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Abstract

This article mainly investigates how orifice structure influences the
characteristics of steady-state flow force. The research model of this paper
is originated from a cartridge proportional valve. Firstly, predicting charac-
teristics of the flow force working on poppet in different types of orifice
through CFD simulations; secondly, several parameters of poppet and sedt,
which may affect the characteristics of flow force, are defined, a series of
CFD calculationswere conducted to find arule how each parameter influences
flow force; thirdly, according to the analysis, optimization of orifice structure
parametershasbeen successfully realized. Finally, atest bench wasestablished
to validate the simulation results.

The results show that the orifice type has a significant influence on flow
force, which indicates that choosing certain type of orifice can effectively
decrease the influence of flow force, and the negative effect of flow force can
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be reduced within an acceptable extent. Besides, the influence of orifice on
pressure difference has been a so taken into account. The experimental results
agree well with the simulative one.

Keywords: Flow force, cartridge valves, CFD simulation, design
optimization.

1 Introduction

The flow force is one of the main factors that influence the performance
of avalve. Thus, studies on its characteristics and method of reducing the
negativeeffect of flow forcearealwaysapoplar topic. A lot of researchershave
made much contributions. In USA, as early as 1950s, Lee and Blackburn [1],
Stone [2] had investigated the steady-state flow forces in poppet valves. And
in China, Cao et a. [3, 4] studied flow force and pressure distribution of
the main poppet in a converged flow poppet valve in both theoretical and
experimental ways, besides, Shi et a. [5] presented anew techniqueto reduce
the flow force in a poppet valve, and Tang et a. [6] proposed a moving seat
method, which changed the moving relationship between conica poppet and
valveseat, to reduceflow force. With the devel opment of computer technol ogy,
computational fluid dynamics (CFD) software has brought much convenience
for flow investigation and widely applied in many fields. In recent years,
researchersinterested in hydraulics have done much investigations on various
valves, such as poppet valve, conical valve and so on, through CFD software.
Zhang et a. [ 7] adopted two-phase model to investigate the steady-state flow
forceinadiding valvewhose flow directionisconverged, Yeet al. [8] studied
how different notches affect the characteristics of flow force in aspool valve,
Bordovsky and Murrenhoff [9] tried to find out how different geometries
and oil temperatures affect steady-state flow forces in spool valves with the
help of CFD simulations. Furthermore, Finesso and Rundo [10] conducted a
research on a conical poppet relief valve through both CFD simulations and
experiments, Rundo and Altare [11] compared the analytical and numerical
methods for evaluating the flow force in a conical poppet valve and Liu
et al. [12] designed astructurewhichis called dampingtail that can effectively
regulate the flow force in a counterbalance valve, and found its optimal size
through CFD simulation.

In modern hydraulics, cartridge valves become more and more important
and are now commonly applied in many hydraulic fields for its large flow
rate capacity, excellent leak-proofness and so on. Several scholars and
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researchers had done some work that are relevant to cartridge valves, Masao
and Shigeru [13] used theoretical method to study the flow force in a two-
way cartridge valve, Zheng and Quan [14] found that truncated poppet has
a stronger flux capacity than the usual one, and Jalil et a. [15] used CFD
simulation and PIV techniqueto investigate the fluid flow of truncated conical
poppet valve. Moreover, Zardin et a. [16] designed a new two-stage on/off
cartridge valve.

This paper mainly discusses that how orifice structure influences the
characteristics on flow force in a cartridge proportional valve. Firstly,
comparing the characteristics of flow force of three types of orifices under
the same parameters, and selecting a certain type of orifice as the optimiza-
tion subject; secondly, exploring a rule how each parameter influences the
characteristics of flow force through a series of CFD calculations, and then,
according to the analysis, optimizing the orifice structure; at last, atest bench
was established in order to validate the results of CFD calculation.

