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Standard fluid film bearings are rigid and designed to operate with fixed surface geometries and curvatures.
Introducing compliance in these bearings may extend their application range by allowing the bearing to adapt
to wavy counter surfaces with a non-uniform curvature. As a result of this compliance, however, the film
pressure might influence the bearing deformation. Despite existing solutions that have been proposed in
literature, it remains a challenge to maintain a near-constant and efficient film profile under varying loads
on functionally wavy surfaces. This work therefore presents a new design approach with a load-distributing
support, based on the principle of pressure profile matching, to better control the deformability in these
bearings. The fundamental working principle of this approach is shown and analyzed in a hydrostatic bearing.
For this, an elasto-hydrostatic lubrication model is presented that combines the essential fluid-film and elastic
behavior. The results show that, even with a limited number of distributed support forces, the approach
maintains an improved performance on larger curvature variations. Based on these results, a practically usable
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range of the critical, non-dimensional design parameters is identified.

1. Introduction

The use of bearings is essential in machinery to reliably guide the
motion between different parts. Among the common slider, roller and
fluid film bearings, fluid film bearings are superior in terms of load
capacity, wear and fatigue [1]. With their thin fluid film between the
bearing and counter surface, they avoid direct contact and distribute
the load over a large area. Yet their performance strongly depends
on forming and maintaining the lubricating film, which is typically
in the order of 100 pm thin. Because of this small fly height, even
minor surface deformations can alter the film pressure and degrade
the bearing performance. Classic designs of journal and thrust bearings
therefore use stiff embodiments in which the bearing and counter sur-
face are machined to the same curvature. The use of rigid embodiments,
however, prevents these bearings from adapting their geometry to wavy
or non-uniform surfaces. As a result, rollers are commonly used in
applications with non-uniform curvatures.

A typical application with such curvatures is seen in cam-follower
systems, where rollers move over a wavy cam profile to generate a
desired motion in the followers as seen in Fig. 1. In contrast to surface
irregularities or manufacturing deviations, the varying curvature of
such a cam profile is an intentional part of the design, referred to
as a ‘functional wavy surface’ in this work. These systems have been
studied extensively in valvetrains of internal combustion engines [2-5],
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but large-scale applications have emerged. In particular, hydraulic
drivetrains are developed for wind turbines to achieve a high power-to-
weight ratio and an improved reliability [6-8]. For these drivetrains,
large-scale radial piston pumps are investigated that incorporate many
cam-roller interfaces [8-11]. At higher power ratings though, the loads
on these interfaces increase substantially, as has been shown in a
600 kW example where the roller contacts proved to be critical [10].
Increasing the roller sizes to reduce contact stresses is not a straight-
forward solution in this case, as this adds inertia and thereby raises
the risk of slippage between the roller and cam-surface [12,13]. Com-
bined, these challenges motivate the development of highly deformable
fluid film bearings as an alternative for high-load cam-roller appli-
cations, as schematically shown in Fig. 1. Here, ‘high-load’ refers to
loads of 10-100+ kN [10], while ‘highly deformable’ refers to bearing
deformations of 10-100 times the nominal film height [14].

The literature on deformable fluid film bearings, however, is rather
limited. Early studies mainly focused on rubber supports, either as
pivots to allow rigid pads to tilt and increase the load capacity [15,
16], or as deformable pads for deformations in the order of the film
height [17-20]. Other works only focused on compliant elements in
parts of the bearing surface, to make the recess shape adaptable and
thereby enhance the load capacity and film stiffness [21-23]. Alterna-
tively, one study proposed a whiffletree-structure to support multiple
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List of symbols

Latin

d Vertical pad translation [m]
h Film thickness [m]

t Pad thickness [m]

u Horizontal pad deformation [m]
w Vertical pad deformation [m]

x Horizontal coordinate [m]

z Vertical coordinate [m]

Ag Orifice cross section per unit depth [m]
Cq Orifice discharge coefficient [-]

E Modulus of elasticity [Pa s]

F’ Bearing load per unit depth [N/m]
L Bearing length [m]

Ny Number of support forces [-]

P Pressure [Pa]

o’ Fluid flow per unit depth [m?/s]
R Radius of curvature [m]

Greek

a Land width fraction [-]

B Pressure ratio [-]

n Dynamic visocity [Pa s]

i Dimensionless surface curvature [-]
v Poisson ratio [-]

/] Angle/rotation [rad]

p) Fluid density [kg/m?]

Subscripts

f film

m mechanical support

min minimum

n nominal

P pad

r recess

s supply

t track

——
] I | |
Follower
~— Deformable

fluid film

Roller -
bearing

Fig. 1. Schematic example of a functional wavy surface in a cam-follower
system, with the desired transition to using deformable fluid film bearings.

small hydrostatic pads [24]. This, however, reduces the load capacity as
the gaps between the pads result in a less efficient use of the available
bearing area to generate a load-carrying fluid film pressure.

More recently though, two studies focused on design principles for
larger deformable hydrostatic bearings with a single pad. The first study
introduced the term ’compliant-hydrostatic pre-loading’ to describe
the effect that compliant bearings could already deform by the film
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pressure when no adaptation of the bearing geometry is needed [14].
In standard geometries, such deformations negatively impact the film
profile and pressure, decreasing the film stiffness and increasing the
flow rate of the bearing [25]. So to minimize these side-effects, the
study proposed the principle of ’pressure profile matching’, which
is further explained in the method of this paper. Using a stiffness-
based approach of the principle, simulations showed that it can enable
a bearing operation without undesired deformations on both a flat
and sinusoidal surface with a 10 mm amplitude under a constant
load [14]. For cam-follower systems, however, this approach contains
two limitations. First, it is argued in this paper that the relative low
bearing stiffness that is required for the stiffness-based approach [26]
could impact the bearing performance under the varying loads that
are typical in cam-follower systems. Second, the 10mm amplitude is
still considered small, smaller than required, as the study used large
bearing dimensions and a long wavelength compared to this amplitude.
The second study therefore proposed a compliant, fluid-filled cell as
a new deformable bearing concept [27]. A prototype of this concept
was demonstrated to work at curvatures a 100 times larger (relative to
bearing size) than the first study. The results, however, also revealed
that it remains susceptible to compliant-hydrostatic pre-loading, which
reduced the length of the thin fluid film to a relatively small edge near
the perimeter of the bearing. As a result, the prototype operated with a
six times higher flow rate than a rigid, recessed bearing embodiment.

Further research is thus necessary to control the deformations in
highly deformable fluid film bearings and make them operate with an
efficient film profile. A novel concept for a similar problem was recently
presented to control the film height in the elasto-hydrodynamic process
of roll-to-plate nano-imprinting [28]. Building on this work, the current
paper aims to extend its application to hydrostatic bearings and larger
functional curvatures, to control the film profile of deformable fluid
film bearings under varying curvatures and loads. To do so, the classical
design approaches and requirements from previous studies are dis-
cussed in a hydrostatic context, leading to a new load-based approach
of the pressure profile matching principle. Next, the performance of the
approach is analyzed by a two-dimensional (2D) implementation for a
centrally fed hydrostatic bearing. Its numerical model is presented, fol-
lowed by simulations of its behavior and an analysis on the influence of
the design parameters. Accordingly, design rules for largely deformable
hydrostatic bearings are given and the generalization of the approach
to other fluid film bearings is discussed.

2. Method

This section first introduces the fundamental concept. Next, the
governing equations of this concept are presented for a hydrostatic
example, followed by its numerical implementation.

2.1. Concept

The central challenge in deformable fluid film bearings is that the
film pressure and bearing deformation influence each other. Because of
this coupling, highly deformable fluid film bearings must be designed
differently than rigid bearings. To motivate this and to introduce the
load-based approach, the classical design approaches are first discussed
in a 2D context.

