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Abstract
The high-temperature molten salt pump is the core equipment in a molten salt reactor that drives the flow of the molten salt 
coolant. Rotor stability is key to the continuous and reliable operation of the molten salt pump, and the liquid seal at the 
wear ring can affect the dynamic characteristics of the rotor system. When the molten salt pump is operated in the high-
temperature molten salt medium, thermal deformation of the submerged parts inevitably occurs, changing clearance between 
the stator and rotor, affecting the leakage and dynamic characteristics of the seal. In this study, the seal leakage, seal dynamic 
characteristics, and rotor system dynamic characteristics are simulated and analyzed using finite element simulation software 
based on two cases of considering the effect of seal thermal deformation effect or not. The results show a significant differ-
ence in the leakage characteristics and dynamic characteristics of the seal obtained by considering the effect of seal thermal 
deformation and neglecting the effect of thermal deformation. The leakage flow rate decreases, and the first-order critical 
speed of the seal-bearing-rotor system decrease after considering the seal’s thermal deformation.

Keywords  High-temperature molten salt pump · Seal thermal deformation · Leakage characteristics · Seal dynamic 
characteristics · Critical speed

1  Introduction

The thorium-based molten salt reactor (TMSR) [1] nuclear 
energy system is one of the strategically advanced research 
projects of the Chinese Academy of Sciences that uses 
molten salt as the reactor coolant. The high-temperature 
molten salt pump is essential for the molten salt reactor 
and is responsible for driving the circulating flow of the 
molten salt coolant. Its design temperature is 700 °C, at a 
micro-positive pressure, and the material used is austenitic 

stainless steel. As shown in Fig. 1, the high-temperature 
molten salt pump is a vertical cantilever-submerged cen-
trifugal pump. The motor is mounted on top, and two groups 
of bearings support the entire shaft system component. The 
molten salt level is two-thirds of the height of the pump tank, 
and the impeller is fully immersed in the molten salt. The 
liquid molten salt from the downside is transported to the 
pumping chamber due to the centrifugal force generated by 
impeller rotation. However, the presence of clearance at the 
wear ring can cause the liquid in the pumping chamber to 
backflow resulting in a leakage in the pump. The presence 
of the liquid seal at the wear ring generates liquid stiffness 
and damping, which has an impact on the swirl motion and 
dynamic characteristics of the rotating shaft. The size of 
the clearance at the wear ring is the main cause of leakage, 
which affects the lift, flow, and efficiency of the molten salt 
pump. Therefore, the design and calculation of clearance 
are critical for main nuclear pumps. However, under actual 
operating conditions, the seal is thermally deformed by the 
high-temperature molten salt, which changes the dynamic 
characteristics of the seal, causing different effects on the 
leakage and the stability of the rotor system.
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The pressure field in the seal can generate a force 
induced by the fluid. In some cases, the effect of this force 
can become significant, significantly affecting the overall 
dynamic characteristics of the pump. Thus, the fluid forces 
applied to the rotor by the seal during the operation of the 
molten salt pump must be accurately quantified to effectively 
predict the dynamic behavior of the rotor [2]. Black [3] used 
the short bearing theory to derive an equation that calculates 
the seal power coefficient and then explored the effect of 
hydraulic pressure in the ring seal on the rotor vibration of 
the centrifugal pump. Childs et al. [4] derived an expres-
sion for the dynamic coefficient of the high-pressure annu-
lar seal of a multistage centrifugal pump based on the Hirs 
lubrication equation. They discussed the fluid field in the 
seal cavity in detail. Moore et al. [5] used a pressure-based 
computational fluid dynamics (CFD) program to calculate 
the flow field and fluid dynamics parameters of a slotted liq-
uid seal. They then compared the measured values obtained 
using a 3D laser Doppler anemometer with the calculated 
values. Untaroiu et al. [6] analyzed and calculated the fluid-
induced forces acting on a rotor using 3D computational 
hydrodynamics. They then expressed it in terms of the 
equivalent linearized stiffness, damping, and fluid inertia 
coefficients. These kinetic coefficients were used to predict 
the rotordynamics behavior of industrial pumps, and the 
calculated values were compared with the vibration char-
acteristics measured during the pump house tests. The final 
results showed the high reliability of CFD. DaqiqShirazi 
et al. [7] used a combination of numerical simulations and 
experiments to study the effect of wear ring clearance on the 
performance of centrifugal pumps. They found that when 
the clearance increased, the internal leakage increased, and 
the pump efficiency decreased significantly. In the molten 
salt pump study, Shao et al. [8] tested the external charac-
teristics by using water as the experimental medium and 
verified the correctness of the numerical simulation model 
by comparison. They theoretically analyzed the performance 
curve of the molten salt pump and studied the relationship 
among fluid viscosity, external characteristics, and flow field 
from the perspective of energy loss analysis. Wang et al. 
[9] made geometric improvements to the molten salt pump 

