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Abstract: Droplet breakage is a common phenomenon in converting a pipe flow to a swirl flow in a vane-type pipe separator (VTPS)’ 
inlet. The evaluation of the dispersed droplet sizes after breakage is crucial to the optimum design of the inlet structure and the 
estimation of the oil-water separation performance. This paper studies the droplet behavior in a swirl flow produced by guiding vanes. 
Experiments are performed with two different guiding vanes at the inlet of the VTPS. The sizes of the produced oil droplets at the 
downstream of the guiding vanes are measured in situ using a Malvern Insitec SX. The results indicate that the streamlined deflector is 
superior to the semi-elliptical plate for the VTPS’ optimization based on the comparison of the droplet sizes in their respective induced 
swirl flow fields, which can be explained by a modified T-model. Our study suggests that the use of the modified T-model is a reliable 
method to optimize the design of the guiding vane in the swirling generating stage. 
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Introduction  
The VTPS (Fig. 1) is a kind of highly efficient 

oil-water separator that utilizes the centrifugal forces 
produced by the different densities of the oil and the 
water to separate the oil and water phases in a high 
water-content mixture[1]. For a VTPS, the guiding 
vanes are the key to forming a swirling flow field and 
avoiding the extensive droplet breakage[2]. Therefore, 
the optimization of the guiding vanes is of great im- 
portance to the VTPS’ efficiency and performance[3-4]. 

Despite the importance of the studies of the 
droplet produced in the swirl flow field for the 
oil-water separation, there is not much related experi- 
mental work being reported in the literature[5-7]. 
Oropeza-Vazquez[8] and Gomez[9] used the Rosin- 
Rammler droplet-size distribution expression, which 
was often adopted in the pipe flow, to predict the 
oil-water separation behavior in cyclones. In their 
model, the droplet-size distribution (DSD) is used as 
the basic information for establishing the separation  
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Fig. 1 (Color online) Schematic diagram of VTPS 
 
calculation model. Schütz et al.[10] measured the DSDs 
in the cyclone feed flow, underflow and overflow with 
a laser spectroscope (Spraytec TM, Malvern TM). 
They found that the lower breakup rates could 
improve the separation behavior. However, they did 
not obtain the relationship between the cycloneʼs 
design parameters and the droplet size distribution in 
the swirl flow field during the breakage process. In 
2013, Gao et al. [11] discovered that the breakup of the 
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oil droplets influences the oil-gas cyclone separatorʼs 
separation efficiency. 
    In view of the studies reported in literature, this 
paper studies the droplet behavior in the swirl flow 
fields induced by two types of guiding vanes in the 
VTPS and thus optimizes the guiding vanes. The 
guiding vanes are evaluated by comparing the DSD 
produced by their respective swirling flow field. In 
view of the fact that no theoretical model is available 
for the prediction of the DSD in this pattern, 
experiments are performed for various oil contents 
and flow rates at the inlet of the vave-type pipe 
separator (VTPS). The cumulative volume fraction 
and the maximum droplet diameter of the dispersed 
phase are recorded using a laser particle size analyzer. 
Finally, the droplet size distributions are compared 
between these two types of guiding vanes to select a 
superior guiding vane for the oil-water separation. The 
droplet behavior is used to judge whether the guiding 
vanes are suitable for the high-efficient oil-water 
separation. 
 
 
1. Droplet break-up theory 

In order to describe the droplet behavior in a 
swirl flow, a distribution function is often needed. 
Karabelas[12] applied the Rosin-Rammler distribution 
function to describe the experimental data obtained 
from the pipe flows with a dispersed droplet distribu- 
tion. However, the Rosin-Rammler distribution does 
not contain a mathematical upper cut-off, which is not 
practical in reality, especially when the droplets have 
a maximum drop diameter max( )d  and will break in 

the turbulent flow above that size. Besides, the fit of 
this function with the oil droplet size distribution in a 
swirling flow field is not reliable. 
 