Nomenclature

Q flow rate
Fr flow force
k kinetic energy of the turbulence

Gy, Gy, Y energy components of k-¢ equation
Cie, Coe,C3.  constants of the k- model

P fluid density

P, P, inlet pressure and outlet pressure

din diameter of inlet channel

Fur force measured in test

0 angle of the chamfer of poppet

D diameter of conical poppet

Ly axial length of the chamfer on poppet
Ly radial length of the chamfer on poppet
Ly axial length of the chamfer on seat
Lo radial length of the chamfer on seat

x poppet position

F total force working on poppet

€ dissipation factor

Sk, Se user-defined source term

Lt turbulent viscosity

Ok, Oc turbulent Prandtl numbers

AP P, - P,
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dout diameter of outlet channel
A; A, sectional area of poppet
Q@ angle of the chamfer on seat

2 Cartridge Proportional Valve and Orifice Types

2.1 Description of a Cartridge Proportional Valve

According to flow direction, poppet valves can be classified into two types:
converged flow and diverged flow. Obviously, characteristics of flow forcein
two valves will be definitely different. Figure 1 shows two different types of
cartridge valves, which are the base model of research in this paper.

2.2 Different Types of Orifice in Poppet Valve

Threedifferent types of orificesand their corresponding parametersare shown
in Figure 2, besides, the direction of flow force and poppet position are also
represented in the picture. The diameter of inlet d;,, outlet d,,,; and poppet D
are equivaent in all three situations.

Figure 2(a) shows the type_1, in this structure, a chamfer is machined on
the main poppet.

Figure 2(b) shows the type 2, compared to the type_ 1, the chamfer is
machined on the valve seat.

Figure 2(c) shows the type_3 that both the poppet and the seat have a
chamfer.

[— [
i _] Pilot throttle valve I _]- Pilot throttle valve

SRR T e

MIMIIL%// % I - Main poppet |/ = |
Valve seat / | h Valve sieeve [/ -
7% 3 = Outlet
Valve body \% 7 | | ] 4 ::, / Valve body . e ]
) ::é!:’ X s
Outlet oInlet
(a) Converged flow (b) Diverged flow

Figurel Two cartridge valveswhich are used for research.
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Poppet position x T

(a) Type_1: Poppet with chamfer (b) Type_2: Poppet without chamfer

and seat without chamfer and seat with chamfer

Poppet position x

(c) Type_3: Poppet with chamfer and seat with chamfer

Figure2 Threedifferent seat geometries.

3 3D Model and Simulation Set Up

3.1 3D Model

3D model of the valve, which was created in SolidWorks, is represented in
Figure 3, the valve is comprised of avalve body, avalve seat, a poppet and a
did. Channel of inlet and outlet, whose diameter are 16 mm, were drilled on
the valve body.

Mesh models of fluid in the valve were generated in ICEM CFD, and the
type of them is chosen astetrahedral which possesses an excellent adaptation.
In order to obtain an accurate and reliable result, mesh refinement had been
done. First, a genera refinement was realized by increasing the number of
cellsin whole fluid domain; second, alocal refinement was realized through
setting adensity box around the orifice, becauseit isinthisareawherethe high
velacity and pressuregradients occur, which leadsto amuch more complicated
flow state. Furthermore, the quality of mesh had a so been taken into account,
and severa steps, including refinement of line and surface of the poppet, had
been doneto improveit. Fluid mesh model generated in ICEM CFD has been
represented in Figure 4.
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Inlet
Figure3 3D model of valve.

Outlet

Inlet }-

Figure4 Mesh model generated in ICEM CFD.

