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Abstract: This paper reports numerical studies of an Elasto-Hydrodynamic (EHD) seal, which is
being developed for supercritical CO2 (sCO2) turbomachinery applications. Current sCO2 turboma-
chinery suffers from high leakage rates, which is creating a major roadblock to the full realization
of sCO2 power technology. The high leakage rates not only penalize the efficiencies but also create
environmental concerns due to greenhouse effects caused by the increased CO2 discharge to the atmo-
sphere. The proposed EHD seal needs to work at elevated pressures (10–35 MPa) and temperatures
(350–700 ◦C) with low leakage and minimal wear. The unique mechanism of the EHD seal provides
a self-regulated constriction effect to restrict the flow without substantial material contact, thereby
minimizing leakage and wear. This work utilizes a physics-based modeling approach. The flow
through the gradually narrowing seal clearance is modeled by the well-known Reynolds equation in
EHD lubrication theory, while the deformation of the seal is modeled by using the governing equa-
tions of three-dimensional solid mechanics. As for the solution methodology, COMSOL’s Thin-Film
Flow and Solid Mechanics modules were employed with their powerful capabilities. The numerical
results were presented and discussed. It was observed that the Reynolds equation fully coupled with
the surface deformation was able to successfully capture the constriction effect. The maximum and
minimum leakages were calculated to be 2.25 g/s and 0.1 g/s at P = 5.5 MPa and P = 11 MPa for the
design seal, respectively. It was interesting to observe that the seal leakage followed a quadratic trend
with increasing pressure differential, which can become advantageous for high-pressure applications
such as sCO2 power generation technology.

Keywords: elasto-hydrodynamic; EHD; power; Reynolds equation; seal; supercritical; sCO2

1. Introduction

Power generation has been, and still is, at the very core of economic, environmental, so-
cietal, and ethical discussions in engineering. Triggered mainly by environmental concerns,
there have been unprecedented investments and R&D efforts in the power generation field
recently. These efforts focused not only on innovative renewable energy generation but
also on efficiency improvements in the current power plant technologies. In this context,
supercritical carbon dioxide (sCO2) power generation technology has received increasing
attention in the last decade. sCO2 power technology is superior to the traditional water-
based, air-breathing, direct-fired, open Brayton cycles or indirect-fired, closed Rankine
cycles in terms of efficiency and equipment footprint. They have promising potential in
nuclear power production, fossil fuel power plants, concentrated solar power, geothermal
power, and ship propulsion. To unlock the potential of sCO2 power cycles, the technology
readiness must be demonstrated on the scale of 10–600 MWe and at the sCO2 temperatures
and pressures of 350–700 ◦C and 20–35 MPa for nuclear industries [1–4]. The lack of suitable
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shaft seals to withstand sCO2 operating conditions is one of the main challenges at the
component level. So far, conventional seals all suffer from the incapability of handling
sCO2 pressures and temperatures in one way or another. For example, labyrinth, brush,
and compliant seals suffer from high leakage rates, bristle wear, and scalability issues,
respectively [5–10]. There is an ongoing worldwide effort to develop effective sealing
technologies for sCO2 turbomachinery [11,12]. Deepak et al. ran experimental and CFD
analyses on pressure distribution on conventional dry gas seals at different film thickness
values using air as a working fluid. They then compared these data and proposed its
prospectus in sCO2 power cycles [13]. Laxander et al. developed dry gas seals and ran an
experimental analysis on them at different pressures for both controlled and uncontrolled
temperatures. The isothermal expansion due to extremely low leakage had been confirmed
by successful experimental test results. Furthermore, solid predictive capability with CO2
was also demonstrated [14]. In addition, Chapman proposed the concept of a dry gas
seal which is a slight modification and feature enhancement of the current available dry
gas seals. However, no scientifically sound data have yet been shown to support their
concept [15]. Bidkar et al. discussed various design challenges for large-diameter seals
operating at pressures higher than 6.9 MPa. They also discussed the operating conditions
expected for the shaft end seal. As a solution, they proposed a face seal concept that can be
applicable at a utility-scale for sCO2 power cycles [16]. However, these concepts are all still
in the development phase.

