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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 seat,
which may affect the characteristics of flow force, are defined, a series of
CFD calculations were conducted to find a rule how each parameter influences
flow force; thirdly, according to the analysis, optimization of orifice structure
parameters has been successfully realized. Finally, a test bench was established
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 also 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 a valve. Thus, studies on its characteristics and method of reducing the
negative effect of flow force are always a poplar topic.Alot of researchers have
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 al. [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 al. [5] presented a new technique to reduce
the flow force in a poppet valve, and Tang et al. [6] proposed a moving seat
method, which changed the moving relationship between conical poppet and
valve seat, to reduce flow force.With the development of computer technology,
computational fluid dynamics (CFD) software has brought much convenience
for flow investigation and widely applied in many fields. In recent years,
researchers interested in hydraulics have done much investigations on various
valves, such as poppet valve, conical valve and so on, through CFD software.
Zhang et al. [7] adopted two-phase model to investigate the steady-state flow
force in a sliding valve whose flow direction is converged, Ye et al. [8] studied
how different notches affect the characteristics of flow force in a spool 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 a structure which is called damping tail 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 al. [15] used CFD
simulation and PIV technique to investigate the fluid flow of truncated conical
poppet valve. Moreover, Zardin et al. [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, a test bench
was established in order to validate the results of CFD calculation.

Nomenclature
Q flow rate
FF flow force
k kinetic energy of the turbulence
Gb, Gy, YM energy components of k-ε equation
C1ε, C2ε, C3ε constants of the k-ε model
ρ fluid density
Pi, Po inlet pressure and outlet pressure
din diameter of inlet channel
FM force measured in test
θ angle of the chamfer of poppet
D diameter of conical poppet
Lp1 axial length of the chamfer on poppet
Lp2 radial length of the chamfer on poppet
Ls1 axial length of the chamfer on seat
Ls2 radial length of the chamfer on seat
x poppet position
F total force working on poppet
ε dissipation factor
Sk, Sε user-defined source term
μt turbulent viscosity
σk, σε turbulent Prandtl numbers
�P Pi − Po
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dout diameter of outlet channel
Ai, Ao sectional area of poppet
α 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 force in
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

Three different types of orifices and their corresponding parameters are shown
in Figure 2, besides, the direction of flow force and poppet position are also
represented in the picture. The diameter of inlet din, outlet dout and poppet D
are equivalent 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.

Figure 1 Two cartridge valves which are used for research.
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Figure 2 Three different 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 a valve body, a valve seat, a poppet and a
slid. 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 as tetrahedral which possesses an excellent adaptation.
In order to obtain an accurate and reliable result, mesh refinement had been
done. First, a general refinement was realized by increasing the number of
cells in whole fluid domain; second, a local refinement was realized through
setting a density box around the orifice, because it is in this area where the high
velocity and pressure gradients occur, which leads to a much more complicated
flow state. Furthermore, the quality of mesh had also been taken into account,
and several steps, including refinement of line and surface of the poppet, had
been done to improve it. Fluid mesh model generated in ICEM CFD has been
represented in Figure 4.



156 Haibo Xie et al.

Figure 3 3D model of valve.

Figure 4 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 models for users, they are k-ε
model, k-ω model and Reynolds stress model and the k-ε model is the most
widely used one in hydraulic valve researches. According to it, the turbulence
kinetic energy k and dissipation ε rate are derived from the transport functions
below:

∂
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Meaning of parameters are as follows: Gk refers to the generation of
turbulence kinetic energy caused by the mean velocity gradients, Gb represents
the generation of turbulence kinetic energy resulted from buoyancy, and YM is
the contribution of the fluctuating dilatation in compressible turbulence to the
overall dissipation rate, besides, C1ε, C2ε and C3ε represent model constants,
σk and σε refer to the turbulent Prandtl numbers for k and ε, Sk and Sε

represent user-defined source terms.
The turbulent viscosity μt can be calculated through the equation:

μt = ρCμ
k2

ε
(3)

in above equation, Cμ represents the model constant.
Default values of model constants have already been represented in Fluent:

C1ε = 1.44, C2ε = 1.92, C3ε = 0.09, σk = 1.0, σε = 1.3.

