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ABSTRACT

4 comprehensive numerical model is developed for tilting pad
thrust beariﬁgs. The solutions are generated by simultaneously
solving the .Reynolds and energy equation in the oil film, the
elastic and thermal deformations as well as the energy -equation in
the pad, the energy equation in +the runner, and +the mixing

conditions in the oil groove.

The energy model in the pad is fully three-dimentional. A
quasi-three-~dimentional model is used for the energy equation in the.
oil film. A 'Polynomial Difference'. technique is employed fo? the
solution of pad deflections +to deal more efficiently with +the

lengthy equations involved.

A comparison between results for the model and previous
experimental investigations shows good agreement over the thrﬁst pad

size range.

Size effects on large thrust bearing design are highlighted.
The effects of various modifications to existing large bearing

designs are predicted.
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CHAPTER 1

1.1 IHTRODUCTION

-

" The capacity of modern hydroelectric power plants continues to
increase. Consequently the thrust  bearings carrying the

turbogenerators are required to sustain heavier loads.

In order to maintain safe bearing operation, a hydrodynamic
0il film must be maintained between the runner and bearing pads.
The pressure generation within the oil film is goverﬁed by several
interrelated mechanisms; all of which should be accounted for in a
successful design. These include.the stresses within the fluid, the
effect of temperature on the rate of shear in the fluid
( viscosity ), the deflection of +the solid components ( prad and
runner ) due to the pressure gene;ated in the fluid and due %o
thermal stresses within the solids; the effect of shear stresses
within the fluid in generating heat energy, and the effect of the

0il flow in the grooves between successive pads.

Rapid design aids {R1}{ require assumptions and approximations
in order to simplify the desién process. For heaviij loaded 1large
bearings, very few assumptions can be made without sacrificing the
vsafety of bearing operation. On the other hand, prototypes and test

rigs are very expensive.

Researchers have devoted a considerable effort in analysing

the mechanisms of hydrodynamic +thrust bearing operation. Three
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broad areas can be identified at present: the mechanism of pressure
generation; the energy effects; and the distortion mechanism. The
recent historical background to each of the three mechanisms is

outlined in the introductions to chapters 2,3 and 4 respectively.

The work described in this thesis was undertaken to set up a
comprehensive model for tiltang thrust pad bearings and to correlate
the ‘model predictions with existing experimental results for

different bearing sizes.

1.2 Outlime of Thesis

The 1literature review for the present work has been presented

in the introduction to chapters 2,3 and 4.

In chapter 2, a mathematical model for the solution  of the
Reynolds equation 1is presented including a pivoting model %o allow
pad tilting. In chapter 3, an energy model is developed for the oil
film, pad and runner. This includes a three-dimensional solution of
conduction in the pad. For the —runner, only a two-dimensional
solution 1is necessary as the temperature field is assumed
axisymmetrical. The temperature variations along, across and
through +the o0il film afe accounted for in a quasi three-dimensional
model - restricting the témperature profile through the oil film +to

a parabola.

In chapter 4, the 'polynomial differece method' is described
in detail as applied to beam deflection. The method is then applied

to plates with various boundary conditions and compared with



previous published results.

In chapter 5, the assembly of the mathematical models into a

co-ordinated overall model is presented.

In chapter 6, comparisons between the model presented and
previous experimental results are given for three bearing sizes:
large button supported pads; medium pad size; and small line pivoted

pads.

In chapter 7, excessive pad distortion for large pads is shown
to be due to a size effect. Various modifications are proposed to
curb the excessive pad distortion. The bearing characteristics are
predicted numerically for a number of modifications. Finally, in

chapter 8, overall conclusions are presented. -
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CHAPTHR 2

FLUID MECHANICS

Introduction
2.1 Main Assumptions
2.2 Thrust Bearing Geometry and co-ordinate System
2.3 The Reynolds Equation
2.4 The Numerical Solution
2.5 Boundary Conditions
2.6 Pivoting
2.7 Tests for the Equations

2.8 Drawbacks
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INTRODUCTION

Pressure generation in thrust pad bearingé depends on several
factors.. The sliding velocity; the shape of the oil film and the
viscosity distribution in =@ the ‘film are three main factors. 1In
practice, severéi other factors can influence pressure generation,
such as surface roughness, o0il supply conditions, the design of the
mixing grooves between thrust pads, inertia forces and turbulences.
In this chapter, a suitable form of the Reynolds equation is
developed to model the pressure generation. The solution, using a

numerical finite difference technique, is outlined. The

shortcomingé of the model and +the numerical technique are also

- discussed.

2.1 Main Assumptions

The assumptions chosen render a numerically soluble form of
the Reynolds equation. In addition to simplifying the complexity of
the problem, they are designed to give quantitative as - well as

qualitative results. Many assumptions are standard {R2,R3} :

a) The height of the film h is very small compared to other
dimensions.

b) The'pressure does not vary across the film thickness.

c) No slip is allowed at the bearing/oil interfaces.

d) The lubricant is Newtonian.

e) Body forces arising from magnetic, gravitational and



- 24 -
inertia are neglected.

f) The lubricant is of constant density.

Since the temperature is a variable in the c¢ross film
direction ( z ), the viscosity is also expected to vary. In this
analysis, the viscosity used in the z-direction has a parabolic
profile, as well as the usual radial and circumferential variations,

( this will be detailed in the energy chapter 3. )

For large thrust bearings, turbulence plays a significant
role. The deviations from the laminar characteristics have been
shown experimentally for 10 1/2 to 12 inch diameter bearings at high
operating speeds {R4f{. Thrge main theories have been presented
{RS}. The theory based on that of Ng, Pan and Elrod is used to
modify the Reynolds equation. This can account for the turbulence
including turbulent inertia effects ( without inertia no turbulence
is possible ). Thus a laminar flow regime ( comprising Couette and
Poiseille flow ) is used to derive the equ#tions, which are

subsequently modified to include turbulence effects.

2.2 Thrust Bearimg Geometry amd Co-ordimate System

The sector shaped pads ( Fig 2F-1) are most easily described
in polar cylindrical co-ordinates. In practice the centre of
revolution of +the pads does not always coincide with that of the
runner or support collar. The model presented does not allow for
this. One major disadvantage is that the Reynolds equations become

significantly more complex. On the other hand, it does not
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represent the general case and is therefore omitted.

Since the angles of inclination are small, the working area

which the pad covers is assumed to be the plan area of the pad.

2.3 The Reymolds Eguatiom

1d . dp | > d - d_
rog (56 W+ 55 (5T =-r 5 (1)) E2-1
h . -
vhere =~ I3 = OJ[FZ dz ' E2-2
h o ~
I‘1=0/F1 dz E2-3
h z
and F, = [Zaz - I /l dz E2-4
1 o/“ I; o/HM
h
j(£;<iz
Fa =2 = E2-5
1
hyy
and I, = = dz 2~
1% | E2-6
h
I, = /édz 2-7
27 oJu E2-7

The derivation may be found in Appendix A.

Several.investigators have solved variations of the above
equation. Pinkus and Sternlicht }R2{ as well as Cameron {R3} give
standard numerical solutioné for pivoted pad thrust bearings using
isoviscous theory. The solution Qf the Reynolds equation alone is,
howéver, of academic interest. It 1is a good check for a more
jinvolved solution when heat generation and deflection are relatively

small.



2.4 The Fmmerical Selmticm

The Reynolds equation E2-1 is an elliptiec partial differential
equation. A finite difference +technique is employed for the
solution. An irregular finite difference system 1is wused for

generality. A typical grid system is shown on Figure 2F-2.

The transformation of the Reynolds equation into a finite
difference set of linear equations is given in Appendix B. It
involves expressing the pressure at a node in terms of the pressures
at its closest neighbours. An iterative process across the whole
field is used to successively update pressure values until
convergence. Where ©pressure values are known ( or aésumed ) at
particular nodes, they are excluded from the iterative process. A
field of 'steady' values is eventually reached. The tolerance
defining 'steady' is to be chosen so that a , converged solution of

the required accuracy is obtained for the whole field.

An optimised successive over relaxation factor is used - based
on a technique developed by Brazier {R6}.The technique allows for a
field of relaxation factors, one for each node, in order to minimise

the number of iterations required for a converged solution.

The iterative method presented has certain advantages over a
direct method of solution. A direct method does not allow for
cavitation - nor any other floating boundary condition. The
iterative method can allow for Jjacking nodes: with relative

simplicity, whereas the direct method requires the set up of a new
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matrix of finite difference linear equations and its inversion,( see

next section. )

2.5 Boundary Conditioms

At the pad edges, zero pressure ( gauge ) is assumed. This is
not strictly the case. Sternlight {R2} describes several boundary
effects, the most important of which is the ram effect at the entry
region to the pad leading edge. The o0il flow between pads has %o be
accurately modelled in order to solve the latter point. This is not

part of the present analysis.

If jacking is included, the pressure at nodes where jacking is
required is maintained at <the relevant pressure throughout the

numerical procedure.

Even tho;gh thrust bearings do not cavitate in general, <they
are liable to do so under high load due to deformation of the pads.
A converging'diverging wedge resulting from deformation c¢an cause
cavitation as is +the case - with journal bearings. The Reynolds
boundary condition is adopted in this analysis, which proposes that
both the pressure and its gradient equal zero at the cavitation
boundary. This is close to what happens in reglity. Pinkus and
Sternlicht §how experimental pressure curves for a cavitated
bearing {R2{. A small negative pressure loop follows the main
positive region. The Reynolds boundary condition represents a good
approximation for computing purposes. It negelects the negative

loop but determines the position where the pressure falls to zero.
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The point at which cavitation occurs in bearings is important since

this determines the extent of the positive pressure region.

2.6 Pivoting

The solution of the Reynolds equation alone is insufficient
for tilting pad bearings. A hardened steel button is designed to
support the pad, allowing it to tilt to any required angle. The
moments generated by the oil pressure and shear stresses about the
pivot must be zero in order for the pad to balance. This involves -
an iterative procedure where the pad inclination is varied - varying
the film shape - until the generated pressure has zero moment about
the pivot. Some thrust bearings are able to incline freely, whereas
bthers are line pivoted ( where inclination is allowed about only
one axis. ) Thus the gen?ralised case is for inclination about two
axes. The amount by which the inclination is varied is non-linear
and depends on the size, geometry and loading condition of the
bearing. A technique has been developed to take account of the
non-linearity. For a certain initial inclination, the ‘centré of
pregsure ( where the moments are zero ) does not coincide with the
actual pivot position. The normalised errors in the X and Y axes
( Fig 2F-3 ) are Sxi and 5yi respectively. If the normalised errors
- are plotted ( Sxi,Syi ), it may Dbe deduced that the inclination
should vary so as to position ( Sxi,ayi ) close to the cu;ve
|5Y|=,3x| .This allows the wuse of differing increments of
inclination in X and Y. The ratio is decided in the X direction by

= _ pow
Xinc new Xinc o0ld (1 Rf ( 6x )) E2-8
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where

R is an additional relaxation factor for fine

f
tuning
2 2 '
pow = { &x“+ &y° )/6x E2-9
Xinc is a measure of inclination eg angle of inlet

to outlet film thickness

Equations E2-8 and E2-9 result in balancing the normalised

errors, along the f3y,=’8xf line.

2.7 Tests for the Egumations

Results for the solution of the Reynolds equation are quoted
by Cameron {R3} for rectangular plane pads. The rectangular pad can
be simulated wusing a very small pad angle and large radii. The
non-dimensional solutions are presented in Figure 2F-4. The results
are in good agreement with Cameron {R3}. The values are quoted for

a 16x16 mesh system ( equally spaced ).

The results of further +tests to show the accuracy of the
solution are presented ( Fig 2F-5 ). The solution of the 8x8 mesh
system has a maximum of'S% diffgrnce from that of 32x32 mesh. The
difference betweenrthe 4x4 and 32x32 mesh is about 30%. The square
of the normalised mesh 1length ( either in r or in 6 , as

specified ) is plotted against non-dimesional load ( Fig 2F-6). The
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number of mesh lengths is varied systematically ( in the radial
direction alone keeping a fixed number ( n=12 )} in the
circumferential direction, vice versa ( m=8 ), or both together:
m=n ). Straight 1line curves are obtained. This indicates the
consistency of the numerical technigque. Where h2=0, a value is
extrapolated for the infiﬁite mesh size. It is noted that the
extrapolated value for the load is different for +the three cases.
This is expected, since if a‘grid is infinite in one direction but
not in the other an error results. It is also significant to note
that the‘variation of the mesh size in the circumferential direction
( m=*8 curves ) has a more pronounced effect than in the radial
direction ( n=12 curves ). This results in steeper gradients for

the circumferential variation in the number of nodes.

In order to verify the Brazier technique {R6{ a convergence
‘test has been applied. The variation of the middle node pressure
for successive iterations was observed for one test case using the
Brazier successive overrelaxation. A multiplying factor ranging
from 0.6 to 1.2 has then been multiplied by the Brazier factor and
used for other runs. The rate of conQergence is found to be optimum

with a factor of one multiplying Brazier's factor ( Fig 2F-7 ).

2.8 Drawhacks

2.8.1 Model

The main drawback is considered to be +the inlet bouﬁdary

condition. Experimental streamlines of the lubricant flow at the
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pad leading edge indicate that the pads may support a load and tilt
to form a converging wedge due %o the moment exerted by the

lubricant ram effect, once a load has been applied }R2}.

The method cannot predict details of striation in the
cavitated film region. These depend on phenomena such as surface

tension which are not included in the analysis.

2.8.2 Numerical Technique

The present technique assumes a film shape and evaluates the
pressure field, hence the bearing load. In practice it is the load
rather than the film thickness +that is specified. Thus more
iterations are required since the pivot film thickness has to be
varied until a suitable load is obtained. This will be further

discussed in chapter 5.
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Introduction

Observations concerning the ability of parallel surface
sliders to sustain a load {R7} have prompted reasearch into
thermodynamics of hydrodynamic thrust  bearings. In 1941,
Christopherson {R8} attempted a thermohydrodynamic analysis of
journal bearings solving for both pressure and temperéture using the
'relaxation’' technique. This was followed by several investigations
concerning thermal ‘effects on hydrodynamic lubrication
{R9,R10,R11,R12,R13,R14f. The oil film was viewed either in plan or
in elevation as a three-dimensional model was too éompilcated to
solve at the time ( neverthéless, a three-dimensional model was put
forward in 1969 by Hahn and Kettleborough tR9§.) When viewed in
elevation, an infinite bearing width was assumed }R14,R13,R10,R9}.
When viewed in plan, a constant temperature through +the lubricant
film thickness was assumed {R15,R16,R17f{. In 1957, Sternlicht {R18}
showed that isoviscous theory is not a bad approximation, provided
the lubricant film thicknesses are large. For small thicknesses the
bearing characteristics are markedly altered by the inclusion of

thermal effects.

In 1965, Ettles {R19{ compared the influence of various
factors on the load capacity of thruét bearings. For a typical
'parallel' surface thrust bearing the ratios Vof distortion to
viscosity variation to density variation effects were given as

400:-20:1. At higher film thicknesses, the variation of viscosity



becomes dominant. In 1968, Castelli and Malanoski i316} developed a
golution proceedure for  thrust bearings which included a
comprehensive energy model. The effects of heat conduction via pad
and rotor were included. The main drawback was that the temperature
was assumed constant through the lubricant film thickness. An
'up-wind' finite difference scheme was employed to solve the energy
equation. This scheme provided greater stability and hence better
convergence for +the iterative solution. In addition, the flows in
and out of a particular computing cell ( control volume ) were
balanced ( see section 3.1.1 ). ' This prevented the formation of
heat sources or ginks in the iterative process. In 1969,
Advani |R20{ confirmed the importance of viscosity variations from a
design point of view. He also added the hot 0il carryover in his
analysis ( prediction of oil film inlet temperature based on o0il
exit  temperature from previous pad ). He obtained accurate
temperature rise predictions compared to experiment. The prediction

of absolute temperature at inlet remained unsatisfactory.

Neal {1970-R21}{ showed that an isoviscous theory is weak at
determining an effective viscosity if applied to compute the oil
temperature rise. The idea of effective viscosity is very useful
from a rapid design point of view, and maﬁy have attempted to

evaluate it {R22}.

Stokes }1972-R23} attempted a comprehensive journal bearing
analysis assuming the temperature has a parabolic-{quadratic)

temperature profile through the oil film thickness. In fact, only



- 4] -

the mean temperature through the oil film was used to determine the

heat convected in the other two-directions ( heat

convected =m cT ). This is, nevertheless, invaluable because a
X X mean

good estimate of the heat fluxes conducted to the upper and lower

surfaces is obtained. The problem of how to determine a surface

heat transfer coefficient at <the solid outer surfaces is

highlighted.

In 1973, Ezzat and Rohde {R24% presented a fully
three-dimensional energy equation. Conduction in the stationery
surface was alsb included. It was concluded that bearing
performance - ignoring pad deflection - is dominated by cross-film
temperature. In 1975, Rohde and Kong Ping Oh {R25} excluded the
conduction terms in the direction of flow within the lubricant.
Comparing results with Bzzat and Rohde, it was concluded that these
terms have a negligible effect oﬁ the solution. In 1974,
Heubner {R26} developed a  three-dimensional model, including
conduction to the stationery as well as the moving surfaces. The
load capacity results were very similar to the case where the solid
surfaées were assumed adiabatic. Thus, a much faster, yet accurate,
routine can be used provided deflection is ' negligible. It was also
concluded that bearing performance is strongly dominated by the type

of lubricant, its inlet temperature, bearing speed, and the inlet to

outlet film thickness ratio.

A major area of uncertainty is +the heat transfer effects

between pads. Ettles and Cameron {1968,R27} studied hot oil
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carryover for a parallel surface bearing. They concluded that
60 - 95% of o0il entering the leading edge of the pad oil film comes
from the oprevious pad oil film. Tﬁey also concluded that the
thermal boundary layer developing in the inter pad cavity was an
order of magnitude thinner than the velocity boundary layer. The
hot 0il carryover factor was coined to represent the film entry
temperature in relation to the film exit temperature and the supply
temperature ( see section 3.1.3 ). The inlet oil film temperature
was found to be largely dependent on the rotor temperaturef Ettles

11968,R28} attempted a two-dimensional theorectical analysis of flow
- in a Dbearing groove - typical of the gap between successive pads.
He found that recirculation - a vortex flow - in the ,gréove is an
order of magnitude higher than in the oil film. The heat transfer
to the moving surface was found to be greater than to the stationery
surfaces. The analysis did not include turbulence. It predicted
hot oil carryover factors similar to thosé obtained
experimentally {R27}. A comparison  between different sizes,
geometries and oil conditions was summarised by Ettles {1970,R29i,
and hot o0il carryover curves obtained for design purposeé. Speed
and film wedge ratio were taken into account. In 1979, Ettles {R30}
gave a modified form of the oil carryover factorvveréus sliding

speed, in which pad spacing was also taken into account.

In this chapter, a solution method is proposed for the +total
energy balance. It dinvolves a three-dimensional treatment of
conduction in +the pad and runner. 1t also stipulates a

three~-dimensional variation of +temperature in the oil film. The
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crbss-film temperature profile is limited to a parabola. Hot oil
carryover theory 1is used to determine the 'shape’ of the leading
edge temperature profile. The method requires the oil bath
temperature and heat transfer coefficients for the back faces of the
pad and runner, but allows the runner temperature distribution to be
determined. It also allows for the ratio of heat conducted to heat
convected, as well as the proportion of heat conducted to runner

relative to that conducted to pad to be determined.

3«1 Heat Tramsffer im The O0il Film

Fa1.1 Hodel

Since heaf transfer in the oil film is only one part of a
comprehensive analysis to medel +thrust pad bearings, almost all
previous such studies have neglected temperature variation through
the lubricant film thickness. There is no justification for this
simplification, but it does allow a solution for the whole problem
and, in numerical terms, it permits an order of magnitude saving in
‘computer time -~ besides other peripheral benefits in storage and
analysis. A serious drawback to neglecting temperature variations
through the film is that the effects of the heat conducted away to
-bearing solids on the performance of the oil film have to be
estimated. A three;dimensional solution, however, yields the
temperature gradients normal to the bearing solids. Hence, an
'iaccurate estimate of the temperature distribution in the solids can

be obtained. The distribution of viscosity is in turn obtained in
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three dimensions.

Since the oil £ilm varies in thickﬁess, a fully
three-dimensional representation presents certain complexities in
the cross-film direction. [Ettles {1981,R31} presented a two
dimensional solution, viewing the film in elevation. A distorted
grid was used. | The treatment of shear forces and flow into a
control volume is more complicated than with a polar or cartesian
mesh. If the same method is to be applied considering the breadth
of the film, a lérge number of nodes may be necessary ( at a vast

expense in computer time ).

In order to avoid a trapezoidal mesh system as used by
Ettles {R31} a parabolic temperature profile may be assumed through
the film thickness. A parabola will allow different temperature
gradients normal to the upper and lower film surfaces. Previous

solutions {R25,R31} show that tempefature profiles are largely

parabolic in nature (that is confaining one turning point ).

A typical grid system.is shown, Fig 3F-1 (Note that grid
spacing is irregular in the r and © directions ). Only three
surfaces are required through the film +to represent a quadratic
temperature distribution. The temperature at the upper and lower
surfaces for the grid system are assumed known ( or may  be
determined subsequently ). Thus, only the middle node value ( K=2 )
‘remains unknown. At every node position ( I,J), a'control volume is
set up to encompass three nodes.across the film. A typicél volume

is shown in Fig 3F-2.
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The energy equation ( first law of thermodynamics ) applied to
the control volume is: Sum of the heat flux into the control volume
( conduction and convection ) + flow work done on the control volume
+ work done within the control volume by internal stresses = rate of
increase of energy of the contents of the control volume + hea# flow
" out of the control volume.

a) The convected heat into and out of the control volume is
calculated in an up-wind difference scheme {R16f{. In such a scheme,
the temperature assigned to a flow crossing a control volume
boundary is the temperature at nodes upstream or 'up-wind'. For
example the flux crossing the West facé of the control volume
( Fig 3F-2 ) can have two possible directions. If the flow is iﬁ
the positive coordinate direction, the temperature profile assigned
is the parabola between the stations at J-1, that is (I,J=1,1),
(1,J-1,2) and (I,J-1,3). If the flow is negative, then the upwind
profile is assumed, which is the parabola determined by (I,J,1),
(1,J9,2) and (I,J,3). The velocity profiles are obtained from the
solution of the Reynolds equation as discussed in Chapter 2.

b) The stresses at top and bottom faces of the control volume

can be evaluated from the velocity profiles

-e

Te ='LL%§ Tr :H%

¢) Since the pressure is assumed constant in the cross-film
direction, the flow work is the product of the pressure on a certain

face ( E,W,N,S ) and the relevant flow aéross that face.