To the authors’ knowledge, there is no known sealing solution that can be applied
to the sCO2 turbomachinery. As a potential solution, we propose a patented Elasto-
Hydrodynamic (EHD) high-pressure, high-temperature, and scalable shaft end seal for
sCO2 cycles. Under the EHD mechanism, the higher the pressure, the tighter the sealing
becomes, while still sustaining a continuous sCO2 film. The EHD seal has a very simple,
sleeve-like structure, wrapping on the rotor with tight clearances, with typically less than
50 µm initial clearances. Because of its unique design, the pressure differential across the
seal forces the seal to bend downward, forming a throat closer to the root of the seal. We
hypothesize that the throat achieves the physically possible minimum clearance, acting
as an effective flow restrictor. The proposed EHD seal is superior to the existing sealing
technologies, including labyrinth, brush, finger, and compliant foil seals in the sense that
(i) a non-contact EHD seal provides a long operating life; (ii) low friction is realized by
the non-contacting nature of the seal at the operating conditions; (iii) the relatively sim-
ple structure results in low initial cost and long operating life, saving maintenance costs;
(iv) the innovative seal design eliminates any sharp angles and, thus, stress concentration
risks that would otherwise reduce the product life; (v) the EHD seal is a clearance type seal,
and the benefit of low leakage comes from the dynamic throttling, which will potentially
increase fuel efficiency, and (vi) the secondary seal will provide a smoother startup when
the system is ramping up.

This paper aims to prove the proposed concept by using a sound scientific methodol-
ogy. To achieve this, we will use the Reynolds equation, which has been widely applied in
the EHD lubrication theory, to model the flow physics in the seal clearance, while we will
use the governing equations of solid mechanics to model the deformation of the seal due to
the imparted pressures from the flow field.

There have been countless studies based on the Reynolds equation [17–22]. Gen-
erally speaking, in the majority of these studies, the Reynolds equation and the related
Fluid–Solid Interaction (FSI) problems were solved by using in-house codes that were
written by researchers themselves [23–31]. Commercial Finite Element Analysis (FEA) and
Computational Fluid Dynamics (CFD) codes have made significant advancements in recent
years in terms of both solution algorithms and efficiencies. As such, researchers began
making increasing use of commercial software packages in their scientific quests. Among
others, Peterson et al. used their in-house Reynolds equation solver together with ABAQUS
Finite Element software to model a strongly coupled Fluid-Solid-Interaction (FSI) EHD
lubrication problem. Their results showed excellent agreement with previously published
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data [32]. Feldmann et al. employed an OpenFOAM open-source CFD package to propose
a reduced-order FSI model to be used in EHD lubrication problems [33]. Lohner et al.
provided an engineering software solution for EHD lubrication theory by using COMSOL
and MATLAB [34]. Their goal was to show that complex EHD problems could be solved
with the help of readily available commercial software, enabling researchers to shift their
focus from the numerical modeling to the physical modeling. Similarly, Bidkar et al., a large
group of researchers from General Electric and Southwest Research Institute, employed
ANSYS CFX software to simulate their proposed seal design for sCO2 turboexpanders [16].
Snyder et al. used OpenFOAM for proposing a CFD-based frequency method for deter-
mining the dynamic coefficients of the hydrodynamic linear slider and journal bearings.
The authors did not consider cavitation as the high ambient pressure bearings do not
experience the cavitation scenario [35]. Chen at el. developed a numerical model for soft
Elasto-Hydrodynamic lubrication and compared the numerical results of the hard EHL
with that of the soft EHL. Their work is a coupling of the Reynolds equation, the elasticity
equation, and the load balance equation, which they solved in COMSOL Multiphysics [36].
Sellier et al. showed how the thin film flow past occlusions can be modeled in COMSOL
Multiphysics by the lubrication approach, which is similar to the previous literature on the
finite element simulations of the coating flows [37]. An Elasto-Hydrodynamic lubrication
model for the slip influence in the mechanical components has recently been proposed
using Computational Fluid Dynamics (CFD) and FSI based on the Finite Element Analysis
that was performed by Tauviqirrahman et al., 2022 [38].

In this study, following the trends in the scientific community, we employed COM-
SOL’s Thin-Film Flow and Solid Mechanics modules to carry out one-way and two-way
(fully) coupled simulations to prove the EHD seal concept. The originality of this study
stems from that it uses the widely known Reynolds equation in the EHD lubrication theory
to model the behavior of the novel seal design, and it employs modern engineering tools,
i.e., COMSOL Multiphysics simulation software’s Thin-Film Flow module, to carry out the
fully coupled Fluid–Solid-Interaction simulations. The rest of the paper is organized as
follows. The proposed seal design and solution methodology are discussed in Section 2.
The results are presented and discussed in Section 3. The conclusions and future work are
provided in Section 4.

