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Mechanical seals prevents flow leakages in reactor coolant pumps thus playing an
important role in their operational safety. However, their operational performance
depends on different parameters, the seal geometrical design and the sealing medium
characteristics among others. This study investigates the main performances of the
waviness end-face mechanical seal, considering the effect of fluid flow and thermal
characteristics. The involved coupled thermal-hydraulic process is simulated using the
OpenFOAM, based on the coupled Navier-Stokes and energy balance equations. Study
results showed that the viscosity-temperature effect may increase the flow leakage, and
decrease both the opening force and the liquid film stiffness. The later may be decreased to
negative values under specific conditions. It’s therefore generally found that visco-thermal
characteristics of the sealing medium may negatively affect mechanical seal’s operational
stability. On the other hand, from the perspective of liquid film temperature rise, the visco-
thermal effect may lead to the regulation of the temperature rise in the liquid film, which
improves the mechanical seal’s operational safety in some aspects. Through a
comprehensive analysis, the optimal structural parameters of the waviness mechanical
seal investigated in this study are found to be hi � 2.5μm, β � 900μrad (Rd-Ri)/(Ro-Ri) � 0.2,
α � 0.8, and k � 9.
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INTRODUCTION

The shaft seal is an isolation device to prevent the leakage of reactor coolant pumps (RCP) (Salant
et al., 2018), which is directly related to the safe operation of the nuclear power plant (Nilsson et al.,
2009; Baraldi et al., 2011; Feng et al., 2016; Kok and Benli, 2017; Luqman et al., 2019). As one of the
key components of shaft seals, the mechanical seal (Harp and Salant, 1998; Clark et al., 2002; Simon,
2018) plays a vital role in the safety and reliability of the entire structure, where different shapes of its
end face lead to the different hydraulic effects (hydrodynamic and hydrostatic effects). In comparison
with the hydrostatic seals, hydrodynamic seals can reach better performance owing to its
hydrodynamic effect (Pascovici and Etsion, 1992; Batten et al., 2008).

Many researches on hydrodynamic seal’s structure and operational mechanism have been
conducted in the past decades (Stanghan-Batch and Iny, 1973; Wen et al., 2013; Falaleev, 2015;
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Han and Tan, 2020). Among others, in order to analyze the
pressure and temperature distribution within a mechanical seal,
Merati et al. (1999) established a computational model for flow
and thermal analysis, which could effectively predict both the
flow field characteristics in the seal chamber and the temperature
distribution within the stator. On the other hand, wanting to
improve the performance of a mechanical seal, Clark et al. (2002)
established a coupled thermal-hydraulic model based on the CFD
method. Based on the associated model, they proposed some
effective measures to improve the cooling effect of the stationary
ring’s end faces. In the same respect, Danos et al. (2000)
established a numerical model for thermo-hydrodynamic
lubrication, involving heat transfer analysis through the rings.
This model tackled a three-dimensional general case of
misaligned faces and a wavy rotor face in a stable dynamic
tracking regime. The results showed the influence of different
parameters such as the interface geometry, the nature of the
lubricant, the fluid flow, the ring materials, and heat transfer
conditions on the ring surfaces. Tournerie et al. (2001), analyzing
the mechanical seal’s thermal behavior, investigated the influence
of mechanical seal end-face tilt, where they built a three-
dimensional thermal-hydraulic coupling model to study the
temperature distribution of the seal ring liquid film, as well as
the heat transfer process between seals.

