 1.011 | 0.062 | 1.117 | 0.124
5:1 8 1.007 | 0.054 | 1.109 | 0.106 | 1.190 | 0.083 | 1.185 | 0.154 | 1.011 | 0.062 | 1.117 | 0.124
6:1 8 1.007 | 0.054 | 1.109 | 0.106 | 1.191 | 0.083 | 1.183 | 0.154 | 1.011 | 0.062 | 1.117 | 0.124
71 8 1.007 | 0.054 | 1.109 | 0.106 | 1.194 | 0.079 | 1.178 | 0.144 | 1.011 | 0.062 | 1.117 | 0.124
8:1 8 1.007 | 0.054 | 1.109 | 0.106 | 1.194 | 0.079 | 1.178 | 0.144 | 1.011 | 0.062 | 1.117 | 0.124
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Table 4. 16. Conversion factors for module and face width obtained from regression at any speed ratio in the range of 1 kW to
1000 kW (9=25°, Type 1)
Design approach (from) C, Expressions for Module (m;) R?

(to AGMA) regressions for CF

B&N to AGMA (B-A) TF,. 7.2 =-0.0005 mg* + 0.0092m? - 0.0594m? + 0.131m + 0.9776 0.91
kW= 1180 to AGMA (I-A) TF o, =-0.0002 mg* + 0.0049m® - 0.0345m? + 0.0982m + 1.0993 | 0.99
1000k jaM to AGMA (J-A) CFx -2 =-0.0001 mg* + 0.0029m® - 0.0206m” + 0.0597m + 0.9547 0.97

C, Expressions for Face Width (F)

(to AGMA) regressions for TP g

B&N to AGMA (B-A) Tl - m0.000002m¢" - 0.0003mg’ + 0.0059m¢” - 0.0407mg+1.201 0.94
TkW - 1180 to AGMA (I-A) TT ., = 0.0002mg* - 0.0036mc > + 0.0239m 2 - 0.06 mg +1.2246 | 0.99
1000KW M to AGMA (J-A) ©It /=2 ®0.0003mg" - 0.0052m¢’ + 0.0346m¢” - 0.0836mg + 1.1581 0.90
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Table 4. 17. Validating and proving conversion factors with the percentage errors in the range of 1 kW to 1000 kW (@=25°,

Type 1)

Case: m; and F; converted to mc¢, agma and Fe, agma

Design

approach, | m; Fi Mac | Facwa (MxF) | TFy; | MeAcmA m; [/ Fe, Fi (mxF)e, | GVe
m(speed MA AGMA Error AGMA Error AGMA (%)
ratio), (%) (%)

Power

(kW)

JEM 10 123.31 10 116.41 1164.11 | 1.03 9.71 2.86 1.13 | 108.96 6.40 | 1058.42 9.08
(4.5:1) 225 . . . . . . . . . . .
J&M

. 16 200.67 16 170.75 | 2732.05 | 1.02 | 15.73 -1.68 1.10 | 18294 | +7.14 | 2877.88 | 5.34
(2.6:1) 680

B&N .
(3.3:1) 125 9 112.57 8 112.26 898.04 1.03 8.70 +8.76 1.12 | 100.48 1049 874.26 | -2.65
B&N
12 165.88 12 148.06 1776.70 | 0.95 | 12.65 +5.45 111 | 14985 | +1.21 | 1896.27 | 6.73

(6.7:1) 400
ISO (7.3:1)

775 18 220.69 16 170.22 2723.60 | 1.32 | 13.68 -14.51 1.23 | 179.75 | +5.60 | 2458.89 | -9.72
ISO (1.8:1)

330 14 167.15 12 139.88 1678.61 | 1.19 | 11.76 -2.02 118 | 142.24 | +1.69 | 1672.37 | -0.37
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The percentage differences of conversion factors concerning different
pressure angles are tabulated in following Table 4.18 for module and Table 4.19
for face width to find out the correlation in between. As a result, the highest
difference observed with B&N design approach while the lowest difference is with

J&M design approach. This is valid for both module and face width.
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Table 4. 18. Conversion factor differences considering pressure angle of 20” and 25 for module

From B&N to AGMA From ISO to AGMA From J&M to AGMA
Speed ratio [+ G, Difference Chy, Fp. Difference Fp. EF-:*. Difference

