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Abstract 

Due to vacuum and safety issues, combination air valves are necessarily introduced to evacuate the 

entrapped air before damaging piping system components. This research was aimed to introduce the 

Computational Fluid Dynamic (CFD) technique to investigate the flows in a combination air valve, 

especially while releasing the air under various operating conditions. A two-dimensional model was 

proposed to perform the simulation study to save the computing time. The boundary and conditions 

were derived from the actual experiment; specifically, the Volume of Fluids (VOF) method was 

employed to capture the interfacial motion of the air-water flows. The turbulent model, Realizable 

𝑘-, was adopted to calculate the Reynolds Stress term. As a result, the predicted transient pressures, 

and the calculated air release times of both the cases installing and not installing the SARC agreed 

with the experiments; the maximum differences were 8.8% and 16.4%, respectively. According  

to the simulation works, it was found that the crucial factors to consider to evaluate air valve 

performance are transient pressure and velocity fields in the air valve and the transient force acting 

on the ball valve. In future work, a more comprehensive study will be conducted to find the critical 

criteria for the combination air valve design, especially to enhance the air removal performance. 

 

Keywords: Computational Fluid Dynamics (CFD), Volume of Fluid Method (VOF), Volumn 
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Introduction 

Air entrapped in a water pipe system can lead to 

problems that are invisible to the eye, and these 

unseen issues can range from minor issues to 

problems that could cause severe damage, such as 

poor control of flow and pressure, or the water 

hammer may damage pumps or even break the  

pipeline (Water and WastesDigest, 2016). Air  

 

 
 

 

pockets in a pipeline can also result in head loss, 

dangerous high-velocity currents, and low system 

efficiency (Pozos-Estrada, 2007; Pozos-Estrada, 

2018). Typically, these occur where operating 

options such as using different standpipes with 

varying manual or automatic shutoff valves  

(or check valves), are introduced (Gardell, 2013; 
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McElhaney, 2000). Nevertheless, the mentioned 

method may not be sufficient and can create 

additional problems if the operation is uncontrolled 

(Thorley, 1989). The most efficient method of 

controlling the air is to introduce standard air valves 

that allow the flow of a large amount of air 

continuously in a smooth and pleasant manner 

(ValveMagazine, 2017). However, to maximize 

efficiency, there is a requirement to understand  

the standard application of each type of air valve and 

understanding the installation (ValveMagazine, 

2018). Furthermore, deep insight into the 

fundamental physics of air-release through the air 

valve is critical if a new design with improved 

efficiency is required (Darby, 2013; Aldeeb et al., 

2014; Darby and Aldeeb, 2014). 

 Many researchers have conducted experiments 

into the peak transient pressure parameters for the 

installation of air valves in a pressurized pipeline 

system (Zhou et al., 2002a; Lee, 2005; Zhou et al., 

2013; Valdés et al., 2014; Wu et al., 2015). Tran 

(Tran, 2017) studied possible air-valve models  

to determine the pressure when differences of the 

filling rate were considered along with the air-valve 

characteristics such as the orifice size, the discharge 

coefficient, the mass, the density of float, and the 

maximum travel). Similarly, Zhou (Zhou et al., 

2002b) found that adjusting the filling rate and 

changing the shape of the orifice affected the 

pressure transient readings from the air valve outlet 

pipe. As Wu (Wu et al., 2015), mentioned, the two 

stages of closing the valves reduce the pressure on 

the emergence of the water hammer. 

 Similarly, the pressure transient depends on 

the size of the orifice. However, it is noteworthy that 

the model without an orifice has a longer period in 

which to enter a steady state than the type with an 

orifice. Different air values have can evacuate air at 

different rates, which means they have a suitable 

operating range. Therefore, a study on the influence 

of internal components of the air valve such as  

the inlet and outlet size, the orifice, and the internal 

shape must be considered. 

 Some researchers have focused on using the 

Computational Fluid Dynamics (CFD) technique to 

investigate flow characteristics and what happens 

when pressure surges occur while draining the 

entrapped air using the air valves (Davis and 

Stewart, 2002; Turesson, 2011; Lai et al., 2017; 

García-Todolí et al., 2018, Lai et al., 2018; Kim and 

Jeong, 2021). Kim (Kim and Jeong, 2021) stated 

that the CFD method required a dynamic mesh 

technique (moving mesh) to observe the flow field 

due to the transient and instability issues. Moreover, 

García-Todolí et al (García-Todolí et al., 2018) 

employed a CFD program named ANSYS Fluent to 

study and capture the motion of entrapped air 

entering and draining out of the single air  

valve. However, as many reserchers mentioned 

(Promtong and Tekasakul, 2007; Promtong et al., 

2016; Suvanjumrat, 2017a; Menéndez-Blanco et al., 

2019, Promtong et al., 2020, Suvanjumrat and 

Loksupspaiboon, 2020), the validation and mesh 

independence studies are mandatory tasks before 

this technique is applied to redesign the air valve 

or similar system performance.Although works 

have been completed into using CFD to elucidate 

the air valves, there has been no work investigating 

the flow characteristics inside combination air 

valves during air release. 

