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Abstract: Current research on the operational reliability of centrifugal pumps has mainly focused on hydrodynamic instability. However, 
the interaction between the fluid and structure has not been sufficiently considered; this interaction can cause vibration and dynamic 
stress, which can affect the reliability. In this study, the dynamic stresses in a single-blade centrifugal pump impeller are analysed under 
different operating conditions; the two-way coupling method is used to calculate the fluid–structure interaction. Three-dimensional 
unsteady Reynolds-averaged Navier-Stokes equations are solved with the SST k–ω turbulence model for the fluid in the whole flow 
passage, while transient structure dynamic analysis is used with the finite element method for the structure side. The dynamic stresses in 
the rotor system are computed according to the fourth strength theory. The stress results show that the highest stress is near the loose 
bearing and that the equivalent stress increases with the flow rate because the dynamic stresses are closely related to the pressure load. 
The stress distributions on the blade pressure side, suction side, leading edge, and trailing edge are each analysed for different flow rates; 
the highest stress distribution is found on the pressure side. On the blade pressure side, a relatively large stress is found near the trailing 
edge and hub side. Based on these results, a stress distribution prediction method is proposed for centrifugal pumps, which considers the 
interaction between the fluid and structure. The method can be used to check the dynamic stress at different flow rates when optimising 
the pump design to increase the pump reliability. 
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1  Introduction∗ 

 
Single-blade pumps are often used for sewage transport 

applications. The composition of sewage water, which can 
contain large portions of fibres and solids, requires this 
special impeller geometry, in order to avoid operational 
disturbances from clogging. Strong hydrodynamic 
phenomena are caused by this unbalanced blade layout, and 
there is strong interaction between turbulent flow and the 
impeller structure. Therefore, determining the dynamic 
stresses on the pump rotor to ensure pump reliability 
requires both a solution for the flow field in the pump and 
analysis of the structural mechanics of the pump rotor. 

Physically speaking, fluid-structure interaction (FSI) is a 
natural effect which can be observed throughout the 
environment. For instance, a palm tree bending in a storm 
is a kind of FSI. A more technical example is the swinging 
of a bridge owing to wind[1–2]. In recent years, there have 
been multiple reports on FSI in turbomachinery; many were 
on turbines and compressors, while a few were on pumps. 
ZHANG, et al[3–4], used large eddy simulation flow to 
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examine the FSI in a turbine blade passage; they analysed 
the vibration characteristics in the frequency domain. 
CAMPBELL, et al[5], calculated the deformation of an 
airfoil in turbomachinery considering FSI and compared 
the numerical and experimental results. MUENCH, et al[6], 
developed a new method for fluid–structure coupling of an 
oscillating hydrofoil. ZHOU, et al[7], analysed the dynamic 
stresses in Kaplan turbine blades under actual operating 
conditions. 

PEI, et al[8], investigated the flow-induced vibrations of a 
single-blade sewage water pump impeller under off-design 
conditions in detail using numerical and experimental 
methods. They applied different strategies for partitioned 
FSI simulation of a single-blade pump impeller; the results 
obtained by one-way and two-way coupling strategies were 
compared and analysed[9]. YUAN, et al[10], combined the 
calculations for turbulent flow and a vibrating structure 
using a two-way coupling method to study the effect of FSI 
in the impeller on the flow field in a centrifugal pump and 
the transient dynamic behaviour of the rotor structure. 
KATO, et al[11], predicted the noise from a multi-stage 
centrifugal pump using the one-way coupling method. 
LANGTHJEM, et al[12], investigated flow-induced noise in 
a two-dimensional centrifugal pump considering FSI; they 
believed that the interaction between the fluid and rotating 
impeller blades has an important role in generating noise. 
However, few studies have calculated and analysed 
dynamic stresses in a centrifugal pump caused by an 
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unsteady hydraulic load owing to a strong FSI effect. 
In this study, FSI was simulated to quantify the dynamic 

stresses for a single-blade centrifugal pump impeller. The 
two-way coupling method was utilised to realise strong FSI 
effects during the calculation. The stresses for the pump 
rotor were calculated under various operating conditions to 
analyse the relationship between the dynamic stresses and 
effect on flow rate. 

