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Abstract—To accurately simulate the motion characteristics of a
reed valve and the changes in the flow field within an exhaust chamber,
a fluid-structure coupling model of an electromagnetic direct-drive air
compressor during the exhaust process was established and simulated.
Using Computational Fluid Dynamics (CFD) software, transient
numerical simulations of the flow field were conducted to reduce the
computational model's time complexity and provide an immediate
analysis of the exhaust process. This paper explores the effects of
varying valve lift and relative pressure loss under different valve
parameters and exhaust pressure levels. The findings reveal that when
the valve plate thickness is 0.2mm and the valve section width is 3.5mm,
airflow resistance is significantly minimized. When the valve plate is
unloaded, the impact of gas flow restriction on overall gas flow is
negligible. This study provides a theoretical basis for designing exhaust
valves in electromagnetic direct-drive air compressors. The
effectiveness of the designed exhaust valve and the system is verified.

Index Terms—Air valve, Mathematical modeling, Computational
Fluid Dynamics (CFD), Fluid-structure coupling

I. INTRODUCTION

he electromagnetic direct drive-air compressor features a
more compact structure and higher transmission
efficiency due to the omission of the crank connecting rod
structure. This design does not compromise the advantageous
sealing of traditional reciprocating compressors. The air
valve, often referred to as the "heart"” of the compressor, is an
essential component of the piston compressor, as its
performance has a direct impact on energy efficiency.
Tongue spring valves, commonly used in small and
medium-sized piston compressors due to their simple
structure and small clearance volume, are employed in
solenoid direct-drive air compressors as exhaust valves [1].
In the previous century, researchers primarily investigated
valve discs by solving differential equations for valve disc
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and gas state in the cylinder [2-3]. With the advancement of
computer technology, computational fluid dynamics (CFD)
software is now frequently used to simulate gas flow and the
stress and deformation state of the valve plate. LINK et al.
discovered that the movement of air valves affects the flow
loss and vibration noise of reciprocating compressors [4].
KOPPPULA explored the impact of pressure variations on
the motion state of the valve disc [5]. Deng Wenjuan
demonstrated that the flow area of the valve correlates with
the valve disc's size parameter [6]. Han Baokun analyzed the
temporal variation characteristics of valve tongue
displacement and inlet flow [7]. Bao Huaigian determined the
fluid flow state changes within the cylinder [8]. Ji Jiang
conducted a study on the transient change characteristics of
valve disc lift [9].

Our team's proprietary air compressor drive motor
ensures swift response and precision. we pair this with an air
compressor to establish a novel electromagnetic air
compressor employing an electromagnetic linear actuator.
The decrease in single-cylinder gas emissions did not notably
affect the intake valve's operating conditions while the
exhaust valve's environmental changes were substantial.
Consequently, a minimal alterations strategy was applied to
redesign the latter. This air compressor necessitates a
fluid-solid  coupling model that brings together
Computational Fluid Dynamics (CFD) with conventional
modeling methods for accelerated and precise model
calculations. By numerically simulating and analyzing the
exhaust process of our electromagnetic direct-drive air
compressor, we investigate the correlations among valve lift,
pressure drop, and various valve settings/exhaust pressures,
offering theoretical foundations for compressor exhaust valve
designs and validating the design viability of such
compressors. Refer to Figure 1 for its structural blueprint.
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Fig. 1. Schematic diagram of electromagnetic direct drive compressor

I1.FLUID-STRUCTURE COUPLING MODEL IN EXHAUST PROCESS

A. An overview of computational fluid dynamics

Computational fluid dynamics can be defined as the numerical
simulation of the motion of fluids under the control of fluid motion
equations. Therefore, in order to solve fluid motion problems, it is
essential to establish the equations that govern fluid motion. As
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fluid mechanics is a branch of mechanics, the motion of fluids is
also subject to the laws of physics. The fundamental conservation
laws of fluid mechanics include the equations for mass
conservation, energy conservation, and momentum conservation.
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Where, p represents density; u, v and w represent time as the
component of velocity vector in x, y and z directions respectively; t
is time.

