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Slurry pumps are widely used in complex media and harsh operating conditions due to their good transport per-
formance and non-blocking characteristics. This paper takes a slurry pump as the research object, intending to
analyze the impeller’s structural characteristics and ensure the rotor’s safe operation. By combining theoretical
analysis and numerical simulation, the dynamic stress characteristics and vibration characteristics of the slurry
pump structure are systematically analyzed using the bidirectional fluid-structure interaction research method, and
the dry and wet modes of the pump rotor are analyzed. The results show that: the equivalent stress and deforma-
tion are the most severe under small flow conditions, and decrease with the increase of flow rate; the maximum
equivalent stress occurs at the junction of the trailing edge of the suction surface of the blade and the back cover
plate; the maximum deformation occurs at the intersection of the outlet of the impeller flow passage and the back
cover plate; the wet mode has a lower inherent frequency than the dry mode; the rotor’s inherent frequencies have
some equal values of adjacent orders; the rotor’s critical speed is 3408.4 r/min, far higher than the rotor’s actual
speed of 1480 r/min, and will not cause resonance.

1. INTRODUCTION

Slurry pumps are a type of centrifugal pump that is used to
transport solid-liquid mixtures. They are widely used in indus-
trial fields such as metallurgy, mining, and hydraulic dredg-
ing. Due to the diversity and complexity of the transported
medium, the internal flow medium causes severe wear on the
slurry pump, and the complex non-steady flow generated by
the complex internal flow field and the asymmetry of the vo-
lute structure will impose a fluid excitation force on the im-
peller.1 In addition, the static load of the rotor itself will also
cause the impeller to vibrate and deform, resulting in stress
concentration and damage to the structure. The rotor is the
core component of the slurry pump and the only actively mov-
ing part of the slurry pump when it is working. Therefore, the
safe and stable operation of the rotor is an important factor af-
fecting the service life of the slurry pump. The mode is the
inherent vibration characteristic of the structure itself. Ana-
lyzing the mode characteristics of the rotor to obtain the in-
herent frequency and mode shape is important for preventing
structural damage in advance and optimizing the pump body
structure. In addition, when the hydraulic excitation frequency
is close to the rotor’s inherent frequency, it is easy to produce

resonance, which can damage the rotor structure. Therefore,
analyzing the mode characteristics of the rotor under environ-
mental conditions is also of guiding significance for the safe
operation of the pump.

Early research on fluid-structure interaction theory was
mainly concentrated in the aerospace field. In recent years,
with the increasing importance of rotating machines in engi-
neering, the FSI problem of turbine machines has also been
studied in more depth.2–6 With the development of numeri-
cal simulation technology, the application of FSI technology
has become increasingly mature, and gradually formed a sys-
tematic study. Peric et al.7 conducted early research on fluid-
structure interaction, realizing the transmission of data such as
pressure and displacement on the coupling surface. Pan et al.8

analyzed the inherent frequency and mode shape of the pump
rotor in air and flow field to avoid the occurrence of resonance
during the operation of the jet pump and determined the rela-
tionship between stress and deformation and speed. Birajdar
et al.9 proposed that there is always interaction between fluid
and structure and proposed a unidirectional fluid-structure in-
teraction method to predict the vibration of the pump under
special conditions and the influence of blade spacing on vi-
bration displacement. Zhang et al.10 conducted numerical re-
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search on bidirectional fluid-structure interaction for vertical
axial pumps. By comparing the analysis of the flow field and
the structural field at the corresponding positions, they revealed
the relationship between the time and frequency of fluid pres-
sure pulsation and structural vibration at the same position of
the vertical axial pump. This provides theoretical guidance for
subsequent optimization design and safe operation.

Rotor dynamics research covers multiple aspects, such as in-
herent frequencies, mode shapes, critical speeds, and dynamic
responses, which can be used for modal analysis, vibration
analysis, and structural fatigue life prediction.11–13 Scholars
have made great progress in the study of rotor dynamics: Zhou
et al.14–16 used the finite difference method to establish the
Reynolds equation for the bearing and solve it, confirming that
the influence of the seal on the rotor is not negligible. Jiang
et al.17 conducted a further simulation analysis on the influ-
ence of the ring seal and rotor system in a multistage pump on
critical rotation and unbalanced response. Through two differ-
ent solution methods, they found that the stability of the rotor
would be affected to different degrees under different lengths
and diameter ratios of the seal components. Wang et al.18 stud-
ied the correlation between the dynamic characteristics of the
annular rotor and the stability of the bearing system. Based on
the results of experiments and theories, they proposed the re-
lationship between the stiffness coefficient of the rotor and the
operating frequency, which provides empirical evidence and
reference for the optimization of rotor components in the fu-
ture. Sun et al.19 conducted finite element analysis and rotor
dynamics analysis on the slurry pump and obtained the inher-
ent frequency and mode response under different constraints,
and determined the critical speed of the rotor, which provides
safety guarantees for the operation of the rotor

After the above analysis, it is found that scholars have con-
ducted extensive and in-depth research on the fields of fluid-
structure interaction and rotor dynamics of pumps. They have
made outstanding contributions to reducing mechanical vibra-
tion, reducing rotor failures, and improving pump life. How-
ever, the research objects of these aspects are mainly concen-
trated in ordinary centrifugal pumps. For slurry pumps with
higher wear and easier damage, research is still in its infancy.
In addition, previous research on pump fluid-structure inter-
action typically uses unidirectional fluid-structure interaction,
which has lower calculation accuracy than bidirectional fluid-
structure interaction and cannot perform dynamic stress anal-
ysis. This paper will optimize the performance parameters of
the slurry pump, combine the bidirectional fluid-structure in-
teraction method to analyze the dynamics of the impeller and
the mode of the rotor, obtain the dynamic stress characteristics
of the impeller, and analyze the mechanical characteristics of
the rotor.

