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2
E 8 The distortions of a thrust pad and its runner are analysed by solving the biharmonic
o equation of plate flexure by both elastic and thermal causes. The temperature and

pressures are obtained from the simultaneous solution of the Reynolds and energy
equations. The major similification is the assumption of constant temperature through
the thickness of the oil film, though it varies in both the other directions. The equations are
set up and their reduction to a form suitable for computing is described. Four modes of
distortion are considered, pressure and thermal bending, direct compression and
direct thermal expansion.
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NOMENCLATURE

d displacement towards pad of its rota- T lubricant film temperature

tional centre from its geometric centre 7T pad back temperature
D plate factor = Ef3[[12(1 —v?)] Tm  measured temperature
E Young modulus T, tangential collar velocity
h film thickness U collar velocity in the x direction
hy  minimum film thickness 14 collar velocity in the y direction
J mechanical equivalent of heat x,Y,z cartesian coordinates
k thermal conductivity of pad o lincar thermal expansion coeflicient

thermal conductivity of lubricant

depth of thermocouples below
pad surface

bending moment per unit run

radial grid increment
temperature difference
lubricant viscosity
angular polar coordinate
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N,  normal collar velocity kinematic viscosity or Poisson ratio
b lubricant film pressure lubricant density

Q shear force per unit run o lubricant specific heat

@, heat flux to the bearing solids b angular grid increment

r radial polar coordinate ) deflexion

t pad thickness Q2 collar rotational speed

INTRODUCTION

Tilting pad bhearings hold an interesting place in mechanical engineering. First the infinite
slider bearing is the first bearing taught in undergraduate lectures on lubrication, because the
geometry is said to be so simple. Secondly the tilting pad bearing designed, patented and analysed
by Michell in 1905 almost certainly never worked by solely tilting as de Geurin & Hall showed
experimentally in 1957. The bearing sat tight on its pivot and operated satisfactorily becausc it
was sufficiently flexible to distort elastically and thermally. The elastic and especially thermal
distortions arc of over-riding importance for these bearings as the brief historical survey in the
next section will make plain.

The full experimental analysis of these distortions has been gravely hindered by the lack of
a means of measuring film thickness over the whole pad. The usual proximity meters, making usc
of capacity or inductance, suffer from several difficulties in operation and only measure a point
at a time. Optical interferometry, which shows the whole field, overcomes many of thesc diffi-
culties and has been used extensively in this laboratory for point and line contacts. In this work
it has been cxtended to the study of thrust pads, giving the film shape over the whole pad
instantaneously. It has a further advantage in being very sensitive. Each successive fringe
indicates a change in film thickness of ca. 2 um which is ideal for this purpose.

Having obtained reliable film shapes, they can be analysed theoretically and the experimental
and theoretical results compared.

The theory of thrust bearing distortion lubrication is considered in this part. In the next part
the experimental technique for measuring film shape by a new type of test apparatus which uses
interferometry is described. Results derived from the theory described here arc then compared
with those measured. In the final part, ‘parallel surface’ thrust bearings are considered both
experimentally and theoretically.
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PREVIOUS WORK

In the first forty years or so after the work of Michell (1905), attention was concentrated on
mathematical techniques for the solution of finite bearings. Christopherson (1941) was the first to
consider simultaneously the Reynolds and the energy equations to find the temperature and
hence the viscosity variation of the oil. Experimentally Fogg (1946) found that a nominally
parallel bearing would carry a load, a fact previously discovered by Beauchamp Tower (1891)
but forgotten, Fogg suggested the action of the bearing was due to thermal expansion of the oil
and so the effect was christened ‘thermal wedge’. A number of people analysed this suggestion
and showed that it was not ‘powerful’ enough to explain the observed load carried. Raimondi &
Boyd (1955) pointed out the importance of curvature in nominally flat bearings. This had been
suggested by Swift in the discussion to Fogg’s paper, but unfortunately, it was printed with the
discussion of another and was not appreciated.

