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ABSTRACT
Due to the increasing demand for fresh water, desalination of sea water is viewed as a
potential solution to overcome potable water shortages; therefore desalination technologies
have been continuously developed. Renewed interest in freeze desalination has emerged
due to its advantages over other desalination technologies. A major advantage of the freeze
desalination technology over the evaporative methods is its lower energy consumption
(latent heat of freezing is 333.5 kJ/kg and latent heat of evaporation is 2256.7 kJ/kg).
Cryogenic fluids like LN2/LAir are emerging as an effective energy storage medium to
maximise utilisation of intermittent renewable energy sources. The recovery of this stored
cold energy has the potential to be used for freeze desalination. Computational Fluid
Dynamics (CFD) is a powerful technique that allows investigating complex
thermodynamic processes, including freeze desalination and evaporation of LN2.

CFD modelling was developed to simulate the freeze desalination process in terms of the
dynamics of ice layer growth and salt separation to investigate the amount of ice formed
and salinity of the remaining brine at different operating conditions. The developed CFD
model was validated by experiments conducted using a Peltier device and an ice maker
machine showing good agreement with maximum deviation of less than 16.9%. Parametric
analysis was then carried out using the validated CFD models, showing that as the freezing
temperature decreased, the ice production increased due a faster rate of freezing of salt
water. The initial salinity of salt water had a significant effect on the volume of ice produced
and the output salinity. Therefore, different stages of freezing were needed to produce water
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with a salinity level below the required 0.1% recommended by the WHO as safe to drink.
Parametric analysis was carried out on the geometry of the freezing tubes in the ice maker
machine, where increasing the diameter and the length of the freezing tube, increased the
volume of ice produced as this increased the total freezing surface area but this also
increased the heat transfer rate and power consumption. It is seen that, the 20mm diameter
with a 15mm length is the best geometry to use with a low heat transfer rate producing a
higher volume of ice.

Regarding the use of cryogenic fluids, the validated CFD model for freeze desalination was
integrated with CFD modelling of liquid nitrogen evaporation, to investigate the feasibility
of using cryogenic energy for freeze desalination. This integrated CFD model was validated
using experimental heat exchanger test facility constructed, to evaporate liquid nitrogen to
supply the cooling required for freezing. Tests were conducted without and with a copper
mesh being inserted in the liquid nitrogen tube, where inserting the mesh improved the heat
transfer rate to produce more desalinated water. The percentage of energy lost by water to
form ice from liquid nitrogen increased significantly for the tests carried out with the mesh
inserted as it was 70% and 63% compared to only 25% and 21% for the tests conducted
without the mesh. The heat exchanger effectiveness improved considerably when the mesh
was inserted as it was about 3.65 times more compared to the tests carried out without using
a mesh. Parametric study on the LN2 flow rate to observe the volume of ice obtained was
also examined using CFD, where increasing the velocity of LN2 by 6 times, increased the
volume of ice obtained by 4.3times.
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A number of freezing stages were required in order to reduce the ice salinity from 1.5%
down to 0.1% as regarded by the WHO as safe to drink. Hence, the overall efficiency was
0.12 for the ice maker machine to reduce the ice salinity from 1.5% to less than 0.1%. In
the cryogenic desalination test rig, approximately 1.35 litres of liquid nitrogen was required
to reduce the ice salinity from 1.5% to less than 0.1% with an overall efficiency of 0.23.
Therefore, it is seen that the cryogenic desalination test rig had a better efficiency.
Furthermore, the above results illustrate the potential of using the cold energy of cryogenic
fluids such as LNG and LN2/LAir for freeze desalination applications as most cold energy
during LNG regasification has been unexploited today.
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CHAPTER 1

1. INTRODUCTION

1.1 Background
Sustainable resources of water and energy are essential for social, economic and human
wellbeing in the modern world [1]. The basic substance for life is water and it is
progressively becoming a scarce resource where half of the world population of about 88
developing countries are affected by water shortages [2]. In these developing countries, 8090% of all diseases are caused by poor water quality and 30% deaths are also due to poor
water quality [2]. The people affected by harsh water shortages are projected to rise in the
next 25 years due to the growth in population and the demands of industrialization [3]. At
present, the rate of increase of water consumption is twice the rate of population growth,
where it doubles every 20 years [4]. There is a vast amount of water available on Earth,
about 1,400,000,000 km3 [4]. However, less than 3% of this amount is fresh water, about
35,000,000 km3. Majority of this of about 24,000,000 km3 is not accessible due to it being
located in ice caps and glaciers as shown in Figure 1-1. Approximately, 11,000,000 km3 of
the Earth’s water is retained as groundwater, plants, atmosphere and surface water in rivers,
lakes, etc. [5]. Majority of this water has slowly accrued over time and it is not considered
to be renewable [2].
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Figure 1-1: World’s water distribution [2], [5]
Freshwater production by the removal of dissolved minerals from sea water is known as
desalination; as it verifies to be an answer to the water shortage issue [6], [7]. Cost-effective
and possibly climate independent water resources can be produced by desalination
technologies for agricultural uses [8]. Figure 1-2 shows that in order to address the water
shortage issue, sea water is the leading feed water in the world for installed desalination
techniques, thus making it the most applied solution [8].

Figure 1-2: Total capacity of installed desalination techniques in the world [8]
Freeze desalination is an evolving desalination technology due to its low energy usage. The
process of freezing an aqueous salt solution results in ice crystals that are of pure water in
the solid phase, this process is the physical principle of freeze desalination [9]. Another key
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advantage of the freeze desalination process is its low operating cost of 0.34$/m3 compared
to 0.75$/m3 for the commonly used Reverse Osmosis desalination technology, as shown in
Figure 1-3.

Figure 1-3: The water production cost for various desalination technologies [10]
A key advantage of the freeze desalination technology is the ability to utilize the cold
energy from the regasification of liquefied natural gas (LNG). This high quality cold energy
source can be used to freeze salt water in the freeze desalination process, but most cold
energy during LNG regasification has been unexploited until today. Approximately
830kJ/kg of cold energy is released during LNG regasification and this cryogenic exergy
can be used for the freeze desalination process [11]. Due to the on-going energy supplydemand disparity, augmenting these technologies can aid in providing solutions for this,
and in improving the economics of the renewable energy powered desalination systems, as
desalination capacity is escalating worldwide [12].

1.2 Aim and objectives
This research aims to investigate the potential of the indirect contact freeze seawater
desalination using an ice maker machine and stored cryogenic energy by CFD modelling
and experimental testing in terms of salinity and water production, through the following
objectives:
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1. Carry out a comprehensive literature review on; (a) the water crisis and the
importance of water and how desalination is a significant solution to the shortage
of water, (b) comparison of current desalination technologies (c) the process of
freeze desalination and its advantages, (d) the major freeze desalination techniques,
(f) numerical modelling of freeze desalination and (e) cryogenic energy storage and
its use for freeze desalination.
2. Develop a numerical model for freeze desalination using computational fluid
dynamics (CFD) taking into account the salt separation process.
3. Validate the CFD model through experimental testing using a Peltier cooling device
and carry out parametric analysis to predict the effects of freezing temperature,
solution salinity and the direction of freezing, on the freezing time, ice production
and its salinity.
4. Assess the performance of an ice making machine for freeze desalination in terms
of ice production, salinity and energy consumption using experimental testing and
the validated CFD model.
5. Investigate the use of cryogenic energy storage (evaporation of liquid nitrogen) for
saline water freeze desalination using CFD modelling and experimental testing.
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1.3 Thesis outline
This thesis has been divided into six chapters and they are summarised as follows:

Figure 1-4: Thesis structure flow chart
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1

CHAPTER ONE: Introduction of the background to this research where the
significance of water is discussed. Desalination, a solution to the water shortage issue
and freeze desalination proving to use less energy consumption is discussed. The use
of cryogenics for freeze desalination is also briefly discussed. The aim and objectives
of this research are stated.

2

CHAPTER TWO: A thorough literature review predominantly focused on freeze
desalination and the use of cryogenics for freeze desalination was carried out. The
importance of water with an economic background is concisely discussed. A brief
history and the benefits and drawbacks of this technique is also stated. The process of
freeze desalination is also presented in this chapter with a thorough analysis of various
available freeze desalination techniques. A comprehensive study on cryogenic energy
storage and its applicability to freeze desalination is also specified in this chapter.
Numerical analysis (CFD) on the freeze desalination process is also discussed in this
chapter. This chapter also includes a ‘Research motivation and contribution’ section
where, the novelty of the research and the three different types of experiments
conducted are summarised.

3

CHAPTER THREE: This chapter is primarily acquired from the journal paper of
“Computational Fluid Dynamics Investigation on Indirect Contact Freeze
Desalination” by Jayakody et al. [12] which is published in the Desalination Journal. A
detailed Computational Fluid Dynamics (CFD) modelling of the freeze desalination
process is explained. The theory and model set-up methodology of the CFD modelling
to simulate the salt separation process of freeze desalination is discussed. The CFD
model has then been validated through experimental testing using a Peltier cooling
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device. Additionally, in this chapter, measuring devices calibration and uncertainty
analysis are also explained. The developed CFD model has been used to carry out
parametric analysis to predict the effects of freezing temperature, solution salinity and
the direction of freezing; on the freezing time, ice production and its salinity. Overall,
in this chapter, the fundamentals of the CFD modelling of the freeze desalination
process was carried out and investigated.

4

CHAPTER FOUR: This chapter is primarily acquired from the journal paper of
“Numerical Investigation of Indirect Freeze Desalination using an Ice Maker Machine”
by Jayakody et al. [7] which is published in the Journal of Energy Conversion and
Management. The feasibility of using an ice maker machine as a portable freeze
desalination method is investigated in this chapter. A commercially available ice maker
machine has been used to carry out experimental work and CFD modelling has been
conducted. Further parametric analysis was also carried out numerically using the
validated CFD model in order to observe the effects of the freeze tube temperature and
the initial salinity of salt water on ice production and the final salinities of ice and brine.
A second stage freezing process was then done in order to obtain fresh water with pure
ice crystals with salinities below the 0.1% mark which is regarded as fresh and safe to
drink by the WHO [13]. Additionally, parametric study was carried out on the geometry
of the freezing tubes in the ice maker machine. Overall, in this chapter, the
fundamentals of the CFD modelling process investigated in chapter 3 was used to
improve the CFD model and to develop it for an ice maker machine to assess the
feasibility of using an ice maker for freeze desalination as a domestic application.
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5

CHAPTER FIVE: The use of cryogenic energy storage for freeze desalination has
been investigated using CFD modelling and experimental testing. The numerical
modelling of evaporation of liquid nitrogen is explained with the theory and
methodology. CFD modelling of the evaporation of liquid nitrogen to carry out freeze
desalination process is conducted to investigate the feasibility of using cryogenic
energy for freeze desalination. This CFD model was then validated using experimental
test facility constructed to evaporate liquid nitrogen to supply the cooling required for
freezing. In this chapter, the experimental heat exchanger test rig has been
comprehensively explained with the experimental test facility descriptions, measuring
devices, experimental calculations, etc. Furthermore, parametric analysis was also
conducted on CFD by changing the flow rate of liquid nitrogen in order to observe the
volume of ice obtained. Overall, in this chapter, the CFD modelling process
investigated in chapters 3 and 4 was used to combine with the CFD modelling of the
LN2 evaporation process to assess the feasibility of using cryogenic energy for freeze
desalination.

6

CHAPTER SIX: Conclusions from the research is discussed and the major outcomes
of the research carried out is presented in this chapter. Future developments and
recommendations are also stated here.
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CHAPTER 2

2. LITERATURE REVIEW

2.1 Introduction
In this chapter a comprehensive literature review is presented and predominantly focused
on freeze desalination and the use of cryogenics for freeze desalination. The importance of
water and how desalination is a key solution for the water shortage is discussed. The process
of freeze desalination and the benefits of this method are explained. Furthermore, the major
freeze desalination technologies are detailed. Cryogenic energy storage and the use of
cryogenic energy for freeze desalination is discussed.

Certain information are taken from the published papers; “Computational Fluid Dynamics
Investigation on Indirect Contact Freeze Desalination” by Jayakody et al [12], “Numerical
Investigation of Indirect Freeze Desalination using an Ice Maker Machine” by Jayakody et
al [7] and “Indirect contact freeze water desalination for an ice maker machine – CFD
simulation” by Jayakody et al [14].

2.1.1 Importance of water
There are several necessities for life on Earth, where water is one of them and it is becoming
scarce [2]. Water is an essential element for all inhabitants of this earth, and it plays a major
role in the development of any human society [12], [15], [16]. On this planet, water is an
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abundant natural resource and it is an essential nutrient to all living beings. Studies have
shown that the freshwater supply is approximately only about 3% of the entire water supply
on Earth. The World Water Council has stated that by 2020, the world will be short of
approximately 17% of freshwater that is required for the increasing world population [17].
Over the past decades, population growth, changes in socioeconomic conditions, increased
water demands for agricultural and industrial use, and climatic change have increased water
consumption and created growing water scarcity problems in many parts of the world [16],
[18]–[22]. Given the current situation of mismanagement and increased use of water
resources, the World Economic Forum identified water scarcity issue as the third highest
risk of global concern [23].

Many developing and third world countries are affected by water shortages, causing a large
number of losses of about 80-90% caused by diseases and 30% of that is caused by poor
water quality [1]. Therefore, desalination becomes an important process in order to obtain
freshwater using seawater, as a substitute solution to the rapid shortage in freshwater [24].
Advancement in technology has enabled the growth of processes, for improving water
quality over the past few decades [12], [25].

2.1.2 Desalination
The process of desalination is used in order to purify water containing dissolvable
substances, which are eliminated by being fed into a system [26]. Desalination is used to
produce fresh water from sea water by removal of dissolved minerals and has been
acknowledged as the answer for water shortages in many countries [6], [7]. Hence,
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desalination is a relevant and practical method in order to obtain a large amount of pure
water. Correspondingly, seawater desalination is a key system used for the supply of water
in coastal regions. During the years 2008 to 2013, the world capacity to produce desalinated
water has risen by 57% annually. In the year 2013, 300 million people were served
desalinated water as 1700 plants were used to produce 80million m3/day [6], [27]. The
water shortage issues are significantly reduced and the quality of water is enhanced thus in
turn bettering the quality of life and economic status by desalination technologies [7], [28].
Selecting a correct method for desalination can be challenging [29]. There are various
methods of desalination available where the primary objective is to eliminate salts from
saline water by producing freshwater from saltwater as shown in Figure 2-1. Freshwater is
produced from this process with a low concentration of salt, leaving a waste product called
brine with a high concentration of salt.

Figure 2-1: The desalination process principle

2.1.3 Different types of desalination processes
On the basis of thermal distillation, membrane separation, freezing, electro dialysis, several
desalination technologies have been developed over the years [30]. The main desalination
processes are; multi-stage flash distillation, multiple-effect distillation, vapour compression
distillation, reverse osmosis, freeze desalination and solar evaporation. Worldwide, there
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are two processes that are widely used to desalinate water, the thermal and membrane
methods [30], [31]. Thermal methods include multiple-effect distillation (MED) and multistage flash (MSF) desalination. In membrane methods, where permeable membranes are
used to separate solutes from water, the reverse osmosis (RO) technology is most widely
used. However, these processes face the challenges of high-energy consumption for thermal
processes and severe membrane fouling for the membrane ones [31]–[36]. For small-scale
desalination applications the vapour compression technology (VCD) is used where the heat
required to evaporate the feed water is derived from the vapour compression process [27].
Vast amount of energy (heat demand/high-pressure demand) and high operating costs
(scaling and fouling maintenance) are required in order to carry out these types of
desalination processes [12], [37], [38]. Thus, the rise in desalination plants which uses fossil
fuels, considerably increased the air pollution [7], [39]. Intensive pre-treatment and
chemical requirement are needed in the reverse osmosis process and this process yields
high concentrated brine that is harmful to the environment [40].

Detailed parametric analysis was conducted by Youssef et al [10], which compared the
performance of various desalination technologies, and presented that freeze desalination
releases CO2 emissions of about 5.5kg/m3 as shown in Figure 2-2. It also demonstrated that
water production costs were only 0.34$/m3; comparatively lower in relation to other
desalination technologies as shown in Figure 1-3. [7] It is seen in Figure 2-3, that freeze
desalination systems require high electrical energy of about 11.9kWh/m3 with no thermal
energy required. The high energy consumption is due to the use of electricity driven
mechanical vapour compression refrigeration systems to produce the cooling required for
freeze desalination. Figure 2-4 displays the salt water feed in salinity and the produced
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water salinity in various desalination technologies. It is seen that freeze desalination is able
to reduce the salt content at a great deal but not as much in comparison to desalination
methods such as multi stage flash, reverse osmosis, adsorption, etc.

Figure 2-2: CO2 released amount for various desalination methods measured in kg/m3
[10]

Figure 2-3: Various desalination methods’ energy requirements [10]

Figure 2-4: The feed salt water salinity and the produced water salinity in different
desalination technologies [10]
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2.2 Freeze desalination
Ice crystallization of pure water occurs when temperatures of saline water is decreased to
reach its freezing point, thus causing desalination to occur by the freezing process [41]. The
principle of freeze desalination process is based on water solidification phenomena, where
the growing small ice crystal lattice prevents the inclusion of any solutes. Therefore, during
ice crystal formation, salts are rejected by the nature of ice crystal lattice, which is formed
from pure water [12], [42], [43]. Freeze desalination uses the fact that; salts are insoluble
in ice as a base to carry out the process [29]. The process of freezing an aqueous salt
solution results in ice crystals that are of pure water in the solid phase. Hence, the ice
crystals must be separated from the brine and the adhering salts on the crystal surface must
also be detached from the ice crystals by cleaning.

2.2.1 Advantages and disadvantages of freeze desalination
Advantages
Recently, renewed interest in freeze desalination (FD) has emerged due to its potential
advantages over current desalination technologies [12], [35], [41]–[45]. The main
advantage of freeze desalination technology is its lower energy requirement in comparison
to other desalination processes that uses evaporative methods; since the latent heat of
freezing is low (333.5 kJ/kg) compared to the latent heat of evaporation (2256.7 kJ/kg)
[12], [44], [45]. Hence, it is clearly shown that a lower amount of energy is required for the
freeze desalination process. Approximately, the ratio of latent heat of vaporisation of water
to the latent heat of freezing is 6.5:1. Hence, evaporating 1kg of water will create 6.5kg of
ice [46], thus enabling an increased production of ice and an increased efficiency. Important
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issues with all types of distillation processes are the scale formation and corrosion; but
since freeze desalination is operated at low temperatures, these issues are minimized. There
is also minimal corrosion and metallurgical problems and requires almost no pre-treatment.
Therefore, an extensive range of materials and construction methods can be used [45]. The
freezing process is suitable for substances that even the membrane process cannot desalt,
including industrial or wastewater, or brackish water that has a high salt content. This is
because the freezing process enables the feed water to undertake properties with different
concentrations or types of substances [12], [41].

Youssef et al [10] carried out detailed parametric analysis to compare the performance of
various desalination technologies, and showed that freeze desalination releases CO2
emissions of about 5.5kg/m3 and the cost of water production is only 0.34$/m3, which are
low compared to other desalination technologies. Another major advantage of the freeze
desalination technology is the ability to exploit the cold energy from the regasification of
liquefied natural gas (LNG) [35]. This high quality energy source can be used to cool the
feed sea water in the freeze desalination process, but most cold energy during LNG
regasification has been wasted until today [32]. Due to the on-going energy supply-demand
disparity, enhancing these technologies can aid in providing solutions for this, and in
improving the economics of the renewable energy powered desalination systems, as
desalination capacity is rising worldwide [12], [47]. An adsorption system can also be used
to conduct freeze desalination as Dakkama et al [48] investigated a novel vacuum-direct
freezing technique using an adsorption system for freeze desalination by using sea water as
refrigerant [7].
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Disadvantages
Despite of lower energy consumption, good separation efficiency and high product quality;
the widespread use of freeze desalination is still limited due to a number of technical issues
like the formation of ice scale layer on the cooling surfaces in the indirect freeze system
[49]. The thermal conductivity of ice is very low (2.16 W.m-1.K-1) [50] compared with those
materials used in heat exchangers like copper or stainless steel. Therefore, the formation of
such ice layer on the heat exchanger walls will significantly reduce its efficiency and
production rate, particularly as the ice layer thickness increases [12], [51], [52].

In theory, the freeze desalination process is predicted to produce ice crystals which are pure
but the ice quality is affected by many aspects during the freezing process. It was suggested
that the ions could be expelled into brine of slight quantities of moderately frozen or
completely unfrozen. Occasionally, these ions do get trapped into the ice crystal, in
qualitative concurrence with the low solubility of salts in ice [53]. Luo et al [54] conducted
a research on factors that affected the ice crystal quality during freezing where it was
concluded that the rate of freezing, solid fraction, temperature of freezing and the
concentration of the solution affected the ice quality [7]. The separation of ice crystals from
the concentrated brine is a challenge in the freeze desalination process. Higher initial
investment, capital costs and higher operating costs during the ice separation process are
also further drawbacks of this process. Other disadvantages include: build-up of the initial
feed saline water that contains unnecessary aromas and flavours into the produced water
[31]. Growing, handling and washing of ice crystals are involved in the freeze desalination
process. Furthermore, mechanical vapour compressors which consume significant amount
of electrical energy are used in this system. Additionally, due to the high complexity of the
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unit operations involved in the melting unit, freezing unit, and wash-separation column, it
is unlikely that large plants will be designed and operated, causing a major drawback in the
freezing process [31].

Crushing and recrystallization of ice are two processes that are required during freeze
desalination due to the salt solution being confined in the ice. In distillation and other
evaporation processes, low quality energy is used, however for freeze desalination, high
quality energy is essential. There are several key processes that require a substantial amount
of awareness such as, practicalities of handling ice slurries, ice crystallization and growth
in the slurry system, hydration behaviour, and also methods for the separation of brine from
ice. This will assist in understanding that when reducing the salt content in the water
produced, it is achieved by needing a certain amount of fresh water to wash the ice [31]. A
few freeze desalination plants that have been manufactured in the past 40 years, have not
been commercially practical; thus causing some of these plants to have been abandoned
[29].

2.2.2 History of freeze desalination
The ice formed in seawater is essentially fresh clean water and after melting, it can be used
as pure water. During the second part of the seventeenth century, sailors have used this
method in order to obtain fresh water from ice. In 1661, Thomas Bartholinu, a Danish
physician was the first to state that the ice formed in the sea was fresh and melting this ice
would give pure water [55]. Robert Boyle also confirmed the observation that ice in
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seawater can be used to obtain freshwater [56]. The basis of why ice in sea water is pure
was then discussed by Jesuit Athanasios Kircher [57].

Anton Maria Lorgna, an Italian scientist in the late 1700’s, came up with a technique to
purify seawater by the freezing process, where the saltwater was frozen and then the ice
crystals formed, were melted to obtain pure water [58], [59]. Freeze water refinement was
not a practical solution in the early days as it was only feasible in the cold climatic
conditions [59]. In the late 1930s, the interest in freeze desalination process was renewed,
leading to construction of an experimental desalting plant near Rome that functioned for
some years [59]. This was due to the revolution of refrigeration machines. The urge to
develop this process then faded. However in the 1950’s, 1960’s and 1970’s several
researchers consistently analysed this process, resulting in creating ideas and improvements
for this method [60]–[67].

In the 1970s, a crude oil boom occurred, which resulted in more energy being accessible,
hence evaporation and RO processes regained interest. This later resulted in the freeze
desalination process, fading again [45]. Nevertheless, in the food industry, the freeze
desalination process has been extensively used and various other developments that can be
used for freeze desalination have been discussed by Sanchez et al. [67], [68].

2.2.3 The process of freeze desalination
The fundamental idea of the freeze desalination process is freezing of saline solutions to
form ice crystals from water to separate it from the salts. This is due to the fact that the ice

17

CHAPTER 2 – Literature Review

crystals formed contain pure water and are free of salts. When sea water is partially frozen,
the ice crystals can then be separated from the residual concentrated brine by physically
separating the two, and then melting the ice to form pure water [31].

Williams et al. [45] proved the process of desalination by conducting a small experiment,
where a methylene blue dye solution was placed in a metal beaker and was frozen. This
was carried out in a regular freezer for a few hours. The water and dye then separated in a
gentle de-freezing progression. From this experiment, it was observed that the concentrated
brine was collected in the middle of the ice and at the edge of the ice, was pure water as
shown in Figure 2-5. Later the dye pockets were washed and the ice was melted in order to
obtain pure water. Hence, Williams et al. [45], proved that by removing heat to form ice,
separating the ice from brine and melting this ice to obtain pure water, were the primary
steps in the freeze desalination process.

Figure 2-5: Freeze separation with methylene blue dye [45]
Rahman et al. [31] also concluded that the ‘ice crystallisation’ and the ‘separation and
melting’ of the ice are the two primary steps of the freeze desalination process as shown in
Figure 2-6. Nucleation arises in the first step, at an appropriate super cooling temperature.
Thus, large ice crystals are then formed as the nuclei in the solution develop. In the second
stage, a separator divides the ice crystals from the concentrate. Therefore, melting these ice
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crystals results in pure water. Overall, the pre-cooler cools the feed water and then in the
crystallisation unit, adequate heat is taken out from the process in order to form ice crystals,
which are then separated from the concentrated brine that is not frozen. These crystals are
then washed with pure water to remove any adhering brine concentrate from the crystals’
surface.

