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Abstract: Direct-acting relief valves are important pressure-control components in hydraulic systems;
however, noise problems are now common. This study aimed to reduce and numerically analyze the
valve cavitation and noise using the Zwart—Gerber-Belamri (ZBG) model with the Ffowcs Williams
and Hawkings (FW-H) model to optimize the design based on the sound field perspective. First,
a direct-acting relief valve flow field model was established to determine the relationship between
the seat structure and the degree of cavitation through a CFD (Computational Fluid Dynamics)
simulation. Second, sound field analysis was conducted based on the cavitation and non-cavitation
flow fields, respectively, and the resulting noise levels were compared. Finally, prototypes of the relief
valve were manufactured, and noise levels between the original and optimized valves were compared.
The results revealed that cavitation within the relief valve generated noise while optimizing the valve
seat cone angle suppressed this phenomenon, thereby reducing the noise emitted by the optimized
valve by 18.2 dB compared to the original valve. These findings can serve as a guide for designing
and optimizing direct-acting relief valves.

Keywords: direct-acting relief valve; cavitation flow field; sound field analysis; noise level

1. Introduction

Direct-acting relief valves are widely used as safety components in hydraulic systems
in aerospace, construction machinery, and other fields [1-3]. The relief valve is affected by
the structure, which is often accompanied by cavitation and produces sharp noise during
work, seriously affecting the stability of the hydraulic system. Relief valves that suppress
cavitation noise are crucial to the overall hydraulic system. Therefore, it is necessary to
study the cavitation phenomenon and noise generated in the relief valve to provide a
reference for the optimal design of the relief valve.

Ji et al. found that the valve structure significantly affects the cavitation strength
noise [4,5]. Wang et al. demonstrated that changing the spool or seat structure can effec-
tively reduce cavitation [6-8]. KudZma et al. revealed through acoustic and cavitation
tests that the valve head with the smallest expansion angle and the highest critical velocity
exhibits the lowest noise in the throttle orifice where cavitation occurs [9]. Zhang et al.
found that cavitation noise could be suppressed by reducing the pressure difference before
and after the valve [10]. Wang et al. discovered that different arrangement types with the
same number of stages and hole diameters in the throttling stage have different cavitation
positions [11]. Gao et al. found that a reduction in outlet area of about 50% effectively
reduced cavitation near the valve orifice and inhibited cavitation [12]. Guan et al. observed
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that increasing the inclination of the flow channel can improve the reduction of cavitation
intensity [13]. Han et al. found that different forms of throttles cause different degrees
of cavitation [14,15]. Wei et al. found that perforated plate valves provide effective noise
reduction [16]. He et al. found that the intensity of cavitation in the valve increases with
increasing oil temperature [17,18]. Zhang et al. revealed the relationship between low-
temperature cavitation and vortex structure [19]. Previous studies have mainly focused
on the effect of structure and operating conditions on cavitation, but less so on studies of
noise levels.

In recent years, research has been carried out on the phenomenon of valve noise.
Guo et al. proposed an improvement measure to reduce flow-induced noise based on
the Ffowcs Williams and Hawkings model (FW-H) equation for addressing valve noise
problems [20]. Xu et al. modeled the large eddy simulation and the FH-W formulation by
using the cavitation characteristics and noise propagation in a single-hole orifice plate [21].
Jin et al. conducted a numerical study based on FH-W acoustic simulation equations and
internal flow characteristics, revealing the effect of cavitation on spool noise generation [22].
Luetal. developed a cavitation flow equation based on a large eddy simulation (LES) model
incorporating a multiphase cavitation model [23]. Liu et al. used LES techniques to study
the cavitation effects of three different nozzle configurations [24]. Chang et al. found a sig-
nificant increase in sound pressure levels within the high-frequency range of 500-8000 Hz
by using LES and Zwart-Gerber—Belamr (ZGB) cavitation models [25]. Yuan et al. de-
veloped a compressible two-phase method for cavitation flows based on OpenFOAM
to study cavitation jets [26]. Cheng et al. used an LES approach combined with the
Schnerr-Sauer cavitation model to observe the effect of cavitation on local turbulence [27].
Yang et al. used the LES and the Permeability FW-H methods to predict cavitation noise [28].
Liang et al. employed a two-phase mixing model and found that the presence of a notch
at the valve opening reduces cavitation intensity [29]. However, most of these studies are
limited to noise analyses without cavitation flow fields.