In some cases, complicated conditions should be considered,
especially in the special pump types. To say the least, wanting to
analyze the applicability of the wave-tilt dam seal, Young et al.
(Young and Lebeck, 1989; Young et al., 2003) experimentally
studied the characteristics of the wave-tilt dam seal, in which both
the hydrostatic and hydrodynamic effects are produced on the
radial taper and circumferential waves of the seal, respectively.
Due to these properties, this seal can provide sufficient opening
force and can be used under complex conditions. In addition to
the wave-tilt dam seal, Mayer (Mayer, 1989) proposed a
mechanical seal with a deep groove structure on the sealing
end face. During this research, the experiment of the end-face
mechanical seal of the rectangular deep-buried water cushion
body is mainly considered, and its mathematical model for the
elastic flow is established using the relaxation iteration method. It
was shown that the pressure effect would lead to the wave
deformation of the hydropads seal. Djamaï et al. (2010) put
forward a numerical model of thermal-fluid analysis in deep
groove seal, and the influences of operation and design
parameters on sealing performance were analyzed. It was
shown that the hydrodynamic effect of the deep groove seal
was negligible, while the opening force was mainly provided by
the hydrostatic effect.

In addition to the thermal-hydraulic properties, another
important property that should be focused on is the thermos-
elastic property, which in addition to thermal characteristics,
describes the elastic characteristics in the sealing mechanism. To
this end, some improved research works involving thermo-elastic
properties coupling have been conducted. Among others, Liu
et al. (2011); Liu et al. (2015) with a target of studying the sealing
mechanism of the wave-tilt dam end-face mechanical seal under
different working conditions, established a three-dimensional
thermo-elastic coupling model and analyzed the sealing

mechanism of the mechanical seal under the starting and
stable operating conditions. Peng et al. (2012) established a
coupled thermal-fluid-solid model for a convergent double
tapered hydrostatic mechanical seal and experimentally
investigated the effect of thermo-elastic deformation on the
seal performance. Among other parametric studies, Hu et al.
(Chandramoorthy, Hadjiconstantinou) studied the effect of speed
and closing pressure on the sealing behavior for a grooved end-
face seal ring, where the increase of both parameters led to a
correspondingly increasing volume leakage rate. As for
Gustafsson et al. (2017), the shape of micro-grooves on the
end-face of the sealing ring may considerable influence the
thermohydrodynamic characterstics of the liquid film in its
seal gap region.

Taking from the above presented literature and other works
from different sources, it’s obvious that previously conducted
works have systematically established the analytical method to
study mechanical seal operations. Most of the previous works on
mechanical seals are mainly based on the bearing lubrication
theory, in which the Reynolds equation (Chandramoorthy,
Hadjiconstantinou; Gustafsson et al., 2017) is often used as the
governing equation to solve the pressure distribution of the liquid
film in the seal ring gap. The Reynolds equation is a simplified
approximation of the Navier-Stokes equation (Temam, 2001;
Pietarila Graham et al., 2008; Sinchev et al., 2018; Danchin
and Mucha, 2019) to solve the narrow gap laminar flow. In
this approximation, the pressure change along the film thickness
direction is neglected by assuming that the thickness of the seal
ring gap liquid film is small enough. However, for the
complicated mechanical seal conditions (e.g., the wave-tilt dam
end-face mechanical seal), the pressure change along the film
thickness direction should be considered for more reliable results.
When neglecting this pressure change, some errors will be
introduced and the numerical solutions may deviate from the
real life conditions. This situation requires more accurate
equations to describe the fluid flow and heat transfer
phenomenon in the mechanical seal. To this end, the Navier-
Stokes equations, being a more detailed description than the
Reynolds equation, can be considered. Therefore, in the present
study, in order to study the waviness end-face mechanical seal
more accurately, the coupled Navier-Stokes and Energy equations
are used based on the open-source software OpenFOAM to
analyze the pressure and temperature distributions (Jasak
et al., 2007; Gebreslassie et al., 2013a; Gebreslassie et al.,
2013b; Chen et al., 2014). The viscosity-temperature effect
(visco-thermal effect) of the sealing medium is also considered
to calculate the heat-flow coupling process. Based on this model,
the influences of structural parameters on seal performance are
studied, and the optimal parameters of the seal design are
proposed.

