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Original Article

Improvement of journal bearing operation
at heavy misalignment using bearing
flexibility and compliant liners

Kim Thomsen and Peder Klit

Abstract

A flexure journal bearing design is proposed that will improve operational behaviour of a journal bearing at pronounced

misalignment. Using a thermoelastohydrodynamic model, it is shown that the proposed flexure journal bearing has vastly

increased the hydrodynamic performance compared to the stiff bearing when misaligned. The hydrodynamic perfor-

mance is evaluated on lubricant film thickness, pressure and temperature. Furthermore, the influence of a compliant

bearing liner is investigated and it is found that it increases the hydrodynamic performance when applied to a stiff bearing,

whereas the liner has practically no influence on the flexure journal bearing’s performance.
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Introduction

Misalignment is the root cause of many journal bearing
failures. It is, however, difficult to avoid misalignment
since many factors add to it. These are improper assem-
bly, elastic and thermal distortions of the shaft and
bearing housing, and also manufacturing tolerances.
Therefore, it is important to consider misalignment
when designing journal bearings. A traditional solution
for misalignment is to include a spherical seat in the
housing and thereby allow the bearing to rotate and
align to the journal at the assembly. This will, however,
only apply a static correction and not permit any
dynamic misalignment. Another design approach is to
add a well-defined crowning for the bearing liner. This
approach can be problematic since the required liner
modification is smaller than 0.5 times the minimum
lubricant film thickness and therefore difficult to
manufacture.

The aim of this study is to show that bearing flexi-
bility can be used to effectively improve a bearing’s
ability to operate under heavy misalignment. It is
accomplished by decreasing the angular stiffness of
the bearing and at the same time maintaining a high
radial stiffness. This allows the bearing to maintain a

high performance at low or no misalignment and also
to deform when subjected to misalignment. Thereby,
the lubricant film thickness is increased at the highly
loaded areas that could otherwise make contact and
lead to failure.

In this study, the term flexure bearing is used for
bearings for which important parts of their tribological
characteristics are achieved through structural
flexibility.

In this study, it is shown that by using a flexure
bearing design, it is possible to design an inexpensive,
simple and robust bearing that can operate at high mis-
alignment without suffering from edge loading and
potential bearing damage. Furthermore, it is also stud-
ied if a compliant liner will improve the tolerance
towards misalignment when combined with a flexure
bearing and also on a traditional stiff bearing.
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Bouyer, Fillon and Pierre have done an extensive
work1–4 on the effects of misalignment on the opera-
tional behaviour of traditional journal bearings. They
observe the most significant reduction in bearing per-
formance at low rotational speed and as expected, the
pressure peak moves away from the centre plane and
towards the edge of the bearing when subjected to mis-
alignment. They propose two optimized bearing geom-
etries and show that they can improve performance
considerably when operating with misalignment.
However, they do not take elasticity into account.

Nikolakopoulos et al.5 show a novel application of
bearing optimization using Pareto analysis together
with an elastohydrodynamic (EHD) model. They opti-
mize the geometry of a misaligned journal bearing
through variation of the traditional bearing parame-
ters. It is also shown that a misaligned bearing can
benefit from a limited amount of wear.

Mihailidis et al.6 study the influence of bushing
geometry on the performance of a misaligned hydrody-
namic journal bearing and find that parabolic and
crowned liner modifications perform well.

A flexure bearing is designed to take advantage of its
structural flexibility in order to adapt its geometry to
various operating conditions. The bearings are known
as alternatives to pivoted bearings, for both radial and
thrust bearings.

Walton and San Andrés7 study a four-pad flexure
bearing subjected to various operating conditions
experimentally and compare measurements with theo-
retical results. They find that the particular bearing
geometry operates predictably and reliably for all sub-
jected conditions. San Andrés and de Santiago8 study
the dynamic response of a flexure pad bearing experi-
mentally. They find that bearing response to unbalance
loads is good and has a stable performance in the entire
range of operating conditions.

