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Abstract

The applications where fluid film bearings are used to guide high loads over wavy surfaces are limited. This because cur-
rent designs of fluid film bearings often consist either of rigid embodiments that are unable to adapt to varying surface
curvatures to form the required thin fluid film, or of compliant designs that have been designed to allow only for small
deformations. This work discusses the requirements to design highly deformable fluid film bearings and introduces two
metrics to compare their performance. Additionally, it introduces a compliant cell that is filled with an incompressible
fluid as a design element to obtain both a high load capacity and sufficient deformability for such bearings. This closed
fluid cell is also implemented in a 2D axi-symmetric hydrostatic bearing concept, that is numerically modelled and vali-
dated by experiments with a prototype. The simulations and prototype show that it is able to operate on surfaces with a
hundred times higher curvature than has been analysed in previous studies.

Keywords
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Introduction A solution for this could be to add compliance to the
bearing slider so it can adapt its shape. Previous studies
already introduced compliance for this purpose, mostly
in the form of a rubber support. This has been applied
as a pivot to allow hydrostatic or hydrodynamic pads to
tilt for higher load capacities™® and directly as a deform-
able pad.””” The deformable pads have been analysed for
waviness amplitudes between 1-100 times the average
film height, with a maximum amplitude of 10mm.’
Only one study that proposed a design with multiple
pads analysed slightly larger amplitudes.'® A functional
stroke for large scale cam follower systems however, is
expected to be > 1000 times the film height, which is
an order of magnitude higher than realized in the
current studies. The question therefore arises whether
highly deformable, single pad fluid film bearings can be
designed to operate on wavy surfaces of such amplitude.

An important first step to answer this question is to
identify how a higher deformability can be integrated
with the operating conditions of fluid film bearings.

The use of bearings is essential to achieve a smooth
motion and long lifespan in machinery. Common types
are slider, roller and fluid film bearings. Fluid film bear-
ings avoid all mechanical contact by forming a thin
fluid film between the two sliding surfaces. This makes
them superior in terms of load capacity, wear and
fatigue. Classic designs however are rigid and can only
form the thin film on surfaces of constant and uniform
curvature, as in journal and thrust bearings. Applications
that require a bearing to travel along an undulating
surface or a path with a non-uniform curvature therefore
often use roller bearings. This is typically seen in cam fol-
lower systems to translate the rotational motion of a wavy
cam into a linear motion of the follower, as seen in for
instance radial piston pumps. The economics of scale
make it interesting to scale up such systems to achieve
higher power ratings, for example to increase the energy
yield in wind turbines.'™ But scaling the power also
increases the load on machine components. A study on
a 600 kW radial piston pump already showed that the con-
tacts in the rollers are the limiting factors in the lifetime of 'Department of Precision and Microsystems Engineering, Delft
the complete system.* A valid alternative for the bearing University of Technology, The Netherlands
between cam and cam follower in this high load applica-
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This is discussed in the beginning of this paper, resulting
in three general design requirements. The required
deformation to adapt the bearings to a wavy surface can
be divided into two parts: a rotation of the pad to match
the average surface incline (i.e. the first order unevenness)
and a change in its shape to match the surface curvature
(i.e. the second order unevenness). The limitation of the
existing technology is to obtain this change in shape,
which is what the remainder of this paper focuses on by
example of a two-dimensional (2D), axi-symmetric
design case. So in continuation on the general require-
ments, two metrics are introduced to quantify the adapt-
ability of bearings in this case and to allow a
comparison between designs in general. The potential of
a compliant cell that is filled with an incompressible
fluid"' for deformable fluid film bearings is discussed
and as a first step it is implemented in the design of a
hydrostatic bearing. The intended working principle of
this design is described and a numerical model is pre-
sented with an analysis of the design’s behaviour on
wavy surfaces. Finally, the model is validated with
experiments.

Method

The method first describes the general design require-
ments and metrics for highly deformable bearings. This
is followed by the conceptual design, its implementation
and analysis in a numerical model and finally the experi-
mental validation.

General design requirements

The generation of a high load capacity in fluid film bear-
ings depends on the pressure build-up in the thin fluid
film. This is commonly studied in elastohydrodynamic
lubrication (EHL), where the height and pressure are
strongly coupled due to the elastic deformation or compli-
ance of the sliding surfaces.'? Previous studies that intro-
duced compliance mainly focused on small deformations
that ensure the preservation of the thin film and thus the
pressure. Adding high deformability allows these bear-
ings to adapt to larger surface variations, although it can
also initiate undesired deformations due to the high
loads acting on the bearing.’ It is therefore important to
identify the general requirements to combine a high
load capacity with a high deformability.