The present article is organized as follows. In Research Object
and Methodology, both the investigated case and the utilized
research methodology are established and explained. This
includes the seal geometric model, sealed medium governing
equations, the utilized boundary conditions, and the definitions
of main sealing performance variables. Results and Discussion
studies the effects of structural parameters on the sealing
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performances, including the leakage rate, the film opening force,
the film stiffness, and the temperature distribution. The main
conclusions of this work are given in Conclusion.

RESEARCH OBJECT AND METHODOLOGY

Geometric Model
The geometry of the investigated mechanical seal in the RCP is
shown in Figure 1. It consists of two sliding rings, namely the
rotating ring and stationary ring. The inside and outside
radius of the seal face are set as Ri � 140.25 mm and Ro �
151.25 mm, respectively. The rotating slide ring rotates
counterclockwise at an angular speed of w. Between the
rotating and stationary slide rings, the sealed medium
(deionizer water is used in this case) flows from the outside
zone to the inside chamber via the main leakage path with
thickness hi.

The end face of the rotating slide ring is flat, and its roughness
is less than 1 μm. The end face of the stationary slide ring consists
of 9 wavinesses and a flat plane, as shown in Figure 2. The film
thickness between the frictional pair is described as in Eq. 1 (Liu
et al., 2011):

h(r, θ) � { hi Ri ≤ r≤Rd

hi + tan β(r − Rd)(1 − α cos kθ) Rd ≤ r≤Ro
, (1)

where hi, β, r, and θ stand for the thickness of the inner radius,
radial angle on the stator face, and the coordinate of radial and
rotating directions, respectively. Moreover, Ri, Rd, and Ro are the
inner radius, dam radius, and outer radius, respectively. The
dimensionless parameter α is defined as shown in Eq. 2:

α � ha/ht (2)

ha and ht stand for the wave amplitude and taper height of the
outer radius; k is the wave number.

Governing Equations
The coupled thermal-hydraulic behavior within the mechanical
seal is analyzed using the numerical technique, which starts from
the establishment of the governing equations. To simplify the
numerical simulation, some basic and reasonable assumptions
are applied as follows:

1) The sealed fluid is incompressible since the flow velocity is
very small; and the viscosity-temperature effect is considered.

2) Only the steady-state condition under the normal operations
is considered, and the seal faces are always parallel to
each other.

3) According to the relevant parameters, the Re number is about
210 and the flow factor number is 0.354. Therefore, the fluid
film is laminar.

4) The pressure variation in the direction of the fluid film is
considered.

5) The cavitation phenomenon is neglected.
6) The seal gap is considered as full-film lubrication, and no face

contact happens during the operation.

Under these conditions, the governing equations to describe
the lubrication film flow are written as:

∇ · u � 0, (3)

(u · ∇)u � −1
ρ
∇p + ]∇2u, (4)

where u is the fluid velocity, ρ is the density of deionized water, p
is the pressure, and ] is the kinematic viscosity.

Due to the very narrow seal gap, the large frictional heat will be
produced by viscosity shear force in the process of operation,
which will increase the temperature of the fluid film. Therefore, to
simulate the temperature field, the energy equation including the
dissipation item should be considered as in Eq. 5 (Shen et al.,
2019):

ρcp(u · ∇T) � λ∇2T + Φ, (5)

where Φ is the dissipation function, and is defined as shown in
Eq. 6:

FIGURE 1 | The geometry of the mechanical seal.

FIGURE 2 | Schematic of the waviness end face.
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In this equation, μ is the dynamic viscosity while u, v, and w
are the components of fluid velocity u along with the
directions of x, y, and z coordinates. When considering the
viscosity-temperature effect, the viscosity is strictly
dependent on the temperature distribution of the fluid film
as shown in Eq. 7:

μ � μ0 exp[ − β0(T − T0)], (7)

where T0 is the reference temperature and μ0 is the reference
viscosity, β0 is the parameter that indicates the influence of
temperature change on viscosity, namely the viscosity-
temperature coefficient.

