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ABSTRACT

Hydrocyclones are used for densification of waste streams prior to drying or for classification of solid and
liquids in two-phase streams. They are becoming popular in industrial units due to their simplicity, low
energy consumption and high versatility. However, the effect of geometry and operating conditions on
the cut diameter and solid recovery efficiency have been independently studied, and therefore there
are no studies approaching the influence of all the parameters simultaneously. Thus, a detailed experi-
mental study was conducted to ascertain the effect of the hydrocyclone body (diameter and angle)
and the vortex finder and spigot size and shape, as well as operating conditions (inlet pressure and solid
concentration) on the separation efficiency curve, cut diameter, solid and volume recovery and the main
features of the outlet streams. It has been proven that separation efficiency and outlet stream composi-
tion are sensitive to both the geometry of the hydrocyclone and the operating parameters. Therefore,
knowledge of their influence is essential for the design of industrial units where liquid reutilisation is
a major concern.

© 2023 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
Technology Japan. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

1. Introduction

The limited amount of natural resources, as well as the manda-
tory and urgent need for environment preservation, are currently
the driving forces for a responsible use of natural resources, and
therefore for minimum waste generation. Accordingly, numerous
industrial processes require technologies that are efficient and of
low energy consumption for the separation of two-phase liquid
streams, i.e., solids suspended in a liquid stream or a stream made
up of two or more immiscible liquids. Concerning the amount of
liquid streams, the mining industry accounts for 7 to 14 billion ton-
nes [1,2]. The oil and gas industry generates from 3 to 4 barrels of
wastewater from each barrel of oil extracted, with this amount
being as high as 10 barrels when a well is near exhaustion [3].
Cement industry accounts for approximately 80 L of wastewater
for each cubic meter of product [4] and the brewery industry for
10 L for each litre of beer produced [5]. The suitable treatment of
these wastes allows reducing the environmental impact, as well
as recovering interesting raw materials and promoting circular
economy. Hydrocyclone technology is well established and may
contribute to separating and concentrating large volumes of waste
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streams. Although hydrocyclones have been used for long time,
new regulations involving environment preservation and the need
for recovering raw materials have boosted their use in many appli-
cations. Thus, their capital and operating costs are lower than those
of other equipment for the same purpose [6], and they have proven
to be highly versatile in operations involving separation (desludg-
ing and desanding), classification and concentration (thickening
and the recovery of solids or process water).

Hydrocyclone technology is gaining increasing attention for use
in new applications, especially in those in which restrictive envi-
ronmental regulations apply. Thus, Farghaly et al. [7] proposed
injecting water into the conical body in order to avoid particle
entrainment through the upflow stream. Hwang et al. [8] studied
the effect of a conical top-plate with the aim of inducing tangential
circulation, and therefore improve equipment performance. Marti-
nez et al. [9] conducted a study to determine the optimum length
of the vortex finder, and concluded that the ratio between the vor-
tex chimney length and the whole length of the hydrocyclone must
be 0.1 in order to avoid shortcuts and attain the maximum effi-
ciency. Other studies optimized the cone angle [10,11] or the
length of the conical body [12]. Although the spigot is the hydrocy-
clone section of easiest design, it has also been analysed in detail.
Thus, Pathack et al. [13] proposed a truncated conical geometry in
order to attain rope discharge in the underflow, which leads to a
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Nomenclature

dp Particle size, L

D Diameter of the hydrocyclone, L

D; Inlet diameter, L

L Length of the hydrocyclone, L

1 Length of the vortex chimney, L

I Length of the conical section of the hydrocyclone, L
0 Angle of the cone, dimensionless

Dy Diameter of the spigot, L

D, Diameter of the vortex finder, L

Cr Inlet solid concentration, ML 3

Qs Inlet liquid flow rate, L3t~!

Cy Solid concentration of the underflow stream, ML 3
Q, Liquid flow rate of the underflow stream, L3t~

Co Solid concentration of the overflow stream, ML

Q, Liquid flow rate of the overflow stream, L3¢
Fractional content of particles of given size in the under-
flow stream, dimensionless

Xo(dp)  Fractional content of particles of given size in the over-
flow stream, dimensionless

R Solid recovery efficiency, dimensionless

R, Volumetric recovery index, dimensionless

n Separation efficiency, dimensionless

Ap Pressure drop, ML 't—2

S Inlet section, L

P Inlet perimeter, L

dsg Cut diameter, L

dpoo 90% of the particles are similar to or smaller than d,, L

higher concentration of solids (even 25% wt higher). Silva et al. [14]
and Salvador et al. [15,16] proposed a hydrocyclone with a filtering
conical body, which allows improving efficiency, as well as obtain-
ing a third water stream that may be fed back into the process
itself. The main disadvantage of this design lies in its cost, as
bronze particles were used for the active layer of the filtering
medium.

