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Abstract: We proposed a numerical method to investigate the thermo-fluid–structural coupled
characteristics of a mechanical seal of a reactor coolant pump (RCP), especially during extended loss
of AC power (ELAP) operation. We developed a finite element program for the general Reynolds
equation, including the turbulence effect to calculate the pressure, opening force, and leakage rate of
fluid lubricant and the two-dimensional energy equation to calculate the temperature distribution of
the fluid lubricant. We verified the accuracy of the developed program by comparing the simulated
temperature distribution and leakage rate of this study with those of previous research. Heat
conduction and elastic deformation due to pressure and temperature changes at the seal structure
were analyzed using an ANSYS program. The results showed that temperature more significantly
affected the elastic deformation of the seal structure near clearance than pressure both under normal
and ELAP operating conditions. High temperature and pressure of the coolant under ELAP operating
conditions deform the seal structure, resulting in a much smaller clearance of the fluid film than
normal operating condition. However, even with a small clearance under ELAP operation, the
leakage rate slightly increases due to the high internal pressure of the coolant. This research will
contribute to the development of robust mechanical seals for RCPs by accurately predicting the
characteristics of mechanical seals, especially when the RCP is operating under ELAP.

Keywords: ELAP; mechanical seal; thermo-fluid–structural coupled analysis; numerical analysis

1. Introduction

A reactor coolant pump (RCP) used in a pressurized water reactor of a nuclear power
plant is a device that circulates pressurized water coolant between the reactor and the
steam generator. To prevent leakage of the coolant, a three-stage cartridge-type mechanical
seal is applied to the RCP. Under normal operating conditions of the RCP, the coolant
temperature is around 40 ◦C, and the total pressure reduction through the three-stage
mechanical was around 150 bar, where the high pressure of the coolant was roughly
distributed to three mechanical seals with a distribution of 42% (63 bar reduction), 42%
(63 bar reduction), and 16% (24 bar reduction). However, with extended loss of AC power
(ELAP), the coolant temperature is over 300 ◦C, and a single stage of the mechanical seal
has to be safely operated to withstand a high-pressure difference of 150 bar. It is important
to predict the leakage and the seal deformation of the mechanical seal in the design stage
to prevent leakage of coolant under the high-pressure and high-temperature conditions
of ELAP [1]. Figure 1 illustrates the structure of the mechanical seal of an RCP, consisting
of a seal that rotates with the shaft and a stationary seal attached to the housing. Either
a stationary or a rotating seal has grooves to generate pressure. During operation, the
mechanical seal balances the closing force exerted by external pressure and spring force
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with the opening force generated by the pressure in the fluid film. The behavior of the fluid
film can be determined by the Reynolds equation, where the viscosity of the lubricant is
mainly dependent on temperature. Pressure and leakage vary depending on the state of
the fluid, the thickness of the fluid film, and surrounding pressure. The thermal energy
generated in the fluid film affects the temperature of the fluid film and the surrounding
structures through conduction and convection, and the structural deformation of the seal
due to temperature and pressure influences the behavior of the fluid film. Therefore, an
accurate calculation of the leakage from the mechanical seal requires a coupled analysis
that considers the pressure and temperature distribution of the fluid film and the elastic
deformation of the seal structure.
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Figure 1. (a) Structure of a mechanical seal in an RCP and (b) a magnified drawing of the mechanical
seal in the dotted box of (a).

Several researchers have analyzed the performance of mechanical seals through
thermo-hydrodynamic analysis. Thomas et al. analyzed the pressure, temperature, and
leakage rate by solving the Reynolds equation and the energy equation to study the per-
formance of mechanical face seals operating under high pressure. They suggested that
this calculation required consideration of heat transfer of the fluid film for a stable de-
sign of seals under high pressure [2,3]. Other researchers also predicted the performance
of seals by analyzing the pressure and temperature of the fluid film through thermo-
hydrodynamic analysis [4–8]. However, they did not consider the changes in clearance
caused by elastic deformation of the seal structure occurring at high a temperature and
pressure. Brunetiere et al. proposed a method to analyze a mechanical face seal, including
the structural thermal deformation under normal operating conditions of 40 ◦C and a
pressure difference of 20 bar, in addition to solving the two-dimensional Reynolds equation
and the three-dimensional energy equation. They showed that the calculation of leakage
without considering structural thermal deformation can lead to significant error [9–11].
Other researchers also investigated the performance of a mechanical seal considering struc-
tural thermal deformation to accurately calculate the leakage rate of the seals in mechanical
devices [12–14].

