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Abstract: In this paper, the piston type valve core and the unbalanced moment on its bottom are studied. To decrease the influence
of non-common geometrical factors, a simplified model of the piston type globe valve is proposed in this study. Based on the
computational fluid dynamics (CFD) method, the effects of different geometrical parameters on the unbalanced moment existing
on the bottom of the valve core, which include the bending radius of the inlet flow channel, the diameter of the special-shaped pipe,
and the height of the valve core, are studied. Finally, the effects of geometrical parameters on the unbalanced moment on the
bottom of the valve core are clarified by correction and variation classification and provide a basis for further optimizing the
structure of the piston type valve. The results show that the unbalanced moment decreases with the increase of the bending radius
of the inlet flow channel, but increases with the increase of the diameter of the special-shaped pipe and the height of the valve core.

Moreover, the relation between the unbalanced moment and flow rate is proposed.
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1 Introduction

The piston type valve core is one of the most
important elements in the valve, and depends on the
pressure difference of the valve core and the spring
force to open and close. It is commonly used in globe
valves, check valves, pressure reducing valves, and so
forth. Owing to the irregular shape of the inlet flow
channel, there is an unbalanced moment acting on the
bottom of the valve core. The existence of this un-
balanced moment leads the valve core to have a ten-
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dency to overturn, and even causes deformation of the
valve stem and valve core, which affects the sealing
between the valve core and the valve seat and causes
internal leakage of the valve. Therefore, it is im-
portant to explore the cause of the unbalanced mo-
ment on the bottom of the piston type valve core.

The geometries of the valve body and the valve
internal parts have a great influence on the flow in the
valve. Therefore, some scholars have performed ex-
perimental analysis and numerical simulation to an-
alyze the influence of valve geometries on the valve
characteristics and have proposed geometrical opti-
mization to improve them. The minimization of the
flow force was studied which opposes valve opening
by considering design parameters related to the spool
geometry of the proportional directional control valve
(Amirante et al., 2014). The optimal spool geometry
and maximal reduction of the axial flow forces were
proposed by considering a combination of all geom-
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etry parameters and thus improved the overall per-
formance of the hydraulic on/off seat valve (Simic
and Herakovic, 2015). The effect on its design and
usage of the valve plug cone angle of the global con-
trol valve was studied by simulation and experiment
methods (Lin et al., 2015). The problem of clamping
stagnation caused by warpage-deformation and fit
clearance reduction of the valve core and valve sleeve
of'a double flapper-nozzle servo valve was studied, by
the method of heat-fluid-solid coupling analysis and
experiment (Zhao et al., 2015). A numerical investi-
gation on the flow force and cavitation characteristics
inside water hydraulic poppet valves was presented
and the effects of geometric parameters were ana-
lyzed; otherwise, an optimization of the poppet ge-
ometry was proposed (Han et al., 2017, 2018). A
geometry optimization of the spool in a single-stage
rotary servo valve was presented to re-duce the steady
flow moments. Similarly, this paper will conduct
parametric research on the unbalanced moment of the
piston type valve core and explore the effects of the
valve characteristic geometrical parameters on that
moment (Wang H. et al., 2019). To reduce the particle
erosion resistance and improve the service life of the
valve core, a novel valve core structure for a water
hydraulic valve was designed, which was inspired by
the convex domes of a conch shell and the fractal
structure of Romanesco broccoli. The numerical and
experimental results showed that the bionic structure
could effectively improve the anti-erosion property of
the valve core and protect the sealing face on the
valve core from wear (Wang HH. et al., 2019). Re-
searchers also focused on the cavitation in the
sleeve-regulating valve and investigated the effects of
different valve core shapes, including flat bottom,
ellipsoid, circular truncated cone, and cylinder, on
cavitation by using a cavitation model. The results
showed that the cavitation strengths of the ellipsoidal
valve core and the cylindrical valve core are greater
than that of the other two valve cores (Jin et al., 2020).
The effect of the guiding plate on flow characteristics
in a ball valve was studied. The results showed that
setting guiding plates in the ball valve behind the
valve core effectively reduced the adverse effect of
high-speed jet flows caused by the small degree of
opening, thereby reducing the internal erosion, in-

creasing the stability of valve downstream flow effi-
ciently, and improving the valve performance finally
(Wang et al., 2020).