 
2  Calculation Strategy 

 
To solve the FSI problems properly for engineering 

applications, several coupling strategies need to be selected 
and considered based on the characteristics of the problems 
and feasibility of the coupling algorithm. For instance, in 
order to account for the fluid mass, which moves with the 
structure and reduces the frequency of structural vibrations, 
an acoustic fluid model can be appropriate. In this case, the 
fluid momentum(Navier-Stokes) and continuity equations 
are simplified to obtain the acoustic wave equation under 
the assumption that the fluid is inviscid, and there is no 
mean flow of the fluid. Harmonic or transient analysis can 
be performed on the coupled structural-acoustic system. 
However, if convection, viscosity, or turbulence effects are 
essential, a full Navier-Stokes CFD solver is generally 
required. The analysis can be performed by a monolithic or 
partitioned approach[13–14]. The monolithic method requires 
a straightforward solution for all unknowns of the overall 
coupled system and solves the resulting system of 
equations with a complete tangent stiffness matrix. All 
interaction effects between the dependent equations are 
addressed in one solver. This approach is ideal when the 
physical interactions are strongly nonlinear; however, it is 
currently difficult to implement because of severe 
drawbacks such as the complex modelling required for both 
fluid and structure fields and the large amount of 
computational resources required. In the past decades, the 
partitioned method has been successfully established and 
applied to practical problems regarding FSI[15–16]. In this 
method, the equations governing the flow and displacement 
of the structure are solved separately in different solvers 
without any limitations. This allows the advantages of 
mature solvers to be exploited for both CFD and CSD, 
precluding the need for developing a specialised solver for 
FSI problems. The interaction effects between both 
physical fields are represented by an exchange of loads at 
the common interface. Therefore, the partitioned approach 
was adopted in this study. 

In the present case, only the pressure force was included 
in the fluid load. The structural deformation influenced the 
flow by changing the flow geometry, and the influence of 
vibration velocity on the moment was not considered. 
When considering the “critical speed”, modal analysis is 
important to the initial dynamic analysis. The first natural 
frequency of the rotor was 127.78 Hz. Compared to the test 
rotating speed frequency value of 24 Hz, the former is 

much greater than the latter. Therefore, no resonance would 
occur in this case. In addition, the dominant hydrodynamic 
force component changed slowly compared to the first rotor 
natural frequency, and the structure’s response may be 
determined through static analysis. This assumption was 
clearly confirmed by comparing the results of static and 
dynamic analyses for the calculated rotor deflection at each 
time step, as discussed in Ref. [8]; the structure’s response 
can be assumed to vary slowly with respect to time. 
Therefore, the above assumption that only the deflection 
displacement was considered in the coupled calculations is 
reasonable. 

The investigated model pump was a commercial 
single-stage volute centrifugal pump with a single-blade 
impeller; the diameter of the pipes at the suction and 
pressure sides was 100 mm. The impeller outer diameter 
was 205 mm, and the blade width at the impeller outlet was 
100 mm. The cross-section of the flow channel had a 
minimum free ball passage of 100 mm. Table 1 lists the 
design parameters of the pump and material characteristic 
parameters of the rotor structure. 

 
Table 1.  Parameters of pump 

Design parameter Material characteristic parameter 
Head Hdesm 
Flow rate Qdes(L • s–1) 
Speed ndes(r • min–1) 

8 
33.3 

 1440 

Density ρ(kg • m–3) 
Elastic modulus EGPa 
Poisson ratio μ 

7850  
200  
0.3 

 
The water was considered to be incompressible. A time- 

dependent Reynolds average Navier-Stokes simulation was 
performed to calculate the flow field in the whole passage 
of the pump, including the side chamber. The continuity 
equation and momentum equations for the fluid within a 
local frame are as follows: 
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where p is the pressure, ρ is the density, ui is the velocity 
vector component, fi is the body force vector component, 
and µ is the dynamic viscosity. To close the basic equations, 
the turbulence was modelled with a k–ω model using the 
SST near-wall formulation. The structured grids for the 
computational domains were generated by using the grid 
generation tool ICEM-CFD 12.1. The grids of the 
single-blade impeller are partially shown in Fig. 1, and the 
number of grid nodes was 2 182 132 in total for both the 
rotating and stationary domains. A maximum 
non-dimensional wall distance of y+  80 was obtained for 
the rotor mesh. The impeller side chambers were also 
included in the grid to take the leakage flow effect into 
account. The discretisation in space had second-order 
accuracy, and the second-order backward Euler scheme was 
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chosen for time discretisation. The interface between the 
impeller and casing was set to ‘transient rotor-stator’ to 
capture the transient rotor-stator interaction in the flow; the 
relative position between the impeller and casing changes 
for each time step with this kind of interface. A smooth wall 
condition was used for the wall function. The chosen time 
step for the transient simulation was 3.472 2510–4 s at the 
nominal rotating speed, which corresponds to a change in 
angle of ∆ ϕ3°. Within each time step, the iteration 
stopped when the maximum residual was less than 10–3, 
and the convergence criterion for the transient problem was 
when the result reached stable periodicity. 
 

