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ABSTRACT 

The plunger valve has an important role in a large compressor system as its 

operating characteristics directly affect the aerodynamic boundary condition of 

the compressor equipment. In this study, dynamic modeling and analysis method 

of the plunger valve are proposed for an accurate control of the system. By 

considering the interaction between the dynamic flow in the valve and actuator 

action, a lumped parameter model for the fluid–structure interaction force and 

multibody dynamic model of the actuator are developed based on intrinsic 

correlation parameters. A combination analysis to simultaneously predict valve 

flow and actuator dynamic characteristics is proposed. The predicted results are 

in a good agreement with experimental data, which validates the proposed model 

and analysis method. The analysis results show that the coupling effect between 

the valve flow and actuator is significant and has an important role in valve 

control, particularly when the valve opening is smaller. Compared to the 

experimental data and computational fluid dynamics results, the presented 

methods are accurate for valve control and effective for prediction of flow rate.  
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1. INTRODUCTION 

Plunger valves, as important equipment for regulation 

of pressure, flow rate, and liquid level, are commonly used 

to maintain constant flow rate and pressure in a 

compressor system. They have been widely applied in 

aerospace, hydraulic engineering, chemical, and other 

engineering fields owing to numerous advantages such as 

the large flow capacity and anti-cavitation. The flow area 

of the plunger valve can be changed to adjust the flow in 

the compressor system during the actuator operation. The 

flow rate and pressure in the valve fluctuate with the 

changing opening, affecting the compressor operation 

stability. The accurate flow rate control of the plunger 

valve is closely related to the motion of the actuator and 

dynamic flow in the valve. Therefore, a dynamic analysis 

considering both flow and actuator is important in 

determination of the flow rate of the plunger valve. It is 

also a key problem that must be solved in the accurate 

control of the compressor system. 

Previous studies have provided insights into the flow 

characteristics of the plunger-type valve. The research 

approaches for the flow characteristics are mainly limited 

to computational fluid dynamics simulations and 

experimental tests. Wang et al. (2016) developed a plunger 

valve model and conducted a finite-element static 

analysis, safety factor testing, and fluid–structure coupling 

analysis. Prasad et al. (2011) carried out a numerical flow 

simulation of plunger valves with and without orifice 

plates at seven different valve openings. They investigated 

the valve characteristics, such as head loss, flow rate, and 

cavitation coefficient, under different operating 

conditions. A method for evaluation of the presence of 

cavitation during the operation of a pressure-reducing 

valve in a water distribution system has been proposed by 

Ulanicki et al. (2015). To decrease the cavitation in 

plunger valves, Wang et al. (2018) analyzed the difference 

between flow simulation calculations of a monolayer 

plunger valve and double plunger valve at a low 

backpressure and high pressure difference, and showed 

that the double plunger valve is more effective in 

decreasing the cavitation. Based on an experimental 

research, Zheng et al. (2019) proposed flow control 

approaches to study the erosion characteristics of an axial 

flow regulating valve and verified their validity by 

numerical simulations. Saha et al. (2014) used a 

computational fluid dynamics technique to study dynamic 

modeling of flow processes inside a pressure-regulating  
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NOMENCLATURE 

Ap effective area of hydraulic cylinder piston  Qm mass flow rate 

Bp viscous damping coefficient  Qv volume flow rate of the plunger valve 

C contraction coefficient of the orifice  S1 areas of the windows 

Cep 
external leakage coefficients of the hydraulic 

cylinder 
 S2 areas of the vena contracta 

Cip 
internal leakage coefficients of the    

hydraulic cylinder 
 Sin area of the pipe inlet 

Ctp total leakage coefficient  Sp low pressure area of the plunger 

D inside diameter of the outlet pipe  u 
fluid velocity of the vena contracta of the 

orifice flow 

F external load  Vt total compression volume 

FL force from transmission mechanism  xp displacements of the hydraulic piston 

Fp FSI force  xv displacements of the spool 

K elastic coefficient of the load  xw plunger position 

Kce total flow rate-pressure coefficient  βε liquid bulk modulus 

Kq flow gain of spool  γ specific heats ratio of the air 

Kc flow gain of spool  θ the divergence angle of the diffuser 

L1 length of valve channel behind the windows  κ wall roughness 

L2 length of the pipe connected to the outlet  λ frictional drag coefficient 

Ma  nominal Mach number  μ1 total resistance coefficient along the flow path 

p0 pressure of the orifice upstream  μ2 total local resistance coefficient 

p2 pressure of the vena contracta  ξd local resistance coefficient at the diffuser 

