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Design Optimization of Speed Increaser Installed on Wind Power Generator
ABSTRACT

Wind power speed increaser is a low-speed and heavy-duty gear transmission
equipment. It serves as one of the important components in wind turbine. The working
environment and characteristics determine that it often breaks down after long term
operation. Therefore, the design, reliability and dynamics of wind power speed increaser
are highly demanded. Thus, the static analysis & dynamic analysis are used to check the
safety of increaser and optimization are used to improve the reliability of it. This study
used Shigley's design method and computational analysis (FEA) to analyze the
feasibility of the design. Safety factor was calculated by Shigley's design method; static
analysis, dynamic analysis and design optimization were carried out by using ANSYS
Workbench 18.0 software. The speed increaser was analyzed on safety factors,
maximum stress & maximum deformation of gears, shafts, keys and casing. Based on
the Shigley's design methods, the results have shown that gears, shafts, keys and bearing
do not have any failure. For computational analysis, all gears, bearing and casing also
do not indicate any failure in static analysis and dynamic analysis. However, it is noted
that the equivalent stress of shaft III is too large reaching 1148.5 MPa and the fatigue
safety factors of shaft III and key III is 0.33 and 1.03, respectively, which indicates
fatigue failure is likely happen in these machine components. The problems are mainly
focused on the strength failure. Design optimization is focused on reducing stress and
increasing safety factor. The diameter and fillet of shaft, length and width of key are
used as input parameters. The best candidate from the design optimization analysis

showed a positive result by increasing diameter of shaft and increasing length and width



of key. The fatigue safety factor of shaft increased to 1.4 and stress reduces to

279.64MPa. The fatigue safety factor of key also increased to 1.48.



Pengoptimuman Reka Bentuk Peningkatan Kelajuan
Dipasang pada Penjana Kuasa Angin

ABSTRAK

Sebagai salah satu komponen penting turbin angin, peningkatan kelajuan kuasa
Wwind adalah sejenis peralatan transmisi gear berkelajuan rendah dan berat. Ia
berfungsi sebagai salah satu komponen penting dalam turbin angin. Persekitaran kerja
dan ciri-ciri menentukan bahawa ia sering terputus dalam proses penggunaan proses
jangka panjang. Oleh itu, reka bentuk, kebolehpercayaan dan dinamik peningkatan
tenaga kuasa angin sangat dituntut. Oleh itu, analisis statik, analisa dinamik dan
pengoptimuman reka bentuk peningkatan kelajuan adalah kepentingan penting yang
besar untuk memperbaiki meningkatkan kebolehpercayaan. Kajian ini menggunakan
pengiraan manual dan analisis komputasi (FEA) untuk menganalisis kemungkinan reka
bentuk. Faktor keselamatan dihitung dengan pengiraan manual; analisis statik, analisis
dinamik dan pengoptimuman reka bentuk dijalankan dengan menggunakan perisian
ANSYS  Workbench  18.0. Untuk memudahkan analisis, makalah ini
membahagi-bahagikan kelajuan membahagi dianalisis pada gear, tiang, kunci, galas dan
selongsongnya. Berdasarkan pengiraan manual, penganalisis menganalisis bahawa gear,
aci, kunci dan galas tidak mempunyai kegagalan pada pengiraan manual. Untuk analisis
pengkomputeran, semua gear, galas dan selongsong tidak dinyatakan tidak
menunjukkan kegagalan dalam analisis statik dan analisis dinamik. Walau
bagaimanapun, diperhatikan bahawa tetapi tekanan setara aci III adalah terlalu besar
yang mencapai 1148.5 MPa dan faktor keselamatan yang lemah dari aci III dan kekunci
III adalah di bawah 1 yang menunjukkan kegagalan keletihan mungkin berlaku dalam

komponen mesin ini. Masalahnya tertumpu pada kepekatan tekanan di kawasan tajam

\Y



dan kegagalan kekuatan. Pengoptimuman reka bentuk ditumpukan untuk mengurangkan
tekanan dan meningkatkan faktor keselamatan. Diameter dan fillet aci, panjang dan
lebar kekunci digunakan sebagai parameter input. Calon terbaik pengoptimuman dari
analisis pengoptimuman reka bentuk menunjukkan hasil positif dengan meningkatkan
diameter batang dan meningkatkan panjang dan lebar kunci. Faktor keselamatan lelah
aci meningkat kepada 1.4 dan tekanan menurun kepada 279.64MPa. Faktor keselamatan

yang lemah juga meningkat menjadi 1.48.
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CHAPTER 1: INTRODUCTION

1.1  The Research Background

Speed increaser is a kind of speed-up gearbox. In wind power generator, speed
increaser is the core transmission component. its main function is to connect the wind
turbine and the generator. By reducing the torsion and increasing the speed of the
gearbox, the speed and torque matching the generator are output, and the power
generated by wind energy is transmitted to the generator, which is ultimately

transformed into electric energy.

In various parts of the wind turbine, the speed increaser component has the highest
failure rate, and it is also the main bottleneck in the design of wind power generation in
the world. At present, the failure of speed increaser mainly concentrated on that the
working life is less than the design requirements. The design life of many speed
increasers are 60 years. But because the breakage and corrosion of gears and shafts, the
working life is always less than design life. The failures of gears and shafts are the
major reasons to cause speed increaser fault. Therefore, it is important to use effective
method to check the problems on the gears, shaft &keys of the speed increaser. And if it
has problems, the optimization is used to change the structure of components of speed

increaser to solve the problems (Liu, Z., 2010).

With the global energy consumption increasing year by year, environmental

pollution is becoming more and more serious, and countries around the world pay more



attention to the use of wind energy. According to the latest wind power installed data
released by the Global Wind Energy Council (GWEC), the installed capacity in 2016
exceeded 54.6 million kilowatts. From the cumulative installed capacity point of view,
the increase in just 16 years is as high as 20 times, which shows the importance of the

use of wind turbines (Wei, W. , 2017).

Wind power is becoming an important part of power generation because of the
limitation of fossil fuels and the pollution. Also there are many advantages on wind
power generator (Figurel.l) such as low cost of generating electricity and suitable for
large scale installation, which is good for improving energy structure. The gear speed
increaser is the main driving part in wind turbine; therefore, the design of the speed

increaser is an important factor in the efficient work of the wind turbine (Bao, E., 2004).

Figurel.1: Overview of wind power generator.

In 1880, the first planetary gear train appeared in Germany. With the development
of the machinery industry, especially the automobile and aircraft industry, the
development of the planetary gear train has also changed a lot. In 20th, high speed and

low speed heavy load planetary transmission device had been produced in Germany and
2



Japan. 300 kW wind turbines are mainly used in coastal areas where transportation and
installation conditions are not ideal. 600 kW wind turbines are mainly used in areas with
flat terrain. 1500 kW wind generator has good economic benefits. According to the
installation form of wind turbine shaft, the current wind power generation equipment is
mainly divided into two types: Horizontal Axis Wind Turbine and Vertical Axis Wind

Turbine (Zhao, X., Liang, Y. W. & Lee, S. S., 2009).

The speed increaser analyzed in this project is installed on the WT1500-D28 wind
turbines manufactured by China Power Grid Corporation. The wind power generation is
Horizontal Axis Wind Turbine. The structure, components and main parameters of the

speed increaser will be introduced in chapter2 literature review.

1.2 Problem Statement

Wind power generation gear box is a kind of low-speed, heavy load and speed
increasing gear transmission device operated by irregular wind direction. Wind turbines
are usually installed in the wilderness, the wild, the mountain pass and the seaside
(Wang, J. J., & Wu, X. L., 2008). And the gearbox was installed in the narrow cabin of
the tower, which is tens of meters above the ground and even one hundred meters high.
Gear box is affected by bad natural environment and hard to repair. If the gearbox fails
during the peak period of power generation, which will seriously affect the economic
benefits of wind power generation. According to the statistics of actual operation of

wind turbines in recent years, the failure rate of gearbox in wind turbines is as high as



9.8% (Crabtree, C. J., Feng, Y., & Tavner, P. J., 2010). And because the gear box repair
program is the most complex, its failure caused by the downtime accounted for 19.4%
of the total downtime (Figure 1.2). Also, the failures of wind power gearbox are often
manifested as gear tooth breakage, pitting corrosion, input shaft breakage, high-speed
shaft leakage, bearing burns (Lee,Y., Zhu,C.Z., & Tao,Y.C., 2017). Therefore, customers
ask high requirements for reliability and service life of gearboxes and gear boxes need

to be further studied.

B Gezrborsen Gear box 15.4%

W vYaw system 6.7% ‘aw system 13.3%
M Electronic system 17.5% Electronic system 14.3%
W Sensor 141 % Sensor 5.4%
W fede134% Blade 5.4%
B Hydrauic pressure 13.3% e

M Control system 12:5% Control system 18.3%

HE E E BB BB

B GCthers 123% Others 113

b). Failure rate statistics of core components a). Core component downtime statistics
Figurel.2: Faults and downtime of core components of wind turbine.

With the development of technology, the requirements for the strength, vibration
and noise of the speed increaser are stricter. Many studies have shown that the vibration
and noise of the gear drive are mainly caused by the vibration of the gear box driven by
the dynamic load. The vibration level of the gear system is directly related to the noise

emitted by the gear device (Mabie, H. H., & Reinholtz, C. F., 1987 ).

The finite element analysis of the shafting system provides a powerful tool for the
evaluation of its dynamic characteristics and performance, which can be used as an
effective standard for product performance evaluation (Wu, J. L., 2005). According to

the results of the finite element analysis, the parameters can be identified. Its task is to

4



determine the parameters of the vibration system from the data obtained from the test,
including model natural frequency, modal damping ratio and mode shape. The static
analysis can help to analyze the static safety factor and maximum stress of components
of speed increaser; dynamic analysis can help to analyze the nature frequency and
harmonic response of it; parameter optimization by using ANSYS software can help to
solve the problems (low safety factor & high stress) by changing dimensions (Lin, J., &

Parker, R. G., 2002).

The working life is less than the design requirements; the failures are often found
as gear tooth breakage, pitting corrosion, shaft breakage, and bearing burns; the
vibration and noise of the gear are mainly caused by the dynamic load are the main
problems. Mechanical design and optimization can help to solve these problems (Figure

1.3).

“* The working life is less than the design
requirements.

Static and dynamic
analysis by ANSYS

“* The failures are often found as gear
tooth breakage, pitting corrosion, shaft

. Safety factor calculation
breakage, and bearing burns. ¥

based on Shigley's design
method

“* The vibration and noise of the gear are

mainly caused by the dynamic load. Modal analysis by

ANSYS

Figurel.3: How to solve problems.



1.3  Research Objectives
The objectives of this study:

a). To design and build model of the speed increaser in wind power generation.

b). To analyze the stress and safety factor of the speed increaser based on Shigley’s
Design Method.

¢). To perform static analysis and dynamic analysis on speed increaser: evaluate the
static performance and dynamic performance in terms of vibration and fatigue failure.

d). To enhance the design of the speed increaser: the maximum equivalent stress,
safety factor, the vibration of the machine and the working life of this speed increaser

can be optimized.

