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Control valves have an important function in the warship power system. In engineering practice, the ﬂuid oscillation inside
the control valve causes the additional load to the valve actuator. When the additional load is added to the original load of
the valve, it is possible that the required driving force (or driving moment) of the valve is greater than the maximum force (or
moment) output by the actuator, which may cause the abnormal stop of the actuator. Conventionally, the interaction eﬀect
of the valve mechanical and electric components on the valve chamber’s ﬂow ﬁeld cannot be considered in computational
ﬂuid dynamics (CFD) simulations, so the oscillating ﬂuid loads cannot be accurately obtained. In order to solve this
problem, the mechanical-electric-ﬂuid integrated valve model, using the FLUENT and AMESim cosimulation method, was
developed to embody the interaction eﬀect between the components of each part of the control valve and exhibit the ﬂuid
oscillation during the operating process of the control valve. Compared with the pure software simulations, the unsteady
ﬂow characteristics and dynamic response of the actuator were synchronously obtained in this study, which accurately
captured the sudden ﬂuid loads required for further compensation. At the same time, the diﬀerences in performance of
diﬀerent valve plugs were compared. The stability time of the valve plug and oscillation amplitude of the unstable ﬂuid loads
were distinct for control valves with diﬀerent ﬂow characteristics. The results can aid in understanding the instability
mechanism of the ﬂuid load in the control valve better, which provides the calculation basis for compensating the additional
load on the valve plug and improve the reliability of the control valve.

1. Introduction
Warship control valves are valves that regulate the ﬂuid
transportation of the nuclear islands of nuclear power plants,
conventional power plants (marine steam turbines), and
auxiliary control systems in commercial and military ships.
When warships perform complex actions, with the sudden
inﬂux of a large-ﬂow working medium, the control valve is
in the dynamic process of starting, closing, and adjusting. An
unsteady ﬂuid-structure interaction (FSI) eﬀect is formed
among the pressure, ﬂow, and structures (such as the valve
plug) in the control valve. The interaction between the ﬂow
characteristics of the ﬂuid and the movement of the valve
internals leads to unstable and oscillating ﬂuid loads on the

