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Abstract

The separation of ice from brine slurry with a hydrocyclone was simulated using
computational fluid dynamics method. Reynolds Stress Model (RSM) and Eulerian-
Granular approach were used to model the flow behavior of ice-sea water slurry inside
the hydrocyclone. The overall size of the hydrocyclone was 5 cm in diameter and 116
cm in height. The simulation was separated into two parts: in the first part, the effects of
the operating parameters were studied. The inlet velocity of ice-sea water slurry feed
was varied from 11 to 25 m/s, while the ice solid volume fraction was kept at 0.2. The
separation efficiency reached 80%, when the inlet velocity was higher than 20 m/s. The
increase in the inlet velocity generated higher centrifugal force which improved the
separation efficiency. The solid volume fraction was varied from 0.1 to 0.4 based on the
inlet velocity at 20 m/s. While the ice solid fraction was varied from 0.1 to 0.4, the
separation efficiency significantly decreased from 94 to 48%, because the increase in
the solid concentration raised the drag force. The separation efficiency finally reduced.
In the second part, the effects of the overflow diameter and the overflow diameter on the
separation efficiency and the flow pattern of ice slurry were investigated. The
enlargement of the overflow diameter from 0.41 to 0.7 cm increased the mass recovery
fraction of ice in the overflow stream from 59 to 96%, but the volume percent of ice
exiting at the overflow side decreased from 57 to 44%. The decrease of the underflow
diameter provided the results corresponding to the enlargement of overflow diameter.
When the underflow diameter decreased from 0.915 to 0.5 cm, the split fraction of ice-
slurry increased from 65 to 99%. A lower ice purity in the overflow stream was found at
a larger overflow diameter. Either increasing overflow diameter or decreasing
underflow diameter caused both ice and sea water to migrate to the overflow, but the
percentage of increase in sea water exiting the overflow was higher than that of ice.
Therefore, diluter flow was found at overflow when the overflow area increased. The
simulation of ice and seawater separation with hydrocyclone could be used to predict
the separation efficiency and also described the ice and sea water distribution inside a
hydrocyclone.
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CHAPTER 1 INTRODUCTION

1.1 Introduction

Nowadays, the increased concern over the problem of fresh water supplies is resulted
from the continuously growing of world population together with the industrial and
agricultural production. About 99 % of the total surface and ground water above the
ground is salty or in the form of ice in the polar region [1], hence the desalination
technology is considered as the alternative way for producing the fresh water.

Several processes of the desalination have been proposed and grouped according to their
process principles: Distillation, Freezing, and Membrane Technology. The earliest
desalination method is the desalination distillation based on the thermal evaporation.
The water vapor will be condensed to be the pure water. The membrane desalination
applies the synthetic membrane to filter the dissolved salts. Reverse Osmosis (RO) use
lower energy than the distillation, but its plant capacity is small compared to the
distillation method [2]. The major problem of the desalination distillation occurs during
the sea water is heated, the scaling of calcium, magnesium sulfate, and carbonates are
formed on the heat transfer surface. The high operating temperature also results in the
corrosion of the construction material, such as steel and iron. RO applies high pressure
to overcome osmotic pressure, RO is economics only for the brackish water (NaCl
=100-10,000 (ppm)). Due to the drawbacks of the reverse osmosis and the distillation,
the freezing desalination is considered due to the low operating temperature which helps
to minimize the cost and the scaling. The energy of the freeze desalination is low when
compared to the distillation, because the heat of freezing is much lower than the heat of
evaporation.

The freeze desalination is based on the principle that ice can be nucleated and grown
separately and excludes impurities. After the freeze crystallization, the solid-liquid
separation systems are applied to separate the ice crystal phase from brine liquid phase.
There are many technologies of solid-liquid separation such as the gravity
sedimentation equipment, hydrocyclone, and washing stage. The washing stage is used
to replace the mother liquid in the solid streams with washing liquids.

The wash column is widely used to separate the ice crystal from the concentrated brine,
but the limitation of wash column is that the wash column requires an average particle
size of over 300 um to function and the ice fraction in the wash column must be very
high to form sufficiently porous bed. Consequently, centrifugal separation is considered.
Hydrocyclone is the centrifugal separation equipment which is compact, simple devices
and has a low pressure drop. It is interesting to use hydrocyclone to separate the ice
slurry from the concentrated brine.

The goal of this work is to develop the CFD model of hydrocyclone for desalination
process based on the eutectic freezing crystallization. The investigation of this research
was, therefore, two folds: firstly, to obtain the optimum operating condition of
hydrocyclone: inlet velocity and the inlet ice fraction, and secondly, to investigate the
effect of overflow and underflow diameter on the flow discharge pattern of ice-sea
water slurry inside hydrocyclone.



1.2 Objective

1. To develop the computational fluid dynamics model of suitable hydrocyclone for
freezing desalination process

2. To study the effect of inlet velocity and pressure drop on the separation efficiency of
hydrocyclone

1.3 Scope of work

1. The design and simulation of hydrocyclone will be performed by ANSYS Fluent
program version 14

2. The design specification of the hydrocyclone for concentrating ice slurry from brine
must provide the separation efficiency at least 80%



CHAPTER 2 LITERATURE REVIEW AND THEORY

2.1 Literature review of freeze desalination

Sea water is a salt solution which consists of inorganic salt and organic salt. The
freezing desalination process is used to purify the sea water based on the principle that
the ice crystal can form and exclude the impurities. The remaining liquid is the
concentrated brine. After the crystallization process, the ice and brine slurry will be sent
to the separation equipment in order to separate the ice from the brine. The ice will be
melted to be the pure water. The freezing desalination is not commercially available
now, but there are still a few researches of the freezing desalination. The previous work
investigated for the freezing desalination is described below.

Nelson [3] investigated the order of formation of salts during freeze concentration of sea
water. Approximately 88% of the water present in the initial sample of brine was
transformed into ice before the first crystallizer. The first salt formed. Sodium sulfate
decahydrate, began to separate at -8.2°C. When the temperature of the system reached -
22.9°C, sodium chloride dihydrate precipitated in large quantity. Below -36°C,
potassium chloride and magnesium chloride decahydrate precipitated. The calcium
chloride hexahydrate began to form at -54°C.

Stepakoff [4] studied the continuous eutectic freezing process based on the technlogy
developed for direct contact freeze crystalliztaion. The feed was frozen continuously by
direct contact until the eutectic temperature reached. The salt solution used in the
eutectic freezing experiment was potassium chloride, because it did not form a hydrate
when it crystallized at low temperature. It was easier to separate and collect the ice
crystal at low temperature. The hydrocyclone was applied to separate the lighter solid or
ice crystal from the salt crystal. Ice and salt occured in two distinct layers. The eutectic
crystallization process is shown in Figure 2.1

=) ] ng

Figure 2.1 Eutectic freezing loop (1) Stirred tank freezer (2) High speed
propeller (3) Slurry pump (4) Hydrocyclone (5) Ice filter (6) Salt filter
(7) overflow brine flow meter (8) underflow brine flow meter (9)
precooled heat exchanger [4]



The product of eutectic crystallizer consisted of two types of solids: the lighter ice
crystal and the salt crystal entrained in Freon liquid. After exiting the eutectic
crystallizer, they were pumped to hydrocyclone. The overflow stream and underflow
stream were filtered through a fine mesh polypropylene screen in two plexiglass
columns. The ice bed was collected in the overflow filter. It was melted by adding
Freon 113. The Freon was able to wash residual salt crystal. The residual salt was
recovered by additional filtration. The relative weights of salt and ice collected in the
filters defined the separation efficiency of the hydrocyclone, about 85%. The separation
efficiency could be improved by staging a second hydrocyclone after the overflow filter.
The overall system gave the separation efficiency of 95%.

The economics of the freezing desalination depends on the freezing temperature.
Therefore, the eutectic temperature of natural sea water must be investigated, as the sea
water did not contain only the sodium chloride (NaCl), but also other salts such as, Na®,

K*, Mg*™,CI", SO,~, and HCO3 . Barduhn [5] carried out the experiment for determining
the temperature required for eutectic freezing of natural sea water. Their experimental
result is shown in Table 2.1.

Table 2.1 Eutectic temperature of salt solution [5]

Eutectic solution terigzer(;ttis re
composition,wt%
23.3%NaCl -21.2
20.2%NaCl+5.8%KClI -22.9
22.8%NaCl+0.3%Na,SO4 -21.7
30.22%CaCl, -49.8
21.09%MgCI2 -33.6
26% CaCl, + 5% MgCl, -55
30% CaCl,+ 1.6% NaCl -52
22.7%MqgCl,+ 1.56%NaCl -35

Table 2.1 shows the temperature of eutectic salt solution in which NaCl is the major
liquid composition. The second salt e.g. the sulfates and bicarbonates of Mg and Ca
lower the eutectic temperature by less than 2°C. Two salts: CaCl, and MgCl, combined
with NaCl lower the eutectic temperature to approximately -35 and -55°C.

2.2 Thermodynamics of freezing desalination

The thermodynamic system of freeze desalination is described by the eutectic phase
diagram. The eutectic phase diagram consists of three lines: eutectic curve, solubility
curve, and the freezing curve. Figures 2.2 and 2.3 show the freezing curve and solubility
curve respectively.
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Figure 2.2 Solubility curve of NaCl in water [6]

According to Figure 2.2, the solubility of NaCl increases with the rising temperature. It
can be interpreted from this figure while the salt precipitation occurs. For example, if 39
g of NaCl initially dissolves in 100 g of water at 100°C, it can be dissolved in the water
very well due to the maximum solubility of 40 g at 100 °C. Then the solution is cooled
to 20 °C at which solubility is approximately 35 g/100 gH,0O, and some of NaCl will no
longer dissolve in water. Then salt crystal of NaCl will precipitate [7]. In contrast to
g temperature decreases with the increase of salt concentration. As
the higher concentration of NaCl is, the lower freezing point will

solubility, the freezin
shown in Figure 2.3,
be.
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Figure 2.3 Freezing curve of salt solution [8]

Both the freezing curve and the solubility curve can be combined in eutectic phase
diagram as shown in Figure 2.4
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Figure 2.4 Phase diagram of water and brine [9]

Figure 2.4 consists of three lines: solubility line (line 1), freezing line (line 2), and
eutectic line (line 3). These three lines separate the eutectic phase diagram into five
regions as following:

Region A: The solution temperature is above the freezing curve and the solubility curve.
The mixture is only simple salt solution. The natural sea water exists in this phase.
Region B: The salt concentration of sea water is higher than the maximum solubility
limit, and the salt crystal will form.