2. SIMULATION EXPERIMENTS AND
UNSTEADY CALCULATION

2.1. Model Establishment And Meshing
This paper takes an LC-25 slurry pump as the research ob-

ject. According to the wooden mold drawings of the model, the
impeller and volute of the slurry pump were modeled in three
dimensions using UG software, and the water body of the im-

Figure 1. Fluid domain models of slurry pump.

peller and volute were generated using SpaceClaim software.
At the same time, to reduce the influence of inlet and outlet
backflow on the convergence of the calculation, the inlet ex-
tension section and outlet extension section were extended as
5 times the diameter of the pipe as the inlet extension section
and outlet extension section. The specific three-dimensional
model of the fluid domain is shown in Fig. 1. Each part was
meshed and its boundary layer was refined to strictly ensure
that the quality of the fluid domain mesh was above 0.3, and
the angles were all greater than 18◦. In addition, the y+ of key
surfaces such as blades was less than 20, which can fully meet
the grid requirements of the SST k − ω turbulence model near
the wall.20 The mesh model is shown in Fig. 2. Considering the
calculation accuracy and cost comprehensively, a mesh model
with a mesh number of 3, 003, 478 was selected for subsequent
numerical analysis. Currently, the number of meshes in the in-
let extension section was 647, 559, the number of meshes in
the water body of the impeller was 885, 210, the number of
meshes in the water body of the volute was 1, 073, 728, and the
number of meshes in the outlet extension section is396, 981.

2.2. Boundary Conditions And Parameter
Settings

CFX software was used to numerically calculate the slurry
pump, using pure water as the medium, and the medium tem-
perature is 298 K. The impeller was set as the rotating do-
main, and the inlet extension section, volute, and outlet exten-
sion section were set as the stationary domain. The turbulence
model adopted the shear stress transport model SST k−ω, us-
ing a total pressure inlet (1 atm, reference pressure is 0 atm),
and mass flow rate outlet (831.66 kg·s-1). The rated speed is
1480 r/min, the interface adopts the frozen rotor method, and
the convergence accuracy was 1.0× 10−5.

2.3. Experimental Verification
To further verify the accuracy of the numerical simulation

results, experimental research on the slurry pump under differ-
ent operating conditions was carried out. The comparison of
experimental and simulated external characteristics is shown
in Fig. 3. Slurry pump hydraulic performance tests were con-
ducted on an open test bench at the National Pump and System
Engineering Technology Research Center at Jiangsu Univer-
sity. Nine operating points of 0.6Qd − 1.4Qd were selected
for the test. The actual image of the slurry pump test bench is
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(a) Inlet extension mesh

(b) Impeller water mesh

(c) volute water mesh

(d) outlet extension mesh

Figure 2. Computing domain grid.

Figure 3. Comparison of external characteristics between test and simulation.

shown in Fig. 4. It can be seen from the figure that the sim-
ulation results are in good agreement with the experimental
results. The maximum efficiency difference is 2.83 %, the rel-
ative error is 3.69 %, the maximum head difference is 2.61 m,
the relative error is 5.22 %, and the efficiency difference is
2.48 % at the design condition. The relative error is 3.35 %,
the head difference is 1.2 m, the relative error is 2.38 %, which
meets the allowable error range of the experiment, ensuring the
accuracy of the numerical simulation analysis.

2.4. Unsteady Numerical Computation
In this paper, unsteady numerical calculations were per-

formed for three flow rates of 0.6Qd, 1.0Qd, and 1.2Qd. The
results of the steady calculation were used as the initial con-
ditions. The transient settings in CFX were based on the
steady settings, with Analysis Type set to Transient and Frame
Change/Mixing Model set to Transient Rotor Stator. The re-
sults of the calculation were for 10 revolutions of the impeller.
The maximum number of iteration steps was set to 5, the dura-
tion was set to 0.000337838 seconds, i.e., one time step was set
for every 3◦ rotation of the impeller, the total number of time
steps was 1200, the total time was 0.4054 seconds, and the
convergence accuracy was set to 10−5. In the calculation pro-
cess, the following physical quantities were monitored: head,
efficiency, mass flow rate at the inlet and outlet of the pump,
and radial force. In Trn Result, the flow field was obtained
once every 30 steps, i.e., every 90◦ rotation of the impeller.
The settings were the same for all operating points except for
the flow rate.

