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Abstract: This study examines the dynamic fluid behavior of a PWM-controlled Solenoid-Operated
Gas Admission Valve (SOGAV) for large-bore CNG engines using 3D Computational Fluid Dynamics
(CFD) simulations with dynamic mesh techniques. The research focuses on the influence of orifice
geometry variations in the multi-hole restrictor and pressure differentials between the inlet and outlet
on flow stability, turbulence, and valve performance. Results demonstrate that multi-hole restrictors
with different-sized orifices improve flow uniformity and reduce turbulence, thereby mitigating
flow resistance. Transient simulations further reveal standing wave formation and pressure wave
interference, emphasizing that steady-state models cannot capture critical transient phenomena, such
as accelerated and decelerated jet-like flows and flow separation. These findings provide key insights
into SOGAV optimization, contributing to enhanced fuel efficiency and engine responsiveness,
meeting the performance requirements of modern gas engines.

Keywords: solenoid-operated gas admission valve; Computational Fluid Dynamics (CFD); dynamic
mesh technique; wave action; CNG-fueled marine engine

1. Introduction

Recent developments in gas admission valves for large LNG vessels, such as the Wood-
ward SOGAV series [1–3] and Bosch’s LEGV [4,5], offer advanced capabilities specifically
designed to meet the rigorous requirements of marine engines. These valves, typically used
in four-stroke, turbocharged, natural gas, or dual-fuel engines, enable highly accurate regu-
lation of gaseous fuel injection into the engine’s intake manifold. Engineered to enhance
operational safety and fuel efficiency of LNG-powered vessels, they represent the forefront
of innovations in marine fuel delivery systems.

The PWM-controlled, solenoid-driven actuation of these valves allows for rapid re-
sponse times, facilitating real-time control of gas admission into the engine. Notably, only a
single valve per engine cylinder is required, which simplifies system design and integration,
improving both reliability and maintainability. Additionally, leading manufacturers are
advancing these valve technologies to ensure compatibility with emerging e-fuels such
as ammonia and hydrogen, aligning with the maritime sector’s goals to reduce carbon
emissions by 2030 and beyond [4].

The SOGAV is an electrically actuated valve that controls the flow of gas into the
engine’s combustion chamber. This component is critical in gas-fueled internal combustion
engines, where precise control of fuel delivery is essential. The PWM-controlled SOGAV
operates under the supervision of the Engine Control Unit (ECU), which sends electrical
signals to the solenoid actuator to modulate the valve’s operation. The ECU adjusts
the timing and duration of the valve’s opening based on engine load, speed, and other
operating parameters to ensure optimal fuel delivery. Once the required amount of gas
has been admitted, the valve closes promptly, preventing any excess gas flow into the
combustion chamber.
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However, the use of PWM-controlled SOGAVs introduces nonlinearity and discontinu-
ity in the flow due to the on/off nature of the PWM driving signal. The rapid opening and
closing of the valve multiple times per engine cycle, combined with precise gas metering,
significantly impacts combustion efficiency, emissions control, and power output. Electro-
magnetic actuators, known for their millisecond-range response times, are well-suited for
high-speed engine operations. Recent advancements in magnetic circuit optimization of
the solenoid have further improved valve dynamics, achieving an opening time of approxi-
mately 1 ms. This enhancement enables more precise gas admission control, improving
engine responsiveness during load transitions [5].

Figure 1 provides a cross-sectional view of the SOGAV 105, developed by Woodward,
illustrating the timing of valve opening and closing. The arrows in the diagram indicate
the direction of gas flow. This valve plays a critical role in gas admission systems for tur-
bocharged, four-stroke, natural gas, or dual-fuel engines. One notable feature highlighted
in the diagram is the use of a multi-hole restrictor (moving plate), which modulates gas
flow based on the engine’s operating conditions [6].
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Figure 1. A cross-sectional view of the SOGAV 105, developed by Woodward [6].

The moving plate functions as a flow control device, utilizing multiple small holes to
regulate fluid flow within the system. By forcing the gas through several smaller openings,
this design increases resistance, helping to reduce flow rates and manage pressure drops in
a controlled manner. A significant advantage of the multi-perforated plate is its ability to
accurately and uniformly transport high volumes of gas, even at high on/off frequencies,
without requiring large valve lifts. Additionally, the small holes suppress aerodynamic
noise and vibrations, caused by turbulent flow and high velocities.

As shown in the diagram, the complex flow path around the moving plate and the
steep pressure gradients requires careful consideration of compression wave behavior. This
is essential for maintaining precise control over both pressure and flow rate, particularly
since the moving plate operates at high frequencies.

Despite the significance of these design factors, experimentally investigating the
complex three-dimensional fluid dynamic phenomena occurring within the SOGAV is
nearly impossible. Consequently, advanced computational models are typically employed
to accurately capture these intricate flow characteristics.

Over the years, CFD has been widely utilized to analyze three-dimensional flow behav-
ior within valves with relatively simple geometric configurations. Numerous studies [7–9]
have examined flow coefficients, pressure drops, and turbulent flow behavior. For example,
Amirante et al. investigated the fluid dynamics within a commercial hydraulic proportional
valve, focusing on optimizing the design by reducing the forces required to maintain the
valve in the open position. They employed a dynamic computational grid, regenerating
it every 0.1 mm of spool displacement while keeping the rest of the mesh unchanged [7].
Similarly, Wu et al. conducted a comprehensive analysis of a spring-loaded pressure con-
trol valve used in automotive fuel systems, employing CFD to evaluate flow-pressure
characteristics [8]. Kang et al. explored the flow behavior and cavitation risks in a novel
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cylinder-in-ball valve, using steady-state simulations to assess flow control under various
valve positions [9]. However, these studies primarily focused on steady-state flow analysis,
which does not capture the dynamic flow characteristics associated with valve motion.
Consequently, such analyses are limited in their ability to accurately predict flow behavior
under real-world operating conditions.

