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Abstract: The sleeve regulating valve is widely used in the pipeline systems of process industries
to control fluid flow. When flowing through the sleeve regulating valve, the water is easy to reach
cavitation because of the pressure drop in the partial region, which may cause serious damage
to pipeline system. In this paper, the pressure drop and cavitation characteristics in the sleeve
regulating valve for different pressure differences and valve core displacements are investigated
using a multiphase cavitation model. The pressure drop, velocity and vapor volume distribution in
the regulating valves are obtained and analyzed. The total vapor volumes are also predicted and
compared. The results show that the decrease of the valve core displacement induces the enlargement
of the vapor distribution region and the increase of the vapor density. The increase of the pressure
difference induces a more serious cavitation. The pressure difference has a slight influence on the
cavitation intensity and density in the regulating valve when the valve core displacement is 60
mm. With the decrease of the valve core displacement, the effects of the pressure difference on the
cavitation intensity are enhanced. This work is of significance for the cavitation control of the sleeve
regulating valves.

Keywords: sleeve regulating valve; cavitation; pressure difference; cavitation index

1. Introduction

The regulating valve is widely used in the pipeline system of process industries such as power
engineering, chemical engineering and petrifaction. A regulating valve is opened with the movement
upward of the valve core and the flow rate passing through the regulating valve is changed by adjusting
the distance between a stationary valve seat and a movable valve core. For a regulating valve which
conveys liquids such as water, cavitation is a serious and destructive problem during its operation
because of the pressure drop owing to the variation of velocity. When the local pressure is lower than
the corresponding saturated vapor pressure at the same temperature, bubbles can form and then grow
until bursting. Longtime cavitation flow can not only induce the waste of energy, but also cause the
failure of the piping system. Meanwhile, the lifetime of valves is reduced and noise can also be induced
within cavitation flow. Thus, the investigation of cavitation inside the regulating valves is necessary.

In recent years, some meaningful research has been carried out focusing on the cavitation flow.
For example, cavitation inside a venturi tube [1], a cone flow channel [2], and pumps [3-7] has been
investigated using experimental or numerical methods, and the effects of fluctuating flow [2] and liquid
temperature [3,7] or other variables such as nano particles [8] on cavitation distribution have been
analyzed. Meanwhile, a variety of meaningful research focusing on the cavitation flow inside the valves
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hasbeen carried out by experimental and numerical methods. Qian etal. [9] carried outa comprehensive
review of cavitation in valves. Hassis [10] conducted the experiment study of the effects of cavitation
in butterfly and Monovar valves. Herbertson et al. [11] proposed a novel approach for analyzing the
mechanical heart valve cavitation. Gao et al. [12] investigated the cavitation near the orifice of hydraulic
valves by numerical method and flow visualization experimental method. Jin et al. [13] also carried out
the research on cavitation flow through a micro-orifice. Jia et al. [14] simulated the cavitation flowing
through the cylinder valve port and conducted the flow visualization cavitation experiment of cylinder
valve. Liu et al. [15] investigated the cavitation flow in the rotary valve of hydraulic power steering
gear. Lu et al. [16] researched the acoustic characteristics of cavitation noise in a spool valve with
U-notches. Li et al. [17] also researched the cavitation phenomenon of an electrohydraulic servo-valve.
The numerical results show a good agreement with experimental observations. Kudzma et al. [18]
studied the flow and cavitation in hydraulic lift valve by visualization experiments and acoustic tests.
Qu et al. [19] studied the cavitation performance on a pressure-regulating valve with different openings
by experiment and numerical simulation. Ulanicki et al. [20] proposed a methodology which is used
to evaluate whether a pressure reducing valve is under cavitation. Deng et al. [21] researched the
cavitation flow inside the spool valve with large pressure drop using numerical method. Ou et al. [22]
simulated the cavitation flow in pressure relief valve with high pressure differentials for different
valve openings, inlet pressure and outlet pressure. Yi et al. [23] investigated the interactions between
the poppet vibration characteristics and cavitation property in relief valves with the unconfined
poppet experimentally. Okita et al. [24] researched the mechanism of noise generation by cavitation in
hydraulic relief valve by means of experiment and numerical simulation. Lu et al. [25] analyzed the
vortex flow produced large vapor cavity in a u-shape notch spool valve. Jin et al. [26] researched the
influence of the structural parameters for globe valves on hydrodynamic cavitation. Pressure loss is an
important parameter to influence the cavitation. Some researches focusing on the pressure and energy
loss in multi-stage Tesla valves were carried out by Qian et al. [27,28].

