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Abstract: Considering the variation in temperature of the oil film in squeeze film dampers (SFDs)
caused by squeezing, a more comprehensive analysis of SFD can be obtained. Aiming to investigate
the viscosity thermal effect of the oil film in SFDs, this study established a 3D CFD solution model.
Based on the total energy model, the viscosity thermal effect was performed. With the mixture
multi-phase flow model, the Zwart-Gerber-Belamri (Z-G-B) cavitation model, and the use of the
additional mass coefficient, the two—phase flow phenomenon in SFDs was discussed. The oil film at
various temperatures and the temperature distribution of different oil types under different working
conditions were analyzed. Furthermore, the influence of the SFD thermal effect on the two—phase
flow phenomenon were particularly carried out. Meanwhile, the simulation results of the SFD
thermal effect were experimentally verified. The results revealed that the maximum temperature of
the SFD oil film was enhanced with the increase in the eccentricity ratio and precession frequency.
The temperature of the oil film was closely related to the oil dynamic viscosity. The dynamic viscosity
of the oil was reduced, which was caused by the SFD thermal effect, thus leading to decreased
oil-film damping, enlarging the vaporization level and the range of vapor cavitation, as well as the
ingested air amount. CFD simulation results of the thermal effect were in good agreement with the
experimental data, which verified the accuracy of the proposed model.

Keywords: squeeze film damper; thermal effect; two—phase flow; CFD

1. Introduction

Squeeze film damper (SFD) is considered a very promising damping device, which is
widely applied in high-speed rotating machinery, such as an aero—engines. As an effective
and reliable vibration damper device, it has a simple structure and a very excellent damping
effect due to its capacity to effectively reduce the vibration amplitude of the rotor and
refrain from the instability of the system [1,2]. As we know, SFDs work by providing
viscosity damping to absorb vibration energy. Oil viscosity is one of the major factors that
decide the vibration damping performance. While viscosity is a function of the temperature,
oil viscosity is affected by oil temperature. Because the oil film can be squeezed by the
external force from the rotor system, the oil-film temperature may be greatly increased
under the conditions of the large amplitude and high rotation speed of SFDs. Meanwhile,
the two—phase flow phenomenon occurs in the actual working conditions of SFDs [3],
which also act on the damping properties of SFDs.

At present, many researchers have studied factors such as the SFD thermal effect
and two—phase flow. In terms of thermal effect, Perreault et al. [4] established a thermal
hydrodynamic model (THD) of an SFD and studied the variation in the temperature field
of the fluid in different working conditions and structures. Hamzehlouia and Behdinan [5]
carried out thermal hydrodynamic analysis of an SFD by solving a numerical model,
in which the temperature field of the journal and bush of the SFD were achieved by
the Laplace heat conduction model. The results indicated that the thermal effect has

Lubricants 2023, 11, 163. https:/ /doi.org/10.3390/lubricants11040163

https://www.mdpi.com/journal/lubricants


https://doi.org/10.3390/lubricants11040163
https://doi.org/10.3390/lubricants11040163
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/lubricants
https://www.mdpi.com
https://orcid.org/0009-0006-6452-2678
https://doi.org/10.3390/lubricants11040163
https://www.mdpi.com/journal/lubricants
http://www.mdpi.com/2075-4442/11/4/163?type=check_update&version=4