3.2.2 Description of simulation settings and process
for simulation

Obviously, 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 α, geometry of the poppet
whose length parameter is the parameter Ls1 is quite different with the one
whose length parameter is Ls2, which is shown in Figure 5 (in this paper,
we define that Lsi − α (i = 1 or 2) represents parameter combination of Lsi

and α). Therefore, it is necessary to divide the simulation into two parts: the
parameter combination Ls1 − α and Ls2 − α. 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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Table 1 Relationship between flow rate and poppet position�������������������Flow Rate Q (L/Min)

Poppet Position x(mm)
1 2 3

20
√ √ √

40
√ √ √

50
√ √ √

70
√ √

80
√ √

100
√ √

120
√

150
√

Table 2 Parameters of type 2
Axial Length of Radial Length of Angle of Chamfer

Type of Orifice Flow Direction ChamferLs1 (mm) ChamferLs2 (mm) α(◦)
Poppet without Converged flow 0.8 0.8 45
chamfer and Diverged flow 1 1 60
seat with chamfer 1.2 1.2 70

Figure 5 Comparison of two different types of parameters combination.

for instance, converged flow; finally, choose the parameters combination, for
example, Ls1 − α, and then assigning the corresponding value for Ls1 and
α, such as Ls1 = 1.2 mm, α = 30◦, thus, flow force acting on poppet when
x = 3 mm, Ls1 = 1.2 mm, α = 30◦ can be obtained. In this way, 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 time to simulate a single point is relevant to many factors,
such as the number of mesh cells, flow rate and poppet position. For example, in
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condition that x = 3 mm, Q = 150L/Min and 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 contents mainly discussed in this section are as follows: firstly, it analyzes
and compares the general characteristics of three orifices under the same
parameters combination; secondly, choosing the optimal orifice, whose char-
acteristics of flow force is better than the other two, as the main research object,
and then exploring the rules how each parameter influences characteristics of
flow force and pressure difference; thirdly, according to the analysis, obtaining
the optimal parameters of orifice, which decreases the influence of flow force to
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, a theoretical 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 Pi and outlet
pressure Po are constants, and then, the flow force working upon poppet can
be calculated through the following formula:

FF = F0 − F1 = (Pi ∗ Ai + Po ∗ Ao) − F1

Figure 6 Two different work conditions of the valve.
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In above equation, F0 refers to the total force exerting on poppet in valve-off
situation while F1 is the total force in valve-on condition, Pi and Po refer to
the inlet pressure and the outlet pressure, Ai = π

4 D2 − π
4 d2

out and Ao = π
4 d2

out

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 shows the FF −Q simulation curves of both converged and diverged
flow in different poppet positions when Lp2 = 1 mm, θ = 45◦ and Figure 8
represents the corresponding total force that acts on main poppet.

Figure 7 Simulation curves of FF − Q in different poppet positions when Lp2 = 1 mm,
θ = 45◦.

Figure 8 Simulation curves of F − Q in different poppet positions when Lp2 = 1 mm,
θ = 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 gradually turns to
negative from positive, which put the valve in an unstable state. For instance,
in x = 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 x = 3 mm,
Q = 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 all 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, Q = 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 the total force working upon poppet,
and in x = 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 shows the corresponding �P − Q simulation curves. As we can
see, there is no obvious difference between converged and diverged direction.

4.2.2 Characteristics of type 2
Figure 10 shows the FF −Q simulation curves of both converged and diverged
flow in different poppet positions when Ls2 = 1 mm, α = 45◦ and Figure 11
shows the corresponding total force.

In converged situation, although direction of flow force is positive in whole
operation range, flow force decreases with the increase of poppet position, for
example, in x = 1 mm, Q = 50 L/Min, flow force can be as high as 17 N that
accounts for 27% of force acting on poppet, and inx = 2 mm, Q = 100 L/Min,

Figure 9 Simulation curves of �P − Q in different poppet positions when Lp2 = 1 mm,
θ = 45◦.
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Figure 10 Simulation curves of FF − Q in different poppet positions when Ls2 = 1 mm,
α = 45◦.