To reduce cavitation, there were different designs and methods in a number of published
manuscripts. Tao et al. [29] researched the flow loss in a v-port ball valve by experimental and
numerical method. Baran et al. [30] proposed a new method of controlling the butterfly valve which
operated with cavitation. A position fuzzy controller was used to change the valve opening to suppress
cavitation. Zhang et al. [31] proposed a novel approach of suppressing cavitation which induced
the pressure back to the orifice to improve the pressure distribution of throttle valves. Shi et al. [32]
proposed a modified throttle valve with a drainage device to suppress the cavitation and evaluate
the influence of inlet and outlet pressure on the ability of the drainage device to suppress cavitation
by experiments. There were also some designs of valve sleeves and perforated plates to suppress
cavitation, which used multi-stage sleeves to reduce pressure gradually. For instance, Qian et al. [33]
focused on the fluid flow through multi-stage perforated plates. Chern et al. [34] and Yaghoubi et al. [35]
researched the influences of throttle sleeve stages on cavitation in a globe valve. Qi et al [36] studied the
metrological performance of a swirlmeter affected by flow regulation with a sleeve valve. Furthermore,
the parametric analysis on throttle sleeves inside valves were carried out by Qian et al. [37] and
Hou et al. [38], respectively.

In this paper, a multiphase cavitation flow model is built to simulate the cavitation inside the sleeve
regulating valve. The pressure, velocity and steam volume fraction distribution inside the regulating
valves are analyzed and compared for different pressure difference and valve core displacements. The
effects of the pressure difference on the flow and cavitation characteristics are revealed. This research
is of significance to the cavitation control of the sleeve regulating valve.
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2. Numerical Method

2.1. Mathematical Model

Since the actual flow inside the sleeve regulating valve is very complex, the standard k-¢ turbulence
model was chosen to simulate the turbulence for its advantages in dealing with high Reynolds numbers
higher than 107. In the cavitation simulations, phase change occurs between the liquid phase and
vapor phase. The simulations are conducted in steady state. The governing equations for the cavitation
model used in this paper are based on a single-fluid approach, which regarded the mixture as one
fluid. Thus, the mixture continuity and momentum equations are shown as

0
Lﬁpm + V(pmv) =0 1)

2 (pme) = ~Vp V- [(pn + 1)Vl + 3VI(3im + )V 2] = Vo) @

Here the mixture density p,; and p,, are defined as follows:
pm = apy + (1-a)p; @)

tm = apm + (1—a)w (4)

where py;, py, and p; represent the mixture, vapor, and liquid densities, respectively; v is the mass
average velocity vector; p, [y and yj represent the mixture, vapor, and liquid dynamic viscosities,
respectively, and p; is the turbulence viscosity; p is the pressure; a represents the vapor volume fraction.

The cavitation model employed here is based on the Rayleigh-Plesset equation and is developed
by Schnerr and Sauer [39]. Although the compressibility of liquid is very important when bubbles
break, the liquid density p; is assumed as a constant and so are y;, py, and p,. Meanwhile, it is assumed
that the bubbles remain spherical and there is no thermal conductivity with tube linked with the valves.
The liquid—vapor mass transfer is governed by the vapor transport equation:

0
E(“Pv) + V- (apyvy) = Re — Re (5)

Here, R, and R, are defined as follows:
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where R, represents the mass rates of growth of vapor bubbles and R, represents the mass rates of
breaking of vapor bubbles; v, is the vapor phase velocity, p, is the saturation pressure of water, R;, is
the bubble radius and is defined as follows:

R,

/Pv Z p/ (6)

. 31)% ®)
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where 7 represents the bubble number density and is usually set as a constant, 1 x 10'3.