pin pressure of the inlet  ξe local resistance coefficient at the elbow 

pleft pressure of the left cavity  ξsv 
damping ratio of the electro-hydraulic 

servovalve 

PL pressure drop of load  ρ0 density of the orifice upstream 

pright pressure of the right cavity  ρ2 fluid density of the vena contracta flow 

pr pressure ratio  ω 
natural frequency of the electro-hydraulic 

servovalve 

pR oil spill pressure  ΔI 
control current of the electro-hydraulic 

servovalve 

pout pressure of the pipe outlet  Δpλ pressure drop caused by friction drag 

ps oil feed pressure  Δpξ local pressure drop 

q1 oil feed flow rate  Δp pressure drop 

q2 oil spill flow rate  Qm mass flow rate 

Q0 flow rate of the no-load state  Qv volume flow rate of the plunger valve 

QL flow rate of the spool    

 

and shut-off valve and predicted the spool movement and 

final spool position when the spool position departed from 

equilibrium. Yu and Yu (2015) investigated the flow and 

sound fields of an axial flow check valve through 

simulation and experimental methods, and demonstrated 

that the streamlined design applied to the main channel 

structure of the valve body can reduce the maximum noise 

and spool resistance coefficient. These studies indicated 

that numerical simulations and experimental tests are 

effective approaches to obtain the dynamic properties of 

the plunger valve, but coupling effects between the 

plunger valve and actuator were not considered. Thus, the 

research results cannot be directly used for valve control. 

Hydraulic actuator, which has a key role in valve 

control, is utilized in industrial applications requiring 

overload capacity, robustness, and high dynamic 

performance. By replacing the torque motor, Karunanidhi 

and Singaperumal (2010) developed and integrated a 

magnetostrictive actuator into an existing flapper-nozzle 

servo valve. They incorporated the magnetostrictive 

actuator dynamics into a valve dynamics simulation. Kim 

et al. (2012) presented an output feedback nonlinear 

control for position tracking of electro-hydraulic systems 

and validated the proposed approach through simulations 

and experiments. A discontinuous projection-based ARC 

controller has been constructed by Yao et al. (2001) for a 

high-performance robust motion control of a typical one-

degree-of-freedom electro-hydraulic servo system driven 

by a double-rod hydraulic cylinder. Gupta et al. (2019) 

used MATLAB Simulink to explore the design analysis of 

a nonlinear electro-hydraulic servo system and 

displacement control at different combinations of 

frequencies of a symmetric double-acting hydraulic 

actuator. Aboelela et al. (2018) constructed a nonlinear 

simulation model of a hydraulic servo system based on 

physical laws and experimental piston position 

identification. Ferrari et al. (2018) developed a numerical 

model of a servo actuator and four-port proportional 

direction control valve, which was validated based on the 

experimental time history of the actuator speed and flow 

rate controlled by the proportional valve. 

Although extensive experiments and simulations have 

been carried out on electro-hydraulic servo actuators, only 

a few studies have coupled the flow in the valve with the 
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actuator. Naseradinmousavi and Nataraj (2011) used 

multiphysics models to conduct modeling and analysis of 

the opening and closing processes of butterfly valves 

driven by solenoid actuators. A multiphysics coupled 

model was developed by Xiong et al. (2019) to evaluate 

the performance of an energy coupler actuator used for a 

high-speed valve. There are scarce reports related to the 

valve–actuator coupling relationship, although the 

coupling relationship is important for an accurate valve 

control. 

The aim of this study was dynamic modeling and 

combination analysis of the plunger valve and its actuator. 

A lumped parameter model is presented to explore the 

fluid–structure interaction (FSI) force and flow rate of the 

plunger valve. A multibody dynamics model of the 

actuator is then established based on the fundamental 

equations of the hydraulic cylinder and three-dimensional 

(3D) modeling of the transmission mechanism. A 

combined analysis procedure is proposed on this basis. 

The presented method is verified by comparing it to 

experimental results. 

2. DYNAMIC MODELING FOR FLOW AND 

ACTUATOR OF PLUNGER VALVE 

The plunger valve is composed of a valve body, valve 

shaft, cranks, plunger, and guide cap, as shown in Fig. 1. 

At the end of the guide cap, 12 cup-shaped windows are 

uniformly distributed. The plunger is driven by the 

actuator via the transmission mechanism and resists the 

pressure from the flow field. The window areas of the 

valve, which are determined by the corresponding 

positions of the plunger, could significantly affect flow 

parameters, such as the flow resistance, pressure drop, and 

flow rate. 

