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ORIGINAL STUDY

Computational Fluid Dynamics Investigation of Flow
Through Pneumatic Control Valve

Wael Elmayyah

Department of Mechatronics, Military Technical College, Egyptian Ministry of Defense, Cairo, Egypt

Abstract

Low-cost on-off pneumatic directional control valves are widely used with digital control circuits to control the po-
sition or the speed of pneumatic actuators. These valves have a limited flow capacity that hinders the system fast
response. Therefore, deeper understanding of the internal air flow through the valve and its interaction with valve
geometry will allow further performance improvement according to the required application.
In this paper, a Computational Fluid Dynamics (CFD) model for a low-cost internal pilot, electrically operated

pneumatic 3/2 directional control valve has been developed to investigate the effect of the valve's geometry on the
valve's outlet flow rate. The flow behaviour and the critical flow areas have been discussed. The computational model
has been validated by comparing the predicted results by published experimental results in addition to results obtained
by an analytical simplified model. The results have shown that improving the valve geometry by rounding the sharp
edges of the valve at the critical flow areas would led to an increase of the valve's outlet mass flow rate. At the same inlet
pressure ranging from 2 to 12 bar, the mass flow rate increase was 79.1% at pressure 2 bar and 103.6% at 12 bar. This could
increase the pneumatic actuator response and enhance the accuracy of the position control in pneumatic circuits that uses
modified low-cost valves.

Keywords: Computational Fluid dynamics (CFD), Reynolds Averaged Navier Stocks (RANS), Control Valves, Internal
Flow, Pneumatics

1. Introduction

C omputational Fluid Dynamics (CFD) has been
used by many researchers to investigate

external and internal air flow (Draz et al., 2020;
Mostafa et al., 2020). Pneumatic directional control
valves have a complicated geometry to allow the
control valve function without air leakage (Beater,
2007) They are mainly used to control the direction
of air flow between different components of a
pneumatic circuit. Their complicated internal ge-
ometry results in internal resistance that throttles
the air flow, which is undesirable outcome. Direc-
tional control valves have flow characteristics that
defines the relationship between spool displace-
ment and mass flow rate under constant pressure
conditions. The valve displacement is the distance
travelled by the valve's spool or piston from its
normal position. One of the most critical areas in

any valve is the valve throat, which is the minimum
area between the valve plug or spool and the valve
seat or land through which air passes (Dempster
et al., 2006; Dempster and Elmayyah, 2013;
Elmayyah and Dempster, 2013). The air flow rate is
dependent on this area and is directly proportional
to it. However, if the flow is choked the mass flow
rate will be independent on the downstream con-
ditions. Therefore, for an ideal gas, its mass flow rate
could be calculated from the upstream pressure and
the throat area (Lenzing et al., 1998; Schmidt et al.,
2009). Understanding the flow behaviour and pre-
dicting this area will allow opportunities to valve
performance improvement according to the
required application. Many researches were carried
out to investigate the internal flow behaviour using
CFD; Said et al. (2020) has investigated a butterfly
valve to predict its flow coefficients. The CFD results
showed good agreement with the experimental
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results. On the other hand, Whitehead et al. (2007)
studied a pneumatic control valve to enhance its
performance by optimizing its geometry. The valve
geometry was improved by rounding edges and
removing dead spaces to increase the mass flow rate
at same upstream pressure with a negligible force
change on the spool. Davis and Stewart, 2002a,
2002b predicted a globe valve flow characteristics
using a simplified two-dimensional axisymmetric
CFD model and validated the computational model
experimentally. It was shown that, the CFD model
could accurately predict the characteristic of control
valves such as the discharge coefficient along a wide
range of the valve opening. Another study on globe
valve was carried out by Cho et al. (2007). The
pressure distribution on the valve moving element
was predicted using CFD and by solving the force
dynamic equation. The computational model results
agreed with the experimental results, and they
addressed the major area of force balance on the
valve moving element. To pave the way for further
development and engineering investigation, Qian
et al. (2014) used CFD to investigate a pilot control
globe valve. The authors investigated the pressure
drop through the valve, the utilization of energy and
its refection on the valve opening/closing and the
spring selection. The recommended work condi-
tions were proposed to exert optimum performance
and a prolonged service life. In a similar study of
optimization, CFD has been used to optimize a
diffuser by Djebedjian et al. (Djebedjian, 2021).
Yousry et al. (Youssry et al., 2016a, 2016b, 2020)
implemented a pneumatic position control system
using low-cost on-of pneumatic directional control
valve. The pneumatic parameters such as the air
mass flow rate, the upstream pressure and the
pneumatic actuator back pressure have been used to
regulate the actuator response to improve the sys-
tem accuracy. Experimental study to validate a