In this study, the initial operating parameters are kept
constant: the viscosity-temperature coefficient keeps β0 keeps
the value of 0.0175 K−1; the reference temperature keeps T0
stays 323.15K; and the reference viscosity keeps μ0 stays
0.05494 × 10−3 Pa·s.

Boundary Conditions
The fluid region (blur region) is the area enclosed by the inner
and outer boundaries (r � Ri, and r � Ro) and the upper and lower
sealing surfaces, as shown in Figure 1. To simulate the behavior
of the proposed seal numerically, the boundary conditions should
be determined.

The schematic of the boundary conditions is shown in
Figure 3. For simplification, one of the waviness widths in the
circumferential direction is taken, and the periodic cyclic
boundaries are applied to the circumferential boundaries,
i.e., the front and back boundaries. The considered mechanical
seal is an external pressure structure. During the normal

operation, the working fluid flows from the external
high-pressure side to the internal low-pressure side, i.e., the
outer boundary (r � Ro) is the inlet pressure boundary with
po � 5 MPa, and the inner boundary (r � Ri) is the outlet pressure
boundary with pi � 0 MPa. Since there is no slip between the
boundary fluid and the sealing surface of the stationary slide ring,
the no-slip boundary condition is applied to up and bottom
boundaries (i.e., the upper and lower seal surfaces). The rotating
speed of the sealing surface of the rotating slide ring is n �
1,500 rpm. The temperature boundary is applied to the inlet
boundary, in which the inlet temperature is set as Tin � 323.15 K.
The zero-gradient boundary of heat transfer is applied to the
outlet, up, and bottom boundaries. The tolerance of all the
simulations is set as 10−6.

Sealing Performance
To study the characteristics of the waviness end-face mechanical
seal in reactor coolant pumps with the viscosity-temperature
effect, some typical and concerned parameters are analyzed,
including the leakage rate Q, the opening force Fopen and the
liquid film stiffness kz. The leakage rate is one of the main
parameters to ensure the safe and stable operation, which is
defined as:

Q � ∫2π

0
∫h

0
Vrrdzdθ, (8)

where Vr is the fluid velocity in the radial direction defined as:

Vr � 1
2μ

zp

zr
(z2 − zh). (9)

The appropriate leakage rate is important to ensure stable and
safe operation. On the one hand, too low leakage may lead to the
direct wear of seal ring end face, and on the other hand, the
excessive leakage may cause seal failure.

Similarly, another important parameter, namely sealing
opening force that characterizes the bearing capacity of the
liquid film can be obtained by integrating the liquid film
pressure along the sealing end face as:

Fopen � ∫2π

0
∫Ro

Ri

prdrdθ (10)

Near the steady-state equilibrium position of the liquid film,
the increase of opening force caused by a slight axial
disturbance is the liquid film stiffness, which can be
defined as:

kz � −zFopen

zh

∣∣∣∣h�hi (11)

RESULTS AND DISCUSSION

This section analyzes the influences of the structural parameters
on sealing performance considering the viscosity-temperature
effect. The effects of thermo-hydrodynamic lubrication (THD)
and hydrodynamic lubrication (HD) are compared and analyzed,

FIGURE 3 | Schematic of the boundary conditions.
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and the optimal design parameters of the waviness mechanical
seal are obtained.

Effects of Structural Parameters on the
Leakage Rate
Due to the small sealing clearance, when the sealing ring rotates at
high speed, the viscous shear friction heat will be generated, which
reduces the viscosity and correspondingly, reduces the leakage.
Figure 4 shows the effects of the structural parameters of the
waviness end-face mechanical seal on the leakage rate when
considering the viscosity-temperature effect. The effect of film
thickness on the leakage is shown in Figure 4A, in which the
relative rate of change is the relative deviations of the HD
solutions from the THD solutions. In general, as the film
thickness increases, the leakage rates obtained from the THD and