After 1956 two lines of work are discerned. In the one the viscosity and density were allowed to
vary with temperature in the planc of the bearing. The subsequent elastic and thermal distortions
were then calculated. A number of papers were presented by Sternlicht and co-workers (1957-
1962). The second approach considered the variation of viscosity through the thickness of the
film. Variation of viscosity had been shown to account for the load carrying capacity of counter-
rotating disks (Cameron 1951) and the term ‘viscosity wedge’ (Cameron 1958) was coined to
describe it.

Dowson & Hudson (1963) showed that with correct boundary conditions the viscosity wedge
seriously reduced the load capacity of the pivoted bearing and yielded negative pressures for the
parallel bearing. The importance of thermal distortions were emphasized and shown to be more
important than elastic deflexion. Hemingway (1965) studied their effect experimentally while
Neal (1963) and Ettles & Cameron (1966) attempted simplified treatments. These papers were
mainly without the aid of computers. Since their advent and common use the whole problem of
variation of temperature throughout the system, causing changes in viscosity, density and film
thickness can be treated.

The purpose of this paper is to analyse the distortions of the pad and thrust collar to give film
shape by solving the biharmonic equation of plate flexure for both the elastic and thermal cases.
The temperature and pressure distribution of the oil film are obtained from the simultaneous
solution of the Reynolds and energy equations. The major simplification is the assumption of
constant temperature through the thickncss of the oil film. This is regrettable but without it the
problem would be completely intractable.

The results of the computations are then compared in parts IT and III with film thickness
variation measured over the whole pad using a technique based on optical interferometry.

HyprRODYNAMIC THEORY

The equations of hydrodynamic lubrication, the Reynolds and energy equations are derived
in a number of standard textbooks (see, for example, Cameron (1966) and Pinkus & Sternlicht
(1961)) where the relevant assumptions made are also listed.

By using the system of coordinates given in figure 1, the Reynolds equation can be written

19 (rh30p\ 1 O (h30p\ 6[0 0
7o (o oe) rsan(2p) =7 o tr) 455 010 |- ()

32-2
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354 C. L. ROBINSON AND A. CAMERON

The centre of rotation of the runner is not at the centre of the bearing pad sector but at a distance
d nearer the pad, hence if 2 is the rotor speed, equation (1) may be transformed by putting

r'sinyy = dsinf, r'cosyy =r—dcos0,
T,=8r'cosyy = 2(r—dcos), N,=—Qr'sinyy =—Qdsin0,

and expanding the left hand side thus

A2 oh_rhoy\dp Wp k2 (. Ok hom\dp A% oh . ok
;5(/1'*‘37"5;—775;)6""”672"’ (36_0—;7-6—0)80-*-727]602 , {(r—dcosﬁ)é-é—rdslnﬁa].
(2)

The two dimensional energy equation in cartesian coordinates may be written

£t (2 ) e[S 0) ()

(e v+ @) ] o

Ficure 1. Coordinate system.

Now all previous work has ignored the conduction terms in equation (3). These terms are
0 (/zk aT) 0 (/zk a;“) @)

which represents conduction within the fluid and , the heat flow per unit area to the bearing
solids.

To obtain an expression for ¢, two simplifying assumptions are made.

(1) The heat flow to the stationary pad is much larger than that to the runner. First
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Christopherson (195%7) showed that the temperature rise on the runner is small and
secondly the runner is made of glass, a low thermal conductivity material.
(2) The temperature gradient in the pad, normal to its surface is linear. This is discussed later.

Hence Q, = (Hjt) (T-Ts), (5)

where £ is the thermal conductivity of the pad of thickness ¢ and 7 and 7 are the temperatures
of the front and back surfaces.

Ry
arbitrary
Rs grid node
R'I 3 2 1
Rs 0
4

R, . 0, 0 6 0 4 6, 4, 3
Ficure 2. Computational grid.
An order of magnitude analysis for terms (4) and (5) shows that (5) is some 10° times larger

than (4). Conduction within the fluid will, therefore, be neglected.
To put equation (3) into polar coordinates the standard transformations

o 0_6_ cosﬁ_a_

% it

0 0 sin6 @

and 5‘; = COS 0'6—;—'———7—5‘05,
are used.

