The selectivity curves for the hydrocyclone operating with 4 and 6-mm inserted-rods
comparing with that of operating without inserted-rod are presented in Figure 26. it can be
seen that the hydrocyclone operating with the 4-mm inserted- rod can gives the best
separation performance, while the operating with the 6-mm inserted-rod gives the worst
separation performance. It can be concluded that the hydrocycione separation performance
can be improved by replacing the air core with the proper size of the inserted-rod. The
negative effect on the separation found in the experimental study of Lee and Williams

(1993) might be due to both the design of the inserted-rod body supports and the size of
inserted-rod.

4.6. Conclusion

In conclusion, the Computational Fluid Dynamics (CFD) techniques to the simulation of 3D
flow within a hydrocyclone operating with an air-core and with inserted-rod by using the
Finite Volume Method (FVM) has been introduced. The particle motion was successfully
predicted by using the particle trajectory method. The separation performance of the
separator was determined by the relationship between percentages of the each particle size
of feed reporting to the underflow discharge. The numerical results from this study were in
good agreement with the experimental data. It was found that the radial and axial velocity
components in the area that just below the vortex finder were reduced, when replacing the
air core by inserting a metal rod. This causes the flow field inside hydrocyclone become
more beneficial for the separation process. However, the separation performance can only
be improved with the proper size of the inserted-rod. The reduction of pressure loss in the

hydrocyclone was also found to be reduced by replacing the air core by inserting a metal
rod.
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lll. The experimental study of the flow within a hydrocyclone

operating with an air core

1. Abstract

The experimental studies of the flow behaviour within 50-mm hydrocyclones with and
without a vortex finder attachment (Fin) have been performed. The flow characteristics
within both hydrocyclones were observed visually and recorded both photographically and
on video as the hydrocyclones are made of a transparent material. The development of the
double-helical flow was observed; also the shape and diameter of the air-core have been
examined for different values of operating pressure drop. It was found that the air-core is
unstable and its size, shape and position are unfixed because of the instability of the gas-
liquid interface. The results also showed that the air core is related to the shape of the
underflow discharge and is a function of the pressure drop. A regular spray discharge from
the spigot was observed. The roping discharge was observed when an extension pipe was
connected to the underflow outlet. An increase in pressure drop leads to an increase in air-
core diameter and the angle of the underflow profile. However, the relationships between
these three parameters are non-linear. The knowledge of the size and location of the air-
core relative to the operating pressure drop can assist in the validation of computational

fluid dynamics {CFD) simulation work.

The separation performance of these two transparent hydrocyclones for a CaCQj; in water
system has been investigated. In this study, the results showed that a fin-type vortex finder
attachment could not increase the sharpness of separation but it could help in the
thickening process. It can be seen that the separation performance does not depend only
on the geometry and operating conditions, but also on slurry concentration and particle size
distribution. The concentration of the feed slurry and the operating pressure drop strongly

affect the sharpness of separation.

2, Introduction
Hydrocyclones are widely used in the mineral, chemical, coal, powder-processing industries

for de-watering, or classifying according to a required particle size or density separation.
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The reasons for this popularity lie in their simplicity of design and operation, high
throughput, low maintenance, low operating cost and small physical size of the unit.
Hydrocyclones are physically simple and robust separation devices with no moveable parts.
A typical hydrocyclone consists of three sections; a cylindrical section, conical section and
a tangential inlet section. The tangential inlet section is attached to the cylindrical section.
The vortex finder is located centrally through the lid and at the top of the cylindrical section.
Figure 12 shows a conventional hydrocyclone, which is inherently simple in construction.
The design variables which influence the performance of the unit operation are the inlet and
outlet diameters. The separation process is achieved as a result of the centrifugal force
acting on the slurry and its components. However, there is a secondary flow down the
outside wall of the vortex finder to the overflow, which is called a short-circuit flow. This
flow was reported to cause low particle separation efficiency (Kelsall, 1952). Svarovsky
(1994) suggested that a redesigned-vortex finder with a skirt can eliminate this inefficiency

problem.

Despite its apparent simplicity, the elucidation of the mechanism of separation and detailed
models of fluid flow with hydrocyclone separators has yet to be achieved. The main
reasons for these short comings are: the complexity of solving Navier-Stokes equations for
non-Newtonian anisotropic fluids that contain high concentrations of interacting particles,
The complex high swirling and varying turbulence conditions prevailing in the separator, the
presence of an interface (the air-core) inside the separator and the lack of on-online
measurement methods to provide reliable experimental data for model development under

credible process conditions (Bond et al., 1999).

An attempt to model the flow in a hydrocyclone has been made by using a theoretical
model, which is based on solving the Navier-Stokes equations. This approach provides a
physical insight into the fundamental causes of the observed phenomena. The earlier
theoretical models were presented by Bloor and Ingham (1973), (1975) and (1987),
Pericleous and Rhodes (1986), and Hsieh and Rajamani (1991). These steady state and
2D-axisymmetrical models have been considered, but the resuits are limited to dilute fiow
only. In addition, it is difficult to describe the behaviour of high turbulent swirling flow

caused by the 3D flow entry. Therefore, more advanced modelling is needed that allows,
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for example, the study of such phenomena as an adjustment of three-dimensional flow to
axisymmetrical, particle-fluid, particle-particle and particle-wall interactions. Such models will
allow the description of particle effects on suppressing or generating turbulence and non-
Newtonian slurry flows. Additionally, in the context of modelling turbulence, a physical
model is needed to show how a fluid turbulent deformation characterises swirl flows and
the deformation of the air-core inside the separator. Advanced theoretical and experimental
techniques are needed to obtain a better understanding of the complex physical

phenomena affecting the performance of hydrocyclones.

The purpose of this work is to study the flow behaviour, focusing on the air-core and
underflow discharge characteristics, by using 50-mm transparent hydrocyclones with and
without a vortex finder attachment (Fin). The experiments of these hydrocyclones treating
CaCO, in water system are carried out. The knowledge of the underflow discharge
characteristics relative to the operating pressure drop and feed property affecting the

separation performance is investigated.

3. Experimental systems

Figure 1 shows the schematic diagram of both 50-mm diameter acrylic hydrocyclones with
and without a vortex finder attachment. They were equipped and set up with a feed pump
and pressure gauge to measure the feed inlet pressure (see Figure 2). The vortex finder
and apex diameters were kept constant at 14mm and 10 mm. Hydrocyclone overflows and
underflows were directed back to the sump for recirculation. To study the flow behaviour
and the characteristics of the air core, water was used. The operating pressure drop was
varied from 10 psi to 35 psi by varying the inlet water flow rate. The density and the
viscosity of water are 1031 kgfm3 and 1.330 cp, respectively. The size and the location of
the air core were observed relative to the pressure drop. From each experiment, samples
were collected from the feed, overflow and underflow streams. The collected samples were

weighed and mass flow rates determined.
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% % ;nz Geometry Value (mm)
g 2 ‘, g\ underflow internal diameter 10
' vortex finder internal 14
diameter
vortex finder outer 28

diameter overflow

: . cylindrical section diameter 43
E : conical section length 270
: : cylindrical section length 40
E width of inlet orifice 22
I f length of inlet orifice 40
E E height of inlet orifice 16
: : length of fin 6

E E height of fin 20

(a) (b)
Figure 1. Schematic diagram of 50-mm diameter acrylic hydrocyclones (a) conventional

hydrocycione and (b) with a vortex finder attachment (Fin).

The separation performance was examined by using the solution of CaCQO; in water as feed
slurry. The density of CaCO,is 2700 kglms. The flow rate and concentration of the feed
was varied. In this case, the solid phase in each stream was also weighed to determine the
concentration. The particle size distribution of each stream was measured by using the

laser-diffraction size-analysis technique.
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Overflow (retum to sump)

Pressure gauge

Q Vortex| finder
Feed inlet

Apex

Underflo

Sump

Pump

Figure 2. Hydrocyclone apparatus.

4. Flow behaviours

The diameter of the air-core of a conventional hydrocyclone for water-only flow was
measured and found to be increased due to an increase in the pressure drop. It is also

related to the angle of the underflow profile.



Figure 3. The flow pattern within the conventional hydrocyclone operating at: a} 10 psi b) 30

psi.

(b)

Figure 4. The flow pattern within the hydrocyclone with a vortex finder attachment operating

at 10 psi,

(a)
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In addition, the angle of the underflow discharge of a conventional hydrocyclone treating
CaCO, slurries was observed for 1%, 2% and 5% by volume of solid in feed as shown in

Figure 5.

(c)
Figure 5. The underflow discharge of the hydrocycione operating at 30 psi for feed solid

concentrations of: a) 1% b) 2% and c) 5% by volume.

A regular spray discharge from the spigot was observed in every experiment. The shape of

the underflow discharge was found to be altered according to the change of feed-solid

concentration and operating pressure drop as shown in Figure 6. Figure 6 also depicts the

relationships between the air-core diameter, the angle of the underflow discharge and the

pressure drop. It was found that an increase in pressure drop leads to an increase in the

air-core diameter. However, in low-solid concentration cases, whichh are 1 and 2% by
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volume of solid in feed, it was found that an increase in pressure drop leads to an increase
in the angle of the underflow profile. For higher solid concentration, which is 5% by volume,
it was found that above a certain operating pressure (25 psi), the discharge angle
decreases due to the increase in pressure drop. This is due to the sedimentation of solids

in the underflow section caused by high operating pressure in dense-flow separation.