Numerous papers propose the application of these devices in
operations in which standard cyclones are not suitable. Thus, Ma
et al. [17] designed a hydrocyclone of 100 mm in diameter for
retaining the coke powder generated in refineries, which allowed
attaining 99% efficiency in the recovery of 100 pum particles. The
review by Yang et al. [18] and the study by Lee [19] are evidence
of the potential of hydrocyclones for the treatment of waste water.
Furthermore, studies have been conduced with the aim of explor-
ing the use of hydrocyclones for the recovery of lubricants, refrig-
erants, cutting oils [20], and catalysts [21]. Saengchan et al. [22]
studied the performance of these devices in food industry, and
other researchers have proven they are suitable for starch concen-
tration [23,24]. A novel recent use of hydrocyclones is related to
microplastic recovery [25]. Thus, He et al. [26] proposed double-
inlet hydrocyclones of diameter smaller than 15 mm, which
allowed recovering up to 50% of polymeric microparticles in aque-
ous streams. In a recent study by Gonzalez Pérez et al. [27], ultra-
sound assisted hdydrocyclones were tested in the production of
cobalt by electrolysis, with the hydrocyclone body being the cath-
ode and the vortex finder the anode. They have proven that ultra-
sound assistance maintains clean the cathode surface, thus
improving the yield to 58.3%.

Numerous studies have been reported in the literature concern-
ing the use of these devices [28,29]. For instance, the effect of iso-
lated parameters, such as the body diameter [30], vortex finder
diameter [31,32], cone angle [33,34] or the spigot diameter [35-
37] have been reported. There are also studies dealing with the
effect of the operating pressure [38-40]. Nevertheless, to our
knowledge, there are hardly any studies approaching the influence
of all the parameters simultaneously. Accordingly, a detailed study
has been conducted in order to identify the effect of operating con-
ditions (pressure, feed composition and concentration of sus-
pended solids) and hydrocyclone geometry (diameter of the
body, vortex finder and spigot, and vortex finder configuration)
on the performance of hydrocyclones. The output parameters anal-
ysed are the usual ones related to efficiency (size cut and particle
recovery), as well as those characterizing the outlet streams (con-
centration of solids, volume recovery and particle size distribution
in the overflow stream).

2. Experimental
2.1. Materials and equipment

Silica sand and kaolin were selected for the experimental runs.
Both materials were collected from the streams in silica and kaolin
production plants. Fig. 1 shows the particle size distribution of
both materials, which was determined by laser diffraction in a
Mastersizer 2000. The Sauter mean diameter of the silica sand
and kaolin are 68.5 pm and 9.6 pum, respectively. Particle density
was measured with a pycnometer and distilled water following
ISO 18753:2017 standard, with the values being 2560 and
2445 kg m> for silica sand and kaolin, respectively. Given that
the solid concentration may fluctuate in the mining industry pro-
cesses, two different solid concentrations were tested, i.e., 35 and
75 g L7 (3.4 and 7.2 wt%). These values were selected as they
are currently used in mining processing plants.

Fig. 2 shows the experimental unit used for the experimental
runs, and all the details corresponding to its design, construction
and tuning have already been reported [41]. The pilot plant allows
closed-loop operation and consists of a stirred tank for feedstock
preparation (TK-1) and another one for pump feeding (TK-2), two
positive displacement pumps (one for high flow rates under low
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Fig. 1. Particle size distribution of silica sand and kaolin.
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(a)

HCM-100

or
HCM-50

Fig. 2. (a) 3D representation of the pilot plant and (b) its corresponding flow sheet.

pressures (P-1) and the other one for low flow rates under high
pressures (P-2)), the hydrocyclone for solid separation and a vessel
for sample retrieval (TK-3).

The stirred tank, TK-1, of octagonal shape, is made of stainless
steel, and has a maximum capacity of 700 L. An stirrer with S-
type helical axial blades operated at 350 rpm to avoid solid sedi-
mentation. Another vessel is located above this tank, which allows
recirculating the overflow and underflow streams leaving the
hydrocyclone. A manual DN-100 valve is located at the lower end
of the tank for discharging the stream from TK-1 into the vessel
feeding the recirculation pumps, TK-2. The discharge pipe from this
vessel is diverted into two ones, one providing low flow rates at
high pressure by means of pump P-1 and the other high flow rates
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at low pressure by means of pump P-2. Both pipes are provided
with DN-80 guillotine valves. P-1 is a 7.5 kW positive displacement
pump (Sydex BK 065-1L), which provides a nominal flow rate of
20 m>h~! at 2 bar, although it may also operate up to 5 bar. In order
to operate at higher nominal pressures, a 2.2 kW positive displace-
ment pump, P-2 (Sydex BK 039-2S), was inserted. Its nominal flow
rate is 2 m>h~! at 2 bar, but it may also operate up to 12 bar. The
liquid flow rate was measured by a electromagnetic flow meter
(Promag 55S) supplied by Endress-Hausser Ltd. Its nominal diam-
eter is DN-80 and the measured flow rates ranged from 0 to
300 m3h~'. The pressure transmitter (Cerabar M PMP51), also sup-
plied by Endress-Hausser Ltd., allows measuring the pressure of
the feeding stream in a range from 0 to 16 bar. The pilot plant is
controlled by a LabView card, which allows controlling the rota-
tional speed of the pumps (P-1 and P-2) and stirrer (TK-1). Further-
more, it allows collecting data of both the stream flow rate and
pressure every second in order to visualise their evolution with
time.