@=20° P=25° (%) @=20° @=25° (%) @=20° P=25° (%)
1:1 1.059 0.928 14.15 1.167 1.094 6.69 0.996 1.006 0.99
2:1 1.061 0.904 17.36 1.194 1.076 10.96 1.014 1.002 1.15
3:1 1.061 0.897 18.28 1.195 1.074 11.29 1.014 1.006 0.75
4:1 1.007 0.897 12.25 1.190 1.074 10.78 1.011 1.006 0.46
5:1 1.007 0.897 12.25 1.190 1.074 10.78 1.011 1.006 0.46
6:1 1.007 0.897 12.25 1.191 1.076 10.69 1.011 1.006 0.46
7:1 1.007 0.897 12.25 1.194 1.076 10.96 1.011 1.006 0.46
8:1 1.007 0.897 12.25 1.194 1.076 10.96 1.011 1.006 0.46
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Table 4. 19. Conversion factor differences considering pressure angle of 20" and 25" for face width

From B&N to AGMA From ISO to AGMA From J&M to AGMA
Speed ratio [ W; Difference W..: E’,: Difference E—‘E W; Difference

P=20° P=25° (%) @=20° P=25° (%) @=20° P=25° (%)
1:1 1.167 1.004 16.28 1.185 1.088 8.93 1.104 1.092 1.08
2:1 1.134 0.996 13.89 1.174 1.110 5.77 1.094 1.119 2.23
3:1 1.134 1.000 13.44 1.177 1.113 5.78 1.094 1.127 2.92
4:1 1.109 1.000 10.89 1.183 1.116 6.03 1.117 1.127 0.86
5:1 1.109 1.000 10.89 1.185 1.116 6.14 1.117 1.127 0.86
6:1 1.109 1.000 10.89 1.183 1.115 6.13 1.117 1.127 0.86
7:1 1.109 1.000 10.89 1.178 1.116 5.54 1.117 1.127 0.86
8:1 1.109 1.000 10.89 1.178 1.116 5.54 1.117 1.127 0.86
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5. CONCLUSION

This thesis meets a need of selecting and using appropriate involute helical
gear design approaches for all designers including the expert designers and novice
learners who are practicing a helical gear design. This was made by comparing the
most commonly used involute helical gear design approaches available in the

literature. The selected approaches are given as follow;

5. Shigley’s Mechanical Engineering Design 9th Edition (SI), Budynas R.G.
and Nisbett J.K., 2011

6. Fundamental of Machine Component Design 5th Edition, Juvinall R.C. and
Marshek K.M., 2011

7. 1ISO 6336 Standards, 2006 and ISO 9085:2002 Standards, 2002

8. ANSI/AGMA 2101-D04 Standards, 2004

This study proposes to use the easier and the most appropriate approach
provided in the common text books considering the verified results of FEA, if there
is no obligation to use ISO or ANSI/AGMA Standards. Because these standards
are more challenging, time consuming and include complicated equations.
Conversion factors for the conversion of text books results to the verified results
were developed. Now, the results obtained by text books can be converted to the
standards with the aid of conversion factors developed in this study. As a result of
these, gear designers do not have to deal with the computational load of the
standards. This does not only allow saving time and resources, but also provides
safer and reliable designs.

A systematic methodology which relies on dimensionless numbers called
as GR; and CFs, has been described and proposed to rate most common design
approaches with ANSI/AGMA 2001-D04 (2004) based on bending fatigue failure

for helical gears. Although the results of four design approaches differ from each
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other, good similarity and continuity of the charts were found out. This allowed to
obtain CFs between the standards. Now, these two approaches can be converted to
each other with minimum of error. Beyond the investigations already available in

the literature, following conclusions can be drawn in this study;

1. Differences of GR; numbers provide a relative comparison between each

approach. For example, mean values of

0 GRagma minus GRygy (1.00-1.12=-0.12)

0 GRagma minus GRygp (1.00-1.19=-0.19)

0 GRagma minus GRpgy (1.00-0.89=0.11)
provides relative gear tooth volume differences for pressure angle of 20°
and material type 1. Under this comparison, m times F values of the simple
approach J&M are approximately 12% outside of the verified AGMA as
the ISO Standard is outside by 19%.

2. Likewise for pressure angle of 25° and material type 1, mean values of

0 GRagma minus GRygy (1.00-1.11=-0.11)

0 GRagma minus GRysp (1.00-1.39=-1.39)

0 GRagma minus GRpgy (1.00-1.15=-0.15)
provides relative gear tooth volume differences. Under this comparison, m
times F values of the simple approach J&M are approximately 11% outside
of the verified AGMA as the ISO Standard is outside by 39%.

