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ABSTRACT

The reactor coolant pump (RCP) rotor seizure accident is defined as a short-time seizure of the RCP rotor. This
event typically leads to an abrupt flow decrease in the corresponding loop and an ensuing reactor and turbine trip.
The significant reduction of core coolant flow while the reactor is being operated at full load can have very nega-
tive consequences. This potentially dangerous event is typically characterized by a complex transient behavior in
terms of flow conditions and energy transformation, which need to be analyzed and understood. This study con-
structed transient flow and rotational speed mathematical models under various degrees of rotor seizure using the
test data collected from a dedicated transient rotor seizure test system. Then, bidirectional fluid-solid coupling
simulations were conducted to investigate the flow evolution mechanism. It is found that the influence of the
impeller structure size and transient braking acceleration on the unsteady head (H,,) is dominant in rotor seizure
accident events. Moreover, the present results also show that the rotational acceleration additional head (H,;) is
much higher than the instantaneous head (H,;,).
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Nomenclature

0, Rated flow of the test pump

H, Rated head of the test pump

n, Rated rotational speed of the test pump
T Torque

Hu Unsteady theoretical head

Hy Rotational acceleration additional head
Hy Instantaneous head

1 Introduction

There are three types of nuclear accident conditions classified during the operation of nuclear power
plants [1,2]: Type I includes abnormal water supply, minor temperature imbalances, and slight reactor
coolant flow loss, which are classified as medium-frequency accidents; Type II is classified as rare-
frequency accidents, it includes small-break loss of coolant accidents and complete loss of coolant flow in
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forced circulation, among which the small-break loss involves small breaks of primary loop and secondary
side system; Type III comprises reactor coolant pump (RCP) occurring rotor seizure or fracture, and a large-
break loss of coolant accident in the primary coolant loop [3]. Type III accidents may be triggered by system
or equipment failures due to uncontrollable natural disasters, such as severe earthquakes or tsunamis, so Type
IIT accidents are severe accidents.

This paper mainly focuses on Type III rotor seizure accident, which occurs when RCP experiences
sudden and significant resistance torque while operating at full load under its rated flow condition,
leading to rotor seizure within a short time. The transient transition process of an RCP rotor seizure
accident is crucial for assessing the operational safety of the nuclear power plant [4]. However, there is
limited literature on rotor seizure accidents and related parameter changes. When the duration of rotor
seizure is significantly shorter than that of coasting and emergency stop, the direct causes of the accident
include coupling rupture of RCP, detachment of internal rotor components, and failures in the bearing
lubrication system. After the start of the rotor seizure accident, the coolant flow rate in the primary loop
system drastically decreases, which leads to abrupt changes in pressure and an increase in temperature.
There is a potential risk of fuel rod departure from nucleate boiling (DNB) [5], which could result in dire
consequences and pose significant threats to the safety of the nuclear power system and human living
environment [6]. Therefore, it is essential to pay close attention to this issue.

Based on the safety demonstration, we mainly studied the transient hydraulic characteristics of the
fluid-solid coupling under the RCP rotor seizure accident, a transition process from a specific pump
condition to a reverse turbine condition accompanied by a very complex transient energy
transformation. In practical engineering cases, absolute single-field problems are rare, as most physical
phenomena exhibit coupled interactions. The fluid-solid coupling is a branch of mechanics that
explores the coupling between the deformation of solids under fluid flow and the influence of solid
deformation on the fluid field. It combines principles from fluid dynamics and vibration theories of
elastic structures to simulate the coupling between fluids and solids [7]. When subjected to fluid
loading, solid structures undergo displacement or deformation, affecting fluid loading and altering the
overall distribution and magnitude of the fluid field. In order to simulate the interaction between fluid
and solid, it is essential to select a suitable data transfer method for the coupling interface and coupling
solution mode [8]. In recent years, research regarding RCP fluid-solid coupling has been as follows: To
investigate the lubrication performance of tilting-pad thrust bearings during the startup process of
nuclear pumps, Li et al. [9] developed a fluid dynamic lubrication model for tilting pad thrust bearings
based on CFD method and fluid-solid coupling. Weng et al. [10] simulated the connection between the
emergency cooling system of the new reactor CAP1400 and the pressure tank using the thermo-fluid-
solid coupling method. They studied the flow, heat transfer, and structural deformation near the wall of
the pressure vessel. Cuamatzi-Melendez et al. [11] developed a fluid-solid coupling method combining
finite element and CFD to analyze the influence of water flow on the structural response of jet pump
components and to predict the damage and failure of mechanical components of the nuclear power
recirculation system.