’§ l.-- - T
E e &  Air-corc diamter (mm) for water flow
E ab
?E’ % m  Angle of underflow dicharge (Degree),

3 1% by vol.
E -; A Annglhg of underflow discharge (Degree),
o 2%by vol. _
£5 %  Angle of underflow discharge (Degree),
$ B 3%by vol.
52 3 - - P
< ‘.6 — s - .‘I = iET Rt it oy

[F] . S T

= b+ 2g

5

<

0 5 10 15 20 25 30 33 40
Operating pressure (psi)

Figure 6. The relationship between the pressure drop, the air-core diameter and the angle of

underflow discharge.

The solid concentration has a very strong effect on the angle of underflow discharge. The

relationships between these three parameters are non-linear.

5. Separation performance
The separation performance of this hydrocyclone with the extension pipe, treating CaCO;
slurry, was examined. The operational data (pressure drop), the concentration and flow rate

of each stream, the cut size and throughput ratio (Ry} of each test are shown in Table 1.

67



The throughput ratio, R, is the ratio between the volumetric flow rate of the underflow and
that of the feed. The particle size distribution of the feed is shown in Figure 7. The
selectivity curves are presented in Figures 8-11.

Particle size distribution curve
9.00%

8.00%

7.00% 1

6.00%

5.00%

4.00%

Frequency (%)

3.00% { ¢«
2.00%

1.00% | o

0.00% | : 2
0.01 0.10 100 10.00 100.00 1600.00

Particle diameter (micron)

Figure 7. Particle size distribution curves.

In this study, the operating pressure is limited. The highest pressure drop is 35 psi. In this
range, it was found that the performance of the 50-mm hydrocyclone unit treating CaCO;,
slurry at 1 and 2% by volume was poor. The cut size cannot be obtained as can be seen in
Figure 8a and 8b. However, the solid concentration in the underflow was three times higher
than the concentration in the feed. The separation performance of the hydrocyclone treating

the feed in this concentration range could be improved for a higher pressure drop.

The selectivity curves of the operation at the feed concentration of 5% by volume are
shown in Figure 9. The separation performance of the hydrocyclone on this feed solid
concentration is good. The results showed that the operating pressure of 35psi gave the
smallest cut size. It is shown that the change in pressure drop obviously affects the
hydrocyclone separation performance since an increase in pressure drop increases all
velocities throughout the hydrocyclone, Therefore, an increase in pressure drop causes a

decrease in the cut size.
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Table 1. Experimental resuits.

Test Pressure Feed Over flow Under flow dso Ry
No. Drop % by (gai/min) % by (galimin) % by (gal/min) ( Ltm)
A p (psi) vol. vol. vol.

| 20 1 8.98 0.096 5.38 2.548 3.60 - 0.40
I 30 1 10.89 0.133 6.68 3.559 4.21 - 0.38
1 35 1 11.74 0.107 7.35 3.362 4.39 - 0.37
v 20 2 8.64 0.207 5.08 5.088 3.56 - 0.41
\' 30 2 10.53 0.218 6.54 6.321 3.99 - 0.38
Vil 35 2 11.81 0.216 7.42 3.632 4.39 - 0.37
Vil 20 5 8.47 3.030 4.91 11.340 3.56 40 042
Vil 30 5 11.28 3.415 6.93 14.163 4.35 11 0.38
IX 35 5 11.56 0.978 7.21 8.200 4.35 2 0.37
x* 30 0.20 9.62 374 3.15 395 6.47 - 0.67
X 30 0.37 9.32 0.78 1.45 3.92 7.87 - 0.84
X 35 1 10.01 0.22 3.62 0.87 6.39 - 0.64
X 35 2 10.61 0.38 3.95 1.43 6.66 - 0.63

* Hydrocyclone with vortex finder attachment (Fin).

Selectvy cusves of 1% by vol solid feed concentnlion
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Figure 8. Selectivity curves of the feed solid concentration: a) 1% and b) 2% by volume for

20, 30 and 35psi.
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Figure 9. Selectivity curves of the feed solid concentration of 5% by volume for 20, 30 and

35psi.
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Figure 10. Selectivity curves of the operating pressure of 20 psi for 1, 2 and 5% by volume of

solid in feed.
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Figure 11. Selectivity curves of the operating pressure of 35 psi for: a) 1% and b) 2% by

volume of solid in feed for the hydrocyclone operated with and without fin.
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The pressure drop used in practice usually depends on economic considerations. Operating
at high-pressure means less units are required to treat a given flow. Lower capital costs,
finer cut sizes and sharper separations can be obtained. These benefits must be offset
against drawbacks including higher pumping cost and increased abrasion. Furthermore, the
increase in feed flow-rate and the decrease in cut size tend to decline above a certain
pressure drop. This is thought to be due to resistance effects within the hydrocycione
(Bradley, 1965). More details about the effects of the feed properties and the operational

conditions on the separation performance can be found in Kraipech (2002).

The cut size of the 50-mm hydrocyclone unit treating CaCO;, slurry also strongly depends
on the feed concentration. It also appeared that the angle of the underflow discharge at an
operating pressure of 35 psi was the smallest angle compared to those at 20 and 30 psi.
The discharge of the separator contains the information which could possibly be used for
better operational control, assuming that two distinct operational states of the hydrocyclone
exist, which are the following: spray and roping. The states differ by the discharge profile
from the apex. Roping tends to form a rope-like discharge, while spray resembles an
umbrella. Concha et al. (1996) points out that the best separation occurs near the formation
of rope discharge. Similarly, Neesse et al. (2003) states on a broader note that a
hydrocyclone achieves the best separation at a transitional discharge phase between
roping and spraying. Therefore, with the calculation of the angle, determination of the
operating performance of the hydrocyclone can be predicted. It is of interest to establish a

procedure for improving the operation of hydrocyclones based on computational simulations.

A characteristic dip or fish-hook effect was observed in all experiments. It started to occur
at particle sizes of approximately 2 microns. The analysis of this phenomenon is described

in Kraipech (2002).

. The separation performance of the hydrocyclone with the fin attachment was investigated
for the feed concentration of 0.20, 0.37, 1 and 2% by volume. The resulits of the dilute feed
(0.20 and 0.37% by volume) showed that the concentration of the underflow stream was
ten to twenty times higher than that of the feed, but the selectivity curve showed low

sharpness of separation and the cut size could not obtained. The fin attachment causes an
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increase in the throughput ratio. The results of the 1 and 2% by volume of the feed
concentration showed very poor results as shown in Figure 11. The operation with 5% by
volume of the feed slurry was also examined, and it was found that there was no overflow
stream. This is due to the effect of the fin attachment forcing the flow swirling down to the
apex tip and the high viscosity of the high concentration feed causing higher drag force,
which reduces the effect of the centrifugal force. it can be summarised that the fin-type
vortex finder attachment could not increase the sharpness of separation but it could help in

the thickening process for a dilute feed system.

6. Conclusion

The results demonstrate that the air core is related to the type of underflow discharge and
is a function of the pressure drop, which has an effect on the separation performance of the
hydrocyclone. It can be seen that the separation performance does not depend only on the
geometry and operating conditions, but also on slurry concentration. The results of this
study are useful since they offer an ideal for improving hydrocyclone design and will assist

in the validation of computational fluid dynamics (CFD) simulations.
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L Istroduction

_Mlydn_)cyclone is a type of separation equipment used for
solid-liquid and liquid-liquid systems. It is used to separate
rsed particles from a continuous fluid as the effect of
1 erl ﬂ_ow, and has been used in many mineral processing
ad mining industries.
llll!lotl!.-:lling the hydrocyclone performance, the influence
the particles on the flow is significant, particularly in the
e slurry flow, when the exchange of momentum from
limul’ll‘m:le—ﬁmd, particle—particle and particle—wall interac-
. ll_fect the velocity of the fluid. This may cause ineffi-
m: separation performance. The previous works pre-
fig Pc: lBloor and Ingha:_n [3-5], Pericleous and Rhodes
e »eTicleous [15] and Hsich and Rajamani [10] discounted
Hdeﬂbym of l.he presence of particles on a slurry velocity
g 'hmas;ummg that the flow is diluted (solids concentrate
" 5%), and the particle—fluid interaction for a sin-
Particle moving through a liquid without the presence
Particles was applied. However, when solids con-
\_._
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centrate exceeds 5%, the presence of particles changes the
velocity stresses and results in the generation of extra iner-
tial stresses. The constitutive formulae, describing complex
particle—fluid and particle—particle interactions are required.
Generally, these formulae are very complicated as they take
into account the spatial and temporal non-uniformities in the
particle distributions as well as the acceleration of relative
velocity.