Many commercial CFD programs employ sliding and dynamic mesh techniques to
handle cases involving rotating machinery or moving boundaries [10]. Recently, these
techniques have been applied to investigate the dynamic behavior of solenoid valves,
including solenoid-operated spools [11–13], ball valves [14–16], and check valves [17–20]
used in mobility applications. These studies leverage the linear motion of spools and the
rotational motion of ball valves to examine transient flow dynamics and pressure wave
behavior during opening and closing processes. Cao et al. used CFD simulations to explore
the dynamic characteristics of a solenoid valve under various duty cycles, employing a
dynamic mesh to model the spool’s movement [11]. Zhang et al. analyzed the dynamic and
transient behavior of a high-pressure pneumatic pilot valve, using a sliding mesh technique
with a six degrees of freedom (DOF) dynamic mesh to simulate the spool’s motion [13].
Similarly, Shu et al. utilized a sliding mesh approach to capture the rapid rotation of a
ball valve, achieving accurate representation of transient flow [14]. In recent work, Jeong
et al. analyzed the fluid dynamics of a five-way electric coolant control valve (Penta-
Control Coolant Valve, PCCV), which is used in a 100 kW fuel cell vehicle manufactured
by Hyundai Motor Company in Seoul, South Korea. Their study applied dynamic mesh
techniques to simulate the valve’s rotation and accurately model its opening and closing
phases [16].

Although sliding and dynamic mesh techniques are essential for addressing complex
problems involving rotating or moving boundaries, they introduce challenges such as mesh
quality degradation, stability issues during rapid motion, interpolation errors, and high
computational costs. To mitigate these challenges, careful mesh design, smaller time steps,
and advanced numerical methods are necessary, albeit at the expense of longer simulation
times, increased model complexity, and greater computational resource demands.

The SOGAV, illustrated in Figure 1, differs from other valve designs due to its highly
complex flow path and the inclusion of a moving plate with intricate geometry, capable
of very fast opening and closing speeds. Additionally, since the working fluid is gaseous
fuel, jet streams are generated as the gas flows through the multi-hole restrictor in the
moving plate, leading to strong pressure gradients as well as compression and expansion
phenomena. This results in three-dimensional compressible, pulsating flow characteristics
and generates complex pressure wave patterns within the inlet and outlet pipes.

These dynamic flow characteristics significantly impact engine performance, including
power output, combustion efficiency, emissions, and aerodynamic noise, making them
a critical area of study. However, due to the geometric and physical complexity of the
SOGAV, no previous studies have thoroughly analyzed the three-dimensional dynamic
flow characteristics within the valve.

To address this gap, this research conducted a three-dimensional CFD analysis to
investigate the dynamic and transient flow behavior inside the SOGAV, accounting for the
rapid motion of the moving plate. A dynamic mesh technique was employed to model the
movement of the plate in three dimensions. Using the developed transient CFD model,
detailed analyses were performed at representative engine operating points. The study
examined how variations in pressure difference between the inlet and outlet, as well as
changes in the valve’s operating frequency, influence the internal flow behavior. Further-
more, the impact of geometrical modifications to the moving plate on key performance
parameters, such as pulsating mass flow rate and pressure, was thoroughly investigated.
The findings of this study provide valuable foundational data for the design and optimiza-
tion of SOGAV systems, contributing to efforts to meet the increasing demand for improved
cycle-to-cycle variation control and load-change behavior in near-zero emission, large-bore
CNG engines.
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2. Method and Modelling
2.1. Physical Model

The gas admission valve investigated in this study is capable of delivering natural
gas to the intake ports of a turbocharged engine with a specific output of 190 kW per
cylinder and a displacement of 11.4 liters per cylinder, as illustrated in Figure 2. The
SOGAV (Solenoid-Operated Gas Admission Valve) examined in this research consists of
three main subsystems (highlighted in purple) located beneath the solenoid assembly’s
E-core.
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The leftmost figure in Figure 2 presents the CAD surface data of the SOGAV assembly
analyzed in this study. The middle section shows the upper plate (Body 1), the moving
plate, and the moving metering plate (Body 2). Body 1 supports the E-core and creates a
flow path that channels high-pressure gas from the valve inlet to the moving plate. The
moving plate travels 0.4 mm in a linear stroke from fully closed to fully open. This short
stroke, coupled with high actuation forces, ensures rapid and consistent response during
opening and closing cycles.

Body 2 serves as a multi-hole restrictor, which reduces the flow velocity and ensures a
more uniform distribution of gas. This design helps to weaken the intensity of jet streams
generated as the gas flows through the restrictor’s holes, thereby playing a crucial role in
minimizing aerodynamic noise and vibration. In high-pressure systems such as the SOGAV,
multi-hole restrictors like Body 2 are essential for suppressing turbulence and stabilizing
the flow.

The core concept of the valve design is to maximize flow area while minimizing
opening movement. Additionally, when the stroke length is sufficiently small, the response
time of the valve can be significantly reduced. As a result, the high On/Off frequency of the
SOGAV enables precise control of flow rate. The SOGAV features a short travel distance,
with the moving valve plate opened by solenoid force and closed by a combination of
spring force and gas pressure.

To implement this design concept, the SOGAV incorporates a complex flow path,
as illustrated in Figure 3. Compressed gas enters the system through the inlet pipe ( 1⃝)
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connected to Body 1, as shown in Figure 1, and flows through six evenly spaced connect-
ing pipes ( 2⃝) arranged circumferentially. The gas then reaches the multi-ring-shaped
groove ( 3⃝). At this stage, the flow region is highlighted in red in the cross-sectional view
(Section A).

Actuators 2024, 13, x FOR PEER REVIEW  5  of  24 
 

 

distance, with the moving valve plate opened by solenoid force and closed by a combina-

tion of spring force and gas pressure. 

To implement this design concept, the SOGAV incorporates a complex flow path, as 

illustrated in Figure 3. Compressed gas enters the system through the inlet pipe (①) con-

nected to Body 1, as shown in Figure 1, and flows through six evenly spaced connecting 

pipes (②) arranged circumferentially. The gas then reaches the multi-ring-shaped groove 

(③). At this stage, the flow region is highlighted in red in the cross-sectional view (Section 

A). 

 

Figure 3. Schematic diagram of sequence of flow direction. 

When the ECU commands the valve to open, the electromagnetic actuator moves the 

valve from its closed to open position. In the open state, the gas from the groove flows 

into the three radial rings (④), also indicated in red. From these rings, the gas enters the 

orifices (⑤) of the multi-hole restrictor (Body 2). After passing through the orifices, the 

flow mixes within the confluence region and is then discharged through the outlet (⑥). 

2.2. Mathematical Model 

As mentioned above, a PWM-controlled SOGAV model should comprise three pri-

mary subsystems: electromagnetic, mechanical, and fluid subsystems. During valve oper-

ation, all  three  subsystems are  fully coupled,  interacting with each other dynamically. 

