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ABSTRACT

The rotor system supported by the taper roller bearings is widely used in
Article Info various fields such as aviation, space, and machinery due to its importance. In
Volume 6, Issue 1 the study of the dynamic characteristics for the taper roller bearings, it is
Page Number : 01-10 important to accurately calculate the stiffness of the taper roller bearings. The

stiffness of the taper roller bearings is very important in the analysis of the
Publication Issue : vibration characteristics of the rotor system. Therefore, in this paper, the
November-December-2021 method of creating a comprehensive stiffness model of the taper roller

bearing is mentioned. In consideration of the radial clearance of the taper

Article History roller bearing, the radial load acting on the taper roller bearing was derived,
Accepted : 01 Jan 2022 and based on this, a model for calculating the Hertz contact stiffness of the
Published : 30 Jan 2022 taper roller bearing was created. Based on the load considering the radial

clearance, an oil film stiffness model of the taper roller bearing was created
under the EHL theory. Then, the comprehensive stiffness was calculated by
combining Hertz contact stiffness and the oil film stiffness of the taper roller
bearing. When the radial clearance of the taper roller bearing is considered,
the comprehensive stiffness is larger than when the radial clearance is not
taken into account, and the radial clearance of the taper roller bearing is an
important factor that directly affects the comprehensive stiffness of the taper
roller bearing.

Keywords : Taper roller bearing; Comprehensive stiffness; Hertz contact

stiffness; Oil film stiffness; Dynamic modeling.

I. INTRODUCTION large part of it is caused by excessive vibration of the
rotor part. The hazards of vibration include noise,
Rotating machinery will have various failures during damage to the mechanical structure, and even

the work process, causing major economic losses. A  instability of the rotor, fracture of the shaft system,
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etc., causing major accidents, so the vibration
performance of the rotor system has always been a
problem. Rotating machinery is generally composed
of a bearing and a rotor, and the bearing plays a role

in supporting the rotor.

In the study of rotor vibration, the calculation of the
stiffness and damping coefficient of the bearing is the
key. In 1881, Hertz[1] assumed that the contact area
between the rolling elements and the inner and outer
rings is an ellipse, and the contact area should be
distributed in a semi-ellipsoid. And using the semi-
inverse solution method and through the integral
transformation, the theoretical solution to the point
contact and line contact problems is given, which lays
the foundation for the static analysis of rolling
bearings. Jones[2] established the ring control theory
of high-speed ball bearings, and this theory assumes
that the steel ball has only pure rolling on one
raceway, which is called the controlled raceway,
while there is both rolling and sliding on the other
the

Palmgren[3] analyzed the bearing deformation and

raceway, that is, non-controlled raceway.
rolling element load distribution under radial force,
axial force and moment load, and established the load
deformation formula for linear elastic contact
problems. Houpert[4] proposed a modified formula
for the elastic deformation of the linear contact when
analyzing the force of the cylindrical roller, and he
believed that the linear contact deformation is
proportional to the 1/3 power of the contact radius.
Walters[5] proposed a dynamic analysis model. The
the

freedom motion equation of the steel ball and the six-

analysis model considered four-degree-of-
degree-of-freedom motion equation of the cage, using
the fourth-order Runge-Kutta method for integration.
Harris[6, 8] presented a bearing model which
considered the influence of the elastohydrodynamic
lubrication(EHL). Walford and Stone [7] analyzed in
detail the stiffness and damping of the rolling
contact under vibration

element-raceway pair

conditions, and concluded that the stiffness of the
contact pair is the Hertz deformation stiffness. Gupta
[9] considered the influence of the ball movement,
stress state with the interaction between the various
components on the bearing dynamic characteristics in
his model. McFaddenl[10] studied the influence of
single and multiple geometric defects on the raceway
on the vibration characteristics of the bearing.
Hagiu[11] considered the film extrusion squeeze
effect and elastic deformation of Hertzian contact,
and studied the stiffness of high-speed angular contact
ball bearing. Akrurk[12] calculated the influence of
the waviness of the inner and outer rings of the taper
roller bearing on the vibration and energy of the
bearing. Venner[13] verified the performance of the
EHL film under time-varying loads under pure rolling
conditions. H Wu[14] analyzed the contact stress and
load distribution between roller elements and
raceways using Hertz theory and established the
calculation method for bending moment on the

bearing end faces.

Next, the creation of a comprehensive stiffness model
of ball bearings has been studied by many researchers.
Zhang [15] proposed a new iterative algorithm on the
basis of Jones” quasi-static model and stiffness analysis
model and calculated the preload and stiffness of
composite bearings. Yang[16] constructed the 5-DOF
stiffness matrix is constructed based on the quasi-
static model of angular contact ball bearings
developed a method to analyze various spindle
stiffnesses with different configurations of bearing.