 In other words, the critical factors that can 

explain the performance of this air valve type have 

not yet been discussed, especially in terms of its 

structure. Therefore, this research will focus on 

studying the two stages of closing the air valve 

(called the combination air value). The objectives  

of this research are: 

1) to observe the flow characteristics inside 

two different types of combination air value under 
actual operation conditions. 

2) to investigate the flow parameters used to 

describe the performance of the combination air 

valve numerically. 

3) to address possible alternatives that could 

enhance current performance, especially the critical 

factors that affect the drainage rate of the entrapped 

air.  

 The main discussion regards the flow 

characteristics that occur in the combination air 

valves. By comparing the key parameters the 

transient pressure, the times for the ball moving (air 

releasing time), the velocity and pressure contours, 

and the air performance of the combination air 

valves can be evaluated. 

 

Fluid Flow Equations and Volume of Fluid 

(VOF) Method 

The conservative continuity and momentum 

equations can be used to describe air and liquid flow 

characteristics in pipes. However, in this simulation, 

the conservative energy equation can be ignored 

because there is no interest in the temperature effect. 

Due to the turbulent flow, there is a requirement  

to have the turbulence closure for calculating  

the kinetic viscosity term. 
 

Mass Equation  

The mass equation can express the mass 

changes over time within a control volume (as 

shown in Equation (1) ).  Because the mass velocity 

is continuous, this partial differential equation can 

be called the continuity equation. It should be noted 

that if the fluid flow is in a steady-state, then the first 

term can be ignored.  
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𝜕𝜌

𝜕𝑡
+ 𝜌

𝜕(𝑢𝑖)

𝜕𝑥𝑖
=  0 (1) 

 

Momentum Equation  

Similar to the mass equation, the momentum 

transfers within fluid control volume must be 

conserved; hence the momentum equation can be 

described using Equation 2. 
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Where 
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2

3
𝛿𝛿𝑖𝑗𝜌𝑘 (3) 

 

In Equations (1) and (2), 𝜌 is the fluid density 

and 𝑝̅ is the system pressure. 𝑢𝑖̅, 𝑢𝑗̅  are the average 

velocity components and 𝑢𝑖
′ 𝑢𝑗

′̅̅ ̅̅ ̅ is the velocity 

fluctuation. The 𝑥𝑖 , 𝑥𝑗  terms are the coordinate axis 

and the 𝑔𝑗 and 𝜇 terms represent the gravitational 

acceleration vector and kinetic viscosity, 

respectively. Equation 3 shows the Reynolds-Stress 

term (−𝜌𝑢𝑖
′ 𝑢𝑗

′̅̅ ̅̅ ̅) and this equation can be resolved  

by turbulent models.  

Turbulence models are devised to represent 

high-order moments of velocity fluctuations in 

terms of the lower-order moments. This can be 

completed directly, as in the case of the Eddy-

Viscosity models, or indirectly, as in the case of 

models based on the solution of additional partial 

differential equations. 

Different turbulence models are available  

to determine the turbulent viscosity (𝜇𝑡) (Launder 

and Spalding, 1974; Menter, 1994) and recently 

some turbulence models were evaluated by 

researchers the prediction capability using the open 

source CFD program (Suvanjumrat, 2017b; Yuan  

et al., 2017).  
 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
 (4) 

 

In this study, the turbulent model adopted is 

the standard 𝑘 − 𝜀 model. The details of  the kinetic 

energy of turbulence (𝑘) and the dissipation rate (𝜀) 

are given below: 

- 𝑘  Equation: 
 

𝜌𝑢𝑖
𝜕𝑘

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑖
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑖
] + 𝑃 + 𝐺 − 𝜌𝜀 (5) 

 

- 𝜀 Equation: 
 

𝜌𝑢𝑖

𝜕𝜀

𝜕𝑥𝑖

=
𝜕

𝜕𝑥𝑖

[(𝜇 +
𝜇𝑡

𝜎𝜀

)
𝜕𝜀

𝜕𝑥𝑖

] + 𝐶1

𝜀

𝑘
(𝑃 + 𝐶3𝐺) 

