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Abstract
3D CFD simulations are performed to resolve the leakage rates, axial pressure drops, and dynamic force coefficients of 
smooth annular seals. Simulations are performed for several, simple annular seal geometries subject to water and gas flows in 
order to verify and validate the open-source CFD library OpenFOAM for such applications. Rotordynamic force coefficients 
are determined using the whirling-rotor method. Accuracy of CFD-predicted results is assessed through direct comparison 
with published experimental data and bulk-flow model predictions. For the three water seals analyzed, the open-source, 
CFD-predicted dynamic coefficients closely agree with their experimental counterparts. The k-� family of turbulence mod-
els is shown to outperform the k-� models. For the gas seals, the open-source CFD solver is shown to be unsatisfactory in 
predicting damping coefficients and simulations are alternatively performed with ANSYS Fluent.
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1  Introduction

The leakage rates and dynamic coefficients of non-contact-
ing annular seals are most commonly predicted using models 
based on Reynolds equation or bulk-flow equations [1, 2]. 
Both the Reynolds and bulk-flow equations are simplified 
forms of the 3D Navier–Stokes equations which exploit the 
disparity of length scales associated with the thin fluid films 
of bearing and seal clearances. Models have many incarna-
tions and modifications but differ primarily in their treatment 
of lubricant inertia, turbulence, and the approximation of the 
velocity profiles across the fluid film [3]. In the Reynolds 
equation formulation for low-R e flows, shear stresses at the 
rotor and stator surfaces are expressed in terms of the near-
wall velocity gradients and fluid inertia is often neglected, 
whereas in the bulk-flow equations for high-R e flows, the 
wall stresses are connected to bulk film velocities through 
friction factors and fluid inertia plays a significant role.

Solutions of the bulk-flow equations range in complex-
ity from space-marching methods [4–8], which assume uni-
formity in the circumferential flow direction with the seal, 
to more advanced methods based on the SIMPLE-family of 
numerical schemes [9–12]. The bulk-flow equations bear 
similar form to the 3D Navier–Stokes equations through the 
presence of nonlinear convective terms in the linear momen-
tum equations and the required coupling of the continuity 
and linear momentum equations through pressure, barring 
additional simplifying assumptions.

In addition to the thin-film models, the use of 3D CFD 
to predict the static and dynamic performance of hydrody-
namic bearings and seals has increased in frequency. Higher-
fidelity CFD models are useful in examining seal operat-
ing conditions or complex geometries for which thin-film 
models are no longer applicable. Most notably, CFD can 
be used to more accurately model the inlet flow region of 
a seal, supplanting the use of empirical inlet loss and swirl 
coefficients within bulk-flow models. However, the added 
detail and accuracy of CFD simulations come at significantly 
greater computational expense than the solution of thin-film 
models, requiring judicious application.

In the context of 3D CFD, the dynamic coefficients of 
annular seals have been evaluated through three different 
methods: (a) perturbed equation, (b) whirling-rotor, or (c) 
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numerical shaker [13] (Instationary Perturbation Method 
(IPM) [14]).

In the perturbed equation method, small, harmonic 
perturbations of the flow variables are introduced into 
the Navier–Stokes and turbulence transport equations 
[15]. The resulting set of Taylor-series expanded equa-
tions, when solved, yields both the static flow field and 
rotordynamic forces/coefficients of the seal. Assuming 
circumferentially symmetric flow to simplify the analy-
sis, the perturbed set of Navier–Stokes equations can be 
case in discrete form using finite difference [15], finite 
volume [16], or finite element discretization. Baskhar-
one and Hensel [17, 18] extended earlier incarnations of 
the perturbation method to account for asymmetry in the 
circumferential flow. Like Dietzen and Nordmann [15], 
Arghir and Frene [19] applied a coordinate transformation 
to develop a perturbed set conservation equations which 
accommodated arbitrary whirling motions of the rotor 
but did not restrict the analysis to circumferentially sym-
metric flow. Rather, the authors [19] applied the SIMPLE 
(Semi-Implicit Method for Pressure Linked Equations [20, 

21]) algorithm to solve both the zeroth-order, steady-state 
Navier–Stokes equations and their first-order counterparts.

The whirling-rotor method is limited to the analysis of 
rotors exercising small excursions from the seal center ( � ) 
which are characterized by circular whirling orbits. In the 
method, the 3D Navier–Stokes equations and turbulence 
transport equations are expressed in a rotating coordinate 
frame attached to the rotor and rotating at the rotor whirl 
speed, � (Fig. 1). If one considers a constant whirl speed, 
the transformation renders the three-dimensional, tran-
sient flow field within the seal quasi-steady, circumventing 
the need for a more computationally expensive transient 
simulation. Early investigations by Tam et al. [22] and 
Athavale et al. [23] focused on predicting the behavior of 
annular seals exhibiting recirculating flow patterns due to 
large clearance and/or radial injection. Moore and Palaz-
zolo [24] examined the rotordynamic forces generated by 
the primary and secondary flow passages in a centrifugal 
impeller. Other investigations have applied the whirling-
rotor method to examine the performance of smooth [25] 

(a)

(b) (c)

Fig. 1   Seal geometry and mesh. a Seal geometry schematic. b CFD mesh e (Table 7) with clearance increased 100x and �∕C = 0.5 . c CFD mesh 
g with non-uniform, boundary layer mesh across clearance, and uniform mesh in axial and circumferential directions
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and labyrinth [26, 27] gas seals as well as smooth [28] and 
grooved [29, 30] pump seals.

The numerical shaker method [13] is the analog of 
experimental shaker modal analysis methods. It involves 
the solution of the full 3D, transient Navier–Stokes equa-
tions (and additional transport equations for turbulence 
and/or energy) and is therefore the most computationally 
expensive of the three methods to determine rotordynamic 
forces from CFD simulation. However, the numerical 
shaker method is also the most flexible method which can 
account for complex seal geometries undergoing arbitrary 
(e.g., non-circular) rotor motions and nonlinear effects 
arising from large rotor amplitudes. In the method, the 
rotor or seal housing of the CFD model is given some 
finite, transient motion and the resulting rotor forces are 
curve-fit or used to form a frequency response function for 
subsequent identification of the rotordynamic seal force 
coefficients. Chochua and Soulas [31] and Nielsen et al. 
[14] successfully applied the numerical shaker method to 
predict the rotordynamic forces of hole- and honeycomb-
pattern gas seals, which are difficult to model accurately 
using bulk-flow analysis. Voigt et  al. [32] utilized the 
method to identify the rotordynamic forces of a smooth 
seal subject to droplet (wet-gas compression) and bubbly 
(multiphase pumping) flows.

In the present work, the whirling-rotor method is applied 
within a CFD framework to determine the rotordynamic 
coefficients, leakage rates, and axial pressure drops of 
smooth annular seals. Three water (incompressible) and 
three air (compressible gas) seals are examined and CFD-
predicted results are compared with both bulk-flow model 
(BFM) predictions and experimental results.

