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ABSTRACT

MSc THESIS

RATINGS OF VARIOUS GEAR DESIGN APPROACHES AND A
TRANSLATION TECHNIQUE FOR SPIRAL BEVEL GEAR DESIGN

Mehmet Onur OGULATA

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

Supervisor : Prof. Dr. Necdet GEREN
Year: 2020, Page: 196
Jury : Prof. Dr. Necdet GEREN
: Prof. Dr. Melih BAYRAMOGLU
: Prof. Dr. Ugur ESME

In this thesis, spiral bevel gear design under bending fatigue stress has been
designed according to various national and international standards and machine
element textbooks. Numerical analysis was performed using the analytical results
(module(m) and face width(F)) obtained from the design made for each approach.
Numerical analysis was done using Ansys software. The dimensionless gear rating
numbers (GRi) is obtained for each approach and then the derived correlation
equations are used to generate the dimensionless conversion factors (CFs). CFs
allow designers and engineering students to easily conversion from one approach
to ANSI/AGMA Standard. In addition, it allows the designer to optimization of
gear tooth volume using GRi values.

Key Words: Spiral bevel gear design, Design approaches, Design outputs,
Translation technique for spiral bevel gear
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YUKSEK LiSANS TEZi

EGRISEL KONIK DiSLI TASARIMI ICIN CESITLI DISLI TASARIM
YAKLASIMLARININ ORANLANMASI VE DONUSUM
FAKTORLERININ BULUNMASI

Mehmet Onur OGULATA

CUKUROVA UNIVERSITESI
FEN _BiLiMLERi ENSTITUSU
MAKINE MUHENDISLiGi ANABILIiM DALI

Danigman : Prof. Dr. Necdet GEREN
Y11:2020, Sayfa: 196
Juri : Prof. Dr. Necdet GEREN

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

Bu tezde, spiral konik disli tasarimi, g¢esitli ulusal ve uluslararasi
standartlara ve makine eleman1 ders kitaplarina gore tasarlanmistir. Sayisal analiz,
her yaklagim i¢in yapilan tasarimdan elde edilen analitik sonuglar (modiil (m) ve
alm genisligi (F)) kullanilarak yapilmistir. Niimerik analiz Ansys yazilimi
kullanilarak yapilmistir. Her yaklasim icin boyutsuz disli derecelendirme sayilari
(GRi) elde edilmistir ve daha sonra tiiretilmis korelasyon denklemleri boyutsuz
donisiim faktorlerini (CF'ler) olusturmak igin kullanilir. CF'ler tasarimcilarin ve
miihendislik 6grencilerinin bir yaklasimdan ANSI / AGMA Standardina kolayca
doniismesini saglar. Buna ek olarak, tasarimciin GRi degerlerini kullanarak disli
dis hacmini optimize etmesine izin verir.

Anahtar Kelimeler: Egrisel konik disli tasarimi, Tasarim yaklasimlari, Tasarim
ciktilari, Spiral konik disli i¢in geviri teknigi
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EXTENDED ABSTRACT

The primary aim of this study is to obtain a dimensionless number by
proportioning the design results (m and F or b) of the commonly used spiral bevel
gear design approaches and to evaluate the difference between the design
approaches according to the results we obtained. In this study, DIN (German
Institute of Standardization), ANSI/AGMA (American Gear Manufacturers
Associations), ISO (International Organization for Standardization) standards, and
machine element textbooks (Fundamental of Machine Component Design 5th
Edition, Juvinall R.C. and Marshek K.M., 2011 and Shigley’s Mechanical
Engineering Design 9th Edition (SI), Budynas R.G. and Nisbett J.K., 2011) will be
studied. In this study, gear design parameters (m and F) given by design
approaches for both cost and reliability will be compared.

The secondary objective of the project is to define dimensionless
conversion factors to approximate conversion of gear design results in textbooks to
more accurate DIN, ISO, or AGMA Standards. The conversion factors will allow
the all designers including the expert designers and students who have just started
gear design to convert the design results found by using the spiral bevel gear design
approach with the simple formulas found in the textbooks into the design results
given by the DIN, ISO, or AGMA standards design approaches. Conversion factors
will enable relatively complicated and time-consuming DIN, ISO, and AGMA gear
designs to be realized in less time with the textbook solutions, thus reducing
convenience and design costs for designers.

This thesis provides the need to select and use appropriate spiral bevel gear
design approaches that include all designers, from students who have just begun to
gear design to designers who have been engaged in gear design for a long time.
The selected approaches are DIN 3991, 1987 (German Institute of
Standardization), ANSI/AGMA 2003-B97, 1997 (American Gear Manufacturers

Associations), ISO 10300, 2001 (International Organization for Standardization)
I



standards, and machine element textbooks (Fundamental of Machine Component
Design 5th Edition, Juvinall R.C. and Marshek K.M., 2011 and Shigley’s
Mechanical Engineering Design 9th Edition (SI), Budynas R.G. and Nisbett J.K.,
2011).

Gear designs made with ISO, DIN and ANSI/AGMA Standards take more
time since they have more complex formulations than machine element textbook
(Fundamental of Machine Component Design 5th Edition, Juvinall R.C. and
Marshek K.M., 2011). Therefore, conversion factors for the conversion of machine
element textbook results to the verified results were developed. Conversion factors
will enable relatively complicated and time-consuming DIN, ISO, and AGMA gear
designs to be realized in less time with the textbook solution, thus reducing
convenience and design costs for designers.

ANSYS program is used for the Finite Element Method (FEM). The
numerical solutions were compared with the analytical results we obtained. There
is less than 10% difference between analytical and numerical results in all
approaches, except for Fundamental of Machine Component Design 5th Edition,
Juvinall R.C. and Marshek K.M., 2011 at twenty degrees and twenty-five degrees
of angles. This result is to reinforce the accuracy of the design.

Although the results of all design approaches differ from each other, they
are very similar with excellent continuity of the charts. Dimensionless numbers as
geometric rating numbers (GRi) and conversion factors (CFs), has been described
and proposed to rate DIN, ISO and textbook design approaches with ANSI/AGMA
2003-B97, 1997 approach based on bending fatigue failure for spiral bevel gears.
However, any approach converts to ANSI/AGMA 2003-B97, 1997 can be
converted with minimum error. Beyond the investigations already available in the
literature, following conclusions can be drawn in this study;

Use of radar graphics, GRi values can be read for each approach and
transmitted power at a given speed ratio (1:1 to 1:8) compared to gear AGMA. It is

also observed that the trend is similar even if the transmitted power changes.
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When the hardness value of material increased, there was a significant
decrease in the module and face width values for the DIN, ISO and J&M
approaches, while the values in the AGMA approach decreased slightly. Therefore,
there is a decrease in GRi values.

Dimensionless module and face width conversion factors (CFs) were
generated for spiral bevel gears to convert the design results of ISO Standards, DIN
Standards, and J&M machine element textbook into AGMA with low error. The
formulas and values required to obtain conversion factors are given in section 4.4.
If the speed ratio is an integer (1: 1 to 1: 8), CFs values can be obtained by using
table 4.7 and 4.8 for the 20-degree pressure angle and table 4.9 and table 4.10 for
the 25-degree pressure angle.

CFs values were confirmed by performing a case study in section 4.5. The
maximum Gear Volume error (GVe) was found as 12.859% for 20-degree pressure
in Table 4.17 and 11,774% for 25-degree pressure in table 4.18 with the aid of CFs.
These values are for 5 kW power transmission value, 1.8:1 speed ratio, and J&M
design approach. The reason for this is that it will peak between 0.5 kW and 20
kW, as can be seen in the GRi tables in Section 4.3. Looking at other study cases,
the error is less than 10%. This provides the confirmability of CFs.

Shortly, this study can serve as a guide for designers interested in spiral
bevel gear design. The designer may optimize the gearbox design by choosing the
size according to the data in the study. Besides, for students who are new to spiral
bevel gear design, they can transform the design results of easier methods into the
design results of technical standards using conversion formulas without the hassle
of using complex formulas. Finally, the results of this study interest all designers,
from students who have just begun to gear design to designers who have been

engaged in gear design for a long time.






GENISLETILMIS OZET

Bu calismanin temel amaci, yaygin olarak kullanilan spiral konik disli
tasarim yaklagimlarinin tasarim sonuglarmi (m ve F veya b) oranlandirarak
boyutsuz bir say1 elde etmek ve elde ettigimiz sonuglara gore tasarim yaklagimlari
arasindaki farki degerlendirmektir. Bu ¢alismada, DIN (Alman Standardizasyon
Enstitiisii), ANSI / AGMA (Amerikan Disli Ureticileri Birlikleri), ISO
(Uluslararas1 Standartlar Orgiitii) standartlar1 ve makine elemani ders kitaplari
(Makine Bileseni Tasarimi 5. Baski, Juvinall RC ve Marshek KM, 2011 ve Shigley
Makine Miihendisligi Tasarim 9. Baski (SI), Budynas RG ve Nisbett JK, 2011)
incelenecektir. Bu ¢alismada, maliyet ve giivenilirlik i¢in tasarim yaklagimlarinin
verdigi disli tasarim parametreleri (m ve F) karsilastirilacaktir.

Projenin ikincil hedefi, disli tasarim sonug¢larin ders kitaplarindan daha
dogru DIN, ISO veya AGMA Standartlarina doniistliriilmesini yaklasik olarak
Olemek i¢in boyutsuz doniisiim faktorlerini tanimlamaktir. Doniisiim faktorleri,
uzman tasarimecilar ve digli tasarimma yeni baglayan oOgrenciler dahil tiim
tasarimcilarin, ders kitaplarinda bulunan basit formiillerle egimli konik disli
tasarim yaklagimi kullanilarak bulunan tasarim sonuglarint DIN tarafindan verilen
tasarim sonuglarima doéniistiirmelerini saglayacaktir. , ISO veya AGMA standartlari
tasarim yaklasimlari. Doniistirme faktorleri, ders kitabi ¢dziimleriyle nispeten
karmasik ve zaman alic1 DIN, ISO ve AGMA disli tasarimlarinin daha kisa siirede
gergeklestirilmesini  saglayacak, bdylece tasarimcilar igin kolaylik ve tasarim
maliyetlerini azaltacaktir.

Bu tez, digli tasarimimna yeni baglayan Ogrencilerden uzun siire disli
tasarimina katilan tasarimcilara kadar tiim tasarimcilari igeren uygun spiral konik
digli tasarim yaklasimlarinin secilmesi ve kullanilmasi ihtiyacini saglamaktadir.
Secilen yaklagimlar DIN 3991, 1987 (Alman Standardizasyon Enstitiisii), ANSI /
AGMA 2003-B97, 1997 (Amerikan Disli Ureticileri Birlikleri), ISO 10300, 2001

(Uluslararas1 Standartlar Orgiitii) standartlar1 ve makine elemam ders kitaplaridir
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(Makinenin Temelleri) Bilesen Tasarimi 5. Baski, Juvinall RC ve Marshek KM,
2011 ve Shigley Makine Miihendisligi Tasarim 9. Baski (SI), Budynas RG ve
Nisbett JK, 2011).

ISO, DIN ve ANSI / AGMA Standartlan ile yapilan digli tasarimlart,
makine elemani ders kitabindan (Temel Makine Bileseni Tasarimi 5. Baski,
Juvinall R.C. ve Marshek K.M., 2011) daha karmasik formiilasyonlara sahip
olduklarindan daha fazla zaman alir. Bu nedenle, makine elemam ders kitab1
sonuglarinin dogrulanmis sonuglara doniistiiriilmesi icin doniisiim faktorleri
gelistirilmigtir. Doniisiim faktorleri, ders kitabi ¢oziimii ile nispeten karmasik ve
zaman alici DIN, ISO ve AGMA disli tasarimlarinin daha kisa siirede
gerceklestirilmesini saglayacak, bdylece tasarimcilar i¢cin kolaylik ve tasarim
maliyetlerini azaltacaktir.

Sonlu Elemanlar Yontemi i¢cin ANSYS programi kullanilmistir. Sayisal
coziimler elde ettigimiz analitik sonuglarla karsilastirildi. Makine Bileseni Tasarimi
5. Baski, Juvinall R.C. hari¢ olmak {izere, tiim yaklasimlarda analitik ve sayisal
sonuglar arasinda% 10'dan az fark vardir. ve Marshek K.M., 2011'de yirmi derece
ve yirmi bes derecelik agilarda. Bu sonug tasarimin dogrulugunu giiglendirmektir.

Tilim tasarim yaklasimlarinin sonuglar birbirinden farkli olsa da grafiklerin
miikemmel siirekliligi ile ¢ok benzerler. Geometrik derecelendirme sayilari (GRi)
ve doniisiim faktorleri (CF'ler) olarak boyutsuz sayilar tarif edilmis ve spiral, konik
disliler i¢in egilme yorulma basarisizligina dayanan ANSI / AGMA 2003-B97,
1997 yaklagimi ile DIN, ISO ve ders kitab1 tasarim yaklasimlarini derecelendirmek
icin Onerilmistir. Bununla birlikte, ANSI / AGMA 2003-B97, 1997'ye doniisen
herhangi bir yaklasim minimum hata ile doniistiiriilebilir. Literatiirde halihazirda
mevcut olan arastirmalarin 6tesinde, bu ¢alismada asagidaki sonuglar gikarilabilir;

Radar grafiklerinin kullanilarak, GRi degerleri, her yaklasim igin
okunabilir ve iletilen giicii, disli AGMA'ya kiyasla belirli bir hiz oraninda (1: 1 ila
1: 8) okunabilir. Aktarilan gili¢ degisse bile trendin benzer oldugu da

gozlenmektedir.
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Malzemenin sertlik degeri arttiginda, DIN, ISO ve J&M yaklagimlari igin
modiill ve yilizey genigligi degerlerinde 6nemli bir azalma olurken AGMA
yaklagimindaki degerler az miktarda azalmigtir. Bu nedenle, GRi degerlerinde bir
azalma vardir.

ISO Standartlari, DIN Standartlar1 ve J&M makine elemani ders kitabinin
tasarim sonuglarini diisiik hata ile AGMA' ya doniistiirmek i¢in spiral konik disliler
i¢cin boyutsuz modiil ve yiizey genisligi doniisiim faktorleri (CFs) olusturulmustur.
Doniigtiirme faktorlerini elde etmek i¢in gereken formiiller ve degerler boliim 4.4'te
verilmistir. Hiz oranm1 tamsay1 ise (1:1 ‘dan 1:8’e kadar) CF degerleri 20 derecelik
basing agisi i¢in tablo 4.7 ve tablo 4.8 ve 25 derecelik basing agisi igin tablo 4.9 ve
4.10 kullanilarak elde edilebilir.

CFs degerleri boliim 4.5'te vaka calismasi yapilarak dogrulanmistir.
Maksimum Disli Hacmi hatasi (GVe), Tablo 4.17' de 25 derece basing ig¢in
%12.859 ve CF'ler yardimiyla Tablo 4.18' de 25 derece basing i¢in %11.774 olarak
bulunmustur.

Kisacasi, bu calisma spiral konik disli tasarimi ile ilgilenen tasarimcilar
icin bir rehber gorevi gorebilir. Tasarimci, ¢aligmadaki verilere gore boyutu
secerek sanziman tasarimini optimize edebilir. Buna ek olarak, spiral konik disli
tasarimina yeni baslayan Ogrenciler igin, karmagik formiillerin sikintist olmadan
doniisiim formiillerini kullanarak daha kolay yontemlerin sonuclarini1 daha standart
¢Oziimlere doniistiirebilirler. Son olarak, bu ¢alismanin sonuglari, disli tasarimina
yeni baglayan 6grencilerden, uzun siiredir digli tasarimi1 yapan tasarimcilara kadar

tiim tasarimecilari ilgilendirmektedir.
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1. INTRODUCTION Mehmet Onur OGULATA

1. INTRODUCTION

1.1. Gear Nomenclature

The working gear nomenclature is shown in Figure 1.1. There is a
theoretical circle upon which most calculations are based, called a pitch circle. The
diameter of the pitch circle called the pitch diameter. The pitch circles of a pair of
mating gears are tangent other to another. In a gear pair, the small one of pair is
called a pinion, and the larger one of pair is called gear. It is not essential of which
is driving to another. if the gear is the driver, the torque increases, and output speed
decreases. If the gear is the driver, output speed increases, and the torque

decreases.