Most of the current research methods for cavitation noise suppression in poppet valves
involve reducing cavitation levels through structural optimization. However, there is a
lack of research addressing the noise generated by the cavitation phenomenon as a target.
Therefore, this study aimed to optimize the seat cone angle of the direct-acting relief valve
with noise reduction as the optimization objective. First, using the LES turbulence model
to simulate 3D flow field, the cavitation flow field of the relief valve was simulated and
analyzed using the ZGB model to quantify the cavitation levels for different structures.
Second, the FH-W model was used to import the cavitation flow field into the sound field
for simulation and analysis of sound pressure levels generated by different structures.
Finally, the machined samples were experimentally verified to provide theoretical and
experimental references for the optimal design of these valves.

2. Direct-Acting Relief Valve Modeling
2.1. Working Principle and Configuration of Direct-Acting Relief Valves

Figure 1 displays a model of a direct-acting relief valve and explains its operating
principle. During operation, hydraulic fluid generated hydraulic pressure on the cone spool
surface, directing it opposite to the spring force. When the inlet pressure was lower than
the regulating pressure of the relief valve, the hydraulic pressure acting on the cone valve
spool became less than the elastic force, causing the cone valve spool to close. Conversely,
when the inlet pressure exceeded the set pressure of the relief valve, the liquid pressure
acting on the cone valve spool surpassed the spring force, causing the cone valve spool to
move upward under the action of the liquid pressure until a balance was achieved between
the liquid pressure and the spring force in the new position, establishing the maximum
pressure within the hydraulic system.
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Figure 1. Schematic diagram of the operating principle of a direct-acting relief valve.
A direct-acting relief valve served as the safety valve, with the outlet directly connected
to the tank; thus, the pressures were all 0 MPa. The working pressure is defined as absolute,

and an offset of 1 bar was set to prevent liquid vaporization. The simulation boundaries
and specific values are detailed in Table 1.

Table 1. Boundary conditions and parameter settings.

Number Parameter Name Unit Value
1 Valve Opening mm 0.08
2 Inlet pressure MPa 25
3 Outlet pressure MPa 0

2.2. Fluid Computational Domain

Figure 2 indicates the computational domain of the direct-acting relief valve. Since
the object of this study is the throttle orifice flow field, only the main throttle orifice flow
field was modeled and simplified, while other unrelated structures were neglected. The
left figure in Figure 2 shows the 3D model of the computational domain, while the right
figure shows the schematic diagram of the flow field structure. The flow field boundary
comprises a spool wall, sleeve wall, seat wall, symmetry plane, inlet, and outlet. The
inlet boundary condition is defined as the pressure-inlet, while the outlet boundary is
defined as the pressure-outlet. The wall was configured as a no-slip stationary wall. For
clarifying the region where cavitation exists in the flow field, the overall 3D flow field and
the characteristic planar flow field are analyzed. The plane of the valve containing the
valve outlet region is selected.
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Figure 2. Computational domain of relief valve.

Given the presence of sharp corner structures in the flow field model within the relief
valve and the millimeter-scale opening of the valve port, an unstructured mesh was used
for delineation. Simultaneously, to improve the calculation accuracy, the mesh encryption
process was performed at sharp corners, high flow velocities, and areas with large pressure
gradients. The resulting mesh model of the flow field in the relief valve is illustrated in
Figure 3. To meet the LES requirements, the grids near the wall are refined. The first
boundary layer height is set to 0.01 mm and the growth rate perpendicular to the wall
direction is set to 1.2, ensuring sufficient grid resolution within the boundary layer.
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Figure 3. Computational mesh model.

The number of meshes directly determines the simulation speed and accuracy. To
obtain the optimal number of meshes, the model depicted in Figure 3 was analyzed for
mesh independence. Under the boundary conditions of inlet velocity of Vin = 1.73 m/s
and outlet pressure of Pout = 0 MPa, the trend of inlet pressure versus total steam volume
was simulated by changing the number of meshes. The working fluid is hydraulic oil, the
set temperature is 30 °C, and the saturated vapor pressure of the oil used is 354 Pa. The
properties of the oil and vapor sets are listed in Table 2. Oil is the primary phase, while
vapor is the secondary phase. The simulation results are displayed in Figure 4.

Table 2. Properties of oil and vapor.

