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Abstract—Squeeze film damper (SFD) is widely adopted in
turbo-engines to suppress the rotor vibration. However, the
prediction of SFD performance is complicated due to the
inevitable occurrence of lubricant cavitation. This paper shows
the application of three different cavitation algorithms for SFD
with  sealed conditions. In  particular, the linear
complementarity problem (LCP) method, which is advanced
from a previous research study, is applied to compare results
from the well-known methods, i.e. the =-film model and the
Elrod cavitation method, for SFD executing circular centered
orbits with fully degassed lubricant in the absence of oil
feeding. Moreover, numerical models are developed
incorporating the mentioned algorithms to predict the
hydrodynamic pressure distribution over the cavitated fluid
film. Results show that the conventional n-film model over-
estimates the cavitation region but under-estimates the
reaction force.
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model

l. INTRODUCTION

SFD is commonly integrated into aircraft turbine engines to
attenuate the level of vibration. It helps to improve the rotor
stability and decrease the engine vibration leading to a
reduction in the cabin noise. The design parameter of an SFD is
the damping capacity. There is an optimum damping value in
each application, given the fact that the rotor-bearing system
has multiple degrees of freedom and too much or too little
damping leads to the overall damping being less effective [1].
The dynamic performance of an SFD is affected by factors
such as the damper geometry, the lubricant property and the
operating condition. Development of a model that accurately
predicts the dynamic behavior and the damping capacity
requires integrating the effects of sophisticated lubricant
characteristics including the lubricant cavitation effect.

Lubricant cavitation is an ever-present phenomenon in
hydrodynamic journal bearings. Typically, cavitation reduces
the lubricant density, resulting in the degradation of damping
capacity especially at high whirl frequencies and large journal
eccentricities [2]. Cavitation in the SFD arises under three
scenarios, including the entrapment of surrounding air at low

hydrodynamic pressure, the release of dissolved gas in the
lubricant due to the rapid change of the oscillating pressure,
and the liquid vaporization at vapor pressure. Air entrapment is
usually prevented by placing seals on the SFD [3]. In addition,
the lubricant is regarded as well-degassed for application in a
rotor-SFD system operating under steady-state conditions [4].
Consequently, only the vapor cavitation is considered for
sealed SFDs under periodic motions. Vapor cavitation
significantly influences the SFD load capacity, especially at
high operating speeds.

For several decades, researchers have been working on the
improvement of modelling techniques to accurately simulate
the lubricant cavitation. The main challenge in SFDs is the
identification of the cavitation boundaries, which determines
the hydrodynamic pressure distribution and the hydrodynamic
fluid film reaction forces. In conventional SFD models, the
fluid cavitation is represented by using the z-film model (i.e.
half-Sommerfeld model) [5], where the full-film extends for «
radians in the region of positive pressure. Furthermore, Gumbel
suggested that the negative pressure values based on the flow
equations correspond to cavitation, while the positive pressure
region is invulnerable to cavitation [6]. While the Gumbel
condition is readily incorporated into pressure calculations, it
violates the conservation of mass in the cavitation boundary.
Swift [7] and Stieber [8] suggested an enhanced boundary
condition to simulate the cavitation. This condition, which is
referred to as the Reynolds boundary condition, satisfies the
flow continuity at the onset of the lubricant cavitation. The
more sophisticated Jakobsson-Floberg-Olsson (JFO) boundary
conditions [9, 10] provide an accurate representation of the
cavitation boundaries, while maintaining the conservation of
mass; however, this condition has limited application due to its
computational inefficiency. The computational deficiency
corresponding to the cavitation models is addressed by the
Elrod algorithm [11, 12]. This model transforms the governing
lubricant cavitation equation from elliptic form into parabolic
form for both full film and cavitation regions. It firstly
calculates the lubricant mixture density in the cavitation zone
and subsequently, uses the density values to determine the
hydrodynamic lubricant pressure distribution. The Elrod
algorithm provides accelerated computational efficiency;
however, the calculation of the film pressure and the cavitation
extent substantially depend on the liquid bulk modulus. A
novel lubricant cavitation evaluation technique has been
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recently introduced based on the principle of complementarity
[13]. This method is further elaborated to successfully solve the
cavitation problem for SFD with open-ended conditions [14].

This paper will evaluate three cavitation algorithms, i.e. the
n-film model, the Elrod cavitation algorithm and the LCP
method, for sealed SFD executing circular centered orbits with
fully degassed lubricant in the absence of oil feeding. Firstly,
the lubricant cavitation algorithms are briefly introduced,
which will then be incorporated into a mathematical model to
generate simulation results. Several different scenarios are
subsequently studied and the results are presented for
discussion.