3.2 Model Setup

3.2.1 Model description

Undoubtedly, the simulation model should be chosen as turbulence model.
Fluent have provided three common turbulence modelsfor users, they arek-¢
model, k-w model and Reynolds stress model and the k- model is the most
widely used onein hydraulic valve researches. According to it, the turbulence

kinetic energy k and dissipation ¢ rate are derived from the transport functions
below:

0 0 0 e\ Ok
ot (ok) + ox; (phus) = Ox; [(u+ ak) a$j:|

+Gy + Gy — pe — Yy + Sk D
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0 0 0 ue\ Oe
ot (pe) + 0x; (peui) = Ox; [(u + 05) 8@-]
2

+015% (G + C3-Gy) — pc%% +S. (@
Meaning of parameters are as follows. G, refers to the generation of
turbulencekinetic energy caused by themean vel ocity gradients, G, represents
the generation of turbulence kinetic energy resulted from buoyancy, and Y, is
the contribution of the fluctuating dilatation in compressible turbulence to the
overall dissipation rate, besides, C., Co. and Cs. represent model constants,
o, and o, refer to the turbulent Prandtl numbers for k and &, S;, and S.
represent user-defined source terms.
The turbulent viscosity 1, can be calculated through the equation:

k2
Ht = pC/L ? (3)

in above equation, C, represents the model constant.
Default valuesof model constantshave already been represented in Fluent:
Cie = 1.44, Cy. = 1.92, C3. = 0.09, 0, = 1.0, 0. = 1.3.

3.2.2 Description of simulation settings and process

for simulation
Obvioudly, flow state in the valve should be regarded as incompressible.
In Fluent, the inlet type was set as velocity-inlet, and the outlet was defined
as pressure-outlet, besides, the value of outlet pressure is always 0.1 MPa.

Three poppet positions had been picked from the operating stroke
0~3 mm, and eight flow rate values were selected from 0~150 L/Min,
consequently, characteristics of flow force under various conditions can be
clearly represented, the relationship between flow rate and poppet position is
reported in Table 1.

Table 2 represents the parameters of the type_2, which will be used in
simulation. Since after changing the value of angle «,, geometry of the poppet
whose length parameter is the parameter L, is quite different with the one
whose length parameter is L, which is shown in Figure 5 (in this paper,
wedefinethat Ly; — o (i = 1 or 2) represents parameter combination of L;
and «). Therefore, it is necessary to divide the simulation into two parts: the
parameter combination Lg; — « and Lgo — «. The process of obtaining the
flow force in certain condition is as follows: first, determine poppet position
X, for instance, setting x = 3 mm; second, determine the flow direction,
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Table1l Relationship between flow rate and poppet position

Flow Rate Q (L/Min)

Poppet Position x(mm)

1

2

w

20
40
50
70
80
100
120
150

L
L
L

Table2 Parametersof type 2

Type of Orifice

Axial Length of

Radia Length of Angle of Chamfer
Flow Direction ChamferL,1 (mm) ChamferL 2 (mm)

(%)

Poppet without  Converged flow 0.8 0.8 45
chamfer and Diverged flow 1 1 60
seat with chamfer 12 12 70
Spool .
P = Spool
I Sleeve
j Ls2
: a 4L
el Sleeve & Al
4 Q.
@ - @, =

(a) Parameters combination of Lg,

-

(b) Parameters combination of L; — &

Figure5 Comparison of two different types of parameters combination.

for instance, converged flow; finally, choose the parameters combination, for
example, Ls; — «, and then assigning the corresponding value for Lg; and
«, suchas Ly = 1.2 mm, a = 30°, thus, flow force acting on poppet when
x=3mm, Ly = 1.2 mm, o = 30° can be obtained. In thisway, flow force
in different parameters combinations and operation strokes can be obtained

by CFD simulation.

The computer used for simulation is equipped with a CPU that contains
16-core (32 threads) and 30 of them were assigned for the parallel calculation.
The computational timeto simulate asingle point is relevant to many factors,
such asthenumber of mesh cells, flow rateand poppet position. For example, in
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conditionthat x = 3 mm, Q = 150L/Minand 1.3 million cells, it takes nearly
15 minutes to complete the calculation, while in condition that x = 3 mm,
Q = 150 L/Min, 0.65 million cells, time of completion is about 9 minutes.

