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Abstract

By combining Hertz contact theory with the Archard wear formula, a wear model
for the tooth surface of helical cylindrical gears used in high-speed trains was de-
veloped, and its wear characteristics were numerically simulate.The simulation
findings show that, under ideal operating conditions, the tooth sur-face of the hel-
ical gear pair wears non-uniformly along the tooth width direc-tion, with the least
wear near the pitch circle and the most wear at the root of the smaller gear. Based
on this, the effects of various modules, tooth width, he-lix angle, and input torque
on tooth surface wear are investigated further. The analysis shows that changes in
module, input torque, and tooth width all have a considerable impact on the dis-
tribution of tooth surface wear, although varia-tions in helix angle have a modest
impact.
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1. Introduction

Gears, as core components of various power transmission devices, are widely used
in fields such as coal mine machinery, aerospace, and rail transit.The tooth surface
wear behavior has a significant impact on the service life of the transmission system.
A large number of studies have been carried out on gear wear issues. A few scholars
have established different wear models using various methods [1-3], but the Ar-
chard wear model remains the most widely used one.Flodin et al. [4-5] established
tooth surface wear models for spur and helical gears based on the simplified Win-
kler model and Archard wear formula, and numerically simulated the wear amount
along the tooth profile direction. Bajpai et al. [6-7] developed a wear model for heli-
cal gear pairs based on three-dimensional finite element contact analysis. He-
gadekatte et al. [8] calculated the wear of micro silicon nitride planetary gear trains
using the finite element contact model and Archard wear formula. In addition, Ding
and Liu introduced the dynamic wear coefficient into the wear calculation of spur
gears and studied the coupling effect between tooth surface wear and system dy-
namic response [9,10]. The results showed that while tooth surface wear signifi-
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cantly changes the amplitude and frequency of the system, dynamic working condi-
tions also significantly affect the amount and distribution of tooth surface wear.
Osman proposed a slight wear calculation model for wide-tooth spur gears and hel-
ical gears, and comparatively analyzed the gear wear characteristics under qua-
si-static and dynamic loads [11].In this paper, taking involute helical gear transmis-
sion as the research object, according to its meshing characteristics,it is equivalent
to a pair of reverse tapered roller contacts. A calculation model for tooth surface
adhesive wear of helical gear transmission under dry friction condition is estab-
lished based on the classical Archard wear formula. The distribution law of cumula-
tive wear depth on the tooth surfaces of driving and driven gears under given
working conditions is studied, and the influences of different tooth profile parame-
ters on the tooth surface wear depth and distribution law are discussed.

2. Research on the meshing characteristics of helical gears

Based on the relationship between the transverse contact ratio ea and the axial
contact ratio gf, the variation of the contact line length on the meshing plane can be
divided into two cases, as shown in Figure 1.
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Figure 1. The length of the contact line on the meshing plane of involute helical gear trans-
mission

In the case of the left diagram in Figure 1, the contact line length of the helical gear
transmission can be expressed as

G osi<e, T,
sin 3, T,
A-ga &, T, <t<ey T,
I(1,r)=4 sinp, 6
4
& &~ ep-T,<t=e, T,
sin f3, T,
0 e, T,<t<ceil(e,)T,
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In the case of the right diagram in Figure 1, the contact line length of the helical gear

transmission can be expressed as

P L 0<t<e, T,
simng, T,
A-ga ey-T,<t<g,-T,
I(,/)=4 sinp, @
.p¢ £ L e, T <t<¢ T,
sing,\ " T, ’
0 e, T,<t<ceil(e,)T,

In the formula, Tm represents the meshing period, pbt represents the end face pitch.
According to the periodicity of meshing, the length of the nth contact line at time t

can be expressed as

I(n,t)=1[l,t +(n-1)T, ] 3)
The total contact line length at any moment can be expressed as
N
L(t)=1(Le)+1(2,8)+-+1(M 1) =" 1(i,1) @)
n=l1

Based on the difference in the percentage of each contact line length to the total
contact line length at each moment, the quasi-static load on the tooth surface borne
by the first pair of meshing teeth can be expressed as

F(Lt)=F,- L.0) (5)

L(¢)

In gear contact analysis, spur gear pairs are usually equivalent to a pair of disks with

continuously changing radii, while helical gears are regarded as multiple spur gear
slices stacked along the axis and rotated by a small angle in sequence, as shown in
Figure 2.

Figure 2. Equivalent Model of Single-Pair Teeth for Involute Helical Gears
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On any given contact line, take an arbitrary point A(j, j). The radii of curvature of the
driving wheel (denoted as R;), the driven wheel (denoted as R;), and the radius of

curvature (denoted as R) at this point can be expressed as

R(i,j)=[N,B, +(i—1)L/i]/cos j,
R, (i, j)={N,N, =[N,B, +(i-1)L/i]}/cos B, ©

R(i, j)= R, (i, )R, (i, j)/ R, i, j)+ R, i, j)

N1N2z represents the theoretical meshing line length.
The tangential velocity, relative sliding velocity us, entraining velocity ur, and
slide-roll ratio Sr of the two gears at the meshing point A can be expressed as

{”1 =wR, (i:j)cos B,
u, =m,R, (i, j)COS By

AE AN

u, (0. )=, 0. j) =, G 7)) 2 ®
8,6, )=u,(i. 1)/, 0. )

Q]

The slip distances at a meshing point on the tooth profiles of the driving wheel and

the driven wheel are respectively expressed as

$,(6..j)=2b[u, (. /)= s 0. /) /(0. ]

Sz(iaj):2b|u1(i,j)—uz(i,j)Vuz(i,]) 9)

The contact half-width at the meshing point
b= 1/4WR/7ZE' (10)

E 'is the comprehensive radius of curvature
3. Calculation of adhesive wear on helical gear tooth surfaces

The calculation of adhesive wear for helical gears is typically based on the Archard

wear model, and the wear volume under dry friction conditions.

