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Abstract
This extensive study is carried out to minimize the pressure drop of a relief valve featuring quick-releasing coupling used in
radar systems. The 3D two-phase computational fluid dynamic (CFD) study is verified with the experiments, and Taguchi’s
orthogonal method is implemented for pressure drop optimization. Realizable k–ε turbulence model with enhanced wall
treatment and the Schnerr and Sauer cavitation model are enforced within the numerical study. Four angles—the collet angle,
the inlet angle, the plug angle, and the outlet angle—are considered at five levels of variation for the orthogonal optimization
process. According to the statistical analysis, two more designs are suggested, and one of them resulted in further improved
pressure drop performance.Moreover, the cavitation behavior of the proposed design is comparedwith the base design through
water vapor volume fractions. While the water vapor volume fraction of the base design is 0.0045, no vapor formation is
observed in the optimized designs at 20 l/min. The results of the proposed design are also validated by the experiments. The
outcomes of the study showed that the inlet angle has a significant effect on the pressure drop phenomenon.
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List of symbols

Gk Turbulence kinetic energy generation by velocity gra-
dients

Gb Turbulence kinetic energy generation by buoyancy
k Turbulence kinetic energy
Mt Turbulent Mach number
Rb Bubble radius
S Modulus of the mean rate of strain tensor
Sij Mean strain rate
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U Uncertainty percentage
YM Dilatant dissipation
α Outlet angle
αv Vapor volume fraction
β Inlet angle
γ Plug angle
ε Dissipation rate of turbulence kinetic energy
η Effectiveness term
μ Fluid viscosity
μt Turbulent viscosity
ν Kinematic viscosity
σ Surface tension of bubble
ρ Fluid density
ρl Liquid density
ρv Vapor density
σk Turbulent Prandtl number for turbulence kinetic
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energy dissipation rate
ω Measurement uncertainty
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Abbreviations

CFD Computational fluid dynamics
MSD Mean squared deviation
RNG Renormalization group
S/N Signal-to-noise ratio

1 Introduction

Quick couplings are widely used elements for sustaining
rapid connection of lines for any fluid flow. Besides, they
can operate as a relief valve when disconnected, if desired.
Even though the dynamic behavior of the relief valves has
been fairly investigated [1–7], studies related to the quick-
releasing couplings are limited.

The quick-releasing couplings are commonly used in the
cooling circuits of radar systems. They are preferred due to
their ease of connecting and disconnecting properties during
maintenance of the serpentine coil in the cooling system.
Owing to the fact that the refrigerant passing through the
cooling cycle expands during this maintenance period, it is
also desired to operate as a relief valve and discharge the
required amount of fluid to avoid damage.

Since the connection of the cooling cycle equipment is
provided with quick couplings, their pressure drop charac-
teristics come into prominence to minimize local losses and
reduce energy consumption.

Gharebaghi et al. [8] performed numerical simulations
on a quick coupling used for irrigation to decrease its head
loss. Afterward, they carried out a design study by consid-
ering various valve components like the dimple head, valve
seat, valve seal, and gripping elements. Furthermore, they
compared the results of the various k–ε-based turbulence
models with the experimental data, showing that the standard
k–ε turbulence model results were the best-fitted data with
the experiments. According to the results of the parametric
study, they proposed a new design and achieved remark-
able progress through a head drop. Therefore, they achieved
the design of a new quick coupling with a lower head drop
using CFD techniques. Finesso and Rundo [9] investigated
the flow characteristics of a pressure relief valve and devel-
oped a dynamic model that predicts the flow behavior with
respect to poppet geometry. The investigation covers the
effects of spring setting, poppet cone angle, deflector geom-
etry, and distance from the poppet. A 3D numerical study
with a dynamic mesh model is validated with the experi-
ments. Finally, they performed a lumped parameter analysis
for the model and claimed that the model was also valid
under transient flow conditions. It was found that deflector
depth significantly affected the compensation of flow force,

