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a b s t r a c t

The AP1000 reactor coolant pump is a vertical shielded-mixed flow pump, is the most important coolant
power supply and energy exchange equipment in nuclear reactor primary circuit system, whose steady-
state and transient performance affect the safety of the whole nuclear island. Moreover, safety
demonstration of reactor coolant pump is the most important step to judge whether it can be practiced,
among which software simulation is the first step of theoretical verification. This paper mainly in-
troduces the fluid-solid coupling simulation method applied to reactor coolant pump, studying the
feasibility of simulation results based on workbench fluid-solid coupling technology. The study found
that: for the unsteady calculations of the pure liquid media, the average head of the reactor coolant pump
with bidirectional fluid-solid coupling decreases to a certain extent. And the coupling result is closer to
the real experimental value. The large stress and deformation of rotor under different flow conditions are
mainly distributed on impeller and idler, and the stress concentration mainly occurs at the junction of
front cover plate and blade outlet. Among the factors that affect the dynamic stress change of rotor, the
pressure load takes a dominant position.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Among the third-generation nuclear power technologies, the
most representative one is the AP1000 type developed by West-
inghouse of United States [1,2]. The AP1000 type of reactor is a kind
of non-dynamic advanced pressurized water reactor with high
safety coefficient recognized at home and abroad. In December
2006, China officially introduced the AP1000 nuclear power tech-
nology from American Westinghouse, and the technology is being
digested and absorbed step by step [3]. Belonging to vertical shield
mixed - flow pump, AP1000 reactor coolant pump is the most
important coolant power supply and energy exchange equipment
in nuclear reactor primary circuit system, and the transient per-
formance characteristics affect the safety of the whole nuclear is-
land. Therefore, safety is the first element in the design and
demonstration of reactor coolant pump, and the safety demon-
stration is the most important step to judge whether the reactor
coolant pump can be used in practice.

Based on the safety demonstration, the fluid-solid coupling
characteristics of the reactor coolant pump under steady state
conditions are studied in this paper. Absolute single-field prob-
lems usually do not exist in the process of scientific and engi-
neering case analysis, and most physical phenomena are coupled
to each other. Fluid-solid coupling mechanics combines both fluid
flow theory and vibration theory of elastic structures. In order to
simulate the coupling effect between fluid and solid, it is neces-
sary to select the appropriate data transfer mode of the coupled
interface between fluid and solid and the coupled solution mode.
Fluid-solid coupling mechanics is a branch of mechanics which
studies the effect of solid deformation, displacement response and
displacement on the flow field [4]. The problem of multiphysics
coupling has received increasing attention, and it has also pro-
moted the rapid development of computer parallel technology
and coupling theory. At present, commercial finite element soft-
ware such as ANSYS and ABAQUS have begun to join parallel
computing and coupling computing functions. Some parallel code
coupling software designed to implement multiple analysis soft-
ware has also emerged, which are all It provides the basic con-
ditions for the promotion and popularization of multiphysics
numerical simulation. Studies on fluid-solid coupling all over the
world mainly include: Stephan M predicted the interaction
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between fluid and solid in turbocharger [5]. Tim R simulated the
blade flutter under high flow condition when the extremely long
rotating blade of steam turbine was working, and analyzed the
causes of instability [6]. Zhou Zhongning established the dynamic
characteristic equation of the fluid-solid coupling system of the
blade based on the consideration of coupled flow field and rota-
tional prestress and conducted transient analysis of its vibration
[7]. Lv Wenliang conducted transient fluid-solid coupling nu-
merical analysis on rotor blades of low-pressure turbines, and
studied the influence of different temperatures and different axial
spacing on rotor blade vibration characteristics through spectral
analysis [8]. Zhang Ruiqin studied the influence of inlet velocity
and angle of attack on aerodynamic and elastic stability of blades
by using the method of bidirectional fluid-solid coupling calcu-
lation [9]. Wang Songling studied the strength of fan impeller by
using the method of weak coupling [10]. Chen Xiangyang also
made some research on fluid-solid coupling of reactor coolant
pump, and from the point of safety, fluid-solid coupling technol-
ogy is used to calculate and analyze the blade stress under steady
working condition [11]. Fluid-solid coupling technology has
become a highly reliable solution in the field of fluidmechanics. Lu
Yonggang [12e14] studied the third and fourth generation nuclear
reactor coolant pumps, including gas-liquid two-phase flow and
structural optimization. Wang Wei, Jia Yun, Qiu Weifeng and Yang
Minguan have studied in detail the cavitation characteristics,
idling characteristics and impeller blade shape optimization of the
nuclear main pump [15e18].