1.4  Research Scope

The scope of this study is due to analyzing the speed increaser by using Shigley's
design method and computational analysis methods. It is also needed to build the speed
increaser model by using UGNX 10.0 software. Then, ANSYS software will be used to
perform optimization. The analysis of this project is divided into 2 methods: (i)
Shigley's design method of gears, shafts, keys and bearing; (ii) Computational analysis
of gears, shafts, keys, bearings and casing. Because, Shigley’s design method is a best
way to calculate the stress and safety factor of mechanical components by substituting
the related parameters. FEA method analyzes the static and dynamic characteristics of
the parts in detail, which can show the specific location of the maximum stress and
breakage place. These two methods are very helpful in finding problems in speed

increaser. The model of the components will be analyzed by using ANSYS Workbench
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18.0 software. Shigley's design method will be used to carry out the factor of safety of
components. Static analysis will be used to analyze the stress and safety factor from
stress tool. Fatigue failure analysis will be carried out to analyze safety factor from
fatigue tool. And the natural frequency of the geometry will be obtained from Modal

analysis. Optimization is used to solve the problem of low safety factor.

After analyzing and optimizing the speed increaser in this project, some
components can be initially checked for damage or failure. The parts with insufficient
safety factor and large stress can be found. Optimization by ANSYS software can help
parts solve failure problems and improve safety factor. Through analysis and
optimization, the safety and durability of speed increaser are improved. At the same

time, its working life is checked to achieve the design working time.

1.5  Thesis Outline

This project consists of five chapters. The layout of the article shows the research
process and the overall structure. Chapter 1 describes the background information of the
research and the problems that the research is facing at present, and explains the reasons
for the problems and remains to be solved. This research is devoted to solving the

problem and optimizing the accelerator.

In addition, the content of Chapter 2 is mainly devoted to reviewing other research
literature in this field, which is conducive to understanding the research level in this

field. Literature review is mainly to help understand the research field, which comes
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from journals, projects and books. This chapter compares the optimization methods
from other studies. Besides, the Shigley's design method theory, static analysis theory,

fatigue failure theory and modal analysis theory are introduced.

In chapter 3, the design of the accelerator and the parameters of each part are
discussed in detail, and the working principle of the accelerator is explained. The
Shigley's design method method is emphasized. The model of speed increaser will be
built using UGNX software. ANSYS workbench 18 will be used for static analysis,

fatigue failure analysis, modal analysis, and parameter optimization.

In chapter 4, the results will be analyzed and discussed from two aspects of
Shigley's design method and computational analysis. The optimization results are also

presented.

Chapter 5 summarizes the research of the whole project, and summarizes the

research results and future work of the subject.



CHAPTER 2: LITERATURE REVIEW

In this chapter, the main purpose is solving the problems below:
1. Structure & parameter of speed increaser;
2. Analysis methods of speed increaser;
a. Analysis components based on Shigley’s design method.
b. Analysis components for static and dynamic analysis with FEA method based
on computational analysis.

3. Design optimization and structure optimization in ANSY'S software.

2.1 Structure & Parameter of Speed Increaser

The speed increaser analyzed in this project is installed on the WT1500-D28 wind
turbine manufactured by China Power Grid Corporation. The wind power generation is
Horizontal Axis Wind Turbine. All parameters of the speed increaser are from design

drawing of WT1500-D28 wind turbine.

She, B. Q. (2008) described that there are many kinds of speed increaser for wind
turbines. According to the traditional types, they can be divided into cylindrical
gearboxes, planetary gearboxes and their combined gearboxes. According to the series
of transmission, they can be divided into single-stage and multi-stage gearboxes.
According to the distribution form of transmission, it can be divided into expansion type,
shunt type and coaxial type. Commonly used gear distribution forms are shown in Table

2.1.



Table 2.1: Commonly used gear distribution forms.(She, B. Q. , 2008)

Sketch Characteristic
T The structure is simple, but the
' i ' position of the gear relative to the
Expansion
: bearing is not  symmetrical.
type I X X Therefore, the shaft is required to
l lll I have a great stiffness.
i The structure is complex, but
Shunt type because the gears are symmetrically
| » | »] distributed relative to the bearings,
L--—l —l— the bearings are loaded uniformly.
The transverse dimension is small,
(s
Coaxial the axial dimension and weight are
type large, and the load distribution on the
I : teeth is not uniform.

At present, the 10kW’s gearbox adopts 2K-H (NGW) planetary gear transmission
whose input shaft is planet carrier and output shaft is solar wheel. And the speed
increaser above 500kW usually use power split planetary transmission.
500kW-1000kW’s common structures are “two stage parallel shelf + a planetary gear”
and “one stage parallel shelf + two stage planetary gears”. The speed increaser box of
1500kW wind turbine adopts “Two level parallel shelf + a planetary gear” structure

(Zhan, Z., 2003).
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The speed increaser studied in this project is a multi-stage gearbox with “Two level
parallel shelf + a planetary gear” structure . For cylindrical gears, the gear distribution
form is selected as expansion type. The sketch of transmission structure of speed

increaser is shown below on Figure 2.1.

I ouT

I

Figure 2.1: Sketch of transmission structure of speed increaser

She, B. Q. (2008) described that load and strength of material are two important
factors determining the factor of safety. In this speed increaser, there are two main
material used in components, which are Ultra-high Strength Steel (42CrMo) and Ductile
iron (QT400). Ultra-high Strength Steel is used in gears, shafts and keys. Ductile iron is

used in casing. The parameters of the materials are introduced below on the Table 2.2.

Table 2.2: Parameters of materials (She, B. Q. , 2008).

Material Density | Young’s modulus | Poisson’ | Tensile yield Tensile ultimate | Hardness
kg/m3 (Pa) s ratio strength (Pa) | yield strength (Pa) | (Brinell)
Ultra-high
7850 2.12E+11 0.280 9.3E+08 1.08E+09 320
Strength Steel

(42CrMo)

Ductile iron
7200 1.61E+11 0.274 2.5E+08 4.0E+08 -
(QT400)
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The speed increaser analyzed in this project is installed on the WT1500-D28 wind
turbines manufactured by China Power Grid Corporation, therefore, the parameters of
each components in speed increaser are known. From the WT1500-D28 wind turbines’
product specifications and design drawings, the parameter of gears, shafts and keys are
shown below:

Rated power: 1500kW; Input speed: 20 rev/min; Output speed: 1500 rev/min;

Wind turbine design speed: 20 rev/min; Rated speed of generator: 1500 rev/min.

Important parameters of gears: (Guo, X. W., 2012)
The out power of this wind power generation is 1500Kw.
The thickness of all gears is 300 mm.
The number of gear teeth F is 20, modulus= 8 mm
The number of gear teeth E is 90, modulus= 8 mm
The number of gear teeth N is 22, modulus= 10 mm
The number of gear teeth M is 94, modulus= 10 mm
The number of gear teeth S is 23, modulus= 16 mm
The number of gear teeth P is 34, modulus= 16 mm

9549 X P
N-m

Because of the formula: T =
Where, T istorque, Nm
n is speed of gear, r/min
P is translate power, kW
The input speed is 20 r/min.

The output speed is 1500 r/min.
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The mechanical efficiency is 95%

. 9549% 1500 ., 90
So, the moment on Gear E is: Tg = 1500 X95% X o= 45230 N-m
0

the moment on Gear M is: Ty = 85230 o 2 = 203425 N - m

95% 22

. . 202425
the moment on input shaft is: T;, =

x 2L~ 847215N - m
95% 23

The diameters on mounting bearing position of shaft I, shaft II and shaft III are 120mm.

She, B. Q. (2008) analyzed the heat treatment characteristics of gears. Gear blank
is made by forging method, which can obtain good forging structure fiber and
corresponding mechanical properties. Reasonable heat treatment method is adopted to
ensure that the comprehensive mechanical properties of the material can meet the design
requirements. These two parameters of allowable bending stress number S; &
allowable contact stress number S, are defined of the material used in gears. Table 2.3

lists the material properties of the gears in this project.

Table 2.3: The material properties of the gears (She, B. Q. , 2008).

. allowable bending allowable contact
Material Heat treatment
stress number S, stress number S,
Ultra-high Temperin,
Gears y pering 900 MPa 1650 MPa
Strength Steel HB320-350
(42CrMo) Tooth surface
hardening
HRC58-62
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2.2 Theories of Shigley's design method

Shigley's design method theories of speed increaser will be introduced in this part.
They are Shigley's design method of gears based on AGMA standard, Shigley's design
method of shafts, Shigley's design method of keys and Shigley's design method of

bearing.

Continue the case study by specifying appropriate gears and shafts, this project
specifies that components with safety factor greater than 1.2 are qualified (safety
factor > 1.2). Achieve safety factors of at least 1.2 for pitting and bending safety factors
of gears, shown below on Table 2.4. Achieve safety factors of at least 1.2 for yield and

fatigue safety factor of shafts & keys (Richard, G. B., & Nisbett, J. K., 2010).

Table 2.4: The minimum pitting and bending safety factor.

Minimum safety factor for Minimum safety factor for

pitting fatigue of gears Sh bending fatigue of gears Sr

1.2 1.2

2.2.1 Calculation of Gears Based on AGMA Standard

Description of the procedure based on the AGMA standard is highly detailed. The
best review is a “road map” for bending fatigue and contact-stress fatigue. These will be
shown next: the bending stress equation, the endurance strength in bending equation,

and the factor of safety Sp. Also, the contact-stress equation, the contact fatigue
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endurance strength equation, and the factor of safety Sy will be displayed. When

analyzing a gear problem, these equations are useful reference.

2.2.1.1 Spur gear bending analysis:

Based on ANSI/AGMA 2001-D04 (Richard, G. B., & Nisbett, J. K., 2010)

a, =
P P4
mdn
V=—
12

33000H

wt =

v

Where,

d, is diameter of gear,

N is the number of tooth,
P, is diametric pitch,

V s rotating speed,

d 1is diameter,

n is rotating speed, rev/min,
W' is force on gear tooth,

H is power.

Gear bending stress equation,

Py KmKp

6 = W'KoK K, =

Where,

K, is shown on Table 2.5,

AV

K, is dynamic factor,K, = (

7 )

(Equation 2.1)
(Equation 2.2)

(Equation 2.3)

(Equation 2.4)

(Equation 2.5)
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Table 2.5 Overload factor, K, (J. Keith Nisbett 2013)

Driven Machine

Power source Uniform Moderate shock Heavy shock
Uniform 1.00 1.25 1.75
Light shock 1.25 1.50 2.00
Medium shock 1.50 1.75 2.25

A=50+56(1-B)
B =0.25(12 — Q,)%/3
Q, is Gear Processing Accuracy,
K, s size factor, K = 1.192(120)0053
K, 1is Load-distribution factor,
F  is net face width of narrowest member,
J is geometry factor,
Ky =14 Cone(CpfCpm + CinoCo)
K, isrim-thickness factor, Kz =1 ,

Gear bending endurance strength equation,

S, Yy
Oqll — =
all SF KTKR

Where,

S

. 1is allowable bending stress number,

S, 1s bending safety factor,
Y, is stress-cycle factor,
K, is temperature factor,

K, 1is reliability factor.

(Equation 2.6)

(Equation 2.7)

(Equation 2.8)

(Equation 2.9)
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Gear bending factor of safety,

Sp = St¥n/(KrKg) (Equation 2.10)

a

2.2.1.2 Spur gear wear analysis

Based on ANSI/AGMA 2001-D04

Gear contact stress equation,

. = Cp(WfKOKvKS;—'; Ly (Equation 2.11)
Where,
1/2
C, is elastic coefficient, Cp = [— vzl — (Equation 2.12)
)

I is geometry factor, [ = oS sing_Me_ (Equation 2.13)

2my mg+1

Gear contact endurance strength,

_ ScZnCy
 SyKrKg

O¢,all (Equation 2.14)

Where,

S. 1s AGMAsurface endurance stress,
Z, 1s stress-cycle factor,

C,, 1s hardness-ratio factor,

S,, 1s pitting safety factor,

is temperature factor,

is reliability factor.
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Wear factor of safety,

S, = ScZnCy/(KTKR)
H = a,
c

(Equation 2.15)

2.2.2  Shigley's design method of Shafts

Bending, torsion, and axial stress may be present in both mid-ranges and alternating
components. For analysis, it is simple enough to combine the different types of stresses
into alternating and mid-ranges von Mises stresses.

