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Abstract

With growing industrialization in power sector and petrochemical industries water has been contaminated with particulates like sand,
&y ash and FCC. In the present investigation, a new type of hydrocyclone was designed and fabricated. The system is designed in such
a manner that it can operate in a wide range of variables for sand, sand–ash and sand–FCC systems. A detailed study on performance
analysis of hydrocyclone, pressure drop, cut size particle diameter and particle characterization has been carried out for the design of the
hydrocyclone. A mathematical model for predicting particle separation e9ciency and cut size particle diameter has been developed. A
correlation has been developed for percentage removal of particles and retention of particles in the hydrocyclone. An experimental ;nding
shows 96% removal e9ciency for 175 �m particle with cut size diameter of 75 �m, which can meet the required separation in industrial
application.
? 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrocyclones are widely used to separate particulates
from water at high throughput because their advantages like
simple structure, low cost, large capacity, and small vol-
ume, require little in the way of maintenance and support
structure. Hydrocyclones belong to a class of &uid–solid
classifying devices that separate dispersed material from a
&uid stream. Fluid is subjected to a high-intensity centrifu-
gal force which is created by placing the slurry in a curving
path in a cylindrical annulus in a tangential inlet section.

The unit converts the initially linear motion of a &uid
into continuously varying angular motion, thereby subject-
ing the dispersed particulates to centrifugal acceleration and
enhancing the rate of settling of particles, according to their
diBering density, size, and shape.

In the recent past, its applications are widely spread
in Environmental Engineering (Chu et al., 1996; Anon,
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1997), Petrochemical Engineering (Peachey et al., 1998),
Food Engineering (Trim and Marder, 1995; Dickey et al.,
1997), Electro-Chemical Engineering (Dhamo, 1994),
Bio-engineering (Yuan et al., 1969), Pulping process (Li
et al., 1999), and other industrial sectors.

An extensive survey of the literature reveals that fun-
damental and applied research on the design and perfor-
mance of hydrocyclone has been continuing for the last ;ve
decades. Kelsall (1952) reported the &ow pattern and ve-
locity pro;les within a hydrocyclone. Bradley and Pulling
(1959) studied the &ow pattern in the hydraulic cyclone and
their interpretation in terms of performance by dye injec-
tions into the &uid &owing in the hydrocyclone and have
added to detailed knowledge of &ow patterns. The results
are described and the implications on the theoretical cor-
relation of e9ciency are discussed. Such a correlation can
never be precise owing to uncertainties in the path followed
by an individual particle. Fahlstorm (1963) ;rst investigated
the classi;cation of solids with higher concentration (up to
20% by volume). The result was explained in terms of the
so-called crowding theory.

Since the time of Fahlstorm (1963), the emphasis of
research has been on the development of empirical overall
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equations that describe the behavior of large commer-
cial hydrocyclones. The major contribution in this ;eld
has been from Lynch and Rao (1966, 1975); Lynch et
al. (1974). The use of empirical equation is limited by
the fact that the constants and coe9cients of the equa-
tions need to be evaluated for each and every situation.
Larson (1980) reported the characteristics of a new type
of hydrocyclone. Luo et. al. (1989) made a comparison
of performance of water-sealed and commercial hydrocy-
clone. Lin (1987) has reported hydrocycloning thicken-
ing; dewatering and densi;cation of ;ne particulates. Chu
and Chen (1993) developed a model for the motion of solid
particles. Adupeasah et al. (1993) reported a multistage
hydrocyclone stirred-tank system for counter current extrac-
tion of canola oil. Bendixen and Rickwood (1994) studied
the eBects of hydrocyclones on the integrity of animal and
microbial cell. Dhamo (1994) used an electrochemical hy-
drocyclone cell for the treatment of dilute solutions which
approximate the plug-&ow model for electrodeposition ki-
netics. Trim and Marder (1995) investigated hydrocyclones
for concentration of cassava milk. Singh and EckhoB (1995)
suggested hydrocyclone procedure for starch–protein sepa-
ration in laboratory wet milling. Yuan et al. (1969) made
an investigation into the possible use of hydrocyclones for
the removal of yeast from beer. Dhamo (1996) investigated
the electrochemical oxidation of cyanide in the hydrocy-
clone cell. Dickey et al. (1997) separated dry-milled corn
with hydrocyclone. Klima and Kim (1998) made dense
medium separation of heavy metal particles from soil using
a wide-angle hydrocyclone. Klima and Kim (1997) used
multi-stage wide-angle hydrocyclone circuits for removing
;ne, high-density particles from a low-density soil matrix.
Li et al. (1999) made characterization of hydrocyclone
separated eucalypt ;ber fraction. Chu et al. worked on nu-
merical simulation of turbulence and structure of turbulence
in hydrocyclone.