As shown in Fig. 1(a), the plunger location, 

determined by the actuator, is directly related to the flow 

regime and flow rate of the valve. The flow field exerts the 

FSI force applied to the plunger and transmitted to the 

actuator. Therefore, the drive performance of the actuator 

is affected by the transmitted force, leading to an impact 

on the location control of the plunger. This indicates that 

the plunger valve and actuator affect and correlate with 

each other. A combination analysis considering both flow 

and actuator is necessary to accurately predict the flow 

rate. Dynamic modeling with coupling effects is required 

for the combination analysis. The lumped parameter 

model of FSI force and multibody dynamic model of the 

actuator are presented in Sections 2.1 and 2.2, 

respectively. 

 

2.1 Lumped Parameter Modeling for FSI Force 

When the plunger moves to a certain location, the 

axial cross section of the flow channel is shown in Fig. 

1(a), where D is the inside diameter of the outlet pipe, L1 

is the valve channel length behind the windows, and L2 is 

the length of the pipe connected to the outlet. 

As the area of the valve window is considerably 

smaller than the valve inlet, the valve window can be 

equivalent to a thin orifice plate. Sudden contraction and  

 
(a) 

 
Fig. 1 Schematic diagram of the plunger valve  

(a) Structural model (b) Flow and actuating direction 

 

expansion occur when the fluid flows through the valve 

windows. As shown in Fig. 1(b), the internal flow field of 

the plunger valve curves along the valve channel. The flow 

channel behind the valve windows could be divided into 

three parts, Channels A, B, and C, as shown in Fig. 2. 

According to their flow characteristics, Channels A, B, 

and C could be simplified as an elbow, diffuser, and 

constant-cross-section friction pipe, respectively. A 

schematic of flow channel decomposition is presented in 

Fig. 2. 

The pressure drop behind the valve windows includes 

that caused by friction drag and local pressure drop. When 

the flow is steady, the pressure drop, denoted as p , can 

be expressed as: 

p p p  =  +    (1) 

where p  is the pressure drop caused by friction drag and

p  is the local pressure drop. 

The frictional drag of Channels A, B, and C can be 

determined by the wall roughness,  , and Reynolds 

number, Re, which primarily includes the pipe wall 

friction and friction between flow layers. The airflow in 

the plunger valve is deemed turbulent when the valve 

airflow velocity is so high that the airflow Reynolds 

number exceeds 4 × 103. The relationship employed in this 

study is based on the well-known Colebrook–White 

expression (Valiantzas, 2008): 

1 3.7
=2log[ ]

2.51

Re D


+   (2) 
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Fig. 2 Schematic diagram of flow channel decomposition 

 

where λ is the frictional drag coefficient, D is the inside 

diameter of the outlet pipe, and   is the wall roughness. 

The Darcy–Weisbach formula (Valiantzas, 2008) can 

be employed to calculate the total coefficient along the 

flow path, 1 1 2[( ) ]L L D = + . The pressure drop caused by 

friction drag can be expressed as 

2 2

1 2 1 2 2( )

2 2

u L L u
p

D


   +
 = =   (3) 

where ρ2 is the fluid density of the vena contracta flow and 

u is the fluid velocity of the vena contracta of the orifice 

flow, as shown in Fig. 3. 

The airflow bends in Channel A due to the blockage 

of the wall, forming an elbow. According to the study by 

Morimune et al. (1980), the local resistance coefficient at 

the elbow can be calculated by 
3.17

 1.05 7.2e Ma = + , 

where Ma  is the nominal Mach number. The cross-

sectional area of Channel B expands gradually along the 

flow direction, resulting in vortices and flow resistance 

there. Therefore, Channel B is equivalently simplified as 

a diffuser. Through experiments and computational fluid 

dynamics methods, Gan and Riffat (1996) obtained the 

correlation formula of the local resistance coefficient at 

the diffuser: 2 3 4 5

d 0 1 2 3 4 5a a a a a a     = + + + + + , where θ 

is the divergence angle of the diffuser and ai are constant 

parameters. The total local resistance coefficient can be 

obtained by analyzing the equivalent resistance 

coefficients of Channels A and B: 2 e d  = + . The local 

pressure drop can be expressed as 

2 2

2 2 e 2( )

2 2

du u
p

    +
 = =   (4) 

Both pressure drop behind the windows, p , and 

pressure of the vena contracta, p2, can be characterized by 

u: 

 
Fig. 3 Schematic of airflow through an orifice 

 
2

1 2 2( + )

2

u
p

  
 =   (5) 

2 outp p p= +   (6) 

where pout is the pressure of the pipe outlet. 

The fluid medium in the valve is isentropic and can 

be considered as a compressible ideal gas. According to 

the Poisson’s formula and ideal gas state equation, the 

relationship between ρ2 and p2 can be expressed as 

0 0 2 2p p  − −=   (7) 

where p0 and ρ0 are the pressure and air density of the 

orifice upstream, respectively. 