Energy conservation equation:
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Where Cp is the specific heat capacity, T is the thermodynamic
temperature, and Kk is the heat transfer coefficient, St which is

called the viscous dissipation term
Momentum conservation equation:
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Where, p is the pressure on the fluid element, and txx, tXy and
tyz are the components of the viscous stress T generated by the
molecular viscous action. Fx, Fy, Fz are the force on the micro
body, and u is the velocity vector.

B. Establishment of fluid-structure coupling model in
exhaust process

The three-dimensional software CATIA is utilized to create the
three-dimensional model of the fluid region for the cylinder of an
air compressor directly. The three-dimensional model of the
cylinder mainly consists of cylinder, inlet and exhaust ports, and
the cylinder and valve connection chamber, etc. Catia software is
used to establish the cylinder fluid model of the air compressor.
The model is imported into Fluent, and the mesh module is used to
mesh the fluid model. The piston surface is set as the moving
surface, the dynamic layering model is used, and the profile file is
used to define the piston movement law. the resulting
configuration is shown in Figure 2 below,Once the model is built in
the three-dimensional software, it is imported into ANSYS' Fluent
unit and then into Geometry.

Given that the fluid domain of the gas movement inside the
cylinder is continually changing with the rotation of the crankshaft,
dynamic grid technology is implemented during the calculation
process. It must be acknowledged that dynamic grid technology
necessitates precise grid requirements; otherwise, errors may occur,
or the calculation outcomes may not be ideal. Therefore, the
quality of the variable volume area of the grid is superior to that of
the constant volume area. In recognition of the advantages of using
tetrahedral mesh and hexahedral mesh, hexahedral mesh was
chosen for in-cylinder fluid simulation in order to produce a
structured mesh with regular spacing and a consistent arrangement.
By reconstructing the hexahedral mesh, we can simulate the
changing process of the fluid domain effectively, improve

convergence speed, and shorten calculation time. As for the
complex models of the exhaust reed valve and exhaust chamber,
they are segmented using tetrahedral mesh due to their intricacy.

Given the fact that the gas changes greatly as it flows through
the valve gap, it necessitates a separate region and a smaller grid
size. Unstructured grid technology is applied to the complex
structure of the valve disc, while structured grid technology is
utilized at the gas inlet and outlet where the gas's status changes
less, reducing the amount of calculations required. To minimize the
data transmission error at the interface, a common node is
employed for the grid between different regions.

The boundary of the fluid should be defined after the grid
division is completed. The accuracy of defining the boundary is
crucial to improve the simulation results' accuracy. Once the
cylinder flow field model has been gridded, it is imported into the
Set up module. Transient cylinder motion is selected, and the gas is
set to be an ideal gas. The fluid movement inside the cylinder falls
under unsteady compressible flow. The pressure implicit PISO
algorithm is chosen, with the fluid material set to air and gas
density set to ideal gas. The standard K-Epsilon turbulence model
is applied to the fluid model, while the wall is set as adiabatic
without slip. The inlet and outlet boundary of the compressor are
defined. The outlet is designated as the pressure outlet, which is
1500KPa.

To accurately simulate the instantaneous changes in the airflow
within the air compressor and obtain a motion condition consistent
with real-world conditions, it is necessary to incorporate the flow
field into a dynamic grid. This approach allows for the fluid and
grid models to be adjusted in response to changes in the flow field,
ensuring a more accurate simulation. Fluent offers three types of
dynamic grid computing: spring-based smoothing, dynamic
layering, and local remeshing. These methods provide flexibility in
handling different aspects of the flow dynamics. The upward
motion of the piston is achieved through the use of the layup model,
which is well-suited for this type of movement. Meanwhile, the
motion of the valve disc is realized through local redrawing and the
elastic approximate smooth model, which allows for precise
control over the valve's movement. The move surface type was
defined as rigid body motion, with its movement characterized by
its profile, ensuring that the simulation accurately reflects the
physical behavior of these components.The FSI wall surface's
moving mesh was coupled to the system, and the mesh thickness
for the two moving grids was set at 0.6mm and 0.3mm,
respectively. These settings are chosen to optimize the simulation's
accuracy and computational efficiency. Once the grid division is
complete, the resulting configuration is shown in Figure 2 below.
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Fig. 2. Schematic diagram of cylinder grid
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Fig. 3. Pressure nebulae and velocity flow diagrams at different times

