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Squeeze film dampers (SFDs) are damping devices that have been widely used in rotating
machines. SFDs can effectively suppress rotor vibration and reduce transmitted forces. This
study established a dynamic characteristic model of the SFD considering inertia force and
developed the finite element model of the rotor-SFD system by combining fluid mechanics
and rotor dynamics. Furthermore, the influence of SFD structural parameters on cavitation,
pressure distribution, stiffness, and damping coefficient of the SFD was investigated. The
impact of the SFD clearance on the transient dynamic characteristics of the rotor-SFD
system was also analyzed.
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1. Introduction

Squeeze film dampers (SFDs) are widely utilized in aero-engines, gas turbines, steam turbines,
etc., owing to their advantages of low cost, simple structure, and outstanding vibration atten-
uation effect. However, given the inherently nonlinear behavior of an SFD, a poorly designed
damper could exacerbate rotor vibrations, significantly influencing the engine operation.

The SFD dynamic characteristics have been extensively investigated via both theoretical
and experimental approaches. Gehannin et al. (2016) proposed an air ingestion model for SFDs
based on the Rayleigh—Plesset equation and investigated the influence of vapor cavitation and
air ingestion on the SFD damping characteristics. San Andrés et al. (1992) presented an inno-
vative approach for analyzing the dynamic force response of an SFD considering the dynamic
flow interaction between the squeeze film lands and the feeding groove. Their model could calcu-
late the corrected values for damping and inertia force coefficients, highlighting the significance
of groove volume and the fluid compressibility effect on the dynamic force response of SFDs.
Moreover, Zhou et al. (2020) developed a three-dimensional model of an SFD considering air
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ingestion employing the transient step-size solution method and dynamic mesh technology. They
performed model validation through bidirectional excitation experiments. Additionally, they in-
vestigated the effects of whirl frequency and eccentricity on air ingestion. Gheller et al. (2022)
developed a model for SFDs considering both cavitation and inertial forces. Using the finite
difference method, they discretized the Rayleigh equation, including the effect of inertial forces,
and studied the influence of different boundary conditions on the SFD damping characteristics.
Fan et al. (2017) developed a cavitation model for SFDs using the Elrod algorithm and Gum-
bel’s cavitation boundary condition, and performed comparisons with commonly used cavitation
models. They investigated the influence of fluid inertia effects on the SFD cavitation behavior.
Hamzehlouia and Behdinan (2019) used the momentum approximation and perturbation meth-
ods to analytically determine the pressure distribution, velocity distribution, and oil film force
of SFDs considering lubricant inertia. They developed and experimentally validated a model for
SFDs considering lubricant inertia. Drapatow et al. (2021) discretized the Navier-Stokes equa-
tions considering the local and convective inertia terms using the finite volume method, and they
solved for the pressure and oil film reaction of SFDs. Moreover, they investigated the influence
of inertial forces on SFD dynamic characteristics under high-temperature and high-speed condi-
tions. Zhou et al. (2023) developed a computational fluid dynamics model for a sealed end SFD
considering the effects of fluid inertia. They investigated the influence of eccentricity and whirl
frequency on stiffness and damping coefficients of an SFD. San Andrés (2014) experimentally
determined the dynamic forced response of an SFD with a simplified configuration, where the
feedholes were completely eliminated. The measurement results exposed the restricted suitabil-
ity of classical formulas and distinctly underscored the necessity of employing a more advanced
model to precisely forecast the dynamic forced response of practical SFDs.

Chen et al. (2017) investigated the relationship between rigid body translation and preces-
sion for a rigid rotor-SFD system with nonsymmetric stiffness supports. They considered two
cases: precession motion non-resonance and internal resonance when the translation motion was
primarily resonant. To establish an optimization model for SFDs, Gupta et al. (2023) combined
the response surface methodology and analysis of variance. The model considered the influence
of journal precession, pressure of oil inlet, and oil-gas mixture ratio on the damping effect of the
damper. They optimized SFDs for high-speed rotor systems. Younan et al. (2010) investigated
the relationship between viscosity and temperature of the lubricating oil, corrected density and
viscosity of the lubricating oil, and presented the effect of air pockets. El-Saeidy and Sticher
(2010) derived the equation of motion of a system considering nonlinear supports based on
the Lagrange equation and investigated dynamic characteristics of elastic support-rotor systems
under unbalanced forces. Zapomél et al. (2019) proposed a control equation for oil film pres-
sure distribution, solved the equation of motion of a rotor based on the Runge-Kutta method,
and revealed nonlinear characteristics stemming from damping. El-Shafei (2002) established a
steady-state precession model of the SFD and calculated the pressure distribution of the SFD
without seals on both ends.