Making these transformations, putting v = /p, U and V in terms of 7, § and @ and including
equation (5) the energy equation becomes

2] B p|dT (h2d . K \T &
| [ )

E;(r—dcos&)——lznrzf—)a r Tsm6+T2—7]é—r— ar+(r_pt(T_Tb)

- o

Referring to the 9 x 9 mode computational grid in figure 2 the derivatives in equations (2) and (6)
can be replaced by finite difference expressions. For the Reynolds equation these are

%z a=fs 0P _ pa—2po+py
or 20 ° or? 02 ’
op _bi—bs % =ﬁ1—2/’o+ﬁ3
o0 20 ’ 002 @2 )

The Reynolds equation then reduces to
= 2(dy+ Ag) po+ (As+ Ag) pr + (Ay + Ag) po + (Ay — Ag) p3 + (Ap — A1) py = B, )
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356 C. L. ROBINSON AND A. CAMERON
h? Oh rhiy h3
where A1 = —273\;7-7'(/1-’_3'.6_1’“;6;)’ A2 = W,W
R Oh ROy _mn
4a = 2¢7772( 6_0'_7759)’ LT g (®)
602 ok . Ok
B =T{(r—dcosc9)§é—-m’sm6’a—r].

The boundary conditions for this equation are that the pressure is zero everywhere on the pad
boundary. For the 9 x 9 mesh shown in figure 2, 81 simultaneous equations in the pressures at
each nodal point arise, 49 represent equation (7) and the remaining 32 are the boundary
condition.

Ficure 3. Extrapolation for the energy equation boundary conditions.

In a similar way the energy equation reduces to

XN+ X T+ XT,-XT-XT, = Z, (9)
h X, =
where = fop
ho[Q B
Xl——%’:é’(f—dCOS@)—W-@], 1
_h . W3
Xz——*g—a(QdSlne'l-ﬁ—n&), (10)
_ L [R(o)® l_éfz)z 1,0\, &
2= otz o) () [+ 37+ 7T
and r'? = r24d2—2rdcos .

The derivatives of p are, of course, expressed in their finite difference form as explained above.

The energy equation equates heat generated in the oil to the work done on it and hence only
evaluates temperature rise. The temperature of the fluid at the 9 inlet boundary nodes must,
therefore, be known.

For the two circumferential edges the most reasonable condition without losing generality was
considered to be that of quadratic extrapolation. In figure 3, points 1, 2, 3 and 4 represent the
temperature of four nodes on a radial grid line with peint 1 on the circumferential boundary.
The condition assumes that a parabola passes through all four points which results in the relation

Ty~ 3T, + 3T~ T, = 0. (11)
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The same condition is applied to the outlet edge. Hence 81 simultaneous linear equations in the
temperatures at the nodes, 49 representing the energy equation (9), 23 of type (11) and 9 of the
type 1" = 1,0, allow the temperature field to be calculated. In practice the inlet oil temperature
was deduced from pad surface temperature measurements as described below.

ESTIMATION OF PAD SURFACE TEMPERATURES

As will be described in the experimental section the pad temperature 7y, was measured at
a number of points a distance / below its working surface. The temperature of the pad backing 75
was assumed equal to the temperature of the surrounding oil which was also measured. The
surface temperature 7 is obtained assuming a linear temperature gradient through the pad
thickness from the expression
T = (Tat-Tl)[(t-1). (12)
As lis much smaller than ¢ this assumption cannot lead to serious error. For the tilting pad bearing
the temperatures were measured at the 9 intersections of the radii 05, 85, 05 and the circumferences
R,, Ry, Rg, referring to figure 2. The temperatures at the remaining nodes were computed using
quadratic interpolation and extrapolation thus giving a complete experimental temperature
distribution. A similar procedure was used for the parallel surface bearing but was complicated
by the fact that the measurement points did not coincide with the computational grid nodes.