The first requirement relates to the stiffness of the
bearing. Traditional fluid film bearings consist of rigid
embodiments with a high stiffness to transmit high
loads and prevent any pad deformations that affect the
performance. This high overall compressive stiffness is
still desired in deformable fluid film bearings to prevent
a collapse under high loads and to maintain a track follow-
ing ability in cam follower systems. Additionally though,
it is desired that the bearing can passively adapt its shape
to avoid the complexity of an actuation mechanism. The
only stimuli to achieve this in a passive bearing are the
changes in film pressure that result from variations in

the film height when the bearing moves over a wavy
surface. These changes however can be relatively small,
especially in a recess or near the edges of the bearing
where the film always approaches the ambient pressure.
A low internal stiffness is therefore desired at the
surface of the pad to make sure that even small changes
in the film pressure will result in a modified bearing
shape. With respect to the bearing stiffness, it is thus
required to design for both a high external and low
internal stiffness.

Secondly, the bearing should be able to form an equi-
librium with the film pressure. In hydrostatic bearings for
example, the film pressure always decreases monotonic-
ally from the supply to the outflow at the edges of the
bearing. In rigid bearings this is not important as the
higher pressure in the central part can lift the entire
bearing. A deformable bearing however, could fold
itself around the high pressure zone and squeeze the
flow at the edges of the bearing. To prevent this, the
bearing should exert a comparable pressure on the fluid
as the film pressure does on the bearing. It is therefore
important that the applied load on the bearing is distribu-
ted to the surface of the pad in a profile that can be
matched by the fluid film. Ideally, this can even be used
to design for a specific film height profile by matching
the load distribution to the film pressure that is expected
from that profile, as shown in literature for small
deformations.”

Lastly, it is important to consider the type of structure
that can be used. It is undesired to use any form of mech-
anism consisting of multiple discrete elements that are
connected by classic joints, as this re-introduces wear
and fatigue between the individual mechanical compo-
nents in the support. The bearing should therefore
consist of a compliant system that only changes its geom-
etry by elastic deformation, as commonly seen in compli-
ant joints."?

Metrics

The functionality of fluid film bearings to operate on
varying surface curvatures also requires a quantification
method to analyse and compare their performance in
doing so. Hence, this section discusses some of the cur-
rently used metrics and proposes two adapted metrics,
of which the first is focused on hydrostatic bearings for
the example in this study.

Common metrics that remain useful to analyse deform-
able (hydrostatic) bearings are the load capacity,
minimum film height, flow and operating power.'*
These metrics however only provide indirect information
about the film and do not describe how well a bearing
adapts to the surface. A better parameter for this is the
land width, which is the length of the film with a relatively
small film thickness and large pressure drop. In rigid bear-
ings this land width is clearly defined by the geometry as
shown in Figure 1(a). The land width size can be tuned to
obtain a maximum load capacity with minimum power'”
but is preferably not too small such that sufficient flow
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Figure |. The land width in rigid bearings and the new effective land width metric that is based on the film pressure P.

resistance can be generated in the film at an acceptable
minimum film height. The latter is also important on sur-
faces of varying curvatures, which makes the land width a
suitable metric for the adaptability. The problem is that
deformable pads can result in a film profile without a
clear land width, as seen in Figure 1(b). To solve this,
we introduce the ’effective land width® a: a metric that
uses the pressure drop in the land area to identify the
effective width of the thin film. For the 2D axi-symmetric
case it is defined as the radial distance over which the film
pressure drops from 95% to 5% of the inlet pressure, with
margins of 5% to account for the pressure loss in the
recess and diverging outflow of the bearing. A schematic
of the metric is shown at the bottom of Figure 1(b).

A remark on the effective land width is that it only
defines the adaptability of a bearing to a surface,
without specifying anything about that surface. A metric
for the unevenness is thus important to indicate how
deformable a bearing is or should be to reach a certain
adaptation (e.g. a specified effective land width).
Ideally, such a metric is dimensionless to be able to
compare bearings and application surfaces of different
sizes. A previous study already stated that high deform-
able bearings should be able to deform >10% of the
undeformed bearing height and >100 times the average
film height.” The disadvantage however is that the defini-
tions ignore the bearing length over which the compres-
sion is achieved, which relates to the unevenness of the
surface. Next to the initial shape, a metric for the uneven-
ness should therefore be formulated relative to the bearing
length. For the analysis of bearing designs, it is assumed
that the surface unevenness can be described using a
uniform radius of curvature. The radius of curvature can
then be used as metric for the unevenness, which is intro-
duced in the ‘dimensionless surface curvature’ k as in

%:L,,.<RL_RL> )

where Ly is the bearing length, R, the radius of curvature
of the surface that is analysed and R, the neutral radius of
curvature for which the bearing is designed. The sign con-
ventions and a schematic of how this metric generalizes a
bearing situation to a single value of k are shown in
Figure 2.

