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Abstract

A moving spectral element method is described for solving
the dynamically loaded journal bearing problem. In this
problem a lubricant occupies the region between an inner
cylinder which rotates and moves under a time-dependent
load and an outer cylinder which is stationary. The path
of the journal is tracked in time in order to determine the
stability of the bearing and the minimum oil film thick-
ness of the lubricant. Particular emphasis is given to the
choice of efficient preconditioners for both the statically
and dynamically loaded problems. The effects of cavita-
tion and variable viscosity on the stability of the bearing
are discussed.
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1 Introduction

The journal bearing is an essential part of all internal
combustion engines as a means of transferring the energy
from the piston rods to the rotating crankshaft. The main
journal bearing consists of a journal which is part of the
crankshaft and a bearing which is fixed to the engine cas-
ing. In general, the two cylinders are eccentrically posi-
tioned with a film of lubricating oil separating the two sur-
faces. The system is subject to dynamic loading in which
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the journal is allowed to move under the force the fluid
imparts on it and the force applied by the engine. Under
these forces the centre of the journal traces out a nontrivial
locus in space. A knowledge of the path of the journal is
important if lubrication engineers are to predict and un-
derstand bearing fatigue. Lubrication engineers are inter-
ested in determining the global minimum oil film thickness
as the journal moves in time in order to assess the role of
viscosity on bearing wear.

The traditional approach to the study of journal bear-
ing lubrication has been via the lubrication approximation
introduced by Reynolds [18]. This enables an equation for
the pressure within the thin film region of the geometry to
be written separately from the kinematical and constitu-
tive equations describing the flow of the lubricant, thereby
simplifying greatly the calculation of the reaction forces en-
gendered by the lubricant. Whereas the effectiveness of the
lubrication approximation has been supported by experi-
mental evidence in a very wide range of lubrication studies,
there are at least two contexts in which the approximation
may be open to question. The first is in predicting the fine
details of the nonlinear dynamics of the journal bearing.
Here the precise pressure boundary conditions exploited in
the Reynolds equation can have a profound effect on the
dynamics of the journal. The second context is in study-
ing the role of viscoelasticity in journal bearing lubrication.
Within the lubrication approximation, normal stresses are
viscosity dominated, making it difficult to accommodate
elastic effects in the analysis. However, when the relax-
ation time of a viscoelastic lubricant is sufficiently high,
for example due to pressure thickening, enhanced normal
stresses are possible when the lubrication approximation
is not employed [8].

If the lubrication approximation is not invoked, there is
no option but to solve the full set of coupled equations gov-
erning the flow of the lubricant, taking proper account of
the moving parts of the geometry. Until recently this task
has proved too formidable a calculation, but with current
computing power combined with efficient and accurate nu-
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merical methods, the calculation may be attempted.

In this paper we concentrate on the development of accu-
rate and efficient numerical techniques for solving journal
bearing problems. A comprehensive physical interpreta-
tion of the results generated by our numerical algorithm is
beyond the scope of this paper and will be reported else-
where. We consider the long bearing approximation in this
paper, i.e. we assume that everything is constant along the
axis of the bearing. The extension of this work to the finite
bearing which is a fully 3-D problem is in progress.

We consider the flow of a non-Newtonian lubricant un-
der dynamic loading conditions. The locus of the centre of
the journal is determined by solving the equation of mo-
tion of the journal. This calculation requires a knowledge
of the force exerted on the journal by the lubricant. There-
fore the motion of the journal is coupled to the solution of
the governing equations for the flow of a lubricant. Since
the journal moves in time the flow geometry for the lubri-
cant also changes in time and therefore a new discretisation
mesh is required at each new time step. A spectral element
method is used to solve the fluid equations at each time
step. The discretised equations are solved by a nested pre-
conditioned conjugate gradient method. A comprehensive
discussion of which are the most efficient preconditioners
in the journal bearing context is given. For realistic jour-
nal bearings the radii of the journal and bearing are very
similar, i.e. the clearance between the two is very small.
This has severe consequences for the iterative solution of
the algebraic equations defined in such geometries and pro-
foundly affects the choice of preconditioner. The effect
of cavitation and variable viscosity on the stability of the
journal is discussed.

2 Formulation of the problem

2.1 The geometry

Consider the two-dimensional geometry shown schemati-
cally in Fig. 1. The journal of radius R; rotates with a
constant angular velocity w in a stationary bearing of ra-
dius Rp. Both the journal and the bearing are assumed to
be of infinite extent in the axial z-direction. The distance
between the axes of the journal and the bearing is given
by e.