HD processes gradually close to each other, since that, as the film
thickness increases, the viscous shear friction heat effect decreases
correspondingly. When the film thickness is small enough, the HD
process will strongly overestimate the leakage rate, while when the
film thickness reaching 10 μm, the HD solution is much closed to the
THD solution and the relative change rate decreases to 1.75%. These
conditions indicate that the viscosity-temperature effect will be
obvious when the liquid film is thin and will decrease as the
thickness of the liquid film increases. Therefore, from this point of
view, the film thickness should be large enough to ensure small
viscosity-temperature. However, if the base film is too thick, the
leakage will increase and the sealing effect will not be achieved.
Therefore, the base film thickness of the seal design should be kept
within the appropriate range.

Figure 4B shows the effect of the taper of the stationary slide
ring end-face on the leakage. Similar to that of the base film

FIGURE 4 | Influence of structural parameters under the viscosity-temperature effect on leakage.
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thickness, as the taper increases, the viscosity-temperature effect
on the leakage rate decreases. As the taper increases, the film
thickness of the taper zone in the seal clearance increases, and the
viscous shear friction heat decreases correspondingly.
Considering the viscosity-temperature effect, the relative
change rate of the leakage decreases from the maximum of
99.49–50.47% with the increase of the taper, which indicates
that the taper should be large enough to reduce the viscosity-
temperature effect.

Figure 4C shows the effect of the dam width ratio (Rd-Ri)/(Ro-
Ri) on the leakage rate. Different from the film thickness and the
taper, the leakage rate decreases as the dam width ratio increases,
and the relative change rate increases correspondingly. The
increase of the dam width ratio directly increases the dam
area, which increases the viscous shear friction heat and the
temperature rise in the liquid film. Due to this effect, the viscosity-

temperature effect of the dam width ratio will increase as the
dam-width ration increases. As the dam width ratio increases, the
relative change rate of leakage will increase from the minimum
28.27% to the maximum 105.19%. Therefore, to reduce the
viscosity-temperature effect, a relatively lower dam width ratio
is required.

Figure 4D shows the effect of the dimensionless parameter α
on the leakage rate, i.e., the effect of waviness amplitude of
stationary slide ring end-face on the leakage rate. The increase
of α means the increase of the waviness amplitude, which will
reduce the film thickness of the waviness region, and increase the
viscous shear friction heat. Therefore, with α increasing, the effect of
viscosity-temperature on the leakage increases correspondingly. On
the other hand, the decrease in film thickness is still limited due to the
increase of waviness amplitude. Therefore, from the point of the
relative change rate variation, it does not change much, which varies

FIGURE 5 | Effect of structural parameters on the opening force under the viscosity-temperature effect.
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between 40.02 and 50.17%. However, from the point of the relative
change rate value, the viscosity-temperature effect is still large.
Figure 4E shows the effect of the wave number on the leakage
rate. In general, the variation of wavenumber has little effect on the
relative change rate of leakage. The relative change rate of leakage
remains between 67.66 and 72.1%.

Effects of Structural Parameters on the Film
Opening Force
This part analyzes the influence of the viscosity-temperature
effect on the opening force. As the temperature increase, the
fluid viscosity will decrease and the viscosity-temperature effect
for the waviness end-face mechanical seal will be reduced
correspondingly. Meanwhile, the hydrodynamic effect and the
hydrostatic effect will be reduced. Therefore, the opening force
considering the viscosity-temperature effect (THD solutions) will
be less than that without considering the viscosity-temperature
effect (HD solutions). Figure 5 shows the effects of different
structural parameters on the opening force, the solutions with
and without considering the viscosity-temperature effect are
compared with each other. Different from the leakage, the
relative change rate is always less than 0, i.e., the opening
force with considering the viscosity-temperature effect is lower
than that without considering the viscosity-temperature effect.

Figure 5A shows the effect of the base film thickness on the
opening force. As the base film thickness increases, the opening
force decreases and the relative change rate of the opening force
increases first and then decreases. The relative change rate varies
from −0.39 to −2.59%. As the base film thickness increases,
viscous shear friction heat reduces and the viscosity-
temperature effect has less effect on the opening force.