Conceptual design

A promising structure to meet the design requirements is a
compliant closed cell that is filled with an incompressible
fluid. Its introduction as a universal joint showed that
closed fluid volumes have the potential to combine a
high load capacity with relative high deformability.!' A
similar design is therefore proposed for a deformable
hydrostatic bearing, as shown in Figure 3. It contains a
closed fluid volume similar to the universal joint, but it
has a separate fluid supply for the film and uses the
bottom cell wall as its hydrostatic pad. Based on this
cross section, the design motivation and its expected
working principle are elaborated in this section.

The core idea of the design is to use an incompressible
fluid in a thin walled cell.'' The incompressibility
enforces that the internal volume remains constant. A
compression of the cell by an external load therefore
demands a lateral expansion of the cell, which is resisted
by the tensile stiffness of the cell wall. This creates an
internal pressure that counteracts the external load and
provides both a load carrying capacity and bearing stiff-
ness. The fluid however can deform without residual
stresses. The adaptation of the cell wall to the surface
therefore only depends on its bending stiffness, which is
relatively low for thin enclosures. A closed cell could
thus obtain both the overall (external) compression stiff-
ness and low (internal) deformation  stiffness.
Additionally, fluids have the property that their internal
pressure is constant in all directions and throughout
their volume. This allows the fluid to press equally on
the entire hydrostatic pad from above, even when the
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Figure 2. (a) Sign convention for the radii of curvature of the surface R; and bearing R,. (b) Example of the dimensionless surface

curvature k that generalizes the required deformability.
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Figure 3. Concept design for a deformable hydrostatic bearing
using a closed cell that is filled with an incompressible fluid.

cell wall is deformed. Such a constant pressure matches
with the rectangular pressure profile of recessed bearings
and gives two advantages. It is beneficial to obtain a high
load capacity and it indicates that the load on the bearing
is distributed to the cell wall in a pressure profile that can
be matched by the fluid film. The latter satisfies the second
requirement that an equilibrium can be formed between
the fluid film and the bearing. Together with the compliant
nature of the cell, this concept thus meets the general
requirements.

The working principle of the cell to adapt to different
curvatures is based on the difference between the pres-
sures in the internal fluid and the fluid film. The internal
pressure can be approximated with the division of the
external load by the area of the rigid connector normal
to it. For a given load W, this internal pressure is thus con-
stant. The film pressure however changes for different
surface curvatures, which is explained by the size of the
film. The ’effective film size’ can be defined as the size
of the film that delivers a useful pressure contribution to
the load capacity. The film pressure drops significantly
where the film diverges, which gives an effective film
size as seen in Figure 3. On convex surfaces, this effective
size increases as the narrow parts of the film move
outward along the curvature of the cell, which is shown
in Figure 4. To deliver the same load capacity, the
average film pressure thus decreases. This change in the

film pressure results in a pressure difference over the
cell wall that deforms the cell wall into the convex
surface. Similarly for concave surfaces, the effective
film size decreases which results in a higher film pressure
that deforms the cell wall upwards.

Numerical model and analyses

The conceptual design has been implemented in a numer-
ical model to analyse its behaviour on different curva-
tures. This section describes the set-up and assumptions
of this model, its numerical implementation and the per-
formed analyses.

The modelling approach is largely based on the study
that introduced the closed cell as a compliant joint,'!
with the addition of the Reynolds equation to model the
fluid film. A representation of the modelled 2D axi-
symmetric system is shown in Figure 5(a). The
undeformed geometry of the closed cell is described by
its flat diameter D, nominal height A and wall thickness
T. Together, it can be derived that these parameters
define the initial revolved volume V; by

_n(H—T)
24

— 7)) )
The hydrostatic pad of the closed cell is separated from
the surface by a film thickness /4, which depends on the

surface geometry that curves upwards or downwards
according to

r 2
zg = Ry — Ry - 1_<> (3)

Vo (6D* + 3zD(H — T) + 4(H

where z; is the surface height at radial coordinate » and
R, the surface radius as defined in Figure 2.

The model itself consists of four main equations: the
linear elasticity equations, an internal volume constraint,
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Figure 4. Schematic of how the effective film size changes on (2) convex and (b) concave surfaces, resulting in a different film pressure

that causes the hydrostatic pad to adapt.

