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A B S T R A C T   

Lead-based reactor is a new type of reactor using liquid lead or lead-bismuth alloy as a coolant. As 
the core working element of the main pump, the impeller is subjected to a huge load when 
conveying heavy metal liquids and is highly susceptible to damage. In this study, we used ANSYS 
and FLUENT software to investigate the stress, deformation, and creep deformation of the nuclear 
main pump impeller under a liquid lead-bismuth environment by the fluid-solid coupling method. 
The maximum equivalent force of the impeller was located at the junction of the blade and hub, 
which was prone to fatigue damage under the action of alternating load. The stress, deformation, 
and creep characteristics of the impeller blade were observed to generally increase with rotational 
speed. Particularly, the junction of the blade root and hub exhibited high susceptibility to stress 
concentration and fatigue damage. At a flow rate of 0.64 m/s and a speed of 690 r/min, the 
maximum equivalent force was 16.7 MPa, which was lower than the yield strength of 316L 
stainless steel. Additionally, the maximum deformation was less than 0.63 mm. Over a five-year 
period, the creep of the impeller ranged from a minimum of 0.228% to a maximum of 0.447%, 
indicating that the impeller can reliably operate in a liquid lead-bismuth environment for at least 
five years.   

1. Introduction 

The lead-based cooled fast reactor (LFR) is considered to be one of the most promising fourth-generation (Gen-IV) reactors for its 
potential in sustainability, economics, safety, and reliability [1–3]. In both LFR and Accelerator Driven Systems (ADS), lead alloys, 
particularly lead-bismuth eutectic (LBE), are considered as the primary coolant [4] since lead possesses desirable characteristics such 
as high density (around 10500 kg/m3), low neutron-moderating and absorption capacity, high boiling temperature (above 1700 ◦C), 
relatively low cost, and inertness with water, air, and fuel [5,6]. However, the high density and melting temperature (around 327 ◦C), 
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as well as the low viscosity at operating temperatures, pose specific structural material requirements for components such as impeller 
blades in the reactor coolant pumps of LFR and ADS systems [1]. 

The main circulation pump in the reactor is very important since it supplies force for coolant circulation. As the core component of 
the pump, the impeller operates in a complex and harsh environment and is highly susceptible to weakening due to corrosion, erosion, 
fatigue, creep deformation, and more under high-temperature flowing LBE and cyclic loads [7]. It is essential to have a comprehensive 
understanding and accurate predictions of the stress and deformation evolution of the impeller in the LBE environment. Previous 
studies have successfully utilized computational fluid dynamics (CFD) simulations to analyze the behavior of various pump impellers 
[7,8]. Zhai et al. [9] simulated the stress distribution of the impeller considering the flow field pressure, the centrifugal force, and the 
gravity and established the relational expression including the fatigue life, average stress, and stress amplitude. Chen et al. [10] 
adopted fluid-solid coupling method to solve the fluid and solid coupling equations and found that the blade stresses in the reactor 
coolant pump mainly include tensile stresses caused by centrifugal forces, bending and torsional stresses caused by flow field pressure, 
and thermal stresses caused by the temperature field. Wang et al. [11] used fluid-solid coupling method to simulate and analyze the 
reactor coolant pump, and the results showed that the maximum stress and deformation of the rotor under different flow conditions 
were mainly distributed on the impeller and hub, with the stress concentration mainly located at the junction of the front cover and the 
vane outlet. Ma et al. [12] simulated the flow field of a heavy metal liquid pump and compared the stress in the liquid metal pump with 
that in the pump. The results showed that the maximum stress of the impeller blade increased with the increase of the flow rate. Liu 
et al. [13] conducted a unidirectional fluid–solid coupling analysis for the distribution of stress field and deformation of the axial-flow 
pump blade. The results showed that the stress concentration is found at the root of the blade near the hub, and the maximum 
deformation is often located on the blade surface or blade tip. Similar results on the stress and deformation characteristics of axial flow 
pumps under different operating conditions were obtained by other studies [14–16]. 