Lubricants 2023, 11, 163

20f19

significant influences on oil-film force. The maximum temperature of the oil film was
enhanced with an increase in rotate speed and amplitude vibration. San Andrés and
Diaz [6] investigated the oil-film temperature inside an SFD with a thermocouple under the
help of the rotor device. The results showed that in the case of large eccentricity, the oil-film
temperature of the sensing point can be up to 10 °C higher than the entrance. Furthermore,
San Andrés et al. [7] established a model of floating bearing, in which the coupling heat
transfer was considered and the thermal hydrodynamic was analyzed. Yang et al. [8]
proposed a high—flow thermohydrodynamic model for the prediction of turbulence and
dynamic characteristics. Regarding the two—phase flow aspect, Troy et al. [9] proposed a
physical state cavitation model and solved the Rayleigh-Plesset and Reynolds equations in
a transient environment. Tao et al. [10] established an SFD model considering oil and air
mixing in isothermal conditions. The peak pressure and force of the oil film were analyzed.
Zhou et al. [11] used a multi-phase flow CFD model, which considered air ingestion. The
numerical simulation results were verified by bidirectional incentive experiments. The
results showed that oil-film damping in different working conditions is consistent with the
experimental results. However, with the increase in eccentricity, the difference between
CFD results and experimental oil-film damping gradually increased. The reason for this
could be summarized without considering the SFD thermal effect during the simulation.
Gehannin and Arghir et al. [12] calculated vapor cavitation and air ingestion by solving the
Rayleigh—Plesset equation and the volume of fluid (VOF) method, respectively. They found
that vapor cavitation was mostly located in low—pressure zones, and vapor pressure was
approaching absolute zero pressure. Alternately, air ingestion had a constant pressure zone,
and the pressure was very close to the atmospheric pressure. Meanwhile, the accuracy of
the numerical simulation was verified in virtue of the experimental data of oil pressure
from Adiletta and Pietra [13]. Bonello [14] found that vapor cavitation reduces excessive
rotor vibration to some extent, so it is not appropriate to increase the oil supply pressure
to eliminate vapor cavitation when static eccentricity or unbalance is large. Fan et al. [15]
analyzed the influence of fluid inertia on vapor cavitation using the Elrod algorithm
and Gumbel cavitation boundary conditions and verified the accuracy of the model via
experiment. San Andres et al. [6,16,17] conducted experiments on rotors installed with
different SFDs and studied the influence of two—phase flow on the dynamic characteristics
of SFDs by directly controlling the oil-film mixing ratio. In addition, bidirectional excitation
test were conducted, the phenomenon of oil-film air ingestion under different speeds and
different oil supply pressures was observed by high-speed cameras using the visualization
test method. They also carried out related research on SFDs with a sealing device [18,19].
Bakir et al. [20] established an enhanced cavitation model and used the Rayleigh—Plesset
equation as the basic equation reflecting the cavitation changes. Xing et al. [21] established
a three-dimensional CFD homogeneous cavitation model based on the Navier-Stokes (NS)
equation and analyzed the oil-film pressure distribution and gas density distribution.
Milind [22] used CFD software Fluent to study the vapor cavitation in an SFD; however,
the oil-film pressure results were slightly larger than the test results, possibly because the
numerical simulation does not consider the existence of air ingestion.

From previous, works we found that the CFD study of two—phase flow in SFDs is not
comprehensive, and there is little literature focusing on the thermal effects of SFD. It is
necessary to reveal the performance of the thermal effects on two—phase flow phenomena.
In addition, air ingestion and vapor cavitation occur simultaneously. However, current
research tends to explore them separately, before testing or simulating them individually.
In order to study the SFD thermal effect and two—phase flow more extensively, a CFD
model considering SFD thermal effects and two-phase flow is established. By analyzing
the calculation results, the mutual influence rule among the thermal effect, air ingestion,
vapor cavitation, and damping characteristics are clearly revealed.

In view of the above aspects, the dynamic characteristics of the squeeze film damper
are discovered in the present study by the methods of theoretical analysis, numerical
simulation, and experiment. Firstly, based on the analysis of the governing equation of
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two—phase flow, an SFD thermohydrodynamic model is established, and detailed thermo-
hydrodynamic analysis is developed. Secondly, the influences of viscosity thermal effect
on SFD dynamic performance and oil-film temperature are studied. The variation law of
two-phase flow with the viscosity thermal effect is revealed. Finally, the accuracy of SFD
thermal—effect calculations is verified by comparing the experimental results.

2. CFD Numerical Solution

The governing equation of numerical solution for the viscosity thermal effect of
the oil film includes the continuity equation, momentum equation, and energy equation.
Meanwhile, the SFD fluid domain should also take consideration of the two—phase flow.
The total energy model should be used to solve the SFD thermal effect because this model
contains a working term and involves consideration for the thermal change caused by the
fluid kinetic energy. As for the two-phase flow solution, the mixture homogeneous phase
model is used to solve the homogeneous phase 3D Navier-Stokes (N-S) equation to obtain
the pressure field of the fluid domain. The continuity equation of the homogeneous phase
is shown as follows:

0
&(TaPA) + V(rapaly) =0 (1)
The homogeneous phase momentum equation is shown as follows:
d ™
g(pu)Jrv-(p11~u-y(vu+(VU) )) = Sy—Vp 2)

With the influence of the viscosity thermal effect of the oil, the energy equation of the
multi-phase flow model is shown as follows:

d(phtor) _ 9p

3t Y +V~(putot) :V~(/\VT)+V'(U~T)+U~SM+SE 3)

As can be seen in the equation, 7 is the volume fraction of each phase, ) r« = 11is
the sum of volume fraction, N, is the number of phases, 1 < o < N,; p« is the density
of each phase, and p = } r«pa; U is the velocity vector of each phase. A homogeneous
phase model assumes that the velocity vector of each phase is equal in momentum transfer,
namely Uy = U. For y = Y ropa, Ha is the dynamic viscosity of each phase and p is the
pressure. Sy is the term of generalized momentum source. hyy is total enthalpy, hyr = h +
1/2U%; V - (U - ) is defined as the working coefficient of the viscous stress.

