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Abstract

Based on the simulation software of Romax and the theory of maximum orthogonal shear
stress, this paper analyses the surface and subsurface contacts of double row tapered roller bearings
for automobile wheels, and examines the effect of contact curvature on the maximum orthogonal
shear stress of subsurface. The conclusions are as follows. The inner ring raceway has a slightly
higher contact load and stress than the outer ring raceway. Under the external load, the double row
tapered roller bearing exhibited a certain pitch deformation, and the second row of roller and the
inner ring raceway are more prone to failure damages. With the increase of depth, the subsurface
orthogonal shear stress increased first and then decreased. If the depth is kept constant, the

maximum orthogonal shear stress of subsurface increased with the curvature.
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1. Introduction

Featuring strong load bearing, sound rigidity, long service life and other advantages, the
double row tapered roller bearing has infiltrated nearly every aspect of the modern life, especially
in the design of automobile wheels. Due to the special working conditions and structures, strict
requirements have been imposed on the bearing of automobile wheels. The bearing must be adapted

to the limited height of the bearing section, and installed using the smallest possible space. With a
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compact structure, light weight and large width, the double row tapered roller bearing is an ideal
choice for automobile wheels. The bearing also boasts a strong load capacity. Under the same
dimensions, the rated dynamic and static load of such a bearing is twice that of a double row ball
bearing.

The contact properties are critical to the bearing of vehicle wheels. Any two objects in contact
with each other may suffer from contact failure. Rather than limited to the contact surface, the
failure is also found in the subsurface structure, as evidenced by the micro cracks at a certain depth
under the surface. The cracks often expand from the surface to the subsurface, resulting in flake
peeling, pitting, and ultimately the stripping failure. Such a failure is commonly referred to as
subsurface origin-oriented failure [1-2]. Therefore, the contact analysis should not stop at the
features of contact surface, but dig into the stress size and depth of subsurface. Nevertheless, the
commonly used Hertz contact theory only applies to the surface stress resulted from the
concentrated force vertically acting at the surface [3]. In order to calculate how surface stress acts
on subsurface, it is necessary to introduce the calculation theory of shear stress [4-6].

Targeted at the double row tapered roller bearing for automobile wheels, this paper carries out
the contact simulation and analysis of the surface and subsurface, and discusses the effect of contact
curvature on the maximum orthogonal shear stress of subsurface. The research was performed

based on the simulation software of Romax and the theory of maximum orthogonal shear stress.

2. Contact Theory

2.1 Surface Contact Stress

According to the Hertz contact theory, the contact area between any two contacting objects

obeys the elliptical distribution (Figure 1).

Fig.1. Hertz contact area

472



In Figure 1, a and b are the semi-major axis and the semi-minor axis of the elliptical contact
area, respectively. If the load at the maximum stress point, i.e. the geometric enter of the ellipse, is
denoted as Q, then the corresponding maximum contact stress is:

-
2rab (1)

For a tapered roller bearing, the roller is linearly contacted with the inner and outer ring
raceways, respectively. In this case, the contact area becomes a semi-elliptic cylinder, and the long
axis of the ellipse approaches infinity (Figure 2). The corresponding maximum contact stress,

appearing on the centreline of the cylindrical contact area, is expressed as:

. N
max 7Z'Ib (2)

where | is the length of the contact line.
The half width b of the contact area can be approximated as:

1
b :3.35x10-3(&)5

12p ©)

where p is the radius of curvature.

Fig.2. Linear contact area

473



According to formulas (2) and (3), the maximum surface contact stress of the linear contact is
correlated with the length | and the radius of the semi-minor axis b of the linear contact area; the
radius of the semi-minor axis b is dependent on the radius of curvature corresponding to the contact
area. Whereas the roller length | is limited to a small range by the weight, cost and width of the
bearing, the curvature is the most important influencing factor of the contact stress of bearing

during the design process.

2.2 Subsurface Contact Stress

As mentioned before, the Hertz contact theory is only suitable for the surface stress caused by
the concentrated force vertically acting on the contact surface. In actual practice, however, contact
failure often originates from some points beneath the surface. Such a failure is called subsurface
failure. Therefore, it is very meaningful to determine the stress size and depth of subsurface. The
results can reflect if the hardness and depth are as required. The existing theories on the stress in
subsurface failure mainly include the maximum shear stress theory, the maximum orthogonal shear
stress theory, and the synthetic shear stress theory. Among them, the maximum orthogonal shear
stress theory is the most popular and recognized strategy in the calculation of subsurface contact
stress and measurement of subsurface failure [7]. It should be noted that researchers have not
reached a consensus on which of the stresses is the main reason of subsurface failure.