Fluid Density (kg/m3) Viscosity (Pa-s)
Oil 890 0.04094
vapor 1.225 1.7894 x 10~
320 , 0.60
1
! —o— Inter Pressure e
- e ! — o— Total Vapor Volume g
& 300 i 1 035G
s | 2
g B ! 5
2 L 2
Z2osof 'm 1 0.50%
& s ! g
8 ! ! Optimal Point >
= | ; =
26003 10458
! 3.3
N
25 9“574—0;;;—;:9
240 I ————— (YT}
00 02 04 06 08 10 12

Number of Grids (10%)

Figure 4. Effect of the number of grid elements on the simulation results of inlet pressure and
vapor volume.

Figure 4 depicts that the simulation results for inlet pressure and vapor volume
stabilize when the number of meshes reaches 3.3 x 10°; therefore, the optimal number of
meshes for the flow channel model depicted in Figure 3 is set to 3.3 x 10°.

2.3. Numerical Method

To simulate the cavitation flow, the LES approach coupled with the ZGB cavitation
model is employed to solve the unsteady cavitation flow field. After the cavitation simulat-
ing of the relief valve through the ZBG model, the sound field of the cavitation flow field
simulation using the FH-W model will be carried out.

2.3.1. Zwart-Gerber-Belamri Model

Cavitation is the cause of two-phase flow cavitation and turbulence occur simulta-
neously. Therefore, the Zwart—Gerber—Belamri cavitation model is selected. « is volume
fraction of vapor, which is defined in the cavitation model as:
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where 1, is the number of bubbles. Assuming that all bubbles in the system have the same

size, the cavitation rate R can be obtained by multiplying the number density of bubbles

and the rate of change of the mass of individual bubbles. As the vapor volume fraction

increases, the total interphase mass transfer rate due to cavitation per unit volume is:
When P, > P, the bubble growth rate is computed by:

Bpottnuc(1—ay) [2(po —p)

R, =F 2
e vap Rp 301 )
When P, < P, the bubble collapse rate is calculated by:
3puix 2(p —
R.=F, Polo (p—po) 3)

ond Rp 3P1

where Fy,;, is evaporation coefficient, 50; py is the saturated vapor pressure of the liquid at
a corresponding temperature, Pa; ;. is nucleation site volume fraction, 5 x 10~%; ay is
the gas phase volume fraction; Rp is the bubble radius, 1 x 107% m; F,,,,4 is condensation
coefficient, 0.01; p is the liquid density, 890 kg/m?3; p,, is the gas density, 1.29 kg/m3; R, is
the evaporation phase formation rate; and R, is the condensation phase formation rate [30].

2.3.2. Ffowcs Williams and Hawkings Model

The FW-H equation, extended by Williams and Hawkings based on the Lighthill’s
acoustic analogy theory, has been widely applied for calculating the far-field noise. It is
essentially an inhomogeneous wave equation which can be derived from the continuity
equation and the Navier-Stokes equations. The equation is as follows:

Loy g2 ’—i{T“H(f>}—i[P~n‘+ winad (F)] + L louad(F)] @)
2 o P = xox U da; |l Pttt dg P

where u; is the fluid velocity component in x; direction; u, is the fluid velocity component
normal to the source surface f = 0; J(f) is the Dirac delta function; H(f) is the Heaviside
function; p’ is the sound pressure at the far field (p’ = p — po); ao is the far field sound
speed; Tj; is the Lighthill stress tensor; and Pj; is the compressive stress tensor [31].

2.4. Numerical Strategy and Validation of Numerical Method

In the present paper, the Pressure-Based SIMPLEC algorithm is employed, a bounded
second-order implicit scheme is used to discretize the transient term, while the convection
term in the momentum equation is discretized using a bounded central differencing scheme.
A least square cell-based method is used to calculate the gradient of variables which appear
in differential equations and first order upwind scheme is utilized for the volume fraction
of cavitation model. LES requires the dimensionless wall distance below one for solid
walls [28]. Here, the dimensionless wall distance y+ is defined as:

+_ Ay-ur
v

y )
where Ay is the distance to the closest wall and u+ is the friction velocity. The require-
ment of y* < 1 is achieved for all meshes, indicating that the grid resolutions meet the
simulation requirements.
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3. Results and Discussion
3.1. Influent of Valve Seat on the Cavitation

Figure 5 shows the numerical simulation results based on the 3D flow field model.
The maximum vapor volume fraction in the cavitation field was used to assess the cavita-
tion intensity.

Volume fraction
(phase-2) I —
0 17x10t 35x10' 52x10t 7.0x10! 87x10?