Figure 2-6: A basic freeze desalination process

Lu and Xu [41] suggested four mechanisms for the freeze desalination process which are;
freezer, washer, melting unit and the heat elimination system. There are many designs for
the freeze desalination process and the way the freezing and melting takes place differs in
various processes. As the heat is removed from the salt water, ice crystals are formed; and
there are many different ways to conduct freezing. Thus, these crystals are then simply
moved, removed, detached, cleansed and melted. During the freezing process, the extracted
heat is generally recovered on for the melting of ice at the end of the process, in order to
optimise the efficiency. The amount of heat that is added to the melting unit is principally
almost equivalent to the amount of heat extracted from the freezing component. By
transferring the heat removed from the brine in the washer during crystallization, into the
melter will allow the ice to melt [41]. The temperatures at which the freezing processes
occur are lower than the ambient; hence the heat must be extracted from the system
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continuously. Freeze desalination processes differ in the various methods of heat
elimination.

Figure 2-7 shows the basic process of freeze desalination. As the salt water enters the
crystallizer, the solution is frozen and the ice crystals are formed. This is the primary section
of the process and the way the freezing is completed can be different to many freeze
desalination processes. In the separator, the ice and the brine slurry mixture is separated.
Washing of the ice crystals also occurs at this stage, where a small amount of clean water
obtained from the product is used to clean the ice crystals from the entrained brine. Pure
water is then finally obtained after melting the ice.

Figure 2-7: An advanced freeze desalination process

2.3 Different types of freeze desalination processes
There are various types of freeze desalination processes and a small number of freeze
desalination demonstration plants that has been built over the past 40 years [29]. The main
types of freeze desalination processes that are discussed in this chapter are summarised in
Figure 2-8.
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Freeze Desalination
Methods

Direct

Indirect

Suspension

Vacuum

Eutectic

Cold Surface

Progressive

Film/layer

Figure 2-8: Different freeze desalination methods

2.3.1 Direct contact freezing process
In direct contact freezing, the direct-contact crystallisers mix the saltwater solution and the
refrigerant. Saline water and a non-miscible refrigerant of liquid hydrocarbon like butane;
are directly made in contact with each other and is then vaporised. Under high pressure, the
refrigerant in a liquid form is expanded through a nozzle into the product liquid. Afterwards
at low pressure, it then vaporizes. A refrigeration effect is then occurred due to this
vaporization, thus causing ice formation and solute crystal formation within the saline water
[31]. The ice and brine slurry must then be separated as it is propelled to a wash column
and subsequently sent for melting [45].

The main stages of direct contact freezing consists of nucleation of ice, a crystalliser
permitting the progress of these nuclei up to an appropriate size for separation, and a
separator to separate the ice crystals from brine [69]. The appropriate size for separation is
determined by the critical size of the crystals and these crystals have to be bigger than the
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critical size for them to grow and not melt [69]. Moreover, an ice crystal washer and an icemelting unit are needed to obtain pure water. Figure 2-9 displays the basic direct contact
freezing process [70].

Figure 2-9: Direct contact freezing process [31]

Williams et al. [45] suggested that in the freezer, the hydrocarbon vapour is compressed
and heated; this heated vapour is then sent to the ice melting unit, as shown in Figure 2-10,
to be used for melting the ice. At high pressure, the compression and condensation of the
butane vapour will occur and is recycled back to the freezer. The heat exchanger is there to
regain a low amount of heat from the seawater that is entering into the system using the
cooled water and brine.
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Figure 2-10: Direct contact freezing process - schematic diagram [41]
The primary benefits of this method are; that the consumption of power is low due to the
lack of a heat transfer surface in the system, the nonexistence of moving parts, that it is a
compact and an efficient system and most importantly occurs at a small driving force and
has a high production rate per unit volume [71]. Moreover, this only needs a small amount
of work per unit of freshwater produced, due to the fact that the compressor functions over
a small temperature range [72]. Furthermore, using butane as the refrigerant benefits
greatly, by not having to be vacuum tight.

Conversely, a critical drawback of this process is that the water attained is non-potable, due
to the partial retention of the refrigerant in the ice made. Additionally, there are many issues
with the compressors where these compressors require lubrication that could result in the
water being infected unless demisters are included in the plant. Furthermore, compressors
that work with low-pressure refrigerants like butane have not been tested and are
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unattainable. Thermally driven adsorption heat pumps, can substitute the compressor
driven refrigeration cycle as a possible answer to the issue and this could also surge the
effectiveness and efficiency [72]. An alternative answer to the issue can be, the application
of a hydraulic refrigerant compressor that uses a liquid stream, such as water, that is flowing
and a hydrostatic head to compress the refrigerant [73]. Other disadvantages of the direct
contact freezing process are because of practical considerations, including functioning and
controlling the solids handling operations [2].

2.3.2 Vacuum freezing process
The simultaneous occurrence of evaporation and freezing is the base of the vacuum freezing
process. The saltwater enters the system as the ice, brine slurry, and water vapour are drawn
out. The refrigerant in the vacuum freezing process can be water itself [74]. Initially, using
a high vacuum, water is vaporized, thus resulting in the refrigeration effect and the water
temperature being reduced, causing ice crystals to form. The ice crystals are then washed
and melted by condensing the water vapour in the melting-condensing section as shown in
Figure 2-11. The compression of the vapour is the primary energy requirement in this
process and energy is also required to drive the vacuum pump. As shown in Figure 2-11,
the dissolved gasses are removed using the deaerator as these gases would affect the general
operation of the process.
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Figure 2-11: Vacuum freeze desalination process - schematic diagram [41]
Research conducted by Rane and Padiya [75] concluded that 3.5% salt by weight can be
obtained at 0.0051bar and −2.1°C which is the triple point of seawater. The seawater
surface is maintained below this triple point value in the vacuum freezing technique [75].
Major issues are reduced when using water as the refrigerant. Thus, this benefits the system
as the cost is reduced and the supply is available. Contamination of the product is avoided
and the separation of the ice becomes easy in comparison to direct contact freezing.

Vacuum flash freeze desalination is mostly applied to small-scale desalination plants due
to its simplicity and ease [76]. This process is mainly based on heat transfer that is
controlled; needing stirring and the residence time is not a crucial variable. Furthermore,
for the elimination of the non-condensable gas in the system, an efficiently designed
melting component is required [77]. A major drawback of vacuum freeze desalination is
the fact that, due to the high specific volume of the water vapour, the design of the
compressor is challenging. Alternative solutions include, vacuum-freezing high pressure
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ice melting (VFHPIM) processes and vacuum-freezing vapour adsorption (VFVA), where
the vacuuming process have been designed to avoid the challenges involved [41].

2.3.3 Eutectic freezing process
Barduhn was the first to create the eutectic freezing process [78] which was then first tested
by Pangborn [79]. Schroeder [80] concluded that if the eutectic freezing process was
enhanced, it could be a very significant process in the future.

The fundamental idea of the eutectic freezing process is the fact that the product water will
separate as ice and the salts as solids by taking advantage of the difference in the densities
of ice and salt. The growth of the crystals of ice and salt occur individually, which can then
be separated quite simply due to the fact that the ice will float and the salt will sink. These
aqueous solutions are frozen to obtain pure water as ice and salt which precipitate when
sufficiently concentrated. Hence, one ends up with no brine product [31]. The temperature
at which both the ice and the salt will crystallise is called the eutectic point. The extraction
of heat at around -20oC (eutectic point) causes the precipitation of the ice and NaCl.2H2O
crystals. The saltwater when frozen, forms pure water as ice crystals on the surface and the
brine is then concentrated in the rest of the solution. The pure ice crystals can then be
separated from the solution and then washed to clean. These ice crystals are then melted to
obtain the pure water. The solution nevertheless would still contain pure salt that will
crystallise at the eutectic point.
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A salt filter and an ice-salt separator exists in the eutectic freezing process and this
distinguishes it from ordinary freezing processes as concluded by Van der Ham et al. [81]
and shown in Figure 2-12. The key difference in the eutectic freezing process compared to
conventional freezing processes is the stirred tank crystalliser used in eutectic freezing.
Additionally, a hydro-cyclone separator and a floating wash column are used in the eutectic
freezing process [82].

Figure 2-12: Eutectic freezing process - schematic diagram [81]
Figure 2-13 shows a disk column crystalliser (CDCC) that allows the separation of ice and
salt solids simultaneously, built by Van der Ham et al [83]. Cooled Disk Column
Crystallizer (CDCC) system utilizes 2 ‘cooling disks’ that is fed with coolant solution in
an indirect manner to cool the salt water to freeze [45]. The saltwater is directed into the
centre of the column and when the freezing process arises, the salt travels to the bottom and
the ice rises to the top of the column. Van der Ham et al. [84] and Himawan et al. [85]
developed a detailed cooled disk column crystalliser model and a eutectic freeze crystallizer
model respectively, by creating computer based dynamic models to simulate their transient
behaviour.
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Figure 2-13: Cooled disk column crystallizer side view (left) and top view (right) [83]
Disposal of brine and concentration of industrial wastes, are key issues, where the
continuous use of eutectic freezing could assist in eliminating these problems [82]. The
discarding of brine issue can be solved using the eutectic freezing process as the ice crystals
and salt solids are separated simultaneously. Hence, the salt that is precipitated can also be
a by-product of this process. A great benefit of the technology involved in this process is
that, theoretically in a binary system, a 100% yield can be achieved [45]. Conversely, the
eutectic freezing process requires much more energy for freezing, due to the fact that this
operates at around -25C compared to other freezing processes, which operate at around
-5C.

2.3.4 Indirect contact freezing process
Indirect contact freezing process contains a wall or a physical barrier separating the sea
water and the refrigerant used for cooling. The main difference in indirect freezing in
comparison to direct contact freezing is the fact that the saltwater and the refrigerant do not
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directly come into contact. Mechanical refrigeration or various other means cause the ice
to form on the surface. The transfer of heat must be passed through a firm barrier and the
refrigeration energy is delivered through a type of heat exchanger [9], [86].

Similar to direct contact freezing process, saline water enters the system by passing through
a heat exchanger in order to lower its temperature. Hereafter, it enters the freezer where it
is frozen to produce the ice crystals. The brine and the ice formed are then separated after
passing through the washer. Ice is then melted by passing through the melter using the
energy obtained from the heat released by condensation of the refrigerant, which is then
compressed in the compressor. The fresh water obtained is then collected and stored.
During the process of storing, it is passed through the heat exchanger to cool the incoming
saline water. A small amount of the produced freshwater is sent to the washer to wash and
clean the ice crystals as shown in Figure 2-14. The volume of water needed for washing the
ice does not surpass 5% of the total output water [45]. Lastly, the waste brine product from
the washer is then rejected. While in the process of being discarded, it is passed through
the heat exchanger for further cooling of the incoming saltwater. Therefore, it can be
concluded that energy retrieval from the freshwater and the reject brine by precooling the
saline water can be carried out through the heat exchanger [72].
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Figure 2-14: Indirect freezing process - schematic diagram [41]
There are two types of indirect freezing processes, which differ by the way cooling takes
place, i.e. internally or externally [31]. Kadi et al. [87] confirmed that there are two types
of indirect freezing processes; suspension freezing and freezing on a cold plate [88], [89].
Ice particles are formed in two stages in the suspension of the mother liquor (brine) in
suspension freezing. The first crystals that are formed in the ice nucleator is moved to the
re-crystalliser where the petite crystals develop into bigger crystals by the Ostwald ripening
mechanism [88]. Suspension freezing is mainly used in the food concentration industry
[31], and has many drawbacks such as; complexity, cost, difficult nucleation and crystal
growth control [90]–[92]. On the other hand, freezing on a cold surface method works by
formation of a single crystal layer on the surface that is being cooled. This process can be
in the form of progressive freezing or falling film method [87]. The key advantage of using
this method is that the ice forms in a one dimensional direction where the crystallization
forms layer by layer [54]. Thus, less impurities can be trapped in-between ice crystals. If a
stirrer is used in this process, it reduces the impurities near the surface of the ice growth.
This process is also easy to scale-up.
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The uncomplicated and straightforward process of indirect freezing also has a few
drawbacks [93], [94]. Firstly, heat transfer surfaces, which are big and metallic, are required
to freeze and melt; these apparatuses can be expensive and complex. This requires a high
amount of energy due to the fact that, a resistance exists between the refrigerant and the
salt water. The process can be very complicated in operating and in maintaining the ideal
operating conditions [95].

Fujioka et al. [43] and Miyawaki et al. [96] conducted an indirect contact freeze
desalination process for a progressive freeze- concentration that is commonly used in the
food industry to be used for freeze desalination. Fujioka et al. [43] conducted laboratory
experiments for the indirect contact freeze desalination and investigated the effect of the
advanced speed of ice, initial concentration and the circumferential velocity of stirrer on
freeze desalination. Miyawaki et al. [96] investigated the effective partition constant in the
progressive freeze-concentration mathematically. It was concluded that the freeze
concentration performance was improved when the rate of stirring was increased; where,
increasing the stirring rate from 650RPM to 1400RPM, lowered the effective partition
constant from 0.7 to 0.55 thus increasing the freeze concentration performance.

Rich et al. [97] conducted indirect contact freezing process in three experiments to produce
water with salinities below 0.5g/kg that satisfies the standard of drinking water. The
complete process included the freezing step that involves the crystallisation and then the
sweating steps to purify the ice layer by melting the impure locations. It was concluded that
using severe sweating conditions lead to obtaining water salinities lower than 0.5g/kg,
fulfilling the drinking water standards [97].
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Williams et al. [98] and Cao et al. [35] conducted research on indirect contact freeze
desalination using an ice maker machine. Williams et al. [98] studied experimentally the
potential of using an ice maker (Figure 2-15) for freeze desalination by desalting sodium
chloride solutions, Arabian Gulf seawater and reverse osmosis brines. It was concluded that
this is a less complicated method in comparison to conventional freeze desalination
methods due to the fact that mechanical movable parts and the complicated separation and
post-treatment processes are excluded.

Figure 2-15: Schematic diagram of ice maker freeze desalination process by Williams et
al. [98]

Indirect contact freeze desalination has been chosen for the three different types of
experiments discussed in this thesis in chapters 3, 4 and 5 due to the ease in manufacturing
this system and also due to less impurities being trapped in the crystallisation, thus
providing more pure water.
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2.4 Cryogenic energy storage
This section describes cryogenic energy storage and the importance of cryogenic energy
for various applications. The advantages of cryogenic energy and the use of cryogenic
energy in combination with freeze desalination are also introduced.

Energy storage is a vital part of energy production using renewable energy sources [99].
Cryogenic energy offers potential for enhancing renewable energy utilisation, due to the
fact that liquid nitrogen and liquid air have high energy density.

Cryogenic energy storage uses surplus electricity to cool air to liquefy it and then it is stored
in tanks. Liquid air can be stored in a compact manner in small tanks because of the energy
density and pressure. In low pressure insulated tanks, these cryogenic fluids can be stored
for months with losses as small as 0.005% volume per day [100]. When needed, the liquid
air is pressurized and transformed into gaseous state (evaporated), usually using waste heat
from another process (higher temperature source). This gas is then expanded to run a
turbine to generate electricity [100], [101].

2.4.1 Advantages
Cryogenic energy storage has many advantages [102] such as:


Cryogenic technology has been proven as it has been there for many years.



There are cryogenic storage regulations that exist already.



Tanks are cheap due to the fact that the liquid air storage is at low pressure.



The energy density of liquid air is four times the energy density of compressed air.
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Air is not toxic, and it does not explode.



Liquid air is plentiful and cheap and safe energy vector to store such energy [103].

Most importantly, the low boiling temperatures of cryogenic fluids inspired researchers to
investigate the use of cryogenic energy especially in cooling as well as in power generation.

2.4.2 Applications of cryogenic energy storage
Liquid nitrogen and liquid air have caught the attention of many researchers to use it in
power generation, energy storage and also in domestic applications for cooling, primarily
due to the low boiling points of cryogenic fluids. Due to the key benefit of using liquid
nitrogen or liquid air as energy carriers, many researchers have still investigated the
potential of using liquid nitrogen and liquid air energy to deliver power [104], [105] or
cooling [106]–[108] or both [109]–[111] for domestic use.

The regasification process of LNG to recover the cold energy allows to generate power and
cooling, although the plants that does this are only situated in certain places due to safety
reasons, making it difficult for domestic application. Additionally, the gasification process
generates 840 kJ/kg of low temperature energy [112], [113], allowing this cold energy to
be used in applications like frozen food production, frozen food storage and to produce
fresh water through freeze desalination [114]. The use of cryogenic energy for some
important applications are discussed below.

34

CHAPTER 2 – Literature Review

Dearman engine technology
Dearman [115] developed an engine to be used in transport refrigeration vehicles, for power
generation and cooling. Figure 2-16 explains how the Dearman engine works for cooling
and power generation. Liquid air or liquid nitrogen is vaporised and expanded to drive a
novel piston engine to generate power and produce clean cold [110].

Figure 2-16: How the Dearman engine works in the transport refrigeration [115]
The Dearman engine works at near isothermal expansion where firstly, the LN2 is entered
into a heat exchanger providing cooling to the temperature controlled locations as shown
in Figure 2-17. The Dearman engine is then used to expand the LN2 by mixing it with heat
exchanger fluid to improve the efficiency and power. A secondary refrigeration system is
driven by the engine for further cooling. The heat exchanger fluid of glycol/water is
recovered and recycled [115].
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Figure 2-17: Dearman clean cold and power transport refrigeration unit [115]

The key benefits of this engine are; the zero local emissions, quiet, superior performance,
cost comparable and ‘easy and safe’ operation. In comparison to commercially available
battery systems, this system’s capital cost is much lower. The total cost over 5 years is
slightly higher of about 9% in comparison to diesel engines, however the CO2 emissions
and fuel consumption are 22% and 32% less, respectively [103], [110], [115].

Stirling engine
Wang et al. [109] numerically modelled a gamma type Stirling engine, cooled by the very
low temperatures of LN2. Figure 2-18 shows the engine mechanism where; the engine
efficiency is enhanced due to the very low temperature of the cold side, as this ensures a
larger hot-cold temperature difference [109], [116].
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Figure 2-18: Open-closed hybrid cycle engine mechanism [109], [116]

Liquid nitrogen powered vehicle
A closed Brayton cycle with a liquid nitrogen power system is introduced by Ordonez
[117]. A numerical model of combining an open LN2 power cycle to drive a closed Brayton
cycle was developed. The thermodynamic analysis proved that the closed Brayton cycle
system could reach a specific energy which is 10 times larger than the ‘CooLN2Car’ open
cycle system introduced by Plummer et al. [118] and 4 times greater than the GM EV1
battery power system [117]. Liquid nitrogen was used to power a zero emission vehicle
using the closed Brayton cycle cryogenic heat engine. It is expected to have a capital cost
less than battery powered vehicles and a fuel cost not larger than gasoline fuelled vehicles
[117].

Figure 2-19 shows the working mechanism of the LN2 fuelled closed Brayton cycle
cryogenic heat engine where it is divided into two parts ‘(a)’ and ‘(b)’ as shown in the
schematic diagram.
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1

LN2 reducing the temperature of
the working fluid, nitrogen gas, by
heat exchange.
2
Compression.
3
Counter-flowing gas increasing
the temperature by heat exchange.
4
Atmospheric air increasing the
temperature by heat exchange.
5
Expansion.
6
Counter-flowing gas reducing the
temperature by heat exchange.
(a) Compression.
(b) Atmospheric air increasing the
temperature of the cold gas by heat
exchange.
(c) Release into atmosphere after
expansion.
Figure 2-19: LN2 fuelled closed Brayton cycle cryogenic heat engine (a) and an open
cycle subsystem (b) [117]
The closed Brayton cycle includes; cooling, compression, heat recovery, heat input,
expansion and precooling processes which are numbered from 1 to 6 as shown in
Figure 2-19. Evaporation, compression, heat input and expansion processes are identified
by a, b and c of the LN2 open cycle subsystem. The open cycle subsystem maintains the
LN2 pressure low at atmospheric pressure and the processes are explained in
Figure 2-19.

Other cryogenic applications
A food transport vehicle using cryogenic energy has been patented by Newman and
McCormick [119]. This patent claims that liquid nitrogen and LNG fluids are both used to
cool and power the food transport vehicle [119]. Garlov et al. [120] patented a food
transport vehicle that sprayed LN2 directly into the food space. This patent claims that when
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the spraying of LN2 is stopped, it passes through a heat exchanger to a space with ambient
air, where the ambient air releases the nitrogen gas from the space allowing the space to be
in a breathable atmosphere [120]. Directly releasing LN2 from a high pressure vessel to a
space for cooling was patented by Dakhil et al. [107]. This invention allows the release of
liquid nitrogen into nitrogen gas which is mixed with warmer air to create a cool air
mixture, which is then directed to the space to be cooled [107]. A cooled beverage dispenser
using cryogenic energy was invented by Skobel et al. [106]. This patent claims that the
liquid (slush) is rapidly cooled with a counter flowing flow of liquid nitrogen in a heat
exchanger, where the liquid comes from a reservoir to a dispenser [106].

Chen et al. [104] conducted numerical analysis to compare the performance of two types
of air fuelled engines for a typical small scale passenger car; compressed air and liquid air
as shown in Figure 2-20. The comparison has been carried out in terms of output work,
energy density, efficiency and cooling capacity. It was concluded that when the working
temperature and pressure were increased, the shaft work output and the coolth of both fluids
increased. However, it was stated that liquid air powered engines have lower specific work
outputs in comparison to compressed air powered engines [104].

Figure 2-20: Engine systems schematic diagrams: compressed air engine (left), liquid air
engine (right) [104]
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Knowlen et al. [105] studied the use of liquid nitrogen to fuel a car engine where heat
exchangers at ambient temperature were used to power the engine. The temperature at
ambient was used to evaporate liquid nitrogen in a heat exchanger, before expanding it in
an isothermal expander, which employs a secondary warming fluid that adds heat to the
nitrogen throughout the expansion procedure to sustain a nearly constant temperature. It
was concluded that the cryogenic propulsion system would deliver better automotive ranges
and lesser operating costs in comparison to electric vehicles at present; if adequate heat
input during the expansion process can be achieved [105]. Ordonez and Plummer [121]
investigated the different cryogenic fluids such as neon, helium, air, nitrogen, etc. to
generate power to drive a car and concluded that the high energy density of 0.75MJ/kg in
LN2 made it the most suitable [121]. It was also stated that for a LN2 energy system, there
are no risks of chemical explosions, by-products that are toxic or emissions of lowfrequency electromagnetic field [121].

2.4.3 Applications of cryogenics for freeze desalination
There are many uses for cryogenic energy as explained above and desalinating sea water
by freezing is one important process that can benefit from cryogenic energy storage. The
vast amount of cold energy obtained from the regasification of liquid nitrogen/air allows
freeze desalination techniques to be investigated [114].

Few researchers have investigated the use of cryogenic fluids for freeze desalination. Lin
et al. [11] designed and manufactured a prototype of a freeze desalination system exploiting
the cold energy from LNG as shown in Figure 2-21. It was concluded that due to this cold
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energy being available at no cost, the freeze desalination process can become economical
and environmentally friendly. 2kg of fresh water per kilogram of LNG was achieved but
the salt removal rate was only 50%, which is quite low in comparison to certain desalination
techniques such as multi-stage flash, reverse osmosis, adsorption, etc. as was shown in
Figure 2-4.

Figure 2-21: Freeze desalination prototype system developed by Lin et al. [11]
Wang et al. [89] designed and systematically investigated a hybrid freeze desalination
system and concluded that the utilization of LNG cold energy could greatly reduce the total
energy consumption. Cao et al. [35] designed and simulated on HYSYS software, freeze
desalination using a flake ice maker using LNG cold energy. From the calculations, it was
found that using 1kg of LNG, 2kg of fresh water was obtained.

Chang et al. [32] investigated and optimised the operating parameters of the indirect contact
freeze desalination process using LNG by developing an indirect contact freeze
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desalination unit as shown in Figure 2-22. In one hour, 520-525g of ice was obtained from
a 1kg of feed in solution, thus giving a recovery rate of 26%; due to the fact that the volume
of wash water required was improved to be 50% of the weight of raw ice. Hence, it was
concluded that the process parameters optimised in the study can be directly used for the
freeze desalination process of sea water.

Figure 2-22: Indirect contact freeze desalination unit developed by Chang et al. [32]
Kalista et al. [40] and Williams et al. [45] also stated that the combination of freeze
desalination process with regasification of liquified natural gas could solve the energy
consumption issue, thus lowering its costs. Therefore, this shows great potential of using
cryogenic energy for freeze desalination.
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2.5 Numerical analysis (CFD) of freeze desalination
Literature on computational fluid dynamics to conduct freeze desalination is very limited.
Research has been conducted numerically on the formation of ice on subcooled surfaces
for the rate of ice growth and conditions for controlling [122], distribution of temperature
[123], heat transfer coefficient [124], unsteady heat transfer [125], and ice growth kinetics
for a continuous freezing process [126], [127]. Nevertheless, these studies did not examine
the progression of salt separation and the rise of the salinity of the brine solution [7].

The separation of binary mixture freezing for salt water desalination was numerically
studied by Abid et al. [128], nonetheless the effect of ice growth dynamics was not taken
into consideration [7]. Abid et al. [128] used ANSYS Fluent [129] to demonstrate the freeze
desalination process in a rectangular enclosure and conducted parametric study to observe
the effect of altering the direction of freezing. The 35g/l initial salinity saltwater reduced to
7g/l, 1g/l and 0.5g/l when freezing was done from bottom, top and lateral sides respectively.
Therefore, it was concluded that freezing from lateral sides was the best as it allowed to
reduce the ice salinity the most. Jaouahdou et al. [130] numerically demonstrated the freeze
desalination process using the CFD software ANSYS Fluent [129] where the freezing
occurred around a cylindrical copper tube. It was concluded that by using a vertical tube
enabled a faster and efficient freezing process in comparison to using a horizontal tube.
Khadije et al. [87] also briefly conducted CFD analysis on freeze desalination and
concluded that the use of CFD allows giving a clear understanding of the overall
crystallisation of the freeze desalination process. The separation of salt from ice after the
freezing process and the increase of the salinity in the remaining brine have not been
investigated by any other researchers [7].
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In theory, the freeze desalination process is predicted to produce ice crystals which are pure
but the ice quality is affected by many aspects during the freezing process. It was suggested
that the ions could be expelled into brine of slight quantities of moderately frozen or
completely unfrozen. Occasionally, these ions do get trapped into the ice crystal, in
qualitative concurrence with the low solubility of salts in ice [53]. Vrbka and Jungwirth
[131] have studied molecular dynamics simulations of freezing an aqueous sodium chloride
solution. Freezing has been studied at a molecular level and the rejection of brine from the
salt solution of NaCl after freezing was witnessed. A PMEMD program based on the
software package AMBER 7 was used to carry out the molecular dynamics simulations in
terms of time evolution of density profiles and patterns of hydrogen bonding [7].
Additionally, Vrbka and Jungwirth [53] did further research of molecular dynamics (MD)
simulations using the PMEMD program to understand the molecular mechanism of brine
rejection. It was concluded that increasing the initial salt concentration, increased the time
scales of the freezing process from approximately 250ns in pure water to more than 0.5µs
for the most concentrated NaCl solution. It was also concluded that at higher initial salt
water concentrations, NaCl ions can get trapped in the ice crystal due to the qualitative
concurrence with the low solubility of salts in ice as shown in Figure 2-23.

