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Abstract

A three dimensional computational fluid dynamic (CFD)
method is proposed to predict rotordynamic coefficients for foil
thrust bearings. Unsteady CFD coupled with a two-dimensional
structural model is used to solve the transient load capacity of
the bearing for the synchronous rotor whirling modes. The
rotordynamic coefficient are identified using these transient
load capacities and rotor motions. The numerical results show
that the rotordynamic coefficients predicted with the proposed
method agree well with results in the literature. The proposed
method and rotor whirling model can be used to perform a reasonably accurate prediction of the synchronous rotordynamic
force coefficients and is able to calculate rotordynamic coefficients of foil thrust bearings across a wide frequency range
within a single simulation. Finally, the stiffness and damping coefficients for CO2 foil thrust bearings are obtained. It
is found that CO2 foil thrust bearings show a smaller damping
effect compared to air foil bearings, but the stiffness coefficient
is comparable.
Introduction

Foil bearings are considered a key component to enable high
speed turbomachinery system for air-cycle machines [1] and supercritical CO2 cycles [2]. As foil bearings can use the process
fluid as the lubricant, they result in an oil-free turbomachinery
system capable of high speed operation. Foil bearings can also
provide a longer life, which is critical for the high-speed turbomachinery system. They have been experimentally tested as
part of next-generation supercritical CO2 power cycles development at Sandia National Laboratories [2].
The performance of foil bearings is determined by load capacity, power loss and rotordynamic coefficients. Reynolds equation is widely used to explore the load capacity and power
loss of foil thrust bearings. However, it has been shown that
Reynolds equation is not adequate for CO2 foil thrust bearings [3, 4]. CFD can perform a more comprehensive analysis
of the fluid behaviours within foil thrust bearings, therefore, it
was used to predict the steady state performance of CO2 foil
thrust bearings [3].
CFD can also be expanded to determine the dynamic performance, and it has been widely used to predict the dynamic characteristics of fluid riding seals [5]. Due to the complex geometry of seals, it is hard to predict the dynamic performance of
seals using Reynolds equation. There are only a few papers
about the determination of dynamic characteristics of foil bearings using CFD. Papadopulos et. al. [6] determined the stiffness
and damping for textured section pad thrust bearings with CFD.
For the dynamic performance prediction of bearings, the common approach is to use the small perturbation method [7]. In

this method the steady state position of the rotor is perturbed
by small translational and rotational displacements. This paper
implements a method to determine stiffness and damping coefficients using CFD and investigates the dynamic characteristics
of CO2 foil thrust bearings.
The paper is organised as follows: firstly, the computational
tool for the fluid-structure interaction is briefly introduced. The
method to determine the stiffness and damping coefficients
from CFD results is then outlined and verified with the results
from the literature [1]. Lastly, the dynamic characteristics of
CO2 foil thrust bearings are determined and compared with air
foil bearings.
Computational Model

A computational tool has been developed and validated to simulate foil thrust bearings [3]. This tool consists of a fluid solver
and a structural deformation solver. The in-house CFD code
Eilmer [8, 9] has been extended for the fluid flow within the foil
thrust bearings [3, 10]. The two-dimensional thin plate theory
is applied for the deformation of the top foil, while the bump
foils are modelled as a spring-like structure [11, 3]. A coupling
algorithm is used to map the pressure and deflection between
these two solvers [12]. The suitability of this computational
tool for foil thrust bearings was demonstrated previously [3].
For the gas model, a look-up table generated with NIST REFPROP [13] is used. For CO2 this table is based on equation of
state by Span and Wagner [14].
Determination of Rotordynamic Coefficients

The conventional rotordynamic model to quantify reaction
forces, for small axial rotor motions is presented in Eqn. 1 [15].
Here all coefficients are assumed frequency dependent and
added mass effects are neglected.
− fz (t) = K(Ω)∆z(t) +C(Ω)∆ż(t),