COMPUTATION AND SOLUTION OF THE REYNOLDS AND
ENERGY EQUATIONS

For the purpose of finding a simultaneous solution to the Reynolds and energy equations the
following data are available: speed, load, bearing geometry and pad material and lubricant
properties. Also from the experimental methods which are described in part IT the film shape is
known. From this information it is required to find the absolute film thickness and the film
temperature and pressure distributions. :

The individual solution to each equation was effected by solving the 81 simultaneous linear
equations described by using a computer library subroutine based on the matrix pivotal method.
The University of London CDC 6600 Computer and Fortran IV language were used through-
out. Since the Reynolds and cnergy equations both contain viscosity terms their simultaneous
solution cannot be obtained directly without prior knowledge of the viscosity distribution
throughout the lubricant film. In the absence of these data, an iterative scheme must be employed
and while this is quite feasible, and was originally written into the computer program, the con-
vergence was found to be slow which resulted in the uneconomical use of computer time. As an
estimation of the film temperature distribution was available from experimental measurements
this was used to establish values of viscosity throughout the film. The temperature distribution
calculated by the energy equation from these viscosity values was found to be in good agreement
with that measured.

It is a relatively simple matter to calculate the bearing load by numerically integrating the
pressure distribution corresponding to a known absolute film thickness. What is required here,
however, is to calculate the minimum film thickness (%,) from a known value of load, which is
much more difficult and can only be accomplished by an iterative scheme; or more crudely,
a trial and error method.
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T . calculate pressure distribution
= z Hin= Huin * Hine for the 9x9 grid
=
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no
interpolate to find compute centre of pressure no
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Ficure 4. Flow chart for the computer program solving the hydrodynamic equations. HE and PE are one dimen-
sional arrays in which the eight values of minimum film thickness (H,;,) and their corresponding values of
specific pressure are stored. H,, is a multiplication factor such that the largest value of Hy, is equal to the

smallest x (H,,)?. P4 is the known value of specific pressure while H4 is the current estimate of minimum

film thickness. dH is the increment of minimum film thickness used in the final estimate of HA.
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A series of solutions were first prepared for a range of eight values of 4, between which the true
value of %, was expected to be. (Values of 2 and 15um were used for the bearing analysed.)
A 5 x 5 mesh solution was used for this purpose because while yielding less accurate results it
reduced computing time tenfold. An estimate of the actual value of 4, corresponding to the known
bearing load was made by linear interpolation. A better estimate of 4, was then obtained by
finding more precise 9 x 9 mesh solutions for two values of minimum film thickness, one slightly
greater and the other slightly less than the first estimate, and again by using linear interpolation.
This estimate was further refined using the same procedure. The final load found from integrating
the pressure distribution was always found to equal that measured within an error of } %.
A flow chart for the computer program which solves the hydrodynamic problem by the
methods described is shown in figure 4.

DI1STORTION THEORY

In order to calculate the distorted shape of the oil film from the temperature and pressure
distributions arising from the simultaneous solution of the hydrodynamic equations, four modes
of distortion are considered. These are pressure bending, thermal bending, direct compression,
and direct thermal expansion. Ettles & Cameron (1963) in a simplified analysis considered only
pad distortions whereas those of both the pad and the collar are considered in this study.