In addition to the geometries of the valve, the
opening or closing torque of the valve and the internal
flow force of the valve have a great impact on its
performance. Therefore, many researchers have
studied the flow force or torque inside the valve. For
the flow force acting on the spool, the valve-opening
characteristics and the determination of flow force
applied on the valve disk in a safety relief valve was
studied (Kourakos et al., 2013). The flow forces act-
ing on the spool of a proportional-control valve in the
initial phase of the spool gap opening were studied
(Lisowski et al., 2018). The flow forces acting on the
spool were reduced and the actuation forces were
decreased by proposing a new methodology for the
design of the spool surfaces of four-way three-
position directly operated proportional directional
valves based on experimental validation (Amirante et
al., 2016). A seat valve using a damping sleeve with
orifices to minimize the axial flow forces on the spool
was proposed, and the simulation results fitted the
experimental results well (Zhang et al., 2018). The
pressure transient flow force acting on hydraulic
spool valves was studied experimentally and the re-
sult showed that the flow forces due to pressure tran-
sient effects could be comparable in magnitude to the
steady flow forces acting on the valve (Manring and
Zhang, 2012). A 3D computational fluid dynamics
(CFD) model was presented to study the torque and
the fluid-dynamic force acting on the spool of a hy-
draulic valve and a flow-control valve, respectively.
The fluid force in a valve is a form of flow charac-
teristics. The analysis of fluid force in a valve can
provide a basis for improving its performance and
solving existing problems in it (Frosina et al., 2016,
2017).

In general, there has been much significant re-
search on valve flow characteristics, opening and
closing characteristics, and valve fluid force. How-
ever, due to the complexity of the flow inside the
valve, it is a great challenge to study the theoretical
analysis and formation mechanism of that flow.
Current research ignores the mechanism of the com-
plex flow inside the valve, and pays little attention to
the unbalanced force at the bottom of the valve core.
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Therefore, in this paper, a simplified model of
the piston type globe valve is proposed to investigate
the characteristics of the unbalanced moment. Based
on the steady-flow field model of the simplified
model, the flow characteristics and the moment
characteristics are investigated. The effects of the
geometrical parameters, including the bending radius
of the inlet flow channel Ry the diameter of the
special-shaped pipe D, and the height of the valve
core H, on the unbalanced moment of the bottom of
the valve core are studied. In the end, the relationship
between the unbalanced moment and the flow rate is
obtained. This work is helpful for guiding further
geometrical optimization for reducing unbalanced
moments in piston type valve cores.

2 Numerical model
2.1 Simplified model

Fig. 1a shows a geometrical model of the globe
valve with a piston type valve core. The globe valve is
one of the cut-off valves, which can realize the
transportation, cut-off, and regulation of a medium. It
applies pressure to the valve core in the axial direction
through the valve stem to make the sealing surfaces of
the valve core and valve seat fit closely, so as to
prevent the medium from leaking along the gap be-
tween the sealing surfaces. In order to reduce the
number of elements in the numerical model and re-
duce the calculation cost, the piston globe valve is
simplified as displayed in Fig. 1b. The simplified
model extracts the common features of the structure
of piston type valves, which makes the results also
applicable to other types of piston valves.

According to previous research, the unbalanced
moment on the bottom of the piston type valve core is
mainly caused by the flow channel of the horizontal
valve body, and the flow rate of the valve is the main
factor affecting the unbalanced moment (Hou et al.,
2019). In view of the above factors, three character-
istic structural parameters are selected in this study:
the bending radius of the inlet flow channel Ry, the
diameter of the special-shaped pipe D, and the height
of the valve core H.

In addition to the above three characteristic pa-
rameters, the other parameters are fixed. The diame-
ters of the inlet and the outlet are both 100 mm, the

diameter of the valve core is 80 mm, and the thickness
of the valve core is 5 mm. With the changes of Ry, D,
and H, there are 13 models in this simulation. The
precise parameters of each model are presented in
Table 1.