There are two main approaches that canbe applied to mod-
elling multi-phase systems. They area multi-fluid model and
particle tracking method. The choice of one particular ap-
proach is determined by the character of the predominant in-
teraction between the phases. The purpose of this study is to
investigate the method for determining the predominant par-
ticle interaction of the flow within a hydrocyclone. From th.is
knowledge, the proper method for modelling particle flow in
this separator can be chosen. )

In this paper, the equation of motion of a single pgﬂ:cle
in a fluid, neglecting the presence of other particles, 1s pre-
sented. The influence of neighbouring particles is described.
The particle—fluid and particle—particle interactior?s are anal-
ysed using the concept of a time scale analysis introduced
by Roco [20]. Here a case study is presented, based on the
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results published by Rajamani and Milin [17] for a 7S mm
hydrocyclone. On this basis, the zones of the predominant
interaction mechanism can be defined and in turn, a proper
choice of a specific approach for modelling the flow within
hydrocyclone can be made. As a result, the complexity of the
constitutive formulae describing these interactions might be
significantly reduced.

2. Particle—particle interaction related to
hydrocyclone performance

In general, the hydrocyclone has been assumed te be op-
erating at a steady state where the classical fluid dynamics
can be applied. Stokes’ law is generally assumed to be valid
in order to develop models because it simplifies the mathe-
matical formulation. Brownian movement, entrance effects
on fluid, particle interactions, spinning of particles, curl of
the fluid, wall interaction and the effect of turbulent fluctua-
tions, are normally ignored or neglected [22]. The equations
describing the separation function (see [8]), are based on an
assumption that the particle settling velocity is not affected
by the presence of other particles, and that it is a mono-
tonic function of the particle size. In such a case it seems
reasonable to assume that the separation process is linear
and is a monotonic function of particle diameter. In fact, as
the particles move to the wall their concentration increases
and the interactions between them start to manifest through
the interstitial fluid by secondary currents and pressure ficld
changes. These particle interaction mechanisms cannot be
neglected. Recently, Kumar et al. [13] measured the settling
velocities for particles in a poly-dispersed mixture. It is ob-
vious that Stokes' law cannot be applied in a study where
the particle interactions are considered. Their results show
that the motion of large particles is influenced only by the to-
tal volume fraction of particles within the system. Therefore,
the settling velocity of large particles can be described by
the Richardson—Zaki equation [18). On the other hand, the
smaller particles move at almost identical velocities to the
larger particles. These small particles appear to be dragged
with the larger ones. The settling velocities of small parti-
cles are even larger than the corresponding Stokes velocities
or those predicted by the existing theories [2] or correla-

Taneda's [24] experimental results showed that the perma-
Bent vortex-ring behind a sphere begins to form in the rearof a
sphere when the critical particle Reynolds number, Rep, = 24.
The size of the vortex-ring increases for higher Reynolds
humbers and the wake behind a sphere begins to oscillate
3t the rear of the permanent vortex-ring when the Reynolds
tumber is about 130. The latest experimental data of Yang et
al. [27] and numerical simulations of Tang et al. [25] show

the dispersion of particles in a wake is organised for
Small Stokes number particles. Particles with Stokes number
less than 1 are able to respond to the small-scale flow pattern
&nd therefore become essentially flow-tracers. The trajecto-

Fig. 1. Dragged mechanism of fine particles by large panicle.

ries of these particles distribute themselves throughout the
large-scale vortex cores. Conversely particles with a Stokes
number much greater than 1 are little affected by the fluid
fluctuations at any scale and therefore simply move in the di-
rection of their initial trajectories with only slight deviation.

The ratio between the centrifugal acceleration, w?/r, and
the gravitational acceleration, g, varies along the hydrocy-
clone radius. The tangential velocity reaches its peak near
the hydrocyclone axis. According to Cilliers [6], fora 10 mm

To the vortex
finder

Small particle . ;o
caplured in wake . o T
ola]arger - -

—3 ..'.
Small particle . Lo
entrained batwaen Ee ;20
thtee neighbouring T .
larger particles : oy
- &
o : ™~
”’ 4
s 7 ; /7
i i Tothe apex
[ ' ; ‘
| .
| \ :
| A
1 ) A
! i
1 P )
\ LLI ta ' l‘-____J

Paricle Size

Fig. 2. Mcchanisms that describe the fish-hook phenomenon tRoildan-
Villasana [21])-
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diameter hydrocyclone, the ratio between the centrifugal and
gravitational acceleration is around 60,000 and the particle
residence time is in the order of milliseconds. These are ¢x-
treme conditions in relation to the gravitational buoyancy-
driven separation of the dispersed phase from the continuous
hase.

P Therefore, interactions similar to those predicted by Yang
etal. [27], and caused by the presence of the vortex-ring be-
hind particles, seems to be worthy of consideration in terms
of hydrocyclone performance. These can provide an addi-
tional mechanism for finer particles reporting to the under-
flow in the wake behind the larger particles (see Fig. 1). Such
a mechanism may explain the shape of the selectivity curve,
and the fact that the bypass value is higher than the water
recovery to the underflow. This selectivity curve does not
have a sigmoidal shape, but exhibits a dip in regions of finer
particle size. This dip is known as the fish-hook effect. The
methods of modelling the fish-hook effect of the flow within
hydrocyclones, based on this mechanism, were investigated
by Kraipech et al. [12].

The hydrodynamic behaviour of hydrocyclones treating
concentrated slurries has yet to be fully understcod and
no accurate theory exists to simulate the phenomena oc-
curring within hydrocyclones. Therefore, the other mecha-
nisms explaining the fish—hook effect proposed by previous
rescarchers such as Roldan-Villasana et al. [22] and Frachon
and Cilliers [9], who introduced the idea of an influence from
the turbulent dispersion on the motion of fine particles, could

3

be possible and should not be dismissed. Fig. 2 illustrates

the possible mechanisms that describe the fish-hook phe-
nomenon.

3. Equation of particle motion

The equation of motion of a spherical particle in a fluid,

neglecting the interactions with other particles can be written
as [1]:

dl.lp P
mp?r_ - mp (l —_ p_) g+ FD =+ FAPP +Fan+FLS
P

+FLm + Fpg (1)

where my is the mass of the particle, up the instantaneous
velocity of the particle and g the body acceleration. o and p,
are the densities of fluid and solid particles, respectively.

The term on the left-hand side of Eq. (1) describes the
particle inertia, and the terms on the right-hand side are the
forces caused by the particle—fluid interactions as explained
in Table 1. When a particle’s motion is affected by a neigh-
bouring particle the other forces have to be altered as shown
in Table 2,

There are two main causes for |ateral lift force on a parti-
cle: one is due to the rotation of a particle moving in a fluid,
and another is due to the shear of fluid itself, that is, the shear
flow induces the lateral lift force even if the rotation of the

Table 1
_F‘Lﬂ!clused by particle-fluid interactions of a particle flow in a turbulent fluid
Forces Sources of forces Equations
Skady-state drag force, Fp ~ The force acts on a particle in order to move the  Fp = $Cp ™ lu — up|(u — up) (4) disthe panicl: diameter,
particle through a fluid with a uniform pressure (u— '.'v);h: re ““": y
and velocity ficld when there is no acceleration velocity l“‘:“d"c uthe
of the relative velocity between the particle and :::gp::e'fcﬁ:i:nl D
the conveying fluid
. v, d . . I
Added mass force, Fapp The force of the particlc on the fluid duc tothe  Fapp = 5F (%;' - -E,"') (5) Wpisthe paﬂ;::lc volume
acceleration of the relative velocity. Whena and { 52 — 1,1’-) is the
particle is accelerated through the fluid, there is relative accelcration of
a corresponding acceleration of the fluid, which the fiuid with respect to
i3 at the expense of work done by the particle. the particle acceleration
This additional work causes the added mass
force, which is required to accelerate the
surrounding fluid .
{du/ds)—{dup /dn)
h“"“""9- Fouw The force due to the temporal delay in the Fpu = %d’,/rrpu Ln — ar’ (6)
boundary layer around the particle development
as the relative velocity changes with time. This
force takes into account the viscous effects due
to the acceleration of the relative velocity . i fuid
"hn i . ealf2e the rate of flm
lift force, Fy 5 The force produced by the pressure distribution  Fis = 1.635d%(up7)/ (u — wp) a :c‘l; mation
developed on a particle due to the rotation
induced by a fluid velocity gradient i .
h #d? C, is the lift force
lift forces, Fyy The force due to the rotation of the particle. Fim= ip(l‘ - llp)zCLT ® c:cmcicnl
This force is caused by a pressure difference
between both sides of the particte resulting
Prcsure . from the velocity difference due to the rotation @
Pradient force, Fpg  The force due Lo the pressure gradient in the Frg = —%VpP
—— Ruid surrounding the particle
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Distance between particles, L Flow mechanism

#>10

d
No interaction between particles td

kw2 Vortex shedding @ < <O
-
< 7
& 25 0.5 Lubrication .Jl'
<A
§=0 Collision 5
Table 3

Time scales for particle interactions in the hydrodynamic range [20]

Type of particle interaction Time scale, 1 Comments

Liquid—solid interaction (drag) = ; I'El:d-_upl (10) Co =flRep), Rep is the particle Reynolds number

Lubrication ny = 24 (11 A= LlEfe whereo® = ;2

Collision loo) = % + :T:ln(l.) 2) The first term on the right-hand side corresponds to the particle roughness

particle is absent. The former is called the Magnus effect and
the latter is the Saffman effect, which are additionally de-
fclibed in Table 1. The Saffman lift force is predominantly
induced when a solid particle moves in a region with a shear
flow of a steep velocity gradient in the surrounding fluid.
When the rotation of a particle is given from the beginning
of the transport, the Magnus lift force is predominant.

