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ABSTRACT 
In this work, the swirling flow field induced by guide vanes was studied using electrical resistance 
tomography (ERT) and numerical simulations. The results show that the two-phase water and oil 
mixture moves in the same axial direction for this type of flow field, which is very unlike the flow 
behavior of a traditional hydrocyclone with a tangential inlet. In the pipe behind the guide vanes, 
the smallest axial velocity and tangential velocity are located at the center of the pipe. From the 
pipe center to the pipe wall, both pressure and velocity increase gradually. Downstream of guide 
vanes, the maximal oil volume fraction is observed at the center of the pipe. From the center of the 
pipe to the inner wall, the oil volume fraction gradually decreases. Moreover, ERT can precisely 
show the oil distribution in the pipe section. These studies prove the possibility of efficient oil and 
water mixture separation by guide vanes, and the results may be very important for guiding the 
optimal design of vane-type pipe separators. 
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Introduction 

The separation of oil–water two-phase dispersion 
is important in the process of oil production, and 
the use of hydrocyclones is not uncommon in the 
petroleum industry. To date, much progress has 
been made in the research on swirling flow fields 
inside a hydrocyclone (Zhou et al., 2010). However, 
due to the different structural parameters of each 
hydrocyclone, there are great differences in the swirl-
ing flow fields. Gao et al. (2011) studied the flow 
velocity of hydrocyclones with a tangential inlet. 
The results showed that several asymmetric envel-
opes of equal vertical velocities existed during the 
upward inner flows and downward outer flows. 
While the increase in the feed pressure has little 
influence on the distribution characteristics of 
the vertical and tangential velocities, the magnitude 
and gradient of the tangential velocity were notice-
ably enlarged in the hydrocyclones. Marins et al. 
(2010) researched the flow field in the hydrocyclones 
experimentally without the air core using Laser 
Doppler Anemometry (LDA) and  particle image 
velocimetry (PIV). The exponent n in the tangential 

velocity equation was determined to be approxi-
mately 0.61. The turbulence in the axial direction 
was observed to be slightly higher than that in the 
tangential direction. For an axial flow hydrocyclone, 
Wang et al. (2011) studied the internal flow field 
using computational fluid dynamics (CFD) techni-
ques and  Laser Doppler Velocimetry (LDV) tests. 
It was found that the guide vanes may divide the 
fluid evenly and effectively prevent the eccentricity. 
Furthermore, the pressure in hydrocyclone was also 
studied, and the specific effects of the guide vanes 
were described. 

More recently, Ahmed et al. (2015) experimentally 
investigated the effects of swirl on the impingement 
surface pressure for an incompressible, turbulent, 
swirling impinging air jet. The effect of swirl number, 
nozzle-to-plate distance, and Reynolds number on 
the pressure distribution was examined. The results 
showed that for medium-to-high swirls, the 
maximum pressure coefficient shifted radically out-
ward from the stagnation point and became relatively 
flat with increasing swirl number. The stagnation 
pressure decreased nonlinearly with increasing swirl 
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intensity and followed a quadratic relationship for a 
given Reynolds number. Wannassi and Monnoyer 
(2016) studied the dynamics behavior of the flow 
generated by blade swirlers. The results obtained 
for different configurations revealed that a vertical 
structure was present at the inlet of the swirl gener-
ator and was identified at the jet exit. Its intensity 
depended on the blade angle. Javadi et al. (2016) 
investigated the flow unsteadiness generated in a 
swirl apparatus experimentally and numerically. 
The experimental results showed that the 
largest on-axis recirculation region, the largest 
precessing vortex rope, and the highest level of 
velocity fluctuations occurred at the lowest 
rotational speed, and the processing vortex rope 
counter-rotated the runner. 

