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Abstract– Oil-free gas foil bearings have always been attractive
in the high-speed lightly-loaded applications because of its simple
and effective design. Compliance of bump foil with the interac-
tion of top foil causes the rotor to levitate at high rotational speeds
separated by air pressure. Many researches established frameworks
to simplify the relationship of foil structure reaction under an un-
equal pressure generation along the bearing circumference. How-
ever, there is a lack of evidence to evaluate the proper model with
appropriate parametric case studies. In this study, the connections
between the hydrodynamic pressure in the bearing clearance and
the foil assemblies are made by a coupled fluid-structure interaction
(FSI) model to predict the static performance of the journal bearing.
Input parameters such as eccentricity ratio and an attitude angle are
applied to the initial journal position in order to capture the pres-
sure distribution, foil deflection and load carrying capacities which
were vital parameters in the performance of the rotor-bearing sys-
tem. Case studies are carried out for different journal speeds and
loading states to picture the bearing performance. The predicted
values coincide with the published experimental data and indicate
reasonable outcome.
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simulations, bearing performance, eccentricity ratio, comparative
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I INTRODUCTION

Gas foil bearings (GFB) have already been centered on the
researcher’s attention for decades. Its preference in the high
speed lightly loaded applications is due to a larger nominal
film thickness for a given load, improved stability character-
istics, low frictional losses, superior qualities at high temper-
atures and tolerance to impurities ingestion [1]. In the config-
uration of gas foil bearing, top foil, supported by compliant
bumps underneath, wraps the journal with the aim of gener-
ating load carrying capacity during rotation thus maintains a
relatively generating load carrying capacity during rotation
thus maintains a relatively uniform film thickness across the
hydrodynamic wedge with an air serving as a lubricant [2].

First analytical and experimental works were performed in
order to evaluate the pressure development, foil attitude, load
capacity, dynamic behaviors and stability of the bearing sys-
tem [3, 4, 5]. The theoretical analysis of the foil journal bear-
ings involves the integrated solution of the pressure in the
radial clearance and the foil deflection by means of an itera-
tive scheme. Further complexities are introduced by both the
simplification of the structural model and fluid behavior for
the gas lubricated leaf type journal bearing [6]. This type of
foils can resist deflection with any combination of bending,
membrane or elastic foundation effects, as the same config-
uration studied by Oh and Rohde [7]. In their investigation,
the foil journal bearing erected from a complete shell is sup-
ported by an elastic foundation which permits the eccentric-
ity ratios in excess of unity, as well as, both the compressible
Reynolds equation and load deflection equations are coupled
to perform parametric studies for a wide range of operating
conditions. Braun et al. [2] develops the two-dimensional
steady state and transient dynamics of a foil bearing using
Navier-Stokes equations to solve the interaction between the
fluid lubricant, the motion of the journal and the deformable
foil boundary. Finite element method (FEM) is utilized to
simulate the elastic deformation of the foil and its supports.

Integrated FE model of the foil assembly as a structural
shell in combination with the hydrodynamic film defined by
Reynolds equation for isoviscous ideal gas is predicted for
the static and dynamic characteristics of the GFB in [8].
One-dimensional beam-like structure (1D) and flat shell (2D)
models are compared for the evaluation by the results in the
existing literature. The compliant bump which is modeled
as a uniform elastic foundation are directly integrated in to a
global stiffness matrix to relate the top foil deflections to the
applied film pressure or contact pressure depending on the
operating condition. The slight miscalculations are predicted
for the minimum film thicknesses in the 2D model while the
1D top foil model predictions show the promising correla-
tion between FEM and experimental results. Kim and Park
[9], as well, developed a 1D analytical beam model for the
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top foil deflection and implemented the Reynolds equation
under both hydrostatic and hydrodynamic conditions. The
sagging effect of the top foil is taken into account and ex-
perimental measurements of film thickness gives reasonable
accuracy under the large loads, beyond 200 N. The decreased
attitude angle is obtained with the loads increased, and vice
versa for the increased speeds since a small attitude angle is
a desirable feature for a stable gas foil bearing performance
i.e. when the journal displacement is parallel with the load
direction.