 
Fig. 1.  Data interpolation mapping procedure 

 
The FEM mesh for the structure is shown in Fig. 1; the 

mesh type was hex-dominant. The transient dynamic 
equation of interest is 

 
( ) ( ) ( ) ( ),t t tt t t tMq Cq Kq Q          (3) 

 
where ( )t tq  is the nodal acceleration vector, ( )t tq  is the 
nodal velocity vector, ( )t tq  is the nodal displacement 
vector, M is the structural mass matrix, C is the structural 
damping matrix, K is the structural stiffness matrix, and Q(t) 
is the applied load vector. The Hilber-Hughes-Taylor 
method was employed for time integration of the transient 
dynamic equilibrium equation, which is an improved 
algorithm of the Newmark time integration method. 
Face-fixed support boundary conditions were used, because 
the bearing mountings were treated as rigid structures. The 
dynamic stresses in the rotor system were computed based 
on the fourth strength theory. Since the shear stress was 
much smaller than normal stress in this case, the von Mises 
or equivalent stress σeq was computed as follows: 
 

     2 2 2
eq

1
2 x y y z z xσ σ σ σ σ σ σ         ,

  
(4) 

 
The fluid-structure interfaces for all wetted surfaces of 

the blade, shroud, and hub were defined, including the side 
chamber wetted surfaces of the shroud and hub; the two 
sides of the fluid–structure interface for the load transfer 
had almost the same shape, as shown in Fig. 1. Data 
interpolation mapping was performed to establish the load 
transfer system between CFD and FEM solver with fewer 

errors because the solid and fluid nodes were not 
compatible with each other. Through the interfaces, 
completely different elements and meshes can be used in 
FSI analysis. The displacement and stress for the fluid node 
at the FSI boundary was determined by interpolating the 
displacement and stress of the solid node in the vicinity of 
the corresponding fluid node. There are two basic 
conditions for applying fluid–structure interfaces 
considering the arbitrary Lagrangian Eulerian formulation. 
The first is the kinematic condition or displacement 
compatibility, which is as follows: 

 
f s ,S S                (5) 

 
f s ,τ τn n               (6) 

 
where fS  and sS  are the fluid and solid displacements, 
respectively, fτ  and sτ  are the fluid and solid stresses, 
respectively, and n is the normal vector. 

 
3  Experimental Validation 

 
Experimental data for the model pump were collected at 

the laboratory of the Institute of Turbomachinery at 
University of Duisburg-Essen, Germany, to verify the 
accuracy of the calculation. To measure the radial deflection 
of the impeller, two B&K SD-051 non-contacting 
displacement measuring sensors were mounted in two 
vertical directions on the stationary coordinate frame, and 
the deflection of the outer side of the suction mouth of the 
impeller was measured for the test; the numerical 
oscillation results were obtained from the exact same 
position. 

The impeller oscillation results obtained with the 
partitioned FSI and experimental methods were 
qualitatively compared for Q33 Ls, 42 Ls, 22 Ls,   
11 Ls. Fig. 2 shows the results for Q11 Ls; the results 
under the other flow conditions were analysed in Ref. [8]. 
Although small deviations were observed at some impeller 
rotating positions for each operating point, good agreement 
was obtained. 

 

 
Fig. 2.  Calculated and measured impeller oscillation 

results for Q11 Ls 
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4  Results and Discussion 

 
In order to analyse the distributions of the dynamic 

stresses owing to FSI under different conditions, a 
stationary coordinate frame(x, y) and rotating coordinate 
frame(ψ, ξ) were defined, as shown in Fig. 3. In addition, to 
obtain the dynamic stresses as a function of time, P1–P6 
were defined as monitoring points on the blade surface at 
mid-span. P1 and P2 were at the pressure and suction sides, 
respectively, of the blade. P3 and P4 were at the leading 
edge of the blade, while P5 and P6 were at the trailing edge 
of the blade near PS and SS, respectively. The rotation 
position of the impeller was determined by defining the 
rotating angle ϕ between the positive axis ψ of the rotating 
coordinate frame and positive y axis of the stationary 
coordinate frame in the clockwise direction; ϕ0° was 
obtained when the trailing edge of the impeller was at the 
top position. 