Figure 5B shows the effect of the taper of stationary slide ring
end-face on the opening force, in which the opening force
increases as the taper increases and the relative change rate
decreases as the taper increases. As the taper increases, the
film thickness in the waviness region increases and the viscous
shear friction heat decreases. Therefore, the effect on the viscosity
of the sealing medium reduces. The effect on the opening force
and the relative change rate of the opening force will decrease
with the increase of taper, which varies from −1.26 to −17.38%.

Figure 5C shows the effect of the damwidth ratio on the opening
force, in which the opening force decrease as the dam width ratio
increases, while the relative change rate increases as the dam width
ratio increases.With the increase of the damwidth ratio, the damarea
increases, the viscous shear friction heat increases, and the influence
on the viscosity of the sealing medium increase correspondingly. The
increase of the dam width ratio increases the influence of opening
force, and the relative change rate of opening force increases from
−0.72 to −17.41%.

Figure 5D shows the effect of α on the opening force, in which the
opening force decreases as α increases, and the relative change
increases first and then decreases. As α increases, the waviness
amplitude increases, and the viscous shear friction heat increases,
thus the viscosity change increase also. Therefore, with the increase of
α, the influence of viscosity-temperature on the opening force
increases. When α increases to a certain value, the hydrodynamic

effect of the waviness end-face seal becomes strong enough, leading to
a decrease in the relative change rate of opening force, from −1.26
to −1.88%.

Figure 5E shows the effect of the wave number on the stationary
slide ring end-face on the opening force. The opening force increases
as the wave number increases and the viscosity-temperature effect
makes the opening force lower. The increase of wave number will
make the high-temperature region denser, thus weakening the
hydrostatic effect, and the opening force will be relatively small.
However, the hydrodynamic effect will be enhanced as the
wavenumber increases. The relative change rate of the opening
force is not large, which varies between 5.56 and 6.65%.

Effects of Structural Parameters on Film
Stiffness
This part studies the influence of structural parameters of the
mechanical end-face seal on the fluid film stiffness with
considering the viscosity-temperature effect. The film stiffness
under different structural parameters is shown in Figure 6, with
and without considering the viscosity-temperature effect,
respectively. To analyze the effect of the viscosity-temperature
effect on the fluid film stiffness, the relative change rate of the
liquid film stiffness was calculated. The negative sign of the
relative change rate indicates the decrease of film stiffness.

Figure 6A shows the effect of film thickness on film stiffness. As
the film thickness increases, the stiffness increases first and then
decreases, while the relative change rate always decreases. In
comparing to the HD results, the stiffness of the THD results is
always lower than that of the HD results, due to the viscosity-
temperature effect.With the increase of the film thickness, the relative
change rate of the film stiffness decreases from −33.39 to −2.7%. This
indicated that as the film thickness increases, the effect of the
viscosity-temperature effect on liquid film stiffness will decrease.
With the increase of the film thickness, the viscous shear friction
heat and the weaker the viscosity-temperature effect will reduce.

Figure 6B illustrates the effect of the taper of stationary slide ring
on the liquid film stiffness, in which both the film stiffness and the
relative change rate increase first and then tend to stable. When
considering the viscosity-temperature effect, the liquid film stiffness
tends to be lower than that of the HD solutions. This effect will be
decreased as the taper increases. As the taper degree decreases, the
viscosity-temperature effect generates a more striking impact on the
liquid film stiffness, and the liquid film stiffness can be negative,
i.e., the opening force increases as h increases. This phenomenon is
caused by the generated viscous shear friction heat, which could be
very unfavorable for the stable operation of the seal if the taper angle
is extremely small. Under the optimal circumstance with the largest
taper degree, the relative rate of change can be as low as 44.67%,
which could be much better for the stable operation. In consideration
of this, credence should be given to a relatively larger taper degree
when designing the mechanical seal.

