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Abstract— Present work deals with the numerical analysis of roscopic moments of the ball bearing. Leteal. [5

. { ! ay! p 1g. | )
rotor_carrylng acentrgl d|_sk mounted oyer_symmetrlcal baI_I- presented a design approach by considering the applied
bearings, by considering the excitation forces using |oads and spin speed of the ball bearing as the stiffness
Muszynska’s model along with linear unbalance force due to effecting parameters. Panda and Dutt [6] analyzed the
disk. Other nonlinearities considered in the model include: rotor ball bearing system by varying the stability speed
ball bearing contact forces and disk-stator rub-impact limit and the ur?ba?/ance response. Tiwati al. [7-]

forces. Finite element model incorporating bending degrees . : . -
of freedom is employed to mesh the system. Implicit Wilson- simulated the bearing effects theoretically and studied the

theta time-integration scheme is used to get the phase- plane, nonlinear dynamic response due to the radial internal
time-history plots and frequency spectra. Different periodic  clearance of the ball bearing.

motions are studied by varying the different speeds. Harshaet al. [10- 11] investigated the nonlinear dynamic
~ Keywords— Single disk rotor; Nonlinear forces; Time  behavior of ball bearing-rotor systems with different
integration scheme; Effects of speed of rotation. sources of nonlinearity. Bai et al. [12] studied the

nonlinear dynamic characteristics of a rotor and bearing
system under the application of axial preload. Yeng.
Aero-engine rotors plays very important role and they arg13] presented the bifurcation analysis of a rotor
very expensive. There is a great need to understand tl@pported over ball bearing system with different
dynamics of the rotors in a better manner to design heawyonlinear excitation forces. Chen [14] modeled the
machinery like aero engine rotors by considering theunbalanced rotor dynamic system by considering the
characteristics of the rotors dynamically. In general timebearing clearance, Hertzian forces on the bearing. The
or frequency domain techniques are used to analyze thsearing supported over ball bearings was studied by many
nonlinear dynamics analysis of the rotor supported oveworks. But in very few works, there is a consideration of
ball bearings. The coupled nonlinear equations of motiomonlinear external excitation forces. Jedrezjewski
are iterated until the steady-state was attained with a finitgl.[15] presented a spindle supported on angular contact
time steps in time domain techniques but in frequencyall bearing system for dynamic analysis with few
domain techniques the equations are solved and periodéxternal excitation forces.
state is assumed in the given frequency values. In thelario [16] analyzed the ball bearing system with an
analysis of engine rotors, very large number of modeapplication of a known nonlinear force and presented the
needs to be considered in time and frequency domaigffect with different diagrams and introduced a new
techniques. computational iterative procedure for the rotor system and
compared the results of the system with the available
A typical engine model requires consideration of ynan literature. Patet al. [17] formulated an analytical model
hundreds of modes, posing demands on convention@ly considering the ball and race contact forces to
time/frequency domain methods. Typical aero-enginaletermine the localized defect effects on ball bearing
rotors are often mounted on rolling element/SFD bearingssibration. Ghafaret al. [18] investigated the vibrations of
Hertzian contact forces, internal clearances and varyingalanced fault-free ball bearings.
compliance of the ball bearings will affect the high speedzhanget al. [19] presented a nonlinear model of rotor-seal
rotor dynamic characteristics. Many researchers haveystem and analyzed nonlinear behavior of the system
derived ball bearing dynamic characteristics. The effectander the external excitation of the fluid force. Cheng
of bearing clearances were analyzed by Childs [1]. Saital.[20] investigated nonlinear phenomena of rotor
[2] studied the response of unbalance nonlinearity of thgupported on bearing with seal system using a lumped
Jeffcott rotor bearing system with bearing radialparameter model based on Jeffcott system. Here oil-film
clearancesAkturk et al.[3] investigated rigid rotor shaft bearing were employed. Huat al.[21] studied the
supported over ball bearings under radial and axial andynamic behavior of rotor- seal system by considering the
radial vibrations. Bai and Xu [4] modeled rotor bearingMuszynska’s seal forces in the model. Here simply
system Dby considering the centrifugal force andsupported bearings are consideredetlal.[22] illustrated
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the nonlinear dynamic behavior of rotor-labyrinth sealconsidering two of rotational and two of translational
system using lumped parameter model. More recently, LDOF on each node. In our study, axial and torsional
et al. [23] presented a nonlinear rotor bearing modelibrations are ignored with only flexural behavior of rotor
subjected to steam forces and analyzed the system usiiggtaken into account.

