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Abstract

The single-orifice plate is extensively employed in nuclear power plant piping systems for fluid
throttling and depressurization, yet the cavitation it induces can lead to significant pipeline
vibrations. This study aims to identify optimal single-orifice plate designs with minimized
cavitation potential. A novel single-orifice plate featuring a convergent-flat-divergent hole was
modeled, and a multi-objective optimization approach was proposed to refine its shape.
Computational fluid dynamics (CFD) methods were utilized to capture fluid dynamics, with
cavitation indexes such as the reciprocal cavitation number and the developmental integral
serving as objectives for the optimization algorithm. Through this process, two non-dominant
designs were identified, showcasing considerable reductions in cavitation indexes at a
Reynolds number (Re) of 1 * 10° based on fluid velocity.

Additionally, sensitivity analyses and assessments of temperature effects were conducted.
Results underscored the significant influence of the convergent angle of the single-orifice plate
on cavitation behavior. Optimized designs demonstrated decreased downstream jet areas and
reduced upstream pressure. Temperature effects indicated higher liquid water temperatures
correlate with increased cavitation susceptibility, whereas this relationship is diametric for
constant fluid velocities. Furthermore, regression models were developed to establish
mathematical relationships between temperature and cavitation indexes.

Keywords: Single-orifice plate; Cavitation; Shape optimization; Neighborhood cultivation
genetic algorithm; Computational fluid dynamics

1. Introduction

The single-orifice plate (SOP) has been extensively encountered in the piping
system of nuclear power plants [Shan et al., 2023; Harris, 2022]. One of the main
functions of SOP is the throttling effect, reducing the coolant flow and the circuit
pressure in pipelines [Ebrahimi et al., 2021]. With an orifice plate, the fluid
pressure in the pipeline may drop sharply due to the sudden contraction of the
stream tube and then recover gradually.

The dimensionless number, pressure loss coefficient determined by the fully
developed recovery pressure and the upstream pressure of SOPs, can be used to
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characterize the capability of pressure reduction [Ai and Wu, 2024; Li et al.,
2019]. According to the numerical results of CFD, Shaaban [Shaaban, 2019] found
that the pressure loss coefficient is sensitive to the convergent angle of the orifice
plate. When the convergent and divergent angles are 50° and 7° at Re = 3.5 X 10"
4, respectively, the minimum value of the pressure loss coefficient can be obtained.
Several numerical simulations using the realizable k — ¢ viscosity model were
carried out by Araoye et al. to investigate the influences of various parameters such
as the pipe flow velocity, orifice spacing, and orifice plate diameter on the pressure
distributions [Araoye et al., 2017]. The numerical results indicate no substantial
effect of the orifice internal on the total pressure drop.

As a common and inevitable hydrodynamic phenomenon, cavitation occurs in
nearly all hydraulic machinery, such as hydrofoils, centrifugal pumps, and turbines
[Liu et al., 2019; Sun and Tan, 2020], and pipes with SOP. Cavitation is a process
that includes vaporization, bubble formation, and collapse when the partial
pressure is reduced below the saturation pressure. With the advent of cavitation,
some potential problems composing noise, pressure undulation, structure
vibration, and even erosion on the structure surface may be triggered [Liu et al.,
2019]. Accordingly, controlling the cavitation degree and getting insight into the
cavitation mechanism is indispensable. Regarding the low-pressure regions as one
of the indexes of cavitation intensity, Cappa et al. [Cappa, 2020] found that the
greater the thickness of SOP, the more volume of cavities produced. Li et al. [2017]
studied the cavitation structures and optimized the geometrical parameters of SOP by
surrogate model and global sensitivity assessment. The results indicate that the throat
and inlet diameters significantly influence the cavity size. In contrast, the throat length
has little effect on both flow rate and cavitation intensity.

A multi-objective morphological optimization of SOP based on the neighbourhood
cultivation genetic algorithm (NCGA). Two optimal designs of SOPs were obtained
in this study.

2. Mathematical model

2.1 Flow governing equations

Neglecting thermal convection, heat conduction, and compressibility, the
physical quantities in the pipeline below can be acquired by solving the incompressible
Reynolds averaged Navier-Stokes equation.

2.2 Cavitation intensity and loss coefficient

The potential of cavitation inside the pipe devices is characterized by a dimensionless
number, identified as cavitation number (C,), which can be expressed as:
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Loy (12)

Where p is the centerline absolute pressure, p, is the saturated vapor pressure of the
fluid at operating temperature, and V is the flow speed. With the decreasing value of
C,, the probability of cavitation increases monotonously. The minimum value of the
cavitation number, Cymin, 1s an influential evaluation index. According to Equation
(12), Cy varies with the downstream section position. Naturally, a dimensionless
integral value Ic, which reflects the summation of local cavitation degree, is defined,
named cavitation intensity, and normalized by the pipe inner diameter:

Ly

I, =j C,,‘l(x)%dx (13)
0
Where the integral upper L. corresponds to the downstream pressure recovery
location, it can be inferred that the value of Ic is positively related to the overall
cavitation degree. As the liquid passes through the SOP, the hydraulic pressure drops
sharply and gradually returns to the outlet pressure. The loss of coefficient K depicts
this pressure change:

Pu — Pa
K="2—"2
% 2 (14)

Where p., pa are the centerline absolute pressure at two sections, respectively, Vi, is
the mean velocity.

3. Parameter and optimization algorithm

There are three steps: numerical calculation, data process, and optimization. Inthe first
step, based on the parametric geometry model, the automatic meshing is carried out,
and the finite volume solver is used to obtain the physical quantities such as the
pressure and the velocity. In the second step, the cavitation indexes are extracted. In
the last step, the multi-objective optimization is implemented based on the
Neighborhood Cultivation Genetic Algorithm to receive the non-dominant solutions.