This study constructs mathematical models for the transient flow rate and rotational speed during rotor
seizure accidents based on rotor seizure tests. These models are utilized as boundary conditions in CFD
simulations to investigate the internal flow characteristics within the pump during the transitional process
of rotor seizure accidents. Specifically, the study analyzes the transient effects of unsteady heads and the
variations in turbulent kinetic energy and vorticity within the impeller passage. These findings provide
valuable insights for further analysis of the pump’s transient characteristics under rotor seizure conditions
in reactor coolant systems.
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2 Method

The transient data acquisition of flow rate, rotational speed, and other hydraulic parameters was
performed by rotor seizure tests of different severe degrees. These parameters’ temporal evolution laws
and characteristics were analyzed during the rotor seizure process. Mathematical models describing the
transient behavior of rotor seizure were established based on the collected data and used as boundary
conditions for CFD flow-field analysis and transient analysis of fluid-solid coupling under rotor seizure
conditions.

2.1 Design of Test System

The transient rotor seizure test system consists of the test pump, a closed pipeline system, and a dynamic
measurement system, as shown in Figs. 1 and 2. The main performance parameters of the test pump are
shown in Table 1. The pressure fluctuations of monitoring points, rotational speed, torque, and flow rate
of the test pump were measured during the transient transition process of different rotor seizure degrees.
The steps and implementation process for conducting the transient rotor seizure tests are as follows:

1. Calibrated all data acquisition equipment, and the test pump was operated under rated flow conditions
until it reached a steady state.

2. After the data acquisition system and the test pump stabilized for 5 s, the excitation current magnitude
was adjusted by controlling the tension controller to obtain different torque values, resulting in
different degrees of rotor seizure. At the same time, the motor power supply was disconnected.

3. The data acquisition system was used to acquire data at high speed for the flow rate Q, rotational
speed n, torque 7, and pressure fluctuations of monitoring points until the motor stopped rotating
completely for 5~10 s. It was essential to recalibrate the data acquisition system before each test.
The same excitation current was repeated three times, and three data sets were averaged for analysis.

As shown in Table 2, this experiment was conducted with three sets of tests, with excitation currents of
0.14, 0.25, and 0.65 A, denoted as kz00, kz01, and kz(02. According to the literature [6], it can be known that
at the same time point, the test group with the more severe rotor seizure degree, its flow rate and rotational
speed is lower, exhibiting a monotonic trend. Therefore, this study selected three test groups can represent
slight, moderate, and severe degrees of rotor seizure.

Figure 1: Schematic diagram of the transient rotor seizure test system (1. Magnetic powder brake; 2. Motor;
3. Torque sensor; 4. Test pump; 5. Turbine flow sensor; 6. Water tank; 7. Water tank exhaust valve; 8.
Pipeline exhaust valve; 9. Export gate valve.)
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Figure 2: Site diagram of the transient rotor seizure test system

Table 1: The main performance parameters of the test pump

Rated rotational speed n, (r/min) Rated flow O, (m’/h) Rated head H, (m) Specific speed n;
1480 107 3.67 351

Table 2: Test serial number and information

Test number Excitation current Duration of rotor seizure
kz00 0.14 A 2.7 s
kz01 025 A 1.5s
kz02 0.65 A 0.5s

2.2 Test Data

Fig. 3 depicts the transient flow rate and rotational speed variation curves for these three test groups. The
portion before time point 0 s represents the stable operating state of the test pump, and time point 0 s marks
the start of rotor seizure, after which the test pump enters the transient transition process. The flow rate curves
approximately exhibit an exponential decline, while the rotational speed curves are nonlinear. Both of them
approximately adhere to the relationship kz00 > kz01 > kz02, which matches the test results of the literature
[6]. The severity of rotor seizure has a significant impact on rotational speed.
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Figure 3: The transient (a) flow rate and (b) rotational speed change curves in the tests
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2.3 Establishment of Mathematical Models

In order to further analyze the transient flow and coupled dynamic characteristics of the test pump at
different rotor seizure degrees, MATLAB was employed to fit the flow rate and rotational speed
variations of the three test groups. The corresponding mathematical model formulas were obtained and
utilized as boundary conditions for CFD simulation. Since the flow state was stable before the start of the
rotor seizure, the test pump was set to operate steadily at the rated operating condition for 0.1 s before
the rotor seizure. The corresponding mathematical boundary models are as follows:

O, x 997
Q<01 == o =29.633(kg/s) o
ni<o.1 = 1480 (rev/ min) 2
Case kz00:

Formula for flow Oy

Q001 =(1.107 x 1072 x £ —1.363 x 1072 x * +5.778 x 1072 x £ — 5.539 x 1072

: X 2 —0.314 x t + 1.036) x Q,<¢.1(kg/s) ©)
Formula of rotational speed n;:

Meso1 = (4.022 x 1072 x £* — 0.3211 x £ +0.9428 x £* — 1.407 x ¢ + 1.122) X n;<.1(rev/ min)  (4)
Case kz01:

Formula for flow Oy

001 =(6279 x 1074 x £ —4.712 x 1072 x * =43 x 107> x £ +0.1459 x 1072 x > — 0.586

(5)
X t+ 106) X Q,<0‘1(kg/s)
Formula of rotational speed »;:
nes0.1 = (4.044 x 1072 x £* — 0.2902 x £ + 0.8095 x #* — 1.431 x t + 1.14) X n, ¢ (rev/ min) (6)

Case kz02:

Formula for flow Oy

Ors01 =(3.672 x 107 x £ —3.653 x 1072 x £* +0.1037 x £ +2.965 x 107% x # — 0.6135

(7)
X t+ 108) X Qt<0,1(kg/s)
Formula of rotational speed n;:
nis01 = (4272 x 11 — 62.25 x £ +27.38 X £* — 5.462 x t + 1.33) X n,< 0.1 (rev/ min) ®)

2.4 Fluid-Solid Coupling

The test pump in this study is a guide vane mixed-flow pump with a ring-shaped pump body. The
coupling deformation of the test pump during simulations is small, while the structure of the test pump is
complex, and strong flow turbulence occurred within the pump after the start of the rotor seizure
accident. Therefore, to obtain more accurate simulation results, the bidirectional fluid-solid coupling
method [12] was utilized to solve the fluid field and rotor structure field inside the RCP, and the solution
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process diagram is shown in Fig. 4. The bidirectional fluid-solid coupling simulation involves transient fluid
field simulation in CFX and transient structure dynamics analysis in the transient structure module of
ANSYS Workbench. For the smooth progress of the fluid-solid coupling simulation, solving the fluid
field and the structure field, respectively, were required before solving the fluid-solid coupling simulation
to ensure a good convergence.

The time cycle
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Initial conditions

of flow field ¢
- — Solid domain Fluid domain
Solid domain finite element| %] boundary conditions boundary conditions ¥~ Fluid domain finite element
discretization \/ discretization
i i Forming a discrete form of
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.................................. Structural Node .
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Internal | . . Internal
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N Stress Node |41 R
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N
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Figure 4: The bidirectional fluid-solid coupling solution process

For the fluid domain, calculations were performed using the Reynolds-averaged Navier-Stokes (RANS)
equations and the Shear Stress Transfer (SST) turbulence model [13,14]. The RANS equations consist of the
continuity equation Eq. (9) and the momentum equation Eq. (10).

opi
o 0 ©
Opu;  Opuju; op 0 Ou;

o oy, P2 o Tag\ Moy T (10)

where u; and u; represent the velocity field in the i and j direction, m/s; p is the pressure term, Pa, which
indicates the dynamic hydraulic pressure; g is the gravitational acceleration, m/s*; u is the dynamic
viscosity, Pa-s; ¢ is time, s; and 7;; represents the Reynolds stress term, Pa; p is the density of the fluid,
kg/m’. For transient analyses, the pressure-velocity coupling scheme was set as Coupled. The spatial
discretization method was set as High Order Term Relaxation (HOTR), and the temporal discretization
method was set as the second-order Euler backward difference format [15]. Considering the operating
conditions of RCP, the inlet boundary condition was set as Total pressure, while the outlet was set as
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Mass flow. The reference pressure was 1 atm, and the wall roughness was 12.5 um. The standard wall
function was employed in the near-wall region, and the wall boundary condition was set as adiabatic no-
slip. Dynamic mesh handling was implemented, and the residual convergence target for each simulation
time step in the fluid field was set as 107°. The meshing was performed using ICEM mesh partitioning
software, as shown in Fig. 5. Hexahedral structured meshes were employed for all fluid domains. In order
to balance computational resources, an analysis of sensitivity was conducted on the time step and mesh
quantity in the simulations. Table 3 presents the mesh sensitivity analysis, where different cases with
varying mesh quantities were simulated under the rated operating conditions with the same time step size.
It can be observed that the variation in head obtained becomes less than 0.5% after the mesh quantity
reaches 3 million. Hence, Case 3 was selected. Table 4 shows the time step sensitivity analysis, where
different time step sizes were used in the simulations with the same mesh quantity under the rated
operating condition. It can be seen that the variation in both flow rate and head between time step sizes
of 0.001 and 0.0005 s is less than 1%. Therefore, a time step of 0.001 s was chosen for the simulations.

