VARIATION OF TILTING STIFFNESS WITH FAD DEFORMATION IN
A LARGE THRUST BEARING
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Abstract: The tilting pad thrust bearing is also known as the variable geometry bearing. The hydrodynamic
pressure and thermal gradient induce the pad bop and thie flexible pivot to thermo-elastically deform. The primary
ubjecﬂ\-‘e in this paper is b nplim.i.w the deformation of the p.'ld within the structural and thermal limits of the
maferial. An AMSYS based findte element method s used w perdorm Uw deformation analysis. There are 8 elemenits
in radial, & in circurmferential and 8 along thickness to a total of 512 hesahedral Solid 726 elements in the theremo-
structural deformation function. The nodal values of the elerments at the bottom surface match the corresponding
temperature and heat flux values of the lubrication problem. The analysis is coupled and solved in an iterative
manrer. Subsequently, the varlation of the angular stiffness of the lubricant fillom with respect to the renewed
film thickness resulling from pad deformation is analysed.
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1. INTRODUCTION

I many conventional bearing designs as in Weng
Chen ¢l al. {19%%4), factors such as the Huid
temperature, viscosity, pad elastic and thermal
deformations are neglected. To select thrust
bearings with compatible operating conditions,
characteristics such as metal lemperature, load
capacity, film thickness as in Hsia-Ming Chu
(2007) are o be determined. In the present case
to get a realistic analysis with large titling pad
thrust bearings, a numerical solution to the
Reynolds’ equation followed by an energy

balance calculation and a thermo-elastic tb
deformation computation are developed, Figure | | il -
1. Mustrates the geometry of the thrust pad. Do

A Taylor series based finite difference
procedure as in Srikanth ef af, {2009) is used to
carry out the Fluid dynamic analysis and
determine the pressure distribution. The heat

Figure 1! Geometry of the Thrust Fad

transferred as the hot lubricant is squeezed
through the convergent gap causes a temperatine
gradient across the pad. The thermal stresses
generated on account of this non-uniformity cause
the deformation of the pad. This deformation is
solved using an ANSYS based finite element
method
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In the thermal analysis of oil films as in Ettles
and Advani (1979) the advantage of limiting the
analysis to bwo dimensions rather than three was
emphasised. The two choices of considering the
film in plan or elevation were examined in thrust
bearings. The load capacity based on maximum
allowable temperature decreased exponentially
with size due to thermal distortion. It was shown
in large bearings that the load capacity was
progressively restricted. Thermo-elastic
instability of the pad involving excessive thermal
crowning caused failure,

A method for the caleulation of temperature
in the lubricant film of a thrust bearing was
presented in Ettles (1982). This technique allowed
for reverse flow and simplified calculation of hot
oil carry over. An analysis to propagate thermo
elastic effects in time following a change in the
operating load and speed was developed.

Design of tlting pad thrust bearings on the
basis of the isothermal solution of Reynolds’
Equation was carried out by Chaturvedi (1984),
Results of the isothermal solutions were
represented by multi-nomial expressions.
Performance indicators, load supported, power
loss and temperature rise were calculated. MNon-
dirmensional performance parameters and density
functions for violation of constraints on film
temperature and average pressure were used in
the criteria function. The MNelder - mead
sequential simplex algorithm based on the
optimization technigue was used. The program
enabled the computer aided destgn of the tilting
pad thrust bearing,

Jeng and Szeri (1986) calculated the linear
stiffness and damping coefficients of pivoted
pads. Both these parameters were strongly
influenced by the degree of crowning. To simulate
pad deformation under the combined
hydrodynamic and thermal loading. spherical
crowning was employed.

Gero and Ettles (1987) presented a finite
element method that incorporated the
temperature dependent viscosity to solve the
three dimensional flwd Alm and pad energy
equalions. The systems of equations for the
temperature field were solved by the iterative
method. The advantage was that the parabolic or
elliptic forms of the energy equation were used

with the backward differencing and up winding
schemes respectively. The film and pad were
treated as a single continuum and their
temperatures were solved simultanecusly. The
transient characteristics are dependent on the
slider speed and initial condition of the bearing,

Zheming and Wenkang (1993) developed a
numerical solution for the compressible
Reynolds’ equation. It was an implicit scheme
based on the Patankar-Spalding method used for
solving heat transfer and fluid flow problems. The
difficulties faced by various discretisation
approaches in solving slider geometries with
discontinuous elearances could be overcome.