J

Figure 5. Vapor volume cloud.

Analysis of the vapor volume fraction contours shows that cavitation is mainly occur-
ring in the vicinity of the valve seat and spool contact. Therefore, structural optimization
was focused on decreasing cavitation in the vicinity of the valve seat and spool contact.

The above analysis revealed that the seat cone angle and the spool half cone angle in
the relief valve are the key factors affecting the cavitation phenomenon. To analyze the
effect of different seat cone angles and the spool half cone angle on cavitation, the seat cone
angle and the spool half cone angle were set to « and (3, respectively. The original seat cone
angle and the spool half cone angle of the direct-acting relief valve examined in this paper
were 120°and 15°, as demonstrated in Figure 6.

«—]
Outlet Outlet

Figure 6. Schematic of the original seat cone angle of a direct-acting relief valve.

In this research, the vapor volume cloud was simulated for seat cone angles of 90°,
100°, 110°, 130°, 140°, 150°, 160°, and 170°, as displayed in Figure 7. Additionally, the
relationship between the vapor volume and the valve seat cone angle obtained from Figure 7
is presented in Figure 8.

Contour-1 Contour-1
Volume fraction(phase-2) Volume fraction(phase-2)

8.82x10* 8.88x10*
7.94x 10 7.99x 10°*
7.05%10* 7.10x10*

6.17x 101 6.21x 10!
529% 10t 533x10*
441x10* 444x 10
3.53x 10 3.55% 10!
2.65% 10 2.66% 10
176x 10t 178x10*
8.82x 102 8.88x 102
0 0
(a) & =90° (b) a = 100°

Figure 7. Cont.
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Contour-1 Contour-1
Volume fraction(phase-2) Volume fraction(phase-2)
8.89x 10* 9.09% 10*
8.00x 10! 8.18x 10*
7.11x10* 7.27x 10!
6.22x 101 6.36x 10*
5.33x 10! 545x10*
444x 10! 454x10*
3.55x 10°* 3.63x10*
267x 10 2.73x 10
1.78x 10 1.82x10*
8.89x 10* 9.09% 102
0 0
(c) a=110° (d) a=130°
Contour-1 Contour-1
Volume fraction(phase-2) Volume fraction(phase-2)
8.29x 10! 7.75% 101
7.46%x 10 6.98x 101
6.63x 101 6.20x 101
581x 10 5.43x 10
4.98% 10°* 465x 10!
4.15x10* 3.88x 10
3.32x10* 3.10x10*
2.49%x 10 2.33x 10
166x10* 155x 10!
8.29x 102 7.75% 102
0 0
(e) o = 140° (f) o = 150°
Contour-1 Contour-1
Volume fraction(phase-2) Volume fraction(phase-2)
7.81x10* 7.25% 101
7.03x10°* 6.52x 101
6.25% 10°* 5.80% 10*
547x 10 5.07x 10!
4.69% 10°* 4.35x 10
391x 10 3.62x 10!
312x10* 2.90% 10*
2.34x 10 217x 10!
1.56x 10! 145x10*
7.81x 10 7.25% 10
0 0
(8) & = 160° (h) a = 170°

Figure 7. Vapor volume cloud at different seat cone angles.
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Figure 8. Maximum vapor volume fraction at different seat cone angles.

Figure 8 manifests that, with the original seat cone angle as a reference, the vapor
volume in the valve decreased as the seat cone angle increased, thereby reducing the
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cavitation phenomenon. Conversely, when the seat cone angle was smaller than the
original reference angle, the vapor volume in the relief valve increased.

The vapor volume cloud was simulated for valve spool half cone angle of 12°, 13°, 14°,
16°,17°,18°, 19°, and 20°, as displayed in Figure 9. Additionally, the relationship between
the vapor volume and the valve spool half cone angle obtained from Figure 7 is presented
in Figure 10.

The cavitation simulations were carried out by setting up nine groups of different
valve spool half cone angle and valve seat cone angle from small to large, and the cavitation
phenomena were compared as shown in Figure 11. It can be seen that, compared with the
seat cone angle, the variation of the spool half cone angle size has less effect on the degree
of valve cavitation.

Contour-1 Contour-1
Volume fraction(phase-2) Volume fraction(phase-2)

8.82x 107t
7.94x 107t
7.05x 107t
6.17x 10!
5.29x 10t
441x 10°*

8.71x 10!

7.84x 1071

6.97x 10!

6.10x 10!

