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ABSTRACT

The sleeve regulating valve is an important part of a pipeline system and is widely used in the fields of nuclear
power and thermal power. In this study, a series of numerical and experimental studies are performed to
understand the depressurized flow characteristics inside a new type of multi-layer sleeve regulating valve. In
the calculations, the standard k- turbulence model and the mixture model combined with the Zwart—Gerber—
Belamri cavitation model are used to clarify the internal flow and cavitation characteristics in the regulating
valve. With the new valve, the results show that when the valve is fully opened, the pressure drop at all levels
of the valve is comparatively average (approximately 2—-3 MPa for each level) and the fluid velocity in the
sleeves at all levels is comparatively uniform at 90 m/s—which can prevent the valve from being eroded by
highly changing fluid flow rates, and also offers ideal pressure reduction performance. To reduce the degree of
cavitation, it is recommended to adjust the outlet pressure of the valve to 0.7 MPa.

Keywords: Regulating valve; Numerical simulations; Experimental verification, Flow characteristics;
Cavitation.
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Feond  condensation coefficient
1. INTRODUCTION good performance in adjusting the flow and pressure

of the internal fluid medium, suppressing cavitation,

The regulating valve is a special kind of valve.
During the operation of such a valve, the pressure,
velocity, and temperature of the fluid medium
change, and the flow field in the valve forms a
complex flow with a high degree of turbulence. As
an important type of regulating valve, the sleeve
regulating valve is widely used in practice (Chen et
al. 2018; Qian et al. 2020; Chen and Jin 2021; Ou et
al. 2022). Its most important feature is that it has
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and reducing vibration and noise under conditions of
high pressure difference and high flow rate (Chen et
al. 2017).

In the past few decades, several researchers have
carried out numerical simulation studies on the
internal flow characteristics of fluid in valves and
other channels (Coskun and Pehlivan 2021; Geng et
al. 2021; Xavier and Ortiz 2021; Shahsavar et al.
2022). Ma et al. (2020) performed a transient
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numerical simulation of the interior flow field in a
ball valve for various flow speeds. Siddigi et al.
(2022) focused on the heat-transfer performance and
pressure-drop characteristics of ZnO/DIW-based
nanofluids (NFs) in horizontal mini tubes of different
diameters. In a two-stage sleeve regulating valve, Yu
et al. (2022) evaluated the effect of sleeve orifice
ratio on flow performance and hydrodynamic noise.
They also measured the flow-field pressure, velocity,
turbulent kinetic energy, and sound pressure levels.

In addition to using computational fluid dynamics to
carry out numerical simulations, many other scholars
conducted corresponding experiments to verify the
accuracy of numerical simulations (Asim et al. 2017;
Cui et al. 2017; Yang et al. 2017; Derakhshan et al.
2019; Zawawi et al. 2022). Zhang et al. (2022)
proposed a bionic valve core structure based on Bio-
TRIZ, they explored the distribution of the pressure
field, velocity field, and the cavitation field in a
regulating valve, by experiment and simulation
methods. In relief valves with an unconfined poppet,
Yi et al. (2015) looked at the interactions between

poppet vibration properties and cavitation. Zeng et al.

(2015) conducted an experimental study on the
internal flow characteristic of a control valve and the
phenomena of sound mutation.

In sum, most researchers have used numerical
simulations to determine the internal flow
characteristics in regulating valves. There are few
experimental studies that confirm the accuracy of
these numerical simulations. Additionally, the flow
characteristics of the multi-layer sleeve regulating
valve used in this paper are less investigated than
those in the current literature, which focus primarily
on the flow characteristics of the single-layer
regulating valve. It is difficult to predict and prevent
cavitation failure under high-risk operating
conditions owing to the lack of studies on cavitation
failure in multi-layer sleeve regulating valves,
presenting a significant challenge for the engineering
application of the regulating valve. This work
examines the internal flow characteristics of a multi-
layer sleeve regulating valve as used in nuclear
power. A novel experimental investigation has been
conducted to determine the internal flow
characteristics within the valve flow channel. The
cavitation failure in a multi-layer sleeve regulating
valve at different opening degrees is also researched.

