
 

 

 

 
 
1. INTRODUCTION 

 

Air is a source of problems in closed-circuit liquid 

circulation in HVAC (heating, ventilation and air conditioning) 

systems. The primary source of air is the dissolved gases in the 

makeup water to the system. There are a number of different 

types of devices available to remove air from HVAC system, 

including the basic expansion tank with a free air-water 

interface. However, in larger systems it is advisable to also use 

some other type of device such as air separator. One popular 

type of air elimination devices is the vortex air separator which 

generates a vortex inside the vessel that creates a low pressure 

zone in the center of the unit, causing air to bubble out of 

solution. The air then rises to top, where it is released through 

an automatic air vent. Application of these devices may be 

somewhat different for hot-water and chilled-water systems 

and also depends on the type of compression tank used [1]. 

In oil industry, the gas-liquid separation technology has 

been implemented long time ago based on gravity-driven 

technology that uses a costly bulky conventional separator. An 

alternative to the conventional gravity-based separator is 

conventional vessel-type separator that is characterized by 

simplicity and compactness. In contrast, cylindrical separators 

are a promising technology for HVAC and oil industry. 

Understanding the behavior and the characteristics of the 

cylindrical separators will assess and improve the performance 

of HVAC and oil industry by separating the air from the water 

efficiently which leads to savings in energy and the separation 

time. The main working principle of cylindrical air-liquid 

separator is based on rotational motion as a result of centrifugal 

effect, and thus represents a good substitution to the traditional 

container-type separat]or. However, it is still necessary to 

improve this separator’s design in order to increase its 

separation efficiency. In addition, due to complexity of the 

flow field in terms of swirl, turbulent and multiphase nature 

inside the separator, it is also necessarily to explore its 

behavior in order to further improve its efficiency.  

Separators have been the subject of extensive experimental, 

analytical, and numerical studies [2-8]. Due to complicated 3-

D (three-dimensional), strongly swirl, turbulent, two-phase 

flows, the majority of studies were numerical in nature. In the 

experimental approach, the difficulty comes from the presence 

of more than one phase, three velocity fields, asymmetric, 

vortex core oscillation, backflow, heterogeneity and 

anisotropy in the internal turbulence, and many other factors.  

Bergstrom and Vomhoff [9] reviewed various experimental 

studies that had been conducted on a conical hydro-cyclone. 

They reported that many researchers have shown that the swirl 
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ABSTRACT  

 

This article presents a numerical analysis of multi–phase flow with powerful swirling streams in a 

cylindrical separator equipped with two vortex generators in an attempt to predict the separation 

efficiency of an air–water mixture. New design of a cylindrical separator is introduced for air–water mixture. 

The mixture multiphase and large eddy simulation (LES) turbulence models were applied. Images that concern 

velocity field, pressure, and volume fraction are introduced. Air phase is trapped and localized along the centerline 

of the separator and then migrates toward the upper exit hole, while water phase is distributed and rotated along 

the wall, then confined at the mid–separator due to two strong clock–wise centrifugal forces before it is expelled 

through its exit at mid of separator. It was found that the separation efficiency at constant Reynolds number of 

8×104 with two feeding volume fractions of 95% and 90% are 97.8% and 96.1%, respectively. Also, the separation 

efficiency at constant feeding volume fraction of 95% with two Reynolds numbers of 2×105 and 8×104 are 98.6% 

and 97.8%, respectively.  It is revealed that the separation efficiency will increase as the Reynolds number increases 

and/or increasing the volume fraction.  
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velocity exhibited a free-forced mode behaviour. Laser 

Doppler Velocimeter (LDV) was used by Erdal and Shirazi [10] 

to measure the swirl and axial velocities at 24 axial locations 

along the separator using a single phase flow (water) with one 

inclined inlet. Hu et al. [11] studied the conventional conical 

cyclone with one inlet for a single phase of air and measured 

the velocity field using LDV. Their results revealed a Rankine-

vortex structure. In fact, our literature search indicated that, 

due to complexity of two-phase flow, most of researchers 

analyzed the single-phase flow field of the separator instead of 

the two-phase case. 

Fine experimental contribution in the cyclone gas-liquid 

separator was examined by Rosa et al. [12] with emphasis on 

water film thickness behaviour. The researchers used one 

inclined inlet hole and two exit holes in separation of gas from 

liquid.  