Consequently,  performing CFD  simulations  to  capture  the  dynamic  characteristics  of 

these valves presents a significant challenge due to the complexity of this coupling. 

In  this  study,  the  SOGAV was modeled  using  the  commercial  3D CFD  software 

Simerics-MP+® (ver. 5.2.15), developed by Simerics Inc.® [17]. This software numerically 

solves the conservation equations of mass and momentum, while incorporating precise 

physical models to accurately simulate turbulence. In a SOGAV, the flow is highly com-

pressible, and the three-dimensional transient turbulent flow is considered in this study. 

It is important to note that although the energy equation is not incorporated into the 

governing equations for this simulation, meaning the simulation is conducted in isother-

mal mode, certain material properties, such as the gas density in the ideal-gas state equa-

tion, exhibit temperature dependence. 

Turbulent jet flows through small openings, typical in valves like SOGAV, are sensi-

tive  to  turbulence  generation,  entrainment,  and  diffusion. Hence,  the  selection  of  an 

Figure 3. Schematic diagram of sequence of flow direction.

When the ECU commands the valve to open, the electromagnetic actuator moves the
valve from its closed to open position. In the open state, the gas from the groove flows into
the three radial rings ( 4⃝), also indicated in red. From these rings, the gas enters the orifices
( 5⃝) of the multi-hole restrictor (Body 2). After passing through the orifices, the flow mixes
within the confluence region and is then discharged through the outlet ( 6⃝).

2.2. Mathematical Model

As mentioned above, a PWM-controlled SOGAV model should comprise three primary
subsystems: electromagnetic, mechanical, and fluid subsystems. During valve operation, all
three subsystems are fully coupled, interacting with each other dynamically. Consequently,
performing CFD simulations to capture the dynamic characteristics of these valves presents
a significant challenge due to the complexity of this coupling.

In this study, the SOGAV was modeled using the commercial 3D CFD software
Simerics-MP+® (ver. 5.2.15), developed by Simerics Inc.® [17]. This software numeri-
cally solves the conservation equations of mass and momentum, while incorporating
precise physical models to accurately simulate turbulence. In a SOGAV, the flow is highly
compressible, and the three-dimensional transient turbulent flow is considered in this study.

It is important to note that although the energy equation is not incorporated into the
governing equations for this simulation, meaning the simulation is conducted in isothermal
mode, certain material properties, such as the gas density in the ideal-gas state equation,
exhibit temperature dependence.

Turbulent jet flows through small openings, typical in valves like SOGAV, are sensitive
to turbulence generation, entrainment, and diffusion. Hence, the selection of an appropriate
turbulence model is crucial in the numerical analysis of internal valve flows with jet
formations and large pressure gradients [19–22]. If an inappropriate turbulence model
is chosen, the numerical solver may fail to capture critical flow features like turbulent
kinetic energy dissipation, leading to inaccurate predictions of flow velocity, pressure
drops, and vortices. The software utilizes well-established turbulence models, including
the standard k-ε model and the RNG k-ε model [23]. These models have been in use for over
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a decade and have consistently demonstrated reliable performance in producing accurate
engineering results. For the simulations conducted in this study, the RNG k-ε model has
been applied because the RNG k-ε model is generally more suitable than the standard
k-epsilon model for flow simulations involving large pressure gradients or jet flow [1,2].
As mentioned above, a significant flow characteristic of the SOGAV is the presence of sharp
pressure gradients and jet flows generated as fluid passes through small holes in the moving
plate. The RNG k-ε model incorporates the constant C1ε of the production term in the
RNG k-ε model’s dissipation rate(ε) equation [22–24]. Consequently, the RNG k-ε model
proves advantageous for simulating complex flow phenomena, including swirling flows,
recirculating flows, and flows with high strain rates. Its capability to handle strong jet-like
flows and significant velocity gradients makes it well-suited for industrial applications
involving intense mixing and velocity variations [20–26]. The governing equations applied
for the flow analysis in this study have been omitted for the sake of brevity. Further details
concerning the governing equations can be referred to in [13,16,18,27].

2.3. Dynamic Mesh Technique, Initial and Boundary Condition Setting

The fluid domain of the SOGAV was derived from its Computer-Aided Design (CAD)
model, provided by the industrial collaborator, STX Engine, as depicted in Figure 2. The
geometry was imported into Simerics MP+ for further analysis. A high-quality mesh was
generated for the entire fluid domain using structured hexahedral cells within Simerics
MP+. Figure 4a presents the 3D mesh model, with the moving plate region removed
to enhance visibility. As shown in the figure, the inlet face was positioned upstream at
a distance five times the inlet diameter to ensure the development of a fully developed
velocity profile and to minimize the influence of boundary conditions.
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Hexahedral meshes were applied to the entire flow domain, with refined meshes
near the multi-hole restrictor of the moving plate to capture the flow field with greater
accuracy. The mesh model consists of approximately 2.4 million cells, and the mesh quality
was thoroughly validated. To efficiently mesh complex areas—such as highly curved or
narrow-cut regions—a binary tree unstructured mesh methodology [17] was employed to
generate hexahedral cells.

Figure 4b illustrates the 2D mesh structure at cross-section A of Figure 3, effectively
showing the mesh structure around the moving plate. Only the fluid domain is depicted,
and the region marked by the red line indicates where the dynamic mesh technique is
applied to enable axial motion of the moving plate.

In this study, the dynamic mesh technique is adopted because the computational
domain changes due to the transient position of the moving plate. The dynamic layering



Actuators 2024, 13, 492 7 of 23

method is used to split or merge cells adjacent to the moving boundaries. This methodology
effectively captures the transient internal flow dynamics including wave transmission
within the SOGAV, where the gap (0.4 mm) between the moving plate and the multi-hole
restrictor experiences continuous changes in shape and volume during operation. The
dynamic mesh technique enables the simulation to resolve these variations accurately,
providing detailed insights into the flow characteristics and performance of the system.