2.2. Geometrical Model

Figure 1 demonstrates the schematic structure of the studied sleeve regulating valve. The sleeve
regulating valve is comprised of valve body, valve cover, valve core and the sleeve with orifices. When
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the valve is opening, the valve core is moved upward, driven by the valve rod and driving device. The
inlet diameter is 130 mm and the orifice diameter in the sleeve is 4 mm. The maximum valve core
displacement is 60 mm. Fully opened state and half opened state are adopted in this study:.

valve rod

valve body valve core

sleeve

Figure 1. Schematic structure of the studied sleeve regulating valve.

To enable numerical analysis, some simplification is carried out. First, the sleeve regulating valve
is assumed as an ideal valve, which means its cutting edge is a right angle exactly with the sharp
edges, and the valve core matches the valve seat precisely. Secondly, to save computation time, a 3D
axisymmetric geometric model is adopted by considering the symmetry structure. Also, since the
cavitation region is partial and the heat transfer due to phase change is little, we take no account of the
effects of gravity and heat transfer.

2.3. Mesh and Boundary Conditoms

Figure 2 shows the generated mesh of the sleeve regulating valve with the maximum valve
core displacement of 60 mm. To enhance the accuracy of the simulation, the upstream pipe and the
downstream pipe length are set as 600 mm which equals to five diameters. Since the flow channel
inside the valve is complex, the flow channel is generated using a non-structure mesh partition and the
mesh module in ANSYS Workbench 17.2 is employed to generated mesh.

(@) (b)

Figure 2. Mesh of the sleeve regulating valve with maximum valve core displacement of 60 mm
(a) overall view; (b) mesh in the sleeve.

The mesh independency check is carried out with the maximum valve core displacement. The
outlet flow rate and the vapor fraction at the border of orifice are both taken as the judgement
parameters with different grid numbers from 1,451,696 to 3,138,669. As is shown in Table 1, when the
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mesh number ranges between 2,407,840 and 3,138,669, the relative errors of the simulation are kept
within 1%, so the mesh number 2,708,138 is chosen.

Table 1. Mesh independency check of various meshes.

Grids Flow Rate (kg/s) Volume Fraction
1,451,696 162.72 0.1296
1,705,067 162.14 0.2272
2,055,352 168.31 0.2676
2,407,840 167.74 0.2829
2,708,138 167.37 0.2585
3,138,669 167.01 0. 2323

For the boundary conditions, the inlet condition of the sleeve regulating valve is set as the pressure
inlet, and the outlet condition is set as pressure outlet condition of 2 MPa. To analyze the effects of
the pressure difference on the flow and cavitation characteristics, the pressure inlet is varied from
10 MPa to 3 MPa and the pressure inlet is kept constant. The initial inlet vapor volume fraction is set as
0. The other faces except the symmetry face are set as wall with no slip condition. The wall function
method is adopted in the near wall region by using the finite volume method and first order upwind
scheme. Coupling pressure and velocity are based on SIMPLE. In addition, the main medium of the
sleeve regulating valve is water at 200 °C. Incompressible liquid water is chosen as the liquid phase
while water vapor is chosen as the vapor phase. In the simulation, p; and p, are set as 862.8 kg/m3
and 7.865 kg/m3, and y; and p, are set as 1.357 x 107 Pa-s and 1.565 X 107° Pa-s, respectively. The
vaporization pressure of the liquid phase is set as 1.5 MPa which equals to the saturation vapor pressure
of the water at 200 °C. Above operations are all carried out in Fluent 17.2.

3. Results and Discussion

To analyze the effects of the pressure difference on the flow and cavitation characteristics for
different valve core displacements, the pressure difference ranges from 1 MPa to § MPa by setting the
different pressure boundary conditions. In this study, the change of pressure difference is realized by
changing the pressure inlet and keeping the outlet pressure as a constant of 2 MPa. The inlet pressure
is varied from 3 MPa to 10 MPa. To analyze the effect of the valve openings, the full opening state with
the valve core displacement of 60 mm and the half opening state with the valve core displacement of
30 mm are chosen as the analyzed model, respectively.

3.1. Comparsion between Full Opening State and Half Opening State

Figure 3 demonstrates the pressure and velocity distributions of the symmetry cross section inside
the sleeve regulating valve with the valve core displacement of 60 mm and 30 mm. The inlet pressure
is set as 8 MPa while the outlet pressure is set as 2 MPa.

