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Abstract

This study investigates the influence of thermoelastic deformation on the lubrication per-
formance of a superconducting magnetically assisted turbopump mechanical seal, with
particular emphasis on film thickness and leakage. A spiral-groove hydrodynamic lubrica-
tion model based on the Reynolds equation and film energy equation is used to calculate the
liquid-film load capacity and leakage, while a superconducting magnetic-force model based
on the Bean model and electromagnetic finite-element analysis is employed to determine
the magnetic-force contribution. The calculated mechanical loads and thermal boundary
conditions are subsequently introduced into a thermoelastic finite-element model to obtain
the deformation of the rotating and stationary seal rings. The results show that increasing
the sealing clearance causes both the superconducting magnetic force and hydrodynamic
liquid-film force to decrease nonlinearly. At a fixed clearance, the magnetic force is nearly
independent of rotational speed, whereas the liquid-film force increases with increasing
speed. The rotating ring exhibits greater deformation than the stationary ring, resulting in
a non-parallel, approximately conical seal face. The deformation-induced change in the
seal-face geometry is incorporated into the film-thickness model using the minimum and
maximum film thicknesses, hmin and hmax. The results show that considering seal-face
deformation leads to a smaller predicted minimum film thickness and a larger leakage
rate than those obtained from the undeformed model. These findings indicate that ther-
moelastic deformation should be considered in the lubrication-performance evaluation
of superconducting magnetically assisted mechanical seals, particularly under low-speed
operating conditions.

Keywords: turbopump; one-way sequential coupling; lubrication performance; simulation
analysis; minimum film thickness
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1. Introduction

The turbopump is the heart of the liquid rocket engine, which ensures that the low-
temperature liquid fuel and oxidant are transported in an orderly manner according to
the required pressure and flow [1,2]. The mechanical seal is an important functional
component of a turbopump, which has the characteristics of reliable operation and long
life. The fluid lubrication film between the stationary ring and the rotating ring of the
mechanical seal resists the axial force and axial vibration of the system, which greatly
reduces the occurrence of rubbing [3]. As liquid rocket engines evolve toward high-
parameter operating conditions, the increase in operating parameters exacerbates wear
between sealing surfaces, significantly impacting sealing stability [4]. Therefore, sealing
reliability is particularly important.

Thermoelastohydrodynamic lubrication simulation methods have been widely applied
in the analysis of sealing performance. Shahin et al. [5] carried out numerical simulation
and experimental research on various end-face grooves under high pressure and high speed,
indicating that it is feasible to form a stable full-film lubrication at high pressure and high
speed. Djamai et al. [6] developed a thermohydrodynamic numerical model for mechanical
face seals to investigate the thermal and lubrication behavior of the fluid film. Brunetiere
and Modolo [7] investigated heat transfer in mechanical face seals and analyzed the thermal
behavior of the sealing interface. Ayadi et al. [8] conducted experimental and numerical
investigations on the lubrication regimes of liquid mechanical seals. Sua et al. [9], based on
the finite element method and multiphysics software programming, developed a thermo-
fluid-solid coupled model for the numerical simulation of mechanical seals, analyzing and
discussing the sealing performance, thermal fields, deformations, and stress distributions
of the solids. Zhao et al. [10] established the thermal-fluid—solid coupling simulation model
of the mechanical seal of the ultra-high-speed gearbox and studied the temperature rise
and deformation of the radial double-end mechanical seal end face of the ultra-high-speed
transmission system. Zhang et al. [11] analyzed the extreme working conditions, such as
high speed and low-viscosity medium lubrication, of the dynamic and static combined
mechanical seal of a high-speed turbopump and completed the optimization of the key
structural parameters of the mechanical seal. Lebeck et al. [12] considered the waviness,
taper, and roughness of the mechanical seal end face and established a mechanical seal
leakage model. Migout et al. [13] investigated fluid-film vaporization in a mechanical
face seal using a transient two-phase numerical model and analyzed the influence of op-
erating conditions on seal behavior. Xie et al. [14] realized the coupled solution between
film pressure, film thickness, temperature, and deformation, and studied the influence of
rotational speed, sealing pressure, and medium temperature on the deformation of the end
face of the upstream pumping mechanical seal. Ran et al. [15] considered the influence of
thermo-fluid—solid interactions on sealing performance and compared the performance
of different models under various operating conditions, providing a theoretical basis for
selecting suitable mechanical seal simulation models. Xiang et al. [16] studied a recipro-
cating rod seal with textured rods, where the design of the texture significantly improved
sealing performance and reduced leakage rates. Ben-Abdelwahed et al. [17] showed that
small-sized seals under low pressure and low Reynolds numbers in liquid pumps of turbo-
jet engines exhibit more complex thermal deformation behavior. Recent studies have also
demonstrated the importance of tribological and thermal-performance regulation under
complex operating conditions, indicating that the coupled effects of lubrication, friction,
and thermal behavior should be carefully considered in the performance evaluation of
advanced tribological systems [18].

