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Abstract Bulk flow model with perturbation simplification has been used to calculate rotordy-

namic coefficients in annular seals which have significant influences on the dynamic behavior of

rotors in turbomachinery. In this work, a transient bulk flow model with arbitrary rotor motion

is developed, and the boundary conditions and friction factor in the model are calibrated with

steady Computational Fluid Dynamics (CFD) analysis. The numerical solution scheme is developed

based on the finite element method to obtain the transient reaction force in the seal clearance. With

a periodic circular rotor orbit, the transient forces at multiple whirling frequencies are used to eval-

uate the rotordynamic coefficients. The leakage flowrate of CFD analysis has good agreement with

experimental results and the calibrated parameters in bulk flow model are dependent on operating

conditions. Although CFD calibration improves the accuracy of the perturbed bulk flow model, the

direct damping is overestimated and the cross-coupled damping is underestimated. Compared with

the perturbed model, the predictions of the transient bulk flow model are more agreeable with the

experiment.
� 2018 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Rotordynamic characteristics of high-performance turboma-

chinery significantly depend on the hydrodynamic forces
developed by annular pressure seals.1 Accordingly, a large

number of studies have been conducted to theoretically predict
and to experimentally measure the hydrodynamic forces in a
number of seal configurations under various operating

conditions.
The bulk flow model introduced by Hirs2 has been widely

used to predict the dynamic coefficients for turbulent annular

seals. In order to simplify the Navier-Stokes equations and
reduce substantial computational costs, the bulk flow theory
associated bulk mean flow in the seal clearance with averaged

turbulence forces. Childs3 firstly used 1D bulk flow model with
fluid inertia effect to calculate the rotordynamic coefficients for
smooth annular seals concentric with rotors. San Andres4

developed a Computational Fluid Dynamics (CFD) solution
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for eccentric smooth annular seals. A finite difference scheme
was implemented to solve 2D bulk flow model and the numer-
ical solution procedure was based on the Semi-Implicit

Method for Pressure Linked Equation (SIMPLE) to accelerate
convergence. To improve the accuracy of bulk flow model,
simplified turbulence models for different surface textures were

developed based on a large number of experimental data in the
Refs.5,6 Although the turbulent models were proved to be
effective in those studies, it was difficult to capture the full nat-

ure of turbulence flow based on analogical experiments. In the
Refs.7,8, the analytical results and experiment data had good
agreement by manually adjusting the friction factors in the tur-
bulence models. Saba et al.9 evaluated the friction factors by

minimizing leakage derivation between analytical results and
experiment data, and the prediction of rotordynamic coeffi-
cients had good agreement with experiment results. However,

empirical boundary conditions used in the Refs.7–9 were
another important error source. As the boundary conditions
of bulk flow model also had an influence on the leakage flow-

rate, the friction factors could not be determined indepen-
dently in the Ref.9 Actually, the boundary conditions such as
pressure loss coefficient and pre-swirl ratio could be measured

in experiments, but the measurements were very expensive and
seldom have been conducted. In the Refs.3–9, the bulk flow
model was a static model and a perturbation method was
implemented to calculate rotordynamic coefficients with a

mathematical simplification that the amplitude of rotor whirl
motion was much smaller than the clearance thickness, but
the amplitude in experiments and engineering hardly fulfilled

the perturbation simplification. In addition, there were many
other cases where the perturbation condition did not fulfill.
In the Refs.10,11, the large-scale dynamic responses of floating

ring seals were investigated and the hydrodynamic forces were
calculated by the perturbed bulk flow model.

In recent years, CFD has been increasingly used to predict

the performance of annular seals. CFD method solves the
complete Navier-Stokes equations and is able to predict turbu-
lence flow at a highly detailed level in the solution. Moore and
Palazzolo12 conducted CFD simulations to investigate the liq-

uid mean velocity of a grooved liquid annular seal. Numerical
predictions of the mean velocity at different positions across
the seal showed good agreement with experimental results.

With the development of computational technology, CFD
method was used to calculate rotordynamic coefficients for
annular seals. Moore13 introduced a steady-state CFD method

to calculate rotordynamic coefficients of a labyrinth seal. The
method used a steady-state flow field and a rotor whirl motion
with small eccentricities. The axisymmetric geometry of the
labyrinth seal allowed frequency-independent rotordynamic

coefficients to be evaluated with impedance calculation at three
different whirl frequencies. Untaroiu et al.14 calculated rotor-
dynamic coefficients for a circumferentially grooved liquid seal

with the steady-state method. To study pre-swirl effect, the
upstream region for the seal was explicitly modeled in CFD
study. Chochua and Soulas15 developed a 3D transient,

dynamic mesh method to calculate dynamic characteristics of
a hole-pattern gas seal. Yan et al.16 improved the dynamic
mesh method with a small circular rotor whirl motion, and

the computational costs for a simulation needed 15 days on
an Intel Core2 Quad6600 2.4 GHz CPU. Generally, full 3D
CFD method demonstrated superior capacity in predicting

leakage and rotordynamic coefficients over bulk flow model
while the CFD method required long solution time for calcu-
lating the dynamic coefficients. In addition, for wall-bounded

flow in liquid seals, turbulence intensity in the clearance was
much lower than requirements of the wall function in CFD
theory and was inevitable to exponentially increase computa-

tional costs to solve the wall-bounded flow in 3D CFD
analysis.

Several investigations were conducted to take advantage of

the two methods. Arghir et al.17 modified the turbulence model
in bulk flow model with a great deal of CFD results for a typ-
ical cell extracted from seal textured surfaces. Migliorini et al.18

substituted wall shear stress predicted by steady-state CFD

analysis into bulk flow model to calculate rotordynamic coef-
ficients. However, the wall shear stress was only part of the tur-
bulence resistance in seal clearance.

2. Analytical model

2.1. Bulk flow model with arbitrary rotor motion

Under high pressure drop and rotational speed, the flow of low

viscosity is characterized by high levels of turbulence. By
neglecting velocity variation in the radial (y) direction and

incorporating simplified turbulence models into the Navier-
Stokes equations, the bulk flow continuity and momentum
equations (Eqs. (1)–(3)) in the axial (z) and circumferential

(x) directions are given by the Ref.4 within each control vol-
ume of 2D flow field in seal clearance.
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where t is the time, w is the axial averaged velocity, u is the cir-
cumferential averaged velocity, us is the velocity relative to the
stator, ur is the velocity relative to the rotor, h is the clearance

thickness, p is the fluid pressure, q is the fluid density, R is the
rotor radius, X is the rotor speed, fr and fs are Moody’s turbu-
lence formulas at rotor and stator surfaces, n is the friction

factor.
To directly consider rotor whirl motion, the squeeze veloc-

ity Vs in the control volume is explicitly represented as the time
derivative of film thickness.

@h

@t
¼ Vs ¼ Vradial cos hþ Vtangential sin h ð4Þ

where h is the circumferential angle of a control volume, Vradial

is the radial velocity and Vtangential is the tangential velocity in
the local coordinate system shown in Fig. 1.
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