Valve stem

Valve cover

Y
o
(a) (b)

Fig. 1 Structures of the piston type globe valve (a) and
the simplified model (b) (unit: mm)
p1 is the inlet pressure; p, is the outlet pressure

Table 1 Parameters of each model

Group Parameter
1 D=120 mm; H=20 mm,;
R=80 mm, 90 mm, 100 mm, 110 mm, 120 mm
2 R=100 mm; H=20 mm,;
D=110 mm, 120 mm, 130 mm, 140 mm, 150 mm
3 R=100 mm; D=120 mm,;
H=20 mm, 30 mm, 40 mm, 50 mm, 60 mm

2.2 Mathematical model

The medium in the valve is water, which is as-
sumed as an incompressible fluid. Since temperature
is not involved in this simulation, an energy equation
is not needed. The standard continuity and momen-
tum equations are solved first.

Continuity equation:

ov,
%4_&4_%:’ (1)
ox oy Oz

where v,, v,, and v, are the velocity components of the
fluid element in the x, y, and z directions, respectively.
Momentum equation:
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where f,, f,, and f. are the force components of the

fluid element in the x, y, and z directions, respectively;

p is the density of the fluid element; p is the fluid
: R N L L

dynamic pressure ata point; V'=—+—+—;tis

ox~ oy Oz

the time; v is the kinematic viscosity.

The standard k-¢ turbulence model needs to
solve the equation of the turbulent kinetic energy &
and the dissipation rate ¢. The equation for the tur-
bulent kinetic energy is derived by a precise equation,
but the equation of the dissipation rate is obtained by
physical reasoning and mathematical simulation of
similar primitive equations. The equations of the
turbulent kinetic energy & and the dissipation rate ¢ in
the standard k-¢ turbulence model are as follows:

dk 0 ok
p—=— y+ﬂ —|+G +G,—pe-Y,, (3)
dt o,

o, )Ox
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where Gy represents the generation of turbulent ki-
netic energy caused by the average velocity gradient;
Gy, represents the generation of turbulent kinetic en-
ergy caused by the impact of buoyancy; Yy represents
the impact of compressible turbulence pulsating ex-
pansion on the total dissipation rate; x is the viscos-

ity coefficient; x; is the coordinate of the flow direc-
2

. L . k
tion. The turbulent viscosity coefficient x4, = pC,—.
£

The model coefficients are given by C;.=1.44,
C~=1.92, (30, and C,=0.09, and the turbulence
Prandtl numbers of the turbulent kinetic energy £ and
the dissipation rate ¢ are g;=1.0 and ¢,=1.3.

2.3 Mesh and solution setting

Fig. 2 shows the simplified flow field model of

the piston type valve and the grid generation of the
simplified model whose R=100 mm, D=120 mm, and
H=20 mm. ANSYS ICEM is used to generate the
mesh. Owing to the complex structure, the model uses
an unstructured tetrahedral grid. In addition, a
three-layer boundary layer grid is set on the wall
surface to improve the accuracy of calculation. To
obtain the data of the flow rate in all directions near
the bottom of the valve core, a torus is made between
the valve core and the separator. It is split into 20
parts. The boundary conditions of all 20 parts are set
as the interior. Accordingly, the bottom surface of the
valve core is also divided into 20 parts.

Fig. 2 Grid of the flow channel model

To ensure the accuracy and improve the effi-
ciency of calculation, a grid independence check
should first be completed. The maximum grid size is
finally determined by adjusting the maximum grid
size to change the grid number and taking the outlet
flow rate as a reference. Fig. 3 shows the results of
outlet flow rate with different maximum grid sizes.
When the maximum grid size is lower than 3.6 mm,
the value of outlet flow rate does not change, and it
can be considered that the grid number no longer
affects the calculation results. Therefore, 3.6 mm is
selected as the maximum grid size, and that is used in
the remaining models with different geometrical
parameters.

The simulation is carried out via FLUENT. The
coupling method of pressure and velocity uses the
semi-implicit method for pressure linked equation
(SIMPLE) algorithm, and all the discrete format uses
the second-order upwind format. Although the flow
velocity is not the same in all sections, the velocity of
all sections does not change with time. The velocity
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only changes with spatial position and is independent
of time. A steady calculation model is chosen in this
simulation. The Reynolds number is between
8.00x10* and 1.60x10°. The flow is completely tur-
bulent and its vorticity is small, so the standard k-¢
turbulence model is chosen. The boundary condition
is set as pressure-inlet and pressure-outlet, and the
rest of the surfaces are non-slip surfaces. This study
focuses on the globe valve under low pressure condi-
tions, and the inlet pressure is set to 0.25 MPa while
the outlet pressure is set to atmospheric pressure,
namely 0.1 MPa. The medium is water at normal
temperature. Its density is 998.2 kg/m3, and its vis-
cosity is 1.001 kg/(m-s).
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Fig. 3 Grid independence check