Simscape model has been carried out. The experi-
mental measurements has been used in the Sim-
scape model to calculate the mass flow rate and the
transient time to control the position of a pneumatic
actuator. All these studies and many others such as
(Yang et al., 2011; Peng et al., 2012; Schmidt and
Egan, 2009; Lisowski et al., 2013; Stewart et al., 2018)
proved that using CFD to predict the flow parame-
ters through pneumatic valves is effective and can
give significant accuracy.
This allows researchers and designers to improve

certain performance of valves according to the
required function and the conditions of the opera-
tion. The above mentioned researches give good
understanding of the internal incompressible flow.
However, only few researches investigated pneu-
matic valves, in addition that these studies didn't
give enough details on the effect of valve's geometry
on pneumatic valve performance. Therefore, using
the low-cost pneumatic valves in position control
needs more detailed investigation. This leads to
improve the valve design to match certain operation
requirements.
In this study, CFD is used to investigate the flow

through the valve. The pneumatic DCV has been
investigated in (Youssry et al., 2016b, 2020) theo-
retically and experimentally by solving the dynamic
equations using Simscape in Matlab (Azahar et al.,
2020). However, solving the dynamic equations is
limiting the understanding of the flow behaviour.
Therefore many researches such as (Dempster et al.,
2006; Elmayyah and Dempster, 2013; Schmidt et al.,
2009; Said et al., 2020; Greshniakov et al., 2018; Qi
et al., 2019) investigated flow through valves using
CFD. These researches proved that the RANS
equations with the k-e turbulence model can effec-
tively predict the supersonic compressible flow
through valves. The CFD model has been validated
by comparing the predicted CFD results with

Fig. 1. Pneumatic valve construction.
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Fig. 2. The discretised computational domain of Model A.

Fig. 3. The discretised computational domain of Model A at the symmetry plane.

Fig. 4. The Static Pressure Contours at inlet Pressure of 8 barg.
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experimental results carried out by Youssry et al.,
2016a, 2016b in addition to an analytical simplified
model. The critical flow area have been identified.
Modifications to the valve's geometry at the critical
flow areas has been carried out. This could lay the
foundations for further optimization of valves
design to meet the requirement of different appli-
cations at low-cost. The accuracy of the position

control in systems that use low-cost on-off valves,
could be increased by optimizing the valve design
(Mathworks, 2007; Wallace et al., 2004; Dempster
and Elmayyah, 2008).

1.1. Valve construction and operation

The pneumatic DCV used in this study is a nor-
mally closed (NC), three ports, and two position (3/
2) solenoid operated DCV with internal pilot. A
section in the 3D CAD model of the valve is shown
in Fig. 1. The solenoid plunger allows the pilot
signal stage; as it permits the compressed air to
move the valve spool. The spool returned to its
normal position by the act of a compression spring.
The actuating solenoid is electrically operated by a
supply voltage 24 dc Volt. The DCV is operated by
0.7 bar minimum to overcome the inertia of spool
and spring force and up to 10 bar maximum
pressure.

2. Methodolgy

2.1. Computational work

Air is modelled as ideal gas. RANS equations with
the two-equation k-e turbulence model has been
used. The model has been generated in ANSYS19
and Fluent is used to solve the equations. To allow
computational efficiencies a half 3D model has been
developed to represent the valve geometry. The
model is developed at the full opening of the spool
when the flow is directed to the piston side port. The
first used model ‘Model A’ is shown in Fig. 2, which
holds all the geometry from the valve inlet to the
valve outlet to the piston side port. ‘Model A’ has a
computational mesh of 487,714 tetrahedral cells.
High density mesh at the critical flow area between
the valve body and the spool lands has been
generated to capture the flow details. Fig. 3 shows
Model A mesh with the high dense mesh on Areas
1,2 and Area 3; Where Area 1 is the smallest flow
area between the spool and the valve body at the
outlet side; Area 2 is the smallest flow area between
the spool and the valve body at the inlet side; Area 3
is the flow area between the spool and the valve
body upstream of Area 1 and Area 2.
Fig. 4 shows the static pressure distribution at inlet