3. Dimensionless conversion factors (CFs) were generated for helical gears to
convert the design results, module (m) and face width (F) of ISO Standard,
B&N textbook and J&M textbook into AGMA with a minor error.

4. Scatter and radar charts presented to make a relative comparison between
design approaches. The results showed that gear design approaches have
similar behaviour in all power ranges.

5. Two methods are now available to obtain CFs. One can be made by linear

interpolation from Table 4.12 for pressure angle of 20" and Table 4.15 for
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pressure angle of 25°. Secondly, C, expressions can be used for any desired
speed ratio from Table 4.13 for pressure angle of 20" and Table 4.16 for
pressure angle of 25

6. Universality of CFs were verified by case studies and worked reasonably
well. The maximum total Gear Volume error (GV.) was found as 9,2% for
pressure angle of 20" in Table 4.14 and 9.72% for pressure angle of 25" in
Table 4.17 with the aid of CFs.

Briefly, this study may serve as a guideline for a designer who deals with
the design of an involute helical gear. This study is only valid for most common
used helix angle which is 30°. For other helix angles, all results would change. If a
designer concerns with light weighted applications, the overall size of a gear is
important as well as material usage that are objectives of optimization. On the other
hand helical gear design is the subject of almost all machine design courses. And it
is important to introduce clear, easy to understand and reliable design approach for
learners and students. Consequently, the results of this work interests both expert
and novice designers and learners.

As future work, conversion factors between spur and helical gear could
investigated. Spur gear design is relatively easy when it is compared with helical
gear design. If this is studied as future work, it would be even easier to design
helical gears. Secondly, a future study can be done for different speed ratios which
is bigger than 8:1. Lastly, this study can be extended with different helix angles and

pressure angles.
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A.1. Comparison of Module Selection and Face Width Results of the Design Approaches for @=20°, Material type 1
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Figure A. 1. Module variation considering bending fatigue failure under increasing power at 4:1 speed ratio (3=20°, Type 1)
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Figure A. 2. Face width variation considering bending fatigue failure under increasing power at 4:1 speed ratio (@=20°,
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Figure A. 3. Module variation considering bending fatigue failure under increasing power at 5:1 speed ratio (3=20°, Type 1)

108



275
250
225
200
175
150 —>— AGMA

125 —=—B&N

—4— SO

Face Wdith (mm)

100

——J&M
75

0 100 200 300 400 500 600 700 800 900 1000
Power (kW)

Figure A.4.Face width variation considering bending fatigue failure under increasing power at 5:1 speed ratio (9=20°, Type 1)

109



18

16

Dujeiaie0 e EiEIE eI R R

[
=

=
[

sanniid

—— AGMA

=
o

—=—B&N

Module (mm)

—4— 150
—0— J&M

0 100 200 300 400 500 600 700 800 900 1000
Power (kW)

Figure A.5. Module variation considering bending fatigue failure under increasing power at 6:1 speed ratio (@=20°, Type 1)
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Figure A.6.Face width variation considering bending fatigue failure under increasing power at 6:1 speed ratio (9=20°, Type 1)
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Figure A.7. Module variation considering bending fatigue failure under increasing power at 7:1 speed ratio (@=20°, Type 1)
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Figure A.8.Face width variation considering bending fatigue failure under increasing power at 7:1 speed ratio (@=20°, Type 1)
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Figure A.9.Module variation considering bending fatigue failure under increasing power at 8:1 speed ratio (@=20°, Type 1)
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A.2. Obtaining Geometric Rating Number (GR;) for Design Approaches for
0=20°, Material type 1

—»—B&N
—e— IS0
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Figure A.11. GR; (m;Fi/myF) results comparison for each design approach for 1:1
speed ratio (0=20°, Type 1)
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Figure A.12. GR; (m;Fi/m¢Fy) results comparison for each design approach for 2:1
speed ratio (9=20°, Type 1)
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Figure A.13. GR; (m;Fi/myF) results comparison for each design approach for 3:1
speed ratio (@=20°, Type 1)
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Figure A.14. Comparison of GR; results obtained from the design approaches at 4:1
speed ratio (@=20°, Type 1), a) scatter chart, b) radar chart
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Figure A.15. Comparison of GR; results obtained from the design approaches at 5:1
speed ratio (@=20°, Type 1), a) scatter chart, b) radar chart
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Figure A.16. Comparison of GR; results obtained from the design approaches at 6:1
speed ratio (@=20°, Type 1), a) scatter chart, b) radar chart
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Figure A.17. Comparison of GR; results obtained from the design approaches at 7:1
speed ratio (@=20°, Type 1), a) scatter chart, b) radar chart
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Figure A.18. Comparison of GR; results obtained from the design approaches at 8:1