2. APPLICATION BACKGROUND
AND EXPERIMENT SET-UP

2.1 Application Background

The flow chart of the main water supply system of a
nuclear power plant is shown in Fig. 1. It is
composed of three feed pumps, two rows of high-
pressure heaters, and related pipes and valves. Its
main function is to provide the steam generators with
water under a certain pressure and temperature.
Water, provided by a CPS-21F water-supply
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Fig. 1. Flow chart of the main water supply
system of a nuclear power plant.

controller, enters the de-aerator to remove oxygen
and other gases, it then passes through three pumps
to be pressurized. After being pressurized, it flows
through two rows of high-pressure heaters (#6A,
#7A, #6B, and #7B) to be heated. Finally, it enters
the steam generator through the main feed-water
flow regulating valve. There is a connection door
between the start feed water and the main feed water.
The main feed water enters the steam generator via
the feed-water pipeline. A pipeline is led from the
main water supply pipe to the condenser and the
sewage tank which is used to start the initial flushing
of the main water supply system, this pipeline
section is called the long cycle.

The multi-layer sleeve regulating valve as used in a
nuclear power main water supply system is located
between the long cycle and the sewage tank (this
position is shown in the red box in Fig. 1). Its main
function is to regulate the pressure of water flowing
into the sewage tank. Considering that the main
water supply system of a nuclear power is at high
temperature and high differential pressure, cavitation
failure and other problems with the regulating valve
will inevitably occur. Therefore, it is important to
understand the internal flow characteristics of the
multi-layer sleeve regulating valve; its application
conditions are listed in Table 1.

Table 1 Working condition of the valve.

Material Water-Liquid Water—\Vapor

Temperature/ K 394.15

Density/ kg-m= | 942.2987 1.1557

Viscosity/
kg-s-m?

2.34515¢ 1.32167e

Vaporization
0.205
pressure/ MPa

Inlet pressure/
MPa

9.4

Outlet pressure/
MPa

0.11
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Fig. 2. Flow chart of the experiment.

2.2 Experimental Preparations

Figure 2 shows the design flow chart of the
experimental device for the internal depressurized
flow characteristics of the multi-layer sleeve
regulating valve. The entire device process contains
a power device, a constant temperature device, a
control device, a display device, and the multi-layer
sleeve regulating valve, forming a circulating water
channel connected by the pipeline.

The water at the outlet of the centrifugal pump flows
in two directions, one route flows back to the water
tank through the backflow regulating valve, and the
other passes through the cooler and heater, runs
through the temperature sensor and flowmeter, and
subsequently enters the valve before eventually
returning to the water tank through the outlet
regulating valve. Pressure values at selected
measuring points inside the multi-layer sleeve
regulating valve are measured by a pressure sensor.
The pressure sensor is used to monitor the pressure
signals at different positions of the flow channel, and
pressure gauges 1 and 2 are used to monitor and
adjust the pressure at the inlet and outlet of the multi-
layer sleeve regulating valve to ensure stable
operation. A recorder transforms the measurement
signals in the experiment into real-time data. The
functions of the cooler and the heater are to prevent
the centrifugal pump from over running, which will
cause the water temperature to rise and adversely
affect the experimental measurement results.

The pressure sensor used in this experiment was a
digital-display pressure sensor, which can display
measured pressure in real-time. The range of the
sensor is 0-0.60 MPa, and the measurement
accuracy is +0.1%, which meets the requirements of
the experiment of the internal depressurized flow
characteristics of the multi-layer sleeve regulating
valve.

Owing to the complex structure and extreme
application conditions of the multi-layer sleeve
regulating valve, the valve model used under actual
working conditions is costly and hard to obtain.
Because of the large number and dense distribution
of small holes at the valve seat, the experimental
multi-layer sleeve model outlet flow channels were
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Fig. 3. The 3D-printed multi-layer sleeve
regulating valve model.

simplified to meet the requirements of the
experiment, as shown at Fig. 3.

The method of 3D printing was used, with white
resin, to form the experimental model of the valve.

The white resin material used in this process has the
characteristics of high strength, good toughness, and
easy processing. It is widely used in experimental
research for closed internal flow channels, or parts
that cannot be processed by lathes, or components
which are processed with high precision, such as
bellows and centrifugal pump impellers.

To clarify the depressurization capability of each
level of sleeve inside the multi-layer sleeve
regulating valve, four data collection points were
designed at each level of the sleeve along the flow
direction of water (as shown in Fig. 3).