2.1.1. Classical design approaches

A schematic of the classical bearing approaches and the load-based
approach is shown in Fig. 2. In rigid bearings, the shape of the bearing
surface, and thus the lubricating film profile in a nominal condition,
are fully defined by the design. Different shapes can be selected to
obtain different height and pressure profiles, like a recessed film with
a trapezoidal pressure as seen in Fig. 2(a). By ‘nominal’, this paper
refers to a representative operating condition, defined by the load,
fly-height and surface curvature. Here, the nominal surface shape is
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| Classical design approaches: bearing shape or stiffness determines pressure profile |

|Load-based approach: pressure profile imposed

(a) Rigid bearing (shape defined)

(b) Compliant bearing (stiffness defined)

(c) Bearing with load-distributing support

e

supply-..:
flexible PP |

X AN
bearing pad-

K . X

% Curved surface 1%
~— Flat surface — Y Y

~.._ Applied pressure

Flexible pad
X

4
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" Film pressure
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4

?
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Fig. 2. Schematics of different (hydrostatic) design approaches for fluid film bearings, showing their behavior on a flat and curved surface. (a) Rigid bearings
where the pre-defined geometry determines the pressure profile. Here, the bearing is designed for a flat surface. (b) Standard compliant bearings where the
film pressure adapts to the support pressure (red arrows pointing downwards), which is related to the bearing deformation. (c) The new load-based approach
for pressure profile matching, which applies the desired pressure profile to a flexible bearing pad. Accordingly, the pad adapts relative to the surface until the
fluid film matches the applied pressure. To apply the load, a zero-stiffness load-distributing support is assumed, which distributes the load normal to the pad

independent of its shape.

defined to be flat, as this represents the average curvature in many
wavy surfaces [14]. Once the load deviates from the nominal condition,
a rigid bearing will adapt its global orientation to form a different
film and pressure profile that support the new load-condition. Yet on
different surfaces shapes, as seen in the bottom of Fig. 2(a), they quickly
lose the intended film height and pressure profile.

In compliant bearings, the pressure profile also depends on the
deformation of the bearing surface and its influence on the film profile.
To illustrate this, a basic rubber bearing design is considered in Fig.
2(b). Here, the compliancy is represented by the vertical compression
springs. To obtain an equilibrium with the fluid film, the contact pres-
sure of the bearing surface (i.e. the compressive forces from the springs)
should match the fluid film pressure. On the nominally flat surface,
this explains the previously mentioned effect of compliant-hydrostatic
pre-loading: the film pressure compresses the springs and the resulting
deformation affects the film pressure. On more curved surfaces though,
the bearing deformation starts to dominate this equilibrium, similar
to the effect in strongly deformed and lubricated contacts like rubber
seals [29,30]. As the film thickness becomes negligible compared to
the surface curvature, the macro-deformation of the bearing to form a
thin fluid film (i.e. the global deformation of 10-100 times the film
height to match the surface curvature) fully depends on the surface
shape, as shown in Fig. 2(b). Based on the bearing stiffness, this macro-
deformation prescribes the contact pressure to which the film pressure
must adapt, which is possible by negligible micro-deformations (i.e. not
larger than the order of the film height). In this way, the film pressure
thus depends on the bearing’s reaction to its macro-deformation, which
can vary on different curvatures and thereby influence the film height,
flow and overall performance that are coupled to the film pressure.

2.1.2. Stiffness-based pressure profile matching

The idea of ‘pressure profile matching’ is therefore to design the
bearing’s reaction profile such that it matches and induces the de-
sired film pressure. The stiffness-based approach realized this with
spatially varying stiffnesses in a design like Fig. 2(b) [14], as further
detailed in Fig. 3. With low spring stiffnesses and a pre-compression
that is significantly larger than the working deformations, these springs

Stiffness-based matching Load-based matching

) Varying spring  pearing load Load-
Bearing Ioad¢ (stiffnesses g distributing
Flexible pad 1 support
° °
“_—‘ “~~~~ o—L. ° ° 3 ° .J—.

T*‘*’T = W
ERITET 7]

. \ Reaction profiles
Pre-compression

Fig. 3. Schematics of the stiffness-based approach and load-based approach
for pressure profile matching to obtain a specific reaction profile of the
support.

can maintain a close to constant reaction profile on varying curva-
tures [26]. The dependency on a pre-compression and low spring
stiffnesses, however, poses two limitations. In applications with vari-
able loads, such as in cam-follower systems [12], a low stiffness leads
to changing compressions that affect the tracking performance. In
addition to this, the pre-compression becomes strongly load-dependent
with low spring stiffnesses. Hence, lower loads can reduce the pre-
compression and thereby the invariance of the bearing’s reaction profile
to its deformation.

2.1.3. Load-based pressure profile matching

To avoid the pre-compression and low spring stiffnesses, this study
proposes an alternative, load-based approach for pressure profile
matching, based on a novel concept for a nano-scale imprinting pro-
cess [28]. Instead of indirectly shaping the bearing’s reaction profile by
tuning the bearing stiffness and relying on its deformation, it focuses
on applying the desired pressure profile directly to the film. Illustrated
in Fig. 2(c), it is based on two key elements. The first element is a
flexible bearing pad, which provides a continuous bearing surface and
serves as the interface between the bearing support and the fluid film.
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Ideally, this pad approaches a negligible bending stiffness, allowing it
to deform under any pressure differences between the applied load
and the fluid film until they become equal. Eventually, this should
conform the pad to the bearing shape that corresponds to the applied
load, as shown in the top of Fig. 2(c). The second element is a load-
distributing support, which distributes the load in the desired pressure
profile to the pad. If this load distribution operates normal to the pad’s
surface, independent of its shape as shown in the bottom of Fig. 2(c),
the conforming ability should extend to curved surfaces and realize a
constant bearing performance on varying surface shapes.

The load-based approach thus fundamentally differs from the
stiffness-based approach in how it realizes the desired pressure dis-
tribution. It focuses on directly distributing the bearing load in the
desired pressure profile to the pad, instead of using the deformation-
dependent reaction profile of a compliant support. Yet to achieve the
load distribution passively at variable loads, the support must satisfy
two stiffness conditions [27]. Ideally, the support should exhibit a low
deformation stiffness so it can passively adapt its shape by the first
minimal changes in film pressure when a variation in surface curvature
is experienced. Simultaneously, a high compression stiffness is desired
to support high loads and prevent varying compressions as mentioned
with the stiffness-based approach. Hence, a stiffness trade-off can exist.
In rubber bearings that mainly use compressions, as shown in Fig.
2(b), this trade-off is clearly present: low spring stiffnesses improve the
adaptability, but increase compressions under varying loads. Avoiding
the trade-off is possible though, by decoupling the deformation modes
of the competing stiffnesses. A practical solution for this is found in
underactuated differential mechanisms, of which a small example is
shown in the bottom right of Fig. 2(c). By a rotation of the hinges, such
a mechanism can freely adapt its shape until it settles on a surface.
Once it is settled, it becomes stiff in compression as the rigid parts
can no longer rotate and start to carry the load. Depending on the
moment balance in the mechanism, the load is distributed in a specific
profile to the surface, or the flexible pad in this study’s application as
shown in the right of Fig. 3. Any changes in the fluid film pressure
likewise deform the load-distributing support until the moment balance
is restored.

In reality, however, the ideal approach faces several practical limita-
tions. The load distribution will likely be realized by a limited, discrete
set of forces on the pad, which in turn requires a certain stiffness in the
pad to maintain a smooth bearing surface between the applied forces.
So, to prove the feasibility of the load-based approach, the remainder
of this work focuses on modeling its fundamental working principle
and analyzing the influence of these limitations. For this, a model is
introduced that describes the behavior of the flexible pad, assuming
that a perfect discretized load profile is distributed to its surface.