unlike deflector distance and cone angle. So, the dynamic
behavior modeling of a quick coupling is accomplished. Kim
and Kim [10] optimized a pressure relief valve under cavi-
tation conditions, considering its geometrical features and
operating characteristics. Accordingly, they executed tran-
sient flow analysis and implemented a genetic algorithm for
single- and multi-objective optimization. The three objective
functions were utilized to minimize pressure fluctuations,
surge damages, and cavitation, respectively. Finally, they pre-
sented the flow and cavitation variables using time series as
a result of the genetic algorithm study. It is stated that the
results of the multi-objective hydraulic structure optimiza-
tion study provided better cavitation control compared to the
single-objective one. Through this study, they utilized arti-
ficial intelligence methods for the optimization process. Wu
et al. [11] proposed a new design for a conventional hydraulic
coupling system with a pressure relief module and achieved
lower resistance due to the fluid pressure. Accordingly, they
mentioned that the new design can compensate for higher
instantaneous pressure values with a lower opening force.
Also, they have slightly enhanced the pressure drop value of
the coupling system despite its relatively complicated struc-
ture. The design procedure is based on 3D numerical studies
and a dynamicmesh approach.As a result, better efficiency in
hydraulic power transfer is sustained with effortless mount-
ing. Accordingly, they enforced dynamic mesh modeling to
procure time-dependent characteristics of the system. Sel-
vam and Logonatham [12] carried out the structural design
of a quick coupling and derived the relations for its pressure
drop. However, they must still conduct a study to improve
pressure drop performance. It is mentioned that a 20% per-
formance enhancement is achieved with the new design. Qin
et al. [13] executed a numerical study on relief valves featur-
ing quick-releasing couplings and focused on their structural
analysis rather than investigating the flow behavior. Accord-
ing to the fluid–structure interaction-based approach, they
compared the deformation, stress, strain, and safety factor
values of two different designs.

The studies on relief valves are focused on numerical
simulations, either to model their dynamic behavior or to
propose a new design for better performance. Scuro et al.
[14] performed numerical simulations of a safety relief valve
under varying inlet pressure and opening position conditions.
They presented the flow variables like pressure, velocity,
and discharge coefficient of the valve, considering the com-
pressibility effects. Ultimately, they reported that the valve
met the required safety requirements. Accordingly, the effect
of inlet pressure on the valve’s operation is investigated
numerically. Song et al. [15] conducted dynamic modeling
of a safety relief valve and carried out transient CFD sim-
ulations with the moving grid technique to understand the
valve behavior under opening and closing conditions. Fur-
thermore, they integrated a pressure vessel at the inlet instead

123



Arabian Journal for Science and Engineering

of defining a constant inlet pressure boundary condition for a
relatively realistic simulation. Also, they presented the valve
lift and disk forces throughout the valve operation period.
They depicted that their proposedmodel helps understand the
valve’s characteristics even if mounted to the line. Thus, the
dynamic behavior of the relief valves is studiedwith dynamic
meshmodeling. He et al. [16] investigated the cavitating flow
in a relief valve, which operates with oil under varying tem-
peratures, both numerically and experimentally. It is stated
that the flow rate is indirectly proportional to the temperature
because an increase in temperature results in a decline in the
oil viscosity. The Schnerr–Sauer cavitationmodel is enforced
within the numerical study, and the effect of temperature on
thermo-physical properties and cavitation intensity is dis-
cussed. It is stated that a positive correlation of temperature
with velocity and cavitation intensity is secured. Conse-
quently, this study investigates the effect of temperature on
the cavitation phenomenon in relief valves. Wu et al. [17]
studied a pilot-operated relief valve and realized structural
optimization for noise degradation. The simulations are per-
formed with standard-, RNG-, and realizable k–ε turbulence
models together with the Zwart–Gerber–Belamri cavitation
model, and vapor volume fractions and total vapor amounts
are presented to understand the cavitation phenomenon bet-
ter.Near-wall treatment is performedwithin the study, and the
effects of various geometrical parameters like annular groove
structure, outlet piston position, and spool cone angle are
examined. The valve port significantly affects the cavitation
and is pretty reduced with the proposed design. In this way,
CFD methods are executed to reduce the noise of a relief
valve. Zhang et al. [18] accomplished a design study of a
safety relief valve with the help of a CFD technique based on
the response surfacemethod and validated the resultswith the
experiments. The geometrical properties were used as inputs
for the response surface method. As a result, they proposed
a model that depicts the relationship between blowdown and
valve geometry with less than 1% relative error. Further-
more, they could decrease the valve’s blowdown to 5.5%
from 18.13%. As a result, a regression-based optimization
method is enforced to estimate the blowdown characteris-
tics of a relief valve. Desai et al. [19] put through a finite
element analysis of a relief valve and investigated its struc-
tural strength rather than the fluid flow. Consequently, they
proposed a new design for better reliability under higher tem-
perature and pressure applications.

