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Abstract Defects in the bearings greatly affect
vibrations and performances of rotating transmission
systems. Moreover, most previous works estimated
the defect shape as a regular shape. However, the
actual defect shape is not actually regular. To obtain
more accurate vibration characteristics of a defective
double row cylindrical roller bearing, an irregular-
shaped defect modeling method and a dynamic model
of double row cylindrical roller bearing with irregular-
shaped defects are proposed in this paper. The
dynamic model includes all components and their
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interactions. A test verification is proposed to validate
the established model. The effects of the bearing load,
rotating speed, and different independent shape defect
sizes on the double row cylindrical roller bearing
vibrations are investigated. The comparisons of
vibrations between the irregular defect shape and
simplified defect shape are studied. The results show
that the simplified defect shape model will cause the
vibrations to be overestimated. The established
dynamic model with the actual defect is more
reasonable than the simplified defect model. More-
over, this paper can provide a comprehensive analyt-
ical method for double row cylindrical roller bearing
vibrations.
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and roller in the Y direction

The forces of bearing

The total contact forces between the
first and second rows of roller and
inner ring

The damping forces of the first and
second rows between the outer ring
and roller

The components of impact between
the cage and roller

The roller-cage impact and friction
forces

Time-varying contact stiffness

The friction coefficient

The radial contact stiffness

The contact stiffness of radial

The roller-cage contact stiffness
The width of defect

The defect length and depth

The cage guide surface width

The inner ring mass

The outer ring mass

The cage mass and rotational inertia
The roller mass and the angular
displacement of roller around the
roller center

The contact coefficient between the
roller and outer ring

The inner ring displacement

The j-th roller displacements

The outer rings displacements

The j-th roller displacements

The ratios of the defect length and
depth

The roller number of one row of
DCRB

The roller-cage contact deformation
The cage angular displacement

The angular displacement of roller
around the bearing center

1 Introduction

Roller bearings are the essential components of
rotating transmission systems. A higher failure rate
of double row cylindrical roller bearings is caused by
rough operation conditions. 30% faults of rotating
machinery are caused by the bearings [1]. The defects
in the double row cylindrical roller bearings will cause
safety problems for the whole system. It is useful to
study the dynamics of defective double row cylindri-
cal roller bearings, especially for the defects with the
actual shapes rather than the simplified shapes
including the rectangles and circles.

Many researchers have conducted different
dynamic models and detection methods of local
defects in the bearings [2-9]. Liu et al. [10, 11]
established dynamic models of bearing with the defect
including the time-varying contact stiffness (TVCS),
edge shapes of the defect, and rotor deformations on
the vibrations. In their works, they modeled the defect
with a rectangle shape. Chen and Kurfess [12]
established a dynamic model to estimate the effects
of rectangle shape defect sizes on bearing vibrations.
Gao et al. [13] modeled the defect with a rectangle
shape and investigated the bearing dynamics of the
bearing including the defect on the rings. Cao et al.
[14] established a defect model with a rectangle shape
and introduced the defect model to the bearing
dynamic model to investigate the effects of deflections
and defects on the bearing vibrations. Niu et al. [15]
presented a dynamic model of roller bearing including
the bearing slipping, size, and defect of roller. They
also modeled the roller defect with a rectangle shape.
Liu and Wang [16] gave a dynamic model including
the defect roughness to analyze the effect of the
roughness on the vibrations. The defect was also
modeled with the rectangle shape [17]. Arslan and
Aktu [18] conducted a dynamic model including the
rectangle shape defect of ball to evaluate the effect of
the defect on the vibrations. Patil et al. [19] gave a
bearing dynamic model including the rectangle shape
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defect to detect the defect vibrations. Patel and
Upadhyay [20] gave a bearing model including the
deflection of roller, clearance, and rectangle shape
defect of roller. Patra et al. [21] introduced the
dynamic model of bearing-rotor system including the
rotor unbalance forces to discuss the vibrations. Ali
et al. [22] presented a combined model using the mass-
lumped and finite element models of roller bearing
with the rectangle shape defect. Jiang et al. [23] gave a
method to describe the roller movement during the
defect area taking into account the ring groove radius.
Francesco et al. [24] conducted experiments on
bearings with different sloped defect edges. They
pointed the defect edge characteristics have a remark-
able effect on the bearing vibrations. Wang et al. [25]
presented an improved defect modeling model by
analyzing the bearing vibration and acoustic signals. It
can be found that all the above studies use the
rectangle shape to model the bearing defect. More-
over, some scholars used hexagons [26], bias rectan-
gles [27], three-dimensional cubic [23, 28], and
circular shapes [26] to establish the bearing defect.
However, unfortunately, they still use regular shapes
to model the bearing defect.

