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Abstract
Vane angle configuration is considerably affecting the internal flow behavior and separation performance of a concurrent 
axial inlet liquid–liquid hydrocyclone. This study was carried out to improve the design of the swirl generator by optimizing 
the vane’s deflection angle in an oil/water axial inlet hydrocyclone separator. Angles ranging from 37° to 75° were examined 
at various operational conditions, including mixture temperature, mixture flow rate, and water-to-oil ratio. Two analysis 
techniques have been coupled to achieve the aim. First, design of experiment by the response surface method was utilized 
to generate a combination of run/boundary conditions of swirler vane angles, inlet mixture temperatures, flow rates, and 
concentrations. The obtained 15 run/boundary conditions were adopted as cases for computational fluid dynamics simulation 
to determine the separation efficiency, tangential velocity and pressure drop of each case using ANSYS Fluent software. The 
optimization results show that the swirl generator with a 45° deflection angle generated slightly higher tangential velocity 
compared with higher and lower vane deflection angles. The separation efficiency obtained by using the 45° swirl generator 
was higher than other angles, in spite that the turbulence intensity is slightly higher at 45° compared to other vane angles.

Keywords  Produced water separation · Deoiling · Design of experiment · Hydrocyclone separator · Response surface 
methodology · Swirl generator

Introduction

Numerous oil wells are subjected to the waterflooding tech-
nique to maintain reservoir pressure and exploit it to the 
maximum, especially in shallow offshore and deep water. 
Even onshore wells are experiencing such a problem (Zhao 
et al. 2017; Wang et al. 2019). As oil fields become mature, 
the production of water cut increases considerably under the 
effect of conning phenomena. Gravity separators are widely 
used to separate the oil/water, at the surface. On other hand, 
cyclones have been used extensively to separate solid/liquid 
and solid/gas cyclones in industries. Liquid/liquid hydro-
cyclone (LLHC) technology is adopted to tackle the prob-
lem for oil/water separation technique. However, due to the 
small density difference between phases, the application of 

hydrocyclones to the separation of two immiscible liquids, 
such as oil and water, is uncommon (Lu et al. 2019). Thus, 
a highly compact separator in terms of size and performance 
should be developed to replace the existing gravity-based 
bulky separation technology.

LLHCs have been used as a downhole oil–water separa-
tor to treat the extra produced water. Two types of LLHC 
separation technology exist, and the fundamental physics 
behind each separation process is centrifugal force. This 
force depends on the input and output in the cyclone either 
tangentially or axially and the outputs from the top or bot-
tom, which is referred to as countercurrent or concurrent 
axial flow, respectively. Low pressure drops, low droplet 
breakup, and a stable vortex are several of the advantages of 
axial concurrent flow cyclones over countercurrent reverse 
flow cyclones. Thus, axial concurrent flow cyclones have a 
wide utilization scope in the future of the oil industry both 
at surface and downhole production intervals (Kitoh 1991; 
Dohnal and Hajek 2016). In an axial flow separator, centrifu-
gal force is achieved by a liquid mixture flowing through a 
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stationary swirl generator placed inside the separator, and 
the fluid moves concurrently downward.

Several studies have performed modeling, characteriza-
tion, and optimization of accessible reverse flow in tangen-
tial inlet cyclones, whereas only a few studies have dealt 
with axial inlet concurrent hydrocyclones. The primary 
purpose of the swirl generator in axial concurrent flow is 
to induce high tangential velocity for achieving good cen-
trifugal flow. An excellent axial velocity must be provided 
at the inlet to achieve decent fluid deflection. A jet effect is 
observed at the end of the trailing edge of the swirl genera-
tor, and high tangential velocity is obtained. The flow should 
not create any blockage nor flow deformation. However, no 
completed design criteria are available for the blade profiles 
in axial LLHC. Dirkzwager (1996) proposed the use of axial 
concurrent cyclones for oil–water separation. He found that 
a swirl decays downstream, which hampers separation. For 
an efficient system, the swirling strength must be sufficiently 
high but should not cause shear-induced droplet breakups. 
However, Dirkzwager did not disclose any information 
on swirl and nozzle designs, and this lack of information 
limits 3D numerical work for in-depth numerical research. 
Shi et al. (2012) experimented with a cylindrical–conical 
cyclone with holes in the conical section at 8% volumetric 
oil content by using a slit-type outlet for the water stream. 
Vanes (40° angle) constructed from semicircular plates were 
determined to be excellent in coalescing the oil droplets. The 
tested concurrent design had a no-reverse-flow region any-
where within the body as opposed to the standard version. 
However, the researchers only measured the axial velocity 
in one location and regarded the unit as “reverse flow free.” 
This claim contradicts the results of other experiments, such 
as those of Slot et al. (2011), who found an evident reverse 
flow.