using numerical and experimental methods. The results indi-
cated that the hydraulic efficiency of the modified molten 
salt pump was improved, and the pressure fluctuation and 
vibration intensity were reduced. He [10] studied a cen-
trifugal molten salt pump using numerical simulation. She 
calculated the external characteristics, internal flow field, 
force, and deformation of the rotor parts of the molten salt 
pump under different radial clearances of the port ring and 
different axial lengths of the wear ring. Finally, she analyzed 
the effects of different radial clearances and axial lengths of 
the ring on the performance of the molten salt pump and the 
force on the rotor parts. Hu et al. [11] used computational 
fluid dynamics techniques to simulate the flow in the seal-
ing zone and analyzed the rotordynamics coefficients. They 
investigated the rotordynamic characteristics of the molten 
salt pump with and without the liquid seal and showed that 
the first-order critical speed of the rotor increased under the 
condition of the liquid seal. Concerning the research on the 
thermal deformation of the seal, Subramanian et al. [12, 13] 
analyzed the effect of centrifugal and thermal radial growth 
of the gas turbine seal on the amount of leakage by con-
sidering only the rotor deformation—without considering 
the stator deformation. They found that radial growth and 
leakage flow changed significantly with increasing radius 
and explored the effect of combined centrifugal and thermal 
radial growth on the rotordynamic characteristics of the seal. 
Currently, most research on molten salt pumps focuses on 
hydraulic and structural characteristics [14–16], and little 
research is related to the thermal deformation of the seal of 
the molten salt pump. Research on the influence of thermal 
deformation on seal leakage and dynamic characteristics is 
notable for improving the efficiency and reliability of molten 
salt pumps.

This study uses numerical simulation to calculate the seal 
leakage and dynamic characteristics. CFD software was used 
for two cases of the annular seal of the molten salt pump 
by considering and ignoring thermal deformation. On this 
basis, the obtained seal dynamic characteristic coefficients 
are applied to the rotor, and the critical speed of the rotor 
system is calculated using the finite element software. More-
over, this study compares the numerical calculation results 
obtained from the two cases to study the effect of thermal 
deformation on the seal, explore the dynamics of the seal 
under actual working conditions, and provide a reference for 
further improving the stability of high-temperature molten 
salt pumps.

2 � Analytical model

The stator and rotor of the molten salt pump shaft system 
contact the high-temperature molten salt, and both undergo 
thermal deformation. However, the stator hole part is much 

Fig. 1   Model diagram of high-temperature molten salt pump
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more constrained and influenced by the shape than the rotor 
shaft part; thus, the radial thermal deformation of the hole 
part is smaller than that of the shaft part, and the seal clear-
ance significantly changes after high-temperature thermal 
deformation. For high-temperature equipment such as 
molten salt pumps designed for 700 °C, the clearance change 
must be considered to fulfill the analysis requirements for the 
actual operating conditions. The calculation formula for the 
clearance CT after seal thermal deformation is:

where C is the original clearance, Ut is the stator radial 
thermal deformation, and Ur is the rotor radial thermal 
deformation.