The traditional SFD models have neglected the influence of fluid inertia forces by assuming
that the fluid inertia is completely dominated by viscous forces (Re = 0), and the Reynolds
equation has been used to represent the SFD pressure distribution. However, in applications
involving high-speed turbomachinery and low-viscosity lubricants, the extrusion Reynolds num-
ber in SFDs can exceed one, and thus, the influence of lubricant inertia cannot be neglected
(Hamzehlouia and Behdinan, 2019). Although the oil supply system significantly impacts the
damping characteristics of SFDs, research on it has been relatively limited. To date, direct
research on the influence of SFD clearance, oil inlet parameters, and SFD width on dynamic
characteristics of rotors has been lacking. Indeed, most of the aforementioned studies have fo-
cused on individual research on SFDs. Hence, this study establishes a numerical model of SFD
considering both inertial forces and cavitation. The influence of SFD clearance on cavitation
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and damping characteristics are investigated. Moreover, a rotor system model considering SFD
is established, and the influence of SFD clearance on the rotor-SFD system is analyzed.

2. Establishment and validation of the dynamic model

2.1. Establishment and validation of the numerical model for a SFD considering inertia

For a rotor system with a SFD, the damping properties of the oil film are crucial. Bearing
1 utilizes a combination of an elastic supporting structure comprising an SFD, a squirrel cage,
and a rolling bearing, while bearing 2 adopts a rigid supporting structure with a ball bearing.
Figure 1 displays a schematic of the SFD.

Fig. 1. Schematic of the SFD

To consider the oil film inertia, the axial pressure distribution equation is obtained based on
the energy approximations by Crandall and El-Shafei (1991) as follows
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where p is the oil film pressure, p is the lubricant density, h is the oil film thickness, p is the
lubricant viscosity, pasy is the atmospheric pressure, and h = ¢ — ecos §. Additionally, e is the
journal eccentricity, and # is measured from the positive r-axis of the precessing coordinate
system.

The short bearing theory hypothesis is available when no hermetic seals are present at both
the ends, and the pressure at both the ends is similar to the external pressure. Due to the
squeezing effect, the pressure in the central region of the damper is considerably higher than
that at the ends, while the tangential pressure gradient is low
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By integrating equation (2.2)2 over the circumferential and axial directions, the radial force F,

and tangential force F}; of the oil film are obtained
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where R is the SFD housing radius.
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The expressions for the equivalent stiffness and equivalent damping coefficients of the SFD

are as follows

F; F
K=_1." C=__t 24
e ef? (2:4)

The above equations only exemplify the relationship between SFD damping characteristics and
the oil film forces. To characterize the influence of inertia forces on vibration reduction charac-
teristics of an SFD, the following dimensionless parameters are given (El-Shafei, 1991)
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where Cj; and M;; are the stiffness and inertia coefficients of the oil film force, respectively.

('Y =d/dr, T =wt, and e = ¢/C.
The radial oil film force F, and tangential oil film force F; are as follows (El-Shafei, 1991)
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Based on the reference (El-Shafei, 1995), the expressions for Cj; and
Tables 1 and 2, respectively.

F, = (2.6)

c
M;; are presented in

Table 1. Damping coefficient Cj;

Damping coefficient of oil film Cj;
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Table 2. Inertial force coefficient M;;

Inertia coefficient of oil film M;;
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Next, C;; and M,

the oil film forces considering the influence of the inertia force is
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;; are substituted into equations (2.5) and (2.6). Then, the expression for

(2.7)
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The numerical simulation results are validated based on the experimental data from the
reference (Zhang, 2018). Table 3 lists the SFD structural parameters.

Table 3. SFD structural parameters

Diameter | Clearance | Width | Eccentricity | Frequency {2
R [mm] C [mm] | L [mm] e Q2
| 43 [ o1 | 18 [ 02 80

Table 4 illustrates the comparison between the numerical simulation and experimental results
of the SFD. Since the error is less than 5%, the numerical simulation method proposed in this
study is considered to be reliable.

Table 4. Comparison between the numerical simulation and experimental results

‘ Coeflicient ‘ Experimental | Numerical simulation ‘ Error ‘
Damping [Ns/m)] 844 875 3.7%
Stiffness [N/m)] 46000 44000 4.3%

2.2. Establishment and validation of the Finite Element model for the rotor system

A finite element model is established for a rotor with an SFD based on the high-pressure
rotor of an aviation engine. In this model, the shaft length is 800 mm, the maximum diameter of
the shaft is 88 mm, the disk diameter is 160 mm, and the shaft weight is 33 kg. Figure 2 depicts
the specific structure of the model. Bearing 1 is a combined elastic support comprising a ball
bearing, a squirrel-cage-type elastic support, and an SFD. The stiffness of the elastic support
is 5 - 10°N/m. Bearing 2 is a rigid support constituting a roller bearing, with a stiffness of
1-108 N/m. Table 5 presents dimensions of each section of the rotor shaft.