1.1 Hinze’s (1955) model 
    Currently, it is widely accepted that in the 
turbulent flow, the droplets can break by two types of 
stresses depending on the droplets size in relation with 
the smallest size of the possible eddies[13]. 
    Hinze[14] argued that the drop breakup was 
mainly caused by its interaction with the turbulent 
eddies equal to or marginally smaller than the drop 
itself, since larger eddies simply transport the drop 
without breaking it while smaller ones lack sufficient 
energy to break the drop. In this instance, the 
maximum equilibrium droplet size of the dispersed 
phase is controlled by its mechanical stability against 
the dynamic pressure forces exerted by the turbulent 
motion of the surrounding continuous phase around it. 
When the internal viscous forces in the droplet are low 
enough to be neglected, Hinze’s concept can be 
derived from the Young-Laplace equation as 
(H-model) 
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where c  is the density of the continuous phase, cu  

is the velocity of the continuous phase, D  is the 
hydraulic diameter,   is the interfacial tension, 
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is the maximum stable dispersed phase droplet 

size and f  is the friction factor[10-11]. 
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where c  is the dynamic viscosity of the water phase, 

Re  is the Reynolds number. 
    The modified H-model is defined by Oropeza- 
Vazquez as follows[8]: 
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where c  is the kinematic viscosity. 

 
1.2 Modified Tavlarides’ model 
    Coulaloglou and Tavlarides first proposed a 
series of phenomenological models to describe the 
drop breakup in the turbulently agitated liquid-liquid 
dispersions[15-18]. They suggested that a deformed drop 
will break once the turbulent kinetic energy was 
transmitted to the droplet by eddies exceeding its 
surface energy[19]: 
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where We  is the modified Weber number, d  is the 
droplet diameter. 
    By applying this theory to the flow near the guide 
vane, the maximum drop diameter can be simplified 
as follows (Modified T-model)[17-18] 
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where iQ

 
is the inlet flow rate, p  is the pressure 
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drop loss across the guide vanes and V  is the fluid 
volume across the guide vane. 
 

 
2. Experiments 
 

2.1 Experimental setup 
To test the DSD in the swirling flow fields, an 

experimental system (Fig. 2) is established at the 
Laboratory of Applied Fluid Dynamics in Institute of 
Mechanics, Chinese Academy of Science. The experi- 
ments are conducted as follows: the oil and the water 
are pumped by separate pumps to a Y-junction to form 
a mixture. The mixture then flows through the guiding 
vanes in the VTPS. During the process, the oil 
droplets are broken into smaller ones and are detected 
by Malvern Insitec SX. After that, the mixture goes 
into a mixture tank and the different phases are 
separated finally. The separated oil is then pumped 
back to the oil tank while the remaining water flows 
out for an advanced treatment and is discharged. For 
the experiment, the LP-14 white oil and the deionized 
water are used as the experimental media. During the 
experiment, the temperature is controlled within a 
range of 16C-18C. Under these conditions, their 
densities and viscosities are as follows: =o

3836.0 kg / m , 0.215 Pa so   , 0.215 Pa so   , 
3= 998.2 kg / mw , 0.001 Pa sw    and =

0.045 N / m . 

 
2.2 Guiding vanes 
    In this experiment, the guiding vanes are 
installed in two concentric tubes of 0.025 m (in 
internal diameter, ID). The two types of guiding vanes 
are both made of transparent plexiglass (Figs. 3(a), 
3(b)). Each guiding vane is at an angle of 30 to the 
cross section of the tube. The distance from the 
guiding vanes to the detection location is 0.2 m (Fig. 
3(c)). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3 (Color online) Photograph and schematic diagram for 

guiding vanes 
 
2.3 Measurement system 
    We employ a laser spectroscope (Malvern Insitec 
SX) to measure the DSD in the swirling flow field right 
after the guiding vanes (Fig. 4). The working principle 
of the Malvern Insitec SX can be found in literature[20]. 
 
 
3. Results and discussions 
    In this section, the experiment results will be  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 

Fig. 2 (Color online) Experimental system for measuring DSD after guiding vanes 
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Fig. 4 (Color online) Diagram of the Malvern Insitec SX in the 

pipe 
 
discussed, and the guiding vanes are optimized for the 
VTPS to work more efficiently. 

 
3.1 The effect of water content on DSD 
    The results in Fig. 5 show the effect of the water 
content on the DSD at a mixture velocity of 1.87 m/s 
in a swirl flow induced by the guiding vanes. It can be 
observed that as the water content decreases, the peak 
value of the DSD moves towards the right side and the 
volume fraction of the larger droplets begins to 
increase. In other words, it seems that the DSD 
changes from an unimodal distribution to a bimodal 
distribution for larger dropletsʼsize that exceeds the 
scope of the instrument. When the water content is 
more than 99%, the DSD is in a clear distribution 
pattern. Hence, a dilute dispersion (with the water 
content more than 99%) mixture is used for 
subsequent experiments in this paper. Both type of 
guiding vanes are observed to obey the same law. 
Furthermore, it can be observed that the droplet size 
corresponding to the peak value for the streamlined 
deflector is larger than that for the semi-elliptical 
under the same conditions. This may be explained by 
the fact that the oil droplets break more thoroughly 
when crossing the semi-elliptical plates. 

