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Abstract

The elimination of rotor vibration is usually achieved by applying additional damping to the sys-

tem. Squeeze film dampers are widely used in various aerospace and turbine equipments. The re-

search is carried out on flow characteristics in the integral squeeze film dampers (ISFDs). The dy-

namic response to the operation condition is investigated through the computational fluid dynamics

(CFD) model of ISFD. Due to the large pressure loss at the oil inlet, the oil film force only changes

slightly with the increase of oil supply pressure, and the damping increases slightly. The vibration

amplitude only affects the film force, but has no effect on the damping. The oil film force and damp-

ing show an upward tendency with the decrease of thickness of the end seal clearance.

Key words: integral squeeze film damper (ISFD) , numerical method, oil film force, damping

coefficient

0 Introduction

With the progress of technology and increasing
production requirements, the rotation speed of rotating
machinery is increasing, and the vibration problem of
rotors is becoming more prominent. Applying damping
elements in a rotating system can effectively dissipate
vibration energy and reduce vibration.

Squeeze film dampers ( SFDs) were proposed by
Ref. [1]. Ref. [2] proposed an identification method
suitable for nonlinear systems, and put forward a cal-
culation model for the damping coefficient of oil film
and the coefficient of inertial force. Through experi-
ments, it was found that the damping coefficient and
the coefficient of inertial force of SFD were basically
consistent with model predictions.

In the 1960s, with the application of extrusion
film damping, the dynamic characteristics of oil films
were studied. Ref. [3] studied the stiffness of oil films
and proposed the concept of extrusion films. Ref. [4]
studied the influence of cavities on oil film pressure
during the motion of oil film pressure. Ref. [5] stud-
ied the motion of the oil film-rotor system of the extru-
ded oil film damper, calculated the oil film based on
the short bearing assumption, and finally obtained a

calculation model of the oil film force.
Squeeze film dampers have been used in aero-

"' In application, it is

space and turbo machinery'®
gradually found that the oil films of SFDs flow circum-
ferentially, leading to a highly nonlinear problem of oil
film force "

The integral squeeze film damper (ISFD) was de-
rived from a segmented SFD proposed by Ref. [12].
Ref. [ 13] carried out ISFD internal flow field research
by using computational fluid dynamics (CFD) method.
Refs[ 14,15 ] studied the vibration suppression of the
ISFD rotor system and the unbalance vibration suppres-
sion of a G-type ISFD rotor system. Ref. [16] carried
out ISFD vibration suppression research on gear trans-
mission system. Ref. [ 17 ] studied the influence of end

seal clearance on ISFD force coefficient.

1 CFD model of ISFD

The structure of an ISFD is shown in Fig. 1. The
inner rim and outer rim constitute the ISFDs. The in-
ner rim and outer rim are connected by 8 S-type elasto-
mers, which are uniformly distributed in circumferen-
tial directions. The elastomers divide the oil film into
eight discontinuous separate oil films. The ISFD jour-
nal does not rotate with the rotor, and the motion form
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is only precession. Its equations of motion can be ex-

pressed as
X = ecos({X) (1)
Y = esin({%) (2)

where X and Y are the precession displacement values
of the ISFD journal in the X and Y directions, e is the
rotor eccentricity, {21is the rotational angular velocity of
the bearing, and ¢ is time. Derivate Eqs(1) and (2),
to obtain the speed values u and v of the journal in the X
and Y directions, i.e. ,

u =— eldsin({k) (3)
v = ef2cos (LX) (4)
Short

squeeze film

elastomer
Long

squeeze film

Fig.1 Configuration of an ISFD with bearing

The ISFD possesses 8 segments ( squeeze film
lands). Long squeeze film lands are fed by oil supply
nozzles, and the end seal clearance controls the outflow
of the lube oil. The oil of short squeeze film lands
comes from the end seal clearance. The oil enters the
flow field from the oil supply nozzle and flows out from
the end seal clearance. The oil flow path is shown in
Fig. 2.

