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Study on Hydraulic Characteristics of
Reactor Coolant Pump Shutdown
Transition Process Based on Primary
Circuit Closed System

Dong-hao Li, Yi-bin Li* Fan Zhang, Yan-lei Guo, Cong-xin Yang and Xiu-yong Wang

College of Energy and Power Engineering, Lanzhou University of Technology, Lanzhou, China

According to the structural characteristics of a steam generator and a reactor pressure
vessel, the reactor primary circuit system of HPR1000 is simplified to make the reactor
coolant pump (RCP) characteristics match the resistance characteristics of the system
pipeline, so a simplified model of reactor primary circuit closed system is formed. On this
basis, the RCP shutdown accident in a single circuit of the reactor is numerically simulated.
Results show that the pressure in the pipeline system has changed greatly compared. The
flow rate drops rapidly and decreases to 1.7 % of stable operation at 10s. The torque drops
sharply to —51.89% of stable operation, and then rises slowly to zero. The pressure at the
inlet and outlet of the impeller changes dramatically which leads to the change of blade load
and the velocity in the impeller passage decreases gradually. The pressure and velocity in
the guide vane continue to decrease.

Keywords: reactor coolant pump, reactor primary circuit closed system, shutdown, transition process,
computational fluid dynamics

INTRODUCTION

Nuclear power is a kind of efficient environmental protection energy, HPR1000 is China’s
independent third generation nuclear power technology (Long et al., 2020), and the reactor
primary system is mainly a closed energy generation and exchange system composed of reactor
pressure vessel, RCP, pressurizer, steam generator, and pipeline. It is the most basic core part of all
reactor systems. Figure 1 is a schematic diagram of the primary circuit of the reactor. Safe and stable
operation is the most important for nuclear power plants, so it is of great significance to study the
transient process of emergency shutdown of reactor primary circuit closed system. Many scholars
have done a lot of research on different transient processes of pumps. Kim et al. (2014) analyzed the
transient characteristics of pump-rising pipeline system with an air chamber using the method of
characteristics. Wang et al., (2020) studied the transient characteristic of RCP under the condition of
the rotor seizure accident by experiment. Fu et al. (2020) conducted experimental and numerical
studies of the transient characteristics during the start-up process of the axial flow pump. Lu et al.
(2019) used different models of RCP to carry out transient performance test research of RCP during
shutdown coasting transition. Zhong (2018) built the transient test system of RCP shaft sticking
accident, and calculated the transient flow of RCP shaft sticking accident by bidirectional fluid
structure coupling. Gao et al. (2013) and Su et al. (2017) studied the RCP transient performance in
primary coolant system during the start-up period and mathematically solved and elucidated the
RCP start-up mechanism. Tang et al. (2021) carried out transient three-dimensional numerical
simulation of CEFR primary circuit pump shaft sticking accident, and obtained three-dimensional

Frontiers in Energy Research | www.frontiersin.org 1

February 2022 | Volume 9 | Article 808393


http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2021.808393&domain=pdf&date_stamp=2022-02-02
https://www.frontiersin.org/articles/10.3389/fenrg.2021.808393/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.808393/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.808393/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.808393/full
http://creativecommons.org/licenses/by/4.0/
mailto:liyibin58@163.com
https://doi.org/10.3389/fenrg.2021.808393
https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2021.808393

Lietal

———— Resistance

element

Reactor

coolant pump Hot leg pipe

Transition pipe  Cold leg pipe

FIGURE 1 | HPR1000 reactor primary circuit simplification.

thermal hydraulic characteristics of key structures and
components during shaft sticking accident. Liu et al. (2009)
has carried out experimental research on the transient
hydraulic characteristics of the RCP during the shutdown and
idling process, and found that the instantaneous flow and rotation
speed of power failure rapidly decreased, the vibration of bearing
seat suddenly increases at the moment of power failure. Wu et al.
(2010) reported the transient flow of the RCP in the transient
process of rapid valve opening. Azzoune et al. (2019) took the
main pump of AP1000 reactor as the research object, studied the
transient transition process under the condition of a stuck rotor,
and carried out two-way fluid structure coupling calculation.
Sabotinov and Srivastava (2010) simulated and analyzed the large
break loss of coolant accident of VVER-1000 reactor. A large
number of researchers have also calculated and analyzed the
influence of some transient processes of pump shutdown on the
system in multi-pump system (Farhadi, 2010; Liu et al., 2021). In
the study of pump shutdown transition process, most numerical
calculations need to give boundary conditions, but in this paper,