4 Analysis of CFD Simulations

The contentsmainly discussed in thissection areasfollows: firstly, it analyzes
and compares the general characteristics of three orifices under the same
parameters combination; secondly, choosing the optimal orifice, whose char-
acteristicsof flow forceisbetter thanthe other two, asthe main research object,
and then exploring the rules how each parameter influences characteristics of
flow forceand pressuredifference; thirdly, according totheanalysis, obtaining
theoptimal parametersof orifice, which decreasestheinfluence of flow forceto
the minimum extent; finally, validation of mesh independence was conducted
to prove the accuracy of results.

4.1 Theoretical Calculation Method for Flow Force

Fluent can only report the total force (result of CFD calculation is about the
resultant force acting on one area) of a certain surface as opposed to the
flow force, therefore, atheoretical formula, which can reveal the relationship
between the total force obtained from Fluent and the flow force, should
be established. Figure 6 shows a valve whose inlet pressure P; and outlet
pressure P, are constants, and then, the flow force working upon poppet can
be calculated through the following formula:

FF:Fo—Flz(B*Ai+PO*AO)—F1

; '
i
dout
P, b

(a) valve-off condition (b) valve-on condition

Figure6 Two different work conditions of the valve.
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In above equation, Iy refersto the total force exerting on poppet in valve-off
situation while F is the total force in valve-on condition, P, and P, refer to
theinlet pressure and the outlet pressure, A; = ZD? — Zd2,, and A, = Td2,,
represent the area where inlet pressure and outlet pressure acts.

Besides, according to the direction of flow force shown in the Figure 2,
the positive flow force tends to close the orifice of the valve, and conversely,

the negative flow force tends to open the orifice.

4.2 Characteristics of Three Types of Orifice

4.2.1 Characteristics of type_1

Figure 7 showsthe F'r — () simulation curves of both converged and diverged
flow in different poppet positions when L, = 1 mm, § = 45° and Figure 8
represents the corresponding total force that acts on main poppet.
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Figure7 Simulation curves of Fr — @ in different poppet positions when L, = 1 mm,
0 = 45°.
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(a) Simulation curves of converged flow (b) Simulation curves of diverged flow

Figure 8 Simulation curves of F' — @ in different poppet positions when L,2 = 1 mm,
0 = 45°.
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In converged situation, with the increasing of poppet position and flow
rate, magnitude of flow force increases and the direction gradualy turns to
negative from positive, which put the valvein an unstable state. For instance,
inz =1 mm, Q = 50 L/Min, flow force is in positive direction and only
about 2 N which is so small that can be neglected, while in z = 3 mm,
@ = 150 L/Min, flow force turns to negative direction and reaches —21 N
which takes 13% of the total force.

In diverged situation, different from the converged one, direction of flow
force in al poppet positions is positive, which helps improve the stability of
the valve, however, the magnitude of flow force keeps in very high level in
whole operation range. When x = 1 mm, @@ = 50 L/Min, flow force can rise
to 19 N that occupies 24% of the total force, in x = 2 mm, Q = 100 L/Min,
flow force reaches 21 N which is 27% of thetotal force working upon poppet,
andinxz = 3 mm, Q = 150 L/Min, flow force can account for 15%. Without
doubt, in this situation, flow force will definitely bring a huge disturbance on
poppet adjustment in whole operating stroke.

Figure 9 showsthe corresponding A P — (Q simulation curves. Aswe can
see, thereis no obvious difference between converged and diverged direction.

4.2.2 Characteristics of type_2
Figure 10 showsthe F'r — (Q simulation curves of both converged and diverged
flow in different poppet positionswhen Lo = 1 mm, o = 45° and Figure 11
shows the corresponding total force.