−𝐶2𝜌
𝜀2

𝑘
 (6) 

The model constants are 
 

𝐶𝜇 = 0.09, 𝐶1 = 1.44, 𝐶2 = 1.92, 𝐶3 = 1.0, 𝜎𝑘 =

1.0, 𝜎𝜀 = 1.217 
 

The last term in equation (6), 𝜌𝜀 represents  

the destruction rate, and 𝑃 and 𝐺 are the shear 

production buoyancy production terms respectively, 

which are denoted by: 
 

𝑃 = 𝜇𝑡
𝜕𝑢𝑖

𝜕𝑥𝑗
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑖

𝜕𝑥𝑖
) (7) 

 

𝐺 = 𝑔𝑖𝛽
𝜇𝑡

𝜎𝑡
(

𝜕𝑇

𝜕𝑥𝑖
)  (8) 

 

Volume of Fluid (VOF) Method 

The numerical technique, Volume of Fluid 

(VOF), is introduced to track the movement on free 

surfaces (Fluid-Surface area). This method is 

proposed based on the Eulerian method, where  

the mesh is stationary or moving in a predetermined 

manner.  

While shape-changing, this numerical 

technique allows programmers to track the surface 

areas' present position and reshapes them according 

to the velocity direction.  Thus, the numerical 

method is not an algorithm solving the flow 

equation (Equations 9-11) in itself; but the averaged 

Navier-Stokes equation also describes the fluid 

motion (where 𝑚 represents the considered fluid 

phase).  More details regarding the VOF method  

can be found in the work of Hirt and Aniszewski 

(Hirt and Nichols, 1981, Aniszewski et al., 2014).  
 

𝜕𝐶𝑚

𝜕𝑡
+ 𝑣 × ∇𝐶𝑚 = 0 (9) 

 

∑ 𝐶𝑚
𝑛
𝑚=1  (10) 

 

𝜌 = ∑ 𝜌𝑚𝐶𝑚
𝑛
𝑚=1  (11) 

Experimental Details and Results 

The experiments were conducted at Chaipong 

Engineering Co.  Ltd.  (Thailand), and the 

experimental setup can be seen in Figure 1.  The 

parameters, including the transient pressures, 

volumetric flow rate, and the transient motion of  

the floating ball, were recorded using a pressure 

transducer, flow meter, and high-speed camera, 

respectively.  The transient pressure was recorded 

every 0.15 seconds using a data logger. 

During the experiment, the 3D printing model 

of the combination air valve was replaced with an 

actual one due to the requirement to capture the ball 

motion draining the air visually. 
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 Six different flow rate conditions were 

investigated but only two sets were considered for 

the simulation study. The results of the experiment, 

including the transient pressure and the ball moving 

time are presented and discussed, before 

benchmarking using the simulation results can be 

actioned. 

 Figure 2 shows the results of transient pressure 

at five different measuring locations in the piping 

system. The two graphs show results with and 

without the Secondary Air Release Chamber 

(SARC) installed. Without the SARC, the secondary 

outlet was closed intentionally so that it would have 

just a single air valve. These two cases have similar 

transient pressure changes, except for when the ball 

moving was (No. 3). The case with the SARC spent 

less time (3.30 sec) while draining the air than the 

case without the SARC (5.2 sec). Operating under 

the current flow rate, the maximum pressure found 

at the region under the ball valve (P3) was 0.27 Bars, 

and a slightly lower rate was found with the SARC. 

 The results show that the combination air valve 

(with the SARC installed) is more effective in terms 

of air evacuation than the case with no SARC. Also, 

it can be implied that if there is a large volume of air 

in the pipeline, installing a combination air valve 

could allow better drainage than a single air valve. 

 
Two-Dimensional Simulation 

 The simulation studies, which are described in 

this section, include numerical details, the mesh 

independence study, and a discussion of the key 

parameters results.  As the piping system is 

symmetrical along the x-y plane (Figure 1),  

the flow domain for the simulation can only be 

considered on the cross- sectional plane, making it  

a two-dimensional study.  

 To capture the flow characteristics of the 

combination air valve, the actual operating 

conditions, such as the inlet pressure and inlet  

volumetric flowrate, were adopted for the two 

different combination air valves (with/without 

SARC).  Special attention was given to the 

elucidation of the flow characteristics inside the 

combination air valves while releasing the air. 

 

Numerical Description 

 In this simulation, the fluid flow in the pipeline 

was used to create the combination air valve, which 

was performed using the CFD program named 

ANSYS Fluent 2021 R1. To tracking the interfacial 

surface between the air and water, the implicit VOF 

method was introduced. 

