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Fluid Circuit Model for Long-Bearing
Squeeze Film Damper Rotordynamics
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Results of a rotordynamic analysis of a long-bearing squeeze � lm damper using a � uid circuit approach are
presented. A series of nodes and branches represent the geometry of the � ow circuit. The mass and momentum
conservation equations are solved to predict the pressure distribution in the squeeze � lm. The motion of the
bearing is simulated by injection/removal of mass at the nodes. The modeling methodologyis benchmarked against
published experimental long-bearing squeeze � lm damper test results. The model provides good agreement with
the experimental damping coef� cient.

Nomenclature
C = squeeze � lm damper radial clearance (difference in radii)
C p = pressure conversion factor, l x R2 / C 2

Ctt = dimensionless direct damping coef� cient, ¡ ft / e
Drr = dimensionless direct inertia coef� cient, fr / e
d = damper journal diameter
e = dynamic eccentricity (orbit radius)
L = damper journal length
Çm = mass-� ow rate
p = local pressure within the squeeze � lm region
pref = reference pressure, C p Re = q (R x )2

R = damper journal radius
Re = Reynolds number, q x C2 / l
r = radial coordinate
z = axial coordinate
e = eccentricity ratio (dimensionless orbit radius), e / C
h = circumferentialcoordinate
l = � uid absolute viscosity
q = � uid density
s f = shear stress
x = frequency of damper journal (whirl frequency)

Introduction

S QUEEZE � lm dampers (SFD) havebeen used to providedamp-
ing in high-speedrotatingmachinerywith rolling element bear-

ings for years. Extensive research has been performed both ex-
perimentally and analytically to examine the effects of geometry,
cavitation, Reynolds number, etc., on SFD pressures and forces.
The experimental work of Jung et al.1,2 examined the pressure
distributions and force coef� cients for an SFD executing circular-
centered orbits for both open-ended (short-bearing) and partially
sealed (long-bearing) con� gurations. Analytical, circular-centered
orbit, SFD models have been published for a variety of Reynolds
numbers for both long-bearing (axial � ow neglected) and short-
bearing (circumferential � ow neglected) assumptions. Analytical
work by San Andres,3 San Andres and Vance,4 ¡ 6 and Tichy7 ¡ 9 ad-
dressed the effects of � uid inertia on both short- and long-bearing
SFDs and the effect of turbulence on short-bearingSFDs.
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This paper presents the application of a � uid network code to
the analysis of � uid forces in a noncavitating, long-bearing SFD.
Comparisons of the analyticalpredictionsto the experimentalwork
of Jung et al.2 are presented.This work provides the foundation for
the investigationof statically eccentric, large-orbit SFD forces and
rotordynamic coef� cients.

Fluid Flow Code
A generalpurpose,one-dimensional,network-� ow-analysiscom-

putercodewas chosenas the platformforSFD modeling.10 The code
uses a series of nodes and branches to de� ne a � ow network. Nodes
are positions within the network where � uid properties (pressure,
density, etc.) are either known or calculated. Branches are the por-
tions of the � ow network where � ow conditions (geometry, � ow
rate, etc.) are known or calculated.

Governing Equations
The governing equations used in this analysis are the continu-

ity and one-dimensional momentum equation. Equations (1) and
(2) are the steady-state governing equations used in the analysis.
Equation (1) is the steady-statecontinuity equation for the � ow into
a node, where

Çm in

is the summation of � ow into a node through the branches connect-
ing to it,

Çmout

is the summation of � ow out of a node through the branches con-
necting to it, and Çmsource is a mass source term (which accounts for
any other mass � ow into or out of the node). Equation (2) represents
the conservation of momentum for a branch in the � ow network,
where D p is the pressure difference across the branch, ACross section

is the cross-sectional area, s f is the shear stress, AShear is the shear
area, and momSource is a momentum source, that is, any other force
term not accounted for by the two previous terms. The momentum
equation equates the sum of the pressure drop and any momentum
source with the shear stress, obtained from an empirically derived
friction factor:

Çm in ¡ Çmout + Çm source = 0 (1)

¡ D p ACross section ¡ s f AShear + momSource = 0 (2)

Equations (1) and (2) are solved by a simultaneoussolution iterative
scheme (Newton–Raphson scheme) to obtain the branch � ow rates
and node pressures.
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Fig. 1 SFD modeling.