Pressure bending

The pressure bending of the pad or the collar is governed by the biharmonic equation of plate
flexure which is derived in Timoshenko & Woinowski-Krieger (1959), p. 283 and with reference
to the coordinate system of figure 1 may be expressed

VE(Viw) = p|D, (13)

2 10 1 02

- 2
where V=t ot nae

the Laplacian operator, and D = E3[[12(1 —»?)], the plate factor. The various forces and
moments per unit run acting in the circumferential and radial direction are

. . 2w 10w 1 Q%w _ 10w 1%w 0w
bendmg moments: M = '—D[a—rz"‘V(;“"é;“i‘r_zm)],Mg— —D(;—a-r—-f-ﬁéb‘é-{—l}m)’ (14)
2 1
1 0w aw)’ (15)

twisting moments: M, = (1—v) (; 550 7150

shear forces: Q, = —D% (Viw),

Q) = - D22 (Vw),

r 00 )

. 10
edge reactions: V, = Q,.—;é—é(%,,),
. (17)
Vo = Qa—a_r(fwra)~

Y,

40 Vol. 278. A.
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The boundary conditions depend on whether the pad or the collar is being considered and the
relevant edge conditions are tabulated below.

circumferential
boundary radial boundary
edge condition (r = const.) (0 = const.)
clamped w=0 0wfr=0 =0 0twd=20
simply supported w=0, M, =0 w=0 Myg=0
free V,=0, M, =0 V=0, Myg=20

For pressure bending of the pad the whole boundary is free. Timoshenko & Woinowski-Krieger
(1959, p. 85) explain that in the case of a totally free boundary the twisting moments at each
corner must also be equated to zero. The final condition which must be applied to this particular
problem is that the deflexion of points lying above the pad support must be zero.

The pressure bending of the thrust collar depends on the method of absorbing the pad bearing
reaction. In most commercial applications the thrust is transmitted along the shaft. In this case,
however, the reaction is taken by a hydrostatic bearing for which details are given in the experi-
mental part II. Figure 5 shows the hydrostatic bearing recess in relation to the pad; and for
simplicity the hydrodynamic pressure is considered to act over the shaded area. As the pressure
bending deflexions were found to be a small proportion of the total deflexion the error incurred
by this simplification was not considered to be significant. The boundary conditions for this case
were taken as simply supported for the circumferential boundaries, and clamped for the radial
houndaries. Obviously, only the deflexion over the shaded area in figure 5 will contribute to the
shape of the oil film.

F1cure 5. Hydrostatic bearing recess and thrust pad.

Since the biharmonic equation and the boundary conditions discussed contain only linear
partial differential terms of deflexion in 7 and 6 they will all reduce to a system of linear simul-
taneous equations when reduced to finite difference form. A 9 x 9 computational grid was again
used and since the biharmonic equation and some boundary conditions contain third and fourth
order derivatives of w then two image points are required beyond the pad boundary to express
these in finite difference form. The extended grid was then 13 x 13. The complete finite difference
forms of the biharmonic equation and the boundary conditions are given by Robinson (1971).
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For the case of pressure bending of the pad the values of deflexion at 169 points are to be found
and the following equations results -

76 equations in V4w = p/D (biharmonic equation) ;
5 w=0 (deflexion at support point)
4 M,=0 (corner boundary conditions)
18 M, =0 (circumferential boundary
18 v, = O} ' conditions)
i: AI{'Z Z g} (radial boundary conditions)
12 w=0 (unused image points)
169 total

The number of equations equal the number of unknowns so the problem can be solved. A com-
puter program has been written to compute this solution using the computer library subroutine
already described. This program also solves the problem of thermal bending of the pad which is
discussed later. '
In order to check the program for pressure bending deflexion use was made of an analytical
solution for the deflexion of a sector shape plate published by Deverall & Thorne (1951). They
treated the case of a uniformly distributed pressure acting on the plate with radial edges simply
supported and circumferential edges clamped. For a plate of 0.524rad included angle, of
thickness 6.36 mm and radial width equal in length to the mean circumferential arc under
a pressure of 3.5 MPa the analytical solution gave a central deflexion of 1.65pm. The finite
difference computed solution for the same problem gave a value of 1.67 um which allowed the
method to be used with confidence.
Thermal bending

The frictional heat generated within the bearing oil film causes the thrust faces of the pad and
the collar to thermally expand to a greater extent than their non-thrust faces and thermal
bending results. In order to calculate the distortion due to this action some assumptions and
simplifications are necessary even for a computer solution. These assumptions are listed and
discussed.