Region C: The salt solution is cooled below the freezing curve, and then the ice forms
exclude the impurity.

Region D: The solution temperature is lower than the eutectic temperature. All ice and
salt become crystal.

2.3 Ice slurry production

Ice slurry is the water solution in which small ice crystals are present. The ice crystal
form due to the nucleation process which can be divided into two stages: the primary
nucleation and secondary nucleation. The primary nucleation is the direct formation of
ice crystal from the solution. The secondary nucleation is the formation of new ice
crystal from ice crystals already present in the solution. The growth rate of ice
crystallization is dependent on the conditions in the crystallizer such as the driving force
and the residence times. The ice created by slurry can be various shape e.g. large ice
particles or even plate ice. Ice crystal is not ideal solid. It can break and agglomerate.
Therefore, the properties of ice slurry does not depend only the crystallization process,
but also transport and storage. Margolis [10] studied the performance of continuous
well stirred ice crystallizer producing ice with direct contact refrigeration. The effect of
residence time, agitation rate, and undercooling temperature on the particle size were
investigated by manipulating the experiment of crystallization of ice from sodium



chloride solution with the direct contact of isobutylene sparged at the bottom of the

crystallizer.
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Figure 2.5 Eutectic crystallizer [11]

The effluent of crystallizer was examined photographically to determine the
concentration and the characteristics of the ice particles formed.
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Figure 2.6 Particle size distribution:average residence time = 13 min;wt%

ice=4% =375 rpm (a) refrigeration evaporation temperature = -
5.43°C (b) refrigeration evaporation temperature = -4.69°C [11]

Figure 2.6 shows that the minimum particle diameter and the maximum particle
diameter retrieved from the experiment done at -5°C were 200 pum and 1200 pm,

respectively.



2.4 Physical properties of ice

The density of ice is lower than the density of water in the liquid phase. The density of
ice, p;, at the temperature, T}, (in K) can be expresses as :

kg
pr =917 = 0.13(T} = 273) (_3) (2.1)

The viscosity is the resistance of the body at a given moment of its deformation per unit
surface of the shear layer. The ice viscosity is not a constant property but it depends on
the magnitude and the duration of the stress. It is also dependent on the orientation of
the crystal and temperature. Previously, the ice crystal is believed that it obeys the
newton’s law viscosity. Glen [12] proved that the ice crystal did not satisfy the newton’s
law of viscosity as shown in Figure 2.7.

7, kglom?

Figure 2.7 Shear-Strain diagram for ice at 7,=-15°C [12]

Figure 2.7 shows that ice behaves like bingham fluid. The viscosity of ice depends on
both temperature and the tangential stress according to
_ 1+|Tl
M= Ton-1 (2.2)

Where
u;= the viscosity of ice
S =tangential stress
K, n =empirical constant

2.5 Hydrocyclone

2.5.1 Basics principle of hydrocyclone

Hydrocyclone is the equipment which separates solid and liquid or light liquid and
heavy liquid by centrifugal separation. The solid-liquid slurry is injected tangentially
through the inlet opening in the upper part of the cylindrical section. As a result of the
tangential entry, the fluid in hydrocyclone has the spiraling motion which generates the
centrifugal force. The centrifugal force throws the high specific density material against
the wall, and then they are dragged to the underflow. The light material which can not
enter the underflow will move spiral inwards and leave via the overflow. The fluid flow
pattern inside hydrocyclone is shown in Figure 2.8.



Underflow

Vortex finder

Underflow

Figure 2.8 Fluid flow pattern in hydrocyclone [13]

2.5.2 Standard forces in hydrocyclone

During the separation, the particles at any point within the flow in a hydrocyclone are
subjected to three forces: centrifugal force, drag force, and gravity force. The
centrifugal force will throw the light density material against the wall, while the drag
force is the resistance force to the particle motion.

1. Centrifugal force
The centrifugal force throws the large particle to the wall and removes the large particle
to underflow. The centrifugal force depends on the inlet velocity. Higher velocity results
in higher centrifugal force. The relationship of the velocity and the centrifugal force is
shown in

3
c= %(@) v? 2.3)
Where
F.= Centrifugal force
D,, = Diameter of particle
pp= Density of particle
p;= Density of liquid

2. Drag force
The drag force represents the resistance to flow. It depends on the size, the shape of the
particle, and the density of particle. Equation (2.4) shows that the drag force for coarse
particle is greater than the drag force for fine particle.

Fg = 3mD, e (2.4)

Both the centrifugal force and the drag force are related to the flow pattern of fluid as
following:
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e If the centrifugal force exceeds the drag force, the particle moves radially
outwards

o |If the drag force is greater than the centrifugal force, the particle is carried
inwards.

The velocity of fluid inside hydrocyclone can be resolved into three components: the
vertical velocity, the radial velocity, and the tangential velocity

1. Tangential velocity
The tangential velocity is created by the tangential feed entry into hydrocyclone. The
tangential velocity depends on the radius. The relation between the tangential velocity
and the radius must be described into two regions: below the rim of the vortex finder
and above the rim of vortex finder according to Figure 2.9. At below the rim of the
vortex finder, the tangential velocity, v;, increases considerably with decreasing radius
as shown in Equation (2.5)

v, r™ = constant (Where n is normally 0.6< n < 0.9) (2.5)
At level above the rim of the vortex finder, the tangential velocity decreases with the

increase in radius. The maximum tangential velocity is near the radius of the vortex
finder Tangential velocity is not dependent on the vertical position.

Vorte
X Locus of constant
finder
wall

=660 mm/s

Cyclone

[
Air core : tangential velocity

[

[

I wall

125

e (mm)
e
© O
o1 o1 Ol

Horizontal
velocity
scale

[500 mm/s]

Horizontal level in cyclone (
()]
(6]

0 10 20 30
Radius (mm)

Figure 2.9 Tangential velocity profile [14]

2. Vertical velocity
There are both the upward vertical velocity at the region below the vortex finder and
downward velocity at the region above the vortex finder as shown in Figure 2.10.
Above the rim of vortex finder, the strong downward flow occurs when the centrifugal
force is higher than the drag force. The centrifugal force will throw the particle to the
wall, and then they are dragged into the underflow. Consequently, the largest downward
vertical velocity occurs near the hydrocyclone wall. The downward flow is essential for
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cyclone operation since it enables the particles to be separated into the underflow
orifice. Sometimes, the strong downward vertical might be observed near the vortex
finder.

Vortex
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wall
o 125
[
k=)
4
o 100
£
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% é " Horizontal
g velocity scale
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)
T
25
0 10 20 30

Radius (mm)

Figure 2.10 Vertical velocity profile [14]

At the region below the vortex finder, the axial velocities become upward. The region of
the upward velocity and the downward velocity is separated by the locus of zero vertical
velocity (LZVV). Above LZVV line, particle will move to the overflow.

3. Radial velocity
The radial velocity components are normally much smaller than the other two velocity
components. The radial velocity occurs when the particle which cannot be separated
into the underflow, the particle must spiral within spiral. The radial velocity increases
with the increasing of the radius. Near the flat top of the cyclone, the radial velocity is
inward directed to the root of the vortex finder, and this phenomenon can cause the
short circuit flow.



12

. Vortex
Air core finder
wall Cyclone
wall
125
(3}
c
o
o
& 100
£
g g 75 Radial
c:u = velocity scale
= [10 mm/s]
IS 50
[ -
o
I
25 1 1

10 20 30
Radius (mm)

Figure 2.11 Radial velocity profile [15]

2.5.3Design factor of hydrocyclone

1. Hydrocyclone diameter

The diameter of the hydrocyclone is the most important variable of hydrocyclone, as it
affects the cut size and capacity. Increasing hydrocyclone diameter results in decreasing
the centrifugal force and poorer separation efficiency.

2. Multicyclone arrangement

Hydrocyclone arrangement depends on the application. Figure 2.12 shows four basic
types of hydrocyclone.
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Figure 2.12 Multicyclone arrangement [14]

Figures 2.12 (a) and (b) are linear arrangement, while (c) and (d) are circular
arrangement. The circular arrangement can distribute the feed better than linear
arrangement, as each unit has an identical length of piping between it. The vertical-
circular arrangement is highly suitable for use in the compact multiple cyclone units
because it is stackable.

3. Vortex finder Diameter
The diameter of the vortex finder should be larger than the locus of maximum tangential
velocity for preventing the short circuit flow, which particle leaves the hydrocyclone
without separation. Additionally, the fine particles leave via the vortex finder due to the
radial velocity. If the vortex finder diameter decreases, less amount of large particle is
able to leave via the vortex finder. Finally, the cut size decreases. The relationship
between cut size and the vortex finder diameter (D,) is described by:
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dso x DL (2.6)

4. Feed inlet diameter
The feed inlet diameter affects the inlet velocity of the feed flow rate. Decreasing the
feed inlet diameter will increase the inlet velocity, and the centrifugal force rise. Then,
the separation efficiency can be improved.

