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Abstract

The damage that occurs on the teeth flank of cylindrical gears is a complex phenomenon and depends on many
factors. The most common cause for these damages is the high contact stress of the meshing gears. Although this contact
pressure, by itself, cannot be a criterion for determining the durability of the gears, a good correlation has been found
between the contact or Hertz pressure and the damage that occurs on the tooth flank. This paper analyzes the influence
of the pressure angle o on the contact stress. Analytical calculation according to the ISO 6336-2:2006 and finite element
method (FEM) was used for the analysis. Four cases were analyzed with a change in the pressure angle, i.e., cylindrical
spur gears and pressure angles of 17.5°, 20°, 22.5° and 25°. In the results, it was noted that by increasing the pressure
angle, the contact stress decreases. It can also be concluded that by increasing the pressure angle, the difference in the
results between the analytical and FEM analysis, also increases.
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1. Introduction

Due to the advantages of gears, such as a constant
transmission ratio, long service life, and high load
capacity, gears are one of the most used machine elements
for mechanical power transmission. There are many types
of gears, but some of the most used are spur and helical
gears. The main difference between these gears is that the
teeth of the spur gears are parallel to the axis of rotation,
and in helical gears, they are inclined by an angle B with
respect to the axis of rotation. Helical gears, compared to
spur gears, have a higher load capacity, but also quieter
operation due to reduced vibrations. The contact between
the teeth in the spur gears begins simultaneously along the
entire width of the gear. In helical gears, it starts at one
point on the edge of the tooth and gradually continues
along the entire width of the gear, thus contributing to the
quieter operation of gears [1-3].

The contact conditions of the meshing gears
continuously change, contributing to various defects
occurring along the flank of the tooth [4]. Meshing gears
are usually loaded with two types of stress: bending stress

and surface stress caused by the contact of the teeth. In the
case of high contact stress, damage occurs on the side of
the tooth, which is called pitting [5].

Pitting is one of the most common failures [6] that
occurs in gears and represents fatigue due to the repetition
of high contact stress. This damage occurs when the
contact stress exceeds the surface fatigue strength. The
contact stress is directly related to the loading condition
of the gear, as well as to the geometrical characteristics of
the gear and gear material. The authors in [7] analyzed the
influence of the gear module on the contact stress using
the finite element method (FEM), and the results were
compared with those from Hertz’s equation. The results
show that by increasing the module, the maximum contact
stress decreases. In [8], the contact stress of spur gears
under different loading conditions was analyzed using
ANSYS Workbench. The results were compared with
those from theoretical calculations, which showed a
difference of less than 10% between them. The influence
of the static friction coefficient on the contact stress in
meshing spur gears was analyzed in [9]. Using the FEM,
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it was concluded that the contact stress increases with an
increase in the value of the friction coefficient. Contact
stress analysis using different materials was conducted in
[10].

Although gears with a pressure angle of 20° are
preferred, the angle changes under certain situations.
Increasing the pressure angle improves the gear strength,
but also increases noise during the operation of the gears.
Reducing the pressure angle reduces the load-carrying
capacity of the gears but also results in quieter operation.
This study aimed to determine the effect of changing the
pressure angle on the contact pressure. Analytical
methods and FEM were used to determine the change in
contact stress. Four cases were analyzed with pressure
angles of 17.5°, 20°, 22.5°, and 25°. The gear loading
conditions,  materials, geometrical
characteristics remained the same for all four cases.

and  other

2. Gear Contact Stress Calculation

Tooth flank damage, or pitting, in spur gears due to
fatigue from repetitive gear loads is a complex problem.
This damage occurs in the form of pits on the tooth flank
(Figure 1). The most common reason for this is the high
contact pressure, which exceeds the permissible limit.

Figure 1. Graphical illustration of gear pitting.

The maximum contact pressure can be calculated
according to the Hertzian theory, which is based on the
contact between two cylinders. Hertz’s theory assumes
that the pressure distribution in the contact area is
elliptical (Figure 2) [11, 12]. This theory can also be
applied to involute gears because of the involute shape of
the tooth flank.