Combining the stress with the distortion energy failure theory, the von Mises stresses

for rotating round, solid shafts, neglecting axial loads, are given by

The alternating stress: o0, = [(32Kf Mo )2 + 16Kf —=2) ] (Equation 2.16)
The mean stress: Om = [(BZKf il )2 + 16Kf =) ] (Equation 2.17)
The endurance limit: Se = kakpkckak kS e (Equation 2.18)
Where,

k, = aSh. (Equation 2.19)
k, = 1.51d70157 (Equation 2.20)
DE-Goodman failure criterion,
1 Oq Om .
s + Sur (Equation 2.21)
Where,
n, is factor of safety of fatigue failure

S

ut

is the yield strength
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Factor of safety of yielding,

__ 5

y oqtom

(Equation 2.22)

2.2.3 Shigley's design method of Keys

Keys are used on shafts to secure rotating elements, gears and the keys are square
keys. For safety the factor of safety is required above 1.5. Failure by shear across the
area will create a stress of T = t—Fl . Substitute the strength divided by the factor of safety

for T gets: (Richard, G. B., & Nisbett, J. K., 2010)

Ssy

= g (Equation 2.23)

n

Where,

Sy 1s shear strength.

sy
n is factor of safety.
¢t is thickness, / is length.

To resist crushing, the area of one-half the face of the key is used:

Sy

) (Equation 2.24)

Where,

S isyield limit strength.

y

2.2.4 Shigley's design method of bearing
When the speed of shafts and the forces loaded on shafts are known, it is easy to
select a suitable bearing by using Equation 2.25, which is from Shigley’s bearing design

method.

Xp ]1/a

Cio = asFp [x0+(9_x0)(1_RD)1/b (Equation 2.25)

Where,
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as is application factor;

Fp is design load.

2.3  Theory of Computational Analysis
Some computational analysis theories will be introduced in this part. They are modal

analysis theory, static failure theory and Goodman failure theory.

2.3.1 Modal Analysis

Modal analysis can be used to analyze the nature frequency of components. Every
non-forced mechanical systems and stable systems with harmonic vibration at discrete
frequencies are called natural frequencies. The analysis of vibration, modal analysis and

frequency analysis are shown below:

Frequencies and mode shapes for undammed systems:

My - My |X; St S [X1 0
: i I N | I (Equation 2.26)
My - My, Xn Sp1 o Spnd WXy 0
Assuming motion to be sinusoidal,
X, = Xysin (wy, t + 1) (Equation 2.27)
Where,
X1 X1
Xp= ||, xppp =1 (Equation 2.28)
XTL an

r

A multi degree of freedom system:
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MX + CX + KX = f(b) (Equation 2.29)
Miit+Ku=20 (Equation 2.30)
Where,
M is the mass matrix;
C is the damping matrix;
K is the stiffness matrix;
f is the forcing vector;

u 1is the nodal displacement.

Assuming that the displacement varies with time,

X(t) = Xsin (wt) (Equation 2.31)
X(t) = wX cos (wt) (Equation 2.32)
X() =— w?*X sin (wt) (Equation 2.33)

Where,

X(t), X(t) and X(t) are displacement, velocity and acceleration.

Multiplying by using Equation 2.30 and the eigenvalue problem as shown in

Equation 2.34 is generated.

>

[K — w2M]X,, =0 (Equation 2.34)

2.3.2 Von Mises Stress
The theory is called as maximum distortion energy theory. Von Mises stress has

described as a single, equivalent, or effective stress for the entire general state of stress
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in a stress element. Yielding happens when metal deformation occurs and the von Mises

stress formulae is shown on Equation 2.35.

7= %[(01 —05)% + (0, — 03)% + (03 — 01)?]/? (Equation 2.35)
Where,
01 1s the maximum principal stress,
0, 1is the minimum principal stress.
And,
[y

2.3.3 Static Failure Theory
The factor of safety form stress tool can be determined from Equation 2.36 (Richard,

G. B., & Nisbett, J. K., 2010).

=
I
a |

(Equation 2.36)
Where,

o, is the yield stress,

o 1is the von Mises stress.

2.3.4 Goodman Failure Theory

Fatigue failure will be found when the stress focus on component is larger than the
stress of the yield strength of materials. When the reciprocal of safety factor form
fatigue tool is greater than the calculated parameters, the material can work safely. As

shown below on Equation 2.37.
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+Im L (Equation 2.37)

Se Sut n

Oq

Where,
o, 1s the alternating stress,
0, 1s the mean stress,
S, is the endurance limit,

Syt 1s the yield strength and n is the factor of safety.

2.4 Common failure modes

Parey's study of the dynamics of Gear Transmission Systems focuses on defective
gears such as pitting, palling and tooth breakage (2003). He established a dynamic
model for the gears with the above-mentioned faults and analyzed the dynamic
characteristics caused by various faults. But the dynamic model of this kind of fault gear
is very difficult to establish, even if it is established, it is difficult to use the
conventional analytical method to solve, only rely on some finite element software. The
problem is that it is difficult to analyze the different response of gear systems above

various conditions.

Ma, C., Ma, Y. L. & Zhao, H. A. (2011) introduced several common failure modes
of gears in speed increaser.
1. Tooth surface wear;
Tooth surface wear is mainly caused by dust or metal particles or insufficient
lubricant in the speed increaser, resulting in severe abrasive wear between the tooth

surfaces. It makes the tooth profile of the gear change obviously, and causes the
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meshing clearance to become bigger, and even causes the gear teeth to break because of
the thinning of the gear teeth.
2. fatigue failure;

In the actual gear meshing process, relative rolling is accompanied by relative
sliding, and the manifestations of fatigue failure are corrosion and flake corrosion. In
the process of gear meshing, the contact stress of the tooth surface will change
periodically. When the periodically varying contact stress exceeds the contact fatigue
limit of the material, the contact surface of the gear will crack.

3. Tooth fracture;

The gear teeth bearing loads in the gearbox fail due to excessive impact,

excessive load, or repeated bending stress. The failure form of spur gear is full teeth

broken, while helical gear is partial broken.

Bao, E. (2004) mentioned in his article that because of the randomness and
seasonality of wind speed, it will bring great uncertainty to the external excitation of the
speed increaser. This kind of excitation makes the speed increaser produce great
vibration and noise, which is also one of the most important reasons for the failure of

the speed increaser.

2.5 Design Optimization
Design optimization is a process of structural optimization and parameter
optimization for parts with failure or potential safety problems by using relevant

technical methods. Before this study, many scholars devoted themselves to the
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optimization design of the speed increaser, which solved many problems. But there are
still many problems in the work of the speed increaser, such as breakage of gears &
shafts, corrosion of gears and low working life. Through consulting the literature, it is
known that the method combining Shigley’s design method and computational analysis
method has not been applied to analyze the components of the speed increaser. And

optimization in ANSYS software will be a reasonable method to enhance safety factor.

Rossow, W. P., & Taylor, J. E. (2007) first used mathematical programming theory
and finite element method to solve the minimum weight problem of elastic structures
above multiple loads. Taylor have carried out the optimum design of the variable
thickness stress film, and proposed the variable thickness method. However, this
method is only suitable for optimizing objects such as plates and shells, and it is

difficult to optimize three-dimensional continuum.

Sui, Y. K. (1996) proposed an independent continuous mapping method for the
mutual transformation of discrete variables and continuous variables, using the idea of
continuous topological variable change. And he established the topology optimization
model of truss structure and solved the optimization design problem of truss structure

above variable load and constraints.

Adam, M. R., & Magdi, R. (2010) took the planetary gear train and the box of the
wind power gearbox as a system to optimize, and studied the influence of the system

stiffness and the amount of gear misalignment on the optimization of the box.
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Fuglsang, P. (2000) used constrained optimization method to optimize the structure
of the box, established a mathematical model according to its working conditions, and

achieved the goal of lightweight through iterative calculation.

Luo, H. T., Wang, C. J., Meng, J. H., & Zong, X. (2006) put forward the design
method of institutional digitalization. From the point of view of system, he analyzed the
mechanical components, improved the traditional design mode of isolation between
analysis and design, provided a general design and development platform, realized the
integration design and analysis of mechanical system, accelerated the design speed of

products, and shortened the production cycle of mechanical products.

2.5.1 Structure Optimization

Mao, F. H., Han, M. K., & Dong, H. M. (2015) carried out lightweight research on
the front body and the planetary frame of power split wind power gearbox, based on
multi-position working conditions. He used topology optimization and size optimization

methods to obtain lighter, better static characteristics of the new structure.

Guo, X. W. (2012) used ‘Opti Struct’ software, based on support vector machine
theory and fruit fly optimization algorithm to carry out lightweight research on the
traditional configuration of MW wind power gearbox. On the premise of guaranteeing

the static and mechanical properties of the initial structure, he optimized the topology
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and dimensions of the box and planetary frame, and finally got a new structural scheme

of 3.67% weight reduction, which achieves the goal of lightweight.

Dong, H. M., Ding, S., & Wang, H. Y. (2014) studied the structural optimization of
the central pillar, saddle and cross slide of CNC machine tools. Above the premise of
ensuring the static and dynamic performance unchanged, they have achieved the goal of
lightweight research of machine tools. Also, in the field of automotive structural
optimization, they have established optimization models of suspension swing arm, body
and transmission box, and carried out topology optimization and size optimization

research.

Qin, D. T, Xing, Z. K., & Wang, J. H. (2008) considered the meshing stiffness,
error and other factors, and established the optimization model of gearbox with the
minimum volume as the objective function and the equal strength of gears as the
constraint condition. He used MATLAB to analyze, above the condition of variable load,
to achieve the purpose of greatly improving reliability and reducing the volume of the

gearbox.

Dong, J. Z. (2007) illustrated the influence of the optimization of main geometric
parameters on the performance parameters of megawatt wind turbine gearbox. He used
the complex method to solve the optimization model, and achieved the goal of equal

strength optimization design.
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CHAPTER3 MATHODOLOGY

3.1 Flow Chart

The whole project process is shown in Figure 3.1.

Start

S

Shigley's design method
* Shigley's design method is used to
calculate safety factor of gears;
* Shigley's design method is used to
calculate safety factor of shafts;
* Shigley's design method is used to
calculate safety factor of keys;
* Shigley's design method is used to
calculate the rated dynamic load of

bearing.

Model Development
* Preliminary design model by UGNX software;
« Simplification of geometric model;

» Export models to ANSYS Workbench software.

{4

Computational Analysis
* Analysis using ANSYS Workbench software;
» Static analysis;
» Fatigue failure analysis.

* Dynamic analysis (Modal analysis);

'4

Design Optimization
Using ANSYS software to do parameter

optimization on failure components.