By solving the 3D N-S equation, we obtain oil-film pressure P. Then, we have the
tangential force of the oil film, F;.

L 27
F = /O /O p(6)sin 6r, d6 dZ @)

where L is the axial length of damper, p is the oil-film pressure, 6 is the procession angle,
and ry, is the radius of journal.

From Formula (5), we can obtain the equivalent oil-film damping of the SFD. In
this formula, the minus represents that the tangential force is in the opposite direction to

the motion.
F

eQ)
where e is the dynamic eccentric distance and () is the procession rotation speed.
On the basis of solving the two—phase flow control equation, and when both axial ends
of the SFD are exposed to the external environment without end sealing, large amounts of
air are sucked in, which means the external air is sucked into the damper. According to the
setting of boundary conditions, it is required to add the air volume fraction as an additional

C= ()
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mass coefficient. Therefore, we need to solve the transmission equation, including the
additional mass coefficient of the air volume fraction as follows:

0
51 (09) + V- (pUp) = V- (0DyV) + Sy 6)

When the vapor cavitation in two—phase flow is considered, the transfer equation
between two phases is shown as follows:

0
&(racpa) + v(rtxpaua) =S5, +T, (7)

Here, S, is a special mass source term determined by cavitation transfer, and I'y is the
mass source in each phase due to the transfer of unit volume between phases.
Therefore, the transfer equation between phases can be expressed as:

%(nxprx) + v(raptxutx) =R, —R¢ 8)
Here, R, is the mass source term of the vapor formed by evaporation, and R, is the
mass source term of the liquid caused by condensation. Grease evaporation and cavitation
condensation happen simultaneously, which are determined by the pressure of the oil film.
The creation rate of vaporization and the condensation rate are obtained based on
the Rayleigh—Plesset (RP) equation. The RP equation describes the essential process of
vaporization and condensation. The Rayleigh-Plesset equation is shown as follows:

d2Rp 3<dRB>2 200 po—p

Rp—~ + = 9
B T o/Rs o7 )

2 2

In this formula, Rp represents the radius of bubbles, p; is the saturated vapor pressure

of liquid, p is the liquid pressure around the bubbles, pris the liquid density, and ¢ is the
surface tension coefficient. It is assumed that the fluid exists under the condition of low
oscillation frequency and the Reynolds number. Therefore, the second—order term and
surface tension coefficient are neglected, and the RP equation can be simplified as follows:

dRp _ |[2po—p
dt o 3 pf (10)

This simplified Rayleigh—Plesset equation can serve as a mass source term in the
deduction of any cavitation model. In the cavitation model of Zwart-Gerber-Belamri
(Z-G-B) [23], assuming that bubbles do not interact with each other, the radius of the
bubbles is consistent. The change rate of the bubble volume is shown as follows:

dvp _ 2 [2po—p
pr = 47tRp 37 (11)

The mass change rate is shown as:

M — Ry,

2po—p
It - (12)

Assuming that the number of bubbles per unit volume is Np, air volume fraction 7, is

expressed as:

4
re = VgNp = énRB31\fB (13)
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The total interphase transfer rate of mass per unit volume is shown as follows:

_ dMp 3repe [2po—p
ms=No~gp = Ry /3 5y (14)

The change per unit volume for bubble vaporization and condensation is shown
in Equations (15) and (16), respectively. F is defined as the empirical coefficient, which
represents the change rate of the bubble vaporization and condensation. In CFX, bubble
radius RB is substituted for Rnuc, the one in the position where the bubble core is formed,
without considering the influence of thermal hydrodynamic force:

When p < p,, bubbles are created:

3rimuc (1~ 15)pg 2 |po — p|
+  _ p2lnuc §)Ps [Z[Pv _
Mgy =F——p— 3 gy e p) (15)

When p > p,, bubbles are condensed:

~ 31 [2|po—p| _
mopg=Fp03 o sgn(po — p) (16)

In which bubble radius R, = 1 pm, volume fraction in bubble core 7,,,c = 5 x 1074,
bubble vaporization coefficient Fap = 50, and bubble condensation coefficient Fong = 0.01.

By solving the energy equation, this paper takes the viscosity enthalpy created by the
SFD into consideration. As the temperature of the SFD varies according to the working
conditions, enthalpy is the function of the temperature, namely AH(T). Therefore, the
mass source term of the revised Z-G-B cavitation model [24,25] can be expressed as
Equations (17) and (18). According to the aerodynamic theory, on the interface of gas and
liquid, the molecule exchange potential between liquid and steam is inversely proportional
to the square root of the temperature.