(1)

where K is the stiffness coefficient, C is the damping coefficient,
Ω is the excitation frequency, fz is the reaction force and ∆z is
the perturbed rotor position. To find the stiffness and damping
coefficients, the transient perturbation method based on the unsteady CFD simulation of a foil thrust bearing is utilised. During the simulation, the rotor surface boundary is perturbed in a
periodic motion leading to a corresponding change of the fluid
domain. The reaction forces fz acting on the rotor due to the
rotor motion are obtained by integrating the pressure.
Z

fz (t) =

(p − pa )dAi ,

(2)

where p is the pressure acting on the rotor surface, while pa is
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Figure 2: Computational domain for foil thrust bearings, not to
scale [3].
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1 n
∑ ∆t[∆z(ti )cos(Ωti ) + ∆z(ti−1 )cos(Ωti−1 )]
2 i=1

(10)

1 n
∑ ∆t[∆z(ti )sin(Ωti ) + ∆z(ti−1 )sin(Ωti−1 )]
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(11)

Fr (Ω) =

1 n
∑ ∆t[ f (ti )cos(Ωti ) + f (ti−1 )cos(Ωti−1 )]
2 i=1

(12)

Fi (Ω) =

1 n
∑ ∆t[ f (ti )sin(Ωti ) + f (ti−1 )sin(Ωti−1 )],
2 i=1

(13)
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Figure 1: Schematic diagram of rotor perturbation motion.
the ambient pressure, and Ai is the cell area. The reaction forces
have the same frequency as the prescribed rotor movement but
are shifted in phase. The rotor position is perturbed using a
uni-directional harmonic function.
∆z(t) = δsin(Ωt),

(3)

where the amplitude δ is defined as a fraction of the clearance
between rotor and bearing and the excitation frequency Ω is
chosen as a fraction of the rotational speed of the rotor. In
this study the fixed amplitude δ is fixed to 10% of the clearance, the selection of the perturbation amplitude is investigated
in Fig. 5(b). The uni-directional axial perturbation normal to the
rotation axis is depicted in Fig. 1, where the clearance between
rotor and bearing are exaggerated for visualisation purpose. The
rotordynamic coefficients can be determined by analysing the
reaction forces due to the prescribed rotor motion. To solve
the frequency-dependent rotordynamic coefficients in Eqn. 1,
the Laplace transform is performed over the interval [0, T ] and
written as
F(s) = D(s)Z(s),
(4)
The time-dependent component are
Z T

F(s)

f (t)est+φ dt

(5)

K(Ω) + sC(Ω)

(6)

=
0

D(s)

=

Z T

Z(s)

=

∆z(t)est dt,

(7)

0

√
where s = iΩ, i = −1 and φ is the phase lag between the rotor
motion and the reaction forces. The phase lag φ between the
rotor position and the reaction force is obtained by measuring
the peak-to-peak time delay ∆T between the harmonic position
and force data from the unsteady CFD simulations. This can
then be turned into a phase lag using φ = 2πΩ∆T . As all the
component are complex variables, F(s) and Z(s) are written as.
F(s)
Z(s)

=
=

Fr (Ω) + iFi (Ω)
Zr (Ω) + iZi (Ω),

By substituting Eqns. 6, 8 and 9 into Eqn. 4, the following
equations are obtained

(8)
(9)

Fr
Fi

=
=

K(Ω)Zr − ΩC(Ω)Zi
K(Ω)Zi + ΩC(Ω)Zr .

(14)
(15)

Hence, it is now straightforward to calculate the stiffness and
damping coefficients [16].
Bearing Geometry and Computational Domain

The studied bearing geometry is from Dickman [17], which was
designed and manufactured by NASA, The geometry and material properties of the tested thrust foil bearing can be found in
Ref. [17, 1].
The computational domain for the foil thrust bearing simulation
is shown in Fig. 2. As foil thrust bearings consist of six thrust
pads, only one pad is simulated to reduce the computational
cost. The top surface is the rotor while the bottom surface is
the top foil. The rotational direction is shown in Fig. 2. Boundary conditions at the surrounding surfaces are modeled as fixed
static pressure and temperature, and the top wall is regarded as a
moving wall with constant temperature, the bottom (top foil) is
set as the constant temperature wall and coupled with the structural deformation solver, allowing a deformed foil shape to be
analysed.
Verification