Detailed computational fluid dynamics (CFD) investi-
gation of flow fields is highly useful in studying the swirl 
generator effect, but this is impossible due to the absence 
of blade profiles. Stone (2007) investigated a concurrent 
cyclone using a tangential inlet cylindrical cyclone at vari-
ous oil volume fractions (low, moderate, and high). The 
highest efficiency of 80% was achieved at 75% water cut by 
using a 3× diameter of cylindrical length. Poor performance 
was observed at high oil loading of 65% and above. These 
results might have been caused by intense droplet break-
ups due to a tangential inlet that could have hampered the 
separation efficiency. Inlet velocity was set to 1 m/s, which 
is considerably high for a 210 mm long and 60 mm wide 
cyclone. However, Stone (2007) could have counteracted 
swirl decay by reducing the dimensions but probably at the 
cost of droplet breakups, which eventually reduce efficiency. 
He suggested that a conical body can be used to reduce swirl 
decay and increase residence time. This suggestion has been 

considered in the current investigation. The axial LLHC 
investigated in the present article has conical body.

Swirl generator studies were conducted by Rocha et al. 
(2009). The researchers studied the effects of utilizing a 
pointy cone swirl generator tail in the flow using a cylindri-
cal body. The design effectively reduced the reverse flow 
and increased the tangential velocity in the cyclone probably 
because of the smooth flow transition. Rocha et al. (2009) 
suggested that the best cone angle for reducing vortex break-
down is related to the guide vane swirl angle. However, no 
geometrical data on the swirl generator were provided. Van 
Campen (2014) used a cylindrical cyclone with 100 mm 
diameter and 1700 mm total length. Three swirl generators 
“weak,” “strong,” and “large” were used, and they differed in 
terms of flow deflection and hub radius. An annular reverse 
flow was observed in the experiment, and it was eliminated 
because it prevented droplets from migrating to the center. 
The swirl strength also decayed axially due to wall friction 
that radically deteriorated efficiency. A conical body should 
have been used instead to allow increased centrifugal forces 
to act on the droplets, as Van Campen (2014) concluded. 
He did not disclose enough information on swirl design. 
CFD has also been used to design the blade of an axial flow 
hydrocyclone by Zhang et al. (2014). The fluid behavior 
inside the hydrocyclone can be analyzed with the change 
in vane angle profiles. “Best vane angle profile can be opti-
mized to achieve higher performance” is what Zhang et al. 
(2014) recommended.

Modification and optimization of swirl generators in 
axial inlet concurrent hydrocyclones were discussed by 
Dirkzwager (1996), Slot et al. (2011), and Verlaan (1991). 
In their researches, most of the information related to the 
modeling of the swirl generator was based on some undesir-
able assumptions that were either not complete or not sol-
idly satisfactory. Varying the vane exit angle affects the exit 
velocities and swirling efficiency. Thus far, no studies have 
shown the importance of using the response surface method 
(RSM) for the optimization of the swirler vane angles.