Facewidth

¥ 4 Tooth
thickness

pitch

Hefere:c\e\\ ‘

/
l‘. - X
~ | }"\\\ -
) ) v SN
JLrere Center line — ! 4 v - = 4‘:\%(‘\‘\7
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Pressure Angle/
/ Clearance

Dedendum

~ Addendum
Center distance

Figure 1.1. Working Gear Nomenclature (Kohara Gear Industry Co)
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The circular pitch, p, is the distance that is measuring on the pitch circle
from any point on one tooth to a suitable point on another adjacent tooth. Tooth
thickness plus the width of space is equal to circular pitch.

The module, m in mm, equal to pitch diameter divided by the number of
teeth. The module is used in the SI system. The diametral pitch (P, in inch) equals
to the number of teeth divided by pitch diameter. The diametral pitch is used only
with U.S. units.

The addendum, a, is the radial distance from the pitch circle and the top
land. The dedendum, b, is the radial distance between the pitch circle and
bottomland. Sum of the addendum and the dedendum value equals to whole depth,

h; (Budynas R.G. and Nisbett J.K., 2011).

1.2. Features of Gears Profile of Involute Gear Tooth
1.2.1. Profile of Involute Gear Tooth

Simple teeth on a cylindrical wheel changeable speed ratio and speed
reduction cause several problems depending on vibration and noise, especially at
elevated speeds. At the same time, a gear pair is in a mesh. Different kinds of
geometrical forms can be used to eliminate these problems. However, commonly
the full depth involute profile is used in most engineering practices (Juvinall R.C.,
Marshek K.M., 2011).

An involute of the circle is the curve generated by any point on a taut
thread as it unwinds from a circle, called the base circle. The generation of two

involutes is shown in Figure 1.2.
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Involute
Base circle

B2

B1

O lbhr /

Figure 1.2. Construction of involute gear tooth (Budynas R.G. and Nisbett J.K.,
2011)

As shown in Figure 1.2, divide the base circle into several equal parts, and
construct radial lines OA,, OA;, OA,etc. Beginning at A, construct perpendiculars
A;B4, A,B,, A;B;, etc. Then along A;B; lay off the distance A;A,, along A, B, lay
off twice the distance A;Ay, etc., producing points through which the involute

curve can be constructed (Budynas R.G. and Nisbett J.K., 2011).

1.2.2. Conjugate Action

It is assumed the teeth to be perfectly formed and smooth, and also
absolutely rigid. Such an assumption is not correct since the force effect will cause
deflections. When the tooth profiles are designed to produce a constant angular
velocity ratio during meshing, this design is called conjugate action. Conjugate

Gear Tooth Action is given in Figure 1.3. (Budynas R.G. and Nisbett J.K., 2011).
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Figure 1.3. Conjugate Gear Tooth Action (Juvinall R.C., Marshek K.M., 2011)

1.3. Gear Classification

Gears can be classified in multiple ways. In particular, two different
classifications can be made, with only commonly used gear types and the
relationship of the shaft axes on which the gears are mounted.

Another approach is by the relationship of the shaft axes on which the
gears are mounted. Shafts may be parallel, intersecting, or nonintersecting and
nonparallel (Davis & associates, 2005).

One approach is only commonly used gear types are listed (Budynas R.G.
and Nisbett J.K., 2011). In this study, classification was made according to

common gear types.

1.3.1. Spur Gears
Spur gears, shown in Figure 1.4., is the most straightforward gear and their
teeth parallel to the axis of rotation. They are used to transmit motion one shaft to

another (Budynas R.G. and Nisbett J.K., 2011).
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Figure 1.4. Spur Gear (Budynas R.G. and Nisbett J.K., 2011)

1.3.2. Helical Gears

Helical gears, illustrated in Figure 1.5., have teeth inclined to rotation axes.
They were quieter than spur gears when helical gears in spur gear application.
Because helical gears do lots of gradual engagement of the teeth during meshing.
Other differences than spur gear are thrust loads and bending couples developed by
the inclined tooth. They are rarely used to transmit motion between nonparallel

shafts.

Figure 1.5. Helical Gear (Budynas R.G. and Nisbett J.K., 2011)
5
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1.3.3. Bevel Gears

Bevel gears, illustrated in Figure 1.6., are generally used for transmitting
motion between intersecting shafts and their teeth formed on conical surfaces. This
figure shows straight bevel gears. Spiral bevel gears form a circular arc. Hypoid

gears are so similar to spiral bevel gears, but hypoid gears shafts are offset and

<

N\ [

t §\+/

nonintersecting.

\

Figure 1.6. Bevel Gear (Budynas R.G. and Nisbett J.K., 2011)

1.3.4. Worm Gears

Worms and worm gears, illustrated in Figure 1.7, represent the final
necessary gear type and look like a screw. The worm wheel indicates the direction
of rotation for the worm gear and depends on it. It also depends on right-hand or
left-hand cutting. If worm gearsets made so that the teeth of one wrap partly around
the other, it is called a single enveloping worm gear set. If worm gearsets made so
that the teeth of both wrap around the other, it is called double enveloping worm
gear set. Worm gear sets are generally used when the speed ratios of shafts higher

than 3.
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Figure 1.7. Worm Gear (Budynas R.G. and Nisbett J.K., 2011)

1.4. Spiral Bevel Gears

Gears that transmit motion between two intersecting shafts and have a

conical shape are called bevel gears. One type of the bevel gear is spiral bevel

gear, shown in Fig. 1.8., which the teeth

why spiral bevel gears are selected on the

are curved spirally. One of the reasons

straight bevel gears is that curved teeth

contact each other gradually and smoothly from one end to the other. The meshing

of teeth is, as in straight bevel gears, rolling contacts on the pitch cone surface.

Figure 1.8. Spiral Bevel Gear (Jan Klingelnberg, 2016)

7
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When we classify according to design and gear cutting, the Gleason type is
generally used for spiral bevel gears. Nevertheless, the Klingelnberg type used with
equal toe and heel tooth depth in Germany.

Spiral bevel gears have advantages and disadvantages over other gears.
The first of these advantages, they are capable of grinding teeth after heat
treatment, making it possible to produce high precision gears. The other advantage
is they are stronger and more durable than straight bevel gears allowing for higher
load operations. It is also used in high-speed applications because of lower noise
and vibration in spiral bevel gears as it has a better tooth contact ratio than straight
bevel gears. On the other hand, spiral bevel gears have some disadvantages. It is
more challenging to manufacture spiral bevel gears and needs attention regarding
the change in thrust directions depending on the rotation and twist angle. (Kohara
Gear Industry Co)

As mentioned in section 1.3.2.3, hypoid gears are similar to spiral bevel
gears in general appearance. The vital difference is that the pinion axis of the
hypoid pair of gears is offset somewhat from the gear axis. Hypoid gears run even
more smoothly and quietly than spiral bevel gears and are somewhat stronger
(Davis & associates, 2005).

Zero bevel gears, as shown in Figure 1.9. have a curved tooth form like
spiral bevel gears but have 0°degree spiral angle. They can be classified between
spiral bevel gears and straight bevel gears (Childs. Peter R. N., 2013).

The tooth of Zero bevel gear has the same loading capacity to the tooth of
straight bevel gear, but, zerol bevel gears meshing is smoother than straight bevel

gear. Zero bevel gears are a type of circular arc gears. (Kohara Gear Industry Co)
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Figure 1.9. Zerol Bevel Gear (Kohara Gear Industry Co)

Hypoid and spiral bevel gears are used in the differential design in the
automotive and heavy truck industries. In the space industry, spiral bevel gears and
zero bevel gears are used as equipment. It is also used in transmission for marine
and off-highway transmission, for example, to the working areas of spiral bevel

gears (Davis & associates, 2005).

1.4.1. Tooth Shape of Spiral Bevel Gears

Spiral bevel gears are gears that have the teeth arranged on a pitch cone
along curved lines, which produces a quiet operation even at high speed. Especially
when the peripheral speed is more than 5 m /s, it is difficult to find gear to ensure
quiet operation. At high speeds, the use of spiral bevel gears is desirable.

Nomenclature of a spiral bevel gear given in Figure 1.10
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Figure 1.10. Nomenclature of spiral bevel gear (Gleason Works, 2018)

1.5. Gear Trains
Consider 2 sub-indices for pinion and 3 sub-indices for driving gear. The

driven gear speed is given in formula 1.1

N;

—n
N, 2|

dy

—n2| (1.1)

n3=
d
3
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Where
n= revolution or rpm, rev/min
N=number of teeth

d= pitch diameter

Equation 1.1 can be applied to all gear types. The absolute expression is
used as it may be in a negative direction according to the direction of rotation.
According to the right-hand rule, counterclockwise is considered as a positive
direction and clockwise as a negative direction. While the right-hand rule is used to
find the direction of rotation in spur gears and parallel helical gears, the direction

of rotation is found in the worm and cross helical gears as shown in Figure 1.11

(b)
Right hand

(© (d)
Left hand

Figure 1.11. Thrust, hand relations, and rotation relations for worm gears or
crossed helical gears
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1.6. Aim of the Study

The primary aim of this study is to obtain a dimensionless number by
proportioning the design results (m and F or b) of the commonly used spiral bevel
gear design approaches and to evaluate the difference between the design
approaches according to the results we obtained. In this study, DIN (German
Institute of Standardization), ANSI/AGMA (American Gear Manufacturers
Associations), ISO (International Organization for Standardization) standards, and
machine element textbooks (Fundamental of Machine Component Design 5th
Edition, Juvinall R.C. and Marshek K.M., 2011 and Shigley’s Mechanical
Engineering Design 9th Edition (SI), Budynas R.G. and Nisbett J.K., 2011) will be
studied. In this study, gear design parameters (m and F) given by design
approaches for both cost and reliability will be compared.

Also the mathematics backround of mechanical engineering students, who
also work on gear design, decreases over the years. In addition, the results of the
survey showed that the method that Cukurova University students were asked to
use while conducting gearbox design projects was left to the students and it was
seen that the students preferred the machine elements books which contain less
formulas and can be solved in a shorter time compared to the national or
international standards. (Geren N., Uzay C., Bayramoglu M., 2020)

Then, the secondary objective of the project is to define dimensionless
conversion factors to approximate conversion of gear design results in textbooks to
more accurate DIN, ISO, or AGMA Standards. The conversion factors will allow
the all designers including the expert designers and students who have just started
gear design to convert the design results found by using the spiral bevel gear design
approach with the simple formulas found in the textbooks into the design results
given by the DIN, ISO, or AGMA standards design approaches. Conversion factors
will enable relatively complicated and time-consuming DIN, ISO, and AGMA gear
designs to be realized in less time with the textbook solutions, thus reducing

convenience and design costs for designers.

12



2. PREVIOUS STUDIES Mehmet Onur OGULATA

2. PREVIOUS STUDIES

In the literature, there is not much work related to design an involute spiral
bevel gear. Most of the works that are improving gear profile and optimization of
dimensions are related to decreasing bending and surface contact stress in literature
even though they are about involute helical or spur gears. Few studies are
developed computer programs to draw and model the gear pairs in a Computer-

Aided Design (CAD) environment, and some carried out failure analyses.

2.1. Gear Design Approaches in the Literature

The design of an involute spiral bevel gear design requires many
assumptions that including different design factors. In order to gear a spiral bevel
gear, national such as German Institute of Standards (DIN), international standards
such as American Gear Manufacturer Association (ANSI/AGMA) and
International Standard of Organization (ISO) and, or machine elements textbooks
such as Fundamentals of Machine Component Design 5" Edition and Shigley’s
Mechanical Engineering Design 9" Edition have been provided to designers.
Literature search about machine elements textbooks and standards for spiral bevel

gear design is listed Table 2.1

13
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Table 2.1. International and national standards and machine element textbooks
related to the design of spiral bevel gear design

Available Design Approaches The primary Basis of the
Design approach
DIN Standards DIN Standards
ISO Standards DIN Standards
JGMA Standards JGMA Standards
Fundamentals of Machine Component
Design 5™ Edition (Juvinall R.C., Marshek Similar to ANSI/AGMA**
K.M., 2011)
Shigley’s Mechanical Engineering Design ANSI/AGMA Standards**
ot Edition (Budynas R.G. and Nisbett
J.K, 2011)
ANSI/AGMA Standards ANSI/AGMA Standards*
Makine Elemanlari ve Konstriiksiyon
Ornekleri (Babalik F.C., 2010) DIN Standards
Mechanical Design: An Integrated ANSI/AGMA and/or
Approach (Ugural A.C., 2003) Fundamental of Machine
Component Design

*Most commonly used
** Introduces the design of a bevel gear clearly

2.2. General Gear Design Studies
2.2.1. Gear Design using Computer-Aided Engineering (CAE)

Most of the engineering applications made through computer programs are
called computer-aided engineering (CAE). (Budynas R.G. and Nisbett J.K.,2011).

The general logic of CAE is to use complex mathematical algorithms to
perform calculations. Using CAE finite element technique, the results of the
simulation calculations are found. The working procedures to carry out simulations
with CAE systems can be divided into three main phases, respectively, as pre-
processing, calculation of the demands, post-processing.

Some engineering design software is Aries, AutoCAD, Cad Key, Solid
works, Pro Engineer, I-Deas, Inventor, Mechanical Desktop, Unigraphics, Catia

V5.

14
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The finite element method (FEM) is a numerical analysis technique. It is
not possible to obtain analytical mathematical solutions for many engineering
problems. Using FEM, it provides numerical solutions to these engineering
problems by obtaining approximate solutions. Various commercial software
products are available for finite element analysis (FEA) such as Ansys, Nastran,
Cosmos, LS-Dyna (Parthiban A.et al, 2013).

Geren N. and Baysal M. (2000) developed an expert system using artificial
intelligence. They used this system for gearbox design by operating Delphi from
Borland for an expert system development tool. This expert system has a user-
friendly interface that allows the dealer to select the type of gears, the material of
gears, etc. American Gear Manufacturers Association (AGMA) standard’s methods
and its recommendations were used for designing the spur gear. The program
includes the recommended module size list box, which is the result of estimating
the gear size procedure. It is stated that the developed software reduced the design
duration to less than 3 minutes for an experienced designer and few minutes for an
inexperienced designer, allowing the user to try different design alternatives in a
short time, eliminating the errors made during the manual design process.

Gologlu C. and Zeyveli M. (2009) applied a genetic algorithm (GA) to
optimize of helical gear design. It was aimed to minimize the volume of gears by
using penalty functions that depend on design variables and their constraints. In
this study, it is aimed to minimize the volume of gears by using boundary functions
based on design variables and constraints. Although the program worked in as
little as 4 seconds, the face width of the gears was generally out of limits
determined by 3 to 5 times of circular pitch.

Mendi F. et al. (2010) developed a Borland Delphi 6.0 platform to execute
GA to optimize helical gear design. They performed the dimensional optimization
of motion and force transmitting components of a gearbox by GA. The selection of
an optimum module was carried out using GA. When results were compared to
analytical results, GA has given better results such as lower modules, less volume.

Nevertheless, the face width calculated by GA not always in the range (3p, 5p).

15
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2.2.2. Verification of Gear Design Results with Finite Element Analysis

For gear design, fatigue bending stress (bending fatigue) and contact stress
(surface contact fatigue) must be taken into account. The tooth root is subjected to
fatigue bending stress, and the tooth surfaces are subjected to fatigue contact
stresses. In gear designs, the determination of gear stresses is significant. Because
the failure of gear due to bending causes tooth breakage also owing to surface
contact causes pitting, scoring, wear.

Vijayarangan and Ganesan (1994) investigated the results of static load
distribution analyzed by 3D finite element method on composite bevel gears. These
studies have shown that the static strength of the glass epoxy bevel gear is almost
similar to that of the carbon steel bevel gear from the boron/epoxy bevel gear. The
displacement of these gear materials is ordered from large to small, respectively, in
the form of a composite bevel gear consisting of boron/epoxy, a composite bevel
gear consisting of glass/epoxy, a carbon steel alloy. Boron/epoxy composite was

found to be the best of the three materials.