3. FLUID-STRUCTURE INTERACTION
NUMERICAL CALCULATION

3.1. Model Establishment And Grid
Partitioning

he rotor system of the slurry pump consists of the impeller,
pump shaft, and shaft supports, as illustrated in Fig. 5. The im-
peller and shaft were in direct contact, while the shaft system
also incorporates sealing structures and couplings. Both the
pump shaft and impeller were fabricated from structural steel
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(a) Test bench

(b) Flow transmitter

(c) Monitoring station

Figure 4. Testing apparatus.

material. The characteristic parameters of the structural steel
are shown in Tab. 1:

The mesh division of the impeller structure was based on
adaptive meshing using tetrahedral mesh in the Mesh module,
with a total of 178523 elements and 307496 nodes. After in-
spection, the average quality of the mesh was verified to be
above 0.7, meeting the requirements for the mesh division of
fluid-structure interaction structures.

Figure 5. Structure diagram of rotor system.

Table 1. Material attribute table .

Density Elastic modulus Poisson’s ratio
Property

ρ (kg*m.3) E (GPa) µ

Value 7850 200 0.30

3.2. Boundary Condition Settings

The boundary condition settings for the fluid-structure in-
teraction simulation consist of two parts: setting the boundary
conditions for the solid domain and setting the boundary con-
ditions for the fluid domain. The coupling calculation was per-
formed using CFX, Transient Structural, and System Coupling
modules in Ansys Workbench.

First, the boundary conditions of the solid domain needed
to be set, including the material properties of the impeller, as
shown in Tab. 1. Next, the constraints were set, including the
impeller’s own gravity A, the centrifugal force generated by
high-speed rotation B (the impeller speed needed to be defined
as 1480 r/min at this point), the fixed constraint C, and the
fluid-structure interaction interfaces D, E, and F correspond-
ing to the front cover plate, blades, and back cover plate of the
impeller, as shown in the yellow part of Fig. 6. Finally, the
time step of the structural part is set to be consistent with that
of the fluid domain in Analysis Settings. The total simulation
time was set to 0.4054 seconds, which corresponds to ten rota-
tions of the impeller, with a time step of 0.000337838 seconds.
The Multi-Field Solver was utilized to facilitate information
exchange between the fluid and structural domains, enabling
iterative solutions of the bidirectional fluid-structure interac-
tion in slurry pump impellers.

Figure 6. Constraint of impeller.
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4. ANALYSIS OF VIBRATION
CHARACTERISTICS IN SOLID DOMAINS

4.1. Distribution Of Surface Pressure On
Blades

The pressure distribution on the blade surface indicated the
stress conditions on the surface when the impeller was work-
ing. It was of great engineering significance to clarify the
pressure distribution on the blade surface for the stable oper-
ation of the impeller. As shown in Fig. 7, the pressure dis-
tribution of the impeller blade under different flow conditions
(Q/Qd = 0.6, 1.0, 1.2) and different span heights were com-
pared. The horizontal axis represented the relative position
along the blade streamline, with a relative position of 0 near
the blade root and a relative position of 1 near the blade tip.
The vertical axis represented the blade surface pressure value
monitored at the relative flow line position, with 0.1 span near
the front cover plate, 0.5 span in the middle of the blade, and
0.9 span near the rear cover plate.

It can be seen from Fig. 7 that the blade pressure distribu-
tion was composed of two curves, representing the pressure
distribution of the pressure and suction surfaces, respectively.
The difference between the pressure and suction surfaces was
the blade load. Overall, the pressure distribution under various
flow conditions has similar laws. With the increase of the rel-
ative flow line position, the blade pressure generally shows an
upward trend. With the increase of flow, the pressure differ-
ence between the pressure and suction surfaces gradually de-
creases, which means that the blade load gradually decreases.
Under the small flow condition, the pressure distribution of the
blade fluctuated violently at the blade root. This was because
the fluid enters the impeller flow channel and collides with the
impeller root, and the flow direction changes under the action
of the blade, resulting in pressure turbulence. The pressure
on the pressure and suction surfaces maintains a uniform up-
ward trend, but the growth trend of the pressure surface was
significantly higher than the growth trend of the suction sur-
face, which made the surface load of the blade gradually in-
creased. When approaching the vicinity of the blade tip, the
pressure growth rate of the pressure surface decreased, and af-
ter reaching the maximum, it began to decrease. At this time,
the suction surface pressure was still increasing. At this point,
the blade load decreases. When the blade tip was reached, the
pressure distribution on the suction and pressure surfaces is the
same, which was called the load zero point, which was affected
by the dynamic and static interference between the impeller
and the volute tongue.

By comparing the design working condition and the large
flow condition, there was also a phenomenon of sudden pres-
sure change near the blade inlet. Then, the working surface
pressure first increases and then decreases, and the suction sur-
face pressure continues to increase. The difference is that with
the increase of flow, the load zero point gradually moves away
from the blade outlet edge.

(a) Q = 0.6Qd

(b) Q = 1.0Qd

(c) Q = 1.2Qd

Figure 7. Blade surface pressure distribution under different flow conditions.

5. ANALYSIS OF BLADE DEFORMATION
AND STRESS

Table 2 shows the maximum equivalent stress and maximum
total deformation under small flow conditions, design condi-
tions, and large flow conditions. The changing trend of max-
imum equivalent stress and maximum total deformation was
consistent, both occurring under small flow conditions. This
indicates that the alternating load acting on the small flow con-
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Table 2. Maximum equivalent stress and maximum total deformation under
different flow conditions.