The new vane-type pipe separator uses the guide 
vanes to produce swirling flow fields to realize 
centrifugal oil–water separation (Shi et al., 2012; 
Shi and Xu, 2015). However, the flow characteristics 
of the swirling flow field are not very clear because of 
the unique structure of the guide vanes. In this work, 
the phase distribution in the pipe cross section was 
obtained using electrical resistance tomography 
(ERT). Combined with the results of numerical 
simulations, the flow characteristics and the oil dis-
tribution at different axial distances are presented. 
These results may be of great significance for guiding 
the optimal design of vane-type pipe separators. 
To achieve this goal, numerical simulations and 
experiments were performed. The experimental 
method and equipment are presented in “experi-
mental study.” Then, the geometric model and 
numerical setup of the simulation are described in 
“numerical simulation.” The results and analysis sec-
tion mainly focuses on the pressure drop, velocity 
distribution, and the oil volume fraction distribution. 

Experimental study 

Measurement method 

The key parameters in the experiment were the press-
ure drop and section phase volume fraction. The 
pressure drop can be measured by a pressure sensor, 
together with the DAQP-12H data acquisition system 
with the sampling frequency of 2000 Hz. For section 
phase volume fraction measurements, ERT was an 
ideal choice. ERT is a kind of noninvasive industrial 
process tomography that can retrieve internal 

information from the pipe without interfering with 
the flow field (Wang et al., 2003; Li et al., 2005; Olerni 
et al., 2013). The ERT instrument used in this experi-
ment is an ITS Z8000 system, which can obtain the 
phase distribution by measuring the voltages of the 
electrodes. In each plane, 16 stainless steel electrodes 
are mounted flush to the surface at equal intervals 
without disturbing the inner fluids. Using the con-
ductivity data obtained by ERT, the local volume 
fraction distribution (a) can be determined using 
Maxwell’s equation (Maxwell, 1881): 

a ¼
2r1 þ r2 � 2rmc � rmc

r2
r1

rmc � rmc
r2
r1
þ 2 r1 � r2ð Þ

ð1Þ

where σ1 is the conductivity of the first phase, σ2 is the 
conductivity of the second phase, and σmc is the local 
mix conductivity distribution. A more detailed 
description of the operational principle of ERT can 
be found in the works of Wu et al. (2005). 

In this work, there were two circles of electrodes, 
named section I and section II, which were placed 
12R and 42R downstream of the guide vanes, rela-
tive to the developing period and the stable period 
of the swirling flow field, respectively. The concen-
tration profile obtained using ERT could have a 
certain error due to the high sensitivity of various 
factors such as the accuracy of the electrical 
measurement made at the system boundary and 
the image reconstruction algorithm used. A refer-
ence measurement error of 1% could lead to a con-
ductivity error of up to 10% depending on the 
magnitude of the conductivity charge (Wang et al., 
1999). In this work, before collecting data, we cali-
brated the ERT system and took the reference frame 
when the sensor was full of liquid only so that the 
reference measurement error could be controlled 
within 0.5%. Thus, the relative errors of the cross- 
sectional average oil volume fraction were found 
to be smaller than 5%. Moreover, pressure sensors 
were installed at locations 40R and 24R upstream. 

Materials and vane configuration 

In this work, tap water and industrial white oil 
PS-40, produced by the Yanshan Petrochemical 
Company in China, were used to prepare the oil– 
water dispersions. The white oil was a refined 
mineral oil consisting of saturated hydrocarbons 
and can be classified based on the viscosity. At 
20°C, the density of white oil was 840 kg/m3 with 
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the viscosity of 36 mPa · s. The density of tap water 
was 998 kg/m3 with the viscosity 1.0 mPa. All 
experiments were conducted at approximately 20°C. 

Since this work is mainly concerned with the oil 
phase concentration in the swirling flow field, equip-
ment creating a swirling flow field was essential. The 
guide vane was applied as the swirling instrument. 
The guide vanes were two pieces of thin, semicircular 
plates, and the deflector angle of the guide vanes to 
the pipe section was 45°, as shown in Figures 1 and 2. 