As mentioned, the valve window can be 

approximately deemed to be an orifice. After a distance, 

the airflow via the window reaches the vena contracta. The 

contraction coefficient of the orifice is defined as 
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2 1/C S S= , varying with the valve operating condition, 

where S1 and S2 are the areas of the windows and vena 

contracta of the airflow, respectively. The area ratio of the 

windows and inlet can be expressed as 1 / inS S = , where 

Sin is the area of the pipe inlet. The contraction coefficients 

under different Reynolds numbers and pressure ratios, Pr, 

are compared in Fig. 14 of Appendix A. 

The volume flow rate of the plunger valve, Qv, can be 

expressed as: 

v 2 1Q S u CS u= =   (8) 

The fluid velocity at the vena contracta can be 

obtained by the Saint-Venant and Wantzel formula 

(Jobson, 1955): 

12
2 2

0 in

2
( ) [1 ( ) ]

1

in

in

P P P
u

P P


 

 

−

= −
−

 (9) 

where Pin is the pressure of the inlet and γ is the specific 

heat ratio of the air. According to Eqs. (6), (7), and (9), the 

velocity of the vena contracta can be derived. Therefore, 

the mass flow rate of the plunger valve can be expressed 

as 

2 2 1m vQ Q CS u = =   (10) 

The movement of the plunger leads to a change in the 

flow state, while the airflow exerts an FSI force on the 

plunger. There is an equalizing pressure chamber inside 

the guide cap due to the blocking effect of the windows. 

Therefore, the plunger pressure on the guide cap side is 

equivalent to the inlet pressure, Pin. In contrast, a low-

pressure area emerges on the window side of the plunger 

because of the high-speed airflow in the window region. 

Therefore, there is a pressure difference across the 

plunger. Because the airflow shrinks after the window, the 

flow shape is considered as a reducer, where the pressure 

loss coefficient is insignificant, and thus can be ignored 

(Finnemore & Franzini, 2002). Thus, p1 is approximately 

p2. The pressure difference causes the FSI force Fp of the 

plunger, which may be expressed as 

1( )p p inF S p p= −   (11) 

where Sp is the low-pressure area of the plunger. The 

lumped parameter modeling process for FSI force is 

shown in Fig. 4. 

2.2 Multibody Dynamics Modeling for Plunger Valve 

Actuator 

The plunger valve actuator usually consists of a hydraulic 

pump station, electro-hydraulic servo valve, hydraulic 

cylinder, displacement sensor, transmission mechanism, 

etc. In the transmission mechanism, the linear movement 

of the rack, which is linked by the hydraulic piston, rotates 

the gear. The valve shaft, which is fixedly attached to the 

gear, then powers the crank to alter the valve opening. 

Owing to the characteristics of the hydraulic servo system, 

some problems, such as response lag and oscillation, exist 

in the process of flow adjustment. Thus, multibody 

dynamics modeling is needed to investigate the input–

output response of the actuator. 

 
Fig. 4 Lumped parameter modeling process for FSI 

force 

 

 

Fig. 5 Schematic diagram of valve-controlled 

hydraulic cylinder 

 

The hydraulic servo system can be simplified to a 

standard valve-controlled hydraulic cylinder (Yao et al., 

2000). The hydraulic cylinder is axisymmetric and 

controlled by a four-way valve. Its functional diagram is 

shown in Fig. 5 (Shao et al., 2005), where xv and xp are the 

displacements of the spool and hydraulic piston, 

respectively, Cep and Cip are the external and internal 

leakage coefficients of the hydraulic cylinder, pleft, pright, 

ps, and pR are the pressure of the left cavity, pressure  

of the right cavity, oil feed pressure, and oil spill pressure,  
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Fig. 6 Closed-loop control procedure of plunger displacement 

 

respectively, q1 and q2 are the oil feed flow rate and oil 

spill flow rate, respectively, mt is the equivalent total mass 

of the piston and load, Bp is the viscous damping 

coefficient of the piston rod and load, K is the elastic 

coefficient of the load, and 
L pF F F= +  is the external load, 

where FL is the force from the transmission mechanism to 

the hydraulic piston, which can be expressed as a function 

of the hydraulic piston displacement, ( )L pF f x= . 