In addition to the experimental evaluations of a bear-
ing performance, numbers of computer-based procedures are
emerged to simulate the foil bearing performance calcula-
tions. For example, fluid-structure interaction (FSI) model is
widely used to predict an integrated solution for the deflec-
tion of the foil structure under hydrodynamic pressure devel-
oped in the radial clearance through simultaneous and cou-
pled iterations adopting finite element analysis (FEA) code
and computational fluid dynamics (CFD) equations. This
kind of two-way fully coupled FSI type is employed in [10]
to obtain 3D coupled thermo-elastohydrodynamic (TEHD)
solution for GFB. Thermal effects are taken into account in
the gas film due to physical properties of the fluid, and bulk
flow energy equation is solved by sophisticated finite dif-
ference method (FDM) code coupled iteratively to the FEA
solver. Increase in the shear heating effect is attributed to
the rapid growth in the temperature with the shaft speed and
results agree well with the available measurements in [11].

II MODEL DEVELOPMENT

1 Description of GFB

Gas foil bearings outdo conventional rigid bearings due
to its operating principles of hydrodynamic lubrication and
structural dynamics. The deflection of foil structures and
pressure magnitude are strongly dependent on each other by
the fluid-structure interaction on the inner top foil surface.
Foils are welded from the one end to the bearing sleeve in the
trailing edges while the leading edges remain free. Top foil
covers the journal with a circumference of 355o. Equally po-
sitioned 26 corrugated bump strips support the top foil under-
neath, thus making the bearing fully compliant. Foil structure
material is made of a thin Inconel X-750 nickel-chromium
alloy which is used for its high strength in the elevated tem-
peratures up to 704o. Figure 1 depicts the first generation
bump type foil bearing geometry. Other given parameters of
GFB in Table 1 are obtained from the experimental work of
[12].

Fig. 1: Bump type gas foil bearing: a) schematics of bearing
assembly, b) isometric view of 3D model

Parameters Values
Bearing
Radius, D=2R 38.1 mm
Length to diameter ratio L/D=0.5, 1
Radial clearance, c 31.
Foils
Top/Bump foil thickness, tT , tB 0.1016 mm
Bump length, lB 3.556 mm
Bump pitch, S 4.572 mm
Bump height, hB 0.508 mm
Young‘s modulus, E 214 GPa
Poisson’s ratio,ν 0.29

TABLE 1: BEARING DESIGN PARAMETERS

2 Governing Equations
In the lubrication theory, coupled solution of the foil de-

flection and the pressure in the fluid film is needed to predict
the static bearing characteristics[13]. Theoretically, the fluid
motion in the radial clearance is ruled by Reynolds equation,
which is an originated form of Navier-Stokes continuity and
momentum equations. The equations of continuity and mo-
mentum are given, respectively:

dρ

dt
+∇× (ρ~ν) = 0 (1)

d
dt

(ρ~v)+∇× (ρ~ν~ν) =−∇ p+∇× τ (2)

where, ~v is velocity vector, ρ is fluid density, and pis air
pressure. External forces are neglected and the stress tensor
τ is connected to the rate of strain by:

τ = µ

(
∇~v+(∇~v)T − 2

3
δ∇ ·~v

)
(3)

In the lubrication theory, classical Reynolds equation is
used frequently by ignoring inertia effects and body forces
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while nullifying pressure magnitude in the film thickness di-
rection. Assuming that no slip exists at the fluid-solid inter-
face, an isothermal, and time invariant lubrication, the com-
pressible Reynolds equation in Cartesian coordinates can be
given as:

∂

∂x

(
ph3 ∂ p

∂x

)
+

∂

∂ z

(
ph3 ∂ p

∂ z

)
= 6µω R

∂ (ph)
∂x

(4)

where h is film thickness, µ is dynamic viscosity. In most
cases, a numerical solution is needed while the Navier-Stokes
equations are resolved with the CFD codes and the Reynolds
equations are mostly obtained by purpose-developed codes.