Various methods exist for handling a dynamic mesh (also referred to as a sliding mesh
or moving mesh) technique. In the case of SOGAV, a moving/sliding mesh approach is re-
quired, where the stationary and moving domains are meshed independently and a sliding
interface allows for relative motion between these regions. Each moving domain interfaces
with adjacent domains through shared boundaries, which are updated at every time step
to account for deformation and motion. Simerics MP+ employs the mesh reconstruction
method of remeshing (layering method) and smoothing techniques to handle deforming
geometries that change shape over time. The remeshing and smoothing algorithm ensures
that mesh quality is maintained during deformation, preventing excessive distortion and
preserving numerical accuracy [17,28]. Simerics MP+ applies a spring-based smoothing
algorithm [27–30] in its dynamic mesh technique to adjust mesh node positions during
small deformations, maintaining mesh quality without changing topology. In this approach,
mesh edges are treated as springs with stiffness inversely proportional to their length. For
each edge in the mesh, a spring force Fij is defined between two connected nodes i and j,
based on Hooke’s law:

Fij = kij

(
dij − d0

i,j

)
(1)

where:

- kij is the spring stiffness for the edge connecting nodes i and j (inversely proportional
to edge length)

- dij is the current distance between nodes i and j
- d0

ij is the original (or equilibrium) distance between nodes i and j

When boundaries move, the internal nodes reposition to achieve a new equilibrium, en-
suring mesh deformation follows the boundary movement without altering mesh connectivity.

The equilibrium for a node i is determined by:

∑n
j=1 Fij = 0 (2)

The displacement ∆xi of each node I is calculated from the resultant force applied to it:

∆xi =
∑n

j=1 Fij

∑n
j=1 kij

(3)

The displacement of mesh nodes is solved through a system of linear equations, main-
taining computational stability even under moderate deformation. This method efficiently
preserves mesh quality while managing dynamic changes within simulations [30,31]. When
utilizing the dynamic mesh technique, the mesh adapts by splitting or merging in the vicinity
of the moving wall. However, to ensure proper functionality of the dynamic mesh, at least
one layer of mesh must remain between the moving wall and the stationary walls. There-
fore, a minimum clearance of 0.005 mm, corresponding to the valve’s closed position, is
maintained [27].

On the other hand, the remeshing method employed a Conformal Adaptive Binary-
tree (CAB) algorithm [17,31]. This method generates Cartesian hexahedral cells to maintain
high accuracy with minimal computational overhead. The CAB algorithm is designed
to adaptively refine the mesh by dividing cells progressively, which makes it suitable for
capturing fine geometrical details and ensuring mesh conformity with complex boundaries
like SOGAV.
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When modeling wave transmission due to rapid-moving plate motion in intake and
outlet pipes using 3D CFD, careful selection of boundary conditions is essential to accurately
capture pressure wave behavior. The boundary conditions used in this study include fixed
pressure conditions at the inlet and outlet surfaces, along with a no-slip wall condition,
which is assumed to be adiabatic. A standard wall function was employed to accurately
compute turbulent quantities near the wall. A schematic representation is provided in
Figure 5 to illustrate the locations of the boundary conditions clearly.
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For simulations where the inlet and outlet of the pipe open directly to the atmosphere,
boundary conditions that correctly represent atmospheric pressure while allowing smooth
wave propagation without causing reflections are necessary. Hence, the static pressure at
both the inlet and outlet is set to atmospheric pressure:

Pinlet,outlet = Patm = 10, 325 Pa (4)

In this study, where pressure waves travel towards the inlet and outlet, a non-reflecting
boundary condition was imposed to prevent unrealistic interference patterns inside the
domain. A Neumann boundary condition was applied as follows:

∂u
∂n

=
∂v
∂n

=
∂w
∂n

= 0 (5)

where u, v, w are velocities in x, y, z directions, respectively, and the term n indicates the
direction normal to the section.

This ensures that the velocity gradient in the direction normal to the boundary is zero,
implying that the fluid leaves the domain without any resistance. No-slip and adiabatic
conditions were applied at the walls to ensure accurate interaction between the flow and
the pipe boundary:

u = v = w =
∂T
∂n

= 0 (6)

where T represents temperature.
This study investigates two operational scenarios. The first corresponds to the engine

running at 1000 rpm under full-load conditions, with an inlet–outlet pressure differential
of 1.02 bar and an operating frequency of 8.3 Hz. Under this operating condition, the valve
opening duration is 8.1 ms. The second scenario represents 585 rpm at 20% partial-load
conditions, with a pressure differential of 0.8 bar and an operating frequency of 4.9 Hz.
Under this operating condition, the valve opening duration is 7.1 ms. Additionally, the
study explores the impact of varying pressure differentials at a fixed operating frequency.
A summary of the operational conditions analyzed in this study is presented In Table 1.
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Table 1. Summary of simulation cases under various engine operating conditions.

Parameter Case 1 Case 2 Case 3 Case 4

Frequency [Hz] 8.3 8.3 4.9 4.9
Pi–P0 [bar] 1.02 0.8 1.02 0.8

As shown in the top right corner of Figure 2, the multi-hole restrictor plate contains
six holes with a diameter of 7 mm and six holes with a diameter of 2.5 mm, distributed
across the plate. A multi-hole restrictor serves as a flow control device that utilizes multiple
small openings to regulate the flow of fluid through the system. By forcing the fluid to
pass through several smaller holes rather than a single larger one, this design introduces
resistance, effectively reducing flow rate and managing pressure drops in a controlled
manner. Additionally, it helps mitigate the formation of jets or high-velocity regions, which
could otherwise generate noise and vibration.

As illustrated in Figure 2, the use of a multi-hole restrictor with non-uniform hole
sizes enhances noise attenuation and increases the internal peak frequency compared to a
restrictor with uniformly sized holes. The variation in hole diameters disrupts coherent jet
formations and promotes localized turbulence at smaller scales. This modification shifts the
acoustic energy to higher frequency ranges, rendering the noise less perceptible to human
hearing. However, aerodynamic noise-related issues are beyond the scope of this study.

To evaluate the impact of different hole arrangements in multi-hole restrictors on the
dynamic transient flow characteristics within the SOGAV system, dynamic transient flow
simulations were conducted for three distinct geometric configurations, as presented in
Figure 6.
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The first configuration, (a), corresponds to the multi-hole restrictor with different-
sized holes, as depicted in Figure 2. The second configuration, (b), is derived from (a) by
removing the smaller holes, resulting in a 11.27% reduction in the total flow cross-sectional
area. Finally, configuration (c) eliminates the smaller holes and increases the diameter
of the six larger holes by 4 mm to restore the total flow cross-sectional area to that of
configuration (a).