FS
Vdry :K? (11

In the formula, K is the dimensionless wear coefficient of the gear material, and S is
the relative sliding distance.

Average contact pressure at the meshing position.
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i /)= 4F(1,¢)

DU (12)

" (1)

Thus, the tooth surface wear depth of the driving wheel and the driven wheel at a
certain meshing position after one meshing cycle under dry contact conditions is

obtained as

hdryl,Z(i’ j):kp(i,j)Sl,z(i, J) (13)
After N meshing cycles, the accumulated wear depth of the tooth surface.

hxl,Z(i’j): Zhd;-yl,z(i’j) (14)

n=1

4. Results and Discussion

The geometric parameters of gears in the transmission system for EMUs (Electric
Multiple Units) are shown in Table 1.

Table 1. Gear geometric parameters

Tooth number Z pinion 35
Tooth number Z gear 85
Tooth width B(mm) 65
Pressure angle o(°) 20
Addendum coefficienth, 1
Tip clearance coefficient ¢ 0.25
Modul e m(mm) 6
helical angle (°) 10

The figure shows the time-varying contact line length and time-varying load per unit
contact line of the helical gear. It can be seen from the right part of Figure 3 that
during the meshing process, both the length of a single contact line 1(1,t) and the to-
tal length of multiple contact lines L(t) change continuously with meshing time: in
the meshing-in process, 1(1,t) increases continuously; in the middle meshing area, its
value remains constant; in the meshing-out process, its value gradually decreases to
zero. 1(1,t) transitions continuously, while L(t) shows periodic changes. This mesh-
ing characteristic of helical gears ensures the continuous change of load, and the
variation trend of the load per unit contact line is exactly opposite to that of L(t), as
shown in the left part of Figure 3.
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Figure 3. Time-varying contact line length and time-varying load per unit contact line

Figure 4 shows the tooth surface wear amounts of the driving and driven wheels af-
ter 1x10° load cycles. It can be seen from the figure that: the maximum wear
amount of the driving wheel in the left figure is larger than that of the driven wheel
in the right figure; the wear amounts at the tooth root and tooth tip of both the
driving and driven gears are relatively large, and the wear amount at the tooth root
is greater than that at the tooth tip, while the wear amount at the pitch circle tends
to zero; the wear amount is non-uniformly distributed along the tooth width direc-
tion, and the wear amount of the driving wheel decreases sequentially from the
front end face to the rear end face, whereas that of the driven wheel increases se-
quentially from the front end face to the rear end face.
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Figure 4. The wear depth of the driving and driven wheels

Figure 5 shows the tooth surface wear amounts of the driving wheel when the mod-
ules are 4mm, 5mm, and 6mm respectively. As the module increases, the tooth sur-
face wear amount decreases, among which the wear amount from the pitch point to
the tooth root segment drops sharply.
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Figure 5. Comparison of the wear depth of the front, middle and rear end faces under dif-
ferent modules

Figure 6 shows the tooth surface wear amounts of the driving wheel under the input
torques of 600 N-m, 800 N-m, and 1000 N-m, respectively. It can be seen from the
figure that as the input torque increases, the tooth surface wear amount increases

significantly.
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Figure 6. The wear amounts of the front, middle and rear end faces under different torques

Figure 7 shows the tooth surface wear amounts of the driving wheel when the helix
angles are 10°, 14°, and 18° respectively. It can be seen from the figure that as the

helix angle increases, the tooth surface wear amount decreases slightly.

-4 -4 4
1010 1010 10X10
—B=10° —p=10° —B=10°
Esf ——p=iae| E 8 — —p-1ae| E 8
= A\ —-—p=18° = A\ —-—p=18° e
§ 6 ‘Q‘ §. 6 § 6
24 24 24
g, 3 o
z E 2 =
0 0 0
10 15 20 25 30 10 15 20 25 30 10 15 20 25 30
Pressure Angle/ (°) Pressure Angle/ (°) Pressure Angle/ (°)

Figure 7. The wear amounts of the front, middle and rear end faces under different helix
angles

Figure 8 shows the tooth surface wear amounts of the driving wheel when the face
widths are 45mm, 55mm, and 65mm respectively. As the face width increases, the
load per unit contact line and contact pressure decrease, leading to a significant re-
duction in the tooth surface wear amount.
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Figure 8. The wear amounts of the front, middle and rear end faces under different tooth
widths

Taking a certain type of bevel gear used in a certain high-speed train as the object,
the tooth surface wear amount calculation and related parameters analysis were
conducted. The calculation results of the tooth surface wear amount of the driving
and driven wheel surfaces showed that the wear amount at the root and tip of the
teeth was relatively large, and the wear amount at the root was greater than that at
the tip. The wear amount at the pitch circle tended to be zero. From the front to the
rear of the gear's front surface, the wear amount of the driving wheel gradually de-
creased while that of the driven wheel gradually increased; the wear amount of the
wide gear gradually became evenly distributed along the tooth width. The parame-
ter analysis indicated that increasing the module, the tooth width, or reducing the
torque could reduce the wear amount, while increasing the helix angle had no obvi-

ous effect on reducing the tooth surface wear.
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