2.1 � Seal dynamic model

In the dynamic model shown in Fig. 2, the pump shaft, while 
rotating on itself at speed ω, also rotates around the geo-
metric center at speed Ω, where the eccentricity is e. For 
the rotating film of liquid molten salt in the clearance, it 
generates a fluid excitation force that can be expressed with 
reference to the dynamic pressure-bearing oil film force as 
follows:

When the pump shaft makes a small eccentric distance 
swirl motion in the seal cavity, the anisotropic effects in the 
seal system can be ignored. Then, the seal dynamic char-
acteristic coefficients in the aforementioned equation have 
the following relationship [17]: Kxx = Kyy = K, Kxy = −Kyx = k, 
Cxx = Cyy = C, Cxy = −Cyx = c, Mxx = Myy = M, Mxy = −Myx = m. 
Therefore, the seal dynamics model of Eq. (2) can be simpli-
fied as follows:

(1)CT = C + (Ut − Ur)∕2,

(2)

−

[

Fx

Fy

]

=

[

Kxx

Kyx

Kxy

Kyy

][

X

Y

]

+

[

Cxx

Cyx

Cxy

Cyy

]

[ ∙

X
∙

Y

]

+

[

Mxx

Myx

Mxy

Myy

]

[ ∙∙

X
∙∙

Y

]

The dynamic coefficients of the seal in Eqs. (2) and (3) 
are as follows: Kxx, Kyy, and K represent the direct stiffness 
of the system; Kxy, Kyx, and k represent the cross-coupled 
stiffness of the system; Cxx, Cyy, and C represent the direct 
damping of the system; Cxy, Cyx, and c represent the cross-
coupled damping of the system; Mxx, Myy, and M represent 
the direct mass of the system; and Mxy, Myx, and m represent 
the cross-coupled mass of the system.

In order to predict the seal performance of the clearance 
of the molten salt pump and to obtain the six seal dynamic 
coefficients aforementioned, this study used a relative rota-
tional coordinate system solution for the calculation, which 
is easier to solve and requires less computationally than the 
absolute stationary coordinate system. This solution trans-
forms the transient problem into a quasi-stable problem 
(Fig. 3a, b). The liquid molten salt in the clearance is treated 
as a rotational domain, where the region rotates around the 
stator center at rotational speed Ω; the stator surface reverses 
at rotational speed Ω, and the rotor surface rotates around the 
rotor center at rotational speed ω − Ω. When the rotor per-
forms a small swirl motion, the radial and tangential forces 
[18] can be obtained from Eq. (3) as follows:

In this study, the eccentricity distance was selected as 
10% of the radial clearance, and Moore et al. [5] verified 
the accuracy of this value in simulating small trajectory 
eddy motion. Next, CFD was used to solve the molten salt 
flow field, which can obtain the relationship equation of 
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Fig. 2   Dynamic modeling of the seal
Fig. 3   Coordinate system selection. a Absolute fixed coordinate sys-
tem; b rotating relative coordinate system
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multigroup swirl velocity Ω with radial force Fx and tangen-
tial force Fy and then obtain six seal dynamics characteristic 
coefficients by curve fitting against Eqs. (4) and (5). If the 
direct stiffness K is negative, the liquid film creates a force 
that intensifies rotor eccentricity. The cross-coupled stiff-
ness k and direct damping C are related to rotor stability. 
The cross-coupled stiffness k is the source that promotes the 
increase in rotor swirl, and direct damping C is the source 
that suppresses the increase in rotor swirl. For the molten 
salt flow field in the clearance, the stability of the seal can be 
evaluated by the effective damping factor Ceff. The effective 
damping factor represents whether the value of the destabi-
lization term in the seal system exceeds the damping amount 
and can be used to determine whether the seal negatively 
affects the stability of the rotor system.