The separators were also investigated using numerical 

methods including computer simulations. Bloor and Ingham 

[13] used the momentum equations with gross simplification 

of boundaries and assumptions in hydro-cyclones. Hwang et al. 

[14] introduced a simplified analytical solution with many 

constraints leading to a general vortex trend that lacks 

sufficient details. An approximate analysis of the velocity 

vector and pressure field was carried out by Shi et al. [15]. An 

oil-gas conventional cyclone with one inclined inlet and two 

exit holes for five different cyclones was simulated by Gao et 

al. [16] utilizing the Reynolds stress turbulence model (RSM) 

and reported axial and tangential velocities, as well as static 

pressure. Large eddy simulation (LES) was implemented by 

Derkson [17] for a single-phase flow separator with a single 

tangential inlet and one exit hole. Three different exit pipe 

diameters were used and the results had shown agreement with 

the measured quantities. In another work, gas-solid flows in a 

Stairmand cyclone with a single inclined inlet were studied 

numerically using LES and Reynolds-stress transport model 

(RSTM) by Shukla et al. [18].  Their results confirmed the 

superiority of the LES in estimating the separation efficiency 

compared to RSTM. The LES technique was also utilized in 

several other studies. Elsayed and Lacor [19] studied the effect 

of the vortex finder of a conventional cyclone that uses 

particle-gas phases. Their results were presented in terms of 

Euler and Stokes number. Moreover, single-phase swirl flows 

in a cylindrical cyclone separator were studied numerically by 

Hreiz et al. [20] using realizable k- and LES models. The 

separator geometry that was adapted is a typical of Erdal [21] 

experiment. The findings indicated that LES can predict the 

data closer to the experimental data than k- model. Gupta [22] 

provided a mature description of engineering applications of 

swirling flows.  Several methods of jet vortex equipment have 

been established. Jawarneh et al. [23] have produced a swirling 

flow by integrating one swirler to the vortex chamber and 

developed a formula describing the pressure drop, while 

Yilmaz et al. [24] created swirl by a radial vane. Experimental 

and analytical study of the pressure drop across a double-outlet 

vortex chamber using a single generator has been done by 

Jawarneh et al [25]. A numerical study to predict the confined 

turbulent swirling flows using Reynolds stress model has been 

performed by Jawarneh and Vatistas [26].   

The bulk of studies reported in literature used a single vortex 

generator in separation process, while studies that utilized 

double vortex technology were quite rare. Jawarneh et al. [27, 

28] found that the double vortex generators technology, two 

centrifugal forces, are suitable in the separation process of a 

mixture involving oil and sand grains. The mixture-granular 

multiphase and renormalization group (RNG) of k- 

turbulence models were applied. The most important 

conclusion was that double-vortex technology has the ability 

to collect the sands at the mid of the separator. 

Developing a systematic model to evaluate the efficiency of 

air separators is required. One way to achieve this is by 

utilizing double vortex generators technology in order to 

separate the mixture consisting from air and water. In order to 

accomplish this goal, information about the details of flow 

such as velocity, pressure, and volume fraction fields, are 

required. Up to now, there is no experimental data available 

for axial, radial, and tangential velocities, radial pressure, and 

volume fractions in a double vortex separator. Therefore, 

computational fluid dynamics (CFD) methods provide the 

required information needed for air separator design without 

the expenditure of experimental setup and measurements. 

Furthermore, the linking between a specific measured flow 

field and the separation efficiency of air separators are rarely 

done in the literature. An improved understanding of how a 

certain variation of the flow field affects the overall separation 

process would be of pronounced benefit for the continued 

improvement of separators. 

In this paper, the capability of a double vortex cylindrical 

separator to separate air from water by utilizing two vortex 

generators that are installed at the two separator ends is 

investigated. Two different exit holes are designed based on 

the behaviour of two vortices, which act in the same direction 

to distribute water along the wall and confine it at the mid 

separator, then the water will be expelled from the exit hole at 

the mid separator. The other exit will be at the upper separator 

and along the centerline where air will be expelled from that 

exit due to low pressure that will be created along the 

centerline as a result of two strong centrifugal forces and 

buoyancy effect.  

Due to difficulty of predicting the hydrodynamics 

performance of 3-D air separators, this study will overcome 

these difficulties. In this wok, numerical techniques based on 

LES turbulent and mixture multiphase flows models will be 

implemented for strong swirling flow and two-phase 

separation in a 3-D separator using CFD code developed by 

Fluent 6.3 [29]. The separation efficiency will be explored 

under two levels of Reynolds numbers, namely, 8×104 and 

2×105, and two levels of feeding volume fractions of 90% and 

95%.  

