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Abstract. Gas seals are used in compressors and turbines to suppress fluid leakage while enabling shaft rotation through
multiple regions at different pressure levels. There are many types of seals: plain, labyrinth, hole pattern, honeycomb;
each one with its performance and geometric characteristics. Turbomachinery in the Gas & Oil industry operates at
severe conditions due to productivity requirements. In many cases, elevated rotation frequencies are desired but often
limited by equipment’s vibrational stability. Therefore, it is crucial to understand the rotordynamic behavior of these ma-
chines and how each component affects the system in order to enhance design quality and optimize maintenance activity.
During operation of seals, fluid dynamic forces interacting with rotor’s and stator’s surfaces contribute to rotordynamic
coefficients and its evaluation based on modeling is of great interest. Models based on the bulk-flow theory have the
advantage of low processing costs but its simplification hypothesis can be limiting, especially for seals with complex
geometry. Such models can be improved with results obtained from models that solve the complete set of constitutive
equations for fluid flows, i. e., mass conservation, Newton’s Second Law of motion and energy conservation. Despite the
elevated computational capacity required, the rapid advance of hardware technology and numerical methods is enabling
the usage of Computational Fluid Dynamics (CFD) to investigate the phenomena present in seal’s flows and improve ro-
tordynamic coefficient calculations. The aim of this research work is to evaluate the application of the open-source CFD
library OpenFOAM base solvers in the calculation of rotordynamic coefficients in plain seals with compressible flows.
Results are explored for different rotational shaft velocity and different outlet total pressure. Comparisons with literature
data obtained from experiments, with CFD/open-source, CFD/commercial, bulk-flow based models are also presented,
contributing with the discussion of the advantages and drawbacks when using the method.
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1. INTRODUCTION

Annular seals used in rotary machines are crucial to the well functioning of the system and its design should meet
stability requirements for a given operational condition. The component is responsible to minimize fluid leakage through
different chambers at different pressure levels and directly affects system’s efficiency. Furthermore, forces generated
during its operation contributes to the dynamic behavior of the rotating machines. To improve the design of seals, it is very
useful to be able to predict leakage and forces acting on seals through modelling. The most used models to predict leakage
and rotordynamic coefficients are based on Reynolds equations and the bulk-flow theory (Hirs, 1973). Both are simplified
forms of the three-dimensional Navier-Stokes equations, based on thin films characteristics. Therefore, the accuracy of
rotordynamic coefficients obtained with these models may be questionable, mainly when seal’s geometry is different from
that which was considered in the development of the model. Experimental comparisons have exposed such differences
and, despite its important contribution to validations, information is limited by the number of sensors and its intrusive
characteristic. With recent computational technology advances and availability, an interesting alternative is the usage of
three-dimensional models based on the complete Navier-Stokes equations, as it is performed in the Computational Fluid
Dynamics field. Besides obtaining coefficients directly, CFD models can be used to improve simplified models, such as
those derived from Reynolds equations and bulk-flow theory.

In the context of three-dimensional CFD simulations, rotordynamic coefficients of annular seals have been obtained
through three different methods (Snyder and Santos, 2021):
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• Perturbed equations: small, harmonic perturbations of the flow variables are introduced into the Navier-Stokes and
turbulence transport equations (Dietzen and Nordmann, 1987). Equations are expanded with Taylor series and,
when solved, enables the construction of stationary properties fields and seal’s rotordynamic forces/coefficients;

• Whirling Rotor Method: analysis considering a whirling movement of the rotor around the center of the seal.
Navier-Stokes and transport equations are solved in a reference frame system at the seal’s center that rotates at
whirling velocity (Tam et al., 1987; Athavale et al., 1995). For constant whirling velocities, stationary solutions can
be obtained without the need of mesh movement and computational expensive transient solutions;

• Numerical shaker (Przekwas and Athavale, 1992): is the analog of experimental shaker modal analysis methods.
Consists in solving the complete set of Navier-Stokes equations, modeling rotor’s movement through mesh deforma-
tion. Despite being the most time consuming method, it is the most flexible one, allowing non-circular movements
and analysis of relatively big rotor amplitudes. Resulting forces can be used to calculate rotordynamic coefficients
through curve fitting, or build a frequency response function for the calculation of rotordynamic seal forces.

