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Abstract. Hertz contact theory and experimental methods are respectively adopted to analyze and
study the relationship between the load and the axial stiffness, the radial stiffness and the
overturning stiffness of the three-row-roller slewing bearings. The axial stiffness, the radial stiffness
and the overturning stiffness of the three-row-roller slewing bearings are theoretically analyzed on
the basis of Hertz contact theory. The finite element simulation calculation model of the bearing
was established to verify the validity of the theoretical stiffness analysis. The theoretical analysis of
the stiffness are approximately consistent with the results of the finite element simulation
calculation. The oretical analysis and experimental result show: the axial stiffness, the radial
stiffness and the overturning stiffness of the three-row-roller slewing bearings present nonlinear
change rule ; Rigidity value are increased along with load increase and the tendency of the increase
is gradually reduced.

Introduction

Three-row-roller slewing bearings, as a kind of new bearings with high bearing capacity, are
mainly applied to complex large-load occasions. Fig.1 is the structure diagram of the external teeth
type three-row-roller slewing bearings mainly composed of external ring, upper and lower inner
rings, axial rollers at upper row, axial rollers at lower row and radial rollers. The axial force and the
overturning moment applied thereto are borne by the axial rollers at upper and lower rows, and the
radial force is borne by the radial rollers.
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5-radial roller;6-lower inner ring
Fig. 1. The schematic diagram of the structure of external three-row-roller slewing bearings

Currently, most literatures are mainly based on Hertz contact theory to study the stiffness of
roller bearings, angular contact ball bearings and single-row bearings [1-6]. In terms of
three-row-roller slewing bearings, Peter[7-8] proposed that a new computational model for
determination of internal contact forces distribution and consequently the determination of
acceptable load curves for static load capacity in three-row-roller slewing bearings, Peter[9]
proposed that a calculation model for fatigue lifetime determination of a three-row-roller slewing
bearing raceway. Josu[10] proposed that the derivation of the general static load-carrying capacity
of three-row-roller slewing bearings under axial load and tilting-moment. This calculation is a true
generalization of Rumbarger's method and provides an acceptance curve in the load space. In this
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paper, the three-row-roller slewing bearings stiffness will be studied.

Theoretical Analysis of Bearings Stiffness

Condition hypothesis

According to the working conditions of the three-row-roller slewing bearings, the following
hypotheses are provided for the theoretical stiffness analysis: (1) the rollers are isotropous linear
elastomers, so the rollers are assumed to be always in small deformation state under external force;
(2) the overall deformation of the bearings are too small to be ignored; (3) the rotational motion of
the bearings during artillery emission process is extremely small, so the additional load produced by
the bearings is ignored; (4) the friction force between the rollers and the roller path is also ignored.

Roller line contact stiffness analysis

The rollers of the three-row-roller slewing bearings are cylinders and have line contact with the
roller path. Hertz contact theory is adopted to deduce the formula for the amount of elastic
deformation of the line contact. Fig.2 is the line contact diagram for two cylinders, and Fig.3 is the
contact stress distribution diagram. P is the load borne by the cylinders, L is the cylinder length, g
(a = P/L) is the line load distributed along the generatrix, R1 and R2 are the ellipse radiuses, v1 & v2
and E1 & E2 are respectively Poisson's ratios and elasticity moduli of two cylinders, # is the
maximum contact stress (length of major axis of the ellipse) and 2 is the half-width of the contact
surface (length of minor axis of the ellipse).

Fig. 2. the schematic diagram of the line contact
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Fig. 3. the schematic diagram of contact stress distribution

Comepatibility equation of Hertz line contact problem is as shown in Formula (1) [11]:

2n a p(s) X
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Where:
11—V 1-vi
77_ El ’ EZ
1 1 1
—_————
R R R

pvfM:“m{J“ p(S)ds _ r p(s)ds}

a X—§ -0 -a X—S X+te X —§
Contact equilibrium equation is as shown in Formula (2) [11]:

