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A non-intrusive particle dynamics analyzer (PDA) was used to investigate the distribution of velocity
field and oil droplets in a 50 mm oil-water separation hydrocyclone. Axi-asymmetry distribution of the
flow field was observed in the hydrocyclone, which was perhaps attributed to the use of single tangential
inlet in the hydrocyclone. The average size of oil droplets decreased from 43-126 pwm at Z=0 mm (the
top) to 19-21 wm at Z=990 mm (the bottom) at an inlet flow rate of 2000L/h and flow rejection ratio

ﬁeﬂwordsi of 20%. The average size of oil droplets at Z=990 mm decreased from approximately 40-20 wm with the
Py rocycione increase of flow rate from 1300 to 2000 L/h, showing the important impacts of the inlet flow rate on the
article dynamics analyzer (PDA) . . e . . .

Velocity removal of small oil droplets by the hydrocyclone. The concentration distribution of oil droplets in the

upper cylindrical sections was characterized by the existence of a “concentration valley” surrounding the
oil core. The “concentration valley” disappeared from Z=590 mm. Results show that PDA is a powerful
instrument for the characterization of oil-water separation hydrocyclones because it can present the

Concentration
Oil droplet size

velocity field and the distribution of oil droplets in the hydrocyclone simultaneously.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Efficient oil-water separation is often required in the petroleum
and other industries. Hydrocyclone technology provides a compet-
itive method for the treatment of oily water [1], due to its absence
of moving parts and chemical additives, and its compactness [2-4].
Efforts have been made to study the relationship between the oil
removal efficiency and the dimensional and operational variables
of hydrocyclones [2,4,5]. For optimizing the structure and improv-
ing the efficiency of oil-water separation hydrocyclones, however,
it is also important to understand the changes of fluid flow field
and the size distribution of oil droplets within the devices under
different conditions.

The first description of the velocity profile of a hydrocyclone
was done by Kelsall in 1952 [6]. With the fast development of Laser
Doppler Velocimetry (LDV), it became much easier to determine
the flow field in solid-liquid or oil-water separation hydrocyclones
[7-12]. Among the three velocity components, tangential velocity
has been found to govern the flow field and to be closely related
to the performance of a hydrocyclone [13-16]. LDV, however, is
unable to provide information on particle distribution within the
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hydrocyclone. Particle dynamics analyzer (PDA), which is an exten-
sion of the LDV technique, has recently been used to measure the
motion of particles and ozone bubbles in water treatment reactors
[17-19]. This analyzer, however, has not yet been applied to the
analysis of size distribution of oil droplets in an oil-water hydro-
cyclone.

The objective of this study was to determine the flow field and
the distribution of oil droplets in an oil-water hydrocyclone simul-
taneously using a PDA. The results are useful to better understand
oil-water separation behavior in a hydrocyclone, and could be used
for the validation of simulation results, which are essential for the
optimization of hydrocyclone configurations.

2. Experimental methods
2.1. Hydrocyclone

A glass hydrocyclone with design parameters recommended by
Young et al. [5] was constructed as shown in Fig. 1a. The hydrocy-
clone consisted of two cylindrical sections and one conical section.
The inlet (13 mm in diameter, D1) and overflow orifice (8 mm in
diameter, D3) were attached to the upper cylindrical section, which
had a diameter (D) of 50mm and a length (L1) of 50 mm. The
outlet (19 mm in diameter) was attached to the lower cylindrical
section (D2, 19 mm; L3, 900 mm). The conical section connecting
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Fig. 1. Structural sketch and schematic diagram of the hydrocyclone. (a) Structural sketch; (b) schematic diagram; Z: the height of section; P: pressure meter; F: flow meter;

FCV: flow control valve.

the upper and lower cylindrical sections had a cone angle 6 of
5.5°, and a length (L2) of 322 mm. In order to minimize the optical
refraction of the laser beams at the curved hydrocyclone wall, the
hydrocyclone was covered with a rectangular optical compensat-
ing box (100 mm x 100 mm). The space between the box and the
hydrocyclone was filled with mineralized water, which was pre-
pared by adding inorganic salts to deionized water as follows: NaCl
1.513 g/L, KCl 0.075g/L, MgCl,-6H,0 0.097 g/L, Na,SO4 0.04 g/L,
Na,C0O5 1.867 g/L and NaHCO3 3.356 g/L.