The research published by Tam et al. (1987) presented a three-dimensional Navier-Stokes model to investigate rotor’s
instabilities and its causing factors. Using a relative reference frame rotating with the same whirling velocity of the rotor,
authors showed that the entrance pre-swirl of the fluid flow, when rotating in the opposite direction from the rotating
journal, causes a reduction on the mean circumferential velocity through the increase of recirculation zones. Years later,
Athavale et al. (1995) applied the same method to validate the complex flow generated by the whirling motion and
validated with experimental results. Other researches algo applied the Whirling Rotor Method (Moore, 2003; Tsukuda
et al., 2017; Ha and Choe, 2012; Untaroiu et al., 2012; Kim and Ha, 2016).

Numerical simulations of a compressible flow through a plain annular seal for rotordynamic coefficients calculations
were performed by Ha and Choe (2014), also using the Whirling Rotor Method. Besides these results, authors also
presented others obtained from a bulk-flow based model. For the CFD simulation, Ansys® Fluent software was used to
model the turbulent compressible flow, with ideal gas model and κ − ε turbulence model. Their results were compared
against experimental data from Dunn (1990), registering an over-prediction of the leakage by 35.8% when compared with
experimental values. In addition, the authors observed an improvement of rotordynamic coefficients when compared with
values obtained by the bulk-flow based model.

Snyder and Santos (2021) also presented numerical results of CFD simulations with the Whirling Rotor Method,
comparing with data from literature for compressible and incompressible flows through annular plain seals. The authors
used the open-source library OpenFOAM and registered unsatisfactory results for the compressible flow cases. Then,
for compressible flows, results were also obtained with Ansys® Fluent software, where good comparisons with literature
were registered.

The present work presents results of calculations of rotordynamic coefficients obtained with the Whirling Rotor
Method using the open-source library OpenFOAM, for the compressible flow through the same annular seal first pre-
sented experimentally by Dunn (1990) and later used for numerical validations of Ha and Choe (2014) and Snyder and
Santos (2021).

2. NUMERICAL MODEL

Numerical simulations for the analysis of leakage and rotordynamic forces/coefficients were performed with a base
solver (rhoPimpleFoam) built with open-source library OpenFOAM-9, distributed by Openfoam Foundation. Governing
equations are discretized with Finite Volume Method with a co-located arrangement of variables. The SIMPLE (Semi-
Implicit Method for Pressure Linked Equations) algorithm is used to solve the Navier-Stokes equations with pressure-
velocity coupling. Several turbulence models are also available for selection with basic wall functions for boundary
treatment. In the current research, the κω − SST as presented by Menter and Esch (2001) is applied for turbulence
modeling. To represent a whirling rotor, the used solver relies on a Multiple Reference Formulation, which allows users
to define relative observers rotating with a given velocity, designed for rotary machines applications.

2.1 Mathematical Formulation

The governing equations for the compressible flow is modeled with mass conservation equation (Eq. 1), Navier-Stokes
equations (2), energy equation (3) and a equation of state, in the current case, an ideal gas equation (4). The superscript
(̄ ) refers to filtered quantities that are produced by RANS turbulence modeling.

∂ρ̄

∂t
+∇ · (ρ̄ū) = 0. (1)

∂ρ̄ū

∂t
+∇ · (ρ̄ūū) = −∇p̄+∇ · τ̄ + ρ̄g. (2)
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∂(ρ̄ē)

∂t
+∇ · (ρ̄ūē) = ∇ ·

[
keff∇T̄ − p̄ū

]
. (3)

ρ̄ =

√
p̄

RT̄
. (4)

2.2 MRF - Multiple Reference Frame

To define a new reference frame to solve Navier-Stokes equations, used must provide its center position and a rotating
velocity Ω. Equations modeled by the MRF approach also solves for the absolute velocity u, although transport fluxes
are calculated with a relative velocity ur, as presented in Eq. 5. Then, Navier-Stokes equations is modified as presented
by Eq. 6, in which an additional term is considered in the formulation. Since it still solves for the absolute velocity, no
further modifications are necessary in Eqs. 1 and 3.

ūr = ū− (Ω× r). (5)

∂ρ̄ū

∂t
+∇ · (ρ̄ūrū) + ρ(Ω× ū) = −∇p̄+∇ · τ̄ + ρ̄g. (6)

2.3 Whirling Rotor Method

The Whirling Rotor Method enables the calculation of rotordynamic coefficients with steady state solutions of a
rotating reference frame that models a whirling movement of a rotor around a seal’s center. The movement acts as a
perturbation of the dynamic system and, with proper simplifications, the coefficients can be obtained through curve fitting
of resulting forces. Figure 1 presents a schematic of the seal and the rotating reference frame.