2.2.3. The studies on the Effect of Profile Modification

Stresses in gears are vital in gear designs. By reducing these stresses, the
effects of the problems during the design can be avoided or minimized by making
various changes in the tooth profile.

Wu, Yong-jun et al. (2012) examined the static and dynamic behavior of a
helical gear pair. With FEA results, the appropriate amount and type of tooth
profile modification (TPM) are selected. Dynamic contact simulations are
performed in order to observe the difference in vibration between the original
helical gear pair with TPM. As a result, it has been observed that the vibration
amount is reduced by the selection of the appropriate amount and type of TPM by
the dynamic contact selection.

Dhavale A.S. et al. (2013) suggested that by adding stress-relieving

properties to the stress zone, high stress can be reduced, which increases the
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likelihood of fatigue failure at the root of spur gears. They have generated holes in
the tooth root area and compared the amount of stress between original gear and
modified one by using a FEM. As a result, it was found that the size of the holes
and the location of the holes were as crucial as the amount of the holes. It was

found in the study that two holes provided more stress reduction.

2.3. Spiral Bevel Gear Design Studies
2.3.1. Spiral Bevel Gear Design using Computer-Aided Engineering (CAE)

Galina (2007) compared the algorithms found for geometric, kinematic
analysis for meshing and contact stress analysis with Hertz and non-hertz methods.
While one algorithm was used for kinematic and geometric analysis of meshing
analysis, two algorithms were used for surface stress analysis. The algorithms are
based on grid presentation of contacting surfaces and field of distances between
them. By using the codes generated based on these algorithms, contact path,
transmission error, contact pressure distribution, and bearing contact values were
obtained. The results showed that both of the analyzes with different misalignments
could be used for all types of gear transmissions. Besides, when there is no edge
contact, the gear contact pressure is obtained by using the Hertz solution. Finally,
the non-hertz solution is used when there is an immediate bearing contact area near
a toothed edge.

Argyris J., Fuentes A. and Litvin F.L., 2002 developed an integrated
computerized approach for synthesis, analysis, and stress analysis of spiral bevel
gear drives. The methods they use to develop the program are local synthesis and
simulation of meshing and gear tooth surfaces. These methods reduce noise and
vibration while also localized bearing contact less sensitive to errors of alignment.
Using FEM, the formation of bearing contact during a cycle of meshing and stress
analysis was investigated. The design of FEM and its boundary conditions were
automatized. An advanced computer program for the synthesis, tooth contact

analysis, and stress analysis of spiral bevel gear drives was developed. The most
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time-consuming step in the application of finite element analysis, the design of
contacting models by using a CAD computer program, is avoided due to
automatization of the development of such models. The developed computer
programs were based on the application of FORTRAN computer language for
numerical computations and Visual Fortran QuickWin run-time library for
graphical interpretation of results. The proposed approach was applied to the
design and stress analysis of face-milled generated spiral bevel gears. The resulting

approach can be used not only for spiral bevel gears but also for other types.

2.3.2. Verification of Spiral Bevel Gear Design Results with Finite Element
Analysis

Bibel G.D., Kumar A., Reddy S. and Handschuh R. (1995) used FEM to
generate 3D stress analysis of spiral bevel gears in mesh. FEM has been obtained
by solving the equations defining the gear surface coordinates that guide the gear
and pinion for the gear mesh. Suitable gap elements were used for contact
boundary conditions. As a result, although FEM has achieved a general
improvement, in particular, satisfactory results have not been obtained for
significant stress gradients between adjacent nodes in the contact regions.

Zhang H. and Tie X. (2012) have studied the mesh performance of spiral
bevel gears with new non-zero-positive modification. They claimed that using local
synthesis, machining parameters with high contact rates could design non-zero-
modification for spiral bevel gears. This design method could make up the shortage
of low coincidence degrees resulted in increasing mesh angle in the non-zero-
positive transmission designing. According to comparing the new design with the
unmodified design, the max root tensile stress of pinion, max root compressive
stress, max tooth surface contact stress, and root stress of gear values are also
reduced the strength of the pinion increase under the same load values. The results
show that the modified design's tooth profile and parameters for machinability

make the gear pair having more reliability and long life.
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3. MATERIAL AND METHOD

3.1. Material

In our study, the first thing to be aware of in the selection of materials is
that the pinion and the gear unit must work in harmony and meet all the required
service conditions.

The reason we choose cast iron is easy castability, low cost, high wear
resistance, and noise damping. It generally has lower bending fatigue strength than
surface fatigue strength. When designing, the results were found separately for
pinion and gear, and the design results were evaluated according to the larger one.
Three different pinion materials were used in the study, which had low, middle,

and high strengths. It provides the mechanical properties of the selected materials

shown in Table 3.1.

Table 3.1. Properties of pinion and gear materials

Pinion Gear
Material Types for Du'?:tsil-(la-l\i/:on
Pinion and Gear ] Type 2: Type 3:
and Mechanical | TYPe I RS0 1 Aisiatd0 | AIST4140 | 12N
Properties o oil Q&T oil Q&T
@650 °C @425 °C @207 °C ground,
GR.120-90-
02
Yield strength 441 1140 1640 621
(Mpa)
Ultimate tensile
strength (M) 586 1280 1770 827
Brinell hardness
number (HB) 207 370 510 300
Density (kg/m°) 7850 7850 7850 7850
Poisson's Ratio 0,3 0,3 0,3 0,3
Modulus of
Elasticity (G,q) 200 200 200 170
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3.2. Method
In this thesis, the design of gears will be performed in two different ways
as bending fatigue and surface contact failures according to the most common three

standards and two textbook design approaches. These are;

1. ANSI/AGMA 2003-B97 Standard (1997)

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

3. 1SO 10300:1,2 (2001), ISO-1300:3 Standards (2003),

4. DIN 3991:1,2,3 Standards (1988) and

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

Determination of module (m) and face width (F) directly, which affect the
material used, were performed with the five most common design approaches
mentioned above. However, since the formulas used in the Shigley's Mechanical
Engineering Design 9th Edition (Budynas R.G. and Nisbett J.K., 2011) are taken
from the ANSI/AGMA 2003-B97 (1997), we will consider them the same. As a
result of this, four different methods were actually considered in this work. In each
of the above approaches, although the bending fatigue failure and surface contact
failure remained dependent on design variables affecting material strength and
distortion stresses, different design approaches showed that design variables were
handled in different ways in each approach.

The designs of bevel gears using the expressions of Table 3.1 are
performed based on selecting the module (m) and determining the face width. This
iterative process started with an initial estimation of a module and repeated until
the face width reaches in an accepted range.

Moreover, two different types of stress occur as a result of gear and pinion

contact, which are bending and surface contact. The most apparent difference
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between them is caused by the place where the stress occurred. While bending
stress occurs at the root of the tooth profile mainly, surface contact stress occurs on
the surface during mating of gear and pinion teeth. Bending stress is the highest at
the fillet and can cause breakage or fatigue failure of the tooth in the root region,
whereas surface contact stresses occur on the surface of the tooth that may cause
scoring wear, pitting fatigue failure.

First, proper values of important design parameters like a module in mm
(m) or pitch diameter are searched, and the face width determined in the gear
design before the material is pre-selected. Secondly, for gear and pinion, material
selection should be made. We are interested in the module because, in this study,
the SI unit system is used. After this stage, suitable face width is calculated
according to the lowest module value. As a general requirement, the face width
value must be less than ten times the selected module or 0.3 times selected ever-
smaller cone distance (F (or b)) = min (0.3A,, 10m). Also, different standards and
different book solutions have different limitations. As shown in the flow chart, the
design process for spiral bevel gear is given in Figure 3.1. The geometric rating
number, GR;, and conversion factor, CF;, will explain respectively, section 3.2.3
and section 3.2.4. The approach for the comparison of the results obtained by
following the steps for spiral bevel gear design is given in Figure 3.2.

Finally, to verify the results and to use a stable reference, a finite element
method (FEM) will be used to analyses the results obtained using the analytical
approaches. For this, 3-D models of bevel gears, which are created in
SOLIDWORKS using GearTrax, will be imported into ANSYS Workbench 16.1.
Then, the module and face widths found using each approach will be compared
with the results of FEM. This approach will be used to verify each of the design
approaches used in this study against ANSYS, and then more solid comparisons

will be obtained.
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Estimation of a module Determine the number of teeth on
depending upon the amount of > pinion at a specific speed
power transmission ;
1 Find force which exerted to gear tooth.

v

Determine the design variables that affect
the gear stresses

v

Define a design factor of safety (DFoS)

v

Determine the strength of pinion material
at a specific operating condition

¥

Find the face width, F, with the aid of the
ratio of the strength of pinion material to

v

Find face width, F, based on analytical
methods

v

If face width,

No

F=min (0.34,, 10m)

Stop iteration and use this
module and face width

Figure 3.1. Flow chart for the design of a spiral bevel gear
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Obtain inputs from statements
of design problem

|

Selection of material for a pair of
gear considering the operating
conditions

v

Selection of design approaches:
ANSI/AGMA Standards

Shigley’s Mechanical Engineering Design 9th Edition
Fundamentals of Machine Component Design 5th Edition

ISO Standards

DIN Standards

'

Carry out the design for the
selected approach

V

Development of MATLAB codes for
each design

¥

Obtain design results and compare
m, F, GR; CFs

Y

Validation of results by
Finite Element Analysis

v

Comparison & Recommendations

Figure 3.2. General systematic approach used for obtaining the results for the
comparison of a spiral bevel gear design approaches
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Design approaches given in Shigley's Machine Elements books design
minimum safety factor at least 2,0 is recommended (Sgihley J.E., 1985, Budynas
R.G. and Nisbett J.K., 2011). ISO 10300-1(2001) Standard recommends a factor of
safety for contact stress equal or greater than one, and minimum bending-stress
value should be 1.3 for spiral bevel gears. DIN 3991(1987) recommends a factor of
safety for contact stress equal to one.

In the 5th Edition of Fundamentals of Machine Component Design,
designs for spiral bevel gears are based on spur gears; therefore, it is recommended
in 1 for spiral bevel gear, which is the lowest safety factor for spur gears. Compare
the results obtained from each approach, a safety factor 2,1 was obtained, which
provided the same conditions for the standards. The dimensionless number
calculation has become more accurate using a specific safety factor. The design of
spiral bevel gear has been defined for a life cycle of 108.

In Machine Component Design 5th Edition Fundamentals (Juvinall R.C.
and Marshek K.M., 2011) and Shigley's Mechanical Engineering Design 9th
Edition (Budynas R.G. and Nisbett J.K., 2011) books, the gear transmission quality
is divided into three groups as the ground, shaved and machined. In the
Fundamentals of Machine Component Design 5th Edition, the gear quality is
classified as A to E (best classified as A, and the worst is E), The number 9 of the
gear quality level in ANSI / AGMA standards is equal to Symbol A in the
Fundamentals of Machine Component Design 5th Edition. The gear transmission
quality has been divided into eight different classes for ISO 10300 Standards, as
this is defined in 8 classes for ANSI/AGMA 2003-B97 Standard. In this study, the
total quality of ISO and ANSI / AGMA standards should be equal to 17. This is
also called the rule of 17. (Chala G., 1999) For instance, a gear quality level of 9 in
ANSI/AGMA Standards is equal to a gear quality of 8 for ISO Standards.

When the gear quality increases, the ISO value decreases while the AGMA
value is increasing. Since ISO 10300 standards are derived from DIN 3991, the

same quality numbers are used. Gears have speed reduction ratios when designing.
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In order to observe the effect of pressure angle on the work, 20° and 25° pressure
angles, which are widely used in spiral bevel gear design, have been selected. For
spiral bevel gear designs, since the designs for [ISO and AGMA standards dictates
the use of 1:1 to 1:8 speed ratio, we accepted it in the study. Moreover, the range
for power transmission is selected as 0.5 kW to 1000 kW with an increase of
20kW. This means that a total of 51 designs should be performed for each of the
speed ratios. All of the calculations have been carried out on MATLAB. For ease
of comparison, the same type of graphics was used on Microsoft Excel pages. The
results we found were drawn for each design approaches on the SOLIDWORKS
2018 program with the help of GearTrax for randomly selected 3:1 gear speed
ratio, and 100 kW power transmissions. And the results were verified using the

numerical finite element method on the ANSYS Workbench 18.1

3.2.1. Determination of Interference-Free Pinion Gear Teeth Number

In this thesis, the design of pinion and gear has been considered for the
comparison of the results of the different approaches. Design is done according to
the highest value. The minimum numbers of teeth to prevent undercuts with these
angles and speed ratios have been determined and selected.

At the 20° pressure angle, the minimum teeth number for pinion according
to the speed ratio for the Gleason spiral bevel gear is shown in Table 3.2. Since no
data is available in the literature for 25°, the minimum number of teeth is assumed

and given in Table 3.3. (Kohara Gear Industry Co)
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Table 3.2. Minimum teeth number to prevent undercut on pinion for working speed
ratios for 20° pressure angle and 35° spiral angle for gleason spiral
bevel gear (Kohara Gear Industry Co)

Speed ratio Minimum number of teeth on the pinion
1:1 17
2:1 13
3:1 12
4:1 12
5:1 12
6:1 12
7:1 12
8:1 12

Table 3.3. Minimum teeth number to prevent undercut on pinion for working speed
ratios for 25° pressure angle and 35° spiral angle for Gleason spiral
bevel gear (Kohara Gear Industry Co)

Speed ratio | Minimum number of teeth on the pinion
1:1 13
2:1 12
3:1 12
4:1 12
5:1 12
6:1 12
7:1 12
8:1 12

Now in the following sections, the design of an involute bevel pinion gear

has been described for each of the design approaches.

3.2.2. Design of Spiral Bevel Gear Depend on Bending Fatigue Failure
3.2.2.1. Design Approach Using ANSI/AGMA 2003-B97 Standard

In this design approach, 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 the
endurance strength of the gear tooth by considering the selected design factor of
safety.

26



3. MATERIAL AND METHOD Mehmet Onur OGULATA

Bending stress;
1000W; K4Ky, YxK
op = t (A0 y IXBHB (31)
b mee YY)

And

op: Calculated bending stress number at the root of the tooth, N/mm?2
K,: Overload Factor, shown in Table 3.4

Ky, : Dynamic factor

W, : Tangential transmitted load, in N

Y,.: Size factor for bending strength

Ky p: Load-Distribution Factor

b: Face width, in mm

m,:: Outer transverse module, in mm

Yg: Lengthwise curvature factor for bending strength

Y;:  Geometry factor for bending strength shown in Figure 3.3 and Figure 3.4.

In bevel gear designs, when determining shaft and bearing loads, tangential
or transmitted load, which is formed at the midpoint of forces of the whole tooth, is
used. While the actual resultant occurs somewhere between the midpoint and the
most significant point of the tooth, there is only a small error in making this

assumption. Transmission load, W;, for spiral bevel gear formula has given below,

6000H
t =

(3.2)

dn

H: Power of spiral bevel gear, kW
d: Gear diameter of spiral bevel gear, mm

n: speed of spiral bevel gear, rev/min or rpm
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The factor that allows the externally applied loads to be above the nominal
tangent load is called the overload factor (K,) shown in Table 3.4. Overspeed,
acceleration moments, system vibrations, and other factors cause an overload
factor. Therefore, it is seen as one of the factors to be considered.

Analysis of critical speeds within the operating range of the drive is
essential. If critical speeds are present, changes in the design of the overall drive
system should be made to either eliminate them or to provide system damping so

that gear and shaft vibrations are eliminated.

Table 3.4. Overload factors, K4 (ANSI/ AGMA 2003-B97 Standard, 1997)

The Character of Load on Driven Machinery
The Character Uniform Light Medium Shock | Heavy Shock
of Prime Shock
Mover

Uniform 1.00 1.25 1.50 1.75 or
higher
Light shock 1.10 1.35 1.60 1.85 or
higher
Medium shock 1.25 1.50 1.75 2.00 or
higher
Heavy shock 1.50 1.75 2.0 2.250r
higher

The dynamic factor (K;,) The dynamic factor can be calculated according to
gear quality as well as speed and load. It is generally accepted that the factors
which affect the dynamic load on the gear teeth fall into five categories as design
effects, manufacturing effects, transmission error, dynamic response, resonance.
The dynamic factor is given by equation 3.3. It is determined by the parameters A
and B, which are given by equation 3.4 and 3.5, respectively, and the pitch line

velocity at the operating pitch diameter, which can be seen in equation 3.6.

for5<Q, <11 (3.3)

A -B
K., = [ |
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A= 50+ 56(1.0 — B) (3.4)
B =0.25 [(12 - Q_v))"0.667 (3.5)

@, the transmission accuracy level number

V,. =5.236 X 10~°d n, (3.6)

Yx is called size factor, without sufficient experience, is determined as being

dependent on the module.