Given that the main objective of this work was to study in detail
the performance of the hydrocyclones in order to determine their
optimum geometry for given separation specifications, the pilot
plant was designed to easily replace these device. The hydrocy-
clones tested were assembled combining three elements, namely,
body, vortex finder and spigot, all of them made of polyurethane
to avoid particle abrasion, and supplied by Novattia Desarrollos,
Ltd. Accordingly, three different body geometries have been
assayed, one of 100 mm in diameter, D, called HCM-100, and two
of 50 mm in diameter, called HCM-50A and HCM-50B, with their
main difference being in total length. Several combinations of vor-
tex finder and spigot (differing in their diameters D, and D,) were
tested with each body. Fig. 3 and Table 1 show the combinations of
body, vortex finder and spigot used, which account for 46 different
hydrocyclones studied. The inlet section of the hydrocyclones is of
rectangular shape and its diameter, D;, was estimated assuming an
equivalent diameter, 4S/P, with S being the cross-sectional area of
the inlet and P its perimeter. Based on the results reported by
Hwang et al. [42] and Martinez et al. [43], several vortex finder
configurations have been studied, as are a standard one, Fig. 4(a),
a conical one with the smaller diameter connected to the body,

D,

Fig. 3. Geometric parameters of the hydrocyclone.



J. Izquierdo, X. Sukunza, P. Espinazo et al.

Table 1

Features of the hydrocyclones tested.
Parameter HCM-100 HCM-50A HCM-50B
D, mm 100 50 50
D;, mm 28 11 11
L, mm 1100 515 750
I, mm 95 35 35
0, ° 7.6 12.1 5.0
I, mm 700 200 400
Do, mm 20,25,30,40 10,14,18 10,14,18
D,, mm 6,8,10,12,14,16,18 3,6,9 3,6,9

Fig. 4(b), a narrower than the standard one, Fig. 4(c), a longer than
the standard one, Fig. 4a longer and narrower than the standard
one, Fig. 4.

2.2. Experimental procedure

Prior to every experimental run, the pulp with the desired con-
centration of solids was prepared. For example, a volume of 500 L
of pulp with a solid concentration of 75 g L™! required 484 L of
water and 37.5 kg of solids. Thus, the water was poured into the
stirred tank, TK-1, the stirrer was started and the amount of solids
was then added. The pulp was stirred for at least 30 min to avoid
dead zones and ensure total homogenization. At the same time
as stirring proceeded, the body, vortex finder and spigot were
assembled and the hydrocyclone was placed in the upper section
of the pilot plant. The valves were then opened and the corre-
sponding pump (P-1 or P-2) switched on at the minimum pressure

(a)

(d)

Fig. 4. Vortex finder geometries used, (a) standard, (b) conical, (c) narrow, (d) long and (e) long and narrow.

Advanced Powder Technology 34 (2023) 104025

the hydrocyclone could operate. After waiting 5 min for stabilisa-
tion, the flow rate and pressure were registered and samples were
collected from the underflow and overflow streams. Afterwards,
pressure was increased and the process was repeated until the
maximum pressure was attained. Once the runs were finished,
the pump was turned off and the valves closed. The same proce-
dure was repeated for each configuration. Prior to using a new
pulp, the stirred tank was emptied and the whole unit cleaned
up. In order to ascertain the performance of each configuration,
pressure, flow rate, solid concentration and particle size distribu-
tion of the inlet and outlet (overflow and underflow) streams were
measured. The inlet flow rates and pressures were monitored in all
runs. The flow rates of the outlet stream were calculated based on
mass balances for the fluid and solid, Eq. 1 and Eq. 2:

Qf:Qo+Qu (1)

QrCr = QoG + QG 2)

where Q;,Q, and Q, are the flow rates corresponding to the inlet,
overflow and underflow streams, respectively, and C;,C, and C,
are the corresponding solid concentrations, which are determined
by weighting the amount of solids and water in the sample. Accord-
ingly, centrifugation of the sample during 8 min at 3100 rpm was
carried out. Water was then removed and the remaining moisture
was evaporated in a stove for 24 h at 105 °C. Cyclone separation
efficiency for a given size range is defined as the amount of material
within this range (wt%) recovered from the inlet stream. Given that
the underflow stream is taken as reference in hydrocyclones, the
separation efficiency for a given size range (d, average size) is
calculated as follows:

LA &

(c)

(e)
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_ QuCuxy (dp)
QuCuky (dp) + QoCoXo (dp)

where X, (d,) and x, (d,) stand for the fraction of particles of size d,
in the overflow and underflow streams, which were determined by
laser diffraction in a Mastersizer 2000. Another two parameters that
shed light on the separation performance are the solid recovery effi-
ciency, R, and volume recovery, R,, Eqs. 4 and 5, respectively:

n(dp) 3)

_ QG

7o @
_&

R, = Q (5)

Eq. 4 was first defined by Chu et al. [44], and relates the solid flow
rate in the underflow stream with that in the inlet stream. Eq. 5
allows calculating the fraction of the inlet stream flow rate leaving
through the underflow stream [45-47].