Figure 1. Schematic figure of the seal and rotor section with a rotating reference frame.

The dynamic system composed by a seal and a rotor can be expressed by Eq. 7.{
−Fx(t)
−Fy(t)

}
=

[
Kxx Kxy

Kyx Kyy

]{
x
y

}
+

[
Cxx Cxy
Cyx Cyy

]{
ẋ
ẏ

}
+

[
Mxx Mxy

Myx Myy

]{
ẍ
ÿ

}
. (7)

In the present work, the same simplifications adopted by Ha and Choe (2014) are used: virtual mass terms are ne-
glected, and Kxx = Kyy, Kxy = −Kyx = k, Cxx = Cyy , Cxy = −Cyx = c. Thus, the dynamic system can be
represented by Eq. 8. The whirling movement translates the center of the rotor at a distance e from the center of the seal.
Considering a perturbation in the form of Eq. 9, one can write expressions as presented by Eq. 10. Once obtained the
forces acting on the rotor for different whirl velocities Ω, rotordynamic coefficients are obtained with curve fitting.
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{
−Fx(t)
−Fy(t)

}
=

[
K k
−k K

]{
x
y

}
+

[
C c
−c C

]{
ẋ
ẏ

}
. (8)

{
x = e · cos(Ωt)
y = e · sin(Ωt)

(9)


Fx
e

= −K − cΩ

Fy
e

= k − CΩ

(10)

2.4 Computational Domain and Boundary Conditions

Computational mesh is constructed with the blockMesh application, from OpenFOAM. Hexahedral cells are dis-
tributed along the domain, as illustrated in Fig. 2. For near wall treatment, mesh stretching is used to ensure suitable
refinement. Rotor’s eccentricity relative to the seal’s center is set shifting the rotor’s center position in the direction of
positive x, as indicated in Fig. 1. For the present work, 35 cells across radial clearance was used, while cell number in
circumferential (θ) and axial directions (z) were determined to maintain the relation ∆θ/∆z ≈ 1.

Figure 2. Schematic figure of the seal and rotor section with a rotating reference frame.

Table 1 presents the dimensions and operation conditions of a plain seal first presented by Dunn (1990), which rotor-
dynamic coefficients obtained were later compared with numerical results of Ha and Choe (2014) and Snyder and Santos
(2021). In this work, eccentricity was considered 1% of the radial clearance, as indicated in the table.

Boundary conditions are set with the prescription of the total pressure in the inlet and outlet of the seal. For the
velocity, a mixed type condition is used to impose a pre-swirl condition for the radial and circumferential directions, while
a homogeneous Neumann condition is used for the axial velocity. With this conditions, the leakage flow is promoted by
the pressure difference in the inlet and outlet faces. The pre-swirl is defined as tha ratio between entrance fluid rotation
velocity and shaft rotation velocity. For this research, pre-swirl is set to zero as in the work of Snyder and Santos (2021),
since the pre-swirl was not directly provided in the experimental description of Dunn (1990) (Snyder and Santos, 2021).
For the seal’s surface (fixedWall in Fig. 2), a no slip condition is imposed, while at rotor’s surface (rotating in Fig. 2) a
tangential velocity is used to model shaft’s rotation.

3. RESULTS

Simulation results are presented in three parts. First, a mesh test is presented comparing rotordynamic coefficients and
flow leakage with literature data. A percentage of value deviation is presented in relation to experimental data of Dunn
(1990), as expressed by Eq. 11.
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Table 1. Dimensions and operation conditions of the plain seal first presented by Dunn (1990).

Seal’s radius (R) 76.2 [×10−3 m]
Seal’s lenght (L) 50.8 [×10−3 m]
Radial clearance (C) 0.2286 [×10−3 m]
Excentricity (e) 1% of radial clearance
Inlet total pressure (Pin) 7.86 [×105 Pa]
Outlet total pressure (Pout) 4.339; 3.836; 3.2; 2.657 [×105 Pa]
Rotational shaft speed (ω) 526.74; 1256.64; 1675.52 [rad/s]
Viscosity (µ) 1.9 [×10−5N · s/m2]
Gás constant (R) 287 [J/Kg · K]
Gamma (γ) 1.4

ε = 100
(φs − φexp)

φexp
[%]. (11)

In the second part, direct stiffness and cross-coupled stiffness are calculated for different rotational shaft speeds,
and results are compared to the data of Dunn (1990) and Ha and Choe (2014). The third part of results compares the
coefficients obtained for different outlet pressure values. For curve fitting, results were generated for six different whirling
velocities expressed by fractions of shaft velocity: 0, 0.2, 0.4, 0.6, 0.8 and 1. Figure 3 presents the values of Fx/e and
Fy/e obtained for different whirling velocities fractions.