(1) Temperature varies linearly through the thickness of the pad and the collar. Neal (1963)
demonstrated that the thermal gradient through these components was slightly non-linear
but not to such an extent as to prevent this simplification being justified.

(2) Thereis no difference between the temperature of the pad surface and that of the adjacent
oil film as calculated by the energy equation. The major assumption here is that tempera-
ture is constant throughout the thickness of the oil film which was made to allow a tractable
solution for the Reynolds and energy equations. Having once made this assumption it
follows that it should be used again here.

(3) Thetemperature of the collar thrust surface is constant in the direction of motion and equal
to the average film temperature along an arc of constant radius. Christopherson (1957)
showed this to be so and the analyses of Dowson & Hudson (1963) and Hunter &
Zienkiewicz (1960) confirm it.

(4) The temperature of the rear surface of the pad is equal to the bulk oil temperature in the
bearing oil groove and the temperature of the non thrust surface of the collar is equal to
that of oil at inlet to the housing. These are confirmed by measurements.

40-2
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Thermal bending of the pad

The thermal bending of a plate of uniform thickness having an arbitrary temperature distribu-
tion over its front and rear faces and a linear thermal gradient through its thickness was treated
by Goodier (1957). The analysis showed that a variable temperature difference AT across the
plate thickness can be replaced by an equivalent mechanical loading. This takes the form of
a distributed pressure ¢, where

PN gyaT), (18)

with the symbols having their usual méaning and « is the coefficient of linear expansion of the
plate material. There is also an edge loading on the boundary. This takes the form of an edge
moment and an edge reaction in any arbitrary direction ‘»’ of A4, and ¥, per unit run where

M, = DL-;”’)E‘AT " (19)
‘ _D(+v)xd ‘
and V,= ———t—a—n(AT) ; (20)

In polar coordinates this implies that the bending moments on circumferential and radial
boundaries are

M, =M, = Qﬁl:-__v)ﬁAT, ‘ ; ‘ (21)
and the edge reactions are | V= w% (AT),
D(1+v)al d (22)
+v)a
Vo=———7aAT)

Three further conditions are necessary to fix the distorted surface in space and these do not affect
the equilibrium of the system. Two are chosen such that the deflexion at each edge of the pad
support is zero and the third such that the deflexion at the centres of the two radial boundaries are
equal. Having substituted the thermal loading with a distributed pressure and edge moments and
reactions, the deflexions can be evaluated in exactly the same manner as previously described for
pressure bending. The accuracy of the computer program was checked for thermal bending using
the test case of a uniformly distributed temperature difference AT across the thickness of the pad
for which the analytical solution is simply a spherical surface of curvature radius R, where

R = t/aAT. ‘ - (23)
The radius of curvature for the computer solution agreed with that calculated from equation (23)
within 0.6 %,

Thermal bending of the collar ,

The temperature difference across the thickness of the collar is assumed constant in the direc-
tion of motion and it is, therefore, a function of radius only and the deflexion problem is reduced
to one of axial symmetry. The deflexion of a circular disk under an axisymmetric load is treated
by Timoshenko & Woinowski-Krieger (1959). If @ is the shear force per unit run at radius 7 the
deflexion is given by the differential equation '

apagan e gy
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As discussed in the previous section the shear force corresponding to the thermal loading will be

D(1+v)ad

Q=22 l ), (25)
If AT is expressed as a cubic in 7, i.e.
AT = By+ Byr+ Byr?+ Byr3, (26)
equation (24) can be integrated to give
_({d+v)a (B, " By o, By 2 -
=—\3 +16 +25r + D, +D,lgr+ Dyr?). (27)

The three constants of integration D,, D, and Dy may be found from the three boundary condi-
tions which with reference to the previous section are

D(1+4v)a

w=0 and M, = 2

(AT),., at r=a (28)
D(1+v)a

and M, = ;

(AT),_, at r=2b,
where a and b are the inner and outer radii of the disk respectively, and the bending moment 4,
is given by
2
M,=D {d o Vd(z)’

dr2 " r dr (29)

