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Abstract

Automatic sprinkler systems are widely used for fire protection in various buildings, with
deluge valves serving as the core component of these systems. Traditional deluge valves
employ a diaphragm-type design (Zoning Sprinkler Fire Monitor, ZSFM), which is prone
to significant safety hazards such as corrosion and damage due to uneven pressure distri-
bution on the diaphragm. This study modified a 150 mm diameter ZSFM to a non-pres-
sure diaphragm type, establishing and validating a CFD model of the internal flow field.
Based on the original structure, six drag reduction optimization cases are designed.
Among these, case 5 exhibits the minimum inlet-to-outlet pressure drop of 0.050 MPa un-
der rated operating conditions, meeting and significantly exceeding the fire protection in-
dustry standard (<0.08 MPa).

Keywords: fire protection; deluge valve; non-pressurized diaphragm; CFD simulation;
flow channel optimization

1. Introduction

In the process of modern urbanization, fire is a common and highly destructive dis-
aster, especially in complex environments such as high-rise buildings, underground
structures, and large complexes. The rapid spread of fire and the generation of high-tem-
perature smoke make early fire control particularly crucial. High-rise building fires pose
unique evacuation challenges due to stack effects [1]; underground structure fires gener-
ate toxic smoke that compromises escape routes [2]; and large complex fires exhibit com-
plex flame spread patterns across interconnected spaces [3]. These scenarios collectively
demonstrate the critical need for rapid suppression systems [4-6]. Automatic sprinkler
systems are widely used in various buildings due to their advantages of simple operation,
rapid response, and extensive coverage. Among these, deluge systems have a higher us-
age rate due to their extensive coverage and high efficiency [7-13]. The deluge valve is the
core component of the entire deluge system, controlling the flow of water from the water
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supply pipe network into the distribution network. Typically, the valve remains closed
and only opens upon detection of a fire signal. With the increasing complexity of building
structures and the growing demands for fire safety, traditional deluge valve systems face
numerous challenges in terms of response speed, reliability, and intelligence. For exam-
ple, regarding response speed, delays may occur due to mechanical component wear or
corrosion, impacting immediate response [3,6].

Since the 1990s, diaphragm-type deluge valves (Zoning Sprinkler Fire Monitor,
ZSFM) have been the most widely used in deluge fire suppression systems [6-8]. The basic
structure of these valves, as illustrated in Figure 1, utilizes a rubber diaphragm to separate
the pressure chamber from the working chamber, achieving sealing through differential
hydraulic forces. Specifically, Deurloo [6] patented a diaphragm-controlled deluge valve
mechanism where the diaphragm deformation under water pressure creates the seal.
However, this design inherently subjects the diaphragm to uneven pressure distribution:
the inner surface and a portion of the outer surface are exposed to water pressure, while
the remaining outer surface is not [7,8]. Weingarten [7] further developed this concept by
introducing a valve seat drain to mitigate pressure imbalances, yet the fundamental issue
of prolonged uneven loading persists. Consequently, as the valve remains normally
closed, the diaphragm experiences sustained non-uniform stress, increasing the risk of
material fatigue and potential system failure [8,9]. This reliability concern has motivated
the development of non-pressurized diaphragm designs, as discussed in the following
section.

N
(a) (b)

Figure 1. Schematic diagram of the closed and activated states of a ZSFM deluge valve (1 —Pressure
Chamber; 2—Rubber Diaphragm; 3—Spring; 4— Valve Disc) [6]. (a) Closed state; (b) Activated state.

7277

The hydraulic performance requirements for deluge valves are strictly regulated by
international and national standards. The National Fire Protection Association (NFPA)
Standard 15 [9] specifies that deluge valves should maintain a pressure drop below 0.08
MPa under rated flow conditions to ensure adequate water supply for fire suppression.
Similarly, the Chinese national standard GB 5135.5-2018 [10] establishes comparable per-
formance criteria for automatic sprinkler systems. These standards provide the critical
design constraint for the present study: any modification to the traditional diaphragm
structure must not compromise the hydraulic efficiency below this threshold. Previous
optimization studies on deluge systems, such as the genetic algorithm approach by An-
drews and Bartlett [11], have demonstrated the potential of systematic design improve-
ments to enhance system reliability while maintaining regulatory compliance.