Figure 3. Schematic figure of the seal and rotor section with a rotating reference frame.

3.1 Mesh test

Cells dispositions of used meshes are showed in Tab. 2. Each of them have 35 cells in the radial direction (radial
clearance) with mesh stretching towards stator’s and rotor’s walls, resulting in Y+ values in the range of 2.2 < Y+ < 2.9.
Table 3 shows comparisons of rotordynamic coefficients obtained with literature data. One can notice that, in general,
current results agrees well with experimental results of Dunn (1990). Direct stiffness coefficients obtained with present
model deviates to values lower than experimental, with a maximum deviation of -14.9% for the coarsest mesh and -9.75%
for the finest. Major deviations are observed for the cross-coupled stiffness, with overpredictions of experimental values
above 35%, with a maximum of 48.08% in the finest mesh result. Other results from literature significantly underpredicted
the cross-couple stiffness coefficients. These deviations from experimental data might be explained for the lack of details
regarding the fluid pre-swirl at seal’s inlet. For the direct damping coefficients, present results agree very well with
experimental data, while other simulation references registered considerably higher values of deviation. One can notice
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Table 2. Cell disposition of meshes used in mesh test.

nθ nz nr Total cells
Mesh 1 188 30 35 131600
Mesh 2 282 40 35 296100
Mesh 3 376 60 35 526400
Mesh 4 565 80 35 1186500
Mesh 5 753 80 35 2108400

Table 3. Rotordynamic coefficients obtained in mesh test and comparisons with literature data.

Kxx = Kyy Kxy = −Kyx Cxx = Cyy Leakage
[kN/m] ε [%] [kN/m] ε [%] [kNs/m] ε [%] [kg/s] ε [%]

Dunn (1990) Experimental 1241.83 - 117.17 - 1.63 - 0.076 -
Ha and Choe (2014) Fluent 1061.55 -14.52 61.25 -47,73 1.46 -10,43 0.104 36,84

Snyder and Santos (2021) Fluent 1334.92 7.50 40.41 -65,51 2.00 22,70 0.107 40,79
Snyder and Santos (2021) OpenFoam 1012.20 -18.49 55.93 -52,27 0.21 -87,12 0.106 39,47

Mesh 1 1056.74 -14.9 161.59 37.91 1.59 -2.45 0.0830 9.3
Mesh 2 1083.96 -12.71 159.12 35.8 1.63 0.0 0.0828 9.0
Mesh 3 1096.18 -11.73 165.24 41.03 1.67 2.45 0.0827 8.88
Mesh 4 1100.66 -11.37 162.58 38.76 1.69 3.68 0.0826 8.8
Mesh 5 1120.72 -9.75 173.51 48.08 1.71 4.91 0.0826 8.77

an expressive underprediction of OpenFoam result in the work of Snyder and Santos (2021), where authors affirmed
that their OpenFoam model was unable to capture the effects of the whirling motion for compressible flows in plain
seals. Mass leakage calculations throughout the seals were also compared, and present results are closer to experimental
measurements than all other references presented (> 35%), with deviations values under 10% from experimental value.

The results presented on Tab. 3 showed that current model is able to predict rotordynamic coefficients in reasonable
agreement with literature data, despite the significant deviations of the cross-coupled stiffness. Mesh refinement in the
circumferential and axial directions led to lower deviations from experimental data for all parameters but cross-coupled
stiffness coefficients. The matter should be addressed in future investigations. For comparisons of coefficients at different
operation conditions, Mesh 3 configuration was used and results are showed in next sections.

3.2 Stiffness Coefficients Variations with Shaft Rotation Velocity

Figure 4 presents direct stiffness coefficientsK and cross-coupled stiffness coefficients k obtained with present model.
Results are compared with results from CFD and bulk-flow based model (BFM) of Ha and Choe (2014), and experimental
results of Dunn (1990).