If the journal is concentric relative to the bearing (e = 0),
the film thickness around the journal is constant and the bear-
ing doesn‘t have any load-carrying capacity. At higher ec-
centricity ratios the pressure is generated and film thickness
varies along the circumference. Thus the variation of film
thickness depends on the eccentricity and foil deflection un-
der the hydrodynamic pressure. The film thickness is given
in the following equation:

h = c+ ecos(θ −ϕ)+wD (5)

where

wD = KB (p− p0) (6)

The ratio of eccentricity is described as the ratio of eccen-
tricity to the bearing clearance: = e/c. The elastic deflection
of the foil structure under the exerted film pressure is given as
wD, and φ is recognized as an attitude angle. As mentioned,
the bump foil structure behaves as an elastic backing under
the top foil which provides resistance, and KB signifies the
compliance or the structural rigidity of the bump foil, which
is defined as:

KB =
2S
E

(
l
tB

)3 (
1−ν

2) (7)

where, S is pitch of bump, l is a half-length of bump, tB is
thickness of bump foil. Elastic modulus and Poisson’s ratio
of the foil material are given as E and ν , respectively. Con-
sequently, the static tate of film thickness is described as:

h = c(1+ ε cosθ)+KB (p− p0) (8)

The resulting load components from the film pressure de-
velopment parallel and perpendicular to the crossing line of
bearing-journal centers are obtained by pressure integration
across the bearing surface and can be formulated as:

Wx = 2
∫

π
∫

0

∫ L/D
∫

0
pRsinθdθdz (9)

Fig. 2: Pressure distribution in a journal bearing for full
Sommerfeld solution and Reynolds boundary condition.

Wy =−2
∫

π
∫

0

∫ L/D
∫

0
pRcosθdθdz (10)

Subsequently, the total load-carrying capacity is generated
by:

W =
(
W 2

x +W 2
y
)1/2

(11)

It should be noted that the ratios of load are the func-
tions of L/D, and eccentricity ratios, i.e. in the L/D > 2
ratios, predictions overestimate the load capacity for all ,
while the short-length-bearing theory provides more precise
estimations for finite bearings of L/D < 2, leading to exces-
sive load-carrying capacities at small length-to-diameter ra-
tios [14].

In the rigid journal bearings the pressure distribution can
be solved by introducing the new variable which is known as
a Summerfeld variable. This technique can evaluate the pres-
sure, but the expression is not much useful, since it is hard to
obtain the load components from a further integration. These
difficulties are overcome by using the substitution as below:

1+ ε cosθ =
1− ε2

1− ε cosγ
(12)

Utilizing Sommerfeld replacement, the periodic boundary
condition with p = p0 at θ = 0 and 2π yields as:

p− p0 = 6µω

(
R
c

)2
ε sinθ (2+ ε cosθ)

(2+ ε2)(1+ ε cosθ)2 = 6µω

(
R
c

)2

p

(13)
and
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hm =
2c
(
1+ ε2

)
2+ ε2 (14)

here p0 is pressure at the point of maximum film thick-
ness and p is dimensionless pressure. hm is film thickness
at the time of dp/dx = 0, consistent to the extreme pressure
position.

According to full Sommerfeld solution, the positive pres-
sure is generated inside the convergent film 0≤ θ ≤ π , and
negative pressure inside the divergent film π ≤ θ ≤ 2π , hav-
ing the shape of skewed symmetrical pressure profile as in
Figure 2. These sub-ambient pressures by the normal Som-
merfeld analysis are hardly met in the actual bearings and
leads to the proposal that the sub-ambient pressure calculated
by the analysis have to be neglected [15]. However, the top
foil is laid on the elastic foundation with no bonding, so it
can separate from the bump foil to prevent the generation of
subambient pressure. Therefore, in the Reynolds boundary
condition the film pressure cannot be lower than the ambi-
ent pressure (pa), and the subambient pressure is equated to
zero without violating the continuity of mass flow at the out-
let end. Hence, the appropriate boundary conditions for Eq.
(4) are:

p =
d p
dx

= 0 at θ = θ
∗, π < θ

∗ ≤ 2π (15)

where the value of θ indicates the angular bearing position
from the point of extreme film thickness and θ ∗ is the angle
where p = 0 and d p/dx = 0.