To describe the dynamic characteristics of the 

hydraulic cylinder, the Laplace transforms of the flow 

equation of the hydraulic control valve, continuity 

equation of the hydraulic cylinder, and equilibrium 

equation of the hydraulic cylinder and load force are 

expressed as 

L q v c LQ K x K P= −   (12) 

V
+

4

t
L p p tp L LQ A x s C P P s


= +    (13) 

2 +p L t p p p pA P m x s B x s Kx F= + +  (14) 

where QL is the flow rate of the spool, Kq and Kc are the 

flow gain of the spool and flow-pressure coefficient of the 

spool, respectively, PL is the pressure drop of the load, βε 

is the liquid bulk modulus, Ap is the effective area of the 

hydraulic cylinder piston, Ctp is the total leakage 

coefficient, 
tp ip epC C C= + , and Vt is the total compression 

volume. According to Eqs. (12)–(14), the output 

displacement of the hydraulic cylinder piston, xp , can be 

expressed as 

2

3 2

2 2 2 2 2

(1 )( )
4

( ) (1 )
4 4 4

q ce t
v L p

p p e ce

p
p t p cet t t ce t ce

e p p e p p e ce p

K K V
x s F F

A A K
x

B V B KmV m K KV KK
s s s

A A A A K A



  

− + +

=

+ + + + + +

(15) 

where Kce is the total flow rate-pressure coefficient, 

ce e tpK K K= + . The viscous damping coefficient of the 

load is small, the load can be considered as a rigid body, 

and thus Bp and K can be ignored. 

The transfer function of the servo valve can be 

approximated to a second-order oscillation,  

0

2

2

2
1

q

sv

sv sv

KQ

sI
s



 

=


+ +

  (16) 

where Q0 is the flow rate of the no-load state, I  is the 

control current of the electro-hydraulic servo valve, ω is 

the natural frequency of the electro-hydraulic servo valve, 

and ξsv is the damping ratio of the electro-hydraulic servo 

valve. The displacement relationship between the piston 

and plunger can be approximated to be linear. The 

displacement sensor linearly converts the displacement 

data of the hydraulic piston into the electrical signal, so 

that the conversion process can be regarded as a 

proportional component, as presented by Kf. The closed-

loop control procedure is illustrated in Fig. 6, where xp is 

the displacement of the hydraulic cylinder piston. 

Therefore, the window area ratio, δ, is obtained according 

to the corresponding relationship between the window 

shape and plunger position determined by xw. 

3. COMBINATION ANALYSIS FOR PLUNGER 

VALVE 

Based on the dynamic models established above, a 

combination analysis for the flow and actuator of the 

plunger valve can be proposed. The lumped parameter 

model and multibody dynamics model of the actuator are 

combined through the FSI force and coupling effect. Thus, 

the combination analysis method can be presented for the 

coupling solution of fluid flow and actuator action, 

realizing the process from the actuator signal input to the 

flow rate output. The steps of the combination analysis are 

as follows. 

1) Initialization. The electrical signal is first sent into 

the controller, and the initial window area ratio is 

obtained as a result. The mass flow rate is then given 

an initial value based on the empirical relationship. 

The nominal Mach number of the window can be 

calculated by the ratio of the initial mass flow rate to 

the window area, which will be utilized in the 

following phase for lumped parameter modeling. 

2) Lumped parameter modeling for FSI force.  

Behind the valve windows, the channels are reasonably  
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Fig. 7 Schematic diagram of plunger valve hydraulic servo-transmission mechanism 

 

3) simplified into some elements. The pressure drop 

behind the windows includes the local pressure drop 

and frictional drag pressure drop. The local drag 

coefficients of elbows and diffusers are calculated 

using the empirical formula. The drag coefficient 

along the path is calculated using the Colebrook–

White formula. The difference between the outlet 

pressure and pressure drop represents the pressure at 

the window side of the plunger. The FSI force of the 

plunger is computed by multiplying the pressure 

difference by the plunger area of low pressure. 

Simultaneously, the Saint Venant–Wantzel formula 

is employed to calculate the vena contracta velocity 

of the stream, and then the flow rate of the valve can 

be calculated. 

4) Multibody dynamics modeling of the actuator. 3D 

modeling, assembly, and dynamic analysis of the 

transmission mechanism are carried out. The 

relationship between the displacement of the 

hydraulic cylinder piston and external force is then 

derived by a simulation. The simplified theoretical 

equation of the hydraulic servo system is used to 

develop the transfer function equation of the piston 

cylinder and servo valve. Using Matlab/Simulink, 

the external force of the actuator is substituted into 

the mathematical model. The window area ratio may 

be calculated by linearly converting the output 

displacement of the hydraulic piston cylinder to the 

displacement of the plunger. 

5) Error judgment of the window area ratio. When the 

relative error between the window area ratio and 

initial value exceeds the specified maximum error, 

the window area ratio is returned as the initial value 

for an iterative calculation. Otherwise, the 

calculation will proceed to the next steps. 

