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Abstract: Three-way control combiner valves (TCCVs) are critical components used in nuclear power plants to regulate the
concentration of boron acid for neutron absorption and reactor safety. However, current TCCV designs often suffer from
suboptimal control performance and high flow resistance, leading to control deviations and reduced operational efficiency. In
this paper, a numerical model based on the standard K—w turbulence model is established and validated against experimental
data to analyze the flow characteristics and local flow resistance of a TCCV. A parametric design method for the throttling
windows is proposed, establishing relationships between shape parameters and performance indexes, including control performance
and flow resistance. The adaptive non-dominated sorting genetic algorithm (ANSGA-II) is used to optimize the shape parameters
of the throttling windows. The optimization results show an improvement in the performance indexes of the TCCV, with the
adjustable operating range increasing by 31.0% and the maximum local resistance decreasing by 18.3%. We also introduce the
concepts of effective and controllable domains to characterize the inlet backflow phenomena and regulation dead zones, which
are crucial for ensuring the reliability and effectiveness of control valves. These findings provide insights for enhancing the
design and performance of TCCVs in nuclear power plants.
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1 Introduction

The demand for clean energy has been increas-
ing globally in recent years (Haneklaus et al., 2023).
Therefore, nuclear power is gaining importance due
to its low CO, emissions (Mallapaty, 2020). Nuclear
power plants are essential for meeting this demand
while reducing the carbon footprint of energy produc-
tion (Guo et al., 2024). In nuclear power plants, pre-
cise control of boron acid concentration is vital for
managing neutron absorption and ensuring reactor
safety and stability. Boron acid acts as a neutron poison
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(Rajesh et al., 2024), and its concentration directly
affects the reactor. The three-way control combiner
valve (TCCV) plays a vital role in regulating the boron
acid concentration by controlling the intersection flow
of the boron acid and water. The control performance
of TCCVs is essential for preventing both excessive
and insufficient reactivity.

Recently, with the rapid development of industry
and computer technology, computational fluid dynam-
ics (CFD) has been widely used to study the flow
fields inside valves (Qian et al., 2020; Singh et al.,
2020; Lin et al., 2021; Chen and Jin, 2023). Control
performance (Arbabi Yazdi et al., 2022; Qian et al.,
2022; Witrant et al., 2023; Guan et al., 2024) and flow
resistance (Ando et al., 2023; Cui et al., 2024) are the
key performance indexes. Therefore, numerous studies
have investigated these two indexes. Hu et al. (2024)
conducted CFD simulations to improve flow control
performance, providing 20%-30% more ventilation
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in the forward direction and 10%—15% less in the re-
verse direction than before, aiming to enhance indoor
air quality. Vasina et al. (2015) dealt with an investiga-
tion of the dynamic behavior of a three-way throttle
valve, ensuring its control performance in maintaining
constant flow despite load changes. Hopfgartner et al.
(2022) investigated a force-assisted suction valve in
hermetic reciprocating compressors, using an electro-
magnetically actuated spring to reduce flow resistance,
thereby improving reliability and reducing noise.
Hadebe et al. (2024) highlighted the effective control
performance and reduced flow resistance of a multi-
door check valve, demonstrating improvements in back-
flow prevention and pressure drop. Blasiak et al. (2021)
designed a pneumatic directional control valve using
rapid prototyping and CFD simulations, achieving high
flow rates and low flow resistance, which enables
more efficient and responsive air direction control.

To enhance the performance of a TCCV, it is nec-
essary to optimize its structure. Some scholars have
attempted to design new structures to improve the per-
formance of valves. Regression fitting and optimiza-
tion algorithms have been proven to be applicable to
the structural optimization of valves (Gui et al., 2022;
Zong et al., 2022a; Zhao et al., 2023). Filho et al.
(2023) designed a new hydraulic valve model to im-
prove control performance and reduce flow resistance
by optimizing the valve’s geometry, resulting in a de-
crease in the pressure drop coefficient and enhanced
controllability. Kang et al. (2024) optimized the lengths
of the waist and tail regions of the bottom plug in a
three-way valve, reducing the local cavitation percent-
age (POC) from 34.90% to 15.84%. Yang et al. (2023)
used a surrogate model-based optimization approach
to reduce the pressure drop and improve the control
performance of multi-way spool valves using K-
shaped notches. This optimization resulted in a 7.23%
reduction in average pressure drop and a 1.28% flow
area relative deviation. Filo et al. (2021) optimized
the geometry of the flow channels and holes inside a
check valve based on the results of a CFD simulation,
resulting in a 40% reduction in pressure loss. Zong
et al. (2022b) developed an ensemble surrogate model
to optimize steam safety valves, reducing the mini-
mum blowdown from 13.30% to 2.70%. Lisowski
et al. (2023) proposed a new three-way valve design
with two circumferentially distributed outlets. This
design maintains a required flow rate with supply