2.2 � Fluid calculation model

2.2.1 � Mathematical model

In the seal clearance, the liquid molten salt is affected by 
the swirl and spin of the pump shaft, which creates intense 
motion. In this study, the CFD numerical method and the 
standard k − ε turbulence model were used to solve the 
molten salt flow field. The seal is in the submerged part 
of the molten salt pump, and the operating temperature is 
considered as a constant; thus, the energy conservation equa-
tion is not considered in the control equation. The detailed 
equations are as follows:

continuity equation:

momentum equation:

k equation:

ε equation:

where ρ is the fluid density, u is the velocity, p is the pres-
sure, t is the time, x is the space coordinate, μ is the dynami-
cal viscosity, S is the source term, Gk is the turbulent energy 
term generated by the mean velocity gradient, C1ε and C2ε 
are the constant terms of the equation, σk and σε are the 
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turbulent Prandtl numbers of the turbulent energy k and dis-
sipation rate ε, and μt is the turbulent viscosity.

2.2.2 � Boundary conditions and solution method

The molten salt medium in the pump was LiF–NaF–KF 
molten salt (FLiNaK) with molar ratios of 46.5%, 11.5%, 
and 42%, and density ρ = 2.02 g/cm3 and kinematic viscos-
ity μ = 0.0029 Pa/s at the operating temperature of 700 °C. 
The selected ring seal dimensions are as follows: diam-
eter D = 100 mm, clearance C = 0.5 mm, and seal length 
L = 40 mm. In ANSYS Fluent, this study set the shaft speed 
to 1500 rpm, the total pressure to 0.1 MPa at the inlet of 
the calculation domain, and the static pressure to zero at 
the outlet. The rotor and seal surface were standard wall 
conditions with no-slip velocity conditions and the adiaba-
tic wall. The model was solved by placing it in a relatively 
rotating coordinate system, where the rotational speed of 
the rotating coordinate system was the swirl speed Ω. The 
seal surface was set as a rotating wall surface with a reverse 
swirl speed of − Ω. The rotating shaft surface was set as a 
rotating wall surface with a speed ω − Ω rotating around the 
rotor center. The solver was selected as a separate implicit 
solver, and the finite volume method was used to discre-
tize the control equations. The continuity and momentum 
equations were in the discrete format in the second-order 
windward format, and the turbulent kinetic energy and dis-
sipation rate equations were in the first-order windward for-
mat. The pressure–velocity coupling equation was solved 
using the SIMPLE algorithm, and the solution was judged to 
converge when the residuals of all equations were less than 
1 × 10−5, at which point the inlet and outlet mass flow rates 
were equal. In order to fit the equations for the radial and 
tangential forces and obtain the seal dynamics characteristic 
coefficients, this study had to select at least three different 
vortex velocities Ω for calculation. Next, to improve the cal-
culation accuracy, this study selected seven swirl velocities 
for calculation.

2.3 � Model reliability checking

2.3.1 � Computational model validation

Aimed at checking the correctness of the seal dynamic model 
and ANSYS Fluent numerical simulation, this study used the 
aforementioned method to numerically calculate the experi-
mental model of the annular seal of Lindsey and Childs [19]. 
The results of the numerical simulation were compared with 
the experimental test values and theoretical values of Lind-
sey to check the reliability of the method. The schematic of 
the experimental model is shown in Fig. 4, where the rotor 
eccentricity is 10%; seal length, L = 13.13 mm; clearance, 
C = 0.076 mm; rotor shaft diameter, d = 76.2 mm; liquid 
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density, ρ = 986.7 kg/m3; and liquid dynamic viscosity, 
μ = 5.17 × 10−4 Pa s. ΔP is the differential pressure between 
the inlet and outlet, calculated numerically for three values: 
1.38, 2.41, and 3.45 MPa.

As shown in Fig. 5, this study compared the experimental 
test values, theoretically calculated values, and numerically 
calculated values of leakage and the direct stiffness coef-
ficient based on Lindsey’s experimental model. The results 
show that the numerical calculation results are between 
those of the other two and are closer to the experimental 
values, indicating that the numerical method is reliable.

2.3.2 � Grid independence verification

In this study, seven meshing options were obtained with 
meshing software, calculated according to the boundary 
conditions in Sect. 2.2.2, and the mesh independence verifi-
cation was performed with the outlet leakage as the objective 
function. As shown in Fig. 6, when the grid number reached 
288,000, the relative error of leakage did not exceed 0.1%, 
and the effect of the change in grid number on the CFD 
simulation was considered negligible. Finally, computational 
accuracy and computational cost were considered, and the 
option with a grid number of 288,000 was selected for the 
numerical simulation.