Through the above analysis, it can be found that
most previous works focused on studying the single-
row bearing dynamic modeling method. The double
row cylindrical roller bearings have a more complex
structure, which will cause different dynamic charac-
teristics. Moreover, most previous works simplified
the defects to a regular shape to estimate the vibrations
of the bearing. In fact, the actual defects are irregularly
shaped. The regular shapes cannot accurately describe
the shape of the bearing defect. Only by getting rid of
the restriction of regular shapes can we accurately
describe faults. In this paper, an irregular shape defect
modeling method and a dynamic model of a double
row cylindrical roller bearing with irregular shape
defects are proposed. The dynamic model considers
the supporting stiffness of the outer ring and the
dynamics of the cage, making it better able to reflect
the dynamics of the bearing. Moreover, the proposed
dynamic model can be used to study the special
dynamics of double row cylindrical roller bearings. In
addition, for obtaining accurate calculation results of a
defective double row cylindrical roller bearing, the
defect shape should be the actual shape rather than the
simplified shape, which was not considered in the
previous studies. The effects of the bearing load,

rotating speed, and different independent defect
shapes on the vibrations are studied. The comparisons
of vibrations between the independent defect shape
and simplified defect shape are discussed.

2 An irregular defect shape model for double row
cylindrical roller bearings

The dynamics of double row cylindrical roller bear-
ings have strong nonlinearities. Firstly, the contact
between the roller and the ring is Hertzian contact
theory, and the relationship between the contact force
and contact deformation is not linear. Secondly, the
revolution of the bearing roller causes changes in the
loaded area, which intensifies the non-linearity of the
bearing. In addition, the bearing clearance is also one
of the sources of bearing nonlinearity. Finally, when
the bearing has a defect, especially in the case of an
irregular shape defect, the contact deformation and
contact stiffness between the roller and ring in the
defect area are both nonlinear, which exacerbates the
nonlinearity of the bearing [29, 30]. In this work, the
nonlinearity sources mentioned above are all consid-
ered, and a dynamic model of a double row cylindrical
roller bearing with an irregular shape defect is
proposed.

2.1 Modeling irregular defect shape

Figure 1 gives independent and simplified defect
profiles. The defect edge will generate elastic defor-
mation when the roller contacts with the defect [31],
which will change the contact characteristics between
the roller and the defective ring. However, the effect of
defect edge elastic deformation on the bearing vibra-
tion is not the study focus of this work. Thus, the
elastic deformation of the material at the defect edge is
not considered in this work. Because of the decrement
of material of the defect zone on the ring surface, the
roller ECL between the roller and ring will decrease. It
can cause the TVCS features. The modeling method of
TVCS caused by the defect is as follows. (1) The
effective contact length (ECL) between the roller and
ring should decrease. (2) The ring cross-section area
and the area moment of inertia are changed [32, 33].
For simulating the time-varying stiffness features
caused by the defect, the main issue is the method for
simulating the changes in ECL and cross-section
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Fig. 1 A diagram of a defect profile, b circle cross-section profile of rectangular defect, and ¢ radial cross-section profile of defect

characteristics. The traditional defect modeling sim-
ulated the shape of a defect by simplifying the shape of
defect to be a rectangle and a circle. The simplified
form was used to simulate the ECL and cross-section
characteristics and calculate the TVCS features
between the roller and ring. In fact, the simplified
shape methods are not accurate as discussed in the
above descriptions.

In the model of independent defect shape, the ECL
and cross-section characteristics are represented by
the function rather than the constant values. Therefore,
L. = f1(0), A = fa(0), and I = f{(0); where L. is the
ECL; A and I are the cross-section area and the
moment of inertia; f7(6), f4(0), and f;(0) are the
expressions of ECL, cross-section area, and moment
of inertia; 0 is the angular displacement given in

@ Springer

Fig. 1b. The values of f;(0), f4(6), and f;(0) are based
on the severity of defect.

Two rectangles BCDE and B’C’DE are given in
Fig. 1c, which are used to explain the changes in the
defect area. Then, f4(0) and f;(0) are

Ja(0) = Spcpe = Lh,(0) (1)
3
fi1(0) = Igcpe = % (2)

where Spcpg is the area of rectangle BCDE; A,(0) is
the rectangle BCDE height; Ig-c'pg and i(0) are the
rectangle B’C’DE moment of inertia and height; and
L is the width of the roller.