The primary motivation of the current research is to 
develop and optimize swirl generators of an axial inlet con-
current LLHC. The analysis procedures used in the current 
study, namely RSM for optimization and CFD for simula-
tion, are neatly coupled. RMS has been utilized to produce 
the run sets of design and operation parameters. The run 
sets, then simulated in CFD environment, where various sys-
tem performance parameters, such as separation efficiency, 
pressure drops, and flow structure parameters, such as tan-
gential velocity, turbulence intensity, and static pressure dis-
tributions have been predicted at various operational condi-
tions. Additionally, the tangential velocities obtained from 
the CFD analysis have been incorporated into the design 
of experiments (DOE) to optimize the vane angles. The 
selected process variables in the modeling and optimization 
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are four vane angles, five inlet mixture velocities, and five 
inlet mixture temperatures. The ranges of variables are close 
to the actual field state of oil production and separation.

Methods and materials

An axial inlet hydrocyclone operates based on the principle 
of centrifugal force. The flow is generated axially at the top 
(inlet) and passes through the swirl generator to the bottom. 
The swirl generator placed inside the hydrocyclone body 
helps generate the swirling flow, which in turn separates 
fluid mixtures with a dissimilar density. The vanes deflection 
angles are vital parameter on the separation performance of 
the axial inlet concurrent LLHC.

The key procedures implemented in this study are RSM 
and numerical simulation, which are discussed in detail in 
“Response surface method” and “Numerical method” sec-
tions, respectively. To optimize the experiments, only one 
parameter is adjusted at a time while keeping the remaining 
constraints constant. Predicting the interaction between con-
straints is time-consuming and difficult. To manage this dif-
ficulty, RSM is utilized together with numerical simulation 
to investigate the response and interaction of three operating 
parameters. The coupling of the RSM and CFD is utilized 
according to the simple flowchart outlined in Fig. 1.

Response surface method

DOE is widely used in nearly all industries to understand 
the behavior of parameters. It helps reduce the number 
of unwanted experimental runs and thus saves time and 
material resources. Response surface model design is use-
ful in investigating the nature of the relationship between 
responses and factors, especially when the relationships are 
nonlinear, in comparison with determining the essential fac-
tors. This design helps model the quadratic effect of factors 
and is well suited for predictive modeling and optimization. 
RSM is useful in planning, conveying, developing, and 
analyzing new scientific learning and products. It is also 
efficient in improving current studies and products. RSM 
is applied in nearly all areas, such as industrial, biological, 
chemical, food, and engineering sciences (Oehlert 2000; 
Bradley 2007).

The first objective of RSM is to determine the optimum 
response in the presence of multiple responses, identifying 
the compromise optimum that does not optimize only one 
response is crucial. The second objective of RSM is to deter-
mine how the response varies in a specified direction by 
adjusting the preferred variables as outlined by Aanchal and 
Knika (2016). This study used the standard design portfolio 
of the Design of Experiment Centre’s composite design. A 
surface design is created for investigating the relationship 
between process variable, such as inlet velocity, temperature, 
and vane angle response to obtain the exit velocities from 
the optimum vane angle. By inputting the minimum and 
maximum values of each variable, data sets/boundary condi-
tions of different combinations are generated. Minimum and 
maximum values of variables provided to the DOE for the 
vane angle, inlet mixture velocity, and mixture temperature 
are provided in Table 1.

Total of 15 combinations are generated by DOE, as 
shown in Table 2. By default, DOE generated some cases 
with values less than the minimum and higher than the maxi-
mum factors. Each combination suggested by the DOE is 
representing input boundary conditions to the CFD proce-
dure. Each one of the 15 boundary condition generated by 
the DOE is inputted to the CFD simulation, and the exit 
tangential velocities are obtained. The boundary conditions 
and the resulted tangential velocities are then put back to 

DOE Vane
Angles    

Inlet 
veloci�es

Mixture
temperatures

15 Combina�on of constraints   

CFD

Tangen�al velocity

Sta�c Pressure 
distribu�on

Turbulence 
intensity

RSM
Vane

angles
Inlet 

veloci�es

Op�mum Vane Angle

Fig. 1    Procedure of optimization methodology

Table 1    Minimum and maximum values of factors input to DOE

Input factor Minimum value Maxi-
mum 
value

Vane angle (°) 40 70
Mixture inlet velocity (m/s) 0.5 2.5
Mixture temperature (°C) 50 80
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the DOE to generate optimization topologies by RSM, but 
without inclusion of the temperature as its influencing is 
very minimal. The suggested 15 combinations of factors by 
the DOE and their values are shown in Table 2.