valve plug, which causes the additional load on the actuator.
When the additional load is superimposed on the original
load of the control valve, the driving force or driving torque
required by the valve may be greater than the maximum
force or torque output by the actuator (to avoid damage to
the valve sealing surface, valve stem, or valve shaft due to the
output force or torque of the actuator greatly exceeding the
valve load, the maximum output force or torque is 1.8 times
of the normal load), which would cause the actuator to fail to
act or perform abnormally. In order to eliminate the inﬂuence of the ﬂuid oscillation and improve the control
accuracy and reliability of the control valve, the output
torque of the actuator of the control valve can be compensated on demand. For example, when the valve plug is
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subject to a large ﬂuid load, the actuator will output a large
torque; when the valve plug is subject to a small ﬂuid load,
the actuator will output a small torque. Therefore, it is
necessary to accurately obtain the oscillating ﬂuid loads on
the valve plug, so as to achieve the purpose of compensating
for the additional coupling load.
The unsteady ﬂuid load and ﬂuid oscillation of the
control valve have previously been extensively explored.
Owing to the dynamic movement of the valve, pressure and
ﬂow ﬂuctuations can occur within the valve systems in
rocket propulsion systems, and it may be accompanied by
cavitation, resonance, and even failure. To predict the
transient behavior of the valve motion and provide
guidance for engine operations, simulations of valve
motion using a mesh library strategy were presented by
Ahuja et al.[1], Cavallo et al.[2], and Shipman et al.[3]. The
results captured the valve’s ﬂow characteristics and unsteady phenomena. Saha et al.[4] investigated the dynamic
ﬂow process of a pressure valve using FLUENT computational ﬂuid dynamics (CFD) software. They applied a
force balance method in combination with dynamic mesh
technology to predict the spool position and calculate the
transient variation of the ﬂow forces. The simulation results also demonstrated the eﬀect of the friction coeﬃcient
between the spool and the valve body on the spool
movement. To investigate the eﬀect of high-pressure safety
valve dynamics on steady ﬂow performance, Beune et al.[5]
conducted CFD analysis with FSI using a multiple grid
approach. The results indicated the opening characteristics
and possible instabilities of the valve for liquid and gas
ﬂows. Additionally, they proposed targeted analysis
methods for sensitivity to valve dynamics and opening
characteristics. Investigating the vibration phenomenon of
the steam valve in the piping system of the power plant
under partial opening conditions, Morita et al.[6] focused
on the ﬂow ﬂuctuations around the steam control valve to
understand the valve instability using experiments and
CFD calculations. The results indicated that the complex
ﬂow attached to the valve body can cause ﬂuctuation in the
rotating pressure and an asymmetric load under the
middle-opening condition, which are the main cause of
valve vibrations. Misra et al.[7] studied the mechanism that
causes the self-excited vibration of a pipeline system based
on a ﬂuid-structure dynamic model of the control valve
circuit. The numerical results indicated that the self-excited vibration mechanism of the control valve was
complex and was aﬀected by the valve itself and the
pipeline system, such as water hammer eﬀect, negative
hydraulic stiﬀness, or acoustic feedback. To further understand the mechanisms of ﬂow-induced vibrations in the
Venturi valve, Yonezawa et al.[8] conducted numerical
simulations and experiments using rigid and ﬂexible valve
head supports. They explained the inherent relationship
between the unsteady ﬂow and valve head vibrations for
various operating conditions. They also veriﬁed that the
high-pressure region on the surface of the valve plug was
the main reason for the lateral oscillating ﬂuid force, which
was a negative damping force. Many other studies of
control valves have also conducted [9–14].
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However, the electric control valve is a coupled closedloop system consisting of mechanical components called the
regulating mechanism and actuator, an electric component
called the control system, and a ﬂuid component called the
ﬂow ﬁeld of the valve chamber. As the valve works, there
exists coupling among the ﬂuid ﬂow, the mechanical
component, and the electric component. In the numerical
simulation of the valve ﬂow ﬁeld, CFD software such as
FLUENT or CFX, cannot model the actuator and control
system. As a result, the eﬀect of these two components on the
ﬂow ﬁeld cannot be considered, inevitably resulting in a
large simulation deviation of the ﬂuid load on the valve plug.
In addition, most of the displacement curves of the valve
plug in the current studies were known beforehand.
However, in most automatic valves, such as the electric
control valve, the valve plug displacement is the result of
automatic feedback in the system. And the opening of this
control valve depends on the pipeline pressure ﬂuctuations,
the electric driving force of the actuator, and the unbalanced
force of the mechanical structure, which are in turn aﬀected
by the valve opening. Certainly, the opening curve is diﬃcult
to determine in advance. Software such as AMESim or
Simulink can calculate the opening curve of the valve plug.
But during the dynamic adjustment of the control valve, a
coupling between the ﬂow ﬁeld and the regulating mechanism occurs because of the eﬀect of FSI: the ﬂuid aﬀects the
movement of the valve plug by changing its loads, whereas
the variation in the valve plug position directly changes the
ﬂow ﬁeld and continues to aﬀect the movement of the valve
plug. Here, the valve housing model of the control valve is
simpliﬁed to a one-dimensional model. Considering the
unsteady coupling eﬀect in this limited area is diﬃcult, and
the eﬀect of the ﬂow ﬁeld on the regulating mechanism,
actuator, and control system is not adequately considered;
thus, the calculation accuracy of the ﬂuid load on the valve
plug is also aﬀected. With the increasing complexity of such
concerns, the relevant literature shows that some scholars in
the ﬁelds of machinery, electric power, and architecture
[15, 16] have adopted the coupled cosimulation method
using multidisciplinary software to eﬀectively solve some
speciﬁc problems. In general, the basic function of the
control valve is to change the medium ﬂow, pressure,
temperature, or other parameters by receiving the control
signal output from the regulating control unit. In this study,
we selected the ﬂow rate as the control target. The actuator of
the control valve adjusts the opening and closing of the valve
plug according to the output signal of the controller so that
the outlet ﬂow rate attains the desired value. This is a
complex feedback control process. Therefore, the focus of
this study was to conduct a holistic study on the mechanicalelectric-ﬂuid system of the control valve using the coupling
method of both FLUENT and AMESim and consider their
mutual eﬀect between the various valve components that are
diﬃcult to observe in a single software simulation. Ultimately, the ﬂuid load on the valve plug is captured, which
provides the calculation basis for further load compensation.
By means of the cosimulation, an integrated model of the
control-valve regulating mechanism, actuator, control system, and ﬂow ﬁeld of the valve chamber was established. The
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veriﬁcation of this coupled scheme was performed. The
velocity and displacement of the valve plug were computed
in AMESim to obtain the opening curve of the valve plug.
We applied a user-deﬁned function (UDF) and dynamic
mesh technology in FLUENT to control the movement of the
valve plug, and the transient ﬂow ﬁeld of the valve plug at
various movement times was obtained. Thus, the likely
unsteadiness of the ﬂow, dynamic response of the actuator,
and diﬀerent behavior of the control valve with various ﬂow
characteristics are presented in this paper.

2. Mathematical Models
2.1. Flow Equation. The ﬂuid in this study was in an incompressible and turbulent ﬂow. Hence, the ﬂow equations
satisﬁed the conservation laws of mass, momentum, and
energy [17, 18], which were numerically solved in the
commercial software package FLUENT.
The governing equations are described as follows:
Continuity equation:
→
(1)
∇ · (U ) � 0.
Momentum equation:
→
→
→→
→
z(ρU )
+ ∇ · (ρU U ) � −∇p + ∇ · (ϑ · grad U ) + ρ f ,
zt
(2)
→
where U is the velocity vector, t is the time, ρ is→
the density, p
is the pressure, ϑ is the kinetic viscosity, and f is the body
force vector.
As heat exchange is not involved, the energy equation is
not considered.
2.2. Fluid-Structure Interaction Dynamics Equation.
Figure 1 shows the sketch map of the simulated control
valve. The valve was mainly made up of a valve body, a valve
plug, a valve stem, an electric actuator, a controller, a valve
displacement sensor, and a ﬂowmeter. In this study, the
control target was the valve outlet ﬂow rate. The operation
principle of the control valve was as follows: when the
warship’s working conditions or operating conditions
changed, the outlet ﬂow rate of the control valve deviated
from the desired value. Through the detection and transmission of the ﬂowmeter and transmitter, the outlet ﬂow rate
was sent to the controller. The controller compared this ﬂow
rate signal with the target signal and calculated an output
using the corresponding control rule. Based on this output,
the motor calculated speed and torque. This torque would be
output by the actuator. Then, according to the feedback
information of the valve positioner, the ﬂow area between
the valve plug and the valve seat was changed to make the
valve outlet ﬂow rate consistent with the desired value, so as
to realize the ﬂow control behind the valve.
The valve plug and stem frequently moved along the
vertical orientation because of the constraint of the valve
body structure. When the control valve was operating, the
valve plug and stem moved under the action of four forces:
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Figure 1: Sketch of the simulated control valve.

