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In order to analyze the pump shaft stability of multistage centrifugal pump during the
closed-valve start-up process, the transient internal fluid field and structural field during
the closed-valve start-up process of the TDM 35-140 x 13 segmental multistage
centrifugal pump are solved by transient fluid-solid coupling. The transient deformation
and vibration velocity of the pump shaft are analyzed. It is found that the maximum
deformation amount of the third stage impeller and the pump shaft cylindrical contact
surface (N = 7 node area) during the whole closed-valve transition start-up process
is the largest. The maximum deformation in the region where the nodes 1 < N < 10
are significantly greater than that in other regions. In the 11 < N < 19 node, with
the node position coordinate value N increasing, the maximum deformation amount
is continuously decreasing. During the entire closed-valve transition start-up process,
the vibration speed of the pump shaft fluctuates drastically. In the node of 1 < N < 19,
with the node position coordinate value N increasing, the maximum vibration velocity
first increases and then decreases. The maximum vibration speed at N = 11 nodes is
higher than that of all other nodes.

Keywords: multistage centrifugal pump, closed-valve start-up process, pump shaft stability, numerical
simulation, transient characteristics

INTRODUCTION

During the frequent start-up process of multistage centrifugal pump, the structural part in contact
with the internal fluid will be affected by the changing fluid pressure. Therefore, the rotor structure
will generate stress response according to the change of pressure load with time (Chen, 2016; Fu,
2016; Liu et al., 2017), which can easily cause vibration damage and affect the safe operation of
the pump. At present, the quasi-steady state assumption method is generally used to replace the
transient process in the start-up process of centrifugal pump (Ping et al., 2007; Li, 2009; Li et al.,
2010; Xu et al., 2010), but due to the obvious transient effect, its numerical simulation is inaccurate
(Guo et al., 2019; Zhou et al., 2019). Therefore, the stability of pump shaft in the start-up process of
multistage centrifugal pump is still lack of systematic research.

Katsutoshi et al. (2010) used fluid-solid coupling method to predict the stress of mixed-flow
pump under different flow conditions. It was found that at 70% of the designed flow rate, the
flow separation occurred at the leading edge of suction side on the blade surface, resulting in the
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greatest stress. Based on APDL parametric design language, Li
et al. (2012) developed a program for calculating the strength
of multistage centrifugal pump shaft, established the pump shaft
model under zero flow and design point conditions, and made a
clear and accurate description of the stress distribution, strength
and dangerous point position of different cross-sections of the
pump shaft. Li et al. (2017; 2018; 2019a; 2019b; 2019¢) discussed
its generating mechanism, accompanying unsteady phenomena
and corresponding hysteresis phenomena. Investigations on
the influence of geometric and operating unit parameters
were presented. Finally, precautions and countermeasures for
the improvement of positive slopes and various perspectives
regarding future work were proposed. Wu etal. (2015) performed
fluid-solid coupling numerical calculation on the structural stress
field and internal flow field of a low specific speed centrifugal
pump during the closed-valve start-up process. The differences
of external characteristics, internal flow field distribution and
pressure fluctuation before and after considering fluid-solid
coupling effect were compared and analyzed. Yuan et al. (2016)
calculated the transient blade dynamic stress characteristics of
IS65-50-160 centrifugal pump during start-up process by two-
way fluid-solid coupling method, analyzed the steady state,
instantaneous stress and stress deformation under the coupling
effect, and obtained the variation of the transient effect on
blade stress and strain under start-up condition of centrifugal
pump. Zhang et al. (2019b; 2019¢) carried out the effects of
modifying the blade pressure side (EPS profile) on unsteady
pressure pulsations and flow structures in a low specific speed
centrifugal pump by experimental and numerical methods. From
relative velocity distribution, it was found that the uniformity of
flow field at the blade outlet region would improve significantly
by the EPS profile. Tan et al. (2019) investigated the clocking
effect of impellers and the superposition between pump stages
caused by clocking effect in a five-stage centrifugal pump. The
difference is mostly in vibration frequency and amplitude, little
in pump head and efficiency. Bai et al. (2019) established a
vibration test bench to examine the vibration and stability of a
cantilever multistage centrifugal pump under different flow rates.
The results showed that the major type of vibration frequency for
the inlet and outlet was high frequency. Xu et al. (2019) analyzed
the fluid-induced forces of the clearance flow in canned motor
RCP and their effects on the rotodynamic characteristics of the
pump are numerically and experimentally analyzed. The results
showed that clearance flow brought large mass coefficient into the
rotodynamic system and the direct stiffness coefficient is negative
under the normal operating condition.