¥

End

Figure 3.1: Flow chart of the whole research process.
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3.2  Statement of Methodology

The factor of safety is the coefficient used to reflect the structural safety degree in the
engineering structure design method. Factor of safety involves the economic benefits of
the project and the possible consequences of structural damage. If the factor of safety of
the machine does not meet the standard (safety factor < 1.2), this machine may be
damaged. Thus, in this chapter, the maximum stress, yield factor of safety and fatigue
safety factor will be calculated to verify the reliability of each part of the speed increaser.
Shigley's design method and computational analysis will be used to obtain stress and
safety factor. The optimization methodology will be performed at the end of this

chapter.

There are 6 gears and 3 shafts in this speed increaser gear box system. The structure

of speed increaser is shown below on Figure 3.2:

I our

i

111

Figure 3.2: Structure of the speed increaser.
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You can see it clearly in this figure that there 3 pairs of meshing gears and 3 shafts in

this system. Meshing gears are gear E and F, gear M and N, gear P and S. In addition,

shafts are shaft I, shaft II and shaft III. More parameters has been shown in chapter 2.

The models of each component are shown below on Table 3.1. Next, these components

will be calculated separately.

Table 3.1: Models of components of speed increaser.

Component Model Component Model
Gear E Gear F and Shaft I
Gear M Gear N and Shaft II
Gear P Gear S and Shaft III
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3.3  Shigley's design method

3.3.1 Calculation of Gears
The transmission parameters of gears and the details of each gear are shown below on

the Table 3.2. Some original parameters has described in chapter 2. More calculation

details are shown on APPENDIX. (A1l and A2)

1

Total gears transmission ratio:  €;,¢q; = -
. . Np 1
Gears transmission ratio between gear E and F: »
E .
. . Ny 1
Gears transmission ratio between gear M and N: Y, 13
M
. . Ng 1
Gears transmission ratio between gear R and S: Y. 39
R .

Table 3.2: Parameters of gears.

Gear | Number Modules Pressure Velocity Thickness Moment | Geometry | Life cycle Material
of teeth (teeth/in) angle (rev/min) (mm) (N.m) factor J
F 20 2.11 20 1500 150 9549 0.33 1.57E+10 42CrMo
E 90 2.11 20 335 150 42970 0.43 3.5E+9 42CrMo
N 22 1.59 20 335 250 42970 0.33 3.5E+9 42CrMo
M 94 1.59 20 78 250 183600 0.43 8.1E+8 42CrMo
S 23 1.59 20 78 300 183600 0.33 8.1E+8 42CrMo
P 34 1.59 20 0 300 - 0.38 - 42CrMo

In the speed increaser, there are three pairs of meshing gears. In order to analyze the
safety factor of each gear simply and accurately, each pair of meshing gears will be
analyzed separately. Torque, power and speed of each pair of meshing gears will be

added to the active wheels separately, and the safety factor of the gears will be
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calculated by using AGMA design standard. Therefore we can use the formula

mentioned in the chapter 2 to calculate the desired parameters.

Also, to calculate gears bending endurance strength safety factor and pitting safety
factor, two parameters about gears material need to be introduced. They are allowable
bending stress number S; and allowable contact stress number S. . They have been
introduced on Table 2.3 in chapter 2. For ease of use, the two parameters are shown

again below on the Table 3.3.

Table 3.3: allowable bending stress number & allowable contact stress number.

Material allowable bending stress number S;, (MPa) allowable contact stress number S, ,(MPa)

42CrMo 900 1650

In order to calculate the safety factor of gear, gear bending stress o and gear contact
stress g, need to be calculated first. We can find the relevant formula in the theory of
chapter 2. From Equation 2.4 and Equation 2.11, the gear bending stress ¢ and the gear
contact wear stress o, can be calculated respectively. Then we can use Equation 2.10
and Equation 2.15 to calculate gear bending safety factor Sr and gear pitting safety
factor Sy, respectively. Factor of safety is a good index to identify failure of parts

during work when Sp and Sy <1.2.

The Shigley's design method of 3 pairs meshing gears are shown below:
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1. Gear E and gear F.

From Equation 2.4, the gear bending stress o of gear E and F can be calculated,

Py KmKp

O = WtKoKVKS F ]

= 17892(1)1.62(1.27) =2 200

= 39738 psi (275 MPa)

Py KmKp

Of = WtKoKvKS F ]

= 17892(1)1.62(1.22) =220

= 48111 psi (330 MPa)

From Equation 2.10, the bending factor of safety Sy can be calculated,

S = S¢Yn/(KTKR)
FE=" o

_900(0.917)
- 275

=3.0

S, = S¢Yn/(KTKR)
FF=— o

900(0.893)
T 330

=24

From Equation 2.11, the gear contact wear stress ¢, can be calculated,

K, C
0cr = Cp(W KoK Koot <012

1

_ 132 1 72
= 2276[17892(1)1-62(1'27) 42.5(6) 0.131]

= 86805 psi (600 MPa)
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m C
0er = Cp(W KoK, K2 L)1/

1
1.32 1 ]5

= 2276[17892(1)1 62(1.22) oo

= 180880 psi (1200 MPa)

From Equation 2.15, the gear pitting factor of safety Sy can be calculated,

S __ ScZnCy/(KTKR)
HE — o
c

_1650(0.874)
- 600

=24

S __ ScZNCy/(KTKR)
HF — o
c

_1650(0.844)
T 1200

=1.2

2.  Gear M and gear N.

From Equation 2.4, the gear bending stress ¢ of gear M and N can be calculated,

Pd KmKp

on = WKoK, K, ==

1.59 1.479(1)

= 54647(1)1.36(1.28) —~——

= 52025 psi (358 MPa)

Pd KmKp

GN—WK()KK ]

1.59 1.479(1)

= 17892(1)1.36(1.27) ===

= 67260 psi (464 MPa)
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From Equation 2.10, the bending factor of safety Sy can be calculated,

_ StYn/(KTKR)
o

900(0.941)
T 358

=24

_ StYn/(KTKR)
g

_900(0.0.917)
- 464

=1.78

From Equation 2.11, the gear contact wear stress o, can be calculated,

K, C
Oem = Cp(W KoK Kogt <)1?

1
1.479 1 ]E

= 2276|54647(1)1.36(1.28) 59.2(10) 0.130

= 97315 psi (670 MPa)

K, C
Oen = Co(W KKK 35 <)M

1
1.479 1 ]5

= 2276[54647(1)1.36(1.27) 13.85(10) 0.130

= 200000 psi (1380 MPa)

From Equation 2.15, the gear pitting factor of safety Sy can be calculated,

S __ ScZnCy/(KTKR)
HM — o
c

_1650(0.901)
- 670

=2.2
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__ ScZnCy/(KTKR)
Oc

1650(0.874)
1380

= 1.06
3. Gear P and gear S.

From Equation 2.4, the gear bending stress ¢ of gear S can be calculated,

Pd KmKp

o5 = W'KoK K, =2

_ 224310 1.59 1.495(1)

0.33

(1)1.187(1.29) =

= 68724 psi (474 MPa)

From Equation 2.10, the bending factor of safety Sy can be calculated,

_ StYn/(KTKR)

S =
FS o

900(0.941)
T 474

=1.8

From Equation 2.11, the gear contact wear stress ¢, can be calculated,

Km c
05 = Cp(W' KoK K =2 -H)1/?

1

= 2276 224310

(1)1.187(1.25) ——— 14.49(12) 0.128

= 196475 psi (1350 MPa)

From Equation 2.15, the gear pitting factor of safety Sy can be calculated,

S, = ScZnCy/(KTKR)
HS —

Oc

_1650(0.901)
T 1350

=11

1.495 1 ]5

36



More details of parameters of gears are shown on APPENDIX. (Al and A2)

For gear P the parameter and dimension are similar with gear S. But the diameter
of gear P is bigger than the diameter of gear S. Thus, the factor of safety of bending and
pitting of gear P are larger than that of gear S. Also, both bending safety factor and
pitting safety factor of gear S are above 1.2. Thus, in order to simplify the calculation
procedure, it is assumed that bending safety factor and pitting safety factor of gear P are

2.0 and 1.3, respectively.

3.3.2 Calculation of Shafts

We can know from Figure 3.2 that there are 3 shafts in this gear box system and the
safety factor of shafts need to be analyzed to ensure safety. For the load of shafts,
because the gear diameters are known and structure locations of shafts are set, the
shear-moment diagrams of shafts can be produced. Transmitted loads have been
calculated by using parameters and equations mentioned in chapter 2, so the radial and
axial loads transmitted through the gears can be determined. From summation of force
and moments on each shaft, ground reaction forces at the bearing position can be
determined. For rotating shafts, only the resultant magnitude is needed, so force
components at bearings are summed as vectors. Shear force and bending moment
diagrams are usually obtained in two planes, and then summed as vectors at any point of
interest. But in this case, the tangential force is far greater than radial force, so in order

to simplify the calculation difficulty, only tangential force is used to calculate. A torque
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diagram should also be generated to clearly visualize the transfer of torque from an

input component, through the shaft, and to an output component.

Shaft 111

- ~ Gear S e

250

D2

Dl

0300
0

p—

183600

il it i i i i . il

-150290

39826 I

|
VA N | |
| 93710
|
|
|
|
|
|
1
|
1
|

Figure 3.3: Shear-moment diagrams.
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Here shaft III will be as an example to show the process of producing the
shear-moment diagrams, shown on Figure 3.3. And other two diagrams are shown on
APPENDIX, (A5). The material of shafts is 42CrMo, which property is shown on Table
2.2. The Tensile ultimate yield strength S, = 1080 MPa. The Tensile yield strength
S, =930 Mpa . The safety factors of shafts will be determined based on Shigley's

design method. The details of it are shown below.

The gears and bearings are located and supported by shoulders. The gears transmit
torque through keys. The tangential force transmitted through the gears to shafts to be
determined as follows. More details are shown on APPENDIX. (A3 and A4)

W,y = 244000 N

W, =79582 N

Now we have known WZ_F and Wztvm' Then the safety factor of shafts can be
calculated easily by using Equation 2.16 to Equation 2.22 shown in Chapter 2. The
safety factor of shafts includes the fatigue safety factor and yield safety factor of
shoulders, the fatigue safety factor of keyway position and the fatigue safety factor of

bearing position.

1. Shaft]

The maximum moment and torque of shaft [ is M, =17717 Nm and T,, =9549 Nm,

respectively. (APPENDIX, AS)
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From Equation 2.18,
Se = kakbkckdkeka'e
= 0.708(0.71)0.5(1080)
= 272 MPa

From Equation 2.16 and 2.17,

_32KfMg  32(1.7)17717

9a ad® 3.14(012)° 177 MPa

16K Ty, 16(1.5)9549
Tm = V3 7123 =V3 510.1)23 33

From Equation 2.21 and 2.22,

Fatigue failure safety factor based on Goodman theory,

1 o (o7 177 73
—=24m= =05
ng Se Sut 272 1080

ng = 2.0 (on bearing position)

Factor of safety of yielding,

Sy 930
Y ogto, 177473

= 3.7 (on bearing position)

2. Shaftll
The maximum moment and torque of shaft Il is M, =34627 Nm and T,, =42970
Nm, respectively. (APPENDIX, AS5)
From Equation 2.18,
Se = kakbkckdkeka'e
= 0.708(0.69)0.5(1080)

= 267 MPa
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From Equation 2.16 and 2.17,

__ 32KfMg  32(1.6)19174

Ta =03 = 31400158 93 MPa
5 16KeTm  =16(1.6)42970
om =3 nd® V3 o155~ 102 MPa

From Equation 2.21 and 2.22,

Fatigue failure safety factor based on Goodman theory,

1 o o 93 152
—=Je g Im— = 22— 0,49
ng Se Sut 267 1080

ng = 2.0 (on gear shoulder position)

Factor of safety of yielding,

s 930 .
Yy — —
n = = 3.7 (on gear shoulder position
Y ggto, 934152 (ong p )

For the safety factor of key way position,

e 32KM,  32(2.14)20000
a™ g3 T 3.14(0.15)3

=129 MPa

16K £5Tpm 16(3.0)42970

L _%a om _ 129 337

= —=0.8
ng Se Sy 267 1080

ny = 1.26 (on key way position)

For the safety factor of bearing position,
Because the moment is very small at bearing position, only need to consider bending

stress.