The structure of hydrocyclone was designed with a series
of modi;cations, and the comprehensive eBect of the struc-
tural modi;cations on operation performance. Performance
indices of hydrocyclone were investigated experimentally
with the orthogonal design method by Chu et. al. (2000).
Based on the conventional hydrocyclone, the structural mod-
i;cations with central insertions named winged core, solid
core, and inner diBuser could increase all the separation ef-
;ciency, separation sharpness, cut size, capacity and &ow
split, and decrease the energy loss coe9cient. The cut size
of the particles is de;ned as the lowest particle diameter sep-
arated with 50% e9ciency in the hydrocyclone separator.
The eBects of geometric and operating parameters and feed
characters on the motion of solid particles in hydrocyclones
were experimentally investigated by Chu et al. (2002a,b) by
using particle dynamic analyzer.

However, despite numerous attempts to produce theoret-
ical prediction of hydrocyclone performance, no fundamen-
tal relationship has yet emerged and received general accep-
tance. Several attempts have been made by Dwari (2003) to

predict the cut size that is the size of the smallest particles
that can be collected with 50% e9ciency.

1.1. Analysis and selection of hydrocyclone type

The requirements of a Hydrocyclone design to have 100%
separation e9ciency for 70 �m and above silt particles from
water with pressure drop not exceeding 0:49 × 105 Pa and
for an inlet particle concentration of 5000 ppm has a few
unique features. The design of hydrocyclone must take into
consideration very high sharpness of cut (the entire particle
above 70 �m must be totally removed), if the cut size is large
enough, and energy dissipation must be low and the under-
&ow rate should be as minimum as practicable. In the present
study, an attempt has been made to calculate cut size par-
ticle diameter and percentage removal e9ciency for a new
type of cyclone from model as well as experimental data.

2. Model formulation for particles

The separation in a hydrocyclone is due to the centrifugal
forces generated by the tangential motion of the liquid. When
the particle to be separated is of a density diBerent from
that of the dispersing liquid they acquire a radial velocity
w.r.t. the liquid because of these centrifugal forces. When
the particles are of higher densities, this radial velocity is
directed outwards and when the centrifugal forces are strong
enough the particles reach the cyclone wall on their way
from the inlet downwards and are then separated. A particle
may not reach the wall

(a) if the radial velocity of the liquid, which is directed
inwards, is too large and thus causes it to be entrained
towards the centre,

(b) if it enters the cyclone at too great a distance from wall,
(c) the residence time is too short,
(d) on account of turbulence, this causes eddy diBusion of

the particles, to the eBect that diBerences in concentra-
tion are evened out. The underlying idea for developing
the model of the e9ciency correlation was that for a
certain cyclone there should be a relation between the
static pressure drop and the separation achieved when
expressed in terms of the 50% separation diameter. This
idea was inspired by the fact that the separation as
well as the static pressure drop is determined by the
centrifugal acceleration ;eld in the cyclone (Heish and
Rajamani, 1991).

The model has been developed based on two assumptions
made by Rietima (1961) presented below (Scheme 1):

(A) The turbulent eddy diBusion has a negligible eBect on
the separation.

(B) The Reynolds number as related to the particles sepa-
rated is so low that Stokes law for the free &ow velocity
applies.
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Scheme 1. Schematic separation zone in hydrocyclone

Suppose there is an imaginary screen coaxial with the con-
ical cyclone inlet into two halves of equal cross-sectional
area. Under these conditions it is now reasonable to assume
that all particles having a diameter equal to the 50% separa-
tion e9ciency diameter are entering the cyclone through the
half of the inner inlet. This leaves the cyclone through the
over&ow nozzle and those particles with the same diameter
entering through the outer half of the inlet leave the cyclone
at the apex. A particle of same diameter, which is injected at
the center of the inlet, will just be separated. Such a particle
will now be considered and followed on its path to the apex.