The convected heat flux to or from the control volume écross



- 49 -

any face is evaluated as pc ofh v18z81 . v represents the velocity
in the required direction ( r or & ). The viscosity inverse ( 1/u )

has been assumed to have a parabolic profile,

2
1Auij 2y 43 +bijz+cij ' E3-1

and the temperature another parabolic profile,

: 2
Tij dijz +eijz+fij EB_"Z

Hence, the convected flux across the south face can be given as

.7 .6 .5 6 ..5 .4
= Op| 4/ah’, bh” ch”_ I,(ah , bh” ch")
Qg™ peder $21 4178 * 18 * 1o Ii( is * 70 ¢ ]
.6 .5 .4 5 ..4 .3 -
an®, ph°, ch® I, an’, mh?, o
P4t e TN e 3 )
[an5, pn?, and 1, an? w3, a?l |
PR T2 T Te T2 e T T )| | B33
h 3 2 .
= L - ah”, bh -
17 i ?z = =3 = ch | E3-4
Ok X .
4 .3 2
= Z - ah’, bh” ch -
2= Flaz =TT+ G E3-5

Détails of the integration for +the convected flows on all
faces as well as the summation of all terms in the energy equation

are given in Appendix c.

As far as the flow of heat due to conduction is concerned,
only cross-film conduction is allowed for ( for reasons given in the

introduction ). The middle node temperature previously obtained (or
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guessed) is used to determine the conduction fluxes at the top and
bottom sasurfaces of the control volume, that is, using the parabolic
profile obtained during the previous iterative asweep. Thus, at
every control volume the middle node temperature only is updated.

The process is iterative.

Consideration of convéction in the z-direction is not required
as this happens within the control volume ( top and bottom surfaces
being impermeable ). Jacking grooves are an exception and will be
discussed later. ( The number of nodes involved in the iteration
process 1is the same as for the case of uniform temperature in the

z - direction ).

Castelli and Malanoski {R16} have shown that the net flow of
0il into a control voiume must be zero, or else a heat source/sink
is created due to the excess flow which continually accumulates flux
within the control volume on each pass of an iterative scheme. The
flows crossing each boundary are subject to truncation error and
will not sum to zero. The net flow, nominally zero, is typically 2%
of total flow into the control volume. To obtain flow balance, the

flows may be multiplied by a correction factor

E3-6

qQ =(1-A)q

out,new out,o0ld E3-7

where A =( @-1)/(@+1) | E3-8



P = 9ut,014/%n,01d B3-9

i

Thus ensuring qin,new =q E3-10

out,new

"The factor A is calculated for each control volume, and

subsequently applied for incoming and outgoing flows.

3.1.2 Azgumpiions

In addition to assumptions made for the Reynolds equation in

Chapter 2, the main assumptions for the energy equation are:
a) Temperature varies parabolically across the oil film,
b) Viscosity varies with temperature only,
¢) Conduction is significant across the oil film thickness
only,
d) Specific heat capacity is constant for the oii,
e) Thermal conductivity qf the 0il is constant,

f) Steady state effects only are considered.
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F<1.3 Boumdary Comditioms

In determining the mid-plane température, the lubricant
temperature at the upper and lower boundaries ( XK=1 and K=3 in
Fig 3F-2 ) are assumed to be known vélues. The direction of
individual flows into énd out of each control volume is determined
from the solutions of the Reynoldé equation. Each control volume ig
bounded by six faces which will be denoted as E(eagt); W(west);
N(north); S(south); U(up); D(down). Except ‘where jacking takes
place, flow across the U and D faces is zero since the surfaces are

impermeable.

A switching array is used to indicate the direction of flow
for every face for all the control volumes. Appendix C details the

calculation of flows.

In the pad leading edge control volumes, some or all of the
flows at the leading edge face are incoming flows. For both
incoming and . outgoing flows ( in the © direction ), the
temperaturés at K=1 and K=3 are taken to be those of the solid
faces ( U and D ) at that control volume. The middle node
temperature ( K=2 ) is determined using the tempefaturé >gradient
( 3T/d0z ) from hot oil carryover theory. Ettles {R31} gave the
agssumed general form of temperature profile of the .oil approaching
the leading edge - see Fig 3F-3. -He concluded that the mean entry -
temperature within the entry stream tube is cldse to the rotor

surface temperature. The approach temperature'profile is taken to
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be linear and the temperature drop AT ( see Fig 3F-3 ) is taken as

AT=(Tr-Tamb)(1-kh)h1/hmin E3-11

where kh= hot oil carryover factor 1R27,R28§

Tr= rotor temperature

T .= 0il bath tempreature
amb

h1/hmin= Inlet/minimum film thickness ratio

Ettles {R31} emphasized that it is the rotor surface
temperature calculation which is dimportant, as pointed out by
Vohr {R32%. Thus, the middle node temperature is defined in this

work as

TK=2,en<l:ry' = Ty +Ar/2 E3-'-12

where Tp_, is the rotor surface temperature.
At the upper surface (K=3) there are two possibilities:
a) That TK=3 is defined

T 1 + AT E3-13

TK=3,entry =

or

)  That Tpo o= Tpos at (I,J) E3-14
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The second is adopted. It is thought that since recirculation
takes place at the inlet as well as conduction to the upper face,
the temperature of the so0lid face is more representative of the back
flow region - Fig 3F-4. It is noted that this definition of inlet
temperature profile does not depend directly on the exit
temperature. This allows considerable flexibility for solutions, in
that the varying ho% 0il carryover factor does not cause a major
boundary condition variation at the film inlet. The determinations
of the rotor and pad surface temperatures will be discussed later in

the relevant sections.

For incoming flows, at faces at the sides or edges of the flow
field, a similar procedure is adopted. The difference is +that at

other faces the uniform temperatufe profile of T= T is assumed.

amb
This is an oversimplification of the real condition. The design of
the bearing assembly will influence this choice. It is thought
unlikely that oil will enter at faces other than the leading
edge - especially for the self 1lubricating thrust pad bearing

arrangements..

For outgoing flows no difficulty is presented. The up-wind
difference scheme dictates that the characteriétics of an outgoing
flow are those from whiéh it orignates. Thus, the temﬁerature
profile’ of an outgoing flow 1is taken to be that of the control

volume from which it originates.
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Jacking is treated as a flow through a port in the control
volume ( the port being U ). The amount of flow through the port
can be determined as the net flow resulting from summing all other
flows ( E, W, N, S ) into the control volume, designating outgoing
flows as negative incoming flows. If the jacking flow is incoming,
it is considered to have a constant temperature - that of the
supply. If the jacking flow is outgoing ( that is the pressure in
the o0il film is higher than the supply pressure ) a choice is
available. It is difficult to postulate what the temperature
profile for the temperature is, but it will be in thé range of the
temperature profile for the jacking control volume. In this study,
an outflow to the jacking port is given the middle node temperature
value, ( for simplicity ). Experimentation and further analysis are
necessary to determine such a temperature, perhaps requiring a fully

three-dimensional analysis for the energy in the oil film.

Special 'floating' boundary conditions ( the Reynolds boundary
conditions ) are required where.cavitation takes place. Cavitation
is allowed for where the fluid film pressure falls below zero gauge,
inside the pad boundarieé, by setting the pressure to zero gauge
during the solution of the Reynolds equation ( see Chapter 2 ). The
flow rate of lubricant, beyond +the cavitation boundary, remains
constant with negligible side leakage. Streamers déveloP to make up
the extra volume in the cavitation region. Account must be taken of
all the above factors in order to correctly predict the temﬁerature

field beyond the cavitation boundary.
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An infinite number of streamers are used to model +the two
phase flow. No attempt is made to include surface tension effects
or to determine the actual development of streamers. Thus, it is
the ratio of, gas to 1liquid for each control volume that is

determined.

A switching array is set up to store the position of nodes
'at' +the cavitation boundary ( during Reynolds calculations ). The
circumferential flow rates are evaluated. These are then taken as
the effective flow rates for nodes beyond the cavitation boundary at
the same radii. The ‘volume ratio for control volumes beyond the
cavitation boundary is taken as the ratio of flow at the cavitation
boundéry to local Couette flow in absence of cavitation. This ratio
is wused to scale down the conduction heat transfer across the
thickness of the oil film, as well as the shear work done by the
runner face. The convection and flow work terms are also modified

to use the cavitation boundary flow at the same radius.
3.1.4 Tests

a) The omission of the flow work term gives a useful
simplification in analytical work. The temperature variation in the
transverse direction ( Fig 3F-5 ) for a thin ( width<<1ength.)
rectangular pad is small. ‘ Using the assunption of constant
temperature across the oil film fhickness, the heat balance equation

reduces to ( in cartesian co~ordinates )
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UTs= pea, dT/dx E3-15

where 9, is the flow along the pad
| U is the surface velocity

T is the shear stress at the sliding surface boundary

For a parallel surface slider, the flow work term, pgq, becomes
zero, since no pressure is geherated. A pure Couette flow results.
The definition of the shear stress for a linear velocity

profile ( Couette flow ) is given by

T =ul/h E3-16

The flow is given in the x direction as

q, = Uh/2 E3-17
and dT/dx = 20u/pen® E3-18
For a slider of length B, the temperature difference between inlet
and outlet is therefore given by

] 2

AT = 2UBu/pch E3-19

where the viscosity is assumed uniform. In order to solve

numerically for a rectangular pad, a small pad; angle has been

chogsen (0.02 rads) with Ri=999m and Ro=1000m. This renders a good

approximation to a cartesian system. The effective length B is



B =(Ro+Ri)AP/2 = 20m B3-20

For Q = 8.38:':10-2 rads/sec . h= 1x162m

b
p, = 3.02x107 kg/m s , P =866 ke/n
U = 83.8 m/s , ¢ = 1880 J/kg deg C
then from E3-19

AT = 62.2 deg C

The energy program may be tested in conjuection with the
Reynolds program for the above case. The inlet temperature is fixed
at 50 deg C. A bqundary conditién is imposed such that +the node
temperatures in the upper and lower ( K=1,K=3 ) faces are set equal
to the middle node ( K=2 ) temperature, for every control volume.
The tilt ié set to gero. This results in a zero pressure field, as
expected. The program gave a result of AT=62.0 deg C ( that is, at
exit, T=112 deg C ). It is also fotind- that the temperature
gradient in the transverse direction is zero. This result is
obtained for a mesh of 7,7 and 3 nodes in I, J and K directions.
The pad angle 0.01 rads produces a  temperature rise of
31.1 deg C - again consistent with E3-20.

b) Since test (a) 1is- grid independent ( because a constant
temperature gradient only exists ) another test is performed for a

sector shaped pad ( table 3I-1 ).
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3T-1 Specifications for Test b
Pad Angle 1 rad
R, - n
i
Ro 2m
Tinlet 50 deg C
Q 41.9 rad/sec
p 866 kg/m3
c 1880 J/kg deg C
h _/h . 2:1
max’ min
-3
Bniddle 1x10 “m

Again a uniform temperature distribution. across the film thickness
is imposed. Fig 3F-6'A' shows the variation of load for successive
temperature modifications to the initial temperature setting. The
Reynolds equafion is solved repeatedly until convergence is
achieved. The convergence is said to have occurred when the mean
absolute weighted residual (defined in Appendix D) is smaller than
a specified convergence criterion - in this case 1x10-7 ( choice
of tolerances will be discussed in Chapter 5,)‘ 0il number 1 is

used ( details in table 3T-2 ).

Table 3T-2

0il No.1 Details

T(deg C) #L(centistokes)
22 150
46.5 40

72.8 15
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Once the pressures and flows are found, a solution for the
temperature field follows. Again an iterative process is carried
out to update the temperature values until a convergence criterion

is satisfied - in this case 11:10'3

for the temperature <field. . The
new temperature <field is used to update the viscosity values. The
updated viscosity values are used to obtain new pressure and flow
fields. The process is repeated until convergence is obtained for
guccessive fields. In Fig 3F-6'A', the uniform viscosity field is
found to overestimate the load capacity compared to the converged
solution. This confirms fhe work of previous énalyses on the effect
of wvarying the viscosity field compared to an isoviscous
solution {R21}. On the same graph, the solution for different grid
sizes is shown. For all grid'sizes, the second energy .modification
causes an underestimation of the load capacity. This indicates that

underrelaxation is required for the temperature field between

successive applications of the energy equation.

Fig 3F-6'B' shows results of h2 extrapolation of 1load
capacities ( sgquare 'of mesh length versus load capacity -~ finally
converged solution ). The percentage error of the 5x5 grid compared
to the extrapolated value is about 10%. This improves by an order

of magnitude for an 11x11 grid.

Fig 3F-7 shows how the choice of a suitable relaxation factor
can enhance the convergence of +the iterative energy model. A
minimum number of sweeps 1is obtaiﬁable at a relaxation factor of

0.71. The energy solution is found to be highly stable
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- requiring only three sweeps with a suitable choice of relaxation

factor.

3.2 Flow of Hemt im The Pad

J.2.1 Nodel

A three-dimensionél model of a sector shaped pad is presented,
allowing conduction within the pad, and convection on the surfaces.
The model is fully three-dimensional, a minimum of 3 nodes being

required in each co-ordinate direction ( r, 6, z ).

Figure 3F-8 shows a typical grid system. The grid spacing in
the radial and tangential directions is the same as that for the oil
film grid for any one case. In fact, an interface exists between
the two mesh systems at the pad/oil film face. The pad plane L=1

corresponds to the 0il film plane K=3, where they physically meet.

The heat floﬁ in +the pad is governed by the Laplace

equation ( in the abscence of sources and sinks. )

k 81 . xd o7 347 _ . . _
r2 'A—e—z—'l'?ﬁ(rgf)‘i'kg'z-i—o . ’ ) E3-21

The finite difference method is again employed, and details of
the application may. be found in Appendix F. The solution is
iterative, requiring several sweeps before convergence can be

obtained.
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A fully three-dimensional system such as the present model is
amenable to many useful modifications. A heat gource can be
included in any region. A cavity can be handled - for example a
groove. On the other hand, because a three-dimensional system is
involved, the sheer amount of.work necessar& for .each modification

will limit its use to particular cases.

Convection at the pad back faces is treate& using surface heat
transfer coefficients. Each face can have a different coefficient
depending on the flow condition -~ if known - on that . particular
face. Computer storage prohibits +the use of local surface heat
transfer coefficients ( SHTCS ) at every surface node, although it
is wviable in principle. The determination of SHTC depends on the

bearing configuration. This will be detailed in a special section.

"The solutions for temperature in the pad and oil film are
coupled. Previouély ( section 3.1.3 ), temperatures at the pad/oil
interface have been assumed. A certain temperature profile results
for each 0il film control volume. The temperature gradient at the
interface can be evaluated, resulting in a heat flux, to which the
pad is subjected. This ‘heat flux' is one aspect of the
coupling ( Since +the heat flux must be continuous at the interface,
the same heat flux is assumed to enter the pad ). The other aspect
‘of the coupling is that the interfaée temperature field ié the same

for both oil film and pad.

An 0il bath temperature is required to evaluate fluxes at the

remaining pad faces - (using the SHTCS - see section 3.2.3).



Fe2.2 Assumpiioms

(a) Steady state conduction
(b) Uniform thermal conductivity
{c) All SHTCs are constant

(d) No heat sources or sinks exist within the pad .

3.2.3 Boundary Comditioms

For a typical control volume (Fig 3F-9) one of four boundary

conditions exists at each control volume face:

i) A conduction boundary within the pad,
ii) A convection boundary at the pad surface,
iii) A fixed temperature at the pad surface,

iv) A specified heat flux at the pad surface.

For condition (ii) the o0il bath temperature is required at the
free stream temperature. Thus the flux entering the pad surface at

this plane is

Q. = asAs(T

T
s

BATH™Ts) E3-22

where 8 refers to the surface considered
A area at s
& surface heat transfer coefficient at s (SHTC)
TBATH 0il bath temperature
Ts temperature at surface

Qs heat flux into control volume at surface s
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In an iterative finite difference scheme a fixed temperature
boundary condition requires the omission of the particular fixed

temperature node during the iterative solution process.

A specified heat flux (iv) is treated as a source or sink of
energy in +the energy equation. This condition is applied at the
pad/oil interface, where the heat flux is calculated from the energy

equation in the oil film (see 3.1).

In some bea?ing configurations, the‘ temperature of the oil
flowing Aaround the back surfaces of the pad may not be the bath oil
temperature. This may be due to other heat sources present, or due
to more effective cooling in this region of the bearing. Thus, for
each pad face, aﬁ extra layer of nodes has been added ( for
example, K=0, K=4 for the upper and lower faces ). This ;imﬁiifies
pomputation of the finite difference coefficients because every node
is then surrounded by six others, even at the surfaces or at
corners. Hence, +the iteration process is continuous for each node
-with respect to its nearest 6 neighbouring nodes. The Yboundary
conditions are therefore included in the computing coefficients.
This automatically takes into account the variation of o0il bath
temperature if required. The extra grid surfaces ( for example,
K=0, I=0, J=0 etc ) are assigned temperature values as required =

usually the oil bath temperature.



3-2-4 Tests -

Two tests have been devised to test the conduction heat
transfer technique. The first involves insulation of the pad
gides ( a%=aﬁ=ah=0§=0 ) A uniform heat flux 1is applied at the
pad/oil interface. On the pad upper surface a SHTC is specified.
The configuration thus reduces to a one-dimensional system for which

an analytical solution is available

- - dT . dr = af | ; T .. )
Q = K i1 dazloil = ®pad dz|pad wpad surface oil
E3-23
where the temperature is uniform for any particular
value of z.
Table 3T-3 gives details of the values chosen for the first
case. |
Table 3T-3
Toil = 53 deg C , Ri = 0.209m ',Ro = 0.3937m
Koil = 0.15 J/m s deg C , AP = 0.668 rads
Kpad = 100 J/m s deg C , pad thickness = 0.0381m
(= 1000 J/n°s deg C
(i) at . = lO5 that is T across pad = 5,715 deg C
dz o1il -
(ii) af = 10° “that is T across pad = 57,15 deg C

dz oil
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A numerical field convergence criterion of 1::10-3 has been
chosen ( see Appendix D ). For trial (i), AT from the model is
5.5 deg C, and for trial (ii), AT=56 deg C is obtained. 1ln general,
a local variation of about 1 deg C is obtained ( it cﬁn be reduced
by applying a more stringent convergence criterion ). Fig 3F-10-"
shows the bottom and top pad surfaces ( for L=3 ). The temperature
variation follows the direction of scan in the iteration, that is
starting from the bottoﬁ left hand corner and scanning
circumferentially until the top right hand corner is reached ( at

(9,9) in this case ).

The second case is the same as the first‘ , but without
insulation. A SHTC = 1000 J/mzs deg C is given to E, W, N, and S
faces. The temperature pattern in the pad becomes circular,
accompanied by a general drop in temperatures.  Fig 3?-11 shows the

contours for case ( i) ( see table 3T-3 ).

The above cases satisfy quantitative as well as qualitative

expectations required from the conduction model.



74
Temperature in degrees C

bottom

top

Figure 3F-10( i ) Insulated Pad Contours

oT 5
Oz

= 10



75

Temperature in degrees C

bottom

top

Figure 3F-10{il) Insulated Pad Contours
oT
0z

= 10°



76

Temperature in degrees C

/

bottom

40.6 4148
41.2 42,

- top

Figure 3F-11 | Pad Temperature Contours =

Insulation Removed




3.3 Flow of Hemit im the Bmmer

331 Mbﬁel

The runner 1is thought +to play an impoftant.role in heat
exchange to and from the oil film and to the bulk oil in cavities
between successive pads {R16, R27, R28, R31, R32, R33}{. In a
recent publicétion by Neal {R33}{, results of an experimental
investigation confirmed +the basis of a theoretical model also
proposed by Ettles {R31}{. A control volume featuring the runner as
a major heat recipient as well as a heat donor is shown in
Fig 3F¥-12. The arrows indicate directions of heat +transfer: F48’
the heat transfer from rotor to cavity, as well as F4s’ the heat

transfer from oil film to rotor.

The rotor temperature contours are circular following a
two-dimensional temperature distribution in (r,z) directions {R16}.
This is a result of the negligible "flash" temperature
variations ( dynamic heating and cooling due to runner rotation ).
A quantitative analysis of the depth of heat penetration 1is
presented by Neal {R33§. The maximum flash temperature rise is
shown to be very small. Hence, a quasl three-dimensional system is

used where circumferential heat transfer is neglected.

Fig 3F-13 shows F1( = F11+F12 ) and F2 as fluxes similar to

those considered by Ettles {R31{. In addition, F3 and F4 are

included as a part of a quasi three-dimensional model. The grid

system for the conduction equation is similar to that in the pad
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( see section 3.2 ). Two differences exist. Firstly a factor is
applied to the depth of the grid in order to obtain the correct
runner geometry (allowing different pad and collar thicknesses ).
Secondly, for a particular (zi,ri) position, only one node is used.
This represénts the +temperature-at all other circumferential node
positions on the runner at (zi,ri). This is a useful economizer on

computer storage.

Thus, for a control volume at the runner surface, both F11 and
F12 are to be considered. An integral of the heat flux at the
radial position represented by this control volume is formed. Thus

F11 is added %o F12 and used as a single flux to the control volume.

Circumferentially the length of the control volume is
L = ( AP + AC) r,
cv i

where
AP 1s the pad angle
ri is the rotor radius

AC is the cavity angle

as shown in Fig 3F-14.

3.3.2 Assumpiioms

All assumptions applying to the pad conduction model apply to

the runner model. In addition,

(a) Circumferential heat flow is negligible
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(b) flash (dynamic) temperature changes are neglected

3<3.3 Boumdary Conditioms

Again, boundary conditions established for pad conduction

apply (see section 3.2.3).

One extra problem arises when considering the shaft. This
concerns the flow of heat to the shaft body outsidé the bearing.
The true condition varies gccording to the overall installation of
thé bearing. The shaft may be hollow. The heat flux concerned is
F3 in Fig 3F-13. It is thought that the temperature in the shaft to
which the collar is fitted will be close to that of the oil bath
temperature - for a flooded bearing. A uniform temperature boundary
condition is used at the collar/shaft interface for most cases. In

some particular cases, this is dispensed with and replaced with a

SHTC and will be specifically discussed in later chapters.

Pig 3F-15 shows a section of the runner, with the finite
difference grid nodes superimposed. Now the LL=3 plane on the
runner is the plane K=1 for the oil film. TFor the runner grid
nodes (each having one control volume) at LL=3, a heat flux boundary
condition is imposed at the upper face. At I=1 - the inner radial
face - the o0il bath temperature is fixed as a boundary temperature

value. In the iteraﬁion process the I=1 nodes are bypassed.

At other runner faces +the convection boundary condition
applies ( see E3-22 ). Again, fictitious t{emperature nodes are

assigned at each runner outer surface = ( LL=0, LL=1+2, I=0,
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I=M+2 )( see section 3.2.3 )

3.4 The Total Emergy Equatiom Soluticm

3.4.1 Surface Heat Tramsfer Coefficients{SHTCs)

The surface heat transfer coefficients represent a major
simplification in  the heat transfér analysis. This 1is,
nevertheless, a necessary step. Firstly, an involved analysis of
heat and mass transfer at the.back faces of the pad and runner is as
complicated a problem as that of the oil film itself, if not more
s0. Secondly, for each pad configuration and design major
modifications will be required. Thirdly, an approximate estimate of
the surface heat transfer coefficients can be obtained from simpler
models - for example, flow of heat between parallel plates {R34}.
Another alternative is to estimate  surface heat transfer
coefficients from available experimental data. These are scarce,
and may not apply in the design of new configurations; but are
useful in verifying the model presented. Previous techniques
involved in prediction of o0il film temperatures as part of a
comprehensive analysisvhaﬁe involved less realistic assumptions. In
one analysis, {R17f{, a fixed percentagev is allowed for heat
conduction from the bearing oil film. In others {R18,R25,R16} an
adiabatic runner temperature is assuméd. Thus, it is hoped that the
choice of surface heat transfer coefficient will minimize the errors
involved in a comprehensive analysis. On the other hand,'the method

is versatile in being able to accept variations of SHTC with speed,
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material and design considerations.