6) Calculation of the mass flow rate. By inputting the 

contraction coefficient of the relevant working state 

into the formula, the mass flow rate of the valve is 

computed. 

7) Error judgment of the mass flow rate. It is returned 

as the initial mass flow rate for an iterative 

computation when the relative error between the 

flow rate acquired in the previous step and initial 

flow rate exceeds the specified maximum error. 

Otherwise, the ultimate mass flow rate is output. 

Figure 13 in Appendix A presents a flowchart for the 

combined analysis approach mentioned above. 

4. VERIFICATION AND DISCUSSION OF THE 

COMBINATION ANALYSIS 

The presented dynamic modeling and combination 

analysis are used to investigate the characteristics of the 

plunger valve in an actual compressor equipment. The 

rationality of the presented models and analysis method is 

verified by comparing them to measured data. 

Simultaneously, the varying regularity of the FSI force 

and flow rate is investigated while the working condition 

of the plunger valve is modified. 

4.1 Verification of the Combination Analysis 

The experiments in this paper are based on the 

compressor facility of the aero-engine test platform. The 

two-stage jet pipe servo valve in the plunger valve actuator 

is directly connected to the hydraulic piston cylinder. The 

oil pumping station can be regarded as a constant-pressure 

source, connected to the servo valve through a high-

pressure oil supply pipe. The supply pipe is so short that 

the pressure drop along the pipe is negligible. The 

displacement transducer measures the hydraulic piston 

cylinder displacement and linearly converts it into a 

feedback current signal. To maintain the measurement 

accuracy, we provide a straight pipe (10D) in the 

downstream between the flowmeter and plunger valve. 

The dynamic model established above is used to 

analyze the transmission mechanism. Figure 7 is a 

schematic diagram of the hydraulic servo system and the 

transmission mechanism. The specific modeling analysis 

parameters are shown in Table 1. In the dynamic 

simulation analysis, each component is assumed to be a 

rigid body, and constraints are applied to enable the rack 

and drive the piston to move in translation and the gear to 

rotate. A gear pair connects the rack and gear, and a 

rotating pair connects the crank connecting rod hinge. The 

rack moves at a constant speed, then the relationship 

between the force of the hydraulic piston, FL, and the 

displacement of the hydraulic rod, xp, is obtained. 
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Table 1 Modeling and analysis parameter 

Module of gear  16 

Number of gear teeth  30 

Pitch circle diameter  /mm 450 

Design stroke of hydraulic piston  /mm 340 

Actual stroke of hydraulic piston  /mm 330 

Actual stroke of plunger  /mm 540 

Oil supply pressure  /MPa 17 

Servovalve rated current  /mA 20 

Servovalve rated pressure  /MPa 21 

Servovalve rated flow rate  /Lmin-1 210 

Piston cylinder inner diameter  /mm 210 

Total window area  /m2 2.6 

 

The properties of the window area ratio are 

investigated using a combination analysis in this study. It 

consists of a simulation of 21 sets of steady-state operating 

conditions for the plunger valve actuator, calculation of 

the corresponding window area ratio, and its comparison 

to the experimental steady-state data to validate the 

correctness of the analysis. Figure 8 shows the results of 

the comparative analysis. Under steady-state conditions, 

the maximum and average errors between experimental 

and simulated data are 8.432% and 2.508%, respectively. 

The relative error diminishes as the input window area 

ratio increases. 

During the operation of the large compressor 

equipment, the window area ratio of the plunger valve 

must be changed frequently to adjust the flow. Therefore, 

the ability to effectively characterize the dynamic change 

in the window area ratio during the dynamic adjustment 

process is crucial. The change rule of the window area 

ratio is investigated in this section under the conditions of 

dynamic step and continuous change of the grid 

connection. 

The valve outlet pressure is 15 kPa. The step control 

signal for the window area ratio of 21% to 36% is input at 

30.5 s. The corresponding values of the window area ratio 

are shown in Fig. 9. According to the comparison, the 

experimental and simulation data are approximately  

1% smaller than the input step signal in the steady state, 

 

 

Fig. 8 Response of window area ratio in steady-state 

conditions 

 
Fig. 9 Response of window area ratio under 21%-

36% step signal 
 

and the actual response is a monotonically increasing 

process without oscillation. The simulation value is 

essentially consistent with the experimental value. The 

adjustment time is 7 s, while the average inaccuracy is 

0.85%, indicating that the servomechanism model can 

exactly respond to the plunger valve window area ratio 

under the dynamic step adjustment process. 