Proposed by Palmgren and Lundberg, the maximum orthogonal shear stress theory goes as:

2Ty _ (2 t_1)1/2
O hax t(t+1) (4)

Hence, the maximum orthogonal shear stress at the depth of z can be expressed as:

b
L D2 )

where t is an auxiliary parameter satisfying the following relationship:

L N T

a (6)
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To sum up, the subsurface contact stress and depth should be calculated based on the radius

of semi-minor axis b of the maximum surface contact stress and surface contact area.

2.3 Curvature and Calculation Theory

As shown in Figure 3, the various contact points between the raceways and the roller share

similar curvature radiuses, making it possible to use the approximate curvature and calculation

formula. The curvatures and formulas of the contact area with the inner and outer ring raceways

are respectively:

1,2
zpi = D—m(ﬁ)

1 2
Z,Oo D_m(—1+ ro)
(7)
where

Dm - %(Dmax_l— Dmin)
_ D, cose,

1 dm
_ D, cosa,

0 dm

(8)

Fig.3. Curvature and geometric relationship of tapered roller bearing

3. Model Building
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Capable of withstanding the axial force and radial force at the same time, the double row
tapered roller bearing has been widely used in auto-making, heavy machinery, shipbuilding,
military and other fields. In this research, the author attempts to model a double row tapered roller
bearing for the wheels of a vehicle (Figure 4). The basic parameters and properties of the bearing
are presented in Table 1. The bearing consists of a fixed outer ring and a rotating inner ring. To
simulate the accurate bearing load, a hollow shaft was designed in the inner ring. The load applied
on the bearing is shown in Table 2.

the first row

the second row

—

—

Fig.4. The analysis model

Tab.1. Basic Parameters of the bearing

Parameters Value

Outer diameter of bearing 2800 mm

Inner diameter of bearing 2300 mm

Width of bearing 300 mm
Number of rollers in a single row 101
Contact angle 45°

Yield strength 4000MPa

Elastic modulus 2.10ESMPa

Poisson’s ratio 0.3

Tab.2. Load conditions

MY -7000KN-m
MZ 1500KN"m
FX 400KN
FY 100KN
FZ -1500KN

4. Analysis of Contact Features
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4.1 Surface Contact

To obtain the stress distribution between rollers and ring raceways, the circumferential loads
on the contacts between the two rows of rollers and the inner and outer ring raceways were

extracted respectively with Romax.

Contact load along the circumference (kIN)

Inner rinz raceway
—

Outer ring raceway

1500/

180.0

2007,

2700

5(a). Contact loads between the first row of rollers and the inner and outer ring raceways

Contact load along the circumference (kN)

—_—

Inner fing raceway
£0.0

Outer ring raceway

%, 30.0

270.0

5(b). Contact loads between the second row of rollers and the inner and outer ring raceways

Fig.5. Contact loads between rollers and the inner and outer ring raceways

According to Figure 5, the distribution form and area of contact stress are basically the same
with load distribution. In Figure 5(a), the contact load between the first row of rollers and the inner
ring raceway occurred in [0< 60 and that between the first row of rollers and the outer ring

raceway appeared in [240< 3609. The load mainly concentrated in [300< 360, and peaked at
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192kN at the angular position of 331< In Figure 5(b), the contact loads between the second row of
rollers and the inner ring raceway both occurred in [120< 2109). The load mainly concentrated in
[150< 1809, and peaked at 431kN at the angular position of 158<

Therefore, the double row tapered roller bearing exhibited a certain pitch deformation under
the action of the external load. In addition, the second row of rollers and raceways are the main
bearing parts of the bearing structure, with a maximum load 2~3 times of that of the first row of
rollers and a relatively narrow scope of action.

The circumferential contact loads between the two rows of rollers and the inner and outer ring
raceways were extracted respectively with Romax. Then, the distribution diagram of the contact
stress between rollers and raceways was established with the angular position as the horizontal
coordinate and the roller length as the vertical coordinate (Figure 6).