5.23x 107! ‘

436x 10!
353x 10t 3.48x 10!
2.65x 10t 2.61x 10!
1.76x 10°* 1.74x 10°*
8.82x 102 8.71x 102
0 0

-

(@ p=12° (b) p=13°

Contour-1 Contour-1
Volume fraction(phase-2) Volume fraction(phase-2)

9.13x 107!
8.22x 107!
7.30x 10°*
6.39x 107!
5.48x 10t
456x 101

9.29x 101
8.36x 101
7.43% 10°1
6.50x 101
5.57x 10°1
4.64% 10°1 ‘
3.65% 10°1 3.71x 10-%
2.74% 10°1 279x 10-1
183x 101 1.86% 10°1
9.13x 102 9.29% 10-2
0 0

O

(0 p=14° (d) p=16°

\Cfgmg\f;rlacuon!phasecﬁ \sg:::\‘g;rlaawon:phaserlz
8.76x 107! 9.12x 10°%
7.89x 107! 8.21x 10!
7.01x 101 7.30% 10°%
6.14x 10! 6.39x 107!
5.26x 107! 5.47x 10!
4.38x 107! ‘ 4.56x 10t ‘
3.51x 107! 3.65x% 107t
2.63x 107! 2.74x% 107t
1.75% 10t 1.82x 10t
8.76x 102 9.12x 10-2
0 0

(e) p=17° (p=18°

Figure 9. Cont.
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Contour-1

Volume fraction(phase-2)

Figure 9. Vapor volume cloud at different spool half cone angles.
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Figure 10. Maximum vapor volume fraction at different spool half cone angles.
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Figure 11. Comparison of vapor volume fraction between seat cone angles and spool half cone angles.

3.2. Analysis of Sound Field

The cavitation flow field was substituted into the sound field for numerical analysis.
Figure 12 indicates that four noise detection points were set up at a distance of 1 m around
the test valve.

The frequency response curves of the sound pressure level (SPL) at four monitoring
points are shown in Figure 13. The numerical calculation results of each monitoring
point are different for specific values; however, the overall trend is basically the same,
and the main components of cavitation noise are at their peak point, and the peak point
distribution is mainly at high frequencies. At this point, the total sound pressure level at
the four monitoring points averaged 102.25 dB.
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Figure 12. Schematic distribution of monitoring points.
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Figure 13. Frequency response curve of sound pressure level of the original valve.

The sound field simulation was performed separately for the cavitation flow field with
different valve seat cone angles for the above cavitation simulation. Figure 14 displays the
sound pressure levels at four noise monitoring points. This can be obtained from different
valve seat cone angles of the sound pressure change rule. The sound pressure variation
rules of different valve seat cone angles are obtained.

110

oS
[y

=

(=3
(=}

O
[
T

—— Monitoring points1
— — Monitoring points2
85F —— Monitoring points3

—>— Monitoring points4 \
75

90 100 110 120 130 140 150 160 170
Valve Seat Cone Angle (°)

=3
(=}
T

Sound Pressure Level (dB)

80

Figure 14. Sound pressure levels at different seat cone angles.

The sound pressure levels obtained from the four noise monitoring points were aver-
aged and compared with their corresponding seat cone angle cavitation levels (Figure 15).
It can be observed that the cavitation flow field noise and the cavitation degree exhibit
the same trends. Therefore, as the valve seat cone angle increased, the noise generated by
cavitation gradually reduced, with noise levels at valve seat cone angles 170° and 120°
reduced by 22.25 dB. Figure 16 displays the frequency response curve of sound pressure
level at the seat cone angle of 170°, indicating a notably lower sound pressure level than
that at a 120° angle.
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Figure 15. Vapor volume compared to sound pressure level.
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Figure 16. Frequency response curves of sound pressure level of optimized valves.

The sound pressure levels obtained from the four noise monitoring points were aver-
aged and compared with their corresponding seat cone angle cavitation levels (Figure 17).
It can be observed that the cavitation flow field noise and the cavitation degree exhibit the
same trends. Therefore, as the valve spool half cone angle increased, the noise generated
by cavitation gradually reduced, with noise levels at valve seat cone angles 12° and 15°
reduced by 2.25 dB. A comparison of the sound pressure levels of the nine sets of different
spool half cone angles and seat cone angles is shown in Figure 18. It can be seen that,
compared with the valve seat, the spool half cone angle size change in the degree of sound
pressure level generated by the valve is small. Therefore, the effect of the spool half cone
angle on the cavitation noise of the valve can be ignored and the valve can be optimized
only for the size of the seat cone angle.