However, these literatures did not consider the
method of creating a comprehensive stiffness model
considering the radial clearance of the taper roller
bearing under the EHL condition. In consideration of
the radial clearance of the taper roller bearing, the
radial load acting on the taper roller bearing was
derived, and based on this, a model for calculating the

Hertz contact stiffness of the taper roller bearing was
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created. Based on the load considering the radial
clearance, an oil film stiffness model of the taper

roller bearing was created under the EHL theory.

II. Dynamic modelling of the comprehensive stiffness

of the taper roller bearing

The calculation of the stiffness of the taper roller
bearing is the basis for analyzing the vibration
performance of the supported rotor system. This
chapter comprehensively considers Hertz theory and
the EHL theory, combined with related stiffness
calculation principles, and proposes a comprehensive
stiffness model that includes bearing elastic
deformation and lubricating oil film lubrication
factors under the premise of considering the taper

roller bearing structure.

2.1 Theoretical basis

The Basic Assumptions

“Deformation between the roller and raceway follows
Hertz contact theory;

“Neglecting the force concentrations produced by the
ends and fillets ;

“The outer ring of the bearing keeps stationary,
whereas the inner ring tilts with shaft;

“Neglecting the compression deformations between
the outer raceway and housing, the inner raceway
and shaft;

“The oil film thickness is much smaller than the
characteristic size of the contact object;

“Consider the viscous pressure effect of lubricating oil;

“The lubrication process is isothermal and adiabatic.

Calculation principle of the comprehensive stiffness
calculation of the taper roller bearing

~ Hertz contact stiffness calculation of the taper roller
bearing

For the taper roller bearings, Hertz contact stiffness

will be generated between the roller and the inner

and outer rings. In this case, the connection of Hertz
contact stiffness between roller and inner raceway,
and Hertz contact stiffness between the roller and
outer raceway can be viewed as a series connection. If
k, is Hertz contact stiffness between the roller and
the inner ring and k, is Hertz contact stiffness
between the roller and the outer ring, according to
the definition of the stiffness, Hertz contact stiffness

of the taper roller bearing k, is as followings:

1 1 1

c=rtr M

kr ki ke

~0il film stiffness calculation
bearing considering EHL theory

of the taper roller

The existence of the oil film changes the elastic
deformation between the roller and the raceway.
When calculating the oil film stiffness calculation, the
radial elastic deformation between the inner and
outer rings of the taper roller bearing is the radial
approach amount after considering the oil film
thickness. At this time, the radial load on the bearing
is still F,.. According to the definition of stiffness, the
oil film stiffness of the taper roller bearing can be

obtained.

~ Comprehensive stiffness calculation of the taper
roller bearing

The comprehensive stiffness of the taper roller
bearing is calculated according to the definition of
stiffness, after considering the connection between
the oil film stiffness of the taper roller bearing
considering the EHL theory and the Hertz contact
stiffness of the taper roller bearing as a series

connection.

2.2 Dynamic modelling of the comprehensive
stiffness
“Force analysis of the taper roller bearing considering

the radial clearance

International Journal of Scientific Research in Science, Engineering and Technology | www.ijsrmme.com | Vol 6, Issue 1 E


http://ijsrmme.com/

Ri CholUk etal Int.]J. Sci. Res. Mech. Mater. Eng, January-February-2022, 6 (1) : 01-10

Figure 2 is a schematic diagram of the load 1is also different from that of cylindrical roller

distribution of a tapered bearing. Suppose the contact bearings.

angle of the inner raceway is a, the half cone angle of

the tapered roller is 3, and the angle between adjacent %* -
rollers is @. When radial clearance and preload are

not considered, under the action of radial external __EY_I: .
load F;, the force of each rolling element is different, %r’;}@
and the center 0 of the inner ring of the bearing 2l o

moves to 0’ point in the radial direction. At this time,

the rollers located at the bottom of the radial load . ] o
. . . Figure 1. Radial load distribution of the taper roller
action line receive the largest load and produce the ]
. . bearing
largest elastic deformation. Because the structure of

tapered rollers is different from that of cylindrical
rollers, the load distribution of tapered roller bearings

It can be seen from Figure 1 that the maximum loaded roller is the bottom A roller, and the normal load acting on A
by the inner ring of the bearing is Q ,: the radial component force is P 4.
According to the force balance:

E. =Py +2) Psycos® 2
According to the force analysis:
_ _Pa
QA - cosa P
Qg = ﬁ (roller A adjacent to roller @,) 3)
E. =cosa(Qy+2) Qycos®) 4)
Due to the relationship between deformation and load:
§ = KNt (5)
Therefore, the relation between contact load and deformation can be obtained:
P 50\ /e
=) ©)
According to the deformation coordination relation:
0p = 6, cos D 7
Substituting Eq.(7) into Eq. (6):
Py = P, cos '/t @ (8)