2.2. Elastohydrostatic model description

A representation of the bearing model for the flexible pad is shown
in Fig. 4(a). For the fundamental pad behavior, the model considers
a 2D implementation of the load-based approach in a centrally fed
hydrostatic bearing. In this application, a flexible pad with length L
and thickness ¢ floats on a thin fluid film of thickness A, centered at
x = 0. The distributed support load P, is applied on top of the pad and
assumed to act normal to the pad’s surface. Its profile is defined by a
trapezium shape with a mechanical land width fraction «,,, to approach
both recessed (a,, < 0.5) and zero recess (a,, ~ 0.5) pressure profiles.
The counter surface is fixed at the origin (x, z) = (0, 0) and is nominally
flat, from which it adapts to circular profiles with decreasing radii of
curvature R; to analyze the bearing’s adaptation. In line with [27],
this circular assumption is considered to be suitable for bearings that
cover only a segment of wavy surfaces and is useful to obtain a single-
parameter surface metric. Accordingly, the surface profile is given by

2
z,=R - R, - 1—(%), @
t
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z
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Fig. 4. Schematics of (a) the modeled 2D hydrostatic bearing system with the
distributed applied load P, (b) the flow scheme of the bearing and (c) the
pad deformation with the applied loads, including the discrete set of forces
N,

x*

where z; is the surface height at coordinate x and the sign of R,
determines the surface direction. The fluid film is supplied by a fixed
orifice restrictor and supply pressure P;.

The model itself is governed by four main equations, grouped into
two parts. The first part, describing the fluid flow as seen in Fig. 4(b),
consists of a restrictor equation for the fluid supply and the Reynolds
equation for the flow in the film. The second part, describing the pad’s
deformation as seen in Fig. 4(c), consists of a load balance for the total
load capacity and a moment—curvature equation for the bending of the
pad. Together, these equations are solved simultaneously to determine
the fluid film pressure P; and the film thickness 4, which depends
on the pad’s vertical rigid-body translation d and deflection w. In the
formulations, these and other variables are scaled to ensure numerical
robustness and to obtain a general, non-dimensional model. Using a bar
over dimensionless quantities, this scaling is defined as

X -_ Z __w
XZZ, Zzz, WZZ,
_ - _ ©))
=l g=4 p-PL
hn hy £

where the coordinates (%, z) and deformation w are scaled by the pad’s
length L, the film height & and translation d by the nominal film height
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hy,, and the pressures P by the average pressure to sustain the nominal
load capacity per unit depth F,. Based on this scaling, the equations
are presented below.

2.2.1. Fluid flow

The flow through the restrictor and in the film is described by
standard lubrication theory, using a restrictor relation for the supply
flow and the Reynolds equation for the pressure distribution in the film.
To focus on the interaction between the fluid film and the bearing,
independent of specific fluid properties, Newtonian, isothermal, and
incompressible flow conditions are assumed. In addition, a constant
pressure across the film thickness and a steady-state operation are
considered.

Under these assumptions, the Reynolds equation governing the film
pressure P; is given by [31] as

li(—ﬂhﬁ—%%li(—ﬂiﬁa—’?):a @
Lox\ 12qL? o0ox Loz\ 12pL%? oz
where n denotes the dynamic viscosity. The additional z-term here,
compared to standard one-dimensional flow formulations, is used to
model the fluid flow correctly in the spatial frame when the flow ob-
tains a significant incline on circular surfaces. A zero-pressure boundary
condition is further imposed at the pad’s edges and the film thickness
h is defined as
h= <d_+ h—LnLD—h—];Zt>~cos¢9t. 4
Here, the terms within brackets represent only the vertical gap between
the pad and the surface. For inclined flows, this does not correspond
to the actual film thickness, as shown in Fig. 4(b). Hence, a cosine
correction with the local surface angle 6, is applied to approximate
the normal film thickness. Due to the thin film this approximation is
considered acceptable.

The supply flow through the orifice restrictor, which is implemented
as a source term in Section 2.3, is given by [1] as

’_ ' Fr; 2(Ps_Pr)
0 'CdA"VT\/T’ (5)

where Q' is the flow per unit depth, C, the discharge coefficient, A} the
cross-sectional area per unit depth of the restrictor, p the fluid density
and P, the recess pressure. In rigid bearings with a pre-defined film and
pressure profile (see Fig. 2(a)), the design parameters P, and A! are
typically chosen to achieve a desired nominal load and fly height. For
the deformable bearing pad, the same approach is applied by assuming
that the pad adapts by any initial pressure differences between the film
pressure and the distributed load P,,, such that its film geometry and
pressure eventually match with P, as in Fig. 2(c). In this way, P, and
A] can be expressed in terms of the nominal condition of P,,.

For P,, the nominal pressure profile is first described in terms of
the nominal load capacity. Integrating the trapezium pressure profile
over the pad’s length, the dimensionless nominal recess pressure P, ,,,
indicated in Fig. 4(c), should be equal to

- 1
Pr,n = . 6)

Depending on the desired pressure ratio § = P,/ P;, the dimensionless
supply pressure then follows as

= 1

P, 0=y )
In order to determine the cross sectional area of the restrictor Ag,

the flow is considered around the supply region. With a predominantly

horizontal flow at the origin, the division of the supply flow into the

left and right parts of the fluid film can be described with the first flow

term in brackets in Eq. (3) by

hF! ) _ 0P,
0=2r —<h3—f> —<h3—f> : (8)
127L 0%/ 1efe 0% / Light

Tribology International 226 (2027) 112530

In the nominal condition, the flow equally divides to both sides of the
film. Based on a nominal film thickness at the land width area and the
linear pressure drop in the trapezium profile in this same region, Eq.
(8) can describe the nominal condition by

CdA, ili Z(Ps - Pr,n) —9. h?lFr,l 1 (9)
NTY ) 12712 ap(1 — apy)

where Q' is based on the nominal recess pressure. Substituting the
pressures from Egs. (6) and (7), A(’) can be expressed as

A hy VoF; 1
07 6nC '
T4 LV2L agy\ [(1 = a)(5 = 1)
To simplify the system of equations, the expression for A/ is sub-
stituted in Eq. (5). For this, it is assumed that the discharge coefficient
C4 is constant, based on a high Reynolds number in the supply flow as

is common for orifice-compensated hydrostatic bearings [1,31]. After
rewriting, Eq. (8) then becomes

2\/P5_Pr =_<I—136_1?f> _(]_13a_l?f> ,
@ /(1_am)(%_1) 0% /et 9% / tight

where the left hand side represents the simplified restrictor flow Q’.
Accordingly, the Reynolds equation is simplified to

0 _3015‘: 0 _3()Pf
==L —(-AP=L)=o0. 12
ax( Pox )T\ ) =0 (12)

(10)

an

2.2.2. Pad mechanics

The deformations of the pad are modeled by considering the pad as
a slender beam. Here, only bending is of interest under the assumption
that the load-distributing support always acts perpendicular to the pad’s
surface, like the film pressure. Thus, the Euler-Bernoulli equation for
pure bending of an infinitely wide beam is used to determine the
deflection by

02 Ef 0*w .
052 ( 12(1 = V) F/ 12 0x2 ) =B P (13)
where E is the pad’s modulus of elasticity, v the Poisson ratio and
P, the distributed applied load from the support. In this study, P, is
represented by N, discrete forces that are uniformly distributed over
the pad’s length, as illustrated in Fig. 4(c). Each force acts in the
center of a pad-section with length L/N, and an initial load F‘/ , that
represents the pressure contribution above that element, as detailed
further in Section 2.3. The boundary conditions of the pad are free on
both ends, represented by
052 |s=sl 0% [5ea)
For the balance between the applied load F’ per unit depth, (dis-
tributed over N, forces) and the fluid film, a summation over the forces
and an integral over the film pressure are used as

=0. 14

N,
F' 3
o= Y Fcos(6,,), 5)
n i=1
F' X=% _
v =[ ] Pfcos(ep)dfc, ae)
n X==3

where 6, = arctan(di/dX) represents the dimensionless angle of the
pad. Based on Eq. (15), the initial values F; can be scaled uniformly
to match varying loads of F’, thereby modeling the load-distributing
function of the support. Likewise can Eq. (16) be evaluated to adapt
the pad translation d until the film pressure matches the load capacity
F’ as well. The cosine terms in both equations ensure that only the
vertical contribution of each load is evaluated at larger inclines of the
pad.