pressure only slightly above the loading pressure, sig-
nificantly reducing the energy losses. Further work
(Lisowski et al., 2024) was done to limit the maxi-
mum flow rate non-uniformity to 6.3% by optimizing
the spool geometry and spring parameters. Wang et al.
(2024) used radial basis function (RBF) neural net-
works and multi-island genetic algorithms (MIGAs)
to optimize the throat structure parameters of a hy-
draulic throttle valve, effectively reducing the valve’s
noise. Bao and Wang (2022) proposed a novel Tesla
valve with a special tapering/widening structure, dem-
onstrating a superior absolute pressure drop ratio. The
design achieved a maximum temperature difference
of 12.10 K between forward and reverse flows, en-
hancing its potential for real-time thermal manage-
ment. Brilianto et al. (2020) redesigned damping
holes to prevent the hunting phenomenon, suppress-
ing vibration and noise while maintaining the mass
flow rate.

Although numerous studies have investigated the
design and optimization of valves, they have had sev-
eral limitations. Most studies focus either on control
performance or flow resistance, but rarely both to-
gether. In addition, lots of studies concentrate on
two-way valves, which have only one inlet and one
outlet. However, recent studies have revealed spe-
cific limitations of three-way valves because of the
complexity of their channels and intersection flow.
Even when such valves are studied, the different
numbers and locations of inlets and outlets can lead
to operating conditions significantly different from
those resulting from using the TCCV described in
this paper.

To address these limitations, we propose a nu-
merical model of a TCCV used in nuclear power
plants and validate its accuracy using an experimental
platform. A calculation method for flow rate under
various operating conditions has been developed based
on the principle of intersecting flow. Furthermore,
based on this method and the analysis of the inlet
backflow phenomenon, two performance indexes for
evaluating the control performance and flow resis-
tance of TCCVs are proposed. A parametric design
method and adaptive non-dominated sorting genetic
algorithm (ANSGA-II) are used to optimize the shape
of the throttling window in the TCCV to improve the
performance indexes.



2 Methodology
2.1 Physical model and numerical method

The TCCV (Fig. 1a) has two inlets and an outlet.
There are four rectangular throttling windows on the
sleeve, distributed in the circumferential direction.
During operation, a mixture of 4375 mg/L boric acid
and water enters the valve chamber from inlet 1. De-
salted water enters from inlet 2. After the two fluids
converge in the valve chamber, the mixture with the
lower boric acid concentration flows out from the out-
let. When the valve core moves from top to bottom,
the flow rate of inlet 2 decreases, while the flow rate
of inlet 1 increases. The parameters of the TCCV are
shown in Table 1. The diameters of the outlet and the
two inlets are all 80 mm.

CFD analysis requires a discrete channel model.
Therefore, the fluid domain of the valve was dis-
cretized into grid elements (Fig. 1b). To ensure the
flow is fully developed, both the inlet and outlet chan-
nels were extended.

The quality of the grid is vital for the accuracy
of the numerical result. We used the grid convergence
index to evaluate the mesh quality. The grid conver-
gence index G, (i is the sequence number of the grid,

i+

and /=1, 2, 3) was calculated as follows:

F ei+l,i (1)

i+15[: sr_l ”

G

where F. is the grid refinement coefficient and is set
as 1.25; r is the grid refinement factor and is set as
1.5; e,.,, is the relative error. The acceptable limits for
both e,,, and G,.,; are set as 5%.

Inlet 1, B

Outlet, A

Sleeve

Valve body
Valve core

Inlet 2, C
(a)
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When conducting CFD simulations, water at room
temperature was used as the fluid, because in the op-
erating conditions of this study, the mass ratio of bo-
ric acid to water was below 5%. Boric acid has little
effect on the physical properties of the fluid. Mean-
while, the physical properties of water at 66 °C are not
significantly different from those at room temperature.

After calculating convergence, the convergence
accuracy 4, flow rate Q, relative error e,,, and the
grid convergence index G, were obtained (Table 2).
The maximum relative error and grid convergence in-
dex of the second grid were 3.35% and 4.22%, respec-
tively, and both were below the acceptable limit. The
second grid with mesh number N,,,=18.20x10° was
chosen for this study based on its computational effi-
ciency and accuracy.