Dense flow is characterised by high collision frequencies
between particles, and hence their motion is dominantly in-
fluenced by particle—particle collisions. Interactions between
the fluid and particles are of minor importance [23]. The mod-
els for predicting the collision forces are not discussed here
but they can be found in the references of Crowe et al. [7],
Tsirkunov and Panfilov [26] and Sommerfeld [23]. Generally
’Peﬂ!k'mg, the collision force depends on the properties of the
Particles such as density and surface roughness, as well as on
the magnitude and the direction of the relative velocity.

_ The lubrication interaction is the particle—particle interac-
“On.due to the pressure in a fluid, which is generated by the
Mdcs; approaching each other. This pressure can be calcu-

using the |ubrication theory, which neglects all inertial
$ In a fluid (creeping flow approach). By integrating this
Pressure distribution along the particle surface, an additional

Table 4
Relative particle interaction number, Ny » [20]

force, the lubrication force, acting on the particle can be de-
rived [7]. Assuming that the flow is symmetrical about the
centre plane between two, this force can be described by the
following equation:

3rud?h
8ho

where kg is the distance between the sphere and the symmetric
plane, which is perpendicular to the plane, and & the rate at
which the sphere is approaching the symmetric plane.

Frupp = — (2)

4. Time scale analysis

The frequency of an interaction mechanism’s occurrence
between particles, or between particles and fluid, is inversely
proportional to the time required by the particle to respond
to the interaction mechanism.

An interaction mechanism “n” that is characterised by the
time scale £, is more frequent and therefore has a larger qis-
tribution to the momentum transfer than another intcraction
mechanism “m" characterised by the time scal¢ fo. if tn <itm-
“This relation is defined as the relative particle interaction

_;'*j"_‘i!_l_enctim mechanisms

Significant ratio

Relative particle interaction number

(15)

. X — 22y, i3
Paticle- particle lubrication/particleliquid drag Py Nosws = Torit -

. . 24y, 14)
Peticle-particle collisions/particle-liquid drag " Nacot = St =158 (
"'.._E‘_;_"-lecf_le collisions/particle—particle lubrication For} Niuub.eot = T3 3z

Note: %4 i replaced by its expression for the Stokesian (Rep < 0.1) in this table.
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If Npym <1, the nth mechanism is prevalent comparative to
the mth mechanism.

The time scales responding to liquid-solid (drag), lubrica-
tion and collision interactions and the relative particle interac-
tion numbers N,, ,,, are shown in Tables 3 and 4, respectively.
They were derived using a similar method as discussed by
Roco [19] (sce [11]). On the contrary to the drag time scale,
the lubrication and collision time scales are dependent on the
velocity profile and the solids volume fraction.

S. A case study for calculating the time scales of the
flow within a hydrocyclone

In this study, an application of a time scale analysis to iden-
tify the predominant interaction is presented for the 75 mm
hydrocyclone, based on the experiment and prediction of Ra-
jamani and Milin [17]. The time scales are calculated for
seven flow zones within a hydrocyclone, instead of six flow
zones, which was carried out in the author’s previous work,

75 mm CYCLONE

a5 % LIMESTONE BY WT.
[ 16.6% BY VOL }

%, SOLIO BY VOL.

® e

- ’m

. ioht
Fig. 4. Predicied volumetric concentration map for 35% limestone by weigh!
(16.6% by volume) in the feed [17).
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Table 5

Location of zones
Zone Location
| The upper cylindrical part of the hydrocyclone, from the top to the bottom of the vortex finder tube, outside the boundary layer on the outer wall of

the vortex finder. Because of the high level of turbulence and secondary flows that originate due to the tangential entrance, the flow is well mixed
containing a homogeneous suspension ’

The middle part of the hydrocyclone from the bottom of the vortex finder tube 10 the middle of the conical section outside the boundary layer on the
lateral walls and the boundary layer near the air core

i The arca near the air cote

v The boundary layer on the lateral walls. The boundary layer starts at the feed and develops its maximum thickness when reaching the level of the
bottom of the vortex finder tube

\' The boundary layer at the outer wall of the vortex finder

vl The air core, which is assumed 10 have a cylindrical shape

vil The Jower part of the hydrocyclone from the middle 1o the end of the conical section outside the boundary layer on the lateral walls and the boundary
layer near the air core

Table 6

WATER : PRESSURE CROP :3 33 x 10* Pa

The experimental selectivity values [L7] TANGENTLAL VELOCITIES

Particle size (um) Percent of solid recovery to underflow . | = pReciCTED EXPERIMENTAL)
90 100
65 92
45 80 10
33 52
b i) 30 20
16 20
1 16

| 11

4 10

3 9

1 7

Kraipech [11]. The locations of each zone are described and
thown in Table 5 and Fig. 3.

The feed slurry of the case study is 35% by weight of lime-
stone (16.6% by volume). The liquid phase is water, which
has a density of 1000kg/m* and a kinematic viscosity of
10" m2/s. The density of limestone is 2700 kg/m? and its
wlume fraction at maximum packing is 0.7. The particle

—-

size is in the range of 1-90 um (Table 6). The volumetric 10

Concentration map and tangential velocity profile are shown

inFigs. 4 and 5, respectively. 120 f—
The time scales and their relative particle interaction num-

bers are the functions of flow data such as the velocity 130 . —-.-
!Hd' particle sizes and the solid concentration, as shown
I Tables 3 and 4. Therefore, it is possible to calculate the

IimF scales and their relative particle interaction numbers for Fig. 5. Measured and predicted tangential velocitics in a 75 mm hydrocy-
A piven set of data describing the flow. clone [17).

Table 7

Thlluwchtnctcristicsheach zone in the hydrocyclonc S T R
Zone Volume fraction, a Particle size (um) The mean rate of strain tensor, [¥el = 3 | (%) | s

:I a<0.1;0.1 <a<0.2; 02<e <03 1-90 107

n a<0.1; 0.l <a<0.2: 0.2<a <03 1-90 110

P a>03 1-90 570

v a>03 1-90 179

Vi 2<0.] 1-65 19

V-E_____ @<0.1; 0.1 <a<0.2; 0.2<a 5 0.3 1-90 187
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Fig. 6. Drag time scale, £4. of the limestone particle flow in water (kinematic

viscosity of 10~° m?/s) obtained from the experimental results of Rajamani
and Milin [17].

Egs. (10)«12) are used to calculate the drag, lubrication
and collision time scale. The flow around the particle is as-
sumed to be in the Stokes’ law region. Therefore, Cp = 22

Rey *
The aqueous suspension of limestone is assumed tobe a Ne\:r—
tonian fluid for all range of weigh fraction in order to sim-
plify the calculation, even though the suspension shows a
non-Newtonian behaviour when its weight fraction is high.
The rate of strain tensor can be calculated from the tangen-
tial velocity profile, which is presented in Fig. 5. The com-
ponent jrg = 5% %) + %% of the rate of strain tensor is
taken into this analysis, instead of g = 22 which is used in
Nowakowski et al. [14]. Assuming that the flow is axisym-
metrical, the term % % is neglected. The absolute value of the
fete of strain tensor can be calculated as {yg| = 5 |-j’; (-'-:’-) |
The ratio between the inter-particie distance and the particle
diameter, A, is equal to '—’(1?;';—], where a* = =%, dmax i

K (@)™ O'max
the solids volume fraction at maximum packing and « the

wlids volume fraction obtained from the volumetric concen-
Intion as shown in Fig. 4. In this figure, the solids concen-
bation distribution is presented in three ranges of volumetric
Soncentration. According to the experimental results, it is as-
Rimed that there are no particles equal to or larger than 90 pm
1 diameter in Zone V (see Fig. 3).The flow characteristics
¢ summarised in Table 7. The drag time scale as a function
ofthe particle diameter is shown in Fig. 6. The time scales

Viscous hquid-sohd
nteracton {D:ag)

Lubnzahon
[T -LETdT 1o

Colision
e rachion

Fig. 7. Main particle interaction mechanisms in the 75 mm hydrocyclone.

for lubrication and collision interactions are prescnted in
Table 8.