Galenne et al. proposed an elasto-hydrodynamic model to analyze the failure of the
seals for an RCP under normal steady operating conditions at 50 ◦C and a total pressure
difference of 150 bar [15]. They compared the simulated leakage rates from the elastic
deformation of seals by solving the two-dimensional Reynolds equation and the three-
dimensional energy equation and comparing the structural analysis with the experimental
values. Moreover, they investigated lubrication characteristics by including the effects of
structural heat transfer and elastic deformation. However, they did not consider harsh
operating conditions. Su et al. proposed a coupled thermo-fluid–structural model to
analyze the lubrication characteristics of wavy pattern grooved seals for an RCP under
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three temperatures (20 ◦C, 40 ◦C, 75 ◦C) and pressures (53 bar, 106 bar, 159 bar) [16]. They
showed that the elastic deformation of the seals due to pressure and temperature affected
the leakage rates of mechanical seals, with leakage rates increasing as the sealing pressure
increased. Other researchers have also conducted a thermo-elasto-hydrodynamic analysis
of the lubrication characteristics of seals for RCPs [17–20]. However, prior researchers
did not investigate the effects of the high temperature and pressure of ELAP operating
conditions on the performance of RCP seals.

In this study, we proposed a thermo-fluid–structural coupled analysis method to
predict the pressure and temperature distributions, the change in the clearance of fluid
film due to elastic deformation of the mechanical seal, and the resulting leakage rate
under normal and ELAP operating conditions of an RCP. We developed the finite element
program of the general Reynolds equation, including the turbulence effect to calculate the
pressure, opening force, and leakage rate of fluid lubricant and the two-dimensional energy
equation to calculate the temperature distribution of the fluid lubricant. The accuracy of the
developed program was verified by comparing the simulated temperature distribution and
leakage rate with those of the previous research. Heat conduction and elastic deformation of
the seal structure due to pressure and temperature change were analyzed using the ANSYS
program. The proposed method was used to investigate the lubricating characteristics of
the mechanical seal under normal and ELAP conditions of the RCP.

2. Method of Analysis
2.1. Lubrication Analysis in Fluid Film

The two-dimensional Reynolds equation can be derived from the three-dimensional
Navier–Stokes equation and the continuity equation with the assumption of incompressible
laminar flows. By neglecting body force, inertia force, and the pressure gradient along the
direction of film thickness, the two-dimensional Reynolds equation is derived to calculate
the pressure of thin film flow. In fluid between two plates, the fluid state changes from
laminar to turbulent condition when the Reynolds number is greater than about 1000, and
the turbulent effect becomes significant as the Reynolds number increases [21,22]. Hirs
proposed the general Reynolds equation in Equation (1) to model the turbulence occurring
in thin-film flow [21,22].

∂

∂r

(
Gr

h3

µ

∂p
∂r

)
+

∂

r∂θ

(
Gθ

h3

µ

∂p
r∂θ

)
=

U
2

∂h
r∂θ

(1)

Here, h, µ, p, U, Gr, and Gθ represent the film thickness, viscosity coefficient, pressure,
velocity of the fluid, and the flow rate coefficients in the radial and circumferential direc-
tions, respectively, and they are the functions of r and θ. The flow rate coefficients vary
depending on the state of the fluid. For laminar flow, these coefficients are 12 in both radial
and circumferential directions; for turbulent flow, they are 0.0392Re0.75 and 0.0687Re0.75,
where Re is the Reynolds number. The film thickness varies depending on the deformation
of the seal structure and can be expressed as shown in Equation (2).

h = hc + hg + hd (2)

where hc, hg, and hd represent the minimum film thickness, groove depth, and elastic
deformation of the seal face, respectively. The internal and external boundary conditions of
the Reynolds equation are described in Equation (3). The external boundary conditions are
applied to the inner radius and the outer radius. The periodic boundary condition implies
that the pressure is continuous along the circumferential direction.

p(r = ri, θ) = pi
p(r = ro, θ) = po

p(r, θ) = p(r, θ + 2π)
(3)
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Here, pi and po represent the internal and external pressures, respectively.
To develop the finite element formulation of the Reynolds equation, a weighting

function is multiplied; partial integration is performed, and Green’s theorem is employed
to yield the following expression.