 

 
Fig. 3.  Definition of coordinate systems                 

and monitoring points 
 
Fig. 4 shows the relative velocity vector distribution at 

mid-span under the design condition(Q33 Ls) when 
ϕ0°, and the legend represents the velocity scale in the 
calculation domain. Stable flow patterns were observed in 
the volute domain, and the velocity was relatively small. 
Therefore, the kinetic energy of the flow was transformed 
into pressure energy very well in this volute. Because the 
circumferential velocity of the domain was zero, the 
relative velocity was equal to the absolute velocity in the 
volute. In the rotor domain, an obvious unbalanced velocity 
distribution was obtained because of the asymmetrical 
blade shape. A relatively low velocity appeared near the 
blade pressure side and impeller eye position. A relatively 
large velocity appeared near the blade suction side and at 
the circumferential area of the blade outlet; the maximum 
velocity was at the outermost position of the impeller. The 
same phenomenon was observed for each examined flow 
rate. 

 
Fig. 4.  Relative velocity vector distribution(ms)  

at mid-span for Q33 Ls, ϕ  0° 
 
The asymmetrical distribution of the flow velocity was 

followed by an asymmetrical pressure distribution which 
caused the strong hydrodynamic force acting on the blade, 
hub, and shroud surfaces, as shown in Fig. 5. Relatively 
large pressure values appeared not only at the blade 
pressure side but also at the outer area of the hub and 
shroud near the blade pressure side. Relatively small 
pressure values were found at the blade suction side close 
to the leading edge along the entire blade height. In 
addition, a pressure gradient was clearly observed on the 
blade, hub and shroud; the gradient also had an 
asymmetrical distribution. A relatively large gradient was 
found at the leading and trailing edges of the blade. During 
FSI simulation, the pressure distribution was transmitted 
directly to the FEM model, and the total force obtained by 
this kind of pressure distribution for each time step was 
calculated as the boundary condition of the vibration 
behaviour analysis. 

 

 
Fig. 5.  Pressure distribution (kPa) on impeller surface        

for Q33 Ls, ϕ0° 
 
Fig. 6 shows the time-dependent maximum equivalent 

stresses on the rotor structure under different conditions. 
The maximum value was less than 30 MPa. There was 
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obvious fluctuation for Q33 Ls, 42 Ls, 11 Ls; little 
fluctuation was observed for Q22 Ls. The curve for 
Q11 Ls had a different phase compared with the design 
and overload conditions, and the biggest value was only 
slightly larger than the smallest values for the design and 
large flow rates. For ϕ0°–120° and 240°–360°, the value 
was smaller for the design condition than for the overload 
condition. Fig. 7 shows the mean values of the maximum 
equivalent stresses for different flow rates. The biggest 
value was observed for Q42 Ls; the value increased with 
the flow rate. 

 

 
Fig. 6.  Time-variant maximum equivalent stresses        

for different flow rates 
 

 
Fig. 7.  Mean maximum equivalent stresses                

for different flow rates 
 
Figs. 8–13 show the equivalent stress distributions at 

monitoring points P1–P6 on the blade surface at mid-span 
to evaluate the dynamic stress levels on the blade pressure 
side, suction side, leading edge, and trailing edge positions 
for different flow rates. At monitoring point P1, which was 
located on the blade pressure side, relatively large 
equivalent values of 1–5 MPa were observed. For the other 
monitoring points, the maximum values were less than 1 
MPa. For P1, P2, and P4–P6, there was obvious fluctuation 
at Q33, 42, 11 Ls; a flat distribution curve was observed 
for Q22 Ls. The curve for Q11 Ls had a different 
phase compared with that under the design and overload 
conditions, and almost the same phase could be obtained 
for the distribution curves at Q33, 42 Ls. For the above 
monitoring points, relatively small differences in equivalent 
stress values at each impeller rotating position with the 
examined flow rates were obtained for ϕ120°–240°, and 
relatively large differences were observed near ϕ0°. For 

P3, the flow rate effects on the equivalent stresses appeared 
to be complex and different from those at the other 
monitoring points; this may be because the inflow 
destabilised the flow at the blade leading edge during the 
impeller revolution, so the flow near the blade leading edge 
close to the pressure side changed as the function of time 
with complex roles. 