On injection into the cyclone, its distance from the wall
is = 1

2Di.
The moment it reaches the apex, its distance from the wall

should be reduced to zero.
The radial velocities of the particle then equal (U −Up).
From Stokes law it follows that for a particle at a radius

r in the cyclone

Up =
d2

50K	V 2
1

18 �fr
: (1)

During its residence time T the particle should cover, in
a radial direction, a distance equal to the radius of the inlet
center minus the radius of the air core

=R− 1
2Di − 1

2 a:

Therefore∫ T

0
(U − Up) dt = R− 1

2Di − 1
2a = R1; (2)

or
∫ T

0
Up dt =

∫ T

0
U dt − R1: (3)

On the basis of the measurements of Kelsall and Terlin-
der it may be assumed that both the axial and radial liquid
velocities are constant in the separation zone:∫ T

0
Up dt =

∫ T

0
U

dL
W

=
U
W

L: (4)

Eq. (4) can be re-arranged to
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18 �f
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1
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=
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W

L− R1 (5)
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d2

50K	
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r
dt
dr
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or
d2

50K	
18�

∫ (1=2)a

R−(1=2)b

V 2
1

r
dt
dr

dr =
U
W
L− R1: (7)

In the above formula, dt=dr expresses the reciprocal radial
velocity of the particle. When it is assumed that the axial
velocity of the particle under consideration is equal to that
of the liquid and is therefore constant it follows that on an
average the radial velocity of the particle must also be con-
stant otherwise, the particle would leave the separation zone
very close to the wall and then it would not be separated.

On an average dr=dt ≈ (W=L)R1 and

dt
dr

=
L
W

1
R1

: (8)

For a liquid cyclone operating with a gas core, the static
pressure drop is equal to the centrifugal head:

(KP)s =
∫ (1=2)a

R−(1=2)b

	V 2
1

r
dr: (9)

The separation formula can now be elaborated to
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18 �f
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W
L− R1; (10)

→ d2
50K	

18 �f

1
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)
(11)

→ d2
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1
R1

(KP)s
	

=
W
L

U
W

L−WR1=L1 (12)

→ d2
50K	
18�f

1
R1

(KP)s
	

= U − WR1

L
: (13)

However, the above model did not take into account ra-
dial velocity components in terms of hydrocyclone pertinent
characteristics. An attempt has been made to modify the
model based on the above criteria.

Radial velocity of liquid

U =
Q

2�rL
; (14)

when r is at any radius.
Relation between axial velocity and inlet velocity is as-

sumed as W = C1V .
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Putting the value of U and W in the above equation we
obtain

d2
50K	

18 �f

1
R1

(KP)s
	

=
Q

2�rL
− C1VR1

L
: (15)

The particle can be separated at 50% e9ciency when it
is at a distance equal to half the radius of hydrocyclone that
is r = R=2.

Putting the value in the above equation we obtain

d2
50K	

18 �f

1
R1

(KP)s
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Q

2�(R=2)L
− C1VR1

L
(16)

→ d2
50K	
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1
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Q
�RL
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L
: (17)

Rearranging the above equation for d50, we obtain

d50 =

√(
Q
�RL

− C1VR1

L

)
18�fR1	
K	KPs

: (18)

Eq. (18) is used to calculate d50, the cut size for the
present system hydrocyclone.

3. Experimental setup and technique

The experimental set up as shown in Fig. 1 has been used
for the studies of performance characteristic of hydrocy-
clone consisting of a vertical cylindrical portion and conical
portion. The experimental setup mainly comprises a hydro-
cyclone, centrifugal pump and collection and supply tank.
The hydrocyclone is of mild steel of cylindro-conical struc-
ture having a cyclone diameter of 0:24 m. The length of the
cylindrical portion is 0:3 m and that of the conical portion
is 0:74 m. The cylindrical part is closed on top by a &at
head through which the liquid over&ow pipe known as a
vortex ;nder having a diameter of 0:15 m protrudes some
distance into the cyclone body. At the bottom of the con-
ical section, a split chamber is attached through which an
adjustable apex pipe having a diameter of 0:04 m has been
;tted through which coarser particles will move. The apex
pipe can be raised or lowered to obtain a suitable air core for
getting maximum separation. Densely concentrated coarser
particles can be separated from the split chamber. The slurry
is injected tangentially by an inlet pipe of diameter 0:04 m
;tted tangentially to the cylindrical portion of hydrocyclone.

A tank having a storage capacity of 1000 l has been
placed as shown in the ;gure (T1). The slurry is pumped to
the cyclone by a 10 H:P centrifugal pump (P1). There is a
gate valve (V1) between the tank and the centrifugal pump.
The volumetric &ow rate of feed slurry can be maintained
by regulating the &ow through a gate valve (V1) between
tank (T1) and centrifugal pump (P1) and by regulating the
gate valve (V2) through the bypass line. The &ow through
apex and split chamber can be controlled by valve (V3)
and valve (V4).

V2

Centrifugal Pump  
P1

V1

Storage Tank  
T1

Flow
Meter 
FM 

Orifice
OR 

V3 V4

Mano 
meter 

M2

Mano 
meter 

M1

Hydrocyclone 

Pressure 
Gauge 

R1 

Fig. 1. Experimental setup.