To reduce the calculation time, half of the model
is used for calculation due to the symmetry of the mod-
el. The process arguments of the investigation ISFD are
as follows. The thickness of the squeeze film is 0.2 x
10 > m, the thickness of the end seal clearance is 0.2
x 107> m, the semidiameter of the oil supply nozzle is
0.5 x107° m, the semidiameter of the outer squeeze
film land is 70 x 10 * m, the semidiameter of the inner
squeeze film land is 55 x 10 ° m, the length of the IS-
FD is 40 x 10 > m. The grade of the lube oil is ISO
VG32 and the oil inlet temperature is 120 F (49 °C).

Fig.2 Diagram of ISFD internal oil flow

Referring to standard, the density of the lube oil is
870 kg/m’ and the dynamic viscosity of the lube oil is
0.019426 Pa - s.

The CFD model meshes are shown as Fig. 3. The
element size of the CFD model is controlled to be smal-
ler than 0.3 x 10 > m. The aggregate number of cells
in the grid is about 1 500 000.

End seal
clearance

Inner rim

Fig.3

ISFD with end seal cover

It is assumed that the oil is an incompressible
Newtonian fluid, the coefficient of the oil viscosity is
constant, there is no slip between the fluid and the rim
external face, and gravity is not considered in the CFD
model. The cavitation phenomenon is not considered in
the calculation of hydraulic pressure.

The squeeze film Reynolds number indicates the
inertia of fluid and turbulence effects in ISFDs. The
Reynolds equation of the compressed oil film fluid is

Re = P2 (5)

n
where p is the density of the oil, w is the viscosity of the

oil, £2is the precession angular velocity of the bearing,
and ¢ is the thickness of the squeeze film land. The
synchronous circular rotation frequency is 50 Hz and
the semidiameter of the rotational track is 6 x 10 ~° m.

According to Eq. (5), the Reynolds number is
equal to 0. 188 and the Reynolds number of turbulence
is Re =2000. The critical Reynolds number is much
larger than the Reynolds number calculated under this
condition. Therefore, the viscous model is set to lami-
nar in Fluent software.

The oil flows in from the oil supply nozzle, and
flows out of the end seal clearance. The inner rim
moves with the bearing, and there is no relative rota-
tion between the inner rim and the outer rim. Accord-
ing to the working principle of ISFD, the boundary
conditions (Fig.4) are defined, the oil supply nozzles
are sel to pressure inlet, the end seal clearances are set
to pressure outlet, and other faces are set to wall.

The inner walls of squeeze film lands are forced to
move, so dynamic mesh is set at the inner walls of
squeeze film lands. The moving speed of the inner
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walls of squeeze film lands is the same as the circular
whirling of the journal. The outer walls of the squeeze
film lands are static.

Fig.4 The meshes of the ISFD

Dynamic mesh model can be used to simulate the
flow field since the motion of the boundary shape chan-
ges over time. Boundary movement form can be a pre-
defined movement, which can be specified before cal-
culating the speed or angular velocity, the boundary of
sport will be decided by the calculation result of the
previous step. Mesh update process by the Fluent soft-
ware according to each boundary changed automatical-
ly. When using dynamic mesh model, it is necessary
to first define the initial mesh, boundary movement way
and specify the regions that participate in the motion.
The model boundary function can be used or user de-
fined function (UDF) can define border movements.

For any V, the integral conservation equation of
general scalar @ is

d - — —
Efqusdm vaé(u —u,) - dd

= [ VPG -n,) - dh + [ S,V
av ° 14
(6)

where V is the control volume, u is the flow velocity
vector, I;g is the mesh velocity of the moving mesh, I’
is the diffusion coefficient, S is the source term of @,
dV is the boundary of the control volume V.