I1l. EXHAUST PROCESS SIMULATION UNDER DIFFERENT
PARAMETERS

A. Pressure field and velocity field analysis

Three moments of t=0.001, t=0.006 and t=0.009 are
selected, and the simulated pressure and velocity distribution
cloud map is shown in Figure 3 above.

During the exhaust process, a significant pressure
exceeding the gas pressure in the exhaust chamber is
generated due to the force exerted on the valve disc. By using
pressure cloud imagery and flow diagrams, the cause of this

elevated pressure can be traced to the impact of gas escaping
from the cylinder onto the lower section of the reed valve,
which compresses the gas and leads to elevated pressure. The
impact pressure of the gas helps maintain the pressure
differential between the top and bottom of the reed valve, a
crucial aspect of keeping it in an open state. The movement of
the valve disc in the exhaust chamber has a profound effect
on pressure distribution, resembling the lift curve of the reed
valve during fluctuations in flow rate. When gas passes
through the spring valve, uneven pressure distribution and
significant changes in gas pressure gradients occur within a
confined area. As the gas exits the exhaust chamber, the
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pressure gradient shifts downward, indicating a decrease in
pressure. Consistent with Bernoulli's principle, low pressure
prevails within the gas as it emerges from the exhaust
chamber. The pressure at the valve port is significantly lower
than the cylinder pressure.

As evident from the velocity flow diagram, when the reed
valve opening is minimal, the valve outlet exhibits maximum
velocity, and there is also a high velocity region at the outlet
of the exhaust chamber. Since the valve port area is
significantly smaller than the piston's cross-sectional area, it
is explicitly clear that the velocity in the valve port is much
higher than that in the cylinder throughout the entire exhaust
process. The gas generates a vortex above the valve disc, and
the closer the flow path in the vortex to the valve disc, the
higher the gas flow velocity. It can be inferred that the energy
of the vortex primarily derives from the viscous forces of the
exiting gas.

B. Simulation of exhaust process under different valve
thickness

Reed valve structure significantly impacts max stress and
spring stiffness during opening. Spring stiffness crucial to
valve performance; deviating from the ideal leads to issues
like delayed operation, vibration, and shorter fatigue lifespan.
Valve thickness, in accordance with the valve deformation
theory, vital. Conventional reed valves come in two
thicknesses - 0.2mm and 0.3mm. This research compared the
performance of these valves in terms of pressure loss and lift.

The results of the comparison are depicted in Figure 4,
which illustrates the relative pressure loss and valve disc lift
for each thickness.
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Fig. 4. Valve lift and pressure loss under two thicknesses

TABLE I
MAXIMUM LIFT AND MAXIMUM RELATIVE PRESSURE LOSS
OF VALVE
Valve plate thickness . Relative pressure
(mm) Valve lift(mm) loss(MPa)
0.2 0.59 0.04
0.3 1.43 0.17

Simulation demonstrated a pressure drop of 17,000 Pa
when using 0.2mm thickness, increasing to 26,700 Pa (33%
and 20% of the exhaust pressure), using 0.3mm thickness.
Max respective valve lift equaled 1.9mm and 0.86mm, and
there were no instances of double opening. As valve
thickness augmented, so did the cylinder flow field maximum
pressure due to higher spring force. However, high spring
force could hinder normal valve operation necessitating extra
gas thrust for exhaust process completion. Consequently, the
peak cylinder flow field pressure increased reflecting valve
thickness. Comparison indicates that the relative pressure
drop peaks before valve lift; for instance, the difference
between the two timings was 0.0004s for a 0.2mm valve and
~0.0008s for a 0.3mm. In summary, a 0.3mm thick valve
displayed greater gas-blocking capacity.