Figure 11 Simulation curves of F − Q in different poppet positions when Ls2 = 1 mm,
α = 45◦.

flow force reaches 15 N which is 19% of the total force, however, when poppet
position reaches 3 mm, the FF 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
is just −3.25 N, which occurs at poppet position x = 3 mm and flow rate
Q = 150 L/Min, and it is only 2% of the total force.

Figure 12 shows the corresponding �P − Q 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, especially in diverged situation.

4.2.3 Characteristics of type 3
Figure 13 shows the FF − Q simulation curves of both converged and
diverged direction in different poppet positions when Ls2 = 1 mm, α = 45◦,
Lp2 = 1 mm and θ = 45◦, and Figure 14 shows the corresponding total force.
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Figure 12 Simulation curves of �P − Q in different poppet positions when Ls2 = 1 mm,
α = 45◦.

Figure 13 Simulation curves of FF − Q in different poppet positions when Ls2 = 1 mm,
α = 45◦, Lp2 = 1 mm and θ = 45◦.

Figure 14 Simulation curves of F − Q in different poppet positions when Ls2 = 1 mm,
α = 45◦, Lp2 = 1 mm and θ = 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. In x = 1 mm, Q = 50 L/Min, flow force can rise to 20.5 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, Q = 100 L/Min,
although flow force only reach 12.5 N compared to type 2, it still takes 13%
of the total force.

In diverged situation, similar to type 1, although flow force is in 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 x = 1 mm,
Q = 50 L/Min, flow force can be as high as 21.5 N which takes 27% of the
total force, and in x = 2 mm, Q = 100 L/Min, flow force reaches 20 N which
occupies 24% of the total force, obviously, 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 a relatively small value, for example, in Q = 150 L/Min, flow force is just
about 9 N which only accounts for 8% of force acting on poppet.

Figure 15 shows the corresponding �P − Q simulation curves. There is
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 a bit higher than type 2.

4.3 Effects of Parameters on Flow Force and Pressure Drop

In this section, several critical parameters have been introduced to the orifice
in order to further investigate how the geometry of orifice affects the flow force
and pressure difference, and by conducting a series of simulation, 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

Figure 15 Simulation curves of �P − Q in different poppet positions when Ls2 = 1 mm,
α = 45◦, Lp2 = 1 mm and θ = 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 α when Ls1 is a constant
Figure 16 represents the FF − Q simulation curves of both converged and
diverged flow when α is variable, and x = 3 mm, Ls1 = 0.8 mm. In converged
situation, flow force becomes large with the increase of angle α, 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 force is just about −2 N.

Figure 17 represents the corresponding �P − Q simulation curves.
Pressure drop �P is proportional to angle α, and the maximum value of
variation has been over 0.1 MPa.

Apparently, selecting a small value for angle α helps to obtain a small
flow force in converged situation and a low pressure difference in both two
situations.

Figure 16 Simulation curves of FF −Q when α is variable, and x = 3 mm, Ls1 = 0.8 mm.

Figure 17 Simulation curves of �P −Q when α is variable, and x = 3 mm, Ls1 = 0.8 mm.
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4.3.2 Effects of Ls1 when α is a constant
Figure 18 represents the FF − Q simulation curves of both converged and
diverged flow when Ls1 is variable, and x = 3 mm, α = 70◦. With the
increase of Ls1, flow force of both converged and diverged flow changes in a
small range.

Figure 19 represents corresponding �P − Q simulation curves. With the
increase of α, �P almost has no change, which means pressure drop is also
insensitive to α.

Obviously, when angle α is constant, both the flow force and pressure drop
are not affected by the variation of Ls1.