Although the structure of the sleeve regulating valve is very complex, the pressure and velocity
remain stable at the inlet and outlet. Asisshown in Figure 3, the pressure for all valve core displacements
are kept above 7.5 MPa at the inlet, while the pressure for all valve core displacements remain below
2.5 MPa at the outlet. Meanwhile, the velocity for the valve core displacement of 60 mm is kept above
20 m/s at the inlet while the velocity with the valve core displacement of 30 mm remains below 20 m/s.
When the fluid flows through the sleeve which is the main throttling structure, the sudden pressure
drop with the velocity increasing appear in the orifices of sleeve for both valve core displacements.
Since the throttling cross sections for different valve core displacements are different, the pressure
drops induced by the throttling sleeve are totally different. The pressure is decreased below 3.5 MPa
for the valve core displacement of 60 mm, while the pressure behind the sleeve is below 2.5 MPa at
the half opening state. Accordingly, the region with high velocity in the orifices of sleeve at the half
opening state is bigger than these with the valve core displacement of 60 mm. Furthermore, at the
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outlet of orifices in the sleeve, the pressure is lower than 2 MPa when the valve core displacement is
30 mm. In the left side of the valve chamber, there is always a vortex at both opening states and the
pressure for the vortex region is lower than 2 MPa.

Pressure

(c) (d)

Figure 3. Pressure and velocity contours inside the sleeve regulating valve with valve core displacement
of 60 mm and 30 mm (a) pressure, 60 mm; (b) pressure, 30 mm; (c) velocity, 60 mm; (d) velocity, 30 mm.

Figure 4 describes the pressure and velocity variation along the horizontal direction with different
valve core displacements. Some quantified comparisons can be carried out in Figure 4. Although the
inlet pressure for two opening states is set as a constant of 8 MPa, the actual inlet pressure for two
opening states is lower than 8 MPa slightly. Specifically, the actual inlet pressure for the full opening
state is lower than the inlet pressure for half opening state. When the fluid flows through the sleeve,
there is a slight pressure increase for two opening states, which is induced by sudden change of the
flow cross section area. The pressure lower than 1.5 MPa can also be visualized at the outlet of orifices
in the sleeve for the half opening state. At the center of the sleeve, there is a relative pressure rise for
two opening states. The pressure rise for the full opening state is higher than pressure rise for the half
opening state.

120+

i :’..ﬁ r " L=60mm " L=60mm L

1 | | e L=30mm 100 !
i

6 ! 80

1 |

54 3 |
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Ay e
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Figure 4. Pressure and velocity variation along the horizontal direction for different valve core
displacements (a) pressure; (b) velocity.
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Considering the velocity variation along the horizontal direction, it can be seen that the average
velocity at the inlet and outlet with the maximum valve core displacement of 60 mm is higher than the
average velocity with the valve core displacement of 30 mm. However, the velocity rise when the fluid
flows through the sleeve at the half opening state is higher than the velocity rise at the full opening
state. It can be obtained that the energy consume with the valve core displacement of 30 mm is more
than the energy consumed with the maximum valve core displacement.

Figure 5 depicts the vapor distributions inside the sleeve regulating valve. It can be seen that the
decrease of the valve core displacement induces the enlargement of the vapor distribution region and
the increase of the vapor density. The vapor is mainly concentrated in the edge of orifice inlet at the
full opening state. When the valve core displacement is decreased from 60 mm to 30 mm, the vapor
begins to appear in the orifice outlet and the sealing surface of the valve core.

(a) (b)

Figure 5. Vapor distributions inside the sleeve regulating valve for different valve core displacements
(a) 60 mm; (b) 30 mm.

3.2. Flow Field Analysis for Different Pressure Difference

Figure 6 demonstrates the pressure distribution of the valve symmetric cross section for different
pressure differences with the valve core displacements of 60 mm and 30 mm. When the pressure
difference is the lowest of 1 MPa, the pressure distributions for different valve core displacements are
shown in Figure 6a,b. The pressure at the inlet and outlet remain stable above 3.5 MPa and below
2.5 MPa, respectively. The pressure drop appears suddenly behind the sleeve, which is the main
throttling region. The difference of the pressure distributions induced by the valve core displacement
is the region with high pressure at the center of the valve chamber. With the increase in pressure
difference, the pressure at the orifice inlet of the sleeve is increased while the pressure drop when
flowing through the sleeve is increased. The region with high pressure at the center of the sleeve is
enlarged with the increase of the pressure difference while the value of pressure is increased. The
outlet pressure for all pressure differences are kept below 2.5 MPa.