finite element model. Here, the oil-film bearing

nonlinearity was considered. )

| ot i Fyy+meQ?sinQt-mg

n aerospace applications, soft-mounted rolling element X gy

y

F F
bearings using squirrel cage supports are commonly N N ybf « X
found. So, it needs to account nonlinear contact forces at @ @ @ @
the bearings along with the rotor-seal forces. Present > 3 4' 5 »z
vvprk deals with the numerical ar)aIyS|s of rotor carrying i g Fox +medicost o
disk mounted on symmetrical ball-bearings by
considering the excitation forces using MUS_ZynSl_(Q'S:ig.Z. Finite Element Model of a rotor-ball bearing system
model along with linear unbalance force at the disk. Finite

element model incorporating Timoshenko beam element§he disk and two ball bearing positions are at no_des 3.1
is employed to mesh the system. Implicit Wilson-theta?nd S respectively. The nodes 2 and 4 are the mid nodes
f 1, 3 and 1, 5 nodes. Kinetic and potential energies of

time- integration scheme is used to get the time responsg’ o )
phase plane diagrams and frequency spectra. Effects bt Shaft unit in terms of displacements v and w along x

different operating speeds are analyzed with periodi@nd Y directions and unit mass dengi#y and diametral
motion, quasi as well as chaotic motions. The@nd polar moments of inertia of shafand | are [24]:

organization of the paper is as follows: section 2 deals. _f1 [, (.2 .2 22, -2 [ 2 s ]}

with the mathematical modeling employed for overallsre_ézp{A(v w )+|S(9 + )l pR" A Gp-@les (1)

rotor dynamic system and expressions for the forces.

Section 3 presents the results and discussions and section

4 gives the conclusions. Ug = j%{a ((9')2+(¢j)2)+kGA[(v'—¢)2+(9+w')21}ds )
0

II.  MATHEMATICAL MODELLING

In this section of mathematical modeling of rotor dynamicHere, Q refers to the speed of operation and v and w are
system using finite element analysis and descriptions dfisplacements in x and y directions respectively. In Finite
nonlinear excitation force and the ball bearing contacelement method, for the cross section of the shaft unit
force are presented. Fig.1 is a geometric modelranslational and rotational displacement can be
representation of a rotor supported on ball bearings with éetermined and is given by [26]:

seal on the disk.
v]_ |N7p O 0 Nz N3 O 0 Ng
{W}—[ N]{Qe}—|: 0 N, Ny 0 0 N3 -Ng O }{ de}

Seal
wu )
Ball bearing N Ball bearin And
Disk 9 % i pyqey] © Pr D2 0 0 D3 Dy O .
TLP%IS 5 0 0 Dp b3 0 0 Dyl
@
i where N,N,,.. and O, D,,.. are the shape functions and
77 {9 "={vi w1 6, @ V> W, B, @} is nodal displacement
Fig.1.The structural diagram of a rotor supported on ball bearings with é’eCth' The element m,ass’ gyroscopic and stiffness
seal at the disk position. matrices of shaft are obtained as follows [4]:
( ‘
_ T T
In this system the external excitation forces will act on theM 1= [PAN " Nds+[ Al sD " Dds (5)

bearing and on the disk, the Jeffcott rotor is used to model 0

the rotor and supported on two bearings on both the sidgge- fﬂ PDT[ 0 1}Dds (6)
as shown in the above figure. 0 10

; : ; ‘ 14 -

A. Modelling of a rotor supported on ball bearingswitha | q- [EID’TD’ds+jkGA{N'TN’+DTD+2N’[O 1}D}ds 7
seal at the disk system 0 0 10

The FE Model of the rotor supported on ball bearings with

a seal at the disk system is constituted using two-nodeddkewise, The disk kinetic energy due mass of the disk

Timoshenko beam elements as shown in Fig.2. Viscousy, mass and polar momts of inertipand J written as

damping and gyroscopic effects are considered. Thiollows.

system is modeled with four elements and five nodesand _1 .2 .2, 1 52 -2, 1 2. oéo-e (8

total of twenty Degrees of Freedom (DOF), in which half d 2md(v w )+2Id( +¢2)+23d(9 +( by 40)) (8)

of them are translational and other half are rotational byAnd the work due to disk mass eccentricity in given by
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Wy=myeQ? (v cosQt+ w sinQt) (9) y is the very important variable of Muszynska model,
This gives mass and gyroscopic matrices of disk ashich will give the ratio of fluid average circumferential