2. Materials and Methods

The proposed primary EHD seal leverages the proven Elasto-Hydrodynamic lubri-
cation sealing mechanism [39–41], which can potentially eliminate wear, reduces leakage,
and cut costs. As shown in Figure 1a, the primary EHD seal is attached to a back ring and
sits on a rotor with an initial clearance of h, when P0 = Pe. After the rotor ramps up to the
speed, the inlet pressure is higher than the outlet pressure, i.e., P0 >> Pe, and there is a
decaying pressure distribution in the clearance (Figure 1b). The pressure at the top of the
seal is equal to the inlet pressure, P0. Because the root of the seal is fixed, i.e., it is welded
onto the back ring, the seal will bend downward, creating a throat closer to the root of the
seal. One might think that there will be contact between the seal and the rotor in the throat
region, blocking the flow. However, when the contact occurs, the pressure differential
across the contact region will force the contact to open back up again. Recall that the inlet
pressure, P0, is always greater than Pe (P0 > Pe) during operation. Our hypothesis is that
the pressures at the top, bottom, left, and right of the seal will negotiate for a physically
minimum possible clearance between the rotor and the seal. The secondary seal, which is
indicated by the green color in Figure 1, is attached to the back ring to provide smoother
sealing when the rotor ramps up.
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Figure 1. Working mechanism of the proposed seal concept: (a) initial condition and (b) operating condition.

2.1. Proposed EHD Seal Design

In light of the above discussions, there will always be a sustainable minimum clearance
between the seal and the rotor, which will provide an effective throttling effect to minimize
leakage. The proposed EHD seal has the following potential benefits:

1. Low Leakage. The self-regulated minimum clearance throttles the sCO2 leaking flow,
improving the cycle efficiency.

2. Minimal Wear. The EHD seal operates in non-contact conditions.
3. Low Cost. The simple sleeve structure results in low seal cost and minimal wear, saving

maintenance costs.
4. No Stress Concentration. The EHD seal design eliminates sharp angles and stress

concentration risks. The deformations on the seal will be minimal, which ensures that
the seal will always stay in the linear elastic region on a typical stress-strain curve.

5. Smoother startup. The secondary seal will be integrated to the primary seal to provide
sealing at the startup, which will enable active sealing for the whole operating range
(0–11 MPa, from the cold start to operating conditions).

2.2. Design Methodology

In this study, only the primary seal, which is illustrated in Figure 2, has been analyzed.
The flow field inside the clearance region and the deformation in the sleeve was modeled
by using the Reynolds equation and the elastostatics equations, respectively.

The simulations were performed via both one-way and two-way coupled physics
between the fluid and solid domains. For the one-way coupling, first, the flow field
was solved. The pressure data was then transferred to the solid domain to calculate
the deflection of the seal. For the fully coupled simulations, first, the fluid domain was
solved. The pressure information was then imparted to the solid domain to determine
the deformation on the seal, and vice versa. One might think that the analyses presented
here might be easily achieved with analytical modeling. Although the flow field can
be solved analytically and conveniently—when the flow is assumed to be in the axial
direction only—the 2D nature of the bending makes it extremely difficult to solve the
solid domain analytically. For proof-of-concept purposes, the fluid was chosen to be
CO2 rather than sCO2 because the sCO2 requires two-phase flow modeling, making it
very challenging, and this was left as future work. The governing equations for the fluid
flow and structural deformations are detailed in this section. Before elaborating on the
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modeling, the assumptions for both the fluid and solid domains are summarized as follows
for convenience:

- The flow is steady. There is no sudden impact assumed between the sleeve and the
rotor as it is assumed that the pressure is increased gradually.

- The flow is laminar. The laminar flow assumption was validated after the simulations
(see Figure 11)

- The flow is in 1D and along the shaft axis only. Because of the high-pressure differentials
along the seal clearance, the very high majority of the flow occurs in the x-direction.
The viscous effects due to the rotation of the sleeve are strongly dominated by the
pressure differentials in the x-direction.

- The rotational effects of the rotor are neglected since the majority of the flow is in the axial
direction of the rotor and viscous effects are negligible as the working fluid is gas. Thus, both
the flow and solid domains are modeled as axisymmetric, and the inertial terms are
omitted from the governing equations of motion of the seal. This assumption was
validated in Figure 10.

- The back ring, the stator, and the rotor are not modeled, and the deformations of these rigid
structures are assumed to be zero. This can be achieved by proper design of the seal.