Figure 6C depicts the effect of the dam width ratio on the fluid
film stiffness. When the dam width ratio being equal to zero, there is
no dam area and the viscosity-temperature effect will increase the
liquid film stiffness. However, when the dam area exists, the viscosity-
temperature effect, in turn, decreases the film stiffness. As the dam
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area increases, an increasing amount of viscous shear friction heat is
generated, which leads to a non-negligible viscosity-temperature
effect on the liquid film stiffness. According to Figure 6C, when
the dam width ratio is large enough, the film stiffness without
considering the viscosity-temperature effect is close to 0 and the
film stiffness with considering the viscosity-temperature has a relative
larger negative value. The relative change rate of the liquid film
stiffness can reach a very large value, which will threaten the
operation of the seal. As the dam width shrinks, the relative
change rate of the liquid film stiffness can decline to 2.27%. The
above result indicates the importance of the small dam width ratio in
the design of the mechanical seal.

Figure 6D presents the effect of α on the liquid film stiffness. As α
increases, both the stiffness and the relative change rate stabilize first

and then decrease. From this picture, one can find that the viscosity-
temperature effect will reduce the film stiffness. To be more specific,
as α increases, the influence of the viscosity-temperature effect on the
liquid film stiffness increases correspondingly. The relative change
rate of the liquid film stiffness slightly increases from −20.57 to
−32.57%.

Figure 6E shows the effect of the wave number on the liquid film
stiffness, in which both the stiffness and relative change rate increase
as the wavenumber increases. When considering the viscosity-
temperature effect, the film stiffness will be reduced and the
relative change rate in different wavenumber can reach
44.67–57.41%. The change of wave number will lead to a higher
density of the high-temperature region in the liquid film. It is
noteworthy that the changing wavenumber does not lead to a

FIGURE 6 | Effect of structural parameters on the fluid film stiffness under the viscosity-temperature effect.
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large temperature rise, thus the change of relative change rate is
relatively gentle.

According to these analyses, the viscosity-temperature effect
should be taken into consideration in analyzing the performance
of the waviness end-face mechanical seal. The neglect of the
viscosity-temperature effect will lead to the overestimation of the
film stiffness, which will destroy the safe and stable operation of
the seal. Besides, to control the leakage while ensuring the
sufficient bearing capacity and stable operation, it is necessary
to set appropriate structural parameters of the waviness end-face
mechanical seal in the design. In this case, the mechanical seal
with the base film thickness being kept at 2.5 μm, the taper being
around 900 μrad, the dam width ratio being around 0.2, α being
around 0.8, and the wave number being 9 can be one of the
optimal combinations for the best performance.

Effects of Structural Parameters on Film
Temperature Distribution
In the final part, the influence of the structural parameters of the
waviness end-face mechanical seal on the temperature field of the
liquid film is studied. When considering the viscosity-temperature
effect, the viscosity of the working fluid decreases as the temperature
increases. This property will reduce the generated viscous shear
friction heat and suppresses the increase of temperature in turn.
According to these characteristics, it can be predicted that the
maximum temperature difference in the fluid film with
considering the viscosity-temperature effect will be smaller than
that without considering the viscosity-temperature effect.

Figure 7A illustrates the effect of the base film thickness on the
maximum temperature difference in the liquid film, in which

FIGURE 7 | Effect of structural parameters under the viscosity-temperature effect on the maximum temperature difference in the liquid film.
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β � 300 μrad and α � 0.5. In general, as the base film thickness
increases, the temperature increase in the fluid film becomes lower. In
considering the viscosity-temperature effect, the temperature
increases under different base file thicknesses when hi < 4 μm are
always lower than that without considering the viscosity-temperature
effect. When hi > 4 μm, the temperature increases of THD solutions
and HD solutions are all the same, since the large film thickness
makes the viscosity-temperature effect unobvious. Correspondingly,
the relative change rate between THD and HD solutions decreases as
the film thickness increases, which agrees with the regulation of
temperature increases.