The diaphragm functions as a valve disc in deluge valves, its material must possess
a variety of properties, including high-pressure resistance, corrosion resistance, elasticity
and flexibility, wear resistance, non-toxicity, and safety [9,10,14,15]. Therefore, it is ex-
tremely difficult to simultaneously enhance the diaphragm’s strength and ensure its re-
sistance to damage under long-term stress. Against this background, non-pressure dia-
phragm deluge valves have emerged, with their basic structure shown in Figures 1-3.
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Traditional disc-shaped rubber diaphragms need to deform into a hemispherical shape
under water pressure to separate the inlet and working chambers [16-18]. In contrast, the
new design employs a cylindrical valve disc, which utilizes changes in the top rubber
structure to achieve valve opening and closing through the vertical movement of the cy-
lindrical valve disc. Consequently, the cylindrical valve disc does not require deformation
and can be strengthened by embedding metal sheets within it. This design retains the ad-
vantages of ZSFM deluge valves while eliminating the risk of diaphragm failure, thereby
enhancing the overall safety of automatic sprinkler systems.

Pressure Chamber Drainage
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Figure 2. The closed and activated states of a Non-Pressurized ZSFM deluge valve. (a) Closed state;
(b) Activated state.
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Figure 3. CFD computational domain comprising the valve flow channel and extended straight pipe

sections (0.5 m upstream and downstream) to eliminate boundary effects on the flow field.

However, the non-pressurized diaphragm design replaces the original, variable
streamlined diaphragm with a fixed planar shape. Consequently, if the remaining flow
channel geometry remains unchanged, the flow pressure loss will exceed the Chinese fire
protection industry standard of less than 0.08 MPa. Therefore, redesigning the flow chan-
nel to effectively optimize the flow path and eliminate unnecessary turbulence and local
pressure losses is crucial for improving the overall performance and reliability of deluge
fire suppression systems.

This paper focuses on the internal flow channel of a non-pressurized diaphragm del-
uge valve as the study object. By combining experimental and numerical simulation meth-
ods to analyze the flow field within the channel, the geometric structure of the flow chan-
nel of the non-pressurized diaphragm deluge valve is optimized to ensure that it can pro-
vide the best fluid transport performance in automatic sprinkler systems while meeting
fire protection industry standards (<0.08 MPa).

2. CFD Method

The non-pressure diaphragm deluge valve is shown in Figure 2. The main parame-
ters of the original geometric structure are detailed in Table 1.

Table 1. Original geometric structural parameters of the deluge valve.

Inlet Diameter (mm)

Outlet Diameter (mm)  Valve Disc Base Area (mm?) Valve Disc Travel (mm)

150

150 25,300 53
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When constructing the internal geometric model, the inlet and outlet pipes were ex-
tended by 0.5 m to ensure that the inlet and outlet water flows were in a fully developed
region, as shown in Figure 3. Water at 25 °C was used as the fluid medium. The inlet
boundary condition was set as pressure inlet, and the outlet boundary condition was set
as mass flow outlet. The wall was set as a no-slip wall. According to the Chinese fire pro-
tection standard manual, the rated inlet pressure for a 150 mm diameter deluge valve is
1.5 MPa, and the rated flow rate is 5300 L/min. The mass flow outlet boundary condition
(5300 L/min) is physically appropriate for fire protection systems, which operate at con-
stant pump flow rates. The solver computes the outlet pressure as part of the solution,
yielding the pressure drop directly. Pressure outlet was not used because it would specify
back pressure rather than flow rate, resulting in a different operating point inconsistent
with rated conditions [19]. To ensure accuracy, multiple sets of pressures and flow rates
will be used for comparative validation in both the simulation calculations and experi-
mental tests.

The control equations for CFD include the mass conservation equation and the N-S
equations [20,21]. The RANS k-¢ turbulence model was applied. The computational do-
main was discretized using a free tetrahedral mesh, with local refinement applied to the
boundary layer, as shown in Figure 4. COMSOL Multiphysics software was used for the
simulation calculations. To verify mesh independence, six numerical models with differ-
ent mesh numbers were selected and simulated under the same operating conditions, with
the results presented in Table 2. Considering computational efficiency and ensuring result
accuracy, a mesh quantity of approximately 1,200,000 was chosen.

Figure 4. Unstructured tetrahedral mesh (approximately 1.2 million elements) with local refinement
in the boundary layer and critical regions (valve seat, inlet/outlet chambers). Insets show detailed

mesh distribution near the valve seat and curved inlet channel.

Table 2. Simulated pressure drop at rated conditions with different mesh numbers.