3 Numerical Procedure
Analysis with the presence of fully coupled solution fields

in fluid and solid domains is the nature of gas foil bearing
type applications to investigate the bearing characteristics.
As for the whole bearing assembly, the solution can be ob-
tained by substituting FEM model, i.e. top and bump foil
structure and CFD model, i.e. fluid film behavior. On ac-
count of the two-way interaction between the two analyses,
the analyses are looped through repeatedly until overall equi-
librium is reached between the structural and CFD solutions
(Fig. 3). This sort of analysis is a consecutive pressure-stress
analysis where nodal pressure from the fluid analysis is im-
ported as "fluid load" in the succeeding stress analysis. The
analysis of physical behavior is based on a sole finite element
mesh along the physics. The general process is to allow in the
first calculated physics file and resolve. Afterwards, reading
in the next physics domain, postulate the loads to be transmit-
ted, and resolve the following physics. The governing finite
element matrix equations for the steady state simulations of
the journal-fluid-foil interactions are:

Fig. 3: Flowchart for the two-way FSI analysis process.

[MS]
{

Ü
}
+[KS]{U}= {FS}+[R]{P} (16)

[
M f
]{

P̈
}
+
[
K f
]
{P}=

{
Ff
}
−ρ0 [R]

T {Ü
}

(17)

Here [Ms] and
[
M f
]

are the structural and fluid flow mass
matrixes, {Fs} and

{
Ff
}

are structural and fluid force vec-
tors, respectively. [R] represents the integrating matrix in the
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actual surface area corresponding to the knots on the fluid-
structure interface. Load quantities of both solid and fluid
domains which are developed in that FSI interface are prod-
ucts of unidentified nodal degrees of freedom. Combining
these indefinite loads with Eq. (16-17) produces the follow-
ing:

[
MS 0

ρ0RT M f

]{
Ü
P̈

}
+

[
KS −R
0 K f

]{
U
P

}
=

{
FS
Ff

}
(18)

Two-way fluid-structure interaction analysis is conducted
using load transfer technique which is accessible in the AN-
SYS Multi-field solver environment. 3D modeling of the
fluid analysis is developed in FLUENT 17.1 using pressure-
velocity coupling scheme SIMPLEC with the second order
pressure discretization. Pressure-based Navier-Stokes solu-
tion algorithm is enabled with the absolute velocity formula-
tion. The boundary conditions are applied with the running
pressure fixed at 101325 Pa by default. The journal surface is
modeled as a moving wall against the stationary foil surface
while the two edges of the bearing are defined as a pressure
outlet with the measure of zero Pascal. A structured mesh
with total number of nodes 3.96×105 is used for both fluid
and solid domains. Initial parameters to start hydrodynamic
process in the film thickness are taken by guessing eccentric-
ity ratio and attitude angle and extracted loads are mapped to
the structural domain. Pressure generations, film thicknesses
and load-carrying capacities of the bearing are studied in dif-
ferent loading conditions and working operations.

At the first step of the procedure the foil surface is con-
centric with journal without any deflection. Assuming the
initial journal position and consequential boundary condi-
tions, the film pressures are calculated. Based on the result-
ing forces from pressure integration, static structural solver
obtains the foil deformation which leads to a new film thick-
ness. During the deflection of top foil, the journal travels
towards the direction of the maximum deformed area, thus,
the total change in the film thickness is examined by modify-
ing the eccentricity and the attitude angle. This procedure
uses Newton-Raphson iterative method to achieve conver-
gence. Interacting structural contact models are assumed to
be bonded. The augmented Lagrangian method is employed
to model the contacting surfaces between foils and sleeve.
This technique includes an iterative sequence of the penalty
approaches which constrains the bump strips not to pene-
trate the top foil structure. The ultimate penetration is lower
than the acceptable tolerance since the frictional stresses and
contact pressure are rising during the steady-state iterations.
Augmented Lagrangian technique typically results in an en-
hanced conditioning, and is less subtle to the amount of con-
tact stiffness. Yet, in some studies, this method may necessi-

tate further iterations, particularly if the distorted mesh con-
verts into inaccurate situation.

III RESULTS AND DISCUSSION

Fig. 4: Pressure distribution profiles in the bearing circumference
angle for various journal eccentricities.

In this section, results are obtained for 3D fully coupled
FSI model in the various bearing geometries L/D = 0.5,1
and speeds at 30,000 rpm, 45,000 rpm. A structured mesh
with total number of nodes 3.96×105 is used for both fluid
and solid domains. Initial parameters to start hydrodynamic
process in the film thickness are taken by guessing eccentric-
ity ratio and attitude angle and extracted loads are mapped
to the structural domain. Pressure generations, film thick-
nesses and load-carrying capacities of the bearing are stud-
ied in different loading conditions (up to 200 N) and working
operations. The validation of the simulations is carried out to
certify the reliability of the numerical codes by examining
with the published experimental data in [12]. It is observed
that the results are in good agreement with the experimental
data with slight differences due to the simplifications in the
computational process.