In this paper, pressure drop optimization of a relief valve
featuring quick coupling is conducted. For this purpose, a
3D two-phase computational fluid dynamic (CFD) study of
the quick coupling is handled. After validating the numerical
results with the experiments, an orthogonal table is designed
considering four variables: the collet angle, the inlet angle,
the plug angle, and the outlet angle for Taguchi optimiza-
tion. Thereafter, an analysis of variance study is performed to

determine the effect ofmentionedparameters on the objective
function. The results of the statistical analysis study showed
that the inlet angle has a crucial impact on the pressure drop.
Furthermore, the cavitation characteristics of the valves are
presented to provide a better understanding of the pressure
drop phenomenon. As a result, a significant enhancement
in pressure drop was achieved with the optimization study.
This study is novel because no studies exist on pressure drop
optimization and cavitation behavior investigation of relief
valves featuring quick couplings. Furthermore, in addition to
the pressure drop enhancement, the cavitation phenomenon
in quick couplings is deeply investigatedwith two-phase flow
simulations.According to the results of the numerical study, a
new design is proposed, and the performance characteristics
of the new design are also verified through experiments. Fur-
thermore, cavitation characteristics of the base and optimized
designs are compared through water vapor volume fractions,
which are procured through a two-phase CFD investigation.

2 Numerical Method and Validation

The study initiates with a numerical simulation of the quick-
releasing coupling. For this purpose, 3D CFD calculations
with a finite volumemethod approach are carried out to inves-
tigate the valve characteristics for varying mass flow rates.
Conservation equations are discretized using second-order
finite differences. The pressure drop of the valve is calcu-
lated using numerical data obtained from CFD simulations.
It is evident that the results of the numerical simulations
agree with the experimental data. After validation, various
numerical simulations are performed at the nominal flow
rate according to the orthogonal table obtained using the
Taguchi method. Finally, a new valve design is proposed
that minimizes the pressure drop after a statistical analysis.
Furthermore, two-phase CFD simulations are carried out to
monitor the water vapor volume fractions of the base and the
proposed design.

2.1 Generation and Independency of Mesh

Unstructured mesh elements are commonly used in skewed
flow domains [8, 9, 11, 14, 16, 17, 20]. Accordingly, tetra-
hedral grid elements are adopted within the computational
domain. Since vaporization is possible during fluid flow,
capturing relatively high gradients is beneficial along the
coupling walls. Accordingly, the enhanced wall treatment
approach is implemented. The computational domain and
the details of the mesh are shown in Fig. 1.

The second step of the grid generation study comprises
determining the appropriate mesh size and grid refinement.
It is obvious that more accurate results would be achieved
with a finer grid size; however, this will result in a higher
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Fig. 1 a Computational domain
of the quick coupling, b mesh
generation on the quick coupling,
and c grid details on the
sharp-edged upstream

Table 1 Grid independence study
Grid
scheme

Element size [mm] Total number of elements Pressure drop [Pa] Variation
[%]

Coarse 0.150 12,2 Million 22,643 2.7%

Medium 0.125 21,3 Million 23,280 –

Fine 0.100 43,6 Million 23,343 0.27%

CPU capacity and computational time requirement. Accord-
ingly, a fine grid with a reasonable numerical error will be
determined. Due to these reasons, a grid independence study
with coarse, medium, and fine grid schemes is implemented
in the computation domain within the study. Numerical sim-
ulations are performed under the same conditions, and the
output of the objective function, which is the pressure drop
value of the quick coupling at 6 l/min flow rate, is compared.
The results of the grid independence study are tabulated in
Table 1.