In converged situation, although direction of flow forceispositiveinwhole
operation range, flow force decreases with the increase of poppet position, for
example, inxz = 1 mm, Q = 50 L/Min, flow forcecanbeashighas 17 N that
accountsfor 27% of forceacting on poppet, andinx = 2mm, ) = 100 L/Min,

0 10 20 30 40 50 60 70 B0 8O 100110 120 130 140 150 0 10 20 30 40 50 60 TO 80 90 100 110120130 140150
@1 Min @11 Min)

(a) Simulation curves of converged flow (b) Simulation curves of diverged flow

Figure9 Simulation curves of AP — @ in different poppet positions when L, = 1 mm,
0 = 45°.
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010 20 3 40 50 60 70 B0 B0 100110120130 180 150 © 0 30 30 40 50 60 70 80 5O 100110 120130 440 150
@ (LMim) (1 Mim)

(a) Simulation curves of converged flow (b) Simulation curves of diverged flow

Figure 10 Simulation curves of Fr — Q in different poppet positions when Ls2 = 1 mm,
o = 45°.

50 60 70 B0 5O %00 180 120130 180150 © %0 20 30 40 50 60 70 80 5O 100110120130 140 150
11 Min) 0 (1.Min)

(a) Simulation curves of converged flow (b) Simulation curves of diverged flow

Figure 11 Simulation curves of F' — @ in different poppet positions when Lso = 1 mm,
a = 45°,

flow forcereaches 15N whichis 19% of thetotal force, however, when poppet
position reaches 3 mm, the F'r curve is around the zero line, which means
flow force in such condition is so small that can be neglected.

In diverged situation, magnitude of flow force in whole operating stroke
is so small that can be neglected, for example, the maximum of flow force
isjust —3.25 N, which occurs at poppet position z = 3 mm and flow rate
@ = 150 L/Min, and it isonly 2% of the total force.

Figure 12 shows the corresponding AP — ) simulation curves. There
is no much difference between converged and diverged situation except in
x = 3 mm where the pressure of diverged direction is 0.1 MPa lower than
the one of converged situation. Besides, in general, pressure drop of type 2 is
lower than type_1, especialy in diverged situation.

4.2.3 Characteristics of type_3

Figure 13 shows the Fr — ) simulation curves of both converged and
diverged direction in different poppet positionswhen Ly, = 1 mm, o = 45°,
Ly =1 mmand# = 45°, and Figure 14 showsthe corresponding total force.
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Figure12 Simulation curvesof AP — @ in different poppet positionswhen Ls2 = 1 mm,
o = 45°.
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Figure13 Simulation curves of Fr — @ in different poppet positions when Ls; = 1 mm,
a=45° Ly =1 mmand 6 = 45°.
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Figure 14 Simulation curves of F' — @ in different poppet positions when Ls2 = 1 mm,
a=45° Ly = 1 mmand 6 = 45°.

In converged situation, similar to type_2, flow force keeps in positive
direction in whole operation stroke, and its magnitude reaches a relatively
high value. Inz = 1 mm, @ = 50 L/Min, flow force can rise to 205 N
that accounts for 26% of the total force, which will undoubtedly bring a huge
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negative influence on valve performance, and in x = 2 mm, = 100 L/Min,
athough flow force only reach 12.5 N compared to type_2, it till takes 13%
of the total force.

In diverged situation, similar to type_1, although flow force isin positive
direction, which helps to reinforce the stability of valve, the magnitude of
flow force keeps in a high level in whole operating range. In z = 1 mm,
@ = 50 L/Min, flow force can be as high as 21.5 N which takes 27% of the
total force, andinz = 2 mm, Q = 100 L/Min, flow force reaches 20 N which
occupies 24% of the total force, obvioudly, in these situations, flow force will
undoubtedly bring a huge negative influence on valve performance, however,
when poppet position reaches x = 3 mm, magnitude of flow force goes down
to ardatively small value, for example, in Q = 150 L/Min, flow force isjust
about 9 N which only accounts for 8% of force acting on poppet.