Although the maximum contact pressure cannot be
considered as a criterion for pitting occurrence, a good

correlation was found between the maximum contact
pressure and pitting. As a result, the Hertz pressure or
Hertz stress is often used as a basis for surface durability
calculations [5].

Figure 2. Hertz contact theory [5, 7].

According to ISO 6336-2:2006, the formula for
calculating the nominal contact stress at pitch point P
(Figure 3), for flawless gearing (ideal gears without
errors, meaning that application and dynamic factors are
not included in the calculation), and because of the
application of constant nominal torque, is as follows [5]:

Fr u+1

Oho =ZHZEZ£ZB E "

(M

Fressure angle
Q

Figure 3. Pressure angle o.
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Table 1. Specification of gear set.

Case A Case B Case C Case D
Parameter
Pinion Gear Pinion Gear Pinion Gear Pinion Gear
Number of teeth 20 20 20 20 20 20 20 20
Module [mm] 4 4 4 4 4 4 4 4
Pressure angle [© ] 17.5 17.5 20 20 22.5 22.5 25 25
Pitch Diameter [mm] 80 80 80 80 80 80 80 80
Face Width [mm] 20 20 20 20 20 20 20 20
Material Young’s
modulus 206 000
[N/mm?]
Poisson’s ratio 0.3
Torque [Nm] 300
Contact force [N] 7500

The zone factor Zy for spur gears can be calculated
according to the following relationship:

2
ZH - \I sina-cosa (2)

a- Normal pressure angle.

where,

The elasticity factor Zg depends on the reduced
modulus of elasticity E,- and can be calculated using the
following equation:

ZE: —_=

where,

E;, E;- Material Young’s modulus, for pinion and
gear, respectively,

vf, vi- Poisson’s ratio, for pinion and gear,
respectively.

When E; = E, =E, and v{ = v, = v, and for v =
0.3 (for steel and aluminum), the equation becomes:

Z =+0.175E.

The contact ratio factor Z, can be calculated using the
following equation:

Zg = \/4_38“ (1 - EB) +i—i

4

where,

&q- Transverse contact ratio,
&g- Overlap ratio,

For spur gears, the overlap ratio £g=0.

The helix angle factor Zg can be calculated according

to the equation:

(5)
where,

B- Helix angle, for spur gears, or f = 0, the helix
angle factor Zg = 1.

F; is the nominal tangential force and can be calculated
using the following equation:

where,

T- Nominal torque,
d;- Pitch diameter.

The contact stresses for the cylindrical spur gears with
pressure angles of 17.5°, 20°, 22.5°, and 25° were
calculated using Equation (1), and the detailed
specifications of the gear sets are listed in Table 1. In all
four sets, only the pressure angle was changed; other
specifications such as the number of teeth, module,
material, face width, etc., were unchanged.

The nominal tangential force was calculated according
to Equation (6) as follows:
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The corresponding factors are calculated based on
equations (2-5) and the pressure angle only influences the
coefficients Zy and Z.. The individual calculations for
each case, are presented as follows:

e Case A, with a pressure angle of 17.5°
Fy
bd1 u

=2.64-189.8-0.89-1

<
+
—_

Ofyo = ZHZEZ&‘ZB

7500 1+1
20-80 1

= 1365.45 MPa

y

e Case B, with a pressure angle of 20°

Fru+1
Oyo = ZHZEZEZB E ”
=249-189.8:-090-1
7500 1+1 = 1302,34 MP
2080 1 0 @

e Case C, with a pressure angle of 22.5°
Fy
bd; u

=238-189.8-092-1

<
—+
[UnN

Oyo = ZHZEZEZB

7500 1+1
20-80 1

e Case D, with a pressure angle of 25°

= 1272.47 MPa

y

Fru+1

— =2.29-189.8:093-1
bd;, u

Oyo = ZHZEZEZB

7500 1+1
20-80 1

= 1237.66 MPa

y

3. FEM of Meshing Gears

The involute spur gear 3D models for the four cases
were prepared using the parametric modeling software
SolidWorks. The detailed specifications of the gears’
parameters are listed in Table 1. The 3D models were
exported to the FEM analysis software, ANSYS
Workbench.