5. Underflow diameter
The underflow opening of hydrocyclone must be large to discharge the coarse particles
separated into the underflow. The cone angle of the overflow opening must be large
enough to enable the air enter hydrocyclone. If the underflow opening is too small, the
condition known as “roping the thick pulp stream of the same diameter is formed. Too
large underflow opening can lead to the excessive dilute concentration of underflow
outlet stream, and the unclassified particles leave through the overflow outlet.

2.5.4 Performance evaluation of hydrocyclone

1. Flow ratio (Ry)
The split ratio of the feed stream is described by

_ Volume flow rate at underflow (2.7)

r= Volume flow rate at inlet

Split ratio has a significant effect on the clarification efficiency. Figure 2.13 shows the
clarification efficiency increases with an increase in split ratio and reaches a maximum
at a critical value of the split ratio (Rq;). With further increase in split ratio, the
clarification efficiency will fall dramatically.
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Figure 2.13 Effect of split ratio on the separation efficiency [13]

With the low split ratio, it can result in low recirculation. The low recirculation can
cause the re-entrainment of settled particle near the overflow. The increase in Ry causes
an increase in axial residence time and fall in tangential velocity.
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2. Efficiency (&)
The efficiency of hydrocyclone is defined similarly to the deoiling hydrocyclone which
IS shown in
Clight density,underflow

e=1-—
Clight density,inlet (2-8)

3. Pressure drop (4P)
The pressure drop is essential for the design of pumping system for a specific capacity.
Overall pressure drop of hydrocyclone can be calculated as

AP = Pipjer — Poverflow (2.9)

The pressure at the overflow is set to zero, because it is assumed that the product is
discharged to the atmospheric pressure. The pressure drop is equal to the inlet pressure.
The increase in the pressure drop is manipulated by improving the feed flow rates. The
increase in the feed flow rate improves the efficiency because the centrifugal force
increases.

2.6 Basics of computational fluid dynamics

The physical aspect of any fluid flow analysis is based on three fundamental principles:
(1) mass is conserved (2) F=ma (Newton’s second law) (3) energy is conserved. The
fundamental principle is expressed in term of the mathematical equation which is
usually partial differentiation. Computational fluid dynamics is the calculation method
which replaces the governing partial differential equation with the number in space and
time to obtain the complete numerical description of fluid flow field. The general flow
field of fluid is represented by the streamline in Figure 2.14

Control surfucef/ /
_.___-___r-—""_._'____’___‘_‘_'_"‘—-

Control volume V

/ﬁ

(a) (b)

Figure 2.14 Finite control volume approach [16]

The fluid flow field can be represented by the streamline. In the region which fluid
flow, it can be represented as the finite control volume. The control volume may be
fixed in space with the fluid is moving through it. The three fundamental principles as
mentioned above are applied to calculate the fluid inside control volume. The detail of
three fundamental principles is explained below:

1. Mass conservation equation:
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9 .
5;(P) V- (o) = Spy (2.10)

d . .
E(p) represents the accumulation of mass per a control volume element. S, is the

source of mass added to the continuous phase from the dispersed second phase (e.g. due
to vaporization of liquid droplets). It can be a rate of production or consumption due to
chemical reactions or net exchange of species with other phases.

2. Momentum conservation
The momentum conservation equation is solved to give the velocity profile and the
pressure profile.

2 . _ L
a(pv) + V-(pov) = -Vp+V-(7)+ pg+F 2.11)

Where p is the static pressure, T is the stress tensor (described below). % (pv) is the rate
of increase in momentum per unit volume. V- (pvv) is the change in momentum per

unit volume, caused by convection. pg and F represent the gravitational force per unit
volume and other external force (e.g., that arise from interaction with dispersed phase ).

2.7 Multiphase flow modeling
There are two approaches for multiphase flow modeling: The Eulerian-Eulerian
approach and Euler-Lagrangian.

1. Euler-Lagrangian
The fluid phase is treated as a continuum by solving the navier stokes equation, while
the dispersed phase is solved by tracking a large number of particles, bubbles, or
droplets. The dispersed phase can exchange momentum, mass, and energy with the fluid
phase. This method is applicable when the dispersed phase occupies a low volume
fraction, although the mass loading of the dispersed phase is high. This method is
appropriate for the modeling of spray dryers, coal and liquid fuel combustion.

2. Eulerian-Eulerian approach
Two phases are treated as a continuum, as the volume of each phase can not be
occupied by other phases. The volume fraction is assumed to be continuous functions of
space and time. There are three different Eulerian-Eulerian multiphase models: The
volume of fluid (VOF) model, the mixture, and the Eulerian model
2.1.Volume Of Fluid model (VOF): designed for two or more immiscible
fluids where the position of the interface between the fluids is of interest as
VOF model is a surface-tracking technique. It is mostly applied for liquid—
gas application e.g. the motion of the large bubble in water.
2.2.Mixture model: used for multiphase flows where the phases moves at
different velocities. The mixture model can model any number of secondary
phases. The typical application of the mixture model is the sedimentation
and cyclone separator. The mixture model is a good substitute for full
Eulerian multiphase model case, as the full multiphase model might not be
feasible when there is a wide distribution and the interphase drag law is
unknown. The granular phase can be defined in this method, so the mixture
model is applicable for the solid-liquid application
2.3.Full-Eulerian model: used to model the multiphase system with any
combination of liquid gases, or solids. The difference between the mixture
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model and full eulerian model is that the number of secondary phases for
mixture model is limited only by memory requirement.

2.8 Turbulence model classification

The navier stoke equation shown in the previous section is navier stoke equation which
does not apply any additional modeling. It is suitable for solving laminar flow rather
than turbulent flow. The laminar flow characteristic is that the fluid particle moves in
the definite path, and no mixing between the layers. In actual, the flow is irregular,
rotational, and highly disordered. The velocity components in the navier stoke equation
can be decomposed into two components: time smoothed velocity (z;) and the
instantaneous deviation u;

u= U+ u (2.12)
Likewise, for pressure and other scalar quantities
p=¢ +¢ (2.13)

Where ¢ denotes a scalar such as pressure, energy, or species concentration.

Therefore, the turbulence model is applied to calculate the fluctuating velocity
component. The turbulence model available in Fluent can be classified into two types:

1. Computational fluctuated part
The instantaneous deviation of velocity is computed. The turbulence simulation does
not require any additional modeling beyond the Navier-stokes equation, for example,
Direct Numerical Simulation (DNS) and Large Eddy Simulation (LES). DNS method
can resolve all scales of the motion, and LES attempt to simulate the large scale motion
rather than the small scale motion.

2. Average fluctuated part
Reynolds averaging approach does not solve all spatial; scales (time and space). The
instantaneous deviation of the variable is averaged over a interval time.

0=0+ ¢ (2.14)

1 t+At

o= 5]

@dt (2.15)

Reynolds averaging component obeys the following property:

=0 (2.16)

Substituting expressions of this form for the flow variables into the instantaneous
continuity and momentum equations and taking a time (or ensemble) average (and
dropping the overbar on the mean velocity, i) yield the ensemble-averaged momentum
equations. They can be written in Cartesian tensor form as:
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)
S; @)+ V- (pu) =0 (2.17)

0 _ _
T (pu;)) + V- (puiuj) = —-Vp—pwu +pg+F (2.18)

Equations (2.17) and (2.18) are called Reynolds-averaged Navier stokes (RANS)
equations. They have the same general form as the instantaneous Navier-Stokes
equations, with the velocities and other solution variables now representing ensemble-
averaged (or time-averaged) values. This method requires less computing resource than
Large Eddy simulation (LES) and Direct Numerical Simulation (DNS) approaches. The
additional term for RANSs is the Reynold stress pu;u/ which must be modeled in order

to close Equation (2.18)

2.9 Fluid-solid Momentum equation

Liquid-particle flows represent one class of two phase flows. When the solid particle is
present in the liquid, it will affect the viscosity of liquid suspension. Below a solid
concentration of about 4% by weight, most sludges exhibit a Newtonian behavior,
which is a linear relationship between shear stress and shear rate where the constant of
proportionality, u;, is the viscosity of fluid for example water. Above this concentration,
most sludges behave like the bingham fluid. The curve of bingham fluid compared with
the Newtonian fluid is shown in Figure 2.15.

Shear Stress

Shear strain rate ——

Figure 2.15 Bingham fluid [17]

Figure 2.15 shows that i) minimum shear stress is required to be exerted in order to
initiate deformation of the fluid ii) The slope of curve denotes to the apparent viscosity
which is not constant , but it decreases gradually with increasing shear stress. The non-
constant apparent viscosity indicates the structural modification of the solid-liquid
suspension when the shear stress increases. When the slope of shear stress and the shear
strain or apparent viscosity is constant, it indicates that the particle aggregate breaks
down. To treat this phenomenon, the Eulerian-Granular model, the extension of the
Eulerian-Eulerian model, is applied to calculate the flow field of liquid-solid mixture.
The main characteristic of granular flow is that the flow is not possible below a critical
shear stress, and complex shear rate dependence when flowing as mentioned above.
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According to Eulerian-Granular model, granular flow behaves similarly to classical the
visco-plastic fluids like Bingham fluids. There are three regimes of the granular flow
shown in Figure 2.16

Elastic Regime Plastic regime Viscous regime
= Stagnant = Slow flow * Rapid flow
= Stress is  strain = Strain rate = Strain rate dependent
independent dependent = Kinetic theory
= Elasticity = Soli mechanics
/ cgiicgl 5
N
2 do7,
O000000——
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Figure 2.16 Granular flow regimes [17]

The kinetic theory of granular flow is based on similarities between the flow of a
granular material, a population of particles with or without the interstitial gas. This
treatment uses classical result from the kinetic theory of gas. For the granular flow, it is
necessary to introduce additional term for governing equation, which considers particle-
particle interaction. The analogy between the solid and the gas is that the particles are
allowed to travel freely, and they are allowed to collide with neighboring particles. The
kinetic theory of gases is applied to granular flow, but effect of solid phase must be
considered as following:

o The number of solid particles is much less than the molecules

o The collision of gas molecule is nearly elastic. Solid particle exhibit a loss of
momentum on collision where the inelasticity of the collision must be modeled
through a restitution coefficient

The continuity equation for the granular phase is described by:

5 n
(a (asps) + V- (aspsﬁs)> = Zl(mls - msl) (2-19)

Where a; is the solid volume fraction. Ansys Fluent uses a multi-fluid granular model
to describe the flow behavior of fluid-solid mixture. The conservation of momentum for
the s"solid phase is shown in

d R .
a (aspsvs) + V- (aspsvsvs)

= ;aSVp — VB + V-7, + agpsg (2.20)

+ Z(Ksl(al) - F;) + mlsﬁls - mslﬁsl)
l=i> > >
+ (Fs + Flift,s + va,s)
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Where P, is the s™solid pressure, Ky= Kis the momentum exchange coefficient
between fluid and solid phase | and solid phase s, N is the total number of phases.