3 Results and discussion
3.1 Comparison with similar simulations

To verify the accuracy of the simulation, this
paper studies the pressure characteristics of the valve
core and the flow characteristics under different
heights of the valve core when R=100 mm and
D=120 mm. The variation characteristics of the
pressure difference between the upper and lower
surfaces of the valve core and the flow rate at the
valve outlet, with the height of the valve core are
analyzed, and the pressure distribution on the bottom
of the valve core is analyzed when the height of the
valve core is 20 mm.

Table 2 shows the pressure difference under
heights of the valve core of 15 to 65 mm. It can be
seen that when the height of the valve core is 15 mm,
the pressure difference is the largest, at 0.2698 MPa.
With the increase of the height of the valve core, the

pressure difference decreases gradually, and the var-
iation range decreases from 0.0043 to 0.0001 MPa.
Fig. 4 shows the fluid force and the pressure differ-
ence under different heights of the valve core. It is
obvious that the change of the fluid force is consistent
with the change of pressure difference. The simula-
tion results in this study are compared with those of
the pilot control globe valve (PCGV) with a similar
structure. The flow and cavitation characteristics of
PCGV under different spool displacements were
studied (Qian et al., 2016a). The pressure difference
between the upper and lower surfaces of the valve core
was obtained when the inlet velocity was 3 m/s and the
displacement of the valve core was 5-25 mm. The
pressure difference range was 0.0183-0.1634 MPa,
which is the same order of magnitude as the pressure
difference simulated in this paper.

Table 2 Pressure differences under different heights of
the valve core

H Pressure H Pressure
(mm) difference (MPa) | (mm)  difference (MPa)

15 0.2698 45 0.2611

25 0.2655 55 0.2594

35 0.2623 65 0.2593

Fig. 5 shows the pressure distribution at the
bottom of the valve core when the height of the valve
core is 20 mm. As shown in Fig. 5, the pressure dis-
tribution is asymmetric. The pressure at the bottom of
the valve core near the outlet side is greater than that
near the inlet side. The pressure distribution at the
bottom of the valve core is compared with that of
PCGV studied by Qian et al. (2016b). In the two
simulation results, the pressures of the bottom of the
valve core present the same unbalanced phenomenon,
and the right side pressures are both greater than the
left side pressures. The above results again show the
reasonableness of the simplified model.

It can be seen from Fig. 6a that the piston type
globe valve has fast opening flow characteristics.
That is to say, there is a large flow rate change when
the opening is small. With the increase of the opening,
the flow rate change is very small. The simulation
results are compared with the flow characteristics
under different pressure differences (Ap) obtained by
Nguyen et al. (2020), as shown in Fig. 6b. The pres-
sure distribution and flow coefficient of a globe valve



270 Qian et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2021 22(4):265-276

were investigated with a series of experiments con-
ducted in a flow test loop (Nguyen et al., 2020).
Comparing Figs. 6a and 6b, it can be found that the
globe valve in the literature (Nguyen et al., 2020) and
the piston globe valve in this paper have the same
flow characteristics.

By comparing the simulation results of this study
with the above research (Nguyen et al., 2020), the
reliability and accuracy of the simulation in this study
are confirmed.

3.2 Effects of the bending radius of the inlet flow
channel

The unbalanced moment on the bottom of the
valve core is mainly caused by the irregular shape of
the inlet flow channel. R¢is the dominant parameter of
the inlet flow channel, and obviously affects the flow
pattern, vorticity, and turbulence level of the fluid
near the bottom of the valve core. Fig. 7 presents the
velocity and streamline distributions on the symmet-
rical surface of the models with different Ry As
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Fig. 4 Fluid force and pressure difference under different
heights of the valve core
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shown in Fig. 7, the flow velocity near the bottom of
the valve core is the smallest at the center of the bot-
tom of the valve core. The flow velocity increases
gradually along the radial direction and reaches a
maximum at the outermost part of the valve core. The
fluid velocity near the bottom center of the valve core
is minimal and within 4 m/s. This area is called the
“low-speed zone.” It can be seen from Fig. 7 that the
angle between the streamlines and the bottom of the
valve core is larger in the “low-speed zone” than that
in other areas, which means that the “low-speed zone”
is the area that is directly impacted by the fluid. The
momentum of fluid in this area decreases greatly, i.e.
the bottom of the valve core in this area is subjected to
a larger fluid force and the pressure on the bottom of
the valve core in this area is greater. The “low-speed
zone” can also be regarded as the boundary region of
flow direction. The fluid on the left side of the
“low-speed zone” flows out from the side near the
inlet, while the fluid on the right side flows out from
the side near the outlet.

