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Transient Analysis of Tilt Pad
Journal Bearings Including Effects
of Pad Flexibility and Fluid Film
Temperature

The paper considers vibration response of spinning shafts supported by flexible tilt
pad journal bearings, to large mass imbalance (blade loss). A time transient study
of the tilt pad journal bearing with thermal effects and without pad deformations,
and with pad deformations and without thermal effects, is performed. Influence of
the inclusion of thermal effects on the journal center’s orbit, the minimum film
thickness, and the maximum film temperature is evaluated, and also the influence
of pad deformations due to the fluid film forces on the journal center’s orbit and
the minimum film thickness is studied. Inclusion of thermal effects had little effect
on the orbit, while the inclusion of pad deformations had considerable effect on
the journal orbit and the minimum film thickness. Three cases are studied in this
paper; static load without imbalance, static load with low imbalance, and static load
with high imbalance.
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Introduction

The purpose of this research is to study the nonlinear re-
sponse of tilt pad journal bearings supported rotors when
subjected to high unbalance (dynamic load). Palazzolo et al.
(1989) studied the effects of blade loss in steam and gas turbines
but employed Active Vibration Control. Earles and Palazzolo
(1990), and Kim and Palazzolo (1993) studied the response due
to small unbalance and the stability of a rotorbearing system
supported by tilt pad journal bearings. Gadangi and Palazzolo
(1993), studied the effects of including the steady state isoadi
effects in the transient analysis of plain journal bearings, which
showed that inclusion of thermal effects can be very important.
They also considered the isoviscous transient analysis of tilt
pad journal bearings subjected to sudden unbalance. They
compared the results obtained with nonlinear analysis, liner
analysis and pseudo transient analysis, and showed good agree-
ment between the nonlinear analysis and pseudo transient anal-
ysis for the cases considered. The pseudo transient analysis
treated the response as a succession of steady state responses
to the time varying load. Choy et al. (1992) performed a tran-
sient analysis of an isoviscous plain journal bearing due to
impulse loading. Malik and Bhargava (1992) studied the time
dependent response of a short journal bearing, assuming a
flexible rotor and damped pedestals. The approximate short
journal model excluded temperature effects.
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A diagram illustrating the principle components of a tilt pad
journal bearing is shown in Fig. 1. The rotor shaft is assumed
to be rigid and supported on fluid film bearings as shown in
Fig. 2. The current paper compares the following three cases
used in the nonlinear transient analysis of tilt pad journal
bearings;

Fig. 1 Tilt pad journal bearing schematic
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Fig. 2 Model of the rigid rotor on flexible fluid film bearings

(1) Isoviscous fluid film and rigid pads
(2) Fluid film thermal effects and rigid pads
(3) Isoviscous fluid film and flexible pads (rigid pivots)

The contributions of this paper are:

¢ tilt pad journal bearing nonlinear transient analysis

¢ variable viscosity fluid film thermal effects in the tilt pad
journal bearing on the transient unbalance response orbits

¢ pad flexibility effects in the tilt pad journal bearing on the
transient unbalance response orbits.

Theory

Reynolds Equation. Three cases of the tilt pad journal
bearing analysis are studied in this paper. The isoviscous rigid
pad (IVRP) case, isoviscous flexible pad (IVFP) case, and
isoadi rigid pad (IARP) case. In the IVRP case the temperature
of the fluid film is assumed to be at the fluid inlet temperature
and the viscosity is held constant throughout the lubricant film,
and the pad is assumed to be rigid (no pad deformation due
to fluid film pressures). In the IARP case the shaft/journal is
fixed at a constant temperature, the pad and fluid interface is
considered to be insulated, the pads are rigid, and the viscosity
varies throughout the lubricant film in response to the cal-
culated temperature (ISOADI: ISOthermal (constant) shaft
temperature and ADIabatic (insulated) pad-fluid film inter-
face). The variable viscosity Reynolds equation is (Huebner,
1982);

hoz h haz
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In the IVFP case the fluid film temperatures and viscosity
are held constant, while the pad is allowed to deform under
the application of the fluid film pressures on the pad surface.
When the viscosity is held constant, Eq. (1) reduces to

d(oh)

ol _
v (12“ Vp>+V(ph)-U+ o =0 4

The fluid film thickness expressions are given by
he=C,—x cos 68—y sin §—(C,— Cp) cos(0 - b))
—8(R;+1p) sin(@—0,) (5)
he=h,+hy (6)

Only the radial component of the pad deformation is in-
cluded in the fluid film thickness expression, the tangential
component is neglected. For a rigid pad case h,;=0.0.