The use of SHTCs is wuseful in determining the effect of a
flooded runner compared to a runner with the back face (LL=1,
Fig 3F-13) exposed to the atmosphere ( that is, a gas ). It is also
useful to show the effect of insulation - by setting C%ace=o’ or the

effect of forced cooling - by settlng(z>65sual.

3.4.2 Hot 0il Carryover zmd Rummer Temperature

‘From analyses of the pad, rotor and ‘oil film; it can be
established that the o0il inlet temperature directly depends on all
three. Moreover, the inlet temperature profiles can vary radially
as well as through the film thickness ( z-direction ). In the
present model, the film exit temperature has a marginal role
compared to the rotor surface temperature. At any particular radial
position, the rotor temperature is obtained considering the oil film
as well as the inter-pad cavity. The effect of rotor temperature is

thus enhanced.

The role playe& by film exit temperature serves to decide the
middle nodef~ inlet temperature ( at any radial position ). Its
effect is limited to the particular entry control volume, and not
directly to the whole field. The top node'( K=3 ) temperature ( at
entry ) is fixed as that of the pad. Hence, the average film inlet
temperature is more influenced by the heat flow equations rather

than pure hot o0il carryover theory.
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For a particular test case, all temperatures are initially set
to the oil bath temperature.  The Reynolds equation is solved.
Assuming the pad and rotor temperature are fixed; the oil film
middle node temperatures ( K=2 ) are evaluated. The new oil film
temperature profiles supplyv the necessary flux to the upper and
lower faces, that is to the pad and runner respectively. The pad
temperatures are evaluated using the conduction model. This
involves a new temperature distribution at the pad/oil film
interface. A similar procedure follows for the runner, resulting in
a new temperature distribution for runner/oil interface. At this
point, the whole temperature distribution field has been updated.
Using the upper (K=3) and lower (K=1) temperature distributions,
the middle node temperature distribution is again evaluated. This
provides new oil film temperature profiles. Thus, a new flux
distribution is available at the upper and lower faces. The process
is fepeated until two conditions are satisfied. The first relates
to the ©pad/oil interface temperature distribution: When the
predicted distribution compared to the pre&ious distribution has a
mean abgolute weighted regidual less than a  specified
2 ).

value ( usually 1x10” The second condition relates +to. the

runner/oil interface temperature distribution. Again, a mean
2
)'

The o0il entry temperature ( at middle node, K=2 ) is updated at

absolute weighted residual is required to be satisfied ( 1x10”

every iteration that involves film middle node temperatures.

Initially, the fluxes induced after calculating the oil middle

node temperatures are very high. This is because the actual pad and
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runner temperatures are higher than their initial values ( set at

Tbath )-

becauge of its relatively small thickness compared to pad or runner

The temperature gradients in the o0il film are very large

thickness. The o0il film resistivity is higher than for the solid

componeﬁts, causing amplified initial temperature gradients.

The high temperature gradients result in very high fluxes to
pad and rotor. This in turn may yield very high temperatures in the
pad and runner. These are then used to predict middle oil film
temperatures. The values predicted may be very low - or even
negative. Thus the process is highly unstable. An underrelaxation
factor is.applied to the heat fluxes to help eliminate the problem
at its roots. Fig 3F-16 shows three underrelaxation factors used.
At a value of 0.3 a negative temperature is reached before a
solution is reached. A value of O.! seems to be optimum, whilét a
value of 0.05, although giving convergence, requitres more iterations
than O.1. A value of 0.05 hés been chosen as some cases produced

instability at a value of 0Q.1.

Once a converged solution for the temperature field is
obtained the Reynolds equation is adjusted to métch the new
viscosgity disfribution and a new pressure field is obtained. The
subsequent convefged golutions of the energy equation require fewer

iterations than in the first éase.
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3.4.3 Bearing 0il Temperature

In the foregoing analysis, the bath oil temperature has been
assumed fixed. This is not the case in practice. Factors that

affect the oil bath temperature ( T ) include the heat generated

bath
in the o0il film, the heat generated by oil churning in the bearing
cavities, the bearing materials and casing design, which in turn

regulate the amount of heat given to the bearing surroundings.

Neal }R33} described Tbath as a link between the 'pad level'
analysis and the 'bearing level' analysis. The present analysis
requires Tbath as an input value. The temperature distribution in
pad, oil film, and runner are then determined. In order to proceed
to the 'bearing level', knowledge ( or analysis ) of the factors

affecting churning and heat loss through +the casing etc. is

required.

For design purposes, an order of magnitude analysis of the
various heat loss components can be carried out. A certain Tbath is
chosen. Cooling of the chamber oil can then be used as a means of
controlling Tbath. ( for example a water cooled jacket with
thermostatic control of flow ). This method is suitable for large

bearings where the problem is severe.

3.5 Numerical Comsiderations

Various. numerical parameters influence the speed and accuracy

of the heat transfer analysis combined with the fluid flow.. The
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various convergence criteria, <the number of nodes, as well as ths
coupling of the equations can all influence the computer time taken

to reach a converged result.

A description of the nodal successive overrelaxation
( Chapter 2 ) for the pressure generation has‘ been given. The
choice of a uniform relaxation factor for the o0il film temperature
solution has already been given. A special two-dimensional tilting
routine has also been given ( Chapter 2 ). The tilting proceedure
allows for non-linear characteristics and works for all the cases

encountered.

Initially, the conduction routines ( pad an& collar ) are
found to require a large number of iterations. This very quickly
dropa to 2-3 iterations for every pass through the conduction
sections of the program. Thus, no attempt has been made to insert a
relaxation factor. 1In facf, the computer time required to calculate
one ( as is done for thg pressure solution ) may exceed the
benefits gained in saving. Typically, the equivalent of six
iterations are required to . calculate local relaxation

coefficients {R6}.

.The error due +to mesh size variation is given in Fig 3F-6.
For an 8x8 grid an error of 2.2% compared to the extrapolated value
( for an infinite number of nodes ) is typical. Beyond a 10x10 grid
gsize,the computer time rises sharply. At Imperial College, computer
central memory (CM) also severely limits the mesh sizes that can be

used iteratively ( that is, using a computer terminal for both



-feeding data and obtaining results as they are produced ). A 10x10
grid has been found to be the maximum usable mesh size ( 11x11
ncdes ), but to conserve computer time, an 8x8 mesh size (9x9 nodes)
has been used throughout.” In the z-direction, the o0il film is fixed
at 3 nodes; only one layer participating in the iteration solution.
The remaining two layers are used to set up the coefficients
necessary for the quasi three-~dimensional solution, as well as in

the calculation of the heat fluxes to rotor and pad.

The conduction equations are three-dimensional. The number of
nodes in the z-direction has been fixed at the minimum value of
three. This applies to UbGoth rotor and pad. It has been thought
that a saving on storage is better made here ( conduction
modelling ) than in any other. Thé total model is likely to be less
sensktive to the number of nodes used in the z-direction compared to
the r and © directions. All nodes are considered free nodes ( 9%3
in rotor; 9x9x3 in pad.). Including the fictitious Dboundary
condition noées, an 11x11x5 storage is required for the pad as well
as 11x5 for the runner temperature. This excludes all storage

required for the coefficients for each node.

Thus, all the features of a three-dimensional system have been
maintained at the lowest cost in storage and computer timé. At the
same time, the accuracy of +the solution is maintained at an

acceptable level for quantitative analysis ( see section 3.2.4 ).

The choice of convergence criteria will be discussed in

relation to the +total solution, including deflection, in later



_92..

chapters. This 1is again clbsely linked with the overall system
coupling. The relationship between the conduction solution (in the
pad and Tunner) to the oil film has already been mentioned. It is
important to note that the convergence criterion for solving the
conduction in the pad alone is more stringent ( an order of
magnitude smaller ) than the convergence criterion applied to the
coupling phase. This latter phase compares the interface

temperature between the pad and oil.



CHAPTER 4

DEFLECTION ANALYSES

Introduction

4.1 Development of the Polynomial Difference

method as Applied to Beams
4.2 Application of The Method to Beams
4.3 Handling of Singular Boundary Conditions

4.4 The Polynomial Method Difference for Variable

Rigidity Sector Shaped Thin Plates
4.5 Test Cases for Plafes
4.6 Conclusions From Test Cases
4.7 Numerical Considerations
4.8 Drawbacks

4.9 Other Modes of Distortion



Introduction

The 1initial development of hydrodynamic lubrication theory
witnessed a conflict Dbetween +the various factors thought to
influence it. This is exemplified by thé variety of thrust bearing
designs, such as the parallel surface bearing, the inclined slider

bearing and the pivoted pad bearing.

In attempting +to explain the action of the parallel surface
bearings, Swift i1946,R35} proposed that thermal distortion was
responsible. Charnes et al {R36,1953} showed analytically that
transverse curvature was detrimental to bearing capacity. In the
discussion  that followed, Raimondi {R37{ pointed out that
deformation of centrally pivoted pads was responsible for their load
capacity. Raimondi and Boyd {R38,1955} later showed that a positive
( convex ) crown is benefical to the load capacity of pivoted pad
bearings, and that it accounts for the load carrying action of thé
centrally pivoted pads. In the discussion, Baudry {R39{ commented
that +thermal crowning may have an important role to play in the

action of such bearings.

An experimental investigation was undertaken by Kettleborough
et al {R40{ to obtain data for a pivoted pad bearing. Contours of
film thickness showed crowning. An important factor - +the pivot
position - was varied and its effect on determining the film shape
highlighted; In 1957, BEttles and Cameron {R41{ carried out a

detailed analysis of the various modes of deformation for a uniform



-95-

thickness pad. Thermal distortion was shown +to be of critical
importance. Other factors included elastic distortion due +to

bending shear, fibre crushing and direct thermal expansion.

Baudry, Kuhn and Wise {R42} .in 1957 considered thrust ﬁad
distortion 1in large bearing installatioﬁs, as used in high capacity
waterwheel generators. Two problems were discussed. Firstly, the
method of pad support may cause locally high coﬁtact pressures
before the formation of the oil film - during start up. the use of
a multiple support system was suggested as a means of lowering such
local pressures to an acceptable level. Secondly, the mefhod of pad
support must allow convex distortioﬁ during operation. The optimum
position of supports for both problems is not coincident. hence a

compromise should be carefully chosen.

Sternlicht et al {R43{ showed £hat neglect of thermal
deformation leads to an optimistic design. Raimondi {R44} in 1960
showed thgt the optimum crown for a square centrally pivoted pad is
about one half +the minimum film thickness. He also showed that
concavity is very detrimental to 1load capacity. Sternlicht et
al |R45,1961} carried out a comprehensive analysis of centrally
pivoted sector thrust pads. An optimum pad thickness wa; suggested,

while thermal deflection was not accounted for.

Neal et al [R46,1961f, in reference to an experimental
investigation, emphasized +the dimportance of thermal distortion.
Hemingway {R47,1965} carried out an experimental investigation of a

'parallel-surface' thrust bearing. He agreed with Pinkus and
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Sternlicht {R2} that the film shape between the inlet and minimum

film thickness values was not of significance.

Ettles {R19{ confirmed experimentally the importance of
distortion in the action of parallel surface thrust bearings.
Bennet iR48,1967§ designed a ‘'parallel’ surface self acting thrust
bearing, where the ‘'pads’' are fixed sector-shaped cantilevers.
Allowance was made in the design for elastic and thermal deflection
to give favourable load capacity characteristics, and this was
verified experimentally. Hemingway reported | a similar
investigation {R49,1968{ for an elastically stepped and shrouded

thrust bearing.

Hahn and Kettleborough {R9,1969}{ considered thermal éffects in
slider bearings. They concluded that the distortion effects were
important and amenable to an accurate analysis using modern
computers. In a later paper {R10} a simplified theorestical énalysis
of thermal distortion was presented. Castelli and Malanoski |{R16}
employed the Ritz method +to analyse deformation as part of a

comprehensive solution procedure for tilting thrust pads.

In 1971, Shawcross and Dudley {R50f showed that runner
.curvature results in a marked reduction in load capacity for 1line
pivoted thrust pads. In 1972, Dayson {R51}{ proposed a flexible
stepped thrust bearing similar %o the Rayleigh stepped bearing.
Distortion of the step allows an extended rangé of performance over
the conventional fixed step design. Rohde and Oh {R25,1975f{ solved

for the deflection of a finite slider using two methods. The first
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treats the pad as a semi-infinite solid andAresults in a closed form
solution for deflection. The second is iterative and solves the

biharmonic equation for a simply supported plate.

In 1975, Robinson and Cameron {R52} carried out a careful
analysis of the various components of pad distortion. In_ addition
to the solution of +the biharmonic equation, direct elastic and
thermal compression were incorporated. Good agreement was obtained
between  experimental results for 1line pivoted pads and a
comprehensive theoretical model including distortion. In the .same
year, Ettles [R17{ described a generalised computer analysis for
sector shaped tilting pad thrust bearings including distortion.
Comparison with  published experimental work was sufficiently
‘satisfactory to justify the model used for deflection. The model
used the circular plate approximation +to the sector. It also
agsumed a symmetrical pressure distribution about the centre of the

plate.

Gardner {R53,1975} experimentally investigated the effect of
varying the support position as well as choosing different materials

such as copper and aluminium for tilting pads.

The solution for the bending of sectorial plgtes has recieved
considerable attention -outside +the field of lubrication. The
analysis of steam turbine diaphragms prompted Robinsin {R54} in
1923 to consider the deflection of a semicircular plate. Later,
Wahl {R55}{ developed an approximate solution for the bending of a

semicircular plate with a central cutout by considering an initially
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curved bar, bent out of its plane of initial curvature. His results
were used by Taylor [RS56{f in conjuction with an experimental study
and agree well for maximum deflection. Carrier and Ithaca {R57}
tabulated deflections of a clamped sectorial plate. Deverall and
Thorne {R58} provided several results for sector-shaped plates and
rings of varying geometries. The sine transform method was used to
obtain the solutions but no indication of errors was given. In
1951, Conway et al {R59{ published further results for semicircular
and quadrant plates. The magnitude of error was well documented by
.comparisons with other methods. The analyses used two types of

series solutions.

In 1956 Muster and Sadowsky {R60{ solved for a semicircular
plate, free along the diameter and simply sipported along the
remaining edge. Chen and Picket {R61{ reported results of a
numerical method coupled with a series solution for improvéd
accuracy. They report errors of ‘'considerable' magnitude in a
number of previously published results. They also give results for

various shapes of plate; for example elliptical and triangular.

Bhattacharya |R62{ reviewed some variational techniques based
on Galerkin's method, and proceeded to give the maximﬁm deflection
for a clamped semicircular plate. Rubin {R63f, in a‘ more recent
papér (1975), applied the theorem of minimum potential énefgy.
Depending on the choice of function, accurate results could bte
obtained. On the other hand an unsuitable function yields large

errors.



Lo et al {R64f, in 1977, gave details of a higher order
version of +the plate equations in a non-clasical form. These
equations incorporated shear deflection as well as  bending
deflection. It appears that the solution of these new equations is
unobtainable for sector shaped plates. They give an important
estimation of errors involved due to neglecting +the shear
deflection. For 'thin' plates with a thickness to minimum 1length

ratio of about 1:4, the error is in the range of 4 to 10%.

Thermal deformation of plates was treated by Goodier {R65}.
Equations for the solution of thermal deformation have been set out

in detail by Szilard {R66}.

In 1980, Ettles {R67} showed that thermal distortion undergoes
a size effect; increasing exponentially as the pad size is
increased. This emphasizes the increasingly dominant role of
deflection in large thrust bearings and the need to account for it
in a comprehensive bearing model. In this chapter, a method termed
'the polynomial difference method' is developed for the solution of
beam defiection. The method is +then applied to plates. The
deflection equations of variable rigidity sector shaped thin plates
are also given. Comparisons are made with other known solutions.
The advantages of the present technique as well as its disadvantages

are also given. Finally, other modes of distortion are discussed.
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4.1 Development of The Polynomial Differemce Hethod As Applied #o
Besms

Consider a simply supported , uniformly loaded, beam, where

five discrete points ( or nodes ) are considered along the
length ( Fig 4F-1 ). For small deflections:
2 .
M=-£r ¥ E4-1
dx
and d% _ _ p
dx .

Assume that the deflection at any node j can be writen as a

polynomial:
- 2 3 4
or
5 1]
=3 a, xi~1 -
i TiE % E4-4

The coefficients ai are unknown and are to be determined. For

each independent node on the beam an equation of geometry in the
form of E4-3 is obtained. Thus five equations are obtained for the

five nodal positions. These may be written in matrix form:
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Figure 4F-1 Representation of a Simply

Supported Beam .
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- . -
Wl 1 X1 xi xi xf a;
W, 1 x, x% xg xg a,
2 3 4 E4-5
Wal= |1 xg x5 X3 Xg a, '
W4 1 X4 xi X?L X?} ay,
WSJ 1 X xg xg xg ag
or w =Rha E4-6
where ¥ is the deflection vector
X is the geometry matrix
8 is the coefficient vector
Differentiating equation E4-3 results in
dw ’ ' 2 .3
-—). = + . .+ , -
(dX)J 0 a, + 2a3 X_J + 3a4 xJ + 4a5 xJ E4 7
@) =3 4 (ie1) xiv2
and differentiat'ing again yields
(Qi".f.) =@+ 0.+ 2a +6‘a X'+12a?x2 E4-9
2 5
d W ST ] i-'3 ’
(=) =2 a, (i-1) (i-2) x; E4-10
ax“ j  i=1 % J '
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il
i M

1

1}

i
g U1

1

a; (i-1) (i-2) (i-3) x

%-4
J

a, (i-1) (i=-2) (i-3) (i-4) x

E4~-11

E4—;2

the case in Figure 4F-1, The boundary conditions may be

follows,

=0 fixed node
i, =0 moment zero
M.=0 moment zero
w=0 fixed node

a3

= 2a

al+a2X5+a

+ a2( Xl + a3

in addition to the beam equation E4-2.

This results in the equation set:

X, + a

B4-13

E4-14

E4-15

E4-16

E4-17
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Or in matrix form

2 .3 _4]
0 1 Xl xl xl xl a1
0 0 0 2 6x, 12x2
% 1 2
9 A
BT 0 0O 0 0 24 a3
0 0 0 2 6x 12x2 a
5 5 4
2 .3 _4 4-1
0 .1. Xz Xg Xg XSJ .a5q E 8
‘OI'
b=F.a . E4-19

F will vbe termed the condition matrix

b will be termed the stress vector

From equation E4-6 an inversion yields

a=i"ly . B4-20
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where A~' is the inverse matrix of A

Substituting E4-20 in E4-19 yields

b=FA~ w | E4-21

By further inversion E4-21 yields

w=AFp E4-22
or w=Xb E4-23
R R R
where X =AF = (FA ') B4-24
Thus the solution for deflections is obtained in equation
E4-23.
Equation E4-21 can be written in the form
> [ 5 | )] 24-25
b = Z C . z m, ~ wW. i E4"'
where  k refers to the row position in the vector,

mij represents an element in the matrix A

( Convention: first subscript indicates row

second subscript indicates column )

C represents an element in the matrix F. It

ki

represents. a factor dependent on the
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derivative ( whether first, second, third or
3

fourth order ) for example ( i-1 )( i-2 ) o in

equation E4-10 for a second order derivative.

Equation E4-25 effectively describes an algebraic method of

obtaining the elements of the matrix %! since from E4-23,

=%l : E4-26

Thus an inversion of matrix X~ yields X. The solution is

then obtained as in E4-23.

Consider now the example in figure 4F-2a where a beam is
simply supported at +two points and has one free end. The beam is

uniformly loaded with pressure P, and the system is divided into

twelve nodes ( N=12 ).The boundary conditions are

W, =0 E4-27
=0 | | E4-28
Wo= o E4-29
M,,=0 E4-30
v, ,=0 E4-31
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j=t 2 3 4 5§ 6 7 8 9 10 Il 12

(a)

Beam simply supported at two points and a free end

(b)

Positions of Computing Molecules (closely packed)

Figure 4F-2 Beam with Various Boundary Conditions
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Suppose it is desired to solve this system using a polynomial
for the deflection of the same order n=4 ( equation E4-3 ). The
nodes may be grouped together in overlapping molecules of five. For
example, nodes 1 to 5 form the first molecuie with an associated set
of constants 8117 8401 843 844, 85 Nodes 2 to 6 form the second
molecule with constants 8595 8559 a23, a24, a25, and so on. In this
example N-n=8 molecules are formed, each with its set of constants
and geometry matrix A.- Figure 4F-2b shows the position along the
beam of the molecules. It appears initially that there are 8x5=40
unknowns but the overlapping of nodes can be used in a simple and
systematic way to reduce the system to 12 unknowns. For exampls,
considering the first three molecules only, the geometric

-

relationships can be written

1T - m
v, Aq 0 0 a,
WS 0 Ay 03
iy | E4-32
-§L3 |1 0 0 'A3j_ 2, J ‘
or W = AL-él ‘ E4-33

Here
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['H]T’[wv War Wsy Wy V] E4-34
[Hz]T’[Wz' W3e Wy V5 g E4-35
[Hs]T’[Wr ¥y Vg Mg 7] E4-36

The geometry matrices A are defined by equation E4?5 and BE4-6
and involve only the node co-ordinate x. The origin of x can be
arbitrary and non-uniform spacing of the nodes can be easily

accommadated. The partitioned system E4-32 can be inverted to give:

— 1 '1
2 | AT 0 0 HEn
—=1
27 0 A0 K
B ~1 . N
o o =Ylw E4-37
| 23 | 3/1-3 . |
o -
or &8 = AL Wy E4-38

Each - molecule has a condition matrix F which can be used to
express the governing equation and also the boundary conditions

where appropriate. For example for the case in Fig 4F-2. The first
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few condition matrices are:

For molecule 1l:

Wy = 0 0 1 Xy xi xi x?j -al-1

M, = 0 o |=lo o 2 ex, 12x%| |a,

at (3) -E%o 0 0 0 0 24 | |a E4-39
%4
%5

For molecule 2:

at (4) [-Ef-fo] =[o o o 0 24] &, ]
a2
aq E4-40
34
%5,

For molecule 3:

at (5) [—:E-%o]?[o 0 0 0 24] FalT

. a

a;| E4-41
a4
.a5.3

etc.,, for molecules 4, 6 and 7



For molecule 5:

at (7) [ 0 ] = [l C Xg xg xg xg ] al1
%2
a3 E4-42
!
.a5J5

Finally fbr molecule 8:

at (10) .--E%o- o 0O o0 0 24 -Fal

M12 =0 0 0 0 2 6x12 12x12 a2,

V12 =0 L.O = LO 0 0] 6 24X1% ag E4-43
34
%5] g

The above constitute 12 equations. The overlapping nodes give



- 112 -

28 further equations. For example node 2 is present in molecules 1

and 2, thus:

¥2,17¥3, 270 | E4-44

or (0] [3 g o o 1 x, o ] ]

T
[all 212 213 214 #15 %21 %22 %23 %24 az%
E4-45

The system of 40 equations can be set up as

by = Feap E4-46

The- corresponding geometry system has already Ybeen

derived ( equation E4-38 ) and is

a, = A W E4-38

Using E4-38 in E4-46 gives

SF R | |
by = Frhy ¥ E4-47

or by = Cpewy ' | E4-48

Although E4-48 represents a system of 40 equations, it should

be remembered -that the solution matrix ¥; contains repeats of the
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deflections at individual nodes. Furthermore K£_1 has a simple
partitioned structure as shown in E4-37. Equation E4-48 may be
restructured to order 12, prior to inverting Ei "to obtain the
solution. It is never actually necessary to form the full gquation
get. Instead, the reduéed form ( of order 12 ) can be assembled

directly ( doing away with overlapping and - placing elements in

the matrix in relation to their respective deflections directly .)
The solution for deflection follows as previously:

W, = X .D ' E4-49

The choice of order n of the molecule depends on the equation
to be solved. To complete .the deflection of beams at 1least a
fourth-order polynomial is necessary to accomadate the governing
equation. Higher orders can also be used. The maximum order is

limited by the total number of nodes in the grid.