__ 32KfMg  32(2.14)8000

Ta =03 = 3.14(0.135)° 90 MPa
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S 267 tion)
nf_aa_ 50 = 2 (on bearing position

3. ShaftIII

The maximum moment and torque of shaft IIl is M, =39826 Nm and T,, =183600

Nm, respectively. (APPENDIX, AS5)
From Equation 2.18,
Se = kakbkckdkeka'e
= 0.708(0.65)0.5(1080)
= 250 MPa

From Equation 2.16 and 2.17,

_ 32KgMg  32(1.6)23428

9a = "7 T 31021 Qi MPa

16K 5T, 16(1.35)183600
O = V3L = Y3200 = 236 MPa

From Equation 2.21 and 2.22,

Fatigue failure safety factor based on Goodman theory,

1 o o 41 236
L_lagom_ A B0 _ 383
ng Se Sut 250 1080

ny = 2.6 (on gear shoulder position)

Factor of safety of yielding,

Sy 930
Y7 Guto, 414250

= 3.3 (on gear shoulder position)

For the safety factor of key way position,

__32KfMg  32(2.14)39826

Ta md3  3.14(0.21)3 =94 MPa

16K 75T, 16(3.0)183600
o =3 7123 =3 (7'[0).213 =520 MPa
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1 o o 94 520
— =Ty In_ 422 _ 85
ng Se Sut 250 1080

ny = 1.2 (on key way position)

For the safety factor of bearing position,

Because the moment is very small at bearing position, only need to consider bending

stress.
_ 32KgMg  32(2.7)6000
9a = "7 T Z1a012° 95 MPa
S, 250 26 beari >
nr=—= ——= 2.6 (on bearing position
r= 5. = o8 ( gp )

More details of parameters of shafts are shown on APPENDIX, (A3 and A4).

3.3.3 Calculation of Keys

Keys are used on shafts to secure rotating gears. For this speed increaser, the
material of keys is 42CrMo and the property is shown on Table 2.2. There are 2 keys in
this speed increaser: key Il and key III.

Key II is used on shaft II connecting gear E & key III is used on shaft III
connecting gear M. Keys are square key. The parameter is shown below on Table 3.4.

And the models of keys are shown on Figure 3.4.

Table 3.4: Parameter of keys

Key II Key III
Width (mm) 50 57.2
Height (mm) 50.8 50.8
Length (mm) 80 140
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Key Il Key Il

Figure 3.4: Models of keys.

1. Keyll
The diameter of shaft II for key is 180mm; torque is 42972 Nm; rotating speed is 355
rev/min; shear force is 477445 N.

By the distortion-energy theory, the shear strength is:

Ssy = 0.577 S, = 0.577(930) = 536.61 MPa

From Equation 2.23 and 2.24, the yield safety factor is,

Sey F

n tl

536.6x10° 477445
n 0.05x0.07

n=3.9

To resist crushing, the area of one-half the face of the key is used:

Sy F

n o2

930x10% 477445
n  0.05x0.035

n=34
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2. KeyIII
The diameter of shaft III for key is 290mm; torque is 183600 Nm; rotating speed is
78 rev/min; shear force is 1266206 N.
By the distortion-energy theory, the shear strength is:
S¢y =0.577 S, = 0.577(930) = 536.61 MPa

From Equation 2.23 and 2.24, the yield safety factor is,

Ssy _F
n tl
536.6x10° 1266206
n 0.0572x0.14

n=3.3

To resist crushing, the area of one-half the face of the key is used:

Sy = F
n tl/2
930x10° 1266206
n 0.0572x0.07
n=29

3.3.4 Calculation of Bearing

Since the bearings on these three shafts are same, the speed increaser adopts
bearings of uniform specifications. In order to verify the safety of bearings at maximum
load and maximum speed, we choose the bearing that installed on the fastest shaft and
bearing maximum radial force. For this bearing, the maximum radial force is 197870 N,
which can be calculated by using parameters in chapter 2. And the fastest speed of shaft
is 1500 rev/min. Also, the design lift of this bearing is 3.5 X 10° cycles. Therefore, by
calculating the rated dynamic load on this bearing , if the result is less than the basic
rated dynamic load of the selected bearing within maximum radial force is 197870 N

and rotating in 1500 rev/min, it means the bearing is safe.

45



The bearing is selected to SKF cylinder roller bearing that model is NUP 2324
ECML. By consulting the bearing parameters of SKF official network, the accurate
parameters are obtained. The parameter of this bearing is show below on Table 3.5:

Table 3.5: Parameter of bearing.

Basic rated dynamic load C 915 kN

Basic rated static load Co 1040 kN

Fatigue load limit P, 116 kN
Reference rotating speed 2800 rev/min
Limit rotating speed 5000 rev/min

We can see from the Table, reference rotating speed and limit rotating speed are all
above the maximum rotating shaft speed 1500 rev/min, which means the bearing meets

the speed requirements of all shafts of the speed increaser.

Next, we need to verify the rated dynamic load of bearings.

From Equation 2.25, the rated dynamic load on bearing can be calculated,

1/a
Xp /

Cin = arF
0 Py + (6 — x0)(1 = Rp) VP

3.5 x 10° 10

8
C1o = 197870 10 —| =906kN
0.02 + 4.439(1 — 0.99)T483
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Therefore, the basic rated dynamic load of SKF bearing is 915kN, which is greater
than 906kN calculated and the reference rotating speed 2800 rev/min is also bigger than

the highest speed of all three shafts 1500 rev/min. It means this bearing is safe.

3.4 Model Development

3.4.1 Preliminary Design of the Speed Increaser
The preliminary design of the speed increaser is produced by using UGNX software
as shown below in Figure 3.5 and Figure 3.6. It consists of different parts like the casing

of gear box, gears, shafts and bearings.

Figure 3.5: Casing of speed increaser.
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bearing

Figure 3.6: Gears, bearings and shafts of speed increaser.

3.4.2 Geometric Model for Analysis

When the speed increaser are static, each shaft has its own frequency. And then, when
shafts are rotating, their speed will stabilize them at a specific frequencies. If these
frequencies are consistent with the natural frequency of the gear shafts, resonance will
occur, resulting in failure of parts. When the gear shafts are rotating, the frequency is
easy to find by Equation 3.1.

Frequency = % Hz Equation 3.1

Where,

w is the speed of shaft, rev/min
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We have know the input speed (20 rev/min) and output speed (1500 rev/min) of
speed increaser. Also, the transmission ratio of each stage gear is known, shown in
chapter 3. We can easily get the rotating speed of each shatft.

Rotating speed of shaft I is 1500 rev/min;

Rotating speed of shaft II is 334 rev/min;

Rotating speed of shaft III is 78 rev/min;

From Equation 3.1, the rotating frequencies of shaft can be calculated and they are

shown below on table 3.6.

Table 3.6: Rotating frequency of shafts.

Rotating frequency
Shaft I 1.3 Hz
Shaft II 5.58 Hz
Shaft 111 25 Hz

3.4.3 Simplification of Geometric Model
In finite element analysis, if we want to accurately calculate these features, we need
to generate many small units, which will make the solution complex, time-consuming,

and even fail. So it is important to simplify parts of speed increaser.

1. Simplification of Gear Shafts
In order to analyze gear shafts more concisely and effectively with finite element

method, this project uses the method of deleting gear teeth and transforming them into
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flat cylinders of the same weight. The result of before and after of simplification is

shown in Figure 3.7.

Before After

Figure 3.7: Simplification of gear shaft

2.  Simplification of Casing
For the finite element analysis of the casing, the main purpose is to analyze the
deformation of the casing caused by the weight of the speed increaser. Thus, for
simplification of casing, the method is that removes the gears, shafts and bearings in the

casing, and adds a shaft of equal weight into casing, shown on Figure 3.8.

Before After

Figure 3.8: Simplification of casing
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3.5 Computational Analysis

3.5.1 Static Analysis
The von Mises stress, strains and yield safety factor caused form external force can
be measured by using static analysis method performed in ANSYS workbench software.
The procedure and analysis are as follows:
1. Build model of gears, shafts, keys and bearing in UGNX software.
2. Run ANSYS Workbench 18.0 software.
3. Create static structural analysis system from the tool box.
4. Insert geometry into ANSYS.
5. Add material in Engineering Data (42CrMo or QT400), respectively.
6. Launch the mechanical model analysis system.
7. The connections of the geometry are set as bonded or no separation, respectively.
8. Meshing geometries.
9. Boundary condition is set for the fixed support where the place is fixed.
10. Boundary condition is set for the cylinder support where the place is supported by
bearing.
11. Load applied is from the translation of gears (Force or Moment).
12. The results of static analysis will include:
a. Total deformation,
b. Equivalent stress (Equivalent Von-Mises Stress),

c. Safety factor from stress tool (Max Equivalent Stress).
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3.5.2 Fatigue Failure Analysis

The Fatigue failure safety factor caused by external force transformation can be
measured by using fatigue failure analysis method performing in ANSYS software. The
procedure and analysis are as follows:

Gears, shafts, keys and bearing will be analyzed the fatigue failure safety factor in
ANSYS workbench 18.0 software.

1. The first to the tenth step are the same as the static analysis mentioned above.

2. The results of fatigue analysis will include:

a. Safety factor from fatigue failure tool.

3.5.3 Dynamic Analysis (Modal Analysis)

The natural frequency and mode from the characteristics of the structure of model can
be found by using modal analysis method.

Gears, shafts, keys, bearing and casing will be analyzed on modal analysis in ANSYS
workbench software.

The procedure and analysis are as follows:

1. Run ANSYS Workbench 18.0 software.

2. Create Modal analysis system from the tool box.

3. Geometry is added into ANSYS from UGNX file.

4. Add material in Engineering Data (42CrMo or QT400), respectively.

5. Launch the modal mechanical analysis system.

6. The connections of the geometry are set as bonded or no separation, respectively.

7. Meshing geometries.
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8. Boundary condition is set for the fixed support where the place is fixed.
9. Boundary condition is set for the cylinder support where the place is supported by
bearing.
10. First ten modes are inserted in analysis setting and the frequency at the range of
interest is obtained.
11. The solution retrieved as:
a. The magnitude of the first ten frequencies.

b. Total deformation in these ten frequencies.

3.6  Design Optimization

The aim of optimization is to achieve reasonable effect and safety value by changing
the length, width or size of geometric model. The procedure and analysis are as follows:

Optimization will be perform in ANSYS Workbench software.

1. Run ANSYS Workbench 18 software.

2. Create optimization system from the tool box.

3. Geometry is added into ANSYS.

4. Open the sketch editing interface.

5. In the project sketch, the parameter key "DS" is used to pre-set the geometric
options to facilitate parameter selection.

6. Design variables are selected by clicking on the letter "p" in the box.

7. In the parameter set, the input parameters are selected and the output parameters

need to be modified. They are length, width, diameters and safety factor.
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8. In the experimental design, the design variables are set to upper and lower bounds.
This topic uses DX to retain the key points of design after putting into production, and
adopts the face-centered design method. Several design points will be generated.