For the simple rectangular defects, the cross-section
area at 0 is
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A() = 2Lshz - Lshs 0 e [Qstarty gend] (3)

where L, and &y are the defect length and depth. The
change (d,) of neutral axis of inertia moment is

(h, — 1/2hg)Lshs

=
Ay

(4)
Then, the inertia moment of neutral axis A’F” for
the defect condition is

2LK} . LK -
=55 2Lhede — (5t + Lihs(he = 0.5k + 3)%) 0 € [Ounarrs Ocnd]

(5)

Therefore, the corresponding thickness of rectangle
h,(0) and corresponding inertia moment of rectangle
hy(0) are

Iy

() = (6)
m(0) = (20 )

Equations (1) and (2) can be also written as

fA(e) = 2Lshz - Lshs 0e [esmm Hend] (8)

2LK3 Lh?
.M®:75+u@¢—q;+gm

(hz — OShZ + 5x)2)0 € [Oxzart; Oend]

The defect coefficients are

Ly
VLZZ (10)
hy
= 11
Vi o ( )

Z

where v; and v, are the ratios of the defect length and
depth at 0. Based on Egs. (3) to (9), the effective
section area is

Ag = 2Lh-(1 — vpvp) (12)

Based on Egs. (6) to (7), the equivalent inner ring
thickness h,(0) is

ha(9) = 2(1 — VLVh)hz (13)

Based on Eqgs. (5) to (9), the inertia moment of the
rectangle h;(0) is

e

hi(0) = 20 (K; ) (14)

1=vv +(4v; =69, —5vi)vi — (Svi+4vi+—6vi)ve

(1—VLVL)2

1=

(15)

Therefore, the relation between h,(0) and h,(0) is

ha(0) = Kohe(6) (16)
Kr - 1 — Vv (17)

Based on the defect coefficient v; and v;, the ECL,
cross-section area, and moment of inertia are

Lo(0) = L(1 — v1) (18)
Ap = Lh(0) = 2L(1 = vy )b (19)
wzmgi=MMEmL (20)

Equations (16) to (18) can be used for the healthy
and defective conditions. When the ring is healthy,
vy =0 and K;=1; When the shape of defect is
complex, v; is a function of 0; and vy, is the function of
defect depth.

2.2 Calculating TVCS of defect with an irregular
shape

The contact relationship of the double row cylindrical
roller bearing is given in Fig. 2. When the ring has a
defect, the roller-ring contact line will be discontin-
uous. The actual ECL is less than the roller length. The
change of ECL will cause the TVCS changes, which
affect the vibrations of the double row cylindrical
roller bearing.

Contact
body A

v/

Contact
body B

Contact
body A

Contact
body B

(a) health

(b) defect

Fig. 2 A diagram of the roller-ring contact relationship
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Fig. 3 a Roller-ring
deformation is less than the
defect depth and b roller-
ring deformation is bigger
than or equal to defect depth

defect -

In previous studies, most researchers defined the
defect shapes as regular, square, or circular ones. In
actual situations, the shape of defect is complex and
irregular. To solve this question, the TVCS calculation
method of the defect with the independent shape of a
double row cylindrical roller bearing is proposed.

Compared with different stiffness calculation meth-
ods, the Palmgren’s stiffness calculation method is
simple and accurate [34-36], which is

k = 8.06 x 10°L (21)

where L. is the roller effective contact length.

During the processing of roller through the defect
area, there are two cases: (1) the roller-ring deforma-
tion is less than the defect depth. (2) The roller-ring
deformation is bigger than or equal to the defect depth.
There will be a displacement jump for the roller at this
moment.

When the roller-ring deformation is less than the
defect depth, as shown in Fig. 3a, there are three cases:
(1) when the roller is coming into the defect, the ECL
changes to be smaller than the roller length (because of
the existence of defect); (2) when the roller is located
into the defect, because the defect depth is large and
the time-varying contact deformation is small, the
surface of roller doesn’t contact with the defect
bottom; thus, the part of roller cannot be supported
by the ring; (3) when the roller is coming out the

@ Springer

defect, the ECL changes to be equal to the one of
health condition.

In case 1, the ECL changes to be equal to the one of
health condition. The TVCS is

k =8.06 x 1015 (22)

In case 2, the defect depth is large; and the time-
varying contact deformation is small, the surface of
roller does not touch the bottom of defect. The TVCS
is

k =8.06 x 104(L — L,)° (23)

The TVCS of case 3 is the same as that case 2.

In Fig. 3b, the roller-ring deformation is bigger
than or equal to the defect depth. For cases 1 and 3, the
deformation of roller and defect is less than the defect
depth. For case 2, the roller-ring deformation is bigger
than the defect depth. The roller will contact with the
bottom of defect. Therefore, the ECL is approximately
equal to the ECL of health conditions. However, the
roller has a displacement at this defect. The deforma-
tions of inner/outer ring of jth roller are

5}{” = {xi“ —x]r} costj+ [yi“ —y]r»] sind;—C;
o= [x]’ —xou _hxs:| cost;+ [y,r -y _hxy} sinf; —C;
(24)
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(a)

Fig. 4 A diagram for the irregular defect profile

where, ¥ and y™ are the inner ring displacements in
x and y directions; x°"* and y°"* are the outer ring
displacements in x and y directions; x;" and y;" are the
Jjthroller displacements in x and y directions; 0; and C,
are the jth roller position angle and bearing clearance;
hys and h, are the defect depth. Those two situations in
this paper can be simulated by the above methods.