The example of SOP's general profile and three-dimensional geometry is shown in
Figure 1. The present study proposes a universal geometry with a convergent-flat-
divergent hole. The inner diameter of the pipeline is D,, the total thickness of SOP is
ts, the diameter of the hole is Dy, the thickness of the flat edge is #; the angle between
convergent and divergent and flat edges are a and b, respectively.

The present study treats Dp, Df, and ts as constants according to engineering
constraints. Neighborhood Cultivation Genetic Algorithm (NCGA) is adopted for
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global optimization, a multi-objective exploratory methodology [Watanabe et al.,
2022]. The calculation process of NCGA is stated as follows:

Steps

1. Inmitialization: Create an original population Py with N size, set generation
g=0. Calculate the fitness values of individuals in Po. Assign Py to Ao (archive).

2. g=gt+l, Po=Aga

3. Sorting: Rank the individuals of P, according to the value of the chosen
objective. The desired objective varies with the generation. If there are two
objectives, the chosen objective in the first generation is the first objects, and the
second is chosen when g = 2. In turn, the first objective is chosen again when g =
3.

4. Dividing: Separate Pg into two groups, which are selected from the sorted
individuals.

5. Crossover and mutation (Genetic algorithm): The crossover and mutation
operations are executed for each group. Produce two child groups and abandon the
parent groups.

6. Assembly: Gather the child groups generated in Step 5 to form a new P,.

7. Selection operation: Assemble P, and 4,1 to form 2 N individuals. The
environment selection is carried out to reduce the number of individuals to M.
Ultimately, Ag is generated.

8. Termination: Determine whether the convergence criterion (number of
generation or relative errors) is reached. If the criterion is satisfied, the process
can be finished. Otherwise, the simulation goes to Step 2.
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Figure 1. (a) Diagram of SOP, (b) three-dimensional geometry.
4. Validation

A calculation of the CFD was presented to obtain the cavitation state of a pipeline with
SOP. CFD is an appropriate method for this complicated flow distribution, and a
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validated commercial CFD analysis program was used in this calculation. All
calculations were carried out at temperature 75 =300K. At the standard atmospheric
pressure (approximately 101.325kPa) condition, the density of the incompressible
water is 998 kg/m?, the viscosity is 0.001 Pa s, and the saturated vapor pressure is
3.54kPa. ANSYS ICEM CFD was used to discrete the fluid domain, and the high-
quality entire quadrilateral structured grid was obtained. Before CFD was calculated,
a mesh independence analysisand a model validation were conducted, respectively.

The boundaries specified in numerical modeling are illustrated in Figure 2. The inlet
is subject to velocity inlet boundary conditions. In contrast, the no-slip and insulation
conditions are endowed at pipe and SOP walls. The outlet is assumed to be a pressure
outlet condition with zero pressure. The middle meshing strategy was chosen because

it required less calculation %  time and power.
Upstream length ﬂ Downstream length
(] - >
. $ Pipe no-slip wall
Applied turbulent __L, - SO plat

intensity and hydraulic | Velocity inlet S& PN Pressure outlet

diameter =™ Y o
t x Symmetric axis

Figure 2. Computational domain.
5. Results and discussion

In the present work, D, is 180.3 mm, and #, is 10.0 mm. The upstream and downstream
lengths of the pipeline are 10D, and 20D,, respectively. Re is 1 x 10°, and the
corresponding inlet velocity and turbulence intensity are 0.5546 m/s and 3.8%,
respectively.

The velocity contours of the original and optimized SOPs at Re =1x10° were illustrated
in Figure 3(a). The jet flow can be observed induced by the SOPs. The jets of the
optimized SOPs consist of smaller high-speed areas compared to the plane of the
original SOP, indicating a smaller pressure range and a lower possibility of Cavitation
of the optimized SOPs. Meanwhile, the subordinate speed wakes farther downstream
of SOPs, which are restricted in the optimized designs.

Figure 3(b) shows the static pressure distribution for the original and the optimized
SOPs at the same Reynolds number. The static pressure upstream of the original SOP
1s more intense than the one in Cases 1 and 2, which indicates that the convergence
angle effectively alleviates the high-pressure area. In the meantime, the low-pressure
regions downstream optimized SOPs are reduced significantly due to the altering of
hole geometry. Furthermore, a greater divergent angle of Case 2 reduces the low-
pressure area near the downstream boundary of SOP. Additionally, no apparent
change in the static pressure distribution downstream of SOP was observed.
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Figure 3. Velocity and pressure contours of the origin and non-dominant
designs.

6. Conclusion

The single-orifice plate is widely applied in pipeline systems of nuclear power plants.
This research aims to obtain the single- orifice plate with the lowest cavitation
potential and explore the influences of geometric parameters and temperature on
cavitation behaviour. The reciprocal cavitation number C, and its integral /. are
regarded as cavitation indexes, and the cavitation performance of a single-orifice plate
was evaluated utilizing a multi-objective optimization method (NCGA). The
conclusions of this paper can be summarized as follows:

1. Two non-dominant designs, Case 1 and 2, were extracted from the Pareto
solutions. For Case 1, the attainable reduction in C and /. is 23.2% and 63.1%,
respectively. For Case 2, the decrease in C, and /. is 24.1% and 62.1%, respectively.

2. Global sensitivity analysis showed that the convergent angle of the SOP is the
most crucial parameter on the cavitation indexes. At the same time, the flat edge length
and the divergent angle of the SOP have marginal influences on the cavitation
performance.

3. The jet areas of the two optimal morphologies of single-orifice plates are smaller
than the one of the original ones, and the upstream pressure was reduced significantly.
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