the ﬂuid load Fl (t), electric driving force Fd (t), gravity force
G, and friction force between the valve stem and the packing
Ff , as shown in Figure 1. According to Newton’s law, the
€ of the valve plug and valve stem relating to
acceleration Y(t)
their equivalent mass m is as follows:
_
 mY€ (t) � Fl (t) + Fd (t) + G + Ff , Ff � cY(t),

(3)

_
where Y(t)
is the velocity of the valve plug and stem, c is the
equivalent viscous damping coeﬃcient, and the friction
force is equivalent to a viscous damping force, which is
proportional to the speed.

3. Cosimulation Models
3.1. Schematic Design for the Cosimulation. The schematic
[19] of the cosimulation platform is shown in Figure 2. Only
one executable application was available in the cosimulation.
The FLUENT model was identiﬁed as the master and pilots
of the AMESim model, which was identiﬁed as a slave.
For the two models to communicate with each other, an
interface referred to as “UserCosim” was created on the
AMESim sketch. With this interface, a dynamic link library
(DLL) was generated from the AMESim model. During the
cosimulation, FLUENT exchanged the input and output of
the data and implemented the call of DLL ﬁles through a
secondary development function called the UDF. In this
process, the medium software Microsoft Visual Studio was
used to achieve the bridging role. All data were synchronously transmitted and exchanged, and communication
between the two models occurred only at ﬁxed time steps
(see Figure 3).
Furthermore, the movement of the valve plug was
completed by the dynamic mesh technology. In FLUENT,
the dynamic mesh model can be used to simulate ﬂows
where the shape of the ﬂow domain was changing with time
because of motion on the ﬂow domain boundaries. The
motion can be a prescribed motion (for example, you can
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Figure 2: Schematic of the cosimulation platform.
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Figure 3: Cosimulation time principle.

deﬁne the linear and angular velocities about the center of
gravity of a solid body with time) or an unprescribed motion
where the subsequent motion was determined based on the
solution at the current time (for example, the linear and
angular velocities were computed from the force balance on
a solid body). In order to apply the dynamic mesh model, a
starting volume mesh and the description of the motion of
moving zones should be provided. FLUENT provided three
dynamic mesh motion methods to update the mesh in the
moving zone, which were smoothing, layering, and
remeshing methods.
3.2. AMESim Model for the Cosimulation. The cosimulation
model was built on the AMESim system (see Figure 4). The
model is divided into two parts: the data exchange module
and integrated model of the control valve. The data exchange
module, called the UserCosim interface, was used to set the
exchanged variables. The left side of the UserCosim interface
was the variables calculated by AMESim and provided to
FLUENT, and the right side was the variables calculated by
FLUENT and sent to AMESim. Every variable appeared in
pairs and was correlated with each other using the receiver
and transmitter submodels. And submodels with the same
color belong to the same variable. A receiver submodel can
be used to receive a variable from a transmitter submodel
without any visible connection on the sketch. In other
words, the receiver output was actually a duplicate of the
transmitter input. All the exchanged variables on the
boundary of the two software are presented in Figure 5. The
integrated model was composed of the control-valve ﬂow
ﬁeld, regulating mechanism, actuator, and control system. In
AMESim, the ﬂow ﬁeld was represented by inlet and outlet

pressure sources, which were built using ﬂuid models from
the hydraulic library for ﬂow boundary conditions. The
working ﬂuid was liquid water with a density of 998.2 kg/m3
and dynamic viscosity of 0.001003 kg/(m·s). The regulating
mechanism and the actuator were represented by a mass,
rack, pinion, reducer, gear, and motor, which were built
from the mechanical library. The function of the electrical
motor was to convert the output signal of the controller into
the thrust or torque of the valve. The function of the gear,
reducer, rack, and pinion was to convert the thrust or torque
into the displacement. The regulating mechanism was
composed of the valve plug and stem, which were represented by a mass block. And a displacement sensor was
connected next to the mass block to obtain the valve plug
displacement. The function of the regulating mechanism was
to change the ﬂow area of the valve according to the displacement signal. The control system was represented by a
proportional-integral-diﬀerential (PID) controller and a
series of sensors, which were built using electric signal
models to link the control units and physical sensors. Here,
the sensor used a ﬂowmeter, which was installed on the
downstream pipeline of the control valve to monitor the
valve outlet ﬂow and connected with the PID controller to
form a ﬂow feedback system. The comparison element
compared the feedback signal output by the ﬂowmeter with
the target value signal to obtain the deviation signal. Then,
the controller calculated the deviation signal and transmitted
the results to the actuator. The initial parameters of each part
of the model are listed in Table 1.
In the AMESim to FLUENT direction, when the cosimulation was launched, AMESim provided the pressure
source values of the valve inlet and outlet as boundary
conditions for FLUENT. The PID controlled the motor
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AMESim-Fluent Cosimulation of a control valve
Electrical motor used to convert the output PID controler used to calculate the deviation
signal of the PID controller into a rotary signal signal and transmit the results to the actuator

UserCosim block used to handle data
exchanges between softwares

Constant signal used to set
a target flow rate value

Mass used to compute the force
balance on the valve spool

Rack and pinion
Gear

Receiver

Transmitter
Water properties

Inlet pressure source

Cosimulation =

Comparison element used to complete
the subtraction between the constant
signal and the feedback signal to obtain
the deviation signal

Reducer

Flowmeter used to monitor
valve outlet flow rate

Outlet pressure source

Fluid
(flow field)

Mechanical

+ (regulating mechanism and actuator) +

Electric
(control system)

Figure 4: Modiﬁed the AMESim model for cosimulation.