follows: velocity. Here mpis the inertia coefficients. In the Eq. (7),
mg 0 0 0 with the increase in the eccentricity of the rotor, there is
0 mg 0 O increase in the parameters namely gas stiffnegps gid
M= 5 5 1y o (10)  damping(D).
0 0 0 Ig Kg=KO(1—£2)_n1,
00 0 O 5\,
o 00 0 O 1) Dy =Dy (1—5 ) wheren, = 05-3 (15)
00 0 Jd y=Yo(1-€)" where& n < landy, <05
00 -Jg O
Following Lagrangian approach, the consistent stiffness, : x%+y? : . )
mass and gyroscopic matrices can be derived. Theddere € = c is the relative eccentricity at the seal;

matrices are assembled and using Guyan's static s

condensation scheme, the rotational degrees of freedofn'> seal cl_earancei,mz ar_1dyO vary for different types of
seal materials; Characteristic factorg Ry and my can be

{61 @, 01 @, ....... } are eliminated and the following . : .
governing equations of motion for the system areObtamed from Childs equation.
obtained: C. Ball Bearing contact forces
. ) ] In the rotor, ball bearings have various components like
M[{a] "[e Ka} -G Ka} K Ha} ={F} (12)  inner race- which is fixed to the rotating journal rigidly.

outer race- is fixed to the bearing housing and the angular
where {oe}T:{vl W; Vo Wo V3 W3 V4 W, Vs Ws} are the  contact rolling balls and cages. Due to the eccentricity of
overall translational degrees of freedom and [Mr], [Gr],rotor the outer race and the inner race will not be at the
[Crl,and [Kr] are reduced mass matrix, Gyroscopicmiddle position all the time and rolling balls will apply
matrix, viscous damping matrix and the stiffness matrixthe force on inner race due to outer race displacements.

The force equation can be written as in vector form This is a restoring force, which is generated by the contact
deformation between balls and races. The bearing
{F}=[F x Fy» 0 0 Fp+meQcot compliance and total stiffness will vary periodically with

ng+meQZsith-mg 00FR Fyb]T (13) variation of the eccentricity of the rotor with the races and
the balls and the bearing varying compliance is a
The numerical solution for these nonlinear equations iparametric excitation of the rotor-balling bearing
obtained from fourth order Runge-Kutta method. Effectcoupling.
of speed and seal clearance ratio on system stability I8 the ball bearing model, it is supposed that the balls are
studied using bifurcation analysis. Nonlinear excitationequispaced between the surfaces of the inner and the outer
force and the ball bearing contact forces are modeled d8ces and the contact angles are not considered. Fig. 3

follows: shows the schematic of ball bearing model, where inner
race center @and outer race center;@re in same line
B. Nonlinear excitation force model joining the ball center.
Y

The clearance in the turbine and compressors is a non-
axisymmetric, because of this there is a chance of having
rotordynamic forces on the system and these are
considered in very few authors. There are numerous
models to explain the nature of nonlinear excitation
forces, but Muszynska model is a well defined force
model [25]. The expression for nonlinear character of
seal- fluid force is given as:

{ng}:_ Kg-mgy2Q? JDg {x}
Fay -)Dg Kg-mgy2Q? |lY

-2 0mg  Dg |ly] |0 mg|ly Fig.3 Ball bearing Schematic model

Averaging of the circumferential flow which is rotating L&t Nb, r and R are respectively the number of balls, radii
with the an angular velocity ofo. This is an assumption ©f inner race and outer race respectively ants radial

made in Muszynska model. Hexespeed of the shaft and clearance. According to the nonlinear Hertzian contact
' theory, the contact forces between ball and race due to the
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rolling contact can be expressed in terms of Hertziant is found that a four element model is sufficient to

contact stiffness gas: approximate the dynamics of rotor in lower frequency
Np Np ' 3/2 range. Table Il gives the ball bearing and disc parameters
Fxszgl( fix):jgl(‘cb(xt cosdj +yy sindj =1o ) H)COSHJ' employed in the analysis.
(16) TABLE Il. MAIN PARAMETERS OF THE BEARINGS AND DISK
Nb N ( . 3/2 ) .
Fyb—jél( ny)—jEl ~Cp (% cosdj +yy sindj-1p) H Jsindj N, G (N/m3’2) r(mm) R mm) ro(m)
17)

8 13.3410° 31.0 49.52 20

where heavy side function

_{l if (x co®;+y,sinb;-ry)>0 Disk
0, if x codj+y, sinB;-ry<0 (18) my ( Kg) Io(kgm?) Ju(kgn?)
and x=x+(R-ry) cos 6, and y= y+(R-fy) sin 6; are the 15.95 0.64e-2 1.28e-2

coordinates of circumferential point on the ball.