105

—a— Monitoring points1
—o— Monitoring points2
—a— Monitoring points3
—— Monitoring points4

(=4
=
T

=3
@D
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s o
=t o
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Figure 17. Sound pressure levels at different spool half cone angles.
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85+
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Figure 18. Comparison of sound pressure level between seat cone angles and spool half cone angles.

Figure 19 depicts different valve seat cone angles without cavitation phenomenon of
the flow field into the sound field for numerical analysis. Different valve seat cone angles
can be observed without cavitation phenomenon, and the sound pressure level is close.
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Figure 19. Frequency response curves of sound pressure levels at different seat cone angles with-
out cavitation.

Figure 20 compares the average noise levels at different seat cone angles with and
without cavitation. Without cavitation, the noise generated by relief valve operation was
lower, and changing the seat cone angle has minimal effect on noise levels. Conversely,
with cavitation, the noise generated by relief valve operation was higher, and changing
the valve seat cone angle can change the cavitation phenomenon, thereby changing the
generated noise. It can be concluded that cavitation is one of the causes of noise generated
by the relief valve. Therefore, in the design of direct-acting relief valves, increasing the
value seat cone angle is recommended.
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Figure 20. Comparison of noise with and without cavitation at different seat cone angles.
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4. Experimental Validation
4.1. Test Platform

To verify the accuracy of simulation results, this study utilized the relief valve exper-
imental platform (Figure 21) to test the noise level of a direct-acting relief valve during
operation. Ensure there are no other sources of sound around the test platform and arrange
acoustic foam around the valve under test to ensure that the reflected and overlapping
sound is shielded.

M_ =

Inlet Pipe

o

Experimental Digital Sound Level Meter

Valve

Figure 21. Relief valve test platform.

As illustrated in Figure 22, valve seats with cone angles of 120° and 170° were manu-
factured and tested for noise under operating conditions. Experiments on noise level with
the valve seat cone angles of 120° and 170° have been carried out in three groups, namely
Tord and Top?d (6 =1, 2, 3), respectively.

Figure 22. Manufactured valve seats with two different cone angles.

During relief valve testing, the original and optimized valves were installed in the same
hydraulic system and noise measurements were made in the same operating environment.
A digital sound level meter was mounted 1 m from the experimental valve. To ensure the
reliability of the results, the noise sound pressure levels of both valves were taken under
the same operating conditions.

4.2. Comparison of Simulation and Experiment

Figure 23 displays the comparison of experimental test results with simulated re-
sults. The simulation results for the original and optimized valves are named Sor and
Sop, respectively.
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Figure 23. Simulation and experimental comparison of original and optimized valves.

Based on the experimental results, the simulated sound pressure level of the original
valve simulation was 102.3 dB, while the average sound pressure level of the three groups
of the original valve experimental test was 99.9 dB. The simulated sound pressure level of
the optimized valve was 80 dB, while the average sound pressure level of three optimized
valve experimental tests was 81.7 dB.

The deviation expression for the valve simulation and experimental test is as follows:

n= SPLsimulate — SPLtest
SPLtest

x 100% (6)

The relative deviations between the simulation and experimental test results of the
original and optimized are 2.4% and 2.08%, respectively. It can be seen that the correctness
of the simulation model of the relief valve and the feasibility of the optimization direction
are verified.

5. Conclusions

This study conducted simulation and experimental analyses of the cavitation flow field
and sound field in a direct-acting relief valve to determine how the structural parameters of
the direct-acting relief valve affect cavitation and the resulting noise. The main conclusions
of this study are as follows:

(1) Direct-acting relief valves are prone to cavitation, particularly at the valve seat cone
angle. However, increasing the seat cone angle significantly reduced the vapor volume
fraction within the relief valve compared to the total vapor volume, thereby reducing
the risk of cavitation.

(2) When the relief valve spool opening is small, and cavitation is absent, the resulting
noise is minimal, and a change in the valve seat cone angle has little impact on the
noise. Conversely, when cavitation occurs, the generated noise is higher, suggesting
that cavitation is the main cause of noise generated during relief valve operation.

(3) The simulation and experimental test results exhibit similar trends, with a relative
deviation of 2.4% for the simulation and 2.08% for the experimental test, validating
the accuracy of each other. Optimization of the seat cone angle reduces the noise level
of the relief valve by 18.2 dB.
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