The eccentricity ratio is defined by € = e/c, where ¢ =
Rp — Ry is the average gap so that 0 < ¢ < 1. The
region between the journal and the bearing is occupied by
a lubricant. The journal is free to move under the action
of an applied load which may be variable, its own weight
and the reaction force exerted on it by the lubricant. This
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Figure 1: A spectral element discretisation of the journal
bearing problem with E, =4, E, =2 and N =7.

means that the centre of the journal traces out a nontrivial
path in space.
2.2 The governing equations

The governing equations for a Generalised Newtonian fluid
comprise the conservation of momentum

o
(1) P (a—:+v-Vv) =-Vp+V.T,
the conservation of mass
(2) V.-v=0,

and the constitutive equation
(3) T = 2n(%, p)d,

where p is the density, n is the variable viscosity, ¥ =
v/2tr(d)?, T is the extra-stress tensor and d = }(Vv +
(Vv)T) is the rate of deformation tensor. Here tr(A) de-
notes the trace of a tensor A. The constitutive equation
(3) is a modification of the usual Generalised Newtonian
model to include pressure dependence of the viscosity.

The viscosity law that we have used was proposed by
Li and Davies [8]. It is shear-thinning and pressure-
thickening. The various parameters in the model are de-
termined empirically. The dependence of viscosity on
and pressure is given by

(4) 77={77m+ (Mo — Mo )

W} x exp(—atr(o)/3 + F)
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where K is a function of pressure
K = K(p) = exp(—atr(o)/3 + E)

o = —pl + T is the Cauchy stress tensor and
Mo, N, My N, &, &, E and F are material parameters which
are estimated by best-fitting experimental data. This
model describes the shear-thinning behaviour of the viscos-
ity by a Cross-type formula. Pressure-thickening is mod-
elled by a simple exponential law [1]. It is important to
note that the viscosity law (4) is consistent with experi-
ments [2] which span only limited ranges of the pressures
which the lubricants experience under general operating
conditions.

2.3 Cavitation

The assumption that a complete lubricating film is main-
tained throughout the operation of a journal bearing is
well-known to be false in many realistic situations. Un-
der certain conditions the lubricating film ruptures and
a cavity is formed. Indeed the very presence of a cavi-
tating region has been shown to be sufficient to stabilise
the motion of the journal. Many investigators ([14],[17])
suggest that in the case of a journal operating under the
assumption of full-film conditions and without an applied
load instability is universal. In this case the journal moves
from its equilibrium position, under static loading condi-
tions, in an orbit of growing size until the bearing fails, i.e.
the journal and bearing surfaces touch one another. This
phenomena is known as whirl instability [13]. In practice
the full-film condition is not realistic since in many jour-
nal bearing models the large negative pressures produced
in the oil cause the oil to vapourise leading to cavitation.
There are many ways of modelling cavitation (see Cameron
[7], for example), some of which are more sophisticated
than others. However, they may all be viewed as ways
of circumventing the rather complex two-phase oil-vapour
flow problem. Brindley et al. ([3], [4], [5]) have consid-
ered a 7-film model within the lubrication approximation
in the case of a constant applied load. They showed that
with the inclusion of a cavitation model there were con-
ditions under which the motion of the journal was stable
where previously it was unstable.

In this paper we shall consider two cavitation models.
The first is a dual phase variant of the so-called 7-film or
half-Sommerfeld condition. In the n-film cavitation model
it is assumed that the lubricant cavitates in the diverging
part of the journal bearing geometry. In its dual phase
variant the viscosity of the fluid in the cavitating region
is set to be very low while the viscosity of the fluid in the
non-cavitating region is kept as that of the lubricant. The
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second model which we call the single-phase variable-film
cavitation model makes no assumption about the size of
the cavitating region. The governing equations for the
lubricant are solved subject to the full-film assumption
and the cavitating region is then determined by the re-
gion of subambient pressures. The reaction force on the
journal is calculated by integrating the pressure over the
non-cavitating region. We shall refer to these models as
cavitation models (A) and (B), respectively.