Many scholars have studied the fluid-solid coupling of
multistage centrifugal pumps mostly limited to the stable
operation conditions, and the effect of fluid-solid coupling on
the internal flow field during the start-up process of multistage
centrifugal pumps is relatively small (Li et al., 2019d; Zhang et al.,
2019a,d). The model TDM 35-140 x 13 multistage centrifugal
pump is chosen as the research object. During the closed-valve
start-up process, the radial force changes significantly with the
increase of start-up time, and the pump shaft is prone to severe
vibration, wear and even fracture. Therefore, it is necessary to
make transient dynamic analysis of the pump shaft under the

closed-valve transient start-up process. This paper studies the
transient dynamics of the pump shaft based on the Transient
Structural module in ANSYS Workbench.

COMPUTING MODEL AND MESH
GENERATION

In this paper, the main design parameters of the multistage
centrifugal pump selected are as follows: flow rate Qg = 34.1 m3/h,
head H = 1800 m, speed n = 2985 r/min, ng = 26.3. The main
geometric parameters of the flow passage parts of the model
pump are shown in the Table 1.

Commercial software Cero is used to build the three-
dimensional model of the flow passage area of the multistage
centrifugal pump, including the suction chamber, impellers at
all levels, radial guide vanes and extruder chambers. Compared
with the other guide vanes at all levels, there is no anti-guide
vane in the final guide vanes and the outlet of the last guide
vanes directly contacts with the fluid field of the extruder
chamber. The fluid field model of the multistage centrifugal
pump is shown in Figure 1. The mesh independence is shown
in Figure 2A. Considering that the internal fluid flow state varies
greatly during the start-up process, the impeller is divided into
structured mesh, which is shown in Figure 2B. Radial guide
vane, suction chamber and pump casing adopt unstructured
mesh with strong self-adaptability to realize complex structure
mesh generation, which guarantees mesh quality above 3.0.
Finally, the mesh number of suction chamber, pump casing
and impeller are 570325, 107906, and 326751, respectively. The
total mesh number of radial guide vane except the last stage is
144854 and 13763729.

TURBULENCE MODEL AND BOUNDARY
CONDITION SETTING

This paper based on ANSYS CFX 18.1 to complete the start-
up transient simulation numerical calculation. The Shear Stress
Transport (SST) model is used in the turbulence model. The
results of steady flow field with zero rotational speed and flow rate
are taken as initial documents. The interface between impeller
and radial guide vane is set as Frozen rotor mode with fixed rotor,
the wall roughness is set as 0.125 mm, and the wall boundary
condition is set as non-slip wall. The import boundary condition
is set as the full pressure inlet, and the reference pressure is set
as 1 atm. The outlet boundary condition is set as the mass flow
outlet. The turbulence intensity is set as Medium Intensity = 5%.
When the closed-valve start-up starts at the shut off condition,
the flow rate can be regarded as 0. But in fact, the internal
flow of multistage centrifugal pump is still circulating under
small flow rate, and the flow rate can be regarded as a constant
value during the whole shut-oft start-up process (Shao, 2016).
The flow rate is about 1~5% of the design flow rate of the
pump, and the mass flow rate is 0.01 kg/s. The total calculation
time of close-valve transition stage is set to 2.5 s, and the time
step is 0.002 s. In order to ensure absolute convergence within
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TABLE 1 | Dimensional parameters of impeller and radial guide vane.