The characteristics of the material used in the analysis
is listed in Table 1. Frictionless contact was defined
between the contact surfaces of the pinion and gear. The
meshed model is shown in Figure 4. The ANSYS mesh
control option was used to define the element size. As
shown in Figure 4, a smaller element size is used around
the contact zone between the pinion and the gear.

§

)

Figure 4. Meshed model of gear pair with pressure angle
a=20°.

The boundary conditions are shown in Figure 5. A
cylindrical support was defined on surfaces A and B
(Figure 5). At reference point D, a moment of 300 Nm
was applied, and at reference point C, remote
displacement was defined. Remote displacement is a
guided displacement of a part around a point. In this case,
a rotation of 0.5° is defined around the reference point C,
the directions of the remote displacement and moment are
counterclockwise (Figure 5). It should be noted that the
directions shown in Figure 5 do not refer to the direction
of motion of the gears; they only refer to the setup in
ANSYS Workbench, that is, at point D, the direction of
the moment, and at point C, the direction of the remote
displacement. In all four cases, mesh control and
boundary conditions remain unchanged.

A

Figure 5. Boundary condition of FE model.
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4. Results and Discussions

First, the contact stress for the four cases, that is, for
pressure angles a of 17.5°, 20°, 22.5° and 25°, was

F:Normal Pressure 17.5

calculated using equation (1). Surface stress of 1365.45 Pressure

Type: Pressure

MPa, 1302.34 MPa, 1272.47 MPa, and 1237.66 MPa were Lot P

Time: 15

obtained, respectively. A finite element (FE) model was
created, and the previously mentioned cases were
analyzed. A graphical representation of the results of the
analytical and FE analyses is shown in Figure 6 and the
results of the analysis are shown in Figures 7-10. Based
on these results, it can be concluded that as the pressure
angle increases, the contact pressure decreases.

1450
= 1400
[a
= 1350
a
$ 1300
=
@ 1250
9]
£ 1200 Figure 7. Maximum contact pressure from ANSYS
8 1150 Workbench for pressure angle o=17.5°.
1100
17,5 20 22,5 25
‘ ‘ ‘ ‘ C:Normal Pressure 20
Pressure
Type: Pressure
Unit: MPa
Time: 15
Pressure Angle [°] —
12116
Analytical =——FEM e
10202
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892.77
Figure 6. Graphical representation of the results. s
701.45
637.69
573.92
51016
. . M629
A comparison was made between the results obtained e
. . . . . 255.08
using analytical calculations and those obtained using :E;.;:
FEM. It was found that a larger difference between the e

results occurred at a larger pressure angle. The results are
presented in Table 2.

Table 2. Difference between analytical and FEM results.

Analytical Lozl Difference Figure 8. Maximum contact pressure from ANSYS
o,
[MPa] [MPa] [%] Workbench for pressure angle a=20°.
Case A 1365.45 1390 1.8
Case B 1302.34 1275.4 -2
Case C 1272.47 1209.5 -4.9
Case D 1237.66 1152.6 -6.8
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D: Normal Pressure 22.5
Pressure
Type: Pressure

Unit: MPa o - o
Tire: 15 < 9225
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Figure 9. Maximum contact pressure from ANSYS
Workbench for pressure angle a=22.5°.

E: Normal Pressure 25 ‘
Pressure

Type: Pressure 5 =250
Unit: MPa | e o g=25
Time: 15 A = V.-

Figure 10. Maximum contact pressure from ANSYS
Workbench for pressure angle a=25°.

5. Conclusion

When changing the pressure angle of meshing gears,
all its effects on the load-carrying capacities of the gears
should be considered. This study analyzed the influence
of the pressure angle on the maximum contact pressure.
From the results, it can be observed that by increasing the
pressure angle, the maximum contact pressure decreases.
The FE model was verified using analytical calculations
and can be used in further research. This study analyzed
only the maximum contact pressure but not the equivalent
von Mises stress. Further research should be conducted on
the impact of the change in the pressure angle on the
equivalent stress.
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