1. Fluid solid interphase exchange coefficient
The fluid-solid exchange coefficient K ; can be written in the general form:

aspsf
T (2.21)

Kg =

Where drag function (f) is defined differently for the different exchange-coefficient
models, and t,, the particulate relaxation time, is defined as

d2
7, = £5%s (2.22)
18y,
2. Solid-solid exchange coefficient
2
K 3(1 + els) (g + Cfr,ls %) aspsalpl(dl + ds)zgo,ls | R R |
= UV — 7V
Where
e;s = The coefficient of restitution
Crrys =  The coefficient of friction between the I™ and s™ solid —phase particles
(Cfr,ls =0)
d, = The diameter of the particles of solid |
Jgous = The radial distribution coefficient

3. Solid stress tensor (V - T,)
Solid stress occurs due to inter-particle collisions. It can be modeled using a collisional
solids stress tensor in the solid phase momentum equation only. The solid stress tensor
accounts for the interaction within solid phase

_ _ - 2 - 5
(V -fs) = — PSI + 2 CZS‘USS + a, (/15 _§.us)v 'uSI (224)

S = S (Viig + (Vii))") (2.25)

Where
P,= solids pressure
As=solid bulk viscosity

us= Solid shear viscosity

4. Solid pressure (Py)
Solid pressure is the pressure exerted on the containing wall due to the presence on the
particle. The solid pressure is composed of a kinetic term and the second term due to
particle collisions
Py = aspsbs + 2ps(1 + ess)aggo,sses (2.26)
Where
eqs = the coefficient of restitution for particle collision
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9o ss= the radial distribution function
s = the granular temperature

5. Radial distribution function (g )
The radial distribution, g, s, is a correction factor that modifies the probability of
collision between grains when the solid granular phase becomes dense.

S+d,

Yoss = S (2-27)

Where S is the distance between grains

6. Granular temperature ()
The granular temperature for the s™ solid phases is proportional to the kinetic energy of
the random motion of the particles. The transport equation derived from Kinetic theory
takes the form

310 -
E a (psases) + V- (p_sasvsgs)] (2.28)
= (=P + T5): VU5 + V- (ko,VOs) — vo, + Dis
Where
(=PI + T,):Vv, = The generation of energy by the solid stress tensor
ko VO, = The diffusive flux of granular energy
ko, =The diffusion coefficient

7. Solid Shear Stress (uy)
The solid stress tensor contains shear and bulk viscosities arising from particle
momentum exchange due to translation and collision. A frictional component of
viscosity can also be included to account for the viscous plastic transition that occurs
when particles of a solid phase reaches the maximum solid volume fraction

Us = Uscol T Hskin T Us,fr (2.29)
Each component of solid shear stress is calculated as following:

Collisional 1,

A 4 0
VISCOSIty (MS,COZ) = gaSdeSgo,SS(l + eSS) <;S) aS (230)
Kinetic viscosity asdgps /0, 2
(Us kin) = —65(5 _S eS:) [1 + < (1+ eg)(Begs — 1)“590,55] (2.31)
Frictional viscosity _ Pysing
(Us,r7) = oL (2.32)

Where P is the solids pressure, @ is the angle of internal friction, and I, is the second
invariant of the viatoric stress tensor.

The frictional viscosity accounts for the friction between particles. The frictional stress
is significant when the solids volume fraction exceeds a critical value of 0.5.

8. Bulk viscosity (As)

The solid bulk viscosity accounts for the resistance of the granular particles to
compression and expansion. It has the following of Lunet.al:
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’ )1/2 (2.33)

4
As = §aspsdsgo,ss(1 + ess) (;S

2.10 CFD review of hydrocyclone

Narasimh [18] studied the effect of spigot diameter and inlet water velocities on the
water split and particle classification in the hydrocyclone with CFD simulation in order
to predict the cut size. The discrete phase modeling was applied to model the solid
movement to track the particle trajectory. CFD simulation was validated by comparing
with the experimental results. This study revealed that the increase in feed flow rate and
decrease in spigot diameter improved the separation sharpness of hydrocyclone.

Medronho [19] studied the separation of microorganism and mammalian cells using
computational fluid dynamics. They aimed at understanding the complex flow inside
hydrocyclone apparatus. Turbulence model used in this research is Reynold Stress
Model (RSM) due to high swirl effect which occurs in hydrocyclone includes
anisotropic turbulence. The Volume Of Fluid model (VOF) was used to account for the
gas/liquid interface of air core. Discrete phase modeling or Euler-Larangian is chosen to
calculate the dispersed phase. The results show that the air core naturally appeared as a
result of the low pressure region along the central axis.

Ukkaracheneeyakorn [20] studied the hydrocyclone as a classifier. The effect of design
and the operating parameter: overflow diameter, vortex finder diameter, and the length
of hydrocyclone and pressure drop were investigated. The results showed that
increasing the pressure drop and the overflow diameter, whereas reducing the vortex
finder diameter causes the decreasing of the cut size diameter (ds,). Reducing the
overflow diameter and increasing the vortex finder could increase the sharpness index.

Delgadillo [21] studied the effect of three turbulence model: the renormalization group
k- model, the Reynold stress model, and the large eddy simulation on the accuracy of
hydrocyclone simulation. The results showed that the large-eddy simulation produces
some detailed feature turbulence, and the results were closer to the experimental data
than other two turbulence models.

2.11 Reynold Stress Model

Reynold Stress Model (RSM) is the most complex type of RANSs turbulence model that
Ansys Fluent can provides. RSM abandons the isotropic eddy-viscosity hypothesis.
RSM also solves transport equations for the Reynold stress with the equation for
dissipation rate. RSM equation accounts for the effects of streamline curvature, swirl,
rotation, and rapid changes in strain rate. It can predict complex flow. The example
application of RSM is cyclone flows, highly swirling in combustor, rotating flow
passage, and the stress-induced secondary flow in ducts. The exact transport equation

for the transport of the Reynolds stress(p u,u;) may be written as follows:

0 ( = _
~(pWW) + Cij= Dryj + Dyyj+Py+ Gy +0;; +e (2.34)

Where
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CHAPTER 3 METHODOLOGY

The purpose of this research is to design a hydrocyclone for desalination process with
computational fluid dynamics. The research methodology can be described step by step
as Figure 3.1

r—
B
| < |

%

Solving CFD simulation ‘

L

Figure 3.1 Methodology scheme

Before performing CFD simulation, the basic principle of freezing desalination process
must be studied in order to determine the sufficient parameters for inputting into CFD
simulation. Literatures review of CFD modeling for hydrocyclone must be reviewed to
find the suitable approach for multiphase modeling. Finally, the hydrocyclone geometry
and its operating condition of hydrocyclone for concentrating ice slurry from the brine
slurry will be proposed.

3.1 Studying freezing desalination process

The freezing desalination is based on the principle that ice crystal can form at low
temperature without impurity. When the temperature of salt solution is lowered than the
freezing curve of salt solution but still stays above the solubility line, the ice crystal will
be formed exclude the impurity. Figure 2.4 shows the eutectic phase diagram for NaCl
solution. The natural sea water exists in the region A. If the temperature is reduced to
below the eutectic line or exists in region D, salt and ice will become crystal. The solid-
liquid separation requires that the salt solution must be in region C.
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The natural sea water composed of many inorganic salts and organic salt e.g. CaCOg,
MgCOs3, and MgSO,. The sea water must enter the crystallizer process. The overall
crystallization process designed is shown in Figure 3.2

Ice
—p  [ce >
Ice + brine
slurry
Sea water
—_—> 1 Filter
ol [
s—1
=
Eutectic
crystallizer > ]
Ice +Brine
slurry
Slurry
brine

Figure 3.2 Overall crystallization process

The sea water is cooled by the free Liquid Natural Gas (LNG) in the crystallizer. Then
the ice will be removed by the solid-liquid separator. The remaining ice will be
recovered with hydrocyclone. The operating conditions of the eutectic crystallizer and
the ice filter have been performed with Aspen Plus simulation. Hydrocyclone is used to
separate the ice and brine by difference density. All of aspen simulation results are
shown in Table A.1. The selected condition of the sea water exiting the eutectic
crystallizer is -35°C and 5 bar, and then sent to filtration equipment to remove some of
ice before feeding to hydrocyclone. The density of sea water and ice are 1222 and 917
kg/m®, respectively. During the separation with ice filter and hydrocyclone, it is
assumed that all system is adiabatic. Therefore, the density of sea water and ice entering
hydrocyclone are equal to that of exiting the eutectic crystallizer. Table 3.1 shows the
parameters for fluid dynamics calculation

Table 3.1 Parameters for CFD Simulation

Material Density (kg/m°) Viscosity (kg/ms)
Sea water 1221 0.0039
Ice 917 -

The solid fraction of ice depends on the performance of the ice-filter or the filtration
fraction. The relation between the filtration fraction of the ice filter and the solid feed
fraction in hydrocyclone is shown in Appendix A. In order to determine the optimum
operating condition of hydrocyclone, the solid fraction should be considered.
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3.2 Creating geometry by ICEM CFD
The important task for success in separating ice slurry from the brine slurry is to select

the geometry of hydrocyclone which can separate small density materials. Rietema
design geometry is used to separate the solid from the liquid. Ruiyun’s work reveals
that Rietema hydrocyclone was not applicable for concentrating ice slurry [22]. The
geometry of hydrocyclone in this research is retrieved from the deoiling hydrocyclone
of HY1 [23], because the deoiling hydrocyclone can separate the oil and water which
have small density difference, similarly to ice and sea water. Figure 3.3 shows the
geometry of hydrocyclone and their notations, their proportions are shown in Table 3.2.
Hydrocyclone is aligned in the horizontal direction.