Thomsen and Klit9 study a radial flexure pad bear-
ing operating under misaligned conditions and it is
found that the use of flexure pads is an attractive alter-
native to pivoted pads. Pivot contact related failure
modes are eliminated and load capacity is not restricted
by the force that can be transferred through the pivot
contact. It is furthermore found that if the flexure sup-
port is combined with a polymer liner, it is possible to
design a very robust pad that can operate at higher
specific loads than common babbitted tilting pad
bearings.

The study of compliant liners has seen increasing
interest in the recent years. Due to the polymer liners’
low break away friction and good wear properties, the
liners have very good operational characteristics at thin
films. The compliant nature of the polymer bearings
mean that they are less sensible to imperfections in
the bearing surface geometry. This is particularly

interesting for large bearings. The polymers do, how-
ever, also give the design engineers new challenges in
the form of creep, the Achilles’ heel of polymers when
applied to bearing applications. In order to decrease the
creep to an acceptable level, the polymers are often
reinforced with glass or carbon fibres. The low thermal
conductivity of polymers must also be taken into
account when introducing polymer liners in hydrody-
namic bearings, as it will reduce the heat flux between
bearing and lubricant.

Simmons et al.10 analyse the use of large thrust pads
with polytetrafluoroethylene (PTFE) liners for hydro-
power plants and describe the learning from uprating
the thrust bearing in a hydropower plant. The existing
babbitt-faced pads were replaced with PTFE-faced
pads and it was concluded that the high-pressure lubri-
cant-injection systems used to enable safe start-up and
shut-down could be dispensed with. The PTFE pads
can operate under harder conditions, allowing the bear-
ings to be designed smaller and thus more energy effi-
cient or with similar size as a babbitted bearing but with
a higher safety margin.

Thomsen and Klit11 study the compliant liners and
their influence on the dynamic response of a dynami-
cally loaded journal bearing. The primary findings are
that the maximum pressures are reduced significantly at
the expense of slightly higher eccentricity ratio during
operation.

As stated earlier, the aim of this study is to show that
bearing flexibility can be used for bearings operating at
heavy misalignment advantageously. A traditional two-
lobe journal bearing with circular bore operating at
steady-state conditions is used for the analysis. A stiff
bearing and a flexure bearing geometry will be studied
and compared. In addition to this, the effects of com-
pliant liners are studied by including variants with and
without compliant bearing lining. Thus, four bearings
are studied in total:

. a traditional stiff bearing;

. a traditional stiff bearing with compliant polymer
liner;

. a flexure bearing; and

. a flexure bearing with compliant polymer liner.

Figure 1 shows the geometry of the flexure journal
bearing with a compliant liner. The low rotational stiff-
ness of the flexure web allows the flexure tube, and thus
the bearing, to rotate and adjust according to journal
misalignment.

The compliant liner is 2-mm thick. For the bearings
without a compliant liner, the steel bodies are moved
2mm towards the bearing centre line and thereby the
overall stiffness of the bearings is influenced minimally
when removing the compliant liners. The two stiff
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bearings are modelled using the same figure, except
that the web of 15mm is extended to the full width of
150mm. The journal is assumed infinitely stiff. Remain-
ing bearing data and operating conditions are given
in Table 1. The same operating conditions are used
throughout the analysis.

The full flexibility of the bearing is included in the
elastic model, and thus, there is an exhaustive number
of geometrical parameters to investigate when optimize

the geometry for the given load. For this study, the
thickness of the flexure web and flexure tube, 15mm
and 35mm, respectively, was chosen after trying several
configurations. This particular combination returns
good bearing response, although not fully optimized,
for the given operating conditions.

Governing equations and model set-up

A thermoelastohydrodynamic model has been devel-
oped for this study on flexure bearings. A brief descrip-
tion of the simulation model and its sub-models is given
in the following sections.

The hydrodynamic part of the model is verified using
the bearing geometry and loads from the connecting
rod big end bearing of the Hornsby 6VEB-X Mk III
4 stroke diesel engine12 giving identical results as other
studies. The elasticity part is verified by comparison
with elastic structures where the deformation can be
compared with elementary beam theory. The thermal
part is difficult to compare directly with other studies
since, in this article, one surface is treated as adiabatic
and heat transfer through the other surface is calculated
using a heat transfer coefficient. Furthermore, the jour-
nal temperature varies axially in this study. The
approach has, however, been widely used and accepted
as a simplified method for thermoelastohydrodynamic
modelling.