Numerical method

CFD is a cost-effective means of understanding complex 
fluid behavior and its effect on various geometrical and oper-
ating parameters. With the aid of powerful computers, the 
issue of solving strongly coupled, nonlinear partial differen-
tial equations of mass and momentum conservation associ-
ated with fluid behavior has become easy.

Modeling and meshing

The geometry requirement of the axial inlet concurrent 
LLHCs is that the total length should be 1330 mm. The 
geometrical dimensions of each section in the hydrocyclone 
are shown in Fig. 2. The inlet flow direction from top is 
a cylindrical shape with diameter, D = 40 mm and length, 
L1 = 70 mm. Down the inlet, a stationery swirl generator 
is placed inside the hydrocyclone to induce swirling flow, 
as shown in Fig. 2. The upper part of the swirler zone, the 
nose part, is diverged from D = 40 mm to D1 = 60 mm with 
80 mm length and continue as 60-mm-diameter cylindrical 
section for L2 = 610 mm below the nose point. Then, the 
passage starts to converge from D1 = 60 mm to D2 = 40 mm 
forming the conical part which has a length of L3 = 430 mm. 
Then, the outlet section, of length, L4 = 200 mm, converges 

D3 = 20 mm, which is the diameter of light phase outlet, 
LPO.

The swirler has three parts, nose, central ring, and tail, as 
shown in Fig. 3, with total length of 240 mm. Each part has 
80 mm length. The nose is the top part of the swirl genera-
tor geometry, which has an elliptical shape, followed by the 
vane and inner ring. The bottom radius of the nose is like the 
diameter of the central ring, 42 mm. The cross section at the 
vane exit is considered as the reference to the elevations, i.e., 
Z = 0. Above this, the elevation is negative, and below that, 
the elevation is positive. The nose guides the inlet oil/water 
mixture toward the annular region of the swirler and thus 
increases the mixture flow velocity toward. Seven asym-
metrical vanes have been produced separately, using CNC 
machining, and attached to the central cylinder of the central 
ring. The bottom part of the swirl generator geometry is the 
tail, and it is elliptical shape. The tip of the tail is not sharp; 
instead, it is rounded to allow smooth transition of the flow 
and to reduce any fluid deformation. The model, shown in 
Fig. 3, is created using CATIA V5 and fabricated as physical 
model using CNC machine.

Table 2    Combinations of runs, or boundary conditions, generated by 
DOE

Vane angles (°) Inlet velocity (m/s) Tem-
perature 
(°C)

37° 1.25 80
45° 0.5 70

2
0.5 90
2

56° 1.25 63
0.011 80
1.25
2.51
1.25 96

68° 0.5 70
2
0.5 90
2

76° 1.25 80

Fig. 2    Model geometry of an axial inlet hydrocyclone separator with 
a swirl generator inside (left) and enlarged section of the swirl gen-
erator (right). [All dimensions in mm]
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The mesh and cell discretization is performed in this 
study by a hyper mesh software. A hybrid meshing scheme, 
shown in Fig. 4, is selected. Hybrid mesh integrates the 
structured meshes, used in the regular geometries, and 
the unstructured meshes, used in the swirler complex flow 
region, in an efficient manner. Structural hexahedral ele-
ments are necessary to reveal the flow distribution beneath 
the swirl generator. Hence, the meshing is divided into three 
sections of the LLHC separator of this study. First section 
is the top cylindrical inlet section meshed with the struc-
tural elements. Second section is the unstructured elements 
used throughout the swirl generator section. Third section is 
the structural elements below the swirl generator sections. 
In all three sections, hexahedral elements are adopted six 
faces sharing with neighbors tends to produce more accurate 
results of the flow. Mesh quality is gauged by skewness, 
which is maintained as 0.6 for the meshing. A mesh with 
total of 980,000 elements has been adopted for the study, 
and the solution is verified for grid independent.