 

 

2. NUMERICAL METHOD 
 

Air separators normally involve complicated combined 

effects of turbulence, two-phase (air-water) flows, and strong 

swirling flows. Therefore, analytical analysis and/or 

successful experimental studies are difficult or rare. 

Consequently, numerical methods are the most attractive. 

Fluent 6.3 is an advanced computational technology that 

enables us to understand the flow field inside air separator, and 

subsequently improve its design. In this study, the mixture 

multi-phase and large eddy simulation, LES, turbulence 

models are implemented on a 3D separator. 

 

2.1 Geometry and materials 

 

The schematic diagram of the air separator for the current 

simulation is shown in Figure 1. Figure 1(a) shows the 3-D air 

separator with the vortex cylindrical chamber, double vortex 
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generators with inclined inlet ports, and two exit ports. Fig 1(b), 

however, depicts all major proportions and the coordinate 

system of simulation. The vortex generator is shown in Figure 

1(c). The air separator has a cylindrical structure with diameter, 

D, of 150 mm, and length, L, of 500 mm, i.e., an aspect ratio, 

L/D, of 3.33. The separator has two outlet holes; outlet-1 is 

located at the upper part along the central axis via the vortex 

finder with diameter, d1, of 30 mm, while outlet-2 is located at 

the mid and side of separator with diameter, d2, of 40 mm. As 

may be noted from Figure 1, swirl motion is transported to the 

fluid by two vortex generators through circumferential inlets. 

Also, as depicted in Fig.1, each generator has four inclined 

inlets where the feeding mixture (air and water) is induced and 

a number of inclined holes with a diameter (do) are drilled at a 

specified angle of  = 60o.  

 

 
 

Figure 1. Schematic of the geometry of the air separator used 

in this study (a) The 3-D air separator that shows the vortex 

cylindrical chamber, double vortex generators with inclined 

inlet ports, and two exit ports, (b) Major proportions and 

coordinate system of simulation, and (c) Vortex generator 

that shows the generation of vortices inside the chamber. 

 

When the mixture (air-water) flows via an inclined holes 

through the two swirlers (generators), it is directed to enter the 

air separator in the tangential path so that swirl is created inside 

the separator. The two generators are attached at the two ends 

of the separator as shown in Fig.1. Each swirler has four holes 

with diameter, do, of 30 mm, and an inlet area A of 28 cm2. 

The air separator dimensions are given in Table 1. The density 

of water (phase-1) is specified at 990 kg/m3 and the density of 

air (phase-2) is specified at 1.225 kg/m3. The dimensions of 

the air separator used in this study are given in Table 1. 

The simulations were performed at two mixture mass flow 

rates, mm, of 10.5, and 26.5 kg/s, which correspond to two 

Reynolds numbers, Re, of 8×104, and 2×105 respectively, 

where Reynolds number is defined based on the average 

mixture axial velocity as shown in Eq. (10). In addition, the 

simulations were performed at two feeding volume fractions, 

VF, of phase-1 (water) of 95%, and 90%. Table-2 summarizes 

the three simulated cases.  

The most significant features of the current air separator 

design with two swirlers are its capability to magnify the 

centrifugal force and to generate a localized residence region 

for dense fluid (water) at the circumferential mid of separator 

due to two strong clock-wise centrifugal forces. The location 

of outlet-2 (for water) was chosen based on the last conclusion, 

while the location of outlet-1 (for air), was chosen due to very 

low pressure along the centerline caused by strong vortex 

behavior. As the two-phase mixture (air and water) enters via 

the two vortex generators, two centrifugal forces are generated, 

creating a strong vortex inside the separator, forcing the lighter 

phase (air) through outlet-1 via the vortex finder, and forcing 

the heavier phase (water) through outlet-2. The two forces 

generated inside this modified separator are much higher than 

the conventional separator in its either coned-shape, or 

cylindrical configuration with one inlet. This feature causes 

separation to be due mainly to centrifugal force effects rather 

than gravity effects.  