It is depicted that there is a 2.7% variation in the pressure
drop value of the valve when the medium mesh scheme with
21.3 million elements is switched to the coarse mesh scheme
with 12.2 million elements. Since this variation is remark-
able, a new computational study was performed with a finer
grid of 43.6 million elements. In this case, even though the
total number of elements exceeds its double, only 0.27%vari-
ation in head drop is observed. Therefore, grid independence
in the computational domain is assumed to be achieved with
the medium mesh scheme. All in all, the numerical simula-
tions are accomplishedwith themedium-sizedmesh scheme.

2.2 Modeling of Turbulence and Cavitation

Even though the standard k–ε turbulence model is robust
and gives reasonably accurate results for a wide range of
flows, it is claimed that the realizable k–ε turbulence model

provides better prediction of wall-bounded flows like chan-
nel flows [21]. Furthermore, it performs well for averaging
flow fields [22]. The realizable k-epsilon turbulence model
with enhanced wall treatment for the ε equation is enforced
within the study. Solving the viscous sublayer is helpful,
unlike executing a semi-empirical approximation with wall
functions. The transport equations for the realizable k–ε tur-
bulence model are introduced below [23].

(1)
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(2)

Here, k and ε describe turbulence kinetic energy and the
modified version of its dissipation rate, respectively. The tur-
bulence dissipation rate equation is modified considering the
fluctuation of the vorticity term in Realizable k-ε turbulence
model. Furthermore, the details and definitions of the model
constants are shown below:

C1 � max

[
0.43,

η

η + 5

]
(3)
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η � S
k

ε
(4)

S � √
2Si j Si j (5)

Gk and Gb are mean velocity gradient-caused and
buoyancy-caused turbulence kinetic energy terms, respec-
tively. YM is dilatant dissipation and is defined by means of
turbulent Mach number (Mt) as:

YM � 2ρεM2
t (6)

Sk and Sε are source terms. σ k and σε are turbulent Prandtl
numbers fork and ε and equal to 1 and 1.2, individually. C1ε

andC2 are model constants equal to 1.44 and 1.9, separately.
Mesh refinement is performed, and fine grids are adopted

within the computational domain to satisfy the near-wall
treatment requirements. One of the primary purposes of the
study is to compare the cavitation behavior of the proposed
quick couplingwith the base design, so cavitationmodeling is
also provided during the numerical study. Hence, the Schnerr
and Sauer cavitation model [24] is implemented based on the
Rayleigh–Plesset equation [25]. The generalized Rayleigh—
Plesset equation is introduced as follows:

Rb
d2Rb

dt2
+
3

2

(
dRb

dt

)2

�
(
Pb − P

ρl

)
− 4νl

Rb

dRb

dt
− 2σ

ρl Rb

(7)

Rb represents the cavitation bubble radius.Pb andP are the
pressures of the bubble surface and the far field, respectively.
ρl and νl depict the liquid’s density and kinematic viscosity
separately. σ defines the liquid surface tension coefficient.
The governing equation of the Schnerr and Sauer cavitation
model is introduced below [24]:

∂

∂t
(αvρv) + ∇ ·

(
αvρv

�V
)

� ρvρl

ρ

dαv

dt
(8)

The mass transfer rate, R, is a source term used to model
the phase change.

R � ρvρl

ρ
αv(1 − αv)

3

Rb

√
2

3

(Pv − P)

ρl
(9)

Additionally, the cavitation bubble radius,Rb, is described
with the following equation:

Rb �
(

αv

1 − αv

3

4π

1

n

)1/3
(10)

The variable α in the mass transfer rate and cavitation
bubble radius equations indicates the vapor volume fraction

Fig. 2 Boundary conditions

and is characterized as a function of the number of cavitation
bubbles and volume ratio.