Figure 2-23: Freezing simulation results at (a) 1ns, (b) 200ns, (c) 400ns and (d) 600ns of
the NaCl solution [53]
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Cao et al. [35] conducted numerical analysis to simulate the freeze desalination process of
a flake ice maker using the cold energy from LNG by using the software HYSYS. The
freezing section’s dynamic model was simulated by gPROMS software where the
conservation laws of mass and heat were applied. It was concluded that the rate of ice
growth reduced more quickly as the ice thickness increased. The numerical analysis showed
that, 2 kg of fresh water was obtained by using 1kg of LNG. Interestingly, Srinophakun et
al. [132] investigated freeze desalination using a horizontal hydroclone by CFD analysis.
Thus, concluded that the horizontal hydroclone successfully separated ice from a brine
slurry and the salt separation efficiency was enhanced by the increase of inlet velocity and
by lowering the solid concentration. The high inlet velocity of the horizontal hydroclone
created a higher centrifugal force thus increasing the separation rate.

In this thesis, the novelty of this research is the use of computational fluid dynamics to
model the salt separation process for freeze desalination. The salt separation process during
freeze desalination has not yet been simulated accurately using CFD. The separation of
brine from the ice layer allowing the ice formed to be of pure water and the brine that is
being rejected to the rest of the solution with high concentration which was missing in the
literature, was also investigated in this thesis [7]. The use of cryogenic energy where the
evaporation of liquid nitrogen to provide the cooling required for freeze desalination was
also modelled using CFD.
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2.6 Research motivation and contribution
Due to the increasing demand for fresh water, desalination of sea water is viewed as a
potential solution to overcome potable water shortages; therefore, desalination technologies
have been continuously developed. Currently, almost all desalination processes used are
based on evaporative approaches where extensive thermal energy is used, leading to high
fossil fuel consumption and CO2 emissions. Freeze desalination has become an important
process due to the lower energy consumption compared to other desalination processes;
since the latent heat of freezing is low (333.5 kJ/kg) compared to the latent heat of
evaporation (2256.7 kJ/kg) [12], [44], [45].

Computational fluid dynamics (CFD) is a powerful technique that permits to investigate
thermodynamic processes, including freeze desalination. Literature on computational fluid
dynamics studies for freeze desalination is very limited; therefore, the research conducted
is primarily focused on developing CFD modelling of indirect contact freeze desalination.
Hence, the novelty of this research is developing a three-dimensional computational fluid
dynamics model (CFD) to simulate the salt separation process and the dynamics of ice layer
growth to investigate the amount of ice (fresh water) generated and, salinity of the
remaining brine at various operating conditions. The main knowledge gap of this research
is the modelling of the salt separation process during freeze desalination. By conducting
CFD modelling of the freeze desalination process, it helps to further understand the process
and it also allows for optimization using advanced simulations. This will allow in creating
an effective freeze desalination system with less energy consumption to produce more
ice/pure water.
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Initially, the salt separation process of freeze desalination by computational fluid dynamics
(CFD) is carried out. The CFD model was then validated by carrying out experiments using
a Peltier cooling device to conduct freezing. The effect of freezing temperature, salinity of
salt water, direction of freezing has been investigated as a parametric study.

A commercially available ice maker machine has then been used to simulate the freeze
desalination process to assess the feasibility of freeze desalination as a small scale portable
desalination system that offers potential in domestic applications. CFD modelling using the
ice maker geometry is then carried out and validated using experimental testing.
Investigations of further freezing stages were conducted to obtain fresh water with salinities
regarded as fresh and safe to drink by the WHO. Parametric analysis was then carried out
on the geometry of the freezing tubes in the ice maker machine, on ice production.

Evaporation of liquid nitrogen has been utilized to assess the feasibility of using cryogenic
energy for freeze desalination. CFD modelling of the evaporation of liquid nitrogen for
freeze desalination was carried out. A test rig has been developed, where it has been used
to validate the CFD model and to study the use of cryogenic energy for freeze desalination.
Furthermore, altering the liquid nitrogen flow rate was investigated using CFD on ice
production.
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2.7 Summary
Freeze desalination is the process of separating water from salt by freezing salt water to
obtain pure water. Ice crystals are created from pure water when salt water is frozen; pure
water in the form of ice is separated from the brine. An in-depth literature review was
conducted on freeze desalination and the significance of this process was thoroughly
analyzed. The key steps of the freeze desalination process were thoroughly explained. The
main stages involved in the freeze desalination process are, ‘Ice crystallization’ and
‘Separation and Melting’. The first stage consists of the freezing of the salt water in order
to form the ice crystals. In the latter stages, washing, cleaning and melting of the ice crystals
follow, towards obtaining pure water. The main freeze desalination processes were
explained whilst acknowledging the benefits and drawbacks of these processes explained
and highlighted. In indirect freezing, less impurities gets trapped in the crystallization
process, thus generating more pure ice in comparison to other freeze desalination
techniques and also this type of freeze desalination technique is less complex to
manufacture. Hence, indirect contact freeze desalination has been selected for the three
different types of experiments discussed in this thesis in chapters 3, 4 and 5. Therefore, the
indirect contact freeze desalination process has been discussed in ‘Chapter 3 Computational Fluid Dynamics Investigation on Indirect Contact Freeze Desalination’,
where CFD modelling has been carried out to simulate the freeze desalination process and
validated using experimental testing. Literature conducted on freeze desalination using ice
maker machines enabled to investigate this technique which has been discussed in ‘Chapter
4 – Numerical Investigation of Indirect Freeze Desalination using an Ice Maker Machine’,
where CFD modelling and experimental testing has been conducted for a commercially
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available ice maker machine to assess the feasibility of using an ice maker machine as a
portable device in domestic applications.

Recently, liquid nitrogen and liquid air were identified as important energy carriers for
cryogenic energy storage in renewable energy systems due to their high energy density and
availability. Consequently, a thorough literature review was done on cryogenic energy
storage and its applications. The use of cryogenic energy for freeze desalination showed
potential due to the lower energy consumption. Hence, a literature review was carried out
regarding the use of cryogenics for freeze desalination. The use of cryogenics for freeze
desalination was investigated and discussed in ‘Chapter 5 – Evaporation of Liquid Nitrogen
for Freeze Desalination’, where CFD modelling has been carried out of the evaporation of
liquid nitrogen for the freeze desalination process. An experimental test-rig has been
developed to validate the CFD model and to understand this process further.
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CHAPTER 3

3. COMPUTATIONAL FLUID DYNAMICS
INVESTIGATION OF INDIRECT CONTACT
FREEZE DESALINATION
3.1 Introduction
This chapter is based on the published paper “Computational Fluid Dynamics Investigation
on Indirect Contact Freeze Desalination” by Jayakody et al [12]. Contents such as texts,
figures, graphs and tables are taken from the above mentioned paper [12].

Computational Fluid Dynamics is a powerful tool for simulation of various complex fluid
dynamic phenomena. Literature on CFD simulation of freeze desalination is very limited
and the salt separation process during freeze desalination has not yet been simulated using
CFD [12]. Therefore, in this research work, CFD modelling of the freeze desalination
process which allows the salt separation was developed.

Various researchers have experimentally and numerically investigated the formation of ice
on subcooled surfaces in terms of ice growth rate and conditions for controlling [122],
temperature distribution [123], heat transfer coefficient [124], unsteady heat transfer [125],
and ice growth kinetics for a continuous freezing process [126], [127]. However, these
research work did not investigate the salt separation process and increasing the salinity of
the aqueous solution. Abid et al. [128] numerically studied the separation of binary mixture
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freezing for seawater desalination application, but did not include the effect of ice growth
dynamics on the cooling surface [12]. Moreover, Vrbka and Jungwirth [131] have studied
molecular dynamics simulations of freezing an aqueous sodium chloride solution. Freezing
has been studied at a molecular level and the rejection of brine from the salt solution of
NaCl after freezing was observed. A PMEMD program based on the software package
AMBER 7 was used to carry out the molecular dynamics simulations in terms of time
evolution of density profiles and patterns of hydrogen bonding.

In this chapter, a 3D CFD model is developed to simulate the salt separation process and
the dynamics of ice layer growth to investigate the amount of ice (fresh water) generated
and salinity of the remaining brine at various operating conditions. ANSYS Fluent software
was used to develop a 3D CFD model of the freeze desalination process using species
transport, solidification/melting and energy modules. Furthermore, a representative
prototype was developed and experimental testing was carried out to validate the CFD
model. The validated CFD model has been used to conduct parametric analysis to predict
the effects of freezing temperature, solution salinity and the direction of freezing; on the
freezing time, ice production and its salinity. [12]

3.2 CFD theory of the freeze desalination process
Firstly, the theoretical background of the CFD simulation of the freeze desalination process
is discussed in this chapter. In order to simulate the freeze desalination process, energy
(heat transfer), species transport and solidification/melting modules were utilised. Modules
of solidification/melting and species transport were used to allow the pure water (as ice)

51

CHAPTER 3 – Computational Fluid Dynamics Investigation of Indirect Contact Freeze Desalination

separation from the rejected brine solution [12]. The solidification process has been
modelled using an enthalpy – porosity technique in ANSYS Fluent where a porous zone is
incorporated at the liquid-solid mushy zone, using liquid fraction corresponding to the
porosity value [133]–[135]. Therefore, in the model, a measure called the liquid fraction
indicating the cell volume fraction, which is in liquid form, is linked with every cell in the
domain individually. Based on the enthalpy balance, at each iteration the liquid fraction is
computed. The liquid fraction lies between zero and one in a region called the mushy zone.
This zone is modelled as a “pseudo” porous medium where, as the material solidifies, a
reduction of porosity from one to zero is reached. The porosity becomes zero when the
material is fully solidified in a cell and thus the velocities also drops to zero [136]. A
pressure drop occurs when the water freezes and in order to predict this pressure drop,
momentum sink terms are incorporated in the momentum equation [136].

The energy equation for solidification problems with the inclusion of species transport is
written as [12]:
𝑑
𝑑𝑡

(1−𝛽)2

(𝜌𝐻) + ∇ ∙ (𝜌𝑣⃗𝐻) = ∇ ∙ (𝑘∇𝑇) + (𝛽2

+𝜀)

𝐴𝑚𝑢𝑠ℎ 𝑣⃗

3-1

where, T is the temperature, 𝑘 is the mass transfer coefficient, 𝐻 is the enthalpy and 𝑣⃗ is
𝑑

the velocity. The term 𝑑𝑡 (𝜌𝐻), represents the energy stored and the body forces. ∇ ∙ (𝜌𝑣⃗𝐻),
term represent the surface forces and ∇ ∙ (𝑘∇𝑇) is the heat flux term. The
term

(1−𝛽)2
(𝛽 2 +𝜀)

𝐴𝑚𝑢𝑠ℎ 𝑣⃗, represents the momentum sink term added to the equation to represent

the porosity in the mushy zone where 𝛽, is the liquid volume fraction. 𝐴𝑚𝑢𝑠ℎ , is the mushy
zone constant and 𝜀 is a small number (0.001) given to prevent it being divided by zero
when 𝛽 = 0 [12].
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The material’s enthalpy is calculated from equation (3-2):
𝐻 = ℎ + ∆𝐻

3-2

where ∆𝐻 is the latent heat of solidification and ℎ is the sensible enthalpy calculated by
equation (3-3):
𝑇

ℎ = ℎ𝑟𝑒𝑓 + ∫𝑇

𝑟𝑒𝑓

𝐶𝑝 𝑑𝑇

3-3

where, ℎ𝑟𝑒𝑓 and 𝑇𝑟𝑒𝑓 are the reference enthalpy and reference temperature respectively. 𝐶𝑝
is the specific heat at constant pressure.

The liquid fraction, 𝛽 is determined as [7]:
𝛽=𝑇

𝑇−𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠
𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 −𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠

, when Tsolidus<T<Tliquidus

3-4

𝛽 = 0, when T<Tsolidus
𝛽 = 1, when T>Tliquidus
The latent heat content is shown in terms of the latent heat of the material and the liquid
volume fraction 𝛽, in equation (3-5).
∆𝐻 = 𝛽𝐿

3-5

With values of 𝛽 ranging from 0 to 1, this latent heat content can differ from 0 (solid) to L
(liquid). Iteration between the energy equation (3-1) and liquid fraction equation (3-4) will
provide a solution for the temperature. However, a poor convergence of the energy equation
is seen when equation (3-4) is used directly to update the liquid fraction [137]. Hence, to
update the liquid fraction, the method recommended by Swaminathan and Voller [137] is
used as discussed below. [7]

In order to understand the species equations for solidification and melting of a pure
substance, the temperatures 𝑇𝑚𝑒𝑙𝑡 , 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 and 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 are studied. 𝑇𝑚𝑒𝑙𝑡 is the apparent
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melting temperature where phase change arises for solidification of a pure substance. A
mushy freeze/melt region happens amongst a higher liquidus (𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 ) temperature and
a lower solidus temperature (𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 ) for a multicomponent mixture [135]. The
solidification effect of a multicomponent liquid allows the solutes to diffuse from solid
phase to liquid phase. [7], [123]
𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 = 𝑇𝑚𝑒𝑙𝑡 + ∑𝑠𝑜𝑙𝑢𝑡𝑒𝑠 𝑚𝑖 𝑌𝑖 /𝐾𝑖

3-6

𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 = 𝑇𝑚𝑒𝑙𝑡 + ∑𝑠𝑜𝑙𝑢𝑡𝑒𝑠 𝑚𝑖 𝑌𝑖

3-7

𝑌𝑖 is the mass fraction of the solute and the slope of the liquidus surface is 𝑚𝑖 with respect
to 𝑌𝑖 . The partition coefficient of solute 𝑖 is 𝐾𝑖 . It is vital to consider when calculating the
solidus and liquidus temperatures; if the value of the mass fraction 𝑌𝑖 surpasses the eutectic
mass fraction 𝑌𝑖,𝐸𝑢𝑡 , then the mass fraction 𝑌𝑖 is replaced by 𝑌𝑖,𝐸𝑢𝑡 . An assumption has been
made that, the last species material of the mixture is taken as the solvent and the solutes are
the other species in the mixture. The solid ice formed is of pure water during freezing,
without any salt content. Hence for species segregation, the ‘scheil’ rule has been sourced
at the micro-scale due to the fact that it assumes no diffusion of solute species in the solid.
[7], [138] Thus, when using the Scheil rule, the species transport equation (3-8) is given as
[7]:
𝑑
𝑑𝑡

(𝜌𝑌𝑖,𝑙𝑖𝑞 ) + ∇ ∙ (𝜌[𝛽𝑣
⃗⃗⃗⃗⃗⃗⃗𝑌
𝑙𝑖𝑞 𝑖,𝑙𝑖𝑞 + (1 − 𝛽)𝑌𝑖,𝑠𝑜𝑙 ]) = ∇ ∙ (𝜌𝛽𝐷𝑖,𝑚,𝑙𝑖𝑞 ∇𝑌𝑖,𝑙𝑖𝑞 ) −
𝑑

𝑑

𝐾𝑖 𝑌𝑖,𝑙𝑖𝑞 𝑑𝑡 (𝜌(1 − 𝛽)) + 𝑑𝑡 (𝜌(1 − 𝛽)𝑌𝑖,𝑙𝑖𝑞 )

3-8

Mass fractions of liquid 𝑌𝑖,𝑙𝑖𝑞 and solid 𝑌𝑖,𝑠𝑜𝑙 are related using 𝐾𝑖 , the partition coefficient
as [7],
𝑌𝑖,𝑠𝑜𝑙 = 𝐾𝑖 𝑌𝑖,𝑙𝑖𝑞

3-9
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Consequently, it is seen that, 𝑌𝑖,𝑙𝑖𝑞 is solved as the dependant variable in ANSYS Fluent
when the scheil rule is utilized. Furthermore, the liquid velocity is denoted as ⃗⃗⃗⃗⃗⃗⃗
𝑣𝑙𝑖𝑞 in the
mixture and 𝐷𝑖,𝑚 for species, is the mass diffusion coefficient. [7] For the Scheil rule, 𝑇 ∗ ,
the temperature at the interface is calculated as shown in equation (3-10) [7]:
𝑁𝑠 −1
𝑇 ∗ = 𝑇𝑚𝑒𝑙𝑡 + ∑𝑖=0
𝑚𝑖 𝑌𝑖 𝛽 𝐾𝑖 −1

3-10

where, 𝑁𝑠 denotes the number of species.

As density varies with temperature and species composition, buoyancies tend to occur when
there is more than one species in the mixture. Thermal buoyancy occurs due to the
variations in density with temperature and is calculated using natural convection flows. On
the other hand, solutal buoyancy occurs when density varies with species composition.
Hence, solutal buoyancy body forces are calculated using equation (3-11). [12]
𝑁𝑠
𝐹⃗𝑠 = 𝜌𝑟𝑒𝑓 𝑔⃗ ∑𝑖=0
𝛽𝑠,𝑖 (𝑌𝑙,𝑖 − 𝑌𝑟𝑒𝑓,𝑖 )

3-11

where, 𝜌𝑟𝑒𝑓 is the reference density and 𝑔⃗ is the gravity. The solutal expansion coefficient
is 𝛽𝑠,𝑖 and the total number of solute species is 𝑁𝑠 . 𝑌𝑙,𝑖 and 𝑌𝑟𝑒𝑓,𝑖 are the mass fraction of
the liquid phase and the reference mass fraction respectively. Thermal and solutal buoyancy
together is the total body force. The overall solidification behaviour of salt water can be
correctly predicted by modelling the thermal and solutal buoyancies. Hence, the Boussinesq
approach has been used to model the buoyancy induced flows in solidification problems
with multi-components such as freezing of salt water. [12]

The conservation equation of mass and momentum are used to solve for chemical species
and the local mass fraction of each species by ANSYS Fluent. This is done by solving a
convection-diffusion as shown in equation (3-12). [12]
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𝑑
𝑑𝑡

(𝜌𝑌𝑖 ) + ∇ ∙ (𝜌𝑣⃗𝑌𝑖 ) = −∇ ∙⃗⃗⃗⃗
𝐽𝑖

3-12

where, ⃗⃗⃗⃗
𝐽𝑖 is the diffusion flux of the species, this occurs as the concentration and
temperature gradients change. In this domain, the momentum equation (3-13) is solved
between the phases and the subsequent velocity is shared [12]:
𝑑
𝑑𝑡

(𝜌𝑣⃗) + 𝛻 ∙ (𝜌𝑣⃗𝑣⃗) = −𝛻𝑝 + 𝜇𝛻 2 𝑣⃗ + 𝜌𝑔⃗

3-13

where, 𝜇 is the viscosity of the fluid, p is the pressure and the momentum equation is reliant
on the volume fractions of all phases [12].

3.3 CFD modelling
A 3D CFD model has been developed using ANSYS Fluent version 16.2 [129] to
understand the freeze desalination process. An investigation was conducted on the
separation of brine from the ice layer allowing the ice formed to be of pure water and the
brine that is being rejected to the rest of the solution with high concentration. The CFD
modelling includes a number of main steps namely; geometry generation, meshing, model
setup and solution. The model set-up involves creating the materials, setting the boundary
conditions and modelling physics. The solution process is then carried out where the results
are obtained and analysed in the post processing step. A summary of the full CFD
simulation procedure is shown in Figure 3-1 and the steps are described in detail in the
following sections.
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Figure 3-1: CFD process flow chart [12]

3.3.1 Geometry generation
The geometry has been created using ANSYS geometry modeller to represent a stainless
steel frustum shaped container of 36mm top diameter, 20mm bottom diameter and 42mm
height which was used in the experimental testing. Using symmetry, a quarter of the 3D
frustum geometry was used in the modelling to reduce the simulation time.
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3.3.2 Mesh
A fine tetrahedral mesh has been created using ‘ANSYS Meshing’, where edge sizing
feature has been used at appropriate locations to ensure accurate results. Mesh
independency study has been investigated by using edge sizing to give coarser and finer
meshes to select the appropriate mesh as shown in Table 3-1. The time-step size was kept
constant at 0.001s in the mesh independency study. The predicted ice salinity has been
compared to those obtained from experimental testing to select the appropriate mesh that
produces results comparable to the experimental results. Increasing the mesh density would
increase the computational time but produce more accurate results. Therefore, the mesh has
been selected accordingly and is shown in Figure 3-2. It consists of 25449 nodes and 14577
elements [12].

Table 3-1: Mesh Independency [7]
Mesh Type

Nodes

Elements
3363
14577

SalinityExperimental (%)
1.4
1.4

SalinityCFD (%)
1.61
1.43

Percentage of
Error (%)
13.04
2.10

Coarse
Selected
Mesh
Fine

15202
25449
47324

10846

1.4

1.42

1.41

Figure 3-2: Tetrahedral mesh used for the frustum shaped container
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3.3.3 Model set-up
The selected mesh was then imported into ‘ANSYS Fluent Setup’ to set the boundary
conditions, solution methods, materials, modules/equations, discretization settings, etc.
Laminar incompressible flow conditions, pressure based solver, solidification/melting and
species transport modules were used to simulate the physics of the freeze desalination
process. The residuals used for continuity, velocity and saltwater mass fraction were
1x10-9 and for energy was 1x10-11. Transient analysis was carried out for 30 minutes of real
time. In order to obtain the most accurate results in less computational time, a suitable time
step was selected by conducting time step size independency tests as shown in Table 3-2.
Increasing the time step size, decreased the computational time; however, decreasing the
time step size, improved the results’ accuracy and avoided many errors in the ANSYS
Fluent software. Table 3-2 showed that the time step size of 0.001 can be used to obtain
accurate results. [12] This was the optimum time step size that could be used; where
increasing this time step size produced less accurate results and produced many errors such
as ‘floating point exception’ to appear in the ‘ANSYS Fluent Solution’, resulting in the
system crashing, while decreasing this time step produced longer computational time.

Table 3-2: Time-step size independency [7]
Time-step size (s) SalinityExperimental (%)
0.01
1.4
0.001
1.4
0.0001
1.4

Salinity-CFD
(%)
System-error
1.43
1.41

Percentage of Error
(%)
2.10
0.71

The three major modules used in the simulation were; energy (heat transfer), species
transport and solidification/melting and the combination of species transport with the
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solidification/melting module will allow the separation of pure water (in the form of ice)
and the brine as the rejected solution. ANSYS Fluent uses an enthalpy-porosity technique
to model the solidification process, where a porous zone is included at the liquid-solid
mushy zone, using liquid fraction equivalent to the porosity value. As the water freezes and
solidifies a pressure drop takes place, and to predict this pressure drop, momentum sink
terms are included in the momentum equation. [12], [136] The modules used and the CFD
modelling process is summarised in Table 3-3.

Table 3-3: Summary of the physics used in the ANSYS Fluent set-up [12]
Modules
Energy

Key Factors and Equations
 Main equations used:
1.

Species Transport



Solidification/Melting





𝑑
𝑑𝑡

(1−𝛽)2

(𝜌𝐻) + ∇ ∙ (𝜌𝑣⃗𝐻) = ∇ ∙ (𝑘∇𝑇) + (𝛽2

+𝜀)

𝐴𝑚𝑢𝑠ℎ 𝑣⃗

Mixture created with salt water and pure water for
different concentration levels of 25g/L, 35g/L, 45g/L
and 55g/L.
 Diffusion energy source selected.
 Main equations used:
1. 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 = 𝑇𝑚𝑒𝑙𝑡 + ∑𝑠𝑜𝑙𝑢𝑡𝑒𝑠 𝑚𝑖 𝑌𝑖 /𝐾𝑖
2. 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 = 𝑇𝑚𝑒𝑙𝑡 + ∑𝑠𝑜𝑙𝑢𝑡𝑒𝑠 𝑚𝑖 𝑌𝑖
‘Scheil’ rule has been selected.
Thermal and Solutal buoyancies have been activated.
Main equations used:
𝑁𝑠 −1
1. 𝑇 ∗ = 𝑇𝑚𝑒𝑙𝑡 + ∑𝑖=0
𝑚𝑖 𝑌𝑖 𝛽 𝐾𝑖 −1
𝑑
2.
(𝜌𝑌𝑖,𝑙𝑖𝑞 ) + ∇ ∙ (𝜌[𝛽𝑣
⃗⃗⃗⃗⃗⃗⃗𝑌
𝑙𝑖𝑞 𝑖,𝑙𝑖𝑞 + (1 − 𝛽)𝑌𝑖,𝑠𝑜𝑙 ]) =
𝑑𝑡

𝑑

∇ ∙ (𝜌𝛽𝐷𝑖,𝑚,𝑙𝑖𝑞 ∇𝑌𝑖,𝑙𝑖𝑞 ) − 𝐾𝑖 𝑌𝑖,𝑙𝑖𝑞 𝑑𝑡 (𝜌(1 − 𝛽)) +

𝑑

𝑑𝑡

3.