Fig. 6 shows that an increase in the panticle size leads
to an increase in the drag time scale, since a larger particle
needs more time to respond to the change in fluid velocity
than a smaller one. The lubrication and collision time scales
decrease with an increase in the solids volume fraction and
the mean rate of strain tensor. This indicates that thesc two

Tibke 3
""...__‘,';'ﬁ__wltim scale, fi,,, and collision time scales, fco
- . $ 3

L Solid concentration (volume fraction) oy = 12 % oot = % + f;:ln(“ (s}
2<0.1; 0.1 <x<0.2;0.2<a <0.3 > 0.0561; 0.056) > £, >0.0319; few >0 0952, 0.0952 » 1o > 0.0864,

| 0.0319> i, = 0.0201 0.0864 = 1. 2 00792 _
2<0.1;0.1<a<0.2;02<a <03 fiup > 0.0546; 0.0546 > 1, > 0.0319; feal > 0.0926; 0.0926 > I ~ 0.084

X ) 0.0319 > fj, = 0.0201 00.0540 > 1,1 = 0.0770

] a>0.3 fha < 0.0037 Ico) < 0.0149

¥ a>0.3 fh <0.0120 1.1 <0.0473

" a<0.1 fub > 0.0316 I > 0.0536

n - = - k -~
@<0.1;0.1 <a<0.2;0.2<a <03 fiy >0.03210.0321 > 1 > 0.01830.0183 foo1 > 0.05450 D545 > 401 > 0 D910 G434

-""—.__;

>y > 00115

P oo > 00453
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Table 9

Prevalent interaction mechanism for each flow zone in the hydrocyclone

Zone Solid concentration condition Relative particle interaction numbers Prevalent particlc interaction mechanism

Na b Nacol Niub,cot

1 <03 Naw <1 Nygca <1 Mubco <1 Liguid—solid interaction (drag)

Il a<03 Ny <1 Naca<l Niubcol < 1 Liquid-solid interaction (drag)

m 0.3 <a<0.52 Nagb <1 Nyco < | Niwbear <1 Liquid-solid interaction (drag)
a>052 Najn > 1 Nacor <1 Nisbcal <1 Lubrication interaction

v 03<a<0.64 Nab <l Nocor <1 Nubeo <1 Liquid-solid interaction (drag)
a>0.64 Najo > 1 Nicol <1 Nibcor <1 Lubrication interaction

xl a<0.1 Naw=<l1 Nyt <1 Nibear <1 Liquid—solid interaction (drag)

Vil a<03 Nawb <1 Ngca<1 Mup.cor <1 Liquid-solid interaction (drag)

mechanisms are not only dependent on the flow concentration
but also on the flow velocity field. The prevalent interaction
mechanisms in each flow zone are determined by using the
data shown in Fig. 6 and Table 8, and are presented in Table 9
and Fig. 7.

From this analysis, it is found that for the majority of the
area within the hydrocyclone, where the solids concentration
is less than 30% by volume, the main particle interaction
mechanism is the liquid-solid interaction (drag). In the high
solids concentration areas, the lateral boundary layer (zone
IV) and the area near the air core (zone III), the lubrication
and collision interaction mechanisms are prevalent compared
with the drag interaction mechanisms. This is in agreement
with the work of Nowakowski et al. [14].

6. Conclusion

An application of a qualitative analysis based on a “time
scale” concept was presented and discussed to assess the pre-
dominant interaction mechanisms within a hydrocyclone. It
Was found that the liquid—particle interaction (drag) plays an
Important role in the main body of a hydrocyclone. However,
within the regions close to the walls and the air core, both
Wbrication and collision mechanisms are predominant. This
Means that the flow pattern within a hydrocyclone should not
tnly be described by interactions between particles and carry-
g fiuid but that the results of solid mechanics should also be
Included in modelling particle—particle collisions in the vicin-
ty of the hydrocyclone walls. The future work should lead
fﬂd.eriving a simplified model for the particle transport tak-
“lBllnto account only the dominating relevant forces in each
%gion. The extension of the analysis to the non-Newtonian

l’F‘ﬂt\i'it'mr of the high weight fraction of limestone suspen-

tons is also planned.
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Abstract

Three-dimensional simulations of incompressible fluid flow within hydrocyclone have been performed using the developed numerical
technique. A discretization of the physical problem has been done by using a finite element method based on mixed approximation of the
velocity and pressure space. The approach offers significant advantages in the solution process of convection dominated internal flows having
ouc inlet and more than one outlet. It deals with the complex geometry of the head entry part of hydrocyclone. The boundary conditions
represent forces and are efficiently incorporated into the numerical formulation. Such formulation is very useful since it allows modeling the
characteristic velocity profile in the outlet. We investigate the interaction between the swirling flow and velocity profile at the outlet. The
studies are carried out for fluids with different properties and can be extended to hydrocyclones with different geometrical configurations.

© 2005 Elsevier B.V. All rights reserved.
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L. Introduction

The discharge of solid-liquid separators contains the in-
formation, which could possibly be used for better opera-
tional control. The work presented endeavors to establish a
Procedure for improving operation of hydrocyclones based on
tomputational simulations. The complex nature of the flow
lﬂ_hydrocyclones drastically changes depending on the oper-
ing conditions. Since the hydrodynamics of a hydrocyclone
e not clearly understood, the design and control of hydro-
Sfclones are primarily based on empirical data. Due to the
tomplicated nature of flow in a hydrocyclone, the models
developed to predict the operation and control are still under
df‘felnpmcnt. Heiskanen [1] argued that hydrocyclone em-
Pnical models available for determining the operational state

d be used carefully, because the models did not accu-
Riely control or predict the operation of a hydrocyclone. In
it of the shortcomings, the design process of hydrocy-

consists .of using empirical models and classification
"I-n-.___
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curves, which are based on specific fluid properties. Plitt [2]
proposed one of the first models, which used operational pa-
rameters and calculated the mean particle size to determine
the operational state. Other empirical relationships have been
proposed by Lynch and Rao [3] and Nageswararao et al. [4],
which compare well with specific experimental data. In spite
of the inaccuracies and uncertainties of the empirical models.
steps have been made in improving the design of hydrocy-
clones as demonstrated by Chu and Luo [5]. Due to lack of
complex empirical databases for different mixtures and ge-
ometries, various methods of controlling the operation of a
hydrocyclone are considered.

In order to develop a good control technique, the sig-
nificant variables to the operation must be determined. The
primary operating parameter that can be controlled without
changing fluid properties or measuring the solids in the un-
der/overflow is the discharge angle from the apex. Assum-
ing that two distinct operational states of hydrocyclone exist,
which are the following: roping and spray. The states dif-
fer by the discharge profile from the apex. Roping tends to
form a rope-like discharge, while spray resembles an um-
brella. Concha et al. [6] points out that the best separa-
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tion occurs near the formation of rope discharge. Similarly,
Neesse et al. [7] states on a broader note that a hydrocyclone
achieves the best separation at a transitional discharge phase
between roping and spraying. Many researchers have tried
to control the operation of a hydrocyclone by using vary-
ing non-obtrusive experimental techniques. Van Latum (8]
suggested using X-ray imaging during operation to produce
density profile cross-sections. Williams [9] used electrical
impedance tomography, which produced a cross-section of
an operating hydrocyclone. Petersen et al. [10] used image
analysis as a controlling mechanism for the hydrocyclone,
based on the discharge spray angle. Necsse et al. [11] devel-
oped a non-obtrusive manner of controlling the performance
based on the angle of the spray discharge using a combina-
tion of techniques, which effectively controlled the operation
of a hydrocyclone. Van Deventer et al. [12] demonstrated a
method of calculating the angle of discharge with the inclu-
sion of gravity. The method that was presented shows that
the spray discharge proceeds through three distinct stages,
which are the following: initial increasing of angle, flat and
the gravitational driven regions [12]. With the calculation of
the angle, determination of the operating performance of the
hydrocyclone can be predicted as shown by Petersen ct al.
[10].

Deriving from the analysis of the discharge spray, we pro-
posed a novel approach for controlling the operation of a
bydrocyclone. The approach, which is an extension of the
computational code of Nowakowski and Dyakowski [13] can
be implemented in the design stage to effectively control the
operation of the hydrocyclones, or can be applied as a tool to
determine the effectiveness of an existing solid-liquid sepa-
ntor by calculating the discharge angle.

2 Problem formulation

_ Inthe study, the necessary numerical data are obtained us-
Ing finite element approximation of incompressible viscous
flow. The goveming partial differential equations are the con-
tmuity equation and the Navier—Stokes equations. The former
15 8 mathematical realization of the incompressibility of the

W, whereas the latter is momentum equation along with
8 linear constitutive law relating stresses to rates of strains.
The primitive variable formulation is expressed in the most
teneral and fundamental “stress-divergence” form [14). The
. 15 commonly used in finite element methods and rarely
u finite difference or volume methods. The advantage of
e “stress-divergence™ form is that it permits formulation
“physically meaningful Neumann boundary conditions via
Muper accounting of viscous forces.

. Boundary conditions

Fig. l introduces the vertical cross-section of a hydrocy-
With the different parts of boundary conditions indi-
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Fig. 1. Boundary conditions of hydrocyclone.