By using a first-order backward difference formu-
la, the time derivative term in Eq. (6) can be written
as Eq. (7). In Eq. (7), n + 1 and n represent differ-
ent time level. The ( n + 1 )th time level volume V"*'
is computed from Eq. (8).

d _ (p@V)"! - (p@V)"
dzjvpcpdv B At (7

vt = (8)

where dV/d is the volume time derivative of the control
volume V. In order to satisfy the mesh conservation
law, the volume time derivative of the control volume is
computed from Eq. (9), where n, is the number of the

- —
faces on the control volume V. The dot productu, ;+A;

on each control volume face is calculated as
7[/'

dv — — —> —

i Lvug - dA = Zum A, 9)
J

u, ;A = K]t (10)

2 Results of the computational simulations

In order to study the influence of operation condi-
tion on oil film force, a single variable numerical simu-
lation is carried out. The variation in forces under dif-
ferent conditions during one period is studied. It is
hereby explained that as the model used in the calcula-
tion is a scaled-down model and the procession ampli-
tude is set to be small in order to prevent the overlap of
the model boundary which will cause negative mesh,
the calculation force is small.

2.1 Influence of the thickness of the end seal
clearance on oil film force

Oil flows out from the end seal clearance. The
thickness of the end seal clearance determines how easy
it is for oil to flow out. In other words, the thickness of
the end seal clearance plays an important role in oil
flow, and affects the oil film forces.

Numerical simulations for different thickness of
the end seal clearance are carried out. Boundary con-
ditions ; pressure inlet boundary is 0. 10 MPa, pressure
outlet boundary is O, the eddy amplitude is 6 wm. The
pressure distributions for four values of the thickness of
the end seal clearance are depicted in Fig.5. As seen
from Fig.5, it is clear that total pressure increases with
the decreases in the thickness of end seal. And the oil
film force increases. The pressure distribution is more
uniform throughout the ISFD. Fluid flowing is more
difficult with thinner end seal clearance.

The velocity magnitude for four values of the
thickness of the end seal clearance are depicted in
Fig. 6. The velocity magnitude decreases with the de-
creases in the thickness of end seal. The maximum ve-
locity magnitude is 16. 01 m/s for 0. 25 mm of the
thickness of the end seal clearance in ISFD, while the
maximum velocity magnitude is 7. 156 m/s for 0. 1 mm
of the thickness of the end seal clearance in ISFD. The
thin end seal clearance severely impedes the flow of
oil.

The time history of the short oil film force in the
radial and tangential directions for four values of the
thickness of the end seal clearance is depicted in
Fig. 7.
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Fig.5 Pressure distribution under different thickness of the end seal clearance
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Fig. 6 Effect of thickness of the end seal clearance on velocity distribution in ISFD

As can be seen from Fig. 7, the magnitude of oil creases with the end seal clearance getting thinner.
film force changes in X direction and Y direction in- The magnitude of oil film force changes in X and Y di-
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rections are 147.38 N and 146. 39 N when the end seal
clearance is 0. 1 mm. And the magnitudes are 21.70 N
and 21.23 N when the end seal clearance is 0. 25 mm.
This is because as the end seal thickness becomes thin-
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Fig.7 Time history of oil film force in X and Y directions under different end seal clearances

2.2 Influence of vibration amplitude on oil film
force
The whirl of the rotor is transmitted to the bear-
ing, which in turn is transmitted to ISFD. In general,
the amplitude of rotor whirl is not fixed. In order to
study the influence of rotor vibration amplitude on oil
film force, different vibration amplitudes are employed.
The simulations for four values of the vibration
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Fig.8 Pressure distributions under different vibration amplitudes

amplitude (6 pm, 8 pm, 10 wm and 12 pm) are car-
ried out. Boundary conditions are that the pressure in-
let boundary is 0. 10 MPa and the pressure outlet bounda-
ry is 0. The pressure distribution in ISFD under differ-
ent vibration amplitude is depicted in Fig. 8. With the
increase in rotor vibration amplitudes, the pressure dis-
tributions of ISFD for four values of vibration ampli-

tudes are similar.
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The velocity magnitude in ISFD under different vi-
bration amplitudes is depicted in Fig. 9. The maximum
velocity magnitudes for the 4 types of vibration ampli-
tudes are in the range of 14. 40 — 14. 48 m/s, there-
fore, the change of the vibration amplitude is not the