speed ratio (@=20°, Type 1), a) scatter chart, b) radar chart
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B.1. Comparison of Module Selection and Face Width Results of the Design Approaches for @=20°, Material type 2
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Figure B. 1. Module variation considering bending fatigue failure under increasing power at 1:1 speed ratio (@=20°, Type 2)
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Figure B. 3. Module variation considering bending fatigue failure under increasing power at 2:1 speed ratio (@=20°, Type 2)
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Figure B. 5. Module variation considering bending fatigue failure under increasing power at 3:1 speed ratio (@=20°, Type 2)

127



200

180

160

140

120
—>— AGMA
100
—=—B&N

80 —~—1S0

Face Width (mm)

—g— &M

0 100 200 300 400 500 600 700 800 900 1000
Power (kW)

Figure B.6.Face width variation considering bending fatigue failure under increasing power at 3:1speed ratio (3=20°, Type 2)
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Figure B. 7. Module variation considering bending fatigue failure under increasing power at 4:1 speed ratio (@=20°, Type 2)
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Figure B. 9. Module variation considering bending fatigue failure under increasing power at 5:1 speed ratio (@=20°, Type 2)
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Figure B. 11. Module variation considering bending fatigue failure under increasing power at 6:1 speed ratio (3=20°, Type 2)
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Figure B. 12. Face width variation considering bending fatigue failure under increasing power at 6:1 speed ratio (@=20°,
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Figure B. 13. Module variation considering bending fatigue failure under increasing power at 7:1 speed ratio (3=20°, Type 2)
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Figure B. 15. Module variation considering bending fatigue failure under increasing power at 8:1 speed ratio (3=20°, Type 2)
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Figure B. 16. Face width variation considering bending fatigue failure under increasing power at 8:1 speed ratio (@=20°,
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B.2. Comparison of the Results Based on Bending Fatigue Failure Considering

Speed Ratio for the Selected Power Transmissions for @=20°, Material type 2
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Figure B. 17. The effect of speed ratio on module selection based on bending
fatigue failure at 1 kW power transmission (3=20°, Type 2)
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Figure B. 18. The effect of speed ratio on module selection based on bending
fatigue failure at 10 kW power transmission (3=20°, Type 2)
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Figure B. 19. The effect of speed ratio on module selection based on bending
fatigue failure at 100 kW power transmission (0=20°, Type 2)
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Figure B. 20. The effect of speed ratio on module selection based on bending
fatigue failure at 500 kW power transmission (@=20°, Type 2)
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Figure B. 21. The effect of speed ratio on module selection based on bending
fatigue failure at 1000 kW power transmission (©=20°, Type 2)
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B.3. Obtaining Geometric Rating Number (GRi) for Design Approaches for
0=20°, Material type 2
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Figure B. 22. Comparison of GR; results obtained from the design approaches at
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1:1 speed ratio (3=20°, Type 2), a) scatter chart, b) radar chart
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Figure B. 23. Comparison of GR; results obtained from the design approaches at
2:1 speed ratio (@=20°, Type 2), a) scatter chart, b) radar chart
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Figure B. 24. Comparison of GR; results obtained from the design approaches at
3:1 speed ratio (@=20°, Type 2), a) scatter chart, b) radar chart
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Figure B. 25. Comparison of GR; results obtained from the design approaches at
4:1 speed ratio (@=20°, Type 2), a) scatter chart, b) radar chart
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Figure B. 26. Comparison of GR; results obtained from the design approaches at
5:1 speed ratio (@=20°, Type 2), a) scatter chart, b) radar chart
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Figure B. 27. Comparison of GR; results obtained from the design approaches at
6:1 speed ratio (@=20°, Type 2), a) scatter chart, b) radar chart
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Figure B. 28. Comparison of GR; results obtained from the design approaches at
7:1 speed ratio (@=20°, Type 2), a) scatter chart, b) radar chart
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Figure B. 29. Comparison of GR; results obtained from the design approaches at
8:1 speed ratio (@=20°, Type 2), a) scatter chart, b) radar chart
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APPENDIX C

C.1. Comparison of Module Selection and Face Width Results of the Design Approaches for @=20°, Material type 3
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Figure C. 1. Module variation considering bending fatigue failure under increasing power at 1:1 speed ratio (@=20°, Type 3)