D, 1.16cm
Dii i i 1.250mi e i
‘94‘50mT 3 j 0
'y 5¢m
N\ 275¢m/]
05 /2
118.25cm
41.25¢m
(@) (b)

Figure 3.3 Hydrocyclone geometry (a) HY 1 design proportion (b) 5 cm diameter
of HY1 geometry

Table 3.2 Hydrocyclone geometry proportions [23]

Ratio | LD | 6(°) | DJD | L/D | 6.(°) | A;/A |LJD |DJD |LJ/D
Value | 43 12 | 182 | 34 |125 |021 |151 |055 |15

Tetra mesh is used to create the geometry of hydrocyclone, as tetrahedral mesh support
the complex geometry. The mesh proposed can be diagnosed and then fixed for example
checking hole, gap and bad quality element. The finer element can be created by
adjusting the scale factor and max element size. The mesh quality must be higher than
0.2.
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After studying the ice-sea water with the standard geometry of HY1, the overflow and
the underflow diameter are adjusted to study their influences on the flow pattern, split
ratio, and the purity of ice. The variations of overflow area and underflow diameter are
represented as the ratio of overflow diameter to underflow diameter.

D,  Overflow diameter of hydrocyclone (3.1)
D,  Underflow diameter hydrocyclone

The ratio of the overflow diameter to underflow diameter is varied from 0.47 to 1.16.
The ratio D, /D,, of the standard geometry present in Figure 3.3 is 0.77. Table 3.3 and
Table 3.4 show the underflow diameter, overflow diameter and ratio of D,/D,, . All
geometries in Table 3.3 and Table 3.4 are shown in Figure 3.5 and Figure 3.6.

Table 3.3 Variation of overflow diameter (D,, = 1.51 cm)

Case D,(cm) D,/D,

a 0.82 0.55
b 0.94 0.66
c 1.296 0.86
d 1.4152 0.94

Table 3.4 Variation of underflow diameter (D,,= 1.16 cm)

Case D, (cm) D,/D,

a 1 1.16
b 1.3 0.89
o 1.68 0.69
d 1.83 0.63
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Figure 3.4 Hydrocyclone geometry of overflow diameter variation (a) D,/D,,=

0.55 (b) D,/D,= 0.66 (c) D,/D,=0.86 (d) D,/D,, = 0.94
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Figure 3.5 Hydrocyclone geometries of underflow diameter variation (a) D,/D,,= 1.16 (b)
D,/D,=0.89 (c) b,/D,=0.69 (d) D,/D,=0.63
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3.3 Mesh Independence test

Finer element of hydrocyclone provides the better result of CFD simulation, but it also
takes longer computational time. The mesh independence test is carried out to find the
optimum node number. The mesh independence test is tested with the single phase
water feed flow rate of 5 m/s. Five different mesh sizes between 120,000-400,000 nodes
were examined to find the optimum node number.

Table 3.5 Node number for mesh independence test

Case Node number Element number
1 120,620 699,421
2 163,336 950,304
3 230,127 1,343,336
4 338,594 1,983,402
5 403,496 2,366,670

The outlet boundary is set as the pressure-outlet condition. To select the number of
node, the relative difference of mass flow rate per number of nodes is required to
indicate the optimum number of node. The relative difference of overflow (4,) and
underflow (A,) are defined by

|m0,x - mO,yl (3'2)
A,=
X—=Yy
|mU,x - mU,yl (3'3)
A,=
xX—=Yy

Where, x and y are the number of nodes. The optimum number of nodes is selected by
the criterion that the relative difference of the mass flow rate at overflow and underflow
between nodes must be less than 5 x 1078

3.4 Problem formulation

3.4.1 Governing equation

The key to successfully modeling the high swirling flow inside hydrocyclone is a
selection of turbulence model. Turbulence models have been categorized into two
categories: Direct Numerical Simulation (DNS), Large Eddy Simulation (LES), and
Reynold Averaging component (RANSs). Direct numerical simulation requires no
additional modeling, but it is impractical due to highly computationally expensive. The
flow inside hydrocyclone is anisotropic turbulence and has rapid strain change. LES
falls between DNS and RANs. LES requires transient simulation modeling;
consequently, LES takes longer computational time to obtain the stable flow. Therefore,
Reynold Averaging component (RANs) equations must be considered. Bhaskar [24]
carried out the study of difference turbulence model such as standard k-¢, RNG k-¢, and
RSM by comparing the simulation results and the experimental results of the water
exiting the spigot opening. The results indicate that RSM model better agree with the
experimental results than other type of RANs model, because it provides the marginal
error of 4-8%. RSM model is the most suitable turbulence modeling approach, because
it accounts for the effect of streamline curvature, swirl, rotation, and rapid changes in
strain rate.

9 - _
5p (Pud + V- (puiy) = —Vp — puy] +pg +F (3.4)
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RSM abandons the assumption of isotropic turbulence; thus it requires additional
modeling of Reynold stress terms term. Equations of RSM model are shown in section
211

3.4.2 Multiphase model set up

There are two approaches for multiphase flow modeling: Eulerian-Eulerian approach
and Euler-Lagrangian approach. The difference between Eulerian-Eulerian approach
and Euler-Lagrangian is that the dispersed phase in the Eulerian-Larangian is not treated
as continuum, and the control volume of dispersed phase moves with the fluid.
Eulerian-Lagrangian approach is suitable for the solid volume fraction mixture below
10%. Above 10% of ice fraction, Eulerian-Eulerian approach must be applied.

The Eulerian-Granular model is the extension of Eulerian-Eulerian approach applied to
calculate the fluid-solid flow behavior for the separation of ice and sea water. The
momentum equation of fluid-solid is shown in

d R N
a (aspsvs) + V- (aspsvsvs)

= —a;Vp— Vp; + V- 73 + aspsg

Al (3.9)

+ Z(Kls(ﬁ — Vg) + 1V — Mg g)
=1, S

+ (Es + Flift,s + va,s)

Where YV, (Kis(7; — v9) + 1y Vs — mg ) is the interaction term between fluid-
solid phases. The fluid-solid interphase exchange coefficient models available in Fluent
14 are Wen-Yu, Gidaspow, and Symlal-Orbien. Wen-Yu model is appropriate for dilute
phase calculation, and Gidaspow is mostly applied to calculate the dense fluidized bed
model. Symlal-Orbien predicts the accurate results when compared with other drag
models. The range of ice solid fraction in hydrocyclone feed is 0.1-0.4, Symlal-Orbien
and Gidaspow must be considered. The validating results for drag force coefficient. can
be obtained from the CFD modeing of Fluidized bed reactor. Almuttahar [25] studied
the CFD modeling of air and fluid catalytic cracking (FCC) particles in the riser of high
density, and the effect of drag models on the simulation results are investigated by
comparing the simulated profiles of fluid and solid velocity with the experimental data.
Symlal-Orbien provides the better agreement results with the experimental data.
Consequently, the drag model, Symlal-Orbien, is chosen to calculate the solid phase.

The Symlal-Orbien fluid-solid momentum exchange coefficient is described by

3 aSalpg Res — — (36)
KSl - Z vg,sds . CD . ( T,S> . |vs - vll
48 1\
Cp = (0.63 + —) (3.7)
v Res /vy

d
Re, = 2% (3.8)

U

Vs = 0.5 <A — 0.06Re, + J(0.06 -Re,)? + 0.012Re (2B — A) + AZ) (3.9)
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With
A= at* (3.10)
B =0.8 x aj*® fora; <0.85 (3.11)
B = aZ*®*for a, > 0.85 (3.12)
The granular phase parameter is calculated as following:
Solid pressure P =2ps (1 + eg5)a2go,ssBs (3.13)
()
Radial distribution 117t (3.14)
a 3
(go,ss) 9o,ss = 1-— < s )
as,max
Collisional viscosity 4 9.\ 1/2
(:us,col) Us,cot = gaspsdsgo,ss(l + egs) (ﬁ) Uy (3.15)
Kinetic viscosity agdgpsr/0sT (3.16)
(:uS,kiTl) .us,kin = 6(3 _ egg) [1

2
+ g 1+ ess)(gess - 1)0—’5.90,55]

Granular bulk 4 1,

6
ViSCOSity (/15) As = §aspsdsgo,ss(1 + ess) (ﬁ) (3'17)

3.4.3 Boundary and the numerical scheme
The volume of feed inlet can be specified by both the magnitude velocity and the
pressure inlet. In this research, the inlet velocity magnitude of 11-25 m/s is defined. The
overflow and the underflow were assigned as the pressure outlet set to zero. The
outflow boundary can not be applied to the overflow and the underflow, because Fluent
assumes that the split fraction is equal in both overflow and underflow. The assumption
for modeling ice-sea water mixture is as following:

o The system is adiabatic

o The hydrocyclone wall effect is negligible.

o The ice distribution in ice-brine slurry is equal across the feed inlet

o The overflow and underflow boundary is opened to the air

The hydrocyclone is adiabatic or insulated in order to control the operating temperature
inside hydrocyclone and maintain the physical properties of ice and sea water: e.g.
density and the viscosity. To verify this assumption, the CFD simulation including
energy equation has been runned. It shows that the operating temperature can be
controlled with the insulator. The results and setting boundary of energy case are shown
in Figure C.17 and Figure C.20, respectively. The Fluent solver is 3-D double precision
solver, Phase-Simple Coupled (PC-SIMPLE), and all quantities are discretized with the
first order upwind scheme. PC-SIMPLE is the extension of the SIMPLE algorithm to
the multiphase flow. Fluent 14 allows you to choose the discretization scheme from
several upwind scheme, first-order upwind scheme, and the QUICK scheme. The
assumption of the first order upwind scheme is that the scalar value stored at the cell
centers equal to the face center. Higher order upwind scheme means the scalar value at
face is discretized from the cell value, so the second order upwind scheme provides the
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more accurate results than the first order upwind scheme, but take more computational
time. In this work, Eulerian-Granular model coupled with Reynold Stress Model (RSM)
is highly computational expensiv; consequently, the first order upwind scheme is
applied instead of. The convergence criteria should fall below 107°, hence the
convergence is assigned as 10°°.