When p < p,(T), bubble vaporization is shown as:

Bruuc(1—rg)pg 2 |po — pl
St =m™t (, AH(T) = Fyap —= §)E8 2P0 Pleon(p, — p)AH(T (17)
18 (T) p VTR 3 oy gn(po —p) (T)

When p > py(T), bubble condensation is shown as:

- _ 3rnuctgPg (2 |po — p B
S§™ =m" ;¢AH(T) = Feond VTRue 3 07 sgn(po — p)AH(T) (18)

The saturated vapor pressure pv of cavitation follows the saturated vapor pressure
of oil, i.e,, —72,139.79 Pa [26], provided by the literature [26], with absolute pressure
being 29,170.21 Pa. As the Reynolds number of the SFD is small, the flow condition is
assumed to be laminar flow [27]. The reference pressure of the fluid domain is set as the
atmosphere pressure.

3. SFD Thermal Effect Analysis

Firstly, to find out the influence of the thermal effect on the dynamic properties of
the SFD, a study was carried out on the temperature—viscosity effect of SFD without
considering the influence of two-phase flow. To obtain greater clarity on the influence
of the temperature-viscosity effect on the temperature, oil damping, and temperature
distribution of the oil film, we temporarily excluded the influence of oil supply conditions
on the thermal effect. Secondly, based on a study on the oil viscosity thermal effect, a study
was developed to investigate the influence of the thermal effect on vapor cavitation and air
suction phenomenon.
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3.1. Model and Meshing

Geometric dimensions of the model and oil parameters are listed in Table 1. The SFD
fluid domain model is shown in Figure 1a, and the mesh generation is shown in Figure 1b.
To be clear, the number of meshes in the figure is only 25% of the number in the numerical
simulation. As the thickness of the oil film is very low, although it makes a great difference
to the result of the calculation, mesh refinement in the thickness direction is required, which
has been studied in detail in the literature [28]. To take into account the precision and
calculation time, as well as the irrelevance verification of mesh, we finally confirmed the
number of nodes, including 240 in the circumferential direction, 80 in the axial direction,
and 10 in the radial direction. This means that the mesh has a circumferential dimension of
1mm, an axial dimension of 0.25 mm, and a radial dimension of 0.014 mm. According to
statistics, the number of nodes is 212,058 and the number of meshes is 190,400.

Table 1. Geometric Dimensions and Qil Parameters.

Name Symbol Value Dimension
Shaft diameter D 73.8 mm
Clearance c 0.14 mm
Axial length L 20.6 mm
Thermal conductivity K 0.13 W/m-K
Heat capacity C 2000 J/kg-K

T
AT LT
ﬂnl‘“ﬂ‘“\l “\ﬂ“\\
W
\‘“\\\ \“\\\\
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!

T
A
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o
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(a)
Figure 1. SFD model: (a) SFD fluid domain model; (b) SFD mesh.

3.2. Boundary Conditions

The boundary conditions of the SFD with both axial open ends are shown in Figure 2,
in which the journal and outer ring are set to be adiabatic “Wall” boundaries. The wall
of the outer ring is fixed without slipping and the wall of the journal makes simulated
procession. The motion equation is shown as follows:

X = ecos(Ot)
{ Y = esin(Q) (19

In which ¢ presents time. Different procession amplitudes and frequencies are sim-
ulated by varying dynamic eccentric distance e and procession rotation speed (). The
relationship between procession rotation speed and frequency is ) = 27tf, e/c = ¢, where &
represents the dimensionless eccentricity ratio. Both axial ends are set to be “opening”, i.e.,
the free opening boundary where oil flows in and out. The reference temperature is 23 °C.
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Figure 2. SFD boundary conditions.

3.3. The Analysis of SFD Thermal Effect

Squeezed by the external force from the rotor, the SFD absorbs vibration energy. Due
to the function of the internal friction in the oil film, heat is generated and thus enhances the
temperature of the oil film. The heat created by internal friction is related to the working
condition of the SFD and the viscosity of the oil. Oil-film temperature varies with the
type of oil and the working condition of the SFD. Oil viscosity is greatly reduced by the
excessively high temperature of the oil film, which may result in the failure of the SFD.

Therefore, aiming to observe the oil-film temperature variation of different types of
oil in different working conditions, we chose a high—viscosity oil ISO VG68 [6] and low—
viscosity 0il ISO VG2 [29] to provide a numerical simulation. The temperature-viscosity rela-
tionship of ISOVG68 and I1SO VG2 is y= 0.1565e(~0057(T=224)) and p= 0.00296e(~0-0187(T=252)),
respectively, in which u represents the dynamic viscosity of oil (the unit is Pa-s) and T repre-
sents the temperature (the unit is °C).

SFD models of two oil types were simulated by software CFX, and related parameters
included an eccentricity ratio of 0.3 and 0.4, procession frequency f, 75 Hz~175 Hz, and a
reference temperature of 23 °C. The dynamic viscosity of VG68 was 0.151 Pa-s and VG2
was 0.0031 Pa-s. The densities were 877 kg/m?> and 785 kg/m?, respectively. By numerical
simulation, the maximum temperature change in the oil film of two types is shown in
Figure 3.

