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Computer Aided Spur Gear Design and Analysis

Edward M. Vavrek
Purdue University North Central

|. Introduction

This paper describes a spur gear analysis program written in visual basic. The program is used to
assist students to learn the procedures to size and select spur gears. The class that thisisused in
Is called machine elements (MET-214). It isasecond level mechanical engineering technology
course. The student’s background coming in to this course includes statics, dynamics, and
strength of materials. The course covers topics related to mechanical design. Students learn the
concepts and procedures to size and select components such as gears, bearings, belt drives,
shafts, clutches, and brakes. The program provides the data necessary to analyze and make the
decisions to properly select these components.

The focus of this paper is on the procedure used to size and select a spur gear using a software
program. Spur gears are used in many machine design applications. The selection process of a
spur gear system involves many calculations and decisions. This software program simplifies
and streamlines the design and selection process. The program iswritten in visual basic, which
isan event driven program. The user can go through the program inputting values into text
boxes and initiating events by clicking on command buttons. Visual basic was used because of
its windows environment in which most users would feel comfortable using. Also, the most
important feature of this program isthe ability to insert pictures, tables, graphs, drawings, and
figures to enhance the program functionality. The program is visual and interactive which helps
guide the user through the design process. While the user should have some basic knowledge of
gears, the program assists the user through the design process. Most inputs are taken from
graphs, charts, or tables so the user knows where and how the information is obtained and used.
Outputs are shown with their appropriated figures or drawings to assist the user in understanding
how the output was determined and how it isused. What this meansis the user does not have to
have a gear design book at his side in order to interpret results or to get input data.

I1. Spur Gear Background
The selection of spur gear material is based on two factors, bending stress and contact stress.

Bending stressin agear is based on the concept that gear teeth act similar to a cantilever beam
with a bending force applied to them. The bending stress, s, is calculated based on the shape,
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size, width of the tooth, the force on the tooth, and several safety factors. The equation
recommended by AGMA in Standard 2001-C95 for the bending stress' in a gear tooth is:

P
Sz\Ali'Jd'Ko'Ks'Km'KB'KV (1)

where s = bending stress (psi)
W, = tangential force (Ib)

Py = diametral pitch (1/in.)
F = facewidth of tooth (in.)
J = geometry factor

Ko = overload factor for bending strength

Ks = sizefactor for bending strength

Km = load distribution factor for bending strength
Kg = rim thickness factor

Kv = dynamic factor for bending strength

The bending stress should not exceed the design stress value based on the material selected.

S<M 2
- SF-Kg

where sy = allowable bending stress (psi)
Yn = stress cycle factor for bending strength
SF = safety factor for bending strength
Kr = reliability factor

Rearranging the equation and solving for the allowable bending stress gives the following
equation:

W -P,-SF
s, =—— K, -K.-K_-K,-K -K 3
at F\]YN o] s m B \ R ()

Solving for the allowable bending stress, the gear designer can select a material based on this
number. As can be seen from the equation, there are many variables that need to be determined.
This program assists the user in determining and selecting these variables.

The second type of failureis pitting due to contact stress. The calculated contact stress' is given
by the equation:

s =C VVtIKo'Ks'Km'Kv (4)
¢ F-D,-I

p

where s = contact stress (psi)
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C, = dastic coefficient
W, = tangential force (Ib)
Ko = overload factor for bending strength

Ks = sizefactor for bending strength

Km = load distribution factor for bending strength
Kv = dynamic factor for bending strength

F = facewidth of tooth (in.)
D, = pitch diameter of gear (in.)

| = geometry factor based on pitting resistance

The contact stress should not exceed the design stress based value based on the material selected.

Cc ac KR.s:

where sy = allowable contact stress (psi)
Zyn = stress cycle factor for pitting resistance
Ch = hardnessratio for pitting resistance

Rearranging the equation and solving for the allowable contact stress gives the following
equation:

o'Ks'Km'Kv 6
SOy ©)

Ke SF \/vvt K
S = C,-
Zy -Cy i
A gear material can be selected based on both the allowable bending stress and the allowable
contact stress that were just calculated.