The values of AT at each radiusin the finite difference grid were computed by taking the average
of the nine calculated film temperatures. The arcs of constant radius for the pad computational
grid do not quite coincide with those for the collar because the geometric centre of the pad model
used and the centre of rotation do not coincide. However, the error due to this is small. A library
subroutine which fits a polynomial of any order to a given set of data by Craut’s reduction method
is used to evaluate the four constants By to B;. The computation of the integration constants from
equations (28) and (29) is straightforward and from equation (27) the thermal bending
deflexions are calculated.

p
piie bttt

t BxL

3

Ficure 6. Pressure profile through the pad or collar.

Direct compression

The hydrodynamic pressure of the oil film will cause a direct compression of the pad and the
collar. Assuming the compressive stress varies linearly through the thickness of each component
the total movement of the working surface with reference to figure 6 will be

f Y dx = | (30)
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Summing the effect for both the pad and the collar the resulting change in film thickness where

the film pressure is p will be
O L
o=4(E+E): B

where subscripts p and c refer to the pad and the collar.

Direct thermal expansion

Direct thermal expansion can be treated in a similar manner to direct compression. The
temperature gradient through the thickness of the pad and the collar has already been assumed
to be linear. Referring to figure 7 the thermal growth of an element of thickness dx a distance x
from the non-thrust face will be

do = oc[7;,+(fr_ T) ﬂ dx. (32)
The total growth of the thrust surface is, therefore

o =af [Tt (T-7) 2] s = 4ot T+ ) (33)

Ficure 7. Temperature profile through the pad or collar.

Only the variation in thermal growth will affect the film shape and since 7} has been assumed
constant for both pad and collar, it can be omitted. The full term for direct thermal expansion
then becomes

o =—3%apTpty+acTcte). (34)
The negative sign indicates that direct thermal expansion decreases film thickness whereas all
other modes of deflexion increase it.

SIMULTANEOUS SOLUTION OF ALL THE GOVERNING EQUATIONS

A final computer program was written to solve both the hydrodynamic and elasticity equations
simultaneously and satisfy their boundary conditions. The required input data are bearing
geometry and material properties, lubricant properties, and the following operating parameters

speed

load

pad inlet temperatures

temperatures of the oil in the housing and at inlet.

A simplified flow chart is shown in figure 8. The hydrodynamic program already described is
used to find solutions for temperature and pressure distributions and minimum film thickness.
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read initial values for
temperature, pressure, and
film thickness distributions
and other bearing parameters

Y

calculate the film
shape by using the -
distortion theory

PN
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Y
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and pressure distributions

and the centre of pressure
coordinates as described in figure 4
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no

\ write out solution /

Figure 8. Flow chart for the full thrust bearing computer program.
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Two further iteration loops are included. The first finds the correct angle of pad tilt using solutions
from two assumed values and linear interpolation in a similar process to that used for finding
minimum film thickness. The second iterates between solutions of the hydrodynamic equations
and the distortion equations until successive solutions for temperature, pressure, and film thick-

PHILOSOPHICAL
TRANSACTIONS
OF

ness distribution agree within % 9%, on a summation basis. The centre of pressure was always
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found to lie within 0.03 9, of the pad width from the axis of symmetry of the pad using this
method. In practice three cycles of the outer interation loop were required to reach a solution.
Even so the programme took more than 400s of central processor time.

The derivation of all the equations and listings of the important parts of the computer programs
are given by Robinson (1971).

CONCLUSIONS

This paper gives details of a computer solution for thrust bearings taking into account heat
conduction as well as convection, and thermal and elastic distortions. The only major simplifica-
tion has been to assume that temperature is constant across the thickness of the oil film, though
varying in all other directions. A comparison of computed solutions with experimental measure-
ment is described in the next two parts. Part II which follows, describes the interferometric
apparatus and its application to a tilting pad bearing. Part III considers a parallel surface
bearing.
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