The suction pipe ;tted to the centrifugal pump has a
diameter 0:1016 m and that of delivery pipe 0:0762 m.
The pipe is reduced to 0:04 m just before injecting
the slurry to the hydrocyclone. The volumetric &ow
rate through the pipe can be measured by a &ow me-
ter (FM) ;tted in the delivery pipe. A pressure gauge
(PG) between FM and the inlet section of hydrocy-
clone measures the inlet &uid pressure. An ori;ce (OR)
is ;tted in the over&ow stream and a manometer (M1)
;lled with CCl4 is provided to measure the pressure
drop across the ori;ce. Through proper calibrations, this
pressure drop can be used to measure the &ow rate
in the over&ow. Calibration of &ow through the ori-
;ce is carried out closing the apex valve (V3). Inlet
&ow rates were adjusted by valve V1 and V2 of the
suction and bypass lines. The pressure drop was mea-
sured by carbon tetrachloride manometer (M1). The &ow
rate was calibrated in terms of pressure drop across the
ori;ce.

A mercury manometer (M2) was provided to
measure the pressure drop across the hydrocyclone.
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The &ow from over&ow, apex and split were recy-
cled to the tank, so that the slurry concentration in
the tank was maintained a constant. The test points
were provided at inlet and over&ow streams for sample
collection.

Sand, &y ash, and FCC were used for the experimen-
tal performance study of the hydrocyclone. Experiments
were conducted for sand-water slurry of 5000 ppm pre-
pared in a tank (T1) by mixing 2:5 kg of sand with 500 l
of water. The suction valve was made to open to cre-
ate positive suction head at the centrifugal pump. Then
the centrifugal pump was switched on, which injected
the slurry at high velocity to the hydrocyclone. At a low
inlet pressure of around 17:5 kN=m2, proper vortex did
not develop. By increasing the velocity of &ow, an in-
let pressure around 20 kN=m2 vortexes was created and
&ow through over&ow pipe began. Flow from vortex,
under&ow, apex, and bypass line recycled (R1) to the
tank, made high turbulence within the tank which in-
turn maintained the slurry at uniform concentration. Then
the &ow rate was maintained at 27:6 kN=m2. When the
&ow attained the steady state, slurry samples were col-
lected from the inlet, vortex, apex and split chamber
and the following measurements were taken for the in-
let &ow rate, inlet &ow pressure, pressure head in CCl4
manometer and in mercury manometer to ;nd out the
pressure drop across the hydrocyclone. For each inlet
&ow, four samples were collected at the inlet, over-
&ow, and under&ow and split chamber for particle size
analysis.

The similar process was repeated at 41.4, 55.2 and
69:0 kN=m2 inlet pressures. In all the case samples were
collected and readings were noted. Similarly for sand
and &y-ash-water system, slurry of sand and &y ash of
5000 ppm was prepared by mixing 1:25 kg sand and
1:25 kg &y ash with 500 l of water. Then the experi-
ment was repeated as described above. The same pro-
cedure was applied for the slurry of sand–FCC–water
system, where a slurry of FCC of 5000 ppm was pre-
pared by mixing 1:25 Kg sand and 1:25 Kg &y ash with
500 l of water at diBerent experimental conditions as de-
scribed above. The experimental conditions are presented in
Table 1.

The particle size distributions were measured by a
method as reported by Meikap et al. (2002). The Malvern
particle size analyzer equipment analyzed the particle
size of each sample. A typical plot of particles size dis-
tribution is shown in Fig. 2a. By knowing the particle
size at inlet and over&ow, the e9ciency of separation of
each particle by hydrocyclone can be calculated by us-
ing the following equation for e9ciency of separation of
particle:

�=
Wt% of particle at inlet−Wt% of particle at over&ow

Wt% of particle at inlet

×100: (19)

Table 1
Experimental conditions in the hydrocyclone

Variables Range of variables

Inlet pressure of slurry, P (kN=m2) 27.4, 41.4, 55.2 and 69.0
Volumetric &ow rate, 4.5, 6.0, 7.5 and 8.3
Q × 103(m3=s)
DiBerence in pressure head 2.63, 4.27, 5.26 and 6.58
KH for sand (kN=m2)
DiBerence in pressure head 2.96, 3.95, 5.59 and 6.90
KH for sand and &y ash (kN=m2)
DiBerence in pressure head 2.96, 3.95, 4.93 and 8.55
KH for sand and FCC (kN=m2)
Average particle diameter for sand (�m) 90.0–93.3
Average particle diameter for sand and
&y ash (�m) 20.07–20.73
Average particle diameter for sand and 76.88–76.92
FCC (�m)
Temperature (◦C) 27–30