∫
Ω

(
Gr

h3

µ

∂w
∂r

∂p
∂r

+ Gθ
h3

µ

∂w
r∂θ

∂p
r∂θ

)
dΩ −

∫
Ω

Uh
2

∂w
r∂θ

dΩ = 0 (4)

where Ω and w represent the interested domain and weighting function, respectively. The
pressure of a four-node element can be defined through the nodal pressure Pe, arbitrary
vector ηe, and shape function N and is expressed as shown in Equations (5) and (6).

p = NTPe (5)

w = ηT
e N (6)

By substituting Equations (5) and (6) into Equation (4), the following local finite-element
equation is produced:

ηT
e
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∂NTPe

∂r
+ Gθ

h3

µ

∂N
r∂θ

∂NTPe

r∂θ

)
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e

∫
Ω

Uh
2

∂N
r∂θ

dΩ = 0 (7)

Equation (7) can be rewritten by introducing the local element stiffness matrices and load
vectors, as shown in Equations (8)–(10):

KePe = Fe (8)

Ke =
∫

Ω

(
Gr

h3

µ

∂N
∂r

∂NT

∂r
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h3
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∂N
r∂θ

∂NT
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)
dΩ (9)

Fe =
∫

Ω

Uh
2

∂N
r∂θ

dΩ (10)

Assembling the local finite element equations to construct the global finite element equation,
applying the boundary condition, and solving the global finite element equation, we can
determine the pressure of the fluid film. Then, the opening force, leakage rate, and heat
generation can be calculated, as shown in Equations (11)–(13) [21,22].

Fopen =
∫ 2π

0

∫ ro

ri

prdrdθ (11)

Q =
∫ 2π

0
Gr

h3

µ

∂p
∂r

rdθ (12)

H =
∫ ro

ri

∫ 2π

0

(
h
2

∂p
r∂θ

+
µU
h

)
rdθdr × rω (13)

2.2. Thermal Analysis in Fluid Film

Assuming convection at the boundary between the fluid film and the solid (based on
the principle of energy conservation), the two-dimensional energy equation in the fluid
film can be established as follows [23,24]:

ρCp

[(
ωrh

2 − Gθ h3

µ
∂p
r∂θ

)
∂T
r∂θ +

(
−Grh3

µ
∂p
∂r

)
∂T
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]
=

[
Gθ h3

µ

(
∂p
r∂θ

)2
+ Grh3

µ

(
∂p
∂r

)2
]
+ µ(ωr)2

h + h f r(Tr − T) + h f s(Ts − T)
(14)

where Cp, Tr, Ts, h f r, and h f s represent the specific heat capacity of the fluid, the tempera-
tures at the end face of the respective rotating seal and stationary seal, the convective heat
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transfer coefficient at the boundary of the rotating seal, and the convective heat transfer
coefficient at the boundary of the stationary seal, respectively. The internal and external
boundary conditions of Equation (14) in the fluid film are as described in Equation (15). The
external boundary conditions include the internal temperature and external temperature,
applied, respectively, at the inner radius and the outer radius. The periodic boundary
condition implies that the temperature is continuous.

T(r = ri, θ) = Ti
T(r = ro, θ) = To

T(r, θ) = T(r, θ + 2π)
(15)

where Ti and To represent the internal temperature and external temperature, respectively. To
develop the finite element formulation of the energy equation, a weighting function is applied;
partial integration is performed, and Green’s theorem is applied to yield Equation (16).

∫
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(16)

The temperature of a four-node element can be defined through the nodal temperature
Te, arbitrary vector ηe, and shape function N. With substitution and rearrangement, it is
expressed as Equation (17).

ηT
e
∫
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(17)

Here, the pressure gradient calculated from Equations (1)–(10) is used in Equation (17). The
convective heat transfer coefficient at the lubrication surface can be calculated using the
relationship expressed in Equations (18) and (19).

h f r = h f s =
3Pr1/3k

h
(18)

Pr =
Cpµ

k
(19)

where Pr and k represent the Prandtl number and thermal conductivity, respectively.
The convective heat transfer coefficient at the outer diameter of the mechanical seal

was derived through the empirical correlation of the Nusselt number in Equation (20), and
the Nusselt number is calculated using Equation (21) [25].

Nu = 0.133Re2/3Pr1/3 (20)

Nu =
h

k/ro
(21)
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The temperature of the fluid film is calculated by assembling the local finite element
equations to construct the global finite element equation, applying the boundary condition,
and solving the global finite element equation.

