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Abstract: Squeeze film dampers are used to reduce vibration in aircraft jet engines supported by
rolling element bearings. The underlying physics of the squeeze film dampers has been studied
extensively over the past 50 years. However, the research on the SFDs is still ongoing due to the
complexity of modeling of several effects such as fluid inertia and the modeling of the piston rings,
which are often used to seal SFDs. In this work, a special experimental setup has been designed
to validate the numerical models of SFDs. This experimental setup can be used with various SFD
geometries (including piston ring seals) and simulate almost all conditions that may occur in an
aircraft jet engine. This work also focuses on the inertia forces of the fluid. The hydrodynamic
pressure distribution of a detailed 3D-CFD model is compared with the solution of the Reynolds
equation including inertia effects. Finally, the simulation results are compared with experimental
data and good agreement is observed.

Keywords: squeeze film damper; Reynolds equation; experimental validation; inertia effects; vibrations;
rotor dynamics

1. Introduction

Squeeze film dampers (SFDs) are an essential component in today’s aircraft engines,
serving to attenuate rotor vibrations excited mainly by mass unbalance or geometric
imperfections. High-pressure rotors of modern aircraft engines, for instance, are typically
supported with low stiffness in the bearing positions. This places modes with high rotor
strain energy well above the operational speed range. In this design concept, the rotor
must pass through two rigid body modes at low speeds, which requires damping of the
vibration amplitudes at the bearing positions as provided by SFDs. In Figure 1, a typical
aircraft jet engine is shown.

The oil–pressure distribution of squeeze film dampers, like standard journal bearing,
is calculated using the Reynolds equation [1]. This linear partial differential equation can
be approximated with closed-form analytical solutions [2–6]. Due to the limitations of these
closed-form solutions, numerical approximations of the full Reynolds equation are usually
employed using the Finite Element, the Finite Difference or the Finite Volume methods.
Approaches using global ansatz functions such as the global Galerkin approach [7–9]
have also been used to find approximate solutions of the Reynolds equation. However,
their implementation in complex geometries is more complicated than the local Finite
Element approaches.
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Figure 1. Geared turbofan engine PW1100G-JM [10].

Cavitation in hydrodynamic lubrication plays a significant role in the pressure dis-
tribution derived from the Reynolds equation. Several approaches have been used in the
literature (see, for example, [11]); however, the mass-conserving algorithms such as this
described by Kumar and Booker are well established [12].

The thermal effects in the oil are known to influence the pressure distribution in
the oil film and thus the hydrodynamic bearing forces. In the work of Dowson [13], the
generalized Reynolds equation was developed. A set of integro-differential equations is
solved, including the generalized Reynolds and the energy equation of the oil, to obtain
the hydrodynamic pressure distribution as well as the 3D temperature field. A detailed
discussion on this topic can also be found in [14]. In [15], the thermal effects in the oil
including inertia effects have been developed.

The effect of fluid inertia, although typically neglected for journal bearings, may be
significant for SFDs. In [16,17], the temporal inertia terms were included in the Reynolds
equation. In [18,19], an approach was developed to include both the temporal and the
convective inertia terms in the Reynolds equation. This approach increases the computa-
tional effort for the calculation of the pressure distribution in the oil, but may significantly
improve the physical accuracy of the calculated pressure.

Dedicated experimental results of SFDs are rather scarce in the literature, despite
their widespread use. The pioneering work of San Andres focused on the experimental
validation of squeeze film damper models (see, for example, [20–22]). The aim of this work
is to develop an experimental device similar to the work of [20], which will be able to
reproduce all the kinematic conditions (eccentricities, velocities and accelerations) and all
the oil-supply conditions (oil-supply pressures and oil-supply temperatures). With minor
modifications, this test rig can be used for any SFD geometry, which may include a circum-
ferential groove and/or oil-supply holes or even more complicated geometries. In addition,
the influence of the typical sealing mechanisms (piston rings, o-rings, etc.) can be easily
quantified. Therefore, this test rig and the results obtained can be used to validate SFD
models. In this paper, efficient thermo-hydrodynamic SFD models developed for rotor
dynamic simulations and detailed CFD models have been validated.

The main contributions of this work are summarized below:

• A special experimental setup is presented that can be used to validate the SFD bearing
forces for all operating conditions that may occur in an aircraft jet engine.