— 10 112 13
i VAR
Pt P g
2(31 4] 5 6 7 8 9 4
Bearing 1 Bearing 2

Fig. 2. Specific structure of the rotor-SFD system

Table 5. Dimensions of each section of the rotor shaft [mm]

No.
1 [ 2 [ 3 ]J4]5] 6 [ 7]8]9]10 J11]12] 13
D | 254|455 | 48 | 64|76 | 8 |160| 8 | 70 | 62 | 57 | 52 | 46.5
L | 45 | 40 |40.5 |66 | 84 | 1585 | 16 | 170 | 119 | 355 | 17 | 4 | 45

The Newmark § method is adopted to solve the governing equations of the rotor system
(Wang et al., 2022), which can be written as follows

Mg+ (G+C)q+Kqg=Q (2.8)

where M is the mass matrix, G is the gyro moment matrix, C is the damping matrix, K is the
stiffness matrix, and Q is the unbalanced excitation vector.
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The damping matrix can be represented using Rayleigh damping
C=aM+ 3K (2.9)

where a and 3 are damping coefficients which are related to the modal damping ratio £ of the
structure.

Subsequently, modal dynamic experiments are conducted on the Jeffcott rotor in mounted
states to validate the numerical method. Figure 3 exhibits the experimental setup of the mounted
modal dynamic testing of the rotor. Figure 4 presents the nodal division for modal dynamic
testing of the rotor. The rotor is divided into 13 nodes: node 7 is the pickup point, while the
remaining nodes are excitation points.

Fig. 3. Experimental setup of the mounted modal dynamic testing

12

78| 9 | 10 11] |13

egs a5 b

Fig. 4. Nodal division for modal dynamic testing of the Jeffcott rotor

Figure 5 displays the exponential form of transfer function curves for the mounted modal
tests. Table 6 illustrates the comparison between the experimental and numerical simulation re-
sults for the mounted modal states. Since the mismatch is less than 5%, the numerical simulation
results are reliable.

Table 6. Comparison between the experimental and numerical simulation results for the
mounted modal state [Hz]

‘ Order ‘ Experiment ‘ Numerical simulation ‘ Error ‘

1st 252 256 1.5%
2nd 1078 1067 1%
3rd 2585 2679 3.6%

Figure 6 depicts the transient experimental setup of the rotor-SFD system. In the system,
acceleration sensors are installed at the front and rear bearing positions of the rotor system,
while eddy current sensors are placed at the front end, disk, and rear end of the rotor shaft. The
system accelerates to 9000 rpm with an acceleration rate of 4.5rad-s?.
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Fig. 5. Exponential form of transfer function curves for the mounted modal test: (a) transfer function
curves for the mounted modal tests, (b) phase change, (c) correlation

Fig. 6. Transient experimental of the rotor-SFD system

Figure 7 presents the comparison between the experimental and numerical simulation results
of the transient acceleration response of the elastic support. The figure shows that compared to
the experimental results, the simulation results are smoother with less fluctuations, lower accel-
eration values, and with an overall error of less than 20%. The simulated results are considered
reliable as the experimental environment is unpredictable and complex.
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Fig. 7. Transient acceleration response of the rotor system

3. SFD dynamic characteristics

3.1. Cavitation

To investigate the influence of the oil film clearance on cavitation in the SFD, clearances of
0.08, 0.1, 0.12, 0.14, 0.16, 0.18 and 0.2 mm are selected, while the other structural parameters
are kept constant.

Figure 8 exhibits the gas phase volume fraction range of the SFDs with different clearances.
When the SFD clearance is increased from 0.08 mm to 0.12 mm, both the extent of cavitation
and the gas volume fraction decrease. After the SFD clearance exceeds 0.14 mm, the extent
of cavitation and the gas volume fraction gradually increase with the clearance. Cavitation
includes two phenomena: liquid phase vaporization and air ingestion. Moreover, Figure 9 shows
that the pressure distribution amplitude of the SFD decreases with increasing SFD clearance.
When the SFD clearance is less than 0.14 mm, the pressure distribution amplitude of the SFD
rapidly decreases, leading to a smaller range of liquid saturation vapor pressure and, thereby,
to reduction of the extent of cavitation. However, when the SFD clearance exceeds 0.14 mm,
the rate at which the pressure distribution amplitude of the SFD decreases slows down, and the
occurrence of air ingestion becomes more prevalent with increasing SFD clearance, resulting in
an increase of the extent of cavitation.