pressure of 8 barg. However, it could be noticed that
the large inlet and outlet chambers have these two
chambers and reduce the computational budget. For
more simplification, only Area 1 and Area 2 have the
dense mesh. The simplified computational Model
‘Model B‘ has a computational mesh of a total of
252,055 tetrahedral cells, shown in Fig. 5, distributed

Fig. 5. The discretised computational domain of Model B.

Fig. 6. The discretised computational domain of Model B at the sym-
metry plane.
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giving a high density mesh at the critical flow area
Area 1 and Area 2, shown in Fig. 6. A denser mesh of
354,781 tetrahedral cells has been used to examine the
grid independence, with no significant improvement
for the solution. The difference in air fow rate between
inlet and outlet was 0.000001 kg/s so the cell number
was kept about 252,055 in all cases. Fig. 7 shows the
predicted mass flow rate by Model A and Model B at
different inlet pressures. Therefore, Model B will be
used in the rest of the study.

2.1.1. Boundary conditions and solution
The proper setting of the boundary conditions is an

essential step to obtain accurate CFD results. The
boundary conditions are applied at the valve

entrance, valve outlet and valve walls. Valve walls
were defined as stationary walls. At the inlet
boundary, the stagnation pressure, static pressure
and stagnation temperature are applied; in addition
an initial value for the turbulence intensity and the
hydraulic diameter are introduced. Hence, an initial
air mass flow rate is determined at the inlet area then
is recalculated from the downstream conditions at
the choking plane. At the outlet boundary conditions
the static pressure and the stagnation temperature
are applied. However, the flow calculation 115 is in-
dependent of the outlet boundary condition if the
flow is choked. The discertization scheme used for
the continuity, momentum, energy, turbulent kinetic
and turbulent dissipation energy equations was

Fig. 7. Mass flow rate predicted by Model A and Model B.

Fig. 8. The predicted and measured Air flow rate.
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second order upwind for the convection terms and
second order central difference for the diffusion
terms. The convergence criterion was based on the
residual values of the calculated variables, i.e., mass,
velocity components, energy, turbulent kinetic en-
ergy and turbulent dissipation energy. The threshold
values were absolute with magnitudes of 1 � 10�3
for all variables, except for the energy equation
where it was 1� 10�6. The pressures range used was
2e12 barg.

2.2. Analytical simplified model

One of the traditional ways of calculating the mass
flow rate through orifices or valve's orifices is to use
the simplified models. Equation (1) shows a
simplified equations to describe the air flow through
the valve orifice. Air is considered as an ideal gas
passes through a sharp edge orifice with no heat
losses. Youssry et al. (2016a) uses Simscap in Matlab
to solve this model and predict the mass flow rate of
the valve. However, it is very challenging to predict
the real 3D annuls flow area (A) and the proper
discharge coefficient (Cd.A) due to the complexity of
the flow parameters and the uncertainty of the
critical flow area in particular in the case of choked
flow. The (Cd.A) value has been estimated from the
experimental work and used in the Simscape model.
Therefore, CFD can provide much more detailed
information on the flow behaviour through the
orifice and predict much more accurate mass flow
rate than the simplified model without the help of
the expensive and exhausting experimental work.
To validate the CFD model, a comparison between
the predicted mass flow rate by the CFD Model B
and the results of the experimental results provided
by (Youssry et al., 2016b) and the results of the
analytical simplified model of equation (1) is shown
in Fig. 8. The comparison shows good agreement
which gives more confidence in the CFD model. The
difference of the predicted mass flow rate is ranging
from 0.7% to 7.5%.

Fig. 9. Static Pressure Contours on the Symmetry Plan at inlet pressure 4
barg.