Operating conditions 0.6Qd 1.0Qd 1.2Qd

Maximum equivalent stress (MPa) 17.284 16.390 15.885
Maximum total deformation (mm) 0.004358 0.003790 0.003545

dition was the strongest. With the increase of flow, the max-
imum equivalent stress and maximum total deformation de-
creased slightly.

Figure 8 shows the variation law of the maximum equiva-
lent stress and maximum total deformation of the impeller un-
der different working conditions (Q/Qd = 0.6, 1.0, 1.2) with
the rotation of the impeller (taking the results of the numerical
calculation of the eighth to tenth circles of the bidirectional
fluid-structure interaction). The maximum equivalent stress
and maximum total deformation both show a significant de-
creasing trend with the increase of flow. The difference was
that with the increase of flow, the upper and lower fluctua-
tion difference of the maximum equivalent stress was almost
the same, while the fluctuation range of the maximum total
deformation decreases significantly with the increase of flow.
This is because the static pressure in the fluid domain decreases
gradually with the increase of flow, and the force acting on the
impeller decreases.

Under different flow conditions, there are obvious period-
icities. The maximum equivalent stress and maximum to-
tal deformation under different flow conditions had 6 large
peaks and valleys, which were equal to the number of impeller
blades. The fluctuation was particularly obvious under small
flow conditions. This shows that the impeller vibrated less
under large flow conditions and the flow is more stable. The
maximum equivalent stress increases first and then decreases,
and then increases again. The maximum total deformation in-
creases first and then decreases, but the maximum equivalent
stress reaches the highest point when the maximum total de-
formation also reaches the maximum value. In the previous
context, we learned that the maximum equivalent stress and
maximum total deformation trend are the most obvious under
small flow conditions (Q/Qd = 0.6). The alternating load
acting on it is the largest, and it is very easy to cause struc-
tural fatigue damage. Now, we will analyze the change of the
maximum equivalent stress and maximum total deformation
of the impeller in the last cycle under small flow conditions,
and study the change of the dynamic characteristics of the im-
peller under bidirectional fluid-structure interaction. Figure 9
shows the distribution of equivalent stress in the last cycle of
the impeller under small flow conditions (Q/Qd = 0.6), and
the unit is MPa. The parts with high equivalent stress were rel-
atively concentrated. The equivalent stress of the front cover
plate and the rear cover plate was distributed circumferentially.
The parts with high stress were mainly concentrated around the
inlet of the impeller. This was because the fluid impacts the
impeller inlet area more strongly when the fluid enters the im-
peller flow channel from the inlet pipe. The stress at the back
of the front cover plate was relatively small, which indicated
that the existence of the back blade can effectively improve
the strength of the front cover plate of the impeller, resulting
in a significant reduction in equivalent stress. The equivalent
stress of the blade gradually increased from the middle sec-
tion of the blade to the two ends of the blade. The maximum

(a) maximum equivalent stress

(b) maximum total deformation

Figure 8. Time domain variation of maximum equivalent stress and defor-
mation under different flow conditions.

Figure 9. Equivalent stress of impeller distribution (Q = 0.6Qd).

equivalent stress occurred at the junction of the suction surface
trailing edge of the blade and the front and rear covers. This
was mainly because the structure of this area was sharp and
discontinuous, and the intersection relationship at this position
is highly constrained. It cannot be relieved by elastic deforma-
tion to alleviate stress, resulting in stress concentration in this
area. Under the action of alternating load, it was most likely
to occur fatigue failure. On the other hand, because it was lo-
cated at the outlet of the impeller, the fluid was prone to flow
separation phenomenon. The pressure difference between the
pressure and suction surfaces increases, and the fluid was dis-
charged, resulting in excessive equivalent stress.
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(a) t=1/4T

(b) t=2/4T

(c) t=3/4T

(d) t=T

Figure 10. Total deformation of impeller at different time (Q = 0.6Qd).

Figure 10 shows the change of total deformation in the last
cycle of the impeller under small flow conditions (Q/Qd =
0.6), and the unit was mm. The total deformation of the front
cover plate of the impeller always increases gradually from one
side to the other, and presents periodic changes with time. The
deformation of the rear cover plate gradually increased from
the center to the two ends. The maximum total deformation
of the impeller occurs at the intersection of the outlet of the
impeller flow channel and the rear cover. Different from the
distribution law of equivalent stress, the trend of higher de-
formation was asymmetric. The total deformation at the same
position fluctuates greatly with time, and has a bias. This was
because the pressure load was larger at the outlet of the im-
peller, the centrifugal force was higher, and the radial force
generated on the impeller due to the irregular shape of the vo-
lute causes the total deformation to fluctuate greatly.

Figure 11. Monitoring points of blade.

5.1. Setting Of Monitoring Points On An
Impeller

Figure 11 shows the distribution of different monitoring
points on the blade. Point A was located in the middle position
of the root of the blade, point B was located in the middle po-
sition of the pressure surface of the blade, point C was located
in the middle of the pressure surface of the trailing edge of the
blade, point D was located in the middle of the trailing edge
of the blade near the suction surface, and points F and G were
located in the middle of the suction surface of the trailing edge
near the front and rear covers, respectively. Point E was in the
middle of the suction surface of the blade.

