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High-speed roller bearings are widely used in the aerospace field due to their
importance. As rotating machinery develops in the areas of high speed, high
precision, and high reliability, research on the dynamic performance of roller
bearings is becoming more and more important. Constructing a dynamic analysis
January-February-2021  model accurately is very important in interpreting his dynamic characteristics.
The basis for dynamic analysis of high-speed rolling bearings is the creation of a
dynamic model of the bearing. In this paper, the method of creation dynamic
analysis model of high-speed roller bearings was studied specifically. First, based
on the Gupta model for high-speed roller bearings, a model was created that
considered the effects of viscous resistance and oil film resistance, frictional
relationship, and contact force action between the rolling element and cage. In
addition, it specifically analyzed the forces and kinematic relations of each part
within the rolling bearing. The dynamic model of the high-speed roller bearing
was built based on the specific consideration of the factors affecting the bearing
rotor system, such as load, speed, gap, friction, and resistance forces, and based on
creating the dynamic equation of each part, the dynamic model of high-speed
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roller bearing was established.
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[. INTRODUCTION maneuver, easy to lubricated, and easy to replace.

Roller bearings applied in the aerospace field

Roller bearings are important supporting parts that
receive transmission movements and loads in various
rotating machines, which relies on the contact
between the parts to support the rotating part. It is
widely used in precision machinery, aerospace,
automobile industry, machine tools, and robots, as it

has advantages such as small friction, easy to

generally have a relatively high rotational speed, a

relatively harsh working environment, and a
relatively high performance requirement for a roller
bearing. Currently, the relatively advanced aerospace
gas turbine motor rotor DN is about 2x107° and the
working temperature is about 200°C. The analysis of

bearing deformation and rolling element load

Copyright : © the author(s), publisher and licensee Technoscience Academy. This is an open-access article distributed
under the terms of the Creative Commons Attribution Non-Commercial License, which permits unrestricted non-
commercial use, distribution, and reproduction in any medium, provided the original work is properly cited

o1 L




CholUKRi etal Inc J. Sci. Res. Mech. Mater. Eng, January-February-2021, 5(1) : 01-10

distribution under the action of radial force, axial
force and force moment load was conducted [1-3]. A
semi-dynamic model of the roller bearing was built,
the load distribution and the pressure distribution of
the contact area were analyzed, and the sliding rate of
the cage and the motion speed of the roller contact
surface were calculated [4, 5]. An analysis model of
the high-speed flexible metal frame roller bearing was
built, and the relationship between the deformation
of the metal frame, the distribution of the received
force inside the bearing, energy loss and the roller
motion speed and the load distribution was studied
[6]. A roller bearing dynamic model was created
based on the fluid and elastic lubrication theory [7].
For roller bearings, a dynamic model was created
assuming that the roller element has 6 degrees of
freedom, the cage has 3 degrees of freedom, and the
inner ring has 5 degrees of freedom [8]. The effects of
radial load, working rotation speed, free clearance and
roller number of rolling bearings on the roller motion
rules were analyzed, and a test study was conducted
on the sliding of rollers and cage [9]. The analysis of
roller bearings is carried out using a quasi -dynamic
method, and a dynamic model of roller bearings is
included, but it is relatively small [10]. Using the
Hertz theory, a model for static analysis of ball
bearings was built, and the relationship between the

maximum load and the radial load of the steel ball
was derived [ 11 ] . A static analysis model for ball

bearings was built, and the deformation and ball load
distribution were analyzed under the action of radial
loads, axial loads and force moment loads for the ball
bearings [12]. A model for dynamic analysis of ball
bearings subjected to arbitrary force was created using
a quasi -dynamic method, and the motion state of
each bearing part was determined by using the
method of solving nonlinear equations [13]. In this
paper, based on a specific study and analysis of the
preceding literatures, the method of making a
dynamic analysis model of high-speed roller bearings

was specifically mentioned.