To conduct CFD analysis, selecting a suitable
grid model is essential. Several turbulence models are
commonly used to simulate the operating conditions
of a TCCV, including the standard K—e, realizable
K—¢, standard K—w, and shear stress transport (SST)
K—w models (K, &, and w are the turbulent kinetic en-
ergy, turbulent dissipation rate, and specific dissipa-
tion rate, respectively). To identify the most suitable
turbulence model, the simulation results of four turbu-
lence models were compared with experimental re-
sults (Fig. 2). In the simulation, the pressure of inlet 1
and inlet 2 was 100 kPa. The x-axis represents the
degree of opening of the TCCV N, and the y-axis
represents the flow coefficients of B to A and C to A.
The simulation results of the standard K—w model had
the smallest average deviation from the experimental
results (4.5%), so this model was chosen for this
study.

(b)

Fig. 1 Geometry and grid of the TCCV: (a) geometry; (b) grid of fluid domain. A-A is the grid of the outlet cross-section
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Table 1 Parameters of the TCCV

Parameter Value
Inlet pressure (kPa) 90
Design temperature (°C) 66
Rated flow coefficient from B to A, C; 60
Rated flow coefficient from C to A, C.. , , 80
Caliber (mm) 80.0
Stroke (mm) 49.8
Opening response time (s) 55.00
Closing response time (s) 57.90

Table 2 Grid convergence indexes

i Ny (x10) O(kgls) 4 e, (%) G, (%)
1 5.72 2.651 1.92 - —
2 18.20 2.743 1.92 3.35 4.22
3 60.10 2.760 1.92 0.68 2.98
90 ---e--- Experiment data of B—A
80 | --+--- Standard K-w model of B—>A
"""" SST K—w model of B—A
: ---e--- Standard K-¢ model of B—A
s - Realizable K-¢ model of B—A /,
2 7 P
o >
O
% 40
© 30t
20
—— Standard K~w model of C—A
10 b —<— SST K-w model of C—A
—e— Standard K—¢ model of CHA
ok —— Realizable K-¢ model of C»A

L L L =y
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Fig. 2 Comparison between the results of the four turbulence
models and the experimental results

2.2 Mathematics method

The shape of the throttle window has a signifi-
cant impact on the performance of a TCCV, especially
its control performance and flow resistance. A para-
metric design method is proposed to optimize the shape
of the throttling window. As shown in Fig. 3a, the
length x of the throttling window in the X-direction is
while the width
of the throttling window in the Y-direction is deter-

equal to the stroke of the valve L,
mined by the function f,(x). The coordinate origin O
of the XOY coordinate system is the midpoint of the
lower boundary of the throttling window. The Y-axis
direction is the width direction of the throttling win-
dow, corresponding to the circumferential direction of
the sleeve. The X-axis direction is the length direction
of the throttling window, corresponding to the axial

- (X, Yo)=

(%6, )= i (Linaxs FulLinax))
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(@) (b)

Fig. 3 Parametric design method for throttling window:
(a) non-zero-crossing case; (b) zero-crossing case

direction of the sleeve. To prevent erosion caused by a
narrow width, the minimum length in the X-direction
was set to 1/16 of the valve stroke. As shown in
Fig. 3b, when the function £, (x) crosses the X-axis, the
area at the narrowest area is corrected. x,=0 and y,=a,
are the x-coordinate and y-coordinate of the starting
point of £.(x), respectively; x=L,.. and y.=f.(L,,) are
the x-coordinate and y-coordinate of the end point of
f.(x), respectively.

In this study, we chose the polynomial function
f.(x) as the function that determines the width of the
throttling window because the polynomial function
has flexible shapes, and there are no breakpoints or in-
finite problems. Due to limitations in computational
capacity, f;(x) was selected as a cubic polynomial.

To guide the optimization of the design of the
throttling windows, a method for calculating the inter-
section flow is proposed (Fig. 4). The pressure differ-
ence of the two inlets AP, outlet flow rate Q,, and de-
gree of opening N, correspond one-to-one.

e Q Corresponding point

N, (%)
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Fig. 4 Schematic diagram of the intersecting flow calculation
method

For any throttling window inside the TCCV, ac-
cording to the Bernoulli equation:
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where P, and P, are the pressures of inlet 1 and outlet,
respectively; p is the density of the fluid; g is the grav-
itational acceleration; a, and a, are the kinetic energy
correction factors of inlet 1 and outlet, respectively;
0, and Q, are the flow rates of the throttling window
on the side of inlet 1 and outlet, respectively; 4, is the
equivalent inlet area of the throttling window; A4, is
the throttling area on the side of inlet 1; 4, is the head
loss on the side of inlet 1. Specifically, the total flow
rate at the inlet will be unevenly allocated to the four
throttling windows. According to the principle of flow
rate allocation, the equivalent inlet area 4, can be
calculated.

