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ABSTRACT

Analytical solutions of thin film dampers are useful for
determining critical speeds and stability of rotor systems. Most
thin film dampers in use are of short axial length, and closed-
Jorm solutions to the Reynolds equations exist for estimating
pressure, forces, and damping for these types of dampers. This
article compares the fluid film forces and damping estimated by
the short film bearing model form of the Reynolds equations to
the calculated forces and damping of a transient computational
fluid dynamic simulation. For this comparison, the fluid was
assumed to be incompressible, laminar, and isoviscous. The fluid
film forces and damping are calculated from integrating the
pressure distribution over the surface of the damper due to small
amplitude motions about a steady state static off-center circular
orbit. In this case, no cavitation is assumed, and the journal has
no angular velocity, so direct stiffness cannot be calculated from
the closed-form solution. Radial clearance, journal length, and
Jjournal eccentricity have a significant effect on fluid force and
damping within a thin film damper. Fluid density does not affect
fluid force or damping substantially, while fluid viscosity does.
Both the closed-form solutions and computational fluid
dynamics simulation compare well with each other and reflect
these trends.
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INTRODUCTION

The need for higher speed rotor operation has driven the need for
efficient, robust, and reliable bearing dampers. Thin film
dampers fulfill such requirements and greatly reduce vibration
problems [1]. The thin-film damper generally surrounds the
journal bearing. The outer housing of the journal bearing in
contact with the thin-film is nonrotating. The movement of this
housing can be approximated by either an elliptical orbit or
circular orbit. This paper compares closed-form solutions of
circular orbiting short-length bearings. A bearing is considered
short when its length to diameter ratio is less than 0.5.
Parametric studies during design can take a considerable amount
of time when using 3D computational fluid dynamic (CFD)
simulations. Starting with parametric studies using closed-form
solutions (CFSs) streamlines the design process for building
prototype damper systems. Once a range of damper geometric
and fluidic parameters have been determined suitable for the
needs of the bearing, 3D CFD simulations can be performed to
finalize the design based on fluid and geometric characteristics
determined from the CFSs.

CLOSED-FORM SOLUTIONS

Closed-form solutions for thin-film dampers have been
developed for various configurations over the last century.
Reynolds simplified the Navier-Stokes equations in an effort to
develop an approximation for hydrodynamic lubrication in the
1800’s [2]. Further simplifications to Reynold’s equation
approximation was made by assuming a short or long journal
bearing, which was developed by Dubois and Ocvirk [3]. This
paper uses the short bearing assumption for comparison to CFD
calculations. The force response of the damper is obtained by
integrating the pressure on the journal surface. Reinhart and
Lund [4] further developed this approximation by solving for
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force coefficients that include inertial effects for plain journal
bearings by using the small perturbation technique. Vance [5,6]
developed force coefficients under the assumption of small
amplitude journal motion and that the reaction forces are
proportional to journal displacements and velocity components
through inertia and damping coefficients.

The following derivation of the force coefficients starts with the
simplified Reynolds equation for hydrodynamic lubrication.
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Figure 1 illustrates the important parameters of the thin film
damper. The short-length thin film damper model assumes that
the damper is short in the z or axial dimension (L/D < 0.50);
therefore, the pressure gradient in the circumferential or @
direction is significantly smaller compared with the z-direction
and can be ignored [7]. Thus, the flow is primarily in the axial
direction.
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Figure 1: Squeeze film damper.

Where h is the film thickness at any location, e is the journal
eccentricity, p is the fluid viscosity, P is the pressure, z is the
axial length of the journal, c is the radial clearance, and t is time.
For this comparison, the journal rotation w is assumed to be zero.
Because stiffness terms are proportional to journal rotation, they
too result in zero. Thus, Eq. 1 reduces to the following equation
when journal rotation is zero:
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The journal bearing eccentricity is fixed at some instantaneous
static equilibrium. However, small amplitude motions from this
equilibrium position are needed to determine damping and
inertial characteristics [8]. When small amplitude motions or
perturbations around the equilibrium occur, Ae and Ad are
incorporated into Eq. 5.