(𝜌(1 − 𝛽)𝑌𝑖,𝑙𝑖𝑞 )

𝑁𝑠
𝐹⃗𝑠 = 𝜌𝑟𝑒𝑓 𝑔⃗ ∑𝑖=0
𝛽𝑠,𝑖 (𝑌𝑙,𝑖 − 𝑌𝑟𝑒𝑓,𝑖 )

Mass fraction is integrated into the model when the modules ‘Species Transport’ and
‘Solidification/Melting’ are both used. This enables to create a mixture of two species, in
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this case ‘Pure water’ and ‘Salt water’ with different concentrations resulting in a salt water
mixture of known concentration. The different salt water concentrations are created by
editing the properties of water in the ANSYS fluent material setup, where the density,
specific heat, thermal conductivity, viscosity, etc. are written as a piecewise-linear function
of temperature and concentration as shown in Table 3-4. Consequently, this mixture is then
separated with pure water as ice and salt water as the remaining brine after the freezing
process. [12]

Table 3-4: Creating the salt water mixture in the ANSYS Fluent material set-up [12]
Mixture of Salt Water and Pure Water
Salt Water Properties
Pure Water Properties
3
Density (kg/m )
Piecewise-linear
Density (kg/m3)
Piecewise-linear
function
function
Cp Specific Heat Piecewise-linear
Cp Specific Heat Piecewise-linear
(J/kg.K)
function
(J/kg.K)
function
Thermal Conductivity Piecewise-linear
Thermal Conductivity Piecewise-linear
(W/m.K)
function
(W/m.K)
function
Viscosity (kg/m.s)
Piecewise-linear
Viscosity (kg/m.s)
Piecewise-linear
function
function
Molecular
Weight 18.63 (constant)
Molecular
Weight 18.02 (constant)
(kg/kgmol)
(kg/kgmol)

Figure 3-3 shows the boundary conditions used in modelling sea water in a container at a
fixed initial temperature of 298K and 35g/L of initial salt water concentration. The
container is made of stainless steel with thermally insulated walls but being cooled at the
base to maintain a constant temperature of 260K. A top lid was also used to ensure thermal
insulation from the top. [12]
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Figure 3-3: Schematic diagram of the problem [12]

3.4 CFD results
Figure 3-4(a) displays the temperature contours in the container, with 260K next to the base
signifying the direction of freezing. Figure 3-4(b) shows the temperature distribution with
distance from the container base at mid-section for the 42mm distance shown in Figure 3-3
after 30 minutes of freezing. It is clear from Figure 3-4(a) and (b) that a solid ice layer of
4mm thickness is formed at the base and the ice temperature is varying from 260K at the
lower edge of the ice layer to 270K at the top edge. Figure 3-4(b) also indicates that the ice
temperature is increasing from the lower edge of the ice layer (in contact with the freezing
surface); to the top edge of the ice layer (in contact with brine solution) and then remains
constant throughout the brine solution. [12]
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Figure 3-4: (a) Temperature contours (left) and (b) temperature vs. distance from the base
(right) after 30 minutes of real time freezing [12]

Figure 3-5(a) displays the solidification of the solution in terms of the liquid phase mass
fraction. Mass fraction contours refer to the mass fraction of solidification where the blue
region represents the ice formed, the red/orange region representing the remaining brine
and the intermediate colours representing the solid/liquid mushy region. In Figure 3-5(a),
the blue thick layer indicates minimum liquid fraction, which is the solid ice and the rest of
the solution in red/yellow indicates high amount of liquid fraction, which is the brine
solution. Figure 3-5(b) shows the liquid fraction distribution with distance from the
container base at mid-section. It is evident from this figure that through the 4mm thickness
of ice, the liquid fraction changes from 0 to 0.2. [12]
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Figure 3-5: (a) Liquid phase fraction contours (left) and (b) liquid phase fraction vs.
distance from the base (right) after 30 minutes of real time freezing [12]
Figure 3-6(a) shows the salt water contours in the container after 30 minutes of freezing,
while Figure 3-6(b) displays the salt water concentration with distance from the container
base at mid-section. It is clear from this figure that at the top edge of the ice layer (4mm)
the concentration is 1.2%. However, as the distance from the ice top edge increases, the
brine concentration increases to reach maximum of about 5.8%. Thermal and solutal
buoyancies cause the variations in the brine concentration as shown in the figure for the
rest of the solution. [12]

Figure 3-6: (a) Salt water mass fraction contours (left) and (b) salt water mass fraction vs.
distance from the base (right) after 30 minutes of real time freezing [12]
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Figure 3-7(a) exhibits the pure water contours in the container after 30 minutes of freezing,
while Figure 3-7(b) displays the mass fraction of pure water with distance from the
container base at mid-section. It is apparent from this figure that close to the container base
where ice is formed, maximum concentration of pure water exists. Above the ice layer of
4mm thickness, pure water mass fraction decreased to reach a value of 0.946 at height of
13mm and remain at an average value of 0.95. Again, the variations in the mass fraction
of pure water for the rest of the solution, displayed in the figure, are caused due to
buoyancies. [12]

Figure 3-7: (a) Pure water mass fraction contours (left) and (b) pure water mass fraction
vs. distance from the base (right) after 30 minutes of real time freezing [12]
Figure 3-8 shows the average temperature, liquid phase fraction and mass fraction
variations of ice and brine with time. The gradual decrease in temperature is shown in
Figure 3-8(a) as the solution freezes. Figure 3-8(b) shows the average solution liquid phase
fraction decreasing with time; it starts at 1 as full liquid state and then slowly reduces as
the solution freezes. Figure 3-8(c) shows the mass fraction of the remaining brine increasing
from 35g/L to about 65g/L. This is due to the fact that as the pure water freezes to form ice,
the concentration of the remaining brine solution increases. Figure 3-8(d) shows the
decrease in the average mass fraction of pure water as the freezing process progresses. [12]
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Figure 3-8: Variation with time for average (a) temperature (top left), (b) liquid phase
fraction (top right), (c) mass fraction of salt water (bottom left) and (d) mass fraction of
pure water (bottom right) [12]

3.5 Experimental test facility
A test facility was developed to understand the freeze desalination process and also to
validate the CFD model. A small stainless steel cup has been used as a container to
undertake the freezing process, where a 55x55mm Peltier cooling device was used to freeze
the bottom of the container. Thermocouples have been placed at different locations such
as; the surface of the cup, surface of the Peltier cooling device and where the ice is forming.
The ice formation is investigated; where the volume of ice formed and the ice and brine
salinities were also measured.
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3.5.1 Layout of the test facility
Figure 3-9 shows a schematic diagram of the experimental facility consisting of a stainless
steel cup, a Peltier device, a heat sink and a cooling fan, thermocouples, a power supply, a
data logger and a computer. The stainless steel cup is a conical frustum shaped cup with a
base diameter of 20mm, a top diameter of 36mm and a height of 42mm. It was used to
contain the saline water and was cooled from the base using a 55x55mm Peltier device
producing a maximum cooling capacity of 128.7W. The Peltier device was connected to a
high performance combined heat sink and fan assembly with a maximum cooling capacity
of 250W. Thermal paste was used to ensure good contact between the Peltier device and
the heat sink as well as the container base. Thermocouples were used to measure the
temperature at the cold side of the Peltier cooling device and at various locations inside the
stainless steel container. The temperature values were continuously recorded using a data
logger and a personal computer [12]. An insulation material was used to cover the sides
and the top of the container as shown in Figure 3-9. The thermal conductivity of the used
insulating material is 0.034 W /m .K. During testing, the cold side temperature of the Peltier
device was controlled to stay at 260K with a variation of less than ± 3K. [12]
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Figure 3-9: Schematic diagram of the experiment [12]

3.5.2 Measuring devices and calibration
A salinity meter and thermocouples were used in this experimental work as the measuring
devices to measure salinity of saline water and reject brine, and temperatures at various
positions.

Thermocouples
Four thermocouples were used to measure the temperature at different locations in this
experiment. One thermocouple was used to measure the temperature at the (cold) surface
of the Peltier device where the sensor tip of this thermocouple was pasted onto the Peltier
device’s cold surface using aluminium tape in order to allow effective contact. Another
thermocouple was used to measure the temperature at the surface of the stainless steel
container, while two other thermocouples were used to measure the temperature at two
different locations inside the stainless steel cup to measure the salt water temperature and
the temperature of the ice forming. These were all type-K thermocouples which can
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measure temperatures as low as 73.15K. The thermocouples were passed through holes
made in the insulation material and connected to a ‘TC-08 PICO’ data logger which was
connected to a computer in order to monitor and record the temperature measurements
during the experiment.

Thermocouples calibration
Calibrating thermocouples allows to draw the connection between the actual data point and
the measured data point. The standard actual value was taken using a thermometer and
plotted against the measured reading from the thermocouple. Figure 3-10 displays the
calibration set-up used where the thermocouples were immersed in a water flask at the same
level as the sensing end of the thermometer. A controlled heater was used to control the
heat delivered to the water and this permitted to set the temperature of water at various
values reaching 100◦C using a thermostat. After the temperatures reach steady state, they
were recorded using data loggers connected to a computer, along with the thermometer
readings. Using the ice/water flask, the initial point of 0◦C was enabled.

For the experimental work conducted in chapter 5 of this thesis, cryogenic temperatures
were being used, therefore cryogenic temperatures were included in the calibration process
where the thermocouples were placed inside the LN2 thermo-flask and their reading was
compared to the boiling point of liquid nitrogen at atmospheric pressure of -195.79◦C [139].
The data recorded in the computer were then used to plot the calibration curves for all
thermocouples. In the experimental work described in this thesis, a total of 12
thermocouples were used, of which ten were of surface K-type (5TC-TT-KI-36-1M) and
two were of probe K-type (TJ2-CPSS-1M15E-150). The calibration curves for one of the
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surface thermocouples (used in all three experiments) and one of the thermocouple probes
(used in experiment conducted in chapter 5) are shown in Figure 3-11.

Figure 3-10: Thermocouple calibration set-up

Thermocouples - probe and surface (◦C)

100

-200

LN2 in - probe
T1 - surface
Linear (LN2 in - probe)
Linear (T1 - surface)

y = 0.9825x + 0.6525
R² = 0.9999

50
y = 0.9795x + 1.6723
R² = 0.9999
0

-150

-100

-50

0

50

100

-50

-100

-150

-200

Thermometer standard values (◦C)

Figure 3-11: Thermocouple calibration curve for one probe and one surface thermocouple
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Uncertainty analysis
Uncertainty analysis has been conducted for the thermocouples in order to determine the
accuracy of the results. The results obtained from experiments are affected by the
instruments that measure the different parameters (𝑋𝑖 ). Deviation of the results from the
true values occurs due to the errors in measuring these parameters [140].
Results = f(X1 , X2 , X3 , … Xn )

3-14

Random (precision) errors and systematic (bias) errors are the two types of errors in any
measuring device. Random errors or repeatability errors are numerical in nature and they
are triggered by unpredictable variations in the experiment. They are acquired from the
average standard deviation with 95% confidence level as shown in equation (3-15) [140].
Urandom = t N−1.95% Sx̂

3-15

where, N is the number of data points in the sample and 𝑡𝑁−1.95% is the student distribution
factor for a degree of freedom N-1. 𝑆𝑥̂ is the mean standard deviation which is obtained
from equation (3-16).
Sx̂ =

1
√N

N

̅ 2

√∑i=1(Xi −X)

3-16

N−1

Systematic errors includes hysteresis errors, data acquisition errors and calibration errors
[140] and it is calculated by equation (3-17).
2
Usystematic = √∑M
i=1 Ui,systematic

3-17

where, M is the number of systematic error sources. Laboratory calibration or manufacturer
data (if available) is the source for 𝑈𝑠𝑦𝑠𝑡𝑒𝑚𝑎𝑡𝑖𝑐 .
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The overall uncertainty for the measuring instruments is calculated using the root square
sum (RSS) of systematic and random errors as shown in equation (3-18).
2
2
Uoverall = ±√Usystematic
+ Urandom

3-18

The uncertainty analysis is conducted for all the thermocouples and it is thoroughly explained
for one of the surface thermocouples, T2. Firstly, the calibration curve of the surface
thermocouple T2 is plotted and the linear equation for the trend line is found as shown in Figure

3-12.

100

Surface thermocouple T2 (◦C)

Thermocouple Reading
50

Linear (Thermocouple Reading )

y = 0.9927x + 0.992
R² = 0.9999

0
-200

-150

-100

-50

0

50

100

-50
-100
-150
-200

Thermometer standard values (◦C)

Figure 3-12: Thermometer calibration for surface thermocouple T2
Then the trend line linear equation values and the deviations for different temperature points
are calculated as shown in Table 3-5.
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Table 3-5: Deviations for different temperature points for surface thermocouple T2
N
1
2
3
4
5
6
7
8
9
10
11
12

Thermometer Thermocouple Trend line linear Equation Deviation
̅= 0.9927x + 0.992
̅)2
Reading (Xi ) Reading
X
(Xi − X
-195.79
-192.64
-193.37
5.86
0.00
0.00
0.99
0.98
14.00
14.12
14.89
0.79
22.00
22.36
22.83
0.69
35.00
35.38
35.74
0.54
44.00
44.41
44.67
0.45
50.00
50.62
50.63
0.39
61.00
61.69
61.55
0.30
74.00
74.78
74.45
0.20
82.00
82.81
82.39
0.15
90.00
90.85
90.34
0.11
100.00
100.97
100.26
0.07

Finally, the uncertainty calculations for the surface thermocouple T2 is calculated as follows:



̅ 2
The summation of deviation points ∑N
i=1(X i − X) is 10.55374.



The degree of freedom N-1 is 11.



The standard deviation is 0.28276.



The student distribution factor for a degree of freedom N-1, 𝑡𝑁−1.95% is 2.200985.



The total random errors Urandom is 0.622348.



2
2
The total uncertainty of the thermocouple ±√Usystematic
+ Urandom
is

±0.62285◦C.

Table 3-6 displays the uncertainty values and their trend line linear equations for all the
thermocouples used in all the experimental work carried out in chapters 3, 4 and 5 in this thesis
and Appendix A shows the calibration graphs for all the thermocouples used.
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Table 3-6: Uncertainty analysis for all the thermocouples used in this thesis
Thermocouple Type

Trend Line Equation

R2

Uncertainty (◦C)

LN2 In – Probe

̅
X = 0.9825x + 0.6525

0.9999

±0.868

T1 - Surface

̅ = 0.9795x + 1.6723
X

0.9999

±1.235

T2 - Surface

̅
X = 0.9927x + 0.992

0.9999

±0.622

T3 - Surface

̅ = 0.9941x + 0.7721
X

1

±0.491

T4 - Surface

̅
X = 0.9877x + 0.9752

0.9999

±0.730

T5 - Surface

̅ = 0.9912x + 1.2996
X

0.9999

±0.801

T6 - Surface

̅
X = 0.9887x + 1.7115

0.9998

±1.059

T7 - Surface

̅ = 0.9938x + 0.8894
X

1

±0.565

T8 - Surface

̅
X = 0.9808x + 0.8778

0.9999

±0.964

T9 - Surface

̅
X = 0.9916x + 0.9826

0.9999

±0.649

T10 - Surface

̅ = 0.9839x + 2.2046
X

0.9998

±1.351

LN2 Out – Probe

̅
X = 0.9907x + 0.2408

1

±0.461

Salinity meter
An Omega handheld salinity meter as shown in Figure 3-13 [141] was used to measure the
salinity of the salt water mixtures. This has a range of 0.1% to 10% salinity measurements
and can function at temperatures from -5◦C to 60◦C [141]. The salinity meter was used to
measure the salinity of ice and brine after the freeze desalination process and also to
measure the salinity when making salt water solutions before the experiment.
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Figure 3-13: Omega handheld salinity meter [12]
Table 3-7 shows the accuracy levels of the calibrated salinity meter given in the salinity
meter manual [141].

Table 3-7: Calibrated accuracy levels of the salinity meter [141]
Salinity levels
0 to 0.9%
1.0 to 1.9%
2.0 to 2.9%
3.0 to 4.9%
5.0 to 7.9%
8.0 to 10.0%

Accuracy
±0.1
±0.2
±0.3
±0.5
±1.0
±1.5

Salinity meter calibration
The calibration process was conducted by measuring salt on a weighing scale and adding
de-ionised water to create a salt water mixture. This salt water mixture was measured by
inserting the salinity meter probe into the mixture as shown in Figure 3-14. The salinity
level percentage is calculated by equation (3-19) and the results are shown in
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Table 3-8 and Figure 3-15 for different salt water mixtures. The manufacturer’s accuracy
is taken from Table 3-7. It can be seen that the measured accuracy is lower than those given
by the manufacturer.

Figure 3-14: Calibrating the salinity meter

𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦 𝐿𝑒𝑣𝑒𝑙 (%) =

𝑆𝑎𝑙𝑡 𝑚𝑎𝑠𝑠
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐷𝑒𝑖𝑜𝑛𝑖𝑠𝑒𝑑 𝑤𝑎𝑡𝑒𝑟

× 100

3-19

Table 3-8: Salinity calibration
Salt
mass
(g)
3
4
5
8
9
10
11
15
25
35
45
55

DeSalinity level Salinity level Measured
ionised
% (calculated % (measured Accuracy
water (ml) value)
value)
0
1000
0.3
0.3
0
1000
0.4
0.4
0
1000
0.5
0.5
0
1000
0.8
0.8
0
1000
0.9
0.9
0
1000
1
1
0
1000
1.1
1.1
0
1000
1.5
1.5
-0.1
1000
2.5
2.4
-0.2
1000
3.5
3.3
-0.2
1000
4.5
4.3
1000
5.5
5.2
-0.3
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Figure 3-15: Salinity calibration graph

3.6 Experimental methodology
3.6.1 Experimental procedure
A stainless steel container was used to freeze a salt water solution to study the freeze
desalination process and to validate the CFD model discussed in section 3.3 of this chapter.
The steps of the experimental methodology are summarised as follows:
1. Saline water was prepared using 100ml of de-ionised water mixed with 3.5g of salt
in order to create a mixture with a concentration of 35g/L as calculated using
equation (3-19). The salinity of this mixture was measured using the Omega salinity
meter (shown in Figure 3-13) giving a reading of 3.5% [12].
2. A known volume of the prepared salt water solution made was then poured into the
stainless steel container.
3. The insulation material was placed around the sides and the top of the container as
shown in Figure 3-9.
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4. The data logger and the personal computer were started to record and monitor the
thermocouple temperature readings till all the temperatures were stable at room
temperature.
5. The power supply was turned on to the Peltier and the heat sink/cooling fan to cool
the bottom of the stainless steel frustum. During testing, the cold side temperature
of the Peltier device was controlled to remain at 260K with ± 3K using the power
supply.
6. A stopwatch was used to measure the time taken to generate ice and then the power
supply was turned off when the ice was generated.
7. At the end of the experiment, the generated ice was separated from the remaining
concentrated brine. The ice obtained was washed to remove any brine attached to
its outer surface, then melted and its salinity was measured. The salinity of the
remaining brine solution was also measured. [12]
8. The volume and mass of ice, the volume of remaining brine and the salinities of ice
and brine were all measured.

In each test, two experiments have been conducted at the same conditions in order to
calculate the amount of brine washed off during the cleaning of ice. In the first experiment,
the ice was washed and the salinity was measured and in the second experiment, the ice
was not washed and the salinity was measured. Therefore, the salinity of brine washed away
in the first experiment can be calculated by equation (3-20) and the total brine salinity can
be calculated using equation (3-21). [12]
𝐼𝑐𝑒 𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦 (𝐸𝑥2) − 𝐼𝑐𝑒 𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦 (𝐸𝑥1) = 𝐸𝑥𝑐𝑒𝑠𝑠 𝑏𝑟𝑖𝑛𝑒 𝑠𝑡𝑢𝑐𝑘 𝑡𝑜 𝑡ℎ𝑒 𝑖𝑐𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

3-20

𝐸𝑥𝑐𝑒𝑠𝑠 𝑏𝑟𝑖𝑛𝑒 + 𝐵𝑟𝑖𝑛𝑒 𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦 (𝐸𝑥1) = 𝑇𝑜𝑡𝑎𝑙 𝐵𝑟𝑖𝑛𝑒 𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦 (𝐸𝑥1)

3-21
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Hence, the salinity of the ice was obtained from experiment 1, where the ice was washed,
while the salinity of the brine was taken from experiments 1 and 2 where the total brine
salinity was calculated [12].

Six tests were conducted of the same initial salinity of salt water and the results were
averaged and analysed. Parametric study was then conducted by changing the initial salinity
of salt water, where the same steps described above were repeated with different initial salt
water salinities.

3.7 Experimental results
Table 3-9 shows results obtained after conducting two experiments where the ice was
washed and not washed. A salt water concentration of 35g/L (3.5%) was frozen indirectly
at a freezing temperature of 260K for 30 minutes. Generally, salt water concentration of
35g/L (3.5%) represents the average sea water salinity.

Table 3-9: Experimental results [12]
Experiment
Time (minutes)
Initial Mass Fraction of Sea Water (g/L)
Initial Salinity (%)
Salinity of Ice formed (%)
Salinity of Brine remaining (%)
Mass of Ice Before Washing (g)
Mass of Ice After Washing (g)
Mass of ice washed off when cleaning (g)

1 (ice washed)
30
35
3.5
1.4
3.8
3.55
2.14
1.41

2 (ice not washed)
30
35
3.5
3.0
3.7
3.61
-

Equation (3-20) and (3-21) were used to calculate the final ice and brine salinities. From
Table 3-9, the excess brine stuck to the ice surface and the total brine salinity were
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calculated using equations (3-20) and (3-21) to be 1.6% and 5.4% respectively [12].
Parametric study was then carried out by conducting more experiments with salt solutions
of different salinities i.e. 25g/l, 35g/l and 45g/l to study the effects of initial salinity on the
quality of water produced and brine output. Therefore, results showed that the increase in
initial salinity increased the salinity of ice produced and reduced the volume of ice
produced.

3.8 CFD modelling validation
The CFD results in terms of salt water temperature, cooling device temperature and salinity
were compared to those from the experimental measurements [12]. Figure 3-16 shows the
temperature variation with time for salt water temperature T3 and the Peltier cooling device
cold side temperature T1 as obtained from CFD modelling and experimental measurements
(for 35g/L salt water solution) with an average deviation of ±0.495K and ±0.115K
respectively. [12]

Figure 3-16: Temperature vs. time comparison for experimental and CFD results for
35g/L salt water solution [12]
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Figure 3-17 shows the temperature variation with time for salt water temperature T3 from
CFD and experimental measurements carried out for tests at different initial salinity levels
of 25g/L and 45g/L. It is shown that both the experimental and the CFD results follow a
similar pattern and reach similar final temperatures with an average deviation of ±3.07K
for 25g/L and ±2.82K for 45g/L [12].
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Figure 3-17: Temperature vs. time graphs for salinity levels of (a) 25g/L (left) and (b)
45g/L (right) [12]

Table 3-10 shows the comparison between the CFD model and the experimental
measurements for salinity after 30 minutes of real time experiment. It is clear from this
table that the produced ice salinity from both experimental testing and CFD modelling
shows good agreement, 1.4% for experimental and 1.43% for the CFD, giving a percentage
error of 2.10%. Similarly the remaining brine salinity from both experimental testing and
CFD modelling shows good agreement, 5.4% for experimental and 6.5% for the CFD,
giving a percentage error of 16.9. [12]
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Table 3-10: CFD and Experimental results comparison [12]
Comparison

Experimental CFD

Time (minutes)

30

30

Initial Mass Fraction of Sea Water (g/L) 35

35

Initial Salinity (%)

3.5

3.5

Salinity of Ice formed (%)

1.4

1.43

Salinity of Brine remaining (%)

5.4

6.5

Percentage error of ice salinity (%)

2.10

Percentage error of brine salinity (%)

16.9

3.9 CFD parametric analysis
The developed CFD model was then used to carry out parametric analysis to predict the
effects of freezing temperature, solution salinity and the direction of freezing; on the
freezing time, ice production and its salinity. Table 3-11 displays the different cases run
with different parameters and the boundary conditions used. [12] Various cooling
temperatures namely 230, 250, 260 and 270K; various initial salinity levels 35, 45 and
55g/L and various freezing directions top surface, bottom surface and lateral surfaces were
investigated.
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Table 3-11: Parametric analysis cases with input, output and boundary conditions [12]
Temperature Cases
Constants and Boundary Conditions
Initial salinity 35g/L, Non-slip stationary
walls. All other walls with heat flux (W/m2)
= 0.
Temp
Freezing
Initial salinity 35g/L, Non-slip stationary
250K
temp. 250K walls. All other walls with heat flux (W/m2)
= 0.
Temp
Freezing
Initial salinity 35g/L, Non-slip stationary
260K
temp. 260K walls. All other walls with heat flux (W/m2)
= 0.
Temp
Freezing
Initial salinity 35g/L, Non-slip stationary
270K
temp. 270K walls. All other walls with heat flux (W/m2)
= 0.
Salinity Cases
Cases
Input
Constants and Boundary Conditions
Salinity Initial
Freezing temp. 260K, Non-slip stationary
35g/L
Salinity
walls. All other walls with heat flux (W/m2)
35g/L
= 0.
Salinity Initial
Freezing temp. 260K Non-slip stationary
45g/L
Salinity
walls. All other walls with heat flux (W/m2)
45g/L
= 0.
Salinity Initial
Freezing temp. 260K Non-slip stationary
55g/L
Salinity
walls. All other walls with heat flux (W/m2)
55g/L
= 0.
Freezing Direction Cases
Cases
Input
Constants and Boundary Conditions
Top
Freezing
Initial salinity 35g/L, Freezing temp. 260K,
from
top Non-slip stationary walls. Bottom and
surface
Lateral walls with heat flux (W/m2) = 0.
Cases
Temp
230K

Input
Freezing
temp. 230K

Lateral

Freezing
Initial salinity 35g/L, Freezing temp. 260K,
from lateral Non-slip stationary walls. Top and Bottom
surfaces
walls with heat flux (W/m2) = 0.