For the direct stiffness, results from current model is closer to experimental for ω = 526.74 rad/s when compared with
literature data. For shafts velocities of 1256.64 rad/s and 1675.52 rad/s, the model presented underpredicted experimental
values approximately by 30 % and 50 %, respectively. Also, coefficients obtained in results decreased in a straight line
as shaft speed augmented. Among literature results presented, only the BFM of Ha and Choe (2014) showed a similar
behavior, while other data suggested a slight increase in direct stiffness when changing from 1256.64 rad/s to 1675.52
rad/s.

In the case of cross-coupled stiffness, present results overpredicted by 41.03 % experimental values for shaft rotational
speed of 526.74 rad/s, while Ha and Choe (2014) CFD model underpredicted in 47.73 %, while the bulk-flow based model
from the same authors underpredicted by 64 %. For shaft rotational velocity of 1256.64 rad/s, the result value surpass
experimental data in 28.17 % , while Ha and Choe (2014) models showed values 41% lower for the CFD model and 48%
for the bulk-flow based model. For the shaft velocity of 1675.52 rad/s, results was 7.7 % lower than experimental, while
results from Ha and Choe (2014) was approximately 40 % lower.

3.3 Stiffness, damping and leakage variations with outlet pressure

Figure 5-8 shows resulting coefficients varying with outlet total pressure Pout, for a rotational shaft velocity of 526.74
rad/s, and comparisons with data from Dunn (1990), Ha and Choe (2014) and Snyder and Santos (2021). In Fig. 5, one can
observe values of direct stiffness with similar behavior when outlet pressure varies. Despite deviations of values among
data, its possible to notice that results obtained with Fluent presented points almost forming a line segment, different from
all other results. For increasing values of outlet pressure presented in Tab. 1, present results are below experimental values
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Figure 4. Direct and cross-coupled stiffness variations with rotational shaft velocity ω and comparisons with literature
data.

of Dunn (1990) by 73.9%, 4.5%, 14.3% and 11.8%, respectively. Major deviances of current results are observed in Fig
6 for cross-coupled stiffness, with overpredictions of 105.28%, 118.31%, 74.05% and 41.03% for the increasing pressure
values, respectively. All other results presented values about 23% to 30% lower than experimental results. This evident
deviation may be explained by different wall treatments, possibly different pressure boundary conditions and the lack of
details about the flow’s pre-swirl at the seal’s inlet, as indicated in the work of Snyder and Santos (2021).

Figure 5. Direct stiffness variations with outlet total pressure Pout and comparisons with literature data.

In the case of direct damping coefficients, as showed in Fig. 7, the current model presented values in very good
agreement with experimental data, with deviations (Eq. 11) of -14.61 %, -7.19 %, -0.83 % and 2.27 %, for the increase
of outlet pressure presented in Tab. 1, respectively. Its noticeable that results from OpenFOAM obtained by Snyder and
Santos (2021) substantially deviates from all compared data. Authors claims that their model was not able to execute the
Whirling Rotor Method accurately, and this motivated the usage of Fluent for calculation of rotordynamic coefficients of
tha plain seal with compressible flow.

Figure 8 presents a comparison of leakage flow through the plain seal for a zero whirling velocity, where its possible
to observe how well the present model was able to predict the mass flow rate obtained by experiments of Dunn (1990),
in comparison to values obtained by Ha and Choe (2014) and Snyder and Santos (2021). For the increasing values of
pressure, leakage results are exceeding experimental ones by 10.17 %, 9.79 %, 8.68 % and 8.88%.

4. CONCLUSIONS

The present research modeled a compressible flow through an annular plain seal with the rhoPimpleFoam solver from
OpenFOAM-9, using the Whirling Rotor Method to calculate rotordynamic coefficients with different rotational shaft
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Figure 6. cross-coupled stiffness variations with outlet total pressure Pout and comparisons with literature data.

Figure 7. Direct damping variations with outlet total pressure Pout and comparisons with literature data.

Figure 8. Variations of leakage through the seal with outlet total pressure Pout and comparisons with literature data.
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velocity and outlet total pressure. Results were compared with experimental results from Dunn (1990) and numerical
results from Ha and Choe (2014) and Snyder and Santos (2021). Comparisons showed that the present model is able to
predict rotordynamic coefficients with relative accuracy. It is important to highlight that while current results for cross-
coupled stiffness significantly overpredicted values from references, present leakage results were closer to experimental
values when compared to other models from literature.
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