Study on Shutdown Transition Process

TABLE 1 | Nominal parameters of the RCP

Parameters Value
Nominal flow rate coefficient, ¢, 0.289
Nominal head coefficient, v, 0.247
Nominal rotation speed, ny (r/min) 1,485
Density of medium, p (kg/m?) 745
Dynamic viscosity, p(kg/mes) 0.000745
Reference pressure, p (MPa) 15.5
Impeller blade number, Z; 4
Diffuser blade number, Zy 11

the reactor primary circuit closed system model of the RCP is
adopted, so the boundary conditions of the RCP inlet and outlet
cannot be given, and the transient process of the RCP shutdown
can be simulated more accurately.

MODEL SIMPLIFICATION

The primary circuit system of HPR1000 includes three circuits.
It is assumed that the circuit in the reactor three circuits are
independent of each other and do not affect each other, and the
probability that the RCP rotor accident occurs in the reactor
three circuit systems is extremely low, so it is assumed when a
pump shutdown accident occurs in a single circuit of the
reactor, the other two circuits are in normal operating
conditions at this time, which can simplify the reactor’s three
circuits power system to a single circuit power system. If the
pipeline performance curve is superimposed with curve of the
pump performance, the meeting point will be the operating
point of the pump for that system. The pipe resistance can be
controlled by regulating the pipe diameter of the resistance
element. The local resistance loss formula is as follows and
changing the diameter of the resistance element can change the
resistance.

Due to the complicated internal structure of the steam
generator and the reactor pressure vessel, the steam generator
in the reactor single circuit system needs to be simplified in
structure. Use CREO software to model the water body of the
RCP suction section, impeller, guide vane, and pressurized water
chamber (Li et al., 2020), the rated parameters of the main pump
are shown in Table 1. According to the structural characteristics
of large number of heat transfer tubes, small diameter, and thin
tube wall in the ZH-65 steam generator (He et al, 2021) of
HPR1000. Therefore, it is difficult to carry out numerical
simulation for all heat transfer tubes, so the heat transfer tubes
can only be simplified. Based on the equal flow cross-section
method for heat transfer tubes, the equal area of heat transfer
tubes is further simplified to three inverted U-bends. Similarly,
the cold leg pipe, heat leg pipe, transition pipe, and reactor
pressure vessel of single circuit reactor are simplified, and
resistance characteristic elements are added into the simplified
structure of inverted U-bend and reactor pressure vessel. By
adjusting the resistance values of each part and comparing
with the theoretical resistance values, it shows that the
simplification is reasonable as shown in Figure 1.
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FIGURE 2 | Grid independence verification (A) and pump mesh
generation (B).

CONDITION MATCHING OF REACTOR
PRIMARY CIRCUIT SYSTEM

According to the principle of determining the operating point of
the closed pump system, the resistance performance curve of the
reactor primary circuit pipeline can only be adjusted by
controlling the flow radius of the resistance element, so that
the reactor single circuit system can operate at the rated operating
condition. By adjusting and controlling the resistance
characteristics of the heat transfer tube and the reactor
pressure vessel, the resistance characteristics of the simplified
three inverted U-bends are in line with the resistance
characteristics of the original heat transfer tube, and the
resistance characteristics of the reactor pressure vessel are in
line with the actual situation.

Mesh Generation

Use ANSYS ICEM software to divide the water body of the pump
with high-quality hexahedral meshes and encrypt the wall meshes.
The distance between the first layer of mesh and the wall is
0.3-04 mm to meet the requirements of the turbulence model
y" = 30-300. In order to ensure the reliability of numerical
calculation and reduce the cost of the calculation, the grid
independence test is performed with the head of the RCP as a
verification index. When the number of grids reached 8.8 million,
the head of the RCP stabilized. Therefore, the total number of grids
of each flow-through component reaches 9.0305 million to meet
the requirements. Among them, the number of grid units of the
impeller is 2.7978 million, the guide vane is 2.5503 million, the
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FIGURE 3 | Experimental system (A) and hydraulic performance
comparison (B).

pressurized water chamber is 2.896 million, and the suction section
is 786,400. The grid of each part of the pump is shown in Figure 2.
Tetrahedral grids with good adaptability are used in the pipeline
system, and the total number of pipeline grids is 24.3372 million.
The total grid number of the whole system is about 33 million.