9. On the response surface, the design points are retained after running with DX. At
the response point, the response displays the 3D pattern in the outline: response
attribute.

10. Insert goals and constraints in the optimization tab. The optimization method is
screened out. Three of the best candidates will appear.

11. In the parameter set, the required parameters are copied to the current and updated

to obtain a new parameter set.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Introduction

In this study, the components are analyzed based on two methods: (i) Shigley's design
method and (i) Computational analysis by using ANSYS Workbench 18.0 software.
Through the analysis of these two methods, the safety factor of gears, shafts, bearings
and casing of speed increaser will be calculated. The optimization will be performed on

the parameter of components in ANSYS software.

The purpose of calculation is to effectively reflect the safety level of components. For
finite analysis by ANSY'S, the natural frequency and model shapes of the structures will
be determined through modal analysis. Then, factor of safety from the fatigue tool and

stress tool will be determined.

Optimization is carried out when the design of the model is likely to fail. Design of
experiment, response surface and optimization is utilized to improve the design of the
model. After the improved model is obtained, it will be re-analyzed again to ensure

rationality.

4.2 Gears

The model of gears have been built by using UGNX software, which is shown

below on Figure 4.1:
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Figure 4.1: Models of gears.

4.2.1 Results of Shigley's design method

The calculation of safety factor of gears is carried out by using Equation 2.1 to
Equation 2.10. From Figure 3.2, there are 3 pairs of meshing gears that need to be
calculated can be known. They are gear E and F, gear M and N, gear S and P. The
meshing process of gear P with gear R is similar to that of gear P with gear S. Here we
can analyze the gear P only by using the meshing gears of P and S. After calculating the
results of bending safety factor n and pitting safety factor n. about 6 gears are shown

below on the Table 4.1.
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Table 4.1: Result of gears based on Shigley's design method.

Gears Bending safety factor n Wear safety factor n,
Gear E 3.0 2.4
Gear F 2.4 1.2
Gear M 2.4 2.2
Gear N 1.78 1.06
Gear S 1.8 1.2
Gear P 2.0 1.3

As shown in the table, the safety factor of all gears are above 1.2 (safety

factor > 1.2), which verifies that all gears can work safely within the design scope.

4.2.2 Results of Computational Analysis

The computational analysis using ANSYS Workbench 18.0 is an effective method to
calculate the yield failure safety factor and fatigue failure safety factor of gears. And it
can clearly show the damages of gears and position of the maximum stress and
deformation, which is very effective for us to optimize the part if it has failure.
Deformation of the gears, maximum equivalent stress and safe factor of the gears will

be analyzed at below.

The material of gears is 42CrMo and the first step is meshing on gears. In next step
the friction less support is applied on the hole of gears to simulate the shafts supporting

gears. The third step is to set fixed support on bearing position of gear shaft, which can
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simulate the gear shaft supported by bearing. Also, the gear ring is added fixed support

to fix it on casing. The last step is to add moment on active gears.

The moment 42970 N - m, 183600 N - m and 61150 N - m are added to gear E, gear

M and gear P, respectively. This step is shown on figure 4.2.

a). Gear E and gear F; b). Gear M and gear N;

¢). Gear S and gear P;
Figure 4.2: Moment added to the gears.
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4.2.2.1 Static Analysis

The maximum stress obtained from the solution in ANSYS Workbench on these four
coupling gears is 132.29 MPa (Figure 4.3, b), which is much lower than the yield
strength of the material, and the maximum deformation is 0.89718 mm (figure 4.4, b).
Also, the minimum safety factor of these 4 coupling gears obtained from the stress tool

is 7.0302 (Figure 4.5, b). The details of result are shown on Figure 4.3 to Figure 4.5.

4.2.2.2 Fatigue Failure Analysis

The minimum safety factor from fatigue tool is 2.6533 (Figure 4.6, b). The details of
result are shown on Figure 4.6.

Compared with the results of static analysis, there is no failure on gears. The details

of computational analysis results of each pair of gears are show below on Table 4.2.

Table 4.2: The results of computational analysis of gears.

Maximum Max Total Safety factor of | Safety factor of
Equivalent Stress | Deformation Yield Failure Fatigue Failure
(MPa) (mm)
Gear E and F 46.391 0.039469 15.00 7.5662
Gear M and N 132.29 0.089718 7.0302 2.6533
Gear S and P 89.269 0.067346 10.418 3.9319

We can see from the Table, the maximum stresses of all gears are smaller than
yield strength; maximum deformation is within the qualified range; safety factors are

greater than 1.2.
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B: Eand F
Equivalent Stress
Type: Equivalent tvon-Mises) Stress
Unit: MPa

Tirne: 1

2018/11/0 2EAE T4 18:21

46.391 Max
41.236

36.082

30.927

25773

20,618

15464

10.208

5.1545
1.127%e-6 Min

a. GearEand F

C:Mand N

Equivalent Stress

Type: Equivalent fvon-Mises) Stress
Unit: MPa

Tirne: 1

2018/11,/9 2840 R 17:12

122.29 Max
117.58

102.89

gg.192

73403

58.705

44.097

20308

147
00013898 Min

b. Gear M and N

Equ:w@lent tress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Tirne: 1

2018A11/9 BHAR R4 17:13

£9.269 Max
70353
69.436
59.52
42,604
30.687
20771
18.833
9.9395
0402224 Min

c. GearSandP

Figure 4.3: Maximum equivalent stress of the gears.
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a. GearEand F

b. Gear M and N

c. GearSandP

Figure 4.4: Deformation of the gears.
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B: E and F

‘Safety Factor
Type: Safety Factor
Time: 1

2018/11/0 28R FF 1713
3l

15 Manx
15 Min
Q

a. GearEand F

C:Mand N
Safety Factor
Type: Safety Factor
Times: 1 .

20181179 28R FF 17014
15 Max
7.0302 Min

1
0

b. Gear M and N

g 15 Max
18418 Min
E
1
Q

c. GearSandP

Figure 4.5: Safe factor of the gears from the stress tool.
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B:E and F

Safety Factor

Type: Safety Factor
2018/11/12 BHA— T4 12:24.

15 Max
7.5662 Min

1
i}

a. GearEandF

C: M and N

Safety Factar

Type: Safety Factor
2018/11/12 BHI— & 12:24

15 Max
10

2.65322 Min

[u]

b. Gear Mand N

2.9319 Min

Q

c. GearSandP

Figure 4.6: Safe factor of the gears from fatigue tool.
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4.2.2.3 Modal Analysis

The purpose of modal analysis is to find the natural frequencies of gears and it can
help to obtain the stresses above resonance. The results are calculated for the first 10
modes of each coupling gear and they are shown on Figure 4.7 below. In Figure 4.7, the
minimum frequency of gears is 87.374 Hz. Reviewing chapter 3, the working
frequencies of shafts were shown on Table 3.6. It shows that the highest rotating
frequency is 25 Hz, which is lower than 87.374 Hz. Therefore, the resonance will not

happen.

Tabular Data Tabular Data

Tabular Data
Mode |[v Frequency [Hz] E )
| | Mode [[¥ Frequency [Hz] | Mece “7 STouncs B |
1 |1 109.69 1 |1 773.68
1 1| 87.374 a1 :
2 = 236.98 — == 1350.4
3 |3 319.25 Ea - G : I
4 |4 387,41 nal 23022 - =
; m 977.03 4 |4 2303.2

5 |5 436.18 5 |s. 378.9 5 |s. 2856.4
6 |6 586.83 6_ 6. 505.38 6 |6 34381
7|7 739.78 [l 638.37 7 | 3498.1
8 |8 930.75 8 |a. 793,35 g |8, 40185
g |g. 1130. 9 o 838,67 g |o. 44312
10 |10, 1165.6 10 [10. 84779 10 |10. | a43586

Gear Eand F; Gear M and N; Gear Pand S;

Figure 4.7: Modal analysis of natural frequency of gears.

4.2.3 Discussion

We have analyzed gears in two methods, Shigley's design method and computational
analysis. Comparing the two methods, their results of safety factor are both above 1.2,
which means that all gears are safe. But compared with the safety factor, the calculated
safety factor is much smaller than the computer analyzed one. Compared with the
maximum stress, the calculated stress is much larger than the computer analyzed one.

The reasons for this difference may be:
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1. Computational analysis is to analyze the whole gear: deformation and stress of
integral gear above meshing force. However, the Shigley's design method is for
the teeth of gears.

2. The Shigley's design method focuses more on the analysis of stress
concentration failure of gear root and wear failure of tooth surface. Shigley's
design method method is more detailed, which is the reason why the safety
factor is less than that of computational analysis. Computational analysis is to
analyze the whole gear, which includes the overall analysis of the entire gear.
FEA method shows that when the whole gear is subjected to meshing force, the

gear will not be damaged and fatigue wear.

4.3 Shafts

The model of gears have been built by using UGNX software, which is shown below:

-

Figure 4.8: Models of shafts.
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4.3.1 Results of Shigley's design method
The Shigley's design method of shafts is carried out by using Equation 2.16 to
Equation 2.22. And from Figure 3.2 that there are 3 shafts need to be calculated can be

known. They are shaft I, shaft II and shaft III. After calculating, the results of the fatigue

safety factor n; and the yield safety factor n, of gear shoulder position, the fatigue

safety factor ny of keyway position and the fatigue safety factor n of bearing position

about 3 shafts are shown below on the Table 4.3.

Table 4.3: Results of shafts based on Shigley's design method.

Shaft I Shaft 11 Shaft 111
Gear shoulder fatigue safety factor - 2.0 2.6
Gear shoulder yield safety factor - 3.7 33
Key way fatigue safety factor - 1.26 1.2
Bearing position fatigue safety factor 2.0 2.9 2.6
Bearing position yield safety factor 3.7 > 2.9 > 2.6

As shown in the table, safety factor of all shafts are above 1.2 (safety factor > 1.2),
which verifies that all shafts can work safely within the design scope. However, the key
way position fatigue safety factor of shaft III is close 1 and it will also be analyzed by

computational analysis.

4.3.2 Results of Computational Analysis
Firstly, the shafts need to be simplified using the method shown on Chapter 3. The

yield safety factor and the fatigue safety factor of shafts will be analyzed in ANSYS.
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Deformation of the shafts, maximum equivalent stress and safe factor of the shafts will

be analyzed at below.

The material of shafts is 42CrMo and the first step is meshing on. In next step the
cylindrical support is applied on the bearing position of shafts to simulate the supporting
of bearings. The third step is to add forces on shafts. The forces can be calculated by
using Equation 2.3 in chapter 2. The calculation process is omitted. The force 79580 N
and 244000 N are added to gear E and F, gear M and N, respectively. And the force

36726N is added to the output of shaft. This step is shown below on Figure 4.9.

Figure 4.9: Force added to the shafts.

67



4.3.2.1 Static Analysis

The maximum stress obtained from the solution in ANSYS Workbench 18.0 on these
three shafts is 1184.5 MPa (Figure 4.10, c), which is too large to fail. The maximum
deformation is 0.26357 mm (figure 4.11, c). Also, the minimum safety factor of these 3
shafts obtained from the stress tool is 0.78517 (Figure 4.12, c). The details of three

shafts are shown on Figure 4.10 to Figure 4.12.

4.3.2.2 Fatigue Failure Analysis

The minimum safety factor from fatigue tool is 0.32926 (Figure 4.13, c). The detail is
shown on Figure4.13.