High-temperature superconducting magnetic levitation bearings have shown great
industrial application prospects due to their advantages, such as passive self-stability,

https://doi.org/10.3390/lubricants14100372


https://doi.org/10.3390/lubricants14100372

Lubricants 2026, 14, 372

30f19

non-contact operation without mechanical friction, and high rotational speed [19]. The
combination of superconducting bearings with fluid bearings allows for complementary
advantages, meeting operational conditions during start-stop phases, while ensuring
stable load-bearing performance [20,21]. In our previous study [22], a superconducting
magnetically assisted mechanical seal was proposed, and the numerical analysis mainly
focused on the seal design, the combined contributions of the superconducting magnetic
force, and the hydrodynamic liquid-film force to the supporting performance of the seal.
However, the thermoelastic deformation of the rotating and stationary seal rings and the
resulting change in seal-face geometry were not included in the previous model. Therefore,
based on the previously proposed seal configuration, the present study further investigates
the combined effects of the magnetic, hydrodynamic, and thermoelastic fields within a
sequential multiphysics framework. Before the subsequent performance and deformation
analyses, the hydrodynamic liquid-film model and superconducting magnetic-force model
are validated against experimental measurements. The thermoelastic deformation of
the rotating and stationary rings is then analyzed, and the deformation-induced non-
parallelism of the seal faces is incorporated into the film-thickness model through the
minimum and maximum film thicknesses, hmin and hmax. In this way, the effects of seal-
face deformation on the minimum film thickness and leakage are quantitatively evaluated.

2. The Structure and Working Conditions of a Magnetic-Liquid
Composite Mechanical Seal

The superconducting, magnetically assisted mechanical-seal configuration investi-
gated in the present study was originally proposed in our previous work. The present
study retains this basic seal configuration and further focuses on thermoelastic deformation
of the seal rings and its influence on lubrication performance. The low-temperature sealing
medium provides a favorable cryogenic environment for the superconducting blocks. The
rotating ring incorporates the permanent-magnet component, whereas the stationary seal-
ing ring is made of graphite. The superconducting blocks are embedded in the graphite
stationary ring, and the graphite-superconductor assembly is mounted in a stainless-steel
supporting substrate. Therefore, the permanent magnet, graphite, superconducting blocks,
and stainless-steel substrate are distinct structural components of the seal, rather than
alternative material definitions of the same sealing ring. Their respective locations are
illustrated in Figure 1.

1C pressure groove

Dynamic Seal

Locking device

Bellows
| LIS

1
Static ring : —[:I — - [~

Figure 1. Structural diagram of mechanical seal with superconducting block.

Second seal

The working principle diagram of the rocket engine turbine pump is shown in
Figure 2a. The main function of the turbine pump is to transport the propellant to the main
thrust chamber to generate gas and generate thrust at high speed from the nozzle. The
structure diagram of the mechanical seal of the turbine pump is shown in Figure 2b.
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Figure 2. (a) The turbine pump working principle diagram; and (b) the working principle diagram
for the rocket engine turbine pump.

The superconducting elements used in the present seal are cylindrical YBCO bulk
superconductors. Sixteen superconducting blocks are embedded in the stationary ring,
with each block having a diameter of 5 mm and a thickness of 10 mm. The permanent-
magnet component of the rotating ring is made of NdFeB. The magnetic force generated
by the sixteen superconducting blocks is obtained by first calculating the force of a single
cylindrical superconducting block based on its B-H constitutive relation under the action
of the NdFeB permanent magnet, and then superimposing the contributions of all of
the superconducting blocks. The basic structural parameters of the superconducting
mechanical seal are summarized in Table 1.

Table 1. Basic structural parameters of superconducting mechanical seals.

Parameter Value Parameter Value

Outer diameter of rotating ring/mm 60 Groove depth hg/um 5

Inner diameter of rotating ring/mm 40 mm Number of rotating ring grooves 15

Sealing surface width 10 mm Superconducting block diameter/mm 5

Radius of groove bottom circle/mm 49.5 Superconducting block thickness 10

Slot width ratio 0.5 Number of superconducting blocks 16

helix angle/° 15

The working condition parameters of the mechanical seal that is used for the turbop-

ump are listed in Table 2. The sealing medium is liquid oxygen. Because the temperature
of the liquid oxygen increases as it passes through the sealing region, the operating tem-
perature of the seal is higher than —160 °C. The sealing medium is liquid oxygen, and its
actual temperature under the investigated operating condition is approximately —160 °C.
Table 2. Turbine pump mechanical seal working condition parameters.

Parameter Value Parameter Value

Rotor speed n/t/min 0~30,000 Pressure difference/MPa 0.5~5.0

Working temperature/°C  >—160 Axial load/kN 5~10

. . . —3
Medium viscosity/10 0.6~1.5 Medium temperature/°C  —160

Pa-S

3. Force Analysis of Mechanical Seal with Superconducting Magnetic
Force in Operation

The superconducting magnetically assisted mechanical seal will receive the action of
multiple physical fields in its operation. The multiple physical fields include the fluid field,
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magnetic field, stress field, and temperature field. Before carrying out the deformation
analysis of the mechanical seals, it is necessary to analyze the stress of the mechanical seals
in multiple physical fields.