Experimental Verification of Calculation

Model and Condition Adjustment

The reliability of the numerical calculation is verified by the
external characteristic experiment of the RCP. Test the change of
RCP head and efficiency under different flow conditions, draw
the external characteristic curve. The hydraulic performance test
device included the console, motor, closed water tank, pump,
control system, and valves, as shown in Figure 3A. The
comparison between the experimental results and the steady-
state calculation results is shown in Figure 3B. The curve of
numerical calculation results and the curve of experimental
results have the same change trend, and the consistency of
each point is high under the full condition. At rated flow, the
error between the calculated head of RCP and the experimental
value is 4.0% and the error between the calculated efficiency of
RCP and the experimental value is 1.73%, the maximum error is
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FIGURE 4 | Pump performance curve and pipeline performance curve.

less than 5%. The calculation model of the RCP meets the
requirements of the engineering calculation.

If the pipeline performance curve is superimposed with the
curve of the pump performance, the meeting point will be the
operating point of the pump for that system. The pipe resistance can
be controlled by regulating the pipe diameter of the resistance
element. The local resistance loss formula is as follows and changing
the diameter of the resistance element can change the resistance.

2 2
ap = KP - kPL (1)
2 2A

In this formula, AP is the pressure drop, K is the resistance
coefficient, A is the cross-sectional area of the pipeline, and Q is
fluid volume flow rate.

As shown in Figure 4, if the resistance is too small, the position
of the pipeline performance curve 1 deviates from the rated
operating point of the pump. Currently, it is necessary to
reduce the pipe diameter. If the resistance is too large, it will
reach the position of pipeline performance curve 2. Currently, it is
necessary to increase the pipe diameter. After several
adjustments, the pipeline performance curve 3 is finally
obtained. Currently, the error of the steam generator
resistance is 3.3%, the error of the reactor pressure vessel
resistance is 2.9%, the error between the pump flow of the
closed system and that of the rated condition is 0.998%, the
error between the pump head of the closed system and that of the
rated condition is 3.76%. The error of the two methods is small,
which meets the requirements of overall simplification.

NUMERICAL SIMULATION OF TRANSITION
PROCESS

For the transient process of pump stop, according to the above
parameters, the commercial ANSYS-CFX software platform was

FIGURE 5 | Monitoring points of reactor primary circuit pipeline.

used to calculate, and the RNG k-¢ turbulence model was selected
to consider the influence of curved wall on the flow as much as
possible. The near wall area is treated by the standard wall
function. The pressure and velocity are coupled by SIMPLEC
algorithm. The second-order central difference scheme is used to
discretize the diffusion term, the second-order upwind scheme is
used to discretize the diffusion term, and the second-order
discrete scheme is used to discretize the governing equations,
which can reduce the influence of truncation error and improve
the calculation accuracy. The time step of transient calculation is
1.122 x 10, the starting time of shutdown is 0.404 s (the pump
rotates for 10 turns). Refer to the experimental data of literature
(Zhong, 2018), and the pump stop time is selected as 0.6 s. Since
the primary circuit system of RCP is a closed system, the
transition process of stopping the pump can be realized only
by changing the speed of the pump. The function of the pump
speed n changing with time is shown below, the unit is r/min, and
the transient calculation lasts for a total of 10 s.

n = 1485 (¢ < 0.404s)
n = —2475t + 2484.9(0.404s < t < 1.004s) (2)
n=0(1.004s<t<10s)

In this formula, n is rotation speed, t is time.

Eight monitoring points: PIN, REIN, REOUT, SGIN, SGOUT,
G1, G2, and POUT located in the middle of the pipeline section as
shown in Figure 5 are arranged in the primary circuit pipeline
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system of the pump to monitor the change of instantaneous
pressure with time in the pipeline system during the shutdown
transition of the pump. In the impeller passage of the pump, 6
monitoring points are arranged along the direction of fluid flow
as shown in Figure 6 which are P1, P2, and P3 in the impeller
passage, and 3 monitoring points in the guide vane passage are
P4, P5, and P6, respectively, to monitor the instantaneous
changes of pressure and velocity in the pump.

NUMERICAL SIMULATION OF TRANSITION
PROCESS

Pressure Change in Piping System

Figure 7 shows the average transient absolute pressure value at
each position of the reactor primary circuit when the RCP
operates normally. The calculation results show that the
pressure distribution in the whole closed primary system is
not uniform under the stable operation of the reactor primary
system. Because of pipeline resistance, the pressure in all parts of

16.0 . . ; ;

— PN
—— Gl
— G2
15.8 ‘ ‘ —— SGOUT
: —— SGIN
——— REOUT
—— REIN
+——— POUT [—

Absolute Pressure (MPa)

t(s)

FIGURE 8 | Absolute pressure change of pipeline monitoring points
during the transition process.

the system decreases from the outlet of RCP along the direction of
transition pipe, reactor pressure vessel, hot leg pipe, steam
generator, cold leg pipe, and RCP inlet.