The time-varying effective length and depth are
used to describe the defect precisely at some moment.
The irregular defect is depicted in Fig. 4. Because of
the irregular shape of defect, the effective length and
the depth are not a constant rather than a function in
this paper. The discrete sampling and fitting methods
are used to obtain the length and depth of defects. In
Fig. 4, 11 to [, is the discrete length of defect at
different positions; h, to h, is the discrete depth of
defect at different positions. Therefore, the functions
of length and depth are

LS (9):61" 9n+an71 gn—l +-- '+a292+a1 9+a() 96 [exmrngend] (25)

hy(0)=by0"+byy 0" by Pt by O0+-bg O Oy Oena]  (26)

where, ap-a, and by-b, are the constant of fitting
function, which can be obtained by using the polyfit
function in MATLAB. In this work, the defect is
divided into six segments for fitting, with 113
sampling points given for each segment, the fitted
defect length function is

(b)

1.6x1079—

L—16x | — ST .
16695107 2(0=01) | 1 559,102
0,-0,

+3.8284x107%) 0,<0<0,
L—1.6x10720,<0<05
0—05

2
L—16x <1x10'3+(ﬁ><74071><10‘4) > 0:<0<04
4—03

L—16x 1106 (V=0 x1.4142x1073=7.071x1074)?
0504
+1.7071x 107 ~7.071x 10~*) 05<0<0s

Ly(0)=

L-16x(17071x10*3—(;_if x7A071x10*“)) 05<0<0¢
6—Us

0—0,4 2
—6 -3
L—y/1x10 *(705 04)(10 )

06<0<0;
(27)

where 0; =4.6148; 0, =4.6311; 0; = 4.6457,
0, = 4.7795; 05 = 4.7933; 0 = 4.8002; 0, = 4.8099;
moreover, the defect depth in this work is assumed to
be constant, which is 20 pm.

3 A dynamic model of the double row cylindrical
roller bearing

Figure 5 gives the geometrics of the double row
cylindrical roller bearing. The double row cylindrical
roller bearing has two rows of rollers that share a
common inner ring and outer ring, and two cages.
Moreover, each row roller has its own motion state,

@ Springer
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Fig. 5 A diagram of the
a
geometrics of a double row (@) Outer DECONLRS
cylindrical roller bearing raceway
Inner b
raceway
Cage 4
The j-th Z
roller TN 0 TTTTopTTTT T

and the motions are independent of each other. The
bearing rollers contact with the inner ring, outer ring,
and the cage beam. The cage will contact with the
outer ring. Due to the significant changes in the roller’s
rotational speed when entering and exiting the load
zone, there can be a difference in between the roller
rotational speed about the bearing axis and the cage
rotational speed, leading to impacts between them.
Additionally, due to the roller rotation about its own
axis, there will be tangential friction forces generated
during the impact moment. The model of double row
cylindrical roller bearing established in this work
includes roller translation displacements along x and
y axes, rotational displacements about z axis and its’
own axis, inner/outer ring translation displacements
along x and y axes, cage translation displacements
along x and y axis, and cage rotational displacements
along z axis. The dynamic model is comprehensive
and can consider the interaction forces between all
components.

3.1 Inner ring kinetic equations

The kinetic equations of inner ring are

MinX;, _ksxin_Fii_F£+ff;+fé;—F£1_szl}z
MinYi, =—ksYi, —F1, —F5 /15 —Fay —Fayo
(28)

where, m;, is the inner ring mass; x;, and y;, and are the
inner ring displacement; k; is the contact stiffness of
radial; F ]x,yin and Fz)c,yin are the total contact forces
between roller and inner ring of first and second rows
in the X/Y direction; flx,yi“ and fZX/yi" are the total
frictional forces between roller and inner ring of first
and second rows in the X/Y direction; Fy,,"™ and Fy,™
are the damping forces of first and second rows
between the inner ring and roller in the X direction;

@ Springer

moreover, F, dyli" and F, dyzi" are the damping forces of
first and second rows between the inner ring and roller
in the Y direction; Moreover, F"" and F;," are [37, 38]

Fll; . Z in\7 pin COSQ,’ .
] -Elsaral[R5] -1z e
where 0; is the jth roller position angle; K; is the TVCS
between the roller and innf_:r ring; n = 10/9; the inner
ring contact coefficients P;" is

N )
P./n_{l s 0 (30)
J

where the deformation of inner rings of jth roller § ji" is
5}" = [xin — x;] cos 0; + [yin — ¥7] sin 0; — C; (31)

where x_,-r and yj' are the jth roller displacements; C; is
the bearing radial clearance; and the roller position
angle 0; is

Z (32)

2n(j—1)
6]:0(+% J:1,2,...,
where 0, is the cage angular displacements; Z is the
roller number of one row of double row cylindrical
roller bearing; fixy'" and fox," are the friction forces
of first and second rows between the inner ring and
roller, which are
i=1,2

2] = S oo v

iy j=1

cos 0;
sin 9]'