Experimental design and operating methods 

The experiments were performed on the multiphase 
flow experimental platform in the Institute of 
Mechanics, Chinese Academy of Sciences. A 
schematic view of the flow loop is depicted in 
Figure 1. The flow loop consisted of transparent 
Perspex pipes with the inner diameter of 50 mm, 
which was helpful for better observing the flow 

field. Guide vanes were placed in the pipe with 
the pressure sensors upstream and downstream 
for the pressure drop measurement. Two ERT elec-
trodes were placed downstream of the guide vanes 
with reasonable distance for the oil core develop-
ment. In the experiment, both oil and water were 
first measured by a turbine flow meter and an elec-
tromagnetic flow meter, respectively, and were then 
mixed by a T-junction. Finally, oil and water flowed 
into the separating tank for gravity separation. 

Data matrix 

During the experiment, the water flow rate at the 
entrance was fixed at first, and the inlet oil volume 
fraction (b) was adjusted from 0 to 0.2 gradually, 
while the water flow rates changed from 3.0 to 
12.0 m3/s with 3 m3/h intervals. For each operating 
condition, the pressure data and the section oil distri-
bution information were recorded for future analysis. 

Numerical simulation 

Numerical simulation model 

The numerical simulation was conducted with the 
Fluent commercial software, which uses the finite 
volume method to discretize the differential 
equations describing the multiphase flow, and the 
Reynolds stress model (RSM) model was chosen 
to perform the simulation with the mixture multi-
phase flow model applied to simulate the oil–water 
flow. The mathematical model for the mixture 
multiphase flow is as follows: 

@

@t
qmð Þ þ r � qm~vmð Þ ¼ _m ð2Þ

Figure 1. Schematic view of the flow loop.  

Figure 2. View of the computational domain.  
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where ~vm is the average velocity, qm is the mixture 
density, and _m is the user-defined mass transfer of 
the mass source. The variables ~vm and qm can be 
obtained according to the following equations: 

~vm¼

Pn
k¼1 akqk~vk

qm
ð3Þ

qm¼
Xn

k¼1
akqk ð4Þ

@

@t
qm~vmð Þ þ r � qm~vm~vmð Þ

¼ � rP þr � lm r~vm þr~vT
m

� �� �
þ qm~g þ~F

þr �
Xn

k¼1
akqk~vdr;k~vdr;k

� �

ð5Þ

where n is the number of the phases, ~F is the body 
force, lm is the mixture viscosity, and ~vdr;k is the 
drift velocity of the kth phase. The variables ~vdr;k 
and lm can be obtained according to the following 
equations: 

lm¼
Xn

k¼1
aklk ð6Þ

~vdr;k¼~vk � ~vm ð7Þ

As for the turbulent model, the equation of the 
RSM model is as follows: 

@

@t
ðquiujÞ þ

@

@xk
ðqUkuiujÞ

¼ �
@

@xk
quiujuk þ pujdik þ puidjk
� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
DT;ij�Turbulent Diffusion

þ
@

@xk
l
@

@xk
uiuj

� �

|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
DL;ij�Molecular Diffusion

� q uiuk
@Uj

@xk
þ ujuk

@Ui

@xk

� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Pij�Stress Production

� qb giujhþ gjuih
� �

|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
Gij�Buoyancy Production

þ p
�
@ui

@xj
þ
@uj

@xi

�

|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
/ij�Pressure Strain

� 2l
@ui

@xk

@uj

@xk|fflfflfflfflfflffl{zfflfflfflfflfflffl}
eij�Dissipation

� 2qXk ujumeikm þ uiumejkm
� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Fij�Production by System Rotation

þ Suser|{z}
User � Defined Source Term

ð8Þ

where DT,ij is the turbulent diffusion, DL,ij is the 
molecular diffusion, Pij is the stress production, 
Gij is the buoyancy production, φij is the pressure 

strain, εij is the dissipation, Fij is the production 
by system rotation, and the Suser is the user-defined 
term. In the term of buoyancy force, 
b ¼ � 1

q

@q

@T

� �

P
. 

Geometry model character 

As with model for numerical simulation, Figure 2a 
shows the view of the computational domain. The 
inner diameter of the pipe model was 0.05 m and 
the pipe model was 3.5 m long in the Y-axis 
direction. The upstream and downstream 
extensions of the computational domain with 
respect to the guide vane position were 1.5 and 
2 m, respectively. As seen from Figure 2a, sections 
I and II were 12R and 42R downstream of the guide 
vanes, respectively, same as the experimental setup. 