- The rotor and the sleeve were assumed to be concentric in this study. This can be achieved
by proper design of the seal.
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The clearance between the seal and the rotor is relatively thin compared to the sleeve
thickness of the seal. The narrow clearance can be modeled as a domain, and the Navier-
Stokes equations can be solved for the prescribed domain. However, it requires very fine
mesh in the clearance compared to the sleeve, which will incur issues in maintaining the
mesh quality due to sudden transitions of in the mesh size at the fluid-solid interface. This
will also greatly increase the computational time. Instead, the narrow clearance between
the seal and the rotor can be modeled as a surface, and the Reynolds equation, a simplified
version of the Navier-Stokes equations for thin flow regions, can be solved conveniently.
The general form of the Reynolds equation in the COMSOL handbook is given by [42]:

∂

∂x

(
−ρh3

12µ

∂P
∂x

)
+

∂

∂y

(
−ρh3

12µ

∂P
∂y

+
ρh
2
(va + vb)

)
= 0 (1)

where ρ is the density of the fluid, h is the film thickness (or the height of the clearance), µ
is the dynamic viscosity, P is the pressure, va is the rotational velocity of the rotor, and vb is
the rotational velocity of the sleeve. In this study, the sleeve was stationary and the effect of
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the rotational speed of the rotor was neglected. Hence, the governing Reynolds equation
was simplified to:

d
dx

(
ρh3

12µ

dP
dx

)
= 0 (2)

The fluid flowing through the clearance applies pressure on the sleeve and causes
structural deformation in the sleeve. The deformation in the structure is governed by the
elastodynamics equation as shown below:

∇ · σ+ F = ρseal
..
u (3)

where u is the deformation occurring in the structure, σ is the Cauchy stress tensor, F is the
body force, and ρseal is the mass of the seal. ∇ is the Hamiltonian operator. In this work,
the analyses were performed for steady cases, thus the acceleration term was set to zero.
The body force was also neglected. Thus, Equation (3) renders into:

∇ · σ = 0 (4)

The Cauchy stress tensor is a function of the deformation, which is governed by the
Hooke’s law. The simulation geometries for both the sleeve and the flow region, along with
the boundary conditions and the meshing, are shown in Figure 3. The back ring, the stator,
and the rotor are not modeled, and the deformations of these rigid structures are assumed
to be zero. The boundary conditions at the inlet and outlet boundaries for the fluid flow
along the clearance are given by:

Pinlet = P0 (5)

Poutlet = Pe (6)

where P0 is the working pressure acting on the seal and Pe is the pressure at the outlet,
which is equal to the atmospheric pressure. Nonetheless, the simulation methodologies
presented in this study follow a sound scientific approach and lay the foundation for future
model enhancements.
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The sleeve is fixed on the right end. The inner surface of the sleeve is subjected to
pressure due to the fluid flow along the clearance, and the outer surface is subjected to
uniformly distributed working pressure, which is equal to the inlet pressure (P0). The
structural deformation of the sleeve reduces the clearance, which in turn affects the flow
field, and thus, the resulting pressure distribution along the clearance. The clearance is
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modeled by the Thin-Film Flow module. In the Thin-Film Flow module, the thickness of
the clearance is not geometrically modeled. The flow inside the clearance is modeled along
the surface, and the film thickness effects on the flow are included in the flow equations.
Figure 3b shows the surface along which the thin film flow is modeled, and this surface
is the inner surface of the sleeve shown in Figure 3a. The horizontal lines in Figure 3 are
geometrical edges, and they are used to generate the mesh.

The bidirectional coupling between the structural deformation in the sleeve and the
flow fields is governed by:

σr = P0 at r = rrotor + tseal + h (7)

σr = P at r = rrotor + h (8)

h = h0 + ∆h (9)

where ∆h is the change in the clearance, which is equal to the structural deformation on
the inner surface of the sleeve. The flowchart for the fully coupled simulations is shown
in Figure 4. The pressure at the inlet of the thin film flow region is applied as a uniform
pressure load on the outer surface of the sleeve with the pressure variation along the
clearance applied as the pressure load along the inner surface of the sleeve. The pressure
field inside the clearance is obtained by solving the Reynolds equation, which is a function
of the film thickness (h). The film thickness is, in turn, affected by the sleeve deformation,
which makes the problem bidirectionally coupled.
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COMSOL Multiphysics is used to solve the bidirectionally coupled physics equations.
COMSOL uses Finite Element methods to discretize the elastostatic and the Reynolds
equations to form the respective system of equations. The force term in the elastostatic
system of equations is a function of the pressure flow field. In the case of the flow field
system of equations, the stiffness matrix is a function of (deformation, pressure) and the load
vector is a function of pressure. To solve the bidirectionally coupled system of equations,
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the fully coupled solver of COMSOL is used with the nonlinear Newton’s method. The
MUMPS direct solver is used for solving the linear system of equations in the linearized
step of the nonlinear Newton’s method [42]. In the fully coupled solver, the Reynolds
equation is solved to obtain the pressure field inside the clearance, and the pressure field is
applied as the boundary load on the inner surface of the sleeve. The elastostatics equations
are then solved to determine the structural deformation on the sleeve. The change in the
seal clearance height is fed back to the Reynolds equation to calculate the updated pressure.
This procedure was performed back and forth until convergence was achieved for the final
pressure distribution in the clearance as well as the final deformation of the seal.