In summary, there is a failure on the shaft III. The problem is mainly concentrated on
the bearing position and key way position of shaft III, because the biggest stress is
focused on. Thus, the parameter of shafts needs to be optimized. The results of each

shaft are shown below on Table 4.4.

Table 4.4: The results of computational analysis of shafts

Maximum Max Total Safety factor of | Safety factor of
Equivalent Stress | Deformation Yield Failure Fatigue Failure
(MPa) (mm)
Shaft I 114.45 0.026736 8.126 3.0669
Shaft I 263.61 0.075271 3.528 1.3315
Shaft III 1184.5 0.26357 0.78517 0.32926

The Figure 4.10 to 4.13 of results of shafts are shown below:
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D: Static Structural Shaft |
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Tirme: 1

2018/12/3 2Ei— TF 2146

11445 Max
101.72

80.02

T6.307
63.593

50.870
28165

25452

12738
0.024102 Min

a. Shaftl

E: Static Structural Shaft 1l
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Tirme: 1

2018/12/3 28— T 21:50

262.61 Max
234.34
205.07
175.81
146.54
117.27
88.008
58.742
29475
0.20915 Min

b. Shaft Il

F: Static Structural Shaft Il
- Equivalent Stress 3

‘Twpe: Equivalent (von-Mises) Stress
Unit: MPa

Tirme: 1

2018/11/9 BHIA T4 20:02

1184.5 Max
1052.9

921.24

658.02

52643

394,82

263.21

131.61
0.00094274 Min

c. Shaftlll

Figure 4.10: Maximum equivalent stress of the shafts.
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a. Shaftl

b. Shaftll

c. Shaft Il

Figure 4.11: Deformation of the shafts.
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D: Static Structural Shaft |
Safety Factor

Type: Safety Factor

Time: 1

2018/12/3 2HA— TF 2146

15 Max

8,126 Min

1
0

a. Shaft|

E: Static Structural Shaft Il
Safety Factor

Type: Safety Factor

Tirne: 1

2018/12/2 BHA— T4 21:51

15 Max
10

3.528 Min

o

b. Shaft Il

0.78517 Min
o

c. Shaftlll

Figure 4.12: Safe factor of the shafts from the stress tool.
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D: Static Structural Shaft |
Safety Factor

Type: Safety Factor
2018/12/3 BHR— o 2147

15 Max
10

30662 Min

a

a. Shaft |

E: Static Structural Shaft Il
Safety Factor

Type: Safety Factor
201871273 BHi— T 2152

15 Max

10

S

1.3315 Min
Q

b. Shaftll

F ic ctural Shaft 11
‘Safety Factor
Type: Safety Factor
201841179 SHAFH R4 20:13
15 Max
10
&

0.32926 Min
0

c. Shaft 1l

Figure 4.13: Factor of safety of the shafts form fatigue tool.



4.3.2.3 Modal Analysis

The results are calculated for the first 10 modes of each shaft and they are shown
on Figure 4.14 below. In Figure 4.14, the minimum frequency of shafts is 44.393 Hz.
Reviewing chapter 3, the working frequencies of shafts were shown on Table 3.6, which

are not more than 25 Hz, Therefore, the resonance will not happen.

Tabular Data
Made |F Frequency [Hz] | Mode ||7 Frequency [Hz] | Maode ||7 Frequency [Hz] |—
1 1. 20439 L= ok 1 |1, 70386
Bl 2 el e 2 |2 18022
Ca 2 s 3 |3 18285
4 |a 3663.2 4 |4 217.77 : g
5 |s. 3663.7 Z 5, 33012 4 |4 286.88
6 |6. 4270, 6 |6. 330.34 g |5 403.53
7 |7. 55946 7 |7 398.57 6 |6 404.6
8 |s. 5595.9 8 |8 400.53 T 545.18
9 |5 3673.3 9 |9 801.2 E-_ 8. 546,67
10 [10. 65177 10 10.  807.64 T o, 763.20
10 [10. | 955.49
Shaft I; Shaft II; Shaft III.

Figure 4.14: Modal analysis of natural frequency of shafts.

4.3.3 Discussion

Comparing the results on Table 4.3 and Table 4.4, the safety factor of shaft I based on
Shigley's design method (2.0) is same with that from computational analysis (3.0),
which means the shaft I is safe. For shaft II, the yield safety factor 3.7 and fatigue safety
factor 1.26 from Shigley's design method are same with yield safety factor 3.528 and
fatigue safety factor 1.3315 from computational analysis, which means shaft II is also

safe.

However, the safety factor of shaft III from computational analysis is different with
the safety factor from Shigley's design method. The safety factor is lower in the results

based on computational analysis. I think the reasons of this difference are:
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1. The Shigley's design method of shafts is concentrated on analyzing the influence
of safety factor from the diameter size, when the load is added uniformly. The
influence of local stress concentration on safety is not considered. So the results

of safety factor will be greater than that from computational analysis.

2. Computational analysis takes into the influence of stress concentration at
keyway, shoulder and fillet, which is a more detailed analysis. Thus, the safety

factor is less.

For the failure of shaft III, the problem is mainly concentrated on the bearing position
and key way position of this shaft. There is a serious stress concentration in sharp areas.
The optimization can be carried out by changing the size of key way and the diameter of

bearing position.

44 Keys

4.4.1 Results of Shigley's design method

Keys are used on shafts to secure rotating elements, gears. For this speed increaser,
the material of keys is 42CrMo, which property is shown on Table 2.2, and the keys are
square keys. The factor of safety has been calculated in Chapter 3 and results are shown

below on Table 4.5.

Table 4.5: The results of keys based on Shigley's design method.

The yield safety factor
Key II 3.4
Key III 29
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As shown in this table, the safety factor of these two keys are above 1.2 (safety

factor > 1.2), which verifies that keys can work safely within the design scope.

4.4.2 Results of Computational Analysis
Keys are analyzed by using ANSYS Workbench 18.0 and maximum equivalent stress,
deformation of the keys and safe factor of the keys will be analyzed at below on Figure

4.15 to Figure 4.18.

4.4.2.1 Static Analysis

The maximum stress obtained from the solution in ANSYS Workbench on keys is
378.92 MPa (Figure 4.15, b). The maximum deformation is 0.1732 mm (figure 4.16, b).
Also, the minimum safety factor of them obtained from the stress tool is 2.4543 (Figure

4.17,b)

4.4.2.2 Fatigue Failure Analysis

The minimum safety factor from fatigue tool is 1.0292 (Figure 4.18, b). Thus, the

failure will focus on key III. The problem is mainly concentrated on the fatigue failure.

a.Keyll b. Key Il

Figure 4.15: Maximum equivalent stress of the keys.
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b . Keylll

Figure 4.16: Deformation of the keys.

a.Keyll (% b. Key Ill

Figure 4.17: Safe factor of the keys from the stress tool.

a. Keyll b . Key lll

Figure 4.18: Safe factor of the keys from fatigue tool.



The results of computational analysis of keys are shown below on Table 4.6.

Table 4.6: The results of computational analysis of keys

Maximum Max Total Safety factor of | Safety factor of
Equivalent Stress | Deformation Yield Failure Fatigue Failure
(MPa) (mm)
Key II 278.44 0.08579 3.3401 1.4007
Key III 378.92 0.1732 2.4543 1.0292

4.4.3 Discussion

By comparing Table 4.5 and Table 4.6, it can be clearly seen that the yield safety
factor both from Shigley's design method and computational analysis are similar, which
means there is no yield failure on keys. The fatigue safety factor cannot be calculated by
Shigley's design method but computational analysis can. Through the analysis of keys in
ANSYS, the fatigue safety factor is 1.4 of key II and 1.0 of key III. Thus, there is a little
problem focused on the fillet of Key III. Also, the same problem was found in the
keyway position of shaft III. The optimization mainly focuses on the changing

dimension of key.

4.5 Bearing

4.5.1 Results of Shigley's design method
Since the bearings on these three shafts are same, in order to verify the safety of
bearings at maximum load and maximum speed, the bearing on the left of shaft II is

selected. For this bearing, the maximum radial force is 197870 N, and the speed of it is
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335 rev/min . The design lift of this bearing is 3.5 X 10° cycles. In addition, the
highest speed of these 3 shafts is 1500 rev/min. The basic rated dynamic load C is 906
kN calculated on Chapter 3.

The bearing is selected to SKF cylinder roller bearing that model is NUP 2324
ECML.

Therefore, the basic rated dynamic load C of bearing is 915, which is bigger the 906
calculated before and the reference rotating speed 2800 rev/min is also bigger than the

highest speed of all three shafts 1500 rev/min. It means this bearing is safe.

4.5.2 Results of Computational Analysis

To analyze bearing in ANSYS Workbench, the first step is meshing on bearing. The
next step is to set fixed support on outer circle of bearing, which can simulate the
bearing supported casing. The last step is to add force 197870 N on inter circle of

bearing.

4.5.2.1 Static Analysis

The maximum stress obtained from the solution in ANSYS Workbench on bearing is
97.566 MPa (Figure 4.19). Also, the minimum safety factor obtained from the stress
tool is 2.5466 (Figure 4.20). Thus, bearing is reasonable and can be used in this speed

increaser. Figure 4.19 and Figure 4.20 are shown below.
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q e 5
Type: Equivalen
Unit: MPa
Tirne: 1

2018/11/12 28— T4 1504

y 97.566 Max

86.733

758

65.067
54.234
43401

32.568
21735
10.903
Q.069665 Min

Figure 4.19: Maximum stress of bearing.

tic Structural
Safety Factor
Type: Safety Factor
Tirne: 1

2018/11/12 28— 5 15:07

Figure 4.20: Safety factor of bearing from stress tool.
4.5.2.2 Modal Analysis
The results are calculated for the first 10 modes of bearing shown on Figure 4.21
below. In Figure 4.21, the minimum frequency of bearing is 53.807 Hz. Reviewing

chapter 3, the working frequencies of shafts were shown on Table 3.6. It shows that the
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highest rotational frequency is 25 Hz, which is lower than 53.807 Hz. Therefore, the

resonance will not happen.

Tabular Data a
Mode |[v¥ Frequency [Hz]

1 |1 53.807
2 |2 59,992
32 |2 60.806
4 |4 62.169
5 |5 62.372
6 |6 62.674
La | 63.613
8 |8 63.982
9 |9 64.52

10 | 10 64.716

Figure 4.21: Modal analysis of bearing.

4.6 Casing

4.6.1 Results of Computational Analysis

The material of casing is QT400 gray cast iron and the detail of material was shown
on Table 2.2 in chapter 2. In order to simplify the analysis, the first step is to simplify
the casing. The simplified method is that removes the gears, shafts and bearings in the
casing, and adds a shaft of equal weight into casing. Then, the simple model will be

analyzed in ANSYS Workbench 18.0 software.

4.6.1.1 Static Analysis
The static structural analysis method is used to analyze the stress of the casing

above self-weight. The most important analysis is the reinforcement and chassis,
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because they are the weakest and most vulnerable to failure due to insufficient

strength. The result of static structural analysis of casing is shown on Table 4.7.

Table 4.7: Computational analysis results of casing.

Maximum Equivalent Stress (MPa)

Safety factor of Yield Failure

Casing

11.023

15

The details of results are shown below on Figure 4.22 and Figure 4.23.

Unit: MP
Time: 1

2018/12/4 EE= T4 1249

11.023 Max

8.7985
8.2730
7.3452
6.1245
4.6933
3.6752
24505
1.2250

4.0011984 Min

(von-Mises) Stress

S\

Figure 4.22: Maximum equivalent stress of casing.
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Figure 4.23: Safety factor of casing from stress tool.