For fluid adjacent to a solid wall, I"pw and at the inlet of the
hydrocyclone, I'pe the Dirichlet boundary conditions speci-
fying the velocily vectors are imposed. At outflow sections,
'y Neumann boundary conditions are needed to truncate
the computational domain. In the present application, they
represent forces and are expressed by:

Sf=tn=—-pn+2vDu)n = f {1

where 1 represents total stress tensor and D(u) deformation
tensor equal to the following:

t=—pl+2vDw)  D(u)=0.5(Vu+ (Vi)') )

here, m is unit outer vector normal to the boundary, f the
prescribed body force on the boundary, v denotes the kine-
matic viscosity of the fluid, u is the velocity vector and p
is the scalar pressure. In the performed numerical simula-
tions the “no-stress” boundary conditions were prescribed
at the outlets. This is the equivalent of setting f=0 at the
spigot and vortex finder outlet. Such assumption is physi-
cally correct, it does not pre-define the parameters of oper-
ations, although it may be considered idealistic. Clearly. the
stresses exist and can play an important role in the estab-
lishment of the velocity profile. The precise value for such
stresses is difficult to determine experimentally. Independent
of mathematical legitimacy of such boundary conditions, the
physics of the matter provides only guidance at best. How-
ever, with the lack of the nccessary information, the assump-
tion of zero-valued components of forces is natural and qd-
vantageous compared to the imposition of specific velocity
profile as boundary conditions. The work of Nowakowski
and Dyakowski [13] shows that such description has less
significant impact on the velocity field. Consequently._ thc
method proposed enables simulations of the charactc‘ns.nc
velocity profile at the outlet. In contrast, majority of existing
finite volume computational codes for hydrocyclones usually
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specify the split ratio or make some assumptions regarding
. the character of the velocity profile. Such assumptions limit
the applicability of simulations performed and consequently
the obtained data cannot be used to control the operation
of hydrocyclones. Another important advantage of bound-
ary condition, Eq. (1), can be of use when modeling the air
core (interface between fluids can be considered as a free
boundary).

2.2. Numerical technique

In the finite element method, the flow equations and the
associated boundary conditions are solved using the weak
form of the govemning equations. Then, the continuum prob-
lem governed by partial differential equations is reduced by
discretization to a system of algebraic equations. The finite
element procedure consists of meshing the hydrocyclone ge-
ometry into a number of tetrahedral elements. Within each of
the elements, the dependent variables (three components of
velocity and pressure) are interpolated by suitable polynomi-
als at a set of nodal points. In the present implementation, the
adopted element involves a piecewise continuous quadratic
approximation of velocities and piecewise constant approxi-
mation of pressure. An account of the suitability of different
approximation functions and element numerical stability for
bydrocyclone simulation is presented in [15]. The compre-
bensive documentation of the finite element method applied
to incompressible fluid mechanics was presented by Gresho

und Sani [16].

13. Solution of flow problem

As a solution method, the pressure projection algorithm is
mplemented by Nowakowski and Dyakowski [13], which is
based on some ideas introduced by Haroutunian et al. [17].
The method solves a convection—diffusion equation for ve-
locity, excluding pressure from the momentum equations and
updates the pressure while imposing the incompressibility
“nstraint. The velocity field obtained in the first step does
Mot satisfy continuity equation in general. Thus, the veloc-
ty field has to be projected onto a divergence-free subspace
ofthe approximation space while updating the pressure. The
'l_‘We described procedure is carried out iteratively using the

operators after spatially discretizing the weak form of

:NaV;Tr-kaes equations. As a consequence, the bound-

tonditions, Eq. (1), are consistently incorporated in the
dgoithos Eq. (1) y incorp

U, Caleulation of exit profile

h&T:e results of the computational fluid dynamics simu-
. %00 of the hydrocyclone provide the data for calculat-
g the discharge angle. Neesse et al. [7] showed that the
W of the underflow discharge can be used as an indi-
:h‘m of .the operating state of hydrocyclones. The angle
ed from the velocity components at the spigot

3

and fluid properties. Lacking the information from the three-

dimensional flow field, Neesse et al. [7] derived the following
equation:

Pm(Dy [2u)w?

v
o = arctan (—') /2 arctan
u Hm

(3

here, u, vand w are the velocity components in the cylindrical
coordinate system of the suspension in the axial (), radial (v)
and tangential direction (w), oy the density of the mixture,
#m the viscosity of the mixture and D, is the apex diam-
eter. Neesse et al. [7] model assumes boundary conditions
that simplify the equations from a three- to two-dimensional
problem. For simplification, the flow conditions at the inlet
assume an axial symmetrical flow. The assumption of sym-
metrical flow is not an accurate representation of the flow in
the hydrocyclone, as shown by He et al. [18]. The radial ve-
locity was chosen by corresponding a flux to the given flow
rate through the inlet. The model assumes that the viscosity
of the fluid changes throughout the hydrocyclone, though in
the present work the viscosity is set constant. The boundary
conditions at the outlet assume that the effluent does not con-
tact the air. Even with the simplifying assumptions for the
method proposed by Neesse et al. [7], which will be referred
to throughout the paper as the Dueck method, the Dueck
method was able to be used to control the operation of the
hydrocyclone.

The presented approach, which will be referred throughout
the paper as the AFN method, is not limited to axisymmet-
rical flow. Thus, the AFN method having generated a three-
dimensiona! velocity field the angle is calculated directly.
Due to the three-dimensional nature of the problem, the com-
plete set of Navier—Stokes equations was solved in a three-
dimensional framework. The necessary velocity field profiles
are obtained using the described finite element approach. An
unstructured grid that forms to the shape of a hydrocyclone
using tetrahedral elements is gencrated. One of the reasons
that a structured grid was not used may be attributed to a sin-
gularity that occurs with the governing equations [19]. Using
an unstructured grid helps not only to eliminate the occur-
rence of singularities but provides full geometrical flexibility.
The computer output is in the form of velocity vectors in the
u, v and w directions in a Cartesian coordinate system. Using
basic trigonometric functions the calculation of the angle is
obtained.

Table 1
Fluid properties at different runs with diameter at 22 mm

Number Reynolds number (Ren)

Run | 220
Run 2 259
Run 3 293
Run 4 338
Run 3 440
Run 6 488
Run 7 505
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Fig. 2. Three-dimensional quiver cross-section of the velocity profile exiting the apex.

3. Results and discussion

In order to compare the results of the two methods, sev-
eral formed at different Reynolds numbers at the inlet. The
range of viscosities that were chosen kept the flow in the
laminar regime. Due properties, the comparison would not
introduce any questionable results from using a specific tur-
bulence model. Laminar flow would be equivalent to feeding
aviscous slurry in the hydrocyclone. For both methods, the

003 -0.03

angle calculations were performed for the same numericaily
obtained velocity data. In order for equal comparison, the
viscosity in the computational domain was assumed to be
constant for the Dueck method. Though the neglection of
turbulence hydrocyclones is significant even with low inlet
Reynolds numbers, a general behavior of the discharge angle
can be seen to develop. Table 1 presents the numerical exper-
iment by showing the changes in the Reynolds number at the
inlet duct.

Fig- 3. Cross-section of the pressure profile at the height of 27, 28 and 29 cm.
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The Reynolds number, was calculated by Rej, = pl'D/pue,
. where p is the density, D the diameter and s is the dynamic
viscosity. The viscositics values decreascd after the initial run
to compare the change in the form of discharge. Due to the
properties of the fluid, the hydrocyclone was operating in the
roping region, as shown in Fig. 2.

For clanification, the solid-colored c¢ircular contour indi-
cates the location of the exit. As can be scen from Fig. 2,
the angle of the exiting fluid is predominatcly in the down-
ward direction. The roping region can be distinguished tfrom
a spray discharge by observing the angle at which the sturry
exits along the outer rim of the apex. The roping state tends
to show that at the outer edge of the apex the discharge angle
is closer to 90 than in spray discharge. However, opcrating in
the experimented region, spray discharge does not occur.

Though in the model we did not take into account the
gir core, our model reveals the likely mcchanism of air core
creation. Atmospheric pressure at the center of the apex is
the reference point for the pressure ficld in the hydrocyclone.
As noticed in Fig. 3, a pressure reduction occurs toward the
center of the hydrocyclone in each of the three different cross-
sections. The lowest cross-section indicates that sediment has
started to hinder the formation of the low pressure near the
center.

As Fig. 3 shows, the bottom of the hydrocyclone has al-
rady been semi-plugged with sediment, thus not allowing
the low-pressure field to develop at the tip. However, the ex-
amination of Fig. 4 reveals that the flow is moving away from

the center at the apex.

Processing the data consists of using basic trigonometric
functions and using Eq. (3) to calculate the discharge angle.
The results of the angle calculated at different viscosities
were compared between the AFN and Dueck mcthods and
e listed in Table 2 below.

AFN

- -5
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Fig. 4. The two-dimensional velocity profile projected onto the x-y plane
cross-section at the apex.

The specific numerical data is not as important as the trend
that is shown over the increasing viscosities. T'he comparison
of the results obtained from both methods presents an inter-
esting occurrcnce. The presented AFN method shows that
the angle actually slightly decreases with increasing viscos-
ity. The Ducck method predicts less of a change in the angle
than the AFN mcthod at corresponding outlet points. Since
the operational state of the hydrocyclone is in roping, the ¢x-
pected angle exiting the spigot should be approximately 90°,
which is predicted by both methods at constant viscosity. The
possible causc of the inversion trend of the discharge angle
at the apex in both methods could be due to the high pressure
that occurs at the apex.