3.5 Analyzing the result

Hydrocyclone is applied to separate the ice, light density material, from the brine, heavy
density material. Three key parameters for hydrocyclone design are separation
efficiency (¢), and the split fraction (R). In the first, the inlet velocity of hydrocyclone
and solid volume fraction is adjusted to provide the better separation efficiency. The
velocity profile and the pressure profile are plotted over the radial position to obtain the
flow characteristics. Then the diameter of underflow and underflow are adjusted to
observe the effect of flow split ratio and the purity of ice in the overflow stream (X, ;ce).

Cice,underflow (3.18)

Cicejinlet

e=1-

3
Volume flow rate of ice at the overflow (mT)

Xyice =
e Volume flow rate of mixture at the overflow (mTS) (3.19)

_ Volume flow rate at underflow

r - Volume flow rate at inlet (3.20)



CHAPTER 4 RESULT AND DISCUSSION

CFD simulation is used to simulate hydrocyclone for concentrating ice slurry from
brine. Firstly, the flow pattern of fluid inside will be studied. Then the operating
condition: inlet velocity and the solid ice fraction are adjusted to find the condition
which gives the separation efficiency exceeds 80%. Then, the configurations are
adjusted to study the effects on the separation behavior.

4.1 Mesh Independence test

Before carrying the CFD simulation of ice-sea water mixture, the grid Independence test
is performed to find the appropriate number of nodes for hydrocyclone simulation. Finer
mesh provides higher accuracy of CFD simulation, but it also takes more computational
time. Therefore, the optimum number of node must be determined. Larger size of
equipment requires higher number of node. In this research, 5-cm diameter of
hydrocyclone according to HY1 design proportion is selected. The node number of
hydrocyclone is varied from 120,620-403,496. The mass flow rates of overflow and
underflow are used to validate the node number because mass flow rates are used for the
separation efficiency calculation. The operating condition for mesh independence test is
water-single phase flowing into hydrocyclone with the inlet velocity of 5 m/s. The mesh
independence results are shown Figure 4.1.
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Figure 4.1 Mass flow rate at overflow and underflow (kg/s)

The mass flow rates of overflow and underflow are calculated in term of relative
difference per node of overflow (A,) and underflow (4,,).

Table 4.1 Relative difference per node

Node A, Ay
120,620—-163,336 3.90 x 1078 1.84 x 1077
163,336—-230,127 2.88x 1078 498 x 1078
230,127-338,594 2.65 x 1078, 2.77 x 1078
338,594-403,496 2.14 x 1078, 2.45x 1078
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The relative difference of mass flow rate at overflow and mass at between nodes must
be less than 5 x 1078, 338,594 nodes are required for 5 cm diameter of hydrocyclone

4.2 Effect of inlet velocity

Theoretically, higher velocity increases the centrifugal force, so the increase of inlet
velocity increases the separation efficiency. The inlet velocity is varied from 11 m/s to
25 m/s to determine the optimum velocity which provides the best separation efficiency.
All simulations are performed at the solid ice fraction of 0.2.

100
X
3 80 ——
= 60
@
S 40
<
s 20
[«b]
(9]
0 T T T T 1
5 10 15 20 25 30
inlet velocity (m/s)

Figure 4.2 Effect of inlet velocities on the separation efficiency , operating
condition: ice fraction = 0.2 Temperature = -30°C, pressure =5 bar

Figure 4.2 shows that higher inlet velocities provide higher separation efficiency. The
results of inlet velocity and separation efficiency were in agreement with the experiment
investigated by Yuan [13]. The certain level of pressure drop or feed flow rate is needed
to generate enough centrifugal force for separation. With further increase in velocity
above 20 m/s, the efficiency increased slowly. The overall pressure profile and volume
fraction are illustrated to investigate the effect of inlet velocities. Figure 4.3 shows total
pressure distribution along the radius distance 4.5 cm below of vortex finder. The total
pressure gradually decreases when the radius decreases inwards to the center of
hydrocyclone. The maximum pressure occurs near hydrocyclone wall due to tangential
entry of hydrocyclone feed. The low pressure region occurs at the center of
hydrocyclone. Below the atmospheric pressure, it is assumed that the air can enter into
hydrocyclone. This indicates that the air core can forms in only case of inlet velocity =
11 m/s. The overall pressure profile in hydrocyclone is illustrated in Figure 4.3. The
negative pressure occurs at the vortex finder and the cylindrical extrude length of
underflow.
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Figure 4.3 Effect of inlet velocity on pressure profile below 4.5 cm of vortex finder

The flow characteristics of ice-sea water are represented by the radial velocity, axial
velocity, and the tangential velocity profile at level of 4.5 cm below the vortex finder.

Figure 4.4 (a) shows both positive axial velocity and the negative axial velocity. The
positive axial velocity means the material goes to the overflow and the negative value
means the material goes to the underflow side. The positive axial velocity is
concentrated at the center of hydrocyclone. Near the hydrocyclone wall, the axial
velocity is downward. This flow removes the particle to the underflow.

Figure 4.4 (b) shows the tangential velocities as function of radial distance. The
tangential velocity magnitude increases with the increasing radius. The tangential
velocity near the hydrocyclone wall is close to the inlet velocity of hydrocyclone. The
higher tangential velocity represents higher centrifugal force. The relation between the
centrifugal force and the tangential velocity is described by:

F.a vf (4.1)
Figure 4.4 (c) shows the radial velocity profile which are similar to the tangential
velocity profile. The radial velocity is always inward, and the magnitude of radial
velocity is highest near hydrocyclone wall. The effects of radial velocity is negligible,
as the magnitudes of radial velocity profile are much smaller than the axial velocity and
the tangential velocity

When the effect of radial velocity can be negligible, only gravity force and centrifugal
force mainly affects the particle motion. In this study, the gravity force also enhances
the centrifugal force due to the alignment of hydrocyclone. Due to higher centrifugal
force, ice tends to move spiral inwards and move via the overflow, the ice is
concentrated at the center of hydrocyclone axis. The ice distribution is illustrated in
Figure 4.6
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Figure 4.6 shows the maximum ice volume fraction located at hydrocyclone axis is 0.5
because the inlet velocity above 20 m/s provides higher centrifugal force. The ice
distribution is low near hydrocyclone wall.
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Figure 4.5

(b)

(d)
Pressure profile at the middle plane (a) Inlet velocity =11 m/s (b) Inlet velocity = 15 m/s (c) Inlet velocity = 20 m/s (d)
Inlet velocity = 25 m/s
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velocity =20 m/s (d) Inlet velocity =25 m/s
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4.3 Effect of solid concentration

Hydrocyclone is suitable for low solid concentration feed. Higher solid concentration
results in poorer separation, because increasing solid volume fraction increase the
resistance to flow. The solid fraction in this case is varied from 0.1 to 0.4 while the inlet
velocity is kept at 20 m/s. Figure 4.7 shows the relationship between the separation
efficiency and the inlet ice fraction. The separation efficiency reaches 80%, when the
solid fraction is less than 0.2. The parameter which indicates the resistance to flow is the
granular viscosity represented by Figure 4.8. The bulk granular viscosity of ice is
calculated by

1
4 2] /2
As = §aspsdsgo,ss(1 + ess) (_s) (3'14)
T
The bulk viscosity of ice is a function of the solid fraction(a,), the density, and the
radial distribution (g, ss). The radial distribution is the probability of particle collision
described by:

-1

1
3
Jo,ss = 1—< % ) (3.17)

O max

Equation (3.17) indicates that higher solid fraction results in higher probability of
collision. According to Equations (3.14) and (3.17), the increase in solid fraction raises
the bulk viscosity value. The drag resistance to the particle motion also rises because of
the increase in the ice viscosity. The increase in slurry viscosity in Figure 4.8 agrees
with the feed concentration effect investigated by Yuan [13]. The increase in feed
concentration raises the possibility of hindered settling. Then the separation efficiency
decreases.