2.2. Experimental setup

The schematic diagram of the experimental apparatus is
illustrated in Fig. 1b. Oil-containing water, which was used as
the working fluid, was prepared by dissolving lubricating oil
(0.86g/mL) in the mineralized water to give an oil concentration
of approximately 40 mg/L. The diameter of the oil droplets was
determined to be 0.4-158 wm. These oil droplets provided suffi-
cient flow seeding, which is required for laser velocimetry. The
oil-containing water was pumped from a 200-L water tank to the
inlet of the hydrocyclone, and was then split into two streams: the
oil-rich overflow stream and the oil-poor underflow stream. The
two streams were finally returned to the same water tank. A flow
control valve (FCV4) was installed in a bypass pipe to regulate the
inlet flow rate (Q). Because the hydrocyclone was made of glass,
the highest inlet flow rate was restricted to be 2000 L/h. The flow
rejection ratio (R), which is defined as the ratio of the overflow rate
to the inlet flow rate ((Qgyerfiow/Q) x 100%) [1] was set over 20% to
control the refraction caused by the air core [10]. The temperature
of the oil-containing water was 22-24°C.

2.3. Measurements

A non-intrusive PDA (58N50, Dantec Co., Denmark) was used to
measure the flow field and the size and concentration distributions
of oil droplets in the tested hydrocyclone (Fig. 2), and some techni-
cal parameters of the PDA system are given in Table 1. The velocity
was acquired from the frequency of the Doppler burst, and the tan-
gential velocity was given by resolving the measured velocity using
a Cartesian coordinate system. The size measurement is based on
comparing the signals from multiple detectors located at different
scattering angles. Oil droplet concentration was expressed as the
number of oil droplets/mL. At each measurement point, 1500 sam-
ples were collected to ensure the validity of the measurements,
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Fig. 2. PDA system schematic diagram. (1) Laser producer; (2) transmitting optics;
(3) laser probe; (4) signal receiving optics; (5) signal processor; (6) oscilloscope; (7)
computer; (8) movable mounting bench; (9) hydrocyclone.

with a time limit of 2 min. The sections at which measurements
were conducted are shown in Fig. 1a.

3. Results and discussion
3.1. Tangential velocity in the hydrocyclone

Fig. 3a shows the tangential velocities at different sections at
an inlet flow rate of 1300L/h and flow rejection ratio of 20%. The
radial position was made dimensionless by dividing the distance
of the position from the center by the radius of the section. It
can be seen from the figure that the tangential velocity increased
rapidly to a maximum with increasing radial distance from the
axis, and then decreased slowly, presenting the characteristics of a
forced vortex near the axis, and a free vortex in the outer portion,
with a transition zone in between. The observations are similar to

Table 1
Technical parameters of the PDA system.
Measurement Velocity (m/s) Size (um) Concentration (number
of oil droplets/mL)
Range 0-500 0.5-10,000 0-10°
Accuracy 1% 4% 30%
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Fig. 3. Variations in tangential and axial velocities along the hydrocyclone height. Inlet flow rate: 1300 L/h; rejection ratio: 20%; (a) tangential velocity; (b) axial velocity.

previous experimental studies with LDV [8,9,20]. With an LDV, Zhi-
shan et al. found that the maximum tangential velocity decreased
from the top to the bottom in an oil-water separation hydrocy-
clone [12]. Bhaskar et al. acquired a similar result through CFD
modeling [21]. In this study, however, the highest maximum tan-
gential velocity occurred at Z=330 mm in the conical section, which
was in accordance with that observed by Chine and Concha with
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an LDV [8]. It is speculated that the above discrepancies were
attributed to the differences of the conical configuration in differ-
ent hydrocyclones. So optimization of the conical configuration is
important to maintain a relatively high tangential velocity in the
hydrocyclone.

Fig. 3a also shows that the position of zero tangential velocity
was not always located at the geometrical center of hydrocyclone,
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Fig. 4. Effects of inlet flow rate on tangential and axial velocities. Rejection ratio: 20%; (a) tangential velocity; (b) axial velocity.
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Fig. 5. Variations in fluctuation velocities along the hydrocyclone height. Inlet flow rate:

velocity.

indicating that the flow field in the hydrocyclone was not an axis
symmetry distribution, which was also observed in a previous
study [20]. The axi-asymmetry distribution of the flow field in the
hydrocyclone was perhaps attributed to the use of single tangential
inlet in the hydrocyclone.