Researchers have also analyzed the stress distribution and deformation characteristics of the impeller under different working 
conditions of centrifugal pumps [17,18], mixed flow pumps [19], and tubular pumps [20,21] using fluid-solid coupling method. Li 
et al. [22] studied the effect of fluid flow on the dynamic characteristics of the pump impeller and found that radial forces were the 
main cause of impeller vibration. Yong et al. [23] found that the increase of the vibration mass of the whole system caused by the 
vibration of the water body is the root cause of the decrease of the natural frequency of the impeller. Cheng et al. [24] found that the 
effect of clearance ratio on the maximum equivalent force on the back surface of the impeller blade was larger than that on the working 
surface. Zheng et al. [25] investigated the effect of flow temperature on the reliability of centrifugal compressor impellers, showing 
that the effect of temperature on the strength and reliability of compressor impellers must be taken into account at high pressure ratios, 
and can be ignored at low pressure ratios. Meng et al. [26] studied the stress distribution and deformation of the impeller under 
different rotational directions, and the results showed that the maximum equivalent force increased with the increase of the flow rate. 
Chen et al. [27] studied the static simulation of the entire flow path of the mixed-flow pump during reverse power generation, and the 
results showed that the radial force acting on the blades in reverse power generation was higher, with the impeller stresses mainly 
concentrated at the blade edges and roots, which was also obtained by Zhou et al. [28]. Li et al. [29] investigated the modal parameters 
of turbocharger impellers, which showed that the fluid-solid interaction mainly affected the modal frequency. Wang et al. [30] studied 
the effect of impeller blade thickness on the performance of multistage centrifugal pumps through fluid-solid coupling, and the results 
showed that the maximum stress and deformation of the impeller progressively decreased with the increase of blade thickness, while 
the stability of the impeller structure increased. Although various aspects affecting the pump have been studied, there has been a lack 
of research that explores the creep effect on the impeller in the LBE environment. It is important to understand the creep behavior of 
the impeller since it keeps working for years in the nuclear reactor, while prior publications have mainly focused on simulating 
stress-deformation characteristics of the impeller [31–33]. 

In this study, we implemented a unidirectional fluid-solid coupling method to examine both the internal flow field and impeller 
structure field in the liquid LBE environment. We investigated the impeller’s stress, strain, and creep characteristics under certain flow 
rates and varying speed conditions. These results provide guidance for optimizing impeller design and ensuring stable operation of the 
model under specific conditions. 

2. Material and methods 

2.1. Material 

316L stainless steel was selected as the material of the impeller with the properties as shown in Table 1 [34,35]. The fluid material 
was chosen to be a liquid LBE alloy (Pb-55.5 wt%Bi alloy). The density of the LBE alloy can be calculated by Eq. (1) [35]: 

ρLBE = 11096 − 1.3236T (1) 

Table 1 
Material properties used in this study.  

Material Density (kg/m3) Poisson’s ratio Young’s modulus (GPa) Tensile strength (MPa) 

316L steel 7850 0.3 193 460  
Density (kg/m3) Viscosity (cps) Melting point (◦C) Boiling point (◦C) 

LBE 10271 0.001665 125 1670  
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where T is the temperature (K). 

2.2. Modeling and meshing 

The three-dimensional model was established by the software UG as shown in Fig. 1(a–c). The parameters of the impeller model 
included inlet diameter of 535 mm, impeller diameter of 320 mm, hub thickness of 118 mm, and blade number of 6. It should be noted 
that the small features in the impeller model, such as sharp corners, mutations, gaps, were simplified accordingly. 

In this study, we adopted the multiple reference coordinate system method to simulate the rotational motion of the impeller. As 
shown in Fig. 2(a and b), the rotating reference coordinate system is used in the region with the impeller, and the stationary reference 

Fig. 1. Geometrical model of the impeller (a) front view, (b) back view, and (c) side view.  

Fig. 2. Meshing of the simulation domain: (a) cross-section of the whole fluid domain, (b) cross-section of the rotor area, and meshing of the 
impeller in (c) side view, (d) front view, and (e) back view. 
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coordinate system is used in the region outside the impeller, so that the non-stationary problem in the stationary reference system can 
be transformed into the stationary problem in the rotating system. Therefore, the computational domain is divided into rotor and stator 
areas. The volume of the stator area is large, and the grid is a tetrahedral grid with a number of grid cells of 240047. The rotor area has 
a complex shape which is the key area of concern and requires high grid quality. The grid is a tetrahedral grid and the number of grid 
cells is 2092294. 