 
3.2 The effect of the inlet water velocity 

Figure 6(a) shows the changes of the DSD 
induced by two kinds of guiding vanes when the inlet 
water velocity increases in the dilute dispersion. It can 
be observed that as the velocities increase, the peak 
values of the DSD decrease under the different 
conditions. This is a common phenomenon as a higher 
speed results in a larger shear force on the oil droplet. 
Moreover, at the same inlet water velocities, the DSD 
in the VTPS with the semi-elliptical plates is located 
relatively on the left to that of the streamlined deflec- 
tor. This indicates that fewer oil droplets break when 
they flow through the streamlined deflector. When the 
 

 
 
 
 
 
 
 
 

 
 

 
 
 
Fig. 5 (Color online) DSD of different oil contents at same inlet 

flow rate velocity of 1.87 m/s 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 (Color online) The influence of inlet water velocity on 

droplet size distribution 
 
velocity at the inlet is less than 1.13 m/s, the DSD in 
the VTPS with the streamlined deflector is beyond the 
measuring range of the instrument. 

The Rosin-Rammler function is often used to 
describe the cumulative volume fraction distribution 
for the oil-water two phase pipe flows[8]. The DSD in 
a swirl flow field is changed by the guiding vanes 
when the mixture flows through it. So a kind of 
quasi-power function is used to fit the DSD in the 
swirl flow field generated by the guiding vanes. 
Figure 6(b) compares the two kinds of functions with  
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the experimental results. It can be seen that the quasi 
power function defined by the following equation fits 
the experiments better than the Rosin-Rammler 
function. This can be easily explained. Before the 
guiding vanes, the DSD always could be described by 
the Rosin-Rammler function. But when the oil 
droplets flow through the guiding vanes, not all 
droplets will breakup into small ones. So the DSD in a 
swirl flow field changes. 
 

1
( ) =

1+ ( / )b
F d

d a
                                                      (8) 

 

where a  and d  are parameters. 
 

3.3 The effect of the inlet water velocity on the maxi- 
mum droplet size 

    The maximum stable droplet size is the key to 
determine the overall location of the DSD. The larger 
the maximum stable droplet size, the closer the DSD 
is to the large oil droplet indicating a larger average 
droplet size (Fig. 6(a)). Therefore, it is necessary to 
study the variation of the maximum stable droplet size. 
Figure 7 shows the maximum droplet size at different 
inlet water velocities for droplets in the VTPS with the 
semi-elliptical plates in dilute dispersions ( 1%) . 

The results in Fig. 7(a) show that as the inlet water 
velocity increases, the maximum droplet diameter 
decreases. This may be explained by the fact that the 
shear stress imposed on the droplets by the continuous 
phase increases with the increase of the inlet velocity. 
Additionally, the pressure drop loss, which is shown 
in Fig. 7(b), increases also with the increase of the 
inlet velocity. 
    The high pressure drop loss indicates that the 
internal friction loss is large. As a result, the droplets 
become increasingly likely to break into smaller ones. 
That can be explained by the breakage mechanism of 
the oil droplets while passing through the guide vane. 
 
3.4 Criterion for choosing the optimal guiding vanes  

for the VTPS 
    From the analysis of the experimental data, one 
can conclude that the larger the maximum droplet size, 
the larger the average droplet size, which is beneficial 
in improving the separation efficiency of the VTPS. 
Therefore, the maximum stable droplet size in an 
induced swirl flow field is used as the criterion for 
choosing the optimal guiding vanes. 

To calculate the maximum droplet size using 
theoretical models, the pressure drop across the 
guiding vanes is detected by two pressure transducers. 
As the pipe is placed horizontally with the two 
pressure transducers also installed at the same height, 
without the gravitational effect on the pressure drop. 
Furthermore, the pipe between the pressure sensors is 
a straight pipe with a constant diameter. Hence, the  

pressure drop and the mean rate of the energy 
dissipation, e , can be calculated precisely without 
external interferences. 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Experimental results of the flow through semi-elliptical 

plates in a swirl flow at different inlet water velocities 
 

Figures 8(a), 8(b) show comparisons of the 
droplet size in the dilute dispersions observed experi- 
mentally with the expected sizes deduced by 
calculations based on the H-model, the modified 
H-model and the modified T-model. Evidently, that 
maximum droplet size is overestimated and underesti- 
mated by the H-model and the modified H-model, 
respectively, as compared to the experiments, because 
these two models were actually developed for the 
droplet breakage in a turbulent pipe flow. In a swirl 
flow field, the model to calculate the mean energy 
dissipation in the generation stage of a swirl flow 
needs to consider not only the friction pressure drop 
between the continuous phase and the wall of the pipe, 
but also the energy loss during the swirling flow 
generation such as the droplet breakage. From the 
aforementioned comparison, a conclusion can be 
made that the droplet breaks if the kinetic energy of 
the turbulent motion exceeds the free surface energy 
of the droplet. If the modified Weber number We  is 
larger than 12, the large droplet will break up into 
smaller ones. 