The valve used in this experiment can ensure the
accuracy of the internal position of the flow field
measured by the sensor. The resin material does not
affect the measured value of pressure. This meets the
requirements of strength and hardness in this
experiment. However, the resin is prone to brittle
fracture, and the installation process cannot be
subjected to large shear stress. If metal processing is
used to make a regulating valve, it will seriously
affect the sealing performance of the internal flow
channel of the valve, and it will also cause deviation
of the internal flow channel size of the valve core,
which will affect the experimental measurement
results.

2.3 Experiment Process

The flow chart of the experimental set-up is shown
in Fig. 4. First, the backflow regulating valve is
closed while the inlet regulating valve and outlet
regulating valve of the test section are fully open.
Following this, pressure gauge 2 (see Fig. 4) is kept
at 0 MPa, which represents the outlet pressure of the
valve. Finally, the inlet regulating valve is gradually
closed, so that the valve inlet pressure, shown by
pressure gauge 1, is maintained variously at 0.45
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Fig. 4. Flow chart of the experimental device

Fig. 5. Installation method of the multi-layer
sleeve regulating valve.

MPa, 0.40 MPa, and 0.35 MPa, respectively. The
whole experiment was carried out at room
temperature, and water was used as the experimental
fluid. Figure 5 shows the installation method of the
multi-layer sleeve regulating valve.

3. NUMERICAL METHODS

3.1 Mesh and Geometry Model

The multi-layer sleeve regulating valve is a new type
of regulating valve; designed by using two layers of
orifice sleeves rather the traditional single-layer
sleeve used in conventional regulating valves. The
overall structure of the valve is shown in Fig. 6. It is
mainly composed of the valve body, valve seat,
multi-layer sleeve components, valve core, valve
stem, valve cover, sealing device, and other smaller
components. Figure 7 shows the multi-layer sleeve
component of the valve core. The core is made of
three layers of sleeves with openings; each sleeve
layer is evenly distributed with 32 cylindrical
orifices. When the fluid medium flows into the
sleeve regulating valve, the unopened parts of the
multi-layer sleeves block the movement of the fluid
and reduces the pressure of the fluid medium. The
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depressurized fluid then flows from the cylindrical
orifices of the sleeve into the next sleeve for
subsequent depressurization.

ANSYS/FLUENT meshing was used to create the
computational mesh domains of the multi-layer
sleeve regulating valve (Fig. 8). When flowing
though the multi-layer sleeve, the fluid medium
passes through an inlet and outlet pipe with a length
of 500 mm, so that the flow is fully developed, and
the flow rate is steady. The meshing strategy used in
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Fig. 6. Overall structure of the valve.
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Fig. 8. Mesh of the multi-layer sleeve valve.

Table 2 Mesh specification.

Mesh Number of Outlet mass flow
cells rate (kg/s)
M1 1.47 million 97.0267
M2 2.02 million 99.6294
M3 2.85 million 101.4456
M4 3.44 million 102.9874
M5 4.17 million 103.2547

this work incorporated the use of unstructured Poly—

Hexcore meshes; the interior of the model was filled
with regular hexahedrons. To ensure that the internal
throttling passage of the multi-layer sleeve
regulating valve had sufficient mesh nodes, the valve
was divided in an encrypted way. The total number
of cells after encryption was 3.44 million.

In ANSYS, the lattice faces should be meshed using
the appropriate elements. In addition, the mesh
quality should be thoroughly verified to avoid
unrealistic meshes with excess distortion and size
changes (Algahtani et al. 2023). To determine the
appropriate number of mesh cells, test meshes of
1.47 million, 2.02 million, 2.85 million, 3.44 million,
and 4.17 million grids were selected for mesh
independence verification. The valve outlet mass
flow rates, open 100%, corresponding to the
different mesh sizes are listed in Table 2. With
increasing cell number, the outlet flow rate gradually
tends to a stable value, and there is no remarkable
difference between the calculated results for
different mesh sizes; for M4 and M5 deviation is
minimal. After comprehensively considering the
factors of calculation efficiency and calculation
accuracy, the mesh model of 3.44 million cells was
selected to calculate the internal flow characteristics
of the multi-layer sleeve regulating valve.