• The SFD bearing forces obtained from the experimental results are compared with
those obtained from the numerical simulations and a good agreement is found.

• The 2D solution of the Reynolds equation is compared with a 3D-CFD solution for thin-
film lubrication conditions. The influence of inertia effects is shown to be significant
for the specific parameter used.
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In Section 2, the theory of thermo-hydrodynamic lubrication is presented, including
inertia effects and a mass-conserving cavitation algorithm. In Section 3, the experimental
setup and its capabilities are discussed. In Section 4, the results are presented, and finally,
in Section 5, the main conclusions of this work are summarized.

2. Hydrodynamic Lubrication in Squeeze Film Dampers

A typical SFD combined with a rolling element bearing is shown in Figure 2.

Figure 2. Sketch of a rotor supported by a roller bearing with a non-centralized SFD.

In aircraft jet engine applications, SFDs can be centralized or non-centralized (floating
rolling element bearing). Centralized SFDs are usually equipped with a squirrel cage (see,
for example [23]). The current experimental setup can capture the effects of both SFD
designs. In the experimental setup, and therefore in all simulations, oil from a typical oil
company for aircraft jet engines was used, namely Mobil Jet Oil II. The dynamic viscosity
and density of the oil were used for the hydrodynamics. The oil density, specific heat
capacity and thermal conductivity were used in the thermal model.

2.1. Thermo-Hydrodynamic Modeling

The thermo-hydrodynamic modeling described in this work is based on the gener-
alized Reynolds equation and the Energy equation developed in [13] combined with a
mass-conserving cavitation algorithm from [12], including the inertia effects from [18].

2.1.1. Generalized Reynolds Equation with a Mass-Conserving Cavitation Algorithm

The generalized Reynolds equation is solved using the Finite Element Method on
a 2D mesh. As the oil cannot withstand high negative pressures, a cavitation model is
used in combination with the Reynolds equation. The simplest approach is to use the
Gümbel cavitation approach, which simply sets all negative pressures to zero [14,24], vi-
olating the conservation of mass. To ensure mass conservation, Kumar and Booker [12]
provide an algorithm for tracking the density ρ̄ of a mixture of oil and gas in the spa-
tial/temporal diverging gap. The viscosity of the mixture is assumed to behave in the
same way: ρ̄/ρ̄oil = η̄/η̄oil . This prevents non-physical oil flow in the cavitation region as
observed with non mass-conserving procedures. The algorithm divides the fluid film into
different regions that must be identified:

• Region 1a (ρ̄ = ρ̄oil , ∂ρ̄/∂t = 0);
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• Region 1b (ρ̄ = ρ̄oil , ∂ρ̄/∂t < 0);
• Region 2 (ρ̄ < ρ̄oil).

The transition between the full-film regions 1a and 1b is a complementary problem
that is solved iteratively. After using an Euler-explicit time integration scheme, nodes are
moved between regions 1a and 2. Equation (1) shows the generalized Reynolds equation
used to calculate the hydrodynamic pressure in the oil:

∂

∂x

(
ρ̄F1

∂p0

∂x

)
+

∂

∂y

(
ρ̄F1

∂p0

∂y

)
=

∂

∂x
(
ρ̄uJ F2

)
+ h

∂ρ̄

∂t
+ ρ̄

∂h
∂t

, (1)

where h is the gap function and p0 is the pressure distribution. The x-coordinate represents
the circumferential direction and the y-coordinate represents the axial direction of the
SFD. The Reynolds equation balances the fluid flows caused by pressure gradients on
the left-hand side of the equation and by shearing, density changes and squeezing on the
right-hand side. Figure 3a shows the pressure distribution in the oil of an SFD, where
the cavitation area is determined by the Kumar–Booker algorithm. Figure 3b compares
the pressure distribution over the circumferential coordinate at the axial centerline b = 0.
The Kumar–Booker algorithm provides the spatial and temporal evolution of the the
cavitation area. The size of the cavitation area can have a large effect on the pressure
distribution and therefore on the hydrodynamic bearing forces. Due to mass conservation,
the Kumar–Booker model is required to determine the oil flow out of the SFD. Therefore,
all experimental results are compared with the simulation results using the Kumar–Booker
cavitation model.