Unlike most previous CFD investigations, the present 
work leverages the open-source CFD library OpenFOAM 
(OF) [33] to predict seal dynamic performance. The CFD-
based modeling approach presented in this work provides 
improvements over previous CFD investigations in terms 
of increased model fidelity and the explicit demonstration 
of CFD result sensitivity on turbulence model type, turbu-
lence wall function, whirling amplitude, and inlet swirl ratio. 
Moreover, this work specifically contributes CFD-predicted 
dynamic coefficients for a gas seal [58] which exhibits some 
anomalous behavior in stiffness coefficient and for which 
previous bulk-flow model predictions have varied signifi-
cantly between different researchers [12, 58].

Being open-source software, OpenFOAM does not suffer 
from the licensing restrictions of its commercial counter-
parts and also benefits from increased flexibility and scal-
ability. The licensing cost of commercial CFD software is 
especially prohibitive in the deployment of physics-based 
digital twin models (augmented with live experimental 
data) of rotordynamic systems with annular seals on remote, 
cloud-computing platforms. In such applications, having 

available verified and validated open-source CFD models 
of annular seals (and bearings) is paramount.

A detailed account of both the seal model setup and pre-
dicted performance in this work is especially useful for engi-
neers and researchers wishing to perform similar investiga-
tions leveraging OpenFOAM. Moreover, the validation of 
the open-source CFD tools for the simple, well-documented 
seal geometries presented herein is a necessary precursor 
to the deployment of open-source CFD tools in the state-
of-the-art analysis of multiphase seals with complex geom-
etries. Under such conditions, the thin-film model assump-
tions breakdown and CFD is the only recourse for analysis.

2 � Computational fluid dynamics (CFD) 
model

The open-source continuum mechanics library OpenFOAM 
[33] was used for CFD simulations of the annular seals in 
this work. Specifically, the solver applications SRFSim-
pleFOAM [34] and steadyCompressibleSRFFoam 
[35] were, respectively, employed to resolve incompressible 
and compressible seal flows. The CFD models were used 
to estimate axial pressure drops, leakage rates, and rotor-
dynamic force coefficients. In addition, simulations of the 
gas (air) seals were performed with the commercial soft-
ware ANSYS Fluent [36, 37] as the solver steadyCom-
pressibleSRFFoam was found to produce unsatisfactory 
estimates for the seal damping coefficients.

2.1 � Dynamics

A linear mechanical model of the dynamic force response of 
the seal was assumed for the transverse motion of the rotor 
about the seal center (point O in Fig. 1)

Both the stiffness and damping matrices were assumed to 
be skew-symmetric: Kxx = Kyy = K  , Kxy = k , Kyx = −k , 
Dxx = Dyy = D , dxy = d , dyx = −d . The direct added mass 
terms Mxx = Myy = M  were retained for all the seals, 
although they proved to be negligibly small for the gas seals 
considered. Cross-coupled added-mass coefficients were not 
considered. The assumptions made for the linearized force 
seal force model are well-known in the literature and have 
been shown to be valid for small rotor motions about the 
seal center.

The dynamic coefficients were evaluated using CFD 
through the whirling-rotor method [23]. The rotor assumed a 
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ÿ0

}
+

[
Dxx Dxy

Dyx Dyy

]{
ẋ0
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circular whirling motion with an amplitude � and frequency 
� about the seal center, see Fig. 1. The transient govern-
ing equations (Navier–Stokes and energy) were then cast 
in quasi-steady form by expressing the flow velocities in a 
rotating reference frame (x1, y1, z1) which rotated at a con-
stant whirl speed � about the z-axis. The fluid within the 
seal was thereby rendered stationary with respect to the rotor 
and stator surfaces. CFD geometries were created for a fixed 
mesh with the whirling amplitude explicitly applied in the 
x0-direction as depicted in Fig. 1. In the rotating reference 
frame, the surface speeds (� − �)R and −�(R + C) were, 
respectively, applied to the rotor and stator.

In the rotating reference frame, the dynamic force balance 
embodied in Eq. 1 can be transformed [38] into simplified 
expressions for the radial and tangential seal forces as func-
tions of the perturbation frequency �

With � explicitly applied in the x-direction of the CFD 
model mesh (Fig. 1), Fr and Ft , respectively, coincide with 
Fx and Fy extracted from the model results. The dynamic 
coefficients were evaluated by varying the perturbation 
frequency � and least-squares curve-fitting Equation 2 to 
the CFD-predicted seal forces. Unless otherwise noted, the 
frequency ratios considered for the whirling motion were 
�∕� = [0, 0.25,… , 1.25, 1.5].

2.2 � Governing Equations

The steady form of Reynolds-Averaged Navier–Stokes 
(RANS) equations was solved for the velocity, pressure, and 
temperature fields within the seals. When expressed in terms 
of rotating coordinates, Coriolis and centrifugal acceleration 
terms arise in the linear momentum equation

where �Coriolis = 2� × �r , �Centripetal = � × � × � , the rela-
tive velocity is �r = � − � × � , and � is the position vec-
tor pointing from the rotating reference frame axis to the 
local cell-center. The effective shear stress �r includes both 
laminar and turbulent Reynolds stresses (eddy viscosity 
form) expressed in terms of the relative velocity component 
derivatives. In rotating coordinates, the continuity equation 
is obtained solely by replacing the absolute velocity � with 
the relative velocity �r . For the incompressible and isother-
mal flow simulations of water seals, a simplified form of the 
Navier–Stokes equations was solved using kinematic pres-
sure as a dependent variable.

For the compressible gas seal simulations, an addi-
tional conservation equation for energy was solved and 

(2)
(
−M�

2 + d� + K

D� − k

)
= −

(
Fr∕�

Ft∕�

)

(3)
∇ ⋅

(
𝜌�r ⊗ �r

)
+ ∇ ⋅ 𝜏r + 𝜌

(
�Coriolis + �Centrifugal

)
= −∇p

the equation of state for a perfect gas employed for the 
fluid (air) with R = 287 [J/(kg K)], cp = 1007 [J/(kg K)], 
a molecular mass of 28.9 [g/mol], P r = 0.7 , and � = 1.4 . 
For the compressible simulations, the gas dynamic viscos-
ity � = 1.845e − 7 [N s/m2] was held constant. The specific 
form of energy conservation solved within steadyCom-
pressibleSRFFoam is

where � = k∕cp is  the thermal diffusivity and 
I = h + 0.5

(|�r|2 − |� × �|2) is the rotational stagnation 
enthalpy or rothalpy, ∇2(�I) is diffusive heat transport (con-
duction), and �r ∶ ∇�r =

(
�r

)
ij

(
∇�r

)
ij
 is the effective viscous 

dissipation.
In ANSYS Fluent [37], the RANS equations expressed 

and solved in a rotating reference frame bear a similar form 
to those within the SRFSimpleFoam and steadyCom-
pressibleSRFFoam solvers for incompressible and 
compressible flows, respectively.