Figure 5. (a) Schematic of the modelled 2D axi-symmetric
system and (b) the meshed domains with indicated boundaries.

a load balance and the Reynolds equation. These equa-
tions are all solved simultaneously to determine the
elastic deformation of the cell, the internal pressure P;,
the displacement & of the rigid connector and the film
pressure Pr. The linear elasticity equations are applied
to the cell wall domain Q. in Figure 5(a). Although geo-
metric nonlinearities are included, linear elasticity is used
to focus on the concept’s general behaviour and not the
effect of a specific material. The top horizontal cell
domain Q, is hereby assumed rigid due to its fixation to
the rigid connector and only allowed to translate vertically
by the axi-symmetry of the model. The internal volume
constraint is used to model the internal pressure P; that
is applied on the domain boundary 0€; in Figure 5(b).
It adjusts the pressure P; until the internal volume V
matches the initial volume V), which is defined by

,
1= 4
o1=0 @

To analyse the volume V' in any deformed configuration,
the divergence theorem can be used,'® implemented here as

V= —j (n, - mr?)dl (&)
o0,

where 7, represents the radial component of the normal unit
vector n, indicated in Figure 5(b), and / the length of 0Q;.

The equation regarding the load balance governs the equi-
librium between the load W and the vertical contribution
of the film pressure. This equation however is implemented
indirectly by applying load W on the rigid domain Q,,
which influences the cell displacement & and thus the film
pressure until an equilibrium is obtained in the linear elasti-
city equations. The Reynolds equation is lastly used on the
outer boundary 0€2, in Figure 5(b) to model the film pres-
sure Pr. For this equation it is assumed that the pressure
across the film is constant, that the fluid is incompressible
and shows Newtonian behaviour, and that steady-state
and isothermal conditions apply. This is considered accept-
able for a general analysis of the concept and applicable to
the experimental conditions that use water as the lubricating
fluid at low loads. With the assumptions, the Reynolds
equation in polar coordinates reduces to'”

0 mrh® OP; 0 nrh® oPy
—| - — —(——=]=0 6
8r( 6n 8r>+62< 6n 62) ©)

where # is the dynamic viscosity and /4 is simplified to
h=2z,—z @)

with z, indicating the height of the hydrostatic pad as shown
in Figure 5(a). The z-term in equation (6), uncommon in
most formulations, is used here because the partial differen-
tial equation is defined on the curving edge of the cell and
thus contains a non-negligible pressure gradient in the ver-
tical direction. The fluid film supply is defined on the
boundary o€, indicated in Figure 5(b). In this research,
we propose the use of a modified restrictor relation that reg-
ulates flow O by

_ f
0= cho(@) ®)

where C;, is the orifice discharge coefficient, A the cross
sectional area of the restrictor, P, the supply pressure and
p the fluid’s density. The power factor f, which is 0.5 for
ideal orifice restrictors and used as such in the numerical
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analysis, is presented as a variable to better describe restric-
tors that behave in between the linear and orifice regime, as
further elaborated in the experimental validation. Finally,
the model has a zero pressure boundary condition at the
right end of the boundary domain 0€r to match the
ambient pressure. The resulting pressure P, from the
Reynolds equation is applied as pressure load on the bound-
ary 0Q to couple the partial differential equation to the
linear elastic domain Q..

The equations have been implemented in the finite
element method (FEM) software package COMSOL
Multiphysics.'” In this model, the mesh is built with rect-
angular elements parallel to the cell wall as no significant
gradients are expected over its thickness. An example of
this mesh and its size, which has been confirmed by
mesh convergence studies, is shown in Figure 5(b). A
third-order (cubic) discretization is used for the line ele-
ments on 0Q, to model the Reynolds equation and a
second-order (quadratic) discretization for the elements
in Q. for the remaining equations. To obtain convergence,
the numerical procedure is divided in three steps. First,
only the Reynolds equation is solved for the initial geom-
etry, in which the cell’s pad z. is placed several times the
expected film height above the surface z;. This results in a
low film pressure Py that is activated as boundary load in
the second step, together with the internal pressure P; and
the internal volume constraint. The rigid domain Q, is
hereby fixed in space. In the third step, this fixed con-
straint is removed and the load W is activated with a
low value to reach a converged starting solution for the
full system of equations. From there, the load and curva-
ture can stepwise be increased and changed.

With the model, the steady state behaviour of the
closed cell hydrostatic bearing has been computed on a
convex and concave surface for increasing loads and cur-
vatures. To show how this behaviour differs from the con-
ventional bearings, a comparison is made to a rigid and
recessed thrust bearing that was simulated in equal condi-
tions. The parameters for this comparison are shown in
Table 1. To generalize the analysis, a dimensionless
approach has been used. The parameters of the supplies
are further tuned such that on a flat surface both bearings
fly at the minimum film height 4 at the baseline load W
and a pressure ratio of f = 0.5. With respect to the flexi-
bility of the cell wall, both the Young’s modulus and cell
thickness are important. A measure for the flexibility is
the flexural rigidity, which by scaling to the load and
diameter of the bearing can be formulated dimensionless

by

1 E-T

G=_ . =7
WD 12(1 — 17)

O

where G is the dimensionless flexural rigidity, E the
Young’s modulus and v the Poisson ratio. The Young’s
modulus and cell thickness for the comparison are based
on G =5-107°, which is similar to the parameters that
proved to work in the experimental validation. The

effect of the dimensionless flexural rigidity is further
reflected upon in the discussion.