Pressure
(MPa)
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Fig. 5 Pressure contour on the bottom of the valve core
under H=20 mm
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Fig. 6 Flow characteristic curves of the globe valve
(a) Piston globe valve; (b) Globe valve in the literature (Nguyen et al., 2020)
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It can be seen from Fig. 7a that there is an ob-
vious difference between the inlet and outlet veloci-
ties. For incompressible fluid, the reason is that the
velocity of the fluid after flowing through the valve
increases due to the pressure difference between inlet
and outlet. However, due to the law of mass conser-
vation, the fluid does not fully fill the outlet flow
channel. In other words, the effective flow area of the
outlet is less than the cross-sectional area of the outlet
flow channel.

Velocity (m/s)
1

-
oo

O=2Nwh
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Fig. 7 Velocity profiles and streamlines on the symmetry
plane

(a) R=80 mm; (b) R=90 mm; (¢) R=100 mm; (d) R=
110 mm; (e) R=120 mm

Obviously, the flow rate at the outlet side is
larger than that at the inlet side, as shown in Fig. 8.
The orthogonal coordinate system in Fig. 8 is defined
as follows: the center of the bottom of the valve core
as the origin, the side of the outlet as the X-axis posi-
tive direction, the line perpendicular to the bottom of
the valve core as the Y-axis direction and above it is
positive, the outward vertical to the symmetrical
surface as the Z-axis positive direction. Moreover, the
average velocity at the outlet side is larger than that at
the inlet side, that is to say that the dynamic pressure
at the outlet side is higher. The larger flow rate and
the higher dynamic pressure make the pressure on the
bottom of the valve core at the outlet side larger. With
the increase of Ry, the fluid distribution near the bot-
tom of the valve core becomes more uniform, and the
“low-speed zone” moves towards the center of the
bottom of the valve core. Therefore, the unbalanced
pressure on the bottom of the valve core is reduced.

Under the influence of an irregular inlet flow
channel, the fluid flows more through the valve core
from the side near the outlet after impacting the bot-
tom of the valve core. Where the flow rate is larger,
the bottom of the valve core is naturally subjected to

greater impact. From Fig. 8, in the positive direction
of the X-axis, the flow rate in all directions is main-
tained in the range of 0.0016-0.0018 m®/s, while in
the negative direction of the X-axis, the flow rate is
not more than 0.0015 m’/s. That is to say, the unbal-
anced flow rate distribution is mainly manifested
along the X-axis while along the Z-axis the flow dis-
tribution is more balanced. When Ry= 80 mm, most of
the flow rate values in the positive direction of the
X-axis are between 0.0016 and 0.0018 m3/s, while the
flow rate in the negative direction of the X-axis is
within 0.0014 m®/s. When R=120 mm, the flow rate
distribution in the positive direction of the X-axis is
basically the same as when R=80 mm, while the flow
rate in the negative direction of the X-axis increases
significantly, ranging from 0.0013 to 0.0015 m’/s.
With the increase of Ry, the unbalanced degree of flow
rate distribution decreases slightly. The flow rate
distribution curve shows a trend of moving towards
the inlet as a whole.