 In addition, the introduction of the Dynamic 

Mesh (Moving Mesh) technique can enhance the 

motion of the ball valve when the force is applied as 

it makes it smoother. For the turbulence model,  

the realizable k- model was adopted for the 

Reynold Stress term calculation.  

During the transient investigation, five 

locations (P1-P5)  were used for collecting the 

transient pressures in the piping system.  The ball 

motion during lifting and the touching of the orifice 

(air outlet) was also captured. For the benchmarking 

process, the crucial parameters from the 

simulations, including the monitored pressures, and 

 
 

Figure 1. Schematic Chart of the Experimental 

Setup 

 

 

 
 

(a) With SARC Installed 

 

 

 

(b) Without SARC 

 
 

Figure 2. Transient pressure occurring during  

the operation at considered flow rate 

(Q=9.64×10−𝟑 𝒎𝟑/𝒔) 
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the ball motion time, were benchmarked with  

the experiment results.  Moreover, the pressure 

contours and velocity vectors surrounding the ball 

valve were taken for comparison and discussion 

alongside the cases with and without the SARC. 

 

Mesh Independence Study 

 For computational efficiency purposes, the 

smallest number of meshes that could give  

a satisfactory numerical accuracy was investigated. 

Also, the mesh refinement was specified for  
the sensitive area, and as aforementioned, it was 

situated near the ball valve region.  

 Table 1 illustrates the predicted pressures from 

the mesh numbers compared to the time when 

results converged and yielded the acceptable 

percentage figure (should be less than 5% 

difference). 

The Geometry and Local Mesh Details    

 The geometries of the pipeline and 

combination air valve were separated into small 

elements because of the meshing process. 

According to the mesh independence study, the total 

elements used in the simulation numbered 55,513.  

 Details of the mesh size and mesh refinement 

can be seen in Figure 3, and the boundaries of the 

flow domain, including the inlet, the outlets, the ball 

valve, and the pipe walls, are displayed in the figure.  

Results and Discussion 

In this section, the simulation results from the two 

different case studies are presented and discussed 

along with the experimental data. First, the 

simulated flow stage is explained to provide the 

fundamental physics of the fluid flow in the piping 

system and the changes in the transient pressure.  

 Second, the essential parameters, including  

the transient pressure, the ball moving time, 

velocity, and pressure profiles, are discussed.  

It should be noted that these results were from the 

simulations with different forms of the combination 

air valves (with and without the SARC installed) 

under the same flow conditions. 
 

Flow Scenario Descriptions  

 The flow simulation can be divided into four 

main scenarios, which all correlate to actual flow 

behaviors. Due to the transient consideration, the 

predicted pressure of each stage can be compared 

with the experimental data. However, only the first 

three stages of the flow simulation results are 

explained in this discussion, as displayed in  

Figure 4.  

 Stage 1: The water continues to fill the 

horizontal pipe. (Figure 4(a)) shows the start of this 

stage, when there is only air in the piping system. 

Without this information from the inlet, this stage 

may provide unacceptable simulation results.  

 Stage 2: The water rises in the vertical pipe 

after the horizontal pipe is completed filled with 

water (Figure 4b). If the horizontal pipe is not filled 

this stage will not happen.  

 Stage 3: The water pushed the ball to remove 

the air from the piping system, which is called the 

“air releasing time” period (Figure 4(c)). 

 Stage 4: The ball drops due when the water 

supply is discontinued. Although this stage is shown 

in the experiments, it is difficult to capture this flow 

scenario due to the flow complexities in the 

simulation. 

Table 2 shows the predicted transient pressure 

for the position under the ball valve (P3) and the air 

releasing time (during Stage 3) compared to the 

results from the experiments. When SARC is 

installed, the predicted pressure and the air releasing 

time figures were overestimated at 8.8% and 5.2%, 

respectively. 

In contrast, for when SARC is absent (working 

as a single air valve), both predicted valve  

figures were underestimated at 1.5% and 16.4%,  

 

Table 1. Difference of Predicted Pressure Readings 

with Different Element Meshes 

 

Element 

Size (m) 

Number of 

Elements 

Pressure (P3) 

(Pa) 

Result 

Difference 

(%) 

0.0070 21,974 1,039.76 62.48 

0.0050 45,065 2,164.71 21.88 

0.0040 55,513 2,876.25 3.79 
0.0015 390,068 2,855.40 3.04 

0.0010 845,734 2,771.16 - 
 

 

 
 

Figure 3. The Flow Domain After Meshing and  

the Refinement Zone Near to the Ball 

Valve 
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respectively. In general, simulation cases could give 

similar transient pressures and the air releasing 

times with the experiments.  