2.3. Heat Conduction and Elastic Deformation of the Seal Structure

The heat conduction equations for the stationary seal and the rotating seal are ex-
pressed as Equations (22) and (23), respectively; for the rotating seal, it includes the rota-
tional component in the θ direction.

1
r2

∂2Ts

∂θ2 +
∂

∂r
∂Ts

∂r
+

∂2Ts

∂z2 = 0 (22)

kr

ρrCpr

[
1
r2

∂2Tr

∂θ2 +
∂

∂r
∂Tr

∂r
+

∂2Tr

∂z2

]
= ω

∂Tr

∂θ
(23)

Here, Ts, Tr, kr, ρr, and Cpr represent the temperature of the stationary seal, the temperature
of the rotating seal, the thermal conductivity of the rotating seal, the density, and the specific
heat capacity of the rotating seal, respectively.

Figure 2 illustrates the boundary conditions of the heat conduction equations for the
lubricating fluid and the seal structure. An isothermal boundary was applied to the outer
radius of the stationary seal, and a convective boundary with air was applied to the inner
radius. For the rotating seal, a convective boundary with water coolant was applied to
the outer radius, and an isothermal boundary was applied to the inner radius. On the
lubrication surface, the heat flux, which is obtained by dividing the generated heat in
Equation (13) by the element area, is applied to the lubrication surface. For the other parts,
an insulating boundary was applied to calculate the heat transfer between the lubricating
fluid and the solid [26,27].
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Figure 2. Heat transfer boundaries of a mechanical seal.

Figure 3 shows the pressure boundary conditions for the analysis of elastic deformation
of the seal structure. External pressure was applied to the outer diameter of the stationary
seal, and the internal pressure was applied to its inner diameter. Additionally, spring
force was applied to the outer diameter of the stationary seal. External pressure was also
applied to the outer diameter of the rotating seal, and the internal pressure was applied to
its inner diameter. The pressure calculated from the Reynolds equation was applied to the
lubricating surface. The other parts were subjected to a fixed boundary condition because
they are fixed to the shaft and housing.
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2.4. Numerical Algorithm

To calculate the lubrication characteristics at the high temperature and pressure en-
countered under ELAP operating conditions, it is necessary to consider the variation
in the viscosity coefficient according to temperature. The viscosity coefficient depends
on temperature and pressure. For liquid, it decreases with increasing temperature until
a phase change occurs, after which the viscosity coefficient increases. However, under
high pressure (where no phase change occurs), the viscosity coefficient increases with
increasing pressure at the same temperature. In this study, Freeprop (available online:
https://webbook.nist.gov/chemistry/) was used to determine the viscosity coefficient of
each finite element depending on temperature and pressure.

Figure 4 shows the numerical procedure of this study. Lubrication analysis in the fluid
film was conducted with a finite element program developed using C++. First, the Reynolds
number was calculated on each finite element, and lubrication analysis was conducted
based on laminar and turbulent flow. Subsequently, thermal analysis to determine the
temperature of the fluid film was conducted using the finite element program developed
using C++. In this state, we applied the heat generation obtained from the fluid film analysis
to solve the energy equation. An iteration process was required to find the film thickness
that satisfies the equilibrium state under the given operating conditions by calculating
the opening force based on the initial film thickness (clearance) and comparing it to the
closing force. The process was repeated until the force equilibrium state was achieved. The
bisection method was used as the iteration method in this study. For this purpose, the
minimum and maximum film thicknesses were defined, and the analysis was repeated
until the difference between the opening force and the closing force for the calculated
film thickness was less than 1 × 10−4. Then, analyses of heat conduction and elastic
deformation of the seal structure were conducted using ANSYS software 2022 R1. In this
state, we applied the pressure from the fluid film analysis and the temperature distribution
of the heat conduction analysis to solve the elastic deformation of the seal structure. These
processes were repeated until the difference in total deformation of all nodes between the
previous step and the current step was less than 1 × 10−4.

https://webbook.nist.gov/chemistry/
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3. Numerical Verification