The specific structure of guide vanes could be seen 
clearly in Figure 2b. The guide vanes were two pieces 
of thin, semicircular plates, and the deflector angle of 
the guide vanes to the pipe section was 45°. The 
whole flow field was divided into three parts 
for meshing according to the structure of the flow 
field with the assistance of ICEM (Integrated 
Computer Engineering and Manufacturing). Near 
the guide vanes (with the length of 200 mm), 
the computational meshes were generated using 
unstructured grids due to its geometric properties. 
Other parts of the geometry model were structural 
mesh. The sizes of the structural and unstructural 
grids are coupled to each other. For the structure, 
all the structural parameters used in the simulation 
were the same as those used in the above experiment. 

Boundary and operating conditions 

The boundary conditions were set as follows: the 
velocity inlet was set to the measured flow velocity 
magnitude and normal to the inlet surface. The tur-
bulent intensity was set as 5% and the hydraulic 
diameter was set as the pipe diameter. Since oil 
and water are both incompressible fluids, the outlet 
boundary condition was set as outflow. Since this 
study concentrated on the phase distribution near 
the pipe center, the wall is defined as a stationary 
wall with a no slip shearing condition. In addition, 
the gravitational acceleration was set as −9.8 m/s2 

in the Z-axis direction. 
The operating position was set 24R downstream of 

the guide vanes at the location of the pressure sensor. 
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Since the pressure was not uniform in the cross sec-
tion, the operating position was set near the wall. The 
operating pressure was set to be the same as the mea-
sured value. In this way, the calculated static pressure 
40R upstream of the guide vanes was exactly the 
pressure drop measured by the two pressure sensors. 

Grid independence study 

Figure 3 presents the comparison of the face aver-
age velocity magnitude and static pressure change 
along the fluid domain for different grid qualities. 
In the figure, coarse, medium, and fine grids were 
defined as the 168, 642-, 1,164,279-, and 1,912,311- 
point grids, respectively. The calculation was 
performed by setting the water flow rate to 9 m3/h 
and the inlet oil volume fraction to b ¼ 0.107. From 
the figure above, it can be seen that the overall 
trends for the velocity magnitude and static press-
ure are nearly the same for all grid qualities. How-
ever, discrepancies between the medium and fine 
grids were much smaller than the discrepancies 
between the coarse grid and the medium grid. As 
a result, the grid with the medium quality was 
appropriate for use in numerical simulation in 
consideration of the calculation accuracy. To reduce 
the computational cost while preserving the 
accuracy, the mesh with 1,164,279 grid points was 
selected for the subsequent calculation. 

Solution method 

Numerical simulation was performed in a steady- 
state manner considering the flow loop properties. 

Considering both the solution convergence and 
accuracy, the semi-implicit method for pressure- 
linked equations is applied for the coupling 
between the pressure and velocity. Discrete formats 
for the momentum, kinetic energy, turbulent 
energy dissipation, and Reynolds stress equation 
are used in a second-order upwind form. The 
residuals were set to 10−5. 

Results and discussion 

Comparison of experimental observations and 
numerical simulations 

To confirm that the numerical simulation is 
reliable, it is essential to compare the results of 
the numerical simulation to the experimental 
measurements. On the basis of data matrix 
discussed in “data matrix,” the pressure drop and 
section phase distribution are chosen as com-
parison parameters. 

For the pressure drop, Figure 4 presents a com-
parison of the simulated pressure drop and the 
measured pressure drop. The inlet oil volume frac-
tion is b ¼ 0.107 and the water flow rate is Qw ¼ 3, 
6, 9, and 12 m3/h. Here, the simulated pressure 
drop is the static pressure near the wall 40R 
upstream of the guide vanes. It is found that the 
simulated and measured pressure drop values 
match very well. Moreover, the changing rules of 
the calculated and measured pressure drops with 
the inlet water flow rate are also consistent. 