3 DMotion of the journal

This is by far the greatest computational challenge in the
present study. A single computer run tracking the journal
from rest to a periodic equilibrium state takes many hours
of DEC-alpha CPU time, under realistic running condi-
tions. Two factors are primarily responsible for the high
CPU time. These are the use of small time steps which
are required for stability and accuracy of the numerical ap-
proximation, typically O(10~8) seconds, and the dynamic
remeshing due to the translational motion of the journal.
We assume that the centre of mass of the journal behaves
as a particle of effective mass M, situated at the centre of
the journal. The equation of motion of the journal is given
by
(5) M.t = F+R,

where r is the position vector of the centre of the journal
with respect to a coordinate system fixed in space. The
applied load, F, in this paper, is taken to be

(6) F = (0,F), F = Fysin(wt) — M.g + F,,

where the parameters F,, and F, allow one to specify the
amplitude and mean level of the applied load. The reaction
force R is the force the fluid exerts on the journal and is
determined from the solution of the governing equations of
motion for the lubricant.

The journal is tracked in time by integrating (5) in the
following manner. The flow of the lubricant at each time
step is computed using what is known as a quasi-steady ap-
proximation. At a given time t = nAt, say, the steady flow
equations are solved for the current position of the journal
using the spectral element method. The force which the
fluid exerts on the journal is then calculated by integrating
the stresses around the journal,

R = —/ o.1ds,
Ty

where I'; is the surface of the journal and @ is the outward
unit normal vector to the journal. The right-hand side of
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(5) is then updated and the equation integrated in time
using the forward Euler method to obtain the new posi-
tion of the journal at time t = (n 4+ 1)At. The process is
repeated by solving the steady flow equations in the new
region between the journal and the bearing. Note that
in this approximation the solutions to the fluid equations
at successive time steps are independent of one another.
However, in many situations this appears to be a reason-
able approximation due to the size of the time step.

4 Moving spectral element algo-
rithm

The region 2 between the journal and bearing is parti-
tioned into a number of spectral elements, Qx, 1 <k < K,
such that UK Qr = Q and Q, N Q = 0 for all k # 1, as
shown in Fig. 1. Let E, and E, denote the number of
spectral elements in the radial and azimuthal directions,
respectively. We also assume that the decomposition is
geometrically conforming in the sense that the intersec-
tion of two adjacent elements is either a common vertex or
an entire edge. Each physical element is mapped onto the
parent element [—1, 1] x [—1, 1] on which a Legendre Gauss-
Lobatto grid is used. The transfinite mapping technique of
Gordon and Hall [10] is used to perform this mapping. The
Py — Pxy_s spectral element method ([15], [16]) is used in
which the velocity and pressure approximations are of de-
grees NV and N — 2, respectively. The velocity and pressure
approximations corresponding to element k are therefore

N N
(7) v (&) =D vEhi(€)h;(n),
1=0 j=0
N—-1N-1 . _
(8) ph(&n) = pEhi(€)h(n),
i=1 j=1

respectively. With the velocity and pressure approxima-
tion spaces thus chosen the Babuska-Brezzi compatibil-
ity condition is satisfied. There are no spurious pressure
modes in the pressure approximation.

The discrete variational formulation of (1)-(2) leads to
an algebraic system of the form

(9) Ayv-D'p = g,
(10) Dv = h,
where A, represents the discrete weak form of the diffu-
sion operator nA and D is the discrete divergence opera-

tor. Block Gaussian elimination yields a symmetric posi-
tive definite system for the pressure

(11) Sp=c
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where § = DA;'DT and ¢ = —DA; 'g + h. The system
(11) is solved for the vector of pressure unknowns using the
preconditioned conjugate gradient (PCG) method. Since
the system is solved iteratively the stiffness matrices do
not need to be set up. Instead they are kept in elemental
form. The particular way in which the spectral element
grid is constructed ensures that the entries of the pressure
matrix S are dependent only on the eccentricity ratio e
and not on the orientation of the journal. We denote this
dependence by S..

The solution of systems of algebraic equations of this
form, derived from a spectral element discretisation of the
constant viscosity Stokes problem, is well-documented in
the literature (see [15], for example) and suitable precondi-
tioners have been advocated which yield efficient numerical
algorithms. However, for the solution of realistic journal
bearing problems in which Rg — R is small and ¢ is near
unity the system of equations is extremely ill-conditioned
and the spectrum of S, is not so well-behaved. We shall
give an example in the next section, for a constant viscos-
ity lubricant in a statically loaded journal bearing, which
shows that this is a result of the extremely large physi-
cal aspect ratio for this geometry. The spectral element
mesh for geometries of this type comprises elements that
are highly distorted. A comprehensive study of precondi-
tioners for this problem is given in [11] in the case of the
statically loaded bearing.