Experimental validation

To validate the numerical model, a prototype was built
and tested. This section briefly describes the fabrication,
the experimental setup and the measurement procedure.

The experimental setup parameters are shown in
Table 2. To fabricate the bearing, first the top and
bottom halves of the cell are moulded from a silicone
rubber. The moulds for this are mainly made with a
fused deposition modelling (FDM) printer, except for
the one for the hydrostatic surface that is made with a
stereolithography (SLA) printer to obtain a smoother
surface. The upper half of the cell is then clamped by
two 3D-printed plates to form the rigid connector,

Table |. Parameters for a numerical comparison between an
initally flat closed cell and a rigid, recessed thrust bearing.

Parameter Description Value Unit
General

D Bearing diameter I [—]
Ay Bearing area aD*/4 [—1
Wo Baseline load | [—1
ho Baseline film height I/1000 [—1
p Fluid density I [—]
n Fluid dynamic viscosity I [—]
f Orrifice power factor 0.5 [—]
Recessed thrust bearing

D,/D Rel. recess diameter 0.5 [—1
h:/ho Rel. recess depth 10 [—]
Ps - (A,/Wo)  Rel. supply pressure 3.7 [—1
C4Ao/h3 Rel. restrictor parameters  8.19e™* [—]
Closed cell bearing

H/D Rel. cell height 0.5 [-]
T/D Rel. cell thickness 1/100 [—1]
E - (Ap/Wo) Rel. Young’s modulus 3534 [—1
v Poisson ratio 0.49 [—]
Ps - (As/Wo)  Rel. supply pressure 1.74 [—]
C4Ao/h3 Rel. restrictor parameters ~ 6.75¢3 [ —]

Table 2. Parameters for the experimental validation.

Parameter  Description Value Unit

D Cell diameter 60 mm

H Cell height 30 mm

T Cell thickness 1.5 mm

E Cell Young’s modulus 1.0 MPa

v Poisson ratio 0.49 -

P Supply pressure 0.8 bar

C4 Orrifice coefficient 0.34 (m/s)! %
Ao Orrifice area 3.66 mm?

f Orifice power factor 0.58 -

Wo Baseline load 100 N

p Density (water) le3 kg/m?
n Dynamic viscosity (water) | mPa - s
R Surface curvature radius 0.1515 m

&
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Figure 6. Picutures of (a) the prototype’s internal structure, (b) the assembled prototype and (c) the experimental setup.

which is connected via a tube to an integrated adapter in
the bottom half for the supply to the fluid film. A
picture of this internal structure is shown in Figure 6(a).
Next, the two halves are bonded together with the same
silicone rubber, after which the internal volume is
cleared from air and filled with water via a needle
through the top of the cell. Finally, a dispensing needle
is installed on the rigid connector to function as the
orifice restrictor and coupling to the external fluid
supply. A picture of the resulting prototype is shown in
Figure 6(b).

In the experimental setup, the prototype is mounted on
a vertical linear guide and pressed against a counter
surface with a pneumatic actuator as shown in
Figure 6(c). A load cell (Futek LSB201-QSH02035) is
placed between the actuator and bearing to measure the
applied force, to which the weight of the bearing needs
to be added due to the fact that the bearing is positioned
below the sensor. The counter surface is interchangeable
to allow tests on different curvatures. The pressurised
fluid for the measurements is provided by an external
pump, of which the volumetric flow and pressure are
respectively measured by a magnetic-inductive flow
metre (ifm SM6000) and pressure sensor (ifm PT5415)
before entering the restrictor.

As mentioned below equation (8), a modified relation
for the flow through the restrictor is proposed with a vari-
able power /. Standard orifice restrictors have a short hole
with sharp edges to obtain an optimal flow resistance,
with f = 0.5 and Cy-values around 0.6.">'® The dispense
needle however contains more rounded edges at its
entrance, which reduces the inertia effects that cause the

square root relation in ideal orifice restrictors, and a
longer shaft that is similar to a linear, capillary restrictors.
A more linear flow resistance of the needle is therefore
expected, although the standard linear relation is not suit-
able as the Reynolds number largely exceeds that of a
laminar flow to base the resistance only on viscous
forces. With the variable power f, a behaviour that is in
between the ideal orifice and capillary restrictors can be
fitted in combination with the Cy-value. The fitted
values for the dispense needle in this setup, which were
determined with a separate flow measurement, are
shown in Table 2.

With the experimental setup, the steady state volumet-
ric flow of the bearing can be measured at a specific load
case. For such measurements, the fluid supply is first acti-
vated and tuned until the necessary supply pressure is set,
before the load is increased. When both the supply pres-
sure and load are at the desired operating conditions, the
flow is measured for 10 seconds. This was repeated
three times for increasing loads on a flat glass plate and
both a convex and concave SLA-printed surface to valid-
ate the numerical model.