II. Theoretical Basis for Modelling

2.1 Establishment of coordinate system

1) Inertial coordinate system

Let the origin 0 of the inertial cartesian coordinate
system be located at the center of the trajectory park
of the curvature center of the outer roller groove, X
axis coincides with the symmetric axis of the outer
ring (the axis of the bearing), Z axis is along the
direction of the radial load, and the axis is determined
by X axis and Z axis through the right hand rule. This
coordinate system is fixed in space. The origin of the
inertial cylindrical coordinate system is the same as
that of the inertial rectangular coordinate system. The
direction of the polar radius of the coordinate system
is the same as the Z axis in the rectangular system, the
polar Angle is the Angle between the vector and the 2
axes in the rectangular system, and the height
direction is the direction of the X axis in the
rectangular system. The translational motion of all
parts is determined in an inertial coordinate system.
In general, the center of mass motion of the ring and
cage is described in the inertial rectangular frame, and
the center of mass motion of the ball or roller is

determined in the inertial cylindrical frame.

(2) Definitive body coordinate system

The origin of the definite coordinate system is located
at the center of mass of the part.The orientation of
the coordinate axis of the relative coordinate system
is consistent with the spindle of the bearing parts. The
rotation of the part is determined by the rotation of
the body coordinate system of the part relative to the

inertial frame.

(3) Local coordinate system
In order to analyze the force, velocity and so on, we
need to establish a local coordinate system. The origin

of the local coordinate system is located at the center
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of the interface under investigation.The axes of the

coordinate system are determined by local features.

2.2 Coordinate system analysis of roller bearing

outer ring

cage

Figurel. Coordinate system of roller bearing

Inertial coordinate system of bearings {0; x, y, z}
Center coordinate system of roller{o,; x, y;, z,-}

Mass center coordinate system of cage{o.; X, Ve, Z¢}

Mass center coordinate system of Inner
ring{o;; X;, yi> Zi}
Mass center coordinate system of

cage pocket{o,; Xp, Vp, Zp}

2.3 HERTZ contact theory

~ Line contact

Roller bearings are generally linear contact, the
can be considered to be

surface pressure

approximately semi-elliptical cylinder distribution.

The maximum compressive stress at the center of the

contact width is;

_2a_ (aE\"7 _ED
PH_n'b_(Zn'R) T 4R (1)
The compressive stress at any point above is;
2, 0.5
P=F,(1-%) @)

~ Point contact
The contact between the ball and the raceway is
generally point contact, and the surface pressure can
be considered to be

approximately ellipsoid

distribution. Under the action of load, a rectangular

contact surface with a long half-axis of a and a short
half-axis of b is formed.
When the short axis direction of the contact ellipse is

reunited with the Y-axis, the contact stress p is;

y:_ ¥
P=P(1-5—1 (3)
The maximum Hertz contact stress Py is;
_ 3@
H ™ 2nab (4)

2.4 High speed rolling bearing lubrication

When the bearing rotates at high speed, a lot of heat
is produced. At this time, heat is generated from two
sides. The first is the friction heat generated by the
rotating movement of the bearing and the friction
inside the component itself. The other is the stirring
heat formed by the stirring effect of the component
on the lubricant during high-speed rotation.
Lubricants here have two main tasks: one is to play a
lubrication role, when the bearing is working, it is
required to continuously inject enough oil between
the two contact surfaces to form a certain oil film
thickness, so as to avoid direct contact between the
two contact surfaces. The other is to play a cooling
role, so that the temperature is maintained in the
bearing materials and lubricating oil can withstand
the range. The circulating pressure oil supply system
with oil tank and oil pump makes the lubricating oil
flow, and the heat exchange device can be used to
effectively enhance the heat dissipation capacity of

the bearing system.

III. Dynamic modelling for high-speed rolling

bearings

3.1 Basic Assumptions

- Assume that the bearing parts are rigid bodies, and
ignore the flexible deformation.

- The roller has five degrees of freedom: the

revolution of the center of mass of the roller, the

radial movement along the y,-axis and the z, -axis,
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the rotation of the roller about the x,.-axis of its own

center, and the tilt and skew of the roller.
- The cage has five degrees of freedom: the

translational movement of the mass center of the cage
along the y.-axis and the z -axis in the radial y.z,
plane, the rotation about the y.-axis and the z.-axis,
and the rotation of the mass center of the inner ring

around the x.-axis.
- The inner ring has five degrees of freedom: the

translational motion of the center of mass of the inner
ring along the y;-axis and the z;-axis in the radial y;z;
plane, the rotation about the y;-axis and the z;-axis,
and the rotation about the center of mass of the inner

ring around the x;-axis.