Simulations were conducted for these three configurations under four distinct condi-
tions, as summarized in Table 2, with the numbers in parentheses indicating the number
of holes. For Case 1, the simulation was carried out under an inlet–outlet pressure dif-
ferential of 1.02 bar using the restrictor with different-sized holes (configuration (a), as
shown in Figure 2). Case 2 involved removing the smaller holes from configuration (a) and
conducting the simulation under a pressure differential of 0.8 bar. Lastly, configuration
(c) was simulated under pressure differentials of 1.02 bar and 0.8 bar for Case 3 and Case
4, respectively.
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Table 2. Summary of simulation cases for various different-sized hole arrangement of multi-hole re-
strictor.

Title 1 Case 1 Case 2 Case 3 Case 4

Pi–Po (Bar) 1.02 0.8 1.02 0.8
Radius of hole (mm) 7(6 *) + 2.5(6 *) 7(6 *) 7.4(6 *) 7.4(6 *)

Operating Frequency (Hz) 8.3
* Number of holes.

In previous studies [11–13,18,20,30], kinematic models were developed to simulate
the linear motion of spools or the rotational movement of ball valves during valve opening
and closing cycles, in order to control the movement of the dynamic mesh. However,
due to various sources of error inherent in these models, this study determined the time-
dependent behavior of the moving plate experimentally and applied it to the dynamic
mesh control. Accordingly, the opening and closing processes were modeled as uniformly
accelerated motion.

The position of the moving plate over time for two different operating frequencies
is illustrated in Figure 7. The motion of the moving plate is governed by the interaction
between the internal pressure of the SOGAV system, the mass of the moving plate, the
spring stiffness coefficient, and the magnetic force. As shown in the figure, the experimen-
tally measured lift curves exhibit slight bouncing immediately after opening and closing,
attributed to mechanical and dynamic factors such as the inertia of the valve, the spring
dynamics, mechanical clearance, and the mass of other components. However, for the sake
of simplifying numerical simulations, these effects were neglected.
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Unlike traditional camshaft-driven valves that exhibit a parabolic lift profile, SOGAV
valves achieve nearly instantaneous lift upon actuation, reaching full lift within a few
milliseconds. In this study, the valve reaches maximum lift within 0.12 ms and 0.2 ms for
operating frequencies of 8.3 Hz and 4.9 Hz, respectively. Consequently, SOGAV valves
remain at full lift for a larger proportion of the opening period compared to mechanically
actuated valves, resulting in a more rectangular lift profile.

In this study, the percentage of time spent at full lift was significantly higher than that
of mechanically actuated valves—93.3% and 96.5% of the total valve opening period for
operating frequencies of 8.3 Hz and 4.9 Hz, respectively.

In this study, the steady-state simulation results under full valve lift conditions were
used as initial conditions for the transient simulation. Therefore, the starting point of the
dynamic transient simulation is designated as point C, marking the end of the full-lift
phase, as depicted in Figure 7b.

The motion of the moving plate is divided into three distinct phases. The interval
between points A and B is defined as the opening phase, the interval between points B
and C as the full-lift phase, and the interval between points C and D as the closing phase.
Additionally, the midpoints of these phases are labeled as follows: the midpoint of the
opening phase is denoted as “MOO”, the midpoint of the full-lift phase as “MOF”, and the
midpoint of the closing phase as “MOC”.
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To achieve transient stability, all cases were simulated for up to six cycles to evaluate
the temporal variations in pressure at the outlet face. The results confirmed that the system
remained synchronized and stable after three cycles.

2.4. Solver Setting

The upwind scheme was employed for spatial discretization, while a fully implicit
scheme was used for time discretization. The time step must be sufficiently small to
accurately capture the rapid changes in flow variables (velocity, pressure, density). For
this simulation, a time step of 1.2 × 10−4 seconds was selected to effectively handle the
fast dynamics and to satisfy the Courant–Friedrichs–Lewy (CFL) condition. The choice of
time step was also influenced by the numerical solvers and algorithms used in the study.
Specifically, the SIMPLE algorithm was employed to handle velocity–pressure coupling, as
it is well-suited for transient and compressible flow simulations.

The algorithm’s ability to efficiently manage pressure–velocity coupling further influ-
enced the selection of the time step size. Convergence criteria were defined by the reduction
of scaled residuals for the continuity equation, momentum equations (x, y, and z directions),
and RNG k-ε turbulence model equations to below 10−6.

The transient dynamic CFD model was computed using an AMD Ryzen Threadripper
3960X 24-Core Processor, manufactured by AMD (Advanced Micro Devices, Inc.), head-
quartered in Santa Clara, California, USA, and operating at 3.79 GHz. On average, 96.6 h
were required to complete six cycles for each simulation case.

The detailed CFD solver settings used in the simulation are summarized in Table 3.

Table 3. CFD solver setting parameters.

Model Name Option

Turbulence model RNG k-ε
Discretization for convective terms Upwind scheme

Time integration method Implicit
Time discretization method Upwind scheme

Working fluid properties
Name CH4

Density (25 ◦C) the ideal-gas state equation
Viscosity (25 ◦C) 11.23 × 106 (Pa·s)

Dynamic mesh Remeshing
Smoothing

a CAB algorithm
a spring-based algorithm

Boundary conditions
Inlet Constant pressure

Outlet Constant pressure
Wall No-slip, wall function

Time step size 1000 step/cycle
Convergence criteria 10−6

Total number of computational volumes 2,378,698
Computing number of cycles 6

Computing resources
12 cores intel i7-8700/3.2 GHz

( AMD in Santa Clara,
California, USA)

Computing time/case 96.6 h

3. Results and Discussion
3.1. Effects of Different Pressure Differences Between the Inlet and Outlet on Staedy-State CFD
Simulation Results

In this study, as an initial step toward investigating the dynamic transient flow char-
acteristics of the SOGAV, a steady-state simulation of the internal flow of SOGAV was
conducted under a full valve lift condition (4 mm). The inlet and outlet boundary con-
ditions applied are as specified in Table 1. The results from this analysis serve as the
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initial conditions for subsequent unsteady flow simulations and will be compared with the
dynamic unsteady flow results to Identify key differences.

Figure 8, based on steady-state calculations, presents the velocity distribution across
section A as shown in Figure 3, as defined in Figure 3, along with the velocity profiles and
uniformity of flow calculated at the centerline and terminal points of the outlet pipe. In this
study, the following Equation (7) was used to calculate the uniformity at each cross-section.
In this equation, v represents the velocity, and a denotes the cross-sectional area of each
computational cell.