150



300

250
E
E
= ——AGMA
S
= —=—B&N
18]
9 —4—1S0
(SN

—o— &M

0 100 200 300 400 500 600 700 800 900 1000
Power (kW)

Figure C.2.Face width variation considering bending fatigue failure under increasing power at 1:1 speed ratio (3=20°, Type 3)
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Figure C. 3. Module variation considering bending fatigue failure under increasing power at 2:1 speed ratio (@=20°, Type 3)
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Figure C.4.Face width variation considering bending fatigue failure under increasing power at 2:1 speed ratio (3=20°, Type 3)
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Figure C. 5. Module variation considering bending fatigue failure under increasing power at 3:1 speed ratio (@=20°, Type 3)
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Figure C.6.Face width variation considering bending fatigue failure under increasing power at 3:1 speed ratio (3=20°, Type 3)
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Figure C. 7. Module variation considering bending fatigue failure under increasing power at 4:1 speed ratio (@=20°, Type 3)
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Figure C.8.Face width variation considering bending fatigue failure under increasing power at 4:1 speed ratio (3=20°, Type 3)
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Figure C. 9. Module variation considering bending fatigue failure under increasing power at 5:1 speed ratio (@=20°, Type 3)
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Figure C. 10. Face width variation considering bending fatigue failure under increasing power at 5:1 speed ratio (@=20°
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Figure C. 11. Module variation considering bending fatigue failure under increasing power at 6:1 speed ratio (3=20°, Type 3)
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Figure C. 12. Face width variation considering bending fatigue failure under increasing power at 6:1 speed ratio (@=20°
Type3)
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Figure C. 13. Module variation considering bending fatigue failure under increasing power at 7:1 speed ratio (3=20°, Type 3)
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Figure C. 14. Face width variation considering bending fatigue failure under increasing power at 7:1 speed ratio (@=20°
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Figure C. 15. Module variation considering bending fatigue failure under increasing power at 8:1 speed ratio (3=20°, Type 3)
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Figure C. 16. Face width variation considering bending fatigue failure under increasing power at 8:1 speed ratio (@=20°
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C.2. Comparison of the Results Based on Bending Fatigue Failure

Considering Speed Ratio for the Selected Power Transmissions for @=20°,

Material type 3
Power = 1 kW
2
m Budynas R.G. and Nisbett
1K, 2011
1,5
© W ANSI/AGMA Standarts,
= 2004
'g 1
= ® Juvinal R.C. and Marshek
K.M., 2011
0,5
m 1SO 6336 Standarts, 2006
0
11 2:1 3:1 4:1  5:1 6:1 7:1 8:1
Speed Ratio

Figure C. 17. The effect of speed ratio on module selection based on bending
fatigue failure at 1 kW power transmission (@=20°, Type 3)
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Figure C. 18. The effect of speed ratio on module selection based on bending
fatigue failure at 10 kW power transmission (@=20°, Type 3)
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Figure C. 19. The effect of speed ratio on module selection based on bending
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Figure C. 20. The effect of speed ratio on module selection based on bending
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Figure C. 21. The effect of speed ratio on module selection based on bending
fatigue failure at 1000 kW power transmission (@=20°, Type 3)
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C.3. Obtaining Geometric Rating Number (GR;) for Design Approaches for
0=20°, Material type 3
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Figure C. 22. Comparison of GR; results obtained from the design approaches at
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1:1 speed ratio (3=20°, Type 3), a) scatter chart, b) radar chart
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Figure C. 23. Comparison of GR; results obtained from the design approaches at
2:1 speed ratio (@=20°, Type 3), a) scatter chart, b) radar chart
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Figure C. 24. Comparison of GR; results obtained from the design approaches at
3:1 speed ratio (3=20°, Type 3), a) scatter chart, b) radar chart
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Figure C. 25. Comparison of GR; results obtained from the design approaches at
4:1 speed ratio (@=20°, Type 3), a) scatter chart, b) radar chart
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Figure C. 26. Comparison of GR; results obtained from the design approaches at
5:1 speed ratio (@=20°, Type 3), a) scatter chart, b) radar chart
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Figure C. 27. Comparison of GR; results obtained from the design approaches at
6:1 speed ratio (3=20°, Type 3), a) scatter chart, b) radar chart
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Figure C. 28. Comparison of GR; results obtained from the design approaches at
7:1 speed ratio (3=20°, Type 3), a) scatter chart, b) radar chart

175



1,400

1,300
1,200
1,100
_ 1,000
5 —e—B&N
0,900
—— 150
0,800
e | &M
0,700
0,600
0,500
0 200 400 600 800 1000
Power (kW)
a)
—— B&N
—o— |50
—o— J&M
b)