2.3 � Turbulence modeling

For the first water seal considered in this work, both k − � 
and k − � families of turbulence models were employed and 
the resulting dynamic coefficients and axial pressure drops 
compared. Given the presence of significant pressure gra-
dients (although favorable), rotation, and mean streamline 
curvature in annular seal flows, the k − � family of turbu-
lence models was thought likely to provide more accurate 
results compared with the k − � models, the latter of which 
are known to have difficulties modeling such flow behavior 
[39]. It will be shown subsequently that the k − � model 
family does indeed outperform the k − � model family in the 
prediction of axial pressure drop and dynamic coefficients 
of a typical annular pump seal. Turbulence in the remaining 
seals was modeled using the k − � SST model only.

A priori estimates of shear stresses were used to deter-
mine the wall-adjacent mesh cell heights required to obtain 
y+ ≈ 1.0 , where y+ = u∗y∕� is a function of the friction 
velocity u∗ =

√
�w∕� . The wall shear stress, �w = 0.5f�v

2

z
 , 

was estimated with the friction factor approximated by 
the Swamee-Jain [40] equation and considering the root-
mean-squared (RMS) value of the axial and circumferential 
Reynolds numbers of the seal with zero wall roughness and 
the average axial velocity vz . The axial and circumferential 
Reynolds numbers were evaluated using the hydraulic diam-
eter and the radial clearance of the seal, respectively.

For the OpenFOAM RANS simulations, the turbulent 
wall viscosity was evaluated using Spalding’s universal 
function [41]. For the compressible ANSYS Fluent simula-
tions, the k − � SST turbulence model was employed with 

(4)
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�t
(�I) + ∇ ⋅
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��rI
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− ∇2(�I) = −�r ∶ ∇�r
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enhanced wall function treatment [37] which blends laminar 
and turbulent laws-of-the-wall to provide continuous and 
asymptotically correct values for all y+ . Generally, seal leak-
age rates and radial forces predicted with ANSYS Fluent 
were found to be slightly less sensitive to near-wall mesh 
cell height size compared with those obtained with Open-
FOAM, likely attributable to differences in wall function 
formulations. At the inflow boundary, the turbulent kinetic 
energy and dissipation rate were estimated using a turbu-
lence intensity of 5% and radial clearance, C, as length scale. 
The turbulence parameters at the outflow were extrapolated 
from the domain interior.

2.4 � Boundary conditions

For the incompressible flow simulations, the seal inflow 
velocities were first prescribed using the swirlInlet-
Velocity boundary condition for which axial velocity 
was prescribed using the experimental value (estimated from 
leakage rate) along with swirl velocity. A zero gradient con-
dition was prescribed for the pressure. After a converged 
solution was obtained with the prescribed velocity boundary 
condition, the inflow pressure was changed to a fixed value 
(extrapolated from the interior) and the model was re-run 
until convergence. This two-step solution process ensured 
the leakage rate and its circumferential variation was consist-
ent with experimental findings. The outflow static pressure 
was held constant at atmospheric pressure (zero gauge pres-
sure) and the velocities were extrapolated from the interior 
of the domain.

For the compressible flow simulations of the gas seals, 
a total temperature of 300 [K] was imposed at the inflow 
boundary along with the total pressure. At the inflow, static 
pressures and temperatures were evaluated using isen-
tropic flow relations, p = p0

(
1 + 0.5(� − 1)M a 2

)−�∕(�−1) 
and T = T0

(
1 + (� − 1)M a 2

)−1 , respectively. At the out-
flow boundary, the static pressure was prescribed and the 
static temperature was extrapolated from the interior. The 
pressures applied at the inflow and outflow boundaries 
were taken directly from experiment which typically pre-
sented leakage rates and seal force coefficients in terms of 
inflow–outflow pressure ratio, Pi∕Pe . The experimental pres-
sures were directly applied at the inflow and outflow bounda-
ries of the CFD model without consideration of inflow loss 
or outflow recovery effects. In contrast to the water seals, 
neglecting the inlet losses of the gas seals did not intro-
duce significant error into the predicted leakage rates and 
dynamic coefficients evidenced in Figs. 6 and 9.

At the rotor and stator walls, the relative velocities were 
prescribed based on the rotor rotational and preccessional 
speeds, and the pressures were extrapolated from the domain 
interior (zero gradient). The wall temperatures were held 
constant at 300 [K].

2.5 � Solution details

The incompressible and compressible forms of the gov-
erning equations were cast in discrete form using the 
finite-volume method [42] and iteratively solved with the 
original SIMPLE algorithm [21] or its extended form for 
compressible flows [43]. Cell-centered gradients were 
constructed using a least-squares approach, as this was 
generally found to provide a modest improvement in accu-
racy compared with a Green-Gauss, cell-based approach. 
In Fluent simulations, convective fluxes were discretized 
using second-order upwinding and similar accuracy was 
achieved in OpenFOAM by setting the discretization 
scheme for div(phi,U) to Gauss linearUpwind 
grad(U). For compressible simulations, advective trans-
port terms within the energy equation were discretized 
using first-order upwinding to ensure boundedness and 
promote solution stability.

A threshold value of 1e − 5 was applied to the nor-
malized residuals of continuity and linear momentum 
equations to signify convergence. A stricter convergence 
criteria were applied to the energy equation in the com-
pressible flow simulations, with a residual threshold of 
value of 1e − 6 . A threshold value of 1e − 4 was consid-
ered for the residuals of the turbulence transport equations. 
The convergence criteria were successfully achieved for 
all the seals except gas seal [44] at larger pressure ratios, 
for which the continuity residuals would not fall below 
3e − 4 . However, for this seal, the leakage rate converged 
to within three significant digits. For all the remaining 
seals, residual convergence corresponded to leakage rate 
convergence to within four significant digits.

In OpenFOAM, pressure and velocity under-relaxation 
factors of 0.3 and 0.7 were, respectively, employed. For the 
compressible flow simulations, the relaxation factors for 
velocity and density were set to 0.5 and 0.1 for rothalpy. 
Turbulence under-relaxation factors of 0.5 were employed 
for k and � or � . In ANSYS Fluent, the default values of the 
under-relaxation factors [36] proved sufficient for compress-
ible flow simulations.

A flowchart of the overall process by which the dynamic 
coefficients are extracted from the OpenFOAM CFD simula-
tions is shown in Fig. 2.

3 � Bulk‑flow model (BFM)

To complement comparisons between experimental meas-
urements and CFD predictions of seal leakage rates and 
dynamic coefficients, model predictions were also made by 
solving the bulk-flow conservation equations of mass, linear 
momentum [45], and energy
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The bulk-flow equations govern the flow through the seal 
under the simplifying assumption that the seal clearance is 
an order-of-magnitude smaller than its length and diameter. 
The equations in their form above apply to an unwrapped 
seal geometry with local coordinate system (x2, y2, z2) 
(Fig. 1) for which the coordinates, respectively, correspond 
to the axial, circumferential, and normal (across-the-film) 
directions. The inertia terms in the bulk-flow equations 
above were derived assuming uniform velocity profiles 
across the clearance film, a reasonable approximation for 
fully developed turbulent flow.