Y _{ 0,5 My < 16 mm }
X 70,4867 + 0,008339m,, 1,6 <m,; < 50mm

(3.7)

The load distribution factor (Kyg ) modifies the rating formulas to reflect
the non-uniform distribution of the load along the tooth length. The use of the load
distribution factor equations assumes a tooth contact pattern per 3.8 under full load

operating conditions.

Kug = Kmp + 5,6(1076)b? (3.8)

K,,p 1s load distribution modifier;

1.00 both members straddle mounted
Kmp =1 1.10 one member straddle mounted (3.9
1.25 neither member straddle mounted

Figure 3.3 shows the geometry factor for spiral bevel gears (J) with a 20°
pressure angle, 35° spiral angle, and 90° shaft angle. Figure 3.4 shows the
geometry factor for spiral bevel gears (J) with a 25° pressure angle, 35° spiral

angle, and 90° shaft angle.
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Figure 3.3. Geometry factor for spiral bevel gears (J) with a 20° pressure angle, 35°
spiral angle and 90° shaft angle (ANSI / AGMA 2003-B97 Standard,
1997)
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Figure 3.4. Geometry factor for spiral bevel gears (J) with a 25° pressure angle, 35°
spiral angle and 90° shaft angle (ANSI / AGMA 2003-B97 Standard,
1997)

Permissible bending stress number is given formula 3.10.

oo = OF LimYnT
FP —
SFKGYZ

(3.10)
Where

orp: Permissible bending stress number, N/mm2

or im: Bending stress number (allowable) given in Table 3.5 and Figure 3.5,
N/mm?2

Sg: Bending safety factor

Yyr: Stress cycle factor, given in Fig. 3.7 and formula 3.11;

Kg: Temperature factor, given in formula 3.12

Y,: Reliability factor, given in Table 3.7 and formula 3.13;
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The allowable number of stresses, opp,

varies for reasons such as the

quality of the material selected for the design, the microstructure, residual stress,

material composition, processing applications, and cleanliness. The hardness

values are given in Table 3.6 below (ANSI/ AGMA 2003-B97 Standard, 1997).

Table 3.5. Allowable bending stress number for steel gears, oy ;;,,, (ANSI / AGMA
2003-B97 Standard, 1997)

Material Heat Minimum Allowable bending stress
N 2
designation treatment surface NUMDEror tim o
hardness
Grade 1 Grade 2 Grade 3
Steel Through See figure | See figure | See figure
hardened 35 35 35
Flame or
induction
Hardened -
50 HRC 85 95
un-hardened -
roots - 154 -
h See Table 8
ardened at 275
roots
AGMA/ANSI 205 240
Carburized &
case
hardened
AISI 4140 Nitrided 84.5 HR15N - 150 --
Nitralloy Nitrided 90.0 HR15N - 165 --
135M
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Figure 3.5. Allowable bending stress number, 0 ji,,, for through-hardened steel
bevel gears (ANSI/ AGMA 2003-B97 Standard, 1997)

Table 3.6. Allowable bending stress number for iron gears (ANSI / AGMA 2003-

B97 Standard, 1997)

Material Material designation Heat Typical Allowable
treatment | minimum bending
surface stress
ASTM ISO hardness number
N 2
OF lim E
Castiron | ASTM A48 ISO/DR
Class 30 185 As cast 175 HB 30
Class 40 Grade 200 As cast 200 HB 45
Grade 300
Ductile ASTM ISO/DIN
(nodular) AS536 1083 Quench. 180 HB 70
iron Grade 80- | Grade 600- & 300 HB 95
55-06 370-03 temp.
Grade 120- | Grade 800-
90-02 480-02
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335
30 NOTE: The choice of K; C}:\'I' 1s influenced by
: Case carbunzed Pitch-line velocity
Gear material cleanliness
Residual stress
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Figure 3.6. Stress cycle factor for bending strength K; (Ynr) for carburized case-
hardened steel bevel gears (ANSI/ AGMA 2003-B97 Standard, 1997)

2.7 102 <nlL < 103
B _ 6.1514n; %1% 10% < nlL < 3(10°) 311
NT ™ 11.6831n; 0323 3(10°) < nL < 10° (.11)
1.3558n; 00323 3(10° < nL < 10%°
Temperature Factor (Ky);
1 0°C < 6 < 120°C
Ko = {(273 +6)/393 6> 120°c} (3.12)

Under normal conditions where the operating gear blank temperature is
between 32°F and 250°F (0°C and 120°C), the temperature factor (Kg) for both
pitting resistance and bending strength is taken as 1.0.

The safety factors Sy and Sg, as defined in 2003-B97, are adjustments to
the strength, not to the load. Therefore, it cannot be used (by comparison) to assess
whether the threat is contact fatigue or bending fatigue. Since Wt has the same

value for pinion and gear, VSH is assumed to be equal to SF.
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Table 3.7. Reliability factors, Y, (ANSI/AGMA 2003-B97)

Requirements of application Y,?

Fewer than one failure in 10 000 1.5

Fewer than one failure in 1000 1.25

Fewer than one failure in 100 1.00

Fewer than one failure in 10 0.852)

Fewer than one failure in 2 0.7%
NOTES:

1)Tooth breakage is sometimes considered a more significant hazard than pitting.
In such cases, the higher value of Y, is selected for bending.

2)At this value, a plastic flow might occur rather than pitting

3)From test data extrapolation.

.5—0.25l0g(1—-R) 099 <R<O0.
Yz={05 0.25log( ) 0.99 < _0999} (3.13)

0.7 —0.15log(1 —R) 0.9 <R <0.99

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

Juvinall and Marshek give the design approach slightly different from the
previous ones for bending fatigue failure. The design calculations of bevel gear
tooth bending and surface fatigue strengths are even more complicated than for
spur and helical gears. The treatment given here is very brief. This approach mostly
recommends that in the absence of more specific information, the factors affecting
gear tooth bending stress;

The equation for spiral bevel gear based on the spur gear equation:

Fy
0 = o KvKoKnm (3.14)

Where

o: Bending fatigue stress,
b: Face width, mm

F: Tangential load

m: module, mm

J: Bevel gear geometry factor, determined from Figure 3.7
35




3. MATERIAL AND METHOD Mehmet Onur OGULATA

K,: Velocity factor. Same with the spur gear. Gears with shaved or ground profile,
it is calculated from Equation 3.3 or shown in Figure 3.8

Ko: Overload factor, from Table 3.9

Ki: Mounting factor, from Table 3.8

0.36 -

0.32—
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[+4]
I

Geometry factor J
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~
T

0.20—

- Teeth in mating gear

0.16 4 1h . | : | ) | .
0 20 40 60 80 100
Number of teeth in gear for which geometry factor is desired

Figure 3.7. Geometry factors (J) for spiral bevel gears. Pressure angle = 20°, spiral
angle = 35° shaft angle = 90° (From AGMA Information Sheet
226.01; also see ANSI/AGMA 2003-A86.)

Table 3.8. Mounting correction factor, Km for bevel gears (Juvinall R.C., Marshek

K.M.,, 2011)
Mounting Type Mounting Rigidity, Max to Questionable
Both gears straddle-mounted 1.0to0 1.25
One gear straddle-mounted, 1.1to1.4
the other overhung
Both gears overhung 1.25t01.5
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Table 3.9. Overload correction factor, Ko (Juvinall R.C., Marshek K.M., 2011)

Driven Machinery
Source of Power Uniform Moderate Shock Heavy Shock
Uniform 1 1.25 1.75
Light shock 1.25 1.5 2.00
Medium shock 1.5 1.75 2.25

Pitch line velocity V (m/s)
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I I |
5
E ) B
Ky / /
<} /
H *
- ‘;@;f’/
0 I
g 3 /¢ e
& s\;\av‘“% .
Hou/’___.—-“;'
o B
i d
L—""| High precision, shaved and groun )
I Highest precision, shaved an;cl ground
1 . |

0 1000 2000 3000 4000 5000 6000 7000
Pitch line velocity V (ft/min)

Figure 3.8. Velocity factor K,, (Juvinall R.C., Marshek K.M., 2011)

The effective fatigue stress from the below equation must be compared
with the corresponding fatigue strength (S,). The appropriate endurance limit for

making infinite life design can be obtained from the following equation:

Sn = S’TLCLCGCSCTCR (315)
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Which, for these steel members are usually;

Sn = (O.SSU)CLCGCSCTCR (316)

Where

S',: Standard R. R. Moore endurance limit

For steel S;,= (0,5). S;and

for other ductile materials S;,= (0,7). Sy

CL. Load factor equals to 1,0 for bending loads

Cg. Gradient factor equals to 1,0 for P>5 (m<S5,08), and 0,85 for P<5 ( m>5,08)

Cs: Surface factor from Figure 3.9.
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] 1 1 1
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[ [ I I I I | 1
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3, 1GPa)
Figure 3.9. Surface factor Cg (Juvinall R.C., Marshek K.M., 2011)

k: Temperature factor, Cr, steel gears temperature factor equals to 1.0 for

T<160°F. The main formula is given formula 3.17
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620

k, = —7
E 7460 +T

for T > 160 °F (3.17)

k,: Reliability factor, Cr, For convenience, values corresponding to an

endurance limit standard deviation of 8 percent are given in table 3.10;

Table 3.10. 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

ks Mean stress factor.
kyms= 1,0 for two way bending also known as idler gears
k.,s= 1,4 for one way bending also known as input and output gears

This approach recommends that the design factor of safety for bending
fatigue can be taken as the ratio of fatigue strength to fatigue stress. Since the
coefficients K,, Km, and k, are used, the safety factor does not have to be too
much. When we accept 99.9% reliability, it is might that the safety factor is 1.5.
Safety coefficient 2.1 was taken to carry out the study under similar conditions in

all solutions. (Juvinall R.C., Marshek K.M., 2011).

3.2.2.3. Design Approach Using DIN 3991 Standards - Part 3
The following equations are provided in DIN 3991 Standards — Part 3 for
the spiral bevel gear design (DIN 3991-1 Standard, 1988). Tooth root stress, o, is

the maximum tensile stress at the surface in the root.

0r = OpoKaKyKrpKpa < 0rp (3.18)

Where
0ro: The local tooth root stress defined as the maximum tensile stress
arising at the tooth root due to the nominal torque when a perfect gear is loaded,

given in formula 3.20.
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K,: External force and application factor, shown in Table 3.14

Ky: Dynamic factor, formula 3.19 and formula 3.19 values shown in Table 3.11

Kpp: Face load factor, shown in Table 3.13

Kpo: Transverse load factor, shown in Table 3.12

orp: The permissible tooth root stress

V=

KK,

3

beHKA

Z1Vmt

u2
100 u2+1+1(3.19)

Table 3.11. Dynamic factor values, K, (DIN 3991-1 Standard, 1988)

Gear
quality
according
Factors to Straight Helical and
standards | toothing spiral teeth
of the DIN
3965
series
3 2,19
4 3,18
5 5,48
6 9,5
7 15,34
K1
8 27,02
9 58,43
10 106,64
11 146,08
12 219,12
K2 3to0 12 1,0645 1
K3 3t0 12 0,0193 0,01
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Table 3.12. Transverse load factor, Kg, (DIN 3991-1 Standard, 1988)

Specific loading K, F,; /b, 2100N/mm <
100N/mm
Gear accuracy grade 5 6 7 8 9 |10 | 11 and all
and coarser | accuracy
finer grades
Surface | Straight | Kz, 1,0 1,1 11,2 1/Y; or 1,2, whichever is
hardened | bevel greater
gears
Helical | Kz, | 1,0 [ 111,214 Eyan OF 1,4, whichever is
and greater
spiral
bevel
gears
Not Straight | Kz, 1,0 1,11 1,2 | 1/Y; or 1,2, whichever is
surface bevel greater
hardened | gears
Helical | Kg, 1,0 1,111,214 | g,4,0r 1,4, whichever is
and greater
spiral
bevel
gears

Table 3.13. Face load factor, Kgg (ISO 10300-1 Standard, 2001)

Verification of contact

Mounting conditions of pinion and gear

pattern
Contact pattern is Neither One-member Both members
checked member cantilever cantilever
cantilever mounted mounted
mounted
For each gear set in its 1,00 1,00 1,00
housing under full load
For each gear set 1,05 1,10 1,25
under light test load
For a sample gear set 1,20 1,32 1,50
and estimated for a full
load.

NOTE Based on optimum tooth contact pattern under maximum operation load, as
evidenced by the results of a deflection test on the gear in their mountings.
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Table 3.14. Application factor K, values (ISO 10300-1 Standard, 2001)

Working characteristics of the driven machine
Working Uniform Light shocks Medium Heavy
characteristics of shocks shocks
the driving machine
Uniform 1,00 1,25 1,50 1,75
Light shocks 1,10 1,35 1,60 1,85
Medium shocks 1,25 1,50 1,75 2,00
Heavy shocks 1,50 1,75 2,00 2,25
_ Fye
Opo = b—YFaYSaYEYKYﬁ (3.20)
eF'"*mn
beF = beH = 0,85b (321)

F,,,:: The nominal tangential force at the reference cone at mid-face width;

b: the face width;

Yrq: The tooth form factor, which accounts for the influence of the tooth
form on the nominal bending stress for load application at the tooth tip;

Ysq: The stress correction factor, which accounts for the conversion of the
nominal bending stress for load application at the tooth tip to the corresponding
local tooth root stress. Thus Y5, accounts for the stress-increasing effect of the
notch (in the root fillet), as well as for the fact that the stress condition in the
critical root section is complicated, but not for the influence of the bending moment
arm;

Yrg: It is obtained by multiplying Yr, and Ys,, shown in Figure 3.10

Y.: The contact-ratio factor, which accounts for the conversion of the local
stress determined for the load application at the tooth tip to the determinant
position, given in formula 3.22;

Yi: The bevel-gear factor, which accounts for smaller values for [,
compared to total face width b and the inclined lines of contact, with the current

state of knowledge, one can set Yy = 1.
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Yg: Schrigen factor, given in formula 3.24
0,75
Y. =025+ (3.22) (3.22)
SVCKTI.
For €, = 2 take g4, = 2 (3.23)
Bm
YVp=1—-¢p-—=
B v 120° (3.24)
If &,5>1, take &,5 = 1; (3.25)
If B, > 30, take &, = 30 (3.26)
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OF 1im: the bending stress number for the nominal stress in bending of the test gear,
which accounts for material, heat treatment, and surface influence at test gear
dimensions, shown in Figure 3.11, Figure 3.12 and Figure 3.13 according to the
type of material;

Ysr: The stress-correction factor for the dimensions of the standard test gear
Yor = 2,0;

S¢ min: The minimum safety factor;

Ys rer7: The relative sensitivity factor for the allowable stress number, related to
the conditions at the standard test gear (Ys,;7 = YsYsr accounts for the notch
sensitivity of the material);

Yg rer ¢ The relative surface condition factor (Yg,e;7 = YgYrr accounts for the
surface condition at the root fillet, related to the conditions at the test gear);

Yy: The size factor for tooth root strength, which accounts for the influence of the

module on the tooth root strength;

= — 600
N/mm2 : Baustahle, normalgegliiht : —
: \ / '] ME C
s 4 ME (GS) T 400
: MQ o
: ML F
. MAGS) F
2 SIMLGES) F
E _ -
s ™3 N — 200
° - Stahlgufi S
T e O —— |
0 200

Oberflachenharte HB —

Figure 3.11. Allowable Bending Stress Number for Steel Gears, oy, for

structural steel, normalized and steel, tooth root strength (DIN 3991-
3 Standard, 1988)
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Figure 3.13. Allowable Bending Stress Number for Steel Gears, oy ;,,,» for nitrided

and nitrocarburized parts, tooth root fatigue strength (DIN 3991-3
Standard, 1988)

This method is generally sufficiently exact for industrial gears. In the case

of gears with g = 1,5 it is set as:
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Ysrerr = 1,0
For q; = 2,5, the calculation is on the safe side.
The reduction of the allowable tooth root stress expected in case of g5 < 13
is accounted for by:
Ysreir = 0,95
The relative surface condition factor, Yy ,.; 1, determined by tests with test
specimens.