3. Results and discussion

Capacity and separation efficiency curves are the most widely
extended way to describe hydrocyclone performance. The former
shows the evolution of flow rate with pressure drop and allows
ascertaining the minimum number of devices in parallel required
for treating a certain stream. Empirical correlations relating this
pair of variables have been proposed elsewhere [41]. Efficiency
curves, also known as Tromp curves, provide information of the
separation efficiency by relating the underflow stream with parti-
cle diameter, and they allow selecting the best hydrocyclone for a
certain purpose. This study deals with the effect of operating con-
ditions, namely, inlet pressure, concentration of solids and their
properties, as well as hydrocyclone geometry, on the efficiency of
the separation process. Table 1 shows the most representative fea-
tures of the 46 hydrocyclones analysed in this study.

3.1. Effect of operating conditions

Fig. 5 shows the effect of the inlet pressure on the separation
efficiency for two representative combinations of the geometric
parameters, as are (i) D = 100 mm, D, = 30 mm and D, = 6 mm,
Fig. 5ii) D = 50 mm, D, = 14 mm, D, = 6 mm and 6 = 12°, Fig. 5
(b). Overall, the separation performance of the hydrocyclone is sen-
sitive to the inlet pressure. Thus, it is improved at high inlet pres-
sures, as the efficiency curve shifts to the left. This is closely related
to the values of the cut diameter, ds, i.e., the particle size that has
the same probability of exiting through the overflow and under-
flow, which is smaller as the inlet pressure is increased. This is
explained by the centrifugal force exerted on the particles. As the
inlet pressure is increased, the centrifugal force on the particles
also increases. Therefore, both the coarse and the fine fraction of
the solid entering into the hydrocyclone are more likely to be dis-
placed onto the inner wall of the cyclone, thus increasing the
amount of fine particles in the underflow stream [44,45,48-51].

Likewise, the value of the solid recovery efficiency, Eq. 4,
increases as the inlet pressure is increased for all the hydrocy-
clones tested. Fig. 6(a) shows the evolution of solid recovery effi-
ciency with inlet pressure for the same two hydrocyclones whose
results are shown in Fig. 5. As observed, R is improved about 50%
when the inlet pressure is 4 times higher. Another parameter
established for ascertaining the hydrocyclone separation efficiency
is dyg0 in the overflow stream, i.e., the biggest particle size in the
90% volume fraction of the particles leaving the hydrocyclone in
that stream. This parameter provides an indication of the overall
quality of the overflow. As shown in Fig. 6(b), corresponding to

Advanced Powder Technology 34 (2023) 104025

100 T ‘
| __Ap (kPa) dso (um)
8o —— 100 46.5 J
— 200 2838
| 300 223
60F 400 20.4 g
=
40t 1
201 1
0 . N
1 10 1000
d, (pm)
(a)
- Ap (kPa) ds (um)
gok—— 100 265 |
— 200 22.9
| 300 20.8
60+ 400  19.8 .
=
401 1
201 1
0 TR
0,1 100 1000

dp (pm)
(b)

Fig. 5. Effect of the inlet pressure on the separation efficiency in two representative
hydrocyclones, a) D =100 mm, D, = 30 mm and D, = 6 mm, and b) D = 50 mm,
D, =14 mm, D, = 6 mm and 0 = 12°.

the same two hydrocyclones in Fig. 5, as the inlet pressure is
increased the amount of coarse particles in the overflow stream
decreases, i.e., the separation efficiency and overflow quality are
improved.

Although the concentrations of the overflow and underflow
streams are not usually considered for determining hydrocyclone
separation efficiency, they are analysed in detail in this study
due to their significance in the design of downstream equipment
in industry. It should be noted that an increase in the separation
efficiency does not necessary involve an increase in the concentra-
tion of the underflow; that is, the liquid volume may also increase
apart from the amount of particles. In fact, the type of discharge in
the underflow stream has an influence in dilute feeds like those
used in this study. Therefore, knowledge of volume recovery, Eq.
5, is also essential apart from the concentration of the outgoing
streams. These results are shown in Fig. 7 for two hydrocyclones
of D = 100 mm with different types of discharges: one of D, = 30
mm and D, = 6 mm with rope discharge, and the other one of
D, = 20 mm and D, = 18 mm with spray discharge. Overall, when
spray discharge occurs, i.e., no particle accumulation in the spigot,
the solid concentration in the overflow and underflow streams
decreases when the inlet pressure is increased, Figs. 7(a) and 7
(b), due to the increase in the volume recovery when the inlet pres-
sure is increased, Fig. 7(c). Nevertheless, when rope discharge
occurs, i.e., particle accumulate in the spigot, the solid concentra-
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Fig. 6. Effect of the inlet pressure on a) solid recovery efficiency and b) dyg of the
overflow stream, in two representative hydrocyclones (D = 100 mm, D, = 30 mm
and D, = 6 mm, and D = 50 mm, D, = 14 mm, D, = 6 mm and 0 = 12°).

tion in the underflow stream, as well as the volume recovery
increase slightly as inlet pressure is increased, Figs. 7(b) and 7(c),
respectively, whereas the solid concentration in the overflow
stream decreases in a very pronounced way, Fig. 7(a). These results
are consistent with those reported by Narashima et al. [52] and
Zhang et al. [53].