Eq. 5 is integrated twice with respect to z or the axial direction.
The constants of integration are determined by applying the
assumed open ends boundary condition at the top and bottom of
the journal, P = 0 at z = +L/2. €=¢€/c and é= Ae/c, which
represent the eccentricity ratio and the change in eccentricity
ratio, respectively are incorporated into the solution which
becomes:
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The forces acting on the bearing can be calculated by integrating
the pressure over the journal surface, which is a function of both
the journal axial length (z) from 0 to L/2 and the circumferential
angle (8) from 0 to a:
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Note that D is the housing diameter. 0 can be integrated
between 0 and m assuming cavitation exists or between 0 and
21 assuming no cavitation. For the purposes of this study, no
cavitation was assumed. The resulting equations from the
double integration can be organized in terms of cross and direct
damping and inertia force coefficients [5] for the short bearing
assumption. The result of this integration produces only direct
damping and inertia for coefficients:
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Where Cy, is direct damping coefficients, M,, is the direct inertia
force coefficients.
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Note that éA® and & represent the tangential speed and normal
acceleration of the orbiting journal. These equations were used
to calculate the tangential and radial force components along
with damping for various fluids, journal radii, clearances, and



orbit radii. These bearing characteristics were compared with a
CFD code using the same geometric and fluidic parameters as
described for the equations.

As mentioned earlier, these equations assume a short-length thin
film damper with a length to diameter (L/D) ratio of <0.5.
Several other limitations apply. Typically, thin films operate in
low Reynolds number regimes; thus, these equations are limited
to Reynolds number < 10 [9]. Finally, journal eccentricity (¢)
should be less than 75% of the radial clearance. In general, the
thin film parameters used in this comparison were selected to
remain within these constraints. The Reynolds number is
calculated using Eq. 13.
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NUMERICAL ANALYSIS

ANSYS Fluent and ANSYS Mechanical were used to calculate
the resulting forces on the journal based on a prescribed motion
[10]. A model was created consisting of a cylindrical journal
contained within a cylindrical casing for use in numerical
analysis. Laminar transient conditions were assumed with no
cavitation. Figure 2 shows an illustration of the model used in
the analysis and the corresponding dimensions to the closed-
form equations.
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Figure 2: Analysis model parameters.

ANSYS Mechanical was used to prescribe the motion of the
journal. The mechanical portion and fluid portion were coupled
using the fluid-structure interaction capability in ANSYS
Workbench. Mechanical supplied the displacement of the
journal to Fluent, and Fluent sent the resulting fluid forces back

to mechanical. This process was repeated for each time step in
the analysis.

The model consisted of two separate meshes, one representing
the journal and the second representing the fluid. Both the
journal and fluid meshes are shown in Figure 3 and Figure 4,
respectively.

Figure 3: Journal mesh.

Figure 4: Fluid mesh.

Several fluid parameters, including density and viscosity, along
with geometric parameters, such as journal height and orbit
radius, were varied, and the resulting forces were computed
using CFSs and ANSYS. Finally, the journal orbit frequency was
varied, and forces and damping were computed using closed-
form equations and ANSYS. Table 1 lists the fluid and geometric
parameters used in the comparison. An orbital displacement was
prescribed to the journal. The orbital motion was described by
Eqgs. 14 and 15. Figure 5 shows an example of the periodic
applied displacements described by the two equations.

x disp = Asin(tQ) . (14)



y disp = A cos(tQ) . (15)
A is the displacement amplitude, ¢ is time, and 2 is the orbit
frequency in rad/s. Note that at time zero, y displacement is equal
to the maximum displacement amplitude; thus, the journal

moves instantaneously to that location. This created unrealistic
movement in the fluid, so the resulting fluid forces were ignored
for several time steps from the beginning of the analysis. Fluid
forces were recorded once the flow reached steady-state
conditions.

