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Abstract: Separation of oil in water emulsion is very challenging issue, especially, in industrial applications.
Two 1dentical hydrocyclones are designed and used to separate o1l (kerosene) from oil in water emulsion. The
operational variables such as split ratio (0.1-0.9), feed flow rate (6-12 L/min) and inlet oil concentration
(250-1250 ppm) as well as the design parameters such as vortex finder length (0.6-2.7 cm) are investigated for
single and double hydrocyclones. It was shown that the separation efficiency 1s enhanced by connecting two
hydrocyclones in series. The optimum conditions were estimated using Minitab program with 2 factorial design
of experiments. Tt was shown that optimum feed flow rate Q; = 12 L/min, inlet oil concentration C; = 250 ppm, split
ratio F = 0.9 and VFL = 1.3 cm gave maximum obtainable separation Efficiency (Ej = 94.78%) and mmnimum
Pressure Drop Ratio (PDR = 0.895) for single hydrocyclone. This efficiency increased to 95.2% and PDR

decreased to 0.86 by using two hydrocyclones.
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INTRODUCTION

Hydrocyclone 1s a simple device entered to the
industry in 18th century. Tnitially, it is designed for
separating solid-liquid then it applied for liquid liquid
separation (Kharoua et al, 2010b). De-oiling
hydrocyclones were used for multiphase separation mn
various 1ndustries such as removing emulsified oil from
oily water or o1l spill (Motin and Benard, 201 7). Therefore,
it is used for separating different materials from liquids
because of its compactness low cost, having no
moving parts no requiring for any chemical additives and
simple operation (Saidi et al., 2012). Separation of oil in
water emulsion by hydrocyclone 1s based on the
centrifugal force that generated by imection the
pressurized feed tangentially in the hydrocyclone body
according to the density difference between oil and water.
There are two vortices created in its body. One of them is
called forced vortex that carries oil close to the
hydrocyclone axis and directs to overflow stream wiule
water 1s carried in the free like vortex close to
hydrocyclone wall and directs to underflow stream as
shown in Fig. 1 (Gomez et al., 2002).

Many researchers investigated hydrocyclones
design and operation using simmulation by CFD or by
doing experiments, Young ef al. (1994) confirmed that C,
15 not influenced the separation efficiency of oil-water
hydrocyclone while Gomez et al. (2002) concluded
that at feed oil concentration higher than 10% high
separation efficiency was achieved of ocil-water
hydrocyclone. Kharoua et af. (2010a) studied the effect
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Fig. 1: Flow features of the hydrocyclone (Cilliers, 2000)

of operational variables on the separation of de-oiling
hydrocyclone by using CFD Software. They concluded
that flow rate and droplet size atfected the efficiency while
feed o1l concentration had insignificant effect on it.
Hossemi et al. (2015) also confirmed that increasing
flow rate and oil droplet diameter reduplicated the
efficiency at the studied range. C; did not affect Ej by
using CFD for de-oiling hydrocyclone. Yan et al. (2015)
made experiments to separate oil of density 860 kg/m’ from
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Fig. 2: The dimensions of designed hydrocyclone

Table 1: Equations used to design the hyvdrocyclone

Dimension Equation Walues (units)
d, dsy =4.1* ((dc*) */Q*(p-a)).5 4 (cm)

d; d=d/7 0.57 (cm)
d, d,=d/5 0.8 (cm)

d, P 1 (cm)

L, L, =2%d, 8 (cm)
VFL VFL =4d,/3 1.3 (cm)

5] e g°

h 1 {cm)

Table 2: Kerosene properties at (40°C) and ambient pressure

Properties Values
Viscosity (cp) 1.583
Density (g/cm®) 0.78

water 1n hydrocyelone and concluded that the separation
efficiency significantly influenced by split ratio and flow
rate while A pressure drop changed with rotating speed
and flow rate. Fan (2016) mvestigated that at 0.5% feed o1l
concentration and 10% distribution ratio, de-oiling
hydrocyclone separates 80% of 15 pum oil droplet
size and 50% of 9.2 pm o1l droplet size.