5.2. Dynamic Stress Characteristics of
Monitoring Points on the Impeller

Figure 12 shows the variation of the equivalent stress at dif-
ferent monitoring points on the impeller blades under operat-
ing conditions Q/Qd = 0.6. Figure 13 shows the frequency
domain variation (all calculated from the last five cycles of im-
peller rotation). The horizontal axis of the frequency domain
diagram was f/fn. As can be seen from the figures, the equiv-
alent stress diagrams at different monitoring points were all
periodic, with five large peaks and valleys, which was consis-
tent with the number of impeller rotation cycles. This indicates
that the dynamic stress characteristics of the monitoring points
were related to the rotation characteristics of the impeller. The
frequency domain diagrams show that the main frequency of
each monitoring point was still the shaft frequency, and the
sub-frequency was in the form of multiples of the shaft fre-
quency. This was the same as the law of fluid domain impeller
pressure pulsation, which indicates that the fluctuation of the
structural equivalent stress was affected by the fluid pressure
pulsation, and reflects the accuracy of the fluid-structure inter-
action simulation.

Combining Fig. 12 and Fig. 13, the equivalent stress at the
monitoring points in the small flow condition was G ¿ F ¿ E ¿
B ¿ A ¿ C ¿ D, and the main frequency amplitude of the pres-
sure pulsation was G ¿ F ¿ A ¿ D ¿ E ¿ B ¿ C. The size of the
equivalent stress was not in absolute correspondence with the
fluctuation of the pressure. The two monitoring points G, and
F located on the suction side of the trailing edge of the blade
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(a) Monitoring points A

(b) Monitoring points B

(c) Monitoring points C

(d) Monitoring points D

(e) Monitoring points E

(f) Monitoring points F

(g) Monitoring points G

Figure 12. Time domain diagram of equivalent stress(Q = 0.6Qd).

have the strongest equivalent stress and pressure pulsation, in-
dicating that this was also the most likely location for fatigue
damage. The sharp structure at the tail leads to stress concen-
tration, and the flow separation at the outlet of the fluid is also
a cause of the large stress at this location. Therefore, when de-
signing and processing this type of pump, this area should be
paid extra attention to. The equivalent stress changes at other
monitoring points are much smaller than those at points G and
F, but it should be noted that point A at the root of the blade has
a smaller equivalent stress but a larger pressure pulsation. This
is because the fluid first impacts the root of the blade when it
enters the impeller, the fluid velocity changes, and a backflow
phenomenon occurs at the root of the blade, resulting in a vor-
tex, causing the vibration at this location to be more violent.

Under the design operating condition and large flow condi-

tion, the fluctuation law of the equivalent stress and pressure
pulsation at the monitoring points was basically the same as
that under the small flow condition. However, with the increase
of flow, the equivalent stress and stress fluctuation decrease
significantly, indicating that the overall stability of the impeller
increases with the increase of flow, further demonstrating that
the bidirectional fluid-structure interaction can effectively re-
alize the information transfer between the flow field and the
structural field. The difference was that in the large flow con-
dition, there are some nonlinear frequencies near the main fre-
quency at monitoring point A. This was because the increase
in flow leads to increased impact losses of the fluid on the root
of the blade, causing the fluid to experience small-scale back-
flow instability at this location. In Fig. 8, it can be observed
that the time at which the equivalent stress and total deforma-
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(a) Monitoring points ABCDE

(b) Monitoring points FG

Figure 13. Frequency domain diagram of equivalent stress(Q = 0.6Qd).

tion reach their peak values is the same. However, the trends
of the equivalent stress and deformation are inconsistent. After
being subjected to stress changes, the impeller undergoes de-
formation, so the deformation at the impeller monitoring points
needs to be analyzed. Figures 14 shows the displacement di-
agrams of each monitoring point as the impeller rotates one
revolution under different flow conditions Q/Qd = 0.6. The
X, Y, Z axes represent the displacement changes of each mon-
itoring point in the X, Y, and Z directions due to gravity, cen-
trifugal force, and hydraulic excitation force. The red and blue
circles represent the positions of the monitoring points before
and after deformation, respectively, after one revolution of ro-
tation. Figure 15 shows the difference between the maximum
deformation values in the X, Y, and Z directions of each moni-
toring point under different operating conditions and the unde-
formed state. Under low flow conditions, all monitoring points
undergo displacement deformation in the negative Z-axis di-
rection. The displacement magnitudes in the Z-axis direction
follow the order G ¿ D ¿ F ¿ C ¿ B ¿ E ¿ A, with the displace-
ment deformation gradually increasing in the direction of blade
outlet. The monitoring points closer to the rear cover plate ex-
hibit higher deformation magnitudes compared to those closer
to the front cover plate, which is consistent with the trend of
deformation. The deformation magnitudes of the monitoring

points at different time instants during impeller rotation vary
significantly, with a significant increase from one side to the
other. From Fig. 15, it can be observed that under low flow
conditions, the order of deformation differences along the X-
direction after one revolution of deformation (blue circle) is D
¿ F ¿ E ¿ B ¿ C ¿ A ¿ G, along the Y-direction is F ¿ C ¿ D ¿ A ¿
E ¿ B ¿ G, and along the Z-direction is F ¿ C ¿ D ¿ G ¿ B ¿ E ¿
A. This indicates that the deformation differences in the X, Y,
Z directions are inconsistent, suggesting that the impeller un-
dergoes both axial vibration and radial torsional deformation.