Figure C. 29. Comparison of GR; results obtained from the design approaches at
8:1 speed ratio (@=20°, Type 3), a) scatter chart, b) radar chart
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APPENDIX D
D.1. Comparison of Module Selection and Face Width Results of the Design Approaches for @=25°, Material type 1
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Figure D. 1. Module variation considering bending fatigue failure under increasing power at 1:1 speed ratio (3=25°, Type 1)
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Figure D. 3. Module variation considering bending fatigue failure under increasing power at 2:1 speed ratio (3=25°, Type 1)
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Figure D. 4. Face width variation considering bending fatigue failure under increasing power at 2:1 speed ratio (9=25°,
Typel)
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Figure D. 5. Module variation considering bending fatigue failure under increasing power at 3:1 speed ratio (3=25°, Type 1)
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Figure D. 6. Face width variation considering bending fatigue failure under increasing power at 3:1 speed ratio (@=25°
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Figure D. 7. Module variation considering bending fatigue failure under increasing power at 4:1 speed ratio (3=25°, Type 1)
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Figure D. 8. Face width variation considering bending fatigue failure under increasing power at 4:1 speed ratio (@=25°
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Figure D. 9. Module variation considering bending fatigue failure under increasing power at 5:1 speed ratio (3=25°, Type 1)
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Figure D. 10. Face width variation considering bending fatigue failure under increasing power at 5:1 speed ratio (@=25°
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Figure D. 11. Module variation considering bending fatigue failure under increasing power at 6:1 speed ratio (@=25°, Type 1)
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Figure D. 12. Face width variation considering bending fatigue failure under increasing power at 6:1 speed ratio (@=25°
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Figure D. 16. Face width variation considering bending fatigue failure under increasing power at 8:1 speed ratio (@=25°
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D.2. Comparison of the Results Based on Bending Fatigue Failure

Considering Speed Ratio for the Selected Power Transmissions for @=25°
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Figure D. 17. The effect of speed ratio on module selection based on bending
fatigue failure at 1 kW power transmission (@=25°, Type 1)
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Figure D. 18. The effect of speed ratio on module selection based on bending
fatigue failure at 10 kW power transmission (3=25°, Type 1)
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Figure D. 19. The effect of speed ratio on module selection based on bending
fatigue failure at 100 kW power transmission (0=25°, Type 1)
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Figure D. 20. The effect of speed ratio on module selection based on bending
fatigue failure at 500 kW power transmission (0=25°, Type 1)
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Figure D. 21. The effect of speed ratio on module selection based on bending
fatigue failure at 1000 kW power transmission (0=25°, Type 1)
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D.3. Obtaining Geometric Rating Number (GR;) for Design Approaches for
0=25°, Material type 1
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Figure D. 22. Comparison of GR; results obtained from the design approaches at
1:1 speed ratio (@=25°, Type 1), a) scatter chart, b) radar chart
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Figure D. 23. Comparison of GR; results obtained from the design approaches at
2:1 speed ratio (@=25°, Type 1), a) scatter chart, b) radar chart
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Figure D. 24. Comparison of GR; results obtained from the design approaches at
3:1 speed ratio (@=25°, Type 1), a) scatter chart, b) radar chart
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Figure D. 25. Comparison of GR; results obtained from the design approaches at
4:1 speed ratio (@=25°, Type 1), a) scatter chart, b) radar chart
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Figure D. 26. Comparison of GR; results obtained from the design approaches at
5:1 speed ratio (@=25°, Type 1), a) scatter chart, b) radar chart
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Figure D. 27. Comparison of GR; results obtained from the design approaches at
6:1 speed ratio (@=25°, Type 1), a) scatter chart, b) radar chart
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Figure D. 28. Comparison of GR; results obtained from the design approaches at
7:1 speed ratio (@=25°, Type 1), a) scatter chart, b) radar chart
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Figure D. 29. Comparison of GR; results obtained from the design approaches at
8:1speed ratio (@=25°, Type 1), a) scatter chart, b) radar chart
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APPENDIX E