(33)

where k,, is the friction coefficient. moreover, F,™"
and F’ d_x/yzm are

Fin~
3

zZ
dyi j=

Sin pint | €OS 0; .
keéjpj}[sin@j} i=1,2 (34)

j=1
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where c. is the contact damping ratio.
3.2 Outer ring kinetic equations

The kinetic equations of outer ring are

out — KXo

m"u‘youl_FOU(+F?€[7Chyout khyout+j1 ul+j0ul+Foui+Fg)ué F;u[
(35)

{m()utxomipoul_"_[:o;l _ Chx 1();.1( +f()ut +F$l; +F0ul F)(()ul

where, m, is the outer ring mass; F,°*"" and F,*"" are
the external forces between the roller and bearing
outer ring; X, and yo, are the outer rings displace-
ments; C}, is the damping ratio of radial; k;, is the radial
contact stiffness; fi,,"" and fa,,, ™" are the total
frictional forces between the first and second rows of
roller and outer ring; F,,°" and F,,,°" are the total
contact forces between the first and second rows of
roller and outer ring, which are

Fgcm o Z out\7 pout COS Qj -
[F,»‘;“‘] =X [Ke(apy sinf | 1712

(36)
where K is the contact stiffness between the roller and

the outer ring; the contact coefficient between the
roller and outer ring P°" is

0 6™<0
out _ J
AT oS )

where the deformation between the outer ring and j-th
roller 6" is

5;"“ = [ —x"]cos 0; + [y} — y{""] sin 0 (38)

where x;°* and y,°" are the outer ring displacements;
x;" and y;" are the jth roller displacements; f;,,°" and
Fouy™™ are the friction forces of the first and second
rows between the inner ring and roller, which are

oul 7z
out\2 pout] | €OS 9]‘ -

(39)
where Fy,1 ™" and F,,,°" are the damping forces of

the first and second rows between the outer ring and
roller, which are

F™ Z “out pout] | €OS 0 .
] - =5 ng | P02 (0

7
/
Yy

y
X

Fig. 6 The relative motion between cage and roller

where c. is the contact damping ratio.
3.3 Cage kinetic equations

Figure 6 gives the relative motion between the cage
and roller. The kinetic equations of outer ring are

Z
mcx'l‘c = Z (_Ficx(j) +ﬁcx(])) —+ ngx [ = 17 2
=1
.. ]Z d .
mCyic = ;( zcy(]) ’C‘O))+Flcv 1= 1,2
.z
I.0ic = > (=Fic X 0.5Dp,) + M, i=1,2

(41)

where F., and F, are the components of impact
between the cage and roller; f., and f;, are the friction
forces between the cage and roller; m. and I, are the
cage mass and rotational inertia; moreover, F icxd,
F ,»Cyd, and M, are

& —noulL?sz

icx — 0 22

C(1-¢)

g nnoulL?s
icy _4C2( _ 2)3/2

M/ 27'”’]0V1R L1

¢ CyV1—¢2

i=1,2

i=1,2 (42)

i=1,2
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where the lubricating oil traction speed is u; = R,(-
W, + @); Ly is the cage guide surface width; C, is the
cage guide surface clearance; ¢ is the cage eccentric-
ity; the relevant parameters are explained in Refs.
[39-42].

The resultant forces and moment F icxd, F ,-Cyd, and
M, are

M. 1 0 0 M ;

Fé 3 =10 cos¢p, —sing, Fe. (43)
d : d

Ficy 0 sin ¢c COs ¢c Ficy

where, ¢. = arctan(y./x.). F; and f; are the roller-
cage impact and friction forces. The roller-cage
contact is simplified into the spring, and the roller-
cage impact force is

Fic(j) - kic(j)(sic(j)

where k. is the roller-cage contact stiffness; the roller-
cage contact deformation 9, is

o z2() =G |z() = Co| >0
5°(’)_{ 0 |2 (j) = Cp| =0

where C;, is the cage pocket clearance; the roller-cage
angular displacement difference z; is

i=12 (44)
(45)

D, .
7(j) = (Ocage — 0)) =3 + ye cos 0; + z¢ sin 0; (46)

where 0., is the cage angular displacement.
The roller-cage frictional force is

Je() = uc()Fe()) (47)
1o (j) = (—0.1 4+ 22.285(j))e 1814650) 10,1 (48)

where S is the slide-roll ratio of j-th roller. The
components of F, are

Ficx(j) = F,‘C (]) sin(Gj)
Ficy(j) = Fic(j) cos(0;)
Therefore, the components of f. are

{ficx(i) = fic(j) cos(0;) 2
Jiey()) = fic(j) sin(0;) 2

1,2

12 (49)
i=1,
i=1,

(50)

3.4 Roller kinetic equations

In operation, the roller motion is affected by the
bearing cage and rings. The forces applied on the roller