Figure 15 shows the corresponding AP — ) smulation curves. Thereis
no obvious difference between two types of flow direction. Compared to the
former two, the magnitude of pressure drop of type 3 is a little lower than
type_1 while abit higher than type_2.

4.3 Effects of Parameters on Flow Force and Pressure Drop

In this section, severa critical parameters have been introduced to the orifice
inorder tofurther investigate how the geometry of orifice affectstheflow force
and pressure difference, and by conducting a series of ssimulation, the effect
rule of each parameter can be concluded, as a result, the optimal parameters
combination of orifice can be obtained.

According to the analysis in Section 4.2, it is easy to see that compared
to the other two orifices, type_2 is the optimal type for its small flow force

2 (L'Min} (L M)

(a) Simulation curves of converged flow (b) Simulation curves of diverged flow

Figure15 Simulation curves of AP — @ in different poppet positionswhen Lso = 1 mm,
a=45° Ly =1 mmand § = 45°.
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in diverged flow situation and low pressure drop in both two flow directions.
Therefore, in this section, type_2 is chosen as the research object.

4.3.1 Effects of « when L4 is a constant

Figure 16 represents the Fr — () simulation curves of both converged and
divergedflow when aisvariable,and x = 3mm, Ls; = 0.8 mm. Inconverged
situation, flow force becomes large with the increase of angle o, however, in
diverged situation, the trend is totally inverse. Moreover, flow force of both
two flow directions are relatively small, especially the diverged one whose
maximum flow forceisjust about —2 N.

Figure 17 represents the corresponding AP — () simulation curves.
Pressure drop AP is proportional to angle «, and the maximum vaue of
variation has been over 0.1 MPa.

Apparently, selecting a small value for angle o helps to obtain a small
flow force in converged situation and a low pressure difference in both two
situations.
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Figure16 Simulation curvesof Fr — Q when aisvariable, andz = 3mm, Ls; = 0.8 mm.
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4.3.2 Effects of Lg; when ais a constant

Figure 18 represents the Fr — () simulation curves of both converged and
diverged flow when L is variable, and x = 3 mm, a = 70°. With the
increase of L1, flow force of both converged and diverged flow changesin a
small range.

Figure 19 represents corresponding AP — Q simulation curves. With the
increase of «, AP amost has no change, which means pressure drop is also
insensitive to a.

Obviously, when angle « is constant, both the flow force and pressure drop
are not affected by the variation of L.

4.3.3 Effects of « when L, is a constant

Figure 20 represents the Fr — () simulation curves of both converged and
diverged flow when «isvariable, and z = 3 mm L, = 0.8 mm. In converged
situation, flow force is directly proportional to the angle o, and the increment
isrelatively large, for example, in @@ = 150 L/Min, the flow force of o = 70°
reaches —11 N which is 3.7 times more than the one of o = 45°. However, in

(L Min)

(a) Simulation curves of converged flow (b) Simulation curves of diverged flow

Figure18 Simulation curvesof Fr — @ when L, isvariable, and x = 3 mm, « = 70°.

0 10 30 30 40 50 B0 TO &0 SO 100190 120 130 140 150
(L Min)

(a) Simulation curves of converged flow (b) Simulation curves of diverged flow

Figure19 Simulation curvesof AP — @Q when L,; isvariable, and x = 3 mm, o = 70°.
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0 10 20 30 40 %0 60 70 50 0 100110120130 140 10 © 10 20 20 40 %0 €0 70 80 G0 100110120130 140150
0(LMin) 0Ly

(a) Simulation curves of converged flow (b) Simulation curves of diverged flow

Figure20 Simulation curvesof Fr — Q when aisvariable, and x = 3 mm, Ls2 = 0.8 mm.