Velocity /(m/s)
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reason of the increase in the internal flow velocity of
ISFD. The time history of oil film force in X direction
is depicted in Fig.10(a) and the time history of oil
film force in Y direction is depicted in Fig. 10(b).
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Fig.9 Velocity under different vibration amplitudes
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Fig.10 Time history of oil film force in X and Y directions under different vibration amplitudes

It can be seen from Fig. 10(a) and 10(b) that
with the increase of vibration amplitude, the fluctuation
of the oil film forces in both X direction and Y direction
increases. When the vibration amplitude is 6 um, the
magnitude of oil film force changes in X and Y direc-

tion are 33. 42 N and 32. 90 N. When the vibration
amplitude is 12 pm, the changes of the magnitude of
oil film force in X and Y directions are 66. 11 N and
66.06 N.
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2.3 Influence of oil supply pressure on oil film
force

Numerical simulations are performed with the values
of oil supply pressure changes (0.08 MPa, 0. 10 MPa,
0. 12 MPa and 0. 14 MPa). The pressure distribution is
depicted in Fig. 11. As seen from Fig. 11, the pressure
of the squeeze film on ISFD is affected by rotor whirl,
and the distribution difference occurs. The pressure in
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Fig. 11  Pressure distribution under different oil supply pressures

The velocity is depicted in Fig. 12. The largest ve-
locity magnitude increases from 12.85 m/s to 17.12 m/s
as the oil supply pressure increases from 0. 08 MPa to
0. 14 MPa. It is obvious that the increase in velocity
magnitude is caused by the enhancement of oil supply
pressure. To analyze the changes in oil film force, the
long squeeze film land and short squeeze film land are
taken for pressure integration to obtain the oil film
force. Transient analysis is used to compute the time
dependence of the oil film force. The time history of oil
film force in X direction is depicted in Fig. 13(a) and
the time history of oil film force in Y direction is depic-
ted in Fig. 13(b).

It can be seen from Fig. 13 that the oil film force
changes periodically with the rotor whirl, and the
change period is the same as that of the rotor whirl.

the squeezed position is bigger than that in the un-
squeezed position. The pressure distribution between
adjacent oil films is approximately continuous, ensu-
ring the continuity of the ISFD’ s oil film forces in the
circumferential region. However, with the increase of
oil supply pressure, the force on the oil film does not
increase significantly. This is due to the significant loss
of oil pressure from the inlet to the oil film, resulting in
a similar pressure distribution across the oil film.
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The force phase difference between X direction and Y
direction is /2. Since the pressure distribution on the
oil film is similar, there is no significant difference in
the oil film forces under each oil supply pressure in X
and Y directions.

3 Damping coefficient calculation

The study of oil film force of squeeze film damper
is the basis of analysis and design of squeeze film
damper. From the mathematical point of view, the core
problem of dynamic characteristics of squeeze oil film is
to solve the pressure distribution law of oil film in the
Reynolds equation. The transient Reynolds equation of
the squeeze film damper is
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Fig.12 Velocity under different oil supply pressures
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Fig. 13 Time history of oil film force in X and Y directions under different oil supply pressures

9 390P), g2 O 3 0P _
20 (1 + ecosh) 80]+R az[(l+f;cos€) az]_

The Reynolds equation is binary quadratic inho-
mogeneous nonlinear partial differential equation with
variable coefficients, which is difficult to solve. Before
the computer emerging, in order to obtain the distribu-
tion of oil film pressure, people had made a lot of as-
sumptions and simplifications on the Reynolds equa-
tion. The short bearing hypothesis and long bearing hy-
pothesis are widely used.