When carrying out CFD/FEA simulations, as a general rule of thumb, the simulation
results need to be validated either with analytical solutions or experimental data. At
the time of writing this manuscript, no experimental data was available for the EHD
seal design. Thus, we performed an analytical case study to compare its results with the
simulation data so that we can prove the fidelity of our simulations. Analytical solutions are
usually available for relatively simplified models, while the solutions of the coupled, highly
nonlinear partial differential equations require the use of computer simulations. Therefore,
we reduced the fully coupled Fluid–Solid-Interaction (FSI) problem to a one-way coupled
FSI one. Further, although the one-dimensional Reynolds equation can conveniently be
applied to the flow domain, the deformation of the seal is a 2D problem, and solving a
2D elastostatics problem analytically is quite challenging. Therefore, we only compared
the theoretical and computational results of the flow domain to validate our simulation
methodology. Next, we discuss the analytical modeling of the flow domain.

The sleeve was made from structural steel, and carbon dioxide was used as the
working fluid. The density and the dynamic viscosity of carbon dioxide are both functions
of pressure and temperature. For comparison purposes, the density of the carbon dioxide
was modeled by using the ideal gas equation of state, which is given by

ρ =
P

RT
(10)

where R is the gas constant and T is the working temperature which was considered
constant in this study. The viscosity is normally a function of temperature and pressure,
but for simplicity, the viscosity was considered to be constant for the analytical comparison.
Integration of Equation (2), using the ideal gas equation for density and applying the
boundary conditions, yields

Panalytical =

√
P2

0 +

(
P2

e − P2
0
)
x

Lseal
(11)

where the pressures are in terms of absolute pressure. The flowrate is given by

Q =
ρh3

12µ

dP
dx

(12)

The comparisons between the analytical solutions and simulation data are presented
in Figure 5 of the Results and Discussion section to validate the numerical technique used
in this study.

In the fully coupled case, the pressure due to the flow affects the deformation in the
sleeve, and the deformation on the sleeve affects the film thickness, which in turn affects the
flow pressure. To find a solution for the fully coupled equations, numerical methods such
as finite element methods are required. In this study, COMSOL Multiphysics was used to
solve the fully coupled equations. The ideal gas assumption is valid for the low-density
gasses, i.e., when away from the critical point region and the saturated vapor line on the
P–v curves, as known from Thermodynamics. In this study, the working pressures increase
up to 11 MPa, resulting in high-density carbon dioxide, where its behavior deviates from
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the ideal gas, and the ideal gas equation does not precisely describe this gas behavior. The
errors associated with the use of the ideal gas equation can be mitigated by introducing
the compressibility factor. To include the effect of the compressibility factor, the density
data, as a function of pressure and temperature, was imported from the NIST’s lookup
tables [43] and was used in place of the ideal gas equation.
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As mentioned earlier, COMSOL Multiphysics is used in this study for solving the
physics equations. COMSOL Multiphysics is a computational tool that discretizes sin-
gle or coupled Multiphysics equations into a system of equations using finite element
methods and provides different direct/iterative solvers to solve the resulting system of
equations [42]. The tool provides the option of choosing different shape functions for
discretization. More details about the physics of Thin-film Flow, Solid Mechanics, and
Fluid-Structure-Interaction modules can be found in [44,45].

3. Results and Discussions

This section presents the results obtained from the numerical simulation for different
flow conditions using COMSOL Multiphysics. Table 1 lists the geometric and material
properties that were used in the simulations. First, the numerical solution obtained using
COMSOL is compared with the analytical solution. Next, the results of the proof-of-concept
studies are presented followed by the parametric studies.

Table 1. Geometric and material properties.