[11. Spur Gear Program

The program assists the user in determining all the factors and variables of the above equations
for a specific application. These input variables are determined from the tables, graphs, and
figures shown in the program. The program then calculates the allowable bending stress and
contacts stress for this application. The gear designer can then select a material that satisfies
both allowabl e stresses.

The software program takes the user step by step through the design process. Initial design
criteriaare usually known. Information such as, system design horsepower and speeds are input
in the program. From this information, the gear ratio® can be calculated and therefore the
number of teeth on the two mating gears can be determined in figure 1. This figure prompts the
user to enter theinput data. The inputs here are used through out the program. One feature of
visual basic is how values can be displayed. The horsepower entered on this form of the
program will also appear in figure 2 on the left side of the graph labeled horsepower?. The
pinion angular velocity input in figure 1 will also appear in figure 2 on the bottom of the graph.
The user can then determine the diametral pitch from a graph based on horsepower and speed in
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figure 2. Thediametral pitch isthe size of the gear tooth. The larger the diametral pitch number
the smaller the tooth, as shown in the figure below. The user enters the diametral pitch in the
given text box. Initiating the “Continue” command button shown in figure 2 would bring up the

. Design Application Input

SPUR GEAR DESIGN Selection of Teeth for Pinion and Gear

- Input Dat;

— Pitch circle
Pinion and Gear : /
Horsepower:HP. = | 2% [hp) Outside ciameter ¢ =
= ~——— Tooth profile
Pressure Angle; ¢ = | 20 [deq] sy
Pinion Speed:n o= | 1759 [rpr]

Gear Speed:ng = | 500 | [rpm]
Pinion Teeth, Tonen = 20

Gear Teeth

Center
istanc

Calculate

Computed No. of Gear Teeth = 70

Enter: Chosen No. of Gear Teeth =| 77

Continue

FIGURE. 1

SPUR GEAR DESIGN INPUT FORM

. Select a Diametral Pitch
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DIAMETRAL PITCH FORM
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next form. The next form calculates the tangential and radial forces on the pinion and gear. The
forces are automatically calculated and are shown in the figures on the form, therefore the user
knows what the force are and where they are applied. The next few forms calculate different
specifications of the gear drive system such asthe pitch diameter, center distance between pinion
and gear, and the pitch line speed of the pinion and gear. Some of the forms do calculations and
give an output with a figure to show what the output means. Other forms show tables or graphs
and have the user select or determine the input value to be used in later forms or calculations.

All forms are designed to assist the user in determining the factors or feature values needed to
determine the output value. As an example, the overload factor, K, is determined from the
following form shown in figure 3. The recommended overload factors are shown based on the
type of power source and the driven machine”. The overload factor is a safety factor based on
loads that may exceed the calculated tangential force due to load variations. The user enters the
overload factor in the text box as shown. Thisform gives the user information in atableto

w. Select Overload Factor. Ko

SELECT OVERLOAD FACTOR, Ko

POWER SOURCES:

Uniform: Electric motor or constant-speed gas turbme
Light shock: Water turbine, variable-speed drive
Moderate shock: Multicylinder engine

Determine Power Source:

DRIVEN MACHINES:

Uniform: Continueus-duty generator

Light shock: Fans and low-speed centrifugal pumps, liquid agitators, variable-duty

) ) 5 generators, uniformly loaded conveyors, rotary positive displacement pumps
Determine Driven Machine:
Moderate shock: High-speed centrifugal pumps, reciprocating pumps and compressors,

heawy-duty conveyors, machine tool drives, concrete mizers, textile machinety, meat
grinders, saws

Heavy shock: Rock crushers, punch press drives, pulverizers, processing mills, tumbling
barrels, wood chippers, wibrating screens, railroad car dumpers

Select Overload Factor, Ko

DRIVEN MACHINES
Qverload Factor. Ko= | 1 5| Power Scurce Unifortm Light Shock Moderate Shock | Heawvy Shock
Uniform 1.00 1.25 1.50 175
Light Shock 1.20 1.40 175 2.25
Ioderate Shock 1.30 170 2.00 275
Continue:

OVERLOAD FACTOR FORM

determine the required value for their specific application. One advantage of visual basic isthe
ability to have figures, tables, graphs, and charts as a part of the program as shown in figure 3.
This allows the program to be self-sufficient. If the program did not have this capability, the
user would have to refer to a gear reference book and find the required value and input the value
in the program. The next form calculates the load distribution factor, Ky, shown in figure 4.
The load distribution factor, K, isbased on many different factors. The width of the gear, the
guality of the gear, and the mounting of the gear, influence the way the load is distributed to the
gear teeth. The following equation calculates the load distribution factor™.