4.6.1.2 Modal Analysis
The purpose of modal analysis is to find the natural frequencies of the casing
and it can help to obtain the stresses above resonance. The result of modal analysis of

casing is shown on Figure 4.24:

Tabular Data a

Mode I ﬁ Frequency [Hz]
42.041
54.365
102.26
112.26
192.02
241.91
255.68
286.01
34317
361.71

00 NP0 =-

2t ol

—
e

4

Figure 4.24: Modal analysis of casing.
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The frequency of each component was shown on Table 3.6. And it’s not hard to find
that the highest frequency of components is 25 Hz, which is below the smallest

frequency of casing 42.041 Hz. Therefore, the resonance will not happen.

4.6.2 Discussion
The maximum stress analyzed by ANSYS is 11.023 MPa, which is very lower than
the tensile yield strength of material. And the yield failure safety factor is 15, which

means the casing is safe above the force of gravity.

4.7 Parameter Optimization

In this part, design optimization will be performed in ANSYS Workbench 18.0
software. Gears, shafts, keys, bearing and casing have been analyzed by using Shigley's
design method and computational analysis methods. All gears, bearing and casing are
qualified in both two methods. For shafts and keys, there are problems in shaft III and
key III that may cause them to be damaged or to fail before the design life. The common
problems of them are large equivalent stress and low safety factor. The parameter

optimization will be carried out in ANSYS workbench 18.0 software.

4.7.1 Optimization of Shafts III
The optimization of shaft III is mainly due to changing the diameter and radius of

fillet to meet the expected requirements. The sketch of shaft III is shown below on
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Figure 4.25. It is clear that D1, D2 and fillet are the 3 parameters need to be optimized.

The original diameters of shaft (D1 and D2) are 120mm; radius of fillet is 3mm.

i I 2 3 4 = 5 I 6 7 8 I
Al A
B B
LSEN ‘ ) Fillet
Gear S
— = 3 o~
c = [xa) & fom c
1= L=
* N ——
D D
E E
THIS DA FAS BEEN PRODUGED USIC AN EXANPLE
TEMPLATE PROVIDED BY SIEMENS PLM SCFTWARE
R = e
p y_ . st SsueD — : ]
Lor AE:% Optimization of shaft III
F| TTIE [ORG WO ErEeTREY| F
A3 ‘ dwg1 A
i - DIVERSIONS I MM SCALE 1:1] [SHEET 1 OF 1
i T Z 3 ] Y 5 T 3 | 7 | A3 I

Figure 4.25: The sketch of shaft III.

4.7.1.1 Design of Experiment

The optional ranges of parameters D1, D2 and radius of fillet are input into Design of
Experimentation (An optimization function in ANSYS). The boundary set for D1 and
D2 is 120mm until 160mm, and the boundary set for radius of fillet is 2.5mm until 6mm.
For the output parameter, the maximum equivalent Mises stress, safety factor from
stress tool and safety factor from fatigue tool are set. The solution of design of

experiment is shown below on Table 4.8.
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Table 4.8: Different conditions about input and output parameter.

Diameter | Diameter | Radius Maximum Safety factor | Safety factor

DI D2 of Fillet | equivalent stress | from stress from fatigue
(mm) (mm) (mm) (MPa) tool tool
1 162.5 162.5 4 462.83 2.0 0.84
2 150 162.5 4 414.48 22 0.94
3 175 162.5 4 444.43 2.1 0.87
4 162.5 150 4 424.05 22 0.91
5 162.5 175 4 319.01 2.9 1.22
6 150 150 3 631.67 1.5 0.62
7 175 150 3 666.48 1.4 0.58
8 150 175 3 384.42 24 1.01
9 175 175 3 483.59 1.9 0.81

4.7.1.2 Optimization

In optimization, objectives and constraints are set in advance to achieve desired
results. The first concern in optimization is the maximum equivalent Mises stress, which
can cause damage to parts. Therefore, equivalent Mises stress must be constrained less
than tensile ultimate yield strength of material. Here we set the constraint to: Maximum

equivalent stress < 800MPa.

The second constraint is safety factor. In order to ensure the safety of shaft and meet
the working life, safety factor is very important and must greater than one. To avoid the
safety factor being exactly equal to one, here we set the constraint to: Safety factor from

stress tool > 1.2; Safety factor from fatigue tool > 1.2.

Using a simple method based on sampling and classification, the results are obtained
through the screening process, and the constraints are associated with all parameters and

objectives. Three best candidates are shown below on Table 4.9. Because the maximum
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stresses of all candidates are less than 800 MPa, we choose the largest safety factor one.
Thus, candidate 2 is the best choice that safety factor from fatigue tool is 1.39. The
parameter of candidate 2 will be using for model improve.

Table 4.9: Three best candidates of shaft.

Candidate 1 Candidate 2 Candidate 3

Maximum equivalent stress(MPa) 340.66 279.64 355.51
Safety factor from stress tool 2.71 3.32 2.67
Safety factor from fatigue tool 1.25 1.39 1.21

4.7.2 Optimization of Key III
The key III is a rectangle key and the optimization of key III is mainly due to
changing the length and width to meet the expected requirements. The original length of

key is 140mm; with is 57.2mm.

4.7.2.1 Design of Experiment

The optional ranges of parameters length and width are input into Design of
Experimentation. The boundary set for length is 135mm until 155mm, and the boundary
set for width is 57mm until 70mm. For the output parameter, the maximum equivalent
Mises stress, safety factor from stress tool and safety factor from fatigue tool are set.

The solution of design of experiment is shown below on Table 4.10.
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Table 4.10: Conditions about input and output parameter.

Length Width Maximum Safety factor from | Safety factor from
(mm) (mm) equivalent stress stress tool fatigue tool
(MPa)

1 145 63.5 295.66 3.14 1.32

2 135 63.5 337.11 2.76 1.16

3 155 63.5 294.11 3.16 1.33

4 145 57 360.26 2.58 1.10

5 145 70 279.92 3.32 1.40

6 135 57 361.25 2.57 1.08

7 155 57 313.56 2.96 1.24

8 135 70 284.56 3.27 1.37

9 155 70 263.14 3.53 1.48

4.7.2.2 Optimization

For key IlI, the equivalent Mises stress must be constrained less than tensile ultimate
yield strength of material. Here we set the constraint to: Maximum equivalent stress <
800 MPa. To avoid the safety factor being exactly equal to one, here we set the

constraint to: Safety factor from stress tool > 1.3; Safety factor from fatigue tool > 1.3.

As in previous steps, three best candidates of key III are shown below on Table 4.11.
Because the maximum stress of all candidates is less than 800 MPa, we choose the
largest safety factor one. Thus, candidate 3 is the best choice that safety factor from
stress tool is 3.53; safety factor from fatigue tool is 1.48. The parameter of candidate 3

will be using for model improve.
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Table 4.11: Three best candidates of key.

Candidate 1 Candidate 2 Candidate 3
Maximum equivalent stress(MPa) 297.22 286.63 263.14
Safety factor from stress tool 3.17 3.27 3.53
Safety factor from fatigue tool 1.33 1.37 1.48

4.7.3 Improved Model and Results

After the parametric optimization of shaft III and key III, the improved model is used
to re-analyze to show the performance. Candidate 2 of shaft III and candidate 3 of
keylll are re-analyzed in ANSYS Workbench 18.0. The results and comparison of

parameters before and after optimization are shown below on Table 4.12 and Table 4.13.

Table 4.12: Results of re-analysis of shaft III.

Diameter | Diameter | Radius Maximum Safety Safety
Shaft 111 D1 D2 of Fillet | equivalent | factor from | factor from
(mm) (mm) (mm) stress stress tool | fatigue tool
(MPa)
Before 120 120 3 1184.5 0.78 0.33
After 165 165 5.5 279.64 3.32 1.40
Table 4.13: Results of re-analysis of key III.
Length Width Maximum Safety factor | Safety factor
Key III (mm) (mm) equivalent stress from from fatigue
(MPa) stress tool tool
Before 140 57.2 378.92 2.45 1.00
After 155 70 263.14 3.53 1.48
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We can see from the tables that dimensions of shaft and key have been optimized, the
magnitude of equivalent stress has decreased and all safety factors have reached
qualified (safety> 1.2), which means parameter optimization on shaft III and key III is

successful.
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CHAPTERS: CONCLUSIONS AND RECOMMENDATION

5.1 Conclusions

The purposes of the research is analysis and optimization of speed increaser installed
on wind power generation, and the objectives of this project have been achieved. The
components of the speed increaser are analyzed by using Shigley's design method and
computational analysis methods. The components of speed increaser include gears,
shafts, bearing, keys and casing. Shigley's design method is used to calculate the stress
and safety factor of each component. Computational analysis using ANSYS Workbench
18.0 software is used for static analysis, fatigue failure analysis and modal analysis of
each component. Design optimization is performed on the component which is likely to

fail based on the Shigley's design methods and computational analyses.

The models have been built by using UGNX 10.0 software and the dimensions of
each component are used in the models successfully. Also, the details of material have
been listed and parameters have been filled in this project. Then the models are put into

ANSYS for analysis.

The Shigley's design method has calculated the safety factor of gears, shafts, bearing
and keys. The analysis has shown that gears, shafts, keys and bearing do not have any
failure on Shigley's design method. The safety factors of them are all above 1.2. For
gears: the minimum safety factor of these 4 pairs meshing gears is 1.2. For shafts: the
minimum safety factor of 3 shafts is 1.2. For keys: the minimum safety factor of 2 keys

1s 2.9. There is also no failure on bearing based on Shigley's design method.
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The computational analysis has analyzed the maximum equivalent stress, safety
factor from stress tool and safety factor from fatigue tool of gears, shafts, keys, bearing
and casing. All gears do not show any failure based on the static analysis and dynamic
analysis. The maximum equivalent stress, minimum safety factor from stress tool and
safety factor from fatigue tool of these 4 pairs meshing gears are 132.29 MPa, 7.03 and
2.65 respectively. Shaft III has is likely to fail. The failure is mainly due to the stress
concentration in the sharp area and strength failure. The maximum stress of shaft III
reaches 1184.5 MPa, and the safety factor from stress tool and fatigue tool are 0.78 and
0.33 respectively, which is below 1.2. For keys, there is fatigue failure on key III. The
safety factor from fatigue tool is 1.03. Bearing and casing do not show any failure with

safety factor of 2.55 and 15 respectively.

In design optimization, the main objective is to avoid high equivalent stress and low
safety factor. In chapter 4, shaft III and key III are optimized by using ANSY'S software.
The equivalent stress of shaft III has been reduced from 1184.5 MPa to 297.64 MPa,
and the safety factors from stress tool and fatigue tool show increment from 0.78 to 3.32
and 0.33 to 1.4 respectively. The fatigue safety factor of key III has also increased to

1.48. Thus, the design optimization has solved the problem.

In conclusion, this study has analyzed the speed increaser successfully by using

Shigley's design method and computational methods. And design optimization helps to

improve reliability.
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5.2 Recommendation
The following are some recommended steps that can be taken into consideration in
future research work. Further extension on the research which can be conducted
includes:
1. Although in the process of modeling the speed-increasing box of wind turbines, a
lot of conditions in its actual operation are also taken into account. However, the
working environment of the fan is quite complex, and the model of the fan

speed-increasing box established has some errors with the actual working state.

2. In this project the gears, shafts and keys in the gearbox are analyzed, but other

types of faults are not studied in depth.
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