Reynolds equation

A three-node triangular fine element method (FEM)
model is used for solving the steady-state form of
Reynolds equation (1) and thus finding the pressure
distribution
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The element equations corresponding to equation (1)
are derived using the variational approach13 and shown
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Table 1. Bearing data and operating conditions.

Parameter Value

Bearing diameter 300 mm

Bearing width, L 150 mm

Radial clearance 150mm

Circumferential extension of oil inlet groove 10�

Number of oil inlets 2

Bearing load in y-direction �225 kN

Specific pressure 5 MPa

Rotational speed, ! 1500 r/min

Lubricant viscosity grade ISO VG 32

Lubricant density, � 854 kg/m3

Lubricant specific heat capacity, cp 2000 J/kg/K

Oil inlet temperature 40 �C

Journal temperature at bearing edges 40 �C

Polymer liner: modulus of elasticity 6 GPa

Polymer liner: Poisson’s ratio 0.4

Steel: modulus of elasticity 200 GPa

Steel: Poisson’s ratio 0.3

Journal thermal conductivity, kj 40 W/m/K

Heat transfer coefficient: journal/oil �j 2000 W/m2/K
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Figure 1. Flexure journal bearing geometry and system

coordinates.

DOFs: degrees of freedom.
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Equation (2) is a set-up for all elements and assem-
bled into a set of equations, combining all nodes which
can then be used to solve for the pressure p.

The pressure is set to zero for all nodes located on
the bearing edges and in the lubrication grooves.

Cavitation is handled through an algorithm where
consecutive iterations are solved for the pressure.
Nodes which fulfil the cavitation requirement, p< 0,
are identified and a fraction of the nodes, counting
from the trailing edge of the cavitated region, is selected
and the pressure is set to zero at these nodes and next
iteration is initiated. The procedure is repeated until no
nodes fulfil the cavitation requirement.

Elasticity

An industrial state-of-the-art structural finite element
program, in this case Ansys,14 is used to create the
bearing models in order obtain the corresponding stiff-
ness matrices. Since the fluid film forces are acting only
on the liner surface, it is advantageous to condense the
stiffness matrices into super elements before exporting
them. The method of exporting and reading the stiff-
ness matrix K is verified by modelling geometries that
can be compared to analytical results using elementary
beam theory. The force stiffness matrix K is converted
to pressure compliance matrix L using the integration
matrix A, as shown in equation (5)

K½ � df g ¼ Ff g , df g ¼ K½ ��1 Ff g ¼ K½ ��1 A½ � p
� �

¼ L½ � p
� �

ð5Þ

The super elements utilize 5500 elements. The
meshes from the super elements are also used for
the oil film model using equations (2) to (4). For the
structural model, all nodes at the outer surface of the
bearing in Figure 1 are locked in all its degrees of
freedom.

Coupling of oil film forces and elasticity

Reynolds equation is coupled with bearing elasticity
using the Newton–Raphson method. A Taylor expan-
sion around the solution f(p) with respect to p and
neglecting derivatives of orders higher than one gives
equation (6)

�p
@f pð Þ

@p
¼ f pþ�pð Þ � f pð Þ ð6Þ

The functionals f(p) (7) and f(pþ�p) (8) are the
usual Reynolds equation (1) where the latter is per-
turbed with respect to the pressure. The two functionals
are expanded and simplified to equation (9) using (6).

The term h0 is the oil film thickness for the flexure bear-
ing in its undeformed state
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where h¼ h0þLp
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where h¼ h0þL(pþ�p)
When h3 from equation (8) is expanded, the terms

including L�p in powers of two or higher are neglected
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where h¼ h0þLp
Equation (9) is then put into finite element formula-

tion, using the Galerkin principle, giving the left-hand
side (LHS) of equation (10), which is then used to solve
for �p where S is the residual of the assembled version
of equation (2) after the right-hand side (RHS) is
moved to the LHS

@f pð Þ

@p

� �
�p
� �

¼ Sf g ¼ H½ � p
� �
� Vf g ð10Þ

The final solution for the state of deformation d and
the corresponding pressure p is found by solving equa-
tion (10) multiple times until the residual S vanishes.