4.2 Application of the Hethod to Beams

For the case of the simply supported beam Fig 4F-1, the

deflection may be given,

4 143 3., ;
- X 1x 1% :
W= po ( - 4 + 12 -~ a ) E4-50

where 1 is %the length of the beam
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x is the distance along the beam
( beginning at the left support )

P, the constant pressure

EI is assumed equal to unity
Hence the central deflection is 5pol3/384.

Using the technique outlined in section 4.1, the numerical
method was able to reproduce the central deflection with n=5. Thus
only 5 nodes are required to give the exact analytical solution.
This is not surprising since an examination of equation E4-50
reveals a fourth order polynomial. The method was applied to a
uniformly loaded cantilever beam. Five nodes are again used. Node
5 was designated the free edge and consequently +the boundary

condition -

(=) =0 (or shear force at edge=0) " E4-51

replaced the condition w=0 for the simply supported case. Again the

exact analytical solution ( p°14/8 ) was reproduced.

A beam with varying load may be treated in two ways.v Higher
order mo;ecules may be used. Thus for a parabolic load profile n=6
ié' required. Another method is to use n=4 molecules but-inérease
the number of nodes. This latter method can handle any type of load

distribution provided enough nodes are used. It also has the
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" advantage of smaller geometry matrices ( which require inversion ).

Its disadvantage is that the solution is only approximate.

Consider the cantilever shown in Fig 4F-3 where the pressure
varies arbitrarily. At the free end the boundary conditions of zero

bending moment and zero shear force give at node 1:

2
(d vw) =0
ax” 1
3 .
d w
3 3 1 ) 3

For any arrangement of nodes, the geometry matrices ( which are
solely dependent on node position ) can be easily derived. To
illustrate the effect on accuracy of considering a varying load, the
test case shown in the inset of Figure 4F-4 was evaluated using the
polynomial difference method outlined. To accentuate errors due to
non-uniform loading, particularly near the free end, the loading is
assumed to increase parabolically to a maximum value at the tip.
Figure 4F¥4 shows the error for uniformly distributed nodes ( line
'a' ) and for the cases where the first mesh length JB.Ax ( at free
end, see Figure 4F-3 ) was 0.1Ax and 0.01A§k respectively,as shown
b} lines 'b’ and.'C'. It can be seen that non-uniform loading can

be accurately computed given a sufficient number of nodes and that

the accuracy can be improved by grouping nodes at the free end.

In the above cases, only two support positions were chosen. A
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beam simply supported at five points is a far more complex case, and
requires even more nodes for &a correct and accurate solution.
Figure 4F-5 shows the deflection of a ©beam supported at evenly
spaced intervals with a uniform load. The effect of varying the
number of . nodes ( number of intervals +1 ) is also shown. If five
nodes are chosen - themselves the support points - then no
deflection is possible. For nine nodes ( that is , inserting one
node between every two supports ) the pattern shows a large negative
deflection near the beam edges. Using 17 nodes and successively
increasing the number, a clear patern emerges for deflection as

shown for the 65 node solution.

The effect of a load distribution is shown in Fig 4F-6 for a
beam - simply supported at stations 1/4 and 3/4 length along the
beam. The total load was equal to.unity for both the linear and the
parabolic distributions , ( the parabolic distribution is symmetrical
and has a maximum at the beam centre ). The position of maximum
' positive deflection is reversed for the different loadings. A large
negative deflection is possible for the parabolic load distribution.
The deflection patterns will depend on the support positions, too.
If the beam is supported at the edges then the deflection pattern
for both distributions will be closer to curve i -~ concave. On the
other hand if the supports are positioned very close to each other,

then the deflection pattern is similar to curve ii - convex.

For the case of a beam supported elasticaily,the boundary

condition at the support is:
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dw P Kw
— = -~ + === _ E4-54
dx4 EI €EI

where € is the length of the beam element associated with

the support node.

k is the stiffness of the support

Thus the elastic support exerts a force modelled in a similar
mannér to the pressure ( more on point forces follow in the next
gsection ). Three elastic supports ( k=1 ) are used for the example
presented in Fig 4F-68 The deflections for a constant 1load
distribution as well as a‘parabolic one are shown. The total load -
in both cases - is unity. Summing the deflections at the thres
support positions gives a total deflectiqn of one for both cases,

confirming the validity of the model.

4.3 Handling of Simguiar Boumdary Comditioms:

The represéntation of a point force>af the centre of a simply
‘suppqrted beam can be mode;led as a pressure over an appropriate
length.r This may be done‘as in case(a), Fié'4F—7, wﬁere for the
central node the pressure p is set as P=F/Ax. The error is shown in
.Fig 4F-8 as a function of Qﬁx)z, together with the central processor

time for inversion of the system using a CDC 6500 machine. Since



2-5 { T l"l-r.l‘llli~ll(|'l'l.lllyl"l‘l‘.'ﬁl‘lll
pressure
2- ——————— uniform
- - - - quadratic
l.
deflection W{
| 1. l
>
<
. " ) l
u. .
e B
0-“ ““l'.,“'|l—'lL|--111 PR ....I

'Figufe 4F-6B

. Deflections for an Elastically Supported Beam

(44



123

L

(a)

(b)

b
—4 L—Ax_u

~ (e)

(d)

Representation of a Point Force

Figure 4F-7




Error (per cent)

Figure 4F-8

0.005
2
(AxsL)

Percentage Error Versus Square of Mesh Length -

0.0l

00 4l 7 13 I
| [ | | 100
L )
T " y
}
! “—j’éj?
—1o
O
&
~——=FError @
E
— =
o
4 ©
Time—
I I 0.1

144



- 125 -

the method allows for a non-uniform mesh, the effect of modelling
the point force as shown in Fig F4-7 cases b, ¢, and d was
attempted. Extra nodes X, Y are added and the force distributed
over the 1lengths shown. The solutions obtained for b, c,and d
reflected more accurate modelling of the point force. When X and Y
are brought closer together the accuracy of the solution continues

to improve towards the analytical solution.

The method may be thought of as a combination of +the finite
difference and finite element methods at a value of n=5. The
simplicity with which +the nodes are arranged resembles  the
arrangement of nodes in a typical finite diference ( FD ) grid. As
the number of nodes are increased the accuracy increases in
propbrtion to the square of the mesh length - again as would be
expected from a FD arrangemeqt. On the other hand, nodes may be
grouped ( as discussed earlier in the sgection ) to improve the
accuracy - typiéal of finite element ( FE ) grids. This does not
require a modification to the method. The boundary conditions are
inserted in a similar manner as in a typical finife element scheme;
This allows a greater flexibility than a pure FD arrangement - where
fictitious nodes may . be necessary and the computing molecules
adjusted. At values of n greater than 5, the method possesses the
ability to deal with higher order equations ( greater than 4th
order ), again without any extra modifications. For both the FE and ’
FD methods the “'molecules' or. 'elements' used have to be

changed ( or extended ) to handle the higher orders.
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4.4 The Polymomial Differemce Hethod for Variable Rigidity
Sector Shaped Thim Plates

The equations for variable rigidity thin sector shaped plates
have been derived and are given in Appendix G. Both thermal and
elastic distortion are considered. The principal complication is
that the governing equation is very 1lengthy, containing twelve
differential terms of deflection. An advantage of the polynomial
difference ﬁethod is that these terms, and others for +the boundary
conditions, can be easily expressed. In-priﬁciple any polynomial of
sufficiently high order may be applied. A 5x5 grouping of nodes was

taken as the basic molecule where:

Wij =y ; az Qj + aq 6? +ay 6?»4 ag 6?
+ (a6 + ay ej + ag e? Ay 9? + a, e? ) r;
*lagy v oa, 85+ a5 e? + oay, 03+ aps 9? )
+lagg+ 2y 05 % a9 85+ ajg 03+ a5 85 ) 5
*(ayn* a5 8.+ a, e? T o3y, e? Y 9? ) £
| E4-55
or
Wy = g;l  2;1 i e?‘l a,  E4-56
m= 5 (2-1) +Xk | E4-57

( see Fig 4F-9 )
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a 5x5 molecule

a, typical grid (9x9)

" Figure 4F-9  Position of a Molecule in the Grid
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The geometric relationships similar to equations E4-5 and E4-6

can be formed to give:

w = A.a 4 E4-58

where A is of the order 25x25. A condition matrix FL may be derived
by applying the governing equation or the boundary conditions in the

same way as has been shown for beams

by = Froa E4-59

In FL, each row may be composed of a summation of derivatives
as required. It is not necessary to the method for the molecules to
overlap closely, although close overlap has been assumed in the
examples given on beams. For example if a 9x9 grid is used to
define the plate, four 5x5 molecules may be used. This results in
100 coefficients and 81 nodes,  of which - 19 are
overlapping ( Fig 4F-10 ). As in equations BE4-38 to E4-49 one

finally obtains:

W. = X, .b B4-60

where fi = C E4-61
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molecule 1

—e—— - —--. molecule 2

—_—— e e e — = Mmolecule 3

.w molecule 4

Figure 4F-10 - Loosely Packed Molecules for a 9x9
' Grid
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It 1is possible to set up an iterative process to solve for a
particular stress vector th Thus for the system described by BE4-60

and E4-61:

L0

Since the molecules are 5x5, each row in matrix EL will

contain 25 non trivial coefficients. The deflection at one node may

be expressed:

25
C, W = b E4-63
k§1 k "k |
or
25 i
b - éiz (%{ Wi
1

Equation E4-64 expresses deflection w, in terms of the

deflections in the molecule. Thus once matrix CL is set up it can

be directly inverted to yield EL’ or, the equations set in an

iterative form as in E4-64; one equation for each row in matrix CL.

The two methods can act as a check for each other. This was done
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for several of the test cases ( mentioned later in section 4.5 ).
The solutions for both methods were identical for any one case.
Typically, the iterative solution requires 500 %to 4000 iterations

for grid sizes of 9x9 to 19x19 respectively.

The direct matrix inversion method was used as the main
solution  technique. It has an important advantage over the
iterative technique in that once XL is obtained any stress vector
can be handled by a simple matrix-vector mﬁltiplication ( B4-60 )~
The iterative technique, on the other hand, will require a large.
number of iterations for each different stress vector. It will be
shown later that the solution for several different stress vectors
is required ( see Chapter 5 ). In addition storage problems in
the assembled bearing program favour the direct matrix inversion
method ( see Chaé%er 5. ) A typical direct matrix inversion for a
9x9 mesh requires less 100 CP seconds whereas the iterative solution

may take up to 1000 CP gseconds.

4.5 Test Cases for Plates

Case {: The equations for deflection of thin rectangular plates
are given by Szilard {R66f. For a rectangular plate of breadth a

and length 2a thé maximum deflection is given as |R66}:

) 4 | .
Woax = 0-0101 p a"/D E4-65
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where p, is a uniform load ( pressure )
over the plate ~ simply supported

at all edges.

The boundary cogditions are shown in Fig 4F-11a. The nodes at
which the governing equation is applied are shown in TFig 4F-11b.
Here the deflection at the node is expressed in terms of the
governing equation applied at that node. It is possible to express
the application of the governing-equation at the node ( 5,5 )( see
Fig 4F-11b') using any node within a 5x5 molecule containing
node ( 5,5 ). This is shown in Fig 4F-11c. Nodes ( 1,3 ) or
( 9,9 ) can both be used. If it is decided to use node ( 1,3 ) then
the geometry matrix for molecule 3 is used. If node’( 9,9 ) |is
chosen then molecule 2 is used. It should be remqmbered that each
node in the grid is represented by one row in matrix —i, that is,
one equation. Therefbre, if ( 1,3 ) is used, the deflection at
node ( 1,3 ) is expressed in terms of the governing equation
applied at node ( 5,5 ). TFor simplicity, the deflection at

node ( 5,5 ) is expressed by the governing equation applied at

node ( 5,5 ).

Pigure 4F-11a shows that two Dboundary conditions must be
satisfied at each edge ( Mx=0, My=0’ w=0 ). At the corners three
boundary conditions are required. For each édge location; only"one
node is available. Thus, the deflections at the row closest to the
boundary are wused to express the second boundary condition applied

at the edge locations. This is shown in Fig 4F-11b. At the edge
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location, the three closest nodes are used ( see Fig 4F-111b ).

The results for maximum deflection versus the square of the
mesh length for several grid sizes is shown in Fig 4F-12. The
extrapo}ated value for an infinite mesh size is identical with the
analytiéal solution in equation E4-65. The error for the 9x9 grid
is less +than 6%. For grids larger than 11x11 the iterative method
is always used ( see discussion of advantages '4.6' and drawbacks

'4.8' for reasons ).

Case ii: TFigure 4F-13a shows a uniformly loaded clamped circular
plate also supported at its centre. The boundary condition
distribution is shown in Fig 4F-13b. Szilard {R66} gives the

deflection as:

p. 2 2 .
- .0 O (X . by -1-2lnt E4 -66

Thus for D=1; po=1; r°=1; r=0.5

w=2.48552x1 0> . E4-67

Fig 4F-14 shows the deflections at r=0.5 plotted versus the
square of the mesh 1length. For a 9x9 grid an error of about 6%

results. For a 15x15 grid the error reduces to about 2%.

Case iii: Figure F4-15 shows a circular plate simply supported at
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the outer edge and inner edge. In addition a moment M1 is applied

at the outer edge. Szilard gives the deflection as,

- M. r 2
1 "o r X , -68
w (=) n (=) } E4
D (3+V) ro ro
For M =r°=D=1 and V=0.3% r=0.5

1

W=0.0525112

The boundary conditions are shown in Fig 4F-15b. A plot of
deflection at r=0.5 versus grid size is shown on Fig 4F-16. A 9x9
grid yields 4% error whereas a 15x15 grid yields 2% error. It
should be noted that all deflections are due to the edge moment

alone ( p,=0 ).

Case iv: This case deals with a ring simply supported at its outer

edge. A shear force at its inner edge is applied - as shown in

Fig 4F-17. Szilard {R66}{ gives the deflection as:

r, : | | v
B == E4-71
r, o
r 2
Cy = 1~ (E ) E4-72
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2
X
¢, = (%) In (£) E4-73
o} o} C
c,=ln gy E4-74
J- .
o}
for
ro=10 3 DaF, =1 ; r,=5 ; r=7.5 ; V=0.3
w=92.679
A graph for deflection at r=7.5 versus square of +the mesh
length is shown in Fig 4F-18. An error of about 18% is found

for the 9x9 grid. The, error drops to about 10% for a 13x13 grid.
The presence of a free boundary ( as opposed to fixed boundaries )
is refleéted in the magnitude of error ( errors are additive for a
free boundary as errors propag;te towards edge - fixed boundaries

~ limit errors as errors are zero at edges. )

Cage v: Cases for variable thickness +thin plates <for which
analytical solutions are available are very few. An axisymmetric
case found was that for a circular ring, clamped at the inner edge
and free at the outer edge, subjected to a wuniform load
distribution. The geometry is presented in Fig 4F-19 as well as the
boundary éonditions. The solution for maximum deflection is given

by Szilard {R66} as:

max 1 3 . E4-75
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where cy = 0.00372 for ro/ri = 1.25 B4-76
or c, = 6.283 for ro/ri =5 E4-T7
H is the plate maximum thickness ( at r=r, )
For p =E=1 ; r =10 ; ro/ri=1.25

Ynax © 31.2

Curve I on Fig 4F-20 shows the deflection versus square o f
mesh length. An error of about 23% is found for a 9x9 grid and
decreases to 9% for a 15x15 grid. Thus the presence of a variable
rigidity plate suggests that more nodes are required to obtain a
cerfain level of accuracy compared to the constant rigidity plate.

For p =B=1 ; r =10 ; r_/r,=5 Szilard gives,

wmax=62830

Curve II shows about 80% error for a 9x9 grid, decreasing to
about 27% error for a 15x15 grid. The extrapolated values for an
infinitely small mesh size for both curves I and II correspond with

the analytical solutions.

The above - five cases have been modelled and compared with
analytical solutions. Fig 4F-21 shows four configurgtions ( cases
vi to ix ) for which previous solutions have been found. The
results from the present method are compared in Table 4T-1. In
general the agreement with published data is satisfactory although
the data itself shows some scatter, for example case ( a ). Chen

and Pickett {R61{ report errors of 'considerable’ magnitude in a
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Table 4T-1

Comparison of Deflection Result for Cases

(vi),(vii),(viii), and (ix)

po =1, D=1, ro =1, V=0.3

Case Deflection Result Published Results
a 2.01442:10"3 at r=0.5 ° Maximum Deflection
(Bxtrapolated Value) 2.016x10™ r=0.485 {92}

2.023x10™> £=0.4859 |93}
2.020x107° r=0.486 {59}
2.07 x10™7 £=0.4915 }62]

2.14 x10™° 163}

b max=6.38x10"% (r=0.57)  7.1655x10~% r=0.594 {59

(8x8) mesh
c 2.14x10™° at 1=0.5 2.26%10™7 £=0.5 1634
(8x8) mesh
2.25¢107° £=0.5 {80}
4 1.40x10"° at r=0.5 1.45x10™2 £=0.5 {63}

(8x8) mesh
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number of previously published results.

Case x: A constant rigidity plate subjected to a uniform temperature
gradient deflects to a spherical shape. Fig 4F-22 sgshows the
geometry of a sector plate sﬁpported at three equally spaced points
P, Q, S. It-can be shown {RS52} that,

_ @AT
H . : E4-78

pe] B

where
H ‘is the plate thickness
AT is the tempreature gradient

From geometry (Fig 4F-22)

R = rgw E4-79
c
where | W, is the deflection at point C
at the center of PQS
or
, a AT rg ‘ .
or W = g , E4-80

From geometry r, = 0.57735 ( in the example ), and for

2
H=0.2; = 12x10"% ; AT=40

wc = 0.04
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The set up of the boundary conditions for the plate is shown
in Fig 4F-22c. The plate has free edges except at the three support
nodes. The support positions were chosen to allow the plate to bend
into a spherical shape. The numerical solution for a 7x7 grid gives
W=0.0398 at the node closest to the position C. A 9x9 grid gives
W=0.0399 at the node closest to C, yielding an error of 0.25%.
Circular contours _for deflection were obtained indicating a

spherical surface.

4.6 Conclusioms From Test Cases

The polynomial difference technique has been applied to a
variety of different cases and has been shown to give satisfactory
quantitativé and qualitative results for fhe thermal and elastic
deflection of sector shaped plétes. The method is easgily adaptable
to any co-ordinate system ( éartesion and polar used in 4.6 ). The
method can handlg relatively lengthy equations with relative ease,
since +the various terms can be processed iﬁaividually ( see
E4-25 ). Thus the possibility of an error in calculating a
coefficient is véstly reduced and is 1limited to defining +the
particular term in the equation. The method can handle any type of
boundary condition such as po;nt supports, edge supports or multiple
suppofts. Variable loading can also be handled. Since variable
rigidity terms are incorporated into the plate equations, this can
also be handled. Elastic supports are also easily incorporated.

The flexibility of defining the boundary conditions renders the



- 152 -

" method accessible to many other applications.

Applied to thrust pad bearings, the method can analyse the pad
deflections due to pressure and temperature variations in the
bearing ( see Chapters 5 and 6 ). Thrust pads may be supported
using a hardened steel button forming a 'ring’ support. Others are
'line' supported . Some 1large configurations use an elastic
foundation support for the pads. The deformation of the bearing
components has bYeen shown to be critical to bearing performance
( see introduction ). Comparison with finite difference and finite
 element techniques ( section 4.3 ) shows that the method combines

advantages of both.

4.7 Bumerical Comsideratioms.

Three main factors affect the success of a numerical soiution.
The length of the computer code, the computer storage requirements
of the program and the time in central processor seconds required
. for a solution. The present technique offers huge savings in Dboth
time and effort in oprogramming terms compared to the traditional
finite difference technique. For in the- finite difference
techﬁique, the molecule coefficients have to be manually set up in
finite difference terms ( as in the Reynolds equation - Chapter
2 ). Each boﬁndary condition will require a different set up
depending on the type of condition and its position of application

in the grid system.



- 153 -

Computer storage requirements may be minimised by using the
iterative proc:iedure. The direct matrix inversion method requires
( nxm )2 words ( where n is the number of grid positions in the
circumferential direction, and m for the radial direction ). For a
9x9 grid system 6561 words are required. For an 11x11, 14641 words
are required. In order to invert the matrix a Nottingham Algorithm
routine ( NAGFO4 AAF ) was used. This requires double the storage.
of the matrix to be inverted. - Hence for an 11x11 grid 29282 words
are required. The present system available at Imperial College
1imits storage to 100,000 octal - or 32,768 ( decimal ) words for
iterative use. For batch work ( non iterative ) a maximum of
100,000 ( decimal ) words is available. This allows a maximum grid
size of 15x15 %o be inverted. TFor larger grid sizes, the matrix may

be partitioned into four matrices, that is

0l .

(C ) = =1 2
¢, ¢

4/ ‘ E4-81

The inverse may be obtained from matrix algebra as {R68}:

F4-82



where

-1 -

Y, =(T -C, ¢, 63)1 E4-83
— =1 _ - _ =l _

Y, =-C; Cy ( C, -C3Cy Cyp) E4-84
_ =1 _ _ _ =l

Yo = =-C4 Cy4 (Cc; - Cz_ Cy c3) EF4-85
— - - 1 _ -1 |

Y, = ¢ C4 - C5 Cl C, ) E4-86

Thus, it is not actually neccessary to store the whole matrix
at the same time. The process involves file manipulation in order
to store the initial matrix, as well as its inverse (after the
required inversions have been performed to the submatrices.) More
efficient inversion routines are available for very large matrices
such as Cholesley's decomposition method ( not used ). A 9x9 grid
has been used for most test cases unless aspecified ( using
NAG - FO4AAF ). In general a seperate program is used to set up
matrix EL. The program is capable of inverting 5£ up to an 11x!1
grid size. A special £flag is wused to indicate for larger grid
sizes. This directs the program to save the EL onto a local file.
The matrix can then be read by another program at a later stage. A
second program was set up to read and invert a matrix for grids
13x13 and 15x15 ( in batch mode ). The inverted matrix X is in all
cases saved in permanent computer file ( physically on a magnetic
disc ) along with a header identifying the plate geometry, grid size
and boundary conditions. The file is ready to be read and directly
multplied with any stress vector required, yielding the plate

deflections.
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For grid sizes larger than 15x15 a third program has been set
up. It reads the matrix EL, partitions it and inverts it according
to equations E4-82 to E4-86. It then writes the matrix ii onto a

perménent file with the required header as in other methods.