[* p(s)ds=q 0
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The line contact problem can be concluded to find a contact stress in the interval of [-a, a] to
satisfy Formulae (1) and (2) according to elliptical distribution p(s). Semi-elliptic functional
equation is as shown in Formula (3):

p(s)=Pe a7 =52 3)
a

Formula (3) is put into Formulae (1) and (2) to obtain:

2p,n a |a® —x? X

Rl py* & 7% gs= X 4
za -[fa X—S ° R @
%I:\/az —-s*ds=q (5)

The following formulae can be obtained through integral.

a- [R0 0
- L )

In literature [12], normal contact deformation formula [13] of common smooth elastomer is
referred to deduce normal contact deformation formula (8) for the line contact elastmoer on the
basis of Hertz line contact theory:

o =nap,K (8

Where K is the first species of the complete elliptic integral, expressed as

i
2

z 1 . . . .
K=JO = ———=06 which cannot be directly integrated, but when & is a small value,
\/cos O+¢&°sin“ 0
equivalent interpolation can be found for approximate calculation to finally find K =1In(3.862/¢)
(e=4a/3L). Afterwards, K =1In(3.862/¢)and Formulae (6) and (7) are put in Formula (8) to deduce
the elastic deformation formula for the finite-length line contact, as shown in Formula (9):
3
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Theory Analysis and Simulation Results Analysis

The same bearing structure parameters and stress values were adopted and were substituted into
stiffness theory calculation formula and finite element model respectively. Axial stiffness, radial
stiffness, turning stiffness calculation results were as shown in table 1 ~ table3 respectively. The
displacement curve with the change of load and the stiffness curve with the change of load were as
shown in Fig 4 ~ Fig 9.

Table 1 Axial stiffness results comparison

Axial T_heoretical axial Finite element axial Tr_]eoretical axial Fini_te element axial The r?(t)i?ig;‘t;heory
load/N displacement/um displacement/um stiffness/(N/um) stiffness/(N/um) element/(%)
0 25 25 0.00 0.00 0

5x103 25.22 25.25 227271.27 20000.00 13.64
5x104 26.89 27.13 26455.03 23474.18 12.70
1x105 28.57 28.99 28011.20 25062.66 11.76
2x105 31.73 32.27 29717.68 27510.32 8.02
4x105 37.63 38.35 31670.63 29962.55 5.70
6x105 43.23 43.88 32912.78 31779.66 3.57
8x105 48.63 49.14 33855.27 33140.02 2.16
1x106 53.88 54.46 34626.04 33944.33 2.01
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Table 2 Radial stiffness results comparison

Radial Theoretical radial Finite element radial Theoretical radial Finite element radial The rzta(t)u]zir?ift;heory
load/N displacement/um displacement/um stiffness/(N/um) stiffness/(N/um)
element/(%)

0 20 20 0.00 0.00 0
5x103 22.71 23.16 1845.02 1582.28 16.61
5x104 32.44 34.40 4019.29 3472.22 15.76
1x105 40.16 42.82 4960.32 4382.12 13.19
2x105 53.34 57.23 5998.80 5372.01 11.67
4x105 76.32 80.68 7102.27 6591.96 7.74
6x105 97.36 101.17 7755.95 7391.89 493
8x105 117.28 119.41 8223.68 8047.48 2.19
1x106 136.43 138.21 8588.85 8459.52 1.53

Table 3 Overturning stiffness results comparison

Overturning Theoretical angular | Finite element angular| Theoretical turning Finite element turning The ratlo_ O.f

moment - . . - theory to finite

displacement/rad displacement/rad stiffness/(Nm/rad) stiffness/(Nm/rad)

/Nm element/(%)
5x103 2.78x10-6 3.23x10-6 1.799%x109 1.548x109 16.19
5x104 2.30x10-5 2.60x10-5 2.174x109 1.923x109 13.04
1x105 4.31x10-5 4.81x10-5 2.320x109 2.079x109 11.60
2x105 8.05x10-5 8.78x10-5 2.484x109 2.278x109 9.07
4x105 1.49x10-4 1.57x10-4 2.685%109 2.548%109 5.37
6x105 2.14x10-4 2.25x10-4 2.804x109 2.667x109 5.14
8x105 2.76x10-4 2.84x10-4 2.899x109 2.817x109 2.90
1x106 3.35x10-4 3.41x10-4 2.985x109 2.933x109 1.79
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Table 1, Fig 8 and Fig 9 showed the axial stiffness rules of theory and finite element calculation
rules were consistent with the change of load, and the axial stiffness was nonlinear. Stiffness
increased as the load increased, but the increased trend was more and more smooth. When the axial
load was less than 1x105N, the difference ratio of the theory and finite element analysis results was
over 10%; When the load was greater than 1x105N, the difference ratio was below 10%. With the
increase of load, the difference ratio between both decreased, but when the load was 1x106, the
difference ratio was only 2.01%.