Table 1: Thin film damper geometric (TFD) and fluid parameters compared

TFD U P D £ L c e D; £
Config. Pa-s kg/m3 m rad/s m m m m e/c
1 0.1305 | 870 0.0512 | 1300 0.0254 | 0.0002 | 4.84E-05 | 0.0508 0.24
2 0.1305 | 870 0.0516 | 1300 0.0254 | 0.0004 | 4.84E-05 | 0.0508 0.12
3 0.1305 | 870 0.052 | 1300 0.0254 | 0.0006 | 4.84E-05 | 0.0508 0.08
4 0.1305 | 870 0.0525 | 1300 0.0254 | 0.00085 | 4.84E-05 | 0.0508 0.06
5 0.1305 | 870 0.053 | 1300 0.0254 | 0.0011 | 4.84E-05 | 0.0508 0.04
6 0.1305 | 870 0.056 | 1300 0.0254 | 0.0026 | 4.84E-05 | 0.0508 0.02
7 0.1305 | 870 0.052 | 1300 0.015 0.0006 | 4.84E-05 | 0.0508 0.08
8 0.1305 | 870 0.052 | 1300 0.02 0.0006 | 4.84E-05 | 0.0508 0.08
9 0.1305 | 870 0.052 | 1300 0.0225 | 0.0006 | 4.84E-05 | 0.0508 0.08
10 0.1305 | 870 0.052 | 1300 0.03 0.0006 | 4.84E-05 | 0.0508 0.08
11 0.1305 | 870 0.052 | 1300 0.035 0.0006 | 4.84E-05 | 0.0508 0.08
12 0.1305 | 870 0.052 | 1300 0.0254 | 0.0006 | 4.84E-06 | 0.0508 0.01
13 0.1305 | 870 0.052 | 1300 0.0254 | 0.0006 | 0.00025 | 0.0508 0.42
14 0.1305 | 870 0.052 | 1300 0.0254 | 0.0006 | 0.00035 | 0.0508 0.58
15 0.1305 | 1000 0.052 | 1300 0.0254 | 0.0006 | 4.84E-05 | 0.0508 0.08
16 0.1305 | 1450 0.052 | 1300 0.0254 | 0.0006 | 4.84E-05 | 0.0508 0.08
17 0.1305 | 1740 0.052 | 1300 0.0254 | 0.0006 | 4.84E-05 | 0.0508 0.08
18 0.06525 | 870 0.052 | 1300 0.0254 | 0.0006 | 4.84E-05 | 0.0508 0.08
19 0.19575 | 870 0.052 | 1300 0.0254 | 0.0006 | 4.84E-05 | 0.0508 0.08
20 0.261 870 0.052 | 1300 0.0254 | 0.0006 | 4.84E-05 | 0.0508 0.08
21 0.1305 | 870 0.052 | 1000 0.0254 | 0.0006 | 4.84E-05 | 0.0508 0.08
22 0.1305 | 870 0.052 | 1600 0.0254 | 0.0006 | 4.84E-05 | 0.0508 0.08
23 0.1305 | 870 0.052 | 2000 0.0254 | 0.0006 | 4.84E-05 | 0.0508 0.08
i Displacement vs. Time Figure 5: Journal enforced displacement.
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Figure 6: Analysis model boundary conditions.

The resulting x and y directional fluid forces acting on the journal
were extracted over time. The total fluid force on the journal was
calculated and compared with the computed force from the
CFSs. Figure 7 shows an example of the resulting steady-state
fluid forces for thin film damper configuration 3.

Fluid Force vs. Time
100

80

Fluid Force {N}

-80

-100
Time (sec)

Forcex ---Farcey

Figure 7: Steady-state fluid forces for thin film
configuration 3.

The damping coefficient was calculated based on the phase angle
between the applied displacement and the resulting fluid force.
This was calculated plotting the normalized applied
displacement in one direction and the normalized force in that
same direction over time, as shown in Figure 8. The time span
between the two curves was used to calculate the phase angle
using Eq 16.
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Figure 8: Normalized displacement and force versus
time used to calculate phase angle.

phase angle (@) = (1A/t) ) (16)

Q is the journal orbit velocity in rad/s, and A¢ is the time
difference between the displacement and force results where
they cross the x axis. Once the phase angle for a thin film
configuration was calculated, the damping coefficient was
calculated using the following equation:

Fsin®
Cerp="10x (17)

where F is the peak fluid force due to peak displacement X. The
damping coefficient for the numerical analysis was compared
with the CFS damping coefficient calculated by Eq. 11.

RESULTS AND DISCUSSION

Plots of the comparisons were made for each varied thin film
parameter. Several parameters were selected so that the bounds
of the CFSs were exceeded to observe how the comparison
diverges. Some of the varied parameters produced very little to
no changes in force and damping, as predicted by the CFSs. The
numerical analysis predictions generally varied slightly for
changes in these same parameters. Parameters that reduced the
clearance between the journal and housing had the most drastic
effect on the fluid force and damping. Both the CFSs and the
numerical analysis show these effects. Figure 9, Figure 10, and
Figure 11 show the fluid force and damping as a function of
radial clearance, journal length, and journal eccentricity.