2.4 � Rotordynamics model of the shaft system

The inhomogeneous pressure field created from the molten 
salt flow in the seal clearance can have an impact on the 
dynamic characteristics of the pump shaft rotor. Therefore, 
when analyzing the rotordynamics of the pump shaft, it is 
necessary to consider not only the stiffness provided at the 
mechanical bearing but also the added mass, added stiffness, 
and added damping generated from the seal. The effect on 
the pump shaft at the seal can be simplified as an elastic 
support unit for rotordynamic calculations. The gyroscopic 
effect occurs when the rotor rotates; thus, the differential 
equation for the rotordynamic equation is:

where M is the mass matrix, C is the damping matrix, G 
is the gyroscopic matrix, K is the stiffness matrix, U is the 
generalized coordinate vector of the rotor system, and F is 
the external force acting on the rotor.

To investigate the seal’s influence on the rotordynamics of 
the molten salt pump and compare the difference between con-
sidering and neglecting the thermal deformation of the seal, 

(10)[M]{
∙∙

U} + [C + G]{
∙

U} + [K]{U} = {F},

Fig. 4   Experimental model

Fig. 5   Computational model 
validation. a Leakage com-
parison; b comparison of direct 
stiffness coefficients

Fig. 6   Leakage rate versus number of grid
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this study used the ANSYS Workbench to calculate the criti-
cal speed of the rotor system. The pump shaft is the cantile-
ver type, supported by two mechanical bearings on the upper 
side and affected by the seal liquid film at the impeller. The 
mechanical bearings provided a direct stiffness of 8 × 107 N/m. 
The stiffness and damping provided to the rotating shaft at the 
seal are inputs from the seal dynamic characteristic coefficients 
this study has obtained. The calculation results of three cases, 
bearing-rotor system critical speed, seal (neglecting thermal 
deformation)-bearing-rotor system critical speed, and seal 
(considering thermal deformation)-bearing-rotor system criti-
cal speed, were compared and analyzed. Figure 7 shows the 
finite element model of the rotor system.

3 � Result and discussion

3.1 � Analysis of calculation result of thermal 
deformation

Xu [20] and Ni [21] concluded in an experimental study of 
hole-shaft thermal deformation that the radial heat defor-
mation of shaft parts can be estimated by the traditional 
formula. However, the traditional formula is not applicable 
for radial heat deformation of the hole parts. Because the 
coefficient of thermal expansion of austenitic stainless steel 
is larger than that of ordinary carbon steel, this study consid-
ered thermal deformation from the perspective of conserva-
tiveness. Both the stator and rotor at the seal in the high-
temperature molten salt pump are regarded as free thermal 
expansion, and the radial thermal expansion coefficient of 
the rotor can be directly adopted from the linear expansion 
coefficient of steel at 700 °C (13.79 × 10−6 °C−1). The radial 
thermal expansion coefficient of the stator hole is smaller 
than that of the rotor shaft because there is more binding 
force on the molecular thermal movement of the inner diam-
eter than the outer diameter of the hole. Ni [21] measured 
that the thermal expansion coefficients of the shaft and hole 
of 100 mm were 8.2 × 10−6 °C−1 and 6.4 × 10−6 °C−1 in − 20 
to 80 °C experiments and demonstrated the difference in 
thermal deformation of the shaft and hole. Owing to the 
limitations of experimental conditions, no experimental data 
on the radial thermal expansion coefficient of the hole at 
700 °C were available. Therefore, this study refers to the dif-
ferent ratios of the radial thermal expansion coefficient of the 
hole and shaft from the experiment of Ni at low temperature 
and uses the radial thermal expansion coefficient of the hole 

as 10.76 × 10−6 °C−1. When the seal clearance is 0.5 mm, the 
amount of change in the clearance after considering thermal 
expansion can be obtained according to Eq. (1).