The head loss %, can be calculated by the method
proposed by Guan et al. (2023). Then, outlet pressure
P, can be calculated:

a,p07  a,p0;
P,=(1- . - +P,
o= (1-&) 242 2R*A% !

)

where ¢ is the local flow resistance coefficient at the
throttling window on the inlet 1 side; R, is the equiva-
lent contraction ratio of 4, to 4,,.

Similarly, a corresponding formula holds for
inlet 2. Obviously, as TCCV has only one outlet, the
outlet pressure of the inlet 1 side is equal to the outlet
pressure of the inlet 2 side. In this study, the areas of
the two inlets were the same. Thus, the following
equation can be derived:

0, RJU+ER-R)(P,-P,)
e Rz\/(1+<‘1Rf—R?)(P2—PO)’

“)

where O, is the flow rate of the inlet 2; R, is the equiv-
alent contraction ratio of 4, to 4,, and A4, is the throt-
tling area on the side of inlet 2; &, is the local flow re-
sistance coefficient at the throttling window on the
inlet 2 side; P, is the pressure of inlet 2.

Therefore, the flow rates of the upper and lower
sides of the throttling window, which are separated by
the valve core, exhibit a ratio determined by the de-
gree of opening and the pressure difference at the two
inlets. When the TCCV is in operation, the outlet flow
rate O, of the throttling window is:
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0,=0,+0,, (5)
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R /P,—P, = Y 5
VRI-2R}+1 in

Thus, when any two out of the three parameters
(AP, Q,, and N)) are known, the value of the third pa-
rameter can be obtained from Eq. (6). In specific cal-
culations, we use AP and N, to obtain .. When the O,
values of the four throttling windows are known, the
flow rates of inlet 1 and inlet 2 (Q, and Q,) can be
gained from Eq. (4).

6
0, |p ©

2.3 Experimental platform

To obtain the flow characteristics of the TCCV
and validate the numerical model, we conducted flow
testing experiments on the valve. The experimental
platform is shown in Fig. 5. In addition to the TCCV
under test, the experimental platform components in-
clude a buffer tank, a surge tank, a manual ball valve,
a pressure relief valve (PRV), a manual globe valve,
pressure gauges, piping and pipe supports, and an
electronic display screen.

Fig. 5 Experimental platform

The inlets of the TCCV were connected to a
surge tank, which ensured the stability of the inlet
pressure. The flow rate was regulated through a manual
control valve on the outlet pipeline. In the experi-
ment, the degree of opening of the TCCV was adjusted,
and the pressures and flow rates in each branch were
measured at different degrees of valve opening. Then,
the flow coefficient was calculated.
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2.4 Fitting and optimization

The ANSGA-II used in this study is based on the
regression fitting shown in Fig. 6. The overall process
includes initial population generation, crossover and
mutation iteration, quadratic regression fitting, and
output of the optimal solution.

First, to conduct the genetic algorithm, we use
quadratic regression fitting to establish the relation-
ship between independent variables (design parame-
ters) and dependent variables (optimization objective).

For the crossover and mutation iteration part, an
initial population first needs to be randomly generated.
The initial population size was 200, and the number
of iterations was 300. The design parameters of the
initial 200 individuals were randomly generated with-
in the design space, and their fitness functions were
calculated based on the regression fit results. Then,
adaptive crossover and mutation occur in the popula-
tion to produce the next generation.

This adaptiveness means that the crossover and
mutation probability of each individual in the popula-
tion dynamically changes according to its fitness func-
tion. The crossover and mutation probabilities p, and
P., of each individual in the population are:

_ (pa—po)(fi=fue)

C 2 C > ave?
p= P St
pcl 2 f; S ave? (7)
(pml ~Pm )(fm _f;nve )
Pmi— s fm > Javes
Pn= 1 f;nax _fave
pml 2 fm < ave?

where f; and f,, are the total fitness function values of
the individual participating in crossover and mutation,
respectively; f, . is the average of all the fitness func-
tion values in this generation; f;, is the maximum of
all the fitness function values in this generation; p, =
0.8, p,=0.6, p,=0.2, and p,,=0.1 are the upper and
lower limits of crossover and mutation probabilities.