Fluid load

Inlet/outlet
ﬂow rate

Valve displacement Inlet/outlet
and velocity
pressure
FLUENT

AMESim

Figure 5: Exchanged variables between two solvers.
Table 1: Nominal parameters of the AMESim model.
Part
Control valve
Control valve
Rack
Gear
Gear
PID controller
PID controller
PID controller
Constant signal
Mass

Parameter
Inlet pressure resource
Outlet pressure resource
Pinion diameter
Large diameter
Small diameter
Proportional gain
Integral gain
Derivative gain
Desired ﬂow rate
Quality

Unit
MPa
MPa
mm
mm
mm
—
—
—
L/min
kg

Value
10
8
30
100
50
80
1
0
80000
10

operation according to the ﬂowmeter measurement provided by FLUENT to adjust the valve opening and closing to
maintain the actual ﬂow rate close to the desired ﬂow rate.
Meanwhile, AMESim calculated the force balance on the
valve plug during the opening and closing of the control
valve based on Equation (3). Subsequently, the displacement
of the valve plug, resulting from the force balance calculation
in AMESim, was fed back to FLUENT to enable it to update
the valve plug position and the dynamic mesh around the
valve.
3.3. FLUENT Model for the Cosimulation
3.3.1. Parameter Settings of the Numerical Approach in
FLUENT. For the CFD simulation model of the control
valve, the proﬁle curve of the valve plug was designed
according to the formula of linear inherent ﬂow characteristics [20, 21]. The front and rear pipelines of the valve
were lengthened twice and six times, respectively, compared

with the pipe diameter to ensure suﬃcient ﬂuid ﬂow. The
grid was generated using ANSYS ICEM. An unstructured
grid was used to mesh the entire ﬂow ﬁeld, and the grid
around the valve seat and plug was reﬁned. Before selecting
the ﬁnal cell number, a grid independence study was performed with several types of computational cells. Figure 6
shows that the ﬂow rate at the valve outlet varied with
diﬀerent grid numbers. When the grid number was 120000,
the ﬂow rate did not change signiﬁcantly. To save computation time, we adopted this grid scheme. Similarly, the time
step was selected to be 10−5s and the number of internal
maximum iterations for a single time step was 300 after
several levels of tests. Here, the dynamic parameters of the
control valve no longer produced a further change with the
variation in the time step. Figure 7 shows the grid model of
the control valve with a 10% opening. The grid size was
approximately 120000 cells.
The simulation was carried out in software ANSYS
FLUENT 17.0; the RNG turbulence k-ε model was adopted
[22, 23]. The ﬂowing ﬂuid inside the valve was liquid water as
the same as AMESim. All the walls were assumed to have no
slip. Pressure boundary conditions deﬁned by the UDF were
applied to the inlet and outlet of the control valve. During
transient valve ﬂow, the valve plug and stem moved inside
the valve body. The boundary surface of the valve plug and
stem was deﬁned as the dynamic mesh zones in the dynamic
mesh setting. The motion type of the dynamic zones was
rigid body motion, which was an option available in
FLUENT. Mesh around the dynamic regions needs to be
deﬁned to accommodate valve plug and stem motion.
Smoothing and remeshing were employed for this mesh
deﬁnition. The displacement of the valve plug, received from
AMESim, was deﬁned in the UDF. And it can be read by the
macro “DEFINE_CG_MOTION()” from FLUENT to regenerate the mesh. A segregated solver was used and the
PISO algorithm was applied to the coupling of pressure and
velocity. And second-order upwind scheme was used for all
discrete terms. In the transmit simulation, under relaxation
factors have an important inﬂuence on the convergence of
the simulation. Here, the pressure, the density, the body
forces, k, ε, and the turbulent viscosity were set as 0.3, 1, 1,
0.7, 0.8, and 1, respectively. When the residuals were less
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200mm
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Pressure inlet

Figure 6: Flow rate under diﬀerent computational cells.

Figure 7: Modiﬁed FLUENT grid model of ﬂuid zones of the control valve.

3.3.2. FLUENT Validation. In order to prove the reliability
of the parameter settings and the solution scheme in the
FLUENT simulation, a comparison validation was performed with the results of Qian et al.[24]. The model was
based on a pilot-control globe valve and simulated in ANSYS
FLUENT 17.0, maintaining all the parameter settings the
same as those of Qian et al. [24]. Figure 8 shows the steady
valve plug displacement for our computational results and
experimental results of Qian et al.[24]. The trends of the
simulation results and experimental results were within an
acceptable range. This demonstrated the feasibility of the
pure FLUENT simulation and validated the numerical settings used for the simulation of the valve in this study.