The Reynolds equation is solved by using the functional
given in Huebner, (1982). It was found that simplex 3-node
finite elements (Allaire et al., 1975) were as effective as the
isoparametric elements in solving Reynolds equation. The pres-
sures obtained from Reynolds equation’s solutions are inte-
grated over the bearing area (taking into consideration the
possibility of cavitation) to obtain the reaction forces. The
pressure distribution is used in calculating the velocity profiles
which are required in solving the Energy equation. Reynolds
boundary condition isimplemented at the cavitation boundary,
to ensure flow continuity.

Energy Equation. The fluid film energy equation has to
be solved for the isoadi case to find the actual viscosity dis-
tribution throughout the fluid film. The energy equation is

au\* [ow\’
P UV T=Ve(kVD)+p [<5> + (5) ] )

The Reynolds equation and energy equation are coupled
through viscosity and the velocity distributions. Reynolds
equation’s solution gives pressures, the gradients of pressure
are used to find the fluid velocity field, and these velocity

V(C,VD)+ (V) U+ n = (1) distributions are included in the energy equation. The viscosity
at distribution is required in the evaluation of fluid pressures
where using variable viscosity Reynolds equation, the viscosity is
Nomenclature
u, = unbalance eccentricity
to journal eccentricity (m)
C, = radial bearing clearance pad tilt angle (m) u, = pad deformation (m)
(m) h, = total fluid film thickness X, y = cartesian coordinates
C, = radial pad clearance (m) (he+ hy) (m) z = cross film directions
¢, = fluid specific heat (J/ I, = polar moment of inertia & = pad tilt angle (rad)
kg°C) of a pad about the pivot w = viscosity of lubricant
%, = x-component of fluid (kg -m?) (N —s/m?
film force (N) k = thermal conductivity B = viscosity coefficient (1/
» = y-component of fluid (W/m°C) ¢
film force (N) My = Rotor Mass (kg) p = density of lubricant (kg/
%, = X-component of unbal- Mypa = sum of the moments on m3)
ance force (N)= — Mz the nth pad (N —m) 0 = circumferential coordi-
Uy w* cos (wi) npad = nth pad nate (rad)

F,, = y-component of unbal- R; = journal radius 6, = pad pivot location (rad)
ance force (N)= — My At = time increment (s) ¢ = nondimensional cross
up” sin (wt) t = time (s) film distance

h, = Pad deformation contri- T = Temperature (°C) w = shaft speed (rad/s)
bution to A, (m) u, v, w = components of velocity "= (8/91)
h, = fluid film thickness due vector u (m/s) = (3%/88)
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Fig. 3 Flowchart for tilt pad journal bearing analysis

updated at each instant using the new temperature field. The
viscosity is assumed to follow the exponential relationship given
by

p=po e PTIO ®)

Density of the lubricant is assumed to be constant, i.e., no
significant variation with temperature unlike the viscosity. Nu-
merical oscillations arise due to the presence of the convection
term on the left hand side of Eq. (7). A finite element upwinding
technique is used to suppress these oscillations (Kim, 1993).
The weighted residual finite element method is used to solve
the energy equation by discretizing the problem domain into
4-node isoparametric elements. The weight functions employed
are the upwind functions given in Christie et al. (1976). The
fluid velocities obtained from Reynolds equation, are used in
the energy equation to solve for updated temperatures in the
fluid film. The boundary conditions used in solving this equa-
tion are:

(1) Supply temperature is prescribed at the leading edge of
fluid film on each pad.

(2) Isothermal shaft temperature is prescribed at the shaft-
fluid film interface.

(2) The pad-fluid film interface is insulated (adiabatic in-
terface).