Mesh Number Pressure Drop (MPa) Inlet Velocity (m/s) Outlet Velocity (m/s)
32,313 0.104 4.81576 4.60350
48,259 0.100 4.75578 4.54804
103,205 0.092 4.71646 4.50862
331,696 0.096 4.65973 4.45345
1,196,332 0.095 4.62614 442134
2,696,354 0.095 4.62619 442157

3. Experimental Method

Figures 5 and 6 present the schematic of the experimental system and photographs
of the experimental setup, respectively. The main components of the experimental system
include a water reservoir, a centrifugal pump, an accumulator tank, a gate valve, the test
deluge valve, and various devices for collecting experimental data, such as pressure
gauges and data acquisition instruments. During the experiment, water is supplied by a
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centrifugal pump, flows to the deluge valve after passing through an accumulator tank,
and then returns to the reservoir through piping. To test the pressure loss of the deluge
valve under multiple different operating conditions, two gate valves are used to control
the test valve’s different inlet flow rates and pressures by adjusting their opening degrees,
thereby establishing various inlet conditions. The data acquisition system comprises a dif-
ferential pressure gauge to obtain the pressure loss of the test valve under different inlet
conditions, along with a flow meter and a pressure gauge to monitor the inlet pressure
and flow rate of the test valve. We utilized three centrifugal pumps operating simultane-
ously. The parameters for a single centrifugal pump are a flow rate of 40 L/s, a head of 160
m, and a motor power of 90 KW. Each operating condition was tested three times, and the
reported pressure drops represent the arithmetic mean of these repeated measurements.

o

Campnre Data Acquisition Unit
N q
Reservoir ! !
= Accumulator
R I==1
i_ (= _,: TN
Centrifugal _?
Differential Flowmeter
Pressure Gauge
Gate Valve e | H
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Figure 5. Schematic of the experimental system.
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Figure 6. Photographs of the experimental setup.

The uncertainty of the Reynolds number is calculated using the error propagation for-
mula [22]. For a function Re =f(v, p, di, i), the combined standard uncertainty is given by:

2
n ORe
ORe = Zi=1 575)(’ (1)
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where Xi represents the independent variables (v, p, di, i), and 6Xi is the standard uncer-
tainty of each variable. This formula is derived from the first-order Taylor series expan-
sion and is widely adopted in experimental fluid mechanics.

Substituting Re = pvdi/u into the above equation yields:

2 2 2 2
5_Re = (Qj + @ + % + @ (2)
Re v Yo, d, U

In this study, the uncertainties of density (p) and hydraulic diameter (d») are negligi-

ble compared to velocity and viscosity measurements. Therefore, Equation (1) is simpli-
fied to consider only the dominant contributions from velocity and dynamic viscosity.

The pressure drop and flow velocity are measured multiple times during the experi-
ment. The standard deviation of these measured values is calculated to estimate the un-
certainty, using the following equation:

S=\/ lli(X,-—)?) ©)

n—1,5

where X is the average of the measured values:
— 1

X==)X )
n iz

The calculated results of the uncertainties based on the above equations are shown
in Table 3.

Table 3. Uncertainty.

. Volumetric Flow Rate Pressure Drop Reynolds Number
Variable
G Ap Re
Uncertainty +1.9% +1.1% +2.5%

4. Model Verification

To determine which turbulence model is suitable for this study, simulations were
performed using the RANS k-¢, RANS k-w, and Realizable k-¢ turbulence models under
the same experimental conditions. The inlet pressure was kept constant at the rated pres-
sure of 1.5 MPa, and different simulation results were obtained by varying the inlet flow
rate. These results were then compared with the experimental data and are given in Table
4. The results indicate that the RANS k-¢ model’s results are closer to the experimental
results compared to the RANS k-w and Realizable k-e models. Turbulence model selection
was based on quantitative comparison of mean pressure drop prediction (Mean Absolute
Percentage Error-MAPE, R?). While k- SST is theoretically preferred for strong curvature
[23,24], it overpredicted separation severity in the valve seat region, resulting in inferior
overall AP accuracy (MAPE 14.3% vs. 7.2%). The standard k-¢ model better captured the
jet-dominated loss mechanisms despite its known curvature limitations [25]. Therefore,
the RANS k-& model will continue to be used for subsequent numerical calculations.

Table 4. Experimental results of varying inlet flow rate for the deluge valve.