To further quantify the pressure variation for different pressure differences, the pressure variations
along the horizontal direction for different pressure differences are shown in Figure 7. The actual
pressure at the inlet for different pressure differences are all lower than the initial setting pressure and
the difference between the actual pressure and setting pressure is increased with the increase of the
pressure difference. There is a pressure rise slightly before the fluid flows through the sleeve and the
pressure rise is increased with the increase of the pressure difference. In addition, when the fluid flows
out of the valve chamber, there is also a pressure rise slightly because of the change of the flow channel
structure. The pressure variation along the horizontal direction at the half opening state is similar
to the pressure variation at the full opening state, except for the pressure lower than 1.5 MPa at the
orifices outlet of the sleeve.
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Pressure

®

(e)

Figure 6. Pressure contours inside the sleeve regulating valve with valve core displacement of 60 mm
and 30 mm (MPa) (a) 2 MPa, 60 mm; (b) 2 MPa, 30 mm; (c) 5 MPa, 60 mm; (d) 5 MPa, 30 mm; (e) 8 MPa,

60 mm; (f) 8 MPa, 30 mm.
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(a) (b)
Figure 7. Pressure variation along the horizontal direction for different pressure differences (a) L = 60 mm;
(b) L =30 mm.

Figure 8 shows the velocity and streamlines distribution of the valve symmetric cross section for
different pressure differences with the valve core displacements of 60 mm and 30 mm. It can be found
that the inlet velocity is increased with the increase of the pressure difference. For instance, when the
valve core displacement is 60 mm, the inlet velocity for the pressure difference of 2 MPa is lower than
20 m/s while the inlet velocity for the pressure difference of 5 MPa is higher than 20 m/s and lower than
30 m/s. The inlet velocity for the maximum pressure difference of 8 MPa is higher than 30 m/s. The
velocity rise when flowing through the sleeve is increased while the velocity at the center of valve
chamber is increased with the increase of pressure difference. There is no difference in the vortex in the
left side of the valve chamber for different pressure difference. The outlet velocity is increased with the
increase of the pressure difference.



Processes 2019, 7, 829 9of 16

(e) Y]

Figure 8. Velocity contours inside the sleeve regulating valve with valve core displacement of 60 mm
and 30 mm (m/s) (a) 2 MPa, 60 mm; (b) 2 MPa, 30 mm; (c) 5 MPa, 60 mm; (d) 5 MPa, 30 mm; (e) 8 MPa,
60 mm; (f) 8 MPa, 30 mm.

Figure 9 demonstrates the velocity variation along the horizontal direction for different pressure
differences. It can be seen that the velocity at the inlet and outlet when the pressure difference is 1 MPa
it is the lowest, while the inlet and outlet velocity for the pressure difference of 8 MPa is the highest.
With the increase of the pressure difference, the inlet and outlet velocity are increased. The above
phenomenon indicates that the higher initial pressure brings a higher initial energy. The pressure rise
in the orifices and the center of the sleeve indicate the same conclusion as the above analysis.

120 5 120
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100 + A Ap=6MPa 100 4 A Ap=6MPa
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1.0 0.5 0.0 05 1.0 1.0 0.5 0.0 0.5 1.0
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(a) (b)

Figure9. Velocity variation along the horizontal direction for different pressure differences (a) L = 60 mm;
(b) L =30 mm.

Figure 10 depicts the flow rate variation with the increase of the pressure difference. It can be seen
that the mass flow rate is increased with the increase of the pressure difference for two opening states.
Totally, the mass flow rates for the full opening state is higher than the flow rates for the half opening
state, more than twice flow rates for the half opening state. For example, when the pressure difference
is 4 MPa, the mass flow rate with the valve core displacement of 30 mm is 69.07 kg/s while the mass
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flow rate with the valve core displacement of 60 mm is 131.79 kg/s, which is more than twice 69.07
kg/s. The phenomenon indicates the flux characteristics curve of the studied sleeve regulating valve is
convex when comparing with the linear flux characteristic. The increase velocity of the mass flow rate
is increased first and then decreased. The increase velocity of the mass flow rate for the full opening
state is higher than the increase velocity for the half opening state.

