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a b s t r a c t

Single-orifice plate is wildly utilized in the piping system of the nuclear power plant to throttle and
depressurize the fluid of the pipeline. The cavitation induced by the single-orifice plate may cause some
serious vibration of the pipeline. This study aims to find the optimal designs of the single-orifice plates
that may have weak cavitation possibilities. For this purpose, a new single-orifice plate with a
convergent-flat-divergent hole was modeled, a multi-objective optimization method was proposed to
optimize the shape of a single-orifice plate, while computational fluid dynamics method was adopted to
obtain the fluid physical quantities. The reciprocal cavitation number and the developmental integral
were treated as cavitation indexes (e.g., objectives for the optimization algorithm). Two non-dominant
designs ultimately achieved illustrated obvious reduction in the cavitation indexes at a Reynolds num-
ber Re ¼ 1 � 105 defined based on fluid velocity. Besides, the sensitivity analysis and temperature effects
were also performed. The results indicated that the convergent angle of the single-orifice plate domi-
nants the cavitation behavior globally. The optimal designs of single-orifice plates result in lower
downstream jet areas and lower upstream pressure. For a constant Reynolds number, the higher tem-
perature of liquid water, the easier it is to undergo cavitation. Whereas there is a diametric phenomenon
for a constant fluid velocity. Moreover, the regression models were carried out to establish the mathe-
matical relation between temperature and cavitation indexes.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

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

The single-orifice plate (SOP) has been extensively encountered
in the piping system of nuclear power plant [1,2]. One of the main
functions of SOP is the throttling effect, reducing the coolant flow
and the circuit pressure in pipelines [3]. 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 pres-
sure of SOPs, can be used to characterize the capability of pressure
reduction [4,5]. A theoretical study was presented by Gan et al. to
investigate the effects of the Reynolds number and geometrical
parameters, such as orifice-pipe diameter ratio and orifice
thickness-to pipe diameter ratio, on the pressure loss coefficient
[6]. Some experiments were carried out by Malavasi et al. to study
the dependence of the pressure losses respect to the geometrical
by Elsevier Korea LLC. This is an
and flow parameters [7]. According to the numerical results of
computational fluid dynamics (CFD), Shaaban [8] found that the
pressure loss coefficient is sensitive to the convergent angle of the
orifice plate. When the convergent and divergent angle is 50� and
7� at Re ¼ 3.5 � 10�4, respectively, the minimum value of the
pressure loss coefficient can be obtained. Several numerical simu-
lations using the realizable k-ε 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 [9]. Using the standard k-ε
turbulence model, the effectiveness of an orifice system in pro-
ducing pressure drops was investigated by Kim et al. [10]. The
numerical results indicate that there is no strong effect of the orifice
internal on the total pressure drop.

However, it should be noted that only using the pressure loss
coefficient is not sufficient to comprehensively evaluate the phys-
ical properties of the flow field, since the regional flow character-
istics are ignored. In practice, the pressure variations in the flow
field may include potential phase transition referred to cavitation
[11,12]. As a common and inevitable hydrodynamic phenomenon,
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cavitation occurs in nearly all hydraulic machineries such as hy-
drofoil, centrifugal pump and turbine [13,14] as well as pipe with
SOP. Cavitation is a process including vaporization, bubble forma-
tion and collapse when the partial pressure reduces below the
saturation pressure. With the advent of cavitation, some potential
problems composing of noise, pressure undulation, structure vi-
bration and even erosion on structure surface may be triggered
[15]. Accordingly, it is indispensable to control the cavitation degree
and get insight into the cavitation mechanism. Regarding the low-
pressure regions as one of the indexes of cavitation intensity, Cappa
et al. [16] found that the greater thickness of SOP, the more volume
of cavities produced. Li et al. [17] 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 have a significantly influence on the
cavity size, while the throat length has a little effect on both flow
rate and cavitation intensity. Tang et al. [18] conducted the cavi-
tation optimization of SOP based on genetic algorithm and bi-
directional evolutionary structural optimization method, the min-
imum pressure in the flow field was treated as the partial objective
of fluid. Simpson et al. [19] discussed the hydrodynamic cavitation
in various orifice designs over a wealth of working conditions, and
the key parameters, such as orifice thickness ratio and hole
sharpness, were explored quantitatively.