The presence of inertia terms in the bulk-flow momen-
tum equations precludes expressing wall shear stresses 
solely through film pressure gradients. Shear stresses at the 
rotor and stator walls are related to the bulk-flow velocities 
through shear coefficients [3, 46] or, as in the present work, 
through fanning friction factors [2, 6, 45]

where Ur and Us are the rotor and stator surface velocity 
magnitudes relative to the bulk flow.

Various friction factor formulas have been applied by 
previous investigators in the analysis of annular seals, the 
most common of which being pipe friction models based 
on a Blasius-type expression [2] or approximate correlations 
fit to the Moody chart [47]. Moody-based friction formulas 
can advantageously account for surface roughness which has 
been shown to significantly affect the stiffness and damping 
coefficients of intentionally roughened annular seals [48]. 
However, in the present work, the rotor and stator surfaces 
were considered hydraulically smooth in applying the Haal-
and approximation for the Moody friction factor.

In the bulk-flow approach applied in this work, the 
dynamic coefficients were solved using perturbation 
theory where the flow variables were decomposed as 
� = �0 + ��i exp [i�t] where 𝜀 << 1 , and where � repre-
sents an arbitrary perturbed variable. The introduction of 
this decomposition into the transient bulk-flow equations 
resulted in zeroth- and first-order (linearized) differential 
equations for the flow variables. The zeroth-order system of 
equations was solved for the leakage rate and static forces 
and the first-order equations, once solved for the dynamic 
pressures, yielded the seal dynamic coefficients (stiffness, 
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Fig. 2   Flowchart of dynamic coefficient calculation using Open-
FOAM rotating reference frame solver applications
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damping, added-mass). For incompressible flows, the per-
turbed variables included the film thickness, velocities, and 
pressure. For compressible flows, the density and tempera-
ture were additionally considered as perturbation variables. 
One is referred to the extensive literature for more details 
on the development of perturbed bulk-flow equations for 
incompressible [6, 49] and compressible [8, 12] seal flows.

4 � Modeling errors

The CFD model of water seal 1 tested by Kanki and 
Kawakami [50] was used to assess errors related to mesh 
size, RANS turbulence model, and whirling amplitude. 
Computational meshes were generated using OpenFOAM’s 
blockMesh utility.

4.1 � Mesh convergence

The reaction forces and axial pressure drop estimated using 
OpenFOAM are summarized in Fig. 3 for varying number 
of total mesh cells. The figure plots include three lines cor-
responding to 10, 15, or 20 mesh cells distributed across the 
seal clearance. The plots also include labels ( a − m ) with the 
mesh parameters defined in Table 7 of the Appendix.

A uniform mesh e with an exaggerated seal clearance 
is provided in Fig. 3 to visualize the eccentric rotor posi-
tion applied in the CFD model. In Fig. 3, the non-uniform, 
boundary layer mesh g is shown with the physical seal 
dimensions. Meshes a, e, and j were uniform in all direc-
tions while the remaining meshes were generated with non-
uniform cell distributions across the seal clearance to reduce 
y+ near the rotor and stator surfaces. Wall-adjacent mesh 
cell heights, y = y+�∕u∗ , were estimated using the proce-
dure described in Section 2.3. The number of mesh cells in 
the axial and circumferential directions was then determined 
using y, the seal dimensions, and a constraint that the cell 
aspect ratios remained less than 1000. All meshes generated 
with preliminary y+ = 1 resulted in post-simulation calcula-
tions of y+ ≤ 1 (Table 7) as desired. This meshing procedure 

was also applied to generate the meshes for the remaining 
seals in this work, resulting in different mesh sizes due to 
differences in seal dimensions and Reynolds numbers.

In Fig. 3, convergence of the reaction forces and pressure 
drop is visible for meshes with 15 and 20 cells distributed 
across the seal clearance. Notably, convergence in the axial 
pressure drop is obtained at reduced mesh sizes compared 
with the reaction forces. Utilizing results for meshes c, g, 
and m, the Grid Convergence Index (GCI) [51] error esti-
mates associated with mesh g for the radial forces and the 
axial pressure drop were found to be acceptably small: 
�Fx

= 4.8% , �Fy
= 5.6% , and �

�P = 5.7% . Additionally, the 
dynamic coefficients evaluated on mesh g using the k − � 
SST turbulence model are listed in Table 1. The errors rela-
tive to the averaged experimental results were found to be: 
�K = −0.69% , �k = −5.56% , �D = −3.40% , �d = +10.8% and 
�M = +44.9% . The dynamic coefficients on mesh g were 
deemed to be of sufficient accuracy while maintaining trac-
table mesh size for the number of simulations required. The 
added mass and, to a lesser degree, the cross-coupled damp-
ing coefficients were not as well-predicted, but these coef-
ficients are notoriously difficult to predict accurately and 
may be influenced by inflow and outflow geometric features 

(a) (b) (c)

Fig. 3   Convergence of radial forces and axial pressure drop with increasing overall number of mesh cells N for seal 1 [50]. �∕C = 0.2 , 
�∕� = 0.5 , k − � SST

Table 1   Variation in CFD-predicted dynamic coefficients with turbu-
lence model for water seal 1 [50]

Bold values indicate the most accurate/best results
Nominal mesh, SR = 0.3 , RANS, two-equation eddy viscosity turbu-
lence models
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[MN/m] [kN s/m] [kg]

Exp. [50] 3.30 11.3 147 52.9 229
3.89 −10.3 147 −57.7 214

k − � 3.38 ±9.80 104 ±68.6 343
k− � SST 3.57 ±10.2 142 ±61.3 321

k − � 5.78 ±23.4 257 ±61.6 312
k − � RNG 6.30 ±21.3 242 ±61.8 312
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not included in the model. Based on these results, 15 cells 
were used across the clearance in generating the meshes for 
the additional seals considered.

In the present work using OpenFOAM, smaller values of 
y+ and substantially larger overall mesh sizes compared with 
previous investigations employing commercial CFD software 
[25, 28, 32] were required to obtain accurate results. Addition-
ally, large cell growth ratios (Table 7) were required in the pre-
sent work to move the near-wall cell center outside the buffer 
layer 5 < y+ < 30 . This appears to be a result of differences 
between Spalding’s original universal wall function [41] used 
in OpenFOAM and the enhanced law-of-the-wall and blending 
employed commercial software such as ANSYS Fluent (Sec. 
4.12.4 [37]), the latter of which both reduce y+ sensitivity.