Base

Freezing
Initial salinity 35g/L, Freezing temp. 260K,
from
Non-slip stationary walls. Top and Lateral
base/bottom walls with heat flux (W/m2) = 0.
surface
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Output
Total
ice
production
(mm3) - 7067.7
Total
ice
production
(mm3) - 3721.0
Total
ice
production
(mm3) - 1513.3
Total
ice
production
(mm3) - 81.3
Output
Total
ice
production
(mm3) - 1513.3
Total
ice
production
(mm3) - 1109.9
Total
ice
production
(mm3) - 882.1
Output
Ice production
per unit surface
area (mm2) 4.50
Ice production
per unit surface
area (mm2) 4.20
Ice production
per unit surface
area (mm2) 3.97
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3.9.1 Effect of freezing temperature
The effect of changing the base freezing temperature from 230K, 250K, 260K and 270K
was investigated. Figure 3-18 shows the variation of the average solution temperature and
the solidification (liquid phase fraction) with time at various freezing temperatures. It is
evident from Figure 3-18(a) that as the base freezing temperature decreases, the average
solution temperature decreases at a faster rate leading to an increased solidification rate as
shown in Figure 3-18(b); where at 230K a liquid phase fraction of 0.61 was achieved at the
end of 30 minutes compared to 0.78, 0.87 and 0.99 for 250K, 260K and 270K respectively.
[12]

Figure 3-18: (a) Average temperature of solution (left) and (b) liquid phase fraction
(right) vs. time graphs for different freezing temperatures [12]
Figure 3-19 displays the contours for the solution temperature and solidification (liquid
phase fraction) at freezing temperatures of 230K, 250K, 260K and 270K. The solidification
of pure water varies with temperature and it is seen in the contours after 30 minutes of
freezing. It is apparent from this figure that as the freezing temperature is reduced; the cold
region and the frozen layer are increased, while the overall container temperature is more
uniform. Regarding the solidification, as the freezing temperature is decreased the volume
of ice produced is increased.
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Figure 3-19: Contours for temperature (left) and liquid phase fraction (right) for base
freezing temperatures of (a) 230K (b) 250K, (c) 260K and (d) 270K [12]
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The produced ice volumes at base temperatures of 230K, 250K, 260K, and 270K are
7067.7, 3721.0, 1513.3, and 81.3mm3 respectively, proving the significant effect of the
freezing temperature on ice production. Figure 3-19 also indicates that as the freezing
temperature decreases, ice formation increases and the mass fraction of the remaining brine
is increasing. [12]

3.9.2 Effect of salinity
The effect of initial salt water concentration on the remaining brine concentration and ice
production was investigated. Figure 3-20 shows the contours of liquid phase fraction at
260K freezing temperature using initial solution concentration levels of 35g/L, 45g/L and
55g/L at the end of 30 minutes freezing time. It is evident from this figure that as the initial
solution salinity increases, the ice production is reduced and the remaining brine
concentration increases. Thus, the volumes of ice produced at concentrations of 35g/L,
45g/L and 55g/L are 1513.3mm3, 1109.9mm3 and 882.1mm3 respectively. [12]

Figure 3-20: Liquid phase fraction contours for concentrations of (a) 35g/L (left), (b)
45g/L (middle) and (c) 55g/L (right) [12]
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3.9.3 Effect of direction of freezing
The developed CFD model was used to investigate the effect of freezing direction on ice
production. Figure 3-21 displays the effect of cooling the container from different
directions (top, sides and base); on the solution temperature, solidification (liquid phase
fraction) and velocity streamlines. The volumes of ice produced per unit surface area (mm2)
for freezing directions from top, lateral and base are 4.50, 4.20 and 3.97mm3 respectively.
It is clear from these figures that freezing from the top direction allows maximum ice
production, while freezing from the bottom produces the lowest amount of ice. Freezing
from the top enables a convection movement, where thermal and solutal buoyancies are
acting in opposite directions forming a natural source of hydrodynamic instability; which
leads to better mixing, enabling more freezing. As for freezing from the bottom, the thermal
and solutal buoyancies are acting in the same direction; leading to limited mixing and
reduced freezing rate. Regarding the lateral freezing, the thermal and solutal buoyancies
are acting in perpendicular directions; leading to lower mixing levels than freezing from
the top, but higher than freezing from the bottom. Presenting the velocity streamlines is
useful since low velocity streamlines indicate regions where ice has formed, while high
velocity streamlines indicate regions with high brine solution. It can also be seen from
Figure 3-21 that the distribution of streamlines velocities varies significantly according to
the freezing direction. [12]
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Figure 3-21: Temperature contours (left), liquid phase fraction contours (middle) and
velocity streamlines (right) for (a) freezing from the top (b) lateral freezing and (c)
freezing from the bottom [12]
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3.10

Summary

Using the species transport, solidification/melting and energy modules in ANSYS Fluent
software; a 3D CFD model was developed for the indirect freeze desalination process. The
CFD model was validated through experimental testing, where the ice salinity and salt
water temperatures from the experimental results were compared with the CFD simulation;
the former giving a percentage deviation of 2.10 and the latter giving an average deviation
of ±0.495K. Results also indicated that as solidification process has occurred; the ice
temperature is increasing from the lower edge of the ice layer (in contact with the freezing
surface) to the upper edge (in contact with brine solution), and then it remains constant
through the brine solution. Also, at the top edge of the ice layer, the brine concentration is
very low by approximately 1.2%, but as the distance from the ice top edge increases, the
brine concentration increases to reach maximum of about 5.8%. [12]

Parametric analysis were carried out to predict the effects of freezing temperature, solution
salinity and the direction of freezing; on the freezing time, ice production and its salinity.
Results showed that lower temperatures enabled faster freezing and more ice produced;
where at 230K freezing temperature, 4.67 times more ice was obtained compared to the
260K freezing temperature. The higher the salinity of sea water, the less pure the ice
crystals become and slower the freezing process, where for 55g/L of initial salt water
concentration, 58.3% less ice was produced compared to 35g/L of initial salt water
concentration. [12] Regarding the effects of freezing direction; results showed that the
volumes of ice produced per unit surface area (mm2) for freezing directions from top, lateral
and base were 4.50, 4.20 and 3.97mm3 respectively. Freezing from the top is more efficient,
where thermal and solutal buoyancies act in opposite directions; leading to enhanced

89

CHAPTER 3 – Computational Fluid Dynamics Investigation of Indirect Contact Freeze Desalination

mixing and thus enabling more freezing. However, for freezing from the bottom, the
thermal and solutal buoyancies are acting in the same direction; allowing minimum mixing
and a reduced freezing rate. As for the lateral freezing, the thermal and solutal buoyancies
are acting in perpendicular directions; leading to moderate mixing levels and thus lower ice
production than the top surface freeze condition. [12]

Freeze desalination process was then investigated using a commercially available ice maker
machine to assess the feasibility of using such device for portable water production and the
results are discussed in chapter 4. Exploiting cryogenic energy for freeze desalination was
then investigated and discussed in chapter 5.
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CHAPTER 4

4. INDIRECT FREEZE DESALINATION USING
AN ICE MAKER MACHINE
4.1 Introduction
This chapter is solely based on the published papers “Numerical Investigation of Indirect
Freeze Desalination using an Ice Maker Machine” by Jayakody et al [7] and “Indirect
contact freeze water desalination for an ice maker machine – CFD simulation” by Jayakody
et al [14]. Contents such as texts, figures, graphs and tables are taken from the above
mentioned papers [7], [14].

In this chapter, the feasibility of using a commercially available ice maker machine for
freeze desalination is investigated, where Computational Fluid Dynamics (CFD) have been
used to model the salt separation process of freeze desalination and validated using a
commercially available ice maker machine. Although several experimental studies were
carried out regarding freeze desalination [32], [35], [41]–[45], [53], [54], they are mostly
aimed at large scale production of potable water. Developing a small scale portable
desalination system can offer potential in applications like domestic houses, schools, local
shops and hospitals. Only Williams et al [98] conducted a research on using an ice maker
machine for desalting brine; where experimental work was done by using an ice maker
machine to assess the technical viability of using the ice maker as a treatment system for
salt water. It was concluded that the feed salt water concentration had a considerable effect
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on the rejection of salt and the water recovery ratios. [7] In this chapter, the feasibility of
using a small ice-maker for indirect freeze desalination is investigated using experimental
testing and numerical modelling.

4.2 Experimental test facility
A commercially available ice maker (‘Klarstein’ [142]) was used to assess the feasibility
of using an ice maker machine for the freeze desalination process to produce potable water.
This commercially available ice maker was used to study the freeze desalination process
and to validate the CFD model. The ice maker was instrumented with thermocouples
connected to its freezing tubes in order to measure the temperatures at different locations.
The formation of ice is analysed; where the volume of ice formed and the ice and brine
salinities were also measured.

4.2.1 Layout of the test facility
Figure 4-1 shows the experimental facility used, consisting of the ‘Klarstein’ [142] ice
maker, data logger and personal computer. An ice maker machine type ‘Klarstein’ [142]
with 10 freeze tubes was used in the experimental work; it runs for about 8 minutes to
produce 10 ice units in a single run and due to the characteristics of the machine, each ice
unit has a volume of about 4000mm3. Type-K surface thermocouples were placed at
different locations on the freeze tubes of the ice maker to monitor the freeze tube surface
temperature as shown in Figure 4-1. Furthermore, an additional type-K surface
thermocouple was placed near the freeze tubes in order to monitor the temperature variation
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during the ice forming process. These thermocouples were connected to a data logger to
record the temperatures with time by the computer. The temperature of the freeze tubes was
maintained constant at 257.15K with ± 3K fluctuation. A 1000ml of de-ionised water was
thoroughly mixed with 35g of salt in order to get a salt water concentration of 3.5% (or
35g/l) to match the average sea water salinities. Consequently, 1000ml of salt water was
poured into the ice maker machine and the freezing process was carried out for 8 minutes.
Figure 4-2 shows a single ice block generated at the end of the freezing process to be
measured for its mass and dimensions. The ice blocks were then melted to measure total
volume and salinity. The remaining brine was also collected to measure its salinity. [7]

Figure 4-1: Experimental schematic diagram [7]
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Figure 4-2: A single ice unit formed from the ice maker [7]

4.2.2 Measuring devices and calibration
Thermocouples and a salinity meter were used in this experiment to measure temperatures
and salinity respectively.

Thermocouples
Four thermocouples have been used to measure the temperatures at the surface of the
freezing tubes and also at locations where the ice is forming. These were type-K
thermocouples able to measure temperatures down to 73.15K. Sensor tips of these
thermocouples were pasted into the stainless steel freezing tubes using aluminium tape in
order to allow effective contact. The thermocouples were connected to a ‘TC-08 PICO’
data logger, which was connected to a computer to record the temperature measurements
during the experiment. The thermocouples were calibrated in order to evaluate their
accuracy using the process described in section 3.5.2.
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Salinity meter
The Omega handheld salinity meter [141] described in section 3.5.2 was used to measure
the salinity of the salt water mixtures. This has a range of 0.1% to 10% salinity
measurements and can operate at temperatures from -5◦C to 60◦C [141]. The salinity meter
was used to measure salt water solutions made before the experiment and also to measure
the salinity of ice and brine after freeze desalination process.

4.3 Experimental methodology
A commercially available ice maker was used to investigate the feasibility of using an ice
maker machine to conduct freeze desalination as a portable application. The steps of the
experimental methodology are explained as follows:
1. A salt water mixture was created by mixing salt with de-ionised water and this
solution’s salinity was measured by the Omega Handheld salinity meter [12].
2. A known volume of the salt water solution was then poured into the ice maker.
3. The ‘Klarstein’ [142] ice maker machine was then turned on and a stop watch
was used to measure the time taken to produce one batch of ice.
4. Once the first batch of ice was produced, the machine was turned off, the stop
watch was stopped and the ice was collected.
5. Several ice cubes were then taken and their dimensions were measured using a
Vernier calliper.
6. The ice cubes were left to melt and then the mass and volume of the melted ice
were measured.
7. The salinity of the melted ice was measured.
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8. The remaining brine collected from the ice maker, was poured to a beaker and
its volume and salinity were measured.

Four tests were conducted at the same initial salinity of salt water and the results were
averaged and analysed. Parametric study was then conducted by changing the initial salinity
of the salt water and the testing procedure was repeated. The salt solutions were produced
by measuring the mass of salt and mixing it with 1000ml of de-ionised water and the salinity
of the produced solution was calculated using equation (3-19). The salinity meter was also
used to measure and confirm the salinity of salt water solution.

4.3.1 Energy and efficiency calculations
The total energy lost by water was calculated using equation (4-1), consisting of four terms;
firstly, the energy lost from the remaining brine and secondly, the energy lost from water
when ice was formed which was calculated from the initial conditions to the freezing point
(F.P) of salt water. Thirdly, the energy gained by ice which was calculated from the
freezing point (F.P) of salt water to the final temperature of ice and finally, the latent heat
of fusion.
𝑄𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑡𝑒𝑟 = 𝑄𝑏𝑟𝑖𝑛𝑒 + 𝑄𝑤𝑎𝑡𝑒𝑟 𝑡𝑜 𝐹.𝑃 + 𝑄𝐹.𝑃 𝑡𝑜 𝑖𝑐𝑒 + 𝑚𝐿𝑓

4-1

where, Lf is the latent heat of fusion for sea water and 𝑚 is the mass. Equation (4-2) was
used to find the energy for ice, water and brine.
Qice/water/brine = 𝑚(Cp2 T2 − Cp1 T1 )

4-2

where, Cp1 and Cp2 are the initial and final specific heat capacities of water respectively.
T1 and T2 are the initial and final temperatures respectively.
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The overall efficiency of the freezing process was calculated using equation (4-3).
𝐸𝑓𝑓𝑖𝑐𝑒−𝑚𝑎𝑘𝑒𝑟 =

𝑄𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑡𝑒𝑟

4-3

𝑄𝑖𝑐𝑒−𝑚𝑎𝑘𝑒𝑟

where, 𝑄𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑡𝑒𝑟 is the total energy lost by water calculated using equation (4-1) and
𝑄𝑖𝑐𝑒−𝑚𝑎𝑘𝑒𝑟 is the total energy output of the ice maker calculated using the measured power
output, number of freezing steps and time.

4.4 Experimental results
In the primary case, a salt water concentration of 35g/L (3.5%) that represents the average
sea water salinity, was used in the ice maker. From this experiment, after 8 minutes of
freezing, 10 ice cubes were obtained with a volume and a mass of 33000mm 3 and 34.08g
respectively. The average salinity of the melted ice was 3.0% and of the remaining brine
was 3.6%. The dimensions of a single ice unit was measured and shown in Table 4-1.
Parametric study was then carried out experimentally by conducting more experiments with
salt solutions of different salinities i.e. 1.5%, 2.5%, 3.5% and 4.5% to study the effect of
initial salinity on the quality of ice produced and brine output as shown in Table 4-6. The
results showed that when the salt solutions’ initial salinity was decreased, the volume of
ice produced increased and the quality of ice increased, meaning that the salinity of ice
formed decreased.
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Table 4-1: Recorded results from the experiment [7]
Parameters

Results

Salt (g)

35

De-ionised Water (mm3)

1000000

Initial Salinity (%)

3.5

Time (min)

8

Volume of Ice Obtained (mm3)

33000

Mass of Ice Obtained (g)

34.08

W (mm)

4.3

X (mm)

10

Y (mm)

21.3

Z (mm)

18.2

Ice Salinity (%)

3.0

Brine Salinity (%)

3.6

The overall efficiency was 0.42 to freeze a 3.5% salt water solution to produce one batch
of ice using the ice maker machine, which was calculated using equations (4-1) to (4-3). In
order to determine the efficiency, the total energy output of the ice maker must be
calculated. Hence, it must be noted that the experimental power consumption in the ice
maker does not mirror the actual power consumption due to many factors such as having
many components in the ice maker that is not required for the desalination process as
confirmed by Williams et al. [98].
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4.5 CFD Modelling
CFD software ANSYS Fluent version 16.2 [129] has been used to model the freeze
desalination process of a commercially available ice maker machine. A single freeze tube
of the ‘Klarstein’ [142] ice maker has been modelled using ANSYS Fluent to model the
indirect contact freeze desalination process where the ice formed on the surface of the cold
tubes of the ice maker is formed primarily of pure water and the brine is rejected to the
remaining water solution. [7]

4.5.1 Geometry generation
The geometry has been modelled using ANSYS geometry modeller to the exact dimensions
of a single freeze tube out of the 10 freeze tubes present in the ‘Klarstein’ [142] ice maker.
Due to its symmetrical nature, only a quarter of the 3D circular tube has been modelled on
CFD in order to reduce the computational time. Figure 4-3 shows the CFD geometry of the
freeze tube that has been modelled using ANSYS Fluent geometry modeller. The measured
freeze tube diameter and the length are 10.8mm and 20.6mm respectively. The surrounding
salt water region is taken to be of 46.8mm diameter due to the fact that the distance between
the outside edges of two freezing tubes is 18mm. The length of the region is taken to be
45mm to allow for enough ice formation to be seen and to clearly observe the freezing
process surrounding the freeze tube as shown in Figure 4-3 and in the schematic shown in
Figure 4-5.
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Figure 4-3: Geometry of CFD model

4.5.2 Mesh
The 3D geometry is then imported to ‘ANSYS Meshing’ where a fine tetrahedral mesh was
implemented to create a mesh with 9946 nodes and 5911 elements as shown in Figure
4-4(a). Edge sizing was used to optimise the mesh as shown in Figure 4-4(b). Mesh
independency study was carried out by using edge sizing to give coarser and finer meshes.
The predicted ice salinity from CFD was compared to experimental values with three
different types of meshes. The salt water with an initial salinity of 1.5% has been
desalinated to experimentally produce ice with a salinity of 1.1%. This has been compared
with a coarse, a medium and a fine mesh. Table 4-2 shows the effect of mesh types on the
percentage error where the difference between the error produced using fine mesh and that
of using medium mesh is small. However, the use of fine mesh resulted in a significant time
consumed in the simulation. Therefore, medium mesh is used in further simulations.
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Table 4-2: Mesh Independency [7]
Mesh
Type

Nodes Elements

4543
5911

Simulation
Time
(hours)
16
24

SalinityExperimental
(%)
1.1
1.1

SalinityCFD
(%)
1.3500
1.0800

Percentage
of
Error
(%)
22.73
1.82

Coarse
Selected
Mesh
Fine

7447
9946
17252

10188

36

1.1

1.0824

1.60

Figure 4-4: Tetrahedral mesh (left) (a) and edge sizing used (right) (b) [7]

4.5.3 Set-up
The selected mesh was then imported into ‘ANSYS Fluent Setup’ to set the materials,
modules/equations, boundary conditions, solution methods, discretization settings, etc. A
pressure-based solver has been used with laminar incompressible flow conditions through
a transient solving process in order to run the simulations to achieve 8 minutes of real time.
A laminar viscous model has been exploited to solve the computational fluid dynamics
model. The main physics models used were energy, species transport and
solidification/melting modules. [7]
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Figure 4-5 displays a schematic diagram of the CFD model and Table 4-4 summarises the
boundary conditions and the assumptions made. Sea water with an initial salt concentration
of 35g/L has been modelled with a fixed initial temperature of 288.15K. The freezing tube
with a temperature of 257.15K has been used to freeze the sea water solution. The rest of
the walls have been regarded as adiabatic as indicated in Figure 4-5. [7]

In order to simulate the freezing process and the pure water (as ice) separation from the
rejected

brine

solution,

Energy

(heat

transfer),

Species

Transport

and

Solidification/Melting modules were utilised. In ANSYS Fluent, the solidification process
is modelled using an enthalpy – porosity technique, where a porous zone is incorporated at
the liquid-solid mushy zone, using liquid fraction corresponding to the porosity value
[133]–[135]. A pressure drop occurs when the water freezes and solidifies and in order to
predict this pressure drop, momentum sink terms are incorporated in the momentum
equation [7], [136]. The physics and the theory of the CFD modelling process is thoroughly
discussed in sections 3.2 in chapter 3.
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Figure 4-5: Schematic diagram of the modelled freeze tube in the ice maker [7]

Firstly, the working fluid of salt water is created by using the ‘Species Transport’ and
‘Solidification/Melting’ modules; where the mass fraction is automatically integrated into
the module in order to generate a mixture of two species which are ‘Pure water’ and ‘Salt
water’. These are in two different concentrations and by mixing the two; a salt water
mixture is made with an identifiable concentration. In the ANSYS Fluent material set-up,
the properties of water to create the two concentrations for ‘Pure water’ and ‘Salt water’
can be inputted. Table 4-3 shows how the properties such as thermal conductivity,
viscosity, specific heat, density, etc. are entered as a piecewise-linear function of
temperature in ANSYS Fluent material set-up. After freezing, this allows the separation of
pure water as ice and salt water as brine from the mixture. [7]
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Table 4-3: Input of Properties for Pure Water and Salt Water [7]
Properties

Pure Water

Salt Water

Viscosity (kg/m.s)

Piecewise-linear

Piecewise-linear

Thermal Conductivity (W/m.K)

Piecewise-linear

Piecewise-linear

Cp Specific Heat (J/kg.K)

Piecewise-linear

Piecewise-linear

Density (kg/m3)

Piecewise-linear

Piecewise-linear

Molecular Weight (kg/kgmol)

18.02

18.63

Table 4-4: Boundary conditions with assumptions [7]
Boundaries Conditions
Assumptions
Freeze tube
 Wall temperature - 257.15K
 Constant wall temperature
at the freeze tube.
 Non-slip stationary walls
 Wall thickness – 5mm
 Material – Aluminium
Container
 Adiabatic (Heat flux (W/m2)
 Walls are assumed to be
walls
= 0)
adiabatic with no heat
transfer.
 Non-slip stationary walls
Top surface
 Natural convection
 Natural convection for
water to be in contact with
 Heat transfer coefficient – 10
2
air
(W/m K)
 Non-slip stationary walls
Symmetry
 Symmetry has been set to
 Solidification is assumed
th
only model 1/4 of the
to occur evenly around the
geometry to decrease the
freeze tube
computational time

A coupled scheme has been used in the solution and the discretization settings are displayed
in Table 4-5. The residual monitors used for energy was 1x10-11 and for continuity, velocity
and saltwater mass fraction were 1x10-9. A time step size of 0.001 with 20 iterations per
time step was used for 480000 time steps to simulate the process for 8 minutes. The
maximum time step size used was 0.001 after conducting time step size independency tests.
[7]
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Table 4-5: Discretization settings [7]
Spatial Discretization

Solution Method

Gradient

Least squares cell based

Pressure

PRESTO!

Momentum

Second order upwind

Energy

Second order upwind

Salt-water

Second order upwind

Transient formulation

First order implicit

The flow diagram of the CFD simulation process is shown in Figure 4-6 [7].

Figure 4-6: Flow diagram of the CFD simulation process [7]

105

CHAPTER 4 – Indirect Freeze Desalination Using an Ice Maker Machine

4.6 CFD Results
Figure 4-7, Figure 4-8, Figure 4-9 and Figure 4-10 show the variation of temperature, liquid
phase fraction, salt water mass fraction (salinity) and pure water mass fraction (salinity)
respectively. The 3D contours and 2D variations from the edge of the freezing tube to the
rest of the solution for 257.15K freezing temperature and 35g/L initial salt concentration
(3.5% salinity) are displayed. The 2D variations are taken as the horizontal distance at the
midpoint edge of the freezing tube to the rest of the solution. It is clear from Figure 4-7(a)
that through the first 9mm distance from the tube edge the ice temperature is increasing at
a faster rate than that through the second 9mm to reach 273.15K at 18mm indicating the
end of the freezing zone. The distribution of temperature is clearly shown from the
beginning of the ice layer to the rest of the solution in Figure 4-7(b) after 8 minutes of
freezing. An ice layer of thickness 4.5mm is formed from each side and at the bottom of
the ice layer, the temperature is recorded to be 257.15K while at the top edge of the ice
layer, the temperature is about 265K. The temperature of the ice layer is rising from the
bottom edge of the ice layer which is in contact with the freezing tube to the top edge of
the ice layer which is in contact with the brine solution. Further away from the ice layer,
the temperature rises to become constant throughout the rest of the brine solution. [7]
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Figure 4-7: Water temperature variation against distance from the freezing tube edge (a)
and temperature contours (b) [7]

The liquid phase fraction contours are displayed in Figure 4-8(b) and the formation of ice
around the freezing tube is indicated by the blue region. The remaining brine is denoted by
the red region while the liquid/solid mushy zone is shown by the intermediate colours in
the contours. Hence the liquid fraction is defined by the solidification of water where the
blue layer denotes minimum liquid fraction thus indicating a solidified section. The red
region indicates the rest of the brine solution where a high amount of liquid fraction is seen,
thus indicating a liquid region. Figure 4-8(a), displays the liquid phase fraction versus the
distance from the edge of the freezing tube; where the solidification is distributed from the
ice layer to the rest of the solution and from Figure 4-8(b) the measured thickness of ice
obtained was 4.5mm. [7]
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Figure 4-8: Liquid phase fraction against the distance from the freezing tube edge (a) and
liquid phase fraction contours (b) [7]

After 8 minutes of freezing; the mass fraction of salt water contours is shown in Figure
4-9(b) where it can be seen that in the ice layer, the salt water mass fraction is minimal and
in the rest of the solution it is high. The salt water mass fraction (salinity) distribution for
the distance from the beginning of ice layer to the rest of the solution is shown in Figure
4-9(a). It is quite apparent from this figure that at the edge of the ice layer, the salt water
salinity is about 2% and it increases to a maximum value of about 4.2% in the rest of the
solution. The deviations seen in the salt water mass fraction are due to the thermal and

Salt water salinity (%)

solutal buoyancies. [7]
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Figure 4-9: Salt water salinity against the distance from the freezing tube edge (a) and salt
water mass fraction contours (b) [7]

108

CHAPTER 4 – Indirect Freeze Desalination Using an Ice Maker Machine

In contrast to the mass fraction of salt water contours, the mass fraction of pure water
contours is displayed in Figure 4-10(b) where in the ice layer, the pure water mass fraction
is high and in the rest of the solution it is low. The pure water mass fraction distribution for
the distance from the beginning of the ice layer to the rest of the solution is shown in Figure
4-10(a). It is clear that at the ice layer, the pure water mass fraction is very high, and it
drops for the rest of the solution. The buoyancies cause the variation seen on the pure water
mass fraction contours in Figure 4-10. [7]
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Figure 4-10: Pure water salinity against the distance from the freezing tube edge (a) and
pure water mass fraction contours (b) [7]

4.7 CFD modelling validation
Figure 4-11 displays the temperatures measured using the thermocouples T1, T2 and T3
which were placed at different locations at the freezing tubes’ surface. The average of these
temperatures was then used as the set temperature for the CFD simulations. The
thermocouple T4 is the temperature at which the ice was forming, and it was compared
with the CFD results. Figure 4-11 shows the comparison between the measured and
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modelled freezing tube surface temperatures (T1, T2 and T3) and the temperature change
during the ice forming process (T4) with a maximum deviation value of 0.93% for
temperature T4. [7]
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Figure 4-11: CFD and experimental comparison of temperature vs. time [7]

Table 4-6 compares the CFD and experimental results for ice and brine salinities obtained
after freezing with different initial salt water salinities, 1.5%, 2.5%, 3.5% and 4.5%
showing minimal percentage errors between the two to conclude the validation of the
model. The volumes and the masses of ice obtained are also compared. It is quite apparent
from Table 4-6, that the comparison between the CFD and experimental results shows good
agreement. [7]
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Table 4-6: CFD and experimental comparison for different initial salinity levels [7]
Parameters

Initial Salinity of Sea Water (%)
1.5

Ice Salinity
(%)
Brine Salinity
(%)
Volume per ice
unit (mm3)
Mass per ice
unit (g)

2.5

3.5

4.5

Exp.