Although some valuable conclusions about the flow character-
istics of SOP have been addressed according to the forgoing liter-
ature, the effects of geometric parameters of SOP on cavitation are
not clear enough. Besides, it is difficult to build a mathematical
optimization model of SOP using the minimum cavitation number
or visual cavitation range to predict the cavitation. In the present
study, the influence of new SOP shape parameters on the cavitation
of fluid media was investigated by using CFD commercial codes. A
multi-objective morphological optimization of SOP was carried out
based on the neighborhood 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 flow field
can be acquired by solving the incompressible Reynolds averaged
Navier-Stokes equation, as follows:

r
Du
Dt

¼ �V $ pþmV $ ðVuÞ þ rf (1)

Where r is the fluid density, u is the fluid velocity, V$ p represents
the pressure applied to a unit volume fluid, m is dynamic viscosity, f
represents the mass force applied to a unit mass fluid.

Erdal and Andersson [20] stated the advantages of using stan-
dard k-ε model to simulate the flow composing of orifice. Accord-
ingly, in the present study, the standard k-ε model together with
standard wall function are employed to approximate the turbulent
flow in the boundary layer. We emphasize that the pressure drop in
pipe flow with orifice plate is mainly contributed by the hindrance
effect, which indicates that our concerned pressure distribution
and cavitation may be not markedly sensitive to turbulence model.
Despite the higher accuracy predicting flow separation in terms of
SST k-u turbulencemodel, the standard k-εmodel is still introduced
into our simulation. For instance, the standard k-ε model has been
successfully utilized by J. A. B. Filho et al. [21], Manish et al. [22] and
Kumar et al. [23] to perform numerical calculations of flow through
orifice plate, and delivered sufficiently acceptable results.
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The turbulence kinetic energy k and turbulence kinetic energy
dissipation rate ε are computed numerically by the following
formula:

v

vt
ðrkÞþV $ ðrkuÞ¼V $

��
mþ mt

sk

�
V $ k

�
þGk þGb � rε� YM

(2)

v
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ðrεÞþV $ ðrεuÞ¼V $

��
mþmt

sε

�
V $ ε

�
þC1ε

ε

k
ðGkþ C3εGbÞ

� C2εr
ε
2

k
(3)

In these equations, Gk and Gb represent the production of tur-
bulence kinetic energy due to the average velocity gradients and
buoyancy, respectively, YM is the contribution of the fluctuating
dilatation, sk and s

ε
are the turbulent Prandtl numbers, C1ε, C2ε, and

C3ε, are constants. The eddy viscosity, mt, is calculated as follow:

mt ¼ rCm
k2

ε

(4)

Where Cm is constant. The Standard k-ε model constants have the
default values described in Ref. [24].

The standard k-ε model is critical to the value of y þ since the
regions close to the wall are modeled logarithmically as follow:

uþ ¼1
k
lnðyþÞ þ R (5)

where uþ is the near-wall velocity, k is the Von Karman constant
and R is the log layer constant. The non-dimensional distance y
þ can be evaluated by:

yþ ¼ rDyut
m

(6)

ut¼
�tu
r

�1
2 (7)

Where Dy is the first layer grid height, ut is the friction velocity, tu
is the wall shear stress.

For an internal flow, whether the turbulence rises or not, is
distinguished by Reynolds number based on fluid velocity, which
can be expressed as:

Re¼ rVD
m

(8)

where D denotes the characteristics scale (namely, inner diameter
of pipeline in this research), V refers to the fluid velocity.

The turbulence conditions at pipe inlet and outlet are estimated
as:

k¼3
2
ðVIÞ2 (9)

ε¼ k
3
2

I
(10)

In the above equations, V is the fluid velocity and I is the tur-
bulence intensity. The relationship between I and Re can be
expressed as:



Fig. 1. The diagram of the analysis process.
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I¼0:16Re�
1
8 (11)

2.2. Cavitation intensity and loss coefficient

The potential of cavitation inside the pipe devices is character-
ized by a dimensionless number, identified as cavitation number
(Cv), which can be expressed as:

Cv ¼ p� pv
1
2 rV

2
(12)

where p is the centerline absolute pressure, pv is the saturated
vapor pressure of the fluid at operating temperature, V is the flow
speed. With the decreasing of the value of Cv, the probability of
cavitation increases monotonously. The minimum value of cavita-
tion number, Cvmin, is a momentous evaluation index. Obviously,
the tendencies of cavitation number and cavitation degree are not
accordant. Thus, we supplant cavitation number by a reciprocal
form to keep the same tendencies compulsively. In addition, the
cavitation degree of whole flow field cannot be predicted only by a
reciprocal cavitation number. To fully represent the cavitation state
accurately, the cavitation scope should be considered.