The aim of this paper is to introduce the simulation method
of fluid-solid coupling technology used in reactor coolant pump
and study the feasibility of simulation results based on work-
bench fluid-solid coupling technology. It mainly solves the in-
ternal flow field and rotor structure field under steady state
condition, analyzed the effects of fluid-solid coupling on the
internal and external characteristics of the reactor coolant pump
at different flow rates and the mode of the rotor with or without
prestress and revealed the stress and deformation law of the
impeller.

2. Research methods

2.1. Research object

The research object of this paper is AP1000 reactor coolant
pump. The initial hydraulic model of the reactor coolant pump is
designed based on the velocity coefficient method, and the mixed
flow impeller is adopted, with 5 impeller blades and 11 twisted
radial guide vane blades. Considering the heat homogeneity of the
reactor coolant pump at high temperature, the volute is designed as
a spherical pump. Compared with the volute pump body, the safety
of the structure can be greatly improved, although it will cause
great hydraulic loss. The main geometric parameters and structure
diagram of the reactor coolant pump flow passage parts are shown
in Table 1 and Fig. 1.

Pro/E is used to respectively construct the water model of the
impeller, inlet section, volute and guide vane, as well as the model
of the rotor parts of the reactor coolant pump. The three-
dimensional modeling of the calculation model of rotor parts is
shown in Fig. 2, and thematerial is made of ferrite-austenite duplex
stainless steel, with a density of 7930 kg/m3, elastic modulus of
210 GPa, Poisson ratio of 0.27, and yielding strength of pores of
550 MPa.

2.2. Grid division of solid and fluid domain of reactor coolant pump

For the fluid domain of reactor coolant pump, ICEM grid parti-
tioning software is used to divide the fluid domain, as shown in
Fig. 3. Considering the computational resources and ensuring the
better convergence of the computational model, hexahedral
structure grid is adopted in the fluid domain and the boundary
layer and interface region on the blade surface are locally

Nomenclature

Q Flow rate, (m3/h)
H Head, (m)
n Rated rotational speed, (r/min)
Qd Rated flow, (m3/h)
D1 Impeller inlet diameter, (mm)
D2 Impeller outlet diameter, (mm)
b2 Impeller outlet width, (mm)
4 Impeller wrap angle, (o)
D3 Diffuser inlet diameter, (mm)
Zd Number of diffuser blades
Zi Number of impeller blades

Table 1
Main geometry parameters of the reactor coolant pump.

Geometry parameters Geometry parameters

Impeller inlet diameter, D1 550 mm Diffuser inlet diameter, D3 730 mm
Impeller outlet diameter, D2 710 mm Number of impeller blades, Zi 5
Impeller outlet width, b2 190 mm Number of diffuser blades, Zd 11
Impeller wrap angle, u 23�

Fig. 1. Schematic diagram of hydraulic components of the reactor coolant pump.
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encrypted. After grid independence check, it is found that when the
grid number of the model was higher than 3 million, the head
change was less than 0.5%, and the grid quality of all over-current
components is higher than 0.4. Taking the calculated resources
and calculation accuracy into consideration, the total number of
grid dividing units in the fluid domain is about 3.233 million,
among which the number of grid units in the inlet section, impeller
water body, guide vane water body and volute water body is 441
thousand, 628 thousand, 975 thousand and 1.189 million
respectively.

For the solid domain of the rotor parts, the impeller components
are divided by using the mesh module in ANSYS Workbench. In
order to make the impeller and the spindle have common nodes,
the impeller and the spindle are combined into a new assembly and
then the grid is divided. The region of the coupling surface involved
in data transfer is encrypted. For ease of operation, a set of tetra-
hedral mesh division that matches the impeller in the fluid domain
and takes into account both calculation accuracy and calculation
time is obtained after grid independence test of one-way coupling
calculation, as shown in Fig. 4. The total number of grid nodes is
about 67,000, and the total number of grid cells is about 38,000.