For the phase concentrations, Figure 5 shows a 
comparison of the simulated oil volume fraction 
(a) in the vertical direction to that measured by 
ERT. Here, the solid points are the experimental 
data, and the hollow points are the simulation 
results. It can be seen that the simulated oil 
distribution curve matches the experimental curve 
to some extent. Both the simulated and measured 
oil fraction decrease as the inlet water flow rate 
increases. Nevertheless, some deviations are still 
observed, such as the simulated oil distribution 
curve being narrower than the experimental curve, 
which may be because the CFD simulation cannot 
take the emulsification of the oil–water mixture 
into account. This has little influence on the overall 
results. Thus, numerical simulations are reliable 
for the investigation of the oil–water two-phase 
swirling flows. 

Figure 3. Comparison of velocity magnitudes and static 
pressure for different grids.  
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Pressure drop 

The pressure drop through the guide vanes is an 
important indicator of the performance of the 
vane-type pipe separator. This is because that the 
larger pressure drop implies a greater energy loss 
for the separator. The pressure drop through the 
guide vanes can be divided into two contributions: 
the local pressure drop caused by the guide vanes 

and the friction pressure drop in the horizontal pipe 
upstream and downstream of the guide vanes. 
Figure 4a shows the pressure drop obtained by 
subtracting the downstream pressure from the 
upstream pressure measured by the pressure sen-
sors. When the inlet oil volume fraction is constant, 
the pressure drop gradually increases with increas-
ing flow rate of the inlet water. However, when the 

Figure 4. Pressure drop through the guide vanes.  

Figure 5. Comparison of oil volume distributions in section I measured with those simulated (b ¼ 0.107).  
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water flow rate is constant, higher inlet oil volume 
fractions correspond to larger pressure drops. 

The pressure distribution (Qw ¼ 12 m3/h, 
b ¼ 0.107) at section I is shown in Figure 6. In 
the contour, the dark color means high pressure, 
while the light color means low pressure with gray 
as the intermediate value. A low-pressure area 
occurs at the pipe center. From the pipe center to 
the pipe wall, the pressure increases gradually. 
Here, the difference between the maximum press-
ure and minimum pressure is approximately 
2.2 kPa. Taking all the inlet flow rates together, 
Figure 7 provides a thorough description of the 
longitudinal pressure distribution for all inlet flow 
rates with 10.7% oil inlet volume fraction. The red 
color represents high pressure, while the blue color 
represents low pressure. For the convenience of 
analysis, a color map for the pressure contours 
varies according to the flow rate, as well as that 
of the streamline. We would like to clarify that as 
the pressure of the existing domain is set as 0, 
the pressure in the flow domains is relative 
pressure. For an individual pressure contour, it 
can be seen that pressure upstream of the guide 
vane is higher than that downstream. Furthermore, 
rotational flow gives rise to the pressure drop at the 
pipe center. As is shown, the pressure at the pipe 
center is lower than the pressure near the pipe wall 
not far away from the vane zone due to the 
centrifugal force. The lowest pressure appears at 
the intersection of two vanes, and the low-pressure 
core gradually dissipates as the rotation intense 

decreases along the tube, for which the trend 
corresponds to the swirling number change 
presented in the following study. When the press-
ure contours of the different inlet flow rate are 
compared, it is obvious that a higher inlet flow rate 
results in a steeper pressure drop axially both in the 
whole fluid domain and the local pressure gradient. 
In terms of the global pressure drop, it can be seen 
that global pressure drop varies from 2 to 29 kPa as 
the inlet flow rate increases from 3 to 12 m3/h. This 
is due to the configuration of the guide vane itself, 
which can give rise to an intense hindrance effect 
when the inlet flow rate is high. For local pressure 
gradient radially, a higher inlet flow rate produces 
higher tangential velocity which further steepens 
pressure gradient radially and results in a higher 
pressure drop. 