3.1. Force Analysis Model of Mechanical Seal with Superconducting Magnetic Auxiliary

The hydrodynamic lubrication model and superconducting magnetic-force model
employed in this section are based on the framework established in our previous study. The
present study adopts a sequential multiphysics coupling strategy. First, the hydrodynamic
liquid-film force and superconducting magnetic force are calculated separately, using the
corresponding lubrication and electromagnetic models. The resulting mechanical loads,
together with the prescribed thermal boundary conditions, are then transferred to the ther-
moelastic finite-element model to calculate the deformation of the rotating and stationary
seal rings. The calculated deformation is subsequently used to correct the film geometry
through the minimum and maximum film thicknesses, hyin and hmax. The deformation-
corrected film geometry is subsequently fed back into the hydrodynamic lubrication model,
and the Reynolds equation is re-solved to obtain the updated film pressure, load-carrying
capacity, and leakage rate. Therefore, the present model is sequentially coupled rather than
fully coupled. The overall analysis procedure is shown in Figure 3.

Obtain the total load of the shaft system
The initial value of film thickness calculation is given

S | 1
Superconductin | Theoretical |

g magnetic | Iculation of
| field correlation || fluid lubrication
calculation |

Solving Maxwell 's equations| || | Solving Reynolds equation

Using finite element simulation method

Using numerical calculation method

1

I| The hydrodynamic liquid film force is
obtained

Superconducting magnetic repulsion is
obtained

Is it balanced with
bearing capacity

Solve other properties of bearings

l

End

Figure 3. Superconducting mechanical seal performance analysis process.

In this paper, the method for calculating the lubrication performance of the mechanical
seals is based on the theory of fluid lubrication. The core calculation model is the modeling
of bearing capacity and the leakage of mechanical seals with spiral grooves using the
Reynolds equation and the energy equation. This method has been used in many studies
and is a relatively simple classical digital modeling method. Figure 4 is the spiral groove
structure diagram of the end face of the mechanical seal rotating ring studied in this paper.
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Figure 4. Spiral groove structure drawing of rotating ring.

The polar coordinate form of the generalized Reynolds equation of the spiral groove
seal is shown in Equation (1):

orh® op oh3 9p wr d(ph)
ar<12y 8r>+89(12w’89 =72 o8 PV @

Considering the effect of superconducting magnetic force Fy;, and under the combined
action of Fyj and the liquid-film force Fy, the stationary ring and the rotating ring of the
mechanical seal are in an equilibrium state. The force equilibrium of the mechanical seal
is illustrated in Figure 5. At this time, the liquid-film pressure p is the difference between
the axial load F and Fy of the shaft system, that is, F . In Equation (2), ¢ is the projection
angle of the angle between the rotating ring axis and the z-axis on the yz plane, v is the
projection angle of the rotating ring axis and the z-axis on the xz plane, and hg is the depth
of the spiral groove. When there is a spiral groove with a depth of he on the rotating ring,
hg = 0 in the non-groove area and hg = h, in the groove area.

h = hy— @rcos — yrsin® + hg )

Figure 5. Mechanical seal equilibrium position force diagram.

When the liquid film is formed, the frictional resistance distance of the end face of the
sealing ring can be obtained by integral of Equation (3):

ry 2T hap 2
Mf*/ﬁ/ (299 > drdf ©)

27 h3 ap
Q= “1opar 0 @

The bearing capacity F of the liquid film is obtained by integrating the liquid-film
pressure p on the end face area.

F= ﬂ prdrdf (5)
Q
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The magnetic properties of superconductors can be analyzed theoretically and exper-
imentally. The magnetic calculation of a single superconducting block is the basis of the
electromagnetic force calculation of the superconducting seal. The B-H and E-J electromag-
netic constitutive relations of the superconductor are calculated, and the bearing capacity
and stiffness provided by a single superconducting block are obtained. The calculation
results of each superconducting block are superimposed. The electromagnetic properties
of superconductors can be described by Maxwell ‘s equations, as shown in Equation (6),
where D is the electric displacement vector, pE. is the charge density, E is the electric field
strength, B is the magnetic induction strength, H is the magnetic field strength, and ] is the
current density.

VD = pE,
V x E = —0B/ot
6
VB =0 (©)

VH =]+ 3D/,

In general, the superconducting magnetic properties of superconductors are mainly
determined by the external electromagnetic field and the internal induced current I. The
superconducting current I is determined by the magnetic induction intensity B, that is, IxE,
D x E = —0B/dt, and B can be obtained by using Equation (7), where i, is the permeability
of the medium.

B =y, eH (7)

To obtain the differential equation of the static magnetic field, the magnetic vector
potential A is introduced. The magnetic flux density B is expressed as the curl of A, as given
in Equation (8).