 

Table 1. Dimensions of the air separator used in this work 

 

L 500 mm 

D 150 mm 

 60 0 

L1 100 mm 

L2 20 mm 

L3 30 mm 

L4 440 mm 

do 30 mm 

d1 30 mm 

d2 40 mm 

h 20 mm 

 

Table 2. Simulated cases in the present work 

 

Case# 
Reynolds Number 

(Re) 

Feeding Volume Fraction 

(VF) 

1 8×104 95% 

2 2×105 95% 

3 8×104 90% 

 

2.1 Governing equations 

 

2.1.1 Mixture model 

 

The air separator considered in this study is assumed to be 

operating under three-dimensional, turbulent, incompressible, 

and unsteady flow conditions. The conservation of mass and 

the Navier-Stokes equations are solved for the mixture 

consisting of water and air, while the volume fraction equation 

is used for the air phase. The conservation of mass for the 

mixture is  

 

( ) ( ) 0m m mv
t
 


 


                             (1) 

 

where mv  is the velocity of the mixture and m  is the mixture 

density, given by: 

w w w a a a

m

m

v v
v

   




                                  (2) 
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m w w a a                                      (3) 

 

Navier-Stokes equations can be expressed as  

 

( ) ( )

[ ( )]

( )

m m m m m

T

m m m m

w w dw dw a a da da

v v v p
t

v v g

F v v v v

 

 

   


   



    

 

                                     (4) 

 

where F is the body force and µm is the viscosity of the mixture 

as defined by  

 

m w w a a                                (5) 

 

where α is the volume fraction,  is the viscosity and da  is 

the drift velocity for the air phase, defined as  

 

da a mv v v                                                                    (6) 

 

where dw is the relative velocity or the slip velocity, defined 

as the velocity of the air phase relative to the velocity of the 

water phase, expressed as  

 

aw a wv v v                                          (7) 

 

The drift velocity and the slip velocity are connected 

through,  

 

( )w w a a

da aw wa

m m

v v v
   

 
                            (8) 

 

From the conservation of mass for the air phase, a, the 

volume fraction equation for the secondary phase can be found 

from 

 

( ) ( ) ( )a a a a m a a dav v
t
     


  


                         (9) 

 

Reynolds number is defined as 

 

4 m

e

m

m
R

D

•

                                                                           (10)  

 

The LES model 

 

In the LES model, the instantaneous velocity, , is 

decomposed into a resolvable-scale filtered velocity, , and 

sub-grid scale (SGS) velocity, , as 

 
'

i i iu u u                                        (11) 

 

The filtering process efficiently filters out the eddies whose 

scales are smaller than the filter width or grid spacing used in 

the calculations. The subsequent equations thus govern the 

dynamics of large eddies. A filtered variable   is defined 

as 

 

( ) ( ) ( , )
D

x x G x x dx                                          (12) 

 

where D is the fluid domain, and G is the filter function that 

determines the scale of the resolved eddies. In Fluent, the 

finite-volume discretization itself implicitly offers the filtering 

operation as 

 

1
( ) ( )

V
x x dx

V
                                           (13) 

 

where is the volume of a computational cell. The filter 

function  is given by 

 

1
,

( , )

0 ,

x V
G x x V

x otherwise




  
 

                                            (14) 

 

Filtering the conservation of mass and the Navier-Stokes 

equations leads to 

 

( )
0i

i

u

t x

 
 

 
                         (15) 
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( )

i j ij iji

j j j i j
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                     (16) 

 

where ij is the stress tensor due to molecular viscosity and ij 

is the subgrid-scale stress defined by  

 

2
( )

3

ji l

ij ij

j i l

uu u

x x x
   

  
   

    

                       (17) 

 

ij i j i ju u u u               (18) 

 

The subgrid-scale turbulence model is used to characterise the 

effects of unresolved scales such as small eddies, and vortices 

on the transport equations of resolved scales. The subgrid-scale 

turbulence models in Fluent employ the Boussinesq 

hypothesis [30], computing subgrid-scale turbulent stresses 

from 

 

1
2

3
ij kk ij t ijS                              (19) 

 

where µt is the subgrid-scale turbulent viscosity, and  is the 

rate-of-strain tensor for the resolved scale defined by 

 

1
( )

2

ji

ij

j i

uu
S

x x


 

 
           (20) 

 

In this work, the Smagorinsky-Lilly model [31] was used 

for the subgrid-scale turbulent viscosity 

 
2

t sL S                           (21) 

 

where   is the mixing length for subgrid scales given by 

iu

iu
'

iu

)(x

V
),( xxG 

ijS

sL
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1/3min( , )s sL d C V                                      (22) 