Velocity distribution 

The velocity distribution was studied based on a 
CFD simulation performed in the present study. 
Figure 8 shows the velocity distribution in the longi-
tudinal section colored according to the axial velo-
city. Here, the inlet water flow rate is Qw ¼ 9 m3/h, 
and the inlet oil volume fraction is b ¼ 0.107. The 
flow field shown in Figure 8 covers the area from 
5R upstream of the guide vanes to 20R downstream 
of the guide vanes. Upstream of the guide vanes, the 
axial velocity at the pipe center is slightly larger than 
that near the pipe wall, and a small radial velocity is 
present. This is mainly because the influence of 
buoyancy becomes weak due to the absence of swirl 
flow. In the area near the guide vanes, an obvious 
radial component of the velocity was observed. 
Thus, a highly significant change occurred in the 
flow direction of the oil–water mixture due to the 
guide vanes. This change gave rise to the formation 
of swirling flow field downstream. Downstream of 
the guide vanes, a large difference in the axial 
velocity was found. In the radial direction, the axial 
velocity is much different, and the smallest axial 
velocity is located at the pipe center just behind 
the guide vanes. From the center to the wall, the 
axial velocity increases gradually. In the axial 
direction, some differences were also found. 

Figure 9 provides a thorough depiction of the 
axial velocity coefficient distribution vertically 
covering sections from 4R to 42R downstream. 

Figure 6. Pressure distribution at the location of section I 
(Qw ¼ 12 m3/h, b ¼ 0.107).  
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For the convenience of analysis, the geometric 
parameters are dimensionless and are normalized 
to the pipe inner diameter R. The total profiles 
for all the curvatures are almost symmetric. 
Though gravity exerts an influence, it is negligible 
compared to the strong rotational flow. It is clear 
that for the sections near the vane zone, the 
velocity at the pipe center is low. As the horizontal 
axis moves from the pipe center to the wall, the 
axial velocity gradually increases to the maximum 
value near the wall and then decreases to 0 
abruptly. We note that for the section 4R after 
the vane zone, the velocity at the pipe center is 

negative, implying the existence of a backflow. 
For the other sections, the velocities at the pipe 
center are positive and gradually increase, while 
the local maximal values gradually decrease. How-
ever, section 42R from the vane zone where axial 
values vary little except for the abrupt reduction 
at the wall is an exception to this trend. This means 
that the swirling zone is rather weak at the cross 
section 42R from the vane zone. 

Figure 10 provides a detailed representation of 
the radial distribution of the tangential velocity. 
The total profiles are antisymmetric with the value 
of 0 at the pipe center. As the position moves from 

Figure 7. Longitudinal pressure distribution of different inlet flow rates under inlet oil phase concentration of b ¼ 10.7%.  

Figure 8. Velocity in the longitudinal section (Qw ¼ 9m3/h, 
b ¼ 0.107).  

Figure 9. Axial velocity coefficient in the cross section at 
different distances to the guide vanes (Qw ¼ 9m3/h, b ¼ 0.107).  
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the pipe center to the inner wall, tangential velocity 
gradually increases to a maximum value near the 
inner wall with an abrupt decrease to 0 at the inner 
wall. Moreover, the maximum of the tangential 
velocity decreases when the sampling section 
moves away from the vane zone, which means 
that the intensity of the swirling flow attenuates 
axially. 

As is done for the pressure distribution study, 
streamline distributions are also evaluated for all 
inlet flow rates as shown in Figure 11. In the stream 
line figures, the color map for different inlet 
flow rates is unified to a single color. A red color 
streamline indicates a higher velocity magnitude, 

while the blue color indicates a lower velocity. 
The overall trends for the streamline of the various 
inlet flow rate operating conditions are almost the 
same. Uniformly distributed straight streamlines 
are guided and accelerated when flowing through 
the vane zone. Rotational streamlines charac-
terizing the swirling flow field are obtained as the 
result. Similar to the curvatures for the streamline, 
velocity magnitudes gradually decrease as the fluids 
flow away from the vane zone. Comparison of the 
streamline figures of different inlet flow rates 
shows that the only difference is found in the 
maximal velocity magnitudes, which increase with 
the inlet flow rates. 