After the crossover and mutation part, the num-
ber of individuals in the population increases. At this
point, it is necessary to eliminate bad individuals from
the population for further optimization. The main pro-
cesses involved in elimination include non-dominated
sorting and crowding distance calculation.

Then, ecological ranks among individuals in the
population are established based on the Pareto princi-
ple. In non-dominated sorting, each individual in the
population is compared with every other to determine
dominance relationships and ecological ranks. When

Initial population Quadratic regression ; ’
generation fitting Iteration Optimalisolition
Iteration>200 times
Adaptive crossover —> Adaptive mutation Non-dorfunated —> i dl'stance
sorting calculation

| St i l/ _______ 1 | ol ottt e d ! i _______ 1 | SIS B 1/ _______ 1 f = RS \L _______  §

1 1 1 1 1 1 1 - 1

! Qo Ao ! ! Ao ! ! Y1<VYr2 1 1 Ci== 1

1 I I 1 I 1 1 = 1

| ay a 1 | ay 1 1 Va1V 1 | b g" < t |

1 = ar 1 1 an 1 1 l : | (boundary points) :
I 1 I I

: as azx | : as | I . I I !

: et . ) Lo | edommatesy b i)y |

' Lo Lo N B O ST0) !
1 I 1 1 I 1

1| Randomly exchange |1 1| Randomly mutatea |i 1 1 1 1

1 1

i a parameter . : parameter : ! . : :

1 I 1 1 I 1 1 1

1 ;—1—1, 1 1 l | 1 1 1 1

1

: ro L yo LRaxe [

| 8oy Aoz | | Qo1 | | 1 | 1

. - o 5 L :
1 1 1 1 1 1

1 & ax 1 1 1 1 1 1 1 1

a a a
N U [ i o L :

(L Ny e L e L

Fig. 6

Block diagram of ANSGA-IL a, and a, (i=0, 1, 2, 3) are the polynomial coefficients; a,, is the polynomial

coefficient randomly chosen for mutation; y,,, y,,, »,,, and y,, are the optimization objectives calculated by functions
obtained from quadratic regression fitting; y, (i=1, 2, ---, 200) is the individual in the population; y(i) (=1, 2, ---, n) is the
fitness function value; C, (=1, 2, ---, n) is the crowding distance; » is the number of individuals in the rank



the number of iterations is large enough, every indi-
vidual in the population has a high fitness function,
and no dominance relationship can be established
among them.

After completing non-dominated sorting, the
crowding distance of each rank needs to be calculated.
This is because individuals within each rank cannot
establish dominance relationships, making it impossi-
ble to determine which individual will be eliminated
during elimination. When calculating the crowding
distance C, individuals at the ecological rank are first
sorted according to their fitness function values, and
then C, is calculated using the following formula:

o0, i=1,
C= ‘y(lﬂ)_y(’_l) =23, -, n-1, (8)
y(1) =y (n)
0 i=n.

]

Calculating the crowding distance retains bound-
ary individuals in the iteration and eliminates concen-
trated individuals, maintaining diversity in the popula-
tion and preventing local optima. After non-dominated
sorting and crowding distance calculation, the popula-
tion undergoes elimination, leaving 200 individuals,
the same as the initial population size. These individu-
als repeat the previous crossover and mutation itera-
tion processes, cycling 300 times. Finally, in the Pare-
to front, multiple fitness functions are balanced to ob-
tain the optimal solution in the design space.

3 Results and discussion

The results are presented in three sections. Firstly,
the flow rate ratio for each throttling window was
simulated and analyzed. Subsequently, the velocity v
distribution on the symmetry plane of the flow field
within the TCCV was analyzed under different inlet
pressure conditions to investigate the backflow phe-
nomenon. Finally, ANSGA-II was applied to optimize
the shape of the throttling window to enhance the con-
trol performance of the TCCV while reducing the flow
resistance.

3.1 Flow rate ratio of throttling windows

Based on the method proposed in Section 2.2 for
calculating the intersection flow, the flow rate of the

J Zhejiang Univ-Sci A 2026 27(3):275-287 | 281

TCCV can be calculated. However, if the allocation
of flow rate for each throttling window is unknown,
the equivalent inlet area 4, and equivalent contraction
ratio R are also difficult to obtain. That means it is
necessary to conduct numerical simulations to obtain
the percentage of flow rate O, (i represents R, m1, m2,
or L) for each throttling window. The Q, values under
different degrees of opening A, obtained from simula-
tion are presented in Fig. 7. Qg is the O, of the right
throttling window, O, and Q,, are the Q, of the two
middle throttling windows, and Q, is the Q, of the left
throttling window.