Another parameter that may affect the separation efficiency is
the solid concentration in the inlet stream, which may fluctuate
due to the changing performance of upstream equipment in indus-
trial facilities. Fig. 8 shows the effect of the inlet solid concentra-
tion on the separation efficiency and cut diameter in two
hydrocyclones differing in the size of the vortex finder (D = 100
mm and D, = 6 mm and vortex finder diameters of D, = 20 mm,
Fig. 8a) and and D, = 40 mm, Fig. 8(b)). Overall, when the vortex
finder diameter is small, the solid concentration in the inlet stream
does not affect significantly the hydrocyclone performance, as both
separation efficiency and cut diameter are similar regardless of the
inlet solid concentration. However, operation with a large vortex
finder and high inlet solid concentration shifts the separation effi-
ciency curve to the right, i.e., lower separation efficiency. This is
explained mainly by the role played by the diameter of the vortex
ascending through the core of the cyclone. According to Davailles
et al. [54] and Saengchan et al. [51], an increase in the diameter
of the vortex finder leads to an increase in the diameter of the
ascending vortex. This enhances particle entrainment through
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Fig. 7. Effect of the inlet pressure on (a) solid concentration in the overflow stream,
(b) solid concentration in the underflow stream and on (c) volume recovery for rope
discharge (D = 100 mm, D, = 30 mm, D, = 6 mm) and spray discharge (D = 100
mm, D, = 20 mm, D, = 18 mm).

the overflow stream, and therefore the amount of particles dragged
through the overflow increases, with this effect being more pro-
nounced when the inlet concentration is increased [45,55].

Fig. 9 shows the effect of solid concentration on dyg in the
hydrocyclone corresponding to Fig. 8(b) (D =100 mm, D, = 40
mm and D, = 6 mm). As shown, the value of dpg decreases when
reducing the inlet concentration. These results are consistent with
those shown in Fig. 8(b), since the quality of the overflow stream
improves as the inlet pressure is increased and solid concentration
is decreased.
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Fig. 8. Effect of the solid concentration in the inlet stream on the separation
efficiency. Ap = 200 kPa, D = 100 mm and D, = 6 mm. (a) D, =20 mm and (b)
D, = 40 mm.
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Fig. 9. Effect of inlet pressure and solid concentration in the inlet stream on dpe.
D =100 mm, D, = 40 mm and D, = 6 mm.

Fig. 10 shows the separation efficiency curves when silica sand
and kaolin are used in a hydrocyclone of D = 100 mm, D, = 40 mm
and D, = 6 mm with an inlet pressure of 300 kPa. Overall, although
the cut diameter is similar for both materials, the separation effi-
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Fig. 10. Separation efficiency curves using silica sand and kaolin. D = 100 mm,
D, =40 mm, D, = 6 mm and Ap = 300 kPa.

ciency is higher for the material of higher density, i.e., silica sand
(p = 2560 kg m~3). Moreover, hydrocyclones perform better with
coarse and spherical particles [56,57], such as those of silica sand
in this study. Fig. 11 shows the evolution of solid concentration
in the underflow and overflow streams for the two solids when

—
40t .- -
e .
g 30 -
5 7 g Silica Sand
° 1 ® Kaolin ]
10 |
0 L . .
0 100 200 300 400
Ap (kPa)
(a)
300 ; , ‘ . | |
250 . -
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g L
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Jd R .
100 -
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Fig. 11. Effect of the inlet stream properties on the solid concentration in the outlet
streams, a) overflow and b) underflow. D = 100 mm, D, = 20 mm and D, = 14 mm.
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the inlet pressure is increased from 100 kPa to 300 kPa. Given that
a slightly higher separation efficiency was attained when operating
with silica sand, Fig. 11 allows inferring that most of the particles
are dragged into the underflow stream. Thus, the overflow stream
is very dilute when operating with this material, Fig. 11(a). How-
ever, given the laminar morphology of kaolin particles and their
smaller mean size than those of silica sand, the concentration of
kaolin particles dragged through the overflow stream is consider-
ably higher than that of sand particles. This involves a lower solid
separation efficiency of the hydrocyclone when kaolin was used,
i.e., a lower concentration in the underflow stream, Fig. 11(b).