B=v x A (8)

The static magnetic field differential equation can be obtained by the simultaneous
Equations (6)—(8), as shown in Equation (9), where J,; is the magnetization current of the
permanent magnet, J. is the critical current density of the superconductor, ¢ is the dielectric
conductivity, and @ is the electric scalar vector.

VX(;VxA)zfmﬂc:J ©)

Jo = 0(3A /3t + VD) (10)

When calculating the critical current density of superconductors, there are many
models to choose from, such as the Bean model, Kim model, exponential model, etc. In this
paper, the most commonly used Bean model is selected. Let J. be a fixed value, the energy
function of the static magnetic field is shown in Equation (11), where I is the magnetic field
boundary, n is the outer normal unit vector of the boundary, and () is the magnetic field
region. In order to use the finite element solution, Equation (11) can be transformed into a
conditional variable problem, such as in Equation (12), where Ag is a known quantity.

FA) = [ (J HaBYQ ~ [, (J]-dA)dQ

— (2 ;v x A x n-dA)dT (11)
Q:minf(A) = [, [ HIBAQ — [,y [ JdAdO+
Jr, JoH(AA — g)dAdr (12)

I : A=A
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The superconducting material used in the present study is YBCO, and the permanent-
magnet component is NdFeB. The electromagnetic model follows the framework estab-
lished in our previous study, and is used here to obtain the magnetic force—clearance
relationship. In the Bean model, the critical current density J is treated as a constant param-
eter. The temperature- and magnetic-field dependence of the superconducting properties is
not explicitly considered in the present model.

Based on the above model, the magnetic field distribution is obtained by using electro-
magnetic field finite element analysis software, and then the magnetic levitation force of
the superconducting tile is obtained by using the space integral method, that is, the bearing
capacity, as shown in Equation (13).

F:/V]deV (13)

Considering the thermal effect of the liquid film, the energy equation is expressed as
shown in Equation (14).

c ua—T+va—T+wa—T =k E)Z—T—i-az—T%—az—T +s (14)
PeE\Mox "%y "%z ) T\ a2 T a2 T a2

This equation describes the temperature distribution of the lubricating film considering
heat convection, heat conduction, and viscous dissipation.

3.2. Simulation Model Validation

In order to ensure the correctness of the simulation results, the simulation model is
verified before the simulation. The liquid-film force and superconducting magnetic force
were verified by experiments. The test of the liquid-film force was carried out on the
mechanical seal test bench, which is shown in Figure 6. The test was driven by a turbine,
and the test speed was 30,000 r/min. Through the test, the opening force of the sealing
end face can be obtained; that is, the liquid-film force Fy, the sealing clearance Hy, the inlet
pressure Py, the outlet pressure Py, the leakage Q, and the end face temperature T.

Temperature
sensor

Torque
sensor

Figure 6. The mechanical seal test bench constructed with reference to the experimental setup
described in [1].

To evaluate the repeatability of the experiment, each test was repeated three times
under the same operating conditions. The differences among the three repeated measure-
ments were within 5%, indicating good experimental repeatability. The data presented in
Figure 7 are the average values obtained from the three repeated tests. The data obtained
through the experiment are shown in Figure 7a—c. The test was instantaneously accelerated
to 30,000 r/min, and the power was cut off when stable operation was reached after 200 s,
and the free deceleration was stopped. Figure 7a shows the change in Fy and H with the
test time. It can be seen that when the Fy measured in the stable operation stage is about
2.1 kN, Hy is about 8 um, which is relatively stable in this stage. After deceleration, both Fy
and Hj decrease until it decreases to 0. It can be seen from Figure 7b that the sealing inlet
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pressure Py, that is, the pressure of the sealed medium, remains at about 0.9 MPa during
the test, and P; increases to 1.35 MPa after the speed decreases to 0. The sealing outlet
pressure P, is basically stable at 0.1~0.2 MPa during the test, and suddenly increases to
0.4 MPa at 100 s, which may be caused by the internal pressure change during the medium
gasification process. In Figure 7c, it can be seen that the leakage of the seal in the stable
operation stage is relatively stable, the Q is 4.5~8.0 g/s, and the Q is also reduced to 0
after the speed is reduced to 0, because the sealing stationary ring and the rotating ring are
closed. The end-face temperature T was measured during the experiment. As shown in
Figure 7c, the minimum measured temperature is approximately —160 °C, corresponding
to the liquid-oxygen temperature. As the liquid oxygen passes through the sealing region,
heat transfer between the sealing medium and the seal faces causes the local end-face
temperature to gradually increase.

3 T T T T T T 10 1.4
||
1.2
H —Q—u— 8 g /
Z 21 u \ ~ 1.0+ m
= n 6 = B | T ——
< g S 08
g g z
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(0) (d)
Figure 7. (a) The change in Fy and Hy with the test time; (b) the change in P; and P, with the test time;

¢) the change in Q an with the test time; an the change in an with the Hj obtaine
(c) the change in Q and T with th i d(d)hhg'l—"y d Q with the Hy obtained by
simulation.