3.2 Roller force analysis

High speed roller bearings are usually lubricated with
lubricating oil. The outer ring of the bearing is fixed,
the inner ring rotates, there is a pure radial force
acting on the bearing, and the cage is guided by the

outer ring.

- outer ring

T

2
—lm‘

DRI )\
s Vo D Y
WG ERRO)
Y LA B Y
N A T
! A 157/
2 / A2 0] A
AL RN A7)
/" inner \i,?j \)/
"9 [
jthroller

1) Before work L) After work

Figure 2. Schematic Diagram of Roller Bearings

In figure2, 0;,0; is the center position of the inner
ring of the bearing before and after working
respectively; ¢; is the azimuth Angle of the jth roller;

6, is the radial displacement of the inner ring; F, is

the radial force borne by the inner ring of the bearing.

(1 Schematic Diagram of roller force analysis
In the working process of the bearing, the roller is

under the joint action of internal and external

raceway, cage and lubricating oil, and the force of the

roller is shown in Figure 3.

outer ring

roller

inner ring

Figure 3. Schematic Diagram of roller force
analysis
In Figure3, o, is the center of mass of the modified
the the

{0r¢; Xre» Vre> Zyc} is the centroid coordinate system

roller; o, is center of roller axis;
of the modified roller; Gj is the inclination Angle of
the roller; Nji, NjO are the normal contact forces
between the inner and outer raceways and rollers
respectively; Tji , TjO are the oil film drag force
between the inner and outer raceway and the roller
respectively; M} j o Ml?,j are the additional torques
generated by the contact force between the inner and
outer raceways and rollers respectively; M%j, M2 j are
the additional torque generated by the oil film drag
force between the inner and outer raceway and the
roller respectively; Q.;, F; are the normal contact
force and tangential friction force between the cage
beam and the roller; M; is the additional torque
generated by the contact force between the roller and
the cage beam; F,; is the centrifugal force of the jth
roller; Tsrj , Trena; are respectively the surface
blocking moment and end face blocking moment of
lubricant on the jth roller.

(2) Analysis of force between roller and raceway

/ | -
E =i —(m _'__Z)”
- -

Dpm

e 1

I =
m-osyw | 1 v -

mth slice

i i
Tim | @

Figure 4. Schematic diagram of force on roller

slice
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The roller is evenly divided into NP segments
along its own axis direction.
In Figure 4, W- slice width (W= [ /NP)

l,.-distance between the axial center of roller and
the center of mass of roller

q}m, q](-)m—contact forces between the mth section
of the jth roller and the inner and outer raceways
respectively

T]lm ,T]m -oil film drag force between the mth
section of the jth roller and the inner and outer
raceways respectively

Qc¢jm > Fcjm- normal contact force and tangential
friction force between the mth slice of the jth

roller and the cage beam

The elastic deformation of the mth slice of the jth
roller at the azimuth angle ¢; and the inner and

outer raceways can be expressed as:

Uy

Sjim =6, cosp; — 8} -
0 _ 0
8im = 6; — Cjm

— Cim

where 5}, 5]0 Central deformation of the roller

Cim- Reduction of the crown of the mth slice of the
jth roller

The normal contact force between the jth roller and

the inner and outer raceways can be expressed as:

Ni = yNP = yNP ( )1 11 w
J m= lq]m - jm f1111011A111 6
NO — $NP = ¥V (89 )1 11 w ©)
J m=1 q]m - jm f1.11lg.11A1.11

where A-Coefficient between the elastic deformation
and the external load, A=1.361n°°(n- Comprehensive
elastic constant of the two contact bodies)

f- Correction coefficient of improved sectioning
method

The additional torque generated by the contact force
between the inner and outer raceways and the jth

roller can be expressed as:

. . 1 1
Myj = X301 QjmG — (=)W £ 1)

7)
N 10 G — (M= DW £ 1)

0 _

The oil film drag force of the jth roller by the inner

and outer raceways can be expressed as:

{ Zm 1 q]mﬂjm (8)

Zm 1 q]mﬂ]m

where (i, -Oil film drag coefficient between the mth

section of the jth roller and the raceway

The additional torque of the jth roller due to the oil

film drag force can be expressed as:

i _
0 _

(m =)W + 1)
(m =W L)

NP i 1
Ym=1 q]l'm.ujm(E -
NP 0 1

m=1 CIjm.ujm(E -

(3) Force between roller and cage

)

Contact model of roller and cage beam is follow:

cage

Z,h‘z

YN
‘ roller ] Yre
N ) . M, i1 mth slice
7] | e ¥
| P2 1%\ - [
| I -

(S am

Figure 5. Contact model of roller and cage beam

The contact deformation of §j,, between the mth
section of the jth roller and the cage beam can be
expressed as[14]:

— X tan(p;) — r.j < CP
er > CP

Sejm = |rej Cim
(10)
{5ch =0

Where 7, ;-Tangential distance between the jth roller

and the cage pocket center

X, = %— (m—05)W + L,
Bj-Skew angle of the jth roller

CP-Circumferential clearance of cage pocket.
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The contact force Q.; between the jth roller and the

cage beam can be expressed as:

ch =
0 (8.jm <0)
me1 Qcjm = 2%11(561'7")1.11% (Scjm > 0)

(11)

The tangential friction between the cage beam and
the jth roller can be expressed as:

Fej = Y1 tiejmQcjm (12)
Where pjp, -Friction coefficient between the roller
and the cage beam
The additional torque between the jth roller and the

cage beam due to the contact force can be expressed

as:
1 1

Mcj = Z%il Cchm(E_ (m_E)W + be) (13)

® Viscous resistance of lubricating oil on roller

The viscous resistance of a roller is simulated by using
the resistance of a cylinder when it moves in a fluid.
When the cylinder is translational in the fluid, the
resistance is:
Fy = —sign(V) - CppV2S (14)
where F;: resistance
Cp: drag coefficient
p: equivalent density of the fluid
V: translational velocity of the cylinder
S: area of the cylinder in the direction of
translation
For roller bearings:
S=L(D-1L,)
Where L: length of roller

D: diameter of the roller

(15)

W: thickness of the cage

The drag coefficient of the cylinder,Cp, is determined
by the Reynolds coefficient, Ngr. Reynolds number
Ngg is defined as:

(16)

Non =22
RE n

Where n: dynamic viscosity of the fluid

p: equivalent density of the fluid

It is the oil-gas mixture that is effective in the
resistance. The viscosity of the oil is taken as the
equivalent viscosity of the mixture when calculating
the viscous resistance, and the equivalent density is
determined by the ratio of the volume of the
lubricating oil to the volume of the cavity.
P = Poitéoit + Pair(1 — €o11) (17)
where pgir, Poir: densities of lubricating oil and air
€011 percentage of the volume of lubricating oil in
the cavity
® Retardation torque of the lubricating oil on
the roller
The total retardation torques acting on the surface
and end face of the roller can be obtained by
multiplying the radius of the roller by the shear stress
on the surface and end face of the cylindrical roller

respectively.

Figure 6. Calculation model of average clearance
between roller and cage pocket

Calculate the average clearance at positionsLI,IV and

V in Figure 6.
The average gap is defined as follows:
1

Furthermore, the average gap can be expressed as:
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1
. 1+sin6; Tet,Cq 1+cosf;
Ch =2 [TC (ln\l 1-sin 6, 91) + < 2 ) (ln 1-cos Friction coefficient of the wafer is:
fL = 16/Ngg
)7 (G- 61 - 92)] /(r — 26,)
(19) Taylor number is:
Nry = (rewcCy/Mo)V Cu/7¢

1+sin 6,
1-sin 6,

Where Cg- total circumferential clearance between

the roller and cage pocket as shown in Figure 6. The average retardation torques on the roller surface

7.- Characteristic radius of the cage, which is equal to 1%

the non-guide surface radius of the cage. Tyr = Twr L(2m — 46,) (21)
wc-actual angular velocity of the cage