To validate the developed finite element programs for lubrication and thermal analyses
and the proposed numerical procedure, we performed a thermo-fluid coupled analysis
of the face seal, as analyzed by Tournerie et al. [28]. The external radius, internal radius,
and tapering angle of this face seal were 45 mm, 40 mm, and 0.0001 rad, respectively.
The rotating speed, pressure difference, fluid density, initial viscosity, and fluid thermal
conductivity were 300 rad/s, 2 MPa, 850 kg/m3, 0.001 Pas, and 0.14 W/mK, respectively.
Our finite element model was constructed with 3000 quadrilateral elements. Figure 5 shows
a comparison of our temperature distributions along the radial direction with those of
Tournerie for film thicknesses of 2, 5, and 10 µm. It shows that our simulated temperature
distributions are very close to those of Tournerie, within a discrepancy of 3%. Additionally,
our simulated leakage rate for the film thickness of 10 µm is 1.182 × 10−6 m3/s, very close
to Tournerie’s leakage rate of 1.175 × 10−6 m3/s, with a discrepancy of 0.59%.
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4. Results and Discussion
4.1. Analysis Model

We applied the proposed method of the thermo-fluid–structural coupled analysis to
investigate the lubrication characteristics of the mechanical seal under normal and ELAP
operating conditions. Figure 6a shows the mechanical structure of a mechanical seal with
a dodecagonal groove. The finite element model of the mechanical seal was developed
with 144,000 quadrilateral elements. Figure 6b is the finite element model corresponding to
the boxed area in Figure 6a, and it shows groove and ridge areas. The groove is engraved
in the stationary seal, while the rotating seal has a plain shape. Table 1 shows the design
variables and operating conditions used for the lubrication analysis of the mechanical seal.
Table 2 shows the pressure and temperature boundary conditions of the mechanical seal
under normal and ELAP conditions. The pressure differences between normal and ELAP
operating conditions were 64 bar and 176 bar, respectively. We assumed that the fluid
film in the clearance remained in a liquid state. Figure 7 shows the three-dimensional
model to analyze the heat conduction and elastic deformation of the seal structure. In
this research, we developed one-quarter of the three-dimensional model and applied a
symmetric boundary condition. The gray area is made of silicon carbide, where lubrication
occurs, while the rest is carbon graphite. We did not include the shaft and housing in the
finite element model in the analysis of elastic deformation and heat conduction because they
were much stiffer than that of the carbon graphite and because the thermal conductivity
of the shaft and housing was almost equal to that of the carbon graphite, and they were
located far from the heat source. Table 3 shows the material properties of the seal structure
in the analysis of heat conduction and elastic deformation.
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Table 1. Design variables and operating conditions of the mechanical seal.

Parameter Value

Outer radius, ro [mm] 131
Groove radius, rg [mm] 128.7

Inner radius, ri [mm] 125
Balance radius, rb [mm] 127

Radial groove length [mm] 1
Number of grooves [ea] 12

Groove depth [mm] 1
Fluid specific heat capacity, Cp [J/kgK] 4184
Fluid thermal conductivity, k [W/mK] 0.592

Rotating speed, ω [rpm] 1200
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Table 2. Pressure and temperature boundary conditions of the mechanical seal under normal and
ELAP operating conditions.

Parameter Normal Condition ELAP Condition

External pressure, po [bar] 64 176
Internal pressure, pi [bar] 1 1

Seal fluid temperature, To [K] 313 583
Ambient temperature, Ti [K] 313 583

Fluid density, ρ [kg/m3] 995.02 709.76
Fluid viscosity, µ [µPas] 655.38 85.44
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Table 3. Material properties of the seal structure in the analysis of the heat conduction and elastic
deformation of the seal structure.

Parameter Carbon Graphite Silicon Carbide

Density, ρr [kg/m3] 1800 3100
Young’s modulus [GPa] 25 400

Poisson’s coefficient 0.2 0.17
Specific heat capacity, Cpr [J/kgK] 710 400
Thermal conductivity, kr [W/mK] 15 150