2
12’U;R (&ldsinb + gcosf) (11)
c

When there is no end sealing device at both ends
of the damper, and the pressure at both ends of the
damper is the same as the external pressure and the
slender-diameter ratio is less than 0. 25, the hypothesis
of short bearing is in good agreement with the actual re-
sults. The change of pressure gradient along the circum-
ference is much smaller than the change of pressure in



HIGH TECHNOLOGY LETTERSIVol. 28 No.31Sep. 2022

325

P >> @ In this case, op
" 0z 00 ' 90
can be considered to be equal to 0. In other words, the

the axial direction, 1i. e.

approximate formula of short bearing hypothesis can be
obtained

36P

(1 + &cosf) = lz—z’u(g()sinﬁ + £cosh)
c

(12)

According to the pressure distribution of the extru-

ded oil film damper, eight dynamic characteristic coef-
ficients can be derived under the condition of semi-oil
film and full oil film. Under semi-oil film condition, the
eight dynamic characteristic coefficients of the short
bearing squeeze film damper of the concentric preces-
sion are as Eq. (13). Similarly, under the condition of
full oil film,

ters of concentric precession short bearing squeeze film

the eight dynamic characteristic parame-

damper are expressed as Eq. (14).

pRL 40s,(1 + &) wRL )
K, =" e K, = 3 232
¢ (1-&) ¢ 2(1 - &)
wRL w1 +2&) WRL} 20,
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c (1 -¢&y)° c (1 -¢&)
¢ _mRL w(L+2e) o uRL 28
" S 201 —g)”? " ¢ (1-¢&)°
o o MRL 28 o o MRL w
" JE (1-6)° u c 2(1-8)7
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RL’ ()
K, =0 K, =5
rr . S 21 -g)”
3wl + 28
Krr - MR3L . ( 2 3/02) Kn = O
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RL’ m
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(14)
the effective
length and diameter ratio of the damper tends to infini-

In the long bearing hypothesis,

ty, and when there is no seal at both ends of the damp-
er, the pressure gradient along the axial direction in
oP __ oP

% << 90" At this point,

the damper is small, i.e. ,

P can be approximately considered to be equal to 0,

0z
and the Reynolds equation under the long bearing hy-
pothesis is as follows.

(e()sm@ + &cosl)
(15)

When the mass center of the journal precession is

(1 + gcosb)” —

and the trajec-
the eight

steadily around the center of the shaft,

tory of the shaft center is a standard circle,

dynamic parameters of the extrusion film damper can
be simplified to two equivalent damping parameters.
For semi-oil film condition, they are shown in Eq. (16).

And under full oil film condition, they are shown as

Eq. (17).
a R\’ 40
K”"6”‘L( )(2+g)<1-e) (16)
_ RY ™
C"‘lz“L( )(2+g><1 &0
K =0
R o (17)
. _24ML( )(2+8)(1 e’

Both short bearing hypothesis and long bearing hy-
pothesis have their own scope of application, and their
accuracy and scope of application are often inversely
proportional. Both short bearing hypothesis and long
bearing hypothesis do not apply to ISFDs. As seen
from Fig. 13,

seal clearance has big effect on ISFD’ s pressure distri-

it is obvious that the thickness of end

bution. This means that the end seal clearance will af-
fect stiffness and damping, while there is no end seal
(14), (16) and (17).

another formula for calculating damping coefficient is

clearance in Eqs(13),

proposed. The oil film’ s equivalent damping coeffi-

cient is

FL
;) (18)

where F, is the damping force component of oil film

Cy = -

force, which is in the opposite direction of journal pre-
cession, e is the rotor eccentricity, and (2 is the rota-
tional angular velocity. F, can be solved from the fol-
lowing formulas.

F, = F.cos(wt) - F sin(wt) (19)

F, = Fsin(wt) + F cos(wt) (20)

Numerical simulation has been performed to verify
the accuracy of the Eq. (18). CFD model of ISFD fluid
domain was constructed by referring to Ref. [ 18].

t

Fig.14 CFD model of ISFD fluid domain referring to Ref. [ 18]

The operation condition parameters are the same as
those in Ref. [18]. The oil supply pressure is 0. 14 MPa,
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and vibration amplitude is 6.35 pm, and the lubricant
is ISO VG32 and the temperature is 49 °C. Numerical
simulation results are substituted into Eq. (18), and
the average damping coefficient of the ISFD under this
operation condition is 33 886.16 N - s/m. Damping
coefficient in Ref. [ 18] under this operation condition
is 37000 N - s/m. The similarity of the calculated re-
sults is 91. 58% . In another operation condition, the
damping coefficient is 138 418 N + s/m, and the damp-
ing coefficient in Ref. [18] is 152 000 N « s/m. The
similarity of the calculated results is 91. 06% . Some
subtle structural differences in the model and slight
differences in lubricant viscosity limit the higher simi-
larity of the two damping coefficients calculated. The
similarity of more than 90% proves the reliability of
Eq. (18).