Instead of using the VOF, different modern 

front-tracking methods (like, coupling with the level 

set and a hybrid with particle technique) might be 

presented to improve the numerical accuracy. Also, 

the case of no SARC installed gives both the 

predicted transient pressure and the air releasing 

time higher than the case of the SARC installed. 

According to these results, it could be implied that 

having the SARC installed for the combination air 

valve would give better performance in terms of air 

removal. 

 
Other Interested Parameters 

One advantage of the simulation method is that 

it provides variables that may be difficult to 

experiment for. For instance, the parameters include 

the pressure contours, velocity vectors, and the force 

acting on the ball valve while moving. Figure 5 

shows the fluid flow characteristics around the ball 

valve for two different conditions, which are when 

the ball valve is almost closed at the orifice hole  

(the air outlet). 

As shown in Figure 5(a), the pressure contour 

of the two cases was highest at the center of the ball. 

This is because of the large impact force acting on 

that region during the air release out of the orifice. 

Comparing the cases with and without the SARC 

installed, on average the pressure distribution inside 

the air valve where SARC is more uniform 

(especially the haft top region) than without SARC 

installed. This result was due to the influence of  

the velocity distribution.  

Figure 5(b) presents the velocity profiles for 

both cases with the same operating conditions. On 

average, having the SARC installed creates a lower 

velocity than without the SARC because the air 

drains from the air valve through the secondary 

chamber.  

Nevertheless, the case with no flow passing 

through the SARC shows high velocities going 

through the office from both sides of the ball valve. 

According to the figure, the maximum predicted 

velocities for both cases were between 5.30- 

7.42 m/s.  

As shown in Figure 6, the transient force is 

very high when the water impacts the ball valve  

(the case without SARC installed). This could 

damage the internal components of the air valve; 

later, the force becomes a constant at 80 N. This 

causes the ball to float and push the distributed 

pressure surrounding it.  

Reducing the time taken to stabilize the 

transient force may also decrease the air release 

time, improving the air drainage time. Monitoring 

the transient force with different floating weights 

and orifice hole diameters could give an idea to 

redesign the air valves. 

Conclusion and Future Work 

The experiments and numerical works to elucidate 

the flow characteristics during the air releasing 

period inside a piping system with two combination 

air valve conditions have been performed 

 
(a) Stage 1 

   
(b) Stage 2 

   
(c) Stage 3 

 

Figure 4. Volume Fractions of the Water-Air Flow  

in Pipeline for Stage 1, 2, and 3 

 
Table 2. Comparison of the Results between the 

Simulation and Experiments 

 

Type Source 

Maximum 

Transient 

Pressure (P3) (Pa) 

Air 

releasing 

time (s) 

(Stage 3) 

With 

SARC 

Installed 

Simulation 
2,340  

(8.8%) 

1.692 

(5.2%) 

Experiment 2,151 1.784 

Without 

SARC 

Simulation 
2,392 

(1.5%) 

2.251 

(16.4%) 

Experiment 2,428 1.933 
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successfully. After adopting the actual operating 

conditions as the initial and boundary condition of 

the simulation, the predicted pressure and the 

predicted air release time were found to have a good 

agreement with the experiment data. Overall, the 

simulations could capture the physical conditions of 

the flow in the air valve system. Also, some crucial 

parameters regarding the performance can be 

discussed, and conclusions can be drawn as follows: 

 When comparing both cases, the predicted 

transient pressures (P3) and the air release times 

agreed with the experiments; the maximum 

differences were 8.8% and 16.4%, respectively. 

 The air release time with SARC installed was 

less than without SARC installed. Therefore, having 

the SARC improves the release of the air. 

 The pressure contour and velocity vectors 

inside the air valve reflect the influence of the inner 

air valve structure, so monitoring the transient force 

acting on the ball valve could be important to 

investigate the air removal performance. 

The experiments will be attempted further to 

obtain a more definite conclusion in future work.  

As well as considering more realistic situations in 

the simulation, for instance, adding the air from the 

inlet boundary ; thus, the numerical investigations 

would provide more validity and insights. 
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Figure 6. Predicted Transient Force Acting on Ball 

Valve while Elevating 

 

 

 

 
 

 

Figure 5. Pressure Contour and Velocity Vector of Stage 3; (a)  With SARC installed (Top Row)  and  

(b) Without SARC (Bottom Row) 
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installed 

 

 

 

 

 

 

 

 

 

 

 

(b)  Without 
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