Results

Numerical analyses

The results of the numerical comparison between the
rigid, recessed thrust bearing and the closed cell bearing
with the parameters from Table 1 are shown in Figures
7 to 9 and consist of two data representations. The first
in Figure 7 displays the load capacity of both bearings
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Figure 7. (a,b) Surface plots showing the load capacity W of the closed cell bearing and rigid, recessed thrust bearing for different
minimum film heights h,,, on varying concave and convex curvatures k. The loads are scaled to the baseline load V\io and the film
heights to the baseline film height hy. (c) Examples on scale of different magnitudes of the dimensionless curvature k.

for a range of minimum film heights and curvatures,
which provides a general comparison in performance
over a wide operating range. Some examples of the

curvature magnitude k are added in part ¢ of this figure
to illustrate its significance. The second analysis in
Figure 8 shows how the minimum film height, flow and
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I Cell wall

Figure 9. Deformations of the closed cell bearing from the num

effective land width of both bearings develop for increas-
ing surface curvatures when loaded with the baseline load
Wy, which is used to explain the differences in Figure 7. It

erical comparison in Figure 8 at the baseline load Wj.

must be noted that both bearings are initially flat, meaning
that their neutral radius of curvature R, = oo and the
dimensionless surface curvature & only depends on R;.
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Examples of the cell deformation at different curvatures
from the curvature sweep in Figure 8 are further provided
on scale in Figure 9.

At the lower curvatures in Figure 7, similar load cap-
acities are achieved at an equal minimal film height in
both bearings, which is to be expected as the restrictor
and supply pressure are tuned for an equal fly height at
the baseline load. For larger concave curvatures
however, the load capacity of the rigid bearing steadily
decreases as the surface moves away from the bearing
as exemplified in Figure 7(c). As a result, the bearing
decreases its film thickness to maintain sufficient film
resistance and pressure, which is also seen in Figures
8(a) and (c). Eventually, it only depends on a narrow
gap between the surface and the corner between the
recess and the land area, which is not sufficient to generate
a useful load capacity. A similar effect occurs for increas-
ing curvatures on a convex surface, with the difference
that the counter surface moves away from the centre of
the bearing and that the narrow gap becomes more con-
centrated at the outer edges of the bearing. For small cur-
vatures around k£ = 1072 this actually enlarges the recess
a bit, which explains the slightly increased load capacity
at low film heights in Figure 7(b). For higher curvatures
however, the effective land width rapidly decreases
again as seen in Figure 8(c).

The blue surfaces in Figure 7 show that the closed cell
bearing obtains a more constant load capacity over the
range of curvatures, even up to |k| = 0.8. This constant
behaviour is also seen for the different metrics in
Figure 8 and is a result of its deformation pattern. On a
flat surface, the closed cell already forms a recess as
shown in the middle of Figure 9. As a result, its effective
land width consists of the relative short narrow gap
beneath a segment of the circular part of the cell wall,
which results in roughly @ = 0.05. On the convex and
concave surfaces, it is seen in Figure 9 that the cell is
able to adapt its bottom wall as described in the expected
working principle before, keeping this effective land
width and thereby the load capacity constant. A conse-
quence of the small land width though, is a flow rate
that is 6 X higher than the flow of the rigid bearing.
Combined with the supply pressures for this example
from Table 1, the required power to operate the closed
cell bearing is more then 2.6 X higher.

Measurements

Pictures of the prototype in operation and the results of the
experimental validation are respectively shown in Figures
10 and 11. During the bearing startup, the fluid first accu-
mulates in the centre, which creates a recess before lifting
the entire bearing. On the glass plate in Figure 11(a)
however, it is seen that the closed cell eventually forms
a complete film beneath its entire surface. On the
convex and concave surfaces this is more difficult to
verify as the surfaces are not transparent. By visual
inspection of the outflow all around the bearing and by
manually perturbing the cell wall though, it was

Figure 10. Pictures of (a) the formation of full film beneath the
closed cell prototype bearing on a flat glass plate and (b) the
prototype on operation on a convex surface.

Convex - Model

O Convex - Experiment o ~.
| |= = =Flat - Model

*  Flat - Experiment
105 |7 Concave - Model o
O Concave - Experiment

0 20 40 60 80 100
W(N)

Figure 1. Numerical and experimental flow of the prototype
for different load capacities on a flat glass plate and on convex
and concave surfaces with |k| = 0.4.

confirmed that the prototype also formed a full film on
the convex and concave test surfaces for the loads that
were tested.