3.1 Influence of the thickness of the end seal
clearance on damping coefficient

The damping changes four times in a period of
journal precession, and the damping is periodic, be-
cause the oil film is arranged symmetrically in four
groups in ISFD. Increasing the oil supply pressure is
an effective way to improve the ISFD damping.

The damping coefficients of the ISFD under differ-
ent thickness of the end seal clearance are depicted in
Fig. 15. The damping coefficient is 5620.09 N - s/m
when the end seal clearance is 0.25 mm. When the
end seal clearance is reduced to 0. 10 mm, the damp-
ing coefficient increases to 39 226. 8 N - s/m. Thin
end seal clearance causes large damping. The damping
coefficients tend to increase with the decrease of end
seal clearance thickness. The end seal clearance be-
comes thinner, the oil is difficult to flow, and the oil
film hinders the precession.
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Fig.15 Damping coefficients under different end seal clearances

3.2 Influence of the vibration amplitude on
damping coefficient
The oil film forces calculated in subsection 2. 2

are processed and substituted into Eq. (18). The cal-
culated results are shown in Fig. 16.
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Fig.16 Damping coefficients under different vibration amplitudes

As can be seen from Fig. 16, the damping provided
by ISFD does not increase with the increase of vibration
amplitude. The damping coefficient is 8758.24 N + s/m
when the vibration amplitude is 6 pm. And the damp-
ing coefficient rises to 8811.16 N + s/m when the vi-
bration amplitude is 12 pm. Although the oil film force
increased, the equivalent damping is inversely propor-
tional to the vibration amplitude, and the equivalent
damping is almost constant under the interaction of
these 2 factors.

3.3 Influence of the oil supply pressure on damp-
ing coefficient
The oil film forces calculated in subsection 2. 3
are processed and substituted into Eq. (18). The
damping coefficients of ISFD under different oil supply
pressures are shown in Fig. 17.
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Fig.17 Damping coefficients under different oil supply pressures

As shown in Fig.17, the damping of ISFD is
slightly increased with the increase of oil supply pres-
sure. This is due to the pressure loss at inlet. When
the oil supply pressure is 0.08 MPa, the average damping
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is 8740 N + s/m. When the oil supply pressure increases
to 0.12 MPa, the average damping is 8798 N - s/m.

4 Conclusions

The influences of oil thickness of the end seal
clearance, vibration amplitude, and oil supply pressure
on the ISFD oil film force and damping are presented
by numerical method in this research, and the main
conclusions are as follow.

(1) The oil film forces are very sensitive to the
end seal clearance. In general, as the thickness of the
end sealing clearance decreases, oil flow is obstructed
within the ISFD, and internal pressure within the ISFD
is increased. The tangential forces of squeeze film
shows opposite trends with the decrease of end seal
clearance. Damping is also very sensitive to the end
seal clearance. When the end seal clearance is re-
duced to a half of its original size, the damping is in-
creased by 5 times.

(2) With the increases of the vibration ampli-
tude, the amplitude of oil film force fluctuation in X di-
rection and Y direction increases. The damping of IS-
FD is almost constant under different vibration ampli-
tude. In other words, the increase of vibration ampli-
tude does not lead to the increase of the damping coef-
ficient, but does lead to the instability of the oil film
force.

(3) With the increases of the oil supply pressure,
there are more high-pressure parts in the ISFD pressure
distribution. Damping is affected by tangential forces of
oil film. Damping shows an increased tendency when
oil supply pressure increases due to the increase of the
tangential forces.

(4) In conclusion, it is found that the necessary
condition for the increase of the damping is that the oil
film force needs to increase. Making the flow of oil
more difficult is an effective way to increase damping.
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