26
24
Steady valve plug displacement (mm)

than 10−7 for continuity and 10−6 for other parameters, the
simulated ﬂow ﬁeld was considered to have attained the
convergence criterion.
In the FLUENT to AMESim direction, when the cosimulation was launched, FLUENT calculated the ﬂow around
the valve plug based on Equations (1) and (2), and then the
value of the ﬂuid load on the valve plug due to this ﬂow, as
well as the value of the inlet and outlet ﬂow rate, was sent to
AMESim. The movement area of the valve plug was controlled using dynamic mesh technology. Ultimately, data
exchange and coupling occurred between the codes of
AMESim and FLUENT.

22
20
18
16
14
12
10
8
6
4
2
0
0.0

0.1

0.2

0.3
0.4
0.5
Inlet pressure (MPa)

Quian et al. (k = 5100N/m)
Current study (k = 5100N/m)

0.6

0.7

0.8

Qian et al. (k = 7700 N/m)
Current study (k = 7700N/m)

Figure 8: Comparison of the results of the current study and those
of Qian et al.[24].

3.4. Veriﬁcation for the Coupled Scheme. Due to the limitation of the experimental conditions, we conducted the
veriﬁcation of the coupled scheme by comparing the results
between the pure FLUENT simulation and the FLUENT/
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AMESim cosimulation with the same parameters. The model
was based on a simpliﬁed spring-loaded check valve. The
governing equation for this motion of the valve is expressed
as follows:
€ (t), Ff′ � cX(t),
_
 F′ (t) � kX(t) + Ff′ + m′ X

(4)

_
where F′ (t) is the ﬂuid load on the valve plug, X(t), X(t),
€ are the displacement, velocity, and acceleration of
and X(t)
the valve plug, respectively, k is the stiﬀness of the spring, m′
is the mass of the valve plug, c is the equivalent viscous
damping coeﬃcient, and the friction force of the valve plug
Ff′ is also equivalent to a viscous damping force, which is
proportional to the speed of the valve plug.
In the pure FLUENT simulation, the valve plug motion
was solved using an iterative scheme based on the classical
Runge-Kutta method. When the number of iteration time
steps was zero, the valve was in a static state. The acceleration
€n (t) at n time steps was calculated by
of the valve plug X
using the following equation:
€n (t) �
X

n
n
F′ (t) − kXn (t) − cX_ (t)
,
m′

(5)

n

where F′ (t) is the ﬂuid load on the valve plug, Xn (t) is the
_ n (t) is the velocity of
displacement of the valve plug, and X
the valve plug at n number of time steps.
n+1
Then, the displacement Xn+1 (t) and velocity X_ (t) of
the valve plug motion at the next number of time steps n + 1
become
_ n (t)Δt + 1X
€ n (t)Δt2 ,
Xn+1 (t) � Xn (t) + X
2
(6)
n+1
n
n
_ (t) � X
_ (t) + X
€ (t)Δt,
X
where Δt is the time step.
The UDF was compiled to achieve the iteration scheme,
and it was loaded into the FLUENT solver to control the
movement of the valve plug. More detailed settings and
information related to the grid independence study and the
selection of the time step for FLUENT calculations are
discussed in Section 3.3. The ﬁnal grid model of the check
valve is shown in Figure 9.
In the FLUENT/AMESim cosimulation, a cosimulation
model for the data exchange module and the spring system
was established in the AMESim solver, as shown in Figure 10. The valve plug was represented by a mass. For the
exchanged variables between the two solvers, FLUENT
calculated the ﬂuid load on the valve plug based on Equations (1) and (2). This ﬂuid load was input to AMESim to
simulate the spring system based on Equation (4). The
feedback on the velocity of the valve plug from AMESim
was, in turn, delivered to FLUENT to update the valve plug
position for the next iteration.
Figure 11 shows a comparison of the results of the
displacement response and ﬂuid load on the valve plug
between the pure FLUENT simulation and FLUENT/
AMESim cosimulation with the same parameters. A good
agreement was observed, which demonstrated the feasibility
of the coupled scheme.