Multiphase model and boundary conditions

Navier–Stokes equation is solved using the finite volume 
method to determine the exit tangential velocity from dif-
ferent swirl generators. The density and viscosity of brine 
at 25 °C were 1067 kg/m3 and 0.00089 kg/m s, respectively, 

whereas those of oil were 835 kg/m3 and 0.01506 kg/m s, 
respectively. Varying velocity inlet conditions and vary-
ing velocities from 0.5 to 2.5 m/s were fed to each DOE-
generated case at different vane angles a combination of 
runs is generated by the DOE to determine the effect of the 
inlet flow rate and temperature with varying vane angles. 
ANSYS Fluent is used to run the boundary conditions for the 
numerical simulation where, no slip at the wall, time regime 
is steady state. Multiphase model is applied with SIMPLE 
pressure–velocity coupling algorithm and second-order 
upwind discretization scheme. The least square cell-based 
interpolation method is used. The outlets are imposed with 
an outflow boundary conditions.

The flow within LLHC is complex and swirls in different 
directions. Therefore, a turbulent model that can accurately 
determine the anisotropic turbulence within the cyclone is 
required. Reynolds’ stress turbulence model is a second-
order turbulent closure that can capture anisotropy, has a 
high streamline curvature, can change the strain rate quickly, 
and allows for severe swirling conditions to achieve realistic 
simulations of cyclone flows (Utikar et al. 2010). Thus, it has 
been chosen for this study. The model can be expressed, after 
Liu et al. (2010), Cui et al. (2014), as follows:

where Pij is the stress production term defined in Eq. 2, 
DTij is the turbulent diffusion term defined in Eq. 3, Φij is 
the pressure–strain term, εij is the viscosity diffusion term, 
and Fij is the rotation production term. They are defined as 
follows:

Validation of the CFD procedure

To ensure an accurate numerical simulation, the simulation 
results are usually associated with those of similar previ-
ous validated numerical works. The simulation results in 
this study were compared with Slot et al. (2011) numerical 
results. The tangential velocity at 0.44 m distance from the 
vane angle toward the bottom is depicted in Fig. 5. The trend 
of predicted tangential velocity profiles in both works, Slot 
et al. (2011) and the current work, is identical with mean 
deviation below 25%, which denotes an acceptable agree-
ment. The minor difference is attributed to the difference in 
the meshing procedure.
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(left) and modeled swirler (right)
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Furthermore, comparison of experimental results and 
numerical results of 80:20 water-to-oil ratio at 80 °C and 90:10 
is shown in Figs. 6 and 7, respectively. The results include the 
separation efficiency versus the flow rate obtained from both 
experimental measurements and numerical simulation results. 
The results of numerical simulations showed good agreement 
with experiment. However, an over prediction of nearly 9% of 
separation efficiency from the experimental results is observed. 
The validation confirms that the simulation procedure adopted 
in the current research is able to predict the system performance 
and the flow behavior with good accuracy.

Results and discussion

The flow distribution inside the LLHC has been determined 
by examining the separation efficiency, pressure drop, radial 
distributions of the tangential velocity profiles, turbulence 
intensity and static pressure. Qualitative analysis, by veloc-
ity contour plots, and quantitative analysis, by variables 

prediction and plotting, have been utilized to analyze the 
results. Optimization by RSM is also presented and dis-
cussed. Location of Z = 90 mm has been identified to com-
pare the tangential velocity, turbulence intensity, and static 
pressure in radial distributions for 45° and 68° vanes angles.

Analysis of separation efficiency

The flow rate vs separation efficiency measured for the best 
and least deflection vane angles is shown in Fig. 8. The flow 
rate vs separation efficiency is high for 45° vane angel com-
pared to the 68° vane angle. It is examined that the separa-
tion of oil–water mixture requires higher tangential velocity 
inside the LLHC to have a good efficiency. For a lesser flow 
rate, the efficiency is minimum. Larger flow rates of the mix-
ture start hike in the separation efficiency. It is postulated to 
be the lesser tangential velocity makes the 68° vane angle for 
a reduced separation efficiency. However, with the increase 
in flow rate, even in the case of 68° vane angle, the efficiency 
is increasing considerably.