Main dimensional parameters of impeller Value Main dimensional parameters of radial guide vanes Value
Impeller outlet diameter Do/mm 315 Radial guide vane base circle diameter Dg/mm 320
Number of impeller blades Z 6 Radial guide vane throat axial width bz/mm 12
Blade outlet placement angle 62/o 30 Radial guide vane throat plane width azg/mm 12
Blade outlet width bo/mm 10 Number of radial guide vanes Z 8
A B C
b : ]
Inhalation chamber Extrusion chamber Final guide vane«
D E ° F i
Impeller Radial guide vane Multistage centrifugal pump integral flow path domain«
FIGURE 1 | Fluid domain model of multistage centrifugal pump. (A) Inhalation chamber, (B) Extrusion chamber, (C) Final guide vane, (D) Impeller, (E) Radial guide
vane, (F) Multistage centrifugal pump integral flow path domain.

each time step, the maximum number of iterations within a
time step is set to 50, and the residual value of convergence
is set to 0.0001.

The relationship of the speed change during the closed-
valve start-up process is loaded onto the impeller by writing an
expression function expression. The rated speed is 2985 r/min
and the total calculating time is 2.5 s. The law of speed change
is shown in Figure 3.

The equation for calculating speed in expression function of
close-valve transition stage is shown in Eq. 1.

nt =
—2985[rev min™ — 1]/(Ttol/1[s]) * (t/1[s]) * step((Ttol — t)
/1[s]) — 2985[revmin™ 1] *« (1 — step((Ttol — t)/1[s])) (1)

The rotational speed n; remains constant during the open-
valve transition stag, i.e., #ny = —2985 r/min.

In Eq. 1, Ttol = 2.1 s, which means the start-up time is 2.1 s,
among them function step (x) is the function of CFX itself, and
its expression value is shown in Eq. 2.

0, x<0

0.5, x=0 42
1, x>0

In Eq. 2, x is dimensionless.

step (x) =

INSTANTANEOUS DYNAMIC ANALYSIS
SETTING OF PUMP SHAFT

The x-direction radial force Fx and the y-direction radial force
Fy of the impellers of different stages monitored in the closed-
valve start-up transient calculation are applied to the cylindrical
contact surface of the impeller and the pump shaft. At the same
time, the gravitational acceleration and the rotational speed as
a function of time are added to the entire pump shaft. The
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FIGURE 2 | Meshing. (A) Grid independence verification, (B) Structured grid
of impeller.
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FIGURE 3 | Rotating speed change diagram of impeller.

Mesh module in ANSYS Workbench is used to unstructured
the structural part of the pump shaft solid domain. Considering
the accuracy of calculation and calculation time, the pump shaft
mesh size is set to 8 mm, the total mesh node number is 130876.
The pump shaft mesh and monitoring node distribution are
shown in Figure 4. The direction indicated by the arrow is the
position of the monitoring point. The 5th to 17th nodes are
the monitoring nodes on the cylindrical surface in contact with
the impeller and the pump shaft. A fixed constraint is applied
on the thrust bearing surface, and a cylindrical constraint is
applied on the radial bearing surface. The constraint direction
of the bearing surface on the inlet side of the impeller is set

to radial tangential constraint, and the axial direction is free,
while the constraint direction of the bearing surface on the
outlet side is set as radial axial constraint, and the tangential
is free. The transient dynamics analysis of the pump shaft is
shown in Figure 5. Due to the excessive number of monitoring
nodes, when the analysis determines the maximum deformation
amount and vibration velocity over time during the whole closed-
valve start-up process, only five nodes at the typical N = 3,
7, 11, 15, 19 are selected. The material of the pump shaft is
ZG06Cr13NI4Mo, and the material properties of the material are
shown in Table 2.

RADIAL FORCE ANALYSIS OF
IMPELLER DURING THE CLOSED-VALVE
START-UP PROCESS

During the centrifugal pump of the closed-valve start-up process,
the radial force of the impeller is in a state of sharp change due
to fluid acceleration and rotation. The evolution law of the force
during the closed-valve transient start-up process is completely
different from the variation of the constant speed condition.
However, there is no calculation equation for the radial force of
the impeller under the pump starting condition. Therefore, only
numerical simulation can be used to predict the evolution of the
radial force of the impeller. Due to the excessive number of stages,
only the typical 1st, 2nd, 3rd, 7th, and 13th levels are selected for
analysis. The radial force in this section is the resultant force in
the x and y directions. The radial force changes of the 1st, 2nd,
3rd, 7th, and 13th stages of the closed-valve start-up process are
shown in Figure 6.