3.2 Turbulence Model

Because the actual flow inside the multi-sleeve
regulating valve is extremely sophisticated, we chose
the standard k-¢ turbulence model to model
turbulence, in that it is beneficial to deal with

Outlet
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turbulence for Reynolds numbers higher than 107
(Qiu et al. 2019). The turbulent kinetic energy k and
its dissipation rate ¢ are respectively given by the

following transport equations:
&jik
ox)oXi | , 1)

OXj a
9 [ p +ﬂ_t)ﬁ
OXj oe ) OXj

2
+ clgE(Gk + C3£Gb)—C2sp% +Se

g(pkp%(pkui)

+Gk + Gb — pe + Sk

g 0
—(pe)+ —(peui) =
ot OXi ’ @

where ui represents the velocity components, Gk
represents turbulence kinetic energy generation
owing to mean velocity gradients, Gp represents
turbulence Kinetic energy generation caused by
buoyancy, Ci., Cz, and Cs. are constants, ok and o
are the turbulent Prandtl numbers for k and ¢,
respectively, and Sk and Se are source terms defined
by the user.

The turbulent viscosity xt is computed using k and
¢ as follows:

k2
pr=pCu— , ?3)
&
where C, is a constant, Ci:=144, C2:=192,
Cu =009, ok= 1.0,ande= =1.3.

3.3 Multiphase Model

The mixture multiphase flow model is used in this
research. The fluid medium is regarded as a two-
phase uniform flow, in which liquid water is the main
phase and water vapor is the secondary phase. The
mixture medium is regarded as a ‘single-phase’ flow
(Echouchene et al. 2011). The continuity equation
and momentum equation are as follows (Yuan et al.
2001).

Continuity equation:

%P, pY; _

= 4
ot OXj “)
Momentum equation:
Opui N Opuiuj _ _Op N
ot OXj OXi
oui au 2 ou )| ©)
(4 + pt) ﬂ-ﬁ-ﬂ—*é‘ijﬂ
oXi OXi 3  OX
p=apv+(1-a)p (6)
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pu=opv+(1—a)wm. (M
a=fL2 @)
Py

where ui and u; represent instantaneous velocity in
the i and j directions, pv and pi represent the density
or vapor and liquid, respectively, u is the mixture
viscosity, uv is the gas phase viscosity, g is the liquid
phase viscosity, « is the gas-phase volume fraction,
f is the vapor mass fraction when i=j, and we use the
Kronecker symbol sij=1.

3.4 Cavitation Model

The bubble volume fraction, evaporation coefficient,
and condensation coefficient are the three key
parameters of the Zwart-Gerber—Belamri cavitation
model. This model examines the gas core density in
the evaporation term. It neglects bubble surface
tension, the second derivative term, and assumes that
all bubbles in the system are the same size. This
model gives satisfactory performance and numerical
stability and is adopted in this study (Xu et al. 2021).

The governing equations are given by:

(fp)+V-(fpVe)=V-(I'VR)+Re=R:,  (9)

9
ot
where fv is vapor mass fraction, Vo s vapor-phase
velocity, Re is evaporation rate, Rc is condensation

rate, and I" is the diffusion coefficient. The model
evaporation and condensation rates are as follows:

When P < Pv,
1/2
3anc(l—av)pv( 2(Pv—P

Re= Fup (L= ¥)pr(2(P—P) (10)

Re 3 P
When P> Pv,

1/2

Rc = FcondBOva (E(P;PV)J ) (11)

B \3 pl

1/3
Rs :(Lil) , (12)
l-a 4z n
1

Pv = Psat +E(0.39pk), (13)

where Psat is the saturated vapor pressure, Py is the
corrected saturated vapor pressure, onuc = 5><104,
Fvap=50, and Fcond = 0.01.
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Table 3 Key numerical calculation methods set
in FLUENT.

Parameter Condition

25%, 50%,

Valve opening
75%, 100%

Inlet pressure 9.4 MPa
Outlet pressure 0.11 MPa
Temperature 394.15K
Vaporization pressure 0.205 MPa

Turbulence model Standard k-¢

Multiphase model Mixture

Cavitation model Zwart-Gerber—Belamri

Wall No slip

Pressure—velocity
SIMPLE

coupling

3.5 Simulation Settings

In this study, ANSYS FLUENT 2021 was used to
simulate the internal flow characteristic of the
regulating valve. The incompressible two-phase flow
with liquid water as the main phase and water vapor
as the secondary phase were set as the fluid medium.
Pressure inlet and outlet values were respectively
adopted for the inlet and outlet boundary conditions.
The inlet pressure was set at 9.4 MPa and the outlet
pressure to 0.11 MPa. The full boundary conditions
are listed in Table 3.