Owing to the stringent flow rate adjustment 

requirements, the location of the plunger must be 

continually changed during the grid connection procedure 

to achieve an exact control of the mass flow rate and 

pressure in the rear cabin of the large compressor 

equipment. The combination analysis is used in this part 

to investigate the dynamic response of the valve window 

area ratio during the grid connection operation. Figure 10 

depicts the experimental and simulated responses of the 

window area ratio when a continuous control signal for 

mesh connection is input. The trend of the simulation 

window area ratio is consistent with the experimental 

window area ratio. The simulation output can precisely 

follow the step and oscillation signals with an average 

error of 3.23% throughout the process. It shows that the  

 

 
Fig. 10 Response of window area ratio of plunger 

valve under grid connection 
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Table 2 Data of mass flow rate 

Pr δ C 

Mass flow 

rate of  the 

experiment 

Mass flow 

rate of CFD 

Mass flow 

rate of  the 

integrated 

method 

Relative 

error of the 

CFD 

simulation 

Relative 

error of  the 

integrated 

method 

 (%)  (kg/s) (kg/s) (kg/s) (%) (%) 

0.308 30.5 0.934 95.16 101.63 97.13 6.80 2.07 

0.232 34.1 0.947 113.05 113.94 113.45 0.79 0.36 

0.259 39.3 0.952 126.87 132.35 136.37 4.32 7.48 

0.293 41 0.952 145.78 138.83 139.14 4.77 4.55 

0.308 43.5 0.936 154.26 147.80 150.55 4.19 2.40 

0.366 50.3 0.931 183.25 173.67 172.70 5.23 5.76 

 

Fig. 11 FSI force characteristic under different 

working conditions 

 

combination method can be used to correctly analyze the 

dynamic properties of the valve during mesh connection. 

The combination analysis and computational fluid 

dynamics (CFD) approach are used to calculate the mass 

flow rate characteristics of various window area ratios and 

pressure ratios. Appendix B presents details of the CFD 

simulation. Simultaneously, steady-state tests are carried 

out on the plunger valve of the real large compressor 

system. Table 2 compares the mass flow rates of the three 

approaches. The two approaches described above 

approach the experimental mass flow rate data well under 

various working situations. The average error of the 

combination analysis method is 3.77%, while the average 

error of the CFD simulation is 4.35%, which verifies the 

effectiveness of the combination analysis proposed in this 

paper and indicates that the method can meet the needs of 

practical engineering applications. 

4.2 Influences of Parameters 

According to the presented combination analysis 

method, the characteristics of the FSI force under various 

working situations are discussed in this section. The 

curves of the FSI force with the pressure ratio are 

presented in Fig. 11 for various window area ratios. The 

FSI force has obvious nonlinear characteristics and 

increases with the window area ratio. When the window 

area ratio is larger than 40%, the FSI force decreases as  

 

Fig. 12 Mass flow rate under different working 

conditions 

 

the pressure ratio increases. When the pressure ratio is 

smaller than 0.5, the variation trend of the differential 

pressure initially decreases, and then the decreasing trend 

of the FSI force steadily increases. When the window area 

ratio is smaller than 40%, the FSI force initially decreases, 

and then increases. The decreasing tendency is larger 

when the pressure ratio exceeds 0.5. 

The FSI force exhibits a nonlinear changing trend 

when the valve operating circumstances vary, particularly 

at small openings. This demonstrates that the influence of 

the FSI force on the plunger valve cannot be ignored. This 

necessitates the use of the dynamic model and 

combination analysis described above. 

As illustrated in Fig. 12, the combination analysis is 

used to obtain the curve of flow rate changing with the 

pressure ratio under varied window area ratio. There is a 

significant nonlinear relationship between the flow rate 

and pressure ratio. The flow rate increases with the 

window area ratio. The flow rate decreases as the pressure 

ratio increases at the same area ratio; the downward trend 

is intensified. 

5. CONCLUSION 

In this study, dynamic models of the plunger valve 

were developed, and a combination analysis method was 

employed as both flow and actuator were considered. To 

validate the efficacy of the dynamic model and 
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combination analysis, steady-state and transient 

experiments were conducted. The conclusions can be 

summarized as follows. 

1. The comparison of the combination analysis to the 

experimental results showed that the dynamic models 

and combination analyses can precisely match the 

window area ratio during steady-state operations and 

dynamic processes such as step and compressor unit 

grid connection. The relative error of the mass flow 

rate was between 0.36% and 7.48%. The method has a 

good calculation accuracy and is suitable for a wide 

range of working conditions. The computation 

accuracy and convenience are superior to those of a 

CFD numerical simulation. 