Inlet Flow Rate (L/s)

Inlet Pressure (MPa) Outlet Pressure (MPa) Pressure Drop (MPa)

88

1.5 1.395 0.105

https://doi.org/10.3390/app16042111
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78
68
58
48

1.5 1.416 0.084
1.5 1.4 0.070
1.5 1.445 0.055
1.5 1.465 0.035

By varying the inlet flow rate and inlet pressure of the test deluge valve, Figure 7
presents the simulation and experimental error results for the pressure drop as it changes
under different inlet conditions. As observed in Figure 7, the trend of pressure drop with
respect to variations in inlet pressure and flow rate is relatively consistent between the
numerical simulations and the experiments, with errors within 10%. Therefore, the nu-
merical simulation model established in this paper meets the engineering-acceptable re-
quirements for subsequent study.

0.12
¥ Simulated Date /
— Error Bars Representing £10%

0.10

e
(=]
@

Simulated Value

) Z===} . 00,
0.02 0.04 0. 06 0.08 0.10 0.12

Experimental Value

Figure 7. Comparison of simulated and experimental pressure drops across the deluge valve at an
inlet pressure of 1.5 MPa and varying flow rates (88-48 L/s). The diagonal line represents engineer-
ing-acceptable agreement, and the shaded region indicates +10% error bounds (R? = 0.987, slope =
0.94).

Notably, pressure drops are calculated as the difference between area-weighted av-
erage static pressures at the inlet and outlet boundaries, obtained using COMSOL’s built-
in integration operators. While the software reports values with high numerical precision
(6-8 decimal places) due to double-precision arithmetic, we emphasize that (i) experi-
mental measurements cannot achieve such precision, and (ii) the physically meaningful
accuracy of CFD results is limited to approximately three significant figures based on
model validation uncertainty (+10%). All reported values are accordingly rounded to re-
flect this physical reality.

5. Results and Discussion

Minor changes in the geometry of the flow channels within the deluge valve’s pres-
sure chamber can result in significant alterations in the entire flow field. This influence is
ultimately amplified and reflected in the level of pressure drop. This is the reason why the
original structure of the deluge valve is no longer suitable for the non-pressurized-bearing
deluge valve, which has undergone a complete change in the valve disc diaphragm struc-
ture, leading to excessive flow pressure drop that does not meet industry practice stand-
ards. Among these, the curvature R of the bend in the valve inlet flow channel, the height
H of the valve seat, the length L of the outlet chamber, and the inclination angle ® of its
bottom surface have the most significant impact on pressure drop, as shown in Figure 8.
Therefore, based on the original structure and considering the aforementioned factors, we

https://doi.org/10.3390/app16042111
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have designed six structural optimization cases, with the modified structural dimensions
listed in Table 5. The six optimization cases were designed using a sequential adaptive
strategy rather than full factorial design. Stage I (Cases 1-3) identified curvature radius as
the dominant parameter. Stage II (Case 4) tested thickness reduction at near-optimal ra-
dius. Stage III (Cases 5-6) fine-tuned outlet geometry with established radius and thick-
ness. This approach efficiently allocated computational resources to the most influential
parameters, as informed by preliminary sensitivity analysis. The simulation results for the
inlet and outlet pressure drop are given in Table 6.

Inlet

,\ y, o . Chamber

Figure 8. Schematic diagram of four geometric factors significantly affecting pressure drop.

Table 5. Configuration of six geometric optimization cases.

Case 1 2 3 4 5 6
Curvature Radius (m) 0.1 0.115 0.15 0.165 0.165 0.17
Seat Thickness (m) 0.01 0.01 0.01 0.0065 0.0065 0.0065
Outlet Chamber Length (m) 0.135 0.135 0.13 0.135 0.15 0.15
Outlet Chamber Inclination Angle (°) 34 34 35 34 30 30
Table 6. Simulation pressure drop of non-pressurized ZSFM under identical inlet conditions.
Case Original Structure 1 2 3 4 5 6
Inlet Flow Rate (L/min) 5300 5300 5300 5300 5300 5300 5300
Inlet Pressure (MPa) 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Pressure Drop (MPa) 0.095 0.078 0.086 0.052 0.050* 0.050- 0.052