To further analyze the characteristics of the 
swirling flow field, the swirl number (S) was obtained 
by the following equation (Ahmed et al., 2015): 

S ¼
Wb

Ub
ð10Þ

where Ub and Wb are the bulk axial and tangential 
velocities, respectively, and are given by: 

Ub ¼
2

R2

Z R

0
r uh idr ð11Þ

Wb ¼
2

R2

Z R

0
r wh idr ð12Þ

In this work, the swirl numbers obtained at 
sections 4R, 12R, 20R, 28R, and 42R downstream 
of the guide vanes were 1.31, 0.76, 0.55, 0.41, and 

Figure 10. Tangential velocity coefficient in the cross 
section at different distances to the guide vanes for numerical 
simulation (Qw ¼ 9m3/h, b ¼ 0.107).  

Figure 11. Streamline of different inlet flow rates under inlet oil volume concentration of b ¼ 10.7%.  
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0.28, respectively. That is, the swirl number 
decreases gradually with an increase in the distance 
to the guide vanes. This corresponds to the law of 
decreasing tangential velocity coefficient shown in 
Figure 10. Through the study described above, 
the hydrodynamic character of the fluid domain 
under operating conditions studied is elucidated, 
which is beneficial for further investigations and 
for the applications of this approach in industrial 
production. 

Oil distribution 

Another important factor affecting the separation 
efficiency is the oil distribution in the swirling flow 
field. In this section, the specific oil distribution 
is described by a combination of experimental 
measurements and numerical simulations. 

Experimental measurements 
Figure 12 depicts the oil distribution measured by 
ERT in the pipe cross section at the location of sec-
tion II when the inlet water flow rate is 6 m3/h and 
the inlet oil volume fraction is b ¼ 5.7%. The X and 
Y axes represent the proportions of the local radius 
to the pipe radius in the horizontal and vertical 
directions, respectively. The Z-axis represents the 
oil volume fraction at a particular position. In the 
figure, the red color represents a high local oil 
volume fraction, while the blue color represents a 
low local volume fraction with the other colors 
representing intermediate values. Obviously, the 
oil volume fraction at the center is much higher 

than that near the pipe boundary. The peak oil vol-
ume fraction at the pipe center is almost 50%, 
while it remains 0 near the pipe wall. It can be seen 
that the oil core existed at the pipe center in the 
form of oil droplets mixed with water at the center. 
In addition, at the location away from the pipe 
center, almost pure water exists. Furthermore, 
similar phenomena are found under other working 
conditions. The oil core remains at a reasonable 
distance downstream of the vane zone. 

Figure 13 shows the oil distribution at the 
location of section II with the water flow rate of 
Qw ¼ 3 m3/h. The inlet oil volume fractions are 0, 
0.057, 0.107, and 0.153, respectively. In Figure 13, 
the red center area is oil dominated, and the sur-
rounding area with blue color is water dominated. 
In addition, the red oil core is an approximate circle. 
When the inlet oil volume fraction is zero, the cross 
section is full of water. As the inlet oil volume frac-
tion increases, the oil core increases gradually. When 
the inlet oil volume fraction increases, the oil core 
becomes larger under the same centrifugal force. 

Figure 14 shows the measured oil volume 
fraction distributions in the vertical direction at 
sections I and II. Here, the corresponding water 
flow rate is 3.0 m3/h. It can be seen that the oil 
volume fraction curve increases with increasing 
inlet oil volume fraction. However, under the same 
conditions, the oil volume fraction in section II is 
much lower than that in section I, mainly because 
the vortex intensity is gradually weakened as the 
axial distance to the guide vanes increases. This 
phenomenon can be understood in different ways. 
According to the previous introduction, the axial 
velocity increases gradually with the increasing dis-
tance from the guide vanes. Therefore, to maintain 
the mass conservation of the oil phase, the oil vol-
ume fraction should decrease gradually. Moreover, 
at section I, the maximal oil volume fraction is 
located at approximately r/R ¼ 0; however, at sec-
tion II, the maximal oil volume fraction is located 
at r/R < 0. In other words, at section II, the oil core 
moves slightly above the pipe axis due to the com-
bined effects of the centrifugal force and buoyancy. 
At section I, the centrifugal force is strong, and 
therefore the effects of buoyancy are not obvious. 
With increasing distance from the guide vanes, 
the centrifugal force decreases, and the oil core 
moves up gradually. Combined with the front 

Figure 12. Oil volume distribution at the location of section II with 
6 m3/h water inlet flow rate and b ¼ 5.7% inlet oil volume fraction.  
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study of the flow velocities, the conclusion can be 
made that buoyancy influences the oil distribution 
but has little influence on the velocity distribution. 