For the dynamically loaded bearing the preconditioner
is changed dynamically in time taking into account the
current eccentricity ratio of the journal and the number
of PCG iterations required for convergence at each time
step. The preconditioner is based on the pressure matrix
evaluated at a given eccentricity ratio. The preconditioner
is updated dynamically if a prescribed maximum number
of PCG iterations is exceeded [12].

5 Efficient preconditioners

A good preconditioner, P, for S should be an approxima-
tion to S, in some sense, which meet the following criteria:

(a) P is easier and cheaper to invert than S;

(b) P is sparse so that it is efficient to construct and
store;

(c) the eigenvalues of P™1S are more clustered than
those of S.

The last criterion ensures that convergence of the iterative
method is rapid. The preconditioner is decomposed in the
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form P = QQ7 and the transformed system written as
(12) Q7ISQTT(QTp) = Q7'b.

The condition number, &, of the preconditioned system is
defined by
(13)

Kk = A'?'TMIJI

Amin

where A,,q; and A,,;, are the largest and smallest eigen-
values of the preconditioned matrix L where

(14) L =Q1'sQT.

In practice the steps of the conjugate gradient method are
rewritten so that the preconditioner is applied in its en-
tirety.

5.1 Static loading

Initially efficient preconditioners are sought for the stat-
ically loaded journal bearing. In this problem the jour-
nal rotates about its own axis but is not allowed to move
translationally. This means that the geometry is fixed and
S remains constant in time. In addition we shall restrict
ourselves to a constant viscosity lubricant. In particular
the following preconditioners are considered:

(a) P = B where B is the pressure mass matrix.
(b) P = B where B is the diagonal of B.

(¢) P =S, where S,- is the matrix S, evaluated at

€ =¢€*.

The pressure mass matrix B is not diagonal because the
quadrature rule used in setting up this discrete variational
formulation requires extrapolated values of the pressure
on the elemental boundaries. Note that for a spectral ele-
ment discretisation the pressure mass matrix is not sparse
at the elemental level. This choice, given by (a), is widely
advocated in the spectral element literature. However, we
demonstrate that for the journal bearing problem with re-
alistic values of the parameters this choice does not provide
a well-conditioned preconditioned matrix. This means that
not only will the resulting algorithm converge slowly but
also that the numerical approximation will not be partic-
ularly accurate.

The geometry of a car engine journal bearing is such
that the typical physical aspect ratio, proportional to
a = ¢/2nRy, is very small where ¢ = Rg — Ry is the
average gap of the fluid region. Typical values are much
less than 1/100. Therefore not even a significant redefini-
tion of the spectral element discretisation would overcome
this problem.
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We show that the eigenvalue spectrum is very much de-
pendent on the physical aspect ratio. In Figs. 2 and 3 we
choose € = 0.5 and keep (N, E,, E,) fixed at (7,2, 2) which
gives M = 196, where M=E,.xE,xN? is the size of the
pressure matrix S, and show the eigenvalue spectra of the
preconditioned system when the preconditioner is the pres-
sure mass matrix i.e. P = B. The outer radius in both
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Figure 2: Eigenvalue spectrum of preconditioned system
with P=B with (N, E,, E,) = (7,2,2) and illustration of
model for the case of & = 5.3x1072, e=0.5 . The result is a
condition number k=188.3 and number of PCG iterations
=28
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Figure 3: Eigenvalue spectrum of preconditioned system
with P=B and (N, E,, E;) = (7,2,2) together with illus-
tration of model for the case of @ = 2.04x 1074, €=0.5. The
result is a condition number k = 9.35 x 108 and number of
PCG iterations = 40
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figures is the same (Rg=0.03129) and the inner radius is
varied so as to vary a. In Fig. 2, =0.053 whilst in Fig. 3,
a = 2.04 x 10™%. The result is that the condition number
increases as a decreases with a cluster of very small eigen-
values appearing in the latter figure. In terms of conjugate
gradient iterations the model with a=0.053 takes 28 itera-
tions to converge whilst with o = 2.04 x 1074, 40 iterations
are required. The position is much worse for the precondi-
tioner P = B for which the PCG method fails to converge
within the theoretical maximum number of M iterations
for o = 2.04 x 107%, indicating that round-off errors dom-
inate. Changing the number of elements or the number of
nodes whilst keeping the elemental aspect ratio fixed does
not alter the condition number of the preconditioned sys-
tem with P = B. The resulting condition number for both
these examples is x = 9.36 x 108,

Thus we have shown conclusively that the condition
number of the preconditioned system is dependent on the
preconditioner and the physical aspect ratio, a, but not on
the elemental aspect ratio.