As shown in Table 1, after the seal is affected by the 
high-temperature molten salt, the change in the clearance 
is obvious, with a 20.24% difference between the two, and 
the finite element simulation software cannot reflect this 
experimental difference. In the experiment on the meas-
urement of thermal deformation of hollow cylindrical 
parts, Miao et al. [22] found a defect: the thermal expan-
sion characteristics of the parts do not match reality when 
using ANSYS Workbench thermal analysis. Different seal 
clearances can have different effects on seal leakage and 
dynamics.

3.2 � Analysis of calculation result of leakage

Figure 8 shows the variation in the leakage flow rate at 
the molten salt pump ring with the rotational speed for 
the two cases of considering and neglecting the thermal 
deformation. In both cases, the leakage flow rate decreases 
as the pump shaft speed increases. When the pump shaft 
speed is 500–10,000 rpm, the leakage flow rate of the seal 
considering thermal deformation is always lower than 
that when thermal deformation is neglected. Focusing on 
when the pump speed is 1500 rpm, the leakage flow rate 
is 1.4505 kg/s by ignoring thermal deformation, whereas 
the leakage amount is 0.89363 kg/s by considering ther-
mal deformation. The difference between the two values 
was 0.5542 kg/s, and the difference ratio was 38.2%. The 
main reason for the reduction in seal leakage is that the 
clearance of the seal is significantly smaller after consid-
ering thermal deformation; thus, the mass flow rate of the 
molten salt in the return flow is also reduced.

Fig. 7   (Color online) Calcula-
tion model of critical speed

Table 1   Calculation of clearance change

Neglecting ther-
mal deformation

Finite element Reference 
experimental 
value

Clearance size 
(mm)

0.5 0.5005 0.3988

Change amount 
(mm)

0 0.0048 0.1012

Change ratio 0% 0.96% 20.24%
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3.3 � Analysis of seal film pressure

As shown in Fig. 9, the circumferential pressure distribu-
tion is obtained by considering and neglecting the thermal 
deformation at half the shaft length of the annular seal at 
1500 rpm. The centers of both pressure characteristic ellip-
ses are off to the right, representing positive direct stiff-
ness from both seals. In the pressure distribution diagram, 
the pressure difference between the left and right sides 
obtained by neglecting thermal deformation is larger than 
that obtained by considering thermal deformation; therefore, 
the support counterforce produced by neglecting the thermal 
deformation on the eccentricity of the rotating shaft is larger.

3.4 � Analysis of seal dynamic characteristic

Figure 10 shows the variation curves of the direct stiffness 
K and cross-coupled stiffness k of the seal with rotational 
speed for both cases, considering and neglecting the thermal 

deformation. The direct stiffness K decreases as shaft speed 
increases in both cases, is positive in the low-speed region, 
and decreases to a negative value in the high-speed region. 
The main reason for this phenomenon is that when the speed 
is high, the pump shaft will produce a large shear motion 
with the molten salt fluid in the ring; thus, the axial flow of 
molten salt in the ring is reduced, and the seal clearance is 
more likely to produce a negative direct stiffness. The direct 
stiffness obtained by considering thermal deformation is 
smaller than that obtained by neglecting thermal deforma-
tion. The cross-coupled stiffness k increases with an increase 
in the pump shaft speed in both cases; thus, the sources pro-
moting the intensification of the rotor swirl also increase. 
The cross-coupled stiffness obtained by considering the 
seal’s thermal deformation is larger than that obtained by 
neglecting thermal deformation.

As shown in Fig. 11a, direct damping C and cross-cou-
pled damping c increase as speed increases in both cases of 
considering and neglecting thermal deformation, where the 
increase in direct damping can play a role in suppressing 
rotor instability. The direct damping obtained by considering 
thermal deformation is greater than that obtained by neglect-
ing thermal deformation, and the two values become similar 
as the speed increases.

As shown in Fig. 11b, the direct added mass M does not 
produce a significant change as the speed increases. The 
direct added mass obtained by considering thermal defor-
mation is smaller than that obtained by neglecting thermal 
deformation, which is due to the reduction in the molten 
salt in the clearance after considering thermal deformation. 
Because the cross-coupled added mass m is almost zero, its 
effect is not considered.