4. Results and discussions

Experiments have been conducted for diBerent concen-
trations of sand, &y ash and FCC particles to character-
ize the performance of a hydrocyclone. The materials have
been chosen at its present importance; like from the ther-
mal power plants and petrochemical industries. The polluted
water can be treated for removal of these types of materi-
als by using a hydrocyclone. Experiments were conducted
at inlet &ow pressures of 27.6, 41.4, 55.2 and 69:0 kN=m2.
DiBerent slurries made of sand–water, sand–&y-ash–water,
and sand–FCC–water were used for experimental investiga-
tion. The slurry volumetric &ow rate used for experimental
studies was in the range of 4:5 × 10−3–8:3 × 10−3 m3=s
(4:5×10−3; 6:0×10−3, 7:5×10−3 and 8:3×10−3 m3=s). The
experimental data with various slurry &ow rates, inlet slurry
&ow pressures and pressure drop across the hydro-cyclone
have been measured.

The particle size distribution of samples collected at in-
let, over&ow, split chamber and apex were measured using a
Malvern-3601 particle size analyzer using Na4P2O7 (anhy-
drous)[LOBA Chemie] as dispersant in a concentration of
1:0864 kg=m3 and the results of the particle size distribution
are presented in Fig. 2a for various systems. The e9ciency
of the separation of particles was calculated by knowing the
particle size% in bands of inlet and over&ow samples us-
ing Eq. (19) mentioned in Section 3. The e9ciency of sep-
aration of particles was calculated for slurry velocities of
3.56, 4.77, 6.0 and 6:62 m=s. The trend of the variation of
percentage removal particles have been plotted in Figs. 2–
14 at various inlet velocities and operating variables for the
0:24 m hydrocyclone.

4.1. E1ect of particle diameter on separation e2ciency

The percentage separation of sand, sand and &y ash,
sand and FCC has been plotted against particle diameter
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Fig. 2. (a) Malvern particle size analysis for sand inlet sample at 27:6 kN=m2 inlet slurry pressure. (b) EBect of particle diameter on e9ciency of
separation of sand.

in Figs. 2–4. From these plots it can be seen that with
increasing particle size, the e9ciency of separation in-
creases almost exponentially at inlet pressures of 69.0,
55.2 and 41:4 kN=m2. It can also be seen from Fig. 2
that at low pressure i.e. 27:6 kN=m2, the cut size, the
50% e9ciency of separation is 157 �m; at 41:4 kN=m2,
the 50% e9ciency of separation of particles is 91 �m;
at 55:2 kN=m2, the 50% e9ciency of separation of par-
ticles is 77:5 �m and at 69:1 kN=m2, the 50% e9ciency
of separation of particles is 71:5 �m. It is interesting
to note that at 69:1 kN=m2, the e9ciency of separa-
tion is almost 100% for particles above 188 �m. It is
quite obvious that with increasing pressure of the cy-
clonic motion, the larger particles are removed easily.
So with increase in particle size, at a particular in-
let pressure, the e9ciency of separation increases. As
shown in the ;gure with increasing inlet pressure the ef-
;ciency of separation of each particle size range also in-
creases. At high inlet pressure, the particles separate more
e9ciently.

Fig. 3 represents the eBect of particle size on the e9ciency
of separation of sand and &y ash of sand–&y-ash–water sys-
tem. It can be seen from this ;gure that with increasing
particle size, the e9ciency of separation is increased at all

inlet pressures and at low pressures 27:6 kN=m2, the cut size,
the 50% e9ciency of separation of particles is 141 �m, at
41:4 kN=m2, the 50% e9ciency of separation of particles is
66 �m; at 55:2 kN=m2, the 50% e9ciency of separation of
particles is 60 �m and at 66:9 kN=m2, the 50% e9ciency
of separation of particles is 50 �m. This ;gure shows that
at high three-inlet pressures the e9ciency of separation of
particles in the range of 188 �m is 100%. Up to 75 �m, the
size particle separation e9ciency increases rapidly and that
of particles between 75 and 140 �m, though the e9ciency
increases, it is not as rapid as before. This may be due to the
presence of a heterogeneous mixture of suspended particles
of sand and &y ash in the slurry. It is also seen from this ;g-
ure that there is a rapid increase in separation e9ciency for
particles more than 140 �m size with an increase in particle
diameter.