The iterative method requires .25xmxn real stores. for the
computing coefficients ( using 5x5 molecules ). Thus a 35x35 grid
can be handled interactively. The main drawback is that the
solution of only one stress vector can be handled, whereas the
direct inversion method can handle any stress vector using one
inversion only. In addition, the iterative technique is very slow
to converge. As part of a larger program, this severely limits the
use of an iterative routine to handle the deflection of thrust
pads ( see Chapter 5 ). Nevertheless, the iterative routine has
been useful in confirming the direct méthod resulfs ( as in section

4.5 ) and in obtaining solutions for large grid siszes.

4.8 Drawtacks

The central processor time required for setting up matrix Ei
is greater than for a finite difference scheme, as it involves
inversion of the geometry matrices A. The program required to set
up Ei is necéssarily a seperate unit -~ from a computer storage
consideration. For multiple support systems, care has.to be taken
in choosing the number of nodes ( refer to case of beam supported af
five positions Fig 4F-5 ). A change in the size of a sector plate
( of the same geometry ) requires the set up of +two different

matriées ‘5- This is not the case for the method used by

L'



- 156 -

BEttles {R17{.

More efficient methods can be developed to invert the 1large

matrix EL' Cholesley's decomposition is very efficient numerically.

This is necessary for grids of 21x21 nodes or larger to make savings

on the enormous computer time required.

4.9 Other Hodes of Distorticom

So far, only bending deformation has been considered. Shear
deformation, direct thermal and. elastic compression,. as well as
fibre crushing constitute other modes investigated by Ettles and
Cameron {R41}. These can be taken as thick plate effects. For an
axisymmetric circular plate with a dutton support ( button support
radius/plate radius=1/3 ) and a conical pressure distribution,
Ettles and Cameron {R41} show that shear deflection is the most
influential thick plate factor ( apart from bending deflection ).
Comparison of theory and experiment shows reasonable agreement. The
thermal effects accounted for more than 90% of the total theoretical
distortion ( The bearing outer radius was 48 inches, the plate
thickness 7.125 inches ). Thus the effects of shear distortion,
direct thermal and elastic compression and fibre crushing cannot
account for more than 10% of the total distortion. The bearing size
-is typical of large thrust bearings used for waterwheel - generators.
In addition, +the simplifications required to incorporate the thick
plate effects intd the quasi—three—dimensionél variable thickness
plate theory questions the validity of the approach. It may be

better to solve for a fully three dimensional so0lid body. This
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latter approach is outside the bounds of the present work, and may
not be practicable for 1lubrication problems of this nature.
Robinson and Cameron }{R52f sblved the bendingldeflection of constant
thickness plates and included direct compresion and direct thermal
expansion effects. The effects of direct compression and direct
thermal expansion are different in sign, undermining both their
effects. For a pad operating at 1OMN/m2, an approximate temperature
difference across the pad of 10 deg C is typical. For gteel both
the deformationé are of the same order of magnitude. Lo et al {R64}
proposed a high-order theory of plate deformation which acounts for
the effects of +transverse shear deformation, +transverse normal
strain, and a non-linear distribution of the in-plane displacements.
It was found that when the ratio of the characteristic length éo;the
plate thickness 1is of the order of unity, lower order theories are
inadequate. The error involved in neglecting thick plate effects
increases rapidly bejond a ratio of 0.5 for 9plate
thickness/characteristic length. A ratio of 0.25 yields errors of
about 10%. Considering the accuracy of the numerical technique
presented, it is thought that the bending analysis ( both elastic
and thermal ) is on its own, sufficiently accurate - the neglect of
shear deflection being the major simplifiéation for large pivoted

pads.



- 158 -

CHAPTER 5

OVERALL NODEL AND PROGRAN

Introduction
5.1 Interface of Deflection
5.2 Viscosity-Temperature Relation
5.3 Turbulence and Inertia
5.4 Pivoting
5.5 Load,Flow and Power Loss
5.6 Overall Assembly

5.7 Relaxation Factors and Residuals
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Introduction

Chapters 2,3, and 4 described three basic components of an
overall model for thrust pad bearings. For a given pad/collar
geometry, a Llubricant film shape is obtained. The shape is
dependent on.pad deflection, too. The padA deflection depends on
elastic and thermal stresses in the pad which in turn depend on
three factors: the 1lubricant pressure forces; the temperature
distribution in +the pad; and the support method. The pressure an&
temperature distributions depend on the o0il flow in the film, which
in turn depends on the oil film shape. Hence, the solutions for
deflection, temperature and flow fields are coupled and must proceed

simultaneously.

The flow pattern also determines the rate of shear, and hence
the energy generation and the temperature distribution. In the oil
film, the viscosit& distribution ﬁill depend on +the ‘temperature
digtribution. The flow pattern is dependent on the viscosity and is

therefore also dependent on the température distribution.

For  tilting pad beariﬁgs a further condition must be
satisfied. For a free filting pad, the moments about the pivot are
Zero. Thus, the pad inclination has to be adjusted with respect to
the collar - by changing the basic geometry - in order  to satisfy
this latter condition. The moments about the pivot are dependent on

the pressure and shear forces exerted by the oil film.

In chapter 3, a detailed explanation of the solution for the
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temperature distribution has been given. Local flow, viscosity,
geometry and deflection are assumed input variables. The
temperature distribution in the pad, 0il film and collar can then be
obtained. The dependence of viscosity on temperature forms the link
between the solution for temp;rature and the subsequent flow pattern
found by a fresh solution for pressure. As well as a new viscosity
distribution, a new film shape can be obtained using the deflections
in the pad due to the pad temperature varigtions. These can be used
to determine +the ensuing flow pattern. At higher velocities,

turbulence becomes significant and is therefore included in the flow

model ( see section 5.3 .)

The path chosen to determine the overall converged solution is
important, since +the numerical technique can be unstable. A
component part of the overall solution, the solution of the energy
equation, uses an up-wind scheme }R16}. The solution stability is
greatly enhanced in return for neglecting "down-wind" effects - in
this case conduction within the o0il film in the direction of flow.
Even if all components of the overall solution show satisfactory

stability individually, their combination can still be unstable.

In fhis chapter, the incorporation of deflection into the
general model is presented. " The viscosity-temperature relation and
the turbulence model chosen are also given. The determination of
film shape and subsequent adjustments ( pivoting ) are given. The
method of obtaining wuseful bearing characteristics is detailed.

Pinally, a flow chart is given for the assemled model with
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references to the convergence tests performed to check the final

solution.

5.1 Interface of Deflection

In chapter a; two numerical methods have been presented for
the solution of pad deflection. The method of direct matrix
inversion has been shown to be advantageous in an overall solution.
For this method, a sepqrate program ( or programs ) is to be used to
set up matrix EL ( see chapter 4 ) and invert it, yielding matrix
ii. fi is then stored on a computer file for later‘use with a
suitable header referencing the geometry and boundary conditions.

Matrix ii can be used in conjunction with any stress vector to yield

the deflections as
Kby = ¥y, ES-1

This operation requires negligible computer time (cp timé )

a—

compared to the fime required to set.up or invert EL‘ Thus, once XL
is obtained for a particular geometry, it can be read in the main
bearing program and used ( as above ) as many times as is required.
In practice a further advantage concerning the minimising of storage
can be obtained. Only one row of matrix ii need be read and stored
‘at a time. This can be multiplied by EL to yield one element in
vgctor M. This can be repeated until all;gL‘is obtained, that is,
tﬁe vector of required deflections. Thus the computer‘ memory

available to the main bearing program can be more efficiently

allocated.
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The stress vector is composed of the right hand side of the
governing equation ( Appendix G ) at the nodes where it
applies ( that is, other than edge related and support nodes ).
This is composed of a pressure and derivatives of the thermal
moments. These are evaluated in the main frogram ( using the finite
difference technique - see Appendix B ) from the pressure and

temperature fields in core.

Once the deflections are obtained, they can be used to modify
the film shape. The angles of inclination of +the pad are
sufficiently small to allow direct addition of deflections to the
existing pad shape. Problems can arise in that a particular
combination of inclinations and deflection may appear to yield

negative film thicknesses. These will be dealt in section 5.4.

5.2 Viscosity-Temperature Relatiom

For each new temperature field in the o0il film the associated
viscosity field is updated according to the viscosity-temperature
relationship for the o0il. The new viscosity field can be used 1in
the Reynolds equation to modify the flow equations. Several
formulae exist to model the viscosity-temperature relation, and are
obtained by curve fitting experimental data {R3{. Vogel’'s formula
has been chosen as it is an accurate and suilable function for

computing. This can be given as

M4 = Kexp( b/ (1 +86)) E5-2
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where,

b, 8, K are o0il characteristic constants.

Since E5-2 contains three unknowns, three values of viscosity
at three different temperatures are required. Reynolds formula {R3}
requires only two values of viscosify and is easier to compute but

is less accurate and is only valid for small changes in temperature.

For cases where viscosities at only two temperatures are
available, the points are plotted on an ASTM chart for viscosity
versus temperature ( Fig 5F-1). The third value is chosen as the
midpoint of the line Jjoining the other two. If only one value is
available, a line is drawn through the point, parallel tq lines for

oils of similar behavior.

5.3 Turbulence and Inertia

In 1954, results of an experimental investigation {R69} showed
a critical Reynolds number ( pUh/@ ) of 600 at which a
laminar-turbulent transition took place. Several investigators
analysed the turbulence theoretiéall& and Taylor {R70} summariséd
the two most common theories. Both turbulence theories neglected
fluid inertia and temperature effects. Constantinescu;iR71§ studied

the contribution of thermal effects in the fluid film, and concluded
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that their effect on the flow pattern is diminished in the turbulent
regime compared to the laminar one. 1In 1973, Hirs {R72{ introduced
the bulk flow theory approach. Taylor and Dowson {R73{ gave an
excellent comparison of the three available methods. These were
namely: Constantinescu's mixing length model; Ng, Pan and Elrod
using the concept of eddy viscosity; and finally the bulk flow
adopted by Hirs. All +three depend on correlated experimental
measurements to determine equation constants. The form of Reynolds
equation used is that presented in /\rp A . The values of kx and
kz, the turbulence correction factors, are equal to 1 for the
laminar regime. In the values correlated by Hirs, they are allowed
to drop below 1 - which is physically not possible {R73}. Taylor
and bowson have argued that although Constantinescu's work is
pioneering, the ‘results of Ng, Pan and Elrod are accﬁrate. Thus‘the
formulae correlated by Ng, Pan and Elrod are used in the present

work, namely

k_=(12 + 0.0136 Re”*?) 42
kz =(12 + 0.0043 390'96)/11
T_ =1 + 0.00099 RO+ %

for Re =<10000

where ~Té is +the factor multiplying the Couette component of the

shear stress.

Ng, Pan and Elrod utilised the concept of eddy viscosity to
represent the turbulent stresses in terms of the mean velocity

gradient. In so doing Reichardt's formulation for eddy diffusivity
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was employed {R73}. Venkateswarlu et al iR?S} used the,Van Driest
damping parameter {R74{ to analyse the turbulent film. This is
backed by good agreement between theory and experiment. Inertia and
viscous terms were included in the model ( depending on their
importance ) forming different classes of solutions. This approach
is not directly amenable to use in the modification of the Reynolds
equatibn as presented in Chapter 2. For very large Reynolds numbers
the errors in previous methods become of the order of magnitude of
the characteristics required, especially the load capacity. In the
present work, the Reynolds nﬁmbers remain well below this level and

the theory proposed by Ng, Pan and Elrod is sufficiently accurate.

Burton et al {R76{ carried out an experimental investiéation
of turbulent film tilting pad bearings, including the measurement of
velocity profiles. Leading edge effects were shown %o have a
dominant role -~ but are still not properly understood. The pivot
position had a marked effect on the turbulence regime. In general,
little experimental evidence has been found to support a general
turbulence model. Thi; is a characteristic of the turbulence

phenomenon rather than a specific problem related to bearings.

In a recent publication, Pinkus and Lund {R77{ considered
centrifugal effects in thrust bearing pads. Generally undesirable
properities such as cavitation ( scavenging ) at the fad inner
radius and hence a lower load capacity and higher temperatures

‘ %
result. This effect is significant near Re =1( or above ),

»
where Re = Rei hZ/Rout
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and Rei = PRout£2h24uinlet

h2 = film thickness at midpoint

of film trailing edge

The effect i3 enhanced by larger pad angles. For a pad angle
1
*
of 40 degrees a 20% reduction in load capacity results at BRe =t1.
The reduction becomes 50% for a pad angle of 90 degrees{ Radial

taper ( Oh / Or negative ) is suggested as a possible cure for

centrifugal effects.

5.4 Pivotimz

Chapter 2, section 2.2 mentioned briefly one aspect of
pivoting. In this section the relationship between inclination,

deflection and film shape is discussed.

Fig 5F-2 shows the pivoting cod-ordinates X, Y. X is the line
through the bearing as well as the pivot point. 7 is perpendicular
to X, and passes through the piv§t point, too. Two angles may be
defined. @& is the inclination of the ¥ axis with respect to the
collar ?lane. It is positive if the trailing edge is above the
leading edge along the 7T axis. Similarly, angle (@ 1is the
inclination of the X -axis, and is positive if the outer edge is
higher than the inner edge ( at inner radius ). For a plané pad the
film thickness is defined as:

hp = sin(( r cos (9 - Bpiv") = Tpiv )

+ sina( r sin (@ - Biv))+h

p piv



NS NSRS runner

Figure 5F-2 - Pivoting Co-ordinates
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If positive pressures acting on the pad surface produce

positive deflections, the film thickness is written,

This is justified since the deflections are small compared to
the pad geometry. If the pad is crowned, a two-dimensional
quadratic is used to represent the crown in the oil film shape ( a

close approximation for the small crowns involved {R441 ).

- r

] 6- 0,
h=hp+w+(1-(;——-———m7)2)(1-(—ﬂﬂ')2

m ~ i Opiv

or h = hp f w o+ f(Cr)

_ "o i
where rhl s

When used in the bearing program, h is evaluated from thé
above expression. The input values are the maximum crown
height ( Cr ), the inclination angles> and and the film thickness
at the pivot point ( excluding distortion at the pivot position;
for example, for a button supéort the centre of the button may

deflect although the moments about it are zero ). If undefined, the

) C.
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radial pivot position is chosen so as to produce zero moment about

the Y axis - for a uniformly loaded pad:

) sin ( 9., )

sin ( AP - epiv piv )

3
1
7 ) ( AD
i

The film shape assumed at the start of the bearing program
reflects the initial condition for the Reynolds equation. (P is set
to zero, whilst is set to give a 2:1 film thickness ratio

{ inlet:outlet ) along the X axis:

= ain—1 _
a@ = sin ~ ( —

pi

piv
v ( sin ( @

)))

piv ) + 2 sin ( AP{- Gpiv

The pressure distribution is evaluated using the first film shape.

The moments about the pivot are evaluated for +the X and Y
axes. These consist of moments due to the pressure field as well as
moments due to the o0il shear force acting at the pad/oil
interface ( see Fig 5F-2 ). The changes in angles of inclination
required‘depend on inlet/outlet film thickness ratios as well as the
position of zZero moments. The method of correcting
inclinations ( in an effort to bring the centre of presssure closer
to the actual pivot positioﬁ ) has been described in Chapter 2

section 2.7. The measure of inclination ( Xinc ) is taken as. the
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inlet/putlet film thickness ratio. In‘ the ciréumferential
direction, the inlet film thickness is taken as the middle node
A ( see TFig S5F-3 ), whilst the outlet film thickness is taken at
node B. Similarly in the radial direction, nodes C and D are
used ( Fig 5F-3 ). The advantage of applying chahges in this manner
is  threefold. The film <thickness ratio takes into account
deflection and crowning. Secondly, it is easier to avoid negative
film thicknesses, for if angles are used, it is possiblle that large
angular changes result in negative film thickness, ( Fig S5F-4 ).
Thirdly, a more positive response is obtained at 1low inlet/outlet
ratios =~ suitable at low loads. A more sensitive approach can
involve the maximum and minimum film thicknesses to correct the tilt

- especially when deflections are very large.

The technique described is further modified for 'fine tuning'
Qf the centre of pressure. Once the distance of the centre of
pressure from the actual pivot position is less than 1% of a typical
pad dimension, pivoting is enhanced by a further stage of

corrections (In +the radial direction R R, is used as the pad

out™ in

dimension,Rme a is used in the circumferential direction ). The

pad
first' stage 1is to use the technique already mentioned. The second
is to use the changed angles & and (D rather than film thickness
ratios in the second corrgction“ Both stages lead to a more fapid
correction whilst the riék of a negative film thickness is vastly

reduced as convergence to 1% of a typical pad dimension has already

been obtained.
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5.5 Loed, Flow and Power Loms:s

5.5.1 Load

The load is evaluated as follows:

ro AP
W = f f pr 60 or
ri 0

Simpson's numerical integration technique is applied to solve
the double integral. The average pressure is obtained by dividing

the load over the pad area.
5.5.2 Flow

The radial and. tangential flows are expressed:
h
. = / Cj)' vr dz 4de

X, h
dg = f({ u dz dr
i

or
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See Appendix A for definition of 1“1 and Fz.

Four flows are evaluated, namely U 4 Iy 4g at the pad

‘edges ( see Fig 5F-3 ). is the inlet o0il flow to the pad. The

Ly
calculated flows only represent quantities pertaining +to the oil
film ( the total bearing flow can be regulated ). Again Simpson's

technique is used to numerically integrate the flows.

5.5.3 Power Loss:

Bearing power loss includes energy used in heating the oil,
energy loss in churning between pads and energy loss due to
conduction. The first is termed convective loss. Conduction from

the 0il film is mainly through the pad and collar.

The energy lost in conduction or the heat flux from oil to pad
and collar is calculated for the purpose of the energy
model ( Chapter 3 ). A summation of the flux from oil to pad yields
the heat lost due %o conduction through the pad. Siﬁilarly a
summation of heat flux from o0il to collar yields the heat lost by
conduction through the collar. The total rate of work done on the
film is equal to the sum of the shear forces/unit length multiplied
by the surface velocity of the rotor. VThis is conaverted to
convective and conductive energy as well as flow work. The flow
work terms are small, Thus the convection may be approximated
as: 'Convection énergy»loss= Total energy due to shear stress at

collar wall - Conduction Loss due to collar - Conduction Loss due to
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pad’

The energy due to churning cannot be accurately evaluated
unless a separate numerical model is wused for the flow in the
groove. Ettles |[R28{ has modelled flow in a typical groove, and a

vortex flow is shown to be dominant.

5.6 Overmll Assembly

A flow chart of program layout is given in Figs 5F-5 and 5F-6.
The flow chart is mapped by five areas describing the main program
functions. Area 1 is termed the Initialisatidn section. Area 2
shows the energy evaluation section. Area 3 is the deflection
evaluation and final checks section. Area 4 shows the flow
evaluation and balancing section. Area 5 represents the final
printout section and +the resetting of a new pivot film thickness

value.

In the initialisation stage, a choice 1is available as to
whether to start a fresh rﬁn or to read the last stage of a previous
solution. In both cases the geometry is read from local file TAPE1.
TAPE1 has to be produced by the deflection program ( see Chapter 4 -
gsection 4.7 ) and inclﬁdes the mesh distribution, as well as the
inverse matrix ii. At this stage the necessary data is fead and
TAPE1 réwound - ready for further reading later. For a fresh start,
the input conditions include 0il bath temperature, number of pads,
crown, the pivot film thickness, the angular velocity and the ratio

of collar/pad thickness. If a continuation is specified the new
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pivot film thickness and angular velocity are required. An
allowance has also been made for varying the surface heat transfer
‘coefficients as a function of input velocity if  required.
Parameters constant throughout the program run are evaluated at this
stage. An output of the initial situation and input values is also
given. The deflections due to the current temperature and pressure
fields are evaluated. This requires reading the rows of matrix ii
from TAPEZ2, one by one, and multiplying by the stress vector. In
gsetting up the stress vector, +the information available on the
header of TAPE2 is used to identify the various governing -equation

nodes. The film shape is then evaluated using the initial angles of

inclination ( see section 5.4 ).

Area 4 1is detailed in Fig S5F-6. Counter 4 is initialised to
zero on entry to this area. It is used to check for the convergence
of the pivoting model. The pressures are evaluated as described in
Chapter 2. A mean absolute weighted residual ( MAWR ) of 1x10-7 has
been chosen to check convergence of succesive pressure
fields ( Convergence criteria will 'be discussed in a later
gection ). The load is subsequently evaluated ( see section 5.5 ).
Next, the position of centre of pressure relative ‘to the ~pivot
position is found ( see section 5.4 ). At this stage one problem
may arise ( not necessarily in the first loop round the  system ).
If the 1load is found %o be zero, then a hydrodynamic film has not
been formed. This can be produced for a parallel or diverging wedge
film shape especially at low loads. Counter 4 is set to -1 and the

position of centre of pressure is artifically readjusted to cause a
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converging wedge ( when new film thickness is evaluated. ) If the
displacement of centre of pressure from the pivot position is less
than 0.5% of a typical pad dimension ( see section 5.4 ); counter 4
is réset to zero - showing that the pivoting routine has converged.
If a positive load is found, counter 4 is incremented by +1,
indicating a pivoting loop. A check for the displacement of centre
of pressure from +the pivot position is made as Dbefore. If
convergence has been ‘attained counter 4 is reset to zero. Table

5T-1 summarises the significance of counter 4.

Table 5T-1 Pivoting Counter 4

Counter 4= 0 convergence has been attained

Counter = -1 - zero load and no convergence - set
a éonyergiﬁg film shape

Counter >= 1 No convergence - MP indicates

number of pivoting loops

Question box Q1 ( see Fig 5F-6 ) checks for pivoting
convergence as well as the maximum number of allowed pivoting loops.
A maximum of 20 loops is usually allowed. Either condition will
cause an exit from the pivoting routine and the conditions of exit
are printed in the output. If both are not satisfied, a counter 'S5
is set to zero. At point 11 in the flow chart it is incremented by
+1. This counter records the number of loops required to obtain a
positive f£ilm thickness at all nodes. Next, the pivot angles are

adjusted as described in section 5.4. The new film thickness is
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evaluated and FLAG2 set te‘zero.'.If the film thickness at any node
is negative, FLAG2 is set to +1. At box Q2 a check is made for
counter 5. If it exceeds 9, the whole program is stopped at this
point indicating the film shape - condition. This condition is
encountered for large changes in the pivot film thickness, requiring
very large changes in the angles of inclination. It can be avoided
by limiting the step size in varying the pivot film thickness” ( and
hence the load. ) For the condition where counter 5 is less than 10
a check is made in question box Q3 as to whether the film thickness
is all positive.If it is (FLAG2=0), the program returns to point 10,
where another solution of the Reynolds equation is carried out, and
SO on. If +the film shape includes negative film thicknesses, the
magnitude of the angle of inclination circumferentially is
multiplied by a factor of 0.8 - reducing the inclination and,
therefore, reducing or eliminating the negative film thicknesses.
The program returns to point 11, at which counter 5 is incremented
by +1 and a new film shape evaluated. Thus, thé only exit position
for the pressure solution and balancing ( Area 4 ) is question box

Qt.