According to Equation (12), Cv 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:

Ic ¼
ðLu

0

C�1
v ðxÞ x

D
dx (13)

where the integral upper Lu corresponds to the downstream pres-
sure 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. This
pressure change is depicted by the loss coefficient K:

K ¼pu � pd
1
2 rV

2
m

(14)

Where pu, pd are the centerline absolute pressure at two sections,
respectively, Vm is the mean velocity.

3. Parameter and optimization algorithm

The analysis process is shown in Fig. 1. There are three steps,
which are numerical calculation, data process, and optimization. In
the first step, based on the parametric geometry model, the auto-
matic meshing is carried out, and the finite volume solver is used to
obtain the physical quantities such as the pressure, 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 the general profile and three-dimensional ge-
ometry of SOP is shown in Fig. 2. The SOP is inserted into the pipe
seam, the separated pipes are connected by a flange with fastening
bolts. The present study proposes a universal geometry with a
convergent-flat-divergent hole. The inner diameter of the pipeline
is Dp, the total thickness of SOP is ts, the diameter of the hole is Df,
the thickness of the flat edge is tf, the angle between convergent
and divergent and flat edges are a and b, respectively. It should be
1837
noted that the flat edge is always located in the middle of SOP. The
SOP geometry is parameterized as follows:

8>><
>>:

l0 ¼ Df

.
Dp

l1 ¼ tf
.
ts

l2 ¼ a=p
l3 ¼ b=p

(15)

In the present study, Dp, Df and ts are treated as constants ac-
cording to the actual engineering constraints. Hence, various
shapes of SOP are delivered via attaching diverse li (i ¼ 1, 2, 3). The
values of li are listed in Table 1.

For CFD codes or software, it can be regarded as a system with
"inputs-outputs". In the present work, the inputs are li (i ¼ 1, 2, 3),
and the outputs are Cr ¼ C�1

v maxand Ic. Neighborhood Cultivation
Genetic Algorithm (NCGA) is adopted for a global optimization,
which is a multi-objective exploratory methodology [25]. For this
technique, each objective is treated dividedly and a Pareto front is
constructed by selecting feasible non-dominated designs. The
calculation process of NCGA is stated as follows:



Table 1
Scope of feature parameters.

Parameter Scope Mean value Origin value

l0 0.6 0.6 0.6
l1 0.2e0.8 0.5 0.5
l2 0.1e0.4 0.25 0
l3 0.1e0.4 0.25 0

Steps

1: Initialization. Create an original population P0 withN size, set generation
g ¼ 0. Calculate the fitness values of individuals in P0. Assign P0 to A0

(archive).
2: g ¼ gþ1, Pg ¼ Ag-1.
3: Sorting. Rank the individuals of Pg according to the value of the chosen

objective. The chosen objective varies with the generation. If there are
two objectives, the chosen objective in the first generation is the first
objects, the second objective is chosen when g ¼ 2. In turn, the first
objective is chosen again when g ¼ 3.

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

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

6: Assembly. Gather the child groups generated in Step 5 to form a new Pg.
7: Selection operation. Assemble Pg and Ag-1 to form 2 N individuals. The

environment selection is carried out for reducing the number of
individuals to N. 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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The mathematical model of our optimization problem can be
described as:

min Cr

min Ic

s:t:

8>><
>>:

0:2 � l1 � 0:8

0:1 � l2 � 0:4

0:1 � l3 � 0:4

(16)
4. Validation

To obtain the cavitation state of a pipeline with SOP, a calcula-
tion of the Computational Fluid Dynamics (CFD) was presented.
CFD is an appropriatemethod for this complicated flowdistribution
and ANSYS validated commercial CFD analysis programwas used in
this calculation. All calculations were carried out at temperature
Ts ¼ 300 K. At the standard atmospheric pressure (approximately
101.325 kPa) condition, the density of the incompressible water is
998 kg/m3, the viscosity is 0.001 Pa s, the saturated vapor pressure
is 3.54 kPa. ANSYS ICEM CFD was used to discrete the fluid domain,
and the high-quality full quadrilateral structured grid was ob-
tained. Before the calculation of CFD, a mesh independence analysis
and a model validation was conducted, respectively.
Fig. 2. (a) Diagram of SOP, (b) th
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4.1. Mesh independence analysis