Substituting the above formula into the balance equation, it can be obtained that the maximum roller load applied to

the inner ring is Q4.
Fy

cosa-Z ],

Qa= €))

where
1/

Since the load is evenly distributed along the bushbar, the linear load density of the contact area between the tapered
roller and the inner ring is:

t

Fr
94 = JrZ-l:cosa (10)
It can be obtained that the load that the outer ring of the bearing acts vertically on the A roller busbar is:
r_ Fr
QA - Jr-cos(a+2B)-Z (11)
The linear load density is:
, Er
N (12)

JrZ:lcos(a+2f3)
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For taper roller bearings, the centrifugal force of the rollers will change the load distribution between the outer
raceway and the inner ring rib, as shown in Figure 3.

Fe

Outer
raceway

Q.
Figure 2 Centrifugal force of the taper roller

According to the equilibrium conditions:

Qiq + Qfa —Qoa =0 (13)
Qir_er‘l'FC_Qoa:O (14)

Qiq + Qfsinay — Q,sina, =0 (15)
Qiq cota; + Qfcos ap —Q,cosa, =0 (16)

Solving Eq. (13) and Eqg. (14) simultaneously, is as followings:

ialcotajsinar+cosar)+F.sina
Qo = 2l l lsin(fa +a SRR (17)
o f)
_ Qia(cota;sina,—cos ag)+F sina,
Qf - sin(ap+ay) (18)

~ Contact stiffness calculation of the taper roller bearing considering the radial clearance

a
D

Figure 3 Curvature radius of the taper roller

Different from the property of equal radius of curvature on the generatrix of cylindrical rollers, the radius of
curvature along the direction of the conical generatrix changes gradually, and the section perpendicular to the
generatrix is an ellipse. Divide n equal parts along the direction of the conical generatrix, as shown in Figure 4. Let
the diameter of the section of the cone passing through the i th point on the generatrix and parallel to the end face of
the cone be D;, and P is the force of the ferrule acting on the i th point of the roller and perpendicular to the
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generatrix. The half cone angle of the roll is 3. The radius of curvature of the tapered rollers and the inner and outer
raceways are calculated separately below.

The major axis of the ellipse section at point i is:
b" = (D;cos B + D;sin B tan2f) = D;(cos § + sin f tan 2f3) (19)
The short axis of the section at point i is:

N 2
a =2 GD) —s? (20)
where s is the distance between the minor axis of the ellipse section at point i and the center of the conic section;

D is the diameter of the circle passing through the minor axis of the ellipse section at the i th point and parallel to
the end face of the roller.

1 e IETE _ 2 sin*pB
2cosf ZD - le (tan,[?tan 2B —sin"f = 260525)
- - . . 2 sin*p
D =D;+b"-sinf-tanf = D; (1+sin?f +2 052/3’)

a =Dij(1+tanﬁtan2ﬁ)< 26 4 9 i B+ 4 ﬂ)

cos2f cos2f
Since [ is small:
2sin® B
w0528 2sin® B, sin ,B -0
~ D /(1 + tanB tan2p) (21)
Get the radius of curvature of the tapered roller at point i.
2
(%5‘) %Diz(lﬂan B tan2p) 1 1+tanftan2f
b 7Di(cos B+sin ptan2p)  2cos B+sinftan2p

The raceway in contact with the roller is also conical, the contact surface between the inner raceway and the roller is
a convex surface, and the half angle of the top angle of the inner raceway is a. The radius of curvature of the inner
raceway at pointi is R.

Where D, The diameter of the section of the inner raceway parallel to the end face of the inner raceway at point i.

_ 1 1+tanatanZa
~ 2cos atsinatan2a DZ (23)
The contact surface between the outer raceway and the roller is concave, the half angle of the top angle of the outer

raceway is a+2[3, and the radius of curvature of the outer raceway at point i is:

_ 1 1+tan(a+2p) tan2(a+2p)
Ry = 2 cos(a+2B)+sin(a+2p) tan2(a+2ﬁ)D (24)

Where Dj is the diameter of the cross-section of the outer raceway at point i parallel to the end face of the outer
raceway.
According to the geometric relations:

Dl . Dl Il
D, = wsm a, D3 = wsm(a +25)

Therefore, the radius of curvature r, Ry, R, of the taper roller and the inner and outer rings can be simplified as:
r= AlDia R1 = AzDi, R2 = A3Di (25)
Where

1 14tanBtan2p _ 1 1+tanatanZa sina

2 cos B+sinBtan2f’ 2 7 2cosatsinatan2a sinf
1 1+tan(a+2p0) tan2(a+2p) sin(a+2f)

2 cos(a+2f)+sin(a+2p) tan2(a+2pB) sinf

Al =
Az =
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Figure 4 Approach amount between raceway

Substitute the obtained load at the largest roller and the radius of curvature r, R; and Rsinto the basic formula of
elastic deformation:
[+5L).