200

150

Q/kgls

100

50

Ap/ MPa

Figure 10. Flow rate variation with the increase of pressure difference for different openings.

3.3. Cavitation Distribution Analysis for Difference Pressure Differences

Figure 11 demonstrates the vapor distributions inside the sleeve regulating valve for different
pressure difference with the valve core displacement of 60 mm. In general, when cavitation causes
severe valve damages, the vapor volume fraction of each computational cell, a, is higher than 0.5.
Figure 11a—c depicts three-dimensional isosurfaces of alarger than 0.5 in valves with the valve core
displacement of 60 mm for different pressure differences.

(c)

Figure 11. Vapor distributions inside the sleeve regulating valve for different pressure difference with
the valve core displacement of 60 mm (a) 2 MPa; (b) 5 MPa; (c) 8 MPa.

For the pressure difference of 2 MPa, the vapor appears at the orifices inlet of the sleeve and the
distribution region is very small. When the pressure difference is increased from 2 MPa to 5 MPa, the
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vapor is still concentrated at the orifice inlet of the sleeve but the distribution region is enlarged slightly.
Furthermore, when the pressure difference is 8§ MPa, the vapor begins to appear at the outlet of orifices
in the sleeve and the distribution region is further enlarged. As a whole, the cavitation intensity and
density are tiny when the valve core displacement is 60 mm and the pressure difference has a slight
influence on the cavitation intensity and density inside the regulating valve.

When the valve core displacement is decreased from 60 mm to 30 mm, as is shown in Figure 12,
the effect of the pressure difference on the cavitation intensity and density is enhanced. The vapor
distribution region is still very small when the pressure difference is 2 MPa. However, when the
pressure difference is increased from 2 MPa to 4 MPa, the cavitation distribution region is obviously
enlarged and the vapor begins to appear on the sealing surface of the valve core. There is no doubt the
increase of the pressure difference induces a more serious cavitation. Moreover, when the pressure
difference reaches the maximum value of 8 MPa, the vapor almost fills the orifices in the valve and the
total sealing surface is filled with vapor. Meanwhile, the vapor distribution region begins to extend
downward along the surface of the valve chamber.

(c)

Figure 12. Vapor distributions inside the sleeve regulating valve for different pressure difference with
the valve core displacement of 30 mm (a) 2 MPa; (b) 5 MPa; (c) 8 MPa.

To further quantify the influence of the pressure difference on cavitation characteristics of the
sleeve regulating valve, the total vapor volume is also calculated using the following equation:

Vy = f(j}j adV ©)

where a denotes the vapor volume fraction in an element. The total vapor volume demonstrates
the whole vapor caused by cavitation, so the total vapor volume can represent the intensity of the
cavitation. The higher the total vapor volume is, the more intense the cavitation intensity is. The total
vapor volume quantifies the cavitation intensity.

Figure 13 depicts the total vapor volume variation with the increase of the pressure difference
when the valve core displacement is 60 mm and 30 mm. It can be found that the total vapor volumes
for two opening state are increased with the increase of the pressure difference. However, the increase
trends for two opening states are totally different. When the pressure difference is lower than 3 MPa,
the total vapor volumes for two opening states are close to 0. The above phenomenon indicates that
the cavitation intensity is still very low for both opening states when the pressure difference is lower
than 3 MPa. The low-pressure difference induces the slight cavitation. When the pressure difference is
higher than 3 MPa, the increase trend for the half opening state begins to be steep suddenly, while the
increase trend for the half full opening state is still very gentle.
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Figure 13. Total vapor volumes inside the valve for different pressure differences with the valve core
displacement of 60 mm and 30 mm.