 

 
Fig. 8.  Time-variant equivalent stresses distribution               

on P1 for different flow rates 
 

 
Fig. 9.  Time-variant equivalent stresses distribution             

on P2 for different flow rates 
 

 
Fig. 10.  Time-variant equivalent stresses distribution            

on P3 for different flow rates 
 

 
Fig. 11.  Time-variant equivalent stresses distribution            

on P4 for different flow rates 
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Fig. 12.  Time-variant equivalent stresses distribution          

on P5 for different flow rates 
 

 
Fig. 13.  Time-variant equivalent stresses distribution          

on P6 for different flow rates 
 

Fig. 14 shows the equivalent stress distributions around 
the blade surface at mid-span for different flow rates when 
ϕ  0°. N represents the serial number of the sampling 
points, which were numbered sequentially. The positions of 
the blade trailing edge, blade leading edge, pressure side, 
and suction side are shown in the figure to demonstrate the 
equivalent stress distribution behaviours at the specified 
blade layout position. At the trailing edge(TE), a peak value 
of equivalent stress was found for each flow rate, and a 
relatively large gradient was observed. At the position near 
the leading edge(LE), two peak values were clearly 
obtained for all conditions. For blade SS, except the section 
near TE and LE, the equivalent stress decreased gradually 
from TE to LE, and a clear valley appeared at the section 
near TE. For the blade PS section, stress values increased 
from LE to TE except at the section near LE and TE. For 
most of the positions, the equivalent stress value increased 
with the flow rate. 
 

 
Fig. 14.  Equivalent stress distributions around blade         

at mid-span for different flow rates when ϕ0° 

Fig. 15 shows the equivalent stress distributions on the 
blade cross-section at mid-span at ϕ = 0° under different 
operational conditions. Relatively large stress values were 
found in the area near the blade trailing edge, and stress 
values were relatively small in the area near the blade 
leading edge. The flow rate clearly affected the equivalent 
stress distributions; the stress increased with the flow rate. 

 

 
Fig. 15.  Equivalent stress distributions (Pa) on blade cross- 

section at mid-span for different flow rates when ϕ0° 
 

Fig. 16 shows the effect of flow rate on equivalent stress 
distributions when ϕ0°. Increasing flow rate caused the 
area of relatively large values to become bigger. For Q11 
Ls, there was only a small area of relatively large stress 
values. For Q22 Ls, this area can clearly be observed at 
the trailing edge and pressure side near the hub. For Q33 
Ls, there was a bigger large value area near the hub, and 
another area appeared at the trailing edge near the shroud. 
For Q42 Ls, the biggest area with relatively large values 
was obtained at the trailing edge and pressure side. 

 

 
Fig. 16.  Flow rate effect on equivalent stress       

distributions (MPa) when ϕ0° 
 
Fig. 17 shows the equivalent stress distribution on the 

impeller shaft for Q33 Ls when ϕ0°. The maximum 
amplitude of the stress distributions of the entire model was 
on the shaft near where the loose bearing was mounted; the 
maximum value was more than 40 MPa as obtained by 
two-way coupling. 

 

 
Fig. 17.  Equivalent stress distribution (MPa) on impeller  

shaft for Q33 Ls, ϕ0° 
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5  Conclusions 

 
The dynamic stresses in a single-blade centrifugal pump 

impeller are calculated for multiple conditions using the 
FSI strategy with the two-way coupling method. The stress 
distributions in the rotor are analysed, and the following 
conclusions are made. 

(1) The highest stress is observed near the loose bearing, 
and the equivalent stress increased with the flow rate 
because the dynamic stresses are closely related to the 
pressure load. 

(2) The stress distributions on the blade pressure side, 
suction side, leading edge, and trailing edge are analyzed 
for different flow rates; the highest stress distribution was 
found on the pressure side. 

(3) On the blade pressure side, a relatively large stress is 
found near the trailing edge and hub side. 

(4) Based on the results, the dynamic stress during the 
design stage can be predicted while considering the FSI 
effect. To ensure pump reliability, the dynamic stress results 
should be checked for large flow rates at least. 
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