Area 2 concerns the splution of the energy equation in the
pad, runner -and oil film. .The total energy equation solution has
been dealt with in chapter 3. On entry, counter 1 is incremented by
+1, indicating a further energy balance loop. The energy equation
constants” which depend on flow are evaluated. Counter 3 is set to
zero, indicating a fresh energy loop. At point 2, the o0il midplane

temperature is evaluated. The fluxes at the oil/pad and oil/collar
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interfaces are used to determine the new temperature fields in ﬁad
and collar. Counter 3 is incremented by +! to indicate a full loop
through the energy routines. An underrelaxation factor set at 0.7
initially is used in evaluating the 0il mid plane temperatures ( see
Fig3-7,Chapter3 ). If +the number of iterations>exceeds a limit of
50 loops, the relaxation factqr is modified by a factor of 0.8. The
fluxes used for the conduction to pad and collar may initially
produce large temperature gradients across the pad and collar. This
has a destabilising effect on the total energy equation solution,
since the 0il film boundary conditions are fixed bj the conduction
routines ( in pad and collar ) - see Chapter 3. Thus, an
underrelaxation factor of 0.05 has been found necessary to establish
stability ( Fig3F-16 Chapter 3 ) between successive temperature
fields at +the film upper and lower boundaries. The mean absolute
weighted residual ( MAWR ) between successive temperature fields is
calculated before the underrelaxation is applied. Question box Q4
checks for MAWR between successive interface ( o0il/solid ) fields.
If MAWR is greater than 0.01 , another loop is commenced at point 2
unless the maximum number of iteration; for the total energy ;100p
has been reached ( set usually at 6 iterations ). In the latter
case the FLAG is set to zero to indicate incomplete convergence or
outright divergence. If convergence is obtained a check is made for
counter 3. Question box Q5 is used to have two compulsbry loops for
the +total energy equation, for every entry into area 2. Next, the
viscosity field is updated to match the new oil film tempef;tures

( see section 5.2 ). Thus, on exit from Area 2, Flag determines
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convergence ( +1 for converged solution, O for non convergence ).

In Area 3, the pad deflections are evaluated for thg new
pressure and temperature fields ( see section 5.1 ). The new film
thicknesses are evaluated using an underrelaxation factor initially
set at 1. Next, a check is made for counter 1 ( which is never
reset ). If it is the first 1loop through the program, another
mandatory loop is required to ensure that deflection and energy play
a full role in the convergence of the equations. The MAWR for
successive film thicknesses is evaluated. Counter 2 is incremented
by +1 +to indicate a total loop through all equations. A check is
then made for MAWR of film shape Jjust calculated. If convergence
has not‘ been satisfied ( residual less than 0.01 ) and the maximum
number of iterations not reached . ( usually 10 );' another total
program loop is restarted at point 1. If FLAG 1is .zero, the
deflection underrelaxation factor is multuplied by 0.9 to damp out
divergence caused by large deflections. In question box 6, a check
is made for the convergence of the energy equations. This is
necessary since the successive film thickness values can appear to
have converged before convergence for the total energy system 1is
reached. If FLAG has a value of zero, the maximum number of
iterations through all equations ( that is for counter 2 ) is
doubled to allow for the slower energy routine convergence - and
another loop is commenced at point 1. Hence on exit from Area 3,
either a totally converged solution, or a partially converged
solution results. Special warnings are output to show whether the

pivoting, energy and film thickness have converged.



- 183 -

In Area 5, the results of the previous program loop ( for a
particular film thickness and speed ) are output. The pressure,
temperature, and film thickness distribution are printed. The
bearing load, flow and power loss are alse printed. All oprogranm
values necess;ry for a further progrém loop are written on TAPE
2 ( a local file ) after rewinding of the TAPE. Thus, only the last

set of values are kept on TAPE 2 for reasons of economy.

At this stage, another pivot film +thickness and angular
velocity may be chosen. L is incremented by +1 to indicate a new
input condition. A maximum of 15 values are set to limit the number

of output lines.

5.7 Relaxtiom Factors amd Residu=ls

The choice of relaxation factors and residuals ( MAWRs )
affects the speed of execution of the total bearing program. The
bearing program is composed of a series of iterative loops.
Fig 5F-7 is a schematic diagram of the main program 100ps.. Some
loops may be in parallel - as for loops 2b and 2e. Some may be in
series as for loops 1 and 2. A loop may be within another loop: -
loop 2a within loop 2, and 1loop ta within 1loop 1. Brazier's
optimization method has been shown to -‘be very effiqientv in
determining relaxation factors - Chapter 2. A MAWR smaller than
1x10™% is satisfactory for obtaining a stable pressure field. In
' order to have the accuracy required for the pivoting(duter) loop a
value of 1:@:10-6 is required. A value of 11:10-7 is used as all other

loops depend on the accuracy of the pressure field. The method of
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pivoting has already been described ( section 5.4 ). The accuracy
of the position of the centre of pressure is required to be less
than 0.005 of a typical pad dimension in both the X and Y
co-ordinates ( refer to S5F-2 ). This ensured an. accuracy of better

than 1% for the total load over the runs mads.

Loops 2a, 2b and 2¢c have a maximum acceptable MAWR of 11:10-3

for the field changes. The outer loop 2 requires a MAWR of 0.01, an
order of magnitude greater <than for the inner loops. This setup
makes a significant reduction in computer . time compared to a

3

constant value of 1x10 ° for loop 2. The overall accuracy is 0.01
or 1%, whilst truncation error effects are eliminated due to the
more accurate inner loops. The new solid/oil film interface
temperature fields are underrelaxed by a factor of 0.05. This is a

source of delay in the initial program run loops, but nevertheless

necessary ( see Chapter 3 ).

In loop 3 the residual ( MAWR ) for sucessive deflection
fields is set not to exceed 0.01. Thus two checks are performed
concerning the o0il film shape: the first in the pivoting loop 1 and

the second in loop 3.

Loop 4 1is conditional for the case where the energy equation
has not converged. An underrelaxation factor of 0.9x 0ld relaxation
factor is used for loop 3. This is designed to combat thev thermal
ratcheting effect which occurs for heavily loaded bearings where a
noﬁ-convergent oscillation of the temperature and deflection is éet

in motion. Since the temperature loops are already underrelaxed,



- 186 -

successive deflection fields are also subjected to underrelaxation

to overcome this problem.

Fig 5F-8 shows the progress of a typical thrust pad bearing
solution. The Y-axis scale represents [3y[ only. Curves for the
temperature and pressure at the pad midpoint are superimposed ( with
different scales on the Y axis ). It can be seen that the effect of
a new temperature value is strongly reflected in both the pressure
and pivot position solution. The peaks are seen to shrink rapidly,
the préssure and centre of pressure both reinforcing each others

convergence.

In Fig 5SF-9 |8y| is plotted versus I8! for the same case as
in Fig 5F-8. It can be seen that the pivoting technique suceeds in
drawing the centre of pressure; toﬁards the pivot position. For
preliminary program runs, the same pivot film thickness and speed
are input successively to ensure that the bearing characteristics
are evaluated correctly and to the required accuracy. The
difference for load capacity never exceeded 0.5%, whilst maximum
bearing temperature was accurate to 0.1%. A typical bearing run
requires 800 central processor ( CP ) seconds on a CDC-6500
machine. This is approximately equivalent to 200 CP seconds for a
CDC-7600 machine. The run produces the bearing characteristics for
15 load conditions governed by the input angular velocity and pivot
film thickness. The progam may be run iteratively at a terminal or
sent as  a Dbatch job. The central memory storage required for

compilation ( using the MNFS ICCC compiler ) is less than 24,500
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words. To load and execute the program requires 30,000 words. A
seperate program was written to process the results on TAPE 2 for
contouring the temperatures, pressures and film thicknesses ( see

Chapter 6 for results ).
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CHAPTER 6

CORPARISON BETWEEN THECRY AND EXPERTNENT

Introduction

6.1.1 Case 1 - Large Thrust Bearing
6.1.2 Numerical Model~

6.1.3 Analysis of Results

6.2.1 Case 2 - Medium Thrust Bearing
6.2.2 Numerical Model

6.2.3 Analysis of Results

6.3.1 Cage 3 - Small‘Thrust Bearing
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6.3.3 Results and Analysis

6.4 Concluding Remarks
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Imtroduction

The previous four chapters have dealt with the numerical
modelling of tilting thrust pad Dbearings. The wvalidity of the
present model as a whole can only be verified by comparison with
experimental results. Tests have been performed for individual
parts of the model ( see chapters 2,3 and 4 ), but these are not

sufficient to guarantee a good overall model.

Three test cases have been chosen. The first concerns a large
tilting thrust Yvearing typical of the 1iype ﬁsed for 1large
hydroelectric generators. The second is medium sigzed, typical of
marine thrust bearings. The third is a small bearing size, typical
of the high angular velocity small rotor applications. These three
test cases span across the tilting thrust bearing size range and

therefore present good check for the model used.

6.1.1 Case 1 - Large Thrust Bearimg

The  experimental results - have beeg accessed through an
internal company report {R79f{. The basic bearing specifications are
listed in Table 6T-1. Thé bearing is composed of ten equally spaced
pads. The basic pad geometry is shown in Fig 6F-1. The  pads are
individually supported by centrally relieved buttons. They were
designed to controi the amountvof pad deflection and to provide some
flexibility in the bearing, thus equalising the individual IOads on
the pads. Extensive temperature measurements vin the pads were

carried out. The thermocouple installation and positions for all
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Table 6T-1 ( Case 1)

Pad Angle

Inner Radius ( Ri )

Outer Radius ( Ro )

Number of Pads

Pad Thickness - min
- max

Pivot Position

radius
circumferential at O

Angular velocity

0il Viscosity

Bath Temperature

Pad Material

29.5 degrees
0.7493 m
1.4732 m

10

0.0762 m

0.2032 m

1.151 m

16.05 degrees

85.7 rpm

625 SSU at 100 deg F

169 SSU at 150 deg F (interpolated) "
210 SSU at 210 deg F (interpolated)
48 deg C

STEEL

(Values Constant Throughout)

0il Density

0il Conductivity
0il Specific Heat
Steel Conductivity
Steel Coefficient
of Linear Expansion

Poisson's Ratio

899 ‘ke/m’
0.15 J/m s deg C
1880 J/kg s deg C

45 J/kg s deg C

1.1x10™°

0.3
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ten pads of the bearing are shown in Fig 6F-1. The thermocouples
along the inlet edges of the pad were very close to the working
surface whereas the remaining thermocouples were approximately 13 mm
from the surface. At four positions on one of the pads,
thermocouples were installed on the ba;kface as well as 13 mm from
the working surface. By assuming a parabolic 1law for the
temperature profile across the pad thickness, it has been possible

to obtain values for the surface temperatures.

During start up, +the bearing is hydraulically jacked via a
jacking o0il groove in the pad féce ( see Fig 6F-1 ). During
operation, the jacking oil supply is shut off and a pressure gauge
installed to measure the 0il film pressure immediately in front of
the thrust pad in the jacking pipeline, with the jacking pump
switched off. The oil bath temperature was kept constant at 48

deg C.

f$.1.2 FNunerical Nodel

Since the pads are not centrally pivoted, the grid spacings
were varied to accomodate the support shape ( a circular ring ) as
closely as poséible. Fig 6F-2 shows a plan of the pad with the grid
superimposed. Alsc shown are the support nodes chosen as the nodes
closest to the ring support. The boundary conditions used - for the
padA deflection are also shown. These include free pad edges and
corners. At the support positions, no allowance has been made for
the pivot elasticity. At the corners, the shear forces produced by

the torsional moments ( Mx Myx ) are additive IR80f{. A net force

y’
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( = 2Mxy ) is thus produced at the cormers and must be set to zero

in a free corner case.

In order to estimate the surface heat transfer coefficient at
the backface of the pads, the oil bath temperature has been used as

the 'free' stream temperature. Thus,

Tourface = Tpad )

@ { Thath ~ Tsurface ) =k depth
where T is the backface temperature
surface.
Tpad is the temperature at a location
near the pad working surface
depth is the‘distance from the backface
to the location of T
pad
k is the conductivity of the pad
(81 is the surface heat transfer coefficient

From the temperature measurements, a surface heat transfer
coefficient of between 200 to 450 J/mzs deg C could be obtained
depending on loading and location in thé pad. Since the temperature
profile is expected to be quadratic, the higher values are used, as
the true surface gradients are likely to be steeper than in a linear
profile ( Fig 6F-3 ). A value of 450 J/mzs deg C has been used in

this case.

The pad thickness varies between a minimum of 0.0762 +to a
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ﬁaximum of 0.2032m. A 9X9 grid cannot reflect the abrupt changes in
rad thickness in detail. Thus an average value of 0.127 has been‘
used. The collar thickness has been taken to be twice the pad

thickness.

6-1.37 Amalysis of Results

Fig 6F-4 shows a graph of maximum pad surface temperature
versus load. Another curve is plotted for +the 1leading edge
temperature  versus load. Since  the bearing supports a
turbo-generator, an initial load of 16.2 bars represents the weight
of the moving parts. An additional thrust is exerted by‘the water
flow in the turbine which can be regulated to produce the different
loading conditions. Both curves éhow a discrepancy in the range
0 - 3 deg C between the mcdelvand experiment. In numerical %erms,
this is considered satisfactory. The agreement between the
experimental results and the numerical model is improved at the
higher 1loadings. A maximum test load of 40 bars produced a maximum
pad temperature of 90 deg C, compared to a value of 88.5 deg C for

" the present model.

In Fig 6F~5 experimental and +theoretical contour plots for
temperature are presented at the pad/oil interface. It should Dbe
noted that the éxperimental contours for the pad surface have been
interpolated and are likely to be lower than the true values ( see
Section 6.1.2 ). The shape of +the temperature contours is very

similar. The position of the maximum  temperature is also

approximately  the same -~ a small distance from the +trailing
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edge,( close to the "75-75" position ). The inclusion of the
conduction model for the pad is thought to be primarily responsible.
If conduction is neglected, the pos%ﬁion of the theoretical maximunm
temperature will be at the pa€723§£ " as there is no path for the

heat generated to escape from the oil film.

Figs. 6F-6a, b, ¢, and d summarise the theoretical
' characteristics for the pads. At a total bearing load of 16 MN
( approximately 40 bars ), the minimum film thickness approaches
( Fig 6F-6b ) 30 microns. This necessitates an average surface
roughness less than 2 microns {R81,R3f{. The ratic of maximum to
minimum film thickness increases from 2 at 10 bars to 4 at 40 bars.
The total oil film energy loss increases as the load is increased.
The energy loss in the oil film may be divided into four components:
conduction to the pad; conduction to the runnerf convection of the

-

heat in the o0il; and flow work. ’
/
The flow work term is very small ( as mentioned in chapter
5 .) The ratio of heat conducted to heat convected increases from 1
to 3 over the range 10 - 40 " bars. In fact the amount of heat
convected decreases. This casts doubts over the previous methods
that lack a conduction model +to both the pad and runner
{R16,R24,R26,R43,R17{ and to their ability to correctly predict the
0il film temperatures. TFig 6F-6d shows a sizeable decrease in the
amount of oil entering the film leading edge as the load is
increased. 1In confrast, the amount of heat conveéted shows only a

small decrease ( approx. 20% ). This is reflected as an increase
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in the o0il film temperatures.:

Fig 6F-Ta shows a contour map of theoretical film thickness
values, non-dimensionalised with respect to the undistorted pivot
film thickmess ( hpiv ). All values in Fig 6F-7 relate. to the 40
bar load case. The pad deflected shape is shown in Fig 6F-Tf with
thebsupport positions superimposed. Contours of pressure ( 6F-7b )
show a small cavitated area at the trailing edge. The position of
Tmax'closely corresponds with the position of minimum film thickness
( Fig 6F-Ta,c ) both radially and circumferentially. The
temperature distribution in the collarb has a maximum value that
falls directly above the maximum pad temperature ( in 'the radial
direction ). The values of the maximum temperatures in the pad and
collar are within 5 deg C. This suggests that the amount of

conduction to the pad is very similar to that in the rotor. This is

confirmed in Fig 6F-6¢.

Fig 6F-8 shows three dimensional surface contours of
temperature in the pad, 0il film and the collar when viewed from the
same relative position. The o0il film thickness variation has been
omitted, and +the pad width used as a film thickness in order to
illustrate>the temperature variations in the 2z direction. Also
shown 1is the deflected shape for the pad. The pad contours show a
high intensity - reflecting a high temperature gradient - in the z
direction compared with the 1lateral directions r, © . This
indicates that conduction across the péd accounts for most of the

heat conducted via the pad. Fig 6F-9 shows radial sections of the
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pad, 0il film and collar views in Fig 6F-8 ( the section is taken at
0 = epiv ). The variation in pad contour density further supports

the latter point.

The collar temperature contours remain the same for both views
in Figs. 6F-8 and 6F-9 representing an  axisymetrical
distribution - an inherent feature of the present model. In
Fig 6F-8, the oil film temperature distributions reveal a hot inner
core, relatively symmetrical about the film mid-plane in the radial
direction. The o0il film thickness is 3 - 4 orders of magnitude
smaller than other pad dimensions, and thus sharp temperaturs
gradients result. In Fig 6F-10, temperature contours for vertical
circumferential sections are shown at the inner, outer and mean
radii. The o0il film contours were plotted at 1 deg C iﬁtervals.
Except for the inner radius section, the inlet o0il <temperature is
lower than the collar temperature ( for any circumferential position
along a radial section ).. At inlet, the contours are equally
spaced, confirming the linear inlet temperature profile -assumption.
The contours close to the rotor surface are straight and parallei to
it. The differences in the shape of the temperature distribution at
the inner radius, compared to the mean and outer radial sections, is
a consequence of the boundary conditions imposed. At the inmer
radius the runner tempefature is fixed equal to the oil bath
temperature ( see Chapter 3, section 3.3.3 ). At other radii the
runner temperature is determined by the heat balance equations.
Hence, a temperature increase at the collar inner radius is not

allowed. The oil temperature at inlet cannot be lower than the bath
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temperature, resulting in the absence of a c¢ool entry region
( relative to the collar ). Ettles {R31} has shown the presence of
'a cool entry region' for the assumption of a 1linear temperature
inlet profile ( shown here for mean and outer radius ). Others, who
neglected tempégatufe variations in the z-axis or assumed a Eonstant
inlet temperature {R25,R40,R10,R52,R82,R13,R14,R83} thereby
neglected the ‘'cool inlet region' and all resulting temperatures are
greater than the runner temperature. The effect of 'neglecting
temperature variation ( hence viscosity Qariation ) at the inlet has
been considered by ©Neal (R211}. Neal showed that variation of
viscosity through the film thickness at inlet has a marked influence
on the total quantity of lubricant drawn into the film and an even
greater influence upon the pressure generated within the film. Most

affected by the inlet temperature variation was +the operating

temperature. The relationship has been previously discussed above.

6.2.1 Case 2 - Hedium Thrust Bearimg

Tests conducted at thei sea on the main propulsion thrust
bearings of the destroyer USS Barry were reported by Elwell et al
{R84}. The main bearing specifications are listed in Table 6T-2.
The bearing consists of eight centrally pivoted pads. ‘Temperature
measurements were made at several locations in the pad including the
pad centre. Measurements of oil groove temperatures were made using
thermocouples of the same rtype as for the pad ( copper -

constantan ). In addition film thickness measurements were carried

out using two different systems - independant to each other. The
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Table 6T7-2 { Case 2 )

Pad Angle 38.25 degrees
Inner Radius (Ri) 0.2096 n
Outer Radius (Ro) 0.3937 m
Number of Pads 8
Pad Thickness - min 0.023 m
- max 0.057 m
Pivot Position centrally pivoted
0il Viscosity 460 SUS at 100 deg F

121 SUS at 150 deg F
55.4 SUS at 210 deg F
Bath Temperature 38 deg C

Material STEEL

Table 6T-3 ( Case 2 )

Load-Speed Relationship
Speed (rpm) Unit Lbading (psi)
100 50
200 205

300 495




- 21 -

first was a mutual inductance system which relies on the runner
magnetic properties. The second is a capacitance systeﬁ sensitive
to the o0il condition in the film. Overall accuracy of the film
thickness measurements was estimated at + 5 microns. 1In the present
work, comparison is made with steady runs in smooth-water trials of
USS Barry ( as inaccuracies have been reported in rough water
measurements ). ¥Film thickness . measurements were carried out for
two shoes ( pads ). Comparison is limited to shoe number one {R84}

with an initial maximum crown of 10 microns.

The speed 1load characteristic is given in Table 6T-3. The
bath temperatures varied between 96 - 109 deg F ( 35.6 - 42.8
deg C ). For simplicity a value of 100.4 deg F ( 38 deg C) is taken

as the steady bath temperature.

6.2.2 Humerical FHodel

Since the pads are centrally pivoted, a regular grid has been
used ( see Fig 6F-11 ). For deflection the same boundary conditions

apply as in Case 1.

The surface heat transfer coefficient values were obtained
from thermocouple locations as described for Case 1; The values are
expected to be more accurate since temperature measurements were
nade at the pad/oil interface using thermoéouple leads machihéd
flush with +the working surface. Fig 6F-12 shows a correlation'
between the surface heat transfer coefficient and rotational speed

( hence the 1load ). It appears that at low speeds ( less than 10
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rad/sec ) a negative éurféce heat transfer  'results. This is not
possible and the coefficient values are expected to have a minimum
positive value representing free convection. However since the
region of interest lies above the speed of 10 rad/sec. This'

correlation yields
Q= 162 + 16.2(0 for (2>10 rad/sec

The correlated values for & are obtained using the method outlined

in Section 6.1.2.

Elwell et al |{R84} gave details of +the pad thickness
variations. Again for a 9X9 grid it was not possible to include
them ( unless the changes were smooth ).‘ The maximum thickness was
2.2% inches ( 0.0%715 m ) and the'minimﬁm value was 0.775 inches
{ 0.019685 m ). The average value was 1.5 inch;s ( 0.0381 m ), and
was used as the pad thickness in the model. The collar thickness

was assumed to be twice that of the pad.

6.2.3 Amalysis of Results

Fig 6F-13 shows the film thickness variation with load at the
pad centre. At 35 bars a difference of 5 microns ( 1/4 thou )
exists between theory and measurement.. As the load decreases, the
gap widens to 15 ﬁicrons, Avdiffereﬁce of 5 microns is acdeptable
on %he basis of the experimeﬁtal errors reported. Thus a maximum
film thickness error of 15% results for the low load. The
temperature at pad centre 1is also plotted versus the 1load

( Fig 6F-13 .) A consistent gap of 7 deg F ( approx. 4 deg C ) is
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shown for the entire load range. TFortunately, the analysis renders

a higher temperature than measured and is therefore conservative.