The mesh quality has a great influence on the subsequent analysis results as well as the convergence of the calculation. In this study, 
we mainly evaluated the grid quality in terms of element quality, aspect ratio and skewness [36]. The element quality is a value 
between 0 and 1, with 0 being the worst and 1 being the best. The aspect ratio is the calculated length-to-width ratio (longest 
side/shortest side) for the triangle or quadrilateral vertices of the cell with the value no less than 1, which reaches the best quality when 
equal to 1. The skewness is a value between 0 and 1, with 0 being the ideal value and 1 being the worst value. When observing the size 
of the skewness, it is necessary to ensure that the maximum value is less than 0.94. The mean value of the element quality is 0.83 
(higher than the general mean value of 0.75). The maximum value of the aspect ratio is less than 15.2. The maximum value of skewness 
is less than 0.85. Therefore, the quality of the grid meets the requirements, and the meshing is shown in Fig. 2(c–e). The impeller is 
divided by tetrahedral mesh with the mesh number of 125542. 

2.3. Fluid-solid coupling 

The fluid-solid coupling calculation involved parameter settings for both the fluid field and the structural field, where the fluid field 
calculation was performed in FLUENT module and the structural field calculation was performed in the Static Structural module of 
ANSYS Workbench. 

In the flow field calculation, we simulated turbulence using the standard k-ε turbulent model, which is a semi-empirical model of 
two equations for the turbulent kinetic energy k and the diffusivity ε as Eqs. (2) and (3): 

∂
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where Gk is the turbulent kinetic energy created by the average velocity grads, Gb is the turbulent kinetic energy due to buoyancy, YM is 
the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate, C1ε, C2ε and C3ε are constants, 
σk and σε are the numbers corresponding to turbulent kinetic energy k and the diffusivity ε, Sk and Sε are user-defined source terms. 

The fluid field calculation was performed in FLUENT module with the geometric model shown in Fig. 3(a and b), and the specific 
boundary conditions and parameters were set as follows. The gravitational acceleration was applied in the positive direction of the Z- 
axis. The fluid rotation speed in the rotor area was set to be the same as the impeller speed. And, the wall of the impeller was set to be a 
moving wall with the rotation speed the same as the adjacent area. A standard wall surface function was used with the convergence 
accuracy set to be 0.001. The inlet flow velocity was set to be 0.64 m/s which is the same with the actual flow velocity. The operating 

Fig. 3. Geometric model for CFD simulation domain: (a) the stator area, (b) the rotor area.  
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temperature was 350 ◦C (623 K). The rotor area rotation origin was (0, 0, 0) with Z-axis as the rotation axis, and different rotation 
speeds of 390, 490, 590, and 690 r/min were adopted to study the effect of rotation speeds on the impeller. 

Newton’s second law of Eqs. (4) and (5) can be used to construct the conservation equation for the solid domain shown below. 

ρsd̈s = ∇ • σs + fs (4)  

∂(ρh)
∂t

−
∂ρ
∂t

+∇ •
(
ρf vh

)
= ∇ • (λ∇T) + ∇ • (vτ) + v • ρfs + SE (5)  

In the structural field calculation, the impeller material was selected as 316L stainless steel. Based on the flow field calculation, the LBE 
loading could be obtained. And then, the LBE loading was uploaded to the static module and the data transmission was realized 
through the coupling surface in the static module. According to Hamilton’s principle, the structural dynamic equation is defined as Eq. 
(6): 

Mμ̈ + Cu̇ + Ku = F (6) 

The stress equation for the impeller structure calculation is as Eqs. (7) and (8): 

K{μ} = {Fs} + {Ft} (7)  

{σ} = DB{μ} (8) 

The equivalent stress can be obtained based on the von-Mises theory as Eq. (9): 

σo =
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2
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2
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2
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2]
√

(9)  

where σo is the equivalent stress (Pa) of each node, σ1, σ2 and σ3 are the first, second and third principal stresses (Pa), respectively. The 
pressure results calculated in Fluent were imported into the analysis of the structural field through coupling, and the displacement 
constraints were applied to the impeller by setting the displacements in the X, Y, and Z directions to 0 mm. The stress distribution of the 
impeller could be obtained in the structural field calculation. 