The effects of inlet flow rate on tangential velocity are shown in
Fig. 4a. The tangential velocity increased with the increase of inlet
flow rate, but the profile of tangential velocity in each section did
not changes, which was similar to previous experimental studies
with LDV [8,12].

3.2. Axial velocity in the hydrocyclone

Fig. 3b shows the axial velocities at different sections at an inlet
flow rate of 1300L/h and flow rejection ratio of 20%. It can be
observed from the figure that there were downward flow (axial
velocity was negative) close to the hydrocyclone wall and upward
flow (axial velocity was positive) near the center. The highest max-
imum axial velocity of upward flow occurred at Z=330mm in
the conical section. In the cylindrical section, the positive values
of axial velocity decreased with increasing axial distance. At the
axial height of 990 mm, the axial velocity near the center was pos-
itive, indicating that further oil-water separation happened in this
region.

The effects of inlet flow rate on axial velocity are shown in
Fig. 4b. It can be seen from Fig. 4b that the inlet flow rate influ-
enced mainly the upward flow. The maximum value of positive
axial velocity increased with the increase of inlet flow rate, and the
flow characters were not changed by changes in the inlet flow rate.
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3.3. Fluctuation velocity in the hydrocyclone

Fig. 5 shows the fluctuation velocities at different sections at an
inlet flow rate of 1300 L/h and flow rejection ratio of 20%. The max-
imum tangential fluctuation velocity at each section was observed
near the center (Fig. 5a), which might be caused by the greater tan-
gential velocity grads near the center. Fig. 5b shows that the axial
fluctuation velocity decreased from the hydrocyclone wall towards
the center, but began to increase after reaching a minimum value.
The axial fluctuation velocity in the lower cylindrical sections was
greater than that in the upper cylindrical and conical sections. The
effects of inlet flow rate on fluctuation velocities are shown in Fig. 6.
The fluctuation velocities increased with the increase of inlet flow
rate.

3.4. Size distribution of oil droplets in the hydrocyclone

Fig. 7 illustrates the average size distribution of oil droplets
along the radial direction at different sections of the hydrocyclone,
under a given operating condition (Q=2000L/h, R=20%). With the
decrease of radial distance from 1 to 0.1, the average size of the oil
droplets increased from 43 to 126 p.m, from 25 to 88 pwm, from 25 to
38 wm, and from 19 to 21 wm, at Z=0mm, Z=30 mm, Z=590 mm,
and Z=990 mm, respectively. This result demonstrates that large
oil droplets tend to move to the center of the hydrocyclone, which
is opposite to that for solid-liquid separation [22]. The large oil
droplets that accumulated around the center of the hydrocyclone
could be taken out from the top through the overflow orifice, so
the average size of the oil droplets decreased from the top to the
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Fig. 6. Effects of inlet flow rate on fluctuation velocity. Rejection ratio: 20%; (a) tangential fluctuation velocity; (b) axial fluctuation velocity.
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Fig. 7. Distribution of oil droplets along the hydrocyclone height. Inlet flow rate:
2000L/h; rejection ratio: 20%.

bottom, for a given radial position. At the section of Z=990 mm,
the average oil droplet size only changed from 19 to 21 wm from
the wall toward the axis, indicating that the hydrocyclone was not
effective in removing oil droplets with an average size smaller than
20 pm.

Fig. 8 shows the influence of inlet flow rate (1300, 1700
and 2000L/h) on the average size distribution of oil droplets at
Z=990 mm (R=20%).Itis clear that the radial changes of the average
size of oil droplets at Z=990 mm were negligible, and the average
size decreased from approximately 40-20 wm with an increase in
inlet flow rate from 1300 to 2000 L/h, corresponding to the increase
of the maximum tangential velocity from 1.41 to 2.42 m/s. This
result shows that the inlet flow rate has a significant impact on the
size distribution of oil droplets, and it is possible to further reduce
the oil droplet size in the effluent by increasing the inlet flow rate.

Fig. 9 shows the influence of flow rejection ratio (20%, 30% and
40%) on the average size distribution of oil droplets at Z=0mm,
Z=30mm and Z=590 mm. Fig. 9a shows that at Z=0 mm, with the
decrease of radial distance from 1 to 0.1, the average size of the oil
droplets increased from 53.3 to 137.8 pum, from 53.2 to 96.8 pm,
and from 50.5 to 86.0 wm for the flow rejection ratios of 20%, 30%
and 40%, respectively. The average size distributions of oil droplets
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Fig. 8. Influence of inlet flow rate on the distribution of oil droplet size. Rejection
ratio: 20%.

atZ=30 mmand Z=590 mm (Fig. 9b and c) also show similar trends.
This is why the oil removal was found to increase with the increase
of flow rejection ratio [1].