10 120 130 140 150 0 1020 30 45 50 60 70 80 90 100140120430 140150
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(a) Simulation curves of converged flow (b) Simulation curves of diverged flow

Figure21 Simulation curvesof Fr — @Q when L, isvariable, and x = 3 mm, « = 70°.

diverged situation, flow force only varies around the zero line which means,
in this situation, disturbance from flow force can be neglected even if the
direction of flow forceis negative.

According to the variation law of pressure drop in the Sections 4.3.1 and
4.3.2, pressure drop in this situation is definitely similar to that in 4.3.1.

4.3.4 Effects of Lgs when o is a constant
Figure 21 represents the Fr — (Q sSimulation curves of both converged and
diverged flow when L, is variable, and x+ = 3 mm, a = 70°. With the
increase of Lo, flow force of both converged and diverged flow decline, and
the decrement is so small that can be neglected.

Likewise, the pressure drop is definitely similar to that in 4.3.2.

4.4 Optimal Parameters Combination of Type_2

According to the conclusions which are found in Section 4.3, the optimal
parameters combination can be obtained. In this section, the optimal parame-
ters combination of type_2 and its general characteristics will be represented
and analyzed.
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(a) Simulation curves of converged flow (b) Simulation curves of diverged flow

Figure22 Meshindependence verification: Fr — @ curveswhen Lso = 0.8 mm, o = 80°.
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(a) Simulation curves of converged flow (b) Simulation curves of diverged flow

Figure23 Mesh independence verification: F' — @ curveswhen Ls2 = 0.8 mm, o = 80°.

Figure 22 represents the simulation curves of Fr — () of both converged
and diverged flow direction when L, = 0.8 mm, o = 80°, Figure 23 shows
the corresponding total force acting on poppet.

In converged situation, flow force in small and medium poppet position
arelargely decreased. In x = 1 mm, @ = 50 L/Min, flow forceis only about
6 N which is 8% of thetotal force, in z = 2 mm, curve of flow forceisaround
the zero line, and but in large poppet position, such asx = 3 mm, flow force
increases, for example, in Q = 150 L/Min, itincreasesto —15 N however, the
total force acting on poppet is aso relatively high(nearly —170 N), thus, the
proportion of flow forcewill not risetoo high, in thistime, flow force accounts
for 9%.

In diverged situation, direction of flow force keeps positive in whole
operating stroke, and the maximum flow forceisso small that can be neglected,
forinstance, inz = 1 mm, Q = 50 L/Min, flow forceisjust about 3.5 N which
only accounts for 4.5% of the total force working poppet, and in x = 2 mm,
@ = 100 L/Min, flow forceis just about 4.4 N which only occupied 4% of
the total force, and in x = 3 mm, Q = 150 L/Min, flow force is just about
4.2 N which only takes 3% of the total force.
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(a) Simulation curves of converged flow (b) Simulation curves of diverged flow

Figure24 Simulation curvesof AP — Q when Ls2 = 0.8 mm, o = 80°.

Figure 24 represents the corresponding AP — ) simulation curves.
According to the analysisin Sections 4.31 and 4.33, with the increase of angle
«, pressure drop of both converged and diverged flow will go up, however, the
magnitude of variation is acceptable, for example, the maximum increment is
only about 0.1 MPawhen x = 3 mm, Q = 150 L/Min.

Besides, since the fluid model is comprised of mesh cells, results of
calculation will be undoubtedly affected by the number of mesh cells. In order
to provethe accuracy of resultsin this paper, validation of mesh independence
had been done. Simulation results, which were obtained in 0.65 million
cells and 1.3 million cells, are represented to demonstrate the reliability of
calculation.

Figure 21 showsthe Fr — Q curveswhen L = 0.8 mm, o = 80°, and
the corresponding F' — () curves are represented in Figure 22.

Aswe can seefrom them, results of 0.65 million cellsand 1.3 million cells
are extremely close, therefore, the results of 0.65 million cells adopted in this
paper are accurate and reliable enough.