 

in which,  is the von Kármán constant (= 0.4187),  is the 

distance to the closest wall, is the Smagorinsky constant 

(= 0.1) and  is the volume of the computational cell, and 

 

2 ij ijS S S                          (23) 

 

2.2 Boundary conditions and numerical schemes 

 

Uniform velocities are assigned normal to the inlet faces of 

the openings of the two generators. Identical velocity is 

assigned and fixed for both water and air. At Re=8×104, the 

velocity is Vin = 0.6 m/s and at Re=2×105, the velocity is Vin = 

1.4 m/s. The feeding volume fraction VF=95% is selected for 

Re=2×105, while VF=90% and 95% are selected for Re=8×104. 

At the two exit boundaries, there is no information available, 

so the diffusion fluxes in the direction normal to the two exit 

planes are assumed to be zero. The pressure at the outlet 

boundary is calculated from the assumption that radial velocity 

at the exit is neglected since it does not have the space to 

develop, so that the pressure gradient from r-momentum is 

given by. 

 
2Vp

r r





                         (24) 

  

At the walls, the no-slip condition was adapted. The 

SIMPLE algorithm was used for pressure-velocity coupling. 

Concerning the discretization schemes of pressure, momentum, 

and volume fraction, PRESTO! [32], bounded central 

differencing, and QUICK schemes were implemented, 

respectively. 

Unsteady solver and second order implicit formulation 

options were allowed with a time step of 0.001 seconds with 

approximately 20 iterations per time step. The solution 

converged at each time step with pre-set scaled residuals of 1 

x 10-5 as a convergence criterion for all solution variables. The 

mixture multiphase model with slip velocity and implicit body 

force options has been enabled. The under- relaxation 

parameters on the pressure of 0.3, momentum of 0.7, slip 

velocity of 0.1, and volume fraction of 0.2 have been selected. 

In this present effort, all of the numerical simulations were 

performed on a 3-D unstructured grid. Tetrahedral/Hybrid 

mesh scheme - TGrid was used. A grid- independent solution 

study was done by execution the calculations at three different 

grids sizes comprising of 120587, 224672, and 368245 nodes. 

It turned out that the maximum difference between the results 

of the coarsest and finest grids in term of velocity and pressure 

fields was less than 6%, suggesting that the grid-independent 

results could be achieved with a coarser mesh of 120587 nodes. 

However, to eliminate any uncertainty and to resolve the 

predictable large parameter gradients, simulations were 

performed by meshing the air separator with 224672 nodes. 

 

3. RESULTS AND DISCUSSION  

 

In order to make sure that the modeling approach is effective 

in simulating the double vortex separator, the experimental 

works of Escudier et al. [33], Hoekstra [34], and Georgantas et 

al. [35] were adopted as a benchmark to validate the current 

modeling approach. The use of these particular works was 

further driven by the fact that the use of double vortex 

separator technology in separation processes (gas-liquid 

phases) is new and as such, there is no available experimental 

data from literature regarding the separation efficiency, 

velocity field, and pressure field. 

The dimensionless mean swirl velocity at the plane of Y/D 

= -2.7 using LES have been compared to the works of Escudier 

et al. [33] and Hoekstra [34] as depicted in Figure 2. The swirl 

velocity grows dramatically in the vortex core, then drops 

toward the wall. This is the result typically reported in 

literature as a radial transition between forced and free-vortex 

modes. The two modes are evidently shown in Figure 2 and 

compare well with the measured data. The overall agreement 

between the measurements and the predictions of this work are 

quite acceptable with an overall average deviation of less than 

5%. 

The dimensionless radial pressure or the pressure coefficient 

Cp is defined as 

 

2

2[ ( ) ( 1)]
,p

oin

p r p r r
C r

rV

 
                                       (25) 

 

As shown in Figure 3, where r0 and Vin represent the radius 

of the separator and the mixture inlet velocity respectively, the 

predicted results of the radial pressure profile at the plane of 

Y/D= -2.7 were validated against the published work of 

Georgantas et al. [35]. The figure clearly shows that the LES 

model can capture the experimental data, and further indicates 

that, on the one hand, the supreme pressure happens at the wall 

of air separator, which is attributed to the effect of the two 

centrifugal forces, while, on the other, the minimum pressure 

occurs at the centerline.  