It can be seen from Figure 3 that with the increase in the precession frequency and the
eccentricity ratio, the maximal temperature of the oil film increases gradually. However,
Figure 3a shows that low-viscosity oil ISO VG2 does not have a significant increment of
the maximum temperature, which is about 2 °C. Meanwhile, Figure 3b shows a different
picture of ISO VG68. As a high—viscosity oil, it shows a significant temperature increment,
which can be up to approximately 10 °C, which is very similar to the experiment result
of the paper by San Andrés [6]. According to the rotor experiment of San Andrés, the
temperature in the middle section of the oil film of the SFD is around 10 °C higher than
the temperature at the entry. The distinct difference in temperature change is mainly due
to the difference in viscosity in the way that with a higher dynamic viscosity, the oil-film
temperature is higher under the same working conditions.

The change in dynamic viscosity is shown in Figure 4. The change tendency of
viscosity is opposite to that of the temperature. It can be seen from Figure 4a that with the
increase in procession frequency and eccentricity ratio, oil viscosity tends to decrease. As a
low—viscosity oil, ISO VG2 has a smaller variation range in terms of viscosity. A distinct
decline in viscosity only occurs at 175Hz. As observed from Figure 4b, with the increase in

the procession frequency and eccentricity ratio, the viscosity of ISO VG68, a high-viscosity
oil, declines significantly.
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Figure 3. Maximum temperature change curve of oil film: (a) Temperature change curve of VG2;
(b) Temperature change curve of VG68.
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Figure 4. Viscosity variation curve of different oil: (a) Viscosity variation curve of VG2; (b) Viscosity
variation curve of VG68.

To develop the distribution of oil-film temperature, for example, where the eccentricity
ratio ¢ is 0.4 and the procession frequency f is 125 Hz, the 3D plot of the temperature field
and the oil-film pressure field is shown in Figure 5a. The oil-film temperature field of the
SFD distributed in such a way that the temperature amid the oil film is the highest and
decreases progressively from the axially (Z-axis) middle plane toward both ends, namely
symmetric distribution surrounding the central plane.

Firstly, in order to clarify the distribution of oil-film temperature, according to the
oil-film pressure distribution shown in Figure 5b, it should be noted that when the SFD
performs a periodic circular motion, the high-pressure zone is located in the middle of the
oil film. The oil-film pressure shows periodic variation. Therefore, the oil film in the center
is under the greatest pressure. The shear force of viscosity functions and generates heat,
raising the temperature of the oil film.
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Temperature
Contour 1 Pressure
Contour 1

303.13 ; s
. . 1.72x10

302.14 1.39x10°

301.74 1.07x10°

301.04 7.42x10°
300.35 ‘,I\ - 418x10°
299.65 ; 9.26x10°" /] !
298.26 232x10°

g
297.56 -5.57x10

;
296.86 88210
: -1.21x10° | - o

296.17
IK] -1.53x10° ‘/
[Pa]

() (b)

Figure 5. Numerical simulation results: (a) Oil-film temperature field distribution.; (b) Oil-film
pressure field distribution.

Secondly, as both axial ends of the SFD are opening boundaries, oil can be freely
exchanged on both ends according to the pressure of the flow field and the environment.
Therefore, low—-temperature oil flows in from both ends and has a thermal transmission
with high—temperature oil. However, the oil in the middle section cannot have a timely
thermal transmission with the external environment.

For the above reasons, in the flow field of the SFD, oil-film temperature is in the
gradient distribution in which the center is higher than both ends.

As the thermal effect raises the temperature of the oil film and reduces the dynamic
viscosity of oil, the damping performance of the SFD is also weakened. With the thermal
effect taken into consideration, the variation performance of oil-film damping is as shown in
Figure 6. The oil-film damping of two types of oil increases with the increase in precession
frequency when the eccentricity ratio is 0.3. When the SFD thermal effect is considered,
oil-film damping is lower than that of the case without considering the thermal effect. The
oil-film damping of ISO VG2 decreased by 1.4% at maximum, whereas that of ISO VG68
decreased by 15.9%.

4
800 , 3 10
—H&— CFD without heat —8— CFD without heat
—¥— CFD with heat —%— CFD with heat
750 2.5
E 2 € i
z 700 z 2 k
Q Q [
E
650 1.5 1
600 1 . : -
75 100 125 150 175 75 100 125 150 175
Frequence(Hz) Frequence(Hz)
(a) (b)

Figure 6. The variation performance of oil-film damping: (a) Damping variation curve of VG2.;
(b) Damping variation curve of VG68.