Figure 7D depicts the effect of α on the maximum temperature
difference in the liquid film at two stages. Under different α, the
maximum temperature difference increases in different trends.When
α < 0.6, the maximum temperature increases slowly, and after that,
the temperature difference increases sharply. This condition is caused
by the increase of αwhen α is big enough. At large α, the increase in α
will cause a high temperature in the wave area of the outer diameter
side, which results in a sharp increase in temperature difference. For
the safe operation, this sharp increase should be avoided in designing
the WTD mechanical seal, which requires that the value of α should
be set no more than 0.8. The relative change rate between the THD
and HD solutions slightly lowered, and always kept between
0.2–0.5%, indicating that the viscosity-temperature effect has a
non-obvious influence under this condition.

Figure 7E shows the effect of the wavenumber of the mechanical
seal on the maximum temperature difference in the liquid film. In
general, as the wave number increase, the maximum temperature
decreases with different trends. It can be found that around k � 9–15,
the temperature difference has a plateau period, and then decreases
slowly. Therefore, to ensure the relatively small temperature
difference and reduce the mechanical difficulty, the wave number
can be set as 9. The variation of the relative change rate ranges merely
from 0.5 to 0.6%, which is relatively stable.

In short, the consideration of the viscosity-temperature effect
in the liquid film of the sealing gap is important in controlling the
temperature rise. It is presented in Figure 7 that, when the base
film thickness is greater than 2.5 μm, the taper is greater than
600 μrad, the dam width ratio is less than 0.2, and α is at around
0.8, the viscosity-temperature effect on the temperature rise could
be acceptable. Under such circumstances, the mechanical seal is
expected to have a better performance.

CONCLUSION

The mechanical seal is one of the main components of the reactor
coolant pump (RCP) in the nuclear power plant, whose performance
strongly influences the safety and stability of nuclear reactor operation.
This work studies the characteristics of the waviness end-face
mechanical seal, where, considering both the viscosity dissipation
and viscosity-temperature effects, the influence of heat transfer and
fluidflow characteristics is revealed. The sealingmediumflow is guided
by Navier-Stokes and Energy balance equations, the simulations of
which are performed using an open-source software OpenFOAM
under different conditions. Since the effect of viscous shearing for the
utilized fluid medium can result in a huge amount of heat waste in the

seal ring, which may end up threatening the seal’s normal operations.
This study also investigated the liquid film’s thermal evolution
characteristics. Note also that, in line with the working fluid
properties, thermal influence analysis requires the consideration of
the liquid film’s viscosity characteristics. Concluding remarks on the
present study can be summarized as follows:

1) The viscosity-temperature effect can increase the leakage,
while this effect decreases the opening force and the liquid
film stiffness. In particular, when considering the viscosity-
temperature effect, the values of liquid film stiffness may have
a negative value. These properties will lead to a higher risk in
the safe and stable operation of the mechanical seal.
According to these analyses, it can be concluded that the
viscosity-temperature effect plays a negative role in the
mechanical seal performance, which cannot be ignored in
the design of the mechanical seal.

2) From the perspective of liquid film temperature rise, the viscosity-
temperature effect can reduce the temperature rise in the liquid
film, which improves its safe operations. Based on the above
considerations, when designing the waviness mechanical seal, the
optimal structural parameters can be set as hi � 2.5μm, β �
900μrad (Rd-Ri)/(Ro-Ri) � 0.2, α � 0.8, and k � 9.

More research endavours are still needed to extend the present
study to farther operating conditions where for instance the sealing
medium (utilized working fluid in the seal gap) would be changed to
other commonly utilized fluids in these system to investigate the
associated impact of the sealing performance. Moreover, it will be
more informative to explore the eventual changes in flow field
characteristics such the pressure and temperature contours using
the CFD post-processing component.
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