Figure 15 depicts the oil distribution in the ver-
tical direction with the constant inlet oil volume 

fraction of b ¼ 0.107. The inlet water flow rate 
shows a major impact on the oil distribution at 
section I. As the water flow rate increases, the oil 
volume fraction curve becomes lower and more 
gradual because the oil is more likely to form an 

Figure 13. Oil volume distribution at the location of section II under different inlet oil volume fractions.  

Figure 14. Oil volume distribution in the vertical direction with water flow rate of Qw ¼ 3 m3/h.  
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emulsion with a large water flow rate. Once the 
emulsion is formed, the efficiency of the centrifugal 
separation is greatly reduced. For section II, 
however, the change of the water flow rate had 
no significant effect. The average oil volume 
fraction in the pipe cross section was obtained by 
integrating the measured oil volume fractions of 
each pixel. 

Numerical simulations 
Figure 16 shows the specific oil distribution at 
section I obtained by the CFD simulation. Here, 
the water flow rate is Qw ¼ 9 m3/h and the inlet 
oil volume fraction is b ¼ 0.107. The oil volume 
fraction is clearly higher at the pipe center. For 
the corresponding oil distribution in the longitudi-
nal section, the domain covers the area from 5R 

upstream to 20R downstream of the guide vanes. 
Downstream of the guide vanes, the maximal oil 
volume fraction is located at the center of the pipe. 
From the pipe center to the pipe inner wall, the oil 
volume fraction gradually decreases. Near the pipe 
inner wall, the oil volume fraction is approximately 
zero, which means that oil is entirely absent. That 
is, in the swirling flow field induced by the guide 
vanes, oil is more likely to move to the center area 
of the pipe. 

The influence of the distance on the oil distri-
bution is presented in Figure 17. Here, the water 
flow rate is Qw ¼ 9 m3/h and the inlet oil volume 
fraction is b ¼ 0.107. The distances between the 
cross section and the guide vanes are 4R, 12R, 
20R, 28R, and 42R. All oil distributions within 
the cross sections are similar. As the distance to 

Figure 15. Oil volume distribution in the vertical direction with the inlet oil content of b ¼ 0.107.  

Figure 16. Oil volume distribution in the cross section at section I and in the longitudinal section (Qw ¼ 9 m3/h, b ¼ 0.107).  
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the guide vanes increases, the oil volume fraction 
gradually decreases because the swirling 
intensity gradually becomes weaker due to viscous 
dissipation. However, the decrease in the oil 
volume fraction is modest, which means that the 
oil core is maintained for a period of time, 
potentially allowing for efficient oil–water mixture 
separation. 

Conclusion 

Vane-type pipe separators can realize the centrifu-
gal separation of oil and water using guide vanes to 
produce swirling flow fields. In the present study, 
the flow characteristics of the swirling flow field 
induced by the guide vanes were studied exper-
imentally and numerically, and the following 
concluding points were obtained: 

The two phases of the water and oil mixture 
move in the same axial direction for this type of 
flow field, which is very different from the behavior 
of a traditional hydrocyclone with a tangential 
inlet. The smallest axial velocity and tangential 
velocity are located at the center of the pipe behind 
the guide vanes. From the center to the wall, both 
the pressure and velocities increase gradually. 
Downstream of the guide vanes, the maximal oil 
volume fraction is located at the center of the pipe. 
From the pipe center to the pipe inner wall, the oil 
volume fraction gradually decreases. As the dis-
tance to the guide vanes increases, the oil volume 
fraction gradually decreases. This study proves 
the possibility of efficient oil–water mixture 

separation by the guide vanes, and the results 
may be of great significance for guiding the optimal 
design of vane-type pipe separators. 
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