The main reason for this is that as the SFD thermal effect raises the temperature of the
oil film resulting in the decrease in dynamic viscosity, oil-film damping declines. When the
thermal effect is considered, the oil-film damping of ISO VG68 decreases more significantly,
and with the increase in procession frequency f, the increment of oil-film damping tends to
slow down, which proves that the temperature—viscosity effect of the high-viscosity oil is
much more evident.
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4. A Study on Two-Phase Flow Affected by Viscosity Thermal Effect

On the basis of the thermal effect study, we incorporated two—phase flow into consid-
eration and studied the influence of the thermal effect on two-phase flow. The accuracy
of numerical simulation with the thermal effect is verified by the experimental data. The
two—phase flow phenomenon of the SFD includes cavitation the air ingestion. Cavitation
mainly refers to vapor cavitation and air ingestion mainly occurs in the SFD with both
ends open.

4.1. An Analysis on the Influence of Thermal Effect on Vapor Cavitation

As we know, while the SFD of aero—engines operates under high-temperature condi-
tions, lower dynamic viscosity and excessive temperature variation also affect the saturated
vapor pressure. It can be seen in Figure 3a that the increment of the oil-film temperature of
ISO VG2 is not large. From that, low—viscosity oil ISO VG2 was chosen, and an SFD vapor
cavitation model was created by numerical simulation under different eccentricity ratios ¢
and procession frequencies f, with thermal effect included. The absolute pressure variations
in the oil film under different procession frequencies and eccentricity ratios in numerical
simulation are shown in Figures 7 and 8, respectively. The oil-film pressure variations
in Figures 7 and 8 present a similar variation rule. Based on the condition in which the
eccentricity ratio is 0.4 and the peak pressure increases with the increase in procession
frequency, the peak pressure plot is shown in Figure 7. When the procession frequency
f is 100 Hz, the oil film maintains its state without vapor cavitation formed. The oil can
resist some extent of low pressure before it reaches vaporization pressure. When procession
frequency reaches 200 Hz and 300 Hz, the low pressure of the oil film achieves vaporization
pressure, thus leading to vapor cavitation. It can be seen in Figure 8 that in the case of
200 Hz, with the increase in eccentricity ratio, the low—pressure oil film reaches saturated
vapor pressure, resulting in vapor cavitation. This means with the increase in procession
frequency and eccentricity ratio, oil vaporization occurs and forms vapor cavitation, and
the vaporization pressure range gradually increases.

Absolute Pressure Absolute Pressure
Contour 1 Contour 1
2.06x10° 2.57x10°
1.94x10° 2411 0°
1.81x10° 2.24x10°
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7.98X10 x
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5.454.0° 6.17x10°
4.18x10° 45451 0"
2.9240° 29110
[Pa] Pal
(b) (c)

Figure 7. Oil-film absolute pressure with different procession frequencies f: (a) f = 100 Hz;
(b) f =200 Hz; (c) f = 300 Hz.

It is usually assumed in general analysis that a flow field has a constant temperature,
so it is difficult to analyze the influence of the thermal effect on vapor cavitation. Without
considering the thermal effect, vapor cavitation can be seen in Figure 9. With the increase in
procession frequency and eccentricity ratio, the range of cavitation and vaporization degree
gradually increases. This is due to the fact that with the increase in eccentricity ratio and
procession frequency, the squeezing and divergence of the oil-film gap are both increased,
thus resulting in lower negative pressure of the oil film and the enlargement of both the
vapor cavitation degree and vaporization range.
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Figure 8. Oil-film absolute pressure with different eccentricity ratios e: (a) ¢ = 0.3; (b) ¢ = 0.4;
(c) e=0.5.
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Figure 9. Cavitation without considering thermal effect: (a) e = 0.4, f = 200 Hz; (b) ¢ = 0.4, f = 300 Hz;
(c) e =0.5, f = 200 Hz.

As for vapor cavitation, it is not only associated with vaporized pressure; it is also
affected by temperature. Vapor cavitation is a kind of vaporization when oil reaches
the saturated pressure of the vapor; consequently, a two—phase flow of oil and vapor
mixture is formed in the oil clearance of the SFD. Meanwhile, vaporization is also an
endothermal process. It is generally discussed that saturated vapor pressure changes under
high—temperature and high—pressure conditions but remains constant at room temperature.
The thermal effect of the SFD refers to the viscosity thermal effect generated by squeezing
the oil film. As known from Section 3, the temperature variation amplitude of 0il ISO VG2
is very small.