Hemmi et al. {2005) used computational fluid
dynamics software and computed the
temperature distribution in the pad by solving the
heat transfer in the pad, oil and interfaces
simultanecusly. The thermal and stress
deformation were then calculated by the FEM
codeand used in the oil film analysis to determine
the characteristics of the bearing. Comparison of
the results with the experimental ones validated
the computational process.

Ahmed ef al. (20010) studied the effects of
displacements of the bearing element on the fixed
geometry thrust bearing petformance. The TEHD
study, which tkes into account the local heat
transfer effects and mechanical deformations of
the callar and pads, was carried out on a bearing
having eight pads. The influence of the runner
thickness and operating conditions on the
functioning of the thrust bearing were analysed.
The runner thickness was found to have a very
significant influence on the film thickness and the
pressure field.

2. REYNOLDS' EQUATION
The following assumptions are made in the
amalysis.

1. Seeady-state conditions exist in the il
film.
The lubricant is incompressible.
The lubricant s Mewtonian.

Flow in the convergent wedge is laminar.

(2, S S

Pressure and shear effects on the viscosity
are nepligible.
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6. Variation of the specific heat and density
with pressure is negligible,

7. Wherever the oil film becomes divergent
due to crowning or thermo-elastic
distortion, cavitation is taken into account,
by making pressure equal to zero,
wherever its value is negative.

The Reynolds’ equation is obtained by
introducing the lowest order terms of the Navier
Stokes equation in the continuity equation which
is then integrated across the film. The Feynolds’

equation in non-dimensional form is
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1. ENERGY EQUATION

Abdel-latife (19858) and Ashour (3004) considered
thermo-elastohydrodynamic theories in their
study. The generation of heat lowers the effective
oil film viscosity and results in the decreased load
capacity. The energy equation govemns the heat
generation and transport of oil. The energy
equation for laminar flow and incompressible
lubricant is given in equation (2) as

aT

y 50
f—:ﬂ[ﬁrr 5t Fﬁ] =E (2)

Further equations (3), (4) and (5) show that
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The Vogelpohl = Cameron equation given
below in equation (6] with reference to
Stachowiak (2005) shows the variation of viscosity
with temperature.

AT

L=,
It is incorporated in the iteration process.

(6}

4. STRUCTURAL DEFORMATION

The finite clement used in meshing the pad model
for determining the structural pad deformation
is Plane 42.

Elesnent coordnaie
systam (shown o
KEYORTIT)= 1)

W ior radal)

Figure 2 Plane 42 Element Ceomestry

The geometry, node locations, and the
coordinate axis for this element are shown in the
Figure 2. The element input data is for the four
nodes, thickness and material properties. The
orthotropic material directions correspond to the
element coordinate directions. The pressures are
input as surface loads on the element faces as
shown by the circled numbers. Positive pressures
act into the element. The inputs for the structural
moddel are Young's modulus and Poeisson’s ratio
of the material as given in Table 1.

5. COUPLED THERMAL-5TRUCTURAL
DEFORMATION

The element used to mesh the pad thermao-
structural deformation model is the hexahedral
Solid 226 element. The Solid 226 element has the
following structural-thermal capabilities. Ithas up
to twenty nodes with up Lo five degrees of
freedom per node. Structural capabilities are
elastic omly and include large deflection and stress

stiffenimg,
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Pl.su.n: 3= Solid mﬂmtﬂmmﬂr}-

Its geometry, node locations, and coordinate
system are shown in the Figure 3. In both the
above two types of elements the units are
specified through the EMUNIT command. The
nodal loading for these elements depends upon
the KEYOPT (1) function value. Nodal forces ane
input per unit of depth for a plane analysis. The
KEEYOPT (1) function determines the element
DOF set and corresponding force. It is set equal
to the sum of the field keys. For example,
KEYOFPT (1) set to 11 is for a soructural-thermal
analysis (structural field KEY + thermal field key
=1+ lﬂ].