In an attempt to explore the flow features of the separation 

process (mixture of air and water) that is taking place inside the 

double vortex separator, extensive simulated images that concern 

velocity field, pressure, and volume fraction will be shown and 

analyzed. Anatomy for separator behavior will include full 

simulated images using the LES. These images will explain the 

fields of axial, tangential and radial velocities, radial pressure 

distribution, and volume fraction features of the double-vortex 

air separator. In the present simulation the cross- sectional 

horizontal slices are selected at axial locations of Y/D = 0.13 

(outlet-1), 0.067, 0.0, -0.2 (upper generator), -0.33, -0.67, -1.0, -

1.33, -1.67 (outlet-2), -2.0, -2.33, -2.67, -3, -3.13 (lower 

generator), and -3.33 (bottom of separator). 

The present simulation captured the behavior of the axial 

velocity field inside the air separator as shown in Figure 4. The 

color contour plots of axial velocities clearly show the downward 

and upward flow regions that set a rotationary motion in the 

vertical plane. Typical flow patterns in the horizontal and vertical 

planes are depicted in Figs. 4(a) and 4(b). The latter figure 

indicates that LES can capture a phenomenon referred by several 

researchers including Erdal [21] and Hreiz et al. [20] as the vortex 

helical pitch. 
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Figure 2. Comparison of the dimensionless mean tangential 

(swirl) velocity at VF=95% and Re=8×104 
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Figure 3. Comparison of the dimensionless radial pressure at 

VF = 95% and Re=8×104 

 

 
 

Figure 4. Contours of axial velocity (m/s) at VF=95% and 

Re=8×104 (a) axial velocity field at different cross sectional 

horizontal slices, and (b) axial velocity filed along a vertical 

slice (Z=0). 

 

The swirl velocity is the dominant velocity that has a direct 

influence on separation efficiency. Higher tangential velocity 

means higher centrifugal force that improves the separation 

efficiency. A typical tangential velocity field is depicted in Figure 

5. Specifically, the contours of the tangential velocity field at 

different cross sectional horizontal slices, and along a vertical 

slice (X=0) are shown in Figs. 5(a) and 5(b), respectively. The 

tangential velocity is positive on one side and negative on the 

other. The forced and free vortex modes are captured where the 

core size structure has a wavy behaviour known as precessing 

vortex core (PVC) and this behaviour has been mentioned in 

literature such as (Darmofal et al. [36]; and Hoekstra [34]). Two 

generators, upper and lower, both of which work in clock-wise 

direction, are used to feed the separator. In order to get further 

details on the swirl velocity field, three axial locations, shown in 

Figure 6, were selected, namely, Y/D= -1.3, -2, and -2.7. Figure 

6 shows that swirl velocity decays from the generator toward the 

mid of separator, which can be attributed to damping effects. The 

figure also shows that the vortex core expands toward the mid of 

separator resulting in lowering the vortex strength. Both of Figs 

5(b) and 6 show that the location of the zero tangential velocity 

is off the center of the cylinder. 

 

 
 

Figure 5. The contour of tangential velocity (m/s) at VF = 95% 

and Re=8×104 (a) tangential velocity field at different cross 

sectional horizontal slices, and (b) tangential velocity field 

along a vertical slice (X=0). 
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Figure 6. Predicted swirl velocity at different axial locations. 

 

The radial velocity in literature has been considered as 

negligible except few researchers for instance Hreiz et al. [20] 

who referred that the radial velocity cannot be neglected in spite 

of its low value comparable to the swirl and axial velocities since 

all velocity are connected through the conservation of mass law. 

The present simulation confirms the previous conclusion that the 

radial velocity can’t be neglected as seen in Figure 7.  The figure 
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shows the contour of radial velocity at VF=95% and Re=8×104 

indicating that radial velocities are negative inside the vortex core 

where it exhibits different signs in free vortex region. And, to 

quantify the radial velocity field, three axial locations of Y/D = -

2.7, -2, and -1.3, were selected as depicted in Figure 8. It may be 

noted that, in general, the values of radial velocity don’t exceed 

those of inlet velocity. 

 

 
 

Figure 7. Contour of radial velocity(m/s) at VF=95% and 

Re=8×104 (a) radial velocity field at different cross sectional 

horizontal slices, and (b) radial velocity field along a vertical 

slice (Z=0). 