Figure 4.9 shows the ice distribution inside hydrocyclone. In case of solid volume
fraction of ice =0.1, ice is concentrated near only the center of hydrocyclone. For the
case which inlet ice volume fraction is high at 0.4, the ice distributes throughout
hydrocyclone due to higher greater resistance to flow. When the ice solid fraction of 0.1
enters into hydrocyclone, the ice volume fraction in the overflow stream is 0.29. While
inlet ice fraction is 0.4, the outlet fraction of ice in the overflow stream is 0.63. Low
inlet ice fraction gives three times concentrated ice slurry, while the ice is one and half
times concentrated ice slurry. With lower ice fraction, ice tends to move to the overflow
rather than that of high solid fraction. The velocity vector of ice is illustrated in Error!
Reference source not found.. It can be seen that with lower ice fraction, the ice tend to
move to the overflow side rather than the high solid fraction case due to the drag force
effect.
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Figure 4.7 Effect of ice solid fraction on the separation efficiency
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Figure 4.9
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Figure 4.10 Velocity vector plot of slurry at the middle plane of hydrocyclone (a) Ice inlet fraction = 0.1
(b) Ice inlet fraction = 0.4
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4.4 Effect of overflow diameter and underflow diameter

This part focuses on the geometry adjustments of the existing hydrocyclone. The
overflow diameter and the underflow diameter are varied to determine their effects on
the flow pattern of ice, the split ratio, and purity of ice. All simulations were performed
at under the constant 20 % v/v ice solid concentration operating at inlet velocity of 20
m/s. Firstly, the overflow diameter is varied from 0.82 to 1.4 cm while another
dimensions e.g. hydrocyclone length and the cone angle are same as the standard
hydrocyclone. Secondly, the underflow diameter is varied from 1 to 1.83 cm while
another dimensions e.g. total length of hydrocyclone and diameter of reducing section
are kept constant. All geometries are thoroughly presented in Figures 3.5 and 3.6

The decrease of the underflow diameter results in the reduction of cone angle. After
performing the simulation of underflow diameter variation and the overflow diameter
variation, it was found that influence of overflow diameter increase on the separation is
similar to that of underflow diameter reduction. To represent all of results concisely, the
split fraction, purity of ice, and the phase recovery will be plotted over the ratio of
overflow to underflow diameter (D, /D,,) based on the overflow diameter variation and
underflow diameter variation. Figure 4.12 to Figure 4.14 show that underflow diameter
adjustment develops the higher gradient of split fraction, phase recovery, and the purity
over the ratio (D,/D,,) of than that of overflow diameter adjustment, because reducing
the underflow diameter also affects the cone angle. At lower cone angle, ice tends to
move the overflow.

Figure 4.11 shows that increasing D, /D, results in higher split fraction of slurry to
overflow side, but the lower ice purity in the overflow stream. The variation of
D,/D,, on the overflow diameter adjustment from 0.82 to 1.4 cm increases percent split
fraction of overflow stream from 20 to 60%, but reduces the ice purity from 57 to 37 %
v/v. The main reason why the product purity is lowered at higher split fraction is shown
in Figure 4.13 and Figure 4.14. Sea water recovery in the overflow stream continuously
rises at higher value of D,/D,,, while the ice recovery gradually increases. Figure 4.15
shows that the increase of D,/D, ratio increases the separation efficiency of
hydrocyclone. The curves in Figure 4.11, Figure 4.12, and Figure 4.15 are similar to the
previous study performed by Yu [26]. He performed the experiment of underflow
diameter effect on hydrocyclone separation efficiency. His study revealed that
decreasing the underflow diameter or increasing the D,/D,, ratio would increase the
separation efficiency because of the flow rotation inside the hydrocyclone unit due to
the detention of more slurry. Therefore, more heavy material would be separated to the
underflow.

To select the optimum ratio D, /D,, of hydrocyclone, the purity of ice, split fraction, and
ice recovery must be considered. The results of the adjustment in underflow diameter
and underflow diameter are analyzed together. The D,/D, ratio of the standard
hydrocyclone is 0.76. At low range of D, /D,, (0.54-0.68), the purity of ice is higher than
50 % vlv, but percent recovery of is only 50 to 70%. At high range of D,/D,, (0.86-
1.08), the purity of ice reduces from approximately 47 to 36 % v/v, but split fraction of
the overflow stream percent Ice also increases. Ice recovery for higher range of D,/
D,, reaches approximately 99%. To select the optimum value of D,/D,, ratio, the
separation efficiency and the purity of ice should be considered. The D, /D, ratio of the
standard hydrocyclone or 0.66 is considered as the optimum value, because it provides
the separation efficiency 80% and the purity is higher than 50% v/v of ice.
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Figure 4.14 Ice recovery in the overflow stream at the overflow opening operating at

the inlet velocity of 20 m/s and ice concentration of 20 % v/v
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CHAPTER 5 CONCLUSION AND RECOMMENDATION

5.1 Conclusion

In this work, CFD model of ice-sea water slurry for desalination process is investigated.
The obstacle for concentrating ice slurry from brine with the wash column encourages
this simulation. The selected configuration of a hydrocyclone is HY1 geometry, because
it successfully separates the oil and the water which have closet density together. The
overall configuration is 5 cm diameter and 116 cm height. The mesh independence test
done with the single phase water at 5 m/s of inlet velocity shows that 330,000 node
required for CFD calculation. Reynold Stress Model (RSM) and Eulerian-Granular
model is applied to calculate the turbulent characteristics of ice-sea water slurry mixture
inside hydrocyclone. The results of the CFD simulation is divided into two parts: effect
of the operating conditions and the geometry on the separation efficiency of
hydrocyclone.

The first part studies the effects of the operating conditions: the inlet velocity and the
solid fraction of feed to hydrocyclone. The increasing inlet velocity generates higher
centrifugal force. The operating condition which the separation efficiency of
hydrocyclone exceeds 80 % based on the concentration of 20 % v/v is the inlet velocity
at least 20 m/s. Above 20 m/s of inlet velocity, the separation efficiency gradually
increases. However, higher inlet velocity also causes higher pressure drop which means
higher operating cost. The increment of solid concentration from 0.1 to 0.4 results in the
decrease of separation efficiency from 90 to 48%. Therefore, the lower ice
concentration provides the better separation of hydrocyclone.

The second part focused on the study of overflow opening and underflow opening on
the separation behavior of hydrocyclone. Both overflow diameter and underflow
diameter are varied to study their effects on the split fraction, ice purity, and phase
recovery in the similar trend. Therefore, the ratio of overflow diameter and underflow
diameter will be used to analyze the separation performance of hydrocyclone. Adjusting
the overflow diameter and underflow diameter does not enhance the higher separation
efficiency in practice, because low range of overflow to underflow diameter provides
lower capacity but higher purity of ice. The medium value of overflow diameter to
underflow diameter (0.76) is considered as the optimum value.

In conclusion, the CFD model based on Eulerian-Granular model was used to
investigate the separation behavior of ice-sea water slurry for the desalination process.
The simulation provides the valuable information of operating condition for
hydrocyclone such as, the inlet velocity, solid concentration, overflow diameter and the
underflow diameter. The separation efficiency can be improved by increasing inlet
velocity and lowering solid concentration.
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5.2 Recommendation

The following recommendations for further study of this research are as following:

1. In this work, the Eulerian-Granular model is applied to calculate the fluid-solid
behavior of ice and sea water mixture. The bulk viscosity of ice is calculated by
Symlal-Orbien law. To develop the better model, the ice viscosity is proposed by Glen
should be inputted instead of Symlal-Orbien

2. The size distribution of ice for this work is inputted as the constant size, but the ice
can break and agglomerate. Smaller ice particles reduce the separation efficiency. To
include the effect of agglomeration and breakage, the population balance equation
should be added into the existing model for accounting the ice crystal fracture
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A.1l. Eutectic crystallization loop
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Table A.1 Aspen Plus simulation data

Parameter& Description

Figure A.1 Aspen Plus Simulation Process

Feed pressure@selected operating temperature = 35°C

3 barg 5 barg
From SWI SWO SWI SWO SWI SWO SWI SWO
To CRYSTZR CRYSTZR CRYSTZR CRYSTZR
Substream: MIXED CRYSTZR CRYSTZR CRYSTZR CRYSTZR
Phase:
Component Mole Flow Liquid All Liquid All Liquid All Liquid All
Mass Flow (kg/hr) 5467269 | 5.467272 | 5.467269 | 5.467272 | 5.467269 | 5.467272 | 5.467269 | 5.467272

GS



Parameter& Description

Feed pressure@selected operating temperature = 35°C

3 barg 5 barg

Volume Flow (m%/hr) 100 100 100 100 100 100 100 100
Temperature (°C) 35 -30 35 -30 35 -30 35 -30
Pressure (bar) 2.01325 2.01325 4.01325 4.01325 6.01325 6.01325 8.01325 8.01325
Vapor Fraction 0 0 0 0 0 0 0 0
Liquid Fraction 1| 0.118407 1| 0.118407 1| 0.118407 1| 0.118407
Solid Fraction 0| 0.881593 0| 0.881593 0| 0.881593 0| 0.881593
Molar Enthalpy (kcal/mol) -67.8928 | -70.0531 -67.892 | -70.0531| -67.8913 | -70.0531| -67.8905| -70.0531
Mass Enthalpy (kcal/kg) -3711.88 | -3829.99 | -3711.84| -3829.99 -3711.8 | -3829.99 | -3711.76 | -3829.99
Enthalpy Flow -0.37119 -0.383 | -0.37118 -0.383 | -0.37118 -0.383 | -0.37118 -0.383
Molar Entropy (cal/mol-K) -37.7115 -45.7829 -37.7121 -45.9169 -37.7126 -45.9954 -37.713 -46.0512
Mass Entropy (cal/cm-K) -2.06179 | -2.50308 | -2.06182 -2.5104 | -2.06185 -2.5147 | -2.06187 | -2.51775
Molar Density (kmol/cm3) 55.82281 51.82784 | 55.82772 51.82779 55.83262 51.82774 | 55.83752 | 51.82769
Mass Density (kg/m°) 1021.037 | 947.9653 | 1021.126 | 947.9644 | 1021.216 | 947.9635| 1021.306 | 947.9626
Average Molecular Weight 18.29067 | 18.29066 | 18.29067 | 18.29066 | 18.29067 | 18.29066 | 18.29067 | 18.29066
Phase: Liquid

Density (kg/m?) 1021.037 1221.76 | 1021.126 | 1221.749 | 1021.216 | 1221.737 | 1021.306 | 1221.726
Viscosity (cp) 0.694998 | 3.907823 | 0.695002 | 3.907807 | 0.695006 | 3.907789 0.69501 | 3.907771
surface tension (dyne/cm) 71.7078 | 90.41374 | 71.70786 | 90.41369 | 71.70792 | 90.41362 | 71.70798 | 90.41356

9g
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A.2. Filtration fraction

The solid fraction of feed to hydrocyclone depends on the filtration fraction of ice filter.