6. COMPUTATIONAL PROCEDURE

The solution of the Reynolds’ equation using a
finite difference discretization of the thrust pad
is done by considering a total of 81 nedes in the
form of a grid. The finite difference equation i
derived by approximating the denvatives in the
differential equation via the truncated Taylor
saries expansion for three successive grid points.
The central difference form wherein the values
of the function at adjacent nodes on either side
are required to evaluate the derivatives is used.
The Reynolds’ equation written in the finite
difference form results in a set of linear algebraic
cguations. These cquations are transformed into
matrix form and solved simultanecusly using
available subroutines. This yields the non-
dimensional pressure at each node.

Solution of the energy equation is also set up
m finite diif{:reng‘_‘rs with reference to Ettles and

Anderson (1991). The propagation method is used
1o solve the equation on account of its first order.
The initial temperature at the leading edge is
specified so that successive values of the
downstream temperature are marched out in the
flow direction. In this procedure, taking hot oil
carry over effect into consideration the
temperature distribution is obtained in a single
sweep. As the energy equation (2) depends upon
the pressure gradient, it is solved simultaneously
with the Reynolds' equation using the same grid.

A finite element analysis of the temperature
distribution, structural and coupled thermo-
structural deformation of the thrust pad is done
using ANSYS. In pre-processing the cross-
sectional geometry, material properties and load
data as given in Table 1 are input. The solid model
development and the problem meshing is the first
step in the analysis. For the solid model creation
there are different possibilities. The ANSYS
software is used in this case. The problem
symmetry should be used to the extent possible

Table 1
Thrust Bearing Geometry and Properties

Crescviplion auenchiby
Outer Diameter {m) 1273
Inrver Diameterm) 073
MNurnber of Pads f
Thickness [mm} H
Groove width{mm) 84
Mumber of Springs =

Orperating Conditions
Load {MMM) 3
Rotational speedirads/ s) 14.28
0il pot temperature(* C) il

Ol Properties
150 grade £ il
¥ HcSth at 407 C 73
T{cSthat 100 ° C 10.7
plgfmpat1s*C ELY|

Iad material properiies

MMechanical Properties
Young's modulus(GPa) 195
Poisson’s rabio 0.29
[rensity (Eg/m" THSD

Thermal properties
Thermal expangion C 12 2%
Thermal conductivity (W m-E at 10 C) 42.6
Specific heat ]/ ke-K) 473
Heat transfer cocfficient for inner surface 6015
Heat transfer coelficient for outer surface e ®
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$a as to decrease the physical dimension and use
the smallest mesh-size for the given computer
capacity. The model 15 created in ANSYS using
keypoints in the axis co-ordinate system, joining
consecutive lines, ereating areas operating and
extruding about the axis. After creation the pad
model is meshed using the elements described
below and simulated.

Inputs in the coupled field analysis apart from
the above include thermal properties of the
material incduding thermal conductivity, specific
heat and density of the material as given in Table
1. For the plane structural deformation case, there
are 8 Plane 42 elements in the radial and & in the
crcumferential direction to a total of 64 elements
in the plane grid. The 3-dimenstonal size and shape
of the plane 42 element grid is visible by switching
on the display and the element function.

For the coupled thermo-structural
deformation the elemental plot of the pad is
displayed in Figure 4. There are 8 elements in
radial, 8 in circumferential and 8 along thickness
to a total of 512 hexahedral Solid 226 elements in
the deformation funchon.

CamcEn
- -

oL B

Figure 4: Elemental Flot of the Fad

Using the axis symmetric boundary condition
pressure and corresponding structural load are
applied on the area A2 at the boltom surface of
pad as per Figure 5.

2) The convection from the arcas Al, A5, Ad
and A6 as shown in Figure 5 where in the bulk
temperature is 40 C and convection film
coefficient value is 4e6 is considered.

|

Figure 5 Areas for Applicable Loads

{3) The heat flux values for the elemental
nodes of the bottom surface of the pad are
obtained from the selution of the energy equation.