Efor [am EXe- [Ja
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Fig. 7 Percentage of flow rate O, allocation under different
degrees of opening /V,

Fig. 7 shows that when the degree of opening N,
changes, the O, of the two middle throttling windows
hardly changes, with the maximum relative change
not exceeding 5%. This indicates that if the outlet flow
rate and inlet pressure remain unchanged, the flow
rate percentages of the two middle throttling windows
tend to be constant when the degree of opening N,
changes. Secondly, due to the different distances be-
tween each throttling window and the outlet pipeline,
their O, is not uniform. The Q, of the right throttling
window is the highest, and the Q, of the left throttling
window is the lowest.

Note that as A, increases, O, gradually decreases,
showing an approximately linear trend. In contrast, O,
gradually increases but also shows a linear trend.
From the perspective of flow resistance, this is be-
cause the flow resistance of the inlet 1 side channel is
greater than that of the inlet 2 side channel. When N=
50%, according to the analysis in the previous section,
due to the corner of the flow channel on the inlet 1
side, the velocity at inlet 2 is greater than that at inlet 1.
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Therefore, there are two main flow resistances for fluid
flowing from the inlet to the outlet of the throttling
windows: the inlet channel and the throttling window.
For the inlet 1 side, the flow resistance of the inlet
channel is relatively large, and the flow resistance of
the throttling window is relatively small, so the flow
distribution is more uniform. For the inlet 2 side, the
flow resistance of the inlet channel is relatively small,
and the flow resistance of the throttling window is
large, resulting in an uneven allocation of flow rate.
Therefore, when A, is small, the flow rate of the right
throttling window is much greater than that of the left
window, and when A, increases, the flow rates on both
sides begin to approach each other.

Subsequently, to obtain the equivalent contrac-
tion ratio R of each throttling window, Q, needs to be
fitted as follows:

0,=0.410-0.83N,, )
. =0.064+0.83N,, (10)
O =0 =26.3%. (11)

As the fitting error is within 2%, it can be consid-
ered that the empirical formula is accurate. Then, R
can be calculated as follows:

R“=klém (12)
Ruzkég, (13)

where R, and R,, (i represents R, m1, m2, or L) are
the equivalent contraction ratios R of the correspond-
ing throttling window on the inlet 1 side and inlet 2
side, respectively; k is the ratio of the throttling win-
dow area to the inlet area. The above equation ap-
plies only to rectangular throttling windows. For throt-
tling windows with parametric contours, & can be cal-
culated using the following equation:

2[ 1A lax
k= (14)

in

Then, R can be calculated as follows:

2 [l -2 [ s
Ry= ° . (5)

T ey
4DQ1

N L
2 7 Al ldx
R,,= : >

T
4DQ1

(16)

where D is the diameter of the two inlets.

In summary, R can be calculated using N, and Q,
and the performance indexes of the TCCV can be cal-
culated when the pressure difference of two inlets AP
is known.

3.2 Backflow analysis

When the pressure of the two inlets is unequal,
there may be inlet backflow in the TCCV. In practical
engineering applications, backflow can cause prob-
lems such as internal leakage, overpressure, and incor-
rect outlet medium concentration. Thus, this phenom-
enon needs to be analyzed and prevented. The inlet
backflow at the degree of opening of 50% is shown in
Fig. 8. The emergence and development of the inlet
backflow phenomenon can be divided into four stages.
First, when AP=0 (Fig. 8a), the velocity of inlet 2 is
larger than that of inlet 1 because of the corner on the
main channel of the inlet 1 side. Second, the pressure
at inlet 1 is 5 kPa higher than that at inlet 2 (Fig. 8b).
The velocity at inlet 2 decreases, but the overall flow
situation shows no significant changes compared with
the first stage. In the third stage, the inlet pressure dif-
ference AP in this situation is 10 kPa (Fig. 8c). The
velocity at inlet 2 further decreases, approaching 0.