4, RESULTS AND DISCUSSION

4.1 Experiment Results

Table 4 lists the pressure values of the numerical
simulations at each of the data collection points. The
pressure values of each of the data collection points
of the multi-layer sleeve regulating valve obtained
by the experiment are listed in Table 5.

The curves drawn from the experimental and
simulated pressure values of each of the data
collection points at different inlet pressure are shown
in Figs. 9-11. The depressurized flow characteristics
of the experiments and numerical simulations under
the three working conditions are basically the same,
and the pressure values of the sleeves at all levels
generally decrease linearly and uniformly. The
difference is that the pressure value curve of the
numerical simulation is higher than that of the
experimental measurement. The reason for this is
that supplementary flow resistance is generated
during the experimental installation of the multi-
layer sleeve regulating valve, and the inner flow
channel of the 3D printed valve was of a relatively
rough finish. The rough internal surface imparts
resistance to the flow and thus causes energy loss of
the fluid. Furthermore, the pressure calculated by the
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Table 4 Simulation results of data collection points at different inlet pressures.

450-0 KPa
Location ) ) ) ]
o Point 1 Point 2 Point 3 Point 4
Direction
Top left 355 KPa 239 KPa 183 KPa 162 KPa
Bottom left 289 KPa 238 KPa 180 KPa 122 KPa
Top right 345 KPa 237 KPa 181 KPa 162 KPa
Bottom right 346 KPa 237 KPa 180 KPa 118 KPa
400-0 KPa
Location ) ) ) ]
L Point 1 Point 2 Point 3 Point 4
Direction
Top left 315 KPa 213 KPa 163 KPa 145 KPa
Bottom left 257 KPa 212 KPa 161 KPa 109 KPa
Top right 307 KPa 212 KPa 162 KPa 144 KPa
Bottom right 308 KPa 211 KPa 161 KPa 106 KPa
350-0 KPa
Location . . ) )
o Point 1 Point 2 Point 3 Point 4
Direction
Top left 276 KPa 187 KPa 143 KPa 127 KPa
Bottom left 225 KPa 186 KPa 141 KPa 96 KPa
Top right 269 KPa 185 KPa 142 KPa 127 KPa
Bottom right 270 KPa 185 KPa 141 KPa 93 KPa
I —e— Simulation data ! | —=— Simulation data
S0k —&— Experiment data S0k —e— Experiment data
300 - . 300 - -
z Top left points | = T'op right points
2 3
‘; 250 - ; 250
B 200 - F 200
150 - I I ‘\\ . 150 F ‘\\\.
2 3 4 | ' 2 ) 1 ’ 4
(a) datz collection point (b) dara collection point
1 —— Simulation data T T —s— Simulation data
300 - —e— Experiment data S0 —e— Experiment data
n 30N 4
_ 250 Bottom lef point; R Bottom right points)
i 1 ':_' 250
R 1E
;:; Zaop E
- 150 + \ Iy
| 150 g
100 - h T \ g
. 2 ; r | > : r
(C) data collection point (d) data cu}l;:c%iun point

Fig. 9. Comparison of experimental and simulated pressure values at 450—-0 KPa. (a) Top left points, (b)
Top right points, (c) Bottom left points, and (d) Bottom right points.
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Table 5 Experimental results of data collection points at different inlet pressures.