Similar trend have also been observed for other sets of
experimental conditions shown in Fig. 4. It can be seen
from this ;gure that at inlet slurry pressures 27.6, 41.4, 55.2
and 69:0 kN=m2, the cut size, 50% e9ciency of separation
of particles are 198 �m, 176 �m, 138 �m and 136 �m,
respectively. The ;gure shows that the e9ciency of sep-
aration almost increases linearly with increase in particle
size.
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ash.

4.2. E1ect of velocity of 4ow on the e2ciency of
separation of particles

The eBect of slurry velocity, V, on the percentage separa-
tion of sand, sand-&y ash and sand-FCC has been presented
in Figs. 5–7. It can be seen from these ;gures that, with in-
crease in velocity the e9ciency of separation increases, and
this may be due to the increasing swirling in the hydrocy-
clone, which is also con;rmed by the other researchers cited
in the literature. An almost similar trend has been observed
for other sets of experimental conditions, that the largest
particle has high e9ciency of separation, and e9ciency in-
creases with increase in the velocity of &ow.

4.3. E1ect of pressure drop on e2ciency of separation of
particles

The eBect of pressure drop, KP, on percentage removal
of particles for sand, sand–&y ash and sand–FCC has been
presented in Figs. 8–10. The variations have been plot-
ted for diBerent particle diameters. It can be seen from
these ;gures that with an increase in pressure drop the
separation e9ciency increases. Fig. 8 shows that 75 �m
sand particles have low percentage removal (35%) up
to 430 N=m2. After a certain pressure drop of 450 N=m2
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Fig. 4. EBect of particle size on e9ciency of separation of sand and FCC
mixture.

the increase in pressure drop particle separation increases
steadily. It can also been found that for 89:9 �m bigger
particles have almost the same e9ciency of separation.
At any particular pressure drop larger particles have high
separation e9ciency than smaller particles. Fig. 9 also
shows similar separation characteristics for all range of
particles of sand–&y ash. Fig. 10 shows a typical plot of
variation of particle-separation e9ciency with pressure
drop for sand–FCC. It can be seen from this plot that with
increase in pressure-drop percentage, removal of particles
increases rapidly up to 500 N=m2 pressure drops, after
that separation percentage is almost constant for each par-
ticle. The reason may be because two opposite facts act
on the particles. As increase in pressure drop is related to
high velocity, which has already been discussed; on the
other hand due to higher pressure drop the eddies formed
around the vortex lead to lower e9ciency of separation.
As a result, beyond a pressure drop of 500 N=m2 the in-
crease in the e9ciency of separation of the particles is
very slow.

4.4. E1ect of velocity on cut size particle diameter

The separation formulae derived by Rietima (1961) has
been modi;ed for application to the present system discussed
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Fig. 5. EBect of velocity of &ow on e9ciency of separation of particles
of sand.

earlier to calculate d50, cut size particle diameter that is, 50%
e9ciency of separation of particle expressed by Eq. (2)

d50 =

√(
Q
�RL

− C1VR1

L

)
18 �fR1	
K	KPs

: (20)

For diBerent inlet &ow velocity V of slurry and pressure
drop KP across the hydrocyclone, d50 values were calcu-
lated for sand, sand–&y ash and sand–FCC system. The d50

value was also calculated using Dahlstroms (1951) correla-
tion given below and compared with the experimental ;nd-
ings of the present system:

d50 =
2248:5(DiDo)0:68

Q0:53 ×
[

1:73
	s − 	

]0:5

: (21)

The predicted values and d50 data obtained from experi-
mental results have been calculated for sand, sand–ash, and
sand–FCC, respectively. The eBect of slurry velocity on cut
size particle diameter, d50 has been presented in Figs. 11–13
for sand, sand–ash, and sand–FCC system. It can be seen
from these ;gures that with increase in velocity the cut size
decreases. It is interesting to note that at low slurry ve-
locity range cut size particle diameter predicted from the
model equations developed ;ts very well than that calcu-
lated from Dahlstroms (1951) correlation. However, at high
slurry velocity the cut size particle diameter predicted by the
model is higher than that of both the experimental values and
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Fig. 6. EBect of velocity of &ow on e9ciency of separation of particles
of sand and &y ash.

calculated from Dahlstroms (1951). It can also be seen from
these ;gures that experimental cut size diameter is less than
predicted from the model but greater than the cut size diam-
eter calculated from Dahlstroms correlation.