Figure 7d is a combination of the theoretical simulation results given by the test con-
ditions. The simulation results show that the liquid-film force gradually decreases with
the increase in the sealing gap, and the leakage amount gradually increases proportionally
with the increase in the sealing gap. Compared with the experimental results, it can be
found that Hy is 8 um, Fy is about 2.1 kN, and Q is 4.5~8.0 g/s; in the simulation results,
when Hy is 8 um, Fy is 2.5 kN, and Q is 5.5 g/s. At a sealing clearance of Hy = 8 um, the
experimentally measured liquid-film force is approximately 2.1 kN, whereas the simu-
lated value is approximately 2.5 kN, corresponding to a relative error of approximately
19.05%. The experimentally measured leakage rate ranges from 4.5 to 8.0 g/s, while
the simulated leakage rate is approximately 5.5 g /s, which falls within the experimental
range. Considering the repeatability of the three independent tests, the numerical model
shows reasonable agreement with the experimental measurements under the investigated
operating conditions.
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The superconducting magnetic test platform is shown in Figure 8. The test bench can
realize different relative displacements between the superconductor and the permanent
magnet by adjusting the positioning device and measuring the corresponding magnetic
force through the force sensor installed on the device. The circular superconducting block
is installed on the fixture, and the thrust disc is made of permanent magnets. Liquid
nitrogen is injected into the test chamber during the test. The correctness of the theoretical
calculation model can be investigated by using this test device. The displacement sensor
can measure the distance between the superconductor and the permanent magnet. The
force sensor can measure the superconducting magnetic force.

o

Thrust
disk
Supercon 2
ducting
block ) T~
Force
transducer

| Raster
gauge

Position W
Adjustment
device

[ )

Figure 8. The superconducting magnetic-force test platform based on the experimental setup de-
scribed in [23,24].

The comparison between the superconducting repulsive force under different gaps
obtained by theoretical calculation and the superconducting repulsive force obtained by
experimental test is shown in Figure 9. It can be seen from Figure 9 that both the theoretical
calculation value and the measured value decrease rapidly with the increase in the gap. The
calculated value is 18 N larger than the experimental value when the gap is 2 pm, and the
calculated value is only 5 N larger than the experimental value when the gap is 12 um. The
calculated and measured superconducting magnetic forces exhibit the same decreasing trend
with increasing gap. The absolute difference between the numerical and experimental results
decreases from approximately 18 N at a gap of 2 um to approximately 5 N at a gap of 12 um.
Together with the good repeatability of the three independent tests, these results indicate
reasonable agreement between the numerical predictions and experimental measurements.

640

|
620 -l - simulation result
D\ -[] - test result

600

5804

m
560 1 \
540 1 gi.\-\

520 D\D\ﬂ

Superconducting magnetic force Fc /N

500 T T T T T T
2 4 6 8 10 12

The sealing clearance H, / pm

Figure 9. Comparison of simulated and experimental superconducting magnetic forces under
different sealing clearances.
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The superconducting magnetic-force test was also repeated three times under the
same conditions. The differences among the repeated measurements were within 5%, and
the data presented in Figure 9 are the average values of the three tests.

The liquid-nitrogen experiment was used to validate the overall magnetic force—
clearance relationship predicted by the electromagnetic model under the investigated
cryogenic condition. It should be noted that the detailed temperature-dependent super-
conducting properties and the differences between the liquid-nitrogen test condition and
the actual turbopump thermal environment are not fully considered in the present model.
These issues are regarded as limitations of the present study and will be addressed in
future work.

3.3. Analysis of Simulation Results of Magnetic Fluid Conforming to Mechanical Seal Performance

The magnetic fluid obtained by simulation calculation conforms to the lubrication
performance of the mechanical seal, as shown in Figure 10. Figure 10a is the change in
the bearing capacity of the mechanical seal end face with the seal clearance at a rotational
speed of 30,000 r/min. It can be seen from the figure that the superconducting magnetic
force is not sensitive to the change in clearance but makes a certain contribution to the
resultant force. Figure 10b shows the change in the bearing capacity of the mechanical
seal end face with the rotational speed of the turbopump when the given load is 2.2 kNN.
It can be seen that the liquid-film force increases gradually with the change in rotational
speed, and the superconducting magnetic force does not change. The contribution of the
superconducting magnetic force to the total bearing capacity is obvious. Figure 10b shows
the change in the bearing capacity of the mechanical seal end face with the rotational speed
of the turbopump when the given load is 2.2 kN. It can be seen that the liquid-film force
increases gradually with the change in rotational speed, and the superconducting magnetic
force does not change. The contribution of the superconducting magnetic force to the total
bearing capacity is obvious. Figure 10c shows the change in the thickness of the lubricating
film of the mechanical seal with the rotational speed of the turbopump when the given
load is 2.2 kN. It can be seen that the thickness of the lubricating film increases obviously
with the increase in rotational speed, which is mainly provided by the liquid dynamic
pressure effect. After increasing the superconducting magnetic force, the film thickness of
the mechanical seal increases. Figure 10d shows that when the given load is 2.2 kN, the
leakage of the mechanical seal changes with the rotational speed of the turbine pump. It
can be seen in the figure that the leakage of the mechanical seal also increases with the
increase in the rotational speed, while the leakage of the superconducting contribution
does not change significantly. The leakage of the mechanical seal after the superconducting
magnetic force will increase slightly.
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Figure 10. (a) The force capacity of the mechanical seal changes with the sealing clearance; (b) the
force capacity of the mechanical seal changes with the sealing revolution speed; (c) the liquid-film
thickness of the mechanical seal changes with the sealing revolution speed; and (d) the leakage of the
mechanical seal changes with the sealing revolution speed.