αv � nb
4
3πR3

b

1 + nb
4
3πR3

b

(11)

2.3 Boundary Conditions

Mass flow inlet and outflow boundary conditions are adopted
upstream and downstream of the flow. With the alteration of
the inlet mass flow rate, varying pressure drops are obtained
to secure the pressure drop characteristics of the valves. On
the other hand, since no flow data are available downstream,
an outflow boundary condition is applied at the outlet of the
computational domain. The boundary conditions enforced
are demonstrated in Fig. 2. The mass flow rate is investigated
within the range of 0.067–0.333 kg/s, corresponding to a 4
to 20 l/min volume flow rate.

2.4 Experimental Validation

The pressure drop testing equipment, which consists of two
pressure transmitters located upstream and downstream of
the tested component, a flowmeter, a ball valve, a centrifu-
gal pump, and a water tank, is used to obtain the pressure
drop characteristic of the quick coupling. The circulation of
the water is achieved using a centrifugal pump. Flow rate
variation is managed with the ball valve, and its values are
measured with the flowmeter. The location of the manome-
ters is specified according to the ISO 18869:2017 standards,
which specify the testing methods for quick couplings. The
illustration of the experimental setup and one of the pressure
drop measurements are depicted in Fig. 3.

Even though the required flow rate is 6 l/min in the
mentioned radar system operation’s cooling cycle, the quick-
releasing coupling can operate at higher flow rates. There-
fore, the experimental validation of the base study is per-
formed at 4 to 20 l/min in the flow rate range. The measuring
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Fig. 3 a The scheme of the experimental setup and b pressure drop measurements

range of the manometers is -1 to 30 bars, and the maximum
measurement error is 0.5% of the measured value at 0 to
50 °C in the operating temperature spectrum. The measure-
ment range for the flowmeter is 0.1 to 25 l/min within the
-10 and 70 °C temperature ranges. Its maximum allowable
pressure range is 17.7 bars.

For the base design, the numerical pressure drop charac-
teristics are validated with the experiments, and the results
are depicted in Fig. 4.

3 Taguchi Optimization

It is possible to determine the best-fitted design of the quick
coupling with the highest signal-to-noise ratios (S/N’s) of
each parameter using the Taguchi method. S/N is defined as
the ratio of the signal power to the noise power and refers to
the input-to-output relation [26]. Furthermore, the Taguchi
method provides fast and robust statistical quality control
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Fig. 4 Validation of the base design

[27]. Parameter selection, the design of experiments con-
cerning the determined parameters and their variations, and
variance analysis with the data obtained from the design of
the experiment study comprise the different stages of the
Taguchi optimization study.

3.1 Selection of Parameters

It is apparent that the flow passes through a narrow and sharp-
edged channel inside the quick coupling. Accordingly, four
angles have been considered thatmay have a significant influ-
ence on the pressure drop of the valve: the collet angle (Φ),
the inlet angle (β), the plug angle (γ ), and the outlet angle
(α). Although the inlet and collet angles may have the same
values for design and manufacturing simplicity as do the
outlet and plug angles, they may have different angle values
compared individually to each other, either. The layout of
the mentioned angles on the quick coupling is presented in
Figure 5.

3.2 Design of Experiment and Orthogonal Arrays

The most important advantages of the Taguchi method
are its robustness and ease of implementation due to the
remarkable decrease in the number of experiments. In this
respect, five-level variations of the four factors are consid-
ered. Accordingly, the number of experiments is reduced to
25 from 54 � 625 using the L25 orthogonal array. The col-
let angle, the inlet angle, the plug angle, and the outlet angle
values of the base design were 12°, 15°, 30°, and 30°, respec-
tively. Therefore, the collet angle and the inlet angle values
are investigated considering 1.5° level steps within the range
of 9–15° and 12–18°, respectively. In a similar manner, both
the plug angle and the outlet angle are studied with 3°-level
steps from 24° to 36°. The L25 orthogonal table with four

parameters and five levels is presented in Table 2. The num-
bers from 1 to 5 represent each parameter’s first to fifth levels
in ascending order.

After obtaining the results of the L25 orthogonal array, a
statistical analysis will be executed to determine every single
angle value that will result in the minimum pressure drop for
the quick-releasing coupling.