 

-1

-0.5

0

0.5

1

-1 -0.5 0 0.5 1

V
r


V
 in

r
-

Y/ D =-2.7

-2.0

-1.3

 
 

Figure 8. Predicted radial velocity at different axial locations 

 

 
 

Figure 9. Contour of static pressure (pa) at VF=95% and 

Re=8x104 (a) static pressure field at different cross sectional 

horizontal slices, and (b) static pressure field along a vertical 

slice (Z=0). 

 

The contour of mixture static pressure field is given in Figure 

9, where Figure 9(a) shows the mixture static pressure field at 

different cross sectional horizontal slices, and Figure 9(b) shows 

the mixture static pressure field along a vertical slice (Z=0). 

These figures clearly show that the pressure drops radially from 

the wall to the center of the air separator, which is in agreement 

with the swirl velocity behavior that changes from free to forced 

vortex mode as the flow approaches the axis of rotation. The 

pressure drops sharply reaching a value below the ambient 

pressure which causes reversal flow behavior of the axial velocity. 

 Simulated color contour plots of volume fraction are 

depicted in Figs. 10-12, which summarize the three cases of 

Table 2. The volume fraction fields at different cross sectional 

horizontal slices are depicted in Figs. 10-12(a), while volume 

fraction fields along a vertical slice (Z=0) are depicted given 

in Figs. 10-12(b). It is clear that phase-2 (air) is confined and 

localized along the centerline of the separator and then 

migrates toward the upper exit hole (outlet-1), while phase-1 

(water) is expelled due to strong centrifugal forces and rotated 

along the wall and then directed to its exit hole (outlet-2). 

In the process, two vortex generators impart momentum to the 

air-water mixture in clock-wise direction and then direct the 

mixture in the tangential direction along the separator. As the 

mixture starts rotating along the separator wall, a rotating liquid 

film with dispersed bubbles will form along the wall. Under the 

action of two strong centrifugal forces, the major bubbles tend to 

move in the radial direction toward the centerline and then the 

gas separates and adds to the inner gas stream in the axial 

direction toward upper exit hole (outlet-1). A large amount of air 

content in the mixture separates inside the core region where the 

pressure is too low. The separation process on the air-water 

mixture happens mainly due to the action of two strong 

centrifugal forces rather than the gravitational force, meaning 

that its footprint and weight are less than those in other 

conventional separators. The ideal operation of any separator is 

achieved when the inlet air-water mixture separates into two 

distinct clean streams, or if any phase content must be very small 

comparable to the other phase at the same outlet. Water carry-

over, water content in the air stream, and gas carry-under, the air 

content in the water stream, are two important variables describe 

the efficiency of the air separator. Figs. 10-12 shows that the 

majority of water content is concentrated and separated at outlet-

2 as seen from the red color, while the majority of air is 

concentrated and separated at outlet-1 as seen from the blue color. 

 

 
 

Figure 10. Contour of volume fraction field at VF = 95% and 

Re=8×104 (a) volume fraction field at different cross sectional 

horizontal slices, and (b) volume fraction field along a vertical 

slice (Z=0). 
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Figure 11. Contour of volume fraction field VF=90% and 

Re=8×104 (a) volume fraction field at different cross sectional 

horizontal slices, and (b) volume fraction field along a vertical 

slice (Z=0). 

 

 
 

Figure 12. Contour of volume fraction field VF = 95% and 

Re=2×105 (a) volume fraction field at different cross sectional 

horizontal slices, and (b) volume fraction field along a vertical 

slice (Z=0). 

 

 
 

Figure 13. Volume fraction field at outlet-2 at VF=95% and 

Re=8×104 (a) volume fraction contour, and (b) histogram of 

volume fraction 

 

Histograms provide useful information regarding the 

separation efficiency, and a frequency distribution shows how 

often each phase occurs. Figure 13 shows the volume fraction 

contour and its histogram at outlet-2. The inlet mixture volume 

fraction is 95% with Reynolds number of 8x104. It is easy to 

see that the water phase is heavily concentrated at the outlet-2 

with a volume fraction ranging from 92 to 100% as shown in 

Figure 13. A 29.84% of the exit area has a volume fraction 

value exceeds 95% as depicted in Figure 13(b). Figure 14 

shows the case of mixture volume fraction of 90% with 

Reynolds number of 8x104. The water phase is also heavily 

concentrated at the outlet-2 with a volume fraction ranging 

from 90 to 100% as shown in Figure 14. A 42% of the exit area 

has a volume fraction value exceeds 90% as depicted in Figure 

14(b). Figure 15 shows the case of mixture volume fraction of 

95% with Reynolds number of 2x105. Water volume fraction 

ranging from 95 to 100% as depicted in Figure 15. A 34.27% 

of the exit area has a volume fraction value exceeds 95% as 

depicted in Figure 15(b).  