Fluid Force vs. Radial Clearance

Fluid Force (N}
2]
o
o

0 0.0005 0.001 0.0015 0.002 0.0025 0.003
Radial Clearance (m)
——CFS ——CFD

Damping (N-s/m)

Damping vs. Radial Clearance

25000

20000

15000

10000

5000

Figure 9: Fluid force and damping as a function of radial clearance.
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Figure 10: Fluid force and dampihg as a function of journal length.
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Figure 11: Fluid force and damping as a function of journal eccentricity.

Both the CFD and CFS results were close over the entire range
of radial clearance considered. Both methods predicted a drastic
increase in both force and damping when the radial clearance
was reduced to 200 pm. Both the CFD and CFS both predicted
an increase in force and damping with an increase in journal
length. This is due to an increase in surface area in contact with
the damping fluid. As the journal eccentricity increases both the
fluid force and damping increase. This is result is consistent with
the trend seen in reducing the radial clearance. As the
eccentricity of the journal increases it distance to the wall
decreases resulting in a higher force and damping.

Figure 12 shows the fluid force and damping as function of orbit
velocity. The calculated damping from CFS has no dependency
on orbit speed, however the force is proportional to orbit speed.
The CFD calculation predicted a slight increase in damping with
orbit speed. This is due to damping being calculated using the
fluid generated force on the journal which is dependent on orbit
speed as indicated in Figure 12. Both CFSs and CFD predict an
increase in force as orbit speed increases.



The fluid force and damping were also calculated using the CFS both fluid force and damping. This is due to the increase in fluid

based on various fluid densities and viscosities and compared shear force which is proportional to the fluid viscosity for
with CFD as shown in Figure 13 and Figure 14 respectively. Newtonian fluid. These trends are reflected in the comparison
Fluid density did not have a significant influence on fluid force plots between the CFSs and the CFD model.

or damping. Fluid viscosity, however, had a substantial effect on
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Figure 12: Fluid force and damping as a function of journal orbit velocity.
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Figure 13: Fluid force and damping as a function of fluid density.
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Figure 14: Fluid force and damping as a function of fluid viscosity.
The results of this study show good agreement between the CFSs
CONCLUSION and the CFD models. As mentioned previously, some geometric



and fluid properties were selected that exceeded the bounds of
the CFSs. Many of the divergences between the CFSs and the
CFD models as presented in the plots are a result of higher
Reynolds numbers, which is in direct relation to fluid inertial
effects. Also, the short thin film damper approximations used to
derive the CFSs are not accurate at larger eccentricity and length
to diameter ratios [11].

Generally, since the housing is non-rotating and its perturbations
are small, cavitation should not occur. However, a more detailed
analysis including cavitation should be conducted and compared
with the closed form solutions if the rotor is expected to impart
a significant amount of energy to the damper. Cavitation reduces
the effectiveness of the damper and can negatively impact the
entire rotor system. The ultimate objective in considering
cavitation would be to eliminate it completely or significantly
reduce it by design.

The CFSs are a good starting point in designing a thin film
damper for rotor applications. The damper and fluid properties
can be optimized to suit the needs of the system. Once these are
determined by the CFSs, a more detailed numerical simulation
can be performed to finalize the design. This design then can be
used to develop a prototype for detailed testing.

NOMENCLATURE
A = displacement amplitude [m]
h = film thickness [m]
t = time [sec]
¢ =radial clearance [m]
Ccrp = damping from CFD
D = diameter of housing [m]
D; = diameter of journal [m]
e = journal eccentricity [m]
Fr = radial force [N]
Ft = tangential force [N]
Fx = force in x-direction [N]
Fy = force in y-direction [N]
h¢ = fluid height [m]
L =journal length [m]
P = pressure [Pa]
X = Peak Displacement [m]
z = journal axial length [m]
€ = eccentricity to radial clearance ratio
p = fluid viscosity [Pa-s]
p = fluid density [kg/m?3]
Q = journal orbit angular velocity [rad/s]
¢ = Phase Angle [rad]
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