(a) Inlet section (b) Impeller (c) Guide vane (d) Volute

Figure 5: Fluid domain mesh of the overcurrent of reactor coolant pump model

Table 3: Mesh sensitivity analysis

Inlet Impeller Guide vane Volute Total Head H (m)
Case 1 261958 404262 618559 752677 2037456 3.542
Case 2 324394 496100 743138 902465 2466097 3.637
Case 3 404482 618579 926606 1125269 3074936 3.658
Case 4 458401 694334 1024092 1295800 3472627 3.664
Case 5 509871 820338 1223853 1474102 4028164 3.673

Table 4: Time step sensitivity analysis

Time step (s) Head H (m) Flow rate Q (m>/h)
0.002 s 3.353 102.42
0.001 s 3.534 105.87

0.0005 s 3.562 106.64
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For the solid domain, as shown in Fig. 6, the meshing of the impeller structure was carried out using the
mesh module in ANSYS Workbench. To ensure that the impeller and the shaft have common nodes, the
impeller and the shaft were first merged into a new combined body before mesh partitioning. According
to the Hamilton’s principle, the structural dynamics equations of the elastic body can be expressed as
follows [16]:

Mii+ Cit + Ku = F(1) (11)

where M represents the mass matrix; C denotes the damping matrix; K represents the stiffness matrix; £
represents the magnitude of the nodal forces, including centrifugal force load, gravity, and pressure; u
denotes the nodal displacement vector; u denotes the nodal velocity vector; it represents the nodal
acceleration vector. The material was set as duplex stainless steel. The transient analysis employed a
proportional damping model and involved the fluid-solid coupling interface between the impeller blades
and the front and back cover plates. The simulations considered the centrifugal acceleration generated by
the rotation of the impeller and gravitational acceleration. At the thrust bearing, fixed constraints were imposed.

Figure 6: Solid domain mesh of the rotor of reactor coolant pump model

By utilizing CEL customize function functionality, formulas from MATLAB were inputted into CFX
as the boundary conditions for flow rate and rotational speed. To ensure consistency between the transient
fluid field simulation and the transient structure dynamic analysis in terms of time step and total time, the
time step was set as 0.001 s, and the simulation total time for kz00, kz01 and kz02, were 2.8, 1.6 and 0.6 s.
The results of bidirectional fluid-solid coupling in the steady-state condition of 1.0Q were taken as the
initial condition. The joint solution of fluid-solid coupling was achieved using the arbitrary Lagrange-
Euler (ALE) method [17].

2.5 Description of Naming Rules for Fluid Domain Monitoring Points

For accurate capture of the internal flow characteristics of the flow passage under the rotor seizure
condition, several sets of monitoring points were set in the impeller, and its position distribution is
indicated in Fig. 7, named as “im(1/2/3)(p/m/s)(1/2/3/4)”. The naming rules for these monitoring points
are as follows: the naming of monitoring points is composed of four parts; the first part “im” represents
the impeller; the numbers of the second part represent that from the front cover plate to the rear cover
plate direction of three streamlines: 1, 2 and 3; the letter “p, m and s” in the third part represent the blade
pressure surface of measurement under the rated conditions, the middle position of the flow passage and
blade suction surface; the numbers 1, 2, 3 and 4 in the fourth part represent four equidistant points along
the direction of fluid flow from the impeller inlet to the impeller outlet. For example, “im1s2” refers to
the second point on the first streamline of the impeller.

3 Results and Analysis

3.1 Comparative Analysis the Results of CFD and Tests
Figs. 8-10 show the comparative analysis of the bidirectional fluid-solid coupling and corresponding
test results, all data in the figures are presented as ratios to the head or torque under rated operating
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conditions. In Figs. 810, (a) is the head comparison in the transient transition process of the rotor seizure
accident, while (b) is the torque comparison; the mark “test” represents the test result, and the mark “fsi”
represents the simulation result.

Figure 7: Position of the monitoring points in the impeller fluid domain
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Figure 8: Comparison between fluid-solid coupling simulation results and test results of kz00
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Figure 9: Comparison between fluid-solid coupling simulation results and test results of kz01
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Figure 10: Comparison between fluid-solid coupling simulation results and test results of kz02

In £z00, for the head curves, except for the simulated values in [0.4 s, 1.1 5] are slightly smaller than test
values, the maximum deviation is 9.5%, and the other parts of two curves exhibit high consistency; for the
torque curves, the simulated values in [1.7 s, 2.7 s] are slightly smaller than test values, the maximum
deviation is 6.7%. In kz01, for the head curves, the significant deviation occurs in [0.1 s, 0.3 5], and the
maximum deviation is 9.6%; for the torque curves, the significant deviation occurs in [0.9 s, 1.5 5], and
the maximum deviation is 7.1%. In kz02, the overall trend of the curves is consistent, but the deviation
shows a noticeable increase due to the severe degree of rotor seizure and significant fluctuation of test
data. For the head curves, the more significant deviations appear in [0 s, 0.1 s] and [0.4 s, 0.5 s], while
for the torque, the more significant deviations appear in [0.38 s, 0.5 s].