E.1. Comparison of Module Selection and Face Width Results of the Design Approaches for @=25°, Material type 2
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Figure E. 1. Module variation considering bending fatigue failure under increasing power at 1:1 speed ratio (9=25°, Type 2)
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Figure E.2.Face width variation considering bending fatigue failure under increasing power at 1:1 speed ratio (9=25°, Type 2)
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Figure E. 3. Module variation considering bending fatigue failure under increasing power at 2:1 speed ratio (3=25°, Type 2)
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Figure E.4.Face width variation considering bending fatigue failure under increasing power at 2:1 speed ratio (9=25°, Type 2)
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Figure E. 5. Module variation considering bending fatigue failure under increasing power at 3:1 speed ratio (3=25°, Type 2)
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Figure E.6.Face width variation considering bending fatigue failure under increasing power at 3:1 speed ratio (9=25°, Type 2)
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Figure E. 7. Module variation considering bending fatigue failure under increasing power at 4:1 speed ratio (3=25°, Type 2)
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Figure E.8.Face width variation considering bending fatigue failure under increasing power at 4:1 speed ratio (9=25°, Type 2)
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Figure E.9. Module variation considering bending fatigue failure under increasing power at 5:1 speed ratio (3=25°, Type 2)
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Figure E. 10. Face width variation considering bending fatigue failure under increasing power at 5:1 speed ratio (@=25°,
Type2)
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Figure E. 11. Module variation considering bending fatigue failure under increasing power at 6:1 speed ratio (3=25°, Type 2)
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Figure E. 12. Face width variation considering bending fatigue failure under increasing power at 6:1 speed ratio (@=25°,
Type2)
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Figure E. 13. Module variation considering bending fatigue failure under increasing power at 7:1 speed ratio (3=25°, Type 2)

216



300

250

8

——AGMA

—5—B&N

Face Width (mm)
—
(S

—4—1S0

g

—o— &M

50

0 100 200 300 400 500 600 700 800 900 1000
Power (kW)

Figure E. 14. Face width variation considering bending fatigue failure under increasing power at 7:1 speed ratio (@=25°,
Type2)
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Figure E. 15. Module variation considering bending fatigue failure under increasing power at 8:1 speed ratio (3=25°, Type 2)
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Figure E. 16. Face width variation considering bending fatigue failure under increasing power at 8:1 speed ratio (0=25°,
Type2)
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E.2. Comparison of the Results Based on Bending Fatigue Failure Considering

Speed Ratio for the Selected Power Transmissions for @=25°, Material type 2
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Figure E. 17. The effect of speed ratio on module selection based on bending
fatigue failure at 1 kW power transmission (@3=25°, Type 2)
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Figure E. 18. The effect of speed ratio on module selection based on bending
fatigue failure at 10 kW power transmission (@=25°, Type 2)
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Figure E. 19. The effect of speed ratio on module selection based on bending
fatigue failure at 100 kW power transmission (0=25°, Type 2)
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Figure E. 20. The effect of speed ratio on module selection based on bending
fatigue failure at 500 kW power transmission (@=25°, Type 2)
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Figure E. 21. The effect of speed ratio on module selection based on bending
fatigue failure at 1000 kW power transmission (@=25°, Type 2)
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E.3. Obtaining Geometric Rating Number (GR;) for Design Approaches for
0=25°, Material type 2
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Figure E. 22. Comparison of GR; results obtained from the design approaches at
1:1 speed ratio (@=25°, Type 2), a) scatter chart, b) radar chart
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Figure E. 23. Comparison of GR; results obtained from the design approaches at
2:1 speed ratio (@=25°, Type 2), a) scatter chart, b) radar chart
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Figure E. 24. Comparison of GR; results obtained from the design approaches at
3:1 speed ratio (3=25°, Type 2), a) scatter chart, b) radar chart
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Figure E. 25. Comparison of GR; results obtained from the design approaches at
4:1 speed ratio (@=25°, Type 2), a) scatter chart, b) radar chart
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Figure E. 26. Comparison of GR; results obtained from the design approaches at
5:1 speed ratio (@=25°, Type 2), a) scatter chart, b) radar chart
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Figure E. 27. Comparison of GR; results obtained from the design approaches at
6:1 speed ratio (3=25°, Type 2), a) scatter chart, b) radar chart
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Figure E. 28. Comparison of GR; results obtained from the design approaches at
7:1 speed ratio (3=25°, Type 2), a) scatter chart, b) radar chart
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Figure E. 29. Comparison of GR; results obtained from the design approaches at
8:1 speed ratio (@=25°, Type 2), a) scatter chart, b) radar chart
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APPENDIX F
F.1 Comparison of Module Selection and Face Width Results of the Design Approaches for @=25°, Material type 3
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Figure F. 1. Module variation considering bending fatigue failure under increasing power at 1:1 speed ratio (@=25°, Type 3)
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Figure F.2.Face width variation considering bending fatigue failure under increasing power at 1:1 speed ratio (3=25°, Type 3)
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Figure F. 3. Module variation considering bending fatigue failure under increasing power at 2:1 speed ratio (@=25°, Type 3)
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Figure F.4. Face width variation considering bending fatigue failure under increasing power at 2:1 speed ratio (3=25°, Type 3)
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Figure F. 5. Module variation considering bending fatigue failure under increasing power at 3:1 speed ratio (@=25°, Type 3)
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Figure F.6. Face width variation considering bending fatigue failure under increasing power at 3:1 speed ratio (9=25°, Type 3)
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Figure F. 7. Module variation considering bending fatigue failure under increasing power at 4:1 speed ratio (@=25°, Type 3)
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Figure F.8. Face width variation considering bending fatigue failure under increasing power at 4:1 speed ratio (9=25°, Type 3)
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Figure F. 9. Module variation considering bending fatigue failure under increasing power at 5:1 speed ratio (@=25°, Type 3)
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Figure F. 10. Face width variation considering bending fatigue failure under increasing power at 5:1 speed ratio (@=25°
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Figure F. 11. Module variation considering bending fatigue failure under increasing power at 6:1 speed ratio (@=25°, Type 3)
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Figure F. 12. Face width variation considering bending fatigue failure under increasing power at 6:1 speed ratio (@=25°
Type3)