Contours of predicted pressure predictions are shown in
Fig 6F-14b. Film thickness contours are shown in Fig 6F-14a. The
radial position of +the minimum film thickness corresponds to the
position of maximum temperature in both pad/oil and pad/runner
interfaces ( Fig 6F;14c, d ). This is not the case when the
circunferential position is considered. The hot core region on the
pad surface ( over 70 deg C ) is circumferentially extended compared
to the previous case. This may be partly due to the larger pad
angle subtended. The film thickness pattern shows bending of the
pad into a spherical shape, typical of a uniform plate with a
constant temperature gradient across its thickness. Again this
shows a marked contrast when compared to the film thicknéss pattegn
for the 1larger bearing in Case 1. The deflection pattern
( Fig 6F-14f ) confirms +this ( also refer to Fig 6F-7a, f ).
Fig 6F-15 shows fhree-dimensional surface temperature contours
similar to those in FigVGF-S. Two important differences may be
observed. Firstly, the position of o0il maximum temperature has
moved radially outwards ( that is nearer the outer radius ).
Secondly, that conduction along the pad ( and runner ) becomes as
important as conduction through its thickness. This is reflected in
a roughly equal spacing of contours along and across the pad. The
vertical surface at the pad inner radius shows a hot spot at its
centre. This is due to heat conducted along the pad from hotter

regions ( nearer the maximum temperature ); the heat eventually
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given to the cooler o0il film at the inner radius - as well as to the
back of the pad. A sectional view ( the section taken at the pivot
angle position ) is shown in Fig 6F-16. The contour density does

not show an appreciable change.

6-3-1 Case 3 - Small Thrusi Bearimg

In 1979 Neal {R85} presented results of tests conducted on a
150 mm bearing. Lin 1981 {R33{, further results were presented for
the same Dbearing. The main Dbearing gpecifications are given in
Table 6T-4. Different pad arrangements were used: 3, 4, 6, and 8

( Fig 6F-17a ).

The chamber o0il temperature ( T was measured at the

bath )
positions indicated in Fig 6F-17a. The position of thermocouples
within the pad are shown in Fig 6F-17b. The pads are assumed 'line'
supported ( as is the case for Glacier pads - {R86} ). It should be
noted that +the pads are not exactly sector shaped and details in
Table 6T-4 refer to the sector equivalent used for analysis.
Temperature measurements were made at two positions in the collar
using an air cooled slip ring. The thermocouples, 2.5 mm from the
collar face, were 1located to correspond to the mid-radius of the
bearing pads. The bearing operated in a flooded condition but +the
"reverse face of the collar operated relatively free of oil by virtue
of a radiél gseal at collar outer diameter. Pad to pad temperature
variation was a maximum of 3 deg C - an indication of small randonm

errors involved {R85}. The o0il supply rate was fixed, hence the

bath temperature varied with load and speed. Tests were conducted
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Table 6T-4 ( Case 3 )

Pad Angle 32 degrees -

Inner Radius (Ri) 0.0395 m

Outer Radius (Ro) 0.0745 nm

Number of Pads . 3,4,6 and 8

Pad Thickness 0.011 m

Pivot Position Line Support(central p;vot)
Angular Velocity 3000 rpm |

0il Viscosity 0.018 kg/m s at 122 deg F

0.01 kg/m s at 158 deg F
0.0045 kg/m s at 212 deg F
0il Bath Temperature (deg C)

3 pads 6 pads . 8 pads

at 5 kN 59 61 63
10 kN 62 63 65
15 kN 63.5 65 66.5
20 kN 65 66.5 68

Pad material STEEL
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at four different speeds. The oil bath temperature variation with
load was given for the 3000 rev/min case only. Thus, comparison

will only be made at this speed.

$.3.2 Eumerical Hodel

In order %o model a 'line' support an assumption has to be
made regarding the width of 'line'. Fig 6F-18 shows some
alternative models. In Fig 6F-18a the support is shown as a series
of fixed nodes along one line. Numerically this system is wunstable
since if the pressure forces are ndt exactly balanced a solution is
not possible. This model cannot represent the true support since
the 'line' is bound %o have a finite width, however small. An
alternative arrangement of support positions is shown in Fig 6F-18b.
This leads to asymmetry, but has the advantage of stability for any
pressure field distribution - not necessarily balanced about the
line support. The complementary arrangement of nodes is shown in
Fig 6F-18c. In Fig 6F-18d and e, two symmetrical arrangements are

presented. Nodes O, and O, ( and 0

1 2 3 4

represent an increased stiffness in the tangential direction. Thus

and 0, in Fig 6F-18d )
their position along the line support is important. 1In Fig 6F-18f a
model is proposed which combines the virtues of all previous.models.
In eésencé two rows of nodes are. chosen to represent the +two edges
of a 1line support of finite width. The widfh may be vafied by
varying the spacing between the nodes. On the other hand the:
circumferential stiffness due to the support spans the whole length

of the support. Fig 6F-19 shows a plan of the pad with grid and
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node conditions shown.

The pivoting routine has also been adjuéted to reflect a line
support. Thus, tilting is carried out about the line support axis
only ( Fig 6F=-19 ). The centre of pressure cdan lie at any point
along the line support axis. The line support does not extend +to
the pad edges ( as is the case with Glacier pads {R85}{ ). The
collar thickness is taken to be equal +to three times +the pad

thickness ( as given in specifications ).

No details were given concerning the variation of temperature
across the pad. A value of 1000 J/m2 s C has been chosen to reflect
good surface heat transfer coefficient ( compared to approx. 200 or
~approx. 450 J/m2 8 C in previoué cases ) for the back faces of pad
and collar side. The back of +the collar has been described as
relatively 'oil free'. Hence, a value of 10 J/m2 8 C - two orders
of magnitude lower - has been chosen to represent the surface heat

transfer coefficient for air.

$-3.3 Results amd Amalysis

Fig 6F-20 shows the maximum bearing temperature versus total
bearing load for the 3, 6, and-8 pad arrangements. Since only five
thermocouples were used at various tangentialbpositions, along the
same radius; the experimental vélues are expected to be‘equal to or
lower fhan the actual maximuﬁ? padb temperature. The difference
betweén experimental temperature values for 8 pads and 3 pads

ihcreases as the load is increased. The difference at 20 kN is 4.5
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deg C. The difference between the numerical model temperatures and
measured values for the 8 pad case does not exceed 5 deg C; and

narrows down to 2 deg C at 20 kN. Various numerical values for 3

and 6 pads are also shown.

Fig 6F-21 shows the circumferential temperature distribution
for r = O.83r0. This corresponds to the radial position at I=6. A
maximum variation of 2 deg C is found at pad outlet. The
difference, for the maximum temperature, does not exceed 0.5 deg C.
The temperature gradients at inlet and outlet ( see Fig 6F-21 ) are
steeper for +the experimental values. This indicates that the heat
transfer coefficients - at least for the éide faces - are higher
than the values used. Nevertheless the values used are satisfactory
for prediction purposes 'and are thought to be close to the actual

values.

In Fig 6F-22 the various energy components .( conduction to
rotor, conduction to pad, and convection ) in the oil film are shown
for the 3 and 8 pad cases versus total bearing load. The energy
refers to fhat for a siﬁgle pad 0il film. Three observations can be
made. First, the total energy generated per pad is higher <for +the
three pad arrangement. This is expected since only three pads carry
_ the same load carried by 8 pads ig.the second arrangement. The
total energy generated for the whole bearing ( for all pad oil
films ) is smaller in the 3 pad case, indicating a smaller power
loss. The churning power loss in the inter >pad cavities 1is not

evaluated, but is expected to be 1larger for +the 3 pad case -
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diminishing the advantage of the 3 pad arrangement. A similar trend
is verified experimentally {R33}{. For the 8 pad arrangement, at a
load of 20 kN, the total power loss per pad is found to be 232 W
compared to a predicted wvalue of 180 W. This represents a
difference of 22%. The second observation concerns the proportion
of total heat convected to total heat conducted. In both cases
conduction plays a critical role; the proportion of heat convected
to heat conducted being 1 and 0.5 for the 8 and 3 pad cases
respectively. The third observation concerns the role of the runner
in conducting away heat. The runner-conduction for the 3 pad case
is greater +than both convection and pad conduction combined. This
is due to the large inter pad cavities serving to absorb the energy
conducted to tﬁe runner below the pads. This effect is diminished
in the 8 pad arrangement, since less area i1s covered by the cavities
compared to the area covered by oil film below the pads. All three
observations are found in Neal's recent experimental investigation

{R33}.

Fig 6F-23 shows results for the 8 pad arrangemeﬁt at a load of
19 kN. The film thickness contours { Fig 6F-23a ) show a
predominantly cylindrical deflection pattern ( rather than spherical
as in the previous two ). This is reflected in the deflected shape
( Fig 6F-23f ). The minimum'film‘thickness position, as well as the
maximum pad temperature positions have been shifted ltowards the
outer radius compared to previous pad sizes. Fig 6F-24 shows three
dimensional surface contouring results for temperature as well as

the deflection shape. For the ©pad, the density of temperature
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contours in the r8 plane is similar to that in the rz plane. This
shows that temperature gradients along and across the pad are
similar. Fig 6F-2% shows a different viewpoint of the deflection
shape. Fig 6F-26 shows three dimensional surface contours for the 3
pad arrangement at a‘load of 6.1 kN,which is approximately the same
load per pad as for the 8 pad arrangement in Figs. 6F-23 to 6F=25.
The trends are similar, but temperature values are approx. .10 - 15
deg C lower, reflecting the role of +the inter pad cavities in

cooling the bearing ( due to the heat exchange via the runner

{R33}. )

Kettleborough et al {R40{ plotted experimental pad/oil
temperature contours for a bearing of approximately the same size,
load and speed as in the present case ( Fig 6F-27 .) When compared
to the present pad/oil temperature contours; a strong resemblance is
found ( 6F-22,6F-24 .) It is interesting that the temperature drop
beyond the maximum value circumferentially was attributed +o
conduction at the pad boundaries, reinforcing the importance of the

conduction model in the solids

6.4 Comcludinz Remarks

The previous  test cases have demonstrated the reliability of
the proposed model for tilting pad bearing analysis. . Good agreement
was obtained for the entire size range regarding temperature values
in the ’pads. In the first case ( large bearing ) the surface
temperatgré distribution was successfully predicted af‘ pad/oil

interface. In the third case ( small bvearing ) the pad
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circumferential temperature profile closely corresponded with the
experimental measurements. In the second case ( medium bearing )
broad agreement was obtained for both temperature and film thickness
measurements. Fair agreement was obtained for comparison between
the experimentally deduced and numerically deduced energy losses in
the o0il film. The role of +the runner was highlighted as an
important heat exchanger transferring heat from the pad oil film to

the inter-pad cavities.

In addition, the flexibility of the mesh system was
demonstrated by accommodating the various support shapes ( ring and

line supports ) for offset and centrally pivoted pads.
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Introdmetion

In vertical hydroelectric generators the thrust bearing is
required to perforﬁ'under increasingiy heavisr loads as the size and
power of the installations continue to increase {R87{. The normally
used, one~piece tilting pad bearing segment ( which may vary in
width, length and support ) functions reliably up to a specific load

of approximately 40 bars.

Ettles |{R67} has shown that for a particular pad geometry the
design may be scaled up if only elastic distortion is considered.
He also showed that thermal distortion increases in proportion to
size. Thus, it was concluded that thermal distortion was

responsible for the problems associated with large bearings.

Several ipvestigators {R41,  R42, R88{ have dealt with the
problems of larée thrust bearings and proposed methods of overcoming
excessive therhal distértion. Baudry et al {R42} proposed a
multiple support system in order to reduce maximum deflection by a
factor of 3. Ettles and Cameron {R32} suggested cooling gallefies
in the pad as a method of reducing the temperature gradient causing
the thermal deflection. They also suggested insulation as another
alternative. Kawaike ef al |R88} proposed a desigh ( which was
experimentally verified ) in which several improvements were
incorporated. A two éiece shoe ( thick backing supporting a thin

face plate ) was proposed by Bahr {R89{ in 1959 in order to reduce
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thermal distortion. This was adopted by Kawaike et al incorporating
circumferential grooves at the upper surface of the backing plate
( see Fig 7F-1 ). The lower edge of the upper layer ( that is the
thin face plate ) was swept back to expose the grooves. This
exposed part was designed to serve as an o0il guide into the grooves
within the pad - thus acfing as circumferential 'cooling ducts'. 1In
addition, small gaps were machined into the leading and trailing
parts of the lower block to alléw elagtic deflection of the face
plate. The gap depth was equivalent to half the expected minimum
film thickness, thus providing an optimum longitudinal pad profile

{R38} under loading.

In this chapter, a confirmation of the size effects is shown
for a pad geometry similar to Case 1 in chapter 6, for two
velocities: 10 m/s and 30 m/s. Various proposals are suggested to
curb excessive thermal deformation. The effects of varying the pad
thickness, pad insulation, rotor peripheral cooling, forced water
cooling in pads, and the pivot circumferential position have been:

predicted, using the model presented in the previous chapters.

7-1 Geometry of Pad amd Specifications

The pad geometry chosen 1is similar to that of Case 1 in
chapter 6. A circular support is chosen for centrally pivoted pads.
The pad materials and oil used are the same as for Case 1 ( chapter
6 ). The pad scaling facto?s used are 0.05, 0.1, 0.2; 0.5, 1, and 2
of the basic size in Case 1. This spans a diameter range of 0.15 m

to- 6 m. The grid used is shown in TFig 7F-2 with the deflection
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boundary conditions. The bearing set is composed of ten pads, the

runner thickness being twice that of the pads throughout.

The oil inlet bath temperature ( Tbath ) is kept constant at
48 deg C. The surface heat transfer coefficient ( at back faces of
pad and runner ) have been assigned a value of 450 J/mzs deg C. In
practicé the value is dependant on surface veloecity - and to a minor
degree on other factors. Since the main purpose is to show size
effects, the surface heat transfer coefficients have been kept

constant for both values of surface velocity ( see Section 7.2 ).

7.2 Size Effect Results

. In ‘Fig TF-3 pad maximum temperature.is plotted as a function
of load versus pad scale factor for a mean surface .velocity of 10
m/s. The scaie factor is applied to the pad geometry of Case 1 in
chapter 6. The mean radius is also shown corresponding to the scale
factor axis. In order tq raise the pad temperature from 81 deg C to
97 deg C ( 16 deg C rise ) a load equivalent to 37 bars has %o be
added at a scale factor of 0.05. The load required at a scale
factor of 0.2 is 41 bars; and for a scale factor of 2 it is 21
bars - for the same +temperature rise. This implies that a scale
factor of about 0.2 gives safest bearing performance ( for the
geometfy chosen ). This is represented graphically by the
temperature contours having a maximum load capacity at a scale

factor of 0.2.

Above a scale factor of 0.2, the curves dip steeply, whereas
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only a shallow dip is found below this wvalue. The temperature
contours become closer together for the larger bearing sizes. Thus,
an 1increase in load for the large bearing sizes implies a steep
increase in temperature. This in turn will cause more thermal
distortion, yielding a less efficient oil film. Thus, more heat is
generated causing further thermal distortion etc.. This process can
rapidly lead to bearing failure as the film thickness eventually
becomes of the order of magnitude of surface asperities. This

process is known as thermal ratcheting.

For bearing sizes below a scale factor of 0.2, a much larger
increase in load is required fér the same process to take place. In
other words, the factor of safety is drastically reduced for large
bearings. Thus, in principle, much higher specific 1loads are
~obtainable with smaller bearings. In practice, the 1loads are
limited by a minimum allowable film thickness or from mechanical
considerations, such as crushihg of the pivot {R67f{. Raimondi {R44}
has shown that a convex profile in the longitudinal direction
( along the o0il flow ) is beneficial and improves bearing
performance. The optimum crown was given as half the minimum oil
film thickness. For very small pads, manufactufers supply pads with
an initial crown. For large pads it is the elastic distortion that

provides crowning during start up and at low loads (R42f.

The design of +the ring support radius was subject to
considerable research by Ettles {R17,R67}. In essence, a very small

radius for +the ring support will allow considerable edge
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deflection - magnifying thermal distortion. A very large radius
( edge support ) is likely to give a concave rather +than a convex
profile ( which is detrimental +to bearing 1load capacity ).
Therefore, there exists an optimum ring size which allows a convex

profile yet reduces the edge deflections to an acceptable level.

The temperature contour for 81 deg C is almost parallel to the
scale factor axis over the range 0.1 to 1. Below 81 deg C the
temperature contours are also almost parallel to the scale factor

axis and size effects are eroded for this low load area.

. Fig TF-4 1is a plot of temperature contours as a function of
load versus size factor for a mean surface velocity of 30 m/s.' The
low load area - comparable to that in Fig 7F-3 below 81
deg C - becomes 'that below 95 . deg C ( for -approximately - a
specific load of 10 bars ). Again the contour density appreciably
increases as the bearing size is increased, the contours showing a
marked dip above a size factor of 0.2. For a large bearing ( scale
factor 2 ) operating at 10 bar specific load, an increase of 10 bars
in specific load results in a 20 deg C temperature rise. For the 10
m/s case ( Fig 7F-3 ) a similar increase in load yields a 10 deg C
rise in temperature. Thus, it may be concluded that higher sufface

velocities accentuate size effects in thrust pads.

Fig 7F-5a shows the temperature contours in the pad and o0il
film at a circumferential section where r = T, ( mean radius ). The
deflection profile for the same section is also shown. The pads

( scale factor 1 ) are heavily loaded at a specific load of 65 bars
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at 10 m/3s velocity. The temperature contours in the pad are
parallel over most of the pad length. The temperature gradient ig

about 2.5 deg C/cm.

In the oil film, the 'cool entry region' spans about 15% of
the pad length. In Fig TF-5b contours for the same section as in
Fig TF-5a are shown for a velocity of 30m/s at a load of 63 bars
( appréximately the gsame as for Fig 7F-5a ). The temperature
gradient across the pad becomes 4 deg C/cm. In addition, the
contour pattern shows asymmetry as the contour density is seen +to
increase towards the trailing edge. This asymmetry is reflected in
the deflection profile, too. This is expected since the thermal
moment generated at the trailing edge is larger than the moment at

the leading edge, causing mofe deflection at the trailing edge.

In Fig 7F-5a, an approximately symmetrical temﬁerature contour
pattern yields similar trailing and 1leading edge deflections. A
small concavity within the limits of the support ring is shown for
both Fig 7F-5a and b deflection profiles. This is a result of the
pressure forces ( or elastic deflection. ) The magnitude of elastic
deflection to thermal deflection along the profile shown is about
0.25 for Fig 7F-5a and O.1 fori Fig 7¥-5b. The pressure forces
acting within the support ring area act in opposition to the thermal
moment. Thus the deflectidn at the midpoint is expected to Dbe
larger in the absence of the thermal moments. Alternatively, in the
absence of +the pressure forces a larger deflection is éxpected at

the edges.
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Since a larger temperature gradient is found for the higher
velocity, the thermal moments are increased. On the other hand the
pressure ( elastic ) moments are expected to be similar for both
cases ( as the load is approximately the same ). Thus, the ratio of
thermal to elagtic deflections is expected to increase as has been

shown.

In Fig 7TF-5b the extent of coﬁl entry region is approximately
double that in Fig 7F-5a. The temperature gradients across the oil
film at entry are 10 and 40 deg C respectively for cases (a) and
(b). This points to +the necessity of considering temperature
variations in the z-direction. It is also important to state the
positions along the z axis at which temperature is determined in the
0il film, particularly at the entry region. In the present model
only a linear variation of temperature in the z-direction is allowed
at any entry position ( see chapter 3 ). A fully three dimensional
model in the groove and entry region is required to determine the

exact shape of the leading edge temperature profile.

Fig TF-6a shows temperature contours for the same section as
in PFig TF-5 but for a pad of scale factor 0.05 at 10 m/s surface
velocity and 30 bar specific loéd. Cdnduction along, as well as
across, the pad is apparent. Thié is in contrast with very liffle
conduction aiong the pads for the larger pad sizes ( Fig 7F-5 ).
This - feature helps to reduce the bearing thermal deflection, as the
thermal moment is a function of thermal gradients across the pad and

independant of thermal gradients along the pad. The temperature
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gradient across the pad varies from ‘approximately 2 deg C/cm at the
leading edge to 5 deg C/cm near the trailing edge. In Fig 7F-6b the
surface velocity is increased to.30m/s for the same bearing as in
_FPig TF-6a, for a gspecific load of 21 bars. The 'cool entry region’
is seen to increase. The temperature contours in the pad indicate'
an increasing amount of heat conducted along rather than across the

pad ( compared to Fig 7TF-6a ).

The deflection profile is marginally asymmetrical in Fig 7F-6a
and becomes more so in Fig 7F-6b as the maximum thermal gradient
shifts towards the +trailing edge ( this pattern has also been
observed for the larger pad size - Fig 7F-5 ). It seems thﬁt a
relationship exists between the length of the 'cool entry region’
and the deflection prpfile. As the cool entry region is extended
( for example by increésing the velocity from 10 to 30 m/s ), the
pad leading edge Dbecomes cooler vrelative to the hot +trailing
edge ~ encouraging more heat conduction along the pad. This in turn
produces larger deflections at the pad trailing edge leading %to an

asymmetrical deflection of the pad.

7.3 Possible Remedies

The problems associated with large bearings may be avoided by
curbing excessive. pad deflection. Regulation of . the bath oil
temperature, the materials used for the pad and collar, and the type
of 0il used will also influence the pad behaviour. In Section 7.2
the effect of surface velocity ( on the runner ) in relation to size

effects has been shown. The factors involved in determining the pad



- 254 -

maximum temperature are interdependant ( their relationship being

complex and interrelated ). -

The model presented in chapters 2, 3, 4, and 5 cannot predict
bearing performance in general, Put can be appliéd to any specific
case. This is a result of the detailed analysis for the energy and
deflection equations and their interaction with the Reynolds
equation, rendering solutions that are specific to the bearing
geometry used, the o011l specifications, the method of support, the
number of pads, the materials, etc.. Thus, one bearing geometry is
used as a starting point for further improvement. The pad geometry
and configuration used for size effects ( Section 7.1 ) has been
chosen as it represents a typical industrial large thrust bearing.
In order to 1limit the search for improvements the oil
characteristics will be held the same throughout ( oil used for Case
1, chapter 6 ), as well as the o0il bath temperature. The pad

materials will remain as steel throughout.