Fig. 8 Inlet backflow phenomenon in the TCCV under
different pressure conditions: (a) AP=0 kPa; (b) AP=5 kPa;
(¢) AP=10 kPa; (d) AP=30 kPa



There is only one pathway inside the valve, from inlet 1
to the outlet. Finally, AP increases to 30 kPa (Fig. 8d).
The flow velocity at inlet 2 increases, but the flow di-
rection is opposite to that of the first stage. There are
two pathways inside the valve, namely from inlet 1 to
inlet 2 and to the outlet, respectively. In this situation,
the phenomenon of inlet backflow is very obvious.
The flow rate at inlet 2 is higher than that at the outlet
because when the fluid flows out from inlet 2, it does
not need to change its direction greatly.

During the operation of the TCCYV, it is neces-
sary to avoid inlet backflow as much as possible.
When inlet backflow occurs, the TCCV is unable to
control the concentration of boric acid at the outlet.
So, the TCCV is effective only when there is no inlet
backflow. Based on the analysis of the flow field, due
to the maximum resistance in the left throttling win-
dow, the backflow problem first occurs in this win-
dow. Therefore, as long as there is no backflow in the
left throttling window, it can be determined that the
valve is effective. The flow rate of the left throttling

N, (%)
100
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boundary

100

Lower
boundary

0 -2
2 + Pa)

(c)
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window can be calculated by the method for intersec-
tion flow characteristics proposed in Section 2.2. When
the calculated flow rate of any inlet is 0, there is back-
flow in the valve, and the valve is ineffective. The ef-
fective boundary is shown in Figs. 9a and 9b.

In addition to preventing backflow, the control
performance of the TCCV is also important. In this
study, we used the derivative of the inlet flow ratio
for the degree of opening N, as an index to measure
the control performance:

Kq(N1+AN1) _Kq(Nl)

N,=|lim AN, ,

N—0

(17)

where N, is the control performance index; K, is the
ratio of inlet flow rate to outlet flow rate. To ensure
that the evaluation of control performance is not af-
fected by dimensions, K, was chosen as the value for
calculating N,.

The operating condition with a control perfor-
mance index N,<0.3 is defined as an uncontrollable
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Fig. 9 Effective boundary and controllable boundary of the TCCV: (a) lower effective boundary; (b) upper effective
boundary; (c) lower controllable boundary; (d) upper controllable boundary
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condition. Under these operating conditions, the flow
rates of the two inlets change very little when N, is
changed. This means that changing the degree of open-
ing has very little effect on the concentration of the out-
let mixture, which seriously affects the valve’s ability
to control the concentration of boric acid. The control-
lable boundary is shown in Figs. 9¢ and 9d.

If a TCCV is reliable, three conditions need to
be met: (1) there should be no backflow in the valve
to ensure safety; (2) the operating condition should be
controllable to ensure the ability to control the con-
centration of boric acid; (3) the local flow resistance
of the valve must be less than the given value to en-
sure that the suction head of pumps and other equip-
ment is sufficient.

Therefore, the ratio of the boundary volume be-
tween the effective domain and the controllable do-
main was taken as the parameter to evaluate the con-
trol performance of the TCCV, and this parameter
was set as y (the adjustable operating range of the
TCCV). The maximum local flow resistance was
used as a parameter to evaluate the flow resistance
performance of the TCCYV, and this parameter was set
as d. The higher the value of y, the easier it is to satisfy
conditions (1) and (2). The lower the value of J, the
easier it is to satisfy condition (3). Thus, making y in-
crease and 0 decrease helps mitigate backflow in the
TCCV. For the valve used in this study, we calculated
that y=65.1% and 6=7.82 m. Under a given operating
condition, the flow in the TCCV is determined by its
structure. Therefore, to make y increase and ¢ de-
crease, the structure of the TCCV should be modified.
Compared to other components in the TCCV, throt-
tling windows have the greatest impact on flow. There-
fore, in the following section, we delve deeper into
optimizing the throttling windows to increase y and
decrease 0.

3.3 Throttling window optimization

Define the function f,(x) as:

£ = S 1s)

where a, (i=0, 1, 2, 3) is the polynomial coefficient,
and a;a, range in 0-6, —5x107°-5x107 -2.5x10™*~
2.5x10™, and —1.5%10°-1.5x10°°, respectively. High-
order coefficients were set to smaller ranges compared

to low-order coefficients to avoid excessive distortion
in the shape of the throttling window.