Fig. 10. Static Pressure Contours on the Symmetry Plan at inlet pressure 4 bar at Area 1 and Area 2.
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3. Results and discussion

CFD gives a good opportunity to investigate the
fow behaviour and the fow parameters distribution.
These investigations could give deeper understand-
ing of the critical parameters that could control the
valve for better performance. From the static pres-
sure and Mach number distribution through the
valve, the critical fow area can be predicted. The
valve outlet mass fow rate directly afects the actuator
speed and response. In this study, all results are
predicted at the full opening position as this valve is
only on-of valve. Fig. 9 presents the static pressure
distribution on the valve symmetry plane at inlet
pressure of 4 bar. The figure shows the static pres-
sure distribution from the inlet at 4 barg to the outlet
at 0 bar, while Fig. 10 shows the static pressure
contours on Area 1 and Area 2. The static pressure
value in the inlet chamber is nearly constant and
equals to the valves’ pressure inlet value. A pressure
build up takes place on the spool walls at Area 1. This

Fig. 11. Mach Number Contours on the Symmetry Plan at inlet pressure
4 bar at Area 1 and Area 2, Model B.
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Fig. 12. Mach Number Contours on the Symmetry Plan at inlet pressure 4 bar at Area 1 and Area 2, Model B.
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pressure increase is high risk of forming a higher
intense shockwave. The risk is higher in case of
higher inlet pressure and large actuator. The for-
mation of shockwaves in safety relief valves has been

investigated by (Elmayyah, 2013) and further in-
vestigations of the shockwave in this pneumatic DCV
will take place in a future study. Fig. 11 illustrate the
Mach number contours at inlet pressure of 4 bar. It

Fig. 13. Mach Number Contours on the Symmetry Plan at inlet pressure 4 bar at Area 1, Model B and Model C.

Fig. 14. Air Mass Flow at different inlet pressures.
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could be noticed that the flow is nearly static in the
inlet chamber and starts to accelerate at Area 1 and
Area 2. Fig. 12 shows the Mach number contours at
Area 1 and Area 2. If the flow is subsonic, the mass

flow rate depends on the flow area and the pressure
difference of the pressure upstream and downstream
the valve. If the flow is sonic or supersonic the mass
flow depends on the critical area and the upstream
pressure value. The critical area is characterised by
chocked flow i.e. M ¼ 1. Therefore, the critical area in
Fig. 11 that could be recognised by the Mach number
value of 1. It is easily observed that the critical flow
area here at M ¼ 1 is not a regular 3D shape which
makes it harder to be calculated for one-dimensional
models or the simplified models without the aid of
the experimental setup. The valve under study here
is a low-cost on-off valve which has been used to
control the position of a pneumatic cylinder. To
improve a low-cost pneumatic circuit response, its
needed to increase the mass flow rate delivered to
the actuator through the pneumatic DCV. Therefore,
increasing the valve outlet mass flow rate at the same
pressure inlet will assist the circuit response and
control. A slight modification in the critical flow area
of the valve will significantly change the flow pa-
rameters. A modified model of the valve has been
developed denoted by Model C; in which the sharp
edge of the internal land area of the valve at Area 1
and Area 2 has been rounded to be of a radius of
0.5 mm. Fig. 13 shows the Mach number distribution
at Area 1 predicted by Model B and Model C; the

Fig. 15. Static Pressure Contours on the Symmetry Plan at inlet pressure
4 bar, Model C.

Fig. 16. Static Pressure Contours on the Symmetry Plan at inlet pressure 4 bar at Area 1 and Area 2, Model C.

W. Elmayyah / Mansoura Engineering Journal 48 (2023) 1e12 9



sharp edge that has been modified is denoted by the
dotted circle.
Fig. 14 shows the mass flow rate predicted by the

CFD Model B (original valve design) and Model C

(the modified rounded sharp edges). The figure
shows a significant increase of the mass flow rate at
the same pressure inlet value ranging from 79.1%
to 103.62%. Where the mass flow rate increase was

Fig. 17. Mach Number Contours on the Symmetry Plan at inlet pressure 4 bar, Model C.