In summary, the head curves show more significant deviations in the early and middle stages of the rotor
seizure process for the three sets of comparative data. The torque curves exhibit more significant deviations,
mainly in the later stages. The overall trend of the time-dependent variations of the head and torque obtained
from fluid-solid coupling simulations is in good agreement with test results, demonstrating a high level of
consistency. The maximum deviations of the transient torque and head simulated are within the
acceptable range. This phenomenon demonstrates the accuracy of the mathematical models for flow rate
and rotational speed constructed in MATLAB, used as boundary conditions. It confirms the high
reliability of the bidirectional fluid-solid coupling simulation results.

3.2 Rotor Seizure Transient Model under Different Rotor Seizure Degrees

After the fluid-solid coupling, the transient models of kz00, kz01, and kz02 under different rotor seizure
degrees were obtained, as shown in Fig. 11. The time point O represents the start of the rotor seizure, from
which the test pump enters the rotor seizure transient transition process. Moreover, characteristic curves
representing the temporal variations of rotational speed nf, flow rate Q,, torque 7, and head H under
different rotor seizure conditions were obtained.

By comparing three sets of data, it can be observed that, after entering the rotor seizure transient
transition process, the rotational speed nt, flow rate Q,, torque 7, and head H of kz00, kz01 and kz02 all
exhibit nonlinear decreases until the rotational speed nt reaches zero. Particularly, torque 7 and head H
continue to decrease beyond zero until reaching negative extremum values. Additionally, kz00 shows a
tendency for the torque 7 and head H to approach a steady state in the latter half of the condition.

3.3 Transient Effect Analysis of Unsteady Head during the Transient Transition Process
In the RCP rotor seizure accident, the substantial transient acceleration of the rotor is the primary
phenomenon during the transient transition process. At the same time, the flow rate, rotational speed and
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torque also rapidly vary with time. RCP is entirely out of steady-state operational condition, and the Euler
equation is no longer applicable, and the rotor’s braking and coolant’s accelerations significantly impact the
pump performance. In this unsteady transition process, the transient head of RCP at a specific moment is the
sum of the steady-state head and the unsteady head in the corresponding transient condition, and the general
equation of the impeller rotor during the transient process is as follows [18]:

@ gpdP @ g pd
pgO; T dt  pgO, dt

where Hy, is the total theoretical head, m; H is the theoretical head of steady-state, m; H,, is the theoretical
unsteady head, m; p is the density of the coolant, kg/m3 ; w is instantaneous angle, rad/s; Q, is instantaneous
flow, m’/s; Q; is the rotational inertia constant of the fluid in the impeller region; Q,, is the flow inertia
constant of the fluid in the impeller region; ¢ is the time, s; D is the nominal diameter of the impeller, m.

1
Hy, =H,+H, = g (uzvuz — ulvul) + (12)
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Figure 11: Transient model of (a) kz00 (b) kz01 (c) kz02 rotor seizure accident

The unsteady theoretical head H,, includes two parts: the rotational acceleration additional head H,,;, and
the instantaneous head H,,, caused by the acceleration of the coolant within the system pipeline, as follows:

H,=H, —Hp, (13)
( o ) sdw
ul — 7 -
pgO: Tdt (14)
d
Hy = -2 0,09
\ pgO: dt
TP b 4
Y =25 (Dyb2 = Dyby)
o 5 15
0, — p D, D (15)
\ 8 \Y,tan B, y, tanf

where D, and D, are the ratios between the diameter of the intermediate streamline in the impeller at the inlet
and outlet position and the nominal diameter of the impeller D; b, and b, are the ratios between the cross-
section width of the intermediate streamline in the impeller at the inlet and outlet positions and the nominal
diameter D of the impeller; v, w», f1, B> are the displacement coefficient of water flow in the middle of the
pump impeller and the blade angle at the outlet.

The combination of Egs. (12) and (13) indicates that the size of the impeller and the transient braking
acceleration of the rotor play a leading role in the unsteady head of the pump in the rotor seizure accident. The
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influence of the impeller size on its unsteady head is more evident than the transient braking acceleration of
the rotor. Therefore, when designing the hydraulic and structural aspects of the impeller, it is advisable to
minimize the size while satisfying the design conditions, which can help alleviate the variation of the
unsteady head during the transient transition process caused by accidents, enhancing the safety of the
equipment and the primary loop system.