61, 6;-as shown in Figure 6 3.3 Force analysis of cage

The shear stress on the roller surface is: In the process of high-speed operation, the cage is

N2
Ty = % fePers (r“(:” ) (20) affected by the impact force of the roller, the guide
Where p,- effective density of the oil-gas mixture force of the outer ring, and the surface resistance and
around the roller end resistance of the cage caused by the mixture of oil
0.539437 and gas.
fe_ 13 (M) &
fL 41
Cage centering
surface
Cage guide .
surface ™
' Me ZS‘
‘u'. CDO’ Ocn-:l 7\ C: \‘ :ch I"I Z
\ N7~ e
| | ~L 10 % ]
\ ‘;.q], if’n‘\c " VOF
T . '1‘ '1_ | ‘ \5;: \ . ¢
© CcDs' RN _-_A_._\ roller
PN~ Tty
V I. | e
‘Fc_v _ l[fc
yCI'E'

Figure 7. Schematic diagram of cage force

In Figure 7, {OcresXcres Yere» Zere)- Teference coordinate system of the cage
e.-relative offset of the cage center

€c = ’Aic + A%, (22)

where 4,,, 4,.- components of e; on Y. and z.,, axes respectively
Y- included angle in the radial plane between the cage reference coordinate system {0ye¢;Xcre> Yeres Zere} and
the cage coordinate system {0, V., Z.}

@ Force between cage and guide ring

According to the geometric characteristics of the cage and the guiding outer ring, the two orthogonal
components F,, and F;, acting on the cage due to the hydrodynamic pressure effect can be expressed as:
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Fcly = nou1Lc€/[C12 1- 52)2] (23)
Fiy = mnous Lie/[4CE (1 — €2)%/?] (24)
where L.- centering surface width of the cage

C;- cage guiding clearance

e- relative eccentricity of the cage center

u,- dragging speed of the lubricating oil

The distributed pressure of the lubricating oil fluid dynamic pressure oil film also produces a certain friction
torque M., on the cage surface:

M¢x = 2m1oViReaLe/(C1V1 = €2) (25)

where V;-relative sliding speed of the guiding surface and the centering surface

The forces F;,, F;, and moment M, are calculated in the {o.; x., Y, Z.} coordinate system. When establishing
the dynamic differential equation of the cage, these forces and moments need to be converted to the inertial
coordinate system{o; x,y, z}:

Fy b= [O cos¥, sin¥|{F, (26)
F., 0 —sin¥% cos¥l| F,

where Y. = arctan(Az./Ay,)

©) Cage surface and end face resistance

The surface and end face of the cage are also subjected to the resistance action of the surrounding oil and gas
mixture, and the blocking torque of the cylinder surface of the cage is T¢po and the blocking torque of the cage
end face is T¢ps.

Tepo = TAcagercage (27)
1
Teps = Epeffwczrc%geCN (28)
3.87
L Npr < 30000
Cn =1 o146 (29)
M) /5’ Ngg > 30000

Where A, 4.~ surface area of the cylindrical surface outside the cage
Teage-Tadius of non-guiding surface of cage
T- shear stress on the cylindrical surface of the cage

3.4 Nonlinear dynamic differential equations of high-speed roller bearings

According to the interaction force and motion state of each part of the bearing and Newton's second law, the
nonlinear dynamic differential equations of each part of the high-speed cylindrical roller bearing are
established respectively.

(1) Nonlinear dynamical differential equations of rollers

mpypj = —Nji cosp; + Njo cos@; — Q¢jsing; — Fyjcosp; — Tji sing; + Tjo sing; — F;j cos ¢;
myZpj = Nji sing; — Njo sing; — Q¢jcos@; + Fyjsing; — Tji cosp; + Tjo cos@;j + F¢jsing;
. _ i Dw 0 Dw Dy,
<]bx(‘)bx__TjT_Tj 7+ch7 (30)
Joy@py = —Mrjsing; — M%- sing; + M.jcos; + My sing; + M,(\),]- sing;
Jpz@pz = —Méj Cos @ — quj cos@; —M;sing; + M,i\,j cosp; + M,(\),]- COS @;