2.3. Constraint and boundary condition settings

The bidirectional fluid-solid coupling method is used to solve
the flow field and rotor structure field in the reactor coolant pump.
Reynolds-averaged NeS equation and SST turbulence model were
used to calculate the flow field, and the dynamic equation of elas-
tomer structure is adopted in the structural response [19,20]. The
arbitrary Lagrangian formulation method is used to track the motion
of the solid and fluid boundaries. Bidirectional fluid-solid coupling
calculations involve unsteady computation of the fluid domain and
transient dynamic analysis of the solid domain. Unsteady calcula-
tion of flow field is carried out in CFX, and transient structure
module in ANSYS Workbench is used for transient structure

analysis of structure field. In order to ensure the smooth compu-
tation of fluid-solid coupling, the fluid-solid coupling solution will
be carried out after the flow field and the structure field is solved
separately to ensure better convergence.

In the flow field calculation, high order precision and second-
order Euler backward difference format are used in space and time
respectively. The operating conditions of the primary circuit system
being combined with the computational domain: the inlet
boundary condition is set to Total pressure, the outlet boundary
condition is set to Mass flow, the reference pressure to 1atm, and
the wall roughness to be set to 12.5 mm. The standard wall function
is selected near the wall surface, and the boundary condition of the
wall surface is set as adiabatic no-slip wall surface. Dynamic mesh
processing is set for solve fluid domain mesh deformation problem
of impeller during coupling and the residual convergence target of
each time node in the flow field is 10�5. The relaxation factor and
convergence target during data transfer process are all based on
software default values. In the calculation of the solid domain, the
material is set as two-phase stainless steel, and the damping model
of transient analysis is proportional damping. The impeller blade
surface and the inner surface of the front and rear cover plate are
set as fluid-solid coupling surface, and the gravity acceleration and
centripetal acceleration by impeller rotation are loaded, and the
fixed constraints at the thrust bearing are set. Two radial bearings
are set as cylindrical surface constraints, where the upper radial
bearing is set as radial fixation with free axial and tangential di-
rections, and the lower radial bearing is set as radial and axial
fixation with free tangential directions, as shown in Fig. 5.

Incorporating the calculation accuracy and the amount of
computation, both the number of impeller fluid domain and solid
domain grid difference, take time step for 0.000676 s (the impeller
rotates 6� per step), the total time of 0.24336 s, namely rotation for 6
cycles. It is worth noting that the fluid unsteady computation is
consistent with the time step and total time in structural transient
dynamic analysis.

Fig. 2. Three-dimensional model of the rotor parts of the reactor coolant pump.

Fig. 3. Grid division of the reactor coolant pump fluid domain.

Fig. 4. Solid domain grid of rotor of reactor coolant pump model.
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3. Test results and analysis

3.1. Modal analysis of the reactor coolant pump with or without
pressure

Under prestress, the stiffness of rotor structure is affected, and
themodal shape of rotor is also affected. Table 3 is the first 10 orders
natural frequency of the rotor parts under static state and normal
working state, respectively considering the prestress loading or un-
prestress loading. The un-prestress loading refers to the free vi-
bration of the rotor in air. When the centrifugal force is taken into
account, the rotating speed n¼1480r/min at the rated working
condition is loaded onto the rotor parts to perform the application
of the centrifugal force load. When water pressure is considered,
the boundary condition is the pressure load after bidirectional
fluid-solid coupling under rated flow. It can be seen from Table 2

that there are certain differences in the first 10 orders natural fre-
quencies of the impeller under these three working conditions, but
the overall differences are not significant. When the centrifugal
force is taken into account, the 1th, 4th and 7th order frequency of
the rotor parts decreases, while the natural frequency of the other
order increases or remains unchanged. Compared with the natural
frequency without prestress, the condition considering the com-
bined action of centrifugal force, gravity and water pressure, the
first 10 orders natural frequencies of the impeller are decreased, but
the variation range is less than 8.4%. And the higher the order is, the
smaller the decline amplitude is. When it reaches the 10th order,
the natural frequency considering centrifugal force, gravity and
coupled water pressure is equal to the natural frequency without
prestress loading. Therefore, it is of certain reference significance to
directly calculate the natural frequency of the rotor parts without
prestress when calculating the vibration frequency of the rotor
parts. Because the impeller structure is a cyclic symmetric struc-
ture, the natural frequency of the rotor parts has the repetitive
frequency phenomenon, such as the 7th and 8th order under
prestress. The rotation frequency of the rotor parts is 24.67 Hz, and
the blade passing frequency is 123.33 Hz, which is different from
the natural frequency of each order of the rotor parts. Therefore,
resonance will not occur, and the rotor structure is preliminarily
determined to be reasonable.