4. Results
4.1. Dynamic Studies Related to Valve Timing. In the initial
simulation status, the inlet and outlet pressures of the
control valve were 10 and 8 MPa, respectively. Meanwhile,
the valve opening was maintained at 10%. First, a steady
simulation using FLUENT was conducted to obtain a stable
ﬂow ﬁeld, and the ﬂow rate at the valve outlet was 25,820 L/
min. Then, the cosimulation was performed for transient
calculation under the condition of setting the same time step
(in AMESim and FLUENT solvers), residual accuracy (in
FLUENT solver), and calculation tolerance (in AMESim
solver). Additionally, the number of internal maximum iterations for a single time step was set in the FLUENT solver
so that the dynamic simulation can converge at each time
step. The outlet ﬂow rate set by the PID controller was
80000 L/min. To attain the desired value of the outlet ﬂow
rate, the actuator of the control valve adjusted the opening
and closing of the valve plug according to the output signal
of the controller. When the ﬂow rate at the valve outlet
attained the target value, the valve opening no longer
changed at a balanced position, and the cosimulation
achieved convergence.
Figure 12 shows the dynamic curves of the valve plug
displacement, ﬂow rate at the valve outlet, ﬂuid load, and
driving force of the actuator acting on the valve plug and
valve stem during the dynamic change of the valve opening.
In the ﬁrst 7 ms, the ﬂuid load acting on the valve plug
exhibited an oscillating and unstable form, whereas the
driving force of the actuator originally increased and then
decreased. And the direction of these two forces changed
during this period of time. When the valve plug displacement increased to the ﬁrst peak value of 40 mm, the valve
opening was approximately 36%. In this process, the ﬂow
rate at the valve outlet transformed from a sharp acceleration
with a large curve slope to a linear acceleration, which was
related to the increase and decrease in the valve plug speed.
Subsequently, the valve plug moved toward the closing
direction, and the ﬂow rate variation at the valve outlet
slowed down. After exceeding 4% of the desired ﬂow value,
the outlet ﬂow rate gradually decreased. Since the signal
diﬀerence received by the PID controller was not zero, the
valve plug continued to adjust continuously, and its displacement again exhibited several decaying ﬂuctuations.
Eventually, at time t � 0.35 s, the ﬂow rate at the valve outlet
was approximately 80000 L/min. The valve plug remained at
a ﬁnal opening of 30% with a very small ﬂuctuation. Simultaneously, the resultant force of the valve plug was
approximately zero, which indicated that the ﬂuid load and
driving force of the actuator acting on the plug tended to be
stable, but there was a slight ﬂuctuation.
A warship environment is complex and changeable.
With the leaping change in the ship’s working conditions,
when a warship implements many complicated actions of
tactics and techniques, the valve plug is subjected to random
and oscillating ﬂuid loads in the process of dynamic adjustment especially from t � 0.001 s to t � 0.005 s and
t � 0.012 s to t � 0.016 s (see Figure 13). The resultant force of
this ﬂuid load and driving force of the actuator may be
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Figure 9: Grid model for veriﬁcation.
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Figure 11: Comparison of the results of the pure FLUENT simulation and FLUENT/AMESim cosimulation. (a) Displacement response.
(b) Fluid load acting on valve plug.

greater or less than the actual adjustment force required by
the valve plug, reducing the control precision of the control
valve. Furthermore, oscillating ﬂuid loads can cause vibration, noise, and other hazards on the valve plug. Therefore,
the oscillating ﬂuid loads need to be compensated on demand to reduce the valve plug oscillation and improve the
stability of the control valve.
Figures 14 and 15 depict the pressure ﬁeld and velocity
distributions in the valve chamber during the valve plug
movement. For the period of the simulation, the most
representative time points were selected. The pressure distributions in Figure 14 show that the pressure of the ﬂow
channel showed a decreasing trend from the pipeline inlet to
the pipeline outlet from t � 0.001 s to t � 0.6 s. In the oriﬁce

region between the valve plug and valve seat, the ﬂow area
was limited and the pressure drop was large; the pressure
drop primarily overcame the resistance of the ﬂow channel
in the control valve. As the valve plug moved from the ﬁrst
maximum displacement (at time t � 0.007 s) to the closing
direction, a low-pressure region was generated on the side of
the valve plug and seat. Along with the dynamic adjustment
of the valve opening, this low-pressure region was continuously enlarged and moved away from the valve seat to the
valve’s downstream chamber for 0.012 s < t < 0.090 s. A part
of the low-pressure region also appeared at the top of the
valve housing. At t � 0.6 s, the valve plug has attained
equilibrium, and the low-pressure region was gradually not
apparent. Moreover, we observed that the upper end of the

9

0.045

90000

0.040

80000

Volume ﬂow rate (L/min)

Plug displacement (m)

Science and Technology of Nuclear Installations

0.035
0.030
0.025
0.020
0.015

70000
60000
50000
40000
30000

0.010
0.0

0.1

0.2

0.3 0.4
Time (s)

0.5

20000

0.6

0.0

0.1

(a)

0.5

0.6

0.5

0.6

450000

250000

350000
Driving force (N)

200000
Fluid load (N)

0.3 0.4
Time (s)

(b)

300000

150000
100000
50000
0

250000
150000
50000

–50000

–50000

–100000
–150000

0.2

0.0

0.1

0.2

0.3 0.4
Time (s)

0.5

0.6

–150000

0.0

0.1

(c)

0.2

0.3 0.4
Time (s)

(d)