Range R, <1 um:
For through-hardened and case-hardened steels:

Yrrerr = 1,12
For soft steels:

YR rerr=1,07
For grey cast iron, nitrided, and nitro-carburized steels:

Yg rer 7= 1,025
Range 1 pm < R,<40 pm:
For through-hardened and case-hardened steels:

Y per7 = y% =1,674-0,529(R, + 1)°*
For soft steels:
Varer =52 =5306-4,203(R, + 1)°0!

For grey cast iron, nitrided, and nitro-carburized steels:

Yereir = % =4,299-3,259(R,, + 1)%005

The size factor, Yy, accounts for the decrease in strength with increasing
size (size effect), shown in Table 3.15.

The main factors such as the size of the tooth, ratio of tooth size to
diameter, the diameter of the part, the stress area, the selected material and the
applied heat treatment, ratio of case depth to tooth thickness directly affect the size

factor.
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Table 3.15 The size factor for tooth root strength, Yy (DIN 3991-3 Standard, 1988)

Material Normal Size factor Yy
module m,,

St, V, For m, <5 Yy =10

GGG Fatigue 5<m, <30 Yy = 1,03 — 0,006 * m,,

(perl., Strength 30<m, Yy =0,85

bai.),

GTS

(perl.)

Eh,IF m, <5 Yy =10

(grund), 5<m, <25 Yy =1,05—-0,01*m,

NTV 25<m, Yy =08

GG, m, <5 Yy = 1,0

GGG 5<m, <25 | Yy=1,075-0,015*m,

(ferr.) 25<m, Yy =0,7

All materials for static - Yy =10
strength

3.2.2.4. Design Approach Using ISO 10300 Standards - Part 3
Although the main formula used for bending stress calculations is provided
in 10300-3, values and formulas are taken from 10300-1 and 6336-6 standards.

Tooth root stress, o, is the maximum tensile stress at the surface in the root.

or = 0poKaKvKpgKpa < opp (3.28)

Where

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

og: Permissible bending stress

Ka: External force and application factor, shown in Table 3.16

Ky: Dynamic factor, given in formula 3.29

Kgg: Face load factor

Kgq: Transverse load factor

orp: The permissible tooth root stress
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Table 3.16. Application factor, K4 (ISO 10300-1 Standard, 2001)

Working characteristics of the driven machine
Working Uniform Light shocks | Medium Heavy
characteristics of shocks shocks
the driving machine
Uniform 1,00 1,25 1,50 1,75 or
higher
Light shocks 1,10 1,35 1,60 1,85 or
higher
Medium shocks 1,25 1,50 1,75 2,00 or
higher
Heavy shocks 1,50 1,75 2,00 2,25 or
higher

The dynamic factor Ky, is given by equation 3.29 and is determined by the
parameters A and B, which are given by equation 3.30 and 3.31, thees respectively,
and the pitch line velocity at the operating pitch diameter, which can be seen in

equation 3.32.

4 -B
Ky = |———— 3.29
4 [A + ./zoovet] (3:29)
For 6<C<9,
A= 50+56(1.0—-B) (3.30
B = 0.25(C — 5)%:6¢7 (3.31)
C: the transmission accuracy level number
de1,
Voe = vmtd"’— (3.32)
m1,2

Kpp is defined as the ratio between the maximum tooth root stress and the

mean tooth root stress over the face width and is given by equation 3.33;

Kpyp is defined as the ratio between the maximum load per unit face width

and the mean load per unit face width, and is given by table 3.17;
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Krg = Kup/Kro (3.33)

We assume Kpg = 1

Table 3.17. Mounting factor, Kyg_pe (ISO 10300-1 Standard, 2001)

Verification of contact Mounting conditions of pinion and gear
pattern
Contact pattern is Neither One-member Both members
checked member cantilever Cantilever
cantilever mounted Mounted
mounted
For each gear set in its 1,00 1,00 1,00
housing under full load
For each gear set 1,05 1,10 1,25
under light test load
For a sample gear set 1,20 1,32 1,50
and estimated for a full
load.
NOTE Based on optimum tooth contact pattern under maximum operation load,
as evidenced by the results of a deflection test on the gear in their mountings.

In order to compensate for a sufficient face width under full load b, less
than 85% of the face width b, the face load factor is to be corrected. Because of
that, the decisive load distribution factor Kyg_c is given by equation 3.34;

Kpp—c: Face load factor
0.85b
Kug—c = 1,5KH,;_be.b— forb, < 0,85b (3.34) (3.34)
e
And Ky,_¢ and Kp,_c shall be taken from Table 3.18;
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Table 3.18. Transverse load distribution factors, Kyq—c and Kgq_c (ISO 10300-1
Standard, 2001)

Specific loading K, Fp,: /b, | Z100N/mm <
100N/mm
Gear accuracy grade 6and |7 8 9 10 |11 |12 | all
better accurac
y grades
Surface | Straight | Kz, | 1,0 1,1 | 1,2 | 1/Y, or 1,2, whichever is
hardene | bevel greater
d gears
Helical Kpo | 1,0 1,1 11,2 | 1,4 | gyan0r 1,4, whichever is
and greater
spiral
bevel
gears
Not Straight | Kz, | 1,0 1,1 (1,2 | 1/Y,0r1,2,
surface bevel whichever is greater
hardene | gears
d
Helical Kg, | 1,0 1,111,214 | gygnor 1,4,
and whichever is greater
spiral
bevel
gears
Fnt
Or0 = g Yra¥saYeYicYis (3:35) (3.35)
mmn
Where;

Oro: 1s the local tooth root stress defined as the maximum tensile stress
arising at the tooth root due to the nominal torque when a perfect gear is loaded.
Fne: The nominal tangential force at the reference cone at mid-face width;

b: the face width;
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Yrq: The tooth form factor, which accounts for the influence of the tooth
form on the nominal bending stress for load application at the tooth tip;

Ysq: The stress correction factor, which accounts for the conversion of the
nominal bending stress for load application at the tooth tip to the corresponding
local tooth root stress. Thus Y5, accounts for the stress-increasing effect of the
notch (in the root fillet), as well as for the fact that the stress condition in the
critical root section is complicated, but not for the influence of the bending moment
arm;

Yrs: It is obtained by multiplying Yz, and Ys,, shown in Figure 3.14

Y.: The contact-ratio factor (see clause &), which accounts for the
conversion of the local stress determined for the load application at the tooth tip to
the determinant position, given in 3.36;

Yx: The bevel-gear factor, which accounts for smaller values for I’
compared to total face width b and the inclined lines of contact;

Y.s: The load sharing factor, which accounts for load distribution between

two or more pairs of teeth.
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Figure 3.14. Combined tooth form factor Yps= Yp,Yg, for gears generated by
basic rack pgo= 0,3 m,,, (ISO 10300-3 Standard, 2003)

The contact-ratio factor, Y, converts the load application at the tooth tip

(here the tooth form factor, Yg,, and stress correction factor(Ys,), apply) to the

decisive point of load application.
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]

Y. =025+ > 0,625fore,, =0 (3.36)

Eva
Y. =0,625fore,, > 1
' ym: The projected length of the middle line of contact
The load sharing factor, Y5, accounts for load sharing between two or
more pairs of teeth.
Yis = ZLSZ

_ opumYsr¥nr

Opp = YsreirYrreimYx (3.37)

SF min

OF 1im: The bending stress number for the nominal stress in bending of the
test gear, which accounts for material, heat treatment, and surface influence at test
gear dimensions, shown in Table 3.19;

Ysr: The stress-correction factor for the dimensions of the standard test
gear Ysr = 2.0;

Sk min: The minimum safety factor;

Ys rer7: The relative sensitivity factor for the allowable stress number,
related to the conditions at the standard test gear (Y5 ,..; 7 = YsYsr accounts for the
notch sensitivity of the material);

Yr rer7: The relative surface condition factor ( Yz o1 = YrYrr accounts
for the surface condition at the root fillet, related to the conditions at the test gear);

Yy: The size factor for tooth root strength, which accounts for the influence
of the module on the tooth root strength;

Yyr: The life factor, which accounts for the influence of required numbers
of cycles of operation, given in Fig. 3.15.

As a result of testing the gears taken as reference, the number of nominal
stresses, O ;ym, 1S obtained, shown in Table 3.19. 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 provides information on
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commonly used gear materials, methods of heat treatment, and the influence of

gear quality on values for nominal stress numbers, which are used for nominal

stress.

Opiim=A*x+B (3.38)
Table 3.19. Calculation of 0, (ISO 6336-5 Standard, 2003)
No| Material Type Abbrev | Quali A B |Hard-| Min. | Max
-iation -ty ness| hard | hard-
-ness | ness
1 | Normalized| wrought St ML/ | 0,455 | 69| HB | 110 210
low carbon | normalized MQ
o | steels/cast| low carbon ME | 0,386 | 147 110 210
|| steels steels
3 cast steels| St(cast | ML/ | 0,313 | 62 | HB | 140 210
- ) |MQ
4 ME | 0,254 (137 140 | 210
5 | Castiron black GTS ML/ | 0,345 | 77| HB | 135 250
|| materials | malleable | (perl.) | MQ
| 6 | cast iron ME | 0,403 [128 175 | 250
7 nodular | GGG ML/ | 0,350 |119| HB | 175 | 300
L cast iron MQ
| 8 | ME |0,380 [134 200 | 300
9 greycast| GG ML/ | 0,256 | 8 | HB | 150 240
L iron MQ
10 ME | 0,200 | 53 175 | 275
11| Through carbon \ ML ]0,250 |108] HV | 115 | 215
12| hardened steels MQ | 0,240 |163 115 | 215
13| wrought ME | 0,283 [202 115 | 215
14| steels alloy \Y, ML ]0,423 [104] HV | 200 | 360
15| steels MQ | 0,425 |187 200 | 360
16 ME | 0,358 |231 200 | 390
17| Through carbon \% ML/ | 0,224 |117| HV | 130 215
|| hardened steels (cast) MQ
|18 | cast steels ME | 0,286 |167 130 | 215
19 alloy \Y, ML/ | 0,364 |161| HV | 200 | 360
L steels (cast) MQ
20 ME | 0,356 186 200 | 360
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Table 3.19. Calculation of 0¢;;,, (ISO 6336-5 Standard, 2003) (Countined)

21 |Case Eh ML 0,000 {312 HV | 600 | 800
| |Hardened
22 |Wrought |2 25 HRC, MQ 0,000 |425 660 | 800
| |steels Lower
23 = 25 HRC, 0,000 |461 660 | 800
- Upper
124 | = 30 HRC, 0,000 |500 660 | 800
25 ME 525 660 | 800
126 |Flame or IF ML 0,305 | 76| HV | 485 | 615
| 27 |induction MQ 0,138 |290 500 570
28 | hardened 0,000 | 369 570 | 615
29 | wrought ME 0,271 |237 500 615
and
cast steels
30 [Nitrided nitriding NV ML 0,000 (270 HV | 650 900
31| Wrought  Isteels (a) | (nitro- (5775 000 [420 650 | 900
3_2?‘3‘:5’5:”‘1' car) I ME | 0,000 |468 650 | 900
33 /tﬁrough through NV ML 0,000 [258| HV | 450 | 650
___|hardening |hardening | (nitro- | MQ 0,000 |363 450 650
134 | steels steels car.) ME 0,000 (432 450 | 650
35 | nitrided
| 36 | wrought Through NV ML 0.000 |224| HV | 300 650
37 |steels nitro- |Hardening | (nitro- | MQ/ | 0,653 | 94 300 450
38 [carburised |steels car) ME 0,000 |388 450 650

This method is generally sufficiently exact for industrial gears. In the case
of gears with
qs = 1,51t s set as:
Ysrerr = 1,0
For q; = 2,5, the calculation is on the safe side.
The reduction of the allowable tooth root stress expected in case of g5 < 13
is accounted for by:
Ysrerr = 0,95
The relative surface condition factor, Yg o1 7
Range R, <1 pm:
For through-hardened and case-hardened steels:
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Yrretr = 1,12

For soft steels:
Yrretr = 1,07

For grey cast iron, nitrided, and nitro-carburized steels:
Yrrerr = 1,025

Range 1 pm < R,<40 pm:

For through-hardened and case-hardened steels:

Ye 1
Varerr =3 - = 1,674 - 0,529(R, + 1)10

For soft steels:
Yr 1/100
Ypreir =5— = 5,306 — 4'203(Rz + 1) /
Yr
For grey cast iron, nitrided, and nitro-carburized steels:

Y,
Yarerr = K}; = 4,299 — 3259(R,, + 1)1/200

The size factor, Yy, accounts for the decrease in strength with increasing
size (size effect).

The main factors such as the size of the tooth, ratio of tooth size to
diameter, the diameter of the part, the stress area, the selected material and the
applied heat treatment, ratio of case depth to tooth thickness directly affect the size
factor. Size factor formulas for structural and through-hardened steels, spheroidal
cast iron, pearlitic malleable cast iron are given in Formula 3.39, 3.40, 3.41.

Yy = 1,03 — 0,006m,,, (3.39)
with the restriction 0,85<Y%<1,0

For case, flame, induction-hardened steels, nitrided or nitro-carburized
steels

Yy =1,05- 0,01m,,, (3.40)

With the restriction 0,80<Yyx<1,0
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For grey cast iron
Yy = 1,075 - 0,015m,,, (3.41)

with the restriction 0,70<Yyx<1,0

3.0
V. GGGlperlbal)
GTS(per!.)
2,5 - T
Eh. IF (pied) e ]
2,0
E NTVinite)
>~ 1,8]|GGG(ferr.)
o GG. St. NG
31,0 C U/
§ N \\
.39 1,4 TN
1,2 n :
"TINVinitrocar) ""'-H&
1,0 3 it
0.8 I }HH EEN
102 10° 10* 10° 108 107 108 10° 10'°

Number of load cycles, N,

Figure 3.15. Life factor, Yy (ISO 10300-3 Standard, 2003)

3.2.3. Defining Geometric Rating Numbers (GR;) for Design Approaches
Geometric rating numbers are dimensionless numbers obtained by using m
and F values determined from various combinations of power values and speed
ratios using formulas of standards and machine element book solutions. More
specifically, GR; is obtained by the ratio of the results obtained by multiplying half
of the circular pitch and the face width for different approaches, as defined in
equation 3.42. GR; is more like a geometrical value, which may be used as a

representative for the cross-sectional area at the pitch diameter. Half of the circular

pitch (g = n%) is used because it is equal to the tooth thickness in the SI unit

system. (Geren N., Uzay C, 2016).
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TCmiFi
R = 2 _ mifi (3.42)
t anFo moFo ’
2

Where m; and F; are the module and face width obtained from each of the
gear design approaches respectively, and my and F, obtained module and face
width respectively, which are obtained according to the selected technical design
standard. In this study, the values of all approach solutions are divided into ANSI /
AGMA 2003-B97 gear standards, and the geometric rating numbers GR; is found.