The measurements in Figure 11 are in good agreement
with the decreasing flow that was predicted by the numer-
ical model for increasing loads. Especially on the flat and
convex surfaces the data and model do agree well. The
data from the concave surface however shows a diverging
trend for loads above 40 N. During the experiment, it was
also noted that the cell slowly started to increase in
volume when pressed against the concave surface at
loads above 50N. The additional fluid is assumed to
have entered the cell from the recess in between the cell
wall and the little adapter, that was moulded into it as
shown in Figure 6(a), and was removed between measure-
ments. Additionally, it was noted that the cell tends to start
shearing out of the centre on convex perturbations at
higher loads as seen in Figure 10(b). For these two
reasons, the prototype was not tested up to the baseline
load W, from Table 2 to avoid any more damage.

Discussion

This work aimed to make a first step towards the design of
highly deformable fluid film bearings that consist of a



Sonneveld and van Ostayen

single pad. The study therefore focused, together with the
general design requirements and metrics, on introducing
the concept of a closed cell bearing support and on analys-
ing its general behaviour to discuss its potential for highly
deformable bearings. Hence, optimizations of any design
parameters or analyses of other metrics like the bearing
stiffness, stability or material stresses have not been pre-
sented. The research method used and the potential of
the closed cell are further discussed below.

Numerical model and analyses

The work in this study is based on a 2D axi-symmetric
design case that is used in the numerical analysis and
experimental setup. Cam follower systems however,
which form the main example application for highly
deformable bearings, only contain a waviness in one dir-
ection of the surface. The axi-symmetric design case has
nevertheless been used for two reasons. A 2D representa-
tion is not physically realizable as the internal fluid is not
contained in the out of plane directions and therefore less
relevant. A 3D representation though would significantly
increase the computational cost, unnecessary for introdu-
cing the conceptual idea. Additionally, it is assumed to be
easier to make a bearing adapt to a waviness in one direc-
tion (i.e. a single curvature) than a double curved surface
as presented in this study. The effect of the thin film flow
perpendicular to the waviness direction on a single curva-
ture though, should specifically be analysed to prevent a
loss of pressure from any undesired high flows in this
direction.

With respect to the numerical model, two assumptions
are discussed. First of all, it is noted that the Reynolds
equation used requires a fully developed laminar flow.
The cell wall smoothly bends along with the surface as
seen in Figure 9, resulting in a continuous film thickness
profile without sharp transitions. The film can therefore be
considered as fully developed along the entire domain,
which justifies the use of the Reynolds equation.
Secondly, the film height has been simplified to the verti-
cal distance between the cell wall and the surface in equa-
tion (7). This introduces an error on the curved surfaces as
the flow direction is no longer horizontal but becomes
more tilted further away from the centre. On a surface
with a dimensionless curvature £ = 0.8 for example, the
slope becomes 23.6° at the bearing edges, translating to
an overestimation of the true, perpendicular film thickness
0f 9.1%. Due to the relative large difference in film thick-
ness however between the short land width at the edges of
the cell and its recess as seen in Figure 9, the influence of
this error is rather limited. It should be taken into account
though if future designs become able to adapt to longer
effective film sizes with more subtle differences in film
thicknesses.

With the numerical model, the closed cell was com-
pared to a rigid, recessed thrust bearing. Naturally, this
comparison is not entirely realistic as rigid bearings are
not designed to operate on varying surface curvatures. It
is stressed however that it was only used to show how

the closed cell behaves different from the existing, more
traditional rigid bearings. A comparison to other single
pad deformable bearings from literature was also deliber-
ately not performed. These studies focused on much
smaller curvatures for which the overall (external) stiff-
ness of the support was reduced by means of a rubber
support.”” To follow larger curvatures however, this
approach requires a further reduction of their stiffness
which contradicts the design requirement of a high
bearing stiffness. These designs have therefore not been
simulated on higher curvatures for a comparison to the
closed cell.

Experimental

A prototype was built and tested to validate the numerical
model, of which the results are shown in Figure 11.
Despite the numerous assumptions in the model, the
manufacturing of the bearing surfaces with 3D printing
techniques and a linear elastic approximation of the
material model, the results agree remarkably well with
the model. The diverging results on the concave surface
are attributed to the leakage into the cell that changed
its geometry and therefore its overall behaviour. For
future research it is recommended to alter the manufactur-
ing of the recess adapter in the bottom wall to ensure a
better sealing between the internal fluid and the film.

Additionally, a modified relation for the orifice restric-
tor was introduced in equation (8) with an adaptable
power f that was fitted for the prototype. The fitted
value of f = 0.58 confirmed the increased linear behav-
iour. The low Cg-value of 0.34 further confirmed the
decrease in flow resistance due to the rounded edges of
the needle entrance, from which it is known in literature
that it can half the flow resistance.'® It must be noted
though that the fitted power factor leads to an inconsist-
ency in the units of equation (8), which can be accounted
for by adapting the unit of C; as seen in Table 2.