Table 1 compares the condition number and the number
of preconditioned conjugate gradient iterations for differ-
ent preconditioners of S with ¢=0.5 . It is clear that the
most successful preconditioner is Sp ¢ in terms of the num-
ber of iterations. This preconditioner needs to be calcu-
lated only once and can be applied to systems with differ-
ent eccentricities.

(N,E,.E,), M P=I P=B
(7.2,2), 196 284 (4.30x10°%) | 164 (1.79%x10°5)
(10.2,2), 400 || 1162 (8.50x10%) | 395 (3.31x10%)
(13.2.2), 676 || >2000 (1.39x10°) | 727 (5.24x10%)

(N.E. E,), M P=B P=S,0
(7.2,2), 196 || 40 (9.35x10°) | 29 (55.84)
(10,2,2), 400 || 63 (9.35<10°) | 34 (55.84)
(13,2,2), 676 || 95 (9.35x10°) | 37 (55.84)

Table 1: The number of PCG iterations of the precon-
ditioned system with ¢=0.5 for different preconditioners,
P, together with, in brackets, the corresponding condition
number. The results are for different numerical parameters
based upon the p-method analysis. o = 2.04 x 1074

The inversion of the pressure mass matrix also requires
a nontrivial amount of work. In addition it needs to be
recomputed for different eccentricities. The other two pre-
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conditioners (I and B) although trivial to calculate and in-
vert are very poor preconditioners in terms of the number
of PCG iterations required for convergence. In practice,
however, we are not limited to using the preconditioner
based on the concentric pressure coefficient matrix Sg.o. It
is possible to construct and store a set of preconditioners
Se;, 1 £1 < I, for different eccentricities €; and to use the
preconditioner SEJ. for which ¢; is closest to €. This ap-
proach will be explored further for the dynamically loaded
journal bearing.

Note that the condition number of the preconditioned
system is independent of N for the two cases P=B and
P=S; . In this sense we say that both preconditioners are
optimal and that we can expect the number of PCG iter-
ations to be proportional to M. However, as can be seen
from the table the number of iterations using both these
preconditioners increases less than proportionally with N.
This effect is more pronounced in the case P=Sp o where
the number of iterations required for N=10 and N=13 is
almost the same. Note, however, that the condition num-
ber using P = B remains high and therefore numerical
results generated using this preconditioner may not be as
accurate as those obtained using P = Sy .

5.2 Dynamic loading

The major challenge in this problem in which the journal
is free to move translationally in response to an applied
load and a force exerted on it by the lubricant is that the
geometry is changing in time. The aim is to develop a code
which can be used to determine the response of the bearing
due to various inputs such as applied load, viscosity of the
lubricant, initial position of the journal, speed of rotation
of the journal and choice of cavitation model. It is im-
portant to determine under which conditions the journal
traverses a path that will ultimately bring it into contact
with the bearing, thereby causing bearing failure. For our
purposes bearing failure occurs when € > 0.98 in which
case there is metal-to-metal contact. A typical run takes
many thousands of iterations with time steps of O(107%)
seconds.

We propose using a preconditioner which changes dy-
namically in time taking into account the current eccen-
tricity ratio of the journal and the number of PCG iter-
ations required for convergence at each time step. The
preconditioner is based on the pressure matrix evaluated
at either the present or a previous value of the eccentric-
ity ratio. A given preconditioner may be used for many
time steps for which the actual eccentricity ratio will be
different to that used to compute the preconditioner. The
current preconditioner is changed when the number of it-
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erations required for convergence of the outer conjugate
gradient iteration exceeds a prescribed maximum number
of iterations. In the results which we present this number
was set to be twelve. Once this number has been exceeded
a new preconditioner is constructed corresponding to the
current eccentricity ratio. The work involved in setting up
a new preconditioner is negligible compared with the time
taken to track the motion of the journal from its initial
state until either the bearing fails or a stable equilibrium
point or closed orbit is found. The amount of time spent
on the construction of preconditioners is always less than
5% of the total CPU time.