3.2. Effect of geometric parameters

The main drawback of hydrocyclones lies in their lack of versa-
tility, as they are designed for specific operating conditions used in
certain industrial process. Thus, the performance of hydrocyclones
drastically changes when the features of the upstream (solid con-
centration, flow rate or pressure) fluctuate. This problem is com-
monly attenuated by modifying the geometry of any of the parts
of the hydrocyclone, i.e., body, vortex finder or spigot. Among
them, the spigot is the most available and cheapest part for chang-
ing, as its diameter, D,, is commonly modified to adapt the device
to new operating conditions. However, the vortex finder geometry
(diameter and chimney shape) and the body cone angle, 6, have
also been analysed in this study. Fig. 12 shows the separation effi-
ciency curves of two hydrocyclones provided with spigots of differ-
ent diameters. Fig. 12(a) shows the results corresponding to a
device of D = 100 mm and D, = 40 mm operated at an inlet pres-
sure of 300 kPa, and Fig. 12(b) those corresponding to another
hydrocyclone, whose geometric factors are D = 50 mm, D, = 10
mm and 0 =5°, which was operated at an inlet pressure of
200 kPa. Overall, an increase in spigot diameter enhances the sep-
aration efficiency. This conclusion can be extended to all geome-
tries tested. Accordingly, large diameter spigots allow feeding
higher flow rates at the same pressure drop, and therefore the
amount of particles leaving the hydrocyclone through the under-
flow stream increases [45,51,54,58,59,14]. The solid recovery effi-
ciency, R, is also improved when operating with large diameter
spigots. Thus, the results obtained with the hydrocyclone corre-
sponding to Fig. 12(a) show that this parameter increases from
86.1% to 92.0% when the spigot diameter changes from 6 to
16 mm. Operating at 200 kPa with the hydrocyclone of smallest
body (D =50 mm, 0 = 5° and vortex finder diameter of 10 mm)
leads to an increase in the value of the solid recovery efficiency
from 40.1% to 56.3% when the spigot diameter is increased from
3 to 9 mm, Fig. 12(b).

The overall quality of the overflow stream, which is determined
by dpgo parameter, is also sensitive to the spigot diameter. Table 2
sets out the measured values of d,go when operation was carried
out with the same two hydrocyclones considered in Fig. 12, with
both operating at an inlet pressure of 200 kPa. When the spigot
diameter is increased from 6 to 18 mm in the bigger cyclone, the
value of dyg decreases from 38.5 to 25.3 um. The decrease in
dpeo is less significant in the smallest cyclone (from 18.6 to 15.3)
when the spigot diameter is increased from 3 to 9 mm.

Although an increase in spigot diameter enhances the separa-
tion efficiency by widening the particle size distribution in the
underflow stream, there is a lack of information related to the
amount of liquid and solid leaving the underflow and overflow
streams. Thus, Fig. 13 shows the solid concentration of the over-
flow and underflow streams and the volume recovery when oper-
ating at an inlet pressure of 200 kPa with a D =100 mm
hydrocyclone, in which two vortex finders of 20 and 40 mm in
diameter have been used. As observed, the values of the three
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Fig. 12. Effect of the spigot diameter on the separation efficiency, a) D = 100 mm,
D, =40 mm and AP =300 kPa, and b) D=50 mm, D, =10 mm, 6 =5° and
Ap = 200 kPa.

Table 2
Effect of the spigot diameter on the dpg of the overflow stream, Ap = 200 kPa.

D =100 mm, D, = 40 mm D =50 mm, D, = 10 mm

Dy (mm) dpoo (mm) Dy (mm) dpoo (mm)
6 38.5 3 18.6

10 37.8

12 36.2 6 17.4

14 31.8

16 30.6 9 153

18 253

parameters are sensitive to the geometry of both vortex finder
and spigot. Thus, an increase in the spigot diameter in a hydrocy-
clone with a vortex finder diameter of D, = 20 mm leads to a slight
increase in the solid concentration in the overflow, Fig. 13(a), but
to a significant decrease in the underflow concentration, Fig. 13
(b). This is explained by the attainment of spray discharge in this
configuration, which helps liquid discharge in the underflow
stream. This also leads to a sharp increase in volume recovery as
the spigot size (diameter) is increased, Fig. 13(c). However, when
operating with a large vortex finder, D, = 40 mm, the solid concen-
tration in the overflow stream decreases and that in the underflow
increases slightly when the spigot diameter is increased. Rope dis-
charge was observed in this particular configuration, which favours



J. Izquierdo, X. Sukunza, P. Espinazo et al.

10 — T T T T T T T T T T T T T

° ® D,=20mm
® 40 mm

Co (g/L)

D, (mm)

1200 T T T T 71—

1000 o o 1

C, (g/L)
D
g
[ ]

2001

4 6 8 10 12 14 16 18 20
D, (mm)
(c)

Fig. 13. Effect of the spigot diameter on (a) solid concentration in the overflow
stream, (b) solid concentration in the underflow stream and (c) volume recovery.
D =100 mm and Ap = 200 kPa.

solid discharge in the underflow stream. Nevertheless, a sharp
decrease in the solid concentration in the underflow stream was
registered when the largest spigot of D, = 18 mm in diameter
was used, Fig. 13(b). This is explained by the change in the dis-
charge mechanism. Thus, when operating with large spigots, the
discharge mechanism shifts from rope to spray type, which, as
aforementioned, leads to a decrease in the overall solid concentra-
tion of the stream, but to an increase in the volume recovery,
Fig. 13(c).