The first 10 order modal shapes of the rotor parts considering all
prestress are shown in Fig. 6. It needs to be pointed out that they are
relative scales in the diagram rather than actual deformation. The
deformation in the first 6 order and 10th order modals mainly oc-
curs in the impeller and upper idler, while the deformation in the
6th to 9th order modal mainly occurs in the area below the idler.
The 1th, 2th, 8th and 9thmodal are the oscillating formations along
the X-axis and Y-axis, the 3rd, 4th, 7th and 10th order modal are the
stretching formations outward radially, and the 5th and 6th modes
are the second-order bending vibrations.

3.2. Effects of fluid-solid coupling on hydrodynamic characteristics
of the reactor coolant pump

3.2.1. Comparison between test and simulation of external
characteristics

Due to the large size of the AP1000 reactor coolant pump, the
prototype pump test cannot be performed. According to the simi-
larity law of the pump, the performance parameters of the reactor
coolant pump are converted with a certain proportion, and the
experimental model pump is obtained. Then according to the
similarity law [21,22], the experimental data of prototype pump is
obtained in turn. The test pump adopts HM351-150 model pump
which has been evaluated by the project. The zoom size of the
model pump and the prototype pump is 1:5.5086. The main per-
formance parameters of the prototype pump and the model pump
are compared as shown in Table 4. The test bed shown in Fig. 7.

Fig. 5. Impeller constraints and loading.

Table 3
Natural frequency of rotor parts.

order un-prestress/Hz þcentrifugal force/Hz change rate/% þ centrifugal force, gravity and water pressure/Hz change rate/%

1 53.134 50.26 �5.4 48.648 �8.4
2 53.219 56.252 þ5.7 48.741 �8.4
3 67.911 67.911 þ0.0 67.662 �0.4
4 93.185 86.359 �7.3 91.828 �1.5
5 93.541 96.856 þ3.5 92.199 �1.4
6 96.856 100.93 þ4.2 96.851 0.0
7 136.89 129.61 �5.3 136.20 �0.5
8 137.04 144.76 þ5.6 136.20 �0.6
9 156.36 156.35 0.0 156.24 �0.1
10 252.56 252.56 0.0 252.56 0.0

Table 2
Grid independence test.

Inlet Impeller Guide vane Volute Total Head

Plan I 132826 188962 293507 359894 975189 101.61
Plan II 229698 323692 507489 613032 1673911 104.37
Plan III 331980 495125 791515 892110 2510730 107.82
Plan IV 441362 628139 975357 1189480 3234338 109.18
Plan V 517592 723352 1121655 1331922 3694521 109.24
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Time-average processing is carried out for the calculation head
in the last lap of bidirectional fluid-solid coupling at the five flow
operating conditions of 0.6Qd, 0.8Qd, 1.0Qd, 1.2Qd and 1.4Qd,
respectively. The comparisonwith the test results is shown in Fig. 8.
There is some deviation between the numerical simulation and the
test results, but the general trend is basically the same. In addition,
the coupled head decreases to about 1.5 m, and the maximum head
deviation is less than 3%. With the exception of 1.4Qd flow condi-
tion, the deviation between the coupled head and test value of all
flow conditions decreases. It can be seen that the result after

bidirectional fluid-solid coupling is significantly closer to the test
value, the deviation value at the design condition is 1.82%, which
verifies the reliability of the coupled results. Because the interac-
tion between the fluid domain and the solid domain is considered
in the coupled calculation, the pressure load of the fluid causes the

Fig. 6. The first 10 modal modes of the impeller.

Fig. 7. Site diagram of the test bed.

Table 4
Comparison of main performance parameters between prototype pump and model
pump.