The ideas for improvements are classified as Passive and
Active. Passive devices involve changes in bearing'design only.
Active devices require external devices to the bearing in order to
maintain bearing operation. The ideas presented are not exhaustive.
They were chosen in 'order to carry ‘out the fewest changes to

existing designs, in return for control of bearing pad deflection.
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7.3.1 Passive Devices

i) Insulation of back sides of pad

It is thought that pad insulation will prevent most of the
heat: flux across its +thickness. Thus, the temperature gradient
across the pad is limited to an acceptable 1level, thereby

controlling excessive distortion {R5%}.

ii) Rotation induced 0il cooling

The idea has been experimentally tried by Kawaike et al {R88{.
The design has been described in the introduction to the present
chapter. The principle is to make use of the rotor to induce o0il
into circumferential grooves within the pads. The grooves thus act
as cooling ducts helping to réduce the thermal gradient across the
pads ( Fig 7F-1 ). The Location of the grooves is close to the pad
working fage. The pad is composed of two pieces mechanically joined
teogether. The backing block is relatively thick. Thus, a high
thermal . gradieﬁt may take place only across the thin face piece.
Excessive deflection is prevented due to the rigidity of the backing

block.

iii) Compensatory button

For a circular button ( ring ) supﬁort, the design can be
modified in order to have a self regulating button radius. As edge
deflection increases the button radius is caused to increase.

Fig TF=~7 shows a typical button design modified for this purpose.
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iv) The method of pad support

a) Relieved Button: ¥ig 7F-8a shows a 'horse shoe' type of
support. This is a simple modification of the usual button support.
It involves relieving the wusual circular button support at the

dotted areas ylelding a different type of support.

b) A multiple support may be simulated in a similar way as in
iv(a). Fig 7F-8b shows a two part support which is again based on a

relieved button as shown by the dotted areas.

c¢) A spring mattress: This type of support has been described
by Vohr in a recent publication {R32f{. A similar design was
patented by Starcevic {R87!{. The design can incorporate variable
stiffness springs supported on a thick tilting block. The springs
in turn support a relatively thin plate. Thus, resistance to
deflection at the plate edges may be controlled by increasing the
stiffness towards the plate edges  ( Fig 7F-9 ) providing a more

efficient deflection profile.

v) Additional Cooling of Rotor Periphery

Ther design of the rotor radial periphery ( normally immersed
in the o0il bath ) can incorporate fins to enhénce heat transfer
( providing a gfeater heat transfer'céefficient ). This aids in
rotor cooling, serving to cool the bearing as a whoie. Hence the
temperature gradient across the pads is lessened, hélping to reduce

thermal deflection.
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Figure 7F-8 ~ Horse-shoe and Multiple Supports




-259

2 spring position

—— — ' face plate

pivot support

Figure 7F-9 = Spring Mattress Design =




- 260 -

7-3.2 Active Devices

i) High Pressure Jacking

Jacking is used to separate the pad and runner surfaces at
start up in order to avoid surface damage ( see Case 1, cﬁgpter 6 ).
This 1is also used for large journal bearings for the same purpose.
After a few revolutions, jacking is cut off and the oil hydrodynamic
film carries the ‘load. Jacking can be useful during bYearing
operation by injecting cold oil into the hot hydrodynamic film with
the main purpose ofvregulating the 0il film temperature dowﬁ to an
acceptable level; In addition +the Ybenefits of hybrid bearings
( hydrostatie and hydrodynamic ) are gained. This requires
maintaining a secondary cool oil feed pumped at a ﬁigh préssure.
Failure during operation of the high pressure system is dangerous as
it can lead to a rapid thermal ratcheting process resulting in

seizure.

ii) Low Pressure Jacking

Low pressure jacking near the leading edge of the pads is
possible since the maximum pressure usually falls between the pivot
position and the +trailing edge. Mikula 7{R9O} feported that
balancing can cause problems, unless similar Jjacking is applied
clésé to the trailing edgé. It is thoﬁght that a correct analyéié
of jacking close to the pad edges must be accompanied by analysis of
the flow just outside the edge. In addition, a strong recirculation

zone is thought to exist at the entry region {R91}. Thus, it is
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likely that low pressure jacking may not be effective in blending
cold jacked o0il with the hot 0il carried over by the runner, unless

Jacking is a suitable distance from the pad leading edge.

iii) Forced Water Cooling

The design of the pads allows the use of small radial cooling
ducts as shown in Fig 7F-10. The coolant used is chosen to be a
liquid with a large +thermal capacity and good heat transfer '
coefficient in order +to extract +the maximum amount of
energy - water. The velocity of the coolant can be regulated, foo.
This design is advantageous when compared to rotation induced oil
cooling in several ways. The coolant used is better, its entry
temperature can be regulated, and the velocity may be varied to

produce the desired bearing temperature.

7.4 Variations of Pad Thickness

The bearing specifications for Case 1 ( chapter 6 ) have been
used to investigate the effects of pad thickness. The éurface heat
transfer coefficient wused for +the back faces of the pad is
180 J/mzs dég C ( as opposed to the maximum value of 450 used
earlier ). The pad thicknesses used are 7.62; 9.2; 12.7; ahd 20.32

cm. ( The ratio of pad to collar thickness is kept constant ).

Fig 7F-11 shows a graph of pad maximum temperature versus
load. If a ceiling of 90 deg C is fixed for the pads, the maximum
gpecific load allowed for a 7.62 cm thick pad is 10 bars. For the

9.2, 12.7, and 20.32 cm pads the loads are 15 bars, 25 bars, and 30
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bars respectively. Thus a thicker pad will réduce the maximum
temperature at oil/pad interface. As the pad thickness increases
the additional increment in load capacity gained decreases. On the
other hand a very thick plate would be heavy, expensive, and

unnecessary.

A pad thickness of 12.7 cm - the value used for the bearing in
Case 1, chapter 6 - gives sufficient rigidity for pad operation up
to 40 bars. A smaller pad thickness ( 9.2 cm curve ) is likely to

function satisfactorily up to only 20 bars.

7.5 Insulatiom, Cooling, Support Shape, and Pivot Position

The model developed and tested in previous chapters can ‘be
used to simulate insulation by decreasing the heat transfer
coefficient at the back and side faces of the pad. Similarly,
peripheral runner cooling can be simulated by increasing the surface

heat transfer coefficient at the outer rim ( not the back surface ).

The bearing geometry used for size effect resuits ( centrally
pivoted ) is used. A sizeAfactor of one .has been chosen. The
surface heat transfer coefficients at all pad surfacea - except the
face in contact with the o0il film - are set to  three

successive values 10; 50; and 100. This provides
three levels of ingulation, compared to a value of 450 J/mzs deg C
used initially. Simi{grly at the runner rim a value of

1000 J/mzs deg C is used for the peripherél cooling model.

The deflection model developed in chapter 4 is amenable to
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’
changes in geometry and support shape ( as shown for Cases 1, 2, and
3 in chapter 6). Thus, a 'horse shoe' type of support ( Fig 7F-8a )
has been chosen to check the bearing characteristics, for the same
pad geometry and bearing specifications used for ¢the size effect

results ( size factor =1 ).

The pivot position in Case 1 - chapfer 6 - is offset ( size
factor = 1 ). All the above examples are modifications of the basic
bearing geometry used for the size effect results - for the same oil
conditions - at a size factor of 1. A surface velocity of 10 m/s is
used throughout. Thus, for a particular specific load a direct

comparison is possible on the basis of maximum pad temperature.

Fig 7F-12 shows a graph of maximum pad temperature versus
.specific load. Curve 'g' represents a centrally pivoted pad, size
factor = 1, with the bearing specifications given in the size
effects section. Curves 'a’', 'b', and 'c' represent insulation
surface heat transfer coefficients of 100; 50; and 10 respectively.
It is apparent that, for any specific 1load, insulation causes an
increase in .pad maximum temperature ( Tmax ). If a ceiling of 80
deg C is required for safe bearing operation, the maximum specific
loads sustained are 1; 4; 6.5; and 12.5 bars for curves 'c', 'v',
'a', and 'g' respectively. One possidble explanation is that
iﬁsulafion reduces  heat conduction. ‘The ‘heat generated is
transferred by the 1lubricant. Since the proportion of heat

conducted 1is normally large, a sizeable increase in lubricant

temperature is expected. Insulation may be beneficial in cases
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where the proportion of heat conducted is small; as control of
thermal deflection may be carried out at & small increase in
lubricant temperaturs. In return a more efficient deflection

profile prevents a large increase in temperature from taking place.

Curve 'd' represents a runnér rim surfacé heat transfer
coefficient equal to 1000 J/mzs deg C - runner peripheral c¢ooling.
Physically betfer heat transfer is obtained using fins or an
extended surface. A comparison between curves 'g' and 'd' shows a
lower pad maximum temperature ( Tmax ) for peripheral cooling. For
a ceiling temperature of 99 deg C, the maximum loads sustained are

37 and 40 bars for curves 'g’' and 'd' respectively.

A relieved button support is shown by curve 'e’'. Beyond a
specific load of 27 bars, the gap between curves 'g' and 'e' widens.
At a load of 40 bars, a relieved button support cools the pads by 8
deg C compared +to a conventional circular button. An advantage is
obtained over the entire load range ( O - 40 bars ) by using a

relieved button.

An offset pivot position ( epiv = 0.544xpad angle ) has been
used in Case 1 ( chapter 6 ). The load temperature characteristic
is shown as curve 'f'. Over the load range O - 40}bars an offset
pivot bearing runs 10 deg C cooler than for a central pivot. If a
ceiling temperature of 85 deg C is applied the maximum loads
 sustained are 20 and 32 bars for curves 'g' and 'f' respectively.

Thus, an offset pivot pad bearing may support 50% more load than a

central pivot bearing.
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The above 'improvements' have shown that pad insulation is to
be avoided for a geometry similar to the case tested. On the other
hand, peripheral runner cooling provides a marginal
improvement - and may be difficult +to implement in practice. A
relieved button and an offset pad show considerable improvements
over the conventional design. These passive devices may be
implemented with relative ease to existing designs }of similar
geometry. They can also bhe used to improve the performance of
button supported pivoted pad bearings which are currently in use.
An~optimuﬁ pad thickness can be chosen by using the present model to
give  the theoretical bearing performance ( load - temperature

graph ) as in Fig TF-11.

7.6 Forced Water Coolimg

In Section 7.3.2(iii) the use of small radial cooling ducts,
within the pad, has been outlined. A large temperature gfadient is
expected between pad/oil interface and the cooling ducts. A
relatively small gradient between the cooling ducts and the back
face then results, as most of the heat conducted to the pad is
convected away by the water within the ducts. Thus, the ducts are
designed tb be as close as is safely possible to the pad ﬁorking
surface. In addition, the pad thickness is extended to 0.254 m
('double the originai thickness ) for added stréngth and rigidity.
This ensures: that the temperature gradient across most of the pad
thickness is small ( see Fig 7F-13 ). Thus, the effective therma;i

moment is qontrolled by the temperature, speed, and flow rate of
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coolant in the pad.

The grid used is shown in Fig 7F-14a. Five planes are used in
the z-direction for the pad. Plane K = 2 is chosen to model the
cooling ducts. A plan of the plane K = 2 is shown in'Fig 7F-14b,
The coolant enters at node ( 9,9 ) at temmperature Tci’ The path is
zigzag shaped radially as shown. The coolant exits at node ( 1,1 )
at a hitherto unknown temperature Tco‘ The iteration process is
adjusted to follow the path of the coolant for every iteration. At

any node ( I,J ) in the plane K = 2 the heat transfer to the coolant

is
Q= - a% ( TCA - Tij ) Asnt ET-1
where @, is the heat transfer coefficient
nt is the number of tubes
TCA ig the average coolant temperature
within the control volume
Tij is the temperature of the node
within,fhe control volume
AS is the surface area of the coolant
tube in the control volume
Tea =05 (Typ = Toug ) ' E7-2
where Tin is theinlet temperature %o the control

volume ( equal to exit temeperature

of previous control volume)
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out is the exit coolant temperature
from the control volume
The heat transfer may be expressed for +the coolant water as

( positive into coolant )

Q= p Ay CTout = Tin ) oy E7-3
where p is the water density
u is the average water velocity
Ad is the surface area of the coolant
tube cross-section
., is the specific heat capacity of
the water
From E7-1, BE7-2, and E7-3
_ (2s - ér) . 2 Or
Tout Tinlet(Zs+ or ) Tij(2$+ or )
E7-4
wh;re s =pul 2c/17.456k
WA W
- Or = width of control volume
Dw = diameter of tubes

The energy convected by the coolant ( equation E7-3 ) is used

as a source term in the conduction equation within the pad ( as for
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energy inpﬁt at the pad/oil interface ). The mehtod of iteration in
which the coolant path is numerically followed allows the coolant
exit temperature at a node to be used as the coolant entry
temperature in the followﬁng node. pt, the number of tubes used, is
an indication of the number of tubes per control voiume that may be
used. A larger' value ( integer ) indicates more surface area
available for cooling. The velocity of the coolant u_, the area of
the tubes Ac' and the coolant entry temperature are variables to be

chosen by the designer.

The surface heat transfer coefficient <for the coolant is
evaluated assuming the constant heat transfer rate value for steady
flow in tubes as 4.364k/D {R34}{. A water inlet temperature of 30
deg C has been chosen (this value may be changed to vary the bearing
performance ). A tube diameter of 0.01 m ( 1 cm ) is chosen. The
heat +transfer is improved as the tube diameter is decreased for two
reasons. The first is that the heat transfer coefficient ( @& =
4.364k/D ) is increased. The second is that +the ratio of the
- exposed area per unit volume incréases as the +tube diameter is
decreased. A drawback of decreasing the tube diameter is an

increase in pressure drop between inlet and outlet.

Pig 7F-15 shows a graph of maximum pad temperature versus
load. Curve }a' representé a coolant velocity of 0.2 m/s ( n, = 1)
for a circular central button support. Curve 'f' represents the
size effects geometry and specification, at a size factor of 1, for

comparison purposes ( Curve 'g' in Fig 7F-12 ). At 40 bars specific
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load, a reduction of 12 deg C .is obtained'for the water cooled
design in curve 'a’' relative to 'f'. The gap widens to more than 14
deg C at 70 bars - maximum pad temperature of 92 deg C for the water
cooled pads. Curve 'b' represents the same bearing as in 'a' but at
a coolant velocity of 0.6 m/s and n, = 5. A significaht de¢rease

(8 deg C ) 1in ‘1‘ma accompanies the increased coolant velocity;

X
yielding Tmax = 84 deg C at 70 bars. Compared to the modifications
for pad support and peripheral cooling, water cooling ( in thicker

pads ) provides a substantial decrease in pad maximum temperature.

A combination of water cooled thick pads and a relieved button

( coolant velocity of 0.6 m/s, n, = 5 ) produces curve 'c'. If in

addition to water cooling an offset pivot ( for a circular button )

‘ig used, curve 'd' results. If a relieved buttonm is used for the
case in curve 'd'; curve 'e' results. A combination of improvements

to the pad design yields cumulative benefits. Curve 'e'

( representing a relieved button, offset support, thick, ﬁater

cooled pads ) shows Tma of 76 deg C at 70 bars, compared to 107.5

'd
deg C for the initial case. Thus, the improved bearing design runs
32.5 deg C cooler than the conventional one at 70 bars specific

load, and 27 deg C cooler at a specific load of 40 bars.

Fig TF-16 shows the temperature distribution foi'the pad,‘ 0il
film, and rﬁnﬁer for the caserrepresented b& curve 'a' at 70 bars
specific load. A sharp temperature gradient is shown in the pad
close to the oil film surface. This represents the heat transfer

from the oil film to the coolant. The temperature gradient rapidly
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decreases for the remainder of the pad thickness. The deflection

shape is also shown.

Fig TF-17 shows a radial section at the pivot circumferential
position. The temperature gradient in the pad, close to the pad/oil
interface, shows a similar trend as in Fig 7F-16. The distribution
of temperature, pressure, and film thickness are shown in Fig 7F-18.
The maximum to minimum film thickness ratio is approximately 2.5.
Thus, it appears that thefmal deflection has been controlled. The
maximum pad temperature is approximately equal to the maximum collar
temperature - 90 deg C - and takes place at the same radial
position. The temperature distribution is fairly symmetrical about
the axis A~A in the pad. Since +the coolant enters at <the pad
trailing edge at 30 deg C and leaveé at the leading edge ( with
respect to the oil film ) at 73 deg C, a larger amount of cooling
takes place near the pad +trailing edgé - where the largest
temperature gradients take place in conventional designs. This

serves to explain the relative symmetry about axis A-A.

In PFig TF-19 the film temperature, pressure, and film
thickness distributions are shown for case 'b' at 70 bars specific
load. The coolant exit temperature.is 36.4 deg C - an increase of
6.4 deg C. This reflects the larger coolant  velocity. All
temperatures show a decline compared to case 'é' ( Fig TF-18 ).
Deflection is also reduced - giving evidence of the control of
excessive thermal deflection. Case 'c¢' is represented in Fig 7F-20a

at a specific 1load of 70 bars. The pressure distribution reveals
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the existance of two peaks ( maxima ). This is reflected in the
film thickness distribution by- the formation of two minima; one
close to the outer radius trailing edge and the other near the inner
radius trailing edge. The deflection shape resembles the tapered
land bearing shape which is reflected;in the density of the film
thickness contours. Fig TF-20b shows contours for the releived
button case in Section 7.5 ( no cooling, thin pad ). The presence
of two pressure peaks is demonstrated. The deflection shape is very
similar to Case 'c'. Case 'd' is shown in Fig TF-21 for a sgpecific
load of 70 Dbars. The offset pivot position results in the
asymmetric pressure contour distribution. Pad deflection is minimal

as shown by the film thickness contours. A comparison of minimum

film thickness variations with specific load for Cases 'a', 'b',

¢', 'd', and 'e' is shown in Fig.7F-22. Curves 'a' and 'b' are
very close and show that the variation in coolant velocity and
number of tubes does not greatly affect the minimum film thickness.
It has been shown earlier that deflection is curbed by cooling.
Thus, for the same minimum film thickness a greatly improved film
shape takes place in Case 'b'. A relieved button, Case 'c', shows a
larger minimum film thickness ( hmin ) than for pure cooling. An
offset pad position increasés hmin‘_ as for 'd' and 'e' - especially

at low loads.

7.7 Discussiom

For the bearing geometry and specifications chosen, various

modifications have: been made in an effort %o reduce thermal
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deflection. Pad peripheral cooling has been shown to produce a
small positive contribution ( Section 7.5 ). A relieved button is
very useful, especially at higher loads, in reducing pad thermal
deflection; whilst an offset pivot position reduces bearing maximum
temperature ('Tmax ) over +the whole load range. Forced water
cooling can be used to obtain a significant improvement in bearing
load range ( reducing Tmax by over 20 deg C ). A disadvantage of
the latter method is its dependance on an active external system to
supply the coolant at the required temperature ( 30 deg C in this
case ). In view of the extension in load range such a system is
justified. In addition, control of individual pad temperatures can
be achieved so that problems of uneven pad levelling can be more
easily dealt with. 'Fine tuning' of the Dbearing operating
temperature can be done by regulating the coolant flow. In
contrast, the two-piece pad suggested by Kawaike et al relies on oil
cooling 'circumferentially' in ducts ( see introduction, where the
0il velocity cannot be controlled. In addition, the oil specific
heat is inferior to that of water. The 'cold' bath oil enters the
ducts at the leading edge ( rather than trailing edge as in water
cooling - Section 7.6 ). Thus, the'problem of increasing thermal
moment close to the trailing edge is likely to remain. The Kawaike

design is a passive design - hence much simpler to operate.

Active devices involving oil jacking will require a more
elaborate external system than that used for water cooling. Since
water cooling provides an effective method of curbing distortion, it

is thought that 0il jacking is unnecessary, except during. start up
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to prevent damage to the hearing surfaces.

Other methods of solving excessive distortion may involve use
of smaller pads arranged in two concentric rings of equal area to a
conventional pad arrangement. Use of more pads ( 20 or more ) may
help to reduée circumferential distortion of the pads as the péd
angle 1is reduced. In the latter case, special care for the support
method is required to prevent radial distortion. The mefhod of oil
supply 1s also important and has been amply covered by Mikula et al

{R901}.
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CHAPTER B

OVERALL CORCLUSICES

8.1 Model
8.2 Comparison Between Model and Experiment
8.3 Size Effects

8.4 Modificafions in Large Pad Design
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8.1 Nodel

a)

b)

c)

d)

It is possible to set up a three—dimgnsional analysis of
titlting thrust pad bearings to accurately model the
fluid flow, heat transfer and pad deflection, .and to
obtain solutions that are both qualitative and
quantitative.

A simplified groove mixing model is able to furnish good
resluts provided the runner is modelled comprehensively.
The quadratic approximation for the temperature profile
through the o0il film is useful in reducing the
complexity of the problem.

The ‘'Polynomial Difference Method' is effective in
handling the various boundary conditions for the
solution of +the Biharmonic equation for variable

rigidity thin plates.

8.2 Comparison between Hodel amd Experimemtal Results

a) Good agreement was obtained for pad temperétures for

three pad sizes spanning the thrust bearing size range.
The agreement for maximum pad temperature improved for
the higher specific loads. This may be primarily due to
neglect of elastic shear deformation in the model. This

is supported by the result <that thermal dJdeflections



b)

c)

d)

e)
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share a greater proportion of the total distortion at
the higher loads - diminshing the effect of elastic
deformations ( including shear deflections ).

The predicted pad maximum temperatures were slightly
greater than measured values. This may be due to two
possibilities. Firstly, the actual pad maximum
temperature does not necessarily have to be at‘the exact
location of a measurement thermocouple. Thus, a lower
temperature is recorded.‘ Secondly, even if
thermocouples are positioned flush with the working pad
surface, a slight contact resistance at the
thermocouple/oil interface will cause a drop in the
recorded temperature.

Measurements . of - o0il film thickness were in good
agreement with the predicted values ( Case 2 - chapter
6 ). |

Good agreement was  obtained for the temperature
distribution at the pad/oil interface ( Cases 1 and 3 -
chapter 6 ).

The energy losses in the oil film due to conduction to
the runner, conduction to the pad, and oil £film
convection were given for the small pad bearings.

Agreement with experimental estimates was relatively

.good for different pad configufations ( 3, ,6vand 8

pads ).
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8.3 Size Effects

a)

b)

c)

For the same bearing geometry and running conditions,
large bearings are shown to exhibit a large increase in
temperature for a small increase in specific 1load when
compared to smaller bearings.‘ Thus, the margin of
safety is considerably reduced.

The size effects are .accentuated at higher runner
velocities.

For small pads, thermal deformation as a means of
generating a small crown can be beneficial. Beyond a
certain pad size, thermal deformation becomes

detrimental.

8.4 HEodifications im Large Pad Desigm

a)

b)

c)

Pad insulation was found to be detrimental. In the
abseﬁce of insulation, a large proportion of the heat
generated is conducted via the pad. For an insulated
pad, less heat is allowed to escape via the pad. This
is reflected in a much higher oil film temperature.

A relieved button ( horse-shoe support ) is foundrto be
a useful modification in lowering the pad maximum
temperature.

Forced water cooling ( in the pad ) is shown to be an
excellent method of regulating the beafing témperature
and curbing excessive thermal deflection. The coolant

( water ) wvelocity, and/or coolant inlet temperature,



d)

e)

f)
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may be varied to obtain optimum performance.

An offset pivot reduces pad maximum temperature.
Peripheral runner cooling is beneficial. When compared
to (b), (c) and (d); its benefits seem negligible in
lowering the pad maximum temperature.

A combination of (b), (c¢) and (d) can lower the maximum
pad temperature of a typical large bearing by 30 deg C
or more. Thus, the specific load capacity 1is
approiimately doubled when c¢ompared to <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>