Property/Parameter Value

Rotor radius (rrotor) 25.4 mm
EHD seal thickness (tseal) 0.5 mm

EHD seal length (Lseal) 25.0 mm
Initial clearance (h0) 0.0127 mm

Dynamic viscosity of CO2 (µ) f (P, T)
Young’s modulus of the steel seal (E) 2 × 1011 N/m2
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Table 1. Cont.

Property/Parameter Value

Young’s modulus of the aluminum seal (E) 70 × 109 N/m2

Density of CO2 (ρ) f (P, T)
Working pressure (P0) Varying
Ambient pressure (Pe) 0 Gauge
Gas constant of CO2 0.1889 kJ/(kg·K)

3.1. Analytical Solution of a Simplified Case

For the analytical solution, only flow equations are considered with the ideal gas
equation, and the effect of the compressibility factor on the flow is neglected. CO2 is
used as the working fluid. Figure 5 shows the comparisons between the analytical and
simulation results of the pressure along the seal clearance for one-way coupling, with the
pressures decreasing quadratically along the seal length. The simulation results matched
the analytical solution, which confirmed our simulation methodology.

3.2. Proof-of-Concept Studies

For proof-of-concept purposes, the seal material was selected to be structural steel.
However, as discussed in Section 3.3, the aluminum seal material was also investigated.
The working fluid was chosen to be CO2. As known, the density and viscosity of CO2
change with pressure and temperature. Considering the pressure range is taken to be 0.1
to 11 MPa for proof-of-concept purposes, the viscosity and density data, as a function of
pressure and temperature, was extracted from the NIST’s lookup tables and was imported
into COMSOL to include the effect of the compressibility factor [43]. The outlet boundary
condition for the fluid flow is zero-gauge pressure, and the inlet boundary condition is
the working pressure. The pressure distribution and deformations of the sleeve design
were solved for varying working (inlet) pressures. As for the meshing, a swept mesh
scheme was used. First, a mapped mesh was used to mesh the outer surface of the cylinder
with a 1 mm element size, with the surface mesh swept along the thickness, generating
four layers of elements. A total of 20,160 hexahedra mesh elements were generated with
26,100 vertices, maintaining the minimum mesh quality of 0.99 and the element volume
ratio of 0.99. Quadratic elements were used for finite element discretization.

The fully coupled analyses are extremely difficult with analytical approaches. There-
fore, we conveniently achieved the fully coupled solutions with the help of the Thin-Film
Flow and Solid Mechanics modules of COMSOL. Figure 6 shows the pressure variation of
the fluid along the clearance between the rotor and the seal for the inlet working pressure
of 5 MPa obtained from the fully coupled simulation. The left and right sides are the inlet
and outlet, respectively. As shown in Figure 6, the pressure is decreasing along the flow
direction with the reduction rate being much prominent closer to the exit. This throttling
effect of the seal is analogous to a typical throttling valve, where a similar pressure variation
is observed across the valve. Depending on the strength of the throttling effect, the level of
the recovered pressure varies.

The deformation of the seal and the film thickness for varying inlet pressures and
the von Mises stress plot at P0 = 5 MPa are shown in Figure 7. The film thickness is the
difference between the initial clearance and the radial deformation of the inner surface of the
sleeve. The film thickness is 0.0127 mm at the left end, and it decreases to a minimum value
before increasing to the initial clearance at the fixed end on the right. The location of the
minimum film thickness shifts towards the fixed end of the sleeve and increases nonlinearly
with the working pressure. The sleeve deformation results proved our hypothesis, which
was discussed in Section 2.1. The throttling effect is clearly visualized in Figure 7a. It is
also interesting to note that the throttling effect becomes stronger with increasing inlet
pressures. The deformation of the seal is also reflected on the von Mises stress plot, clearly
depicting the throttling effect in 3D view (Figure 7b). The inner surface of the sleeve was
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subjected to varying fluid pressures, and the outer surface was under constant working
pressure. As expected, the stress is maximized at the fixed end.
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Figure 6. (a) Line plot of the pressure variation along the clearance for various inlet pressure
conditions between 1 MPa and 11 MPa in intervals of 1 MPa. The inlet pressure value for each curve
is the value on the corresponding curve at x = 0. (b) Surface plot of the pressure variation in the thin
film between the rotor and sleeve at P0 = 5 MPa.
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The mass flow rate data, obtained from the fully coupled multiphysics simulation,
for the design conditions listed in Table 1 are given in Figure 8. The inlet pressure ranged
from 0.1 MPa to 11 MPa. The mass flow rate (also referred as the leakage rate) is increasing
with increasing inlet pressures and peaks at around 5.5 MPa, before decaying to lower
values at higher inlet pressures. This quadratic behavior of the mass flow rate can become
advantageous for sCO2 power generation applications, where the inlet pressures can
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reach and exceed 11 MPa. Similar leakage behavior was observed in [46–49], where the
researchers investigated the Morrison and Parry seals. Although the Morrison and Parry
seals differ in seal configuration and application, the sealing mechanism and the underlying
physics are considered to be the similar for both. Therefore, the findings of the current
study are supported by the data reported in [46–49].
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Figure 8. Variation of the mass flow rate for different inlet pressure conditions, between 0.1 MPa and
11 MPa, obtained from the fully coupled multiphysics simulations at the design conditions listed in
Table 1.