The boundaries specified in numerical modeling are illustrated
in Fig. 3. The inlet subjects to velocity inlet boundary condition
while the no-slip and insulation conditions are endowed at a pipe
and SOP walls. The outlet is assumed as a pressure outlet condition
with zero pressure. To investigate the effect on the numerical ac-
curacy, a mesh independence study was conducted in the test case
with li ¼ [0.407, 0.5, 0, 0]. Alternatively, Dp and ts are equal to
12.3 mm and 2 mm, respectively. The upstream and downstream
length of pipelinewere both set to 20Dp. The test case was executed
for water flow with an inlet velocity of 0.75 m/s. The mesh inde-
pendence research was carried out by adjusting the radial and axial
grid numbers. Three different numbers of grid elements, involving
8400, 18000 and 31200 elements, were chosen and evaluated for
the SOP flow field. The detailed information of the three different
grids was listed in Table 2. It is notable that the mesh quality and
dimensionless yþ directly influence the accuracy of simulation re-
sults, which deserves sufficient cares. In all cases, we adjust the
mesh in the vicinity of wall boundary to meet the requirement of
turbulence model, namely, 30<yþ<100.

As seen in Fig. 4, the pressure and velocity distributions on the
axis were extracted and merged. It is obvious that with the
increasing of the grid density, the pressure distribution curves tend
to coincide. In other words, when the grid density is higher than the
middle case, the influence of the grid on the simulation results can
be neglected. Thus, the middle meshing strategy was chosen
because it required less calculation time and power. The mesh
detail of the middle case was illustrated in Fig. 5.
4.2. Model validation

To verify the correctness of the calculation model used in the
present study, a comparison of the centerline pressure and velocity
with the numerical results reported byMoosa et al. [26] was carried
out. In Moosa et al.’s investigation, a flow through orifice plate
under Re¼ 9200with a hole diameter of 5mm, pipe inner diameter
of 12.3 mm and orifice plate thickness of 2 mm was simulated. In
their research, the length of the upstream pipe in front of orifice
ree-dimensional geometry.



Fig. 3. Computational domain.

Table 2
Information of three sets of grids.

Radial grid number Axial grid number Grid element number

Coarse 102 93 8400
Middle 142 143 18000
Fine 182 193 31200

Fig. 5. Mesh detail of the fluid domain.
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plate is 20 times the pipe inner diameter, simultaneously, the total
length of straight pipe is 40 times the pipe inner diameter.

As shown in Fig. 6, it can be clearly seen that there are little
differences of centerline axial pressure and velocity. To be more
persuasive, the radial profiles of the axial velocity at diverse sec-
tions were summarized in Fig. 7. The trends of the profiles are
consistent, and the maximum error observed in the axial velocity is
4.3%, indicating that the present numerical model has sufficient
accuracy and reliability.

In order to further validate the model proposed in this study, a
verification work was performed in relation to an experimental
survey conducted by Ebrahimi et al. [27]. In their investigation, the
respective sizes of orifice plate are: hole diameter 6.35 mm, pipe
inner diameter 28.5 mm, thickness of orifice plate 12.7 mm. During
some certain tests, the inlet pressure p1 was kept 300 psi (namely,
2.068 MPa), and the outlet pressure p2 was varied via adjusting the
control valve to access different p2/p1 ratios. All the tests were
carried out at temperature of 48.9 �C, where the density and vis-
cosity of water were 988 kg/m3 and 5.5 � 10�4 Pas respectively.
Fig. 8 presents the flow rates obtained by our simulation and the
experimental data versus p2/p1. It is marked that great agreements
with experiments were achieved observing from the close distri-
butions of scatters. An examination of Fig. 8 indicates that the
maximum relative error in flow rate is approximately 3.8%.
Accordingly, it is evident that the proposed model is reliable and
has ability to give acceptable results.
Fig. 4. Mesh size independence test: (a) Press
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5. Results and discussion

In the present work, Dp is 180.3 mm, ts is 10.0 mm. The upstream
and downstream length of pipeline are 10Dp and 20Dp, respectively.
Re is 1 � 105, the corresponding inlet velocity and turbulence in-
tensity is 0.5546 m/s and 3.8%, respectively.