Cavitation in the energy equation is handled by assuming
the presence of only air in the cavitated region. The time
dependent term (4 7/31) is neglected so that the energy equation
is solved at each time increment in a pseudo-static manner.

Elasticity Equation. Four noded isoparametric plain strain
finite elements are employed to discretize the problem domain
for the pad’s elastic deformation. The surface nodal degrees
of freedom are specified as the master degrees of freedom,
and Guyan Reduction is performed to obtain a reduced (super-
element) stiffness matrix [K,,,], from which;

[Kmm] (up]= {Fsl (9)

The boundary conditions used in solving the pad elasticity
equation are;

¢ node at the pivot is fixed in both directions

¢ node just below the surface of the pad center is fixed in
the transverse direction (for calculating pad deformation about
the pad’s current rigid body position),

¢ forces obtained from integrating the fluid film pressures
(F,) are resolved into x and y components and applied to the
pad surface nodes as specified forces,

o the pivot is assumed to be rigid.
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Table 1 Tilt pad bearing data for Fillon et al. (1992) bearing

Parameter Symbol Value and Units
Journal diameter D 0.1 m

Bearing length L 0.07m

Radial pad clearance C, 0.148¢ °m
Preload m 0.47

Pad thickness dp 0.02m

Pad arc angle 75°

Offset 0.5

Lubricant viscosity i 0.0277 N—s/m*
Lubricant viscosity coeff. 8 0.0341/°C
Lubricant specific heat C 1951.8 J/kg°C
Lubricant thermal conductivity ; 0.149 W/m°C
Lubricant density o 860 kg/m’
Rotor speed w 209.44 (rad/s)
Rotor mass Mz 1000 kg

Static load /4 20 kN

The finite element meshes are adjusted such that the nodes
at the surface for the pad elasticity mesh correspond with those
from the fluid film pressure mesh.

Solution Procedure. Figure 3 shows the flow chart for the
time transient (nonlinear) analysis of the response of a tilt pad
journal bearing. A Runge Kutta fourth-order scheme is used
for numerically integrating the following equations:

ji= (Fy+ Fy,) /Mg (10)
= (Fy+F,,— W)/My 11)

The equation of motion for the pads in the pad coordinate
system is given as:

8=Mpas/ I, (12)

The procedure for finding the updated values at every time
step is as follows:

(a) Select a time increment.

(b) Define the initial conditions on the journal and the pads
(x(0), ¥(0), x(0), ¥(0), 8,p2a(0), and 8,,,4(0)).

(¢) Use the finite element method to solve the variable vis-
cosity Reynolds equation (Eq. (1)) for the pressures and
velocity profiles. Integrate the pressures to get the re-
action forces on the shaft and the sum of the moments
on the pads

(d) Use the velocity profiles in solving the energy equation
for temperatures.

(e) Update the viscosity distribution using Eq. (6).

(/) Repeat steps (c), (d), and (e) until the temperatures con-
verge for this time step.

(2) Apply the fluid film forces to the pad surface nodes in
the pad elasticity mesh and get the deflections

(h) Update the fluid film thickness &, and repeat steps (c)
and (g) until the fluid film thickness converges

() Use the Runge Kutta scheme to integrate the Egs. (7),
(8), and (9), to find the new journal center position,
velocities, pad tilt angles, and pad angular velocities.

(/) Continue until the final time is reached.

Note that for the IVRP problem steps (d), (¢), (f), (g), and
(h) are omitted from the solution procedure. For the IARP
problem steps (g) and (4) are omitted from the solution pro-
cedure. For the IVFP problem steps (d), (e}, and (f) are ne-
glected.

The data for the tilt pad bearing is obtained from Fillon et
al. (1992), and is shown in Table 1. This tilt pad bearing is a
4-pad, load between pad bearing.