According to the comparison between Figures 9 and 10, under the same working
conditions, the vaporization of the case considering the thermal effect is much more evident
than that without the case, and the cavitation range is larger. This is because oil vaporization
is an endothermal process. While the viscosity heat of the oil film is considered, the oil
is squeezed to generate the heat. However, part of the heat is transferred to the oil at the
boundary of the axial ends according to the law of conservation of energy; however, most
high—temperature oil is present in the central part of the SFD. According to Figures 9 and 10,
the vapor cavitation generated in the low-pressure zone of the oil film is also located in the
middle so that a great amount of heat generated by the oil is taken away by the vaporization
of the cavitation from the leaving bubbles. Therefore, when the thermal effect is considered,
vapor cavitation is much more obvious.



Lubricants 2023, 11, 163

12 of 19

vapor.Volume Fraction

Contour 1

(@)

vapor.Volume Fraction vapor.Volume Fraction
Contour 1 Contour 1

W,
0.9
|

08
07
06
‘ 05

(b) (c)

Figure 10. Cavitation when thermal effect is considered: (a) ¢ = 0.4, f = 200 Hz; (b) ¢ = 0.4, f = 300 Hz;
(c) e =0.5, f = 200 Hz.

4.2. An Analysis on the Influence of Thermal Effect on Air Ingestion

Air ingestion is considered a two—phase phenomenon widely existing in open—end
SFDs. According to the literature [11], when the eccentricity ratio of open—end SFDs is set
as 0.3 and 0.4, with the increase in procession frequency, the relative error between the CFD
simulation result and the experimental result is gradually enlarged in terms of oil-film
damping. The reason for this is that the thermal effect is ignored by CFD calculations.
Therefore, the model in reference [11] considered the thermal effect in numerical simulations
to verify the correctness of the numerical simulation.

The SFD structure and boundary conditions of the model provided by the litera-
ture [11] are shown in Figure 11, in which the diameter D = 73.8 mm, radius clearance
¢ =0.14 mm, axial width L = 20.6 mm, supply groove width Lg = 1.2 mm, height & = 0.8 mm,
diameter of inlet d = 1 mm, and static eccentricity es = 0.05 mm. The boundary conditions
are listed in Table 2. External air is free to go in and out along the opening boundary
according to the pressure of the flow field and environment. Through CFX simulation, the
oil-film damping of the SFD considering the viscosity thermal effect is calculated, with the
eccentricity ratio being 0.3 and 0.4, and the procession frequency being 75-175 Hz. The
comparison with the experimental result and the simulation result without considering the
viscosity thermal effect is developed. The result of the comparison is shown in Figure 12.
When the viscosity thermal effect is considered, the result of numerical simulation is consis-
tent with the experimental result, and the damping error is somewhat reduced. Therefore,
it can be proved that heat is generated in the SFD due to squeezing, which affects the
damping properties and reduces oil-film damping.

The simulation calculation considering the SFD thermal effect can perform similarly
to the actual working condition of the SFD. However, there is a relative error between the
calculation result and the experimental result. When the eccentricity ratio is chosen as
0.3 and 0.4 and the procession frequency is set as 75 Hz, the calculated damping result
is smaller than the one obtained through the test. However, for other frequencies, the
damping value is shown to still be greater than the experimental one. The reason for this
may be that the CFD calculation only considers the fluid domain, while the heat transfer in
the solid domain is ignored.

Meanwhile, the influence of thermal effect on the volume fraction and range of
air ingestion can be discussed and analyzed by the comparison between (a) and (b) of
Figures 13-16 under different conditions of eccentricity ratios and procession frequencies.
When the thermal effect is considered, the air ingestion phenomenon is more obvious. As
shown in Figure 13, with an eccentricity ratio € = 0.3 and a procession frequency f = 100 Hz,
it can be observed that the 3D plot of air volume fraction increases significantly under the
SFD thermal effect.
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Figure 11. (a) SFD fluid domain; (b) Boundary conditions.

Table 2. SFD Boundary Conditions.

Location Boundary Condition Motion State
Axial ends Opening Free opening
Supply hole Inlet Oil flow =1 L/min
Outer ring Wall Fixed with no slip
X =ecos (wt)
Journal Wall Y = esin (w t) + e,
1000 1000
—O— Experimental —O— Experimental
200 —A— CFD with heat —A— CFD with heat
— ~ 800
£ 800 E
Z z
T 700 ¢ o
600 | S
500 : : : 400 : : -
75 100 125 150 175 75 100 125 150 175
Frequence(Hz) Frequence(Hz)
(a) (b)

Figure 12. Comparison of the damping curves: (a) e = 0.3; (b) e = 0.4.