3.2.4. Defining Conversion Factors (CFs) for Design Approaches

The most crucial aim of this thesis work is to find out a correlation between
all design approaches (ISO, DIN, J&M, or AGMA) and selected one (ISO, DIN,
J&M, or AGMA). In this thesis, as mentioned in Section 3.2.3, Conversion Factors
(CF) will be calculated based on the AGMA standard. Therefore, conversion
factors are generated to convert module (m) and face width (F) obtained from each
design approaches (ISO, B&N, J&M) to the AGMA standard. Under the same
conditions, the dimensionless number obtained by dividing the module obtained
from any design approach into the module obtained by AGMA is indicated by the
m;* . If the ratio were set to face width, it would be indicated by F;*. The mean
values of conversion factors for the module (CF,,;) and face width (CFg;) with their
standard deviations are given in Table 3.20 (Geren N., Uzay C., Bayramoglu M.,
2017)
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Table 3.20. Formulas to obtain mean conversion factors and standard deviation of
conversion factors for a module and face width (Geren N., Uzay C.,

Bayramoglu M., 2017)
Conversion factor Mean Standard deviation
Module 1< N
CF,; = —Z m;* 1 _
MING™ | o, = [y ) e~ T2
j=1
Face width 1 N N
ﬁpi = _Z Fi* o _ 1 * ol 2
szl OCFp = NZ(Fi — CFry)
j=1
Where

The subscript “i”’: each of the design approaches (AGMA, ISO, DIN, J&M)
The subscript “c”’: convert primary value to desired value

N: number of points at selected transmitted power

m;;": the value of m;” at a specific transmitted power

F;;": the value of F;" at a specific transmitted power

Dimensionless numbers of CF,,; and CFr; obtained using expressions
given in Table 3.20 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. As a result, any gear designer or a student designing
gear to find converted values “m. 4ema” and “F; agya” using simple expressions.

This is easily done by using equation 3.43 and equation 3.44.

m;
Me,aGMA = TF.. (3.43)
mi
Fi
Feacma = CF (3.44)
Fi
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The error between the conversion formulas and the actual value is
obtained using the gear volume error formula (GV,) as a percentage, as given in

equation 3.45.

M F) e aema— (M F) gma
GV, = - 100 3.45
¢ (m F)AGMA ( )

A flow chart has been introduced to obtain GR; and CF; in Figure 3.16 to exhibite
the step by step procedure used in this thesis.
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SPIRAL BEVEL GEAR DESIGN

v

Carry out the design process iteratively considering all input
parameters and design variables

v

DATA
COLLECTION

'

Repeat to obtain design results (module (m) and face width (F))
for all combinations of gear speed reduction ratios (from 1:1 to 8:1
with an increment of 1:1) and power transmissions (from 1 to
1000kW)

'

Obtain GR; NUMBERS

Y

Generate GRagma Numbers to show the similarities
between the standards and to draw a useful chart
for comparison

v

Obtain CONVERSION FACTORS

v

Derive correlation equations for obtaining
CFs to convert the design results (m and b)
from AGMA to ISO, DIN, and Juvinal R.C

Figure 3.16. A general systematic approach to obtaining GR; and CFs
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3.2.5. Finding Tooth Stresses Using Finite Element Method (FEM)

In this study, module and facewidth results are found analytically using
standards and machine elements books. The results are numerically solved with
ANYSY Workbench 18.1 software. The reliability of the design is verified by
comparing analytical and numerical results. The ANSYS program needs a
structural model to perform numerical analysis. To provide this model, the 3D solid
model of the pinion is drawn in the SolidWorks 2018 program using the GearTrax
2018 program with the values we obtain from analytical results.

Structural analysis requires three steps generally: pre-processing, solver
and post-processing. In pre-processing, the geometry of the structure is made and
creating mesh elements, solver is the definition of boundary conditions and lastly
in post-processing analysis results are obtained.

In Section 4.2, ANSYS results give gear bending stress values for each
approach. 3:1 speed ratio and 100 kW power values are chosen as the analysis

parameters, since they usually give average module and face width values.

3.2.6. Summary
The direct formula, which gives the face width (F) value for each approach,
was obtained using the formulas given in the previous sections and is given in

Table 3.21.
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Table 3.21. Face width equations of the design approaches based on bending
fatigue stress failure criteria

Design Approaches Face Width
ANSI/AGMA 2003-B97 Standard
(Shigley's Mechanical Engineering 1000Wt K Ky YxKyp
F= SeKyoY,
Design 9" Ed.) Ortim¥nt Mee YY)
Fundamental of Machine F = Fy KKK
Component Design 5" Ed. T mS',C.CcCsCrCp) VO™
ISO Standards 10300 Fo FineYpaYsaYeYi Y15 Ky Ko Kpo KpgSemin
0-limrnmnyz? rel TYR rel TYxY:S‘TYNT
DIN 3991 Standards _ FoiYraYsaYeYi Yp Ky Ky Kpo KpgSemin
0:8501immmn Y(S rel TYR rel TYx YST
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4. RESULTS AND DISCUSSIONS

The most critical design parameters for gear design are module and face
width. As mentioned in Chapter 3, these have been determined considering the
bending stress using four different types of design approaches, given by
ANSI/AGMA 2003-B97 standards, Juvinall R.C., Marshek K.M. (2011), DIN
Standards 3991-(Part 1-3),1987 and ISO Standards 10300-(Part 1-3), 2001.

For selected standards and machine design books, equations for face width
“F” based on bending stress have been obtained, considering the four types of gear
design formulations given in Table 3.21.

Figure 3.2 in Chapter 3 has also described the iterations needed for proper
module selection and face width determination. For pinion and gear, geometry
criteria, working conditions, and material properties were determined and then
iteration started. The defined input parameters have not been changed until each
iteration is completed. The values considered in this study and the input parameters
are shown in Table 4.1, and these are kept the same for all types of design
approaches in order to compare the design results fairly. By keeping the input
parameters constant, iterations are performed until the difference between the input
module and the result module is acceptable. The calculations were carried out and
the face width calculations were performed using the recommended value of F =
0.3A, or F =10m, whichever is smaller, then face width and the module were
obtained. Face width “F” and module “m” are obtained for 4 design approaches
(for the technical standards and machine elements textbooks) with different power
transmissions and speed ratios. 51 different power transmission values are used for
each speed ratio and for each design approach. Each design approaches have 8
different speed ratios which give 816 design results for just one case. 3264 design
results for 4 different design approaches are calculated for only type 1 material.
Since 3 different types of material for 20° and 25° are used, 19584 design results

are obtained, in total.
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Table 4.1. Values of the selected input parameters for the design

Input Parameters Value
Pressure angle, a, 20° and 25°
Spiral angle, 8, 35°
Type of gear profile Involute
Input speed of a power source, 1200
rpm
Number of life cycles, N 10
Design factor of safety, "a 21
Reliability, % 99,9
Operating temperature, T Moderate or low (~120°C)

ISO 10300 standards and DIN 3991
standards: 8
The quality number for gear ANSI/AGMA 2003-B97 standards; 9
Juvinall R.C., Marshek K.M.,2011:
shaved or ground

Material properties of gear pair see Table 3.1
Working characteristics of driving Uniform
and driven machines
Selected transmitted power range 0,5 kW-1000 kW
kW
Selected Gear speed ratio range, 11, 21, 31, 4.1, 5:1, 6:1, 7:1, 8:1
mg

4.1. Comparison of Module Selection and Face Width Results of the Design
Approaches

Whether the material type, design approaches, pressure angle, and other
input parameters change, gear volume change due to module and face width can be
easily seen in the MATLAB page. Figure 4.1 shows an example for the MATLAB
page prepared for spiral bevel gear design based on bending fatigue design using
ANSI/ AGMA 2003-B97, 1997 technical standard.

It consists of input parameters, design variables, and the most important
design parameters that are module and face width. When the input parameters
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change, the results change directly. The values of the design input parameters and
the values of the design variables related to each design are found, with equations,
tables or figure readings.

Gear design always begins with module selection and then the iterations
are carried out until the correct module is found. However, this can be very time
consuming, and the design can lead to erroneous results for the inexperienced
designer. Thus, MATLAB program codes pages were arranged to carry out the

design calculations.

4.1.1. Comparison of Face With and Module Results

In the graphics given in this section, the effect of increasing transmitted
power values on the module and face width is examined, and its general trend is
found.

Related graphics for comparison of face width and module results are
giving Appendix A.1 for type 2 material and twenty-degree pressure angle,
Appendix B.1 for type 2 material and twenty-degree pressure angle, Appendix C.1
for type 1 material and twenty-five-degree pressure angle, D.1 for type 2 material
and twenty-five-degree pressure angle, E.1 for type 3 material and twenty-five-

degree pressure angle.
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Figure 4.1. Module values under various transmitted power at 1:1 speed ratio for
@, =20° and material type 1
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Figure 4.2. Face width values under various transmitted power at 1:1 speed ratio
for a,,=20° and material type 1
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—i— ANSI/AGMA 2003-B97 Standard, 1997 =& 1SO 10300 Standards, 2001

—&— DIN 3991 Standards, 1987 Juvinall R.C. and Marshek K.M, 2011
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Figure 4.3. Module values under various transmitted power at 2:1 speed ratio for
@,=20° and material type 1
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Figure 4.4. Face width values under various transmitted power at 2:1 speed ratio
for a,,=20° and material type 1
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Figure 4.5. Module values under various transmitted power at 3:1 speed ratio for

a,=20° and material type 1
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Figure 4.6. Face width values under various transmitted power at 3:1 speed ratio
for a,,=20° and material type 1
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Figure 4.7. Module values under various transmitted power at 3:1 speed ratio for

a,=20° and material type 1
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Figure 4.8. Module values under various transmitted power at 4:1 speed ratio for

a,=20° and material type 1
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Figure 4.9. Module values under various transmitted power at 5:1 speed ratio for
a,=20° and material type 1
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Figure 4.10. Face width values under various transmitted power at 5:1 speed ratio
for a,=20° and material type 1
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Figure 4.11. Module values under various transmitted power at 6:1 speed ratio for

a,=20° and material type 1
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Figure 4.12. Face width values under various transmitted power at 6:1 speed ratio
for a,,=20° and material type 1
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Figure 4.13. Module values under various transmitted power at 7:1 speed ratio for
a,=20° and material type 1
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Figure 4.14. Face width values under various transmitted power at 7:1 speed ratio
for a,=20° and material type 1
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Figure 4.15. Module values under various transmitted power at 8:1 speed ratio for
a,=20° and material type 1
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Figure 4.16. Face width values under various transmitted power at 8:1 speed ratio
for a,,=20° and material type 1

As seen in Figure 4.1 to Figure 4.16, all approaches in 1:1 speed ratio gave

the maximum module and minimum face widths.
The same trend can also be seen from the given module and face width

figures (4.1 to 4.16) for all speed ratios. As the speed ratio increased (1:1 to 1:8), It
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was observed that while the speed ratio increased, the module decreased for each
design approach, while the face width increased. At speed ratios from 6:1 to 8:1,
the module and face width values are almost the same. In these figures, the
maximum results of module and face widths have been given by ANSI/AGMA
2003-B97 standard for 1:1, 2:1, 3:1 speed ratio. Between 4:1 and 8:1 speed ratio,
AGMA and DIN approach, gave similar results for the module and face width

values, and these values are the highest.

4.1.2. Comparison of the Module Results Considering Speed Ratio for the
Selected Power Transmissions

In the graphics given in this section, the effect of speed ratio for the
selected power transmissions on the module is examined, and its general trend is
found. Table 4.3 gives locations of the obtained results in this work.

Related graphics for comparison of face width and module results are
giving Appendix A.2 for type 2 material and twenty-degree pressure angle,
Appendix B.2 for type 2 material and twenty-degree pressure angle, Appendix C.2
for type 1 material and twenty-five-degree pressure angle, D.2 for type 2 material
and twenty-five-degree pressure angle, E.2 for type 3 material and twenty-five-

degree pressure angle.
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Figure 4.17. The speed ratio effect on the module at 0,5 kW power transmission for
a,=20° and material type 1
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Figure 4.18. The speed ratio effect on the module at 20 kW power transmission for
a,=20° and material type 1
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Figure 4.19. The speed ratio effect on the module at 100 kW power transmission
for a,,=20° and material type 1
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Figure 4.20. The speed ratio effect on the module at S00 kW power transmission
for @,=20° and material type 1
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Figure 4.21. The speed ratio effect on the module at 1000 kW power transmission
for a,=20° and material type 1
The above graphs were examined, and the following results were obtained.
DIN Standard gives the highest module when the speed ratio is 2:1 at 0.5
kW transmitted power value. DIN standard gives the same and highest module
value in 1:1 and 2:1 speed ratio in other selected speed ratios.

For the other technical standards, the module values remain the same at 1:1
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and 2:1 speed ratio. In addition, the highest module value among the selected
speed ratios is in these two speed ratios.

The module value decreases when the speed ratio increases from 2:1 to 6:1
for each standard, while the module remains constant at speed ratios from 6:1 to

8:1.

4.2. Comparisons of Analytical and Numerical solutions of Gear Tooth
Bending Stresses

Comparing analytical and numerical solutions is a parameter that shows the
accuracy of the design. As mentioned in section 3.2.5, the module and face width
results obtained by the approaches, numerical values for 3:1 speed ratio and 100
kW transmitted power are obtained using ANSYS software. Following major steps
and boundaries are involved in pre-processing stage in ANSYS Workbench 18.1.

Boundary conditions are;

- Fixed support is defined to shaft contact surface of pinion and

- Frictionless support is defined to lateral surface of pinion (see Figure 4.23).
Major steps are;
- Material properties are defined in Workbench 18.1 according to material
type 1, data taken from Table 3.1.

- Resultant Force are applied on pitch line of pinion teeth as shown in Figure

4.22.
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Figure 4.22. Applie force on gear tooth pitch line in ANSYS Workbench 18.1
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Figure 4.23. Pre-processing step in ANSYS Workbench 18.1

3D body of pinion is meshed with 2 mm triangle mesh size given in Figure
4.24.
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ag o 102,20 i}

i xa

Figure 4.24. Meshing of body in pre-processing steps in ANSYS Workbench 18.1

In Figure 4.25, the result of bending stress distribution is exhibited along

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

Figure 4.25. Numerical Von Mises stress results in ANSYS Workbench 18.1
84



4. RESULTS AND DISCUSSIONS Mehmet Onur OGULAT

Module and face width results are found analytically using the technical
standards and machine elements textbooks. The results are numerically solved with
ANYSY Workbench 18.1 software. The reliability of each analytical design
approach is verified by comparing analytical and numerical results. The results are
provided in Table 4.2 and Table 4.3. It is observed that the numerical results are

higher than analytical results.

Table 4.2. Comparison of tooth bending stresses obtained from the analytical
approaches and numerical method for a,=20° and Type 1.
Design ANSI/AGMA 2003-| DIN 3991 | I1SO 10300 Juvinall R.C. and
Approaches B97 Standards | Standard | Standards | Marshek K.M.

Module (mm) 14 14 10 11

Face Width 63,668 54,215 54,636 55,566
(mm)

Number of 12 12 12 12
Pinion

Tangential 9,474 9,474 13,263 12,057

Force (kN)

Analytical 38,779 56,962 69,092 112.52
(MPa)

Numerical 42,317 63,165 72,328 93,278
(MPa)

Difference (%) 9,123 10,89 4,68 17,11
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Table 4.3. Comparison of tooth bending stresses obtained from the analytical
approaches and numerical method for a,,=25° and Type 1.
Design  ANSI/AGMA 2003 DIN 3991 | ISO 10300 | Juvinall R.C.
Approaches | B97 Standards @ Standard | Standards | and Marshek

K.M.
Module 12 14 10 10
(mm)
Face Width 66,314 58,467 54,36 53,162
(mm)
Number of 12 12 12 12
Pinion
Tangential 11,052 9,474 13,263 13,263
Force (kN)
Analytical 38,745 56,962 69,087 112.52
(MPa)
Numerical 36,141 57,317 71,861 99,345
(MPa)
Difference 6,72 0,623 4,015 11,71
(%)

The error rate between numerical and analytical values shown in Tables 4.4
and 4.5 showed that it is at most around 10%. This error rate indicates that the

analytical values of the design are of sufficient accuracy.

4.3. Obtaining Geometric Rating Numbers (GRi) for All Design Approaches

In this section, GR; values are provided considering the reference
approach (AGMA) and using the formula given in Section 3.2.3.

Comparison of Geometric rating numbers (GR;) results that are obtained by
using all design approaches are presented by preparing radar charts. The charts are
plotted and presented for the 1:1 to 1:8 speed ratios for the transmitted power
values. With the radar charts, the ratio of each approach to the AGMA approach
can be examined under a single graph. The locations of the GR; results for all the
design approaches are given in Table 4.6.
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Figures in between 4.26 to 4.33 show that the trend for all approaches are
very similar with excellent continuity of the results for the design approaches 20°
pressure angle and material type 1. As a result of this, ranking can be achieved for
ANSI/AGMA 2003-B97 standard, ISO Standards 10300 standards, Juvinall R.C.,
Marshek K.M., and DIN 3991 standards approach ratings.