Steady-State, Long-Bearing SFD Modeling
The modeling used in the analysis is shown schematically in

Fig. 1. In the analysis, the bearing is unwrapped, and curvature is
neglected because the clearance-to-radius ratio is small ( » 1/40).
Because the bearing is unwrapped, there exists a periodic situation
at the ends, and it must be modeledusinga periodicboundarycondi-
tion. To simulate this periodicboundary,conditionsat the boundary
nodes must be the same, that is, p j 0 = p j 2p , @p / @h j 0 = @p / @h j 2 p ,
and Çm0 = Çm2p . The pressure at the boundary nodes is established in
boundaryconditions;however,the slopeof thepressureand themass
� ow into/out of these nodes need to be calculated/suppliedas output
from the results to verify proper modeling of periodicity. The � uid
is considered to be perfectly incompressible, so the absolute pres-
sure values are of no signi� cance in the calculationof the � ow� eld.
Furthermore, � uid � lm forces in a SFD are due to pressure differ-
ences from point to point. Based on the perfectly incompressible
assumption, the pressure at these boundary nodes can be arbitrarily
set to zero. To convert the time-dependent geometry, that is, time-
varying clearances, to steady state, a moving coordinate system is
used with the origin � xed at the point of minimum clearance. This
coordinate transformation is only valid for circular-centeredorbits
and is a commonly used techniqueby other investigators,including
San Andres and Vance6 and Tichy.7

The coordinate transformation introduces a term that does not � t
into the standardform of the momentum equation.To illustrate,con-
sider the two-dimensional Navier–Stokes equation. Equation (3) is
the Navier–Stokes equationin a � xed coordinatesystem,where X is
tangentto thebearingandY is normal to thebearing.At time =0, the
origin of the coordinate system coincides with the position of min-
imum clearance. For the moving-coordinate system, the unsteady
term dropsout, x is tangentto the bearing, y is normal to the bearing,
and the coordinate system is moving with the minimum gap (mov-
ing at a speed of x R). Therefore, the transformedcoordinatesystem
is given by Eqs. (4) and (5). Equation (6) presents the moving coor-
dinate system form of the Navier–Stokes equation.The nonstandard
term, therefore, is the R x (@ū / @x) term [from Eq. (6)]:
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To model this additionalterm, a momentumsource is introducedinto
the momentum equation. The motion of the bearing is simulated by
the injection/removal of � uid at the internal nodes in the form of a
mass source. The valueof the mass source is given by Eq. (7), where

the normal velocity component of the rotor is given by Eq. (8). The
net injection of mass is zero [Eq. (9)]:

Çmsource = q Anormalvnormal (7)

vnormal = (ce x ) cos (x / R) (8)

n

i = 1

Çmsourcei = 0 (9)

where, n is the total number of nodes.
For rotordynamics applications, the pressure distribution of the

� uid circuit model is integrated to obtain the radial and tangential
forces of Eqs. (10) and (11):

Fr =
2p

0

p Anormal cos h dh (10)

Ft =
2 p

0

pAnormal sin h dh (11)

In a dimensionless form, the radial and tangential forces are calcu-
lated using Eqs. (12) and (13), where Cp is the pressure coef� cient:

fr =
2p

0

p

C p
cos h dh (12)

ft =
2p

0

p

Cp
sin h dh (13)

In rotordynamicmodels, these force componentsare represented
by rotordynamic coef� cients. These coef� cients are analogous to
the mass, damping, and stiffness terms for a spring–mass–damper
system. For an uncavitatedsqueeze � lm damper, the only two coef-
� cients that occur are a radial inertia (or added mass) term Drr and
a circumferentialdamping term Ct t . To compare with publishedex-
perimentalresults,2 the damping and inertia coef� cients are normal-
ized by the eccentricity ratio and pressure coef� cient, Eqs. (14) and
(15). Equation (14) is the nondimensionalcircumferentialdamping
coef� cient and Eq. (15) is the nondimensional radial inertia coef� -
cient:

Ctt = ¡ ft / e (14)

Drr = fr / e (15)

SFD Experimental Benchmark
The experimental results of Jung et al.2 were used to validate the

modeling methodology. The experimental work simulated a long-
bearing SFD by using an O-ring seal on one side of the bearing and
a serrated piston ring on the other side of the bearing to limit axial
� ow. A Reynolds number of 49.0 and an eccentricity ratio of 0.82
were chosen for comparison as the data indicate that cavitationwas
not present.