Suppose D; = 2sinfB -1, I; € ( 5" T Zsing

Dy
2sin
Where [;-Point i is bus position.

Elastic approach between roller and inner raceway:
__ 2.60F, ZLE (A+Ay) cosasin
5y = 220 (lnli +In o + 0.58) (26)
The functional relation between [; and 61 can be expressed as followings:
61 = Ul : lnli +V1

Where U; = _200F -0
. ZLE cosa
Elastic approach between roller and outer raceway:
_ 8.16F, 41 FrAiAzsinp
8o = e it (Inl; +51n TG seos@rp T 05 1) 7)

The functional relation between [; and &, can be expressed as followings:
62 = UZ : lnli +V2
8.16F,

ZLE cos(a+2p) >0

Where U, =

~ Calculation of the oil film thickness of taper roller bearing considering radial clearance

_0

Figure 5 Motion diagram of the taper roller bearing
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As shown in Figure 5, the velocity at a distance of [; from the cone vertex 0 on the conic generatrix is U; = U, =
wR.
Since R; = [;sina:
The rolling speed of the inner ring contact pair is:
U=uwl;sina
The rolling speed of the outer ring contact pair is:
U’ — wl;sina
2
The unit load of tapered rollers on the inner and outer rings is:

— Fr
44 = JrZ-l:cos a
[ Fy
qa JrZ-lcos(a+2f)
The equivalent radius of the inner and outer rings are:
_ . . AlAZ _ . . A1A3
p= ZSLnﬁllA1+A2, p, = 2_<>‘m,811A3_A1

Fr

hn

minl
), hmin2
72

Figure 6 Oil film thickness of the biggest loaded roller

Substituting the above parameters into the minimum oil film thickness formula, the distribution of the
oil film thickness at the roller with the largest load along the busbar can be obtained:

— 54 —0.03 07 (A Aysing 043 1 F. \"013 153
hminl B 0.736{0 54E (nowsm a) ( 1412-:;721 ) (ZLcosa) li (28)
= 0.54 -—0.03 . \0.7 (A1 Az sinp)0-43 F, ~013 13
hpin2 = 0.45a°~>*E (noa) sina) (—A3_A1 ) (—ZL cos(a+2ﬁ)) I (29)

~Comprehensive stiffness calculation of taper roller bearing
&, is the radial elastic deformation at the end face of the tapered roller, as shown in Figure 4, it
represents the elastic approach between the inner and outer rings of the tapered roller bearing.

8, =81+ 6,9 (30)
where
_ 2.60F,cos(a+p) D1(A1+Aj) cosasinf
51 L ( InF, + In s + 0.58)
_ 8.16F, cos(a+p) (lnF n lln DA Agsinf +0 51)
"2 7 ZLE cos(a+2B) T 27 27LE (A3—Ap) sinfcos(a+f)

&, can be expressed in the form §, = mF, - InF, + nF,.

where
_ 2.60Fy cos(a+pB) _ 816 cos(a+pB)

ZLE' cosa ZLE' cos(a+2pB)
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_ 2.60F, c,'os(a+[>’) [ln D1ZLE'(A1+A3) cosa n 0.58] _ 8.1? cos(a+p) (1 : D1A14A3 n 0'51)
ZLE' cosa ZLE' cos(a+2pB) \2 2ZLE'(A3—Aq) cos(a+p)
h.. is the radial oil film thickness between the inner and outer rings of the bearing at the upper end of the
roller and the roller, as shown in Figure 6.
hy = hy1 + hy (31)

= 0.54 7 —0.03 51.13 0.13 0.7 n—0.13 [ AjAy 043 013
hyy =136 cos(a+ ) a®S4E "Dy (ZD) 7 {nyw) F (A1+A2) cos¥13¢

: 0.43
Ry = 0.84 cos(a + B) a®5*E ~* D113 (z1)013(p Ow}wF—O'B (Alil—Ajl) cos¥13(a + 2p)
013

h, can be expressed in the form of h, = CF,
where

0.43
C = COS(O( + ﬁ) aO 54El 003D1 13(Zl)0 13{n0w}07 x [1 36 AA1+A: ) COSO'13a n
1142

0.43
0.84 (ﬁ) cos®13(a + 2)
Therefore, the expression of the approach amount of the roller and the raceway can be obtained:

8 =6, —h, =nF, + mF,-InF, — C-F; "3 (32)
Combining the above Hertz elastic deformation and oil film thickness calculation formula, the

comprehensive radial stiffness expression for tapered roller bearing considering oil film thickness can be
obtained

K= lim °& = lim i
AAIZ—_:(? AS  AF—0 nAF,+mF, lnw+mAFr In(Fy+AF,)+C[F 013 — (Fo+AF,)~0- 13]
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