As mentioned in Ref. [3, 12], the structural deformation solver
is executed at the comparatively large time step ∆ts during
the fluid-structure simulation to obtain the steady state performance. To accurately predict the dynamic performance of foil
thrust bearings, ∆ts has to be selected properly. This is discussed
at the end of this section. The rotational speed of foil thrust
bearings is set as 21 000 rpm, matching the operating conditions
from the experiment [17]. San Andrés [1] investigated the rotordynamic performance of foil thrust bearings at the synchronous
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(a) Time step for structural deformation solver.
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Figure 3: History plot of reaction force and rotor motion.
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Figure 4: Comparison of the calculated stiffness and damping
coefficient at different iteration loop.
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The optimal mesh (48 × 96 × 15) for foil thrust bearings has
been attained previously [3] and is used in this paper. In order
to establish time-step independence, the number of oscillations
required to reach a steady response has to be determined. The
time history of the reaction force and rotor motion for a time
step of 2 µs (for the structural deformation solver) is depicted
in Fig. 3. The phase lag is labelled also. The magnitude is approximately 10◦ (80 µs). The rotordynamic coefficients are then
calculated from the different cycles and compared in Fig. 4. It is
found that the results converge after two periods. This matches
the observations from Ref. [16].

Figure 5: Comparison of the calculated stiffness and damping
coefficient at different parameters.
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Figure 6: Comparison of CFD and numerical results from San
Andrés [1], rotational speed: 21 000 rpm.
Dynamic Performance of CO2 Foil Thrust Bearings

Three different time steps ∆ts (2 µs, 1 µs and 0.5 µs) are used
to compare the numerical results for the fluid-structure simulations. The results are shown in Fig. 5(a) and are all calculated
during the second harmonic motion of the rotor. Insensitivity
to the size of the time step is observed and 1 µs is selected in
the subsequent analysis. The perturbation amplitude (5%, 10%
and 15% of the clearance) is compared in Fig. 5(b). This indicates the insensitivity of results to excitation amplitude. A 10%
perturbation amplitude is used for following studies.
San Andrés et. al. [1] predicted the synchronous rotordynamic
performance of air foil thrust bearings at the rotational speed
of 21 000 rpm. This method is based on the small perturbation
of Reynolds equation and used as the verification case. The
comparison results are compared in Fig. 6. Good agreement is
achieved at the various load conditions for damping coefficients.
A slight difference is found for stiffness coefficients, this can be
attributed to different models used. However, the trend in terms
of load capacity is the same.

In this section, the numerical simulations are conducted by replacing air with CO2 and the rotational speed is maintained
at 21 000 rpm. The operating pressure and temperature are
1.4 MPa and 300 K, respectively. The synchronous rotordynamic coefficients at various load conditions were obtained and
shown in Fig. 7. For CO2 foil thrust bearings, the stiffness coefficient is close to that for air. However, a significant difference
is observed for the damping coefficient. The damping coefficients is around 200 Ns/m, which is less than 20 % of the value
for air foil bearings. The phase lag for CO2 foil thrust bearings
is 1◦ at the rotational speed of 21 000 rpm. This can be attributed
to inertia effect and much higher Reynolds numbers leading to
turbulent flow in the sCO2 foil bearing. Typically inertia effects tend to reduce damping coefficients, while turbulence effects can augment damping. These two effects play the opposite role for the rotordynamic performance of foil thrust bearings [18, 19]. A more detailed analysis has to be conducted to
further investigate the dynamic performance of CO2 foil thrust
bearings.
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Figure 7: Calculated synchronous stiffness and damping coefficients for CO2 foil thrust bearings, rotational speed: 21 000 rpm.
Conclusions and Future Work

In this paper, the dynamic performance of foil thrust bearings
is investigated with CFD. The method to extract stiffness and
damping coefficients are detailed and verified with the results
from the literature. It is found that transient CFD approach can
be used to predict the dynamic performance of foil thrust bearings and that CO2 foil thrust bearings experience reduced damping effects due to different phase lag. So far, the work has been
verified through comparison to numerical results from literature
and good agreement has been observed.
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