Linear thermal expansion coefficient [/10−6 ◦C] 4 4.3

4.2. Characteristics of a Mechanical Seal under Normal Operating Conditions

A thermo-fluid–structural coupled analysis was conducted to analyze the character-
istics of a mechanical seal under normal operating conditions. In this normal operating
condition, the proposed numerical procedure in Figure 4 was converged after nine itera-
tions, with an average clearance of 7.31 µm. Figure 8 shows the Reynolds number along
the radial direction at 0◦ and 10◦. Because there is no groove along the radius at 0◦, the
Reynolds number is lower than Re = 1000, and no turbulence occurs. However, there
is a groove along the radius at 10◦, and the Reynolds number is higher than Re = 1000
in the groove area, causing turbulence in the groove area. Figure 9a shows the pressure
distribution on the lubrication surface. Under normal operating conditions, the opening
force, maximum pressure, and leakage rates were 22,946 N, 64.03 bar, and 8.63 × 10−5 m3/s,
respectively. The maximum pressure is very close to the external pressure because the
wedge effect caused by the groove was weak. Figure 9b shows the temperature distribution
of the fluid film. The maximum temperature of 335 K occurred at the inner diameter of
the seal, and the minimum temperature of 321 K occurred within the groove due to the
lubricating fluid within the groove depth.
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Figure 9. Pressure (a) and temperature distributions (b) in the fluid film of the mechanical seal under
normal conditions.

Figure 10 shows the temperature distribution of the seal structure due to heat con-
duction. The maximum temperature of 335.4 K occurs at the middle lower part of the
stationary seal, where a relatively high temperature is observed due to the low convective
heat transfer coefficient of air. At the middle upper part of the rotating seal, a relatively
low temperature is observed due to the high convective heat transfer coefficient of water.
Figure 11 shows the elastic deformation of the mechanical seal under normal operating
conditions. The maximum deformation of 4.5 µm occurs at the top of the stationary seal
because the pressure of 64 bar at the outer diameter of both the stationary and rotating
seals is much greater than the pressure of 1 bar at the inner diameter. Figure 12 shows the
clearance along the radial direction due to temperature, pressure, and their interaction.
When pressure is only applied, the clearance changes from a maximum of 4.92 µm at the
outer radius to a minimum of 3.46 µm near the middle, and the clearance at the outer
radius is slightly greater than that at the inner radius because of high external pressure.
When the temperature is applied, the clearance changes from a maximum of 7.48 µm at the
inner radius to a minimum of 4.7 µm near the middle, and the clearance at the inner radius
is greater than that at the outer radius because of the high inner temperature. Temperature
changes the clearance more significantly than pressure. When both pressure and tempera-
ture are applied, clearance changes from the maximum of 9.77 µm at the inner radius to the
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minimum of 6.47 µm near the middle, and the clearance at the inner radius is greater than
that at the outer radius, mostly due to high inner temperature.

Figure 10. Temperature distribution of the mechanical seal under normal operating conditions.

Lubricants 2024, 12, x FOR PEER REVIEW 13 of 19 
 

 

 

Figure 10. Temperature distribution of the mechanical seal under normal operating conditions. 

 

Figure 11. Elastic deformation of the mechanical seal under normal operating conditions. 

 

Figure 12. Clearance along the radial direction due to temperature, pressure, and their interaction 
under normal operating conditions. 

Figure 11. Elastic deformation of the mechanical seal under normal operating conditions.

Lubricants 2024, 12, x FOR PEER REVIEW 13 of 19 
 

 

 

Figure 10. Temperature distribution of the mechanical seal under normal operating conditions. 

 

Figure 11. Elastic deformation of the mechanical seal under normal operating conditions. 

 

Figure 12. Clearance along the radial direction due to temperature, pressure, and their interaction 
under normal operating conditions. 
Figure 12. Clearance along the radial direction due to temperature, pressure, and their interaction
under normal operating conditions.