The following is a calculation and analysis of the unsteady theoretical head in the rotor seizure process of
the transient model of kz(2. After eliminating the influence of efficiency factors on the results during
operation, the effects of rotor braking acceleration and inertia flow acceleration within the impeller on the
transient head during the transient process are preliminary analyzed. Fig. 12 shows the time evolution
diagram of the flow rate and rotational speed of test kz02. The time point O represents the start of the
rotor seizure accident, and the accident ends at 0.5 s, which means the rotor seizure lasts 0.5 s. The figure
shows that the flow rate and rotational speed decrease over time; the rotational speed completely changes
to zero at 0.5 s, and the flow rate decreases from 4.968 to 3.672 m’/s. Moreover, the rate of change in
rotational speed is much greater than that of flow rate throughout the process.
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Figure 12: Time evolution of flow rate and rotational speed under the rotor seizure accident

Fig. 13 shows the time evolution curves of the rotational acceleration additional head H,; and the
instantaneous head H,, obtained from the characteristic change curve of flow rate and rotational speed
and the calculation of hydraulic structure parameters of the RCP impeller. Among these, the negative
value represents the opposite direction when the head is in a steady state at the rated operating condition.
Fig. 13 shows that the main component of the unsteady head H, is H,;, which contributes significantly
more than H,,. This is because, apart from the structural parameters of the impeller, H,; is primarily

d
determined by the angular acceleration 7(;), while H,, is primarily determined by the flow rate

acceleration %, and there is a significant difference between the two accelerations. The variation curve

of H,, is parabolic, with its absolute value increasing first and then decreasing, with the extremum
occurring at 0.24 5. On the other hand, the change in H,; over time during the transient process follows a
cubic polynomial function with two extremum points. In the early stage of the transient process, H,,;
decreases with the decrease in rotor rotational speed and angular acceleration. However, at about 0.1 s,
despite the continuous decrease in rotational speed, the significant increase in angular acceleration leads
to an increase in the absolute value of H,;; it continues until around 0.32 s, when the decrease in
rotational speed becomes much smaller than the decrease in flow rate, H,; reaches a critical value.
Subsequently, in the later stage of the transient process, the absolute value of H,; gradually decreases
until the end of the rotor seizure, where its absolute value becomes zero.
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Figure 13: Time evolution of H,,; and H,, under the rotor seizure accident

Fig. 13 only depicts the variations of H,,; and H,,, in the transient process of the rotor seizure accident. In
fact, the flow rate and transient head characteristics throughout the entire rotor seizure process are not only
related to the structural parameters of the impeller but also closely linked to the characteristics of the primary
loop pipeline system. In order to gain a more accurate and detailed understanding of the variations in unstable
parameters during the rotor seizure process, it will be necessary for subsequent studies to consider the
characteristics of the pipeline system in conjunction with the impeller’s parameters.

3.4 Transient Effect Analysis of the Flow during the Transient Transition Process
This section selected the transient model of kz02, which is the most severe degree of rotor seizure, and
the transient turbulent kinetic energy, vorticity and pressure of each monitoring point were analyzed.

3.4.1 Analysis of Transient Turbulent Kinetic Energy and Vorticity inside the Pump

Turbulent kinetic energy is the most common physical quantity used to describe the degree of fluid
turbulence pulsation. It can be used to measure the fluid viscous dissipation loss and the range of
pulsation diffusion [19]. Fig. 14a is the transient turbulent kinetic energy change diagram of the
monitoring points at the inlet of the impeller. The turbulent kinetic energy on the inlet edge is stable from
the early stage to the middle stage of the transition process, and it can be found that at the monitoring
points near the wall, imIpl, imlsi, im3pl and im3sl have more significant turbulent kinetic energy than
at the monitoring points located in the intermediate streamline, im2p/ and im2si. With the advance of the
rotor seizure accident, the turbulent kinetic energy begins to change after 0.25 s, and the turbulent kinetic
energy on the front and rear cover plate increases at the beginning and then decreases, that is, the curve
posts a maximal value; the im3pl and im3sl extreme values near the rare cover plate appear earlier than
imlpl and imIpl near the front cover plate. It is indicated that the rare cover plate transmits turbulence
perturbation along the inlet side of the front cover plate.
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Figure 14: Transient (a) turbulent kinetic energy and (b) vorticity change of impeller inlet edge
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In the analysis of fluid turbulent flow, vorticity is evidenced as an essential parameter in the study of the
fluid field, and its analysis is a crucial tool to fully understand the intensity and development of the vortex
motion in the transient process of the rotor seizure [20]. Fig. 14b shows the transient vorticity variations at
each monitoring point on the impeller inlet’s pressure and suction surface of the impeller inlet. In the early
stage of the transient process, the fluid vorticity at the inlet edge of the impeller is smaller and decreases with
time, indicating that the overall fluid movement trend is minimally affected. Due to the inertia of the fluid, it
continues to flow in its original state to a large extent, resulting in a relatively stable overall flow. In the later
stage of the transient process, the vorticity at the monitoring points on the suction surface exhibits an overall
decreasing trend while the variation amplitude increases. The vorticity at the monitoring points imlipl,
im2pl, and im3p1 on the pressure surface of the blade inlet sharply increases and reaches 3 to 6 times the
steady-state operating conditions at 0.5 s. The flow state inside the pump was found to change
subversively, and the RCP made the rotor turn positively under the action of the negative head with a
positive flow rate while the energy from the coolant was absorbed. The flow in the pump was found to be
extremely disorderly, and the disturbance was found to be intense.