Also, ; is jth ball angular position and is given by ) ) )
0, =0cagext +(277j~ 277)) Ny, here j is the number of ball First, the ball bearing forces and unbalance at the disk are

only considered. Figures 5 and 6 show the time history
and phase-plane diagrams at the disk node for an

in the bearing from 1 to Nand the cage angular velocity

iS Weage = Qxr ope_ratir)g speed eqqal to 100 rpm. It is obser.ved that_ the
(R+r) motion in X and Y directions are not symmetrical at disk
node, due to the gravity and the effect of speed on the Y
Il RESULTS ANDDISCUSSIONS bending mode. The motion is chaotic in Y direction.
Assembly and condensation procedure is implemented it SO Oeereponceddasoie

MATLAB. The program could generate the nodal
connectivity automatically based on the number of  %%f
elements choosen. Table | shows the geometric ant € o
material properties of the rotor considered in the analysis.

=
05}F

TABLE I. GEOMETRIC AND MATERIAL PROPERTIES OF ROTOR 1

0 01 02 03 04 05 06 07 08 09 1

s time(s)
Ls | d(mm) | E(GPa)] G | p(kg/nT) sX10
mm (GPa) ot
1000 50 197 80 7810 -
k | dy(mm) | (mm) em) 10
0.65| 500 80 60 sl

Without considering bearing dynamics, the rotor as a R - R
simply-supported beam first three bending modes as
obtained from the present program are respectively:
98.311 Hz, 389.82 Hz and 865.7 Hz. These are close to
the ANSYS Solution (98151 HZ, 38746 HZ and 85514 Phase diagram at disk node
Hz) using 6-degree of freedom pipe elements. Further, the 002 > '
corresponding Campbell diagram showing the variation of 0.01f

natural frequency with shaft rpm is depicted in Fig.4.

Fig.5. Time histories at disk in x and y directions

va(m/s)
=)

-0.01F

400 ——BW1 20.02 L " " " " " "
360 - -8 6 4 2 0 2 4 6 8
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0.04

280
BW2

240 4 0.02}
200 —FW2

natural frequency in Hz

ws(m/s)
o

160 -

120 9 002k

80

0 3000 6000 9000 12000 15000 -0.04 " " " L " " " L L
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Wa(m) x10°

Fig.4. Campbell diagram variation in first two whirl modes Fig.6. Phase diagrams in x and y directions at disk node
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Whirl orbit at bearing

Figure 7 shows the frequency response as obtained from 10210
the FFT analysis at the bearing node 1. It is seen clearly
the first few variable compliance (ball passing)
frequencies clearly.

Frequency spectrum at bearing

\/1 amplitude (dB)

-180 LA i

1500 2000 2500 3000 : : : H : i i
frequency (Hz) 35 3 25 2 15 - 05 0 05

0 500 1000

Fig.9. Orbits at bearing node

IV. CONCLUSIONS

This paper presented the dynamic modeling of a rotor
supported on ball bearings with a seal at the disk system
subjected to nonlinear parametric external excitations. A
centrally supported symmetrical disk-shaft bearing system
has been analyzed using Timoshenko beam elements.
Beyond 1000 rpm, the motion is ergotic and the finallylntermittent ball bearing contact forces and Muszynska's
enters chaotic state. Fig.8 shows the whirl orbit of thdorce at seal-disk interface were considered in the model
shaft at bearing node. to simulate a real-time system. Results show that there
was a marked effect of each type of nonlinear excitation
on the overall system response. As a future scope of the
work, the effects of variables such as speed and seal

W1 amplitude (dB)

0 500 1000 1500 2000 2500 3000
frequency (Hz)

Fig.7. Frequency spectrum at the ball bearings

x10° whirl orbit
5 T
(1]
(2]
(3]
Fig.8. Whirl orbit of shaft at bearing node [4]

It is seen that the intermittent parametric bearing forces
change the dynamic response considerbly. As a next step,
the following parameter values in Muszynska's force[s]
components are considereg@=8, n=1, y,=0.3, =10 um,
Ko=1070.5 N/m, [=3.2849 Ns/m, m¥0.0085 kg at
Q=100 rpm. Fig. 9 shows, the corresponding whirl orbits
at the bearing node. It is clearly seen that these external
seal forces are affecting the dynamic characteristics db]
rotor. The speed dependent seal forces are considerably
higher comparative to the synchronous unbalance forces
and the bearing reactions. It is obvious therefore, that the
magnitudes of the responses are relatively high in thif]
case. Further, the nonlinearity in the seal forces influences
the dynamics of the system to a greater extent.

clearance on stability of system are to be studied.
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