4.2 � Effect of RANS turbulence model

RANS turbulence models from both the k − � and the k − � 
families were applied in the simulation of the water seal 1 
[50]. The predicted dynamic coefficients using the various 
turbulence models are summarized in Table 1. Also, included 
are the experimental values [50] for which the mutually per-
pendicular directions exhibited nearly equal coefficients for 
the concentric seal tested. Based on the results in Table 1, 
the dynamic coefficients predicted with OpenFOAM using 
the k − � SST model [52] are in closest agreement with the 
experimental values, followed by the standard k − � model. 
For the k − � SST model results, the errors in all the stiffness 
and damping coefficients remain below 11% , with the errors in 
the direct stiffness and damping coefficients remaining below 
4% . Note that the realizable k − � model was also tested, but 
convergence could not be obtained for some of the meshes 
and perturbation frequencies considered. For those cases that 
did converge, the results typically fell between those of the 
standard and RNG k − � models.

In Table 1, the direct and cross-coupled stiffness coeffi-
cients, as well as the direct damping coefficients, predicted 
using the k − � family of turbulence models exceed their 
experimental values by approximately 100% . The cross-
coupled damping coefficients show agreement with the 

experimental values and those predicted using the k − � 
family of models. The added mass coefficients predicted 
using the k − � and k − � turbulence model families also 
show relatively close agreement with each other but exceed 
the experimental values by approximately 50% . Agreement 
between the cross-coupled damping and added-mass coef-
ficients predicted using the k − � and k − � turbulence model 
families suggests that these coefficients may be more heavily 
influenced than the other coefficients by the seal inflow and 
outflow features not included in the model.

Similar to the dynamic coefficients, the CFD-predicted axial 
pressure drop (frictional only) along the seal differs substan-
tially between turbulence model families but is similarly pre-
dicted within a given model family. Corresponding to Table 1, 
�P predicted by the k − � and k − � SST models are 687 and 
662 [kPa], respectively. �P predicted by the standard and RNG 
k − � models are 1.56 and 1.46 [MPa], respectively. One can 
directly correlate these pressure drops to the variations in the 
direct stiffness coefficients predicted by the various turbulence 
models. The total �P obtained from experiment, which includes 
both the frictional pressure drop along the seal and non-recover-
able pressure drop at the seal inflow, is 980 [kPa], which makes 
the k − � family results non-physical.

Differences in the predicted dynamic coefficients and 
pressure drops between the turbulence models also correlate 
to the variations in the velocity and eddy viscosity profiles 
within the seal depicted in Fig. 4. The larger values of direct 
stiffness and �P predicted by the k − � models compared 
with the k − � models correspond with reduced centerline 
axial velocities in Fig. 4 and larger eddy viscosity values 
in Fig. 4. This is physically intuitive as the larger values of 
eddy viscosity would retard the axial flow leading to a rise 
in the static pressure drop and direct stiffness. Additionally, 
the cross-coupled stiffness is predominantly controlled by 
the tangential flow in the seal which is driven by the rotor 
speed and inflow preswirl. In Fig. 4, moving away from the 
rotor surface, the velocity decays more rapidly for the k − � 
models compared with the k − � models leading to lower 
overall strength of the tangential/circumferential flow and 
reduced cross-coupled stiffness coefficients.

(a) (b) (c)

Fig. 4   Variation in dimensionless velocity and eddy viscosity profiles RANS turbulence model. Line along x-dir. at midspan of seal 1 [50]. 
R − x∕(C − �) = 1.0 is the non-dimensional film height corresponding to the rotor surface. �∕C = 0.2 , �∕� = 0.5 , mesh g (Table 7)
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4.3 � Whirling amplitude

In the whirling-rotor CFD method, the computational mesh was 
generated with a finite whirling amplitude � explicitly applied 
to the rotor surface. � could not be made overly small as the 
CFD-predicted forces became saturated with numerical error. 
Moreover, � could not be made too large as the linear descrip-
tion of the seal forces would cease to be valid. For the seals 
evaluated in this work, � = 0.2C was found to provide a rea-
sonable balance between these two limits. If the whirling For 
𝛥∕C < 0.1 , the CFD-predicted dynamic coefficients began to 
deviate from their experimental values, most notably the direct 
and cross-coupled damping coefficients. For 𝛥∕C > 0.3 , retain-
ing a linearized model for the seal force response resulted in 
erroneous over- and under-prediction of the damping and cross-
coupled stiffness coefficients, respectively. Notably, however, 
the direct stiffness and added-mass coefficients were found to 
be less sensitive to the whirling amplitude and could be accu-
rately predicted up to �∕C = 0.5.

5 � Results and discussion: water seals

CFD simulations of the water seals were performed with 
the application solver SRFSimpleFoam in OpenFOAM 
ver.5.0. The geometric and operating parameters of the water 
seals considered are summarized in Table 2.

5.1 � Kanki and Kawakami [50] water seal 1

The first seal for which OpenFOAM CFD was exercised for 
the evaluation of seal dynamic coefficients was the smooth, 
water pump “seal 1” tested by Kanki and Kawakami [50]. 
The seal ( R = 100 [mm]) was modeled using water with 
constant properties ( � = 8.780e − 4 [N s/m2 ], � = 996.9 [kg/
m3 ]) and considering a leakage Q = 4634 [cm3/s], an aver-
age axial velocity vz = 14.714 [m/s], and rotational speed 
� = 2000 [rpm].

The inlet swirl ratio for the CFD model was fixed at 
SR = 0.3 , a value obtained by simultaneously optimizing SR 
and �i for a bulk-flow model [45]. Optimal values SR = 0.303 
and �i = 0.798 were found to minimize the sum-of-squares 
error between the bulk-flow predicted and the experimen-
tally measured axial pressure drop (total) and dynamic coef-
ficients. This optimal set of parameter values was obtained 

using an incompressible BFM with a prescribed (fixed) inlet 
axial velocity rather than a prescribed total pressure drop 
across the seal, the latter of which being more common in 
the application of BFMs.

5.1.1 � Effect of inlet swirl

The effect of inlet swirl ratio (SR) on the CFD-predicted 
dynamic coefficients is summarized in Table 3. The direct 
stiffness decreases monotonically with increasing SR. The 
cross-coupled stiffness and cross-coupled damping coefficients 
increase monotonically with increasing SR. The direct damp-
ing and direct added mass coefficients remain nearly constant 
with changing SR. These observable trends are consistent with 
incompressible BFM predictions, verifying the two-stage pro-
cess used for the inflow boundary condition on the CFD model.

5.1.2 � Summary of results

The CFD- and BFM-predicted dynamic coefficients from the 
present analysis are summarized in Table 4 along with the 
experimental values and BFM predictions published in the lit-
erature [11, 54, 55]. The CFD-predicted stiffness and damping 
coefficients closely agree with their experimental counterparts. 
However, the direct added-mass coefficients are over-predicted 
by approximately 40% similar to results obtained with the 
BFMs.