CFD

%
Error

Exp.

CFD

%
Error

Exp.

CFD

%
Error

Exp.

CFD

%
Error

1.1

1.08

1.82

2.1

1.88

10.48

3.0

2.55

15.00

3.6

3.11

13.61

1.6

1.80

12.50

2.6

2.94

13.08

3.6

3.98

10.50

4.6

5.11

11.09

3900

4500

15.38

3600

4264

18.40

3300

3421

3.60

2700

2795

3.518

4.008

4.554

13.62

3.750

4.351

16.03

3.408

3.514

3.11

2.840

2.896

1.97

In order to reduce the ice salinity from 1.5% to below 0.1% which is recommended as safe
to drink by the WHO [13], four freezing stages were carried out. Figure 4-12 displays the
CFD and experimental comparison on ice salinity for each freezing stage.
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Figure 4-12: Freezing stages carried out to reduce ice salinity below 0.1%
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4.8 CFD parametric analysis
In theory, the freeze desalination process is predicted to produce ice crystals which are pure
but the ice quality is affected by many aspects during the freezing process. It was suggested
that the ions could be expelled into brine of slight quantities of moderately frozen or
completely unfrozen. Occasionally, these ions do get trapped into the ice crystal, in
qualitative concurrence with the low solubility of salts in ice [53]. Luo et al [54] conducted
a research on factors that affected the ice crystal quality during freezing where it was
concluded that the rate of freezing, solid fraction, temperature of freezing and the
concentration of the solution affected the ice quality. [7] Therefore, parametric study was
carried out using the validated CFD model in order to investigate the effects of the freeze
tube temperature and the initial salinity of salt water on ice production and the final
salinities of ice and brine. [7] Parametric study has also been done on the geometry of the
freezing tubes of the ice maker machine to investigate the effect of geometry on ice
production. Table 4-7 and Table 4-8 display the volume of ice produced and the required
energy calculated using equations (4-1) and (4-2) at various freeze tube temperatures and
various initial salinities of the salt water respectively.
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Table 4-7: Case studies with input, output and boundary conditions for different freezing
temperatures [7]
Parametric Analysis for Different Freezing Temperatures
Jobs
Input
Boundary Conditions and Factors
Energy
Output
data
Required Results
(J)
270K
270K of Adiabatic (Heat flux (W/m2) = 0) and 618.75
Volume of
freezing
non-slip stationary walls. Initial Sea
ice
temp.
water temperature = 288.15K and
produced
salinity = 3.5%.
(mm3) - 0
265K
265K of Adiabatic (Heat flux (W/m2) = 0) and 1419.90
Volume of
freezing
non-slip stationary walls. Initial Sea
ice
temp.
water temperature = 288.15K and
produced
salinity = 3.5%.
(mm3) 1235.79
257.15K 257K of Adiabatic (Heat flux (W/m2) = 0) and 4004.06
Volume of
freezing
non-slip stationary walls. Initial Sea
ice
temp.
water temperature = 288.15K and
produced
salinity = 3.5%.
(mm3) 3421.04
2
245K
245K of Adiabatic (Heat flux (W/m ) = 0) and 5898.53
Volume of
freezing
non-slip stationary walls. Initial Sea
ice
temp.
water temperature = 288.15K and
produced
salinity = 3.5%.
(mm3) 7189.83
235K
235K of Adiabatic (Heat flux (W/m2) = 0) and 6762.44
Volume of
freezing
non-slip stationary walls. Initial Sea
ice
temp.
water temperature = 288.15K and
produced
salinity = 3.5%.
(mm3) 8093.43
2
225K
235K of Adiabatic (Heat flux (W/m ) = 0) and 10223.71 Volume of
freezing
non-slip stationary walls. Initial Sea
ice
temp.
water temperature = 288.15K and
produced
salinity = 3.5%.
(mm3) 17315.42

It is seen in Table 4-7 that when the freezing temperature is reduced, the volume of ice
obtained increases, and also the energy required to reduce the temperature increases. In
Table 4-8, it is evident that increasing the initial salinity of the salt water would reduce the
amount of ice produced. Since the temperature is constant when varying the initial salinity
of salt water, the energy required does not change to a great deal.
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Table 4-8: Case studies with input, output and boundary conditions for different initial
salt water concentrations [7]
Jobs
15g/L

25g/L

35g/L

45g/L

Parametric Analysis for Different Initial Salinities
Input
Boundary Conditions and Factors
Output
data
Results
2
1.5% of
Adiabatic (Heat flux (W/m ) = 0)
Volume of
initial
and non-slip stationary walls. Initial
produced
salinity
Sea water temperature = 288.15K.
(mm3)
Freeze tube temperature = 257.15K.
4500.21
2
2.5% of
Adiabatic (Heat flux (W/m ) = 0)
Volume of
initial
and non-slip stationary walls. Initial
produced
salinity
Sea water temperature = 288.15K.
(mm3)
Freeze tube temperature = 257.15K.
4264.04
3.5% of
Adiabatic (Heat flux (W/m2) = 0)
Volume of
initial
and non-slip stationary walls. Initial
produced
salinity
Sea water temperature = 288.15K.
(mm3)
Freeze tube temperature = 257.15K.
3421.04
4.5% of
Adiabatic (Heat flux (W/m2) = 0)
Volume of
initial
and non-slip stationary walls. Initial
produced
salinity
Sea water temperature = 288.15K.
(mm3)
Freeze tube temperature = 257.15K.
2795.99

ice
ice
ice
ice
-

4.8.1 Effect of freezing temperature
The contours for the salt water temperature, liquid phase fraction and the mass fraction of
salt water are presented in Figure 4-13 for the various freezing temperatures of 265K,
257.15K, 245K, 235K and 225K.
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Figure 4-13: Temperature (left), liquid phase fraction (middle) and salt water mass
fraction (right) contours for freezing temperatures of 265K, 257.15K, 245K, 235K and
225K [7]
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It can be seen that decreasing the freezing temperature increases the solidification of water,
also the size of liquid phase fraction regions (blue layer) are increasing as the freezing
temperatures decreases leading to larger volumes of produced ice. Hence, 265K, 257.15K,
245K, 235K and 225K freezing temperatures produced 1235.79, 3421.04, 7189.83,
8093.43 and 17315.42 mm3 of ice respectively after 8 minutes of freezing, as presented in
Figure 4-14. It is clear from this figure that 225K freeze tube temperature produced about
5 times more ice than the 257.15K freeze tube temperature that the ice maker usually

Volume of Ice (mm3)

operates at. [7]

18000
16000
14000
12000
10000
8000
6000
4000
2000
0
270K
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257.15K
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235K

Freezing Temperatues (K)

225K

Figure 4-14: Volume of ice obtained at different freezing temperatures [7]
The salinities of the ice and brine after the freezing process have been compared for
different freezing temperatures in Figure 4-15. The ice salinities obtained for the freezing
temperatures of 265K, 257.15K, 245K, 235K and 225K were 2.29%, 2.55%, 2.63%, 2.77%
and 3.02% respectively. It is seen that at higher freezing temperatures, the produced ice is
with lower salinities; where 225K freezing temperature produced 18.43% less purer ice
compared to the standard freezing temperature of 257.15K. This trend can be explained
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because at lower freezing temperatures, the difference in temperature between the salt water
and the freezing tube increases. This gradually surges the heat transfer and enables the
formation of ice much faster, thus causing less time for the salt in the water to be detached
from the ice. This therefore ensures that more salt remains in the ice that is formed around
the freezing tube [11]. Figure 4-15 also compares the salinities of the remaining brine at
the various freezing temperatures mentioned above. It was shown in Figure 4-13 that as the
freezing temperature is reduced, the mass fraction of brine increases in the remaining
solution while the ice production rises. Hence, the final brine salinities for the freezing tube
temperatures of 265K, 257.15K, 245K, 235K and 225K become 3.45%, 3.98%, 4.52%,
5.18% and 5.51% respectively. The reason behind this being; as the freezing tube
temperature decreases, the volume of ice produced increases, thus only a small volume of

Salinity (%)

liquid or brine which is of high concentration remains. [7]
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Figure 4-15: Ice and brine salinities obtained at different freeze tube temperatures [7]
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4.8.2 Salinity
Parametric study was then conducted by changing the initial salt water salinity from 1.5%,
2.5%, 3.5% and 4.5% to observe the effect of ice production and the salinities of ice and
brine. The volumes of ice produced for 1.5%, 2.5%, 3.5% and 4.5% salt water
concentrations were 4500.21, 4264.04, 3421.04 and 2795.99mm3 respectively (as shown
in Table 4-6) which indicates that as the initial salt water concentration decreases, the
volumes of ice produced increases. This can be explained as at higher salt water
concentrations the ice crystals become less pure and slow the freezing process. It is also
reported by Williams et al [98] that the initial concentration of the salt water had a
considerable effect on rejecting salt and the water recovery ratios. [7]

Figure 4-16, Figure 4-17 and Figure 4-18 show the variation of temperature, liquid phase
fraction and salt water mass fraction (salinity) versus the distance from the surface of the
freezing tube. In Figure 4-16, the first 9mm distance from the tube edge appears to have a
greater increase in rate of temperature compared to the second 9mm. The ice layer thickness
is high for lower freezing temperatures and the increase in temperature from the bottom of
the ice layer to the top of the ice layer for all freezing temperatures follows a similar pattern.
The temperature appears to be constant for the rest of the brine solution away from the ice
layer. Figure 4-17 displays the liquid phase fraction at different freezing temperatures
where the ice layer thickness increases for lower freezing temperatures, thus it can be
concluded that lower freezing temperatures would generate a larger volume of ice. Figure
4-18 displays the salt water mass fraction (salinity) for the distance from the edge of the
freezing tube and it is seen that at higher freezing temperatures, the salinity of ice is low in
comparison to when freezing at lower temperatures. [7]
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Figure 4-16: Water temperature variation against distance from the freezing tube edge for
different freezing temperatures [7]
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Figure 4-17: Liquid phase fraction against the distance from the freezing tube edge for
different freezing temperatures [7]

4.8.3 Second stage of freezing
It is clear from Figure 4-18, that freezing temperatures of 245K, 257.15K and 265K seem
to produce ice with lower average salinities of 0.50, 0.53 and 0.48% at a thickness of 3.3,
2.5 and 0.7mm respectively from the freezing tube as shown in Figure 4-19. Therefore,
Figure 4-19 displays the thickness of ice for ice salinities below 1.0% for freezing
temperatures from 245K to 265K.
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Figure 4-18: Ice and salt water salinity against the distance from the freezing tube edge
for different freezing temperatures (3.5% initial salinity) [7]
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Figure 4-19: Thickness of ice for ice salinities below 1.0% vs. temperature [7]

Although such salinity levels are low but they are still higher than the accepted salinity
levels of 0.1% regarded as fresh and safe to drink by the WHO [13]. As displayed in Figure
4-18, the average salinity of ice achieved was about 0.5%, so in order to produce purer ice
with accepted salinity level of less than 0.1%, then the produced water of 0.5% salinity was
used to conduct a second stage of freeze desalination using the freezing temperatures of
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215K, 225K, 235K and 245K. The 245K freezing temperature was chosen as it gave the
least average ice salinity below the 1.0% salinity mark and therefore, freezing temperatures
below 245K were then taken in order to quickly desalinate the 0.5% salinity of sea water
to give a larger volume of ice. Figure 4-20 shows the output salinity levels from the edge
of freezing tube at temperatures of 215K, 225K, 235K and 245K using initial salt water
salinity of 0.5%. It is clear from this figure that salinity of 0.1% was achieved at
temperatures of 215K, 225K, 235K and 245K giving an ice thickness of 7.3, 7.6, 6.8 and
5.4mm respectively. The volumes of this pure ice (below 0.1%) are shown in Figure 4-21
with highest ice volume of 12329.24mm3 achieved at 225K. Figure 4-22 shows the average
ice salinities over the whole region starting from the freezing surface up to the 0.1% mark
for the temperatures shown in Figure 4-20. It is clear from this figure that all the average
salinities are below 0.05% (500mg/l) which is regarded as good quality drinking water by
the WHO [13]. [2]
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Figure 4-20: Ice and salt water salinity from the edge of the freezing tube at different
freezing temperatures (0.5% initial salinity) [7]
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Figure 4-21: Volume of ice obtained below 0.1% salinity for different freezing
temperatures [7]
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Figure 4-22: The average salinity of ice formed at different freezing temperature [7]

4.8.4 Geometry of the freezing tube
The geometry of the freezing surface of a single freezing tube has been changed to
investigate the effect on ice production. The freezing temperature was constant at 260K and
the initial salinity was 35g/L. Changing the diameter and the length of the freezing tube
have been investigated and the performance of this study is summarised in Figure 4-23.
The liquid phase fraction contours are shown in Figure 4-24 and Figure 4-25 for the change
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in diameter and length respectively for a single freezing tube. The produced ice volumes
for freezing tube diameters 5mm and 20mm were 842mm3 and 3188mm3 respectively.
Increasing the length of the freezing tube generated more ice, where a 10mm and a 20mm
length produced 1267mm3 and 2770mm3 of ice respectively. Increasing the diameter and
the length of the freezing tube, increased the volume of ice produced as this increased the
total freezing surface area [14]. The heat transfer rate in the freeze tube is proportional to
the power consumption; therefore, the geometry must be selected with a low heat transfer
rate and a high volume of ice. Hence, it is seen that, the 20mm diameter with a 15mm length
is the best geometry to use and it is 2.8 times better in terms of heat transfer rate over ice
production compared to the 5mm diameter with a 15mm length geometry. Furthermore, the
design of the ice maker and the space allocated for the freezing tubes must also be taken
into consideration when choosing the best geometry. Having 5 freezing tubes of 10mm
diameter with a 20mm length dimensions would produce 9.3% more water than having 10
freezing tubes of 10mm diameter with a 10mm length.

Figure 4-23: Performance of the geometry of the freezing tubes
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Figure 4-24: Liquid phase fraction contours for 5mm diameter (left) and 20mm diameter
(right) [14]

Figure 4-25: Liquid phase fraction contours for 10mm length (left) and 20mm length
(right) [14]

4.9 Summary
The feasibility of using an ice maker machine as a portable application to produce potable
water is investigated. The ice maker offers potential as a small scale desalination system in
portable applications such as domestic houses, schools, local shops and hospitals.
Experimental testing has been conducted using a commercially available ice maker
machine and numerical modelling has been done on CFD to carry out parametric study on
temperature, salinity and the geometry of the ice maker machine. The overall efficiency
was 0.42 to freeze a 3.5% salt water solution to produce one batch of ice using the ice maker
machine. In the validation process of experimental and CFD, the results showed average
deviations of ±4.6K and ±0.56K for the freezing tube temperature and the temperature
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change of the ice forming respectively. Additionally, the percentage errors obtained for the
salinities of ice and brine obtained were 15% and 10.5% respectively indicating good
agreement between the two. [7]

Parametric analysis was then carried out using the validated CFD model in order to observe
the effects of the freeze tube temperature and the initial salinity of salt water on ice
production and the final salinities of ice and brine. Results showed that as the freezing
temperature decreases, the production of ice increases due to low temperature causing a
faster rate of freezing and an improved solidification rate for salt water. At 225K freeze
tube temperature, 5 times more ice was produced in comparison to the standard 257.15K
freeze tube temperature that the ice maker usually operates at. Additionally, the lowest
average salinity achieved was 0.5% at 245K freezing temperature for an ice thickness of
3.3mm, which is higher than the 0.1% recommended by the WHO as safe to drink water
[13]. Therefore, a second stage of freezing process was applied to this 0.5% to produce a
salinity level below the required 0.1%. Results showed that salinity of 0.1% was achieved
at temperatures of 215K, 225K, 235K and 245K with pure ice volumes of 12114.40,
12329.24, 9516.39 and 6785.36mm3 respectively. Results also showed that the average ice
salinity for the second stage of freezing was below 0.05% which is regarded as good quality
drinking water. Such results highlight the potential of using freeze desalination to produce
drinking water. [7] Parametric study has also been conducted on the geometry of the
freezing tubes of the ice maker machine on the volume of ice produced. It is observed that,
increasing the diameter and the length of the freezing tube, generated more ice due to the
increase in freezing surface area. The 20mm diameter with a 15mm length is the best
freezing tube geometry and it is 2.8 times better in terms of heat transfer rate over ice
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production compared to the 5mm diameter with a 15mm length geometry. Additionally,
having 5 freezing tubes of 10mm diameter with a 20mm length dimensions would produce
9.3% more water than having 10 freezing tubes of 10mm diameter with a 10mm length.

Further research using cryogenic energy storage such as that of liquefied natural gas (LNG)
and stored liquefied LN2/Lair for the process of freeze desalination is investigated, as this
shows great potential to obtain fresh water efficiently. This process is explored by
evaporating LN2 to N2 while concurrently freezing sea water to attain fresh water as this
proves to be a promising technique. This method has been implemented and further
discussed in chapter 5.
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CHAPTER 5

5. EVAPORATION OF LIQUID NITROGEN FOR
FREEZE DESALINATION

5.1 Introduction
In this chapter, the use of liquid nitrogen for freeze desalination has been studied. Many
researchers have looked into the use of cryogenics as a source of energy for many
applications such as cooling for domestic and industrial processes and driving turbines and
engines for power generation [144]–[148]. Cryogenic energy has also been utilised in
freeze desalination by few researchers [11], [32], [35]. However numerical modelling of
using cryogenic energy for freeze desalination has not yet been investigated and the use of
the evaporation of liquid nitrogen for indirect contact freeze desalination has not yet been
investigated. Therefore, this chapter focuses on the evaporation of liquid nitrogen for
indirect contact freeze desalination. Computational fluid dynamics (CFD) analysis of this
process is carried out and an experimental test rig has been built to further understand this
process and validate the CFD model. This chapter consists of two sections, firstly the CFD
modelling and secondly, the experimental testing to validate the CFD model.

Literature on CFD modelling of the evaporation of liquid nitrogen is very limited.
Therefore, CFD modelling of the evaporation of liquid nitrogen as a source of cooling for
the freeze desalination process was established. Firstly, the theoretical background of the
CFD simulation of the evaporation of LN2 processes is described in this chapter.
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5.2 CFD theory of the evaporation of liquid nitrogen process
The liquid nitrogen turns from liquid to nitrogen gas in the evaporation process of LN2.
Therefore, for modelling the evaporation process where the fluid changes phase (liquid to
gas); the multiphase model in ANSYS is used. Additionally, the energy and the turbulent
models were used to determine temperature variation during the turbulent flow of the fluid.
In the ANSYS multiphase module, three different ‘Euler-Euler multiphase’ models are
offered: the Eulerian model, the mixture model and the volume of fluid (VOF) model [136].
All of these ‘Euler-Euler multiphase’ models can be used to model the evaporation of liquid
nitrogen. However, only the volume of fluid (VOF) can be used in conjunction with the
solidification/melting model that is used to model the freeze desalination process.
Therefore, when simulating the evaporation of liquid nitrogen simultaneously with the
freeze desalination modelling, only the VOF option in the multiphase model can be used.

5.2.1 Euler-Euler multiphase models
Multiphase mixture model
This multiphase model is able to model multiphase flows where the phases travel at various
speeds, but assume local equilibrium over short spatial length scales [136]. Homogeneous
multiphase flows where the phases move at the same speeds and with very strong coupling
can also be modelled [136]. By solving energy, momentum and continuity equations for
the mixture, algebraic expressions for the relative speeds, and volume fraction equations
for the secondary phases is the approach that the mixture model can model phases. Key
processes that the mixture model is able to model are: bubbly flows where the gas volume
fraction stays low, cyclone separators, sedimentation, and particle-laden flows with low
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loading [136]. When using the mixture model, it is able to run the model with more than
one domain, without causing any major issues. Conversely, in order to obtain results close
to the experimental results, the evaporation frequency must be altered by trial and error.
Additionally, the Lee model is used to model the interphase mass transfer through
evaporation-condensation [136].

In the mixture model, the continuity equation is denoted by equation (5-1) [136].
𝑑
𝑑𝑡

(𝜌𝑚 ) + ∇. (𝜌𝑚 ⃗⃗⃗⃗⃗⃗)
𝑣𝑚 = 0

5-1

where, the mixture density 𝜌𝑚 is denoted by equation (5-2) and 𝛼𝑘 is the volume fraction
of phase k,
𝜌𝑚 = ∑𝑛𝑘=1 𝛼𝑘 𝜌𝑘

5-2

and the mass-averaged velocity ⃗⃗⃗⃗⃗⃗
𝑣𝑚 is denoted by equation (5-3).
𝑣𝑚 =
⃗⃗⃗⃗⃗⃗

∑𝑛
⃗⃗𝑘
𝑘=1 𝛼𝑘 𝜌𝑘 𝑣

5-3

𝜌𝑚

In the mixture model, the momentum equation can be obtained by adding all the individual
momentum equations for all phases, as shown in equation (5-4) [136].
𝑑
𝑑𝑡

𝑇 )]
(𝜌𝑚 ⃗⃗⃗⃗⃗⃗)
𝑣𝑚 + ∇. (𝜌𝑚 ⃗⃗⃗⃗⃗⃗
𝑣𝑚 ⃗⃗⃗⃗⃗⃗)
𝑣𝑚 = −∇𝑝 + ∇. [𝜇𝑚 (∇𝑣
⃗⃗⃗⃗⃗⃗
⃗𝑚
+ 𝜌𝑚 𝑔⃗ + 𝐹⃗ +
𝑚 + ∇𝑣

∇. (∑𝑛𝑘=1 𝛼𝑘 𝜌𝑘 𝑣⃗𝑑𝑟,𝑘 𝑣⃗𝑑𝑟,𝑘 )

5-4

where, 𝜇𝑚 is the mixture viscosity denoted by equation (5-5), 𝐹⃗ is the body force and 𝑛 is
the number of phases.
𝜇𝑚 = ∑𝑛𝑘=1 𝛼𝑘 𝜇𝑘

5-5
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For the secondary phase 𝑘, the drift velocity 𝑣⃗𝑑𝑟,𝑘 is found by equation (5-6).
𝑣⃗𝑑𝑟,𝑘 = 𝑣⃗𝑘 − 𝑣⃗𝑚

5-6

In the mixture model, the energy equation is shown in equation (5-7) [136].
𝑑
𝑑𝑡

∑𝑛𝑘=1( 𝛼𝑘 𝜌𝑘 𝐸𝑘 ) + ∇. ∑𝑛𝑘=1(𝛼𝑘 𝑣⃗𝑘 (𝜌𝑘 𝐸𝑘 + 𝑝)) = ∇. (𝑘𝑒𝑓𝑓 ∇𝑇) + 𝑆𝐸

5-7

where, the effective conductivity is denoted as 𝑘𝑒𝑓𝑓 which is (∑ 𝛼𝑘 (𝑘𝑘 + 𝑘𝑡 )). 𝑘𝑡 is the
turbulent thermal conductivity. 𝑆𝐸 represents any other volumetric heat sources and for a
compressible phase 𝐸𝑘 is denoted in equation (5-8).
𝑝

𝐸𝑘 = ℎ𝑘 − 𝜌 +
𝑘

𝑣𝑘2
2

𝑣𝑘2

5-8

2

denotes the energy transfer due to conduction. For an incompressible phase, equation

(5-8) simplifies to 𝐸𝑘 = ℎ𝑘 , where ℎ𝑘 is the sensible enthalpy for phase 𝑘.