Comparing the fluctuation ranges of the monitoring points
after one revolution of deformation (blue circle), it can be ob-
served that the curve pattern of the monitoring point A at the
root of the blade is the most regular, with almost no up and
down vibration. The monitoring points B and E at the mid-
dle of the blade exhibit slight up and down vibrations. The
monitoring points C, D, F, and G at the trailing edge of the
blade show higher vertical fluctuations, with more peaks and
valleys. The intense alternating axial vibrations are more pro-
nounced from the root to the trailing edge of the blade, which
affects the stability of the trailing edge. Comparing different
flow conditions, it is found that under low flow conditions, the
fluctuation differences of the blade monitoring points are the
highest, indicating more severe vibration and greater suscepti-
bility to damage for the impeller.

In the design conditions, the trend of changes in monitor-
ing points is consistent with that under low flow conditions,
but the fluctuation range of deformation is significantly re-
duced. The increase in flow rate, changes in fluid pressure
pulsation, and reduction in radial force are the reasons for this
phenomenon. Under high flow conditions, the deformation of
each monitoring point has reached a stable state. Although
there is still vibration deformation, the difference in deforma-
tion is very small. When the impeller rotates one revolution,
the difference between each monitoring point and the unde-
formed state is almost the same, indicating that the impeller is
the most stable and has the lowest vibration amplitude under
high flow conditions. Using the bidirectional fluid-structure
interaction research method to analyze the vibration character-
istics of the impeller and obtain deformation data at different
positions, has important reference significance for the stability
design of slurry pumps.

6. MODAL ANALYSIS OF A PRE-STRESSED
SHAFT SYSTEM WITH DRY FRICTION
UNDER DRY MODES

In the Ansys Workbench platform, when performing modal
analysis with pre-stress on a dry rotor system, the pre-stress
cannot be directly applied within the Modal module. Instead,
it needs to be set in the Static Structure module first. The
results of the Static Structure analysis are then imported into
the Modal module to solve for the modes. This section fo-
cuses on conducting modal analysis with pre-stress on the ro-
tor components of a dry system. Additionally, a compara-
tive analysis of modes will be performed under different flow
conditions, including low flow, design flow, and high flow
(0.6Qd, 1.0Qd, 1.2Qd).
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(a) Monitoring points A

(b) Monitoring points B

(c) Monitoring points C

(d) Monitoring points D

(e) Monitoring points E

(f) Monitoring points F

(g) Monitoring points G

Figure 14. Displacement deformation map of monitoring point (Q = 0.6Qd).
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(a) X direction

(b) Y direction

(c) Z direction

Figure 15. Frequency domain diagram of equivalent stress(Q = 0.6Qd).

Figure 16. Load vector loading.

Figure 17. Fluid excitation force distribution.

6.1. Modal Analysis With Pre-Stress In Dry
Conditions

Modal analysis with pre-stress in dry conditions refers to the
analysis of a shaft system where the rotor is immersed in an air
medium. The system is subjected to various forces, including
the gravitational force (A) from the rotor components, centrifu-
gal force (B) generated by rotation, cylindrical constraints (G)
and fixed supports (C) at both ends of the pump shaft, as well as
fluid excitation forces (D, E, F) exerted by the fluid medium on
the rotor components. The specific force settings diagram and
distribution of fluid excitation forces are illustrated in Fig. 16
and Fig. 17, respectively. From the figure, the minimum value
of fluid excitation force was located at the root of the blade
and gradually increases outward along the blade. The maxi-
mum value was located at the trailing edge of the blade.

After the constraint conditions are set, the rotor components
can be analyzed using the Modal module in Ansys Workbench.
This allows for the determination of the dry modal results of
the slurry pump under pre-stressed conditions. The inherent
frequencies increases with the order, as shown in Tab. 3.

6.2. Modal Analysis With Pre-stress Under
Different Operating Conditions In Dry
Environment

Importing the flow field file at 1.0Qd, the first six inherent
frequencies of the rotor components of the slurry pump un-
der design operating conditions can be obtained. By using the
same solving method, importing the flow field files for the low

Table 3. Dry mode inherent frequencies with prestressing.

Order Inherent frequencies (f/Hz)
1 49.39
2 49.39
3 74.25
4 296.66
5 296.67
6 797.88
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Figure 18. Dry mode inherent frequencies with pre-stressing for different
flow conditions.

Figure 19. Dry mode inherent frequencies with pre-stressing for different
flow conditions.

flow condition (0.6Qd) and high flow condition (1.2Qd) al-
lowed us to calculate the first six inherent frequencies of the
pre-stressed rotor components under different operating condi-
tions, as shown in Fig. 18. From the figure, it can be observed
that the dry modal frequencies under different operating con-
ditions were essentially the same, with negligible differences.
Therefore, when calculating the wet modal analysis of the ro-
tor system subjected to fluid excitation forces, the flow field
file from the design operating condition (1.0Qd) will be di-
rectly used.