Fig. 15 illustrates the variations of transient turbulent kinetic energy and transient vorticity within the
impeller flow passage. By comparing Figs. 15a and 15b, it can be observed that the transient turbulence
kinetic energy and vorticity show some similarities in their variations; before 0.42 s, the transient turbulent
kinetic energy and vorticity decrease slowly, and the transient turbulent kinetic energy is small and
basically stable within 0.1 m*/s%, and the turbulence intensity is observed to gradually increase from inlet
to outlet along the intermediate streamline (im2ml < im2m2 < im2m3 < im2m4). Part of the reason was
verified that the impeller outlet is close to the guide blade inlet side, and the flow process was affected by
the rotor-stator interference of the impeller and guide blade. After 0.42 s, the other monitoring points’
transient vorticity and turbulent kinetic energy increased sharply except im2pl, which is far from the outlet
edge. Because the energy supply speed of the impeller was far behind the energy carried by the inertial
flow in the system pipeline and had fully entered the reverse pump condition, the impeller was no longer
able to perform positive work on the fluid, and the pressure on the working surface of the impeller was
lower than that on the back of the impeller, which generated a liquid loss rate with a large number of
vortexes and secondary flows on the working face of the impeller, spreading rapidly into the flow passage.
The monitoring point im2m4, located near the impeller outlet, experienced significant development due to
the large initial pressure difference. While im2ml was less affected due to its distance from the outlet and
smaller initial pressure difference, the vorticity and turbulence kinetic energy decreased as a trend.
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Figure 15: Transient (a) turbulent kinetic energy and (b) vorticity change in impeller passage

Fig. 16 illustrates the change curves of transient turbulent kinetic energy and transient vorticity at the
outlet edge of the impeller. The turbulent kinetic energy on the suction surface was minimally affected,
and its value decreased gradually as the flow rate decreased. In the later stage of the transient process,
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due to the change of work capacity of the impeller, the blade pressure surface was in the area of vortex
generation, development and enhancement, leading to the turbulent kinetic energy rising sharply,
indicating that the flow in the pump was volatile. The comparison between Figs. 14a and 16a show that
the turbulent intensity at the outlet edge of the impeller is much larger than that at the inlet edge and is
dozens of times higher. While the vortex value is exactly contrary, as shown in Figs. 14b and 16b. The
vorticity values at the impeller inlet edge are several times higher than at the outlet edge. The reasons for
this phenomenon are as follows: as the development of the rotor seizure accident, the flow rate and the
rotational speed decreased rapidly while the decreasing rate of the rotational speed was greater, and as the
rotor seizure accident entered the III phase to a certain moment, the actual transient flow rate in the
system became greater than the pump characteristic flow rate at that rotational speed, which can be
understood as the pump operating under high flow rate conditions at that rotational speed. According to
the velocity triangle, the blade inlet edge was subjected to a negative impact angle, resulting in flow
separation between the fluid flow and the pressure surface of the blade inlet; this led to the generation of
vortices within this region, causing a sharp increase in vorticity at the inlet edge that intensifies with the
progression of the rotor seizure accident. It should be noted that the monitoring point closer to the hub
had the highest vorticity, followed by the intermediate streamline, and the monitoring point closer to the
front cover plate had the lowest vorticity; this was due to the smaller radius at the hub side and the larger
radius at the front cover plate side. Vortices formed near the hub side but weakened as they developed
towards the front cover plate due to the influence of centrifugal and Coriolis forces. In addition, after the
vortex formed from near the hub side of the blade inlet side, it gradually diffused to the outlet edge.
However, due to the space distortion constraint of the impeller blade on the fluid, the rotational speed of
the fluid micro-cluster was consistent with the flow rate of the impeller, thus suppressing the development
of vortices. As a result, vortices formed near the impeller inlet and gradually dissipated in intensity as
they progressed towards the outlet.
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Figure 16: Transient (a) turbulent kinetic energy and (b) change of impeller outlet edge