Figure 8 is the absolute pressure change diagram of each
monitoring point in the pipeline system during the pump
shutdown transition process. After the start of the pump
shutdown transition process, due to the rapid stop of the
impeller hindering the fluid flow, the fluid in the pipeline
system generates pressure wave due to inertia, and strong
oscillation occurs in the pipeline system. The pressure wave
is transmitted along the direction of the transition pipe, steam
generator, and hot leg pipe, and the peak point of the transient
pressure wave gradually presents a downward trend. The
maximum peak pressure is located at the PIN monitoring
point at the inlet pipeline of the pump, and the value is
15.65MPa at the end of pump shutdown. The minimum
value is located at the POUT monitoring point at the outlet
section, and the time is also at the end of the pump stop, and the
value is 15.31 MPa.
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The pressure values at the monitoring points of PIN, G1, G2,
and SGOUT all rose rapidly to the end of the clamping shaft and
reached the peak value, and then decreased slowly. They were
close to stable around 2 s and finally reached the reference
pressure of 15.5 MPa. In addition, due to the dissipation effect
of pressure wave propagation in the pipeline, the closer to the
pump inlet, the greater the peak value, and the smaller the peak
value away from the pump inlet. The pressure values at SGIN,
REOUT, REIN, and POUT monitoring points all rapidly decrease
to the end of pump shutdown and reach the minimum value, then
slowly rise. The closer to the pump outlet, the greater the decrease
value will be, and it is close to stable around 2 s, finally reaching
the reference pressure of 15.5 MPa.

Analysis of External Characteristics of RCP
The change of flow rate and torque with time during pump
shutdown is shown in Figure 9. It can be seen from the figure that
when the pump rotation speed drops to Or/min, due to the inertia
effect of the fluid in the pipeline system, the mass flow rate does
not immediately drop to 0 m*/h, but rapidly decreases before the
time point when the rotation speed of the pump decreases to Or/
min, and then slowly decreases. The overall trend shows an
exponential function, and by 10 s, the mass flow rate decreases
to 1.7% of the stable operation. The torque decreased sharply with
the transition process of pump stopping. The torque decreases
sharply at first and becomes ONem at 0.68 s. When the pump
speed drops to Or/min, it drops to —51.89% of the stable
operation. Then it rises slowly and becomes flat at 2.2 s, close
to ONem.

Flow Analysis in Impeller Passage

Figure 10A shows the pressure change in the impeller passage
during the pump stop transition. The pressure from impeller inlet
to outlet presents obvious gradient change in the stable operation
state. As a result of rapid stop blocking of impeller flow and fluid
inertia, the transition process stopped after the start in the pump,
the impeller import part of the fluid to the impeller flow in inlet
pressure increases first and then, within the impeller outlet

outside part of the fluid to the impeller flow in inlet pressure
increases after the first decreases, and export pressure decreases
then increases first. Figure 11A shows the pressure change at the
monitoring point in the impeller passage of the pump during the
pump shutdown transition process, which is consistent with the
trend of change in Figure 10A. When the monitoring point P1
runs smoothly, the pressure value is the smallest in the
monitoring points P1, P2, and P3. In the process of pump
shutdown transition, the pressure value rises sharply to the
maximum value of 15.64 MPa and then decreases slowly. The
next monitoring point, P2, dropped sharply to 15.27 MPa and
then rose. When the pressure value of P3 is the largest in stable
operation, the pressure value drops sharply to the minimum value
of 15.19 MPa and then rises. With the process of pump shutdown
transition, the pressure values in the impeller flow passage tend to
be stable and close to the reference pressure of 15.5 MPa.

Figure 10B shows the velocity changes in the impeller during
the pump shutdown transition process. After the pump shutdown
transition process starts, the velocity in the flow passage gradually
decreases compared with the stable operation state of the pump.
Figure 11B shows the velocity changes at the monitoring points
in the impeller passage of the pump during the transition process
of pump shutdown. The velocity at P1 gently decreases during the
transition process, while the velocity at P2 and P3 gradually
decreases and is accompanied by oscillation. At 5s, the speed of
each monitoring point was close to 0 m/s.