Figure 3. (a) Oil–pressure distribution in the SFD with Kumar–Booker cavitation model. (b) Compar-
ison of oil–pressure with different cavitation models.

Figure 4 shows the evolution of the density in the SFD over the circumferential
coordinate at the axial centerline b = 0. At the beginning of the orbit at time t0, the gap is
completely filled with oil. In this case, the density and the cavitation area evolve within a
third of an orbit (t1 to t4) and from then on follow the high-pressure field, only changing
their position according to the orbit (compare t4 and t5).
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Figure 4. Density evolution with Kumar–Booker cavitation model.

The temperature distribution in the oil film is not constant. Isothermal models may
offer simplicity in the implementation and in the solution procedure but they neglect the
variable temperature field in the oil film and cannot account for effects such as temperature
differences of the oil inlet, journal and casing. To account for these effects, integrals of
viscosity across over the gap height are introduced at each node of the 2D mesh [13],
as shown in Equation (2):

F1 = J2h −
J2
1h

J0h
, F2 =

J1h
J0h

, J0h =

h∫
0

1
η

dz, J1h =

h∫
0

z
η

dz, J2h =

h∫
0

z2

η
dz. (2)

Isothermal modeling with constant viscosity over gap height leads to the more com-
monly known equation derived in [13,25] with F1 = h3/12η and F2 = h/2. Here, the oil
viscosity is not constant across the gap height (z-direction). J0h, J1h and J2h are necessary
to integrate viscosity considering various exponents of the gap height h. By introducing a
parabolic ‘global’ ansatz function for the temperature across the gap, the need to include a
3D mesh for the energy equation is avoided, heavily reducing the computational cost. In
order to determine the temperature distribution along and across the oil film, the energy
equation for fluids has to be solved simultaneously.

2.1.2. Temporal and Convective Inertia in the Reynolds Equation

Hamzehlouia in [18] developed a model that can approximate the pressure distribution
in fluid film bearings including inertia effects. Based on a perturbation calculation and
assuming that inertia has no effect on the fluid velocities, Hamzehlouia derived an extended
Reynolds Equation (3) from the Navier–Stokes equations that includes inertia terms.

∂

∂x

(
ρ̄F1

∂p1

∂x

)
+

∂

∂y

(
ρ̄F1

∂p1

∂y

)
=

∂

∂x
(
ρ̄uJ F2

)
+ h

∂ρ̄

∂t
+ ρ̄

∂h
∂t

+ G1(x, y) + G2(x, y). (3)

where G1 and G2 are the extended parts and depend on the pressure distribution without
inertia effects. G1 in Equation (4) describes the temporal (fluid flow caused by change in
fluid velocity over time) inertia and G2 in Equation (5) takes convective (fluid flow caused
by a change in the fluid velocity due to its change in position) inertia into account:

G1(x, y) =
ρ̄2

12η̄

(
h2 ∂2h

∂t2 +
h

6η̄

∂h
∂x

(
h3 ∂2 p0

∂t∂x
+ 3h2 ∂h

∂t
∂p0

∂x

))
. (4)
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(5)

The extension term G1 consists primarily of the gap function and the time derivatives
of the gap function. G2 depends mainly on the pressure gradients, the gap function and the
gradient of the gap function in circumferential direction. The gap is assumed to be constant
in axial direction [18]. Solving Equation (1) gives the pressure distribution p0 without
inertia effects. It is used in Equation (3) to return the pressure distribution p1, including
the complete inertia. San Andrés provides the implementation of temporal inertia effects
with linearization without a perturbation method and by neglecting the pressure gradients,
as shown in Equation (6) [26]:

G1(x, y) =
ρ̄2h2

12η̄

∂2h
∂t2 ; G2(x, y) = 0. (6)

This model is more time efficient, and compared to Hamzehloiuia’s temporal inertia
effects, the results are very similar. Figure 5 shows the forces Fx and Fy for a circular orbit
around the centerline.

Figure 5. Comparison of inertia models for circular orbits around centerline.