2. The combination analysis was used to analyze the 

relationship between the FSI force and flow rate when 

the pressure ratio of different window area ratios 

varied. At the same pressure ratio, these two 

parameters increased with the window area ratio. The 

FSI force had different variation trends on both sides 

of the window area ratio of 40%. Furthermore, for the 

same area ratio, the flow rate decreased with the 

increase in the pressure ratio. The decay was faster at 

high pressure ratios. These nonlinear properties 

indicate that it is necessary to perform dynamic 

modeling and combination analysis by considering the 

FSI force between the flow field and plunger. 

3. The combination analysis eliminates the reliance of 

prior valve research on a numerical simulation and 

experiment, which allows to quickly and accurately 

output the window area ratio and mass flow rate of the 

plunger valve. This approach may be used as a 

reference for design and implementation of plunger 

valves in real-world applications. Furthermore, the 

modeling techniques described in this article may be 

used for various control valves. 
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Fig. 14 Contraction coefficient varies with Reynolds 

number under different pressure ratios 

 

The three-dimensional model of the plunger valve 

established by CATIA is shown in Fig. 15, where the 

plunger is simplified as a baffle moving along the axial 

direction. Different positions of the baffle correspond to 

different window areas of the plunger valve. The cup-

shaped flow windows are uniformly distributed around the 

circumference of the guide cap so that there are  

12 windows for the full valve in total. The main geometric  

 
Fig. 15 Quarter model of the plunger valve 

 

Table B1 Mass flow rate and error in various grid 

Case Grid number 
Mass flow rate 

/kg·s-1 

ε 

/% 

1 2974230 114.2 1.20 

2 3424149 114.12 1.12 

3 4262546 113.96 0.98 

4 5265942 113.9 0.93 

 

 

 

Fig. 16 Grid topology and refinement 

 

parameters are: inlet diameter Din=2.3 m, outlet diameter 

Dout=3.6 m, length of the window L=0.54 m, maximum 

window area is 2.61225 m2, and the plunger stroke is 0.57 

m. In order to improve the accuracy of the numerical 

calculation and ensure the reliability of the calculation, a 

pipe with a length of 1 m before the valve and a pipe with 

a length of 10 m after the valve are added as the calculation 

domain. 

The calculation uses a non-structural tetrahedral grid. 

In order to capture the flow details of the near-wall surface 

of the stream, the corner wall is encrypted and the 

boundary layer grid is arranged. The first layer of the grid 

is 0.1 mm, and the boundary layer grid growth rate is 1.2, 

so that the y+ is always less than 30. The numbers of the 

grid are respectively set to 2974230, 3424149, 4262546, 

and 5265942 to compare and explore the influence of the 

grid number on the calculation accuracy. The window area 

ratio is set to δ=34.1 %, the pressure after the valve is 

atmospheric pressure, and the pressure ratio, Pr, of the 

pressure after the valve to the pressure before the valve is 

set to 0.23. Take the outlet flow as the observation value, 

and the comparison with the experimental observation 

flow rate values of 112.846 kg/s under the same working 

condition is shown in Table B1. The relative error between 

cases 3, 4 and the experimental value is less than 1 %. Case 

3 is used for calculation by weighing the calculation 

resources and accuracy, which means the number of the 

grid is 4262546 for subsequent numerical calculations. 

When the window area ratio is 35%, the valve body and 

fluid domain grid of the plunger valve are shown in Fig. 

16.  

This study conducts a steady numerical simulation of 

the plunger valve. The boundary conditions at work are 

quite unique. The inlet connects to the atmosphere, and the 

exhaust pipe is connected to the compressor system. The 

boundary conditions of the inlet and outlet are pressure 

boundaries. Atmospheric pressure is the absolute pressure 

in front of the valve. According to the actual flow in the 

plunger valve, the wall boundary condition adopts the 

adiabatic no-slip wall, and the fluid medium adopts the 

ideal gas. The realizable k-ε turbulence model is used for 

the viscous flow calculation, and the SIMPLE algorithm 

is used for the pressure-velocity coupling. It is a classic 

and extensively used pressure-correction method in 

engineering CFD simulations, and it is usually used to 

generate the steady flow solution in CFD. The pressure 

item adopts the second-order scheme, and the momentum 

term, energy term, turbulent kinetic energy term, and 

turbulent dissipation term is solved by the second-order 

upwind scheme. 

The velocity contour and the pressure contour under 

the condition of   and   are shown in Fig. 17 and Fig. 18. 

 

 

Fig. 17 Velocity contour of the plunger valve 

(a) 

(b) (c) 



Y. Ren et al. / JAFM, Vol. 17, No. 1, pp. 192-204, 2024.  

 

204 

 

Fig. 18 Pressure contour of the plunger valve 

 

 