It should be noted that the thermal effects in the solid domain are neglected for
simplicity. Nevertheless, the goal of this paper was to prove the working mechanism of the
proposed seal concept by using fundamental physics and modern engineering tools to lay
a foundation for future model developments (see Section 4 for further discussion).

As a general rule, a mesh independency study must be conducted to prove that the
simulation results are not changing with decreasing mesh sizes or increasing number of
mesh elements. Figure 9 shows the results of the mesh independency study using quadratic
elements for FEM discretization and using 1, 0.9, 0.8, and 0.7 mm mesh sizes along the seal
length. The pressure variation and the film thickness results did not change beyond the
mesh element size of 1 mm.

The rotor and the sleeve were assumed to be concentric in this study. Thus, the effects
of rotational motion were assumed to be negligible since the majority of the flow would
be in the axial direction of the rotor. Nonetheless, we carried out a comparison study to
reveal the effects of the rotations on seal behavior. The comparisons between the simulation
results of 3D with rotational effects, 3D without rotational effects, and 2D without rotational
effects are presented in Figure 10. Apparently, the results are overlapped. Thus, it was
concluded that it is safe to carry out the simulations in 2D by ignoring the rotational effects,
which helped save significant computational time and resources. In fact, this is one of the
apparent advantages of COMSOL’s Thin-Film Flow module, specifically, that simulations
can be conducted with minimal time and effort without loss of accuracy. In this study, a
single simulation took less than 5 seconds to converge.
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Figure 9. Mesh independency study using linear and quadratic shape functions for FEM discretiza-
tion, and using 1, 0.9, 0.8, and 0.7 mm mesh sizes at a film thickness of 0.0127 mm and an inlet
pressure condition of 5.5 MPa. The solution changes with decreasing mesh size with a linear shape
function, while the results with the quadratic element show that the solution is mesh-independent.
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3.3. Parametric Studies

To see the effects of significant design parameters on seal performance, we performed
parametric sweep analyses. The parameters that we considered included seal material, seal
clearance, seal length, seal radius, and seal thickness. These parameters along with their
ranges are listed in Table 2. Each range included 10 data points.

Table 2. Parameters with their respective ranges.

Parameter Range

EHD seal initial clearance, h0 0.00635–0.0254 mm
EHD seal length, Lseal 12.7–38 mm

Rotor radius, rrotor 25.4–50.8 mm
EHD seal thickness, tseal 0.25–0.75 mm

It should be noted that when a parameter of interest was varied, all else remained at
their design values listed in Table 1, except for the inlet pressure, P0. The effects of the seal
material, seal clearance, seal length, seal radius, and seal thickness on the mass flow rate
are given in Figure 11 in a mass flow rate vs. parameter range format. It can be seen that
the mass flow rate is increasing with increasing values of clearance (Figure 11a,b), which
makes sense since the larger clearances reduce the flow resistance, increasing the mass
flow rate for the same inlet pressure. In other words, less energy is spent to overcome the
frictional effects in the clearance. When comparing the steel and aluminum material cases,
it can be seen that the mass flow rate values are higher for the steel material, which agrees
with our intuitions because the elastic modulus of steel is higher than that of aluminum,
making the steel seal stiffer to bend.

As for the effect of seal length, the mass flow rate is decreasing with increasing seal
length (Figure 11c,d), which is expected. This is because the longer the seal becomes, the
larger the frictional losses are, reducing the mass flow rate. Again, the mass flow rate
values were higher for the steel seal due to the same reason discussed above.

Regarding the effect of rotor radius on the mass flow rate, as the rotor radius increases,
the mass flow rate decreases (Figure 11e,f). This also agrees with our expectations since
the thin-walled cylinder effect becomes stronger with increasing rotor diameters, reducing
the effective stiffness of the seal. This, in turn, increases the bending of the seal, resulting
in lower mass flow rates. Compared to the aluminum case, steel material resulted in
larger mass flow rates because it has a higher elastic modulus and thus stiffness compared
to aluminum.