@ Springer

Fig. 7 Forces applied on the roller

are given in Fig. 7. Fji“ and F,°" are the double row
cylindrical roller bearing contact forces; F, dji" and
F4;™" are the oil film resistances between the ring and
j-th roller; £ and £°** are the friction forces between
the rings and j-th roller; F; and f; are the roller-cage
impact and friction forces.
The kinetic equations of roller are

1y 8 =F R (1) = FR )+ F i G) — Fost () ~f3 ()45 () = Fiee () +fiex ()

m, Y =Fy () =F " () +Fiyy () = F o )+ ) =" )+ Fiea () Hfiex ()

Ly =0.5(F" () 4" () =fie1))d

Tor0ir=0.5(Douf;™ () = Dinfi" () = Dim (Fic () + Fia ()

(51)

where m, and ¢, are the roller mass and the angular
displacement of roller around the roller center; 6, is the
angular displacement of roller around the bearing
center.

4 Results and discussions
4.1 Experimental validation

The dynamic model with the independent defect shape
of double row cylindrical roller bearing can be used to
calculate the vibrations of inner/outer ring, roller, and
cage. A double row cylindrical roller bearing NN3007
of SKF is used to simulate the vibrations. The NN3007
bearing structural parameters are depicted in Table 1.
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Table 1 NN3007 bearing structural parameters

Parameter Value
Inner ring diameter of/D; 43 mm
Outer ring diameter/D,, 55 mm
Pitch diameter/D,, 49 mm
Roller diameter/d 6 mm
ECL of roller/! 6 mm
Number of roller/Z 19 x 2
Radial clearance/C; 10 um
Pocket clearance/C, 0.09 mm
Guide face-cage clearance /C, 1 mm
Width of guiding land/L, 6 mm
Cage outer diameter 53 mm
Cage inner diameter 45 mm
Cage width/Cy, 6 mm
Friction coefficient/u 0.02
Outer ring mass/mgy, 0.0791 kg
Inner ring mass/m;, 0.1010 kg
Roller mass/m, 0.0013 kg
Cage mass/m, 0.0148 kg

The stiffness calculation method given by Palm-
gren can calculate the roller-ring contact stiffness. The
contact stiffnesses between the roller and outer/inner
ring are 1.898 x 10° N/m" and 1.828 x 10® N/m".
The damping ratio between the roller and ring is
200 Ns/m. The initial velocities of roller and ring are
0 m/s. The initial displacements of roller and ring are
107°m and 10~°m in the X and Y directions.

Figure 8a gives the test instrument named BVT-5.
The double row cylindrical roller bearing is mounted
on the shaft. The shaft is driven by the electric motor
and the rotational speed of the shaft is 1800 r/min. The
external force is applied by two loading arms
symmetrically distributed along the axis. The radial
load is loaded by the force application arm. The
acceleration sensor (PCB-352C04) is installed on the
bearing outer ring in the X direction. The LMS system
and computer are used to acquire the vibration signals
of the double row cylindrical roller bearing. The
sampling frequency is set to 25,600 Hz. The bearing is
NN3007. The radial load is 300 N. To verify the
accuracy of model, the rectangle defect (3 mm x 4
mm) in Fig. 8b, the circular defect (diameter 4.5 mm)
in Fig. 8c, and the defect with the independent shape
in Fig. 8d are studied. The effective roller lengths

when the roller rolls over the rectangle defect, the
circular defect, and the defect with the independent
shape are given in Fig. 9.

4.1.1 Case study: rectangle defect

The comparisons of outer ring accelerations in the
X direction between the experimental and simulated
are given in Fig. 10. In Fig. 10a and b, the defect
frequencies of outer ring from the simulated and
experimental are 249.60 Hz and 250.97 Hz. Their
difference is 0.55%. In Fig. 10c, the simulated results
are familiar to the experimental ones. Figure 10d gives
the comparisons of the acceleration impacts when the
roller enters and exits the defect area between the
simulated and experimental results. The simulated
results are familiar with the experimental ones, which
can validate the proposed model.

4.1.2 Case study: circular defect

The comparisons of accelerations of outer ring in the
X direction from the experimental and simulated are
plotted in Fig. 11. In Fig. 11a and b, the defect
frequencies of outer ring of simulated and experimen-
tal are 250.39 Hz and 249.23 Hz. Their error is
0.467%. In Fig. 11c, the simulated results are familiar
to the experimental ones. Figure 11d gives the com-
parisons of the acceleration impacts when roller enters
and exits the defect area between the simulated and
experimental accelerations. The simulated results are
familiar with the experimental ones, which can also
validate the proposed model.