Fig. 5. Cross-scction at the apex showing the value of the angle calculated using AFN method [13).
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Table 2 \
Comparison of AFN to the Dueck method at the apex®-*
p=009 #=0.15 =02
AFN Dueck AFN Dueck AFN Dueck
90 0 90 0 90 0
—87.8287 —89.9999 —86.4223 —§9.9999 —85.5935 —89.8999
-85.5519 —£9.9986 —83.7236 —89.9985 —82.7164 —88.9985
—80.1776 —89.9999 —77.7033 ~-89.9985 —76.4056 —89.9999
~78.4363 —89.9973 —75.8757 —89.9974 —74.5503 —89.9974

® The other runs not presented did not differ excessively.
® 4 has units of Pas and density is held constant.

Neasse

5 -5

Fig. 6. Cross-section at the apex showing the value of the angle calculated using the Dueck method [7].

AFN

=003 003

Fig. 7. Cross-section near the voriex finder showing the value of the angle calculated using AFN method [13].
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Fig. 8. Cross-section at the apex showing the value of the angle calculated using the Dueck method [11].

A comparison was made between the two different meth-
ods at the apex and right below the vortex finder exit, due to
the complicated nature of the boundaries. The angles were
calculated using both methods at the different cross-sections
throughout the hydrocyclone. The following figures show two
cross-sections at the apex using the AFN and Dueck methods.

The visual similarity between Figs. 5 and 6 are remark-
able. Though at close examination of the legend, the figures
illustrate that the gradient of the Dueck angle is steeper than
the gradient of the AFN. However, our model predicts that at
the center of the apex the actual discharge is in the upward
direction, while Dueck’s model does not take into account the
other velocity vectors beside the tangential direction, w, and
mxial directions, z. The Dueck method does not predict an an-
Ble of discharge at the center of the apex, since the tangential
velocity at the center is always zero for the case of axisym-
etrical flow. A comparison at the top of the hydrocyclone
provides additiona! insight into both methods.

Again, Figs. 7 and 8 show that the same basic trend of
the flow is present. As shown previously, the gradient on the
ngle is more drastic in the Dueck model than the AFN model.
An interesting occurrence happens in both cross-sections at
e wall boundary. Both methods illustrate that the stresses
from the boundary wall influence the angle. The predicted
Raults qualitatively compared with the experimental results
o Fisher and Flack [20], who showed that the shear stresses

::e wall caused the velocity to approach or drop below

4 Conclusion and future work

In conclusion, the study done on the prediction of the an-
tle showed that both approaches tended to show similar an-

gle profiles. Even with the simplification of the equations
from three- to two-dimensional, the Dueck method shows a
comparable trend to the AFN method. The differences be-
tween the two methods is the small variations in the angle
calculated with increasing viscosity, which may be due to the
increased pressure at the high viscosity. Additionally, exper-
imental verification will need to be done in order to confirm
whether or not one method is more accurate than the other,
though the Dueck method has already been shown to work
for controlling an operational cyclone. However, the trend of
both methods at the wall boundary condition coincides with
experimental results from Fisher and Flack [20] makes the
results look very promising for both methods. The advantage
of using the proposed approach is that the velocity profile
and split ratio is not explicitly specified initially, thereby al-
lowing the flow field to develop naturally. In the future, the
plan is to look at assuming the presence of a non-Newtonian
fluid, which allows the viscosity to change through the sys-
tem. The ultimate goal of the study is to use the analysis of
the discharge angle as a tool to assist in hydrocyclone design.
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ABSTRACT

The experimental studies of the flow behaviour within 50-mm hydrocyclones with and
without a vortex finder attachment (Fin) have been performed. The flow characteristics
within both hydrocyclones were observed visually and recorded both photographically and on
video as the hydrocyclones are made of a transparent material. The development of the
double-helical flow was observed; also the shape and diameter of the air-core have been
examined for different values of operating pressure drop. It was found that the air-core is
unstable and its size, shape and position are unfixed because of the instability of the gas-
liquid interface. The results also showed that the air core is related to the shape of the
underflow discharge and is a function of the pressure drop. A regular spray discharge from
the spigot was observed. The roping discharge was observed when an extension pipe was
connected to the underflow outlet. An increase in pressure drop leads to an increase in air-
core diameter and the angle of the underflow profile. However, the relationships between
these three parameters are non-linear. The knowledge of the size and location of the air-core
relative to the operating pressure drop can assist in the validation of computational fluid
dynamics (CFD) simulation work.

The separation performance of these two transparent hydrocyclones for a CaCO; in water
system has been investigated. In this study, the results showed that a fin-type vortex finder
attachment could not increase the sharpness of separation but it could help in the thickening
process. It can be seen that the separation performance does not depend only on the geometry
and operating conditions, but also on slurry concentration and particle size distribution. The

concentration of the feed slurry and the operating pressure drop strongly affect the sharpness
of separation.

KEY WORDS: Hydrocyclone, Solid-liquid system, Separation, Air-core

1. INTRODUCTION

Hydrocyclones are widely used in the mineral, chemical, coal, powder-processing industries
for de-watering, or classifying according to a required particle size or density separation. The



reasons for this popularity lie in their simplicity of design and operation, high throughput,
low maintenance, low operating cost and small physical size of the unit. tHydrocyclones are
physically simple and robust scparation devices with no moveable parts. A typical
hydrocyclone consists of three sections; a cylindrical section, conical section and a tangential
inlet section. The tangential inlet section is attached to the cylindrical section. The vortex
finder is located centrally through the lid and at the top of the cylindrical section. Figure la
shows a conventional hydrocyclone, which is inherently simple in construction. The design
variables which influence the performance of the unit operation are the inlet and outlet
diameters. The separation process is achieved as a result of the centrifugal force acting on the
slurry and its components. However, there is a secondary flow down the outside wall of the
vortex finder to the overflow, which is called a short-circuit flow. This flow was reported to
cause low particle separation efficiency [1]. Svarovsky [2] suggested that a redesigned-vortex
finder with a skirt can eliminate this inefficiency problem.

Despite its apparent simplicity, the elucidation of the mechanism of separation and detailed
models of fluid flow with hydrocyclone separators has yet to be achieved. The main reasons
for these short comings are: the complexity of solving Navier-Stokes cquations for non-
Newtonian anisotropic fluids that contain high concentrations of interacting particles, The
complex high swirling and varying turbulence conditions prevailing in the scparator, the
presence of an interface (the air-core) inside the separator and the lack of on-online
measurement methods to provide reliable experimental data for model development under
credible process conditions [3].

An attempt to model the flow in a hydrocyclone has been made by using a theoretical model,
which is based on solving the Navier-Stokes equations. This approach provides a physical
insight into the fundamental causes of the observed phenomena. The carlier theorctical
models were presented by [4], [5], [6], [7] and [8]. These steady state and 2D-axisymmetrical
models have been considered, but the results are limited to dilutc flow only. In addition, it is
difficult to describe the behaviour of high turbulent swirling flow caused by the 3D flow
entry. Therefore, more advanced modelling is needed that allows, for example, the study of
such phenomena as an adjustment of three-dimensional flow to axisymmetrical, particle-
fluid, particle-particle and particle-wall interactions. Such models will allow the dcscription
of particle effects on suppressing or generating turbulence and non-Newtonian slurry flows.
Additionally, in the context of modelling turbulence, a physical model is needed to show how
a fluid turbulent deformation characterises swirl flows and the deformation of the air-core
inside the separator. Advanced theoretical and experimental techniques are needed to obtain a
better understanding of the complex physical phenomena affecting the performance of
hydrocyclones.

The purpose of this work is to study the flow behaviour, focusing on the air-core and
underflow discharge characteristics, by using 50-mm transparent hydrocyclones with and
without a vortex finder attachment (Fin). The experiments of these hydrocyclones trcating
CaCO; in water system are carried out. The knowledge of the underflow discharge
characteristics relative to the operating pressure drop and feed property affecting the
separation performance is investigated.



2. EXPERIMENTAL SYSTEMS

Figure 1 shows the schematic diagram of both 50-mm diameter acrylic hyvdrocyclones with
and without a vortex finder attachment. They were equipped and set up with a feed pump and
pressure gauge to measure the feed inlet pressure (see Figure 2). The vortex finder and apex
diameters were kept constant at 14mm and 10 mm. Hydrocyclone overflows and underflows
were directed back to the sump for recirculation. To study the flow behaviour and the
characteristics of the air core, water was used. The operating pressure drop was varied from
10 psi to 35 psi by varying the inlet water flow rate. The density and the viscosity of water
are 1031 kg/m> and 1.330 cp, respectively. The size and the location of the air core were
observed relative to the pressure drop. From each experiment, samples were collected from
the feed, overflow and underflow streams. The collected samples were weighed and mass
flow rates determined.

(a)

Figure 1. Schematic diagram of 50-mm diameter acrylic hydrocyclones (a) conventional

(b)

hydrocyclone and (b) with a vortex finder attachment (Fin).

j 1l Geometry Value (mm)
%n% ‘jﬂ;\ underflow internal diameter 10
/ ; / 4 T . vortex finder internal 14

: . diameter

2 ' vortex finder outer diameter 28

. ; overflow

E : cylindrical section diameter 45

: ' conical section length 270

; : cylindrical section length 40

E : width of inlet orifice 22

: l length of inlet orifice 40

: : height of inlet orifice 16

: : length of fin 6

height of fin 20




The separation performance was exammed by using the solution of CaCO; in water as feed
slurry. The density of CaCO; is 2700 kg/m’. The flow rate and concentration of the feed was
varied. In this case, the solid phase in each stream was also weighed to determine the
concentration. The particle size distribution of each stream was measured by using the laser-
diffraction size-analysis technique.