In the mixture model, for volume fraction equation for secondary phase 𝑝 can be obtained
from the continuity equation, as shown in equation (5-9) [136].
𝑑
𝑑𝑡

(𝛼𝑝 𝜌𝑝 ) + ∇. (𝛼𝑝 𝜌𝑝 𝑣⃗𝑚 ) = −∇. (𝛼𝑝 𝜌𝑝 𝑣⃗𝑑𝑟,𝑝 ) + ∑𝑛𝑞=1(𝑚̇𝑞𝑝 − 𝑚̇𝑝𝑞 )

5-9

In the mixture model for the evaporation of liquid nitrogen, the evaporation-condensation
model is enabled. The Lee model is used to model the interphase mass transfer through
evaporation-condensation and liquid-vapour mass transfer is directed by the vapour
transport equation (5-10) [136].
𝑑
𝑑𝑡

⃗⃗𝑣 ) = 𝑚̇𝑙𝑣 − 𝑚̇𝑣𝑙
(𝛼𝑣 𝜌𝑣 ) + ∇. (𝛼𝑣 𝜌𝑣 𝑉

5-10
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where, 𝛼𝑣 is the vapour volume fraction, 𝜌𝑣 is the vapour density, 𝑣 is the vapour phase
⃗⃗𝑣 is the vapour phase velocity. 𝑚̇𝑙𝑣 and 𝑚̇𝑣𝑙 are the rates of mass transfer due to
and 𝑉
evaporation and condensation respectively.

The mass transfer can be explained as shown in equation (5-11), for evaporation.
If 𝑇𝑙 > 𝑇𝑠𝑎𝑡 (evaporation):
𝑚̇𝑙𝑣 = 𝑐𝑜𝑒𝑓𝑓 ∗ 𝛼𝑙 𝜌𝑙

𝑇𝑙 −𝑇𝑠𝑎𝑡

5-11

𝑇𝑠𝑎𝑡

where, 𝑐𝑜𝑒𝑓𝑓 is a coefficient given in equation (5-12) but should be fine-tuned and can be
deduced as a relaxation time. The phase volume fraction and density are denoted by 𝛼 and
𝜌 respectively.
6

𝑀

𝑐𝑜𝑒𝑓𝑓 = 𝑑 𝛽 √2𝜋𝑅𝑇𝑇
𝑏

𝑠𝑎𝑡

𝛼 𝜌

𝐿(𝜌 𝑣−𝜌𝑣 )
𝑙

5-12

𝑣

where, R is the universal gas constant, L is the latent heat, 𝑑𝑏 is the bubble diameter, T is
the temperature and 𝛽 is the accommodation coefficient that indicates the portion of vapour
molecules moving into the liquid surface and adsorbed by this surface [136].

When, modelling the evaporation of liquid nitrogen, the liquid nitrogen (LN2) was the
primary phase and the nitrogen gas (N2) was the secondary phase. Subject to different
temperatures and pressures, the properties of the primary (LN2) and secondary (N2) phases
varied. This data was collected from the property tables and charts shown in Appendix B.

Multiphase volume of fluid (VOF) model
By solving a single set of momentum equations and tracking the volume fraction of each
of the fluids in the field, the VOF model is able to model two or more immiscible fluids
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[136]. Key processes that the VOF model is able to model are: steady/transient tracking of
any liquid-gas interface, motion of bubbles in a liquid, prediction of jet breakup, etc. [136].
In the VOF model, the tracking of the interfaces between the phases is achieved by using
the continuity equation for the volume fraction of one or more of the phases. Hence,
equation (5-13) represents this for the qth phase [136].
1

𝑑

[ (𝛼𝑞 𝜌𝑞 ) + ∇. (𝛼𝑞 𝜌𝑞 𝑣⃗𝑞 ) = 𝑆𝛼𝑞 + ∑𝑛𝑝=1(𝑚̇𝑝𝑞 − 𝑚̇𝑞𝑝 )]

𝜌𝑞 𝑑𝑡

5-13

where, the mass transfer from phase 𝑝 to phase 𝑞 is denoted as 𝑚̇𝑝𝑞 and the mass transfer
from phase 𝑞 to phase 𝑝 is denoted as 𝑚̇𝑞𝑝 . 𝑆𝛼𝑞 is a source term which is zero by default
but a user-defined mass source for each phase can be specified.

For the primary phase, the volume fraction equation will not be solved; based on the
following constraint, the primary-phase volume fraction will be calculated:
∑𝑛𝑞=1 𝛼𝑞 = 1.Through implicit or explicit time discretization, the volume fraction equation
is solved [136].

In the VOF model, a single momentum equation is solved and the subsequent velocity field
is shared amid the phases. The momentum equation is dependent on the volume fractions
of all phases via the properties 𝜇 and 𝜌, as shown in equation (5-14) [136].
𝑑
𝑑𝑡

(𝜌𝑣⃗) + ∇. (𝜌𝑣⃗𝑣⃗) = −∇𝑝 + ∇. [𝜇(∇𝑣⃗ + ∇𝑣⃗ 𝑇 )] + 𝜌𝑔⃗ + 𝐹⃗

5-14

In the VOF model, the energy equation (5-15), is shared among the phases [136].
𝑑
𝑑𝑡

(𝜌𝐸) + ∇. (𝑣⃗(𝜌𝐸 + 𝑝)) = ∇. (𝑘𝑒𝑓𝑓 ∇𝑇) + 𝑆ℎ
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Energy 𝐸 (equation (5-16)) and temperature 𝑇 are treated as mass-averaged variables in the
VOF model.
𝐸=

∑𝑛
𝑞=1 𝛼𝑞 𝜌𝑞 𝐸𝑞
∑𝑛
𝑞=1 𝛼𝑞 𝜌𝑞

5-16

where, the specific heat of that phase and the shared temperature are what 𝐸𝑞 for each phase
is based on [136]. The effective thermal conductivity 𝑘𝑒𝑓𝑓 and 𝜌 are shared by the phases.
Influences from radiation and any other volumetric heat sources are what the source term
𝑆ℎ comprises [136].

When modelling the evaporation of liquid nitrogen in conjunction with the freeze
desalination process, the VOF model has been utilised.

Multiphase Eulerian model
The Eulerian model can be used only in the evaporation of liquid nitrogen process
separately and this model has not been used in this research. Modelling of multiple separate
but interacting phases can be done by the Eulerian model. The phases can be solids, liquids
or gases in almost any arrangement. The convergence behaviour and memory requirements
are the only factors that would limit the number of secondary phases in the Eulerian
multiphase model because any number of secondary phases can be modelled. However,
memory requirements and convergence behaviour could limit the solution [136]. This is
the most complicated model as it takes into account the effect of most parameters that affect
the boiling process like; drag coefficient, lift force, bubble departure, mass transfer,
transient and film boiling, heat transfer mechanism during nucleate boiling and wall
lubrication [149].
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5.3 CFD modelling process – evaporation of liquid nitrogen for freeze
desalination
The computational fluid dynamics (CFD) modelling process of the evaporation of liquid
nitrogen to provide the cooling for freeze desalination contains two different processes.
Firstly, the evaporation of liquid nitrogen process discussed in section 5.2 of this chapter
and secondly, the freeze desalination process discussed in section 3.2 of chapter 3.
Therefore, the CFD modelling of the evaporation of liquid nitrogen to conduct freeze
desalination, was done in two scenarios. In the first scenario, when modelling the
evaporation of liquid nitrogen to simultaneously conduct freeze desalination, both the
processes of freeze desalination and liquid nitrogen evaporation occurred in parallel. In the
second scenario, the evaporation of liquid nitrogen was done first, where the surface
temperatures were taken as a temperature profile and inputted into the freeze desalination
model and both were run separately. There are benefits and drawbacks for doing this
simulation in both scenarios.

When modelling both the processes together, the results can be more accurate due to this
method being very similar to the actual experimental tests. However, this scenario uses
many models simultaneously, including multiphase, solidification/melting, species
transport, energy, laminar/turbulent flow. This brought out many problems including very
long computational time. Additionally, only the VOF option in the multiphase model can
be used and this is a simpler solving technique in comparison to Mixture and Eulerian
techniques.
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When modelling the two processes separately, the evaporation of liquid nitrogen was done
first and then the temperatures obtained at the surface were taken and then imported into
the freeze desalination process as a temperature profile. In this scenario, the number of
models used at once was less and did not give many errors and the computational time was
not very long. Additionally, more complex options for the multiphase model such as
mixture and Eulerian can be used. However, an assumption has been made that the
temperature profile imported is accurate and does not change with time.

Therefore, for the CFD modelling of the evaporation of liquid nitrogen for freeze
desalination, the VOF multiphase model has been used initially but due to the very lengthy
computational times and due to solutions crashing, it has not been used for further results.
Consequently, the Mixture Multiphase model has been used to carry out the CFD
simulations as it still gave accurate results to validate with the experimental work and with
shorter computational times.

5.4 CFD modelling and methodology
In this section, computational fluid dynamics (CFD) was used to model the evaporation of
liquid nitrogen to simultaneously conduct freeze desalination of saline water using the
software ANSYS Fluent version 19.1 [129].
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5.4.1 Evaporation of liquid nitrogen process
When modelling the evaporation of liquid nitrogen process, two phase flow exist with
liquid nitrogen evaporating to nitrogen gas and this cryogenic fluid evaporation has been
observed by many researchers by conducting experiments or by using mathematical
modelling [150]–[156]. Accordingly, it is found that this process of boiling is split into
three forms of which are nucleate boiling, transient boiling and film boiling which are all
reliant on the temperature of the wall as shown in Figure 5-1.

When liquid nitrogen passes through a tube, heated up and evaporated, the process is called
cryogenic chill down where the subcooled liquid nitrogen is converted into superheated
gas. In the cryogenic chill down process; free convection, nucleate, transition and film
boiling processes occur. Starting with film boiling at the initial stages when the heat transfer
surface temperature is at ambient, followed by transient boiling due to the reduction in
temperature of the tube and lastly, nucleate boiling and free convection when the tube
surface temperature decreases near to about LN2 saturated temperature.

Figure 5-1: Boiling curve and flow patterns [153]
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5.4.2 Geometry
The geometry has then been modelled using ANSYS geometry modeller of the CFD
software, to the exact dimensions of the experimental test rig which was designed based on
results obtained for the cryogenic chill down process studied by Hartwig et al. [152]. Figure
5-2 shows the 3D geometry modelled using ANSYS geometry modeller consisting of two
concentric tubes where the inner one is made of copper with a 6mm diameter and it is
surrounded by a Pyrex glass tube with a 15mm diameter. The thickness of the copper tube
and the glass tube were 0.5mm and 3mm respectively with a total length of 1000mm. Liquid
nitrogen flows through the inner tube, while the sea water stays stationary in the glass tube
surrounding the copper tube. Only half of the geometry has been modelled due to the
symmetrical nature of the pipes as shown in Figure 5-3, in order to reduce the computational
time.

Figure 5-2: The geometry of the heat exchanger
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Figure 5-3: Heat exchanger domains and flow directions – cross-sectional view

5.4.3 Mesh
‘ANSYS Meshing’ was used to create the 3D mesh of the geometry where a tetrahedral
mesh has been created with edge sizing in order to optimise the mesh. Mesh independency
study was conducted by using finer and coarser meshes with different edge sizing in order
to select a suitable mesh as shown in Table 5-1. The predicted salinity of ice was compared
with the measured salinity of ice (0.9%) and the percentage errors are shown in Table 5-1.
The quality of all the three meshes were good, however increasing the density of the mesh
requires longer computational time but produces more accurate results [7]. Further increase
in the mesh density did not improve the results to a great deal, thus a medium mesh has
been chosen.
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Table 5-1: Mesh types used
Mesh Types

Description
 Coarse mesh without edge sizing.
 Nodes: 16750
 Elements: 10461
 Salinity of ice (%): 0.65
 Percentage error (%): 27.8%
 Total Running Time: 2 Days







Medium mesh with edge sizing.
Nodes: 101081
Elements: 64517
Salinity of ice (%): 0.73
Percentage error (%):18.9%
Total Running Time: 6 Days








Fine mesh with edge sizing.
Nodes: 194542
Elements: 123550
Salinity of ice (%): 0.75
Percentage error (%):16.7%
Total Running Time: 10 Days

5.4.4 Set-up
‘ANSYS Fluent-Setup’ was used to define the solvers, materials, modules, boundary
conditions, solution methods and discretization settings for the imported mesh. A transient
solving process was selected due to time variation of the wall temperature during the
cryogenic chill down process. A pressure-based solver was used with absolute velocity
formulation enabled.

The primary physics modules used were energy, multiphase, viscous, species transport and
solidification/melting in order to simulate the evaporation of liquid nitrogen and

138

CHAPTER 5 – Evaporation of Liquid Nitrogen for Freeze Desalination

simultaneously conduct freeze desalination. These modules are thoroughly discussed in
section 3.2 in Chapter 3 and section 5.2 in this chapter, where the theory of the CFD
simulation process is explained.

The boundary conditions are set to match the experimental test rig and Figure 5-3 displays
the labelled cross-sectional view of the CFD model. The system is divided into two sections
where, the evaporation of liquid nitrogen domain is inside the copper tube while the
surrounding glass tube contains the salt water mixture domain to be frozen. Initially, the
system is at ambient of 293.15K. Then, liquid nitrogen enters the tube at a temperature of
77.364K, evaporates inside the tube and leaves as nitrogen gas. The inlet is set as velocity
inlet where the velocity of liquid nitrogen entering the system was 0.0006m/s and the outlet
was set as a pressure outlet at atmospheric pressure. The surrounding salt solution is of
15g/l concentration (1.5%) with an initial temperature of 293.15K. This salt solution is
present inside the surrounding Pyrex glass tube where the copper tube makes contact with
the salt solution to indirectly freeze and desalinate the solution.

The discretization settings used in this model are shown in Table 5-2 and a coupled scheme
was implemented as a solving algorithm. Continuity, velocity and saltwater mass fraction’s
residual monitors were 1×10−9 and for energy was 1×10−11. In order to obtain the most
accurate results in less computational time, a suitable time step must be selected by
conducting time step size independency tests. Therefore, it is understood that increasing
the time step size, decreased the computational time; however, decreasing the time step
size, improved the results’ accuracy and avoided many errors in the ANSYS Fluent
software. After conducting time step size independency tests by trial and error, a time step

139

CHAPTER 5 – Evaporation of Liquid Nitrogen for Freeze Desalination

of 0.0001s was used with 20 iterations per time step, thus 5400000s of time steps were
required to run the simulation for 9mins real time. This was the optimum time step size that
could be used; where increasing this time step size produced less accurate results and
decreasing this time step resulted in longer computational time. Increasing this time step
also produced many errors such as ‘floating point exception’ to appear in the ‘ANSYS
Fluent Solution’, resulting in the system crashing. With this time step size, it took about 6
days to complete one run with the mesh nodes and elements stated above in Table 5-1. The
computer used has a 48GB RAM with an i7 Intel® Core™ processor @ 3.70GHz.

Table 5-2: Discretization settings
Spatial Discretization
Gradient
Pressure
Momentum
Volume Fraction
Turbulent Kinetic Energy
Turbulent Dissipation Rate
Energy
Salt-water
Transient formulation

Solution Method
Least squares cell based
PRESTO!
Second order upwind
First order upwind
Second order upwind
Second order upwind
Second order upwind
Second order upwind
First order implicit

5.5 CFD results
The temperature distribution of the liquid nitrogen in the copper tube is shown in Figure
5-4, where only the beginning of the tube is at very low temperatures due to the very low
velocity of LN2. The temperature distribution of the salt water surrounding the copper tube
is shown in Figure 5-5.
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Figure 5-4: Temperature distribution of the LN2 copper tube

Figure 5-5: Temperature distribution of the salt water surrounding the copper tube

Figure 5-6 displays the liquid phase fraction contours, where the formation of ice is shown.
The blue region indicates the ice formed, the brine remaining is indicated by the red region
and the intermediate colours denotes the liquid/solid mushy zone. Also, these contours go
from 0 to 1 where 1 means it’s is pure liquid, 0 means it is pure solid and the intermediate
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numbers represent the mushy regions. Liquid phase fraction contours in Figure 5-6 shows
that ice was formed only at the beginning of the tube due to the low velocity of LN2. The
volume of ice formed was 46.71 ml.

Figure 5-6: Liquid phase fraction contours
Figure 5-7 and Figure 5-8 shows the salt water mass fraction and pure water mass fraction
contours respectively. The salt water mass fraction is minimal in the regions where the ice
is formed as shown in Figure 5-7 and the pure water mass fraction is very high in these
regions as shown in Figure 5-8. Hence, the salinity of ice formed was 0.73% and the salinity
of the remaining brine was 1.70% and it is calculated by taking the volume average over
the whole domain.
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Figure 5-7: Salt water mass fraction contours

Figure 5-8: Pure water mass fraction contours
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5.6 Experimental test facility
This test rig was constructed to develop a system where the evaporation of liquid nitrogen
would simultaneously desalinate sea water. The primary objective of this test rig was to
understand the evaporation process of liquid nitrogen to be used for desalinating sea water.
The heat transfer process was also examined where a method for enhancement of heat
transfer was implemented in order to capitalize on the cold energy stored in liquid nitrogen.
Detailed description of the test rig with all the important components and measuring
devices is given in the following subsections.

5.6.1 Layout of the test facility
The experimental test facility’s schematic diagram is shown in Figure 5-9. This test rig is
divided into two circuits; the evaporation of liquid nitrogen circuit and the freeze
desalination one which are connected by a heat exchanger. The concentric tube heat
exchanger consists of a copper tube for the evaporation of LN2 which is surrounded by a
glass tube that contains stationary sea water. A glass tube was chosen to store sea water in
order to observe the formation of ice and a copper tube was used for the LN2 evaporation
process to ensure effective heat transfer between the evaporating nitrogen and the saline
water.
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Figure 5-9: Schematic diagram of the experimental test facility

Figure 5-10: Schematic diagram of the LN2 tube
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Figure 5-11: Schematic diagram showing the test rig with the thermocouple points

In the first circuit, the liquid nitrogen was poured into an insulated LN2 tank and it was
circulated through an 8mm diameter copper tube as shown in Figure 5-10 and into the
atmosphere at moderately higher temperature. The LN2 flow rate was measured and
cryogenic thermocouples were placed at the inlet and outlet of the heat exchanger and as
well as at different locations at the surface of the copper tube to measure the temperatures
as shown in Figure 5-11. The pressure difference between the inlet and outlet was measured
using a manometer. Insulation sheets and aluminium foil has been used to insulate the LN2
tank and the joining copper tubes.

In the second circuit, sea water of known salinity is poured into the glass tube which is
surrounding the copper tube. This stationary sea water is cooled down by the evaporation
of LN2. The temperature was measured at different locations at the surface of the copper
tube using thermocouples. The temperature sensors were all connected to two data loggers
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that are connected to a computer to record the data. The complete test rig is shown
photographically in Figure 5-12 with all its main components labelled.

Figure 5-12: The developed test rig
Certain experiments were carried out with a copper mesh inserted into the copper tube to
increase the heat transfer. The copper mesh is inserted into the copper tube using a metal
bar, where the copper mesh is wrapped around and once the mesh is inserted, the metal bar
is taken out. The inserted copper mesh has a wire diameter of 0.5mm and is shown in Figure
5-13.

Figure 5-13: Copper Mesh
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5.6.2 Heat exchanger - desalination test rig
A detailed CAD drawing of the designed concentric heat exchanger is shown in Figure
5-14, where the inner copper tube and the outer glass tube are clearly seen with the fittings.
The overall length of this heat exchanger is 1000mm. The copper tube has an inner diameter
of 8mm with a 0.5mm wall thickness and the glass tube has an inner 28mm diameter with
a 3mm wall thickness. The outer tube was made from glass that can handle cryogenic
temperatures and this allows the ice formation to be seen clearly. Copper fittings with
rubber sealing has been used at both ends to connect the glass tube to the copper tube. In
order to prevent any leakage during testing when the copper tube expands or shrinks; KF
fittings were used to join the tube feed through and copper fittings with plastic sealing.

Figure 5-14: CAD drawing of the heat exchanger
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5.6.3 Cryogenic tank
The liquid nitrogen cryogenic tank is made of copper which has a total volume of 0.51litres.
The 54mm diameter tank with a 207mm length is connected to a reducer from 54mm to
15mm by a copper push fitting. This is then welded to another reducer to decrease the
diameter to 8mm. In order to minimize heat transfer from the surrounding to the LN2 in the
tank, 21 insulation sheets were wrapped around it. Also aluminium foil was used between
the insulation layers to reduce radiation heat transfer. 21 layers of insulation sheets were
selected as the temperature of the last insulation sheet was measured and it was close to
ambient temperature. These insulation sheets has a thermal conductivity of 0.035W/m.K
and of 3mm thickness. Therefore, the total diameter with the insulation sheets converts to
230mm. Figure 5-15 shows the entire tank with its components.

Figure 5-15: LN2 tank with its components
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The liquid nitrogen flow rate is controlled using an adjustable rod that is placed inside the
tank as shown in Figure 5-15. The 430mm rod works similar to a valve, where it is rotated
to open and close at the rod head. The adjustable rod has several holes seen in Figure 5-15
and when it is inserted into the tank and placed at the tank head, it is used to prevent any
build-up of pressure due to the evaporation of liquid nitrogen in the tank.

5.6.4 Measuring devices and calibration
Thermocouples, a salinity meter and a manometer were used in this experiment to measure
temperatures, salinity and pressure difference respectively.

Thermocouples
In total, 12 thermocouples were used to measure the temperature at different locations in
the test rig. Out of the 12, two of them were used to measure the temperature at the inlet
and outlet of the liquid nitrogen copper tube. These two were thermocouple probes of typeK, which were used to measure the inlet temperature of LN2 and the outlet temperature of
N2. The rest of the 10 thermocouples were cement-on surface thermocouples of type-K and
were fitted at the outer surface of the copper tube to measure the temperature of the surface.
These 10 thermocouples were equidistant from each other as shown in Figure 5-16, where
T1 is closest to the LN2 inlet and T10 is closest to the N2 outlet. They are self-adhesive and
are able to measure temperatures down to 73.15K. The sensor tip of the thermocouples
were pasted into the copper tube using aluminium tape in order to allow effective contact.
The thermocouples were connected to two data loggers by passing them through two holes
made in the glass tube with two rubber bongs to avert any leakage of water. The two ‘TC-
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08 PICO’ data loggers as shown in Figure 5-17 were connected to a computer to record the
temperature measurements during the experiment.

Figure 5-16: Thermocouple distribution

Figure 5-17: TC-08 PICO data loggers to measure temperature
The thermocouples were first calibrated in order to assess the temperature measurement’s
accuracy. Calibrating thermocouples allows to draw the relation between the actual data
point and the measured data point. In this experiment, two types of thermocouples have
been used of which 2 were thermocouple probes of type-K and the other 10 were surface
thermocouples of type-K. The thermocouple calibration process is explained in section
3.5.2 of chapter 3.

Manometer
The pressure difference between inlet and outlet of the evaporation of liquid nitrogen was
measured using an inclined differential manometer as shown in Figure 5-18. Two silicon
tubes were used to connect the ends of the manometer to the inlet and the outlet of LN2
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tube. An inclined differential manometer was used to enable measuring the expected
pressure drop of the LN2 flow. The measured pressure difference was calculated using
equation (5-17).
∆𝑃 = 𝜌𝑔𝑙 𝑠𝑖𝑛𝜃

5-17

where, 𝑙 is the level of fluid in the inclined ruler and 𝜃 is the angle of inclination which was
38◦. 𝑔 is gravitational acceleration and 𝜌 is the density of the manometer fluid which was
0.748. The manometer has been calibrated using a pressure gauge comparator.

Figure 5-18: Manometer

Salinity meter
In order to measure the salinity of the saline water, an Omega handheld salinity meter [141]
was used. This has a range of 0.1% to 10% salinity and can operate at temperatures from
-5◦C to 60◦C [141]. The salinity meter was used to measure the salinity of ice and brine
after the freeze desalination process and also to measure the salinity when making salt water
solutions before the experiment. Table 3-7 shows the accuracy levels of the calibrated
salinity meter given in the salinity meter manual [141]. The calibration process of the
salinity meter is explained further in the experimental section 3.5.2 – ‘Salinity Meter
Calibration’ of chapter 3 [141].
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5.7 Experimental methodology
5.7.1 Experimental procedure
This test rig was built to study the evaporation of liquid nitrogen process for freeze
desalination. CFD modelling conducted in section 5.4 of this chapter was also validated
using this test rig. In the first set of tests, the copper tube was kept as it is and the flow rates
were changed. In the second set of tests, a copper mesh was inserted into the copper tube
in order to increase the transfer of heat and to improve the freezing rate. The experimental
steps are stated as follows:
1. A known solution of salt water was made by mixing salt with de-ionised water
and its salinity was measured.
2. The manometer was fixed to the inlet and outlet of the copper tube.
3. The thermocouples were connected to the data logger and the data logger was
connected to a computer to record and monitor temperature changes. The
temperature measurements were at the inlet and outlet of the copper tube and
also at the outer surface of the copper tube. The temperature was then monitored
to be stable at room temperature.
4. Liquid nitrogen was then poured down the LN2 tank and due to the very low
temperatures of LN2, excessive boiling occurred inside the tank and it slowly
decreased, as the temperature inside the tank became steady.
5. Liquid nitrogen was then again poured down the LN2 tank and filled to the top
to start recording the data.
6. The measured salt water solution was then poured using a small funnel into the
glass tube surrounded by the copper tube.
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7. A stop watch was used to time the evaporation of liquid nitrogen in conjunction
with freeze desalination until the LN2 tank was empty.
8. Once the LN2 tank was empty, the stopwatch was stopped and the remaining
brine was collected into a beaker by opening the valve. The volume and salinity
of brine collected were measured.
9. 30ml of wash water was poured to wash away the brine remaining in the test rig
due to stagnation.
10. The ice formed was then left to melt inside the test rig. Once all ice had melted,
the pure water was then collected into another beaker and its volume and salinity
were measured.