Fig. 14 shows the separation efficiency curves using vortex find-
ers differing in diameter, from 20 to 40 mm, when operation was
carried out with a hydrocyclone of D = 100 mm and a spigot diam-
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eter (D,) of 14 mm, at an inlet pressure of 200 kPa. Overall, the cut
diameter increases as the vortex finder diameter is increased. A lar-
ger vortex finder allows treating a higher flow rate, which benefits
the solid discharge in the overflow stream, and consequently the
separation performance of the hydrocyclone decreases
[45,59,58,60]. The solid recovery efficiency, R, also decreases as
the size (diameter) of the vortex finder is increased for all the
hydrocyclones studied, whose geometric factors are shown in
Table 1. As an example, its value decreases from 96.1 to 89.6% in
the hydrocyclones used in Fig. 14.

As aforementioned, large vortex finders promote liquid dis-
charge through the upper outlet. Fig. 15 shows the effect of vortex
finder size on the solid concentration in both outgoing streams.
The results correspond to a hydrocyclone of 100 mm in body diam-
eter and 14 mm in spigot diameter, to which vortex finders from
20 mm to 40 mm have been assembled, with operation being car-
ried out at an inlet pressure of 200 kPa. Although an increase in
vortex finder size contributes to increasing the overflow stream
flow rate, the solid concentration in this stream follows a trend
with an inverse peak, Fig. 15(a), whereas the solid concentration
in the underflow stream increases as the size of the vortex finder
is increased, Fig. 15(b). These trends are explained by the promo-
tion of solid and/or liquid flow rates discharged through these
streams depending on the configuration. Thus, as shown in
Fig. 15(a), solid concentration in the overflow decreases from 4.3
to 2.7 g L™ as the vortex finder diameter is increased from 20 to
25 mm, which is due to the promotion of liquid discharge through
the vortex finder rather than the solid discharge. Nevertheless, a
further increase in the vortex finder diameter leads to an increase
in the solid concentration in the overflow stream, reaching a value
of 8.3 g L™! when the vortex finder is as high as D, = 40 mm in
diameter. It should be noted that this trend was not observed in
smaller hydrocyclones, such as those with a body diameter of
D = 50 mm, in which the solid concentration in both the overflow
and underflow streams increases as vortex finder size is increased.

Fig. 16 shows the separation efficiency curve of a hydrocyclone
whose dimensions are 50 mm body diameter, 18 mm vortex finder
diameter, 6 mm spigot diameter and 0 = 5 ° cone angle, operating
at an inlet pressure of 300 kPa. The vortex finder geometries used
with this hydrocyclone are those described in Fig. 4meter of the
vortex finder was kept constant. Overall, the shape of the vortex
finder is of lower influence than other geometric parameters stud-
ied in this paper. However, the maximum separation efficiency is
attained using the long (standard diameter) and the long and nar-
row vortex finders (Figs. 4(c) and 4(e)). Therefore, the optimum
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Fig. 14. Effect of the vortex finder diameter on the separation efficiency curve.
D =100 mm, D, = 14 mm and Ap = 200 kPa.
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Fig. 16. Evolution of the separation efficiency curve with different vortex finder
geometries. D = 50 mm, D, = 18 mm, D, = 6 mm, 0 =5 ° and Ap = 300 kPa.

ratio between the length of the conical section and the total length
of the hydrocyclone, I./L, is 0.1, which is consistent with the results
reported by Martinez et al. [43]. As observed in Fig. 16, operation
with the narrow vortex finder allows improving slightly the sepa-
ration efficiency, as it allows decreasing the value of the cut diam-
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eter from 23.2 pm to 22.5 um. However, operation with the vortex
finder of conical shape does not improve the separation perfor-
mance, which is not consistent with the results reported by Hwang
etal. [42] for a body of D = 20 mm in diameter. Nevertheless, these
authors used a silica sand of 1.75 um Sauter mean diameter, which
is lower than that of the sand used in this study. The trends shown
in Fig. 16 are confirmed by the solid recovery efficiency and quality
of the overflow stream obtained for kaolin separation when oper-
ation was carried out at 400 kPa with the hydrocyclone of best per-
formance (D = 50 mm, D, = 10 mm and D, = 9 mm). Thus, the cut
diameter drops from 9.5 to 7.3 um when the standard vortex finder
is replaced with the long and narrow one. Likewise, the solid recov-
ery efficiency increases from 56.6 to 62.2 and the value of dyg
decreases from 14.8 to 13.4 um. Moreover, given that the long
and narrow vortex finder reduces the liquid bypass in the vortex
area, and therefore increases the inlet flow development, the solid
concentration in the underflow stream decreased in the 20 - 30%
range.

Another geometric factor analysed in this study is the cone
angle of the hydrocyclone, 6. Fig. 17 shows the separation effi-
ciency curves for two hydrocyclones of D = 50 mm, D, = 14 mm
and D, = 3 mm, operated at 200 kPa, with their cone angles being
5 and 12°. It should be noted that a smaller cone angle leads to an
increase in the total length of the cyclone, which means the swirls
of the vortex are more expanded along the length of the cyclone.
Accordingly, the cut diameter is reduced and the overall perfor-
mance of the hydrocyclone improved [47,61,62]. Thus, as the cone
angle is decreased from 12 to 5°, the solid recovery efficiency
increases from 19.1 to 34.7% and d,g decreases from 2.02 to 18.8
wm. Moreover, a reduction in the cone angle avoids solid clogging
in the spigot, thereby promoting spray discharge. Therefore, the
cone angle influences the solid concentration in both the under-
flow and the overflow streams, with the trend in the underflow
stream depending mainly on the type of discharge through the spi-
got. Thus, rope discharge operation leads to an increase in solid
concentration when the cone angle is decreased, whereas the
reverse is true for spray discharge operation. Concerning the over-
flow stream, solid concentration decreases when the cone angle is
decreased regardless the type of discharge in the spigot.