Fig. 4    View of the meshed elements with 980 × 103 cells. a The top part is hybrid meshing including the swirler, upstream and downstream of 
the swirler, b the bottom is enlarged view of the hexahedral unstructured elements in the swirler section
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Analysis of pressure drop

The pressure drop has been studied for all the 15 cases gener-
ated by DOE, listed in Table 2, and simulated by CFD. The 
pressure drop results are shown in Fig. 9. A trend of increas-
ing the pressure drop from high vane angle toward low vane 
angle. That is postulated to high tangential velocity at the exit 
of the vanes causing larger shear losses with the cyclone wall 
and the tail body of the swirler. The larger shear i.e., higher oil 
droplets breaking, is an added agitation for larger instability 
of the mixture and lesser oil/water separation. The pressure 
drop is acute for the vane angle lesser than 45°, indicates high 
instability of flow field inside the LLHC, and leads to the 
consumption of more energy.

Analysis of tangential velocity

The nature of the flow in a cyclone separator is mainly influ-
enced by its tangential velocity component. The velocity 
contours presented in the longitudinal cross section, shown 
in Fig. 10, indicate that the maximum velocity is generated 
at exit from the vanes. However, the tangential velocity 
developed to the maximum beneath the swirl generator, and 

a reduction in tangential velocity is observed when the flow 
progressed toward the bottom. This trend of the result is 
in good agreement with the results of Oakman (2015) and 
Noroozi and Hashemabadi (2011).

To quantify the difference in the produced tangential 
velocity, Fig. 11 is produced. The figure displays the tangen-
tial velocity distributions results across the cone diameter, at 
elevation Z = 90 mm, produced by a 45° and 68° vane angles. 
The maximum predicted tangential velocity, of 7.06 m/s, is 
thrice the average inlet velocity for a 45° swirl generator. 
Meanwhile, less maximum tangential velocity, of 4.17 m/s, 
is noted for the 68° deflection angle. Two zones of vortex 
flow existed inside the LLHC can be realized. Near the wall, 
low tangential velocity was initially present. The trend of 
increasing and reaching the maximum velocity depicts a 
potential vortex flow at a location slightly away from the 
wall. Then, the magnitude of the tangential velocity starts to 
reduce gradually toward the central zone. At the longitudinal 
central line, i.e., at r = 0, the tangential velocity is almost 
zero, which is similar to the findings of Bergstrom and Vom-
hoff (2007). When moving toward the center, the tangential 
velocity distributions become minimum, which resembled 
solid body rotations, and their widths are proportional to the 
swirl intensity distribution along the axis of the cyclone. A 
reduction in the tangential velocity distributions toward the 
axial distances is observed to be faster for the case of 68° 
vane angle. In the solid body rotation center, the slope of the 
tangential velocity distributions is maximized and moved 
toward the core region; then, it increased toward the side of 
the wall (Al-Kayiem et al. 2014; Mokni et al. 2015). 

Analysis of turbulence intensity

Depending on the magnitude of inlet feed velocity, turbulent 
fluctuations become unpredictable and complicated most of 
the time. This condition is postulated to be due to the mixing 
and colliding of streams, thus causing recirculation and flow 
reversal. The turbulence inside a hydrocyclone is propor-
tional to the difference in velocity gradients as realized in 

-2

-1

0

1

2

3

4

5

-0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05

Ta
ng

en
�a

l v
el

oc
ity

 (m
/s

)

Radial distance (m)
Slot two phase at 0.44 m Current simulated results

Fig. 5    Comparison of the tangential velocity predicted by the current 
numerical procedure with Slot et  al. (2011) results at 0.44 m below 
the swirl generator across the diameter of the cylinder [both cases 
with 2 m/s inlet mixture velocity and 100 mm diameter]