4. Deformation Simulation Analysis of Mechanical Seal with
Superconducting Magnetic Assistance Under Multi-Field Coupling

According to the structural parameters of the spiral groove mechanical seal above,
the three-dimensional modeling of the rotating ring is carried out using SolidWorks 2023
software. The three-dimensional diagram of the rotating ring and the stationary ring is
shown in Figure 11a,b. The section of the rotating ring is arranged with spiral grooves. In
the modeling of the stationary ring, the graphite material is omitted, and the stationary ring
is regarded as a metal whole. On the basis of the three-dimensional model, the coupling
deformation simulation of the thermal deformation and stress deformation of the rotating
ring and the stationary ring is carried out. In this paper, the ANSYS Workbench 2022R2
software is used as a tool to analyze the thermal deformation of the mechanical seal ring
and the stationary ring. According to the theory of fluid lubrication and the structure
and working conditions of the mechanical seal, the bearing capacity of the mechanical
seal under the given working speed and working clearance is obtained by calculation,
and then the calculation results are brought into the finite element model to obtain the
liquid-film temperature. Finally, the size and distribution of the thermal deformation of
the mechanical seal are obtained by finite element simulation. After the solid model is
imported, it is necessary to specify the characteristics of the analysis object, that is, to define
the unit type, which is used to simulate various structures and materials in the project.
The elastic modulus and Poisson’s ratio should be considered in the structural analysis,
and the thermal conductivity should be considered in the thermal analysis. The relevant
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parameters of the mechanical seal ring and the stationary ring are shown in Table 3. The
imported model is opened from the ‘steady-state heat’ module, and the ‘engineering data’
is selected to define the material and related material coefficients of the rotating ring model.
The rotating ring is modeled using the material properties of an NdFeB permanent magnet,
while the stationary ring is simplified as impregnated graphite. This material configuration
is consistent with the superconducting mechanical-seal structure reported in previous
studies, in which the rotating-ring substrate is made of NdFeB permanent-magnet material,
and the stationary ring is made of graphite with YBCO superconducting blocks embedded

for the thermoelastic analysis.

in it. The thermophysical properties listed in Table 3 are adopted as representative values
(b) () (d)

Figure 11. (a) The three-dimensional diagram of the rotating ring; (b) the three-dimensional diagram

of the stationary ring; (c) the rotating ring model of the divided grid after the import; and (d) the
stationary ring model of the divided grid after the import.

Table 3. Related material parameters of mechanical seals.

Value
Parameter : : - -
Rotating Ring Stationary Ring
Elastic modulus/GPa 213 120
Poisson’s ratio 0.254 0.270
Coefficient of linear expansion/10~¢ K~1  11.8 4.8
Thermal conductivity/W/m~1.K—1! 20.0 10.8
Specific heat capacity/J-kg=1-K~1 34.6 48.0

The thermophysical properties of the graphite material were determined from previous
experimental measurements, including the coefficient of thermal expansion, specific heat
capacity, thermal diffusivity, and thermal conductivity.

For the meshing part, the mesh module was selected, and the size of the solid mesh
is defined as 0.5 mm. Since there is no problem of excessive proportion, the meshing
of the rotating ring can be divided by the commonly used hexahedral mesh or hybrid
mesh. In order to facilitate the simulation calculation of the temperature field of the sealing
ring, the following assumptions are made: (1) There is an ideal horizontal gap between
the end faces of the sealing ring, and the heat is evenly distributed on the surface of
the model. (2) Representative constant material properties are adopted in the present
thermoelastic analysis. This simplification is introduced because complete temperature-
dependent material data over the entire investigated cryogenic temperature range are not
available. The influence of temperature-dependent material properties on the predicted
deformation is therefore regarded as a limitation of the present model. (3) The convective
heat transfer coefficient of the fluid between the sealing medium and the external air does
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not change with temperature. (4) Ignoring the rubbing, friction, and wear heat between the
seal ring end faces, the seal end faces are completely fluid-lubricated. (5) The seal end face
is in full contact with the lubricating liquid film; there is no gap, and the liquid film and the
wall surface are fully heat exchanged. (6) Do not consider the influence of thermal radiation
and gravity factors. These assumptions are introduced to simplify the thermoelastic analysis
and isolate the first-order effect of thermal and mechanical loads on seal-face deformation.
The assumptions of constant material properties and heat-transfer coefficients may affect
the predicted temperature distribution and thermoelastic deformation, while neglecting
frictional heat, radiation, and gravity may introduce additional uncertainty. Therefore, their
influence on the quantitative deformation results is acknowledged as a limitation of the
present study. These assumptions are introduced to simplify the thermoelastic analysis and
isolate the first-order effect of thermal and mechanical loads on seal-face deformation. Their
possible influence on the quantitative deformation results is acknowledged as a limitation
of the present study. The model of the rotating ring model of the divided grid after the
import is shown in Figure 11c, and the stationary ring model of the divided grid is shown
in Figure 11d.