3.3 Statistical Analysis

A variance analysis study is enforced with the results of the
orthogonal table to develop the best design. Taguchi opti-
mization is based on the signal-to-noise ratio, which is the
ratio of the desirable value to the undesirable one of the
objective functions [28]. S/N is a logarithmic function that
calculates the deviation from the objective function and is
defined as [29]:

S

N
� −10 log(MSD) (12)

MSD � y21 + y22 + ... + y2n
n

(13)

Three types of S/N exist according to the problem’s
physics: smaller is better, larger is better, and nominal is
better. Since the current study aims to minimize the pres-
sure drop of the valve, the smaller is better model is selected.
After that, variance analysis will provide the importance of
the parameters.

4 Results and Discussion

Concerning its four basic angles with five levels of vari-
ation each, the current study comprises the pressure drop
minimization of a quick-releasing coupling. Subsequently, a
statistical analysis study is conducted to measure the effect
of the collet angle, the inlet angle, the plug angle, and the
outlet angle on pressure drop. In addition to the L25 orthog-
onal table, two more designs are suggested according to the
results of the variance analysis. Accordingly, a significant
enhancement in the pressure drop characteristic of the quick
coupling is achieved compared to the base design. Further-
more, with water vapor fractions acquired with two-phase
CFD simulations, the cavitation behavior of the base design
is compared with the proposed one. The numerical results of
the proposed design are also verified with the experiments.

4.1 Results of the Orthogonal Design and Analysis
of Variance

It is stated that 25 different designs are performed consid-
ering five-level variations of four factors predicated on the
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Fig. 5 The arrangement of the parameters on quick coupling geometry

Table 2 L25 orthogonal table
Number of experiments P1 P2 P3 P4

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 1 4 4 4

5 1 5 5 5

6 2 1 2 3

7 2 2 3 4

8 2 3 4 5

9 2 4 5 1

10 2 5 1 2

11 3 1 3 5

12 3 2 4 1

13 3 3 5 2

14 3 4 1 3

15 3 5 2 4

16 4 1 4 2

17 4 2 5 3

18 4 3 1 4

19 4 4 2 5

20 4 5 3 1

21 5 1 5 4

22 5 2 1 5

23 5 3 2 1

24 5 4 3 2

25 5 5 4 3

L25 orthogonal table. Accordingly, 3D two-phase numerical
simulations are performed, and pressure drop values for each
design are obtained. Table 3 presents the results of the CFD
study.

Table 3 indicates that design 18 resulted in the lowest pres-
sure drop among the 25 designs, with 23,041 Pa. Also, it is
seen that the pressure drop value can reach up to 161,280 Pa
among 25 designs in the L25 orthogonal table. The opti-
mization study will proceed with the variance analysis study
to designate the values of the four factors for the minimum
pressure drop.

Signal-to-noise ratios will determine the best value for
each of the four factors within the specified levels to achieve

the minimum pressure drop for quick coupling. For this
purpose, a "smaller is better" type of S/N approach is imple-
mented. The results of the statistical analysis are presented
in Fig. 6.

The mean of the signal-to-noise ratio’s graph presents the
highest S/Ns of each parameter among all levels. Figure 6
shows that the S/N at the inlet angle is significant, and at 15°,
the highest signal-to-noise ratio is achieved. On the other
hand, the S/N’s in the collet angle, the plug angle, and the
outlet angle are very close to each other within all levels.
Accordingly, focusing on the numerical values of the S/N’s is
beneficial. Table 4 depicts the numerical values of the signal-
to-noise ratios for each level of the parameters.
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Table 3 Parameters and results
of the objective function for rated
flow rate

Number of designs φ (°) β (°) γ (°) α (°) dP (Pa)