450-0 KPa
Location . . . .
o Point 1 Point 2 Point 3 Point 4
Direction
Top left 350 KPa 221 KPa 162 KPa 136 KPa
Bottom left 276 KPa 206 KPa 154 KPa 108 KPa
Top right 332 KPa 215 KPa 160 KPa 143 KPa
Bottom right 293 KPa 212 KPa 155 KPa 101 KPa
400-0 KPa
Location . ) . .
o Point 1 Point 2 Point 3 Point 4
Direction
Top left 300 KPa 191 KPa 146 KPa 122 KPa
Bottom left 239 KPa 191 KPa 146 KPa 88 KPa
Top right 287 KPa 184 KPa 146 KPa 120 KPa
Bottom right 272 KPa 190 KPa 146 KPa 87 KPa
350-0 KPa
Location . . . .
o Point 1 Point 2 Point 3 Point 4
Direction
Top left 268 KPa 165 KPa 122 KPa 113 KPa
Bottom left 212 KPa 164 KPa 125 KPa 81 KPa
Top right 258 KPa 168 KPa 128 KPa 113 KPa
Bottom right 263 KPa 171 KPa 128 KPa 76 KPa
350 T T = 350 T T
—=— Simulation data —=— Simulation data
~—&— Experiment data| —e— Experiment data
300 300
3 Top left points | = Top right points
Z 250 1 Z 250 K
;j 200 - ._§ 200 -
150 F 150
100 . . ” 100 ! 4 !
2 3 4 1 2 3 4
(a) data collection point (b) data collection point
—#— Simulation data ! I ~—a— Simulation data
300 | —e— Experiment data. 350 - —— Experiment data
- 300 » E
= . Bottom lefi points; = Bottom right points
fg le.iu -
£200 1E
3 200}
150 1
150
100 100 |
| 2 3 4 | 2 : 3
(C) data collection point (d) data collection point

Fig. 10. Comparison of experimental and simulated pressure values at 400—0 KPa. (a) Top left points,

(b) Top right points, (c) Bottom left points, and (d) Bottom right points.
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Fig. 11. Comparison of experimental and simulated pressure values at 350—0 KPa. (a) Top left points,
(b) Top right points, (c) Bottom left points, and (d) Bottom right points.
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Fig. 12. Internal fluid pressure distribution of the valve under different opening conditions. (a) 100%
open, (b) 75% open, (c) 50% open, and (d) 25% open.

numerical simulation was under ideal conditions,
which were different from those of the actual
conditions. The variation law of the pressure values
of each of the data collection points, measured by
numerical simulation and the experiment, show the
accuracy of the numerical model adopted in this
paper, and that the variation law of the internal
depressurization flow characteristics of the multi-
layer sleeve regulating valve obtained by the

numerical simulation is correct.

4.2. Fluid Pressure Distribution in the Valve

Figure 12 shows the internal fluid pressure
distribution of the multi-layer sleeve regulating
valve under different opening conditions at 394.15 K.
Overall, despite the complicated internal flow
channel structure of the valve, the fluid pressure at
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Fig. 13. Simulation data acquisition positions.

the inlet is always stable at 9.4 MPa, while the fluid
pressure at the outlet is always kept at 0.11 MPa.

To analyze the internal flow characteristics of the
sleeve regulating valve, the central axes of the
orifices at the bottom of the sleeve at all levels are
selected to acquire simulation results, as shown in
Fig. 13.

Overall, the pressure-change trends of the fluid
inside the regulating valve remained basically the
same even when changing the opening conditions
(Fig. 14). After the fluid passes through the 500 mm
inlet flow channel, its pressure becomes stable. The
pressure of the fluid flowing into the multi-layer
sleeve component of the valve is maintained at
approximately 9.3 MPa before flowing into each of
the stage sleeves to be depressurized. There is a
buffer section between each of the stage sleeves.
When the fluid flows into the buffer section, it is
fully mixed before flowing into the next sleeve stage
prior to further depressurizing. After the fluid flows
through the multi-layer sleeve components, it then
flows into the middle valve core with larger spaces,
so the pressure of the fluid flowing from the third-
stage sleeve to the middle valve core rises to a certain
extent. The fluid then flows into the valve seat and
finally flows out of the multi-layer sleeve regulating
valve. There is also a pressure drop of the fluid at the
valve seat.