K,=10+C, +C,, 5
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where Cy = pinion proportional factor
Cma = mesh alignment factor

The software program calculates the pinion proportional factor and the mesh alignment factor.
Theresults are placed in the label box along with the face diameter shown in figure4. The
student can verify the values graphically by looking at the two graphs’ shown. The type of
gearing unit is selected as an option. The user can see how changing the type of gear unit affects
the mesh alignment factor. The higher the precision gear unit the lower the safety factor
reguired, which means the lower the load distribution factor. The following is the steps showing
how the student determines this value without the use of the software program. The student
would find the pinion proportional factor and the mesh factor in two graphs found in the machine
elements book. They would use the face width of the gear and the face width divided by the
pitch diameter of the gear to determine the pinion proportional factor from the graph. The
student would then determine the type of gear unit used from the application or problem given.
There are four options for the type of gear units. The open gear unit, which is not as accurate to
extra-precision enclosed gear units, which are very accurate. The choice of unit is based on the
application or problem given. The mesh alignment factor could be specified from the graph by
using the face width of the gear along with the type of gear unit used. The machine elements
book provides two equations to calculate both the pinion proportional factor and the mesh

&, Specity a Load Distribution Factor. Km

Pinion Proportional Factor, Cpf
SPECIFY A LOAD 0w w0 w
o e MEEEREEE i
DISTRIBUTION FACTOR, Km "/ 200
2 0.30 1.50
: 1.00
-Mesh Alignment Factor—————————————— 0.20 0,50 Face ‘Width/ P.D
- Selectgear unit application Pinion proportional factor 0.10
T Open geating pr: 0.0406 0 I
S I N T |
For Ftd < for{
 Precicion encl losed gear uni . [ [ [ { figd=03
¢ Extra-precist losed g it 0 5 0w 1S
FaceWidth. F= | 1%
Mesh Alignment Factor, Cma
- Load Distribution Factor
0 100 200 300
Km =10 +Cpf+ Cma s [ ‘ i B SR
e I O L A O 0 o 1 | Open Gearing
2 R [ T O A 0
Mesh alignrment factor 0.40 [——t——————1
C ma= [0.1505 030 —=

i\l(ll

E 4 ! ‘tecision enclose
urits
i | Estrarprecision encloss
- =it T gearunis
Caontinug 0.10 =1 =1 1 1 | 1 1
! e s e 1+

5 10
Face Width F= | 15

FIGURE. 4
LOAD DISTRIBUTION FACTOR

alignment factor, but most students prefer to determine the values graphically. The load
distribution factor is then calculated based on both the pinion proportion factor and the mesh
alignment factor using equation 5. The remainder of the factors and variables for equations (3)
and (6) are determined using similar means. Once all the factors and variables are determined
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the program calculates the allowable bending stress and the allowable contact stress based on
equations 3 and 6 respectively. The last step would be to select a material based on the
allowable stresses. Figure 5 shows the form used to select a material based on the alowable
bending stress’. As can be seen in this form the allowable stress for the pinion and the gear are
shown and Brinell hardness value needed for this stress. The Brinell hardness number is used
only if selecting a through-hardened material. The user has five material choices, plastic, bronze,
iron, through hardened stedl, and case hardened steel. By selecting any of these options a
material list appears on the right side of the form. In figure 5 the case hardened material option
isselected. Thisbrings up alist box with all the recommended steel materials and a list box of
hardness options. The user selects the steel material that exceeds the allowable bending stress or
hardness calculated. Thisis done for both the pinion and gear. The last couple of forms

. DESIGN PROPERTIES OF CARBON AND ALLOW STEELS _[5]x]
o . ’ Ductilty
Select the material first based on Erinell Hardness Number and Allowable Bending Stress o Ty W S @i Bem
Designation stength  stiength #longation Hardness Hardness
Pinion Brinell Hardness = | 4471 AIS] Number Condition [Ksi) Iksi] __ in2inches (HR)  [HRC)