As shown in the X-axis direction plot, the air ingestion range and volume fraction are
both increased. From the Z-axis direction plot of the air ingestion, the zone without air
ingestion is weakened slightly, but the air volume fraction on both ends is greatly increased.
With an increase in eccentricity ratio and procession frequency, it can be seen in Figure 16
that when eccentricity ratio ¢ = 0.4 and procession frequency f = 150 Hz, the axial air
ingestion range and the volume fraction are enhanced significantly. As shown from the
Z-axis direction plot of air ingestion, the air ingestion can be seen clearly from the whole

circumferential zone of the SFD.
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Figure 13. Plot of air volume fraction when ¢ = 0.3, f = 100Hz: (a) The distribution of the air
volume fraction with the thermal effect; (b) The distribution of the air volume fraction without the

thermal effect.
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Figure 14. Plot of air volume fraction when & = 0.3, f = 150 Hz: (a) The distribution of the air
volume fraction with the thermal effect; (b) The distribution of the air volume fraction without the
thermal effect.
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Figure 15. Plot of air volume fraction when & = 0.4, f = 100 Hz: (a) The distribution of the air
volume fraction with the thermal effect; (b) The distribution of the air volume fraction without the
thermal effect.
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Figure 16. Plot of air volume fraction when & = 0.4, f = 150 Hz: (a) The distribution of the air
volume fraction with the thermal effect; (b) The distribution of the air volume fraction without the
thermal effect.

5. Conclusions

In this study, inspired by the oil-film viscosity thermal effect of SFDs, we established
a thermohydrodynamic mode and focused on the influence of the oil-film temperature
variation and thermal effect on two—phase flow with a variety of operating conditions.
With the experimental data of oil-film damping considering two—phase flow, the accuracy
of the numerical simulation of thermal effect was verified carefully. The conclusions are
as follows:

(1) The maximal temperature of the oil film is gradually enhanced as the procession
frequency and the eccentricity ratio increase. With the same reference temperature
and an increase in the dynamic viscosity of the oil, the temperature enhancement
can be seen apparently. The oil-film temperature field is in symmetrical distribution,
whereas the middle part is higher than both ends.

(2) The dynamic viscosity of oil is reduced, caused by the viscosity thermal effect. Com-
pared with oil-film damping at a constant temperature, oil-film damping of the
low—viscosity oil decreased by 1.4% at most, whereas it is reduced by 15.9% for the
high-viscosity oil. These results make it clear that the temperature—viscosity effect of
high—viscosity oil is much more obvious. The damping increases with the increase
in the procession frequency; as the temperature of the oil film rises, the effect of this
factor weakens.
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(3) When the oil-film pressure reaches the saturated vapor pressure, vapor cavitation
is formed clearly. The range of the vapor cavitation is enlarged with the increase in
procession frequency and eccentricity ratio. According to the SFD thermal effect and
based on the law of the conservation of energy, the heat generated by the squeezing
oil film is absorbed by the vapor cavitation, thus resulting in strong vaporization and
a large amount of vapor cavitations.

(4) Through a comparison with the experimental results in the literature [11], the simula-
tion result of this study is in agreement with the experimental results. In other words,
the accuracy of the CFD calculations of the thermal effect was verified practically.
This means that the results considering the thermal effect is consistent with that of the
experimental conditions. Furthermore, caused by the thermal effect, the air ingestion
range and air volume fraction are enlarged considerably, as well as the decrease in
the effective squeezing area of the oil film. It is concluded that the thermal effect is
related to the air ingested, as well as the oil-film area.

It is concluded that the two—phase flow and the thermal effect of the squeezed oil-film
damper considerably affect the dynamic characteristics of the damper. In the present study,
the influence performance of two phenomena is developed, and we acknowledge that there
is still a lot of work to be carried out and improved in the future.

(1) In this study, the oil-film pressure and the oil temperature are not tested. While
increasing the oil-film pressure and the oil temperature, the results may be much
better to verify the accuracy of numerical simulation.

(2) The coupling between air ingestion and the vapor cavitation is very complicated, and
a lot of works will be explored and discussed for the two—phase flow of the damper
under different structure sizes and oil supply conditions.
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Nomenclature

List of abbreviations

SFD Squeeze film damper

List of symbols

C Oil—film damping

e Dynamic eccentric distance

F Empirical coefficient

Foond Bubble condensation coefficient

F; Tangential force

Foap Bubble vaporization coefficient

Ryot Total enthalpy

L Axial length of damper

Mg Mass of bubble

Mfq Total interphase transfer rate of mass per unit volume
Ng Number of bubbles per unit volume

p Oil—film pressure
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Py Liquid pressure

Rp Radius of bubbles

R, Mass source term of the liquid
R, Mass source term of the vapor
Ryuc Bubble radius

Tnuc Volume fraction in bubble core
T Volume fraction of each phase
SE Energy source

Sm Term of generalized momentum source
Uy Velocity vector of each phase
V3 Volume of bubble

Iy Mass source in each phase

O Density of each phase

pf Fluid density

Pg Oil vapor density

Q Procession rotation speed

0 Procession angle

Surface tension coefficient
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