Combining all equations, the deformation of the pad and its in-
teraction with the fluid film are fully described. Based on the scaling
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Fig. 5. Overview of the governing equations in the model, the relation of the
variables between them and the implementation of the parameter groups I7,_;.

in Eq. (2), three parameter groups emerge that reduce the number of
independent input parameters. These are
F/L2(1 -2 /

1]1=ﬁ H2=%, 3=§_r,1, (17)
where [T represents the nominal film thickness compared to the bear-
ing length, I, the relative compliance of the pad in relation to the
nominal load, and IT; the active load-ratio relative to the nominal
load. Together with the land width «y,, pressure ratio  and the num-
ber of discrete forces N,, these groups form the input parameters.
An overview of their implementation and the relation between the
equations in the model is given in Fig. 5.

2.3. Numerical implementation

The equations have been implemented in the finite element method
(FEM) software of COMSOL Multiphysics [32]. Here, the unit system
is set to “none” to obtain a unit-less model for the non-dimensional
formulations. Accordingly, the equations can be implemented directly
in their non-dimensional form as presented in the previous section,
using the variables from Eq. (2) and the parameters I7,_s3, ap,, f and
N, as inputs.

The model itself is built in the 2D environment, in which the flexible
pad is modeled as an Euler-Bernoulli beam according to Eq. (13). Phys-
ically, this equation represents the deformation of an infinitely wide
pad and therefore corresponds to a plane-strain assumption. However,
rather than using a 2D continuum where plane strain or stress needs to
be selected, the behavior of the pad is implemented through COMSOL’s
Beam interface on a one-dimensional line domain, for computational ef-
ficiency. On the same line, the fluid flow is modeled mathematically by
the Reynolds equation, using the General Form Boundary PDE (Partial
Differential Equation) interface. The coupling between the interfaces is
implemented manually through the governing equations, as explained
at the respective interfaces below.

The geometry thus consists of a single, horizontal line that repre-
sents the flexible pad. Additionally, N, points are placed on the line
to apply the discrete support forces. The placement of these points is
determined by equally dividing the line into N, segments and placing
a point in the center of each segment. For the numerical study, the
line is meshed into 100 elements, of cubic order for both the beam
and pressure elements, which was verified to be mesh converged in
a separate study where no significant changes in the results were
observed with further mesh refinements. Regarding the material of the
pad, a standard linear elastic material is assigned to the line, defined
by a Young’s modulus of 1 and a Poisson’s ratio of 0.49, which do
not update with deformation. In fact, these parameters remain constant
throughout the study, as the pad compliance is varied through the
non-dimensional parameter group I7,.
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In the PDE interface, the Reynolds equation from Eq. (12) is imple-
mented as a General Form Boundary PDE over the entire line domain,
by setting the conservative flux I" to
0P 0P
ox’ oz
Additionally, the fluid supply is introduced as a source term in the
center of the pad over a length of L /40, defined by the left-hand side of
Eq. (11), while zero-pressure boundary conditions are imposed on both
edges of the pad. Over the entire domain, the film height % is described
by Eq. (4), coupling the deformation @ from the Beam interface to the
PDE interface. The translation d here is implemented through a global
equation that adjusts its value until the load balance of Eq. (16) is
satisfied. In this way, the PDE interface thus determines both the fluid
pressure P; and the mathematically defined pad translation d.

With the translation d defined, the Beam interface remains only con-
cerned with the pad deflections. For this purpose, the line is modeled
as a floating beam element around the origin, where it is assumed that
the bearing pad is kept in a horizontal position and prevented from
translating in the horizontal direction by the bearing support. Instead
of fixed boundary conditions, the Beam interface therefore restrains the
pad to the origin with three global integral constraints defined as

I,=-h r,=-n (18)

*=3
/ ! udx =0, 19)
==z
*=3
/ wdx =0, (20)
/ [ 6pdx =0, (1)
X==3

where i = u/L is the deformation component in the x-direction. For the
pad’s deflection, the Euler-Bernoulli equation is used, which COMSOL
defines by default for a limited beam width as

9% w
§<E122§> =P, 22)
with I, being the beam’s second moment of inertia and P, the applied
pressure. With the Young’s modulus fixed at 1, the input of I, is
defined as 1/(1211,), such that the Beam interface reproduces the non-
dimensional, infinitely wide formulation of Eq. (13). The cross-sectional
area is additionally set to 1e6 to put the strain along the pad effectively
to zero, as no effects are expected in this direction with the normal
loads. By defining the cross-section manually with the I,, and cross-
sectional area, the thickness of the pad does not need to be specified,
while it is still indirectly included in the parameter group I7,. The loads
on the pad are further applied normal to its surface based on the local
pad angle 6. For the fluid film pressure, this requires an Edge Load

with a force per unit length F ’e dge defined as
Flogex = —Prsin(@p).  Fy. = Pros (@), (23)

which couples the fluid film pressure P; from the PDE interface to the
Beam interface. For the discrete forces of the support, the nominal
force distribution Fl’n is first determined at IT, = 1072. For this, the
nominal pressure envelope P, , from Eq. (6) is applied to the underside
of the pad, while the pad is fixed in the points that were defined in the
geometry. The reaction forces required to maintain these positions are
subsequently used as the nominal load distribution F,/ ,» which have a
negative value as they point downwards. After scaling these forces to
satisfy Eq. (16), the loads F are applied as point loads F iy by

F,

point,x

=—F!sin(0,).  Fpoint,

= F,.' cos (6p ;) 24)

To correctly model the non-linear deflection of the pad on larger
curvatures, geometric nonlinearity is additionally activated in the study
settings. With this setup, the model follows a verified approach for large
beam deformations [33] and a standard Reynolds implementation as
verified in earlier work [27].
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To solve the presented model and to obtain convergence for varying
parameter values, the numerical procedure is divided in five steps.
In the first step, an initial film pressure is determined for a straight
pad at the nominal film height, by setting d = 1 and deactivating
the loads on the pad. With this initial solution, the film pressure and
support loads are activated in the second step, together with the global
equation to adjust the translation d. A default compliance of IT, = 1072
is used here to limit the magnitude of the deformations. In the third
step, the deflections w are activated in the film height (Eq. (4)), which
completes the system of equations. From here, the relative compliance
IT, can be increased in steps to its desired value in step four, followed
by stepwise increasing the surface curvature in step five. In all these
presented steps, the physics interfaces are simultaneously solved as
a Fully Coupled system by the direct MUMPS solver until a relative
tolerance of 0.001 is reached.

3. Results

With the presented model, two types of analyses have been per-
formed. The first type considers the adaptation of the pad on a flat
surface for increasing compliance values I7,. In essence, this analysis
shows how the compliant, initially flat pad forms a recess in response
to the discrete forces of the support, which have been correspondingly
distributed and sized. Additionally, this analysis is used to show that the
adaptation improves with pad compliance, which is used to establish
initial design boundaries for the input parameters. The second type
of analysis then evaluates the behavior and performance of the pad
on increasingly curved surfaces. Here, the results from the analysis on
a flat surface are used as a starting point for the simulations. Both
analyses are presented in this section, together with a parametric study
of the input parameters.

3.1. Adaptation on flat surface

The analysis on a flat surface is divided in two parts. First, a
general example is given to illustrate the working principle. The next
paragraph then shows how this result can be generalized for different
input parameters and how the number of forces N, influences this
generalized result.

For the general example, a specific set of parameters is used as
shown in Table 1. A mechanical land width of «,, = 1/3 is chosen here
to represent the most efficient film profile that generates the highest
load capacity with the least amount of power.! The value of I7; is
further based on a nominal film height of 100 pm for a bearing with a
length of 100 mm, while 50 discrete forces are used for N, to start with
a finely distributed mechanical load. With these parameters, the steady
state behavior of the flexible pad is simulated for increasing compliance
values IT,, as shown in Fig. 6. In this figure, the deformation is plotted
in (a), next to the film pressure and nominal load profile of the discrete
forces (b) and the resultant load on the pad (c). Figures (a) and (b) are
animated in the digital version of this work.