Figure 9 shows the streamline diagrams of the simulation results for six different op-
timization schemes. In case 1, reducing the radius of curvature of the bent inlet flow chan-
nel led to a decrease in pressure drop. However, this design induced multiple small-scale
vortices on the bottom surface of the bent flow channel, reflecting phenomena of local flow
separation and instability, thus reducing flow stability. Additionally, recirculation within
the outlet chamber persisted, further diminishing the orderliness of the flow field and re-
sulting in poorer overall flow stability. Case 2 did not alter the curvature of the bent inlet
flow channel; instead, it adjusted the length and inclination angle of the outlet chamber.
Although the modification of the outlet chamber shape aimed to optimize the flow, the
actual results showed increased pressure drop and intensified recirculation, indicating
that this scheme has poor adaptability in flow control and a further exacerbation of flow
instability within the outlet chamber. Case 3 increased the radius of curvature of the bent
outlet flow channel and optimized the shape and inclination angle of the outlet flow chan-
nel, as well as the valve seat structure, while also reducing the overall height of the valve.
These improvements effectively reduced the pressure drop and mitigated the recircula-
tion phenomenon in the outlet chamber, leading to a significant enhancement in flow sta-
bility. However, some vortices still existed within the valve chamber, indicating that local

https://doi.org/10.3390/app16042111
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flow separation has not been completely eliminated. Case 4 further increased the radius
of curvature of the outlet chamber based on Case 3, while also reducing the height of the
pressure chamber to narrow the valve chamber space and adjusting the valve seat struc-
ture. Although these adjustments slightly reduced the pressure drop and decreased local-
ized high-velocity regions, they induced new vortices within the valve chamber, suggest-
ing that further compression of space might have introduced new sources of instability.
In case 5, building upon case 4, extending the outlet chamber and adjusting the inclination
angles of the upper and lower surfaces further reduced the pressure drop, albeit with a
limited reduction, indicating a diminishing marginal benefit of this improvement in re-
ducing energy losses. Case 6, on the other hand, involved reducing the gap between the
right side of the valve chamber and the pressure chamber, along with a slight adjustment
of the outlet chamber’s inclination angle. This minor adjustment led to a slight increase in
pressure drop and an increase in vortices within the valve chamber, consequently reduc-

ing flow stability. This indicates that this scheme performs poorly in balancing pressure
drop and flow stability.

(© (d)
m/s —— i n/s
4 """" > 12 &7 : ¢ NN(( 12
4 TR \ 10 _ = o _fj1o
/[ &) =
@) 77— || s // 8
N =, i 3
,/—," \ 6 4 N 6
N S = ==
= ——— 4 — 4
> 2
(e) ()

Figure 9. Velocity streamlines in the valve flow channel. (a) Case 1; (b) Case 2; (c) Case 3; (d) Case
4; (e) Case 5; (f) Case 6.

To further clarify the mechanisms of drag reduction in depth, Figure 10 compares the
pressure fields across six redesigned valve cavities. Case 1 exhibits steep pressure gradi-
ents in the inlet bend and outlet regions, indicating high local resistance and imminent
flow separation. Case 2 further elevates pressure loss and degrades uniformity, as an ex-
panded high-pressure zone near the outlet cavity intensifies backflow and vorticity. Case
3 reshapes the flow path to slash pressure loss and homogenize the distribution, yet a low-
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pressure pocket on the right side of the valve cavity approaches atmospheric pressure,
suggesting potential for cavitation inception if local conditions degrade. Cavitation as-
sessment in this study is based on static pressure fields only. Full cavitation modeling
(two-phase flow, bubble dynamics) was not performed, as the primary design criterion
(pressure drop < 0.08 MPa) is satisfied with adequate margin in all cases. Building on this,
case 4 again reduces pressure loss and suppresses high-pressure regions, but the enlarged
low-pressure domain keeps the cavitation threat alive. Case 5 achieves the smoothest pres-
sure profile to date, with the lowest loss; only an extreme point in the outlet cavity retains
a slight cavitation potential, making it the optimal choice for minimizing energy dissipa-
tion. Case 6, by contrast, shows the low-pressure zone expanding and gradients steepen-
ing, compromising stability and cavitation suppression; although its pressure loss re-
mains acceptable, it fails to continue the advantages of case 5. In summary, case 5 delivers
the best design, combining minimal pressure loss with the most uniform pressure distri-
bution while maintaining flow stability.

(a) (b)
MPa

1.12

(0) (d)
a MPa
1.21

1.19
1.17
1.15

1.11 1.11
(e) ()

Figure 10. Pressure contour in the valve flow channel. (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4;
(e) Case 5; (f) Case 6.