4.1.3 Case study: defect with an irregular shape

The comparisons of accelerations of outer ring in the
X direction between the experimental and simulated
results are given in Fig. 12. In Fig. 12a and b, the
defect frequencies of outer ring of simulated and
experimental are 249.40 Hz and 250.21 Hz, respec-
tively. Their error is 0.32%. In Fig. 12c, the simulated
results of dynamic model are familiar with the
experimental ones. Figure 12d gives the comparisons
of the acceleration impacts when roller enters and exits
the defect area between the simulated and experimen-
tal ones. Similarly, the simulated results are familiar
with the experimental results, which can validate the
proposed model too.
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Fig. 8 a A bearing
vibration test instrument
named BVT-5; b a rectangle
defect case, ¢ a circular
defect case; and d the defect
with the independent shape
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Fig. 9 Time-varying effective roller length for a the rectangle defect, b the circular defect, and ¢ the defect with the independent shape

4.2 Comparative analysis of vibrations
between irregular and simplified defect shapes

In the following sections, the initial velocities of roller
and ring are their theoretical value under pure rolling
conditions. The initial displacements of roller and ring
are 107°m and 10~°m in the X and Y directions. The
rotating speed is 1800 r/min. The loads in the X and
Y directions are 300 N and 0 N.

In the previous studies, most researchers defined the
defect shape as the regular shape including the square
or circle, as given in Fig. 13a. This method can
simplify the calculation, but the accuracy is low. The
independent defect is simplified to be a rectangle

@ Springer

(7 mm x 4 mm) as given in Fig. 13b. The dynamic
models with the simplified and independent defect
models are simulated, respectively.

In Fig. 14a, the acceleration of the simplified defect
is larger than that of the actual defect shape.
Figure 14b gives the comparison of TVCS between
the simplified defect shape and the actual defect shape.
The TVCS of actual defects is more accurate than that
of simplified defects. The comparison of defect impact
between the simplified defect shape and actual defect
shape is given in Fig. 14c. Note that the acceleration
peak value of impact of simplified defect is greater
than that of the actual defect. There are similarities in
the acceleration and impact when the roller enters and
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Fig. 10 Comparisons of the (a) 0.15
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exits the defect. When the roller enters the defect, the
TVCS and ECL of the simplified defect change
greatly, but the TVCS and ECL of the actual defect
change slowly, which makes different impact charac-
teristics. Thus, the model with the actual defect is
more reasonable than that with the simplified defect.

4.3 Effect of irregular defect sizes on double row
cylindrical roller bearing vibrations

To study the effects of independent defect sizes on the
bearing vibrations, the maximum width sizes of
independent defect are 3 mm, 4 mm, and 5 mm, as
shown in Fig. 15. Different maximum width cases
cause different areas and ECLs of the defect. Fig-
ure 16 gives the outer ring accelerations for the
irregular defects with different maximum widths.

1.3965 1.397 1.3975 1.398

«s)

Note that the outer ring accelerations increase with the
increment of the maximum width of the defect.
Figure 17 gives the effect of the independent defect
with different maximum widths on the accelerations of
the inner/ring. Note that the inner/outer ring acceler-
ation RMS values increase with the increment of the
maximum width of the defect. Moreover, the accel-
erations in the X direction are larger than those in the
Y direction.

4.4 Effects of the load and rotating speed
on the double row cylindrical roller bearing
vibrations for irregular-shaped defect

To study the effects of the rotating speed on the DRCB

vibrations, the rotating speeds are 1000 r/min, 2000 1/
min, 3000 r/min, 4000 r/min, and 5000 r/min. The
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Fig. 11 Comparison of the experimental and simulated results
of outer ring for the circular defect case. a Simulated spectrum,
b experimental spectrum, c simulated and experimental

model with the independent defect is used to simulate
the accelerations of DRCB. The maximum width of
the independent defect is 4mm. Figure 18 gives the
effects of the rotating speed on the accelerations of the
inner/outer ring and cage. Note that the rotating speed
can greatly affect the inner/outer ring and cage
vibrations. The inner/outer ring accelerations increase
first and then decrease with the increment of the
rotating speed. The cage accelerations increase with
the increment of the rotating speed.

To illustrate the effect of the load value on the
DRCB vibrations, the load is 500 N, 1000 N, 1500 N,
2000 N, and 2500 N. The model with the independent

@ Springer

1.399 1.4 1.401
1s)

accelerations, and d simulated and experimental accelerations
in the defect impact area

defect is used to simulate the accelerations of DRCB.
The maximum width of independent defect is 4 mm.
Figure 19 demonstrates the effect of the load on the
inner/outer ring and cage accelerations. Note that the
load has a remarkable effect on the inner/outer ring
and the cage vibrations. The outer ring acceleration in
the Y direction increases with the increment of the load
value. The outer ring accelerations in the X direction
increase first and then decrease with the increment of
the load value. The inner ring accelerations increase
with the increment of the load value. The cage
accelerations increase first and then decrease with
the increment of the load value.