3.5. Concentration distribution of oil droplets in the hydrocyclone

The concentration distributions of oil droplets expressed as the
number of oil droplets/mL under different inlet flow rates are pre-
sented in Fig. 10. It can be seen that in the upper cylindrical sections,
the concentration of small oil droplets at the radial position near
the wall is higher than that near the center, while the concen-
tration of large oil droplets at the radial position near the wall is
lower than that near the center. The oil droplets near the center
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Fig. 9. Influence of flow rejection ratio on the distribution of oil droplet size. Inlet
flow rate: 2000L/h; (a) Z=0mm; (b) Z=30mm; (c) Z=590 mm.



78

250
200F"
150"

100"

sof”

Number of oil droplets / mL

600
so0"

g0t

Number of oil droplets / mL

600
soob"

ao0b"

Number of oil droplets / mL
£

N. Zhou et al. / Chemical Engineering Journal 157 (2010) 73-79

—_
=2
~

Number of oil droplets / mL

w
o
o

+
[=3
o

[ )
o <
==

Number of oil droplets / mL

. >

100" 83}8 ég
e

&, ; D_Q
o s &

o . 3

diaj g Q7 5 N 300 &
Sition (R ) &,
=

Number of oil droplets / mL

Fig. 10. Concentration distribution of oil droplets in the hydrocyclone. (a) Inlet flow rate: 1300 L/h; rejection ratio: 20%; (b) inlet flow rate: 2000 L/h; rejection ratio: 20%.

form a narrow oil core along the axis. The oil droplet concentration
surrounding the oil core was relatively low, forming a “concentra-
tion valley” in the upper sections. This phenomenon has not been
previously reported. In comparison with the low flow rate condi-
tion (1300 L/h), the high flow rate condition (200L/h) presented a
much bigger “concentration valley”. The effects of such a “concen-
tration valley” on oil-water separation, however, need to be further
studied.

The “concentration valley” was absent from the section of
Z=590 mm. In the lower cylindrical sections, the concentration of
oil droplets increased with decreasing radial distance, reaching a
maximum value near the center of the hydrocyclone. It is clear that
concentration of small oil droplets (0-10 pm) near the axis of the
hydrocyclone still occurred at the section of Z=990 mm, suggest-
ing the existence of relatively strong centrifugal force at the bottom.
However, the concentrated oil droplets near the axis could not be

taken out because the axial velocity at the section was below zero.
So it is important to take measures to increase the axial velocity for
improving the oil-water separation efficiency.

As shown in Fig. 10, the concentration of small oil droplets in the
oil core decreased along the hydrocyclone height from the bottom
to the top, while the concentration of large oil droplets increased.
This phenomenon might be attributed to the aggregation of oil
droplets in the oil core, due to their high concentration.

4. Conclusion

By using a non-intrusive particle dynamics analyzer (PDA), it
became possible to measure the velocity field and the distribution
of oil droplets in an oil-water separation hydrocyclone simultane-
ously, which was very important to better understand the oil-water
separation process. The following conclusions were acquired.
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(1) Particle dynamics analyzer (PDA) can effectively measure the
velocity field and the concentration field in an oil-water hydro-
cyclone simultaneously.

(2) The fluctuation velocities increased with the increase of inlet
flow rate, and the maximum fluctuation velocities appeared at
the center of the upward flow.

(3) The average oil droplet diameter shows decreasing trend from
the axis toward the wall, and it decreased from 43-126 wm at
Z=0mm (the top) to 19-21 um at Z=990 mm (the bottom) at
an inlet flow rate of 2000L/h and flow rejection ratio of 20%.
The average size of the oil droplets at Z=990 mm decreased
from approximately 40 to 20 wm with an increase in inlet flow
rate from 1300 to 2000 L/h.

(4) The average size distribution of oil droplets decreases with the
increases of the flow rejection ratio.

(5) The concentration distribution of oil droplets in the upper
cylindrical sections was characterized by the existence of a
“concentration valley” surrounding the oil core. The “concen-
tration valley” was absent from the section at Z=590 mm.
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