Where my,- mass of the roller
Vby > Zpy - displacement acceleration of the center of mass of the jth roller in the inertial coordinate
system {0; x,y, z}
Jbx> Iby> Jpz - moment of inertia of rollers in the inertial coordinate system{o; x, y, z}

Volume 5, Issue 1, January-February-2021 | www.ijsrmme.com 3



CholUKRi etal Inc J. Sci. Res. Mech. Mater. Eng, January-February-2021, 5(1) : 01-10

Dpy»> Dpy, Opz-angular accelerations of the roller in the inertial coordinate system {o; x, y, z}

(2) Nonlinear dynamic differential equations of cage

. _ VRN D ’
VJexWex = j=1 (ch TW) — Mcx — Tepo — Teps

]cyd)cy = Z;'eivl(_MCf cos (Pj)

Ucz@cz = Z?ivl(MCf sin (Pj)

Where m,- mass of the cage
G.-cage gravity
RN-number of rollers

mqy, = Zﬂ’l(QCj sin; + F¢j cos (pj) + FZy cos W, + F/, sin¥, — G,
mqz, = Zﬂvl(ch cos@; — F¢jsin (pj) + Ffy sinW, — F/, cos ¥,

(31)

Ve, Z.-centroid acceleration of the cage in the inertial coordinate system{o; x, y, z}
Jex> Jey» Jcz -moment of inertia of the cage in the inertial coordinate system{o; x, y, z}

ey Wey> Wez-angular accelerations of the cage in the inertial coordinate system{o; x, y, z}

(3)Nonlinear dynamical differential equations of inner ring

(m,§; = ?2’1(1\1; cos@; + T} sin @;)—F
m;%; = X5 (=N} sin@; + T} cos ¢;)
. i D
VixWix = Z;eivl le TW
Jiy@iy = X5 (M7 sin ;)
Uiz0i; = X5 (M§) cos ;)
Where m;-mass of the inner ring

(32)

¥;, Z;-centroid acceleration of the inner ring in the inertial coordinate system{o; x, y, z}
Jix> Jiy» Jiz- moment of inertia of the inner ring in the inertial coordinate system{o; x, y, z}

Wiy, Wiy, Wiz-angular accelerations of the inner ring in the inertial coordinate system{o; x, y, z}

IV. DISCUSSION

The dynamic performance of high-speed roller

bearing is not only related to the structural

dimensions, machining precision, and material
performance of bearing, but also related to factors
such as working conditions, assembly precision, type
of lubricants, and lubrication conditions.Therefore,
based on referring to the theoretical basis for
building the dynamic model of the high-speed roller
bearing, an assumption for building the dynamic
model was raised.First of all, in addition to the
interactive force and force moment between each
part of high-speed roller bearing, the centrifugal force,
the viscosity resistance force on roller and the
resistance force of cage end face and surface, it also

considered the influence on the dynamic performance

of machining error of the bearing, and specifically
analyzed the influence of the working condition of
the bearing and the roughness of the working surface
on the lubrication condition of the bearing.In
addition, on the basis of the dynamic simulation
model of the already existing high-speed roller
bearing, a dynamic model of the high-speed roller
bearing was built, which specifically considered the
contact condition and the lubrication condition of the

bearing.

V. CONCLUSION

High-speed roller bearing is widely used as a
supporting part of rotating machines due to its high
speed performance and low friction moment. As
rotating machinery is developing towards the aspects

of high-speed, high precision and high reliability, the
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research on the dynamic performance of high-speed
roller bearing is becoming more important. In this
paper, an analysis of the interaction relationship
between the position of each part of the high-speed
roller bearing was conducted and the influence of
factors such as resistance was considered. By applying
Hertz theory, elastic liquid and hydrodynamic theory,
a specific analysis was conducted on the force and
movement of every part inside the roller bearing. The
kinematics equations of each part were established by
analyzing specifically the relationship between roller
and the road, the relationship between roller and the
cage, the wviscosity resistance and the oil film
resistance. Based on these equations, the nonlinear
dynamics model of the high-speed roller bearing was
established. The dynamic model of the high-speed
roller bearing provides a theoretical basis for the
analysis of the dynamics performance, design and
calculation of the coefficient for the high-speed roller

bearing.
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