—— R=80 mm

R=90 mm
- - - -R=100 mm
36 -— R=110 mm
X\ —--—R=120 mm

SRS

Fig. 8 Flow rate distribution in all directions near the
bottom of the valve core

Table 3 shows the maximum pressure on the
bottom of the valve core and its position correspond-
ing to different values of Ry, which reflects the offset
degree of pressure distribution on the bottom of the
valve core to a certain extent. The position of the
maximum pressure is far from the center, indicating
that the offset degree of the bottom of the valve core is
greater and the unbalance moment of the valve core is
greater. With the increase of Ry, the maximum pres-
sures vary over a very small range, and are all slightly
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less than 0.25 MPa. However, the position where the
maximum pressure occurs gradually approaches the
bottom center of the valve core along the X-axis. As Rt
increases from 80 to 120 mm, the distance between the
position of the maximum pressure and the center point
also decreases from 5.88 to 3.60 mm. In other words,
the offset degree of pressure distribution on the bottom
of the valve core becomes smaller, and the unbalanced
moment of the valve core is gradually reduced. This is
essentially consistent with the changes in the
above-mentioned flow rate distribution.

Table 3 Positions of maximum pressure under different
Ry

Re Maximum Position Distance from
(mm) pressure (MPa) X, 2 center point (mm)

80 0.250 (5.88,0) 5.88

90 0.250 (5.16, 1.59) 5.40

100 0.250 (4.48,0) 4.48

110 0.249 (3.19,-2.28) 3.92

120 0.249 (1.06, 3.45) 3.60

In summary, with the increase of Ry the
“low-speed zone” near the bottom of the valve core
gradually approaches the center, the non-uniformity
of flow rate distribution in all directions decreases,
and the position where the maximum pressure ap-
pears gradually approaches the center. So the unbal-
anced moment on the bottom of the valve core de-
creases with the increase of Ry, as shown in Fig. 9.
Within the range of R=80—-120 mm, there is an ob-
vious linear relationship between the magnitude of
the unbalanced moment M and R¢. The relationship
between the unbalanced moment M and Ry is pre-
sented as

M =0.538—-0.00360R,. 5)

Moreover, all the data points are distributed
within £3% of the intercept.

In conclusion, the larger the R¢ value is, the more
symmetrical the fluid distribution is on the bottom of
the valve core. Meanwhile, for a globe valve hori-
zontally arranged, the valve volume increases with
the increase of Ry. Therefore, in the case meeting the
requirements of the installation volume, Ry should be
selected as far as possible so as to reduce the unbal-
anced moment on the bottom of the valve core.

0.28
0.26
0.24

022

2 0.20

c
o 0.
I

So.
0.14
0.12
0.10

T
@\ +3%

Iz

@
o

90 100 110 120
R, (mm)

Fig. 9 Characteristic relationship between moment and

3.3 Effects of the special-shaped pipe diameter

Fig. 10 displays the distributions of velocity and
streamlines on the bottom of the valve core. The po-
sition of the “low-speed zone” on the bottom of the
valve core can be viewed intuitively from Fig. 10.
After the fluid impacts the valve core in the area with
velocity less than 1 m/s, it flows out from all direc-
tions, and the flow velocity increases continuously. It
can be seen that under the influence of the irregular
inlet flow channel, the position of the fluid impacting
the valve core can be offset, which makes the flow
rate distribution in all directions unbalanced, and
eventually leads to the phenomenon of unbalanced
pressure on the bottom of the valve core. The greater
the flow rate, the greater the moment on the bottom
center of the valve core, as shown in Fig. 11. Simi-
larly, to the flow rate distribution, the imbalance of
the moment distribution is mainly manifested along
the X-axis. In the positive direction of the X-axis, that
is, on the side near the outlet direction, the moment is
obviously larger than that on the other side. In the
Z-axis direction, the flow rate and the moment are
symmetrically distributed.

The outlet flow rate, the pressure difference, and
the moment to the X-axis and the Z-axis on the bottom
of the valve core under different D are shown in
Table 4. Compared with the moment about the Z-axis,
the moment about the X-axis is smaller. Moreover, the
change rate of the X-axis moment is small, and there
is no definite change rule. D mainly affects the outlet
flow rate. With the increase of D, the radial flow area
between the valve core and the valve body increases.
The flow resistance of the valve is reduced accord-
ingly, which leads to a decrease in the pressure drop
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and an increase in the flow rate. Therefore, the re-
sultant moment on the bottom of the valve core to the
Z-axis increases accordingly. When D changes from
110 to 150 mm, the change rate of flow rate is 12.6%,
and the moment about the Z-axis increases from 0.124
t0 0.253 N'm.