 

 
 

Figure 14. Volume fraction field at outlet-2 at VF=90% and 

Re=8×104 (a) volume fraction contour, and (b) histogram of 

volume fraction. 

 

 
 

Figure 15. Volume fraction field at outlet-2 at VF = 95% and 

Re=2×105 (a) volume fraction contour, and (b) histogram of 

volume fraction. 

 

In order to have a qualitative assesment of the separation 

performance, the average volume fraction is calculated via 

integration the annulus flow at outlet boundary in the 

numerical software, then the mass flowrate of separated water, 

ṁsw, and the inlet water, ṁiw, are calculated. Thereafter, the 

separation efficiency  is calculated according to the following 

equation:   

 

sw

iw

m

m



•

•
             (26) 

 

For the case that appears in Figure 13(a), the separation 

efficiency through the outlet annulus with a hydraulic diameter 

of 16.7 mm or 66% of its area is 97.8%. For the next case that 

appears in Figure 14(a), the separation efficiency through the 

outlet annulus with a hydraulic diameter of 8.34 mm or 37.4% 

of its area is 96.1%. For the last case that appears in Figure 

15(a), the separation efficiency through the outlet annulus with 

a hydraulic diameter of 18.4 mm or 70.8% of its area is 98.6%. 

Practically, the water phase can be extracted from the 

annulus while at the core region the exiting mixture can be 

recirculated back to the vortex generators to refine the 

separation process again. 
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In order to compare the separator efficiency with other type 

of separators, Kurokawa and Ohtaik [37] have shown 

experimentally that the separation efficiency for a 

conventional separator is between 68% and 80%, and the 

separation efficiency for a single swirl generator is between 93% 

and 95% for different Reynolds numbers and feeding volume 

fractions, while the present study shows the separation 

efficiency using a double vortex generator is between 96.1% 

and 98.6%. 

  

 

4. CONCLUSIONS  

 

Air is a source of trouble in various applications such as liquid 

circulation in HVAC systems. Two vortex generators have 

been used to enhance the separation efficiency. The mixture 

multiphase and large eddy simulation (LES) turbulence 

models are capable to predict the mixture flow behaviour 

inside the air separator. The mixture multiphase and LES 

turbulence models were applied successfully. Current 

simulation showed the behavior of the axial velocity where the 

downward and upward flow regions, setting a rotationary 

motion in the vertical plane. The forced and free vortex modes 

for swirl velocity are captured where the core size structure has 

a wavy behaviour known as precessing vortex core. The radial 

velocity cannot be negligible in spite its low value comparable 

to the swirl and axial velocities. The static pressure decreases 

radially from the wall to the separator centre, the pressure 

drops sharply and its value reach below the ambient pressure 

which causes reversal flow behaviour of the axial velocity.  Air 

phase was trapped and localized along the centerline of the 

separator and then migrated toward the upper exit hole, while 

water phase was distributed and rotated along the wall, then 

confined at the mid-separator as a result of two strong clock-

wise centrifugal forces, and then expelled through its exit at 

mid of separator. It is revealed that the separation efficiency 

will increase as the Reynolds number increases and/or 

increasing the volume fraction. 
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NOMNECLATURE 

 

Area A 

Pressure coefficient pC 

Diameter of the separator D 

Diameter of the inclined hole pd 

Body fore F 

Separator length L 

Mass flow rate M 

Static pressure P 

Radius R 

oNormalized radius, r/r r 

Reynolds number eR 

Radius of the separator or 

Velocity components in Cartesian 

coordinates 
k, uj, uiu 

 Swirl, axial and radial velocity 

components 
r,VzV V 

Velocity V 

Mixture inlet velocity Vin 

Feeding Volume Fraction VF 

  

Greek symbols 

 

Turbulence dissipation rate  

Dynamic viscosity  

Turbulent kinetic energy K 

Density  

Kinematics viscosity  

Inlet angle  

separation efficiency  

  

Subscripts 

Air a 

Fluid  f 

Inlet in 

Mixture m 

Radial, tangential and axial 

coordinate respectively 
r,,z 

Turbulent  t 
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