Fig. 9(a) presents the variation of each geometric parameter
during the optimization procedure. It can be seen that the value
of li fluctuates continuously with the increasing of optimization
step. As we know, it is difficult to obtain the global dominant
solution in a multi-objective optimization problem. Thus, in this
study, the Pareto solutions, containing a set of non-dominant
designs, was established for the multi-objective optimization
problem. Based on the Pareto solutions, a Pareto front was
constructed to represent the combination of entire optimal
designs.
ure distribution, (b) Velocity distribution.



Fig. 6. Comparison between reference and numerical results along the axial direction.

Fig. 7. Comparison between reference and numerical results at three cross-sections.
Cross-section 1 is 2 mm away from the origin, cross-section 2 is 12 mm away from
the origin and cross-section is 22 mm away from the origin.

Fig. 8. Comparison of flow rates by simulation and experiment.
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The distributions of the dependent variables Cr, Ic, and the
shapes of the 2 SOPswere illustrated in Fig. 9(b). The square and the
triangle symbols represent the general designs and the non-
dominant solutions, respectively, produced during the optimiza-
tion calculation process. It is important to note that the NCGA
promoted the final convergence of geometric parameters to 2 non-
dominant designs called Case 1 and Case 2. The details of these 2
optimal designs and the original design were summarized in
Table 3. It is clear that in Case 1, the value of l1 is larger than the
ones in other cases. In other words, the convergent angle of the SOP
is larger than the divergent angle in Case 1, while in Case 2 the
divergent angle of the SOP is larger than the convergent angle. The
assembly of parameters in Case 1 enhances the possibility of local
cavitation reflected by a greater Cr, while a stronger holistic cavi-
tation occurs in Case 2. For a more concrete understanding, we will
give a thorough discussion.

5.1. Sensitivity analysis

The local and global sensitivities analyses were carried out ac-
cording to the database established by the optimization process in
this section.

Fig. 10 shows the local and global sensitivities of the geometric
parameters to Cr, Ic and Lu. It can be clearly seen that the convergent
angle, l2, has a significant global impact on Cr and Ic. The global
sensitivity degree of l2 to Cr and Ic is 70.6% and 68.1%, respectively.
Moreover, the flat edge length dominates Lu globally. Combining
Fig. 10(b), (c) and Eq. (13), Lu has relative weak global influence on
the cavitation, hence the size of cavitation number mainly matters.
Cr and Ic, could be affected globally by the divergent angle and flat
edge length, but only about a quarter degree of the convergent
angle.

According to the local sensitivity analysis, it is interesting to note
that Cr is mainly determined by l2 with a local sensitivity 48.4%, the
remaining geometric parameters have about 20%e30% consider-
able impact.Whereas Ic and Lu are primarily affected by l1 when the
other parameters remain the same, the achieved local sensitivity is
above 76.0%. For Ic, the divergent angle, l3, still commands 20% of
the impact.

5.2. Features of optimal designs

Fig.11 presents the reciprocal of the cavitation number along the
axial direction. A significant diminution of local cavitation was



Fig. 9. (a) Change of geometric parameters with optimization step, (b) The distribution of sample points using NCGA.

Table 3
Results of origin and non-dominant designs.

l1 l2 l3 Lu/m Cr/10�2 Ic/10�2

Original design 0.5 0 0 3.606 3.11 6.59
Case 1 0.259 0.194 0.171 0.298 2.39 2.43
Case 2 0.216 0.177 0.203 0.321 2.36 2.50

Fig. 11. The distribution of reciprocal cavitation number.
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achieved by the multi-objective optimization compared to the
original design. The local cavitation in Case 1 is slightly stronger
than that in Case 2. Form a global perspective, the shorter pressure
recovery length of Case 1 and the lower reciprocal of the cavitation
number after the inflection point ultimately result in the weaker
holistic cavitation in Case 1.

The velocity contours of the original and optimized SOPs at
Re ¼ 1 � 105 were illustrated in Fig. 12(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 jet of the
original SOP, indicating a smaller pressure range and a lower pos-
sibility of cavitation of the optimized SOPs. Meanwhile, the sub-
ordinate high speed wakes farther downstream of SOPs are
restricted in the optimized designs.

Fig. 12(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 is clearly more intense than
the one of Case 1 and 2, which indicates that the convergence angle
effectively alleviates the high pressure area. In the meantime, the
Fig. 10. Local and global sensiti
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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 obvious
vities of li on Cr, Ic and Lu.



Fig. 12. Velocity and pressure contours of the origin and non-dominant designs.

Table 4
Physical properties of water.