Rated condition Rated speed
N (r/min)

Rated flow
Q (m3/h)

Rated head
H (m)

Specific speed
Ns

Prototype pump 1480 17886 111.3 351
Model pump 1480 107 3.67 351
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structure of the impeller to be deformed and distorted. The change
of the impeller's structure field in turn affects the distribution of
flow field in the pump. After coupling, it is closer to the real flow
situation in the reactor coolant pump, which leads to the difference
of calculation results before and after coupling. It can be seen that
the flow field calculation model in this study can predict its per-
formance accurately, and the flow field calculation can get the
pressure load on the impeller surface more accurately, which pro-
vides guarantee for the structural field analysis of the impeller.

3.2.2. Comparative analysis of external characteristics of reactor
coolant pump before and after coupling

The bidirectional fluid-solid coupling results at the five flow
operating conditions of 0.6Qd, 0.8Qd, 1.0Qd, 1.2Qd and 1.4Qd are
calculated respectively and compared with the uncoupled results.
The variation diagram of head and efficiency of the sixth cycle
before and after fluid-solid coupling of the reactor coolant pump is
shown in Fig. 8. In Fig. 9(a), the label of fluid represents the un-
steady calculation result of the pure liquid phase, and label of FSI
represents the bidirectional fluid-solid coupling result. Before and
after the coupling, the head of 1.0Qd and 1.2Qd flow conditions both
present sinusoidal wave periodic fluctuation. 10 peaks and 10
troughs are formed due to the rotor-stator interaction between the
impeller and guide vane, and the head value is lower than that
before the coupling. Under the condition of 0.8Qd flow rate, due to
the small partial flow rate, vortex and flow separation are easy to be
formed, and the disturbance of convection field is large, so the
periodicity becomes less obvious. It can be seen the head after
coupling in the three flow conditions are declining with slightly
different phase angle, about 12� difference before and after

coupling. As shown in Fig. 9(b), the pump efficiency fluctuates
periodically before and after coupling, while the efficiency regu-
larity is poor under the condition of 0.8Qd flow. After coupling, the
efficiency at the three flow operating conditions increases, and the
fluctuation amplitude increases obviously. The maximum ampli-
tude of efficiency under 0.8Qd flow condition increases is about
1.6%, the phase angle deviation is small, about 8�, and the curve
fluctuation regularity of the coupled efficiency is stronger than that
before coupling.

3.2.3. Comparative analysis of internal flow field before and after
coupling

In order to further analyze the influence of fluid-solid coupling
on the internal flow field of the reactor coolant pump, the radial
section where the middle point of the guide vane outlet is selected
as the analysis plane to analyze the flow characteristics inside the
reactor coolant pump.

Fig. 10 shows the cloud diagram of pressure before and after
fluid-solid coupling in the section with t ¼ 0.216s, t ¼ 0.229s, and
t¼0.2434s in the last circle under the condition of 1.0Qd flow rate. It
can be seen from the Fig. that at the same time, the pressure dis-
tribution trend of the impeller, guide vane and volute is basically
consistent before and after fluid-solid coupling. The overall static
pressure in the pump is slightly lower after coupling than before,
and the area of low pressure is enlarged. The reduction at different
times varies slightly, which is why the coupled head decreases in
the previous section. The minimum static pressure area is always at
the inlet of the impeller at different times. With the rotation of the
rotor, the pressure inside the impeller expands with the increase of
radius, and the static pressure gradient inside the impeller is
obvious. The static pressure of the flow continues to expand until it
reaches its maximum after entering the volute due to the diffusing
action of the guide vane. However, since the volute is a kind of
spherical structure with relatively uniform force at high tempera-
ture, although the safety is relatively high, it is not conducive to
flow, the coolant will cause great loss in the volute, resulting in
lower static pressure near the outlet pipe of the pump. In addition,
there is an obvious low pressure area in the first place similar to the
tongue along the rotation direction of the impeller, where there
will be obvious flow separation and vortex, and the flow loss is
relatively large. At different times, static pressure distribution in the
section is slightly different due to the effect of static and static
interference between the impeller and the guide vane.

Fig. 11 shows the cloud diagram of absolute velocity before and
after fluid-solid coupling in the section with t ¼ 0.216s, t ¼ 0.229s
and t¼0.2434s in the last circle under the condition of 1.0Qd flow
rate. It can be seen from the Fig. that at the same time, the absolute
velocity distribution in the impeller after fluid-solid coupling is
consistent with that before fluid-solid coupling, and the overall
velocity in the impeller after coupling is slightly increased. The

Fig. 8. Comparison between average head and test value in numerical simulation.