De-oiling hydrocyclone design: Two de-oiling
hydrocyclones were designed according to Bradley
design Bradley (1965), Barbosa et al. (2003). The design
equations were applied after measuring oil droplet size, oil
density and o1l viscosity Table 2. The equations used to
obtain dimensions of designed hydrocyclone are listed in
Table 1 and illustrated in Fig. 2. The average oil
droplet size was (d;;) 20 pm as measured by optical
microscope (50-2000 X, China).
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Fig. 3: Schematic diagram of the experimental setup
MATERIALS AND METHODS

The o1l used in the experiments was kerosene
(purchased from local market) and its measured density
and viscosity are listed m Table 2. The experiments were
carried out by filling feed tank with simulated oily
wastewater at the desirable inlet o1l concentration and
turning on the 2 pumps (0.5 hp, China; 1 hp, Ttaly) in the
experimental set up as shown m Fig. 3. Opening
valves (1, 3 and 5) and closing valves (2, 4 and 6) for
achieving 1 hydrocyclone’s experiments while valves
(1, 2, 4, 5 and 6) were opened and valve (3) was closed for
two hydrocyclone’s experiments. For the 2 cases valves
of outlet streams were adjusted to obtain the desirable
split ratio (F) (where F = Q/Q). The mfluence of changing
flow rate (6, 8, 10, 12 L/min) splitratio (0.1, 0.3,0.5,0.7, 0.9)
and feed o1l concentration (250, 500, 750, 1000, 1250 ppm)
was studied on the separation efficiency for 1 and 2
cyclones. O1l in water concentrations for outlet streams
for each experiment were measured using UV
spectrophotometry  ((0-3) absorbance, USA) and
pressures for all streams were recorded. The experimental
data were used with the aid of Mimtab program to
determine the optimum set of operational conditions for
each case namely, one and two hydrocyclones. The
optimum conditions were applied with variable vortex
finder length (0.6, 1.3, 2 and 2.7 cm).

RESULTS AND DISCUSSION

Results contain the mfluence of operational variables
(feed oil concentration, feed flow rate and split ratio) and
the design parameter Vortex Finder Length (VFL) on the
separation efficiency and pressure drop ratio. Also,
optimization of these variables of 1 and 2 hydrocyclones
was performed.

Separation Efficiency (Ej): Separation efficiency is
defined by:
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Fig. 4. Effect of operational variables on the separation efficiency of one hydrocyclone; a) F = 0.1, b) F = 0.3; c) F=0.5;

dF=07ande)F =009

Ej-= {1- C“]XIOO% (1)
c

i

Tt ranges from 0-100. At complete separation Ej =100
while Fj =
hydrocyclone.

0 when no separation exist in the

Effect of feed flow rate on Ej for one hydrocyclone:
Separation efficiency mcreased with feed flow rate at
different mlet o1l concentrations and split ratios as
shown m Fig. 4. That is because tangential velocity

increased monotonically with Q; and that leads to make
the centrifugal force stronger ie., greater separation
(Tian et al., 201 8). Except 500 ppm at split ratios 0.5 and
0.7 hes peak values of efficiency with increasing flow rate.
This behavior indicates that increasing feed flow rate
above a certain value may cause decrease in
efficiency as shown in Fig. 4 (C&D). This is in
agreement with (Zhao et al., 2006).

Effect of concentration on Ej for one hydrocyclone: C
has varying mfluence on hydrocyclone separation as
it is interacted with flow rate and split ratio. Higher
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Fig. 5. Effect of changing split ratio at various inlet flow
rates for 250 ppm feed inlet o1l concentration

concentrations provided higher separation at 0.3, 0.5 and
0.7 split ratios because high concentrations make the
coalescence more easily that rasing the efficiency
(Meyer and Bohnet, 2003) while lower concentrations
provided higher separation at 0.1 and 0.9 spht ratios
because of the influence of pressure as shown in Fig. 4.

Effect of split ratio on Ej for one hydrocyclone: Figure 5
shows the influence of split ratio on Ej at various flow
rates and at C, = 250 ppm. With increasing split ratio at the
studied range, the Ej decreased to minimum and then
increased to obtain its maximum value. That is because at
F<0.5 d, then Q, becomes smaller and that leads to
decreasing Ej, since, small ), may contain some oil that
may raise the concentration fraction of oil and decreases
the efficiency. At F=0.5 d, becomes smaller leading to
produce purer water at the underflow that makes the
efficiency maximized. Mimimum separation efficiency
presents at F = 0.5 because there is no preference for any
of the streams discharged from equally opened valves.