Dynamic modeling and vibration analysis of double row cylindrical roller bearings with

2515

0.08

0.06 |
“'2 X=250.21
E 0.04 Y=0.0916
s =
0.02

0 . "
230 240 250 260 270 280
f(Hz)

——Test —-=- Simulation
g [

@ 15 (b)
\x=249.4
o B Y=0.1413
@
g
=
S 0.05
0
230 240 250 260 270 280
f(Hz)
© 1000
S
ER)
Qk .
'
-1000 : :
1 1.5 2 2.5
d 1000 -
%
E

00 :
1.028 1.0285 1.029 1.0295 1.03 1.0305 1.031 1.0315 1.032
«(s)

Fig. 12 Experimental and simulated results of outer ring. a Frequency-domain simulated signal, b frequency-domain experimental
signal, ¢ simulated and experimental accelerations, and d simulated and experimental accelerations in the defect impact area

4.5 Model comparison

To further demonstrate the advancement of the
dynamic model and the defect modeling method
proposed in this work, the results obtained by the
proposed method and the method in Ref. [43] are
compared. The defect width is 4 mm. Figure 20a
shows the dynamics obtained by the proposed
dynamic model coupled with the proposed defect
model and the dynamic model in Ref. [43] coupled
with the defect model in Ref. [43]. The RMS value of
the results obtained by the proposed dynamic model
coupled with the proposed defect model is 30.414 m/
s*; while the one of the results obtained by the dynamic
model in Ref. [43] coupled with the defect model in
Ref. [43] is 29.01 m/s>. Figure 20b compares the

result obtained by the proposed dynamic model
coupled with the proposed defect model and the
proposed dynamic model coupled with the defect
model in Ref. [43]. The RMS value of the results
obtained by the proposed dynamic model coupled with
the defect model in Ref. [43] is 32.06 m/s>. Compare
the results obtained by the proposed dynamic model
coupled with the proposed defect model and the
proposed dynamic model coupled with the defect
model in Ref. [43], it can be found that the defect
modeling method in Ref. [43] will cause the simula-
tion results that are higher than the actual results.
Moreover, compare the results obtained by the
proposed dynamic model coupled with the proposed
defect model and the dynamic model in Ref. [43]
coupled with the defect model in Ref. [43], it can be
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Simplified
defect
» o]

Fig. 13 a Traditional defect shape simplification method and b simplification of independent defect shape

found that the result obtained by the proposed dynamic
model is larger than the one obtained by the dynamic
model in Ref. [43], which indicates that the necessity
of considering the supporting stiffness of the outer ring
and the dynamics of the bearing cage. These can
provide some evidence for the advancement of the
proposed dynamic model and defect modeling method
in this work.

5 Conclusions

This paper proposes a novel irregular shape defect
modeling method and a dynamic model of double row
cylindrical roller bearings, taking into account actual
shapes of defects instead of simplified shapes. In this
study, the effects of the bearing load, rotating speed,
and different irregular defect shapes on vibrations
were investigated. To validate the proposed model, a
test was carried out, and the simulated vibrations and
acceleration spectra of outer rings with rectangle
defects, circular defects, and defects with irregular
shapes were compared with experimental results. The
results showed that the model results were in agree-
ment with the experimental results, thus validating the

@ Springer

defect modeling method and the proposed model. The
key findings of the study are:

(1) The proposed irregular shape defect modeling
method and dynamic model accurately simulate
vibrations of double row cylindrical roller
bearings with rectangular, circular, and irregu-
lar-shaped defects.

(2) Rotating speed has a significant impact on the
acceleration RMS and PTP values of the inner/
outer ring, rollers, and cage, with the inner ring
having higher values than the outer ring, and the
roller values increasing with increasing rotating
speed.

(3) The TVCS of the actual defect is more accurate
than that of the simplified defect, with differ-
ences observed in acceleration and impact when
the roller enters and exits the defect. The model
with the actual defect is more reasonable than
that with the simplified defect.

(4) Rotating speed has a significant impact on the
inner/outer ring and cage vibrations, with
acceleration increasing and then decreasing
with increasing rotating speed.
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Fig. 14 Comparisons of a accelerations of outer ring, b TVCS, and ¢ defect impact between the simplified defect shape and actual
defect shape

2000 ¢

6 ——5mm --=-4mm - - 3mm
57 A
g
47 e
4| 2000, 35 4 45 5
2 - t(s) o
1 . o .
0 Fig. 16 Comparisons of accelerations of irregular defects with
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Fig. 15 Effective roller length when the roller rolls over the . s .
and then decreasing with increasing load value.

different defects
(6) The simplified defect model will cause the

bearing vibrations to be overestimated. The
established dynamic model with the actual
defect is more reasonable than the simplified
defect model.

(5) Load has a significant impact on the inner/outer
ring and cage vibrations, with outer ring accel-
erations in the Y direction and inner ring
accelerations increasing with increasing load
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deformation is ignored. Moreover, the double row
cylindrical roller bearing is typically installed in rotor
systems, and the effect of the irregular shape defect on
the rotor system dynamics needs to be studied in future
work.
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