Based on the figure, several effects can be seen. A relatively stiff pad
(i.e. IT, = 1072) deforms minimally, resulting in a parallel film with a
triangular pressure profile that creates a three-point type of load on
the pad. At an increasing compliance, this load causes the pad to bend
down at the sides, which leads to a decreasing film thickness and a
change in the film pressure. At some point, this causes the resulting
load to switch to a five-point type of load as seen at IT, = 10°. Further
increasing the compliance, this resulting load can create both a recess

1 Similar to the optimum in a circular hydrostatic bearing [1], this optimum
is found in 2D by multiplying the supply pressure (Eq. (7)) with the nominal
flow (right hand side of Eq. (9)) to get the power for the nominal load.
Differentiating this power to «,, and equating to zero gives a minimum power
at a, =1/3.
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Table 1

Parameters for the pad adaptation on a flat surface in Fig. 6.
Parameter Description Value
an Mechanical land width 1/3
yii Pressure ratio 0.5
11, Relative nominal film thickness 0.001
1, Active load-ratio 1
N, Number of discrete forces 50

in the center and a parallel film towards the edges of the pad (e.g. IT, =
10). From here, the film pressure approaches the applied load profile
more closely, while a smaller resulting load is needed to induce the
required deformation as shown in Fig. 6(c) for IT, = 103. Eventually,
the profiles of the film pressure and the applied load become so close
that the bending moment in the pad oscillates around zero. Combined
with a high compliance, this alternating moment initiates wavy defor-
mations in the pad between the applied loads, which is already seen at
T, = 10° and increases with compliance.

Two metrics to characterize this behavior, which are further used in
this study to measure the operating performance, are the minimal film
height h,;, and the effective land width a;. Based on the deformation,
the changes in minimal film height are shown in the top right of Fig.
6(a). The initial bend in the pad causes a dip in the minimal film height
before it approaches the nominal value ., = 1. This value is expected
once the bearing is adapted, as the supply parameters are based on the
assumption that the film obtains the nominal pressure profile. At larger
compliancies though, h,;, drops again, which indicates the onset of the
oscillations in the deformation. Yet to measure if the pad converged
to the imposed mechanical land width (a,), an additional metric is
required. In deformable bearings, however, the land width is difficult
to define because the film profile is curved [27] rather than sharply
shaped as in Fig. 2(a). The effective land width is therefore used [27],
which indirectly measures the land width as the distance over which
the film pressure drops from 95% to 5% of the recess pressure. Based
on this definition and the pressure distributions in Fig. 6(b), the land
width develops as shown in the top right of this same figure.

3.2. Parameter study on flat surface

The results from the previous section can be generalized for a range
of combinations of the input parameters by several master curves.
For the parameters ap,, f, I1; and I1; this is shown in Fig. 7, where
the development of the land width and minimum film height are
respectively presented in sub-figures (a) and (b). Here, a fixed number
of discrete forces of N, = 50 is used. To obtain these master curves,
the effects of II; and II; are combined with I7, into a single scaling
parameter on the x-axis, which follows from the overview in Fig. 5. On
a flat surface, there is no input from the surface shape z,. This means
that only the deformation affects the film profile, where IT, linearly
scales the deformation @ while I7, inversely scales the influence of this
deformation on the film height A. Hence, equal ratios of IT,/I1, give
the same result. Load-ratio I15, however, influences the results in two
ways. Firstly, it determines the magnitude of the pressure envelopes
and the difference between them, as both loads in Egs. (15) and (16)
scale linearly with I7;. Similar to IT,, this influences the deformation
w in Eq. (13). So, for an equal product of I, - IT3, the deformation w
and its influence on the film height 4 should stay the same. Secondly,
the load [T also influences the average fly height d of the pad, which
in turn affects the impact of the deformations on the film profile h
in a similar way as the nominal film thickness I7,. To correct for this
effect, the group 11,115 /11, is divided by the theoretically expected film
thickness due to any deviations from I7; = 1. This results in the second
term in the x-axes, of which the derivation is further given in Appendix
A. The combined parameter group on the x-axis is referred to as the
“generalized compliance”, which physically represents the deformation
of the pad under the active load F’ relative to the film thickness.
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(a) The symmetrical right half of the pad deformation, with the development of the minimal
film height in the top right. (Note: in the online/digital version, this figure is animated)
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(c) Resulting pressure profile acting on the pad, with a schematic depiction of the load situation in the bottom right corner of each graph.

Fig. 6. Adaptation of the flexible pad on a nominally flat surface for increasing compliance values II,, with the input parameters as defined in Table 1.

With the generalized compliance, the results only depend on the
land width and pressure ratio in Fig. 7. Next to a land width of 1/3, the
adaptation of the pad is shown for a parallel film with «,,, = 0.45 and for
larger recessed films with a land width of 0.25 and 0.15. Similar to the
trend shown in Fig. 6(b), the pad approaches the imposed land widths
in Fig. 7(a) for an increasing generalized compliance. Here, it must be
noted that each line converges to a slightly lower value than «,,, as the
ag-metric by definition cuts 10% of the pressure drop to exclude any
decrease in pressure in the recess or a diverging film at the outer edges
of the land width [27]. With respect to the minimal film height in Fig.
6(a), however, a different behavior is seen for different land widths in
Fig. 7(b). At the nominal load of IT; = 1, the initial dip in the minimal
film height is almost absent for the parallel film with «, = 0.45. In this
situation, the initial straight pad already has the desired shape for a
parallel film at a low compliance. Hence, there is no difference between
the applied load and the film pressure that bends the tips of the pad
downwards at larger compliancies, giving a film thickness directly close
to hp, = 1. At land widths smaller than 1/3 though, the pad actually
needs a larger generalized compliance to form a parallel film in the
land width region. This is seen in the bottom graph of Fig. 7(b) by a
later stabilization of the minimum film height. For loads other than
II; = 1, the film height changes to adjust the pressure drop over the
restrictor, like in regular hydrostatic bearings. Yet it is important to
note in the first graph of Fig. 7(b) that the film height of a;, = 1/3, and
thereby its film profile, stabilizes around a generalized compliance of
10* for each of the relative loads IT;. This value is therefore used as a
general minimum for the input parameters in later analyses. Regarding
the influence of B, two observations need to be mentioned. First of all, it
is seen in Fig. 7(a) that g does not influence the adaptability of the pad
in terms of the land width, which mainly depends on the pad stiffness
and load profiles. It does, however, influence the film thickness in the
adapting phase as seen in the bottom graph of Fig. 7(b), but only to
the point where the lines approach A, = 1. From that point, the pad
behaves like a regular bearing with its target land width «,,, where the
pressure ratio only influences the film stiffness.

Similar to Fig. 7, the effect of the number of support forces Ny is
shown in Fig. 8. Here, two important effects can be noted by looking
at the minimum film height in the upper graph of Fig. 8(b). In the
adaptation phase, like in the valley of a,, = 1/3, the lines overlap for
different Ny -values. Hence, the minimum generalized compliance to
approach the desired film profile is not influenced by the discretization
of the support. The number of forces does however influence the gener-
alized compliance at which the film thickness starts to drop. With fewer
forces, the segment length between the forces and the load that each
segment needs to carry becomes larger. As a result, the pad deforms
between the discrete forces at a lower compliance, which initiates the
decrease in film thickness. Once the deformations become larger, they
start to influence the film pressure as well, resulting in a deviation
of the effective land width as seen in Fig. 8(a). The onset of these
effects can be predicted though, by correcting the load F’ and length
L in the generalized compliance to a load and length per unit segment.
Substituting the groups from Eq. (17), it follows that I1,1I;/II, scales
with F’L3. Neglecting the relative small influence of the second term
in the generalized compliance, the input can thus be corrected by N7,
of which the result is shown in the bottom graph of Fig. 8(b). Here it is
seen that the onset of the wavy deformations occurs around a corrected
generalized compliance of 10°. Hence, this value is used as a maximum
for the input parameters in the last two paragraphs for the behavior on
curved surfaces.