74.5 79 80.8 83 8480
85.7 87.2 89 91

0

20

40

60

80

100

1.6 2.2 3.4 4 4.6

Se
pa

ra
�o

n 
Effi

ci
en

cy
 (%

)

Flow Rate (m3/hr) 
Experimental Results Numerical Reuslts

Fig. 6    Comparison between experimental measurements and CFD 
prediction of separation efficiency results, of 80:20 water-to-oil ratio 
at 80 °C, for different flow rates

68 70.2 71 75 76.475 79 80 82 84

0

20

40

60

80

100

1.6 2.2 3.4 4 4.6

Se
pa

ra
�o

n 
Effi

ci
en

cy
 (%

)

Flow Rate (m3/hr)
Experimental Results Numerical Reuslts

Fig. 7    Comparison between experimental measurements and CFD 
prediction of separation efficiency results of, 90:10 water-to-oil ratio 
at 80 °C, for different flow rates



2964	 Journal of Petroleum Exploration and Production Technology (2020) 10:2957–2967

1 3

Gomez (2002) experiments. The turbulence intensity, T.I., 
also often named as turbulence level, is defined as the ratio 
of the root-mean-square of the velocity fluctuations, u′ to the 
mean flow velocity,U and can be predicted using Eqs. (4) to 
(6), (see Russo and Basse 2016; Wang et al. 2007). 

The root-mean-square of the velocity fluctuation is the 
mean of 3D components, x, y, and z.

And the mean velocity, as

The turbulence intensities generated from vane angles 
45° and 68° vanes were plotted to examine the distribution 
of turbulence across the radial distance at Z = 90 mm and 
are shown in Fig. 12. The turbulence intensities increased 
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considerably beneath the swirl generator, which could be 
due to the rapid flow development immediately after the 
hemispherical bottom section of the swirl generator (tail). 
In Fig. 12, the line with circular symbols denotes the tur-
bulence intensity distributions for the 45° vanes, and the 
line with triangular symbols denotes the turbulence intensity 
distributions for the 68° vanes. Turbulence intensity is at the 
maximum for the 45° vane angle, and the trend of maximum 
turbulence intensity toward the wall decreased in the direc-
tion of the center in both vane angles, 45° and 68°. The high 
turbulence at the wall is believed to be due to the flow being 
uneven, which may be because of the high tangential veloc-
ity. However, low turbulence intensity is noted from the 68° 
vane angle beneath the swirl generator and is shown in red 
color lines.
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Fig. 10    Tangential velocity contour distribution at a 45° vane angle 
beneath the swirl generator
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Analysis of static pressure

Figure 13 shows a comparison of the static pressure distri-
bution across the radial distance of Z = 90 mm. In Fig. 13, 
the line with circular symbols indicates the static pressure 
depicted from the 45° vane angle. The trend of increased 
pressure near the wall and toward the core is reduced con-
siderably. This result can be correlated with Fig. 9, in which 
high tangential velocity is observed at the same point. 
Hence, the high energy consumption of high static pressure 
is due to high tangential flow near the wall. This sudden 
pressure drop supports the presence of backflow due to the 
formation of a high swirling flow or high energy consump-
tion just beneath the swirl generator. The static pressure 
distribution from the 68° vane angle is at the minimum and 
showed minimal energy consumption due to the reduced 
swirling flow. Furthermore, the minimum tangential veloc-
ity for the 68° vane angle at the same location justifies the 
above statement.

Optimization analysis of response surface method

The obtained tangential velocities from the numerical simu-
lation as per DOE cases are shown in Table 3. The optimum 
responses for vane angle, especially for the combinations of 
inlet velocity and temperature, have been obtained with the 
aid of the response optimizer in DOE software.

The maximum tangential velocity, 7.32 m/s, imposed by 
the vanes is exhibited by the 45° vane angle with an inlet 
velocity of 2.0 m/s. The least resulting tangential velocity 
is noted with 0.5 m/s inlet velocity and 68° vane angle. At 
2.0 m/s inlet velocity, the exit tangential velocities in 56° and 
68° vane angles are comparatively lower than the case of 45° 
vane angles. The change in the response to a direction when 
altering a specific variable could be captured by scheming 
surface and contour plots, as presented in Fig. 14 (top). The 
surface and contour plots are supporting the decision on the 
optimization. These plots show only the response of two 
factors, which are inlet velocity and vane angle, at a time by 
keeping the third factor (temperature) constant.