At 1500  rpm, this study compared the seal dynamic 
characteristic coefficients obtained by considering and 

Fig. 8   Leakage versus rotational speed

Fig. 9   (Color online) Circumferential pressure distribution

Fig. 10   (Color online) Added stiffness versus rotational speed
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neglecting thermal deformation. The specific values are 
listed in Table 2. The difference ratio (neglecting thermal 
deformation as a benchmark) is as high as 266.9% for direct 
damping and 73.9% for cross-coupled stiffness, and different 
direct damping and cross-coupled stiffness make the liquid 
film exhibit various stability. The direct stiffness difference 
ratio is 29.1%; thus, the influence of the liquid film on the 
rotating shaft support also differs. Both the cross-coupled 
damping and directly added mass exhibit a slight difference 
ratio. Crucially, different seal dynamic characteristic coef-
ficients have different effects on the critical speed and rotor 
stability in the subsequent rotordynamics.

3.5 � Analysis of seal stability

The aforementioned works obtained dynamic characteristic 
coefficients of the molten salt pump in the speed range of 
500–10,000 rpm, and the seal stability can be evaluated by 
the effective damping coefficient (Ceff = C − k/ω). When Ceff 
is greater than 0, which means the seal is stable; otherwise, it 
means the seal is unstable. As shown in Fig. 12, the effective 
damping coefficient shows a trend of increasing and then 
decreasing with increasing rotational speed for both cases of 
the seal by considering and neglecting thermal deformation. 
Ceff is a positive value throughout the speed region, which 
indicates that the value of the destabilization term in the 
system is not greater than the damping amount, although the 

cross-coupled stiffness increases; thus, the seal still exhibits 
a stable effect. In the low-speed region, the effective damp-
ing coefficient obtained by considering thermal deformation 
is larger than that obtained by neglecting thermal deforma-
tion; thus, it exhibits stability better. As the speed increases, 
the difference between the two values becomes insignificant. 
Therefore, to improve the matching of the actual working 
conditions and the accuracy of the seal dynamics calcula-
tion, the designs of the seal of a high-temperature molten salt 
pump should consider the influence of the thermal deforma-
tion of the seal.

3.6 � Analysis of critical speed of rotor system

Figure 13 shows the Campbell diagrams for the three cases 
obtained from the numerical calculations: Fig. 13a is the 
Campbell diagram of the bearing-rotor system obtained 
without considering the seal, Fig.  13b is the Campbell 
diagram of the seal-bearing-rotor system obtained by con-
sidering the seal but neglecting the thermal deformation, 
and Fig. 13c is the Campbell diagram of the seal-bearing-
rotor system obtained by considering the seal and thermal 

Fig. 11   (Color online) Added 
damping and added mass. 
a Added damping versus 
rotational speed; b added mass 
versus rotational speed

Table 2   Comparison of seal dynamic characteristics coefficients

Considering ther-
mal deformation

Neglecting ther-
mal deformation

Difference 
ratio (%)

K (× 103 N/m) 169.1 238.4 29.1
k (× 103 N/m)  − 24.32  − 86.59 73.9
C (× 103 Ns/m) 8.739 2.382 266.9
c (× 103 Ns/m) 8.319 8.674 4.1
M (kg) 0.6285 0.662 5.1

Fig. 12   (Color online) Added damping versus rotational speed
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deformation. The solid line represents the modal frequency 
of the forward motion, the dashed line represents the modal 
frequency of the reverse motion, and the dotted line repre-
sents the synchronous excitation line with a frequency equal 
to the speed. In engineering applications, only the modal 
frequency of the forward rotor motion is a major concern.

The comparison of Fig. 13a–c showed that the forward 
modal frequency of the rotor system of the molten salt 
pump obtained by considering the seal was larger than that 
obtained by neglecting the seal. This result shows that the 
presence of the seal makes the rotor system increase the fre-
quency of each order of the forward motion mode; thus, the 
dynamic characteristics of the seal increase the rigidity of 
the rotor system and play a supporting role in ring location.