For a thorough derivation of the Newton–Raphson
method applied for EHD problems, see McIvor’s15

work on this topic.

Energy equation

The energy equation (11) is solved using a two-dimen-
sional model. The local temperature Tm represents the
mean temperature over the film thickness direction. The
lubricant temperature is specified at the lubricant
supply grooves and full lubricant exchange is assumed
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The conductive term only includes conduction
through the journal; this is a good boundary condition
when the bearing is covered with a highly thermally
insulating polymer liner. It does, however, give an
underestimation of the heat conduction from the lubri-
cant when the model is used for the metal lined bear-
ings, because the heat transport through the liner is
neglected. The approach is chosen in order to be able
to compare the four bearing configurations without
complicating the evaluation of the results.

The conduction is calculated using the heat trans-
fer coefficient �J together with the temperature differ-
ence between journal and lubricant: TJ�Tm.

The journal temperature profile in the axial direction
TJ(z) is determined assuming that the journal tempera-
ture is constant at any radial cross-section (z¼ zcs).
Thereby, the power conduction through a section of
the journal can be calculated using equation (12). The
journal temperature is then defined at the bearing edges
only (z ¼ � L

2)

PJz¼zcs ¼ AJkJ
@TJ

@z z¼zcs
ð12Þ

For simplicity, the conduction from lubricant to jour-
nal is assumed to be symmetric about the midsection of
the bearing (z¼ 0). When this assumption is combined
with the conductive term of equation (11), the power
through any cross section can also be expressed as
equation (13)

PJz¼�zcs ¼ R

Z þzcs
�zcs

Z þ�
��

�J TJ � Tmð Þ

2
d�dz ð13Þ

Equations (12) and (13) can then be combined into
equation (14), expressing the journal temperature gra-
dient at any cross-section of the journal

@TJ

@z z¼�zcs
¼

R
Rþzcs
�zcs

Rþ�
�� �J TJ � Tmð Þd�dz

2AJkJ
ð14Þ

The axial temperature profile of the journal TJ(z)
can then be found by solving the boundary value prob-
lem described by the differential equation (14) knowing
the temperature at z ¼ � L

2.
The energy equation is solved using the finite differ-

ence method. For this purpose, the results from the
arbitrary mesh layout of the FEM is interpolated
onto the equidistant finite different mesh.

Finally, theWalther andMcCoull16 expression is used
to describe the temperature and viscosity correlation.

Results

Variation of misalignment

A load of �225 kN, corresponding to a specific pressure
of 5MPa, is applied to the bearings in the Y-direction

(see Figure 1 for coordinate system), while increasing
the angular misalignment from 0 to 1mrad around the
X-axis. This corresponds to a difference of 150mm film
thickness from one bearing side to the other, the same as
the radial clearance. Nikolakopoulos et al.5 states that a
misalignment of up to 0.3mrad is generally accepted in
most industrial and marine applications. Figure 2 shows
the flexure bearing geometry operating at maximum mis-
alignment in its deformed state. It is seen how the flexible
web allows the flexure tube to rotate and adapt to the
journal misalignment and thereby increase the film thick-
ness at the hardest loaded area of the bearing. The tube
also deforms and bends just over the bearing centre,
where the tube is supported by the web. The bending
of the tube is undesirable as it creates a pressure peak
if the bending is too high. In this case, the tube wall
thickness of 35mm ensures that the amount of bending

Figure 2. Ansys model showing deformed state of flexure

bearing at maximum misalignment. The colour grades represent

von Mises reference stress; maximum is 128 MPa.
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is limited. The colour grades represent the von Mises
stress levels in the bearing, and a maximum stress of
128MPa is observed. The maximum stress is found at
the interface web-to-tube, where no fillets are used in the
structural model. Thus, the stress levels can be expected
to decrease when introducing these.

Figure 3 shows the minimum film thickness for the
four bearing configurations at increasing misalignment.
It is seen that the two stiff bearings reach a minimum
film thickness of 0.3 and 1.4mm already at 0.44mrad,
whereas the two flexure bearings maintain a thickness
of 14 mm at this amount of misalignment. The flexure
configurations maintain a film thickness of more than
3 mm up to the maximum misalignment of 1mrad. The
gradients of the two flexure bearing curves change from
almost horizontal to decreasing at 0.09mrad misalign-
ment. At this point, the location of the minimum film
thickness changes from the midsection of the bearing to
the edge.