Il.  NOMENCLATURE
Symbol Quantity Unit
c SFD Radial Clearance m
F Radial Force N
F Tangential Force N
g Switch Function
h=c(l+ecosd) Fluid Film Thickness m
L SFD Length m
p Fluid Pressure Pa
P, Pressure at Maximum Pa
Film Thickness
Peay Cavitation Pressure Pa
R SFD Radius m
Re = pwc?/ u Squeeze-Film Reynold Number
t Time S
£ Fluid Bulk Modulus Pa
£ Eccentricity Ratio
17 Angular Coordinate rad
P Fluid Density kg /m®
ol Liquid Density at kg /m®
Cavitation Pressure
p=plp, Density Ratio
Hu Fluid Viscosity Pa-s
w Whirling Velocity rad /s
& Complementarity Variable kg /m?
n Complementarity Variable kg /m?

IIl.  SIMULATION METHOD

This section describes the governing equations for the
hydrodynamic pressure and the fluid film reaction forces in
SFDs. Furthermore, different lubricant cavitation models are
presented.

Tightly sealed SFDs allow little lubricant flow in the axial
direction, such that the pressure gradient along the bearing
length becomes negligible. Conventionally, the long bearing
approximation (LBA) [15] is applicable to tightly sealed SFDs.
Moreover, the Reynolds equation is typically applied to

describe the pressure distribution in the thin film [16]. The
Reynolds equation corresponding to LBA for the SFD is

1 6 ,ph®0 d(ph
EG_(p__p) _9(ph) (1)
012400 ot

Integrating (1) twice in the axial direction and applying the
Sommerfeld boundary condition [16] at the maximum lubricant
thickness (€ =0) yields an analytical solution for the fluid
pressure. Assuming that the journal center executes circular-
centered orbits (CCOs), the pressure expression becomes

_12uR’0 &sinO(2+cosb)
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p= + P - (2)

The subsequent cavitation models will be developed based
on the assumption that p, =0.

A. z-film Model

The n-film model [5] applies the Gumbel condition which
assumes that the negative pressure that is calculated from (2)
corresponds to the cavitation pressure. Accordingly, the
pressure distribution is described as follows
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Furthermore, the fluid force components are determined by
integrating the fluid pressure over the journal surface as
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B. Elrod Caviation Model

The Elrod cavitation algorithm is widely employed to
calculate the effect of cavitation. Firstly, (1) is modified as

1 0 h® 6p. &(ph
1.9 By _oph), (6)
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where £ is the fluid bulk modulus defined as

0
p=pst. @)
op
p is a dimensionless parameter, which represents the ratio

between the density of fluid and the liquid density at the
cavitation pressure, i.e.

p=L . (8)
Pe
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Note that p is less than 1 in the cavitation zone due to the
reduced density by the generated cavitation bubbles.

g is a switch function defined as

|0 in

9711 in

Furthermore, the switch function can be expressed by the
relative density as follows to meet the required condition in

both flow regions
g=1.1(l2-4) (10)
2 2\ p-1

©)

cavitation zone
full — film zone

Subsequently, numerical techniques are applied to
iteratively solve p and g . The pressure distribution is

calculated based on the direct integration of the bulk modulus,
ie.

pP=p,+98Inp . (12)

Accordingly, the reaction forces of the squeezed film are
determined by integrating the hydrodynamic pressure over the
journal center, i.e.

Fr 27
e =T
C. LCP Method

The LCP method provides a linear complementarity
equation set that can be used to efficiently find the pressure
distribution.

0
{C_OS } LRdOdz (12)
sing

Define two variables & and n as

E=pe"™ = p (13)

n=p, [e(p_m'/’ —1} . (14)

It has been proved that & and n are non-negative and
complementarity to each other in the fluid domain regardless of
film rupture [14], i.e.

én=0

on
-0
559

Based on (13) & (14), the fluid density and pressure can be
described in terms of £ and n as

p=p.+n-¢ (16)

p= pc+/3ln[1+lj - 17

c

(19)

Accordingly, the pressure gradient can also be derived from
(17) as

o _opon__ B on (18)
00 0onobd p,+nob

Substitution of (16)-(18) to (1) yields the following:
0 | B (pe+n=&) on |_op.+n=Eh (19
R%00| 12u(p,+n) 06 ot

The above equation can be reduced to the following after
applying the complementarity condition described in (15):

3 —
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Consequently, an LCP equation set is formulated with
respect to the introduced complementarity variables after
applying the finite difference method, i.e.

{n}=[M]{¢}+{a}
120 , (21)
{£}=>0

g} =0

where the detailed description of (21) is provided in the
Appendix.

A conventional technique for solving (21) is the Lemke’s
pivoting algorithm [17]. Once the pressure distribution is
calculated, the fluid film reaction forces are determined based
on (12).