Contact stress of inner ring Contact stress(MPa)

1831
1700
1569
1429

(o) s1afjoI SU0TE a0UEISI
By
o

0 | T | T | T | T | T | T | T |

0 50 100 150 200 250 300 350 o
Angular position(deg) 0
Contact stress(MPa)

Contact stress of outer ring

(o) s1afjoI SUofe a0uelsig

100 150 200

Angular position(deg)

250 300

6(a). Contact stress between the first row of rollers and the inner and outer ring raceways
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Contact stress of inner ring Contact stress(MPa)
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6(b). Contact stress between the second row of rollers and the inner and outer ring raceways
Fig.6. Surface contact stress

As can be seen from Figure 6, the contact stress was generated between the rollers and
inner/outer ring raceway under the action of roller and the load of raceway, the contact stress was
distributed in a similar form and area with the contact load, and the inner ring raceway has a slightly
higher contact stress than the outer ring raceway. Through comparison, it is clear that the second
row of roller, with a narrower contact area, was under a far greater contact stress than the first row
of rollers, and was more likely to suffer from failure damage. Table 3 shows the maximum contact
load, the maximum contact stress, semi-minor axis of the elliptical contact, position and other
information of the first and second row of rollers and inner/outer raceways. To analyse the
subsurface contact, the author probed into the contact between the more failure-prone second row

of rollers and the inner ring raceway.

Tab.3. Maximum contact results

The first row The second row
Maximum contact load of roller 192KN 431KN
Position of maximum contact load of Counter-clockwise 331° Counter-clockwise
roller 158°
Maximum surface contact stress 1831MPa 2577MPa
Maximum elliptical minor semi-axis of 970um 1301um

surface contact
Position of maximum surface contact Counter-clockwise 331° Counter-clockwise
stress 158<°
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4.2 Subsurface Contact

According to the maximum orthogonal shear stress theory provided by Palmgren and
Lundberg, the computed result of the surface contact between the second row of rollers and inner
ring raceway is substituted to obtain the change of subsurface stress of contact between the second
row of rollers and inner ring raceway along with the change in depth, as shown in Table 4. The
changing curve of maximum orthogonal shear stress of the corresponding subsurface is shown in
Figure 7.

It can be seen from Table 4 and Figure 7 that: with the increase of depth, the subsurface
orthogonal shear stress increased first and then decreased; the maximum orthogonal shear stress
reached 723MPa at the depth of 1.04mm. In actual design, if the depth is kept at 1.04mm, the shear
stress permitted by the bearing hardness is greater than 723MPa. Hence, a safety coefficient should

be introduced according to the actual situation.

Tab.4. Subsurface stress variation with depth

Curvature 0.034
ZIb Depth z (mm) T
0 0 0
0.2 0.2602 388.068
0.4 0.5204 605.004
0.6 0.7806 701.412
0.8 1.0408 723.108
1 1.301 706.236
15 1.9515 607.416
2 2.602 508.584
2.5 3.2525 431.46
3 3.903 371.196
4 5.204 286.836
5 6.505 233.808
6 7.806 197.652
8 10.408 149.436
10 13.01 120.516
15 19.515 79.548
20 26.02 60.264
Max 1.0408 723.108
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Fig.7. Surface stress variation curve

Next, the author explored the effect of bearing curvature on the orthogonal shear stress of
subsurface contact. The contact curvature of bearing was changed to 0.035, 0.036 and 0.037,
respectively, to extract the corresponding maximum orthogonal shear stresses (Figure 8). As shown
in Figure 8, if the depth is kept constant, the maximum orthogonal shear stress of subsurface

increased with the curvature.
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Fig.8. Maximum orthogonal subsurface shear stress at different curvatures

Conclusion

Through the analysis on the surface and subsurface contacts of double row tapered roller
bearings for automobile wheels, the author drawn the following conclusions:
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(1) The double row tapered roller bearing exhibited a certain pitch deformation under the
action of the external load. In addition, the second row of rollers and raceways are the main bearing
parts of the bearing structure, with a relatively narrow scope of action.

(2) The distribution form and area of contact stress are basically the same with load distribution,
the inner ring raceway has a slightly higher contact load and stress than the outer ring raceway, and
the second row of roller and the inner ring raceway are more prone to failure damages.

(3) With the increase of depth, the subsurface orthogonal shear stress increased first and then
decreased; In actual design, the shear stress permitted by the bearing hardness is greater than the
maximum orthogonal shear stress.

(4) If the depth is kept constant, the maximum orthogonal shear stress of subsurface increased
with the curvature.

All in all, this paper digs deep into the theory and contact of double row tapered roller bearing
for automobile wheels, providing an important reference to the optimization of the design, the

improvement of the bearing capacity and the reduction of the vibration noise.
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