For the stiff bearing, it is seen that the compliant
liner increases the minimum film thickness over the
entire range of misalignment with a relative high quan-
tity. The reason for this improvement is that the cavi-
tated area is reduced when using the compliant liner
and thus the load-carrying area of the bearing is
increased. In the case of the flexure bearing, there is
no significant difference when using a compliant liner.

A topic not covered by this study is the wear and
friction properties of the compliant polymer liner
during mixed lubrication, which is generally better for
polymers. McCarthy and Glavatskih17 has shown this
by comparing polyether ether ketone and babbitt
experimentally. Therefore, the bearings with a compli-
ant liner can be operated safely at lower film thick-
nesses compared to bearings using babbitt liners.

Figure 4 shows the maximum lubricant pressure
for the four bearing configurations at increasing misa-
lignment. As expected, the two stiff configurations
show rapidly increasing pressures, whereas the two
flexure bearings display a very light increase in
maximum pressure over the entire range of misalign-
ment. Again, the compliant liner gives remarkably
increased performance for the stiff bearing, whereas
the performance change is only moderate for the flexure
bearing.

Figure 5 shows the maximum lubricant temperature
at increasing misalignment. Again, the two stiff config-
urations display a fast increase to very high values and
it is seen that the compliant liner increases bearing per-
formance for the stiff bearing. The flexure bearings dis-
play a slowly increasing maximum temperature with
misalignment, and there is virtually no difference
between the bearings with noncompliant and compliant
liner. The model predicts a peak temperature for the
stiff bearing of 500 �C and a minimum film thickness
of 0.3 mm. The simulation model cannot predict reliable
results in these ranges since new physical phenomena
will show in the form of gas release and asperity
contact.

Figure 6 shows the journal eccentricity as a function
of misalignment and it is obvious that even though the
flexure web is designed to maintain a high radial stiff-
ness, the bearing still suffers from lower stiffness coef-
ficients. It is, however, very counterintuitive that the
stiff bearing has a lower stiffness than the correspond-
ing bearing with compliant liner. From this, and also
Figure 3, it is evident that the compliant liner improves
the hydrodynamic effects and thereby increases the film
thickness and correspondingly also increases the bear-
ing stiffness coefficients. The opposite is true for the
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flexure bearing where the eccentricity increases slightly
with the compliant liner.

Full bearing liner plots

Figures 7 to 13 show bearing data for the applied load
and misalignment corresponding to the point on
Figures 3 to 6 that can be read at 0.44mrad, i.e. the
last points for the stiff bearings.

Figure 7 shows the pressure profile for the flexure bear-
ing. It is seen that the pressure peak is still very close to the
bearing centre and that the profile is comparable to the
usual profile from a bearing operating at no misalign-
ment. The mesh is not shown at the cavitated areas.

Figure 8 shows the deformation corresponding to
the pressure shown in Figure 7. As expected, the

bearing has a very high deformation at the area at
which the journal tries to make contact due to the mis-
alignment. It is also interesting to see that the deforma-
tion is negative in some areas. From this, it can be
concluded that the bearing ovalizes under the misa-
ligned bearing load.

Figure 9 shows the lubricant temperature over the
flexure bearing liner surface. As expected, the maxi-
mum temperature is at the bearing edge, at the same
location as the minimum film thickness.

Axial liner plots

Figure 10 shows the axial pressure profiles for the four
bearing configurations. The stiff bearing has very high
pressure levels and gradients at the bearing edge, same
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tendency as shown in numerous studies. The compliant
liner decreases the pressure level significantly for the
stiff bearing, but there is no significant change for the
flexure bearing. It is seen that the pressure profiles for
the flexure bearings are close to the typical pressure
profile of a nonmisaligned bearing.