A final important observation from the experiments is
the unintended shearing motion as seen in Figure 10(b).
Due to the asymmetry of this deformation, this effect has
not been analysed or observed in the axi-symmetric simula-
tions. It is caused by the relative low shear stiffness of the
closed cell structure as mentioned in previous research,
which allows a rolling motion of the cell that looks like
the motion seen in tape loops.'' Once the formation of a
full film beneath the bearing drastically reduces the friction,
any perturbation like an eccentricity of the load can easily
perturb the cell in its shearing direction. The shearing
deformation in Figure 10(b) thus confirms the formation
of a full film. However, it also highlights a shortcoming
in the current design as (larger) shearing motions affect
the bearing performance, could lead to bearing failure and
thus limit the load capacity.

Closed cell bearing concept

The results in Figures 7 to 9 show that a closed cell hydro-
static bearing is able to adapt its geometry to different
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curvatures and maintain a relative constant effective land
width and fly height up to curvatures of at least || = 0.8.
The largest surface wavinesses that was previously ana-
lysed consisted of a sinusoidal surface with an amplitude
of 0.0lm and a wavelength of 5zm for a 2m long
bearing.” This translates to a maximum curvature of
|k| = 0.0032, meaning that the prototype in this study
has been shown to work on a surface with a 100X
higher dimensionless curvature. The design with a
single fluid cell however also shows three limitations.

The first limitation is the pressure difference that arises
at the edges of the bearing between the internal fluid and
fluid film, as the latter decreases to the ambient pressure.
The tension in the cell wall prevents the internal pressure
here from squeezing the film entirely. Nevertheless, it still
causes the cell to locally form a stronger outwards curva-
ture which results in the relative small effective land width
as highlighted in Figure 9. This small effective land width
also contributes to the working principle of forming a
recess with a different pressure than the internal fluid to
curve the pad, but comes with two disadvantages. The
first is a lower film stiffness which enlarges the risk of
contact with the surface when the load increases. It is
questionable though if contact with deformable bearings
of more rubbery materials still poses a risk for surface
damage and therefore could be more acceptable. The
second disadvantage is a higher flow, which already
resulted in a 2.6 X higher power consumption in the com-
parison of this study. A better adaptability to increase the
effective land width would therefore be desired.

The second limitation is the influence of the material
choice and tension in the cell wall on the deformability of
the bearing. The cell wall’s bending stiffness, related to
the bearing’s adaptability, scales with ~ ET> as seen in
equation (9), with the Young’s Modulus £ and wall thick-
ness 7. The cell wall’s tensile stiffness however, related to
the bearing’s axial stiffness, scales with ~ E7. For an adapt-
able (i.e. compliant in bending) and axial stiff bearing, it is
thus most efficient to reduce the thickness 7" and to use a
material with a high Young’s Modulus. A thinner cell
wall though, also results in higher tensile stresses in the
cell wall that limit the load capacity once the yield stress
of the material is reached. A trade-off between the deform-
ability and load capacity of the bearing therefore remains
present and for choosing a cell material, one should consider
both a high Young’s Modulus, high yield stress and the
manufacturability into a thin cell wall. For the experimental
validation in this study with a relative low load, it therefore
sufficed to use a silicone rubber with a thickness of 1.5 mm.
Additionally, higher loads on the bearing cause a higher
internal pressure and thus a higher tension in the cell wall.
This tension also increases the deformation stiffness of the
cell that initially only depends on the wall’s flexural rigidity.

The third limitation is the relative low shear stiffness of
the current design, as mentioned in the experimental dis-
cussion. At higher loads this poses a risk of instability as
the closed cell support could slip away between the load
and surface. Shear stiffness improvements are therefore
required to make the concept feasible for high loads.

Conclusions

This work introduced three general requirements and two
performance metrics for the development of deformable
fluid film bearings that can operate on surfaces with a sig-
nificant and varying curvature. With minimal literature on
this topic, the requirements form a basis to help narrow
down and focus the solution space in a viable direction.
The metrics hereby assist to assess current and future solu-
tions in a universal manner independent of their scale.
Additionally, this work presented a closed fluid cell as a
design element for highly deformable fluid film bearings.
The combination of a fluid that is enclosed by a thin cell is
able to combine a high load capacity and bearing stiffness
with the deformability to adapt to varying curvatures. The
FEM model that was developed for the implementation of
such a cell as a hydrostatic bearing showed a good agree-
ment with validation measurements on a prototype and
provides a method to further analyse such bearings. The
prototype also confirmed that curvatures of |k| = 0.4
already can be followed with the proposed design in a
2D axi-symmetric design case. Enclosed fluid cells are
therefore promising to further develop deformable fluid
film bearings. Primary future objectives are the develop-
ment of supports that result in smaller effective land
widths.
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