γuni f ormity =

(
1 − S

V

)
× 100(%) (7)

where, S =
√

1
A
∫ (

|v| − V)2da , V = 1
A
∫
|v|da, A = ∑a
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As the moving plate retracts, a small gap forms between the circular hoops of the
moving plate and those of the metering plate located in the lower top region. Through
this gap, the high-pressure gas, initially charged in Body 1, infiltrates the enclosed space of
the circular hoops and flows into the interior of the multi-hole restrictor. In these regions
(Zone A and B), a significant velocity gradient develops due to the abrupt change in the
flow cross-sectional area. The flow entering through the restrictor holes exhibits a jet-like
behavior. Subsequently, the flows from each hole converge and mix within the confluence
region before exiting through the outlet pipe. It is noted that the velocity uniformity at
both the middle and end of the outlet pipe remains above 90%. As the flow progresses
downstream, the velocity distribution gradually mixes, forming a more circular profile at
its peak. Additionally, the pressure difference between the inlet and outlet has minimal
impact on the velocity distribution within the SOGAV, influencing only the magnitude of
the velocity.

Figure 9 shows an enlarged cross-sectional view (section A shown in Figure 3) of the
velocity vector fields in Zones A and B from Figure 8. In these regions, abrupt expansions
and contractions of the flow path are present, and multiple recirculation zones induced by
flow separation are observed in sudden changes in flow area, especially near corners or
narrow sections. These patterns increase drag and reduce the precision of fluid control,
making it difficult to achieve desired flow rates. Notably, stagnant flows due to flow
separation and vortex formation are identified at several points as the fluid flows through
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the multi-hole restrictor. These flow patterns disrupt smooth fluid movement and reduce
valve efficiency, potentially complicating precise flow control under operating conditions
involving frequent velocity variations.
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Figure 10, based on steady-state calculations, presents the average pressure along the
axial direction for each cross-section, from Body 1 to the end of the outlet pipe, as indicated
by the red box in the lower-right corner of Figure 8, for Cases 1 and 3. The pressure drops
across each of the 12 orifice holes in the multi-hole restrictor are shown from the beginning
of the moving plate gap to the confluence region. The results indicate that the pressure
drop across the multi-hole restrictor accounts for 40–45% of the total pressure drop across
the SOGAV, making it the most significant contributor. The next-largest pressure drop,
amounting to 30–35%, occurs as the flow passes through the moving plate. These findings
highlight that, from a fluid dynamics perspective, the moving plate and the multi-hole
restrictor are critical components in the design of the SOGAV.

Actuators 2024, 13, x FOR PEER REVIEW  14  of  24 
 

 

In systems with rapid movement of a moving plate, such as SOGAV, predicting the 

flow dynamics and time-dependent behavior associated with valve motion is crucial for 

ensuring valve efficiency, stability, and precise fluid control. Accordingly, dynamic tran-

sient analysis was performed under the operating conditions of Case 1 listed in Table 1, 

with the resulting velocity distributions at six valve lift positions shown in Figure 11 for 

cross-section A. The results clearly demonstrate that the transient analysis captures addi-

tional inertial effects caused by fluid responding to valve motion. Furthermore, the con-

tinuous changes in the flow field due to the valve’s movement, leading to transient flow 

patterns, can be observed. The velocity distribution  is highly complex due  to  transient 

phenomena such as vortex shedding or flow oscillations that may occur, making the ve-

locity distribution more complex. 

 

Figure 10. Graph of axial variations of the cross-sectional average pressure of SOGAV for Case 1 and 

Case 3. 

   

Figure 10. Graph of axial variations of the cross-sectional average pressure of SOGAV for Case 1 and
Case 3.



Actuators 2024, 13, 492 14 of 23

3.2. Dynamic Transient Flow Characteristics of a SOGAV Under Various Operating Conditions

In systems with rapid movement of a moving plate, such as SOGAV, predicting the
flow dynamics and time-dependent behavior associated with valve motion is crucial for
ensuring valve efficiency, stability, and precise fluid control. Accordingly, dynamic transient
analysis was performed under the operating conditions of Case 1 listed in Table 1, with the
resulting velocity distributions at six valve lift positions shown in Figure 11 for cross-section
A. The results clearly demonstrate that the transient analysis captures additional inertial
effects caused by fluid responding to valve motion. Furthermore, the continuous changes
in the flow field due to the valve’s movement, leading to transient flow patterns, can be
observed. The velocity distribution is highly complex due to transient phenomena such
as vortex shedding or flow oscillations that may occur, making the velocity distribution
more complex.

In Figure 11a, the valve is at 1/4 lift, representing the initial stage of the opening
process. At this point, high-pressure gas flows through the narrow gap between the moving
plate and the metering plate, exiting through the openings between the circular hoops of
the metering plate in the form of a strong jet flow directed toward the multi-hole restrictor
orifices. Hence, a highly non-uniform velocity distribution is observed. As shown in
Figure 11b,c, as the valve lift increases toward full lift, a greater volume of gas flows
through the multi-hole restrictor orifices and mixes within the confluence region. This
mixture exits the outlet pipe at higher velocities. The full valve lift state persists for a period
until Point C, where the velocity distribution is depicted in Figure 11d. A key observation
here is that, compared to the steady-state results in Figure 8a, a significantly higher velocity
is observed in the outlet pipe. This outcome highlights the impact of inertia and momentum
effects from the rapid motion of the moving plate, allowing the gas to enter at very high
speeds—an effect that steady-state analysis fails to capture. From these results, it is evident
that steady-state CFD analysis cannot predict the acceleration and deceleration of the fluid
caused by the moving plate’s motion. Thus, dynamic transient analysis is essential for
accurately capturing flow overshoots and unsteady velocity distributions that occur during
the opening and closing processes. As the closing process progresses, the incoming velocity
of fluids through orifices of multi-hole restrictor decreases, leading to fluid deceleration,
and a rapid drop in outlet velocity is clearly visible in Figure 11e,f.

Figure 12 presents the velocity distribution at cross-section B as a function of the
moving plate’s lift variations. For clarity, the flow cross-sectional areas through which the
gas enters from the metering plate are highlighted in gray and overlaid in the background.
Specifically, the gray regions between the white rings represent the flow cross-sectional
areas through which the fluid flows into the orifices of the multi-hole restrictor.