C. Simulation results under different valve width

Three different width sections of reed valves were selected:
3.7mm, 3.6mm, and 3.5mm. This enables a comparative
analysis of the differences between these thicknesses,
ultimately leading to the selection of the optimal valve disc
thickness. The simulation results for the valve disc were then
assessed, taking into consideration the relative pressure loss
and valve lift, as illustrated in Figure 5 below.
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Fig. 5. Valve lift and pressure loss under two thicknesses

Simulated insights reveal the pressure drop across the
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respective sections of three valve plates registering 18500Pa,
18000Pa & 17000Pa. Disc maxima are similar - 1.90mm,
1.88mm, & 1.97mm. As per the principle of deformation,
increasing exhaust plate section width amplifies spring
stiffness, thereby amplifying pressure loss. These trends
mirror recurring patterns due to steady valve disc section
widths. Peak valve lift curves signal wider sections leading to
heightened vibrations, with opposing values noted at 3.7mm.
This vibration translates into frequent expansions, reducing
valve longevity and heightening pressure loss. Upon analysis,
a 3.5mm valve slice section width is deemed suitable,
effectively promoting longevity and reducing pressure
wastage.

D. Simulation results under different valve thicknesses

Electromagnetic direct-drive air compressors must
function within a specified range of exhaust pressures.
Variations in exhaust pressure cause differences in pressure
loss and valve lift during the exhaust process. To accurately
simulate diverse exhaust pressures, this study utilized the gas
compression model to calculate the cylinder volume for a
specific exhaust pressure. By adjusting the initial calculation
conditions and the fluid region's geometric model, we
successfully simulated varied exhaust pressures. Specifically,
we examined load and no-load conditions for exhaust
pressures of 0.1 MPa and 0.5 MPa, respectively. See Table 2
for the initial conditions.

TABLE Il
INITIAL CONDITIONS UNDER LOAD AND NO LOAD
Initial . Initial piston
pressure(MPa) Total time(s) position(mm)
no-load 0.0 0.01 16
load 0.4 0.0036 4.6

Setting up the model with the initial conditions mentioned
earlier is crucial for accurately simulating the behavior of the
system under varying operational scenarios. By simulating
the model under both loaded and unloaded conditions, we can
gain valuable insights into how the system performs under
different levels of demand.This simulation approach allows
us to observe the valve lift and the relative pressure loss,
which are key performance indicators for the air compressor.
The curves obtained from these simulations, as depicted in
Figure 6.
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Fig.6. Valve lift and pressure loss under two thicknesses

The maximum pressure loss and maximum valve disc lift
in the exhaust process are shown in Table 3:
TABLE Il
MAXIMUM LIFT AND MAXIMUM RELATIVE PRESSURE LOSS
OF VALVE DISC

Exhaust . Relative pressure
pressure( MPa) Valve lift(mm) loss(MPa)

0.1 1.8 0.017

0.5 5.6 0.054

The simulation results demonstrate that the valve disc
exerts a more robust obstructive effect on the gas during
loading, resulting in greater pressure loss. Specifically, the
maximum pressure loss is 54KPa, while the pressure loss
under no load is 17KPa. These values represent 10.8% and
17% of the exhaust pressure, respectively.

Under no load conditions, the relative pressure loss varies
proportionally with the displacement of valve disc.
Conversely, during loading, the valve plate's displacement
curve lags behind the relative pressure loss curve. With no
load present, the relative pressure loss curve and valve lift
curve change gradually and essentially align with the mass
flow curve of the air inlet. However, during loading, both the
relative pressure loss and valve lift exhibit irregular
fluctuations throughout the exhaust process, with the former
experiencing more intense fluctuations in particular.