In Table 4, the BFM results were obtained using the 
experimental, axial pressure drop (total) of 980 [kPa] and 
leakage rate serving as model input and output, respectively. 
For all the BFMs, to varying degree, the leakage rates were 
predicted in excess of the experimental values. Leakage rates 
of 5.17, 4.94, 4.83 [kg/s] were, respectively, predicted by 
the present BFM, San Andres [11], and Simon and Frene 
[55] models. The experimentally measured leakage rate is 
4.61 [kg/s]. SR and �i for the present BFM were manually 
tuned to best-match the experimental stiffness and damping 

Table 2   Summary of water seal geometric and operating parameters

C/R L/R R e
a

R e
�

Seal 1 [50] 0.005 2.0 16, 707 11, 890
Seal 2 [50] 0.005 0.4 36, 253 13, 216
Refs. [15, 53] 0.0085 1.0 9, 368 1, 401… 4, 201

Table 3   Variation in CFD-predicted dynamic coefficients with inlet 
swirl ratio, SR, for water seal 1 [50]
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[MN/m] [kN s/m] [kg]

Exp. [50] 3.30 11.3 147 52.9 229
3.89 −10.3 147 −57.7 214

SR = 0.0 4.07 ±4.51 149 ±54.7 325
SR = 0.1 3.93 ±6.47 149 ±55.7 316
SR = 0.2 3.71 ±8.46 146 ±59.8 324
SR = 0.3 3.57 ±10.2 142 ±61.3 321
SR = 0.4 3.24 ±12.6 144 ±64.9 322
SR = 0.5 2.97 ±14.8 143 ±67.5 321
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coefficients, differing from the optimized values used in 
Refs. [11, 55]. Most notably, applying SR = 0.2 [11, 55] 
to the present BFM or CFD model resulted in substantial 
under-prediction the cross-coupled stiffness.

5.2 � Kanki and Kawakami [50] water seal 2 (short)

The next water seal considered was the short, smooth, water 
pump “seal 2” tested by Kanki and Kawakami [50]. The 
reduced length of the seal substantially increased leakage 
rate and the axial Reynolds number given the same axial 
pressure drop of 980 [kPa] applied to the long water “seal 
1” [50]. The seal ( R = 100 [mm]) was modeled using water 
with constant properties ( � = 7.888e − 4 [N s/m2 ], � = 995.5 
[kg/m3 ]) and considering a leakage Q = 9047 [cm3/s], an 
average axial velocity vz = 28.762 [m/s], and rotational 
speed � = 2000 [rpm].

The present CFD- and BFM-predicted dynamic coeffi-
cients for the seal are summarized in Table 5. The CFD-
predicted stiffness coefficients agree with the experimental 
results, present BFM, and the BFM results of [11, 56]. The 
CFD model, like the BFMs, under-predicts the direct and 
cross-coupled damping coefficients of the seal. San Andres 
[11] attributed the discrepancy in the damping coefficients 
to an exit pressure which deviates from the assumed ambient 
pressure or to a discharge-inertia effect. Either the cause, the 
present CFD analysis supports an increased role in the seal 
end-effects in controlling the damping behavior of the seal.

The CFD-predicted static, axial pressure drop �P = 416 
[kPa] of the seal was substantially reduced from the value 
predicted �P = 662 [kPa] for the longer seal examined in the 
previous section. The frictional pressure drop of the shorter 
seal constitutes a smaller percentage of the total pressure drop 
with increased viscous dissipation at both the seal inlet mak-
ing up the remaining account of total, axial pressure drop.

Overall, the CFD- and BFM-predicted dynamic coeffi-
cients of the short seal were found to be less accurate than 

the long seal examined in the previous section. The authors 
believe that this is a result of the increased role of end effects 
for short versus long annular seal. The authors believe that 
the addition of inflow and outflow features of the seal geom-
etry within the CFD model would likely improve the results, 
but such geometric details are not provided in Ref. [50] pre-
cluding direct investigation for this seal.

5.3 � Dietzen and Nordmann [15] water seal

OpenFOAM CFD was also used to predict the dynamic 
coefficients of the smooth annular seal detailed in [15] con-
sidering the experimental data taken from [53]. The seal 
( R = 23.5 [mm]) was modeled using water with constant 
properties ( � = 7.0e − 4 [N s/m2 ], � = 996.0 [kg/m3 ]) and 
considering an average axial velocity vz = 16.46 [m/s] and a 
range of rotational speeds � = 2000−6000 [rpm]. For both 
the present CFD and bulk-flow models, the inlet swirl was 
fixed to half the rotation speed, SR = 0.5 , which was found 
to produce the most accurate results.

The dynamic coefficients predicted by the present CFD 
model and BFM are summarized in Fig.  5. The CFD-
predicted direct stiffness and direct damping coefficients 
compare well with their experimental values, with direct 
stiffness under-predicted by approximately 18% . The pre-
sent CFD model and BFM predicts cross-coupled stiff-
ness and damping coefficients which agree both in trend 
and magnitude with the perturbed Navier–Stokes model of 
Dietzen and Nordmann [15]. The CFD model of Wagner 
et al. [38] deviates from the present CFD model predictions, 
most notably at slower rotational speeds, as the authors did 
not prescribe any pre-rotation to the fluid entering the seal. 
Additionally, the authors [15, 38] employed the standard 
k − � turbulence model, standard wall functions, and uniform 
meshes spanning the seal clearance (5 and 12 cells in [15] 

Table 4   Summary of CFD- and BFM-predicted dynamic coefficient 
for water seal 1 [50]. Present results obtained with SR = 0.3 and 
�
i
= 0.2 (BFM). SR = 0.2 and �

i
= 0.3 applied in Refs. [11, 55]

Bold values indicate the most accurate/best results
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[MN/m] [kN s/m] [kg]

Exp. [50] 3.30 11.3 147 52.9 229
3.89 −10.3 147 −57.7 214

Present CFD 3.57 ±10.2 142 ±61.3 321

Present BFM 3.83 ±11.6 163 ±71.7 323
Ref. [54] 7.80 ±15.0 160 ±1.0 -
Ref. [11] 3.65 ±12.4 165 ±58.4 305
Ref. [55] 3.77 ±11.1 170 ±57.6 309

Table 5   Summary of CFD- and BFM-predicted dynamic coefficients 
for water seal 2 [50]

Bold values indicate the most accurate/best results
Present results obtained with SR = 0.3 and �

i
= 0.3 (BFM). SR = 0.2 

and �
i
= 0.3 applied in Refs. [11, 54, 56]
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[MN/m] [kN s/m] [kg]

Exp. [50] 3.96 0.664 24.82 12.3 –
4.01 −0.337 24.46 −10.88 –

Present CFD 3.48 ±0.650 10.8 ±0.385 2.0

Present BFM 3.76 ±0.628 11.78 ±0.674 2.98
Ref. [54] 3.80 ±0.550 5.60 ±0.03 –
Ref. [56] 3.82 ±0.440 11.60 ±0.56 3.58
Ref. [11] 4.01 ±0.379 11.56 ±0.60 3.82
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and [38], respectively), which were found to produce signifi-
cant uncertainty in the results obtained in the present CFD 
analysis. The CFD-predicted static (frictional) pressure drop 
along the seal was �P = 283 [kPa]. Considering typical seal 
inlet loss �i = 0.5 and outlet recovery �o = 1.0 coefficient 
values, the CFD-predicted total pressure drop along the seal 
would be �P = 485 [kPa], consistent with the experimental 
value of �P = 480 [kPa].