Fig. 9. Comparison of external characteristics of reactor coolant pump before and after fluid-solid coupling.
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trend of absolute velocity distribution at different time is slightly
different, but not much. The flow speed of impeller inlet near
working face is lowest. With the rotating work of the impeller, the
absolute velocity in the channel increases with the increase of
impeller radius after the fluid absorbs the energy that is transferred
from the impeller. The absolute velocity on the working face of the
blade at the same radius is lower than that at the back of the blade.
However, the area of high speed zone after fluid-solid coupling is
significantly larger than that before coupling. However, in the
impeller working face near the outlet there is a sheet-shaped high-
speed zone, where the area of high speed region after fluid-solid
coupling is obviously larger than that before coupling.

3.3. Stress and deformation analysis of rotor parts under
bidirectional fluid-solid coupling

3.3.1. Distribution of stress and deformation of rotor parts
Fig. 12 shows the overall distribution of the equivalent Stress

(Von Mises Stress) of the rotor parts at t¼0.24336s under the con-
dition of 0.6Qd, 1.0Qd and 1.4Qd flow. In this paper, the small flow
condition 0.6Qd, the rated flow condition 1.0Qd and the large flow
condition 1.4Qd of the calculation model of the reactor coolant
pump are selected for key analysis.

It can be seen from Fig. 12 that the overall distribution of
equivalent stress of the rotor parts under different flow conditions
is similar, and the equivalent stress is mainly concentrated on the

impeller and the idler. From the radial direction, they are all
distributed symmetrically in the center. The equivalent stress on
the impeller increases gradually from the inlet to the outlet.
Comparing (a), (b) and (c) in Fig. 12, it is found that stress con-
centration is easy to occur at the outlet edge of the impeller and at
the root of the blade. The maximum equivalent stress of the
impeller occurs at the junction of the suction surface and the front
cover plate at the outlet edge of the blade, which reduces the
strength at the junction of the blade and the front cover plate. Fa-
tigue failure is easy to occur under the action of alternating loads,
and the minimum equivalent stress is distributed at the hub of the
impeller. In addition, the inlet side of the blade is prone to local
stress concentration and uneven stress distribution in the case of
large impact. As the flow rate decreases, the maximum equivalent
stress of the impeller increases gradually, because the static pres-
sure in the fluid domain of the impeller increases gradually with
the flow rate decreasing. The maximum equivalent stress under
0.6Qd is 159.58 MPa, the rotor material is ferrite-austenite duplex
stainless steel, and the yield strength of the material is confined is
550MPa. According to the calculation of the fourth strength theory,
the strength of the impeller at the three working conditions all
meet the requirements.

The above results show that the stress concentration of the
reactor coolant pump impeller under the working conditions of
0.6Qd, 1.0Qd and 1.4Qd mainly occurs at the junction of the front
cover plate and blade outlet, which is mainly caused by the

Fig. 10. Static pressure distribution before and after fluid-solid coupling at different time periods of 1.0Qd.
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discontinuity of the structure in this region and its sharp structural
features. Moreover, due to the large constraint of intersecting re-
lations, stress cannot be released through elastic deformation at
this point, which can easily lead to stress concentration at the near
fulcrum of blade. Therefore, in the optimization design of the
impeller structure, the interaction between fluid and solid should
be fully considered, and the stress distribution of the blade can be
optimized by means of arc transition and thickening of the blade.

Fig. 13 shows the overall distribution of displacement and
deformation of the rotor parts of the reactor coolant pump, which is
at different flow rates of 0.6Qd, 1.0Qd and 1.4Qd after the bidirec-
tional fluid-solid coupling at t¼0.24336s. It can be seen from Fig. 13
that the deformation distribution of impeller under different flow
conditions is somewhat similar. The large deformation zone of the

rotor is mainly concentrated on the upper idler flywheel and
impeller, and the deformation distribution shows a clear pattern of
eccentric distribution. With the increase of radius, the deformation
gradient is obvious. The degree of eccentricity is different under
different flow conditions, amongwhich the degree of eccentricity is
the largest with a small flow of 0.6Qd, followed by a large flow of
1.4Qd, and the degree is the smallest under design conditions
(1.4Qd). The above indicates that the impeller and the upper idler
flywheel are subjected to the tensile action of the centrifugal force
of the rotor, and the torsion and bending deformation are generated
when the impeller is subjected to the influence of flow field pres-
sure at the same time. It is noted that the deformation of the front
cover plate and blade of the impeller is much larger than that of the
rear cover plate and the hub region of the impeller. It can be seen

Fig. 11. Absolute velocity distribution before and after coupling at different time periods of 1.0Qd.