5 Test Bench and Experimental Validation

5.1 Test Bench

In order to validate the results of simulations in above sections, a test bench
was set up to measure the total force exerting on the poppet. Figure 25 shows
the test bench.

The test bench is composed of avalve body, a vave seat, a dlid, aforce
transducer with a range of 0~500 N, a specific poppet, a micrometer, a
Hydrotechnik flow meter, two pressure gauges(range 0~4 Mpa), a pump,
aDAQ card(dataacquisition card), and acomputer which isused to report the
real-time data obtained by force transducer(range 0~500 N, accuracy 0.03%)
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Figure25 Test bench.

and turbine flow meter. Moreover, athreaded hole tapped on the back surface
of the tested poppet is used to connect with force transducer.

5.2 Experimental Validation

During the experiment, first, move poppet to the expected position and then
turn the lock function on; second, turn on the variable pump and adjust flow
rate to the expected value. The inlet pressure and outlet pressure can be
observed by the pressure gauge. The total force working on the poppet can be
acquired by the force transducer.

Bringing the pressure of inlet and outlet, and the measured force reported
in the computer into the formulawhich proposed in Section 4.1, theflow force
under certain poppet position and flow rate can be obtained.

Experimental results of the optimal orifice are shown in Figure 26, it is
clear that results of test show good agreement with results of simulation.
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(a) Converged flow (b) Diverged flow

Figure26 Experimental results of the optimal orifice.
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6 Conclusions

Thispaper mainly investigatestheinfluences of three different orificesexerted
on characteristics of flow force. First, comparing the characteristics of flow
force of threetypes of orificesunder the same parameters, and choose acertain
type as the optimization subject; second, introducing several parameters
that may affect the characteristics of flow force and exploring the rule that
how each parameter influences the flow force through a series of CFD
calculations, then, according to the analysis, optimizing the orifice structure;
a last, atest bench was established in order to validate the results of CFD
calculation.
The main conclusions are as follows:

1. Fortheorificetype_1. In converged flow situation, flow forcein small and
medium poppet positions, such asxz = 1 mm, x = 2 mm, are so small
that can be neglected, however, flow force becomes large when comesto
the large poppet position and flow rate. In diverged flow, different from
the converged situation, in whole operating stroke, direction of flow force
keeps positive, and magnitude of flow force is extremely large, which
indicatesthat poppet will consistently suffer from the disturbance of flow
force;

2. Fortheorificetype_2. Inconverged situation, contrary totype_1, direction
of flow force keeps positive in whole operating stroke, and magnitude of
flow force decreases asthe poppet positionincreases, flow force can reach
an extremely high valuein small or medium poppet position, however, it
descends to zero when poppet reaches its maximum range (x = 3 mm).
In diverged flow, in whole operating range, magnitude of flow force is
so small that can be neglected even though the direction of flow forceis
negative;

3. For the orifice type_3. In converged situation, similar to type_2, value
of flow force goes down with the increase of poppet position, in small
and medium poppet positions, flow force can take a large percentage of
total force acting on poppet, which will undoubtedly bring a disturbance
on control of the poppet, however, magnitude of flow force decreases
to nearly zero when poppet position further enlarges. In diverged flow,
similar to type_1, magnitude of flow force keepsin ahighlevel inwhole
operating range. Moreover, direction of flow force of both converged and
diverged flow are positive;
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4. Flow force of both converged and diverged flow are sensitive to the
variation of angle of the chamfer, which provides aguidance to optimize
the characteristic of flow force;

5. Flow force of both converged and diverged flow can be reduced to a
relatively low level after optimization.

In addition, pressure drop of each orifice is also represented in this paper,
itisclear to seethat pressure drop changes ittle with variation of parameters,
the maximum variation is nearly 0.1 MPa, and thereislittle difference among
three types of orifice. Results of CFD calculation and experiment show good
agreement, which indicates that CFD simulation results are reliable enough.
And we believe the investigation can provide further guidance for the studies
of flow forces.
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