SWHT 350
1020 SWOT 380 129 72 n 255 62

Pinion Allowable Bending Stress. s . = | 46852 1022 SWOT 350 135 w1 262 62
9 &t 17 SWaT 350 125 66 10 235 65
117 SWaT 350 144 @ 13 25 9

Gear Brinell Hardness = | 328

4118 S0QT 300 143 93 17 293 g2
4118 DOQT 300 126 B3 21 241 B2
Gear Allowable Bending Stress, s = | 58183 411 i T AN/ S
4118 DOaT 450 120 B3 22 223 56

SOLT 300

 Plastic Material DOQT 300

4320 S0QT 450 2 17T 12 415 53
£ Bronze Material 4320 DOGT 450 120 42 293 53
. 4820 S0QT 300 19 13 Frr -
© lron Material 4520 DOQT 300 122 L] 248 62
4520 S0QT 450 115 W xn 48 53

4620 DOQT 450 115 7= 235 53 =

© Thru Hardened Material

Allowable bending stress number, s ks
' Case Hardened Material g a5

Hardness at surtace Grade 1 Grade 2 Grade 3
r = 3 Flamne or induction halder’\ad 50 HAC 45 55
Pinion Material Selected I Gear Material Selected Flame or induction ha 54 HF 45 55
Carburized and case harder’\ed 554 54 HAC 55
Carburized and case hardened: 58-64 HRC 55 [ 75

Gear Material:

Finion Material:

Ductility Ductiity
Material Tensle Yield PEIENt  Erinell Material Tensle ‘Yield PSSt Brngll  Case
Designation strength  strength Elongation Hadnes Designation stiength  stiength #longation Hardness Hardness
AIS| Number Condition [Ks]  [Ks] in2inches (Hg) AIS] Number Candition [ksl_ [ksi _inZinches HB]  (HRC)
[2320 00T 1000 171 158 16 363 [4320 SOQT 300 218 178 13 423 62

Allowsble Bending Stiess, s _ (Kl

Hardness at suface Grade 1 Grade2  Grade 3
[Flame o induction hardened: 54 HRC 45 55
Calculate Piting Resistance

MATERIAL SELECTION BASED ON ALLOWABLE BENDING STRESS

summarize the inputs and outputs to allow the user to print out all the data. The user can print
out information from any form that has a print command on it, an example of one of the output
forms® is shown in figure 6.

IV. Conclusion

This program allows the student to design and analyze a spur gear system. The program allows
the student to select a gear material based on the allowable bending stress and allowable contact
stress. The program isfairly long with about twenty forms to go through to select a material.
Even though the program islong, it is straight foreword to use. Many factors are not only based
on the input data but are sometimes selected based on experience. The user should have some
background in gear design. While this program is used in an academic environment, it could also
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be used in industry to design and analyze gears. The program simplifies the design process by
organizing all the inputs and calculations in an easy to understandable fashion. The user can
therefore benefit by learning the process of the gear design and understand how the inputs are

i, Pitch Dia.. Gear Center Distance. and Pitch Line Speed

COMPUTED GEAR DATA

- Computed Gear Data

Diametral Pitch: P = & P[INI‘ IN N
yutside diameter Y
Piteh Diametsr, Pinion: P.O. = | 28 in

Pitch Diameter, Gear: PO, =| 875 i
Center Distance: CD. = | b62b in i *
~ — Pitch circle
>
Pitch Line Speed: ¥ =[1145.3 fom W ‘F %
jteh diameter —

Continue

FIGURE. 6

COMPUTED OUTPUT GEAR DATA

determined and what the outputs mean from the program. The gear analysis processislong and
isdonein an iterating manner. This means the user may go through the gear design analysis two
or three times to get the best results. The program allows the user to go through the design
process multiple times quickly and easily. The software has not been used in the machine
elements course. | hope to useit by the spring semester of 2001 if all the permissions required
are granted. So at thistime, | do not have any student feedback. A futureitem of interest will be
assessing the programs impact on student learning.
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