Overflow (return to sump)

Pressure gauge

Yortex finder

Feed inlet —_—

Apex

Underfl L

Sump

Figure 2. Hydrocyclone apparatus.
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Figure 4. The flow pattern within the hydrocyclone with a vortex finder attachment operating
at 10 psi.



The diameter of the air-core of a conventional hydrocyclone for water-only flow was
measured and found to be increased due to an increase in the pressure drop. It is also related
to the angle of the underflow profile.

In addition, the angle of the underflow discharge of a conventional hydrocyclone treating
CaCO; slurries was observed for 1%, 2% and 5% by volume of solid in feed as shown in
Figure 5.

Figure 5. The underflow discharge of the hydrocyclone operating at 30 psi for feed solid
concentrations of: a) 1% b) 2% and c) 5% by volume.

A regular spray discharge from the spigot was observed in every experiment. The shape of
the underflow discharge was found to be altered according to the change of feed-solid
concentration and operating pressure drop as shown in Figure 6. Figure 6 also depicts the
relationships between the air-core diameter, the angle of the underflow discharge and t!le
pressure drop. It was found that an increase in pressure drop Jeads to an increase in the air-
core diameter. However, in low-solid concentration cases, which are 1 and 2% by volume of



solid in feed, it was found that an increase in pressure drop leads to an increase in the angle of
the underflow profile. For higher solid concentration, which is 5% by volume, it was found
that above a certain operating pressure (25 psi), the discharge angle decreases due to the
increase in pressure drop. This is due to the sedimentation of solids in the underflow section
caused by high operating pressure in dense-flow separation.

50 — - = —_—
45 1+ e - e n s 1 9 3 . =" "2 ‘
g 40 1 Loy ‘
é 35 | == L x
E & | ®  Air-core diamter (mm) for water flow
E8 30" ;
55 2 ; ®  Angle of underflow dicharge (Degree),
g .2 28 10 S - : 1% hy vol. _
E = i A, A  Angle of underflow discharge (Degree),
= . i 2%by vol. _
§ ﬁ 20 . X Angle of underflow discharge {Degree).
2E . 5%ubv vol.
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Operating pressure (psi)

Figure 6. The relationship between the pressure drop, the air-core diameter and the angle of
underflow discharge.

The solid concentration has a very strong effect on the angle of underflow discharge. The
relationships between these three parameters are non-linear.

3. 2. Separation performance

The separation performance of this hydrocyclone with the extension pipe, treating CaCOs;
slurry, was examined. The operational data (pressure drop), the concentration and flow rate of
each stream, the cut size and throughput ratio (R¢) of each test are shown in Table 1. The
throughput ratio, Ry is the ratio between the volumetric flow rate of the underflow and that of
the feed. The particle size distribution of the feed is shown in Figure 7. The selectivity curves
are presented in Figures 8-11.



9.00% T—r—

Frequency (%)
> 0 o N o
8 8 8 8 8
& & & R R

W
3
®

2.00% -

1.00% -

0.00%

Particle size distribution curve

B E ] e
& -
iy k -

¥y

|
|
!
|
|
|
i
f
|

0.01

0.10

1.00

Particle diameter {micron)

10.00

100.00

Figure 7. Particle size distribution curves.

Table 1. Experimental results.

1000.00

Test Pressure Feed Over flow Under flow d, Ry
- Drop %by (gaV/min) %byvol. (gwmim %byvol. (gavmm  ( HT)
Ap s vol.
| 20 1 8.98 0.096 5.38 2.548 3.60 - 0.40
II 30 1 10.89 0.133 6.68 3.559 4.21 - 0.38
III 35 1 11.74 0.107 7.35 3.362 4.39 - 0.37
v 20 2 8.64 0.207 5.08 5.088 3.56 - 0.41
A\ 30 2 10.53 0.218 6.54 6.321 3.99 - 0.38
VII 35 2 11.81 0.216 7.42 3.632 4.39 - 0.37
vl 20 5 8.47 3.030 4.91 11.340 3.56 40 042
vill 30 5 11.28 3415 6.93 14.163 4.35 11 0.38
IX 35 5 11.56 0.978 7.21 8.200 4.35 2 0.37
X* 30 0.20 9.62 3.74 3.15 3.95 6.47 - 0.67
X1* 30 0.37 9.32 0.78 1.45 3.92 7.87 - 0.84
XI1* 35 1 10.01 0.22 3.62 0.87 6.39 - 0.64
XII* 35 2 10.61 0.38 3.95 1.43 6.66 - 0.63

* Hydrocyclone with vortex finder attachment (Fin).
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Figure 8. Selectivity curves of the feed solid concentration: a) 1% and b) 2% by volume for

20, 30 and 35psi.
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Figure 9. Selectivity curves of the feed solid concentration of 3% by volume for 20, 30 and

35psi.
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Figure 11. Selectivity curves of the operating pressure of 35 psi for: a) 1% and b) 2% by
volume of solid in feed for the hydrocyclone operated with and without fin.

In this study, the operating pressure is limited. The highest pressure drop is 35 psi. In this
range, it was found that the performance of the 50-mm hydrocyclone unit treating CaCO;
slurry at 1 and 2% by volume was poor. The cut size cannot be obtained as can be seen in
Figure 8a and 8b. However, the solid concentration in the underflow was three times higher
than the concentration in the feed. The separation performance of the hydrocyclone treating
the feed in this concentration range could be improved for a higher pressure drop.

The selectivity curves of the operation at the feed concentration of 5% by volume are shown
in Figure 9. The separation performance of the hydrocyclone on this feed solid concentration
is good. The results showed that the operating pressure of 35psi gave the smallest cut size. It
is shown that the change in pressure drop obviously affects the hydrocyclone separation
performance since an increase in pressure drop increases all velocities throughout the
hydrocyclone. Therefore, an increase in pressure drop causes a decrease in the cut size.

The pressure drop used in practice usually depends on economic considerations. Operating at
high-pressure means less units are required to treat a given flow. Lower capital costs, finer
cut sizes and sharper separations can be obtained. These benefits must be offset against
drawbacks including higher pumping cost and increased abrasion. Furthermore, the increase
in feed flow-rate and the decrease in cut size tend to decline above a certain pressure drop.
This is thought to be due to resistance effects within the hydrocyclone [9]. More details about
the effects of the feed properties and the operational conditions on the separation
performance can be found in [10].

The cut size of the 50-mm hydrocyclone unit treating CaCOj slurry also strongly depends on
the feed concentration. It also appeared that the angle of the underflow discharge at an
operating pressure of 35 psi was the smallest angle compared to those at 20 and 30 psi. The
discharge of the separator contains the information which could possibly be used for better
operational control, assuming that two distinct operational states of the hydrocyclone exist,
which are the following: spray and roping. The states differ by the discharge profile from the
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apex. Roping tends to form a rope-like discharge, while spray resembles an umbrella. Concha
et al. [11] points out that the best separation occurs near the formation of rope discharge.
Similarly, Neesse et al. [12] states on a broader note that a hydrocyclone achieves the best
separation at a transitional discharge phase between roping and spraying. Therefore, with the
calculation of the angle, determination of the operating performance of the hydrocyclone can
be predicted. It is of interest to establish a procedure for improving the operation of
hydrocyclones based on computational simulations.

A characteristic dip or fish-hook effect was observed in all experiments. It started to occur at
particle sizes of approximately 2 microns. The analysis of this phenomenon is described in
[10].

The separation performance of the hydrocyclone with the fin attachment was investigated for
the feed concentration of 0.20, 0.37, 1 and 2% by velume. The results of the dilute feed (0.20
and 0.37% by volume) showed that the concentration of the underflow stream was ten to
twenty times higher than that of the feed, but the selectivity curve showed low sharpness of
separation and the cut size could not obtained. The fin attachment causes an increase in the
throughput ratio. The results of the 1 and 2% by volume of the feed concentration showed
very poor results as shown in Figure 11. The operation with 5% by volume of the feed slurry
was also examined, and it was found that there was no overflow stream. This is due to the
effect of the fin attachment forcing the flow swirling down to the apex tip and the high
viscosity of the high concentration feed causing higher drag force, which reduces the effect of
the centrifugal force. It can be summarised that the fin-type vortex finder attachment could
not increase the sharpness of separation but it could help in the thickening process for a dilute
feed system.

4. CONCLUSIONS

The results demonstrate that the air core is related to the type of underflow discharge and is a
function of the pressure drop, which has an effect on the separation performance of the
hydrocyclone. It can be seen that the separation performance does not depend only on the
geometry and operating conditions, but also on slurry concentration. The results of this study
are useful since they offer an ideal for improving hydrocyclone design and will assist in the
validation of computational fluid dynamics (CFD) simulations.
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