A 3D-CFD simulation is assumed to provide the reference solution for the hydrody-
namic bearing forces. The 3D-CFD simulations of the two-phase fluid flow inside the SFD
were performed using the code OpenFOAM, which is based on the finite volume method
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and uses time-dependent, three-dimensional, incompressible Navier–Stokes equations.
The computational domain of the simulation is enclosed by three geometrical boundaries:
the inner moving solid wall, the outer fixed solid wall and the axial open ends of the fluid
film. In the numerical setup, individual boundary conditions must be specified for the flow
variables. Zero gradient conditions apply for pressure and volume fraction at the fixed
solid walls, as well as no-slip conditions for the velocity. At the open ends, the ambient
pressure is specified and the volume fraction is set to one. The dynamic mesh motion is
defined by the displacement of the boundary points. For this purpose, the temporal and
spatial displacement of the inner moving wall is implemented and a velocity distribution
of each individual mesh point is obtained. The moving mesh is characterized by stretching
and squeezing of the volume cells within the fluid film, which results in a change in the
local film thickness. In the previous work of Schmidt et al. [27] and Reinke et al. [28], it was
determined that a minimum number of cells must be applied to the squeeze film in the
radial direction. The sensitivity test of a squeezed lubrication film carried out showed that
six cells applied across the film achieves the acceptable radial resolution for the expected
flow conditions. The overall mesh size contains 2.8 million cells with respect to the cell
aspect value due to cell deformation, which is below the maximum value of 10 proposed
by Kistner [29].

FEM solutions without any inertia effects, with temporal inertia effects only and with
complete (temporal + convective) inertia effects are generated. The FEM solution without
inertia effects has almost the same amplitude as the FEM solution with complete inertia,
but there is a phase shift between these two solutions. The complete inertia model shows a
better agreement with the 3D-CFD results. The temporal inertia model shows the largest
deviation from the 3D-CFD results in this case. In Figure 6, the same comparison is
performed as in Figure 5 but with an off-centered orbit.

Figure 6. Comparison of inertia models for circular orbits around off-center position.

The complete inertia model once again shows a better agreement with the reference
3D-CFD solution.

2.1.3. Energy Equation in the Oil Film

The energy equation of the oil shown in Equation (7) is simplified by considering
similar order-of-magnitude assumptions as in the Reynolds equation [30]:

hρ̄c̄p

(
ū

∂T
∂x

+ v̄
∂T
∂y

)
− ∂

∂x

(
hλ̄

∂T
∂x

)
− ∂

∂y

(
hλ̄

∂T
∂y

)
− λ̄

[
∂T
∂z

]h

0
= ϕ̄hyd. (7)
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On the left-hand side are the convection and conduction terms, and on the right-hand
side is the hydrodynamic dissipation as a source of energy. The equation is integrated
over the gap height to solve it on the same 2D mesh as the pressure distribution. The fluid
velocities (Equation (8)) and the hydrodynamic dissipation (Equation (9)) are integrated
over the gap height using the Dowson integrals from Equation (2):

ū = − F1

h
∂p1

∂x
+

uJ

h
F2,

v̄ = − F1

h
∂p1

∂y
,

(8)

ϕ̄hyd =
u2

J

J0h
+ F1

(
∂p1

∂x

)2
+ F1

(
∂p1

∂y

)2
. (9)

To calculate these terms, the pressure distribution p1 and the velocity of the journal uJ
are required [31].

2.2. Finite Element Formulation of the Thermo-Hydrodynamic Equations

The Reynolds equation is solved using the Finite Element Method on a 2D mesh.
The FE formulation is given in Equation (10) [25,31]:

∫
Ω

ρ̄F1

(
∂ψi
∂x

∂ψj

∂x
+

∂ψi
∂y

∂ψj

∂y

)
dΩ · p1j =

∫
Ω

(
ρ̄uuJ F2

∂ψi
∂x

+
∂ρ̄

∂t
hψi + ρ̄

∂h
∂t

ψi + G1(x, y)ψi + G2(x, y)ψi + ṁΩψi

)
dΩ +

∫
Γ

ṁΓψidΓ.