7. MODAL ANALYSIS OF PRE-STRESSED
SHAFT SYSTEM UNDER WET
CONDITIONS

Modal analysis of pre-stressed rotor components under wet
conditions, accounting for the influence of both pre-stress and
fluid-induced added mass on the rotor system’s modal behav-
ior in an operating medium of water. This analysis provides a
closer approximation to the actual working conditions of the
rotor system, considering not only the effects of pre-stress on
rotor modes but also the impact of fluid-induced added mass
on the structural surface during rotor operation in water. The
setting conditions for wet modal analysis are more complex
compared to dry modal analysis. In addition to the existing
dry modal analysis setup, a water domain is added to simulate
the rotational modes of rotor components in water, as shown in

Table 4. Wet mode inherent frequencies with prestressing.

Order Inherent frequencies (f/Hz)
1 42.03
2 42.06
3 63.31
4 257.83
5 257.86
6 710.85

Figure 20. Inherent frequencies comparison between dry and wet condition.

Fig. 19.

In this study, an acoustics plugin, specifically the acoustics
module in Ansys, was employed for the calculation of wet
modal analysis. The acoustics module allows for the defini-
tion of fluid-structure interaction interfaces, acoustic bodies,
and material properties specific to the water domain. These
properties include fluid density, elastic modulus, Poisson’s ra-
tio, and speed of sound propagation in the fluid. Wet modal
analysis of the rotor components was then performed to obtain
more realistic inherent frequencies, mode shapes, and critical
speeds.

7.1. Inherent Frequencies

The results of the wet mode inherent frequencies of the
slurry pump rotor system with preload are shown in Tab. 4,
and the comparison of dry and wet mode inherent frequencies
is shown in Fig. 20. It can be seen from the figure that the
inherent frequencies of the wet mode of the slurry pump ro-
tor system are lower than the dry mode, with a decrease of
10 % to 15 %. This is because the presence of water will pro-
duce additional mass on the surface of the structure, thereby
increasing the damping of the rotor rotation, and affecting the
dynamic characteristics of the structure when it rotates, result-
ing in the inherent frequencies of the rotor system in water. It
can be seen from the relevant literature that the reduction range
in each mode is within a reasonable range.22 It can be inferred
from this that based on the difference in medium density, the
additional mass on the surface of the rotor structure will also
be different, which will in turn affect the results of the mode to
varying degrees.
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7.2. Mode Shape Diagram

Figure 21 shows the vibration mode diagram of the first 6
orders of wet mode of the rotor components. It can be seen
from the inherent frequency Tab. 4 that the inherent frequen-
cies of the adjacent orders of the rotor system are almost the
same, such as the first and second, fourth and fifth. This is be-
cause the rotor structure is arranged in a periodic symmetrical
manner, so the frequency and vibration mode tend to be the
same, but the vibration direction is significantly different.

The first-order vibration mode is the bending vibration of
the impeller and the top of the pump shaft along the positive
direction of X, with a maximum displacement of 6.94 mm,
appearing on the outermost front cover plate of the impeller
along the negative direction of X. The second-order vibration
mode is the bending vibration of the impeller and the top of the
pump shaft along the positive direction of Y, with a maximum
displacement almost the same as the first order. The third-order
vibration mode is the torsional vibration of the rotor around
the rotating axis Z. The fourth and fifth-order vibration modes
are the combined vibration of the pump shaft swinging in the
axial plane and the bending deformation of the impeller. The
deformation displacement of the shaft and the impeller are both
large, with a maximum displacement of about 9.46 mm. The
maximum displacement is also located at the outermost rear
cover plate of the impeller. The sixth-order vibration mode is
the extension motion of the pump shaft along the Z axis of the
rotating axis.

7.3. Critical Speed

Critical speed refers to the speed of the rotor at which res-
onance occurs during operation. When the rotor is working,
the centrifugal force generated by the offset center of gravity
causes the rotor to vibrate laterally. When the speed reaches
a specific value, the vibration phenomenon will become par-
ticularly severe, affecting the operation of the structure, this
phenomenon is called resonance. Therefore, the purpose of
conducting critical speed research is to keep the actual speed of
the rotor system away from the critical speed during operation,
thereby avoiding dangerous situations. To ensure the normal
operation of the machine, it is stipulated that the critical speed
should deviate from the working speed by more than 20 %.
In addition, the material structure of the rotor and the bound-
ary conditions set will affect the size of the critical speed, and
the rotor system has many orders of mode frequencies in ac-
tual operation, and each order of mode corresponds to a critical
speed.

The Campbell diagram is a two-dimensional graph based on
modal analysis. The horizontal axis represents the speed, and
the vertical axis represents the inherent frequency. The dia-
gram contains multiple inclined curves, each inherent mode
frequency corresponds to two inclined curves, namely the pos-
itive forward motion curve with positive slope change and the
negative forward motion curve with negative slope change.
The diagram also contains a driving curve. The driving curve
starts from the origin of the coordinates, and the frequency of
the speed is equal to the inherent frequency. The intersection
of the driving curve and the straight line of each inherent mode
frequency is the condition of the critical speed of the rotor.

(a) First mode shape

(b) Second mode shape

(c) Third mode shape

(d) Fourth mode shape

(e) Fifth mode shape

(f) Sixth mode shape

Figure 21. Vibration diagram.

The advance mentioned above refers to the vortex, which is
the self-excited vibration caused by the structure itself and the
operating conditions, rather than the forced motion caused by
external forces. When a rotating structure vibrates, the parti-
cles on the rotating axis will move on a fixed trajectory. Then,
when the direction around the rotating axis is the same as or
opposite to the rotating speed, it is called forward vortex (FW)
or backward vortex (BW).