Table  3 shows the results of the first-order critical 
speed calculated for the three cases. Notably, the presence 
of the seal has a significant effect on the critical speed of 
the rotor of the molten salt pump. Among the three cases, 
the first-order critical speed is increased by 10.4% and 
20.1% compared to 2615.6 rpm obtained by ignoring the 
seal, respectively, considering thermal deformation and 
neglecting thermal deformation. For the seal-bearing-
rotor system, there is also a clear difference between the 
critical speed obtained by considering and neglecting the 

thermal deformation of the seal. Under the conditions of 
the high-temperature molten salt pump, thermal deformation 
occurs consequentially at the seal, and the corresponding 
seal dynamic characteristic coefficients are different. The 
calculated first-order critical speed of the rotor system was 
2888.3 rpm. The operating speed of the high-temperature 
molten salt pump fulfills the requirements of the API610 
standard, which can avoid self-excited vibrations during 
operation. Neglecting thermal deformation, the first-order 
critical speed of the rotor system was 3142 rpm. This is 
because the direct stiffness of the seal obtained by consid-
ering and neglecting the thermal deformation is different; 
therefore, the support effect on the rotor shaft is unequal. If 

Fig. 13   Campbell diagram of 
rotor system. a Without consid-
ering the seal; b considering the 
seal but neglecting the thermal 
deformation; c considering the 
seal and thermal deformation

Table 3   Comparison of first-order critical speed

Neglecting seal Considering seal

Neglecting ther-
mal deformation

Consider-
ing thermal 
deformation

First-order 
critical speed 
(rpm)

2615.6 3141.7 2888.3
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the effect of seal thermal deformation in the actual operating 
conditions is neglected, the first-order critical speed of the 
rotor system will be overestimated, and the safety margin 
that remains for the speed will be overvalued, which intro-
duces hidden dangers. Therefore, in the design of the rotor 
system of a high-temperature molten salt pump, the influ-
ence of the liquid film on the rotor system after the thermal 
deformation of the seal should be considered to better fulfill 
the actual working conditions and more accurately calculate 
the critical speed of the rotor system.

4 � Conclusion

To study the leakage and dynamic characteristics of the 
liquid seal of a high-temperature molten salt pump in the 
molten salt medium, this study compared and analyzed the 
seal leakage, membrane pressure distribution, seal dynamic 
characteristics, seal stability, and critical speed of the rotor 
system under two cases: considering and neglecting thermal 
deformation. This study also discussed the influence of ther-
mal deformation on the seal and suggested the necessity of 
research on seal thermal deformation. The main conclusions 
drawn are as follows:

1.	 After considering thermal deformation, seal clearance 
was reduced by 20.24%. At 1500 rpm of the molten salt 
pump, the difference in seal clearance leads to leakage at 
the seal ring, which differs by 38.2%. The leakage differ-
ence causes a discrepancy in the hydraulic performance 
of the pump in molten salt media, resulting in a signifi-
cant deviation between the actual operating condition 
point and the design condition point.

2.	 The seal exhibited different dynamic characteristics after 
thermal deformation. When the pump shaft was at the 
operating speed, the difference in direct stiffness was 
29.1%, and the difference in cross-coupled stiffness was 
73.9%, representing the different support counterforces 
of the liquid film on the rotating shaft. The difference 
in direct damping was as high as 266.9%. The effective 
damping obtained by considering the thermal deforma-
tion is greater than that obtained by neglecting the ther-
mal deformation of the seal; thus, the seal stability of the 
former is also better than that of the latter.

3.	 The presence of the seal not only increased the critical 
speed of the rotor system but also provided some damp-
ing to the rotor. The first-order critical speed obtained 
after the thermal deformation of the seal was less than 
that obtained by neglecting thermal deformation. There-
fore, the difference should be considered in the design 
to ensure a sufficient safety margin such that the actual 
working condition of the pump rotor system fulfills the 
requirements of the API610 standard.
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