Load Analysis of Blade

Figure 12 shows the pressure distribution on different spans of
blades along the flow direction during the pump shutdown
transition process. The variation trend of blade load along
with the transition process is relatively consistent on the span
of 0.1, 0.5, and 0.9. At 0.5 s, the pump shutdown transition
process has begun, the pressure on the pressure surface is greater
than the pressure on the suction surface, and the pressure
difference becomes smaller compared with the stable
operation. The torque is smaller than that of smooth
operation. All these make the torque relatively stable and the
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operating value smaller. Currently, the torque of the impeller to
the fluid is active. In the transition process of pump shutdown,
the pressure on the pressure surface gradually decreases, and the
pressure on the suction surface gradually increases. The pressure
on the suction surface begins to become larger than the pressure
surface, leading to the negative torque, and the torque of the fluid

on the impeller gradually becomes active. At 1 s, the pressure
difference between the suction surface and the working pressure
surface reaches the maximum, resulting in reverse peak torque.
At 1.5 s, the pressure on the suction surface is still greater than
that on the pressure surface, but less than the pressure difference
at 1 s, so the torque value is still negative, but the value decreases
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somewhat. When it reaches 2 s, the pressure of the pressure  shutdown transition process, the fluid continues to flow to the
surface is close to that of the suction surface, and the torque is  outlet of the pump because the impeller stops fast and hinders the
close to ONem. The overall trend of torque is consistent with ~ flow and the inertia of the fluid, leading to the pressure in the

Figure 9. guide vane dropping first and then rising slowly. Figure 13A
shows the change diagram of the pressure monitoring points
Flow Analysis in Guide Vane Passage during the pump stop transition process. The pressure values of

Figure 13A shows the pressure changes in the guide vane during  the monitoring points P4, P5, and P6 inside the guide vane flow
the pump stop transition process. After the start of the pump  passage all drop sharply. The pressure value of P5 point decreases
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FIGURE 14 | Change of absolute pressure (A) and velocity (B) at monitoring points in the guide vane passage during the transition process.
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most sharply, reaching 15.21 MPa. Then there is the pressure
value at P6, which drops to 15.29 MPa. The pressure value of P4
drops slightly, which is 15.38 MPa. With the progress of the
pump shutdown transition process, the final pressure values in
the guide vane passage are close to the reference pressure of
15.5 MPa and tend to be stable.

Figure 14B shows the velocity changes in guide vane passage
during the pump stop transition process. After the start of the
pump shutdown transition process, the velocity in the flow
passage first decreases, then increases, and then decreases.
Figure 14B shows the change diagram of velocity monitoring
points in guide vane passage during the pump stop transition
process. The speed of the monitoring point in the guide vane
channel increases suddenly and then decreases slowly at about 1 s.
At 5 s, the velocity of the monitoring point in the guide vane
passage is close to 0 m/s.

CONCLUSION

1) In the pump under the shutdown accident shows obvious
transient effect, the pressure near the RCP inlet in the pipeline
system increases and then decreases, and the pressure near the
RCP outlet first decreases and then increases. The maximum
pressure is at the pump inlet and the minimum pressure is at
the pump outlet.

With the process of pump shutdown, the flow rate decreases
rapidly. The torque curve first drops sharply to zero and
continues to decrease to the negative extreme when the pump
rotation speed drops to zero, finally the torque rises slowly and
then tends to zero.

During the transition process of pump shutdown, the work
capacity of the impeller decreases gradually. The pressure at
the inlet of the impeller passage first increases and then
decreases, the pressure the outlet of the impeller passage
first decreases and then increases, and the velocity in the

2)

3)
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impeller channel gradually decreases to zero. The load of the
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operation to the pressure on the suction surface is greater than
that on the pressure surface, after reaching the peak value, the
pressure difference gradually decreases to zero.

The pressure in the guide vane passage decreases rapidly at
first and then increases slowly during the transition process
of pump shutdown. When the velocity in the guide vane
channel decreases, the velocity rises suddenly when the
pump rotation speed drops to Or/min, and then continues
to drop to zero.
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NOMENCLATURE T4 torque under rated condition
1 pump speed

RCP reactor coolant pump K resistance coefficient

Q mass flow rate AP pressure drop

Qq nominal mass rate flow A cross-sectional area of the pipeline

Greek
1 efficiency

H pump head
Hg pump head under nominal rate flow
t time

T torque p density
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