6 Numerical results

In this section we shall present a selection of results show-
ing the influence of cavitation and variable viscosity on the
path of the journal. The results which we present are for
the choice of discretisation parameters given by E, = 1,
E, =4 and N = 8. Variation of the number of elements,
the degree of approximation and the time step has been
performed to ensure that the final paths are independent
of these numerical parameters. The initial position of the

L e o o o e e e B N IS e e e |
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Figure 4: Eigenvalue spectrum of preconditioned system
with P=Sg and (N, E,, E;) = (7,2,2), a = 2.04 x 1074
and €=0.5 . The result is a condition number x = 55.8 and
number of PCG iterations = 27.

journal is specified by an eccentricity €, and an attitude
angle ¢,. In Fig. 5 we compare the paths resulting from
the use of cavitation models (A) and (B). In this example
we have a variable applied load given by F, = 2 x 10°
N/m, F. = 0 N/m, a journal of mass per unit length
M, = 1.75 x 10* kg/m and an angular velocity w = 350
rad/s. In figures of this type the motion of the journal
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Figure 5: Comparison of the paths of (a) variable-film
single-phase and (b) w-film double-phase cavitation mod-
els for a journal of M, = 1.75 x 10* kg/m, w=350rad/s,
(€0,60)=(0.10,0.35), F, = 2 x 10° N/m, F,=0 N/m with
time ¢€[0,0.15].

is given in eccentricity ratio/attitude angle space. So, for
example, if the path travels through the centre of the ref-
erence circle then ¢ = 0.0 which means that the journal
and bearing are concentric and if the path touches the ref-
erence circle then ¢ = 1.0 and so the journal touches the
bearing. For each of the models a different closed path is
found as the limiting motion of the journal. With reference
to Figs. 6 and 7 which are plots of the eccentricity ratio
and attitude angle of the journal against time, respectively,
we see that the final closed path solution is reached after
no more than a handful of orbits of the journal around
the bearing. For cavitation model (A) a minimum oil film
thickness is attained corresponding to an eccentricity ratio
of 0.62 whereas for model (B) it occurs at an eccentric-
ity ratio of 0.90. Even for large magnitude applied loads,
such as that used in the present example, the choice of
cavitation model is important. Clearly the minimum oil
film thickness is sensitive to the choice of cavitation model
that is used in the numerical calculations. The rather sim-
plistic 7-film model which is used extensively in practice
cannot be relied upon to give definitive results although it
may well be useful in predicting trends for journal bear-
ing stability. A study of the whirl speed from Fig.7 shows
that the periods of both paths are identical to that of the
variable applied load.

Finally, we consider the effect of variable viscosity on
the stability of the journal bearing. We consider a journal
with M, = 7 x 10* kg/m rotating with an angular veloc-
ity of 250 rad/s, and subject to an applied load which is
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Figure 6: Plot of (a),(b) the eccentricity of the two journal
paths shown in Figure 5a,b respectively.

just its own weight. The initial position of the journal is
specified by €, = 0.1, and ¢, = 0.0. The following param-
eters were used in the viscosity law (4): 7, = 9.352 x 1074,
Ne = 45 x 1074, a = 1.119 x 1078, & = 2.39 x 1078,
E = —13.527, F = 2.297 and m = 0.545. These values
are taken from experimental measurements of typical non-
Newtonian lubricants. We assume that full-film conditions
hold, i.e.. the lubricant does not cavitate. The resulting
path is shown in Fig.8. The corresponding evolution of the
eccentricity and attitude angle are shown in Figs. 9 and
10, respectively. The journal moves from its initial posi-
tion until it reaches an equilibrium point. At this point
the weight of the journal balances the reaction force of the
lubricant on the journal. This example shows that it is
possible to obtain stable trajectories of the journal with-
out the inclusion of a cavitation model. Variable viscosity
is sufficient to produce a pressure field that is not exactly
anti-symmetric and this is responsible for the stabilising
effect. In the case of constant viscosity the pressure field is
anti-symmetric and therefore without cavitation the bear-
ing always fails. Further work needs to be done on the role
of variable viscosity.

7 Concluding remarks

A moving spectral element method has been described for
solving a problem of tremendous industrial importance.
Some of the key modelling aspects have been described.
The position of the journal has been tracked by solving
an equation of motion for the journal. The preconditioner
for the PCG method is chosen dynamically in time to en-
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Figure 7: Plot of (a),(b) the cosine of the attitude an-
gle of the journal paths shown in Figure 5a,b respectively
together with (c) ky +kq sin(wt) for reference with the jour-
nal’s angular velocity.

sure that the solution for the flow of the lubricant at each
time step is performed efficiently and within a prescribed
number of iterations.
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