The inlets of the orifices within the multi-hole restrictor correspond to the gray rings
indicated in Figure 12, through which high-pressure gas penetrates. As observed from
the figure, the velocity distribution inside the orifices is highly non-uniform. This non-
uniformity arises because the gas only enters through a portion of the orifice inlet area.
Consequently, reverse flow occurs in the regions marked in blue contours. Due to this
effect, the velocity uniformity at the orifice cross-section remains highly uneven, regardless
of the moving plate’s lift position. However, the gas streams passing through individual
orifices converge downstream in the confluence region, where they are thoroughly mixed
before exiting through the outlet pipe. As a result, high flow uniformity is achieved at the
outlet cross-section.

Table 4 presents the time-averaged velocity and velocity uniformity at the outlet for
one complete cycle, as calculated for the operating conditions listed in Table 1. In terms
of outlet flow uniformity, the steady-state case shown in Figure 8 achieves more than 90%
uniformity, whereas the dynamic transient simulation shows uniformity levels in the 80%
range. This discrepancy arises due to the rapid acceleration and deceleration occurring
during the opening and closing phases of the moving plate, which leads to abrupt pressure
fluctuations and changes in flow direction.
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Table 4. Time averaged velocity and flow uniformity at outlet face of SOGAV for various running
conditions.

Time Averaged Case 1 Case 2 Case 3 Case 4

Velocity (m/s) 52.93 45.58 50.52 43.39
Uniformity (%) 88.18 87.62 88.26 87.71
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Figure 13 illustrates the flow uniformity at the outlet over six cycles for each oper-
ating condition. A noticeable sharp drop in uniformity is observed during each cycle.
A closer look at the sixth cycle, shown in the zoomed view, reveals that the temporary
flow deceleration occurring during the closing process results in a significant reduction in
uniformity. These results underscore the importance of accounting for inertia effects of the
fluid and insufficient flow adaptation time caused by the moving plate’s motion. Therefore,
employing dynamic CFD simulations that capture fluctuating velocity and pressure is
essential for achieving accurate optimization during the design of SOGAV systems.

The rapid axial movement of the moving plate generates compression waves inside
the valve, which propagate toward the inlet and outlet at the speed of sound and reach
the end of the pipe. Since the pipe terminates at an open end exposed to the atmosphere,
the incident pressure wave reflects with reversed polarity and travels back upstream. This
reflection causes a 180-degree phase shift, leading to destructive interference. Meanwhile,
the vibration of the moving plate continuously generates compression waves, which
propagate downstream, resulting in complex wave interactions and reflections with the
reflected pressure waves. Figure 14 shows the pressure pulsations at a mid-point of the
outlet pipe cross-section, plotted alongside the moving plate’s lift curve. The results
indicate that the shape of the pressure waves is more significantly influenced by the
vibration frequency of the plate and the lift curve profile than by the pressure difference
between the inlet and outlet. A key observation is that a rarefaction wave reaches the outlet
just as the moving plate closes. In this scenario, the negative pressure from the rarefaction
wave causes backflow of gas inside the pipe. The fact that this rarefaction wave arrives
precisely at the closing moment suggests that the diameter and length of the outlet pipe
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connected to the SOGAV system have been appropriately tuned for optimal performance.
Another significant observation is that strong compression waves form immediately after
the valve closes, causing surging, as confirmed by the simulation results. Following the
valve’s closure, pressure waves reflect between the closed and open ends of the system,
generating interference patterns. Over time, friction within the pipe dissipates the wave
energy, gradually reducing the amplitude until the waves completely diminish.
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Figure 15 presents the variation in mass flow rate at the outlet for different operating
conditions as a function of the moving plate’s lift changes. Although the pressure difference
between the inlet and outlet contributes to an increase in the outflow during the opening
period, it has limited influence on the temporal profile of the mass flow rate variation
curve. The dominant factors influencing the shape of the mass flow rate curve are the
frequency and the lift curve profile. A key observation from the results is that backflow
occurs immediately after the valve closes under all operating conditions. As explained in
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Figure 14, this backflow results from the arrival of a rarefaction wave reflected from the
open end at the outlet at this point in time. These findings indicate that the reflection and
interference behavior of pressure waves, caused by the rapid movement of the moving
plate, significantly impact the outflow characteristics. Therefore, the dynamic pressure
wave action is closely related to the flow control performance of the SOGAV system.
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3.3. Dynamic Transient CFD Simulation for the Shape Optimization of a Moving Plate

The multi-hole restrictor is a critical component in the design of SOGAV systems,
especially in conjunction with the moving plate. Unlike a single large opening, a multi-hole
restrictor contains multiple small orifices that help to distribute the flow more evenly and
reduce fluid velocity. Additionally, by forcing the fluid to pass through small, restricted
openings, the multi-hole restrictor induces a significant pressure drop while also reducing
turbulence and stabilizing the flow. This feature is advantageous in applications where
precise control of pressure and flow rate is essential. Furthermore, the multi-hole restrictor
plays a role in the reduction of turbulence-induced low-frequency noise, as aerodynamic
noise in valves is primarily generated by turbulent flow, leading to the occurrence of
low-frequency noise. Adjusting the peak sound frequency to a higher range can often be
achieved through minor design modifications to the valve trim or the internal flow path.
For example, incorporating multiple smaller holes or serrated edges can have a considerable
impact on noise characteristics without significantly altering the valve’s overall structure or
functionality. Therefore, the size and arrangement of the holes in the multi-hole restrictor,
including configurations with different diameters, are closely related not only to the fluid
dynamic performance of the SOGAV but also to its aerodynamic noise reduction capabilities.
However, since aerodynamic noise reduction lies beyond the scope of this study, the focus
here is limited to analyzing the dynamic transient fluid behavior across three variations of
orifice geometries, as illustrated in Figure 6.

In this study, simulations were conducted for a total of four cases, as summarized in
Table 2, based on the geometries presented in Figure 6. Figure 16 illustrates the behavior
of the pressure wave at the midpoint of the outlet pipe for these four cases. The results of
this study reveal that the overall shape of the pressure wave remains largely unchanged
across different orifice geometries. However, the amplitude of the pressure wave varies
significantly, depending on the pressure difference between the inlet and outlet.