3.3. Adaptation on increasing curvatures

The performance analysis on increasing curvatures is again divided
in two parts. Similar to Section 3.1, a general example is first given to
illustrate the effects that play a role in this situation. Next, this result
is expanded for varying parameters to analyze the overall potential
performance. Following [27], a dimensionless curvature k is used here
to define the unevenness of the surface relative to the bearing size,
defined as k = L/R,.
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(a) Development of the effective land width ¢ for an increasing generalized compliance.
For each imposed land width @, the target value and its corresponding value under the
definition of the metric for @y (i.e. the length over which the pressure drops from 95% to
5% of the recess pressure) are plotted with the grey, horizontal target-lines.
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(b) Development of the minimal film height /1, for an increasing generalized compliance.
In the top figure, /i is shown for three specific loads of IT3, as the film height strongly
depends on the load on the pad. For IT3 = 1, the result is enlarged in the bottom figure,
where the effects of two smaller values for the imposed land width @, are added.

Fig. 7. Influence of the input parameters «,, #, II; and II; on the adapting
behavior of the flexible pad on a flat surface, using N, = 50. The influence of
11, and II; is combined here with the increasing compliance II, on the x-axis.
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(b) Development of the minimal film height Bmin. In both figures, the result is plotted
versus the generalized compliance. In the bottom figure, however, the x-axis is corrected
with the number of forces Ny for an equal load en length per segment between the forces.
The results of the land widths of 0.15 and 0.25 are only plotted for Ny = 50 for clarity in
the graph, as their behavior is similar to that of the land widths 1/3 and 0.45.

Fig. 8. Influence of the number of discrete forces N, on the adapting behavior
of the flexible pad on a flat surface, using p = 0.5.

In the general example, the adaptation of a specific design is evalu-
ated for increasing curvatures k. For this, the parameters from Table 1
are used again, together with IT, = 10!. This value is specifically chosen
to set the generalized compliance of the example to the minimum value
of 10%, since a stiff design most clearly illustrates the limitations in
adaptability. With the given parameters, the steady state behavior at
different curvatures is shown in Fig. 9. Here, sub-figure (a) shows an
example of the pad deformation relative to the surface and defines the
meaning of the terms ‘convex’ and ‘concave’ as used throughout this
study. The height and pressure profile of the film at three curvatures
is subsequently presented in sub-figures (b) and (c). To illustrate the
magnitude of the curvature k in these graphs, four example surface
profiles are presented to scale in Fig. 10. Based on the results, a general
pattern can be seen in the adaptation of the pad. Starting with the
deformation in Fig. 9(a), it is observed that the tips of the pad are
always straight. This is also expected as no bending moment can be
present in these tips due to the absence of any boundary loads (see
Eq. (14)). As a result, the pad needs to build up an internal bending
moment from the tips inwards to adapt itself to the surface curvature,
which is possible by a difference between the applied support load
and film pressure. On convex surfaces, as seen on the left in Fig. 9(a),
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(a) Examples of the pad adaptation to a curved surface at the maximum simulated curvature of k = 0.8. To visualize the relative adaptation, the film thickness is slightly exaggerated.
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(b) The film thickness profile compared to the nominal film thickness at three specific
curvatures, with the schematic development of the minimal film height in the top right.

T & [ === nominal P | Land-width
r 01 convex
—0.2 . 04
o - S o3 \
- 04 ’ concave q
0.2 -
- ||

" [conver |

| [ concave

L
-0.1 0

(c) The film pressure compared to the nominal pressure profile and the resulting type of
load, with the schematic development of the land width ¢y in the top right.

Fig. 9. Adaptation of the flexible pad on increasing convex and concave curvatures, with the input parameters as defined in Table 1 and a compliance of I7, = 10'.
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Fig. 10. Examples of the surface curvature on scale for different magnitudes
of k.
Source: Reproduced with permission from Sonneveld and Ostayen [27].

this results in a stronger curvature around x = 0.2, after which a
straighter section of the pad creates a slightly thicker film before the
tip approaches the surface again. Based on this film profile, also shown
in Fig. 9(b), the film pressure becomes successively larger and smaller
from the tips inwards, as seen in Fig. 9(c). Effectively, this creates two
opposite resultant pressure areas that induce a bending moment in the
rest of the pad. On concave surfaces, a similar effect can be seen in
the right of Fig. 9(a), although the tips now diverge from the surface.
In this way, the film pressure decreases near the tips and increases
shortly after, creating an opposite bending moment that adapts the pad
to a concave shape. In both cases, the presented effects increase in
magnitude at larger curvatures to generate a larger bending moment
for the pad.

The changes in the film profiles and pressures also influence the
performance in terms of the minimum film height and land width. The
minimum film thickness decreases on both convex and concave sur-
faces, although for different reasons. On convex surfaces, the straight
tips point towards the surface, while on concave surfaces the overall
fly height decreases as the load is effectively carried by a smaller pad
segment. Based on these changes in the pressure profiles, the land width

10

Table 2
Overview of the parameter combinations plot-
ted in Figs. 11(c) and 11(d).

m, m,
1074 1073 1072

10°

10

10% Green V Orange (default)

103 Green (default) Orange 4

respectively increases and decreases on convex and concave surfaces.
These behaviors are schematically shown in the top right of Figs. 9(b)
and 9(c), and further expanded in the following section.

3.4. Parameter study on varying curvatures

This section extends the results from the previous example to a
wider range of parameter combinations to finally analyze the potential
performance of the flexible pad. First, it must be noted however that a
generalization of the results, as shown with the generalized compliance
on a flat surface, is no longer possible. The main reason for this is the
presence of the imperfections in the film profile on larger curvatures.
For example, the straight tips of the pad will always converge towards
the surface on a convex profile, as no bending moment is available to
curve them along the surface. Yet at different nominal film heights I7,,
this will have a different influence on the decrease in dimensionless film
thickness. On a flat surface, this was not a problem as the tips always
extended parallel along the surface once the pad is fully adapted.
Hence, Figs. 11(a) and 11(b) first show the results for the effective land
width and minimum film thickness for different compliancies IT, at a
nominal film height of 7, = 1073. Selective variations of the parameters
IT, and II, are subsequently presented in Figs. 11(c) and 11(d), with
an overview of the combinations that are plotted given in Table 2.
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(b) Development of the minimum film height Ay, for IT; = 1073, The inserted figure in
the bottom shows the minimum film height as a function of the generalized compliance on
a flat surface, indicating the parameters used here for the analysis on curvatures.
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(d) Development of the minimum film height 7y, for varying combinations of IT; and IT,.
An overview of the parameter combinations that are plotted is given in Table 2.

Fig. 11. Adaptation of the flexible pad on increasing convex and concave surfaces, using g = 0.5, I, = 1 and N, = 50.

Starting at Figs. 11(a) and 11(b), the development of the effec-
tive land width and minimum film thickness is shown for increasing
curvatures on both a convex and concave surface. Here, the inset
figures provide a recap of the metrics on a flat surface, to clarify the
different starting points of each line. Accordingly, the values of IT,
are chosen within the limits of the generalized compliance that were
set in Section 3.2. Based on both graphs, it is seen that performance
improves with increasing compliance. In Fig. 11(a), this is seen by
smaller deviations of the land widths compared to their initial values
at k = 1073, while in Fig. 11(b) it is seen by a smaller decrease in
the minimum film thickness. This behavior is also expected as more
compliant pads require less pressure to be deformed, which means that
a smaller deviation from the intended film profile suffices to generate
the necessary resulting pressure on the pad. For both the parallel film
and recessed film with a;,, = 1/3, the effective land width changes
maximally 4% up to a curvature of k = 0.8 for a compliance of
IT, = 10°. Additionally, the minimum film thickness drops at most to
Ain = 0.66 with these parameters on the convex surface, which always
suffers the largest drop due to the straight tips as shown in Fig. 11(b).