The pressure of the fluid in each level of the sleeves
has obvious differences as the opening degree of the

% open
% open
% open

5% open

Pressure (MPa)

stage 2 stage 3

stage |
=0 11

-120 -100 -80 -60 -40 -20 0

Y coordinate (mm)

Fig. 14. Internal depressurization flow
characteristics of multi-layer sleeve regulating
valve under different opening degrees.

regulating valve changes. When the valve is fully
opened, there is little difference in the
depressurization capability of the sleeves at all levels.
The first-stage sleeve bears a relatively larger
pressure drop (approximately 3.5 MPa), while the
second- and third-stage sleeves have similar
pressure-relief capabilities (approximately 2 MPa).
As the opening of the valve is reduced to 75%, the
fluid pressure drop borne by the first-stage sleeve is
also reduced to approximately 2.8 MPa, the second-
stage sleeve provides a pressure drop of
approximately 2 MPa, and the fluid pressure drop
borne by the third-stage sleeve increases to 3.2 MPa.
As the valve opening is further reduced to 50%, the
fluid pressure drop borne by the first- and second-
stage sleeves is reduced ulteriorly, reaching 1.7 MPa
and 1.1 MPa, respectively, while the fluid pressure
drop borne by the third-stage sleeve sharply
increases to 6 MPa, which undertakes most of the
depressurization effect of the multi-layer sleeve
regulating valve. As the valve opening is reduced to
25%, the third-stage sleeve becomes the main
depressurizing part of the multi-layer sleeve
component, the fluid pressure drop reaches
approximately 8 MPa, while the fluid pressure drop
borne by the first and second-stage sleeves is merely
0.5 MPa.

In general, the multi-layer sleeve component of the
valve can complete the depressurization of the
internal fluid at various opening amounts. When the
valve is fully opened, the pressure drop of the fluid
in the sleeves at all levels of the valve is relatively
stable (2-3 MPa pressure drop for each level); this
offers the most ideal pressure reduction performance.

4.3 Fluid Velocity Distribution in the Valve

Like the fluid pressure inside the valve, the velocity
distribution of the fluid inside the multi-layer sleeve
regulating valve at different opening degrees is also
obtained (Fig. 15). The fluid velocity at the inlet and
the outlet remains stable at 10 m/s under different
opening degrees. When the fluid passes through the
multi-layer sleeve component, the fluid velocity
changes significantly owing to the throttling effect of
the small orifices in the sleeve.

Like the analysis of the fluid pressure in the multi-
layer sleeve regulating valve, the same three axis
lines are selected to analyze the fluid velocity in the
regulating valve. Figure 16 shows the internal fluid
velocity variation in the multi-layer sleeve regulating
valve.

The fluid velocity variation trend inside the
regulating valve is approximately the same when the
opening degree changes. After the fluid passes
through the 500 mm inlet flow channel, its velocity
remains stable. When the fluid flows into the multi-
layer sleeve component in the valve, the fluid
velocity rises sharply. Then the fluid flows into the
buffer region with larger flowing spaces, where the
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Fig. 16. Internal fluid velocity variation of multi-
layer sleeve regulating valve under different
opening.

fluid flow rate drops to a stable level. It then
continues to flow into the next stage sleeve. When
the fluid flows through the multi-layer sleeve
component, it enters the middle valve core (which
has a relatively larger volume), so that the velocity
of the fluid flowing from the third-stage sleeve to the
middle valve core is reduced.

There are differences in the velocity of the fluid
inside the valve at different openings. When the
valve is fully open, the fluid velocity inside the
sleeves at all levels changes somewhat
unpredictably. The first-stage sleeve accelerates the
fluid velocity from 25 m/s to 77 m/s, the second-
stage sleeve accelerates the fluid velocity from 56
m/s to 76 m/s, and the third-stage sleeve increases
the fluid velocity from 70 m/s to 90 m/s. The reason
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for the decrease in fluid velocity is the presence of
buffers among the sleeves at all levels. As the valve
opening decreases, the fluid velocity in the first and
second stage sleeves decreases accordingly. For
example, when the valve opening decreases from
100% to 75%, to 50% and to 25%, the maximum
fluid velocity in the first-stage sleeve drops from 90
m/s to 75 m/s, then 57 m/s, and finally 31 m/s,
respectively. However, as the valve opening
decreases, the fluid velocity inside the third-stage
sleeve increases. The maximum velocity of the fluid
in the third-stage sleeve gradually increased from 94
m/s to 102 m/s, 120 m/s, and 129 m/s. In addition,
there is also a certain velocity change across the
valve seat.

In general, the fluid velocity changes in the sleeves
at all levels of the valve core are relatively uniform
at 90 m/s when the valve is fully opened; this helps
avoid erosion of the valve by fluid in a state of highly
fluctuating flow rates.