Figure 12: Cosimulation results for the valve’s dynamic variation versus time. (a) Valve plug displacement. (b) Volume ﬂow rate at the valve
outlet. (c) Fluid load on the valve plug. (d) Driving force of the actuator.
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valve plug was attached to a low-pressure region, which was
prone to cavitation, resulting in potential damage to the
valve plug.
For the pressure ﬁeld of t � 0.007 s, the ﬂuid pressure in
the valve cavity decreased from the bottom face to the upper
face of the valve plug, and the maximum pressure in the
vicinity of the bottom of the valve plug was approximately
9.8 MPa. In the subsequent 5 ms, the area occupied by the
high-pressure region on the lower half surface of the valve
plug gradually expanded; at t � 0.012 s, in particular, the
pressure in the partial region was approximately 10 MPa.
Referring to the ﬂuid load curve obtained by AMESim
shown in Figure 13, the ﬂuid load acting on the valve plug
continuously increased within this period (from t � 0.007 s to
t � 0.012 s). The main reason was that as the valve plug
moved toward the closing direction during this period, the
ﬂow area of the oriﬁce region became smaller and the
pressure ﬂuctuation in the valve cavity increased, which lead
to a larger area of the high-pressure region on the lower
surface of the plug. On the other hand, the ﬂuid load on the
valve plug was obtained by integrating the surface area of the
valve plug with the pressure distribution on the upper and
lower surfaces of the valve plug. Thus, the increase of the
pressure diﬀerence between the lower and upper surfaces of
the valve plug made the ﬂuid load increase. A similar
phenomenon occurred in the period from t � 0.090 to
0.150 s. Therefore, the calculation results of AMESim were
observed to correspond with those of FLUENT.
Figure 15 shows the sequence of the velocity magnitude
contours. In the initial opening process of the valve plug for
t < 0.005 s, the ﬂow area at the oriﬁce was small. The ﬂow
channels were in a strong throttling state, which caused the
ﬂuid pressure to decrease and the velocity to increase in the
oriﬁce region. As the ﬂuid accelerated through the narrow
gap of the oriﬁce, the valve seat functioned as a throat,
resulting in a jet at t � 0.007 s that hit the valve plug at high
velocities. After t � 0.012 s, the valve plug moved toward the
closing direction, and an asymmetric jet occurred at both
sides of the valve seat. The asymmetric accelerating ﬂuid
caused the hydraulic inductance owing to inertia. It acted on
the surface of the valve plug and coupled with the moving
valve plug as well as the uneven pressure gradient in this
region, which were the main reasons for variable and oscillating ﬂuid loads on the valve plug (see Figure 13).
From Figure 16, the velocity of the jet region was higher
than that of the nearby ﬂuid region when the ﬂuid ﬂowed
through the oriﬁce. In the ﬁrst 10 ms, the high-speed and
low-speed streams were mixed in the nearby region,
resulting in a strong shear eﬀect, which caused the formation
of vortices in the low-speed region. Owing to the structural
obstruction, vortices appeared on the left side and top wall of
the valve body, where the ﬂuid stagnated and its velocity
decreased. At t � 0.012 s, vortex production at the lip of the
valve seat resulted in unsteady shedding, and a large amount
of energy was removed; the phenomenon of vortex shedding
changed the pressure distribution around the valve seat (see
Figure 14), which caused a sudden change in the ﬂuid load
on the valve plug. Furthermore, the jet spread out further to
the valve’s downstream chamber, which cannot avoid the
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ﬂow path’s bend, resulting in the formation of a recirculation
region as shown at t � 0.028 s. This recirculation region
expanded to the bottom of the downstream pipeline and
occupied the ﬂow channel space. Consequently, the mainstream ﬂuid was squeezed, and its ﬂow direction was
disturbed.
4.2. Dynamic Studies Related to Diﬀerent Valve Plugs. To
further explore the dynamic performance of the control
valve plug, we changed the shape of the valve plug. The
proﬁle curves of two other valve plugs with the ﬂow characteristics of quick-opening and equal percentage were
designed according to the calculation formula of the inherent ﬂow characteristic [20, 21], and the cosimulations for
these two valves were conducted. During the simulation
process, the initial opening percentage of the valve plug,
desired ﬂow rate at valve outlet, boundary conditions, and
solution parameters were unchanged. The simulation results
were as follows.
Figure 17 shows the variation in ﬂuid loads on the valve
plug under diﬀerent plug shapes. By comparison, we observed that in the ﬁrst 1 ms, the ﬂuid load acting on the equal
percentage plug exhibited high-frequency oscillations along
the horizontal axis, which was far greater than that of the
ﬂuid load acting on the other two types of valve plugs.
Therefore, more load compensation was needed for the equal
percentage plug in this time period. The oscillation trend of
the unstable ﬂuid loads acting on the quick-opening plug
was similar to that of the linear plug, which was characterized by irregular and pulse-like ﬂuctuations, and its
ﬂuctuation amplitude was larger than that of the linear plug.
As the valve opening increased, the amplitude attenuation of
the ﬂuid load acting on the linear plug was the fastest. The
oscillating ﬂuid loads experienced by three diﬀerent types of
valve plugs gradually decreased and then ﬂuctuated within a
small range. When the valve plug attained equilibrium, the
ﬂuid load acting on the quick-opening plug was the largest,
whereas the equal percentage plug was the smallest, which
diﬀers by approximately 1.3 times, as shown in Table 2.
Figure 18 shows the dynamic change in the ﬂow rate at
the valve outlet. As the initial displacement of the valve plug
increased, the outlet ﬂow rate for the control valve with the
ﬂow characteristic of equal percentage ﬂuctuated signiﬁcantly within 1 ms. The ﬂow behavior was consistent with the
high-frequency oscillating ﬂuid loads (Figure 17): the larger
the ﬂow ﬂuctuation, the greater the oscillating amplitude of
the ﬂuid load on the valve plug. This process produced an
impulsive force on the valve plug, which would cause
structural failure. When the outlet ﬂow rate for the three
control valves with diﬀerent ﬂow characteristics tended to
the desired value, all the valve plugs were balanced to achieve
the goal of controlling the ﬂow rate behind the valve.
Figure 19 shows the ﬂow curves when three control
valves were in a stable state. We observed that the outlet ﬂow
rate for every control valve was approximate to the target
value, but it had a certain deviation from the desired value,
and the deviation degree was less than 0.01%, as shown in
Table 3. In combination with the actual situation, the valve
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Figure 16: Streamlines at diﬀerent simulation times.
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Table 2: Fluid load diﬀerence at the balance position for diﬀerent
valve plugs.
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Figure 17: Transient variation of ﬂuid loads on diﬀerent plug
surfaces.

could not completely maintain the desired value because of
factors such as its own structure and external interference
during the working process. Therefore, this result suggested
that after three types of control valves with ﬂow characteristics of equal percentage, quick-opening, and linear
attained equilibrium, their outlet ﬂow rate value with the
desired value had slight diﬀerences.