It can be seen from Figure 6 that the impeller radial force
of different stages fluctuates greatly with time during the closed-
valve transition start-up process. In the initial stage of the closed-
valve 0 s < t < 0.5 s, the multistage centrifugal pump has just
started, and the impeller radial force is close to zero. As the start-
up process develops, the impeller radial force increases gradually.
At the end of the start-up process 2.1 s < t < 2.5 s, the impeller
oscillations of different stages are within a certain range, and the
average radial force of the first and second stages is greater than
the third, seventh, and third stages.

The transient dynamics calculation results of the pump
shaft during the closed-valve transient start-up process include
the maximum deformation and vibration speed of the pump
shaft. These two parameters can directly reflect the vibration
deformation of the pump shaft during the closed-valve start-up
process. The vibration speed of the pump shaft represents the
derivative value of the maximum deformation amount of the
pump shaft with respect to time.

ANALYSIS OF MAXIMUM DEFORMATION
OF PUMP SHAFT

The change of the maximum deformation amount at different
monitoring nodes during the closed-valve start-up process with
time is shown in Figure 7. It can be seen from the Figure 7
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FIGURE 4 | Pump shaft mesh and monitoring node distribution.
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FIGURE 5 | Setting diagram for transient dynamics analysis of pump shaft.

Applying radial force Fx and Fy

that the variation trend of the maximum deformation of different
monitoring points with time is similar. In the initial stage of the
closed-valve start-up process 0 s < t < 0.25 s, the maximum
deformation of the pump shaft is close to zero, and the value
remains almost unchanged. Within 0.25 s < t < 2.1 s, the
maximum deformation of the pump shaft begins to increase
slowly until it approaches a linear increase. The maximum
deformation of the pump shaft remains periodically fluctuating
within 2.1 s < t < 2.5 s at the end of the closed-valve start-
up process. The most typical deformation at the 3rd, 7th, 10th,
12th, 14th, 16th, 17th, and 19th nodes are selected, where the
maximum deformation of the nodes at N = 7 is higher than all
other nodes. The seventh node is the monitoring node on the
contact surface between the third stage impeller and the pump
shaft cylinder. At t = 2.2 s, the maximum deformation of the
pump shaft reaches the maximum deformation = 0.402 mm.
Figure 8 is a distribution diagram of the deformation amount of
the pump shaft at ¢ = 2.2 s. The 3rd, 7th, and 10th deformation
are relatively close during the closed-valve start-up process. With
the number of nodes increasing, the maximum deformation at
the 12th, 14th, 16th, 17th, and 19th nodes gradually decrease.
Figure 9 shows the maximum deformation amount of
0s <t < 2.1 s during the entire closed-valve start-up process of
the different monitoring nodes. It can be seen from Figure 9 that
the maximum deformation amount at the nodes of the 1 <N <9
is almost equal, and the maximum deformation amount at the
node of N = 7 is slightly higher than that of the other nodes.
The ninth node is the monitoring node on the contact surface
between the fifth stage impeller and the pump shaft cylinder.
The maximum deformation amount of the area 1 < N < 10

is larger than other areas. In the 11 < N < 19 node, with
the node position coordinate value N increasing, the maximum
deformation amount is continuously decreasing.

VIBRATION SPEED ANALYSIS OF PUMP
SHAFT

Figure 10 shows the change of vibration velocity at different
monitoring nodes with time during the closed-valve start-
up process. The vibration speed of the pump shaft fluctuates
drastically during the entire closed-valve start-up process.
When the initial stage of the closed-valve transition start-
up process at 0 s < t < 0.15 s, the vibration speed of
the pump shaft slowly drops to zero. It remains unchanged
within 0.15 s < t < 0.6 s, increases continuously within
0.6 s <t < 2.0 s, decreases first and then increases within
20 s < t < 22 s, and decreases continuously within
22 s <t < 25 s after closed-valve start-up process. At

TABLE 2 | Material physical property coefficient.