Velocity (m/s)

“NWhAhOTON®O©

Fig. 10 Velocity and streamline distributions on the
bottom of the valve core
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Table 4 Outlet flow rate, pressure difference, and moment
on the bottom of the valve core under different D

Moment-X Moment-Z

D  Flowrate Pressure dif-

(mm) (m’/s) ference (kPa) (N'm) (N'm)
110 0.0278 0.1436 0.0223 0.124
120 0.0297 0.1426 0.00290 0.177
130 0.0307 0.1422 0.00519 0.198
140  0.0311 0.1419 0.0210 0.228
150  0.0313 0.1419 —0.00901 0.253

Fig. 12 presents the pressure distribution on the
symmetrical surface of the models with different D.
As shown in Fig. 12, when the fluid flows through the
gap between the valve core and the valve seat, there is

a very obvious pressure drop. The pressure on the
lower surface of the bottom of the valve core de-
creases along the radial direction, while the pressure
on the upper surface of the bottom of the valve core is
well-distributed and the pressure is low. That is also
the reason that the pressure on the upper surface of the
bottom of the valve core is ignored in this study. With
the increase of D, the pressure between the valve core
and the valve body gradually decreases, as shown in
the rectangular box in Fig. 12. This is due to the in-
crease of the radial flow area. After the fluid flows
through the gap between the valve core and the valve
seat, the flow in the radial direction is stronger.
However, D has little influence on the pressure dis-
tribution on the lower surface of the bottom of the
valve core.

Pressure (MPa)
N I
022

Fig. 12 Pressure profiles on the symmetry plane
(a) D=110 mm; (b) D=120 mm; (c¢) D=130 mm; (d) D=
140 mm; (e) D=150 mm

3.4 Effects of the valve core height

Different values of H represent different valve
openings, and the valve opening determines the flow
rate by changing the flow area in a circumferential
direction. With the increase in H, the flow rate and the
pressure distribution on the bottom of the valve core
both change. Assuming the area of each node is
1x10~° m?, the moment of each node about the bottom
center of the valve core can be obtained according to
the pressure and position information about the node.
Fig. 13 shows the moment distribution on the bottom
of the valve core. The forces acting on the points near
the center of the valve core bottom have a short mo-
ment arm, and thus the moment within a radius of 10
mm is relatively small. The maximum moment is
obtained between the radii of 20 and 30 mm. Com-
pared with Figs. 13a—13c, with the increase of H, the
unbalance phenomenon becomes more obvious. As
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shown in Fig. 13, the moments in the sector areas
formed by virtual coils are all less than
6.40x10° N-m. When H=20 mm, the angle of the
sector area is about 40°. When H=40 mm, the angle of
the sector area increases to about 175° and when
H=60 mm, the angle of the sector area reaches 195°.
Moreover, the sector areas are always located on the
negative X-axis, which means the moment of the
positive X-axis is obviously greater than that of the
negative X-axis. This makes the valve core trend to
turn around the Z-axis. In the actual valve structure
that trend will cause the valve core to squeeze the
surrounding sealing elements and thereby affect the
sealing performance of the valve.

Moment ST
(x10°Nm)0 1 2 3 4 5 6

: '0.00
z—voz x/‘/ B

-0.04 -0.04 X
(c)

Fig. 13 Moment distribution at the bottom of the valve
core: (a) H=20 mm; (b) H=40 mm; (c) H=60 mm

The flow rate and the moment on the bottom of
the valve core under different values of H are shown
in Table 5. With the increase of H, the opening of the
valve and the outlet flow rate both increase, which
results in the increase of the unbalanced moment on
the bottom of the valve core. H is the decisive factor
of the outlet flow rate, so with the increase of H from
15 to 70 mm, the change of outlet flow rate is more
significant, increasing by 34.5%. The resultant mo-
ment of the bottom of the valve core is also changed
greatly from 0.0551 to 1.220 N-m.

It can be seen from Table 5 that there is a certain
non-linear relationship between the moment and the
flow rate. It is assumed that the flow rate is an inde-
pendent variable x and the moment is a dependent
variable y. The relationship between y and x is as-
sumed as follows:

y=a—b><exp(—c><xd), (6)

where a, b, ¢, and d are the coefficients to be solved in
the assumed relation.