Fig. 12. Overall distribution of equivalent stress of rotor parts under different flow conditions (t¼0.24334s).
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that the maximum deformation of the impeller increases with the
decrease of the flow rate. The maximum deformation of bidirec-
tional fluid-solid coupled impeller under the three working con-
ditions of 0.6Qd, 1.0Qd and 1.4Qd is 1.12 mm, 0.76 mm and 0.52 mm,
respectively. This is because the pressure load in the impeller
increased with the decrease of flow rate, indicating that the pres-
sure load has a major influence on the deformation distribution of
the impeller. The maximum deformation of the impeller occurs on
the side of the front cover plate near the outlet of the impeller. And
the maximum rotational deformation area of the impeller changes
periodically and alternately, and the deformation at the hub is
minimal, which is the result of the pressure load in the impeller as
well as the centrifugal force.

3.3.2. Dynamic stress analysis at blade inlet and outlet
From the analysis of the overall distribution of stress and

deformation in the previous section, it is found that the inlet and
outlet edge of the impeller is prone to large stress concentration
and large deformation, which may threaten the safety of the rotor
parts. Further in-depth analysis of these typical locations is con-
ducted below to monitor and extract the data of the blade inlet and
outlet edges. As shown in Fig. 14, three points, Bi1, Bi2 and Bi3 are
set in the direction of the front cover plate to the rear cover plate at
the blade inlet side. Six monitoring points, Bop1, Bop2, Bop3, Bos1,
Bos2, and Bos3 are respectively set on the pressure surface and
suction surface of the blade outlet to the rear cover plate direction.
Sp1, Sp2 and Sp3 are respectively set on the front cover plate of the
impeller and the working face of the blade.

Fig. 15 shows the dynamic stress change law of the blade inlet
and outlet edge in the last two laps of 9 monitoring points under
the condition of 1.0Qd flow respectively, where T represents the
time taken for the impeller to rotate one turn. As can be seen from
Fig. 15(a), the dynamic stress constraints of Bi1 and Bi3 at the
monitoring points near the front and rear cover plates at the blade
inlet are larger than that at the observation points due to without
stress release, while the dynamic stress of Bi2 at the midpoint of
blade is small. The dynamic stress of each monitoring point

fluctuates periodically as time goes. The variation range of Bi3 near
the rear cover plate is the greatest, and its peak value is 6~8 times
that of the other two points. In addition to the small waveform
changes, the large waveform changes are also presented with time.
High amplitude dynamic stress point of blade is one of the main
causes of crack and structure failure. In the structural design,
attention should be paid to avoid structural fatigue failure and crack
growth caused by long running.

Dynamic stress at the blade outlet is shown in Fig. 15(b). Bop and
Bos represent the pressure surface and suction surface of blade
outlet respectively. As can be seen from Fig. 15(a), the dynamic
stress of the monitoring point on the edge of the outlet also fluc-
tuates periodically with time progress, and the periodicity is more
obvious. On the whole, the dynamic stress of the outlet side is
greater than that of the inlet side, which is caused by the high outlet
pressure. The mean value of the dynamic stress on the pressure
surface and the suction surface changes alternately from the front
cover plate to the back cover plate. When it is close to the front
cover plate, the stress of Bos1 on the suction surface is relatively
large, and when it is transited to the joint with the rear cover plate,
the monitoring point Bop3 on the changing pressure surface is
relatively large, this law is also reflected in the partial enlarged
drawing in Fig. 12. The pressure load of the flow field at the outlet
edge is complex, and the local dynamic stress can be focused here.