Table 2, Fig 10 and Fig 11 showed radial stiffness rules of theory and finite element calculation
was consistent with the change of load, radial stiffness was nonlinear, and nonlinear characteristics
were obvious. The radial load displacement curve can clearly show the change of the slope, the
stiffness increased with the increase of load, and stiffness changed greatly. When radial load was
less than 4x105N, the difference ratio of the theory and finite element analysis results was over
10%; When the load was greater than 4x105N, the difference ratio was below 10%. With the
increase of load, the difference ratio between both decreased, but when the load was 1x106 N, the
difference ratio was only 1.53%.

Table 3, Fig 12 and Fig 13 showed the turning stiffness rules of theory and finite element
calculation were consistent with the change of the load, turning stiffness was nonlinear. Stiffness
increased with the increase of moment, but the increased trend was more and more smooth. When
turning moment was less than 2x105Nm, the difference ratio of theory and finite element analysis
results was over 10%; When the load was greater than 2x105Nm, the difference ratio was below
10%, With the increase of the load, the difference ratio between both decreased, but when the load
was 1x106N, the difference ratio was only 1.79 %.

Axial stiffness, radial stiffness and turning stiffness increased with the increase of load. This is
because roller and raceway had line contact when loaded initially. With the increase of load, the
contact between the roller and raceway was changed into surface contact from line contact, and the
contact area became bigger, causing the larger stiffness. Especially radial stiffness changed greatly,
the reason was that the existence of the radial clearance led to different number of loaded rollers
when there is different load. The greater the load was, the more rollers which are loaded, the greater
the radial stiffness amplification was, through the combination of the increase of loaded rollers and
the increase of contact area.

The theoretical analysis calculation result was greater than the finite element simulation
calculation result, the reason was that many assumptions were made, some deformation was ignored
in the theoretical analysis, while the deformation factors were considered during the finite element
simulation analysis and calculation, so the stiffness value through finite element calculation was
smaller than the theoretical value. In addition, the smaller the grid was theoretically, the smaller
the more accurate the calculation result was during the the finite element calculation, but due to the
limitation of computing power, grid can't be infinitely small, which also led to the difference
between finite element calculation results and theoretical calculation results. With the increase of
load, the difference value between both became smaller. This was because with the increase of load,
the proportion of ignored deformation got smaller relative to the whole deformation, and both
calculation results were increasingly closer.
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Conclusion

(1) Theoretical analysis and finite element simulation analysis calculation results showed that
there was the nonlinear relation between axial stiffness, radial stiffness and turning stiffness of
three-row-roller slewing bearings. With the increase of load, stiffness value increased, and the
increased trend slowed gradually.

(2) Theory analysis and finite element simulation analysis and calculation results of axial
stiffness, radial stiffness, overturning stiffness were closer, with consistent law, but there was a
certain error. With the increase of load, the proportion of ignored deformation got smaller relative
to the whole deformation, and the difference between finite element calculation results and
theoretical calculation results became smaller.

(3) Its structure characteristic of three-row-roller slewing bearings was that gun firing load that
bearing undertook was up to 5x105N, when it was applied to the overloading environment, such as
truck-mounted artillery. The theoretical analysis and finite element simulation analysis calculation
results comparison showed when outer load was larger ( for example, axial load was greater than
1x105N, the radial load greater than 2x105N, turning moment greater than 1x105Nm), the relative
error between theoretical analysis and finite element simulation analysis calculation results was
within 10%, and theoretical analysis calculation results can satisfy the need of practical application.
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