Table 2 
Ontogenetic models of strain reinforcement and time reinforcement.  

Ontogenetic Model Principal Equations Trends 

Strain Reinforcement εcr = c1σc2 εc3 e− C4∕T (C1 > 0, C3 < 0) Strain rate decreases or stabilizes 
Time Reinforcement εcr = c1σc2 tc3 e− C4∕T (C1 > 0, − 1<C3 < 0.5) Strain rate decreases or stabilizes  

Fig. 4. Equivalent von-Mises stress distribution of the impeller at different rotation speeds of 390 r/min in (a) front view and (b) back view, 490 r/ 
min in (c) front view and (d) back view, 590 r/min in (e) front view and (f) back view, and 690 r/min in (g) front view and (h) back view. 
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2.4. Creep calculation 

Since the melting point of 316L stainless steel is around 1400 ◦C and the working temperature in liquid LBE is 350 ◦C–550 ◦C, the 
working temperature of the impeller is 37.2%–49.2% of its melting point in Kelvin temperature. Therefore, the creep effect of the 
impeller in service needs to be considered. Two basic reinforcement criteria for creep effect were proposed [37,38] as time rein
forcement and strain reinforcement as shown in Table 2. 

where σ is the equivalent force, ε is the equivalent effect variation, t is the time, e is the natural number, T is the absolute tem
perature, and Cn is the material parameter. When creep calculations were performed, the time-reinforced model was used in this study 
as Eq. (10) [37]: 

εcr = 2 × 10− 4σ0.224t− 0.92865e− 246.5∕T (10) 

As shown in Eq. (10), the creep constants C1~C4 are defined as 0.0002, 0.2224, − 0.92865, and 246.5. The boundary conditions 
were set from the pressure and stress on the impeller obtained in the fluid-solid coupling calculation. The whole calculation time in the 
creep calculation was set to be 90000 s. According to the above methods, the data transfer between the fluid flow calculation and the 
structural field calculation can be realized, and the stress, strain and creep characteristics of the impeller in the liquid LBE can be 
obtained eventually. 

Fig. 5. Relationship between the maximum equivalent von-Mises stress of the impeller and the rotation speed.  

Fig. 6. Deformation distribution of the impeller at different rotation speeds of 390 r/min in (a) front view and (b) back view, 490 r/min in (c) front 
view and (d) back view, 590 r/min in (e) front view and (f) back view, and 690 r/min in (g) front view and (h) back view. 

C. Gu et al.                                                                                                                                                                                                              



Heliyon 10 (2024) e26035

7

3. Results and discussion 

3.1. Stress field and deformation of the impeller 

Fig. 4 illustrates the distribution of equivalent von-Mises stress of the impeller under different rotation speeds. It can be seen that, 
for all rotation speeds in Fig. 4(a–h), the stress concentration regions are mainly located at the root of the blade near the hub, which is 
consistent with previous publications [13]. However, as the rotation speed increases, the high stress region gradually spreads towards 
the edge of the blade. In the hub, the equivalent von-Mises stress remains low and does not show a clear trend due to the thick 
structure. Moreover, the highest equivalent von-Mises stress is found at the root of the blade in all four impellers. At 590 r/min in Fig. 4 
(e and f), stress concentration is also observed at the blade edge and inlet side, which intensifies at 690 r/min in Fig. 4(g and h) due to 
the increased impact of the liquid flow at the inlet side blade. This result indicates that the blade edge and junction between the blade 
and the hub are susceptible to fatigue damage under continuous loads, while the minimum equivalent von-Mises stress is located at the 
hub and the blade tip. 