4.4 Cavitation in the Valve

By synthesizing the internal fluid velocity and
pressure distribution in the multi-layer sleeve
regulating valve, it can be seen that owing to the
throttling effect of the small hole in the sleeve
component, the fluid velocity at the third-stage
sleeve is the highest, and the pressure is extremely
low.

The entire main water supply system is at high
temperature which leads to a high saturated vapor
pressure of the fluid. When the fluid pressure is
lower than its saturated vapor pressure, the fluid
converts from liquid to vapor, causing cavitation
inside the valve. Figure 17 shows the vapor
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Fig. 18. Internal vapor distribution of the valve under different outlet valve pressures. (a) 0.205 MPa,
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distribution inside the valve under different opening where the vapor appears inside the valve under
degrees. There are approximately three positions different opening degrees. The first one is at the

888



H. Z. Jinetal. / JAFM, Vol. 16, No. 4, pp. 877-890, 2023.

small hole near the wall of the third-stage sleeve, the
second one appears at the small holes at the valve
seat, and the third one is located at the turning point
of the outlet flow channel.

The degree of cavitation at each position is
different under different opening degrees. When
the multi-layer sleeve regulating valve is fully open,
the degree of cavitation at the third-stage sleeve is
most severe, and the cavitation area of the small
hole at the valve seat is large but light. With the
decrease of the valve opening, the cavitation degree
at the third-stage sleeve reduces correspondingly,
however, the decrease is not large, but the
cavitation degree of the small holes at the valve seat
increases correspondingly; the increase is relatively
large. In addition, the change of opening degree has
little effect on the turning point of the outlet flow
channel.

To better prevent cavitation damage to the valve, we
appropriately increased the valve outlet pressure for
the calculation. Figure 18 shows the stepwise
increase of the valve outlet pressure from 0.205 MPa
(the saturated vapor pressure of water at this
temperature) to 0.7 MPa. It can be seen from the
figure that when the valve outlet pressure gradually
increases to 0.7 MPa, the cavitation at the valve seat
and the outlet flow channel almost disappears, with
only a tiny cavitation area remaining at the third-
stage valve sleeve.

5. CONCLUSIONS

In this study, a new type of multi-layer sleeve
regulating valve as used in nuclear power plant is
chosen as the research object. The standard k-
turbulence model, mixture multiphase flow model,
and the Zwart-Gerber—Belamri cavitation model
were combined to carry out research on the internal
flow characteristics of this new multi-layer sleeve
regulating valve. In addition, a corresponding
experiment was designed to verify the accuracy of
the numerical simulations. The main conclusions are
as follows:

The pressure and velocity variation trends of the
fluid inside the regulating valve remain the same
even when the opening degree of the valve changes.
However, as the valve opening decreases from 100%
to 25%, the fluid pressure drop borne by the first and
second-stage sleeves gradually decreases, and the
third-stage sleeve begins to play the main role in
reducing the fluid pressure in the valve (fluid
pressure drop changes from 2 MPa to nearly 8.5 MPa
in this stage). At the same time, the velocity of the
fluid at the first and second-stage sleeves decreases
sharply by approximately 60 m/s, while that of the
third-stage sleeve rises sharply by approximately 40
m/s.

When the valve is fully opened, the fluid pressure
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changes and fluid velocities in each level of the valve
sleeves are relatively uniform (each stage provides
2-3 MPa pressure drop with approximately 90 m/s
fluid velocity). This helps prevents erosion of the
valve by fluid in a state of high pressure fluctuating
velocity.

There are three areas prone to cavitation inside the
multi-layer sleeve regulating valve: the small hole
near the wall of the third-stage sleeve, the small holes
at the valve seat, and the turning point of the outlet
flow channel. When decreasing the valve opening,
the cavitation degree at the third-stage sleeve
decreases, while that at the small holes at the valve
seat increases correspondingly. The change of
opening degree has little effect on the turning point
of the outlet flow channel. To reduce the degree of
cavitation, it is recommended to adjust the outlet
pressure of the valve to 0.7 MPa (the saturated vapor
pressure is 0.205 MPa) to prevent cavitation from the
valve seat and the outlet flow channel. As for the
cavitation at the sleeve, further work should be
carried out to address structural optimization.
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