1 Hydrodynamic pressure and film thickness
The prediction of the film pressure generation is helpful to

comprehend the bearing characteristics well. The optimum
contour of the film wedge is one of the factors that results in
high load-carrying capacity. Figure 4 shows the film pressure
distribution on the top foil surface in the bearing speed of 30,
000 rpm for different eccentricity ratios. Obviously, in the
small values of the journal eccentricity, pressure is spread
uniformly both in the convergent and divergent regions of
the gas film with the peak. When the value of ε exceeds 0.4,
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more uniformly distributed pressure is generated only in the
convergence film inlet of the bearing surface, thus the peak
of the pressure is widened constantly till the outlet end where
p≥ p0 . This process leads to a higher load-carrying capac-
ity and beneficial in terms of the operational stability since
increasing the eccentricity ratio tends to improve the con-
vergence of the gap, or the so-called “lobbing effect” which
is known to endorse greater stability at high operating speeds
[16]. Hence, the load-carrying capacity is strongly dependent
on the journal eccentricity since more loads can be borne in
the higher values of the eccentricity ratio.

As mentioned by Hamrock et al. [14] the load ratios are
strongly related to L/D and journal speed. It can be noticed
in Figure 5 that in the L/D > 2 ratios, predictions underesti-
mate the pressure loads as speed increases, while the short-
length-bearing (L/D < 2) provides higher pressure loads at
small length-to-diameter ratios. Increase in the load-bearing
capacity at L/D < 2 bearing can be attributed to the higher
load concentration on the narrower foil bearing surface, as
a consequence the foil deflection also becoming in a higher
magnitude as the journal speed increases. Conversely, as the
foil bearing surface is wider (L/D1) along the axial direc-
tion, the pressure profile generated by the journal speed is
dispersed on a wider foil surface, thus the pressure magni-
tude is lower in comparison to the narrower bearing length
ratio.

In Figure 6, the values of film pressure and foil defor-
mations are given for the journal speeds of 30,000 rpm and
45,000 rpm. Note that these values are obtained in the first
step of the analysis with no load assuming on the bearing sur-
face. Thus, the deformation of the top foil is not significant
in this case. Contours of pressures with the resulting top foil
deformations are illustrated in Figure 7a for =0.1 and Fig-
ure7b for =0.9 under the journal speed of 30,000 rpm. Top
foil deflections are corresponded to the hydrodynamic pres-
sure along the bearing circumference. When the journal is
slightly moved toward the top foil, equally spaced “wave-
like” deformations appear along the bearing circumference.
While the surface of the journal approaches to the top foil
surface, more concentrated waviness of deformations is ex-
perienced on the top foil surface in the direction of the bear-
ing centerline. This shape of waviness is due to the sagging
effects between the adjacent bump foil strips [5].

As shown in Figure 8, the evaluation in the minimum
film thickness is made for various bearing geometries i.e.
L/D = 0.5 and L/D = 1 with the same experimental data
in the reference [12]. In this case, the applied loads are
ranged from 5 N to 200 N according to the bearing length-to-
diameter ratio (80 N for L/D= 0.5 and 200 N for L/D= 1) at
various speed conditions. Both predictions and test data cor-
responds to the minimum film thicknesses where the max-

Fig. 5: Pressure loads as a function of speed for different L/D
ratios

Fig. 6: Film pressure and resulting film thickness for to bearing
geometry at =0.4

imum film pressure occurs at the bearing centerline. The
smallest film thickness of 4 µm is reported in this experiment.
In Figure 8a, numerical results slightly overestimate the film
thickness in both cases, especially at the lighter static loads,
yet the values gradually match with the obtained test points
when more loads are applied. It is clear that at higher bearing
speeds, the journal eccentricity adjusts itself until the load
is balanced by the pressure generated in the converging gas
film, forming relatively higher film thicknesses. In Figure
8b, the numerical and experimental results were very close
to each other rather than the L/D ratio with 0.5. Resulted
minimum film thickness was still just below 5 µm in this case
too at the maximum loads. The rate of distinction between
the numerical and experimental results in two L/D bearing
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Fig. 7: Contour of pressures and corresponding top foil
deformations. L/D=0.5

length to diameter ratios can be accounted for the foil bear-
ing surface area: as the surface area increase the numerical
calculations become closer to the experimental values. How-
ever, more sophisticated assumptions should be employed to
precisely certify the model against the experimental values.