Material name ZGO06Cr13Ni4M
Density (kg/m®3) 7830
Yang’s modulus (GPa) 207
Poisson ratio 0.295
Thermal conductivity (W/(m-K)) 44
Coefficient of thermal expansion (1/K) 1.40E-05
Yield strength (MPa) 550

Frontiers in Energy Research | www.frontiersin.org

September 2020 | Volume 8 | Article 186


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles

Long et al.

Pump Shaft Stability Analysis

FIGURE 6 | Radial force change diagram of impellers with different series
during the closed-valve start-up.
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FIGURE 7 | The maximum deformation varies with time.
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FIGURE 8 | Distribution of deformation of pump shaft t = 2.2 s.

t = 2.2 s, the maximum deformation and vibration speed of
the pump shaft simultaneously reach the maximum vibration
velocity = 90.40 mm/s. Figure 11 shows the vibration velocity
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FIGURE 9 | Maximum deformation at different monitoring nodes.
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FIGURE 10 | Vibration velocity change diagram with time.
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FIGURE 11 | Distribution of vibration velocity of pump shaft at t = 2.2 s.

distribution of the pump shaft at t = 2.2 s. The vibration velocity
of the node at N = 11 is higher than the maximum deformation
amount in all nodes. The eleventh node is the monitoring node
on the contact surface of the seventh stage impeller and the
pump shaft cylinder.

Figure 12 shows the maximum vibration velocity of the
different monitoring nodes in the whole closed-valve start-up
process 0 s < t < 2.1 s. In the nodes of 1 < N < 19,
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FIGURE 12 | The maximum vibration velocity of different monitoring nodes.

with the node position coordinate value N increases, the
maximum vibration velocity first increases and then decreases.
The maximum vibration speed at N = 11 node is higher than
all other nodes.

DISCUSSION

The transient internal fluid field and the structure field of the
multistage centrifugal pump are solved by transient fluid-solid
coupling and the transient deformation and vibration velocity
of the pump shaft are analyzed. The maximum deformation of
the contact surface between the third stage impeller and the
cylinder of the pump shaft (N = 7 node area) is the largest
during the whole closed-valve transition start-up process, and
the maximum deformation of the area where 1 < N < 10 nodes
is obviously larger than that of other areas. In 11 < N < 19
nodes, the maximum deformation decreases with the increases
of the coordinate value N of the node position. At the initial
stage of the closed-valve transition start-up process, the radial
force and axial force of the impeller are close to zero, and the
maximum deformation of the pump shaft increases slowly. With
the development of the start-up process, the radial and axial
force of the impeller gradually increases, and the radial force
changes dramatically with time, but the overall radial force at
different stages are not different. At the same time, the pump shaft
vibration velocity fluctuation is also very violent. The maximum
deformation and vibration velocity of the pump shaft reach the
maximum when the rotation speed reaches the stability in the
closed-valve start-up process.

CONCLUSION

Through the analysis of the stability of the pump shaft during the
closed-valve start-up process of the multistage centrifugal pump,
the following conclusions are drawn:

(1) At the initial stage of the closed-valve transition start-
up process, the radial and axial forces of impeller are
close to zero. With the development of start-up process,
the radial and axial forces of impeller gradually increase,
and the radial forces fluctuate sharply with time, but the
overall radial forces of different stages are not different. The
maximum deformation of pump shaft increases slowly.
With the development of start-up process, the maximum
deformation begins to increases gradually until it tends to
increases linearly.

(2) When t = 2.2 s (the rotational speed stops increasing at
t = 2.2 s), the maximum deformation and vibration speed
of the pump shaft reach the maximum at the same time.
The maximum deformation of the pump shaft is 0.402 mm,
and the maximum vibration speed of the pump shaft is
90.396 mm/s.

(3) Vibration speed of pump shaft fluctuates sharply during
the whole closed-valve transition start-up process. In
the nodes of 1 < N < 19, with the node position
coordinate value N increasing, the maximum vibration
velocity first increases and then decreases. The maximum
vibration speed at N = 11 nodes is higher than all
other nodes.

(4) The study on the pump shaft stability analysis of
multistage centrifugal pump during closed-valve start-up
process not only guarantees the safe operation of the
whole unit, but also improves the overall performance
of the pump.
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