To quantitatively analyze the equivalent von-Mises stress of the impeller, the relationship between the maximum equivalent von- 
Mises stress and the rotation speed is plotted in Fig. 5. The maximum equivalent von-Mises stress of the impeller is found to be only 8.4 
MPa when the rotation speed is 390 r/min (Fig. 4(a and b)). However, with the increase of rotation speed, the maximum equivalent 
von-Mises stress of the impeller tends to increase. At the rotation speed of 690 r/min, the maximum equivalent von-Mises stress reaches 
16.7 MPa. It should be noted that the maximum equivalent von-Mises stress of 16.7 MPa is still much less than the yield strength of 
316L stainless steel. 

In Fig. 6, a deformation distribution of the impeller is displayed at various rotation speeds. It can be observed that the four impellers 
all exhibit similar deformation patterns, with higher degrees of deformation occurring towards the edge of the blade in Fig. 6(a–h). 
Additionally, the blades experience more deformation than the hub. At the tip of the blade, the maximum deformation is observed, 
while the minimum deformation is found at the root of the blade and the hub. The observed deformation behavior can be attributed to 
pressure loads and centrifugal forces that act on the outer ring of the impeller at the blade edge. Moreover, as the rotation speed 
increases, both the blade deformation area and magnitude increase. 

To quantitatively analyze the deformation of the impeller, the values of the deformation distance along both the blade tip and blade 

Fig. 7. Deformation distance along both the blade tip and blade tail from the blade root to the blade edge with the rotation speeds of (a) 390 r/min, 
(b) 490 r/min, (c) 590 r/min, and (d) 690 r/min. 
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tail from the blade root to the blade edge were recorded as shown in Fig. 7. It can be seen that with the increase of the distance to the 
blade root, the value of the deformation displacement increases. When the rotation speed is 390 r/min, the maximum deformation is 
0.43 mm which occurs at the end of the blade tail in Fig. 7(a). With the increase of the rotation speed, the value of the maximum 
deformation has a trend to increase as in Fig. 7(a–d). At the rotation speed of 690 r/min, the maximum deformation is 0.63 mm, as 
shown in Fig. 7(d). It is also found that the deformation occurred at the blade tail is relatively larger than that at the blade tip. The 
higher the rotation speed, the larger the difference between the deformation occurred at the blade tail and the blade tip. 

Quantitative information on the equivalent von-Mises stress and deformation of the impeller at various rotation speeds is recorded 
as shown in Table 3. It can be observed that, under established working conditions, the maximum equivalent von-Mises stress within 

Table 3 
Quantitative information of equivalent von-Mises stress and deformation of impeller under different rotation speeds.  

Rotation Speed（r/min） Maximum Equivalent von-Mises Stress（MPa） Maximum Deformation（mm） Maximum Deformation Position 

390 8.4 0.43 Blade tip 
490 13.3 0.45 Blade tip 
590 14.1 0.61 Blade tip and blade tail 
690 16.7 0.63 Blade tail  

Fig. 8. Imported pressure distribution of impeller at different rotation speeds of 390 r/min in (a) front view and (b) back view, 490 r/min in (c) 
front view and (d) back view, 590 r/min in (e) front view and (f) back view, and 690 r/min in (g) front view and (h) back view. 

Fig. 9. Relationship between the maximum imported pressure and the rotation speed.  
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the give rotation speed range does not exceed 20 MPa, which is much less than the yield strength of 316L stainless steel. Additionally, 
the maximum deformation is less than 0.65 mm. Therefore, the results of the fluid-solid coupling analysis indicate that the impeller is 
able to function properly in a liquid LBE environment. 

3.2. Creep deformation of the impeller 

The fluid-solid coupling calculation yields the pressure loading on the impeller’s surface, which serves as the initial condition for 
the subsequent creep calculation. Fig. 8 shows the imported pressure distribution of the impeller at different rotation speeds. Positive 
values indicate compressive pressure, while negative values denote tensile pressure. In the front view in Fig. 8(a–c, e, g), the pressure 
distribution is uniform across the blade and the hub, with the hub experiencing relatively higher fluid pressure than the blade surface. 
However, the maximum pressure is primarily concentrated at the blade tip, which is the thinnest and experiences the strongest fluid 
impact. With increasing rotation speed, the imported pressure value of the impeller also increases, with the minimum being located at 
the blade edge and the maximum at the blade tip in Fig. 8(a–h). 