{4) Radiation heat transfer from the pad is not
considered.

To view results for delormation the current
load system functions of plot results, counter plot
nodal solution and displacement vector are
chosen.

7. TILTING STIFFNESS

Figure & shows two different pad Hlt positions
1 & 2 and corresponding film shapes for which
torques are calculated. Referring o Figure 7 we
have the initial value of a in equation (7) as

h

oty (M

For the case under consideration the value of

h, is constant and hojs varied by 20%, 15%, 10%,

7%, 5%, 2%, 1%, 0.5% respectively. The

corresponding values of “a’ are calculated wsing
the formula in equations (8] and {9).

]

4 {mrr' + h‘_.-:..]mb

h, = h Aho ()
[+ Aho) -
P e ol it 5
. 1 - aAho @)

where Al = % of I increased at leading edge

The tilting stilf ness of the film pertaining to
the 2-1 pair are calculated as follows. For each
variation of i the following values are calculated
X is the x-coordinate of the centre of pressure of
the film shape under consideration.
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Figure 6:  Pad Showing 1, 2 Positions for Targue Calewlation

Flgure 7: Pad Showing Inlet and Outld Film Thickness

B=EK_xp
K=rsin (8 -8 ) to obtain K in equation (10]

_ W, X B

h = ) (10)

Substitubing as per equation (11) load capacity

h
A TR

in place of ¥ in the following equation (12} with
reference to Ettles (1991)

()

k. - WKB

T

mlt, (12)

By rationalising the non-dimensional angular
stilfness K" of the film to a dimensionless number
we obtain it in equation (13) as

K;n = o

"r| P Uneff (13)

8, RESULTS AND DISCUSSIONS

In the plane structural analysis the deformation
for the parameters is 0.726e and the distribution
is as in Figure &.
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Flgur: & Fromt Yiew of Plane Stroctural Deformation

The plan view of the plane structural
deformation distribution with maximum and
minimum regions is as shown in Figure 9.

|
| Figure 9 Tlan View of Flane Stractural Deformateon

The thermal loads are calculated as per the
temperature distribution diagram shown in
Figure 10 below and the maximum temperature
is at the top right cormner of the trailing edge.

In the coupled Field analysis the deformation
is 0.7043e?. The maximium and minimum values
are 0.130¢ 7 and 0.31e* and the regions are as in
Figure 11,
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Figure 10 Temperature Distribution Diagram
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Figure 11: Coupled Field Deformation
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Figure 12: Mon-dimensional Angular Sisfiness Vanation

Figure 12 clearly shows the variation of non
dimensional angular stiffness with the type of pad
deformation for increasing percentage variation
of film thickness. There is a big difference in K;*
values between a pad which does not take
deformation into consideration and one which
has either plane structural or coupled thermo-
structural deformation. This underlies the
importance of pad deformation in large hydro
generator thrust bearings. The difference between
angular stifiness values between the two types
of deformations considered is not large and the
structural deformation produced marginally
higher E_* values than the coupled ficld
deformation.

9. CONCLUSIONS

Reynolds” equation is modified and a finite
difference based solution procedure for finding
pressure values is written and verified. Numerical
integration to these pressure points gives the load.
The viscosity variations and corresponding
temperature distribution in the transport of the
lubricant are taken into consideration for the
determination of the film tilting stiffness
coefficients. Solving the Reynolds’ equation and
accounting for all the factors which influence the
performance characteristics is a very involved
procedure. The plane structural and coupled
thermo-structural deformation of the pad were
simulated and stodied. Fast computational
routines are developed to evaluate the angular
stilfness coefficients. Torques and oil film shape
parameters, for b variation from 0.5-20% for the
2-1 pair are calculated. The governing equations
for angular stiffness pertaining o the 2-1 pair are
formulated and verified. The value of K*
converge asymptotically as the % ho increases
from 0.5 to 20%. The importance of taking pad
deformations in consideration for large thrust
bearings was verified.
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