Taking the results of «, = 1/3 in Figs. 11(a) and 11(b) as a
baseline, several parameter variations of T, and II, are shown in Figs.
11(c) and 11(d). To analyze the influence of IT, from these figures,
it is important to note that the equally colored lines with the same
generalized compliance differ in both I7, and IT,, as shown in Table
2. Hence, the three line styles for IT, = 107, indicated in the third

11

row of Table 2, are considered first. Based on Fig. 11(c), the influence
of IT) seems limited, with only a slight difference in the curvature
at which the land widths start to deviate from their initial value.
Yet in Fig. 11(d), a significant improvement in performance is seen
between the three lines, indicating that a larger nominal film thickness
reduces the decline in film height at stronger curvatures. As mentioned
in the introduction of this section, this can be explained by the fact
that the imperfections in the pad adaptation have less influence at a
larger film thickness. Considering the results for a constant generalized
compliance, for example that of IT,/IT, = 10*, it can also be seen that
the effects of IT, and IT, are cumulative. At the smaller film thickness
of IT, = 10~* and a compliance of IT, = 10° (blue V), the performance
starts to decline already at curvatures between 10~3 and 10~2. Yet for
I, = 1072 and I7, = 10 (blue 4), the performance in terms of the
decline in minimum film thickness is even slightly better than that of
the default green line, which uses a ten times larger compliance in
combination with a ten times smaller nominal film thickness. Based
on these observations that larger values of II; and II, improve the
adaptation of the pad, a set of general design rules for 17, and IT, will
be presented in the discussion.

Apart from IT, and IT,, the input parameters further consist of the
pressure ratio g, the number of forces N, and the active load-ratio
II;. These parameters, however, showed no influence (4, N,) or only
a minimal influence (II3) on the performance of the pad on curved
surfaces, as presented in this section. Hence, the results for variations
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in these parameters are provided in the supplementary material with
this publication.

4. Discussion

This work extends the application of the load-based approach for
pressure profile matching to the development of deformable fluid film
bearings that can operate on larger surface curvatures. To do so, it
focuses on the feasibility of the approach with respect to two practical
limitations: the discretization of the support load and the influence
of the pad compliance. In this section, the concept and approach are
discussed, followed by the results, design rules and generalization of
the study.

4.1. Concept and model approach

The presented concept to apply the desired pressure profile with a
load-distributing support differs from previous pressure-profile-
matching approaches in two important ways. With such a load-
distributing support, the pressure profile is no longer based on a pre-
compression of elastic elements, like the rubber support from Fig. 2(b)
in [14] or the array of compression springs used in [28]. As a result,
the load distribution on the pad and the overall compression of the
support become independent of the load on the bearing itself. This
allows the bearing load to vary in applications such as cam-follower
systems without changing the prescribed support load distribution.
Eventually, this can also improve the adaptability and the tracking
performance of the bearing under varying conditions. The second
unique property of the load-distributing support is the potential to
apply the load closer to the normal direction of the pad’s surface. In
a rubber support like Fig. 2(b), for example, there is a strong coupling
between the deformations in the x and z direction that influence the
resulting pressure profile [14]. Similarly does the use of vertical springs
in [28] only control the load profile on a horizontal plane. With a
differential mechanism as introduced in Fig. 2(c), it might be possible
to act more perpendicular on the pad, independent of its shape. To
identify the potential of this approach, the study focused on the pad’s
reaction to such an idealized load distribution.

With respect to the model for this pad behavior, two choices are dis-
cussed. The first choice relates to the distribution of the forces, which
are placed in the center of N, equally spaced pad segments as shown
in Fig. 4(c). For different load profiles and on different surface shapes,
a more optimal distribution might exist that uses different segment
lengths and varying locations of the forces within these segments. Yet
with varying curvatures, this optimal distribution is expected to change
constantly. For this reason, the equidistant distribution of the forces
is used as an average solution. The second model choice relates to
the tangential strain in the pad, which is assumed to be equal to zero
in the analyses by using a large cross sectional area in the COMSOL
model. Under the assumption that the discrete support forces always
act perpendicular to the surface, this assumption of zero tangential
strain is acceptable. In this case, both the fluid film pressure and the
distributed support load rotate with the deformations of the pad, which
prevents the buildup of tangential stresses and the associated strains.
However, if the load-distributing support is not able to apply the load
perfectly normal to the pad, compressive or tensile loads could arise
in the pad. In this situation, tensile loads are desired over compressive
loads to prevent the pad from folding inwards and to keep its surface
stretched. Still, this tensile load will pull the subsequent points on
the pad away from each other, creating a geometric stiffening effect
that makes it harder for the pad segments between them to bend.
Hence, the results in this work represent the theoretical optimum of
the achievable adaptability of the pad. In practical implementations
with non-perpendicular load profiles, larger deviations in the film and
pressure profile will be required to adapt to similar curvatures, which
increases with the tensile stress in the pad. To model this effect, Eq. (13)
could be extended in future work with a tensile force component as in
the Foppl-von Kdrmén equations, which describe the large deflections
of thin plates in tension [34,35].
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4.2. Results

With the model, the performance of the flexible pad has been
analyzed in Section 3, the results of which are further discussed here.
Starting with the analyses on a flat surface, it is noted that the perfor-
mance is defined by how well the pad adapts to the intended pressure
profile and corresponding film height distribution. As the minimum
film height approaches the nominal value of h;, = 1 in Fig. 7(b),
it becomes clear that defining the supply parameters based on the
nominal operating condition is effective. The film height, however,
does not exactly reach Ay, = 1 as a slight deviation in the film and
pressure profile is required to initiate the pad deformation. Once wavy
deformations start to occur in the pad, as indicated by the decline in the
minimum film thickness, these changes are not directly visible in the
film pressure. At larger compliancies though, the deformations between
the discrete force locations keep increasing, which could eventually
disturb the laminar flow and influence the bearing performance. Hence,
the decline in minimum film thickness is taken into account for the
design rules in Section 4.3.

Additionally, it was noted that the pressure ratio g in Fig. 7(b) only
influences the adaptation of the pad to the point where the minimum
film thickness approaches h;, = 1. Up to this point, the pad has not
sufficiently adapted to form the nominal film profile. In response, the
pad requires a different film height than Ay, = 1 to generate the
required load capacity. Because the pressure ratio § determines the
film stiffness, the required change in film thickness depends on the
value of f up to this point. Once the pad has adapted, however, the
pressure ratio only defines the film stiffness as in regular bearings. For
this reason, no variations in the pressure ratio have been considered in
further analyses.

Subsequently, the performance has been analyzed on curved sur-
faces. In contrast to the flat-surface case, performance is defined here
by how well the pad is able to maintain its initial adaptation on larger
curvatures. For this, it should first be noted that the metrics are not
perfect. A decrease in the minimum film thickness, for example, could
just be the tip of the pad that approaches the surface instead of the
entire bearing, as seen for k = 0.1 on a convex surface in Fig. 9(b).
Conversely, the land width does not seem to change significantly on
a convex surface for k = 0.4 in Fig. 9(c), while a second recess has
formed towards the edge of the bearing in Fig. 9(b). In both cases,
however, the bearing is expected to remain operational due to the
presence of a continuous thin film without excessively large pockets or
constrictions. An initial deviation from the nominal performance thus
mainly indicates the onset of a different type of behavior, rather than
a direct and significant loss of performance.

With this interpretation of the performance metrics in mind, the
results can be compared to previous studies. The load-based approach
for pressure profile matching was previously introduced in [28] with
only a vertically oriented load distribution, where the adaptation was
analyzed up to a maximum curvature of k = 0.02.> The present work has
extended this concept to larger curvature deformations, which shows
that adaptations can be achieved up to k = 0.8 by applying the load
normal to the pad surface. Compared to alternative deformable bearing
concepts, the improvement is similarly significant. The stiffness-based
approach shown in the left of Fig. 3 was analyzed up to a curvature
of k = 0.0032, at which the minimum film thickness had already
decreased to roughly 20% of its nominal value [14]. The closed-cell
bearing concept from [27] was shown to operate up to a significantly
larger curvature of k = 0.4, but with a land width of approximately
o, = 0.05, resulting in a substantially higher flow rate and power
consumption. In contrast, the present simulations show that a land
width of approximately a, = 1/3 can be maintained up to k = 0.8,

2 This curvature is based on the parameters in [28]: a pad length of 50 mm
and a sinusoid with a wavelength of 250 mm and an amplitude of 750 pm.
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while the minimum film thickness remains above h,;, = 0.66. These
results indicate that the load-based approach can achieve both a larger
curvature adaptation range and a more favorable film geometry than
previously reported deformable bearing concepts.