Related graphics for comparison of face width and module results are
giving Appendix A.2 for type 2 material and twenty-degree pressure angle,
Appendix B.2 for type 2 material and twenty-degree pressure angle, Appendix C.2
for type 1 material and twenty-five-degree pressure angle, D.2 for type 2 material
and twenty-five-degree pressure angle, E.2 for type 3 material and twenty-five-

degree pressure angle.

= ANSI/AGMA
2003-B97
Standard,
840 G 180 1997

200 g 150 10300
220 Standards,
2001

«=4==DIN 3991
Standards,
300 1987

Juvinall R.C.
and
Marshek
K.M, 2011

Figure 4.26. Results of GR; for all approaches at 1:1 speed ratio for «,=20° and
material type 1
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Standard,

840 180 1997
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800 220 Standards,
2001
780 240
760 260
«=¢==DIN 3991
740 280 Standards,
720 300 1987
700 320
Juvinall R.C.
and
Marshek
K.M, 2011

Figure 4.27. Results of GR; for all approaches at 2:1 speed ratio for a,=20° and
material type 1
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220 Standards,
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240
260
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320
Juvinall R.C.
and
Marshek
K.M, 2011

Figure 4.28. Results of GR; for all approaches at 3:1 speed ratio for a,=20° and
material type 1

88



4. RESULTS AND DISCUSSIONS Mehmet Onur OGULAT

00 03 20
609801 9, 40

9 60
== ANSI/AGMA
2003-B97
160 Standard,
180 1997

200 g SO 10300

220 Standards,
2001
240
260
«=4==DIN 3991
280 Standards,
300 1987
320
340 Juvinall R.C.
and
Marshek
K.M, 2011

560 540 520 500 480 460

Figure 4.29. Results of GR; for all approaches at 4:1 speed ratio for «,=20° and
material type 1
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Figure 4.30. Results of GR; for all approaches at 5:1 speed ratio for «,=20° and
material type 1
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Figure 4.31. Results of GR; for all approaches at 6:1 speed ratio for «,=20° and
material type 1
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Figure 4.32. Results of GR; for all approaches at 7:1 speed ratio for «,=20° and
material type 1
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Figure 4.33. Results of GR; for all approaches at 8:1 speed ratio for «,=20° and
material type 1

Mean G R; numbers for various design approaches for each speed ratio with

20° and 25° pressure angle, respectively, are given in Table 4.4 and Table 4.5.
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It was seen in Tables 4.4 and 4.5 that high standard deviation values
depending on speed ratio shows that a ratio cannot be established with average
values, so conversion formulas should be obtained using polynomial equations.

The average speed ratio values from 1:1 to 1:8 given in Table 4.5. and the
mean GR; values for each approach, all type of materials and all pressure angles are
given in Table 4.6.

Table 4.6. Mean GR; numbers for all design approaches, all type of materials and

all pressure angles

Design a, =20° a, = 25°
approaches | Type1 | Type2 | Type 3 | Type 1 | Type 2 | Type 3
ISO 0,601 0,458 | 0,446 0,717 | 0,545 | 0,532
DIN 0,953 | 0,819 | 0,694 1,183 | 0,998 | 0,992
J&M 0,599 | 0,479 | 0,407 0,608 | 0,483 | 0,410
ANSI/AGMA | 1.000 1.000 1.000 1.000 1.000 | 1.000

Considering the 20° pressure angle, the mean GR; values are as follows from the
largest to the smallest.

For Type 1: AGMA > DIN > ISO > J&M;

For Type 2: AGMA > DIN > J&M >ISO;

For Type 3: AGMA > DIN > ISO > J&M.
The same study has been carried out for 25° pressure angle. The mean GR; values
are as follows from the largest to the smallest.

For Type 1: DIN > AGMA > ISO > J&M;

For Type 2: AGMA > DIN > ISO > J&M;

For Type 3: AGMA > DIN > ISO > J&M.

As a result, although the ISO approach gives the lowest mean GR; for
twenty degrees of pressure angle and material type 2, the J&M approach gives the

lowest mean GR; for each material at 20° pressure angle for material type 1 and 3,
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and each material at 25° degrees of pressure angle. AGMA approach gives the
highest GR; except for the type 1 and pressure angle 20°
4.4. Obtaining AGMA Conversion Factors (CFs) for Module and Face Width

The results obtained from the conversion factors and standard deviations of
the conversion factors using the formulas given in Section 3.2.4 are given in Table
4.7 for material type 1 and 20° pressure angle and Table 4.10 for material type 1
and 25° pressure angle.

Standard deviations values for module (o¢F,,;) and for face widths (o¢F,,)
given in Table 4.7 for material type 1 and 20° pressure angle and Table 4.10 for
material type 1 and 25° pressure angle. It shows that the module and face width
results obtained from the design approaches (ISO, DIN, J&M) can be converted to
AGMA standard approach with a reasonable error at the selected speed ratios from
1:1 to 8:1 and selected transmitted power from 0.5 kW and 1000 kW. Correlation
polynomial up to fourth-order (C,) expressions were obtained and given in Table
4.7 for material type 1 and 20° pressure angle and Table in 4.10 for material type 1

and 25° pressure angle.
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The conversion factor differences for 20° and 25° pressure angles are given
in Table 4.11 for module and in Table 4.12 and for face width to find the
correlation for pressure angles. DIN approaches with the highest CFs values and
J&M approaches to the smallest CFs values are given in Figure 4.34 to understand
the effect of pressure angle on CFs easly. The tables and figures show that
differences in conversion factors caused by different pressure are at most 14,267
and at least 0,282. Since conversion factor values are different in pressure angle,

different formulas are needed for each pressure angle.

14 14

=He=18M 200

8 ¢ 08 -

£ M . M2
£

v

11 21 31 41 51 6:1 71 81 11 21 31 L5 51 61 T 81
Speed ratio Speed ratio

Figure 4.34. The effect of pressure angle on CFs values depending on speed
ratios, a)CF,,, b)CFg
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4.5. Case Studies: Testing the Confirmability of CFs

In this section, randomly selected speed ratio and power transmitted values
are used to testing confirmability of the conversion factors obtained using Table
4.9 for twenty degrees pressure angle and Table 4.10 for twenty-five pressure
angle. Module (m; ) and face width (F; ) values are obtained for the selected power
and speed ratios. The values obtained are converted to mygma and Fpagma by
conversion factors (CF,,; and CFg;). The gear volume errors (GV,) are calculated
and the results are given in Table 4.17 for material type 1 and 20° pressure angle,

and in Table 4.18 for material type 1 and 25° pressure angle.
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The maximum GV, values are 12,859 for material type 1 and 20° pressure
angle and 11,774 for material type 1 and 20° pressure angle. These values are for 5
kW power transmission value, 1.8 speed ratio and J&M design approach. The
reason for this is that it will peak between 0.5 kW and 20 kW as can be seen in the
GRi tables in Section 4.3. Looking at other case studies, the error is less than %10.

Lower than %10 error is reasonable to provides the confirmability of CFs.
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5. CONCLUSION

This thesis provides the need to select and use appropriate spiral bevel gear
design approaches that include all designers, from students who have just begun to
gear design to designers who have been engaged in gear design for a long time.
The selected approaches are DIN 3991, 1987 (German Institute of
Standardization), ANSI/AGMA 2003-B97, 1997 (American Gear Manufacturers
Associations), ISO 10300, 2001 (International Organization for Standardization)
standards, and machine element textbooks (Fundamental of Machine Component
Design 5th Edition, Juvinall R.C. and Marshek K.M., 2011 and Shigley’s
Mechanical Engineering Design 9th Edition (SI), Budynas R.G. and Nisbett J.K.,
2011).

Design of gears using ISO, DIN, and ANSI/AGMA Standards take more
design time since they have more complex formulations than those that are
available in machine element textbooks (Fundamental of Machine Component
Design 5th Edition, Juvinall R.C. and Marshek K.M., 2011). Therefore, conversion
factors have been developed to convert the results obtained from the machine
element textbook into the standard approaches. Conversion factors will enable
relatively complicated and time-consuming DIN, ISO, and AGMA gear designs to
be realized in less time combining simplicity of the textbook solution with the
accuracy of technical gear design approaches thus providing convenience and
reducing design time, which coincidently reduces costs for the design.

ANSYS program is also used for the Finite Element Method (FEM). The
numerical solutions were compared with the analytical results that were obtained
for all design approaches. The results of the study show that there is less than 10%
difference between analytical and numerical results in all approaches, except for
Fundamental of Machine Component Design 5th Edition, Juvinall R.C. and
Marshek K.M., 2011 at twenty degrees and twenty-five degrees of angles.
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Although the results of all design approaches differ from each other, they
are very similar to the excellent continuity of the charts. Dimensionless numbers as
geometric rating numbers (GRi) have been described and proposed to rate DIN,
ISO, and textbook design approaches with ANSI/AGMA 2003-B97, (1997),
approach based on bending fatigue failure for spiral bevel gears. In addition to that,
conversion factors (CFs) have been derived. This provides the conversion of any
textbook design approach results into ANSI/AGMA 2003-B97, (1997), with
minimum error. Beyond the investigations already available in the literature, the
following conclusions can be drawn in this study;

Use of radar graphics, GRi values can be read for each approach and
transmitted power at a given speed ratio (1:1 to 1:8) can be compared according to
gear AGMA. 1t is also observed that the trend is similar even if the transmitted
power changes.

Differences in GR; numbers provide a relative comparison between each
approach. For example, mean values of

GRagma minus GRjso (1,00-0,601=0,399) is 0,399

GRagma minus GRygv (1,00-0,599=0,401) is 0,401

GRgma minus GRpyy (1,00-0,953=0,047) is 0,047

GRi (obtained from F times m) values are compared according to the
AGMA approach for pressure angle of 20° and material type 1. ISO, J&M, DIN
approaches have a lower gear tooth volume compared to AGMA with a rate of
39,9%, 40,1%, and 4,7%, respectively.

The difference between the GRi values shows the percentage gear tooth
volume difference according to the AGMA design comparatevily for each design.
These values show that if we use the design approaches other than AGMA, we can
gain material advantage for gear tooth volume for twenty-degree pressure angles.

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

GRAGMA minus GRISO (1,00-0,711:0,289) is 0,289
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GRAagma minus GRgm (1,00-0,608=0,392) is 0,392

GRAgma minus GRpy (1,00-1,183=-0,183) is -0,183

GRi (obtained from F times m) values are compared according to the
AGMA approach for pressure angle of 25° and material type 1. ISO, J&M
approaches have a lower gear tooth volume compared to AGMA with a rate of
28,9%, 39,2%, and respectively. DIN approach has a higher gear tooth volume
compared to AGMA with a rate of 18,3. These values show that if we use the
design approaches other than DIN, we can gain an advantage for gear tooth volume
in the case of using twenty-five-degree pressure angles.

Similar trend can be seen in both pressure angles (20° and 25°) depending
on speed ratio, as shown in Table 4.11, Table 4.12 and Figure 4.34. Although the
pressure angle of J&M to AGMA conversion values changes, the difference
between CFs values according to pressure angle is 3.1% at most. This may be
because the J&M approach refers to the AGMA standard. However, this situation
shows up to 14.3% difference for conversion of ISO and DIN standard approaches
to AGMA CFs. This result showed that CFs formulas must be created for each
pressure angle.

When the hardness of material increased, there was a significant decrease
in the module and face width values for the DIN, ISO and J&M approaches, while
the module and face width in the AGMA approach decreased slightly. Therefore,
there is a decrease in GRi values.

Conversion formulas based on speed ratio at 20 degrees pressure angle
conversion factor of face width for J&M appraoch to AGMA approach equation
gave a result of at least 0.84 R? value shown in Table 4.8. Other results at 20
degrees pressure angle are above 0.94 R? value. Conversion formulas at 25 degrees
pressure angle, R? values are between 0.93 and 0.99 shown in Table 4.10. High R?

values support the accuracy of formulas.
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Dimensionless module and face width conversion factors (CFs) were
generated for spiral bevel gears to convert the design results of ISO Standards, DIN
Standards, and J&M machine element textbook into AGMA with low error. The
formulas and values required to obtain conversion factors are given in section 4.4.
If the speed ratio is an integer (1: 1 to 1: 8), CFs values can be obtained by using
table 4.7 and 4.8 for the 20-degree pressure angle and table 4.9 and table 4.10 for
the 25-degree pressure angle respectively.

The accuracy of CFs values were proven by performing a case study in
section 4.5. Traditional results obtained from design approaches and converted
values(m, ggma and F_4cma ) using dimensionless numbers obtained are given in
Tables 4.17 and 4.18. Comparison of these two values is shown with the value of
GVe. The maximum Gear Volume error (GVe) was found as 12.85% for 20-degree
pressure given in Table 4.17 and 11,77% for 25-degree pressure given in table 4.18
with the aid of CFs. These values are obtained for 5 kW power transmission value,
1.8:1 speed ratio, and J&M design approach. The reason for this is that it will peak
between 0.5 kW and 20 kW, as can be seen in the GRi figures in Section 4.3.
Looking at other study cases, the error is less than 10%. The GVe values indicate
that the traditional and transformed design parameters are almost the same, this
result supports the reliability of the CFs obtained in the study.

Briefly, this study can serve as a guide for designers interested in spiral
bevel gear design. The designer may select better option to optimize the gearbox
design by choosing the size according to the data in the study. Besides, for students
who are new to spiral bevel gear design, they can transform the design results of
easier methods into the design results of technical standards using conversion
formulas without the hassle of using complex formulas. Finally, the results of this
study interest all designers, from students who have just begun to gear design to
designers who have been engaged in gear design for a long time.