Fig. 9 shows the relationship between the maximum imported pressure and the rotation speed. It can be seen that the maximum 
imported pressure has an increasing trend as the rotation speed increases. However, the maximum imported pressure decreases when 
the rotation speed is 690 r/min. The maximum value of 0.410 MPa occurs at the rotation speed of 590 r/min, and the minimum value 
of 0.167 MPa occurs at the rotation speed of 390 r/min. 

Fig. 10 displays the equivalent creep strain distribution of the impeller under different rotation speeds. The equivalent creep strain 

Fig. 10. The creep deformation distribution of impeller at different rotation speeds of 390 r/min in (a) front view and (b) back view, 490 r/min in 
(c) front view and (d) back view, 590 r/min in (e) front view and (f) back view, and 690 r/min in (g) front view and (h) back view. 

Fig. 11. Relationship between the maximum equivalent creep strain and the rotation speed.  
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at the blade edge and hub is insignificant, while that at the root and middle of the blade is significant. The highest strain occurs at the 
blade root near the hub as shown in Fig. 10(a–h). An upward trend in the maximum equivalent creep strain of the impeller is observed 
with an increase in rotation speed, occurring progressively from the blade root to the middle and the entirety of the blade. The 
minimum equivalent creep strain of the impeller, measured at a rotation speed of 490 r/min in Fig. 10(c and d), is 0.076%, while the 
maximum creep deformation, measured at a rotation speed of 690 r/min in Fig. 10(g and h), is 0.118%. Overall, the impeller’s creep 
deformation tends to increase, as shown in Fig. 11. 

3.3. Creep curve fitting equation 

It should be noted that the creep deformation as mentioned above was obtained at 90000 s, which is 25 h. However, the impeller 
should work in a stable condition for several years in reality. In this study, the creep results for years were obtained by the extension of 
the above calculated results. Fig. 12 shows the creep strain of the impeller as a function of time and the fitting curves at different 
rotation speeds. The fitting equations can be obtained as Eq. (11): 

y= atb (11) 

For the rotation speeds of 390, 490, 590, and 690 rpm in Fig. 12(a–d), the parameters of a are 1.2143 × 10− 4, 0.8694 × 10− 4, 
1.4772 × 10− 4, and 1.6048 × 10− 4, and the parameters of b are 0.1627, 0.1730, 0.1739, and 0.1763. It can be seen that the creep 
amount tends to increase with the increasing time. At the initial stage, the creep deformation volume increases fast, and increasing rate 
of the creep deformation volume gradually decreases with time. At the rotation speed of 490 r/min in Fig. 12(b), the creep of the 
impeller working for five years is 0.228%. At the rotation speed of 690 r/min in Fig. 12(d), the creep of the impeller working for five 
years reaches its maximum which is 0.447%. Therefore, the austenitic stainless-steel impeller can work normally in the liquid LBE 
environment for at least 5 years under the working conditions considering creep. 

4. Conclusions 

The study aimed to investigate the stress, deformation, and creep characteristics of the nuclear main pump impeller in a liquid lead- 
bismuth environment at various rotational speeds. The main conclusions are as follows: 

Fig. 12. Creep volume of the impeller as a function of time at different rotation speeds of: (a) 390 r/min, (b) 490 r/min, (c) 590 r/min, and (d) 690 
r/min. 
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(1) At the flow rate of 0.64 m/s and speed of 690 r/min, the maximum equivalent force is 16.7 MPa, which is much smaller than the 
yield strength of 316L stainless steel, while the maximum deformation is less than 0.63 mm, indicating that the impeller can 
ensure normal operation in the liquid lead bismuth environment.  

(2) The maximum stress, deformation, and creep of the impeller blade generally exhibit an increasing trend with the increase in 
rotation speed. The junction of the blade root and hub is particularly prone to stress concentration and fatigue damage. 
Therefore, it is important to pay close attention to this area during impeller design.  

(3) At a flow rate of 0.64 m/s, the creep of the impeller over a five-year period ranges from a minimum of 0.228% to a maximum of 
0.447%. These results indicate that the austenitic stainless steel impeller is capable of functioning properly in a liquid lead 
bismuth environment for at least five years. 
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