2

242



18

k"

16

14

.................. Vs
XYY XY XY X

12

Fiiniaiminiaininininiminisininisinisl

E
- \ AAAAAAA | ©200000000000000000000
E 10 —%— AGMA
m X
‘E . —5—B&N
s —A— IS0
—o—I&M

0 100 200 300 400 500 600 700 800 900 1000
Power (kW)

Figure F. 13. Module variation considering bending fatigue failure under increasing power at 7:1 speed ratio (@=25°, Type 3)
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Figure F. 14. Face width variation considering bending fatigue failure under increasing power at 7:1 speed ratio (@=25°
Type3)
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Figure F. 15. Module variation considering bending fatigue failure under increasing power at 8:1 speed ratio (@=25°, Type 3)
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Figure F. 16. Face width variation considering bending fatigue failure under increasing power at 8:1 speed ratio (@=25°
Type3)
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F.2. Comparison of the Results Based on Bending Fatigue Failure Considering

Speed Ratio for the Selected Power Transmissions for @=25°, Material type 3
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Figure F. 17. The effect of speed ratio on module selection based on bending
fatigue failure at 1 kW power transmission (@=25°, Type 3)
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Figure F. 18. The effect of speed ratio on module selection based on bending
fatigue failure at 10 kW power transmission (3=25°, Type 3)
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Figure F. 19. The effect of speed ratio on module selection based on bending
fatigue failure at 100 kW power transmission (@=25°, Type 3)
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Figure F. 20. The effect of speed ratio on module selection based on bending
fatigue failure at 500 kW power transmission (0=25°, Type 3)
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Figure F. 21. The effect of speed ratio on module selection based on bending
fatigue failure at 1000 kW power transmission (@=25°, Type 3)
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F.3. Obtaining Geometric Rating Number (GR;) for Design Approaches for

0=25°, Material type 3
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Figure F. 22. Comparison of GR; results obtained from the design approaches at
1:1 speed ratio (3=25°, Type 3), a) scatter chart, b) radar chart
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Figure F. 23. Comparison of GR; results obtained from the design approaches at
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2:1 speed ratio (@=25°, Type 3), a) scatter chart, b) radar chart
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Figure F. 24. Comparison of GR; results obtained from the design approaches at
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3:1 speed ratio (@=25°, Type 3), a) scatter chart, b) radar chart
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Figure F. 25. Comparison of GR; results obtained from the design approaches at
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4:1 speed ratio (@=25°, Type 3), a) scatter chart, b) radar chart
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Figure F. 26. Comparison of GR; results obtained from the design approaches at
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5:1 speed ratio (@=25°, Type 3), a) scatter chart, b) radar chart
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Figure F. 27. Comparison of GR; results obtained from the design approaches at
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6:1 speed ratio (@=25°, Type 3), a) scatter chart, b) radar chart
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Figure F. 28. Comparison of GR; results obtained from the design approaches at
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7:1 speed ratio (@=25°, Type 3), a) scatter chart, b) radar chart
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Figure F. 29. Comparison of GR; results obtained from the design approaches at
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8:1 speed ratio (@=25°, Type 3), a) scatter chart, b) radar chart