The original throttling windows had a width of
6.5 mm and a length of 74.0 mm. To ensure the throt-
tling window area remained of the same order of mag-
nitude during optimization, the coefficient ranges were
selected accordingly. In each range of values, three
points were taken at equal intervals, resulting in a
total of 81 parameter combinations. Then, the y and &
of these parameter combinations were calculated by
the method used for intersection flow characteristics.
The data obtained were used for quadratic regression
fitting after normalization. The goodness of fit R’ is
shown in Fig. 10. The color of the points in Fig. 10
shows the deviation between the points and the line.
The R’ of both performance indexes is higher than
0.8; therefore, the fitting error is acceptable.
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Fig. 10 Goodness of fit R’ of two performance indexes:
(a) y; (b) 0

A series of optimal points obtained through
ANSGA-II were connected to obtain the Pareto front
(Fig. 11). The weight coefficients of the normalized
evaluation parameters y,, and J,, were equal. The op-
timal curve is tangent to the straight line at (0.7230,
1.0754), which is the optimal result in the design space.
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Fig. 11 Pareto front of ANSGA-II

When obtaining the optimal point, the coefficients
a;—a, of the throttle window function were 3.34, 3.41x
107, -1.25x10™, and —3.65%107, respectively. Before
optimization, the adjustable operating range was y=
65.1%, and the maximum local flow resistance was 0=
7.82 m. After optimization, the adjustable operating
range was y=85.3%, and the maximum local resis-
tance was 0=6.39 m. Therefore, we conclude that the
adjustable operating range increased by 31.0%, and
the maximum local resistance decreased by 18.3%.
The flow ratio on the inlet 1 side K, and on the inlet
2 side K, of the TCCV after adopting the optimized
throttling window shape were compared with the re-
sults obtained before optimization (Fig. 12). The re-
sults before optimization are experimental data, and
the results after optimization are data obtained accord-
ing to the proposed calculation method. After optimi-
zation, the control dead zone of the middle degree of
opening has been eliminated (Fig. 12). As the degree
of opening increases, the flow ratio K, on the inlet 1
side and the flow ratio K, on the inlet 2 side change
approximately linearly. Therefore, we conclude that
after optimization, the comprehensive performance of
the TCCV has been improved. The problems of a lim-
ited adjustable operating range and excessive flow re-
sistance under some operating conditions have been
partially solved.

4 Conclusions

This paper addresses the issues of the subopti-
mal control performance and high flow resistance in
TCCVs used in nuclear power plants for regulating
boron acid concentration. The study involved the
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Fig. 12 Flow ratio of the TCCV before and after
optimization: (a) flow ratio on the inlet 1 side K ;; (b) flow
ratio on the inlet 2 side K,

development of an experimental platform to validate
a numerical model, a detailed theoretical analysis of
the valve’s intersection flow characteristics, and multi-
objective optimization of the shape of the throttling
window using the ANSGA-II. Based on the analysis,
we drew the following conclusions:

(1) The flow rate distribution analysis shows that
the flow rates through the left and right throttling win-
dows vary linearly with the degree of opening, while
the middle throttling windows maintain relatively con-
stant flow rate ratios. This information is crucial for
calculating the equivalent contraction ratio and as-
sessing the valve’s control performance and flow
resistance.

(2) Backflow can occur when the pressure differ-
ence between the two inlets is significant. The back-
flow phenomenon can be divided into four stages, from
no backflow to significant backflow. Defining opera-
tional boundaries ensures that the valve operates
safely and effectively, maintaining the desired boric
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acid concentration at the outlet without backflow. The
analysis of the flow field revealed that the left throt-
tling window is the first to experience backflow. There-
fore, ensuring no backflow in the left throttling win-
dow is vital for the effectiveness of the TCCV.

(3) The optimization of the shape of the throttling
window using the ANSGA-II resulted in a 31.0% in-
crease in the adjustable operating range and an 18.3%
reduction in the maximum local resistance improving
the comprehensive performance of the TCCV.

These improvements offer clear benefits for nu-
clear power operations. Better control performance
enables more precise regulation of boron acid concen-
tration, which is essential for maintaining reactor safety
and stability. This can lead to reduced downtime and
lower maintenance costs associated with valve perfor-
mance. Meanwhile, the reduction in flow resistance
helps ensure sufficient pump head, which is critical
for maintaining the stability of the system. Overall,
these enhancements can improve the operational reli-
ability of nuclear power plants, contributing to safer
and more economically viable plant operations.

This study provides an approach to enhancing the
design and performance of TCCVs. The methods and
findings offer solutions for improving the efficiency
and reliability of TCCVs in nuclear power plants. The
optimized valve design can reduce maintenance costs
and extend the operational lifespan of the equipment,
contributing to safer and more efficient plant opera-
tions. Future work should focus on validating these
findings through additional experimental testing and
exploring the impact of optimized designs on other
flow characteristics.
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