The Campbell diagram for the rotor structure of this model
after modal analysis is shown in Fig. 22. Only the first three
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Table 5. The rotational speed at the intersection of the excitation line and
inherent frequencies curves.

Inherent frequency order First order Second order Third order
Intersection speed (r/min) 2486.3 3408.4 4076.9

Figure 22. Campbell diagram.

critical speeds were considered in the text, as high-order modal
frequencies are usually much higher than the rotor operat-
ing frequency and have little significance for studying critical
speeds. Because the rotor was subject to unbalanced excitation
forces during operation, which caused the rotor to undergo syn-
chronous forward vortex motion, only the vibration frequency
of the forward vortex was considered in the process of solving
for the critical speed. As can be seen from Table 5, the second
order is the frequency of the forward vortex, while the first and
third orders are the frequencies of the reverse vortex. There-
fore, the critical speed of the pump is 3408.4 r/min, which is
much higher than the actual rotor speed of 1480 r/min. The
rotor will not resonate under normal operating conditions.

8. CONCLUSIONS

In this study, a systematic analysis of the dynamic stress
characteristics and vibration characteristics of the slurry pump
structure, as well as the dry mode and wet mode of the pump
rotor, was conducted by combining theoretical analysis with
numerical simulation, using the bidirectional fluid-structure
interaction research method. The following key conclusions
were obtained:

1. In the pressure distribution on the blade surface, signifi-
cant fluctuations are observed at the blade root due to fluid
interaction and directional changes. As the relative flow
streamlines increase, the overall blade pressure shows an
upward trend. However, the pressure on the pressure side
increases at a higher rate compared to the suction side.
Near the blade trailing edge, the pressure distribution on
both the suction and pressure sides aligns (i.e., load zero
point). As the flow rate increases, the load zero point
gradually moves away from the blade exit edge.

2. At low flow conditions, the stress and strain on the im-
peller are most severe. The maximum equivalent stress
occurs at the junction between the suction side trailing
edge and the rear cover plate. This location has a sharp
structure and a constrained intersection, leading to stress

concentration. It is also situated at the impeller exit,
where the flow field is complex and most prone to fatigue
damage. The maximum deformation is observed at the
intersection of the impeller flow passage exit and the rear
cover plate. This is due to the high-pressure load and cen-
trifugal forces at the exit, coupled with significant radial
force fluctuations.

3. The trajectories of equivalent stress and displacement
at various monitoring points decrease as the flow rate
increases. Monitoring points located on both sides of
the blade trailing edge experience the highest equivalent
stress and pressure fluctuations. Monitoring points at the
blade root exhibit higher pressure fluctuation amplitudes,
indicating highly unstable flow in this region. Displace-
ment deformation occurs in the negative Z-axis direc-
tion at all monitoring points, with deformation increasing
along the blade exit direction. The impeller deformation
includes both axial vibrations and radial twisting distor-
tions.

4. Inherent frequencies in the wet mode exhibit a trend con-
sistent with the dry mode, with inherent frequencies in-
creasing with the order of the mode. However, inherent
frequencies in the wet mode are approximately 10−15 %
lower than those in the dry mode. This reduction is due to
the added mass effect of water on the rotor surface, which
increases the damping of the rotor and lowers inherent
frequencies. Due to the periodic structure of the rotor,
some adjacent mode frequencies may be equal, though
their vibration directions differ. Additionally, the Camp-
bell diagram indicates that the critical rotational speed is
the intersection of the excitation frequency and the nat-
ural frequencies of various modes, considering only the
positive whirl. The pump’s critical rotational speed is
3408.4 rpm, which is significantly higher than the actual
rotor speed of 1480 rpm, indicating that resonance is un-
likely to occur.
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A. FIGURES FOR DESIGN FLOW CONDITIONS AND LARGE FLOW CONDITIONS IN
CHAPTER 3

(a) Monitoring points A

(b) Monitoring points B

(c) Monitoring points C

(d) Monitoring points D

(e) Monitoring points E

(f) Monitoring points F

(g) Monitoring points G

Figure 23. Time domain diagram of equivalent stress(Q = 1.0Qd).
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(a) Monitoring points ABCDE

(b) Monitoring points FG

Figure 24. Frequency domain diagram of equivalent stress(Q = 1.0Qd).
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(a) Monitoring points A

(b) Monitoring points B

(c) Monitoring points C

(d) Monitoring points D

(e) Monitoring points E

(f) Monitoring points F

(g) Monitoring points G

Figure 25. Time domain diagram of equivalent stress(Q = 1.2Qd).
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(a) Monitoring points ABCDE

(b) Monitoring points FG

Figure 26. Frequency domain diagram of equivalent stress(Q = 1.2Qd).
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(a) Monitoring points A

(b) Monitoring points B

(c) Monitoring points C

(d) Monitoring points D

(e) Monitoring points E

(f) Monitoring points F

(g) Monitoring points G

Figure 27. Displacement deformation map of monitoring point(Q = 1.0Qd).
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(a) Monitoring points A

(b) Monitoring points B

(c) Monitoring points C

(d) Monitoring points D

(e) Monitoring points E

(f) Monitoring points F

(g) Monitoring points G

Figure 28. Displacement deformation map of monitoring point(Q = 1.2Qd).
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