Fig. 18. Mach Number Contours on the Symmetry Plan at inlet pressure 4 bar at Area 1 and Area 2, Model C.
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79.1% at inlet pressure of 2 bar, while it is 103.62%
at 12 bar. Fig. 15 shows the static pressure contours
of Model C at inlet pressure 4 bar. While Fig. 16
shows the static pressure contours on Area 1 and
Area 2. A pressure build up takes place on the
spool walls at Area 1 and Area 2. This pressure
increase is high risk of forming a higher intense
shockwave than Model B. The Mach number con-
tours on the valve and Area 1 and Area 2 shown in
Figs. 17 and 18 can confirm the formation of
Shockwave at the Mach number sharp decrease
line. This critical flow area can dramatically control
the valve performance and it needs further inves-
tigation for a proper optimization according to the
required application.

4. Conclusions

Computational Fluid Dynamics can be effectively
used in understanding flow parameters through
pneumatic valves. This allows further improve-
ments in valve performance for different applica-
tions. A pneumatic (3/2) solenoid operated DCV
with internal pilot has been investigated using CFD
to study the internal flow. Three different compu-
tational half 3D models have been developed to
optimise the computational effort and get the
highest accuracy. The critical flow area between the
spool and the valve body has been identified. This
irregular shape flow area dramatically controls the
valve mass flow rate and other flow parameters such
as the pressure distribution and the formation of the
shockwave. This irregular flow area cannot be easily
predicted without the aid of Computational Fluid
Dynamics. The model can predict the mass flow rate
with acceptable accuracy and agreement with
experimental results and an analytically solved
simplified model. By rounding the valve body sharp
edges at the critical flow area, the mass flow rate has
been increased by 79.1%e103.6% at same valve inlet
pressure. Where the mass flow rate increase was
79.1% at inlet pressure of 2 bar, while it is 103.62% at
12 bar. This increase in mass flow rate can signifi-
cantly improve the circuit response and control. The
risk of shockwave formation has been noticed and it
needs further investigation. These results and
deeper understanding of the flow through the valve
will pave the way for further investigations to opti-
mise the valve design.
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صلخملا

عضووأةعرسيفمكحتللةيمقرلاةيبرهكلامكحتلارئاودعمعسوتبةفلكتلاةضفخنمةيئاوهلاهاجتلاايفمكحتلاتامامصمدختست
نسحننأعيطتسنيكلو.تاناوطسلأاةباجتساةعرسيلعرثؤياممةدودحمقفدتتلادعمبتامامصلاهذهزيمتت.ةيئاوهلاتاناوطسلأا
هيلعيسدنهلالكشلاريثأتومامصلالخادءاوهلاقفدتلقمعأمهفنمدبلافاهئادأنم .
ةراشإبلمعيةفلكتلاضفخنم3/2هاجتلاايفمكحتمامصلةيباسحلاعئاوملااكيمانيدمادختسابيباسحجذومنلمعمتةلاقملاهذهيف
كولسةساردمت.مامصلاءادأنيسحتلديهمتللءاوهلاقفدتكولسةساردلكلذوءابرهكلارايتقلغوحتفقيرطنعهبمكحتيوةيلخاد
ةنراقمقيرطنعيباسحلاجذومنلاةيلاعفنمققحتلامت.مامصللةجرحلاةيسدنهلاقفدتلاتاحاسمةشقانممتامكطوغضملاءاوهلا
اقبسمةروشنمةيلمعجئاتنبهجئاتن .
يلإيدأةجرحلاتاحاسملادنعةداحلااياوزلانمصلختلاقيرطنعمامصلليلخادلايسدنهلالكشلانيسحتنأجئاتنلاتحضوأ
مامصللءاوهلالوخدطغضسفندنعف.مامصلالعفدرنمزنيسحتمتيلاتلابوءاوهلاقفدتلدعمةدايزقيرطنعمامصلاءادأنيسحت
يلعةقيرطلاهذهلمعتنأنكميو.راب12دنع%103.6ةبسنبوراب2دنع%79.1ةبسنبءاوهلاةلتكقفدتلدعمدازراب12-2نم
ةفلكتلاةضفخنمهاجتلاايفمكحتتامامصمادختسابةماعةفصبةيئاوهلارئاودوةيئاوهلاتاناوطسلأاعضويفمكحتلاةقدنيسحت
ضرغلااذهلةلدعملا .
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