IV. CASE STUDY AND RESULTS

This section represents results for the three lubricant
cavitation models that were discussed in the previous section.
The simulation condition is described as follows: the bearing
diameter is 104.9mm:; the damper length is 110.2mm; the radial
clearance is 0.127mm:; the lubricant viscosity is 0.005 pa-s; the
fluid bulk modulus is 0.069GPa; the cavitation pressure is
1kPa; the journal executes CCO and the whirling speed is
3000rpm. Based on the values of the system parameters, the
squeeze Reynolds number is at 0.9935. Large squeeze
Reynolds number (i.e. Re>1) requires extra nonlinear
expressions to modify the Reynolds equation to address the
fluid flow, which opens the gate to study the effect of the fluid
inertia. In our study scenario, this number is less than 1, thus
the effect of fluid inertia is neglected so that the Reynolds
equation is applied [16]. Subsequently, the three cavitation
algorithms are incorporated into a MATLAB simulation model
using the finite difference method.

Fig. 1-4 compares the pressure distribution for the three
cavitation models under different eccentricity ratios. In general,
the n-film model predicts the largest cavitation zones and the
smallest peak pressure amplitudes, while the LCP method
provides the largest full-film regions and the highest peak
pressures. As the eccentricity ratio increases, the extent of
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cavitation based on the z-film model remains unchanged due to
the corresponding assumption for the cavitation boundary
condition; however, the extent of the cavitation deteriorates for
the other two models. Moreover, the discrepancy between
Elrod algorithm and LCP method results becomes smaller at
high eccentricity ratios (i.e. £¢=0.7).
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Figure 1. Comparison between the pressure distributions for the three
cavitation models at eccentricity ratio 0.1
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Figure 2. Comparison between the pressure distributions for the three
cavitation models at eccentricity ratio 0.3
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Figure 3. Comparison between the pressure distributions for the three
cavitation models at eccentricity ratio 0.5
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Figure 4. Comparison between the pressure distributions for the three
cavitation models at eccentricity ratio 0.7

Fig. 5 and Fig. 6 compare the fluid film reaction force
components at different journal eccentricity ratios. Fig. 5 shows
that the magnitude of the radial force increases nonlinearly
with the eccentricity ratio. Meanwhile, the =z-film model
predicts smaller magnitudes of the radial forces, while the LCP
method presents the largest force components. Furthermore,
Fig. 6 indicates a quasi-linear increase of the magnitude for the
tangential force with the eccentricity ratio. The n-film model
maintains the lowest predicted force magnitudes and the LCP
method shows the largest force magnitudes. The discrepancies
among the models are the result of differences in the pressure
prediction, which can be attributed to the different assumptions
about the cavitation boundary.
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Figure 5. Comparison between the radial fluid film reaction forces for the
three cavitation models at different eccentricity ratios
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Figure 6. Comparison between the tangential fluid film reaction forces for
the three cavitation models at different eccentricity ratios

Fig. 7 compares the attitude angle for the cavitation models.
The attitude angel is calculated as:

6 =arctan(-F, /F,) . (22)

In general, the attitude angle declines as the journal
eccentricity increases. The LCP method provides the prediction
of the smallest angle. Furthermore, the discrepancy between the
models decreases at higher amplitude motions.
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Figure 7. Comparison between the attitude angles for the three cavitation
models at different eccentricity ratios

CONCLUSION

This work compares three cavitation models for sealed SFD,
namely the zn-film model, the Elrod algorithm, and the LCP
method. Simulation shows that the extent of cavitation region is
superior at large eccentricities, which is associated with the
rapid buildup of larger magnitude pressure. Furthermore, the
Elrod algorithm and the LCP method provide larger reaction
forces but smaller attitude angles than that from the simple n-
film model. These models are computationally efficient so they
have the potential to be integrated into rotordynamic studies.
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APPENDIX

a,—b,-d, -2a,+b,+c,+d, a,

The details of (21) are described as follows. [L]= . " )

Since the journal executes CCOs, the time variation can be a,—b,-d, -2a,+b,+c,+d, a,
expressed as the partial variation in the circumferential 0
direction, i.e.

oA __,o% 10 T
o o0 d, c,+d, 0
where f represents a function. Accordingly, (20) can be [N]: . .
written as ~d ¢ +d 0
0 h*® o oh o(n- oh 0 1
Rzae{lﬂzyaﬂ:_wae(n_a_wh (Tgeé)_w’%% ) : )
Bt
After applying the finite difference method to the above, the ' 12uR*(AG)?
LCP equation is formulated as (21), where ,
. G
my={m .. ' T 44R?A6 06
T oh,
{5}:{51 é:N} Ci:a)%
[M]=[]"[N] g o
. AG
(@) =[1" ) Y
P (e(po_pcav)/ﬂ _1) 00
¢ The subscript | (i=1,2,...,n) denotes the nodal position in
—wp, ah, the discretized circumferential domain.
. o0 The first row and the last row in the LCP equation represent the
{S} = : boundary condition given the pressure at the maximum film
oh, thickness.
-,
/o 20
X (e(pwpcav)//)’ _1)
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