T/K 300 310 320 330 340 350

pv/kPa 3.54 6.28 10.62 17.32 27.35 41.91
r/kg·m¡3 998 993 989 984 980 974
m/10¡3Pa s 1.00 0.69 0.58 0.49 0.43 0.38

Table 5
Parameters of “Holiday” regression model for fixed Re

Indexes Undetermined quantities Values R-square

Case 1 Cr a1 �4777.48 0.9989
a2 8275.27
a3 �3455.94

Ic a1 �4093.02 0.9989
a2 7051.45
a3 2917.29

Case 2 Cr a1 �4938.11 0.9988
a2 8555.71
a3 �3575.21

Ic a1 �4471.75 0.9988
a2 7738.42
a3 �3226.66
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change of the static pressure distribution farther downstream of
SOP was observed.

5.3. Influences of temperature

As we known, the saturated vapor pressure of liquid water
changes nonlinearly with respect to the temperature, T, as listed in
Table 4. In particular, the liquid temperature rises gradually with
the continuous operation of hydraulic drive. Hence the influences
of temperature on the cavitation feature should be executed here.

As shown in Fig. 13, the cavitation indexes, Cr and Ic, decrease
monotonically with the increasing of the temperature when Re is
equal to 1 � 105, which indicates that the probability of cavitation
Fig. 13. Curves of T/Ts and cavitation inde
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induced by the SOP structure is negatively correlated with tem-
peraturewhen Re is constant. In other words, assuming the value of
Re remains unchanged, the effect of the viscosity of the fluid is
much more significant for the cavitation, although the saturated
vapor pressure is larger in the high temperature condition. Besides,
xes for fixed Re, (a) Case1, (b) Case 2.



Fig. 14. Curves of T/Ts and cavitation indexes for fixed fluid velocity, (a) Case 1, (b) Case 2.

Table 6
Parameters of “Holiday” regression model for fixed fluid velocity.

Indexes Undetermined quantities Values R-square

Case 1 Cr a1 �495.17 0.9971
a2 1077.11
a3 �540.49

Ic a1 �338.98 0.9871
a2 796.06
a3 �417.05

Case 2 Cr a1 �602.87 0.9949
a2 1275.67
a3 �630.94

Ic a1 �260.76 0.9608
a2 632.03
a3 �332.53
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the downstream pressure recovery length, Lu, is rarely affected by
temperature.

Furthermore, the mathematical relationships between dimen-
sionless temperature and cavitation indexes were established. The
regressionmodel named “Holiday”was used to predict Cr and Ic, the
analytic expression is:

hðxÞ¼ 1
a1 þ a2$xþ a3$x2

(17)

where x is the dimensionless temperature, T/Ts, h represents Cr or Ic,
a1, a2 and a3 are the undetermined quantities provided in Table 5.
The goodness of fitting (R-square) of “Holiday” regression model
applied here are all above 0.99.

In the contents above, the Reynolds number was fixed as the
controlled variable. Following, the fluid velocity was fixed as the
controlled variable, the effect of temperature on cavitation was
discussed. Fig. 14 represents the changes of cavitation indexes with
dimensionless temperature when the fluid velocity is equal to
0.5546 m/s. It is important to note that the cavitation indexes are
positively related to temperature indicating that the threshold of
saturated vapor pressure could be a decisive parameter on the
cavitation when the fluid velocity is fixed.

Similarly, the “Holiday” regressionmodel was also implemented
to match the numerical relations. Table 6 summaries the values of
undetermined parameters and the model goodness of fitting.
Comparing with the scenario of fixed Re, the fitting accuracies here
are slightly lower reflected via lower R-square, but there are still
great predictive abilities.
1843
6. Conclusion

Single-orifice plate is widely applied in pipeline systems of the
nuclear power plant. This research aims at obtaining the single-
orifice plate with the lowest cavitation potential and exploring
the influences of geometric parameters and temperature on the
cavitation behavior. The reciprocal cavitation number Cr and its
integral Ic 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 Cr
and Ic is 23.2% and 63.1%, separately. For Case 2, the reduction in
Cr and Ic 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.
Whereas 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.

4. For the constant Reynolds number condition, the viscosity of the
fluid is a key parameter to determine the cavitation behavior
during the temperature change, and the values of cavitation
indexes reduce with temperature rise. For the constant fluid
velocity condition, the values of cavitation indexes increase
monotonously as the temperature increases. Both of these two
situations can be modeled well via “Holiday” mathematical
fitting scheme.
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