Further analysis indicates that in no-load conditions, the
gas inlet's mass flow rate is minimal and changes gradually,
giving the valve disc ample time to deform. This is
demonstrated by the fact that the valve disc's displacement
essentially changes synchronously with the relative pressure
drop. Under load conditions, during the initial exhaust
process, the gas inlet's mass flow rate is high, and the valve
plate lacks sufficient time to deform, leading to notable
obstruction of the gas flow and a significant relative pressure
loss. As the valve lift increases and the mass flow rate at the
inlet decreases, the relative pressure loss decreases quickly.
Due to its elasticity, during the latter half of the exhaust
process, as the gas inlet's mass flow rate decreases, the valve
lift and relative pressure loss increase, resulting in the valve
disc opening twice. The valve disc's lift during the second
opening is lesser than during the first and does not close in
time during the final exhaust process. When there is no load,
the valve disc has little impact on obstructing gas flow and
can open and close promptly. However, under a load, due to
the limited exhaust process time, the valve disc's deformation
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is not immediate, resulting in substantial pressure loss when
the valve disc opens twice. Additionally, the valve disc
cannot close promptly, leading to a minor backflow
phenomenon. The valve disc blocks gas to some degree,
mainly when there is significant exhaust pressure.

IV. CARRYING EXPERIMENTAL PLATFORMS

E. Experimental setup

This article utilizes a real-time digital control system
named RTU-BOX. The hardware controller, assembled using
multi-core heterogenous technology, includes a DSP, an
ARM, and various FPGA cores. The primary processor
utilized, the high-performing TMS320C28346 from Delfino
platform, operates at 300MHz. Shown below is the
instrument used for experimentation.

The testing apparatus employs a reliable real-time
digital control system known for top-notch performance. The
controller is fabricated with multi-core heterogeneous
technology ensuring superior data processing efficiency. The
core features multiple processors, such as DSP, ARM, and
FPGA, with the primary one being the prestigious
TMS320C28346 from Delfino platform. Operating at
300MHz, it ensures optimal speed in data processing. The
experiment utilized the depicted equipment, successfully
meeting study aims.

During use, the platform exhibited exceptional data
processing capabilities, displaying low latency. Prior to
commencement, all hardware parts underwent rigorous
confirmation and tests for consistent, uninterrupted operation
throughout the experiment. During the process, operators
tracked progress via a live monitoring system to ascertain
parameter compliance. Further safeguarding data precision,
experiments were duplicated numerous times for statistical
scrutiny under controlled conditions. Accuracy was ensured
via the exact recalibration of the pressure sensor on sensing
pressures at both the inlet and outlet of the compressor.
Throughout the process, researchers attentively monitored
sensor readings to swiftly detect and rectify anomalies,
resulting in high-quality data acquisition.

upper Gas
computer T canister

Al

prototype

Fig. 7. Experimental platform

During the process of data acquisition, handling, and
experimentation, precise pressure readings were obtained
through use of sensors strategically positioned at both the

intake and exhaust points. A series of identical trials were
performed to consolidate the data generated.

Data Examination:

The captured footage was scrutinized through the
application of motion tracking software to ascertain the
precise valve displacement per unit time.

The recorded pressure levels were cross-referenced with
the valve displacement data to guarantee precision
correlations. Reliable outcomes were achieved by averaging
pertinent information garnered from a minimum of five
separate experimental iterations, thereby attenuating random
anomalies. A multitude of experiments were executed under
constant conditions to ascertain result reproducibility and
accuracy. Disparity between various trial results was checked
for consistency as illustrated in Diagram 7. Statistical data
compiled from multipled runs is summarized in Table 4,
showcasing the uniformity observed.

F. Analysis of experimental results

Upon successful execution of the previously mentioned
configurations, the application must be initiated to ascertain a
simulation outcome pertaining to the valve disc. The
experimental outcomes reveal that the relative pressure loss
profile and lift curve of the valve plate exhibit seamless
transition when devoid of any load, thereby exhibiting
negligible impediment on the gaseous flow whilst efficiently
regulating its flow initiation and termination. Although the
empirical observations demonstrate that the relative pressure
loss and valve lift exceed those attained through simulations,
the latter does incorporate some margin of error.