Lastly, the mass flow rate increases with increasing seal thicknesses (Figure 11g,h).
This is reasonable because the larger seal thicknesses reduce the thin-walled cylinder effect,
reducing the deformations on the seal, and thus increasing the mass flow rate. Again,
compared to aluminum, the steel material resulted in larger mass flow rates because of its
greater elastic modulus compared to aluminum. It should be noted that due to convergence
issues that occurred during the simulations, some of the mass flow rate plots do not have
data points at high inlet pressure values. Nonetheless, this did not obscure the trends
observed and discussed above. Such trends can clearly be seen in Figure 11a–h.

To validate the assumptions listed in Section 2.2, the Reynolds numbers for all simula-
tions are listed on the right side in Figure 11a–h. For the flow through the annular ring, the
Reynolds number is given by

Re =
ρVh

µ
(13)

where ρ is the density of the fluid, V is the velocity of the fluid, h is the height of the
clearance, and µ is the dynamic viscosity of the fluid. As can be seen, the Reynolds number
was below 2000 in all cases, where the Reynolds equation can safely be used. However,
it should be note that despite the accuracy, simplicity, and very fast convergence time the
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present model is valid only under the restrictive assumptions listed in Section 2.1. As such,
when employed, proper care must be exercised.
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Figure 11. Variation of mass flow rates along with the associated Reynolds numbers for (a,b) in-
creasing clearance for structural steel and aluminum; (c,d) increasing length for structural steel and
aluminum; (e,f) increasing radius for structural steel and aluminum; (g,h) increasing thickness for
structural steel and aluminum. The ranges of the parameters are listed in Table 2, and the simulations
were conducted at 10 equal intervals in respective ranges.
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4. Conclusions

This study presented a foundational physics-based simulation approach to describe
the behavior of a seal design. The proposed approach included fully coupled Fluid–Solid
Interaction (FSI) simulations that were performed by using COMSOL’s Thin-Film Flow
and Solid Mechanics modules. The simulation methodology was verified by analytical
solutions for the flow domain, only because there were no available analytical solutions
for such complicated FSI phenomena. The simulation results were also supported by the
existing literature. The flow properties were imported from the NIST’s website for the most
accurate results. Nonetheless, this study did not involve phase transition effects that are
likely to happen in sCO2 conditions. This was beyond the scope of this study. Moreover, a
parametric analysis was carried out to determine the effects of important design parameters
on the leakage rate. The main conclusions of this study can be summarized as follows. A
fully coupled physics-based model using modern engineering tools was developed. The
constriction behavior of the seal was successfully demonstrated, which can reduce the mass
flow rate. The mass flow rate of the EHD seal increases with increasing inlet pressures,
reaching a peak at a certain value and then starting to decay to lower values. The maximum
and minimum leakages were calculated to be 2.25 g/s and 0.1 g/s at P = 5.5 MPa and P
= 11 MPa for the design seal, respectively. The numerical results of the parametric sweep
analyses quantitatively showed the effects of the clearance, seal length, seal radius, and seal
thickness based on two different materials. The mass flow rate increased with increasing
values of seal clearance and thickness and decreased with increasing values of seal length
and rotor radius, which agreed with the expectations. The model presented in this paper
lays a solid foundation for further simulations to capture the seal behavior more accurately.

In relation to future work, we will attempt to investigate the following. In the present
study, the high Ma number effects in the clearance were neglected. As part of any future
work, we will attempt to enhance the model by incorporating such effects, particularly for
larger differential pressure conditions. We will design and fabricate a 2” static test rig to
demonstrate the EHD seal experimentally.
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Nomenclature

P0 Inlet pressure Pa
Pe Outlet pressure Pa
ρ Density Kg/m3

h Film thickness/clearance m
µ Dynamic viscosity Pa s
p Pressure Pa
va Rotational velocity of the rotor m/s
vb Rotational velocity of the sleeve m/s
T Temperature K
σ Cauchy stress tensor N/m2

F Body force per unit volume N/m3

u Displacement/deformation in the structure m
R Gas constant kJkg−1·K−1

∇ Hamiltonian operator -
∆h Change in clearance m
r Radius m
rrotor Rotor radius m
tseal EHD seal thickness m
Lseal EHD seal length m
x Length along the clearance m
FEM Finite Element Method -
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