Figure 11 shows the axial film thickness profiles. The
stiff bearing shows an almost linear film thickness var-
iation, whereas the stiff bearing with a compliant liner
has a higher gradient close to the bearing edge. This is
due to the direct correlation between local pressure and
local deformation due to the compliant liner. As in
Figure 2, it is seen that the flexure tube of the flexure

bearing bends at the centre where it is supported by the
flexure web. Again, it seen that the compliant liner only
influences the stiff bearing.

Figure 12 shows the bearing deformations. The defor-
mation profiles explain why the flexure bearings exhibit
lower bearing stiffness coefficients and therefore operate
at higher eccentricity ratios, as shown in Figure 6. Again,
theflexure tube bending is evidentwith the gradient change
at themiddleof thebearing.The results also showthat even
if the stiff bearing is modelled using a solid steel ring, it still
has a significant deformation. Many bearing studies
assume the bearing to be infinitely stiff. Figure 12 shows
that this assumption does not hold true.
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Figure 12. Axial liner deformation profiles for bearings with

225 kN load and 0.44 mrad misalignment at circumferential

location with maximum deformation.
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Figure 10. Axial pressure profiles for bearings with 225 kN

load and 0.44 mrad misalignment at circumferential location with
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Figure 13 shows the axial temperature profiles. The
stiff bearing leaps out with extremely high tempera-
tures. This can be explained by the high-pressure gra-
dients shown in Figure 10 in combination with the low
film thickness of Figure 11. The stiff bearing with a
compliant liner also shows a high-pressure peak at the
bearing edge, it is, however, not as pronounced as for
the stiff bearing. This can be explained by the increased
film thickness that induces a higher lubricant flow in the
hardest loaded area. The flexure bearings show only a
moderate temperature increases over the axial length,
as also shown in Figure 9.

Conclusion

Using a thermoelastohydrodynamic model, it is shown
that the proposed flexure journal bearing design can
effectively increase bearing performance when operat-
ing at high misalignments. This is achieved without
reducing performance at low or no misalignment and
also without adding extra components or systems that
require fine machining. The proposed flexure design
does, however, require extra space for the flexure web
that may be difficult to combine with some bearing
applications.

Based on the predicted minimum film thicknesses,
the proposed flexure journal bearing can operate at
three times the misalignment compared to the stiff bear-
ings. This analysis was performed for a short journal
bearing with a width- to diameter-ratio of 0.5. The
effects will be even more pronounced for bearings
with higher ratios since these are more sensitive to
misalignment.

The flexure tube must be as stiff as possible in order
to give a wide pressure distribution in axial direction,

whereas the flexure web must be compliant to allow for
angular deformation when operating at misalignment.
The lower thickness limit of the flexure web is deter-
mined from the structural strength as well as the radial
stiffness of the flexure web.

The compliant liner shows a remarkable increase
in the hydrodynamic performance when applied to
the stiff bearing, also at low or no misalignment. The
positive influence is, however, not seen on flexure bear-
ings. The polymer liner does, however, still give the
increased performance at boundary or mixed lubrica-
tion, giving better wear properties and lower friction.
This comes with the side-effect of increased thermal
insulation.
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Appendix

Notation

A element area (m2)
AJ journal cross-sectional area (m2)
A integration matrix (m2)
b, c element coefficients (m)
cp specific heat capacity of lubricant (J/kg/K)

d deformation vector (m)
E modulus of elasticity (N/m2)
f functional (m3/s)
F force (N)
h pad film thickness (m)
h0 pad film thickness in the undeformed

state (m)
H fluidity matrix (m3/(Pa s))
kJ journal thermal conductivity (W/m/K)
K force stiffness matrix (N/m)
L journal width (m)
L pressure compliance matrix (m/Pa)
p pressure (Pa)
P power (J/s)
q lubricant flow (m3/s)
R radius (m)
S residual (m3/s)
TJ journal temperature (C)
Tm lubricant mean temperature (C)
V fluidity vector (m3/s)
x, y, z linear coordinates (m)

�J heat transfer coefficient between interface:

journal/oil (W/m2/K)
� angular coordinate (rad)
� lubricant viscosity (Pa s)
�m mean lubricant viscosity (Pa s)
� Poisson’s ratio (�)
� lubricant density (kg/m3)
! rotational speed (rad/s)
� area (m2)
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