4.3. Characteristics of a Mechanical Seal under ELAP Operating Conditions

The characteristics of a mechanical seal under ELAP operating conditions were an-
alyzed by using the proposed thermo-fluid–structural coupled analysis. As shown in
Figure 4, the proposed numerical procedure was converged to an average clearance of
4.91 µm after 23 iterations. Because the groove depth affects the Reynolds number more
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significantly than clearance change, turbulence occurs only at the groove area in the ELAP
operating condition. Figure 13a shows the pressure distribution on the lubrication surface,
and it shows that the maximum pressure is very close to the external pressure because the
wedge effect caused by the groove is weak. Under ELAP operating conditions, the opening
force, maximum pressure, and leakage rate are 61,564 N, 176 bar, and 9.7 × 10−5 m3/s,
respectively. Figure 13b shows the temperature distribution of the fluid film. The maximum
temperature of 660 K occurs at the inner diameter of the seal, and the minimum temper-
ature of 635 K occurs within the groove due to the lubricating fluid within the groove
depth. According to the NIST, the coolant (water) remains in a liquid state up to 628.29 K
at 176 bar and up to 372.76 K at 1 bar. Vaporization of the fluid film may occur where
the temperature of the fluid film rises over the boiling temperature of water, as shown
in Figure 13. Figure 14 shows the temperature distribution of the seal structure due to
heat conduction. The maximum temperature of 669.3 K occurs at the middle lower part
of the stationary seal with the distribution of a relatively high temperature due to a low
convective heat transfer coefficient of air. A relatively low temperature occurred at the
middle upper part of the rotating seal due to the high convective heat transfer coefficient
of water.
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Figure 14. Temperature distribution of the mechanical seal under ELAP operating conditions.
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Figure 15 shows the elastic deformation of the mechanical seal under ELAP operating
conditions, and the deformed shape of the mechanical seal under ELAP operating condi-
tions is very similar to that under normal operating conditions. However, the maximum
deformation of 60.5 µm occurs at the top of the stationary seal because the high pressure of
176 bar at the outer diameter of both the stationary and rotating seals is much greater than
the pressure of 1 bar at the inner diameter. Figure 16 shows the clearance along the radial
direction due to temperature, pressure, and their interaction, respectively. The maximum
clearances due to pressure, temperature, and their interaction are 4.59 µm at the outer ra-
dius, 5.99 µm at the inner radius, and 7.37 µm at the inner radius. The minimum clearances
due to pressure, temperature, and their interaction are 3.09 µm, 3.8 µm, and 3.69 µm near
the middle, and it shows that the pressure additionally decreases the minimum clearance
near the middle when both temperature and pressure are considered. In total, elastic
deformation of the seal structure happens near clearance, and the temperature has a more
significant influence than pressure in ELAP operating conditions. Figure 17 shows the
clearance of the fluid film along the radial direction under normal and ELAP operating
conditions, and it shows that the clearance due to high temperature and pressure under
ELAP operating conditions is much smaller than that under normal operating conditions.
However, the leakage rate under ELAP operating conditions (9.7 × 10−5 m3/s) slightly
increased in comparison to that under normal operating conditions (8.63 × 10−5 m3/s) due
to the high internal pressure.
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5. Conclusions

In this paper, we proposed a thermo-fluid–structural coupled analysis method to
predict the pressure and temperature distributions, the change in the fluid film clearance
due to elastic deformation of the mechanical seal, and the resulting leakage rate under
normal and ELAP operating conditions of the RCP. We developed a finite element program
for the general Reynolds equation, including the turbulence effect to calculate the pres-
sure, opening force, and leakage rate of fluid lubricant and the two-dimensional energy
equation to calculate the temperature distribution of the fluid lubricant. The accuracy of
the developed program was verified by comparing the simulated temperature distribution
and leakage rate with those of previous research. Heat conduction and elastic deformation
due to pressure and temperature changes at the seal structure were analyzed using the
ANSYS program. The results show that temperature more significantly affects the elastic
deformation of the seal structure near clearance compared to pressure under both normal
and ELAP operating conditions. High temperature and pressure of the coolant under
ELAP operating conditions deformed the seal structure and resulted in a much smaller
clearance of the fluid film than in normal operating conditions. Even in the small clearance
of ELAP operating conditions, the leakage rate increased due to high internal pressure
and low viscosity. A high temperature of the coolant in the seal structure under ELAP
operating conditions rises over the boiling temperature of the coolant, which may cause
the vaporization of the coolant. The effect of two-phase flow in the fluid film under ELAP
operating conditions will be a future research topic to accurately analyze the fluid film and
the thermo-fluid–structural coupled analysis of the seal structure under ELAP operating
conditions. This research will contribute to the development of robust mechanical seals
for RCP by accurately predicting the characteristics of mechanical seals, especially under
ELAP in the RCP.
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Nomenclature

Dn Total elastic deformation of all nodes at the n-th iteration
Fclose Closing force [N]
Fopen Opening force [N]
Gr Fluid state coefficients for radial flow
Gθ Fluid state coefficient for circumferential flow
h Film thickness [mm]
hc Minimum film thickness [mm]
hg Groove depth [mm]
hd Deformation amount [mm]
p Pressure of fluid film [bar]
T Temperature of fluid film [K]
U Fluid velocity [m/s]
w Weighting function
µ Viscosity [Pa·s]
ρ Density [kg/m3]
η Arbitrary vector
N Shape function vector
Pe Element pressure vector [bar]
Te Element temperature vector [K]
Ω Interested domain
ω Rotating velocity [rad/s]
Re Reynolds number
Pr Prandtl number
Nu Nusselt number
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