3.2. Damping characteristics

To investigate the effect of SFD clearance on the damping characteristics, different SFD
clearances are selected: 0.08, 0.1, 0.12, 0.14, 0.16, 0.18 and 0.2 mm. The other SFD parameters
are kept constant.

Figure 9 depicts the oil film pressure obtained through numerical simulations. In the axial
direction, the amplitude of the positive pressure zone in the damper pressure distribution is
high in the middle and low at both the ends. The amplitude of the negative pressure zone also
exhibits the same pattern. Due to the presence of the oil supply hole, the pressure distribution
exhibits fluctuations, and the waveform of the positive pressure zone is not completely smooth.
Furthermore, the magnitude of pressure distribution decreases with increasing SFD clearance.
When the SFD clearance is less than 0.14 mm, the magnitude of the pressure distribution rapidly
decreases; when the SFD clearance exceeds 0.14 mm, the rate of decrease slows down. As the
SFD clearance grows, the range of the positive pressure exhibits gradual transitions from 120°-
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Fig. 8. Gas phase volume fraction range of SFDs with different clearances: (a) ¢ = 0.08 mm,
(b) ¢ =0.1mm, (¢) ¢ =0.12mm, (d) ¢ =0.14mm, (¢) ¢ = 0.16 mm, (f) ¢ = 0.18 mm, (g) ¢ = 0.2mm

240° in the circumferential direction to 180°-360°, i.e., and the range of the positive pressure
area expands.

Figure 10 presents the SFD stiffness and damping coefficients. Both coefficients decrease with
increasing SFD clearance. When the clearance is less than 0.14 mm, the pressure distribution
amplitude rapidly decreases, leading to a quick reduction in the SFD stiffness and damping
coeflicients. When the clearance exceeds 0.14 mm, the reduction rate of the pressure distribution
amplitude and the stiffness and damping coefficients slow down.
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Fig. 10. (a) Stiffness and (b) damping coefficients

4. Dynamical characteristics of the rotor system

To investigate the influence of SFD clearance on the transient response of the rotor-SFD system,
different clearances are selected: 0.05, 0.08, 0.1, 0.12, 0.14, 0.15, 0.16, 0.18 and 0.2 mm. The other
damper parameters are kept constant. Figure 11 shows the transient responses of the elastic
support of the rotor-SFD system under different clearances.
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Fig. 11. Transient responses of the elastic support of the rotor-SFD system: (a) acceleration,
(b) displacement

The figure depicts the acceleration and displacement response curves of the elastic support
during the acceleration process of the rotor-SFD system from 0rpm to 9000 rpm. The vibration
amplitude of the rotor system increases with the SFD clearance. When the SFD clearance is
less than 0.14 mm, the damping coefficient rapidly decreases, leading to a quick reduction in
the vibration amplitude of the rotor system. Subsequently, the reduction rate of the vibration
amplitude slows down. When the SFD clearance exceeds 0.16 mm, the rate of increase of the vi-
bration amplitude accelerates. However, asynchronous displacement and acceleration amplitudes
are observed.

5. Conclusions

This study established an SFD dynamic model considering both cavitation and fluid inertia,
and analyzed the influence of SFD clearance on SFD cavitation and vibration reduction charac-
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teristics. Moreover, a finite element model of the rotor-SFD system considering SFD damping
characteristics was established. The influence of the SFD clearance on the transient response
of the rotor-SFD system was studied. The accuracy of the dynamic model was experimentally
verified. The following conclusions were obtained:

e The mismatch between the experimental and numerical simulation results was less
than 5%, indicating that the numerical simulation method for the SFD and the finite
element model of the rotor-SFD system proposed herein are reliable.

e When the SFD clearance was increased from 0.08 mm to 0.12mm, both the extent of
cavitation and the gas volume fraction decreased. As the SFD clearance exceeded 0.14 mm,
the extent of cavitation expanded and the gas volume fraction gradually increased.

e The pressure distribution magnitude and the SFD stiffness and damping coefficients de-
creased with increasing SFD clearance. Additionally, the vibration damping effect of the
SFD decreased.

e The vibration amplitude of the rotor system increased with the SFD clearance.

The proposed numerical simulation method of SFD allows for the study of the influence
of structural and operating parameters of dampers on their vibration reduction characteristics,
considering the effects of cavitation and inertia. Moreover, the finite element model of the rotor-
SFD system presented in this study enables investigation of the influence of structural and
operating parameters of the damper on the transient response of the rotor system. The proposed
method enables better selection of the structural and operating parameters of an SFD during
the design phase of the rotor system effectively reducing the vibration amplitude and improving
stability of the rotor system during operation.
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