2 Load-carrying capacity and attitude angle
Numerically obtained load-carrying capacity of the bear-

ing model is verified with the results of theory in [17] and
with the experimental data reported in [18] for the first gen-
eration of foil bearings. Load-carrying capacity as a func-
tion of bearing speed is given in Figure 9. Bearing parame-
ters and operating conditions are same for the current model.
Evidently, the predicted load-carrying capacity curve is in
good agreement with both theoretical and experimental re-
sults over a wide range of speeds.

According to the experiments in the work of Strom [18],
the load-carrying capacity is established by gradually in-
creasing the static load at a fixed speed and the values are
noted just before the bearing seizure occurs. As for the lim-
ited resources, this type of experimental procedure can be
replicated numerically by adjusting the eccentricity ratio at
the highest values, still maintaining the minimum clearance
between journal and foil surface. Maximum top foil de-
formation is used for the eccentricity modifications and the
change in the attitude angle is also considered in the calcu-
lations. Pressure convergence which is based on an assumed
value of ε should satisfy the enforced load through the iter-
ation loop at a fixed operating speed until the load is con-
verged. At the other extreme, at heavy loads the journal is
forced downward and the limiting position is reached when
hmin = 0 and = c, i.e. the journal is touching the bearing.

Fig. 8: Minimum film thickness versus static load: (a) L/D=0.5,
(b) L/D=1. Comparison with the experimental work by Ref. [12]

One of the influencing factors in the bearing performance
is an attitude angle. Small attitude angle can result in the
better bearing stability. At the high speed and greater load
conditions, a noticeable film thickness convergence with a
small attitude angle is prone to enhance the elastohydrody-
namic features in the point of whirl instability. This explains
why foil bearings are able to operate at high speeds with less
stability problems [19]. In the Figure 10 the journal attitude
angles versus applied static loads are compared against the
experimental data in [12] at the journal speeds of 30,000 rpm
and 45,000 rpm. In general, numerical predictions of 3D
model show good agreement with the test data in spite of the
minor discrepancies at the higher bearing speed, but catching
up with the test data above 140 N.
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Fig. 9: Load capacity of the bearing compared with theoretical
work and test data. L/D=1

IV CONCLUSION

In this analysis, a fully coupled model of the gas foil
bearing is developed by utilizing sophisticated FSI technique
for the foil deflection under the hydrodynamic pressure in
the film gap through the iterative solving method for the
Reynolds equation and structural deformation. Commercial
FEA code is employed to accomplish the whole numerical
procedure with the load transfer capability. The steady-state
analysis is conducted for the different parametric cases ac-
counting for the film pressure distributions, film thicknesses,
load-carrying capacity and an attitude angle. All obtained
numerical results are verified by examining with the existing
experimental publications and show good agreement with the
test points.

From the results, it can be clearly observed that the film
pressure and load-carrying capacity of the bearing is influ-
enced by the eccentricity ratio, angular velocity and L/D ratio
of the bearing. Greater load-carrying capacity is due to the
higher values of the eccentricity ratio at the higher speeds.
The minimum film thickness hmin5 µm is maintained despite
of increase in the applied load up to 200 N. As the load and
speed increased the film thickness is increased with the rela-
tively small attitude angle. This can be attributed to the foil
compliance which can adjust the clearance under the heavy
loaded operational conditions. Additionally, the bump foil
stiffness enhances the load-carrying capacity i.e. the energy
dissipation occurs where the contacting foil surfaces have
small amplitudes relative to each other. This type of anal-
ysis is concerned with the dynamic properties of the gas foil
bearing accounting for Coulomb‘s law which is not consid-

Fig. 10: Journal attitude angle versus static load. Test data is
obtained from [12]. L/D=1

ered in this work.
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