Investigation of conversion factors between spiral bevel gear and spur
types of gears are proposed as future work. Especially spur gear design much easier
and provide less time-consuming. The second and last future work is to extend this

study with different standards and machine element textbooks.
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APPENDIX A
A.1. Comparison of Face With and Module Results for a,=20°, Material type
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Figure A.1. Module values under various transmitted power at 1:1 speed ratio for
a,=20° and material type 2
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Figure A.2. Face width values under various transmitted power at 1:1 speed ratio
for a,=20° and material type 2
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Figure A.3. Module values under various transmitted power at 2:1 speed ratio for
a,=20° and material type 2
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Figure A.4. Face width values under various transmitted power at 2:1 speed ratio
for a,,=20° and material type 2
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Figure A.5. Module values under various transmitted power at 3:1 speed ratio for
a,=20° and material type 2

—i— ANSI/AGMA 2003-B97 Standard, 1997 = ISO 10300 Standards, 2001

—&— DIN 3991 Standards, 1987 Juvinall R.C. and Marshek K.M, 2011
180

160

m
[ e <
® O N B
S © o o

Face width, m

[=2)
o

0 200 400 600 800 1000
Transmitted power, kW

Figure A.6. Face width values under various transmitted power at 3:1 speed ratio
for a,,=20° and material type 2
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Figure A.7. Module values under various transmitted power at 4:1 speed ratio for
a,=20° and material type 2
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Figure A.8. Face width values under various transmitted power at 1:1 speed ratio
for a,,=20° and material type 2
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Figure A.9. Module values under various transmitted power at 5:1 speed ratio for
a,=20° and material type 2
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Figure A.10. Face width values under various transmitted power at 5:1 speed ratio
for a,,=20° and material type 2
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Figure A.11. Module values under various transmitted power at 6:1 speed ratio for
a,=20° and material type 2
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Figure A.12. Face width values under various transmitted power at 6:1 speed ratio
for a,,=20° and material type 2
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Figure A.13. Module values under various transmitted power at 7:1 speed ratio for
@, =20° and material type 2
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Figure A.14. Face width values under various transmitted power at 7:1 speed ratio
for a,,=20° and material type 2
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Figure A.15. Module values under various transmitted power at 8:1 speed ratio for
a,=20° and material type 2
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Figure A.16. Face width values under various transmitted power at 8:1 speed ratio
for a,,=20° and material type 2
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A.2. Comparison of the Module Results Considering Speed Ratio for the

Selected Power Transmissions for a,=20° and Material type 2
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Figure A.17. The speed ratio effect on the module at 0,5 kW power transmission
for a,=20° and material type 2
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Figure A.18. The speed ratio effect on the module at 20 kW power transmission for
a,=20° and material type 2
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Figure A.19. The speed ratio effect on the module at 100 kW power transmission
for @,=20° and material type 2
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Figure A.20. The speed ratio effect on the module at 500 kW power transmission
for a,=20° and material type 2
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Figure A.21. The speed ratio effect on the module at 1000 kW power transmission
for @,=20° and material type 2
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A.3. Obtaining Geometric Rating Number (GRi) for All Design Approaches
and a,=20°, Material type 2
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Figure A.22. Results of GR; for all approaches at 1:1 speed ratio for a,=20° and
material type 2
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Figure A.23. Results of GR; for all approaches at 2:1 speed ratio for @,=20° and
material type 2
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Figure A.24. Results of GR; for all approaches at 3:1 speed ratio for @,=20° and
material type 2
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Figure A.25. Results of GR; for all approaches at 4:1 speed ratio for @,=20° and
material type 2
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Figure A.26. Results of GR; for all approaches at 5:1 speed ratio for a,=20° and
material type 2
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Figure A.27. Results of GR; for all approaches at 6:1 speed ratio for «,=20° and

material type 2
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Figure A.28. Results of GR; for all approaches at 7:1 speed ratio for a,=20° and

material type 2
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Figure A.29. Results of GR; for all approaches at 8:1 speed ratio for «,=20° and
material type 2
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APPENDIX B
B.1. Comparison of Face With and Module Results for «,=20°, Material type 3
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Figure B.1. Module values under various transmitted power at 1:1 speed ratio for

a,=20° and material type 3
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Figure B.2. Face width values under various transmitted power at 1:1 speed ratio
for a,,=20° and material type 3
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Figure B.3. Module values under various transmitted power at 2:1 speed ratio for
a,=20° and material type 3
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Figure B.4. Face width values under various transmitted power at 2:1 speed ratio
for a,=20° and material type 3
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Figure B.5. Module values under various transmitted power at 3:1 speed ratio for
a,=20° and material type 3

—— ANSI/AGMA 2003-B97 Standard, 1997 —&—ISO 10300 Standards, 2001

180_‘_ DIN 3991 Standards, 1987 Juvinall R.C. and Marshek K.M, 2011

160
140

= e
o N
o o

7 «M"MM Ladrich

Face width, mm

e

0 200 400 600 800 1000
Transmitted power, kW

Figure B.6. Face width values under various transmitted power at 3:1 speed ratio
for a,,=20° and material type 3
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Figure B.7. Module values under various transmitted power at 4:1 speed ratio for

a,=20° and material type 3
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Figure B.8. Face width values under various transmitted power at 4:1 speed ratio
for a,=20° and material type 3
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Figure B.9. Module values under various transmitted power at 5:1 speed ratio for
a,=20° and material type 3

—— ANSI/AGMA 2003-B97 Standard, 1997 =& SO 10300 Standards, 2001

—&— DIN 3991 Standards, 1987 Juvinall R.C. and Marshek K.M, 2011

250

N
o
o

150

Face width, mm
=
o
o

400 600 800 1000
Transmitted power, kW

0 200

Figure B.10. Face width values under various transmitted power at 5:1 speed ratio
for a,=20° and material type 3
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Figure B.11. Module values under various transmitted power at 6:1 speed ratio for
@,=20° and material type 3
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Figure B.12. Face width values under various transmitted power at 6:1 speed ratio
for a,=20° and material type 3
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Figure B.13. Module values under various transmitted power at 7:1 speed ratio for
@,=20° and material type 3
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Figure B.14. Face width values under various transmitted power at 7:1 speed ratio
for a,=20° and material type 3
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Figure B.15. Module values under various transmitted power at 8:1 speed ratio for
@,=20° and material type 3
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Figure B.16. Face width values under various transmitted power at 8:1 speed ratio
for a,=20° and material type 3
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B.2. Comparison of the Module Results Considering Speed Ratio for the

Selected Power Transmissions for a,=20° and Material type 3
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Figure B.17. The speed ratio effect on the module at 0,5 kW power transmission
for @,=20° and material type 3
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Figure B.18. The speed ratio effect on the module at 20 kW power transmission for
a,=20° and material type 3
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Figure B.19. The speed ratio effect on the module at 100 kW power transmission
for a,,=20° and material type 3
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Figure B.20. The speed ratio effect on the module at 500 kW power transmission
for a,,=20° and material type 3
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Figure B.21. The speed ratio effect on the module at 1000 kW power transmission
for a,=20° and material type 3
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B.3. Obtaining Geometric Rating Number (GRi) for All Design Approaches
and a,=20°, Material type 3
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Figure B.22. Results of GR; for all approaches at 1:1 speed ratio for a,=20° and
material type 3
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Figure B.23. Results of GR; for all approaches at 2:1 speed ratio for a,=20° and
material type 3
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Figure B.24. Results of GR; for all approaches at 3:1 speed ratio for @,=20° and
material type 3
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Figure B.25. Results of GR; for all approaches at 4:1 speed ratio for a,=20° and
material type 3
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Figure B.26. Results of GR; for all approaches at 5:1 speed ratio for @,=20° and
material type 3
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Figure B.27. Results of GR; for all approaches at 6:1 speed ratio for a,=20° and
material type 3
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Figure B.28. Results of GR; for all approaches at 7:1 speed ratio for a,=20° and
material type 3
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Figure B.29. Results of GR; for all approaches at 8:1 speed ratio for a,=20° and
material type 3
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APPENDIX C
C.1. Comparison of Face With and Module Results for a,=25°, Material type
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Figure C.1. Module values under various transmitted power at 1:1 speed ratio for
a,=25° and material type 1
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Figure C.2. Face width values under various transmitted power at 1:1 speed ratio
for a,,=25° and material type 1
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Figure C.3. Module values under various transmitted power at 2:1 speed ratio for
a,=25° and material type 1
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Figure C.4. Face width values under various transmitted power at 2:1 speed ratio
for a,=25° and material type 1
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Figure C.5. Module values under various transmitted power at 3:1 speed ratio for
a,=25° and material type 1
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Figure C.6. Face width values under various transmitted power at 3:1 speed ratio
for a,,=25° and material type 1
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Figure C.7. Module values under various transmitted power at 4:1 speed ratio for
a,=25° and material type 1
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Figure C.8. Face width values under various transmitted power at 4:1 speed ratio
for a,,=25° and material type 1
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Figure C.9. Module values under various transmitted power at 5:1 speed ratio for
a,=25° and material type 1
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Figure C.10. Face width values under various transmitted power at 5:1 speed ratio
for a,=25° and material type 1
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Figure C.11. Module values under various transmitted power at 6:1 speed ratio for
@, =25° and material type 1
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Figure C.12. Face width values under various transmitted power at 6:1 speed ratio
for a,,=25° and material type 1
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Figure C.13. Module values under various transmitted power at 7:1 speed ratio for
@, =25° and material type 1
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Figure C.14. Face width values under various transmitted power at 7:1 speed ratio
for a,,=25° and material type 1
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Figure C.15. Module values under various transmitted power at 8:1 speed ratio for
@, =25° and material type 1
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Figure C.16. Face width values under various transmitted power at 8:1 speed ratio
for a,,=25° and material type 1
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C.2. Comparison of the Module Results Considering Speed Ratio for the

Selected Power Transmissions for a,=25° and Material type 1
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Figure C.17. The speed ratio effect on the module at 0,5 kW power transmission
for a,,=25° and material type 1
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Figure C.18. The speed ratio effect on the module at 20 kW power transmission for
a,=25° and material type 1
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Figure C.19. The speed ratio effect on the module at 100 kW power transmission
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Figure C.20. The speed ratio effect on the module at 500 kW power transmission

for a,,=25° and material type 1
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Figure C.21. The speed ratio effect on the module at 1000 kW power transmission
for a,,=25° and material type 1
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C.3. Obtaining Geometric Rating Number (GRi) for All Design Approaches
and a,=25°, Material type 1
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Figure C.22. Results of GR; for all approaches at 1:1 speed ratio for a,=25° and
material type 1
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Figure C.23. Results of GR; for all approaches at 2:1 speed ratio for a,=25° and
material type 1
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Figure C.24. Results of GR; for all approaches at 3:1 speed ratio for a,=25° and
material type 1
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Figure C.25. Results of GR; for all approaches at 4:1 speed ratio for a,=25° and
material type 1
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Figure C.26. Results of GR; for all approaches at 5:1 speed ratio for a,=25° and
material type 1
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Figure C.27. Results of GR; for all approaches at 6:1 speed ratio for a,=25° and
material type 1
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Figure C.28. Results of GR; for all approaches at 7:1 speed ratio for a,=25° and
material type 1
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Figure C.29. Results of GR; for all approaches at 8:1 speed ratio for a,=25° and
material type 1
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APPENDIX D
D.1. Comparison of Face With and Module Results for a,=25°, Material type
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Figure D.1. Module values under various transmitted power at 1:1 speed ratio for
a,=25° and material type 2
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Figure D.2. Face width values under various transmitted power at 1:1 speed ratio
for a,=25° and material type 2
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Figure D.3. Module values under various transmitted power at 2:1 speed ratio for
a,=25° and material type 2
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Figure D.4. Face width values under various transmitted power at 2:1 speed ratio
for a,,=25° and material type 2
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Figure D.5. Module values under various transmitted power at 3:1 speed ratio for
a,=25° and material type 2

—— ANSI/AGMA 2003-B97 Standard, 1997 =& SO 10300 Standards, 2001

160_._ DIN 3991 Standards, 1987 Juvinall R.C. and Marshek K.M, 2011

140

Ju
N
o

=
o
o

Face width, mm
(o) [ee]
o o

40

20

0 200 400 600 800 1000
Transmitted power, kW

Figure D.6. Face width values under various transmitted power at 3:1 speed ratio
for a,=25° and material type 2
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Figure D.7. Module values under various transmitted power at 4:1 speed ratio for
a,=25° and material type 2

—— ANSI/AGMA 2003-B97 Standard, 1997 =& SO 10300 Standards, 2001

180_._ DIN 3991 Standards, 1987 Juvinall R.C. and Marshek K.M, 2011

160

[
S
o

m
-
N
o

60

Face width, m

0 200 400 600 800 1000
Transmitted power, kW

Figure D.8. Face width values under various transmitted power at 4:1 speed ratio
for a,=25° and material type 2
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Figure D.9. Module values under various transmitted power at 5:1 speed ratio for
a,=25° and material type 2
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Figure D.10. Face width values under various transmitted power at 5:1 speed ratio
for a,=25° and material type 2
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Figure D.11. Module values under various transmitted power at 6:1 speed ratio for
a,=25° and material type 2
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Figure D.12. Face width values under various transmitted power at 6:1 speed ratio
for a,=25° and material type 2
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Figure D.13. Module values under various transmitted power at 7:1 speed ratio for
a,=25° and material type 2
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Figure D.14. Face width values under various transmitted power at 7:1 speed ratio
for a,,=25° and material type 2
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Figure D.15. Module values under various transmitted power at 8:1 speed ratio for

a,=25° and material type 2
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Figure D.16. Face width values under various transmitted power at 8:1 speed ratio
for a,=25° and material type 2
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D.2. Comparison of the Module Results Considering Speed Ratio for the
Selected Power Transmissions for a,=25° and Material type 2
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Figure D.17. The speed ratio effect on the module at 0,5 kW power transmission
for a,=25° and material type 2
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Figure D.18. The speed ratio effect on the module at 20 kW power transmission for
a,=25° and material type 2
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Figure D.19. The speed ratio effect on the module at 100 kW power transmission
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Figure D.20. The speed ratio effect on the module at 500 kW power transmission

for a,=25° and material type 2
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Figure D.21. The speed ratio effect on the module at 1000 kW power transmission
for a,=25° and material type 2
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D.3. Obtaining Geometric Rating Number (GRi) for All Design Approaches
and a,=25°, Material type 2
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Figure D.22. Results of GR; for all approaches at 1:1 speed ratio for a,=25° and
material type 2
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Figure D.23. Results of GR; for all approaches at 2:1 speed ratio for a,=25° and
material type 2
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Figure D.24. Results of GR; for all approaches at 3:1 speed ratio for a,=25° and
material type 2
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Figure D.25. Results of GR; for all approaches at 4:1 speed ratio for @,=25° and
material type 2
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Figure D.26. Results of GR; for all approaches at 5:1 speed ratio for a,=25° and
material type 2
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Figure D.27. Results of GR; for all approaches at 6:1 speed ratio for a,=25° and

material type 2
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Figure D.28. Results of GR; for all approaches at 7:1 speed ratio for a,=25° and
material type 2
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Figure D.29. Results of GR; for all approaches at 8:1 speed ratio for @,=25° and
material type 2
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APPENDIX E
E.1. Comparison of Face With and Module Results for «,=25°, Material type 3
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Figure E.1. Module values under various transmitted power at 1:1 speed ratio for
a,=25° and material type 3
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Figure E.2. Face width values under various transmitted power at 1:1 speed ratio
for a,,=25° and material type 3
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Figure E.3. Module values under various transmitted power at 2:1 speed ratio for
a,=25° and material type 3
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Figure E.4. Face width values under various transmitted power at 2:1 speed ratio
for a,=25° and material type 3
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Figure E.5. Module values under various transmitted power at 3:1 speed ratio for
a,=25° and material type 3
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Figure E.6. Face width values under various transmitted power at 3:1 speed ratio
for a,=25° and material type 3
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Figure E.7. Module values under various transmitted power at 4:1 speed ratio for
a,=25° and material type 3
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Figure E.8. Face width values under various transmitted power at 4:1 speed ratio
for a,=25° and material type 3
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Figure E.9. Module values under various transmitted power at 5:1 speed ratio for

a,=25° and material type 3
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Figure E.10. Face width values under various transmitted power at 5:1 speed ratio
for a,=25° and material type 3
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Figure E.11. Module values under various transmitted power at 6:1 speed ratio for
a,=25° and material type 3
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Figure E.12. Face width values under various transmitted power at 6:1 speed ratio
for a,=25° and material type 3
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Figure E.13. Module values under various transmitted power at 7:1 speed ratio for
a,=25° and material type 3
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Figure E.14. Face width values under various transmitted power at 7:1 speed ratio
for a,=25° and material type 3
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Figure E.15. Module values under various transmitted power at 8:1 speed ratio for
a,=25° and material type 3
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Figure E.16. Face width values under various transmitted power at 8:1 speed ratio
for a,=25° and material type 3
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E.2. Comparison of the Module Results Considering Speed Ratio for the

Selected Power Transmissions for a,=25° and Material type 3
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Figure E.17. The speed ratio effect on the module at 0,5 kW power transmission
for a,=25° and material type 3
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Figure E.18. The speed ratio effect on the module at 20 kW power transmission for
a,=25° and material type 2
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Figure E.19. The speed ratio effect on the module at 100 kW power transmission
for a,=25° and material type 2
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Figure E.20. The speed ratio effect on the module at 500 kW power transmission
for a,=25° and material type 2
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Figure E.21. The speed ratio effect on the module at 1000 kW power transmission
for a,=25° and material type 2
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E.3. Obtaining Geometric Rating Number (GRi) for All Design Approaches
and a,=25°, Material type 3
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Figure E.22. Results of GR; for all approaches at 1:1 speed ratio for a,=25° and
material type 3
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Figure E.23. Results of GR; for all approaches at 2:1 speed ratio for @,=25° and
material type 3
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Figure E.24. Results of GR; for all approaches at 3:1 speed ratio for ,=25° and
material type 3
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Figure E.25. Results of GR; for all approaches at 4:1 speed ratio for @,=25° and
material type 3
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Figure E.26. Results of GR; for all approaches at 5:1 speed ratio for a,=25° and
material type 3
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Figure E.27. Results of GR; for all approaches at 6:1 speed ratio for @,=25° and
material type 3
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Figure E.28. Results of GR; for all approaches at 7:1 speed ratio for ,=25° and
material type 3
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Figure E.29. Results of GR; for all approaches at 8:1 speed ratio for @,=25° and
material type 3
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