Additionally, during the full lift phase of the moving plate, slight pressure fluctuations
were observed, varying with the orifice geometry.
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Additionally, slight variations in the pressure waveforms during the full-lift phase
can be observed across the different cases. These differences arise from the changes in
turbulent flow characteristics caused by the modifications to the orifice geometry of the
multi-hole restrictor, which significantly impact the interaction between turbulent flow
and pressure waves within valves. This interaction plays a crucial role in the generation,
propagation, and attenuation of pressure waves. Moreover, the phenomenon that the
interaction between the reflected and incident waves can lead to constructive or destructive
interference, further influencing the dynamic behavior of the pressure waves, contributes to
the subtle changes in the complex pressure wave profiles observed, as shown in Figure 16.
These intricate variations highlight the sensitivity of the pressure wave behavior to even
small modifications in the orifice geometry

Figure 17 presents the mass flow rate at the outlet surface of the pipe as a function of
the moving plate’s lift for the base model and two different geometric configurations. The
results indicate that Cases 3 and 4, which have the smallest total flow cross-sectional area
among the designs, exhibit the lowest outlet mass flow rates during the full lift period.
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An important observation emerges when comparing the base model with Cases 1 and
2, which have identical total flow areas: the base model achieves a slightly higher outlet



Actuators 2024, 13, 492 20 of 23

mass flow rate during the full lift period. This result can be attributed to the arrangement
of large and small holes in the base model, which promotes more uniform flow distribution.
Additionally, the configuration helps reduce fluid velocity, thereby lowering the overall
flow resistance. The findings from Figure 17 confirm that a multi-hole restrictor with
different-sized holes can achieve more uniform flow distribution and effectively disrupt
large, coherent turbulent structures, which are primary contributors to low-frequency
aerodynamic noise and flow resistance. In contrast, multi-hole restrictors with identical-
sized holes tend to generate more coherent turbulent structures and produce stronger jets
from individual holes, resulting in higher flow resistance.

The operating conditions within a SOGAV intake manifold do not perfectly re-semble
those of a pipe with one open end and one closed end, but there are some simi-larities
depending on the specific flow dynamics and configurations. This is because the intake
manifold, designed to manage the admission of gas into engine cylinders, operates under
pulsing flows influenced by valve actuation and the engine cycle, mimicking the periodic
boundary conditions of a pipe with one open end and one closed end depending on the
timing and gas dynamics. Hence, to indirectly validate the computational results of this
study, we compared our findings on pressure wave transmission in the intake pipe with
the well-known pressure wave (standing wave) behavior in a pipe with one open and one
closed end, as described by Equation (8), confirming a strong agreement. The operating
conditions within the SOGAV intake manifold closely resemble those of a pipe with one
open end and one closed end, justi-fying this comparison with Equation (8).

fn =
(2n − 1)c

4L
, (n = 1, 2, 3, . . .) (8)

where:
fn: Frequency of the n-th harmonic.
c : Speed of sound in the pipe.
Figure 18 presents pulsating pressure curves recorded at five evenly spaced locations

along the intake pipe for Case 1. These curves illustrate how the pressure wave evolves
over time with respect to changes in the lift of the moving plate. The results show that as the
measurement location moves farther from the moving plate, the amplitude of the pressure
wave gradually decreases due to frictional losses within the pipe. Additionally, the period of
the pressure wave, as derived from the figure, is calculated to be 5.154 ms, corresponding to
a frequency of 194 Hz. In this study, the speed of sound is set to c = 385.1 m/s, and the pipe
length, L is 0.5 m. Substituting these values into the standing wave formation equation for a
pipe with one open end and one closed end, as expressed in Equation (8), yields a frequency
of 192.55. Therefore, the results obtained from the 3D CFD analysis model in this study show
a 0.75% deviation from the theoretical values derived from Equation (8). This discrepancy
arises because, while certain aspects of the SOGAV intake manifold—such as pressure and
velocity oscillations—may qualitatively resemble a pipe with one open and one closed
end, the manifold operates under more complex and dynamic conditions that go beyond
the idealized pipe model described by Equation (8). In the SOGAV system, the opening
and closing of the solenoid valve create transient boundary conditions that introduce
unsteady flow behavior, including pressure waves and velocity fluctuations, resulting in
pulsating flows synchronized with engine cycles. In contrast, the open-closed pipe exhibits
stationary wave phenomena without time-dependent variations. However, this agreement
confirms that the model accurately captures the standing wave phenomenon, which occurs
when the incident and reflected waves interact constructively or destructively, resulting
in the formation of stable wave patterns. Thus, it is validated that the pressure wave
transmission pattern within the intake pipe of the SOGAV system can be predicted using
the standing wave formation model described by Equation (8). Additionally, Figure 19
presents the transient pressure wave profiles in the intake manifold for Case 2 at five
distinct locations. The frequency calculated using the CFD model developed in this study
was 191 Hz, showing a 0.81% deviation from the theoretical value of 189.4 Hz derived from
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Equation (8). Consequently, this study indirectly validated the pulsating gas phenomena in
the intake manifold using Equation (8), thereby ensuring the predictive reliability of the
three-dimensional transient dynamic CFD model.
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4. Conclusions

This study provides a detailed numerical analysis of the dynamic fluid flow char-
acteristics within a Solenoid-Operated Gas Admission Valve (SOGAV), with a particular
focus on transient and compressible flow behavior. The use of a dynamic mesh technique
proved essential in accurately capturing the interaction between the moving plate and
the multi-hole restrictor, as well as the formation of jet streams and pressure waves under
various operating conditions.

Key findings from this study are as follows:

1. This study demonstrated that orifice configurations with different-sized holes promote
more uniform flow distribution and help reduce fluid velocity, thereby minimizing
flow resistance. This geometry also disrupts large coherent turbulent structures, which
are known sources of aerodynamic noise and flow inefficiencies.

2. The transient analysis of this study revealed that rapid motion of the moving plate
induces significant inertial effects, leading to pressure wave generation and backflow
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patterns. Such dynamic behaviors are difficult to capture using steady-state analysis
alone, underscoring the importance of employing dynamic simulations to model
real-world valve operations accurately.

3. It was confirmed that standing wave patterns form within the intake pipe due to
the constructive and destructive interference of incident and reflected waves. The
alignment of simulation results with the theoretical predictions for standing waves
validated the accuracy of the CFD model.

4. This study explored the effect of varying pressure differentials and valve lift profiles
on mass flow rate and pressure wave patterns. It was observed that orifice geometries
with reduced cross-sectional areas exhibited lower mass flow rates, highlighting the
importance of geometric optimization for performance enhancement.
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