Nevertheless, it should be noted that the performance still depends
on the ratio between the stiffness of the pad and the bearing load in I7,.
In Fig. 11(a) though, it can be seen that an operable performance at the
larger curvatures can be achieved for both a compliance of IT, = 10>
and 10°. Given a fixed set of parameters that define the stiffness of the
pad, this means that a load range of a factor 10 could be accommodated
while maintaining a comparable land width. Yet to achieve this in a
practical bearing setup, the supply will need to actively adapt and the
parameters of the pad will need to be chosen carefully with respect to
the expected bearing loads.

4.3. Design rules

Based on the non-dimensional formulation of the model and the
presented results, a set of design rules can be derived for the input
parameters. Starting with a flat surface, it was shown that a stable
region exists in the generalized compliance where the minimum film
thickness approaches its nominal value. For a land width of «, = 1/3
and 0.45, this region is defined by

L (1-p0; > \"/° 4
i '<—(ﬁn3)2 1—/;) > 104, (25)
_ 2\ —1/6
L, (1-pI; § < N4 (26)
I, (BII;)? 1= X

Here, Eq. (25) defines the minimum generalized compliance that is
required for the nominal film thickness to stabilize, whereas Eq. (26)
defines the maximum corrected generalized compliance before wavy
deformations arise. These boundary relations also imply that the num-
ber of support points, and thus pad segments, should at least be equal
to 10. For smaller values of the land width, it is noted that a higher
generalized compliance is needed in Eq. (25) to approach the nominal
film height, as seen in Fig. 7(b). This effect is explained by the necessity
for a sharper bend in the pad closer to its edge, to keep the tip of the
pad horizontal while the recess starts close by. To use the given ranges
in the design process, the minimum expected value of the load ratio IT;
should be used in Eq. (25) and its maximum expected value in Eq. (26).
Within the parameter range itself, a higher generalized compliance is
desired to approach the intended land width and the corresponding
flow conditions, as seen in Fig. 7(a). For this, a higher compliance
IT, and a smaller nominal film thickness II; are thus beneficial. With
respect to I1,, a smaller value performs better on flat surfaces because
smaller pad deformations are required to produce the desired changes
in the film pressure. For increasing curvatures, however, this desired
optimization direction of IT, needs to be reconsidered.

With the parameter study in Section 3.4, it was observed that both
a larger compliance I7, and a larger film thickness I7; improve the
performance on curved surfaces. Here, the larger film thickness is
beneficial as it reduces the impact of the pad’s imperfect adaptation.
Based on the surface curvatures of the application and the desired
operating conditions, the film thickness can thus be optimized. Other
considerations for this include the increase in flow and power associ-
ated with a larger film thickness, while a larger I7, also allows a larger
drop in the dimensionless film height & before an absolute minimum
film thickness is reached. Hence, a viable strategy would be to start
with a medium film thickness and compliance that are on the boundary
of Eq. (26). From there, both values can be increased simultaneously
until the desired performance at the maximum curvatures is obtained
with the smallest film thickness possible. A larger number of discrete
forces N, can help here to allow for larger compliancies.
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4.4. Generalization

The dimensionless formulation of the model already generalizes
the results of this study for hydrostatic bearing implementations and
circular curvatures. The results and the presented principle, however,
are expected to extend to other implementations as well. With respect
to the surface shape, the largest deviation from the nominal pres-
sure profile is required to adapt the pad to the overall curvature of
the surface. Any local changes in curvature beneath the bearing, as
seen in sinusoidal shapes, will thus only require a smaller pressure
deviation of the film to modify the curvature of the pad over its
length. Important to note though, is that the flexible pad is assumed
to cover only a segment of the sinusoidal surface in this case, with the
goal to track its oscillations over distance. The fundamental working
principle of the load-distributing support is also expected to extend to
other pressure profiles. On a smaller scale, this was already shown for
hydrodynamic profiles [28]. Deviations from the intended load profile
are likewise expected to be permissible, provided that the resulting
load profile remains physically realizable by the fluid film pressure.
For hydrostatic bearings, for example, this implies that the pressure
profile should always be monotonically decreasing from the supply
outwards. Depending on the relative compliance, however, this will
of course affect the bearing performance. Additionally, if the load-
distributing support does not apply its load normal to the surface, a
tensile load may occur in the pad. If sufficiently large, this load could
induce a geometric stiffening effect that reduces the flexibility of the
pad, as discussed before. Investigating this effect and experimentally
validating the presented concept are therefore important directions for
future work.

5. Conclusion

In this work, the load-based approach for pressure-profile matching
in deformable fluid film bearings is extended to hydrostatic bearings
and surfaces with a significant and functional curvature. The approach
assumes a discretized load-distributing support that applies the bearing
load at discrete locations on a flexible pad. The local reaction forces are
prescribed to match the desired film-pressure profile and act normal to
the pad surface. Accordingly, the pad will try to match the film pressure
to the imposed load by adapting its shape relative to the surface, which
makes the bearing adaptable to varying surface curvatures. A dimen-
sionless design model is presented for a hydrostatic implementation,
which determines the steady state behavior on these curvatures for a
minimum set of parameter groups. With this model, it is shown that
parallel and varying recessed film profiles can be achieved with the
flexible pad, for which the degree of adaptation mainly depends on
the nominal film thickness and bearing load relative to the length and
stiffness of the pad. Adaptation is achieved through a small deviation
from the nominal film profile, which creates a difference between the
applied load distribution and the film pressure. The resulting load
imbalance deforms the pad until a new equilibrium is reached. At larger
curvatures, this required offset and thereby the decline in performance
increase, although a maximum deviation of 4% from the intended land
width and a maximum drop to 66% of the intended film thickness
were obtained up to curvatures of k = 0.8 for the reference parameter
set considered in this study. Hence, the load-based approach enables
the development of deformable fluid bearings that can maintain an
efficient film profile on varying curvatures, extending the demonstrated
operating range of previous deformable bearing concepts. Based on the
results, three design rules have been derived that can be used as a
starting point for the design parameters of the pad.

CRediT authorship contribution statement

Dave D. Sonneveld: Writing — original draft, Visualization, Soft-
ware, Methodology, Investigation, Formal analysis, Conceptualization.
Ron A.J. van Ostayen: Writing — review & editing, Supervision,
Methodology, Conceptualization.



D.D. Sonneveld and R.A.J.v. Ostayen
Funding sources

This research did not receive any specific grant from funding agen-
cies in the public, commercial, or not-for-profit sectors.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Appendix A. Master curves: film thickness correction

The generalization of the parameter study on a flat surface in
Section 3.2 is based on the influence of the deformations w on the film
profile h. The interaction between these parameters is also schemat-
ically shown in Fig. 5. One step of the generalization is to predict
the film thickness under different load ratios of II; = F’/F,. In the
handbook of Rowe [1], a general equation is presented for this in Table
7.1 and Fig. 7.4, although with a different definition of the parameters,
by
g 1-F p?

p2 1-F

(A1)

where X represents the film thickness relative to the nominal film
height, similar to this study. The load and recess pressure P,, however,
are defined here as a number between 0 and 1 to represent the entire
load range. At the nominal condition X = 1, the recess pressure P, is
equal to B. Relative to this starting point of P, = f, the loads can be
increased or decreased, which is defined in this model by the active
load ratio I15. Hence, P, in Eq. (A.1) can be replaced by g - IT;. Taking
the sixth root of this equation then gives the prediction of the film
height at different values of the load ratio II5.

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.triboint.2026.112530.

Data availability

The models and code related to this publication are available in
the 4TU.ResearchData respository, DOI: 10.4121/3fb28ed6-f59e-4163-
beaa-9960968f0a6c¢.
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