As discussed previously, it can be seen that the 
modified T-model is more suitable to explain the 
mechanism of the droplet breakage in the swirl flow  
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Fig. 8 (Color online) Comparison of measured values of maxd  

in the swirl flow field generated by the semi-elliptical 
plates with different models in dilute dispersions 

 
 
 
 
 
 
 
 

 
 

 
 
Fig. 9 (Color online) Comparison of measured values of maxd  

in the swirl flow field generated by the streamlined 
deflector with different models in dilute dispersions 

 
field generated by the semi-elliptical plates. From Eq. 
(7) we can conclude that when the properties of the 
fluid are fixed, the smaller the pressure drop across 
the guiding vanes, the larger the maximum droplet 
size. To verify this conclusion, further experiments are 
conducted to study the swirl flow field generated by 
the streamlined deflector. The maximum droplet is 
measured and the results are shown in Fig. 9. By 
comparing Figs. 8(a), 9, it is observed that the 
maximum droplet size is larger in the swirl flow field 
generated by the streamlined deflector under the same 

conditions. Hence, the larger the droplet is, the higher 
the oil-water separation efficiency is in the swirl flow 
field. 
 
3.5 The optimized guiding vanes for oil-water separa- 

tion 
    As the swirling flow field generated by the 
streamlined deflector produces a larger maximum 
stable droplet size, theoretically speaking, it has a 
higher oil-water separation efficiency. To verify this 
viewpoint, experiments are carried out to see whether 
the oil core agglomerates better by using the 
streamlined deflector. 
    Figure 10 shows the effect of the droplet size on 
the oil-water separation performance at an inlet 
velocity speed of 1.7 m/s and an inlet oil content of 
0.06. The results indicate that the average droplet in 
the swirl flow field induced by the streamlined 
deflector is larger than that induced by the 
semi-elliptical plates. When the inlet oil flow rate is 
kept the same, the average droplet size becomes larger 
with the decrease of the droplet number. Therefore, 
the formation of the oil cores is much faster in the 
swirl field induced by the streamlined deflector, which 
is favorable to the separation. The experimental 
results show that our optimization for the guiding 
vanes is effective. 
 
 
4. Conclusions 

In this paper, the characteristics of the DSD, the 
maximum droplet size and the cumulative volume 
fraction in a swirl flow field induced by two different 
kinds of guiding vanes in the VTPS are 
experimentally studied using a Malvern particle size 
analyzer. From the droplet behavior in the swirling 
flow field, the following conclusions can be drawn. 

As the water content increases, the peak of the 
DSD moves towards the droplet of smaller diameter 
and the pattern of the DSD changes from unimodal to 
bimodal distributions. The droplet size corresponding 
to the peak value for the streamlined deflector is larger 
than that for the semi-elliptical deflector under the 
same conditions. Besides, a quasi-power function can 
be used to describe the DSD in the swirl flow field 
generated by the guiding vanes. 

When the inlet water velocity increases, the oil 
droplet size corresponding to the peak value of the 
DSD curve decreases. As compared with other 
deflectors, the oil droplets break less when they flow 
through the streamlined deflector, implying that the 
streamlined deflector does better in improving the 
performance of the VTPS. 

The maximum droplet sizes in a swirl flow field 
induced by guiding vanes may be described precisely 
by the modified T-model. The droplet breaks up as the 
kinetic energy of the turbulent motion exceeds the free  
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surface energy of the droplet. When the modified 
Weber number We  is larger than 12, the droplet 
becomes easy to break up into smaller ones. As the 
fluid flows through the guiding vanes, the energy loss 
is reduced, which can significantly reduce the 
probability of the droplet breakage. This law can also 
be used in the inlet structure optimization of other 
types of separators. 

This study provides a theoretical basis for the 
optimization and the industrial application of the 
VTPS. 
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Fig. 10 (Color online) Comparison of oil-water separation in swirl flow field 
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