(10)

The Reynolds equation is now a hyperbolic differential equation with a space-and-
time-dependent density. If the problem has dominant convection, the numerical solution
will show non-physical oscillations. Therefore, upwinding techniques are necessary to
remove these oscillations [32]. Following this path, ρ̄u is the upwind density. To integrate
the density ρ̄u, a term is added to the shape function ψi to move the integration point
streamline upwards. The added term mostly depends on the stream direction uJ/|uJ |.
This is called the streamline upwind Petrov–Galerkin (SUPG) method [33]. Using this
method, oscillations in the axial direction may still occur if the density gradient in the axial
direction is high due to pressure/density boundaries at the SFD ends and lower cavitation
pressure. Discontinuity Capturing solves this problem by adding another term to ψi, which
is controlled by the sign of the density gradient in axial direction (∂ρ̄/∂y)/|∂ρ̄/∂y| [34].
Equation (11) shows the FE formulation of the energy equation for fluids.

∫
Ω

{
Wi

(
hρ̄c̄p

(
ū

∂ψj

∂x
+ v̄

∂ψj

∂y

)
+

λ̄

h
12ψj

)
+ hλ̄

(
∂ψi
∂x

∂ψj

∂x
+

∂ψi
∂y

∂ψj

∂y

)}
dΩ · T j =

∫
Ω

{
Wi

(
ϕ̄hyd + 6

λ̄

h
(
TJ + TC

))}
dΩ.

(11)

It is solved on the same 2D mesh as the hydrodynamic pressure equation. This
diffusion-convection problem is also typically convection-dominated, making upwinding
necessary to obtain useful results [31]. SUPG is also used here to remove oscillations.
The shape function ψi is extended by a perturbation term Pi to move the integration points
streamline upwards like Wi = ψi + Pi. Stream direction can be identified by the fluid
velocities ū and v̄ to account for circumferential and axial flow. Unlike the density in
the Reynolds equation, all shape functions of the energy equation are modified by the
upwinding term [31,32].
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3. Experimental Setup

Despite the significant efforts to understand and mathematically describe the me-
chanics of squeeze film damping, the SFD system is complicated and—in the presence
of piston ring sealing and deep circumferential grooves—exhibits areas which are not
yet well understood and analyzed. An experimental validation is therefore imperative
to demonstrate the benefits and shortcomings of the analytical techniques employed. In
Figure 7, a novel test rig, operated at the University of Kassel (UKS), is shown in order to
perform full-scale tests of squeeze film dampers (SFD). It consists of a shaft that is enabled
by the design of the suspension to perform an orbital motion.

Figure 7. CAD view.

Two electromagnetic shakers, one for vertical and one horizontal direction, cause the
shaft to move on a pre-described orbit. During operation, shaft and housing are separated
by a thin pressurized oil film, which simulates restoring forces comparable to an unbalanced
loading of a rotating shaft. Due to its modular design, the test rig can be operated with
different bearing geometries regarding clearance, groove or oil-supply holes. Similar to
the test rig of San Andrés, the circular motion is realized by control of the input of the
two shakers [20–22].

In comparison to the test rig of San Andrés, the shaft of the UKS test rig executes
the circular movement and is directly mounted to the shakers without additional support.
The shaft has similar dimensions to San Andrés, and under operation, the relative eccen-
tricities can reach up to 0.9. Additionally, the dimensions of the test rig has been optimized
to shift the natural frequencies of the moving parts above the operating range. In this way,
tests at high operating frequencies can be performed, which cover the typical range of
rotational speeds of aero engines.

The main mechanical components of the system under test are shaft, housing, force
measuring flanges and spring sheets connecting the shaft to the shakers (Figure 8). The or-
bital motion of the shaft is enabled by use of spring sheets with a high axial stiffness to
transmit the forces provided by the shakers. Laterally, the plates are flexible to minimize
the reaction forces on the perpendicular axes. The scaling of the smaller shaft, in contrast to
the larger shaft, allows the test stand to reach all operating points. In the case of the the
larger shaft, occurring accelerations and forces render reaching operating points impossible.
The oil is pre-heated within a heat exchanger and supplied to the pressurized film by an
oil pump. Prior to test runs, the test rig is heated by the oil flow for several hours until
constant temperature of shaft and housing is reached. In addition to temperature, different
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inlet oil pressures, operating frequencies and eccentricities can be set. Additionally, the SFD
test rig can be supplemented with piston rings and a circumferential oil-supply groove in
the housing. Figure 9 shows the test rig setup at the University of Kassel.

Figure 8. Schematic view.

Figure 9. Squeeze film damper test rig at the University of Kassel.