3.4.2 Transient Pressure Change inside the Pump

Fig. 17a is the transient pressure variation of the impeller inlet edge, and the static pressure values on the
pressure surface of the blade inlet are higher than those on the suction surface in the early stage of the
transient process. With the development of the rotor seizure accident, the flow rate and rotational speed
gradually decrease, reducing the impeller pressure surface static pressure, and the pressure values of
imlpl, im2pl and im3pl finally tend to be close. Meanwhile, due to the insufficient vacuum at the
impeller inlet, the pressure of imlsl, im2sl and im3sl on the suction surface exhibits a trend of initially
increasing and then decreasing. After 0.3 s, the pressure difference between the pressure surface and the
suction surface of the blade inlet gradually widens. In the later stage of the transient process [0.4 s, 0.5 s],
the pressure values of the monitoring points imlipl, im2pl and im3pl alternate. The reason for this
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alternating phenomenon is the significant change in flow characteristics during the later stage of the transient
process, resulting in increasingly insufficient flow and, localized impacts and secondary backflow.
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Figure 17: Transient pressure change of (a) impeller inlet edge (b) impeller passage and (c) impeller outlet
edge

Fig. 17b is the transient pressure variation in the impeller passage. Before the rotor seizure accident,
there should be a noticeable pressure gradient from the inlet to the outlet of the impeller passage. As a
result of the impeller’s output of coolant energy, the pressure of the monitoring points in the flow passage
increases gradually from the inlet to the outlet (im2ml to im2m4). However, after the rotor seizure
accident occurrence, as the power output of the impeller to the coolant decreased, and the instantaneous
flow rate and rotational speed decreased, the transient pressures at monitoring points im2m2, im2m3 and
im2m4 gradually decreased with time, resulting in a gradual reduction in the pressure gradient. As for
point im2m1, which is close to the impeller inlet, the coolant at this location was less influenced by the
rotor seizure incident due to the weaker constraint from the blades, resulting in a transient pressure that
basically remains stable at the same value. The pressure difference between the pressure surface and
suction surface on the outlet edge gradually decreased, with the transient pressure values equaling around
0.36 s. Subsequently, the pressure on the suction surface surpasses that on the pressure surface, resulting
in a state in which the impeller absorbs energy from the coolant at the outlet, causing the impeller to
perform negative work.

Fig. 17c¢ is the transient pressure variation of the impeller outlet edge, and It can be observed that the
pressure at each monitoring point decreases with time in a pulsating manner, and the transient pressure
variations on the outlet edge exhibit more regular patterns compared to those on the inlet edge. The
pressure curves of the three monitoring points on the pressure surface overlap, and the same applies to
the three monitoring points on the suction surface. Before the rotor seizure accident, the pressure on the
outlet edge’s pressure surface should be significantly greater than that on the suction surface; this
indicates that the blades were performing positive work on the coolant, transferring energy from the



FDMP, 2024 17

impeller to the coolant. By comparing with Figs. 17a and 17c, it is found that the time point at which
the pressure surfaces and suction surfaces reach equality at the inlet edge occurs at around 0.3 s, while
the occurrence of the pressure equality point on the outlet edge lags.

4 Conclusion

This paper studied the transient internal flow characteristics of the RCP at rotor seizure conditions based
on bidirectional fluid-solid coupling. The internal flow evolution mechanism during the transition process of
rotor seizure accident was investigated. Moreover, the primary results of the transient analysis of the structure
field of the RCP were established.

(1) The bidirectional fluid-solid coupling simulation obtained the transient models of the rotor seizure
accident under three different rotor seizure degrees. The head and torque simulating results were
compared with test data, showing good agreement between the curves within an acceptable margin of
error. It demonstrates the accuracy of the boundary conditions, the tested transient flow rate, and
rotational speed and validates the reliability of the coupled simulation results for rotor seizure.

(2) The transient effect of the unsteady head in the process of the rotor seizure accident was analyzed. It
was found that the size of the impeller and the rotor braking acceleration play a leading role in the unsteady
head. Moreover, a small size is suggested as far as possible on the premise of satisfying the design conditions
in the hydraulic and structural design of the impeller to alleviate unsteady head changes in the transient
process of RCP caused by accident and enhance the safety of equipment and primary loop system.

(3) In the transient process of the rotor seizure accident, the unsteady head H, involves the rotational
acceleration of additional head H,,; and instantaneous head H,, caused by the acceleration of the coolant
within the system pipeline. H,,; is much more significant in the transient process of rotor seizure than
H,,, and H,,, is a parabolic function curve. Two extreme points in H,; appeared along with the evolution
of the rotor seizure time, which generally follows a cubic polynomial function.

(4) During the transient process of the RCP rotor seizure accident, there is a drastic change in the
turbulent kinetic energy and vorticity at the impeller inlet and outlet, resulting in a disruptive internal
flow state. Furthermore, the fluid field pressure in the vicinity of the blade inlet and outlet was verified to
be very different.
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