4.5. E1ect of slurry velocity on pressure drop

The pressure drop data for sand, sand–ash and sand–FCC
have been plotted against velocity as shown in Fig. 14. It can
be seen from this ;gure that for all types of material the pres-
sure drops of the system increases with increase in slurry ve-
locity. It has been observed that the pressure drop for sand–
FCC is higher than that of sand and sand–&y ash system.
It is quite obvious that with increase in velocity, pressure
drop increases due to frictional losses. The frictional and
eddy losses may be more prominent for sand–FCC than the
sand and sand–&y ash system, that is why the pressure-drop
increase in the case of sand–FCC is more after a 6:0 m=s
velocity.

5. Development of correlation

As the motion of particle and &uid inside a hydrocyclone
is very complex, the possibility of using any one of the pro-
posed models or empirical correlations, with a degree of ac-
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Fig. 7. EBect of velocity of &ow on e9ciency of separation of particles
for sand and FCC.

curacy, was therefore found di9cult for the present system.
Hence, the experimental separation e9ciency has been an-
alyzed on the basis of dimensionless analysis to predict the
removal e9ciency of the hydrocyclone.

Conceivable variables on which the e9ciency of separa-
tion of particles in the hydrocyclone may depend are: &ow
properties &uid velocity V; physical properties namely di-
ameter of suspended particle d, density of suspended par-
ticle 	s, density of &uid 	, viscosity of &uid �f; geometric
properties: hydrocyclone diameter Dc, diameter of eductor
De, and inlet diameter Di = f(Dc; Du). The large numbers
of possible variables on which the e9ciency of separation
depend have been reduced to a pertinent few, since many of
these variables are interrelated or are maintained constant.
A theoretical relation exists between the e9ciency of sepa-
ration �, and the physical characteristic, and the &uid vari-
able of the system. Then � may be written in the following
form:

� = f(	s; �f; d; Di; V; 	): (22)

The dimensional analysis carried out as above indicates that
the e9ciency of separation may be simpli;ed to the equation

� = f2

(
�

	sVDi

)a( d
Di

)b( 	
	s

)c
: (23)
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Fig. 8. EBect of pressure drop on e9ciency of separation of particles for
sand.

Or retention of particles in water;

RP = 1 − � = 1:0 − Z
(

�
	sVDi

)a( d
Di

)b( 	
	s

)c
: (24)

Therefore Eq. (24) gives an expression for the retention of
particles in the hydrocyclone are a measure of e9ciency of
separation.

The dimensionless analysis presented earlier indicates that
the percentage separation e9ciency of particles presented in
Eq. (23), may be simpli;ed to

� = S
(

�
	sVDi

)a( d
Di

)b( 	
	s

)c
; (25)

as the values of other parameters remained constant or their
variations were negligible.

In order to establish the functional relationship between
percentage separation e9ciency of particles, � and the var-
ious dimensionless groups in Eq. (23), multiple linear re-
gression analysis has been used to evaluate the constants
and coe9cients of the equation.

It can be seen that the following equation, which yields the
minimum percentage error and minimum standard deviation
of percentage error, presents the best possible correlation
among the family of equations. So the following form of
equation with the minimum percentage deviation of error
presents the best possible correlation among the family of
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equations presented here;

� = 0:1 × 10−02
(

�
	sVDi

)−0:82 ( d
Di

)0:63 ( 	
	s

)0:82

: (26)
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Fig. 15. Comparison of theoretical and experimental values of particle
separation e9ciency.

Eq. (26) describes the percentage separation e9ciency of
particles, � in the hydrocyclone, which is an important pa-
rameter for assessing the performance of the hydrocyclone.

The form of equation can be rearranged to

RP = 1 − � = 1:0 − 0:1 × 10−02
(

�
	sVDi

)−0:82

×
(
d
Di

)0:63 ( 	
	s

)0:82

: (27)

Eq. (26) actually describes the particle penetration within
the hydrocyclone, which is an important parameter for as-
sessing the performance of the hydrocyclone.

The values of the parameter can be expressed as

RP = 1 − � = 1:0 − 0:1 × 10−02
(

�
	sVDi

)−0:82

×
(
d
Di

)0:63 ( 	
	s

)0:82

: (28)

This parameter was calculated for the experimental data.
The values of percentage separation e9ciency of particles,
� predicted by Eq. (26) have been plotted against the ex-
perimental values of percentage separation e9ciency of par-
ticles, � in Fig. 15. The percentage deviation between the
experimental data and those predicted by Eq. (26) has been
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plotted in Fig. 16. It is seen from this ;gure that the per-
centage deviation is quite low (within ±22:5%).

Furthermore to test the acceptability of the correlation
various statistical tests have been carried out.

5.1. Statistical analysis of the correlation

The following statistical parameters have been calculated
to test the signi;cance of the correlation.