The central parameters on this test stand are measured and recorded at various
points. This includes 17 temperature measuring points located inside and outside of the
shaft housing, the shaft and oil supply. Additionally, sensors for volume flow and oil
pressure (3×) are mounted within the oil system. Measurement setup is completed by
five accelerometers located on housing, each shaker table and frame. The most important
measurement variables include force and displacement. Figure 10 shows a detailed view of
the test rig, highlighting the position of the measured variables.
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Figure 10. Detailed view of the housing with shaft.

Both shakers are connected to the spring plates by a force measuring flange. These
flanges are equipped with strain gauges and have been force-calibrated prior to the mea-
surement campaign in a universal testing machine. The orbit of the shaft is measured on
both sides of the housing by two eddy current sensors and used to control the shakers.
For each test, an inlet oil pressure and temperature is set and both stationary and transient
operating points of frequency and eccentricity can be conducted by the dynamic control
scheme. In addition, a second control loop can be applied to move the center line of the
shaft statically in the housing and maintaining the desired position throughout the test.
Positioning of the shaft is a crucial step carried out after every modification to the experi-
mental setup. The position of the shaft in the housing is of central importance for the results
of the test. Even small changes will result in a large effect on the resulting forces and the
position of the orbits. However, it is not possible to determine the absolute position of the
shaft in relation to the housing as the eddy current sensors can only measure the relative
position of the shaft. The absolute position of the shaft relative to the housing is determined
by the alignment curve. The alignment curve, which is also important for determining the
static and dynamic eccentricity of each test point, is traced through the static movement of
the shaft in the housing over the full circumference under a defined force.

In order to compare hydrodynamic forces of the test rig results with simulation, the
inertia forces of the moving components have to be subtracted from the measured forces.
The forces caused by bending of the spring sheets are very small compared to the fluid
forces and can be neglected.

4. Results and Discussion

The comparison of measurement and simulation covers the range of one orbit around a
slightly off-centered position (see Figure 11). The amplitudes of the measured eccentricities
in both directions, x and y, are almost equal, which means the orbit is more circular than
elliptical. The phase shift between ex and ey is 90◦.

Figure 12 shows the meshed SFD model which is used to solve the Reynolds and
energy equation. The experimental setup used a typical aircraft engine SFD length (L)-to-
diameter (D) ratio of L/D = 0.2. At the side ends of the SFD, pressure is set to atmospheric
pressure. Oil flows into the SFD through three feed holes where the measured flow is set
as the natural boundary condition. The algorithm of Kumar and Booker exhibits a large
cavitation area (marked with dark blue). At inlet holes, the cavitation area decreases over
time as the oil flows in.
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Figure 11. Eccentricity of measurement.

Figure 12. SFD mesh with exemplary pressure distribution.

For the given motion as given in Figure 11, both the resulting forces within the
experiment and the calculated forces from the simulation can be compared. Figure 13
shows a good correlation of measurement and simulation for Fx and Fy. Except for the
deviation around t/tre f = 1, amplitude matches well and the phase is almost identical.
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Figure 13. Forces Fx and Fy of measurement.

Oil flow out of the SFD’s ends is shown in Table 1. It is averaged over one orbit. The
deviation of measurement and simulation is shown below.

Table 1. Comparison of oil flow out of the SFD.

Measured q/qre f [−] Simulation q/qre f [−] Rel. Deviation

0.450 0.422 6.22%

5. Conclusions

In this work, an experimental setup for the validation of models of squeeze film
dampers has been presented. Detailed thermo-hydrodynamic SFD bearing models were
developed by focusing on inertia, cavitation and thermal effects. The 2D FEM models
based on the Reynolds equation were compared with 3D-CFD models. It was shown that
the inertia effects should be taken into account when high physical accuracy is required.
Furthermore, the numerical simulation results were compared with experimental data and
showed a very good agreement. This work is currently being extended to squeeze film
dampers with a circumferential groove and piston rings. Different oil-supply pressures,
oil-supply temperatures, different bearing eccentricities and different orbiting speeds
are considered. In order to compare between different SFDs, the inertia and damping
coefficients will be extracted from the experimental data. A comparison will also be
made with the coefficients obtained from the numerical simulations. Finally, back-to-back
experiments will be performed with and without oil in the SFD to identify the influence of
the SFD forces.
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