Results
Basic Model

Figure 2 shows the pressure pro� le of the initial 20-node,
19-branch SFD model compared with the Jung et at.2 experimental
results. The pressure has been nondimensionalized using Eq. (16)
for comparison with the Jung et al. published data:

p

pref
=

p

C p Re
=

p

q R2 x 2
(16)

To verify periodicity, it was necessary to con� rm that the mass-� ow
rate into the two boundary nodes were equal as well as to calculate
that the slope of the pressure at the two boundary nodes were equal.
The code output provides the mass-� ow rate and pressure. Results
for the basic model show that the mass-� ow rates at the boundary



SCHALLHORN ET AL. 779

Table 1 Dimensionless benchmark
rotordynamic coef� cient comparison

Parameter Ctt Drr

45-node prediction 88.78 10.71
Jung et al. experimental result2 » 84.6 » 29.5

Fig. 2 Initial 20-node model dimensionless SFD pressure pro� le pre-
diction with the Jung et at.2 data overlay.

Fig. 3 Expanded models dimensionless SFD pressure pro� le predic-
tions with the Jung et al.2 data overlay.

nodes are the same. The pressure gradient at the boundary nodes,
which was calculated from the code output, differed by less than
0.01%. These results verify that the periodic boundary condition
was adequately modeled using the approach outlined earlier.

The predicted pressure pro� le follows the same trend as the ex-
perimental data; however, there is a phase shift of approximately
18 deg between the prediction and the experimental results. This
phase shift is due to the imposed periodic boundary condition at
the minimum gap position in the squeeze � lm region. The initial
model was expanded to examine the effect of a grid; two additional
models were constructed, a 45-node and a 91-node model. The di-
mensionless pressure pro� les for all three models along with the
experimental data are presented in Fig. 3. The rotordynamiccoef� -
cients correspondingto the 45-node model are presented in Table 1,
along with the Jung et al.2 experimentally derived coef� cients. As
Table 1 indicates, the damping coef� cient Ctt predicted by the code
agreeswell with the experimentalvalues,whereas the code’s predic-
tion of the inertia coef� cient Drr is poor. The differencebetween the
predicted and experimental inertia coef� cients is due to the phase
shift noted earlier.

Parametric Studies

A set of parametric studies was performed on the basic model
to verify key requirements for SFD modeling. The � rst parametric
study examined the variationof the pressurepro� le with SFD clear-
ance. The second parametric study examined the variation of the
pressure pro� le with the rotational speed of the rotor x . In one case

the clearance was cut to 50% of the original value. In the other case
the running speed was set at 200% of the original value. The results
of this parametric study are shown in Fig. 4. The pressure pro� le
for these cases is proportional to the inverse cube of the clearance
for case 1 and is linearlyproportionalwith the running speed for the
second case. These results agree with theory.11

The third study examined the effect of Reynolds number on the
rotordynamiccoef� cients.Figures5 and 6 show the variationof pre-
dicted rotordynamiccoef� cients with Reynolds number.The results
are comparedwith the Junget al.2 experimentalresultsand theirpre-
dictionsusingan uncavitatedmodel. Figure 5 shows that the present
predictions agree well with the experimental damping coef� cient,
whereas the Jung et al. uncavitated model does not predict the in-
crease in damping as Reynolds number increases. Figure 6 shows
that the inertia coef� cient of the present analysis does not compare
favorably with the experimental results, although the Jung et al.
prediction does.

Fig. 4 Clearance and speed parametric study pressure pro� le predic-
tions with the Jung et al.2 data overlay.

Fig. 5 Dimensionless damping coef� cient predictions with the Jung
et al.2 experimental and analytical results.

Fig. 6 Dimensionless inertia coef� cient predictions with the Jung
et al.2 experimental and analytical results.
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Conclusions
A long-bearing SFD rotordynamic analysis has been developed

and successfully implemented. The approach uses a general one-
dimensional� uid � ow code in which shear stress is calculatedusing
friction factors.The normal velocity of the rotor is simulatedby the
injection/removal of mass (corresponding to the velocity) at vari-
ous discrete locations within the � ow network. Results have been
compared with experimental results. The predicted pressure pro� le
compared favorably to the experimentaldata, except for an approxi-
mately 18-degphaseshift.A set of parametricstudieswas conducted
that validated the modeling technique. In the � rst two studies, clear-
ance and running speed were varied independently. The results of
this study agree with published theory. The third study varied the
operational Reynolds number to compare rotordynamic coef� cient
predictions with experimentally derived coef� cients. The damping
coef� cients predicted over a range of Reynolds numbers agree well
with the experimentally derived damping coef� cients, unlike prior
predictions. However, the inertia coef� cient does not compare fa-
vorably with the experimentally derived values. It is believed that
this discrepancy is due to the aforementionedphase shift.

An unsteady,long-bearingSFD analysisusing the basic approach
presented here will be constructed to model statically eccentric
SFDs. The approach will allow for the variation of geometry within
the � ow paths (branches) to model the motion of the rotor instead
of using mass injection.
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