An interaction plot, shown in the RSM analysis in Fig. 14 
(bottom), is studied to justify the optimized design of the 
vanes deflection angle. The plot is used to examine the dif-
ference between a “level means” of more than one factor, 
simultaneously. An interaction effect occurs when diverse 
levels of a factor influence the response differently. An inter-
action plot displays means for the levels of one factor on 
the x axis and a distinct line for each level of another factor. 
The lines, whether parallel (no interaction) or nonparallel 
(interaction), are analyzed to determine the nature of the 
relationship and its influence on the relationship between the 
factors and response (Granato and Calado 2013). Interaction 
plots, shown in Fig. 14, indicating that 45° vanes angle and 

2.0 m/s are resulting in the highest tangential velocity, value 
of 7.32 m/s. In addition, ANOVA analysis is performed, to 
determine the significant parameters. Commonly, the signifi-
cant value is determined by the P value, which must be less 
than 0.05 (Panagiotis and Nikolas 2015). ANOVA analysis 
shows that the inlet velocity, inlet velocity square, and the 
interaction of inlet velocity with vane angle are significant. 
Thus, it has been concluded that inlet velocity of the mixture 
and vane deflection angles are the most significant param-
eters in optimizing a swirl generator.

The regression analysis above led to the establishment of 
a mathematical equation for the statistical relation of inlet 
velocity and vane angle to the response variable, which is 
exit velocity.

where Y is the response variable (tangential velocity), X1 is 
the inlet velocity, and X2 is the vane angle. The temperature 

(7)

Y = −17.10 + 13.411X1 + 0.3499X2

− 1.18X2

1
− 0.0018X2

2
− 0.1572X1X2,
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was not included as its P value is very high which indicates 
that it is not significant influencing variable.

Conclusion

An effective and successful analysis and optimization pro-
cedure are developed in the current study by integration of 
DOE, CFD, and RSM techniques. The developed procedure 
has been utilized to reveal the optimum vane deflection angle 
in axial concurrent flow oil/water separator. Optimization 
results by RSM showed that the swirl generator with a 45° 
deflection angle and an inlet mixture velocity of 2 m/s gener-
ated high tangential velocity, whereas that with a 68° deflec-
tion angle and 2 m/s inlet mixture velocity resulted in lower 
tangential velocity. Aside from tangential velocity, turbu-
lence intensity was also investigated. The turbulent intensity 
generated by the 45° swirl generator was higher than that 
produced by the 68° swirl generator. The design of swirler 
with 45° vane deflection angle has resulted in highest sepa-
ration efficiency of the axial inlet concurrent liquid–liquid 
hydrocyclone separator, and it is the optimum. Hence, 45° is 
optimum vane deflection angle to design the swirler of axial 
flow liquid–liquid hydrocyclone separator. A mathematical 
model of a swirl generator for an axial inlet hydrocyclone 
was developed and statistically established based on RSM.
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Table 3    CFD prediction of exit velocity from the vanes for various 
combinations of DOE variables

Vane angle (°) Inlet velocity 
(m/s)

Temp (°C) Tangential veloc-
ity by CFD (m/s)

37o 1.25 80 2.80
45° 0.5 70 1.74

2 7.10
0.5 90 1.81
2 7.32

56° 1.25 63 3.80
0.011 80 0.05
1.25 3.80
2.51 4.06
1.25 96 3.80

68° 0.5 70 1.04
2 4.17
0.5 90 1.06
2 4.20

76° 1.25 80 3.70

Fig. 14    RSM analysis results. Top: Three-dimensional surface plot 
showing the maximum and minimum exit tangential velocities with 
different inlet velocities and vane angles. Bottom: Interaction plot of 
maximum and minimum exit velocities with different inlet velocities 
and vane angles
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