4.3.3 Effects of α when Ls2 is a constant
Figure 20 represents the FF − Q simulation curves of both converged and
diverged flow when α is variable, and x = 3 mm Ls2 = 0.8 mm. In converged
situation, flow force is directly proportional to the angle α, and the increment
is relatively large, for example, in Q = 150 L/Min, the flow force of α = 70◦
reaches −11 N which is 3.7 times more than the one of α = 45◦. However, in

Figure 18 Simulation curves of FF − Q when Ls1 is variable, and x = 3 mm, α = 70◦.

Figure 19 Simulation curves of �P − Q when Ls1 is variable, and x = 3 mm, α = 70◦.
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Figure 20 Simulation curves of FF −Q when α is variable, and x = 3 mm, Ls2 = 0.8 mm.

Figure 21 Simulation curves of FF − Q when Ls2 is variable, and x = 3 mm, α = 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 force is 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 Ls2 when α is a constant
Figure 21 represents the FF − Q simulation curves of both converged and
diverged flow when Ls2 is variable, and x = 3 mm, α = 70◦. With the
increase of Ls2, 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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Figure 22 Mesh independence verification: FF − Q curves when Ls2 = 0.8 mm, α = 80◦.

Figure 23 Mesh independence verification: F − Q curves when Ls2 = 0.8 mm, α = 80◦.

Figure 22 represents the simulation curves of FF − Q of both converged
and diverged flow direction when Ls2 = 0.8 mm, α = 80◦, Figure 23 shows
the corresponding total force acting on poppet.

In converged situation, flow force in small and medium poppet position
are largely decreased. In x = 1 mm, Q = 50 L/Min, flow force is only about
6 N which is 8% of the total force, in x = 2 mm, curve of flow force is around
the zero line, and but in large poppet position, such as x = 3 mm, flow force
increases, for example, in Q = 150 L/Min, it increases to −15 N however, the
total force acting on poppet is also relatively high(nearly −170 N), thus, the
proportion of flow force will not rise too high, in this time, flow force accounts
for 9%.

In diverged situation, direction of flow force keeps positive in whole
operating stroke, and the maximum flow force is so small that can be neglected,
for instance, in x = 1 mm, Q = 50 L/Min, flow force is just about 3.5 N which
only accounts for 4.5% of the total force working poppet, and in x = 2 mm,
Q = 100 L/Min, flow force is 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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Figure 24 Simulation curves of �P − Q when Ls2 = 0.8 mm, α = 80◦.

Figure 24 represents the corresponding �P − Q simulation curves.
According to the analysis in Sections 4.31 and 4.33, with the increase of angle
α, 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 MPa when 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 prove the accuracy of results in 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 shows the FF − Q curves when Ls2 = 0.8 mm, α = 80◦, and
the corresponding F − Q curves are represented in Figure 22.

As we can see from them, results of 0.65 million cells and 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 a valve body, a valve seat, a slid, a force
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,
a DAQ card(data acquisition card), and a computer which is used to report the
real-time data obtained by force transducer(range 0∼500 N, accuracy 0.03%)
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Figure 25 Test bench.

and turbine flow meter. Moreover, a threaded 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 formula which proposed in Section 4.1, the flow 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.

Figure 26 Experimental results of the optimal orifice.
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6 Conclusions

This paper mainly investigates the influences of three different orifices exerted
on characteristics of flow force. First, comparing the characteristics of flow
force of three types of orifices under the same parameters, and choose a certain
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;
at last, a test bench was established in order to validate the results of CFD
calculation.

The main conclusions are as follows:

1. For the orifice type 1. In converged flow situation, flow force in small and
medium poppet positions, such as x = 1 mm, x = 2 mm, are so small
that can be neglected, however, flow force becomes large when comes to
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
indicates that poppet will consistently suffer from the disturbance of flow
force;

2. For the orifice type 2. In converged situation, contrary to type 1, direction
of flow force keeps positive in whole operating stroke, and magnitude of
flow force decreases as the poppet position increases, flow force can reach
an extremely high value in 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 force is
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 keeps in a high level in whole
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 a guidance 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,
it is clear to see that pressure drop changes little with variation of parameters,
the maximum variation is nearly 0.1 MPa, and there is little 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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