Two hydrocyclones effect on Ej: As reviewed by Bradley
(1965) using two or more hydrocyclones in series
enhanced the separation of oil-water emulsion. Figure 6
shows that experimentally Ej for two cyclones is larger
than its value for one cyclone. At F =0.9and C = 250 ppm
Ej was greatly enhanced at lower flow rates wlile at higher
C,, Fj significantly increased at higher flow rates as shown
mFig. 6a,b. AtF=0.1 and C, = 250 ppm and higher flow
rate the efficiency of one and two cyclones approximately
the same. The reason behind this fact is the value of split
ratio which 1s =0.5. High values of split ratio means Q, 1s
=(,. At low feed flow rate for C; = 250 ppm forced vortex
can not be strong enough to separate low-
concentration oil to overflow stream but when two stage
separation (two hydrocyclones) are used the separation
is greatly enhanced. At high flow rates, the separation of
low-concentration o1l 1s approximately the same for one
and two hydrocyclones. That what Fig. 6a clarifies. Figure
6b explains the case of high split ratio (Q,>Q,) and high
concentration. At low flowrates forced vortex 1s weak, so,

the separation of one hydrocyclone is low. For two
hydrocyclones the separation of high-concentration oil is
also of little value because of low flow rate but at high
flow rates the separation by two hydrocyclones is greatly
enhanced. As a comparison between A and B, Ej has
greater values in case A. Figure 6¢, d explains the
situations of low split ratio (0.1), ie. (Q,<Q,). At low
concentration (250 ppm), the enhancement of separation
is obvious for all flow rates, especially at very high flow
rate (12 L/min) where the performance of two cyclones is
approximately the same as for one cyclone. Figure 6d
shows the enhancement at all flowrates for high
concentration (1250 ppm) and the enhancement is greatly
obvious at high flowrates. The reason behind this
behavior is when F is smaller than 0.5, i.e., Q,<Q, a great
quantity of oil discharges from overflow opening resulting
in purer water from underflow, especially, at high
flowrates. From this discussion, it 18 concluded that
using two hydrocyclones is recommended for low oil
concentrations, high split ratio and low flowrates. For
high concentrations, low split ratio and high flowrates are
recommended. So, there is a matter of optimization for the
operational variables by using two cyclones as there is an
interaction between them.

Pressure Drop Ratio (PDR): PDR is the pressure
drop between mlet and outlets of the hydrocyclone and
it gives the indication of centrifugal force rejection
(Durdevic ef al., 2017) its Eq. 2 1s as follows:

ppR = 2P (2)
P-P

i u

PDR for one hydrocyclone: PDR for one hydrocyclone
deviates from 1 when flow rate 1s increased and when split
ratio drifts away from 0.5 as shown in Fig. 7. That’s
because at small flow rates and at split ratio around 0.5,
pressures in the outlets 1s zero that makes PDR equal or
close to 1 while at larger flow rates and at split ratios far
away from 0.5, p, and p, have significant values that malke
PDR deviates from 1. The PDR varied monotonically with
flow rate at split ratios <0.5 while 1t 13 changed reversely
with flow rate at split ratios more than 0.5.

PDR for two hydrocyclones: Figure 8 shows a comparison
between one and two hydrocyclones of PDR with the
influence of flow rates at F = 0.9. As it is obvious from the
figure PDR for two cyclones 15 less than for one cyclone
that’s because the feed flow rate breaks into over and
under flow streams and then the over flow enters the
second cyclone and breaks into over and under flow
streams which make the pressures of the latter streams
zero or close to zero and produce PDR =1 or very close to
it.
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Fig. 6 Effect doubling hydrocyclone on the separation efficiency at various feed flow rate; a) atF = 0.9, C; = 250 ppm;,
byatF =09 C =1250 ppm; c)atF =0.1, C;=250 ppm and d) at F = 0.1, C; = 1250 ppm

Fig. 7. Effect of changing split ratio on PDR for various
flow rates

Optimization of the operational variables: According to
the above discussions of the operational variables on Ej
and PDR, the optimization must be sought to obtain the
optimum conditions that give the maximum separation
efficiency and minimum PDR. Optimization of the
operational variables using 2° factorial experimental
design performed with Minitab program gave the optimum
conditions at 12 L/min feed flow rate, 250 ppm feed oil
concentration and 0.9 splt ratio which corresponds to
maximum separation efficiency (94.78) and mmimum PDR
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=——-Two cyclone
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Fig. 8: Effect of flow rate on PDR at 0.9 split ratio

(0.895) for one hydrocyclone. The optimum conditions for
two hydrocyclones are Ej = 95.2% and PDR = 0.86 at the
same optimum conditions for one hydrocyclone. Minitab
predicted the equations that express PDR and Ej as a
function of F, Q; and C, for one and two hydrocyclones as
follows:
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Fig. 9: Effect of VFL on separation efficiency

Ej=14.14-164.8F+0.01626C +7.135Q +
(0.1030F*C, }+(10.38F*Q,)-(0.003139C,*Q))- (3
(0.007246F*C.*Q.)