Before the deformation simulation, the grid independence test was first carried out.
The test method is that the size of the grid has little effect on the simulation results after
applying a small temperature change and a small load. The number of grid elements affects
the calculation results of the deformation. Therefore, taking thermal deformation and
stress deformation as evaluation indices, the grid independence of different grid densities
was studied while taking into account the calculation accuracy and efficiency. The results
obtained by using coarse meshes are sensitive to mesh size. When the number of mesh
elements increases to 180,000, the changes in these two parameters become very small. This
shows that the results are basically grid-independent. Considering the calculation accuracy
and computational efficiency, this study finally used a grid with a grid number of about
180,000, and the calculation step size was set to 500.

Due to the existence of the fluid field and the magnetic field on the end face of the
dynamic and stationary rings, the liquid-film force and superconducting magnetic force are
considered when setting the boundary conditions. The liquid film contacts and bears the
dynamic pressure of the liquid film on the end face, so the end face of the rotating ring is
set as the fluid—solid coupling surface in the calculation. The loading pressure on the outer
and back sides of the rotating ring is the same as that of the sealing medium. According
to the test data in Figure 7b, the inner diameter side of the sealing ring is set to standard
atmospheric pressure, and the outer pressure is set to 0.95 MPa. The inner side of the
rotating ring needs to be fixed to the rotor. In the calculation, the inner side of the motion
ring is constrained by the ring and fixed on its back. According to the simulation data in
Figure 11a, the magnetic fluid composite force of the rotating ring and the stationary ring
section is set to a uniform load of 2.5 kN. According to the experimental data in Figure 7c,
the temperature boundary condition applied to the inner side of the rotating ring is —90 °C,
and the temperature boundary condition applied to the outer side of the rotating ring is
—160 °C. The temperature boundary conditions are applied along the thickness direction
of the rotating ring under the temperature gradient of —160 °C~—90 °C. Figure 12 is a
schematic diagram showing the applied boundary conditions.
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Figure 12. Schematic diagram of applying boundary conditions.

The finite element analysis results of the thermal deformation of the rotating ring and
the stationary ring are shown in Figure 13. Figure 13a shows the simulated deformation
of the rotating ring. The larger deformation occurs on the outer side, with a maximum
value of 8.3 pm. This maximum deformation is equivalent to the thickness of the liquid
film when the mechanical seal is working. Figure 13b shows the simulation results of the
stationary ring. It can be seen from the figure that the stationary ring of the turbopump
mechanical seal is made of impregnated graphite material. The linear expansion coefficient
is 4.8 x 107¢ K=, which is far less than the thermal expansion coefficient of the metal. The
deformation after heating is very small, and the plasticity is not strong. The deformation
after stress is also very small. Therefore, the deformation obtained by the stationary
ring simulation is very small. The maximum deformation is outer side the stationary
ring, and the maximum deformation is 0.8 um. The predicted maximum deformation of
approximately 8.3 um has not been experimentally verified in the present study and will
be further investigated in future work.

" s
0234162120

063428 B

(b)

Figure 13. (a) The deformation of the rotating ring; and (b) the deformation of the stationary ring.

5. The Influence of Thermal Deformation of Mechanical Seal on
Lubrication Performance

From the previous finite element simulation results, it can be seen that the deformation
of the rotating ring is much larger than that of the stationary ring when the mechanical seal
is working. The deformation of the rotating ring increases along the direction of the outer
diameter, and the maximum deformation can reach 8.3 um. The shape of the rotating ring
after deformation is that the side produces a large deformation. The maximum deformation
is that the outer axial deformation is large under a large temperature difference, and the
inner deformation is small, so that the whole seal end face is shown as a conical structure.

After the deformation, the surface of the rotating ring of the mechanical seal and
the surface of the stationary ring are no longer parallel. The film thickness formula in
Equation (2) for the lubrication performance calculation model of the mechanical seal
introduced above needs to be corrected. At this time, the liquid-film thickness of the
mechanical seal can be expressed by two quantities, the minimum film thickness hpn
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and the maximum film thickness /imax. According to the deformation characteristics of
the rotating ring, imin is at the innermost end of the mechanical seal, and /imax is at the
outermost end of the mechanical seal, as shown in Figure 14. The 0 in Figure 14 can be
calculated from the deformation of the mechanical seal ring, according to the finite element

simulation results.