Table 5 Outlet flow rate and total moment on the bot-
tom of the valve core under different H

H (mm) Flow rate (m>/s) Moment (N-m)
15 0.0267 0.0551
20 0.0297 0.178
25 0.0316 0.226
30 0.0333 0.301
35 0.0343 0.301
40 0.0349 0.495
45 0.0353 0.612
50 0.0355 0.713
55 0.0356 0.826
60 0.0357 0910
65 0.0358 1.080
70 0.0359 1.220

The existing data are utilized to fit the non-linear
formula based on different optimization algorithms.
The fitting results are presented in Table 6. The for-
mula obtained by the universal global optimization
(UGO) algorithm has the smallest root mean square
error (RMSE), the smallest sum of squares of residu-
als (SSE), and the largest correlation coefficient (R),
compared with the Quasi-Newton (BFGS) algorithm
and the simplex method (SM) algorithm. Combining
the above three factors, the formula obtained by the
UGO algorithm is chosen as the optimal solution.
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Therefore, the moment and the flow rate are related
by

y=0.176+1.14x10" xexp(1.99x10° x x**).  (7)

Fig. 14 shows the variation classification of the
moment when the flow rate changes from 0 to
0.040 m*/s according to Eq. (7). According to Fig. 14,
the variation classification of moment with the flow
rate can be roughly divided into three stages. The first
stage is basically unchanged and the flow rate range is
0-0.030 m’/s. In this stage, because the coefficient ¢
before the x¢ term is small, the influence of x on y is
small. The constant term in the functional relationship
plays a leading role, so that the change of y is not
obvious. The second stage is a stable growth stage,
and the flow rate range is 0.030-0.035 m’/s. At this
stage, x? reaches a large enough value, and the ex-
ponential term begins to have a visible effect on y.
The third stage is the exponential growth stage, and
the flow rate is more than 0.035 m’/s. When x reaches
a large enough value, the exponential term plays a
dominant role in the functional relationship between x
and y, and y increases exponentially with the change
in x. Therefore, in practical applications, the flow rate
should be kept within the range of 0—0.030 m?/s as far
as possible, and the flow rate should always be lower
than 0.035 m’/s.

5 1 T T T T T T TTpr

4 -

The second The third

The first stage stage st5a

y(N'm

2 —

1 —

0 T T T S S —r—" i
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
x (m*/s)

Fig. 14 Variation classification of moment with a flow
rate based on Eq. (7)

4 Conclusions

To explore the effects of characteristic geomet-
rical parameters on the unbalanced moment of a pis-
ton type valve core, a simplified model of a piston
type globe valve is established. The numerical simu-
lation results of the simplified model are verified by
comparing their results with those reported in the
The
characteristics of the simplified model are analyzed
under different inlet channel bending radii, different
diameters of special-shaped pipe, and different valve
core heights. The effects of the three characteristic

literature. flow characteristics and moment

parameters on the unbalanced moment of the piston
type valve core are obtained.

With the increase of the bending radius of the
inlet flow channel, the unbalanced moment on the
bottom of the valve core decreases gradually. In
practical applications, the unbalance moment can be
reduced by appropriately increasing the bending ra-
dius of the valve inlet channel. In addition, the cor-
relation between the unbalanced moment and the
bending radius of the inlet flow channel is obtained in
the range of 80—120 mm for the bending radius of the
inlet flow channel. With the increase of the diameter
of the specially-shaped pipe, the unbalanced moment
on the bottom of the valve core increases slightly. In
the design of the valve, the impact of the diameter of
the specially-shaped pipe on the unbalanced moment
can be ignored, and according to the working condi-
tion the appropriate diameter can be selected. The
height of the valve core represents the opening of the
valve and is the main influencing factor of the outlet
flow rate. The larger the height of the valve core, the
greater the outlet flow rate, which aggravates the
unbalance of the moment distribution on the bottom
of the valve core. The functional relationship between
the unbalanced moment and the flow rate is obtained,
and when the flow rate is larger than 0.035 m’/s, the
change of the unbalanced moment becomes more
intense and enters an exponential growth stage.

Table 6 Main parameters information on Eq. (6) under different optimization algorithms

Algorithm RMSE SSE R a b c d
UGO 0.0558 0.0373 0.988 0.176 -1.14x107* -1.99x10® 5.08
BFGS 0.0564 0.0382 0.987 0.178 -3.64x107° -3.24x10" 4.50

SM 0.0516 0.0319 0.979 0.171 —-6.48x107° —1.48x107" 9.32
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