1 9 12 24 24 161,280

2 9 13,5 27 27 160,445

3 9 15 30 30 23,029

4 9 16,5 33 33 23,056

5 9 18 36 36 23,732

6 10,5 12 27 30 161,142

7 10,5 13,5 30 33 160,001

8 10,5 15 33 36 23,365

9 10,5 16,5 36 24 24,775

10 10,5 18 24 27 23,481

11 12 12 30 36 161,185

12 12 13,5 33 24 160,700

13 12 15 36 27 23,766

14 12 16,5 24 30 23,359

15 12 18 27 33 23,633

16 13,5 12 33 27 160,525

17 13,5 13,5 36 30 160,840

18 13,5 15 24 33 23,041

19 13,5 16,5 27 36 23,564

20 13,5 18 30 24 23,954

21 15 12 36 33 160,756

22 15 13,5 24 36 161,227

23 15 15 27 24 23,562

24 15 16,5 30 27 23,599

25 15 18 33 30 23,735

Table 4 shows that the highest signal-to-noise ratios are
observed at the first level of the collet angle, the third level
of the inlet angle, and the fourth level of the outlet angle,
respectively. However, the highest S/N for the plug angle is
obtained at its first and fourth levels. Therefore, two more
designs are prepared for CFD studies in addition to the L25
orthogonal table. Design 26 is comprises the first level of the
collet angle, the third level of the inlet angle, the first level
of the plug angle, and the fourth level of the outlet angle,
respectively. Similarly, design 27 is built with the first level
of the collet angle, the third level of the inlet angle, the fourth
level of the plug angle, and the fourth level of the outlet angle,
respectively. In other words, design 27 differs from its plug
angle value only from Dedign 26. After that, designs 26 and
27 are subjected to the same numerical procedure imple-
mented for the designs in the L25 orthogonal table, and their
drop values are calculated. Table 5 provides a comparative
evaluation of the new designs proposed after the statistical
analysis, and the best design in the L25 orthogonal table and
the base design.

The table above presents the values of the parameters that
constitute the best design in the L25 orthogonal table, two
proposed designs after an analysis of variance study, and
the base design. It is depicted that there is a remarkable
decrease in the pressure drop with the design acquired in
the Taguchi optimization study (Design 18). In addition, fur-
ther enhancement in pressure drop is noticed with one of the
designs (Design 27) suggested from the statistical analysis
study with the data from the L25 orthogonal table. Conse-
quently, design 27 was recommended as the best design after
the Taguchi optimization study, and it was manufactured to
validate the numerical results.

4.2 Cavitation Behavior Comparison of the Designs

In this section, the cavitation behaviors of the base and opti-
mized designs are examined for a better understanding of the
pressure drop phenomenon and to visualize the enhancement
in the pressure drop of the optimized geometry. Even though
the CFD-based design optimization of quick couplings and
relief valves exists, their two-phase flow behavior has yet to
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Fig. 6 Results of the signal-to-noise ratios for smaller are better approach

Table 4 Values of the
signal-to-noise ratios for
parameters

Smaller is better

Level φ (°) β (°) γ (°) α (°)

1 −94,05 −104,14 −94,07 −94,24

2 −94,18 −104,12 −94,12 −94,12

3 −94,13 −87,37 −94,10 −94,08

4 −94,10 −87,48 −94,07 −94,04

5 −94,14 −87,50 −94,23 −94,12

Delta 0,13 16,77 0,16 0,20

Rank 4 1 3 2

Table 5 Pressure drop of the
proposed designs with the base
design

φ (°) β (°) γ (°) α (°) dP (Pa)

Base Design 12 15 30 30 23,280

Design 18 13,5 15 24 33 23,041

Design 26 9 15 33 33 23,043

Design 27 9 15 24 33 22,781
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Fig. 7 Water vapor volume
fractions for a base design at
14 l/min, b base design at
20 l/min, and c optimized design
at 20 l/min
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Fig. 8 Validation of the optimized design

be investigated. In this regard, two-phase CFD simulations
are accomplished on the base and optimized geometries for
varying flow rate conditions. The results of the present work
are depicted through water vapor volume fractions along the
radial cross-section of the fluid flow. The results of the two-
phase study are presented in Fig. 7.