Linear

Quick-opening

Equal percentage

207867

223922

171488

On the other hand, although the valve plug was balanced,
the ﬂow rate at the valve outlet still exhibited slight ﬂuctuations near the desired value. To compare the stability time
of diﬀerent valve plugs, we analyzed how fast the outlet ﬂow
rate stabilizes for each valve plug considering a deviation of
0.1% (within the engineering allowable range) as the stability
criterion. In other words, when the outlet ﬂow rate became
and remained in the range of 79920–80080 L/min, it was
considered to have attained stability. Figure 19 and Table 3
show that the outlet ﬂow of the control valve with the ﬂow
characteristic of equal percentage was the ﬁrst to attain the
range of this zone, and its stability time was the shortest. In
contrast, the control valve with the ﬂow characteristic of
quick-opening lagged behind the other two valves.
In summary, when a certain pressure is given at the inlet
and outlet of the control valve (in this study, the inlet and
outlet pressures were 10 and 8 MPa, respectively), the valve
plug moves from a 10% opening to the balance position to
control the ﬂow behind the valve. The stability time of the
control valve with the ﬂow characteristic of equal percentage
is fast, but this valve plug is subjected to sharply rapidly
oscillating ﬂuid loads in the movement process; the quickopening valve plug takes a long time to attain stability and
the ﬂuid load acting on the plug is large in the balance
position. The ﬂuctuation amplitude of the ﬂuid load applied
to the linear valve plug is relatively low, and the damage to
this valve plug is small. In practice, the selection and design
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Table 3: Flow rate diﬀerence in stable value and stable time for
diﬀerent valve plugs.

×104

The ﬂow rate at
valve outlet
Stable value (L/min)
Stability time (s)

9

Volume ﬂow rate (L/min)

8

Quick-opening

80000.85
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80001.15
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80001.83
0.187

7
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6.0
5

stability time is the focus, and the valve plug with fast
stability time should be selected. For control valves that work
frequently, the valve plug is constantly in the process of
dynamic adjustment, so we should choose the valve plug
with a smaller ﬂuctuation amplitude of the ﬂuid load.
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Figure 18: Outlet ﬂow rate of the control valve corresponding to
diﬀerent plugs.
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Figure 19: Outlet ﬂow rate of the control valve corresponding to
diﬀerent plugs in the balance position.

requirements for the control valve plug are diﬀerent owing
to diﬀerent working environments. For example, when
involving the high-security region on the warship, the
control valve is required to respond rapidly in an emergency
to achieve rapid regulation. Therefore, the valve plug’s

Based on the FSI, a cosimulation for the mechanical-electricﬂuid system of the control valve was performed using the
FLUENT and AMESim platforms. The interaction eﬀect
between the valve components and ﬂuid ﬂow was comprehensively considered. Through the coupling calculation
and data exchange of the two software, the opening curve of
the control valve in the dynamic adjustment process was
obtained. The UDF and dynamic mesh technology were also
used to solve the problem of instantaneous changes in the
calculation region caused by the valve plug movement.
Compared with the pure simulations, this study performed a synchronous analysis of the unsteady ﬂow ﬁeld
characteristics in the valve cavity and the dynamic response
of the actuator. As the valve plug dynamically moved, a
plurality of low-pressure zones of diﬀerent sizes appeared in
the valve chamber because of the FSI eﬀect. The jet ﬂow
formed by the asymmetric high-speed ﬂuid near the valve
seat area was accompanied by the vortex shedding phenomenon. Moreover, we observed that the valve plug surface
was subjected to unstable and oscillating ﬂuid loads, which
easily caused the valve plug to vibrate. These dynamic
simulation results can give theoretical guidance for accurately compensating the additional ﬂuid load on the valve
plug.
The behavior of the control valve with diﬀerent ﬂow
characteristics was compared by changing the valve plug
shape. For inlet and outlet pressures of the control valve of
10 and 8 MPa, respectively, the valve plug beginning to move
from the 10% opening position, the results indicated that the
control valve with the ﬂow characteristic of equal percentage
was sensitive to the eﬀect of the ﬂuid ﬂow. The ﬂuctuation in
the ﬂow rate at this valve outlet and the oscillation of the
ﬂuid load acting on this valve plug were high for a small
opening, exceeding those of the control valves with the ﬂow
characteristics of quick-opening and linear. And more load
compensation was required for the equal percentage plug. In
addition, the control valve with the ﬂow characteristic of
equal percentage was the ﬁrst to attain equilibrium with the
fastest stability time, whereas the control valve with the ﬂow
characteristic of quick-opening was the slowest. When the
control valve was stable, the deviation between the outlet
ﬂow rate value and the desired value for every type of control
valve with three diﬀerent ﬂow characteristics was negligible.
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Owing to the various types of warship control valves, the
operating characteristics of the valves should be completely
mastered according to the actual working environments
when selecting them. This study provides a new insight
scheme on the dynamic analysis and performance evaluation
in control valves. The results are signiﬁcant to reduce the
failure rate of the warship control valve, improve the control
accuracy, and prolong the life of the valve.
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