Sum of the squares of deviation removed by regression.∑′
c2 = 9:948918 (29)

Sum of the squares of deviation :
∑′

y− 2 = 13:297: (30)

Residual sum of squares of deviation∑′
P2

1 =
∑′

y− 2 −
∑′

c2

= 13:297 − 9:948918 = 3:348082: (31)

Correlation coe9cient r =

√∑
C2∑
Y 2 = 0:86499: (32)

Variance of estimate s2(Y ) =
∑′

P2
1=(N − K − 1)

= 0:042386: (33)

The diagonal Gaussian multipliers for the correlation are

C11 = 0:201369; (34)

C22 = 0:061303; (35)

C33 = 1:029758: (36)

Degree of freedom = 83
Variance of regression coe9cients

S2(b1) = s2(y−) × C11 = 8:535 × 10−3; (37)

S2(b2) = s2(y−) × C22 = 2:598389 × 10−3; (38)

S2(b3) = s2(y−) × C33 = 0:0436473: (39)

The t values for 0.5 probability level and 83 degrees of
freedom as obtained from statistical table (Volk, 1958) is
1.96. Therefore 95% con;dence ranging on the regression
coe9cients are

(b1) = b1 ± 1:96
√
s2(b1) = 0:182925 ± 0:1810747; (40)

(b2) = b2 ± 1:96
√
s2(b2) = 0:100930 ± 0:0999098; (41)

(b3) = b3 ± 1:96
√
s2(b3) = −0:413661 ± 0:4094819: (42)

5.2. Signi6cance of the correlation by F test

For checking the signi;cance of the correlation the null
hypothesis is used, i.e., it is assumed that the correlation is
not signi;cant. The F value for the regression equation is,

F = 656:97: (43)

The value for 83 degrees of freedom at 0.01 probability level
obtained from statistical table (Volk, 1958) is

F0:01(3; 111) = 3:74: (44)

Since F0:01(3; 111)¡F , the null hypothesis may be rejected
and it may be concluded that the correlation 4.36 is highly
signi;cant at 99.5% con;dence level.

6. Conclusions

In the present investigation, a hydrocyclone was designed
and fabricated. The system is designed in such a manner that
it can operate in a wide range of variables for sand, sand–
ash and sand–FCC system. In the present investigation a de-
tailed study of performance of hydrocyclone, pressure drop,
cut size particle diameter, and particle characterization has
been carried out for the design and characterization of the
hydrocyclone. A mathematical model for predicting parti-
cle separation e9ciency and cut size particle diameter has
been developed. A correlation has been developed for per-
centage removal of particles and retention of particles in the



R.K. Dwari et al. / Chemical Engineering Science 59 (2004) 671–684 683

hydrocyclone. The correlation has been statistically tested.
Experimental ;ndings for cut size particle diameter have
been compared with the predictions made from the model
as well as from other correlations available in the literature.

Experimental results and analysis reveal that this equip-
ment is capable of separation of particles in the range of
75 �m. The present system can be used for particles above
175 �m with almost 100% particle separation e9ciency. It
gave very little separation for particles in the range below
60 �m which indicates that the experimental setup should
be modi;ed to increase separation e9ciency for particles in
the range of 10–50 �m. Various attempts have been made
to modify the internals for improved e9ciencies. However,
due to shortage of time complete modi;cations have to be
carried out in future study.

Notation

a diameter of air core in cyclone, m
C1 concentration of solid in suspension, kg=m3

d diameter of a particle, �m
d50 cut size diameter of particle, �m
Di inlet diameter of hydrocyclone, m
Dc diameter of the hydrocyclone, m
De inside diameter of vortex ;nder or eductor, m
Du under&ow or spigot diameter, m
f2 function of variables
g acceleration due to gravity, m=s2

L total length of cyclone from top plate to apex, m
Q cyclone volume throughput, m3=s
R radius of the hydrocyclone, m
R1 R− 1

2a− 1
2Di

RP retention of particles in the hydrocyclone
r at any radius, m
S regression constant used in Eq. (25)
U radial velocity of liquid, m/s
Up radial velocity of particle relative to the liquid,

m/s
V Inlet velocity of &uid, m/s
V1 tangential velocity in cyclone, m/s
W axial velocity in cyclone, m/s
Z regression constant used in Eq. (24)

Greek letters

K	 diBerence between density of solid and that of
liquid, kg=m3

KP pressure drop across the hydrocyclone, N=m2

� particle e9ciency of separation, %
�f viscosity of &uid, N=m2=s
	 density of liquid, kg=m3

	s density of suspended particle, kg=m3

) volumetric fraction of solids in the feed slurry
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