To estimate the probable occurrence of cavitation, the cavitation index o, is calculated and
denoted as B
o (10)
Pu = Pad
where p,, is the inlet pressure, pq is the outlet pressure, and the lower the o, is, the higher is the potential.
In general, when the o, is lower than 1.0, the cavitation will occur. When the o, is lower than 0.5, the
cavitation phenomenon will be stable.

In this study, the inlet and outlet pressure are determined by the inlet and outlet boundary
conditions. The saturation vapor pressure is set as a constant of 1.5 MPa. Therefore, the cavitation
index for the valve at specified pressure conditions is certain. To further quantify the actual influence
of the cavitation index on the actual cavitation intensity in the sleeve regulating valve, the total vapor
volumes variation with the change of the cavitation index is shown in Figure 14. It can be seen that for
different opening states, the actual effects of the cavitation index on the total vapor volumes are really
different, and the lower the cavitation index is, the higher the difference is for different opening states.
As the cavitation index is higher than 0.2, for both two opening state, the variation of the cavitation
index has a small influence on the total vapor volume and cavitation intensity. When the cavitation
index is lower than 0.2, the total vapor volume is increased with a steep trend at the half opening
state, which indicates that a small variation of cavitation index induces a more drastic variation of the
total vapor volume. When the valve core displacement is 60 mm, the variation trend of total vapor
volume is gentler than the trend at the half opening state when the cavitation is lower than 0.2. As a
whole, the relation between actual cavitation intensity and cavitation index is not simply linear and is
changed with the change of valve core displacement. When the cavitation index is higher than 0.2, the
cavitation index’s effects on cavitation intensity are small. As the cavitation index is lower than 0.2, the
cavitation index’s effects on cavitation intensity are intense.
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Figure 14. Total vapor volumes inside the valve for different cavitation index with the valve core
displacement of 60 mm and 30 mm.

4. Conclusions

The cavitation occurring in a sleeve regulating valve for different pressure differences and valve
core displacements has been numerically investigated in this study, and the effects of pressure difference
and valve core displacement have been revealed using the proposed numerical model.

First, the flow streamlines, pressure distribution and vapor distribution for different opening state
are obtained. A high-velocity and low-pressure region appear behind the valve sleeve because of the
sudden decrease of the cross-section area. According to the predicted vapor distribution, the vapor is
mainly concentrated in the edge of orifice inlet at the full opening state. The decrease of the valve
core displacement induces the enlargement of the vapor distribution region and the increase of the
vapor density.

Second, the pressure and flow streamlines for different pressure difference are analyzed. With
the increase in pressure difference, the pressure at the orifice inlet of the sleeve is increased while the
pressure drop when flowing through the sleeve is increased. The region with high pressure at the
center of the sleeve is enlarged with the increase of the pressure difference, while the value of pressure
is increased. The inlet velocity is increased with the increase of the pressure difference. The velocity
rise when flowing through the sleeve is increased while the velocity at the center of valve chamber is
increased with the increase of pressure difference.

Last, the cavitation distributions inside the sleeve regulating valve for different pressure differences
are analyzed. It can be seen that the increase of the pressure difference induces a more serious cavitation.
The pressure difference has a slight influence on the cavitation intensity and density inside the regulating
valve when the valve core displacement is 60 mm. When the valve core displacement is decreased from
60 mm to 30 mm, the effects of the pressure difference on the cavitation intensity are enhanced. The
relation between actual cavitation intensity and cavitation index is not simply linear and is changed
with the change of valve core displacement. When the cavitation index is higher than 0.2, the cavitation
index’s effects on cavitation intensity are small. As the cavitation index is lower than 0.2, the cavitation
index’s effects on cavitation intensity are intense.
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Nomenclature

p pressure (MPa)

Po saturation pressure of water (MPa)

t time (s)

v mass average velocity (m/s)

Vo total vapor volume (m3)

Ry bubble radius (m)

R, rates of breaking of vapor bubbles

a vapor volume fraction

n bubble number density

Pm mixture density (kg/m?)

pI liquid density (kg/m?)

Po vapor density (kg/m?)

tm mixture dynamic viscosity (Pa-s)

] liquid dynamic viscosity (Pa-s)

Uo vapor dynamic viscosity (Pa-s)

Ut turbulent viscosity (Pa-s)

vy vapor phase velocity (m/s)

L valve core displacement (mm)
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