Thewater vapor formation at 6 l/min is quite limited, so the
results of the two-phase simulations for the mentioned flow
rate are not presented in Fig. 7.On the other hand,water vapor
development in the flow passage meets the eye at 14 l/min
for the base design, and it further accumulates at a flow rate
of 20 l/min. However, no water vapor formation is observed
even at a flow rate of 20 l/min for the optimized design.
This situation also clarifies the results of the pressure drop
study. Water vapor volume fractions are 6.5 × 10–7 and 4.5
× 10–3 for the base design at 14 l/min and 20 l/min flow rate
conditions, respectively. The pressure drop values at 20 l/min
flow rate conditions for the base and optimized designs are
239 and 95 kPa, respectively.

4.3 Validation of the Optimized Design

During the validation of the optimized design, a similar
testing procedure is implemented for the optimized quick
coupling as in the base design validation study. The experi-
ments are conducted under the same flow rate conditions for
a better evaluation. The comparison of the experimental and
numerical results for the optimized geometry is introduced
in Fig. 8.

4.4 Uncertainty Analysis of the Experimental
Studies

Calculating the uncertainty of the experimental studies is an
essential issue in estimating their propagation. During exper-
imental studies, the pressure drop of the quick couplings is

Fig. 9 Measurement uncertainty of the base and optimized designs

calculated using the inlet and outlet pressures of using two
pressure transmitters located upstream and downstream of
the flow. Thus, inlet and outlet pressures are the independent
variables for the pressure drop. From this aspect, the mea-
surement uncertainty, ωR, is expressed with the following
formulation [30]:

ωR �
[(

∂�P

∂P1
ωP1

)2

+

(
∂�P

∂P2
ωP2

)2
]1/2

(14)

where ωP1 and ωP2 are the uncertainties of inlet and outlet
pressure measurements, respectively. The pressure drop is
defined employing inlet and outlet pressures as:

�P � P2 − P1 (15)

On the occasion of using identical manometers at the inlet
and outlet, Eq. 14 can be simplified to:

ωR �
√
P2
1 + P2

2 · (%U ) (16)

Here,U represents the uncertainty percentage in the pres-
sure measurements. The measurements are executed with
manometers with 0.5% uncertainty. The total measurement
uncertainties of the base and optimized designs are depicted
in Fig. 9 for varying flow rates. The results show that themax-
imum uncertainty value is around 2 kPa for the base design
at the highest flow rate and further less for the optimized one.

5 Conclusions

In this study, pressure drop optimization of a relief valve fea-
turing quick-releasing coupling is carried out in to decrease
the power requirement in the cooling cycle of the radar
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systems. This study should be considered novel due to the
implemented method and the further two-phase numerical
investigation of unique equipment. Additionally, the valida-
tion of the numerical study is achieved successfully for both
base and optimized models. The main findings of the study
are as follows:

a. Four main parameters, the collet angle, the inlet angle,
the plug angle, and the outlet angle, are specified as
the design parameters for the quick coupling, and the
inlet angle significantly affects the pressure drop phe-
nomenon.

b. The mesh structure and size influence numerical results,
so a grid refinement study with a near-wall treatment is
conducted, and the largest deviation in the experimen-
tal and numerical results of the pressure drop values is
obtained as 4.2%.

c. With the optimized geometry, an enhancement of 6.2%,
55.6%, and 60.2% is achieved in the pressure drop for
6 l/min, 14 l/min, and 20 l/min flow rate conditions,
respectively.

d. Two-phase CFD simulations show that up to 4% and
83% water vapor regions were observed locally for the
base design at 14 l/min and 20 l/min flow rate conditions,
respectively. However, no water vapor region is observed
for the optimized design, even at a flow rate of 20 l/min.

e. The total measurement uncertainties are less than 1 kPa
for operating conditions. Furthermore, the maximum
uncertainties are 2.06 and 1.40 kPa for the base and opti-
mized models, respectively.

f. More precise results could be obtained with decreasing
level steps and/or increasing levels. However, this situ-
ation will lead to a major increase in the computational
time requirement. Further improvement on the pressure
drop could be achieved by enforcing machine learning
methods.

g. This research would fill the gap in the deficiency of stud-
ies related to relief valves featuring quick couplings and
provide a basis for future studies.

Acknowledgements This study is conducted with the support of Turk-
ish Ministry of Industry and Technology (Grant No. 2022-706-15/5).
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