The maximum dynamic stress of upper rotor parts is extracted
at each time step in the calculation process at the three flow
operating points of 0.6Qd, 1.0Qd and 1.4Qd. Fig. 16 shows the
maximum dynamic stress variation when the rotor turns around in
each flow condition. The variation trend of dynamic stress is the
same under different flow conditions, and the overall dynamic
stress increases with the decrease of flow rate, that is, it increases
with the increase of pressure load in the impeller. With the rotation
of the impeller, themaximum dynamic stress of the rotor fluctuates
with the change of angle, with obvious periodicity. There are a total
of 11 peaks and troughs in the rotation of the impeller, the same
number of blades as guide vane. Fig. 17 shows the frequency
domain diagram of themaximum dynamic stress of the rotor under
flow conditions of 0.6Qd, 1.0Qd and 1.4Qd, respectively, after rapid
Fourier changes (FFT). The rotation speed of the reactor coolant
pump model is n¼1480r/min, the number of impeller and guide
vane is Z¼5 and Z¼11, respectively, and the rotor frequency is
calculated as 24.67 Hz, the impeller vane frequency as 123.33 Hz,
and the guide vane frequency as 271.33 Hz. It can be seen from the
Fig. that under different flow conditions, the maximum dynamic
stress of the rotor is mostly low-frequency pulsation, and the main
frequency under each flow condition is 271.33 Hz, which is equal to
the blade frequency of the guide vane. Its amplitude increases as
the flow rate increases. The above shows that the pressure load
plays a dominant role in the factors affecting the dynamic stress
change of the rotor, and the transient stress value changes alter-
nately under the influence of the rotor and guide vane rotor-stator
interaction effects.

Fig. 13. Overall distribution of displacement and deformation under different flow conditions (t¼0.24334s).

Fig. 14. Location of typical monitoring points in the blade.
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4. Finding and discussion

In this paper, the internal flow field and rotor structure field of
AP1000 reactor coolant pump under steady state condition are
solved based on bidirectional fluid-solid coupling method,
analyzing the influence of fluid-solid coupling on the internal and
external characteristics at different flow rates and themodal shapes
of the rotor with or without prestress, and revealing the stress and
deformation law of the impeller.

When calculating the vibration frequency of the rotor parts, it

is of certain reference significance to directly calculate the natural
frequency of the rotor parts without prestress. The deformation in
the first 6 order and 10th order modals mainly occurs in the
impeller and upper idler, while the deformation in the 6th to 9th
order modal mainly occurs in the area below the idler. The 1th,
2th, 8th and 9th modal are the oscillating formations along the X-
axis and Y-axis, the 3rd, 4th, 7th and 10th order modal are the
stretching formations outward radially, and the 5th and 6th
modes are the second-order bending vibrations. The stress con-
centration of the reactor coolant pump impeller under the mainly
working conditions mainly occurs at the junction of the front
cover plate and blade outlet, which is mainly caused by the
discontinuity of the structure in this region and its sharp struc-
tural features. High amplitude dynamic stress point of blade is one
of the main causes of crack and structure failure. Among the fac-
tors that affect the dynamic stress of rotor parts, the pressure load
is dominant.

5. Conclusion

(1) Prestress will affect the stiffness of the rotor structure, thus
affecting its modal shape. Centrifugal force, gravity and
coupled water pressure will have some effects on the rotor
mode. Compared with the free vibration state, the first 10
order modes of the rotor decreased after considering the
prestress. After the modal analysis of the rotor, the structure
of the rotor is determined to be reasonable.

(2) Compared with the unsteady calculation of the pure liquid
phase, the average head of the reactor coolant pump with
bidirectional fluid-solid coupling decreases to a certain
extent. And the results are closer to the experimental values,
which will have a certain impact on the external character-
istics of the reactor coolant pump and the static pressure and
velocity in the internal flow field. The coupling is closer to
the real situation, which verifies the reliability of the
coupling results.

(3) The stress and deformation of rotor parts are mainly
distributed on impeller and idler under various flow condi-
tions. Stress concentration mainly occurs at the junction of
front cover plate and blade outlet. The dynamic stress of each
monitoring point fluctuates periodically with time progress,
among which Bi3 near the rear cover plate changes the most,
and its peak value is 6~8 times that of the other two points.
High amplitude dynamic stress point of blade is one of the
main causes of crack and structure failure. Among the factors
that affect the dynamic stress of rotor parts, the pressure load
is dominant.

Fig. 15. Dynamic stress at each monitoring point at the inlet and outlet of the blade.

Fig. 16. Maximum dynamic stress change of rotor under different flow conditions.

Fig. 17. Maximum dynamic stress frequency domain under different flow conditions.
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