Results and Discussion

Static Equilibrium. Table 2 shows the results obtained for
the tilt pad journal bearing (Table 1), for all three models
subjected to an external static load of 20 kN, and with a rotor
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Table 2 Summary of static equilibrium positions

Newton-Raphson Nonlinear transient
Model Eccentricity Eccentricity
X pm y pm X pm y pm
IVRP 0.25 —84.72 0.12 ~84.15
IVFP 1.35 —87.94 1.22 —87.78
IARP 0.29 —85.97 0.63 —~85.14

MOTION OF JOURNAL CENTER DUE TO STATIC LOAD

SPEED = 2000 RPM, STATIC LOAD = 29.81 KN
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Fig. 4 Transient motion to the static equilibrium for tilt pad journal
bearing

COMPARISON OF FLEX. SO, RIG. ISO, AND ISOADI CASES(LOW UNBALANCE)
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Fig. 5 Comparison of low unbalance orbits for the three modeis
(e»=100 4,

mass (Mpz) of 1000 kg. The results in this table and the journal
loci in Fig. 4 show that the three models have different equi-
librium positions. The results obtained with transient analysis
are in good agreement with the ones obtained with Newton-
Raphson scheme. The Newton-Raphson scheme provides an
alternate solution to the steady state static equilibrium problem
by locating the journal and pad positions which yield zero
residual forces and moments, i.e., fluid film forces balance
the externally applied static load. The Newton-Raphson de-
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Fig. 6 Minimum flim thickness variation with time on pad 3 for low
unbalance case (o, =100 xm)
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Fig. 7 Minimum flim thickness varlation with time on pad 4 for low
unbalance case (e, =100 u,)

rivatives are determined numerically about the current guess
of the equilibrium configuration (Kim, 1993).

Response to Dynamic Loading

Low Unbalance Case. The low unbalance case is run with
an unbalance eccentricity of 100.0 um. The analysis is started
from the center of the bearing with the unbalance. The resulting
three orbits are shown in Fig. 5. The minimum film thickness
variation for the two loaded pads (Pads 3 and 4) with time are
shown in Figs. 6 and 7, respectively. All three models show
similar pattern and magnitude for pad 3, but for the pad 4,
the film thickness for the IVFP model is less than the other
two models. The maximum temperature variation with time
on the two loaded pads is shown in Fig. 8. The general shape
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Fig.8 Maximum film temperature variation with time for low unbalance
case (e, =100 gm)
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Fig. 9 Comparison of high unbalance orbits for the three models
(6,=570 py)

of the orbits is the same but the location of their centers of
revolution is different. The minimum film thickness plots for
all the three cases show a sinusoidal variation with time because
of the low unbalance. The same is observed in the case of
maximum film temperature for the IARP case, for the two
loaded pads.

High Unbalance Case. The unbalance eccentricity used for
this case is 570 um. Figure 10 shows the journal center orbits
for the three cases. The plots show that there is a significant
difference between the IVFP and IVRP cases, and a smaller
difference between the IVRP and IARP cases. The inclusion
of pad flexibility and fluid film temperature effects is seen to
have a significant influence on the unbalance response of the
tilt pad journal bearing subjected to high unbalance. The min-
imum film thickness variation for the three models for pads

306 / Vol. 117, APRIL 1995
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Fig. 10 Minimum flim thickness variation with time on pad 3 for high
unbalance case (e,=570 um)
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3 and 4 are shown in Figs. 9 and 10. The general shape is
retained in all the three cases but the magnitude is changed.
The maximum film temperature variation on pads 3 and 4 is
shown in Fig. 11, The variation is erratic, but follows a periodic
distribution, The responses assume a steady orbit within about
three shaft revolutions.

Conclusions

A nonlinear analysis of a tilt pad journal bearing due to
unbalance has been performed. The influence of pad flexibility
and fluid film thermal effects have been studied. The inclusion
of these effects produces a bigger orbit, implying reduction in
minimum film thickness and increase in maximum tempera-
tures. The pressures also increase with decrease in minimum
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Fig. 12 Maximum film temperature varlation with time for high unbal-
ance case (8,= 570 )

film thickness. The IVRP model overpredicts minimum film
thickness and therefore may not be adequate. The current
research employs a steady state solution of the thermal problem
at each time step. Future research will include the exact thermal
transient analysis including the (37/3¢) term and a complete
thermoelastohydrodynamic transient analysis of tilt pad jour-
nal bearings.
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