1.2

1 L o

0.8

0.6

Filration fraction of filter

0 0.2 0.4 0.6 0.8 1
Solid fraction of feed to hydrocyclone

Figure A.2 Filtration fraction
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B.1. Effect of inlet velocity and solid concentration [13]

Yuan [13] studies the separation of yeast with hydrocyclone. They used the liquid-liquid
type hydrocyclone for use with light dispersion, which was originally developed for the
separation of dispersed oil in water. His study investigated the effect on the separation
performance of operating conditions including split ratio and feed flow rate or feed
pressure, shear effect on yeast cells, and feed concentration of hydrocyclone.

100 : o —

80

60

40

Separation efficiency

20

0 . .
0 2 4 6

Pressure drop (bar)

Figure B.1  Effect of pressure drop on the separation efficiency: HY1 nylon powder
in water C; = 0.50 % v/v , T =17°C [13]

The efficiency increased with increase in pressure drop or feed flow rate. The certain
level of pressure drop or feed flowrate is needed to generate enough centrifugal force
for particles to settle. With further increase in feed flow rate after around 2 bar,
however, the efficiency increased slowly.

90

0 . .
0 2 4 6

Inlet concentration (%v/v)

Figure B.2  Feed Concentration Effect on the clarification efficiency: Geometry
hydrocyclone HY?2 brewing yeast in sucrose water 2.3 %
(w/w),operating conditions: AP = 4.8 bar [13]

The separation efficiency of hydrocyclone has been believed to decrease with increase
in feed concentration because the level of effective viscosity hindered settling and
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hindered discharge increase with increase in feed concentration. Within the range of
feed concentration from 0.35 to 0.80%, the efficiency fell slightly since neither
significant feed concentration reached to above 0.8%, the hindered settling become
severe.

B.2 Effect of D,/D,

The effect of the underflow diameter was previously investigated by Yu [26]. He
examined the separation characteristics of particles in the rainfall runoff from paved
roads using ¢ 7.5cm hydrocyclone of Rietema design. Figure shows the geometry of
hydrocyclone

] 30

—

-
[P

: 263} 3.0

2.5

A

7.5 1 45

Unitem

2.0

Figure B.3 Rietema design of hydrocyclone [26]

The underflow diameter was adjusted from 0.5 to 2 cm. Then the results were analyzed
in term of ratio of D,/D,,. Figure B.4 shows the relationship between the split fraction
and the ratio of D,/D,,

% Split fraction of overflow (R)
a1
o

D,/D,

Figure B.4 Effect of ratio on the split fraction of overflow stream
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The geometry of the hydrocyclone and the relative size of the outlet, allow the greatest
part of the water and part of the water and part of the finest particles to exit as overflow,
while most particles with less water exit as underflow. The behavior of hydrocyclone
separation is regulated by adjusting the underflow diameter. The results are analyzed in
term of D,/D,.. The percentage of the overflow volume increases with increasing
D, /D, ratio, while the percentage of the underflow volume increases. The separation
efficiency of the hydrocyclone was evaluated by means of the following indicator

Mass flow rate in the underflow (B.1)
£ =

Mass flow rate in the inlet

Figure B.5 shows the variation in the removal efficiency with respect to the outlet size.
The removal efficiency decreased with decreasing outlet size (D,), or the removal
efficiency increase with the increasing of D, /D,,. When the underflow outlet is reduced,
the flow rotation inside the unit will be enhanced due to the detention of much more
slurry; consequently, more particles are separated to the underflow. However, if the
underflow outlet is too little, it may clog with coarse particles during practical
application. The effect of the D,/D, showed a weak increasing trend for the removal
efficiency.

[EEN
o
o

(o]
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Separation efficiency,%
& o
(6] (o]

Figure B.5 Effect of D,/D,, ratio on the separation efficiency of hydrocyclone
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C.1. Problem specification

The ice-slurry enters hydrocyclone with the inlet velocity of 20 m/s, and hydrocyclone
is applied to concentrate ice slurry from the brine slurry . The operating condition of
hydrocyclone is specified as shown in

Ice —sea water slurry
o Ice: inlet velocity =20m/s
ea water: inlet velocity=20m/s
Ice volume fraction =0.2
5c

2.75¢m
i 151 cm
1. 160m L T

41.25cm
118.25cm >

Ice —sea water slurry
Ice: inlet velocity =20m/s
Sea water: inlet velocity=20m/s Ice diameter=200um
Ice volume fraction =0.2

Figure C.1 Thesis Problem Statement
C.2. Setting Fluent

1. Preparation
1.1.  Draw geometry of hydrocyclone with solidwork and compute mesh file with
ICEM CFD
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Figure C.2 Solidwork of hydrocyclone
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Figure C.3 ICEM CFD of Hydrocyclone
1.2.  Load file mesh of hydrocyclone into Fluent: Read—>Mesh
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Figure C.4 Reading mesh

2. Set solver type

4 HY1 v11lm FLUENT [3d, dp, pbns, eulenan, RSM] —
P. P
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Adapt Surface Display Report
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Materials
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Cell Zone Conditions

Boundary Conditions

Mesh Interfaces

Dynamic Mesh

Reference Values
Solution

Solution Methods

Solution Controls

Monitors

Solution Initialization

Calculation Activities

Run Calculation

Results

Graphics and Animations
Plots
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General

Mesh

| Scale... [ Chedk

| [Report Quaity |

Solver

Type Velodity Formulation
(@) Pressure-Based @ Absolute
(") Density-Based ) Relative

Time
@ Steady
() Transient

Gravity

Gravitational Acceleration

X (mfs2) ‘ 0

Y (m/s2) ‘_g,s

Z (mfs2) ‘ 0

Figure C.5 Solver type setting

3. Turbulence model

Model-> Viscous model->Reynold stress model
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Figure C.6 Turbulence model set up

4. Multiphase model

Models—>Multiphase—> Eulerian

66
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Figure C.7 Multiphase model set up

5. Creating material: Material->Create

5.1.

Enter the physical properties of sea water: density = 917 kg/m® and viscosity

=0.0039 kg/m-s and then click create

i ]
Mame Materizl Type Drt_:ler Materials by
|5ea—water [ﬂuid v] (@) Name
S I (") Chemical Formula
R ror FLUENT Fluid Materials
| [ | FLUENT Database... |
sea-water -
e [User-Deﬁned Database... ]
none
Properties
-
Density (ka/m3) [mnstmt _] Edit. . —
| 222
Viscosity (kgfm-=) ’mnstant v] Editt...
| 0.0039
™
|
[ChangeICreate ] [ Delete ] [ Close ] [ Help ]

Figure C.8 Creating material of sea water
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5.2.  To create the ice material, choose the fluent database and then copy and type the

name of material: ice

FLUENT Database Materials

T ——

)

FLUENT Fluid Materials

[E] =] Material Type

isobutyl-alcohol (c4h100)
isocyanato-radical (cno)
isocyanic-acid (hnco)
isopropyl-radical (i%c3h7)

iet-m a0

o || fuid

Order Materials by

[]|| @ Name
(7 Chemical Formula

-

4 1

| P

Properties

Copy Materials from Case... | | Delete

—E s [mnsbnt

v] View...

|915

m

Cp (Spedfichieal] Gfa-) [piecewise—polvnomial

v] View. ..

Molecular Weight (ka/kamol) [mnsiﬂnt ,] View...
| 18.01534
. Standard State Enthalpy (jkgmol) [::or‘lsiar‘lt ,] View. .. 1
| -2.918437e +08
Mew... Edit... Save [ Copy ] [Close ] [ Help ]

Figure C.9 Using Fluent Database
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h;:um o FLUENT Fluid Materials
| s [.‘je (h20<s>) - ] FLUENT Database
Mixkure User-Defined Database. ..
none
Properties
F
Density {ig/m3) [oonsiant v] Edit... W
‘ 915
eastita ] [consmnt v] Edit...
‘ 17205
[ChangefCreate ] [ Delete ] [ Close ] [ Help

6. Phases

Figure C.10 Creating ice material

6.1. Define primary phase: Phase—>Phase 1-primary phase ->sea water
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Figure C.11 Defining primary phase

6.2.  Define secondary phase: Phase—>Phase 2-secondary phase-> Ice
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Figure C.12 Defining secondary phase

7. Setting boundary conditions

7.1.  Set the boundary conditions as following:
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Figure C.13 Defining boundary conditions

+ Boundary->inlet 1->velocity inlet

+ Boundary—>inlet 2->velocity inlet

< Boundary—>ovf->pressure-outlet

+ Boundary—>underflow->pressure-outlet
7.2.Specify the inlet velocity magnitude as following:
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Velocity Inlet
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Velocity Inlet 2] Velocity Inlet
Zone Name Phase Zone Name Phase
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Figure C.14 Defining inlet velocity

7.3.Specify the outlet pressure of overflow (ovf) and underflow to zero
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Pressure Outlet
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Figure C.15 Pressure outlet condition

8. Check the solution method
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Figure C.16 Solution method of CFD
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9. Click solution initialization and then start runing
C.3 Fluent setting for energy case
1. Click Model>Energy
HYL_420m FLUENT [3d, dp, pbns, eulerian, RSM] IR i

File Mesh Define Solve Adapt Surface Display Report  Parallel Vi

ES-d-@me[Eraa s QnnE-o-|
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Dynamic Mesh
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Figure C.17 Energy case

2. Setting Adiabatic case



Zone Name Phase
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Figure C.18 Setting adiabatic case

3. Setting heat transfer coefficient

Phase Interaction ‘

[ virtual Mass
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Figure C.19 Setting heat transfer coefficient




Figure C.20 Temperature contour at the middle plane of hydrocyclone
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