For the short seal L∕R = 0.4 [50] examined in the previ-
ous section, the CFD-predicted direct damping coefficients 
were much less accurate than for the present seal L∕R = 1.0 
[15]. This is due directly to the increased length of the pre-
sent seal [15] and through its lower axial Reynolds number 
(9, 368 [15] versus 36, 253 [50]) which reduce the seal’s 
sensitivity to inflow and outflow effects.

6 � Results and discussion: gas seals

In addition to water seals (e.g., pumps), the whirling-rotor 
CFD method was also used to predict the dynamic coeffi-
cients and leakage rates for three different gas (air) seals (e.g., 
compressors). The OpenFOAM solver steadyCompress-
ibleSRFFoam was initially employed, but the damping 
coefficients were found to be unsatisfactorily predicted and 
OpenFOAM was supplanted by ANSYS Fluent. Simulations 
using an alternative compressible flow solver rhoSimple-
Foam [34], which has moving reference frame capability, 
could not be successfully obtained due to difficulties in 
assigning a rotating cell zone to the small seal clearance. For 
the first gas seal considered [57], dynamic coefficients and 

leakage rates predicted with both OpenFOAM and ANSYS 
Fluent are compared. For the remaining gas seals [44, 58], 
only results predicted using ANSYS Fluent are presented. 
The geometric and nominal operating parameters of the gas 
(air) seals considered are summarized in Table 6.

6.1 � Dunn [57] gas (air) seal

For the first gas seal considered [57] ( R = 76.2 
[mm], C = 0.229 [mm]), the seal inlet pressure was 
fixed at 7.86 [bar] and the exit pressure was var-
ied as [4.339,  3.836,  3.2,  2.657] [bar]. A rotor 
speed of 5030 [rpm] and SR = 0 was applied to the 
model along with per turbation frequency ratios 
�∕� = [0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6] to facilitate comparison 
with the results obtained by Ha and Choe [25].

In Fig. 6, the leakage rates of the gas seal [57] are plot-
ted for varying inlet-to-outlet pressure ratio. The leakage 
rates predicted using both OpenFOAM and ANSYS Fluent 
CFD closely agree with the BFM- and CFD-based results 
obtained by Ha and Choe [25] and with leakage rates 

(a) (b)

(e) (f)(d)

(c)

Fig. 5   Summary of CFD- and BFM-predicted dynamic coefficients for water seal [15, 53] versus rotational speed. Present CFD- and BFM-
predicted results obtained using SR = 0.5 and �

i
= 0.5 . Comparison with perturbed [15] and whirling-rotor [38] CFD models

Table 6   Summary of gas seal geometric and operating parameters

R e
a
 evaluated using experimental leakage rate at P

i
∕P

e
 listed and 

viscosity � = 1.845e − 7 [N s/m2]

C/R L/R R e
a

P
i
∕P

e

Dunn [57] 0.003 0.67 1.81e6 2.21
Ransom et al. [58] 0.003 0.64 4.84e5 2.27
Elrod et al. [44] ‘C01’ 0.009 0.67 3.49e6 2.23
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exceeding their experimental values by approximately 20% 
at all pressure ratios.

In Fig. 6, the direct stiffness coefficients predicted in the 
present analysis using ANSYS Fluent closely agree with 
the experimental values. Notably, all of the CFD-based 
results more closely match the experimental direct stiff-
ness coefficients, which are over-predicted by the BFMs 
for the entire range of pressure ratios. All of the model-
predicted direct stiffness coefficients exhibit the same 
trend as their corresponding experimental values.

In Fig. 6, the CFD and BFM results for cross-coupled 
stiffness exhibit close agreement with each other but 
under-predict the experimental values approximately by 
a factor of 2. The model-predicted cross-coupled stiffness 
values exhibit a slight increase with increasing pressure 
which is not clearly mirrored in the experimental results. 
This discrepancy is likely a result of not applying adequate 
inflow pre-rotation to the model, which was not directly 
provided in the experimental description [57]. However, 
the absence of fluid pre-rotation in the model fails to 
explain the over-predicted leakage rates in Fig. 6 as they 
are quite insensitive to fluid pre-rotation [8].

In Fig. 6, the direct damping coefficients predicted using 
ANSYS Fluent and the results of Ha and Choe [25] agree 
with the experimental values both in terms of magnitude and 
trend. However, the OpenFOAM-predicted damping coeffi-
cients are nearly zero for all pressure ratios. The root-cause 
for this deficiency of the solver steadyCompressi-
bleSRFFoam remains unclear. The governing equations 
and boundary conditions appear to be the same (or nearly so) 

in steadyCompressibleSRFFoam and ANSYS Flu-
ent used in the present work. Moreover, algorithmic details 
related to the implementation of relative velocities and a 
rotating reference frame are similar between steadyCom-
pressibleSRFFoam and SRFSimpleFoam, the latter 
of which accurately predicted dynamic coefficients for all 
the water seals considered previously. However, it is clear 
from Fig. 7b that striking differences exist in the dynamic 
pressures predicted by the compressible OpenFOAM and 
ANSYS Fluent solvers.

In Fig. 7b, the circumferential pressure distributions of 
the gas seal [57] at the seal mid-span are plotted for three 
different whirling amplitudes. Notably, the OpenFOAM 
predicted pressures in Fig. 7b fail to exhibit the asymme-
try with respect to the circumferential direction necessary 
to give rise to the frequency-driven changes in tangential 
seal forces which would yield direct damping, see Eq. 2. In 
applying the whirling-rotor method, the pressure profiles 
along the seal circumference vary with frequency through 
the presence of additional Coriolis and centripetal accel-
erations, as well as the relative velocities imposed at the 
rotor and stator walls. Given that the predominant seal 
flow is in axial and circumferential directions, Coriolis 
and centripetal effects are restricted to acting in the radial 
direction and give rise to changes in the pressure profile 
amplitudes, visible in Fig. 7a, b. However, the circumfer-
ential phase shift in the pressure profile arising from the 
difference in the rotational speeds associated with rotor 
and stator surfaces, � − 2� , is absent from Fig. 7b.

Fig. 6   Variation in gas (air) 
seal [57] leakage and dynamic 
coefficients with pressure ratio 
at 5030 [rpm]. Present CFD 
results obtained with SR = 0 
and k − � SST turbulence 
model

(a) (b)

(d)(c)
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The variation in the dynamic pressure predicted by 
ANSYS Fluent in Fig. 7a is as-expected with amplitude vari-
ation (normal to rotor) arising from centripetal and Coriolis 
forcing as well as phase variation (tangential to rotor) ena-
bled through the difference between the rotor and stator rota-
tional speeds, � − 2� . Since ANSYS Fluent predicted the 
requisite asymmetry in the dynamic pressure profile, com-
pressible flow simulations of the remaining seal geometries 
were exclusively performed with this software.