Potential explanations for this margin of error could
encompass:

(1) Discrepancies stemming from machining procedures
or frictional elements present between the constituents of the
linear compressor,

(2) Datum divergence potentially attributed to
vibrations emanating from the linear compressor leading to
displacement of the laser sensor during experimentation,

(3) Deviation induced by the separation occurring
between the pistons and the cylinder.

Towards rectifying these anomalies:

(1) Sensors were calibrated prior to commencing each
experiment.

(2) Precision components were adopted to minimize
machining variances.

(3) Data were collected numerous times and averaged to
mitigate random variations.

Figure 7 displays the results from a single experimental

trial, providing a clear picture of the system's behavior under
test conditions. The data gathered from this trial confirm that
in no-load situations, the valve disc is capable of making
swift adjustments without causing a substantial impact on the
gas flow. This rapid response is a critical characteristic for
ensuring efficient operation and minimal energy loss.

Furthermore, Table 4 compiles a comprehensive
summary of the experimental data collected across multiple
trials. This aggregation of results offers a robust basis for
analysis, highlighting the consistency in valve lift and
pressure loss measurements across different tests. The
consistency observed in these metrics is indicative of the
system's reliability and the accuracy of the experimental
setup. The detailed encapsulation of these findings in Table 4
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serves as a valuable reference for further studies and design
optimizations.
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TABLE IV
MAXIMUM LIFT AND MAXIMUM RELATIVE PRESSURE LOSS
OF VALVE DISC

Valve life(mm) Relative pressure loss(MPa)

1.8 0.017
1.79 0.0168
1.83 0.0171
1.8 0.017
1.79 1.0169

FIG.8 shows the valve lift and relative pressure loss
curves under different load conditions tested. Performance
analysis under different load conditions can reveal potential
failure modes.
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Fig. 8. the valve lift and relative pressure loss curves under different
load conditions

The maximum pressure loss and maximum valve disc
lift during the exhaust process are shown in Table 5:
TABLE V

MAXIMUM LIFT AND MAXIMUM RELATIVE PRESSURE LOSS
OF VALVE DISC

Exhaust - Relative pressure
pressure( MPa) Valve lift(mm) loss(MPa)

0.1 0.59 0.04

0.4 1.42 0.10

0.7 1.48 0.19

1.0 1.43 0.17

When the exhaust pressure is 0.7 MPa, both the relative
pressure loss and valve plate displacement reach their
maximum values. The maximum valve lift and relative
pressure loss initially increase and then decrease with the rise
in exhaust pressure. Notably, the curves for an exhaust
pressure of 0.1 MPa differ significantly from those under
other conditions. At an exhaust pressure of 0.1 MPa, the
relative pressure loss curve and the valve lift curve exhibit
stable changes, primarily following the variation of the gas
mass flow rate curve at the intake port. Under other
conditions, both the relative pressure loss and valve lift
experience fluctuations during the exhaust process, with the
relative pressure loss showing more pronounced oscillations.

V.CONCLUSION

This study investigated the behavior of valve disc
displacement and relative pressure loss under different
parameters using an established fluid-structure coupling
model. The following conclusions were drawn:

The transient numerical simulation of the flow field in the
exhaust process of the electromagnetic direct-drive air
compressor was carried out using the fluid-structure coupling
method. The simulation results revealed that a vortex is
generated above the valve disc during the process, and the gas
impact is a significant factor responsible for keeping the
valve disc open.

The study analyzed the relative pressure loss and valve lift
curves in relation to valve disc thickness and section width.
The results showed that a valve thickness of 0.2mm and a
section width of 3.5mm result in less airflow obstruction.
Under no-load conditions, the valve disc had minimal
obstruction to gas flow and could open and close in time.
However, under load conditions, the valve disc did not
deform in time, resulting in large pressure loss at the
beginning. In some instances, the valve disc opened twice,
and closure was delayed, resulting in a slight reflux
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phenomenon.

In conclusion, the established fluid-structure coupling
model helped to analyze valve disc behavior under various
parameters, providing valuable insights into the functioning
of the electromagnetic direct drive air compressor. The
findings of this study can inform future research on
improving the overall efficiency and performance of these
devices.
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