Figure 11 shows the turbulent kinetic energy distribution in the valve channel for six
different modification schemes under the same boundary conditions, revealing the turbu-
lence intensity of each case and its impact on flow stability. The turbulent kinetic energy
distribution in case 1 shows higher turbulence intensity in the inlet curved region and
near the outlet cavity, indicating significant energy losses in these areas. Furthermore, tur-
bulence disturbances are intensified, easily leading to local flow separation and vortices,
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which decrease flow stability and exacerbate the complexity of the flow field. Case 2 is
similar to case 1, but the turbulence intensity in the outlet cavity further increases, espe-
cially in the recirculation zone. The elevated turbulent kinetic energy in this region signi-
fies increased energy losses and more chaotic local flow, further weakening flow stability.
This turbulence diffusion can lead to more complex flow structures and higher pressure
drops. In case 3, the turbulent kinetic energy on the right side of the valve cavity is lower,
indicating that the flow in this region tends to be stable with less energy loss. However,
the turbulent kinetic energy in the outlet recirculation zone remains high, showing that
strong local turbulence still exists in this area. Although overall flow stability has im-
proved, local energy losses and turbulence disturbances are still evident. Case 4 is rela-
tively uniform, with fewer high turbulent kinetic energy regions compared to case 3. This
suggests that the optimized design has effectively reduced turbulence intensity and im-
proved the overall flow field stability. Although turbulence within the valve cavity is rel-
atively dispersed, the turbulent kinetic energy near the outlet cavity remains concen-
trated, and the issue of local energy loss still requires attention. In case 5, the turbulent
kinetic energy distribution is further improved, with reduced concentration in high tur-
bulent kinetic energy regions, leading to a significant enhancement in overall flow stabil-
ity. While the turbulent kinetic energy in local turbulent regions remains high, the overall
energy loss is reduced compared to the preceding schemes, making the flow channel
structure more efficient. Case 6 is similar to case 5, but the turbulent regions are slightly
expanded, particularly the turbulence intensity in the outlet cavity has increased. This
increase in turbulent kinetic energy indicates a slight decrease in flow stability and poten-
tially increased energy losses. Therefore, the overall flow characteristics of Seheme Case 6
are inferior to those of Case 5.
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5 5
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Figure 11. Turbulent kinetic energy contours in the valve flow channel. (a) Case 1; (b) Case 2; (c)
Case 3; (d) Case 4; (e) Case 5; (f) Case 6.

Although flow stabilization in Case 5 is indicated by reduced vorticity concentration
and more uniform streamline patterns (Figures 9-11), quantitative stability metrics, such
as sectional loss coefficients and coherent structure identification, are recommended for
future work to provide formal engineering proof of stability improvement [22,23].

The reported optimal parameters are nominal design targets. Sensitivity analysis in-
dicates that +5% geometric variations result in <5% pressure drop change, providing ade-
quate margin against manufacturing tolerances. Surface roughness typical of cast steel
construction increases AP by <3%, remaining within the 0.08 MPa criterion.

6. Conclusions

Fabricating numerous non-pressurized deluge alarm valve cavities under a multi-
factor structural variation and relying on extensive experimental comparisons would un-
duly prolong the R&D cycle and generate prohibitive tooling costs. Instead, this study
combines targeted experiments with CFD to dissect the internal flow of non-pressurized
deluge valves and to optimize the flow channel geometry for drag reduction. The devel-
oped CFD model agrees with measured data within +10%, confirming its reliability. Set-
ting an inlet-to-outlet pressure drop below 0.08 MPa as the design criterion, the investiga-
tion identifies the optimal configuration as a curvature radius of 0.165 m, a seat thickness
of 0.0065 m, an outlet-chamber length of 0.15 m and an outlet-chamber inclination of 30°,
at which the pressure drop is reduced from 0.095 MPa to 0.050 MPa. The optimum is val-
idated at the rated condition (1.5 MPa, 5300 L/min, 25 °C). While preliminary CFD sug-
gests robustness to pressure variations (1.0-2.0 MPa), full experimental validation across
temperature and extended pressure ranges is ongoing future work.

Beyond the practical engineering outcomes, we demonstrate a systematic approach
combining validated CFD modeling with targeted experimental verification to solve in-
verse design problems in valve flow channels. Unlike previous studies that treated valve
optimization as single-parameter sensitivity analysis, our work establishes a multi-factor
coupling methodology that identifies parameter interactions (e.g., the synergistic effect
between curvature radius and outlet chamber length) that would be inaccessible through
conventional one-factor-at-a-time approaches. This framework is transferable to other
valve types where geometric constraints conflict with hydraulic performance require-
ments.
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