Rotating seal ring

Rotating ring

Liquid film

Figure 14. Lubrication film thickness model of mechanical seal considering deformation.

After updating the film—thickness distribution using the calculated seal-face defor-
mation, the Reynolds equation is re-solved based on the corrected film geometry, and the
resulting lubrication performance is used for the subsequent analysis. Assuming that the
deformation varies linearly along the radial direction, the corrected film thickness h’ at any
radial position can be expressed by Equation (15). In Equation (15), R is the outer radius of
the dynamic sealing ring, and r is the radius at any point.

/

h =h+(R—r)sinb;

15
= hg — ¢rcosf — yrsinf + hg 4 (R — 1) sin 6y (15)

In the calculation and analysis of lubrication performance, the minimum film thickness
hmin after deformation is compared with the film thickness / before deformation, and the
change in leakage before and after deformation is compared. The calculation results are
shown in Figure 15.

—— Without considering deformation
3] [ - - Considering deformation

Leakage Rate / g/s
N

Lubricant Film Thickness A / pm

s 10 Is 20 25 30 5 10 15 20 25 30
Revolution Speed 7 / 10°r/min Revolution Speed / 10°r/min

(a) (b)
Figure 15. Film thickness and leakage change with rotational speed. (a) Variation in lubricating film
thickness with rotational speed; (b) variation in leakage rate with rotational speed.

Figure 15a is the calculation result of film thickness changing with rotational speed. It
can be seen that the lubricating film thickness before and after deformation increases with
the increase in rotational speed n. When 7 is the same, h is between himax and fipin. If the
influence of deformation is not considered in the calculation, the calculated film thickness
is larger than the actual minimum film thickness. Although the reduced film thickness does
not lead to direct face contact under the investigated conditions, it may increase the risk
of contact and wear, particularly under additional impact loads. Direct contact and wear
were not experimentally investigated in the present study. Figure 15b shows the calculation
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results of the leakage Q with the change in the rotational speed n. It can be seen that the Q
after considering the deformation is larger than that without considering the deformation.
The reason is that the gap between the rotating ring and the stationary ring increases after
the deformation, so that Q also increases.

As shown in Figure 15a, the calculated minimum film thickness remains positive
under the investigated operating conditions. Therefore, direct contact between the rotating
and stationary seal faces is not predicted in the present model, and the seal remains within
the full-film lubrication assumption. However, the reduction in the minimum film thickness
indicates an increased potential risk of local contact, particularly under additional impact
or transient loads. Mixed lubrication and direct face contact are not considered in the
present model.

The present framework remains sequential rather than fully coupled. The deformation-
corrected film geometry is used to re-solve the Reynolds equation; however, the updated
hydrodynamic load is not repeatedly transferred back to the structural model for further
deformation iterations. In addition, the deformation-induced variation in the magnetic
gap is not recalculated in the present model. The seal-face deformation is represented by a
linear radial approximation rather than direct nodal mapping of the finite-element surface.
These simplifications are regarded as limitations of the present study and will be addressed
in future work.

6. Conclusions

(1) Based on the superconducting magnetic-force and hydrodynamic lubrication frame-
work established in our previous study, the present work further introduces the
thermoelastic deformation analysis of the rotating and stationary seal rings. The
deformation-induced change in seal-face geometry is incorporated into the lubrication-
performance evaluation through the minimum and maximum film thicknesses, hyin
and hpax, thereby enabling the influence of thermoelastic deformation on film thick-
ness and leakage to be assessed.

(2) The superconducting magnetic force and liquid-film force at different rotational speeds
are calculated and analyzed. Under the fixed gap, the superconducting magnetic force
does not change with the change in rotational speed, and the liquid-film force increases
with the increase in rotational speed. The superconducting magnetic force and the
hydrodynamic liquid-film force under different working clearances are calculated
and analyzed. With the increase in working clearance, both the magnetic force and
the liquid-film force decrease rapidly, and the variation in both is nonlinear. Under
the same clearance, the liquid-film force is larger than the magnetic force, but the
magnetic contribution to the total bearing capacity cannot be ignored. The forces at
different rotational speeds are further analyzed. Under a fixed clearance, the magnetic
force is nearly independent of rotational speed, while the liquid-film force increases
with increasing speed.

(38) The deformation of the mechanical seal under the coupled magnetic force, liquid-film
force, and thermal boundary conditions is obtained by finite-element simulation, and
its influence on lubrication performance is investigated. The rotating ring deforms
much more than the stationary ring; the maximum deformation occurs near the
outer diameter and is on the order of the working film thickness, and the deformation
increases along the radial direction, leading to a conical end-face shape and loss of face
parallelism. Therefore, the film thickness should be described by the minimum and
maximum values (fmin and hmax). After considering deformation, the minimum film
thickness becomes smaller, and the leakage becomes larger; neglecting deformation
would overestimate hii, and underestimate leakage, and the reduction in minimum
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film thickness may increase the potential risk of contact and wear, although direct
wear was not investigated in the present study.
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