3.3. Significant factors affecting the separation efficiency

Given that both operating conditions and hydrocyclone geome-
try are influential on the performance of the hydrocyclones, ascer-
taining the main factors and binary interactions of greatest
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Fig. 17. Effect of the cone angle on the separation efficiency curve. D = 50 mm,
D, = 14 mm, D, = 3 mm and Ap = 200 kPa.
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diameter. D = 50 mm, 6 = 5° and Ap = 100 kPa.

influence is essential for the design of these devices. Accordingly,
an analysis of variance (ANOVA) has been conducted using a stan-
dard statistical package (SPSS 28.0) and taking the cut diameter as
the response variable. The statistical analysis has been applied
with a 95% confidence interval. The factors used in the analysis
are the size of the hydrocyclone (diameter of the body), the vortex
finder diameter (D,), the spigot diameter (D,), the cone angle (0),
the inlet pressure (Ap), the inlet solid concentration (Cy) and the
solid type (silica sand and kaolin).

The significance order of the factors analysed is as follows:
D, >D, > 0>P> D, xD,.The vortex finder diameter is the most
influential parameter, followed by the spigot diameter, which is
clearly shown in Figs. 12 and 14. Furthermore, the cone angle
and the inlet pressure are also significant factors, but to a much
lesser degree. As explained above, the cone angle leads to an
increase in the length of the cyclone, thereby expanding the swirl
of the vortex along the length of the cyclone. Moreover, an increase
in the inlet pressure leads to a greater centrifugal force on the
particles.

The interaction of the vortex finder diameter with the spigot
diameter has also a significant effect on the cut diameter. Thus,
the quantitative effect of this factor may be observed in Fig. 18.
As observed in this figure, the cut diameter decreases as the diam-
eter of the vortex is decreased. However, this reduction is more sig-
nificant when large spigot diameters are used than when small
ones are used, which suggest that the size of both the vortex finder
and the spigot (optimum combination) should be considered in the
design of industrial units.

4. Conclusions

The performance of a wide range of hydrocyclones differing in
their geometry was studied under different operation conditions
(inlet pressure, and solid concentration and properties). The sepa-
ration efficiency curve, cut diameter, solid and volume recovery, as
well as the main features of the outlet streams were also deter-
mined. An increase in the inlet pressure enhances the separation
efficiency, since the cut diameter decreases, and both the solid
recovery and the overall quality of the overflow stream increase.
This is explained by the increase in the centrifugal force exerted
on the particles in the cyclone when the inlet pressure is increased.
However, the effect of the inlet solid concentration depends mainly
on the hydrocyclone configuration, since the ascending vortex in
the cyclone depends on the geometry of the hydrocyclone. Accord-
ingly, operating with large vortex finders and spigots lead to high
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ascending vortex diameters, thereby enhancing particle entrain-
ment. Low inlet solid concentrations in these configurations lead
to a high separation efficiency, as the entrainment probability of
coarse particles through the overflow stream decreases. This effect
was not observed with small vortex finders and spigots, since the
size of the ascending vortex is much smaller.

The geometric features of the hydrocyclones also contribute to
the separation efficiency of the cyclones. Accordingly, an spigot
of larger diameter enhances the hydrocyclone performance, as
the pressure drop in the spigot is reduced, and therefore the solid
discharge through this outlet is favoured. However, an increase in
the diameter of the vortex finder leads to a reduction in the sepa-
ration efficiency, since it contributes to increasing the size of the
ascending vortex. Furthermore, different vortex finder geometries
were tested. Concerning the length of the vortex finder, it has a
great influence on the hydrocyclone performance. Thus, an
increase in this dimension greatly improves separation efficiency.
Nevertheless, conical vortex finders hardly affect the hydrocyclone
performance. Regarding the angle of the hydrocyclone body, a
reduction in the angle involves a longer body, which leads to the
expansion of the vortex swirls, and therefore to a better separation
performance.

The factors of greatest influence and their significance order on
the cut diameter have been ascertained by conducting an analysis
of variance (ANOVA). The vortex finder diameter and the spigot
diameter are the most influential parameters, followed by the cone
angle, the inlet pressure and the interaction of the vortex finder
diameter with the spigot diameter. Therefore, the best separation
performance is attained by using hydrocyclones with small vortex
finder diameters, large spigot diameters and long cyclone body
lengths (small cone angles), operating at high inlet pressures.
Accordingly, the results obtained in this study suggest that these
parameters should be considered in the design of industrial units
where liquid reutilisation is a major concern.
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