It appears that discrepancies in the compressible flow 
results obtained with OpenFOAM and ANSYS Fluent are 
due to differences in the implementation of the total pres-
sure boundary conditions in the presence of a rotating ref-
erence frame. Specifically, the inlet boundary velocities 
used in computing the inlet Mach number do not appear to 
be computed in the same manner between the open-source 
and commercial codes. However, since the ANSYS Flu-
ent source code is closed, the specific boundary condition 
implementation could not be examined.

6.2 � Ransom and San Andrés [58] gas (air) seal

The gas seal [58] ( R = 63.45 [mm], C = 0.19 [mm]) was 
modeled with pressure ratios Pi∕Pe ranging from 1.25 to 3.0 
and a rotor speed of 3600 [rpm].

The predicted leakage rates are summarized in Fig. 8. 
CFD-predictions agree with the experimental values and 
are slightly (but consistently) higher than the leakage rates 
predicted by the compressible BFMs [12, 58] at higher 

pressure ratios. The model-predicted leakage rates all fall 
within the uncertainty bounds of the repeated experimental 
measurements.

The direct stiffness coefficients in Fig. 8 predicted by the 
present CFD model agree well with the BFM results of [12] 
at lower pressure ratios, but the values begin to diverge from 
each other at larger pressure ratios. This is similarly true of 
the direct damping coefficients in Fig. 8.

Both the present CFD model and the BFM [12] predic-
tions of stiffness and damping coefficients exhibit reasonable 
agreement with the experimental values except at pressure 
ratios of 1.75 and 2.0. At these pressure ratios, the experi-
mental stiffness dips (even becomes slightly negative) and 
the damping spikes. It not wholly clear as to the cause of 
this “peculiar behavior” [58], but it does appear that the 
experimental natural frequencies were not as easily identi-
fied in the transfer functions for pressure ratios of 1.75 and 
2.0 compared with the remaining pressure ratios and may 
have negatively impacted the dynamic coefficient estimates.

6.3 � Elrod et al. [44] gas (air) seal ‘C01’

The final gas seal considered was the ‘C01’ seal tested by 
Elrod et al. [44] ( R = 75.68 [mm], C = 0.7366 [mm]). The 
pressure ratios varied from 1.5 to 2.6 with the exit pressure 
fixed at 1 [bar] and a rotor speed of 2000 [rpm]. The present 
CFD-predicted leakage rates in Fig. 9 closely agree with the 
experimental values and the CFD-based predictions of Nor-
dmann et al. [59]. Reasonable agreement is also observed 

Fig. 7   Comparison of dynamic 
pressures at gas (air) seal [57] 
midspan. 5030 [rpm], SR = 0 , 
k − � SST turbulence model, 
�∕C = 0.01 , and nominal mesh

(a) (b)

(a) (b) (c)

Fig. 8   Variation in gas (air) seal [58] leakage and dynamic coefficients with pressure ratio at 3600 [rpm]. Present CFD results obtained with 
SR = 0 and k − � SST turbulence model
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between the CFD-predicted and experimental direct stiffness 
and damping coefficients in Fig. 9b, c, respectively. While 
both the leakage rate and direct damping coefficient increase 
linearly with increasing pressure ratio, the direct stiffness of 
the seal remains nearly constant.

7 � Conclusions

The whirling-rotor method was successfully applied using the 
OpenFOAM solver SRFSimpleFoam to accurately predict 
the axial pressure drops and dynamic coefficients of three 
smooth, annular, water pump seals. The OpenFOAM solver 
steadyCompressibleSRFFoam produced unsatisfac-
tory results for the damping coefficients of gas seals. However, 
the whirling-rotor method implemented in ANSYS Fluent pre-
dicted leakage rates and dynamic coefficients for three smooth, 
annular, gas seals which wholly agreed with their experimental 
values, not accounting for the “peculiar behavior” in the experi-
mental stiffness and damping coefficients of one gas seal [58]. 
The results obtained support the following conclusions regard-
ing the numerical modeling approach: 

1.	 For the large-R e annular, seal flows considered, accu-
rate and consistent results could only be obtained with 
OpenFOAM for meshes with y+ ≈ 1 at the rotor and sta-
tor walls and at least 15 mesh cells distributed across 
the seal clearance. These requirements resulted in much 
larger overall mesh size compared with those of previous 
CFD investigations of annular seals.

2.	 Use of the k − � family of turbulence models provided 
more accurate predictions of axial pressure drop and 
radial forces over the k − � family of turbulence models.

3.	 Application of the k − � family of turbulence models 
in OpenFOAM resulted in significant over-prediction 
of axial pressure drops and stiffness coefficients which 
correlated with elevated predictions of turbulent eddy 
viscosity across the seal clearance.

4.	 For the whirling-rotor method, applying a whirling 
amplitude � = 0.2C explicitly to the CFD mesh pro-

vided a reasonable balance between suppressing numer-
ical error and satisfying the linear assumption of the 
dynamic seal force response.

5.	 The trends in CFD-predicted dynamic coefficients for 
varying inlet swirl mirrored those for bulk-flow models.

6.	 CFD predictions of damping coefficients and axial pres-
sure drop for water seals were found to be less accurate 
for short seals, with the inflow and outflow regions of 
the seal geometry affecting behavior more than in long 
seals. This supports the application of CFD over BFM 
to model short seals as the inflow and outflow regions 
can be directly modeled.

7.	 For the water seals considered, the CFD-predicted 
dynamic coefficients and leakage rates closely agreed 
with the experimental values and incompressible bulk-
flow predictions, except for the added mass coefficients 
of the longest seal [50] considered.

8.	 For the gas seals considered, the CFD-predicted leakage 
rates and dynamic coefficients were found to be at least 
as accurate as bulk-flow model predictions.

9.	 The tangential forces predicted using steadyCom-
pressibleSRFFoam failed to exhibit the pertur-
bation frequency dependence necessary to accurately 
predict damping coefficients of the gas seals. This defi-
ciency was not observed in using the commercial CFD 
software ANSYS Fluent.

This precursory work has partially verified and validated the 
application OpenFOAM in predicting the rotordynamic perfor-
mance for a selection of simple, annular seals subject to both 
incompressible and compressible flows. The results presented 
herein can be used to guide the setup and usage of CFD in the 
analysis of seal geometries with more complex flow features 
and for which bulk-flow models are insufficient.

Appendix

See Table 7.

(a) (b) (c)

Fig. 9   Variation in gas (air) seal ‘C1’ [44] leakage and dynamic coefficients with pressure ratio at 2000 [rpm]. Present CFD results obtained with 
SR = 0 and k − � SST turbulence model
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