Ej =-220.9+320.4F+0.1086C,+21.07Q, -
(0.1416F*C,)-(19.99F*Q,)-(0.001939 C *Q )+ (4
(0.000354F*C,*Q,)

PDR = 0.3569+0.8312F+0.1072Q,-(0.1385F*Q,) (5)

Ej =-0.1106+105.0F+0.03448C. +7.921Q -
(0.08982F*C,)-(8.101F*Q,)-(0.003906C,*Q )+  (6)
(0.006144F*C,*Q,)

PDR = 1.073+0.07500F-0.01208Q,-(0.01250F*Q,) (7)

Equation 3-5 express Fj at F<0.5, Ej at F=0.5 and
PDR, respectively by using one hydrocyclone wiule
Eq. 6 and 7 express Ej and PDR, respectively, for two
hydrocyclones in series. When applying the operational
variables in Eqg. 3 and 4 it is obvious that it affects
Ej in the order, flow rate>split ratio>concentration for one
hydrocyclone.

Vortex finder: The optimized conditions of (Q,, C, F) for
one hydrocyclone set to study the effect of changing
Vortex Finder Length (VFL) on Ej and PDR. Effect of VFT
on Ej for one hydrocyclone, Fig. 9 shows the effect of
changing VFIL, on separation efficiency. In the studied
range of VFL, separation efficiency shows maximum value
at the design value (1.3 cm). That i1s because lengthy
vortex finder prevents the water from flowing to the
overflow stream and directs it to the underflow stream and
induce the oil to the overflow stream. This is in agreement
with the literatire (Martinez et al., 2008). So, short vortex
finder reduces the separation efficiency. This 1s the
case of VFL<1.3 cm which 1s in agreement with that of
Zhao et al. (2006). So, changing VFL from the designed
value (1.3 c¢cm) makes the efficiency worse and let it
decrease from 94.78 to 91.5% in the studied range.
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Fig. 10: Effect of VFL on PDR

Effect of VFL on PDR: Figure 10 represents the effect of
varying vortex finder length on pressure drop ratio. At the
studied range of VFL the pressure drop ratio does not
greatly changed. As the pressures of inlet and outlets
does not significantly influenced with VFL with the
exceptionthat the curve fluctuates and gives maximum
value at VFL = 2 cm. The minimum value of PDR 15 0.89
which corresponds VFL = 2.7 cm because the longer VFL
the greater amount of water discharges from the
underflow making the forced vortex weaker and the PDR
lower. The designed value of VFL (1.3 cm) shows
somewhat increasing of PDR over the minimum value at
0.894 but it has a maximum percentage efficiency.

CONCLUSION

The conclusions obtamed from the research are listed
split ratio, inlet concentration and feed flow rate
influenced the separation efficiency. F and Q only
affected PDR while C, have no effect on it for one
and two hydrocyclones. TUsing two  identical
hydrocyclones  in enhanced the separation
significantly when one hydrocyclone efficiency 1s low and
vice versa at higher efficiency of one hydrocyclone the
enhancement is not significant while PDR is significantly
decreased.

series

Optimization of the experiments shows that at
Q; =12 L/min, C, = 250 ppm and F = 0.9 gave maximum
separation efficiency (94.78%) and minimum PDR (0.895)
for one hydrocyclone while Ej = 95.2% and PDR = 0.86 for
two hydrocyclones. Changing VFL from the designed
value decreased the efficiency. Applying Minitab program
is successful in assigning the optimum operating
conditions and expressing the influential effect in
equations that can be generalized.
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NOMENCLATURE
Roman symbols:
Symbol Description/Units
C = 01l Concentration (ppm)
ds, = Droplet size (um)
d = Diameter (cm)
E = Separation efficiency -----
F = Split ratio -----
h = Hydrocyclone thickness (cm)
L, Cylinder length (cm)
P = Pressure (bar)
Q = Flow rate (L/min)
Greek symbols:
n = Viscosity of the o1l (cp)
0 = Angle of comcal section -----
p = Density of water (g/cm”)
o = Density of oil (g/cm™)
Subscript:
Symbol Description
¢ = Cyclone
1 = Inlet
0 = Overflow
u = Underflow
Abbreviations:
Name = Description/Units
CFD = Computational Fluid Dynamics -----
PDR = Pressure Drop Ratio -----
VFL = Vortex Finder Length (cm)
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