The measured ice salinity was then created using salt and de-ionised water solution using
step 1 to start the second stage of freezing and similarly the third stage of freezing in order
to reduce the final ice salinity below 0.1%. Additionally, other tests were conducted with
different LN2 flow rates by rotating the adjustable rod. A copper mesh was then inserted
into the copper tube and the experiment was repeated in order to evaluate the improvement
in heat transfer in terms of better freezing rate giving a higher volume of ice.

5.7.2 Energy calculations
The energy balance for the hot stream of saline water and the cold stream of LN2 passing
through the heat exchanger was evaluated. The total energy lost by salt water to form ice
was calculated using equation (4-1) and equation (4-2) and the energy calculations are
explained in section 4.3.1.
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In order to find the percentage of energy lost by water to form ice from liquid nitrogen, first
the energy in liquid nitrogen is calculated using equation (5-18).
E𝐿𝑁2 = Energy Density of 𝐿𝑁2 × Volume of 𝐿𝑁2

5-18

The energy density of LN2 was calculated using 𝐻1 and 𝐻2 which are the inlet and outlet
enthalpies obtained from thermodynamic property tables for nitrogen [157] (Appendix B).
The volume of LN2 used depended on how many freezing stages were carried out.

Then the percentage of energy lost by water to form ice (overall efficiency) from liquid
nitrogen was calculated using equation (5-19).
% 𝑜𝑓 𝐸𝑛𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑡 𝑏𝑦 𝑤𝑎𝑡𝑒𝑟 =

𝑄𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑡𝑒𝑟
𝐸𝐿𝑁2

× 100

5-19

where, 𝑄𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑡𝑒𝑟 is the total energy lost by water calculated using equation (4-1) and
equation (4-2).

5.7.3 Salinity calculations
The salt solutions were created by measuring the mass of salt and mixing it with 1000ml of
de-ionised water and calculated using equation (3-19). The salinity meter was then used to
measure the salinity of these salt water solutions.

5.7.4 Heat exchanger effectiveness
When designing a heat exchanger, the two primary approaches are the Log Mean
Temperature Difference (LMTD) method and the effectiveness Number of Thermal Units
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(NTU) method. The heat exchanger effectiveness was calculated as follows. Firstly, the
LMTD was calculated using equation (5-20).
∆TLMTD =

∆T2 −∆T1
ln

5-20

∆T2
∆T1

where, ∆𝑇1 and ∆𝑇2 are the difference in temperatures at the ends of the heat exchanger and
it is calculated by equations (5-21) and (5-22).
∆𝑇1 = 𝑇𝑊1 − 𝑇𝑁1

5-21

∆T2 = TW2 − TN2

5-22

𝑇𝑊1 and 𝑇𝑊2 are the water inlet and outlet temperatures and 𝑇𝑁1and 𝑇𝑁2 are the nitrogen
inlet and outlet temperatures.

In order to calculate the effectiveness; the NTU, was calculated using equation (5-23).
UA

NTU = C

5-23

min

𝐶𝑚𝑖𝑛 is the smaller heat capacity and it is calculated by equation (5-24). A is the surface
area of the copper tube and U is the overall heat transfer coefficient calculated by equation
(5-25).
Cmin = ṁCp

5-24

Q̇

U = A∆T

5-25

LMTD

When phase change evaporation occurs in the heat exchanger, then the behaviour of the
heat exchanger is independent of flow arrangement. Therefore, the effectiveness of the heat
exchanger is calculated using equation (5-26).
𝜀 = 1 − 𝑒 −𝑁𝑇𝑈

5-26
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5.8 Experimental results
5.8.1 Effect of test conditions on temperature and energy
Four tests were conducted, and the first two tests were conducted by evaporating LN2 in a
smooth copper tube with two different flow rates. In the third and fourth tests, a copper
mesh has been inserted in order to increase the heat transfer with two different flow rates.
The four tests were analysed in terms of the inlet and outlet temperatures of liquid nitrogen,
the temperature of ice forming at the surface of the copper tubes and the volume and salinity
for the ice and brine. All the four tests had an initial salt water salinity of 1.5% and three
stages were conducted in order to desalinate the salt water to below 0.1% which is regarded
as safe to drink by the WHO [13].

In the first test, liquid nitrogen passed through the copper tube and evaporated at a flow
rate of 8.69x10-4 kg/s, simultaneously freezing the saline water surrounding the copper tube.
Figure 5-19 shows the temperature distribution of liquid nitrogen at inlet and outlet and the
initial and final water temperatures. The inlet temperature of LN2 was 77.15K and the outlet
temperature was 199.15K indicating that energy has been lost by water for ice formation
and a considerable amount of energy has been lost to the surroundings. The initial
temperature of salt water was 291.15K and the average temperature for ice formed and
brine remaining were 269.74K and 283.8K respectively.
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Figure 5-19: Test 1 - LN2 and water temperature distribution

The surface temperatures at the copper tube surface T1 to T10 were monitored and are
displayed in Figure 5-20. It is seen in this figure that the temperature increases from T1
which is closest to the LN2 inlet to T10 which is closest to the LN2 outlet. The decrease in
temperature at the inlet causes the water to freeze and to form ice. Hence, it is clear that ice
is only formed at locations T1 to T3 where the surface temperature is below 273.15K. This
ice is of low salinity compared to the rest of the remaining brine solution. The mean
temperature at the tube surface was calculated to be 275.14K.
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Figure 5-20: Test 1 - Temperature at copper tube surface T1-T10

The pressure difference was also monitored using the manometer and calculated using
equation (5-17) to be 255Pa. The energy calculations were calculated using equations
(4-1), (4-2), (5-18) and (5-19) and they are summarised in Table 5-3. It can be seen that
only 21.42% of energy was absorbed in order to form ice.

Table 5-3: Test 1 - Energy calculations
Total energy lost by water (kJ)
31.81
Total energy in LN2 (kJ)
149.41
Percentage of energy lost by water from LN2 to form ice (%) 21.42
In the second test, the flow rate of liquid nitrogen was reduced to 7.45x10-4 kg/s and the
water remained at stationary. The initial temperature of water was 289.15K and that of LN2
entering the tube at 78.15K and left the system at 243.15K as shown in Figure 5-21. Thus,
energy was still lost to the surroundings as the nitrogen left at a temperature significantly
lower than the ambient temperature. The ice formed from this process had a temperature of
267.15K and the remaining brine had a temperature of 281.15K. The average temperature
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of the tube wall was calculated to be 277.75K. Lower flow rate of LN2 meant that the outlet
LN2 temperature and the average wall temperature were higher compared to the first test
indicating that the heat loss was smaller compared to test 1 as shown in Table 5-4. Figure
5-22 shows the tube surface temperature distribution from T1-T10 and it is seen that ice is
formed at the locations of T1-T3.
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Figure 5-21: Test 2 - LN2 and water temperature distribution
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Figure 5-22: Test 2 - Temperature at copper tube surface T1-T10

The average pressure difference was calculated to be about 212Pa. Considerable amount of
energy was lost to the surroundings but lower compared to test 1, as shown in Table 5-4. It
is seen that 25.43% of energy has been lost by water to form ice from liquid nitrogen and
it is about 18.78% more than test 1.

Table 5-4: Test 2 - Energy calculations
Total energy lost by water (kJ)
37.79
Total energy in LN2 (kJ)
149.41
Percentage of energy lost by water from LN2 to form ice (%) 25.43

In the third and fourth tests, a copper mesh (Figure 5-13) was inserted halfway through the
copper tube in order to increase the heat transfer between the fluids and these two tests vary
due to different flow rates of LN2. The mesh was only inserted at the halfway point of the
tube due to the fact that; there is a considerable amount of freezing seen at the beginning
of the tube where the liquid nitrogen is entering, therefore adding a mesh here would mean
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that there would be an uncontrollable amount of freezing, causing the surrounding glass
tube to crack at the beginning of the tube.

In the third test, the LN2 flow rate was 5.96x10-4 kg/s and the water remained still. The inlet
LN2 temperature was 77.15K and the outlet LN2 temperature was 273.88K as shown in
Figure 5-23. A very high outlet temperature indicates that lower amount of energy was lost
to the surroundings and more energy has been transferred from water to the LN2. The initial
temperature of water was 291.15K and the average temperature of the ice formed and
remaining brine were 262.3K and 279.63K respectively. The average surface temperature
was calculated to be 271.34K. The temperature distribution is very different to the first two
tests as shown in Figure 5-24. This can be explained as follows, since the copper mesh was
inserted up to the half way point of the tube, a considerable amount of heat transfer is seen
at the beginning of the mesh, leading to low temperature, at points T5-T7.
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Figure 5-23: Test 3 - LN2 and water temperature distribution
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Figure 5-24: Test 3 - Temperature at copper tube surface T1-T10
The pressure difference was much higher of about 988Pa due to the presence of the wire
mesh. Table 5-5 shows the energy calculation results and it is seen that about 62.91% of
energy has been lost by water to form ice from liquid nitrogen. Overall, in test 3 using a
copper mesh, the heat transfer rate increased significantly and more volume of ice was
formed, thus indicating a high desalination rate.

Table 5-5: Test 3 - Energy calculations
Total energy lost by water (kJ)
93.74
Total energy in LN2 (kJ)
149.41
Percentage of energy lost by water from LN2 to form ice (%) 62.91
In the final test, the flow rate has been reduced to 5.55x10-4 kg/s and the water remained
stationary. The LN2 inlet and outlet temperatures were 79.15K and 276.5K respectively as
shown in Figure 5-25. The initial temperature of saline water was 291.15K and the
produced ice had a temperature of 261.15K and the remaining brine with temperature of
278.47K.
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Figure 5-25: Test 4 - LN2 and water temperature distribution

The mean temperature at the surface walls was calculated to be 273.55K. The temperature
distribution is quite similar to test 3 with the mesh inserted, however the temperatures at
T1-T3 are slightly lower compared to test 3 as shown in Figure 5-26.
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Figure 5-26: Test 4 - Temperature at copper tube surface T1-T10
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Due to the lower flow rate, the pressure difference was lower compared to test 3 and it was
950.16Pa. Therefore, 69.61% of energy has been lost by water to form ice from liquid
nitrogen and it was 10.65% more than in test 3 due to the lower flow rate.

Table 5-6: Test 4 - Energy calculations
Total energy lost by water (kJ)
102.65
Total energy in LN2 (kJ)
149.41
Percentage of energy lost by water from LN2 to form ice (%) 69.61

5.8.2 Comparison of results with and without mesh
The first two tests had higher liquid nitrogen flow rates due to the absence of the copper
mesh and resulted in most of the energy being wasted into the atmosphere as the nitrogen
leaves at low temperature with trapped liquid droplets. The copper mesh enhanced the heat
transfer rate at a great deal resulting in more ice production. The percentage of energy lost
by water to form ice is shown in Figure 5-27, where it is seen that the mesh improved the
percentage of energy lost by water significantly.
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Figure 5-27: Percentage of energy lost by water to form ice from LN2
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The heat exchanger effectiveness has been calculated using equations (5-20) to (5-26) and
displayed in Figure 5-28. The two lowest effectiveness values are for the tests conducted
without the mesh and the lowest one (test 1) being with a higher flowrate. This means that
the energy loss is greater in the tests conducted without the mesh and the highest energy
loss is for the test with a higher flowrate out of the two. The two tests with a mesh being
inserted showed greater effectiveness and less energy loss. The highest heat exchanger

Heat Exchanger Effectiveness (%)

effectiveness is obtained for the test with a lower flow rate out of the two.
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Figure 5-28: Heat exchanger effectiveness for the 4 tests conducted

5.8.3 Effect of test conditions on salinity and volume of ice
A salt solution of 1.5% salinity was indirectly freeze desalinated by the evaporation of
liquid nitrogen. Three stages of freezing were conducted in order to bring 1.5% salt water
salinity to 0.1%, which is recommended as safe to drink by the WHO [13]. In order to
obtain accurate results by undergoing repeatability, three experiments were conducted of
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the same initial conditions, where 1.5% salinity has been desalinated in three stages for
each experiment as shown in Figure 5-29. In the first experiment the salinity dropped to
1.0% in the first stage and then after freezing the 1.0% salinity solution in the second stage,
it dropped to 0.5%. The 0.5% solution was then taken to conduct freezing in the final stage
and it dropped to 0.2%, which however is still above the recommended 0.1% salinity. In
experiment two, the 1.5 % saltwater salinity decreased to 0.9% then to 0.4% and finally to
0.1%, which is within the acceptable limits of safe to drink water by the WHO [13]. In the
third experiment, similar to experiment 2, the salinity of 1.5% saltwater solution first
decreased to 0.9% and then to 0.4%. The 0.4% solution was further desalinated to decrease
to 0.1% which is recommended as safe to drink by the WHO [13]. Figure 5-29 shows three

Salinity (%)

experiments done for repeatability and the average deviation for the salinity levels are ±0.1.
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Figure 5-29: Three experiments conducted in 3 freezing stages

Figure 5-30 shows the average volume of ice obtained at each freezing stage for all the
experiments conducted with a mesh being inserted. Therefore, it is seen that in the first
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stage, the volume of ice obtained is low and it increases as the salinity of the initial salt
solution decreases. Jayakody et al [7] explained that the ice crystals become less pure at
higher initial salt water concentrations. William et al [98] proved that the initial salt water
salinity had a significant effect on salt rejection and water recovery ratios.
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Figure 5-30: Volume of ice for different freezing stages on average for the 3 experiments
conducted for the tests done with the mesh

5.9 CFD modelling validation
The CFD model presented in section 5.4 was validated using experimental work, where the
operating conditions of the experiment were inputted in the CFD model as boundary
conditions. The validation process was only carried out to the cases without the mesh as
including a mesh inside the copper tube would require an excessively large computational
time. The validation process was carried out in terms of the temperatures at the outer surface
of the copper tube, volume of ice formed and also the ice and brine salinities.
Figure 5-31 compared the CFD predicted temperatures to their corresponding measured
values at various locations on the copper tube surface at 9 minutes of real time. In this
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figure, the experimental (case with a mass flowrate of 7.45x10-4 kg/s) temperature from T1T10 were compared with those predicted by CFD, showing good agreement. The deviation
from the experimental values was minimal with maximum deviation were at T3 and T9 of
9.9K and 9.2K respectively. Additionally, the average deviation of all the points were 6.3K.
The average wall temperature of the experimental work was 277.75K and that of the CFD
was 275.25K indicating good agreement.
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Figure 5-31: Temperature comparison at different locations of the copper tube
The CFD predicted volume of ice formed, and the ice and brine salinities were compared
to the experimental values for each stage of freezing as shown in Table 5-7. It is apparent
that the ice and brine salinities and the volumes of ice formed at each stage of freezing
show good agreement.
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Table 5-7: Salinity and volume for each stage of freezing for CFD and Experimental
without mesh

Parameters

Initial Salinity of Sea Water (%) at Each Stage of Freezing
Stage 1 - 1.5%
Stage 2 - 0.9%
Stage 3 - 0.4%
Salinity
Salinity
Salinity
%
%
%
Exp. CFD
Exp. CFD
Exp. CFD
Error
Error
Error

Ice Salinity
0.90 0.73 18.78
(%)
Brine
1.50 1.70 13.60
Salinity (%)
Volume Ice
55.00 46.71 15.07
(ml)

0.40

0.33

17.75

0.10

0.08

17.00

0.90

0.96

6.56

0.40

0.43

6.62

70.00 64.29 8.16

75.00 72.73 3.03

It is also seen in Figure 5-30 and Table 5-7 for cases done with and without the mesh
respectively; that in the third stage of freezing, 2.6 times more volume of ice was produced
for the case with the mesh in comparison to the case without the mesh.

5.10

CFD parametric analysis – flow rate

The validated CFD model was used to carry out parametric analysis to investigate the effect
of LN2 flow rate on the produced volume of ice. Figure 5-32 shows the volume of ice at
various inlet LN2 velocities ranging from 0.0001 to 0.016m/s. It can be seen that the volume
of ice increased with the increase of LN2 velocity.
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Figure 5-32: Volume of ice obtained at different LN2 velocities
Figure 5-32 shows that for 0.0001m/s and 0.0006m/s of LN2 velocities, a volume of
10.78ml and 46.71ml of ice were obtained respectively. Therefore, increasing the velocity
of LN2 by 6 times, increased the volume of ice by about 4.3 times. For 0.0016m/s velocity
of liquid nitrogen, the volume of ice obtained was 91.75ml, where it produced 96.42% more
ice in comparison to the 0.0006m/s velocity of LN2. And for 0.016m/s velocity of LN2, it
is seen that a greater volume of ice of about 358.55ml was obtained, which is about 3.91
times more than the volume obtained at 0.0016m/s velocity of LN2. This is due to the fact
that, as the flow rate is increased, LN2 travels further along the copper tube before being
fully evaporated and thus reducing the temperature at a large area of the copper tube. Figure
5-33, Figure 5-34, Figure 5-35 and Figure 5-36 displays the temperature contours and the
liquid phase fraction contours for 0.0001, 0.0006, 0.0016 and 0.016m/s of LN2 velocity
respectively.
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Figure 5-33: 0.0001m/s LN2 velocity: a) temperature contours (top) b) liquid phase
fraction contours (bottom)
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Figure 5-34: 0.0006m/s LN2 velocity: a) temperature contours (top) b) liquid phase
fraction contours (bottom)
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Figure 5-35: 0.0016m/s LN2 velocity: a) temperature contours (top) b) liquid phase
fraction contours (bottom)

174

CHAPTER 5 – Evaporation of Liquid Nitrogen for Freeze Desalination

Figure 5-36: 0.016m/s LN2 velocity: a) temperature contours (top) b) liquid phase fraction
contours (bottom)
Therefore, it can be concluded that, by increasing the velocity of LN2, more ice would be
generated, and thus more water could be desalinated due to the fact that the LN2 travels
further along the copper tube before being evaporated. However, increasing the velocity
means that the N2 outlet conditions will have higher amount of cold energy.
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5.11

Summary

Evaporation of liquid nitrogen to provide the cooling required for freeze desalination is
discussed in this chapter. Firstly, CFD analysis have been presented where a CFD model
for the evaporation of liquid nitrogen was developed. This CFD model was then validated
using experimental testing. The temperatures at the surface of the copper tube, the volume
of ice obtained, and the ice and brine salinities were compared using an experimental test
rig that matches the CFD model.

Secondly, the developed experimental test rig was discussed. The test rig was built to
evaporate liquid nitrogen while simultaneously freezing sea water in order to validate the
CFD model. The layout of the test rig, the main components and the measuring devices
were described. The experimental procedure, heat exchanger effectiveness and energy and
salinity calculations were also explained. Four experiments were conducted with different
flow rates of LN2. The first two experiments had no mesh inserted while the other 2 had a
copper mesh inserted in order to enhance the heat transfer. Inserting the copper mesh
improved the heat transfer to a great deal, producing more ice and more desalinated water.
Then the percentage of energy lost by water (overall efficiency) from liquid nitrogen to
form ice increased significantly for the cases with the mesh; where it was 70% and 63% for
the cases with the mesh and it was only 25% and 21% for the cases without the mesh. The
heat exchanger effectiveness improved considerably when the mesh was inserted as it
increased by about 3.65 times for the cases with the mesh in comparison to the cases carried
out without using a mesh.
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Three stages of freezing were done in order to bring the ice salinity of 1.5% down to 0.1%
which is stated as safe to drink by the WHO [13]. It was also concluded that, the initial
salinity of salt water had a significant effect on the volume of ice produced and the rate of
freezing. 0.5litres of liquid nitrogen was evaporated with 104kJ of energy consumption to
freeze 450ml of salt water in order to obtain a volume of 150ml, 170ml and 200ml of pure
water in the first, second and third freezing stages respectively, to bring the ice salinity
below 0.1%.

The CFD model was then compared with the results obtained from experimental testing
where the temperatures at the outer surface of the copper tube, volume of ice obtained, and
ice and brine salinities were compared to show good agreement between the two.
Parametric study was then carried out by changing the liquid nitrogen flow rate to observe
the volume of ice obtained. When increasing the velocity of LN2 by 6 times, the volume of
ice obtained increased by 4.3 times. It was concluded that by increasing the constant
velocity of LN2, more volume of ice was generated due to LN2 travelling further along the
copper tube before being evaporated leading to lower surface temperatures and higher rate
of freezing.
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CHAPTER 6

6. CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE

In the conclusions chapter, certain information and outcomes are taken from the published
papers; “Computational Fluid Dynamics Investigation on Indirect Contact Freeze
Desalination” by Jayakody et al [12], “Numerical Investigation of Indirect Freeze
Desalination using an Ice Maker Machine” by Jayakody et al [7] and “Indirect contact
freeze water desalination for an ice maker machine – CFD simulation” by Jayakody et al
[14].

6.1 Introduction
The basic substance for life is water and it progressively becoming a scarce resource. The
world population is affected by the shortage of water; as many deaths and diseases are
caused by poor water quality and this is expected to increase in the next 25 years. The
increasing need for fresh water can be facilitated by desalination technologies which have
been continuously developing. Majority of the desalination processes use evaporative
methods where a vast amount of energy is used with high amounts of CO2 emissions. Freeze
desalination offers the benefit of lower energy consumption, due the latent heat of fusion
being approximately one-seventh that of the latent heat of vaporisation. Computational
fluid dynamics (CFD) is a powerful method that enables to investigate thermodynamic
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processes, such as freeze desalination. Literature on computational fluid dynamics studies
for freeze desalination is very limited and therefore the use of CFD to model and simulate
the freeze desalination process was carried out. Cryogenic energy offers potential for
enhancing renewable energy utilisation, due to the fact that liquid nitrogen and liquid air
have high energy density. Therefore, the vast amount of cold energy obtained from
regasification of LNG and liquid nitrogen/air (cryogenic energy) has the potential to be
used for freeze desalination, as most of this cold energy has not been exploited today.
Therefore, this high-quality energy supply can be used to cool sea water in the freeze
desalination process. Due to the on-going energy supply-demand disparity, augmenting
these technologies can assist in providing solutions for this, and in bettering the economics
of the renewable energy powered desalination systems, as desalination capacity is growing
worldwide.

6.2 Conclusions
Computational Fluid Dynamics modelling has been carried out to simulate the freeze
desalination process where the salt separation and the dynamics of ice layer growth has
been investigated to study the amount of ice formed and salinity of the remaining brine at
different operating conditions. The CFD model has been validated using experimental
testing and the feasibility of using an ice maker machine for freeze desalination was
investigated by using a commercially available ice maker machine. The use of cryogenics
for freeze desalination shows potential, where the use of cryogenic energy by the
evaporation of liquid nitrogen to carry out freeze desalination was investigated. The aim

179

CHAPTER 6 – Conclusions and Recommendations for Future

and objectives described in section 1.2 of chapter 1 have been achieved and the main
outcomes are as follows:

6.2.1 Literature review outcomes:
 Due to the rapid shortage in water, desalination offers a solution to obtain potable
water from seawater.
 Freeze desalination is an important process due to the lower energy consumption
compared to other desalination processes; as the latent heat of freezing is low (333.5
kJ/kg) in comparison to the latent heat of evaporation (2256.7 kJ/kg).
 Cryogenic energy storage using liquid nitrogen and liquid air offers a solution for
the intermittent nature of renewable energy sources because of its high energy
density. The application of cryogenic energy for the freeze desalination process
shows prospective due to the lower energy consumption.

6.2.2 CFD modelling outcomes:
 Computational fluid dynamics is an effective technique that enables the
comprehensive analysis of thermodynamic processes like freeze desalination.
Using the species transport, solidification/melting and energy modules in ANSYS
Fluent software; a 3D CFD model was developed of the freeze desalination process
that enabled the salt separation from saline water during the freezing process.
 The developed CFD model was validated using a Peltier cooling device and an ice
maker machine. Using the Peltier device, the ice salinity and salt water temperatures
from the experimental results were compared with the CFD simulation; the former
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giving a percentage deviation of 2.10 and the latter giving an average deviation of
±0.495K [12]. Using the ice maker machine, the validation results showed average
deviations of ±4.6K and ±0.56K for the freezing tube temperature and the
temperature change of the ice forming respectively. Additionally, the percentage
errors obtained for the salinities of ice and brine were 15% and 10.5% respectively
indicating good agreement between the two. [7]
 Using the Peltier cooling device, the validated CFD model was used to investigate
the effect of temperature, initial salinity and direction of freezing on ice production
and ice salinity. Results showed that lower temperatures enabled faster freezing and
more ice produced; where at 230K freezing temperature, 4.67 times more ice was
obtained compared to the 260K case. Also, the higher the initial salinity of sea
water, the less pure the ice crystals become and slower the freezing process, where
for 55g/L of salt water concentration, 58.3% less ice was produced compared to
35g/L of salt water concentration. [12]
 Using the ice maker machine, validated CFD model was used for parametric
analysis to observe the effects of the freeze tube temperature and the initial salinity
of salt water on ice production and the final salinities of ice and brine. Results
showed that as the freezing temperature decreases, the production of ice increases
due to low temperature causing a faster rate of freezing and an improved
solidification rate of salt water. At 225K freeze tube temperature, 5 times more ice
was produced in comparison to the standard 257.15K freeze tube temperature that
the ice maker usually operates at. [7]
 The lowest average salinity achieved was 0.5% at 245K freezing temperature for an
ice thickness of 3.3mm, which is higher than the 0.1% recommended by the WHO
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as safe to drink water [13]. Therefore, a second stage of freezing process was
applied to this 0.5% to produce a salinity level below the required 0.1%. Results
showed that salinity of 0.1% was achieved at temperatures of 215K, 225K, 235K
and 245K with pure ice volumes of 12114.40, 12329.24, 9516.39 and 6785.36mm3
respectively. Results also showed that the average ice salinity for the second stage
of freezing was below 0.05% which is regarded as good quality drinking water.
Such results highlight the potential of using the ice maker for freeze desalination to
produce drinking water. [7]
 Parametric study was also carried out by changing the geometry of the freezing
tubes where increasing the diameter and the length of the freezing tube, increased
the volume of ice produced as this increased the total freezing surface area but this
also increased the heat transfer rate and power consumption. It is seen that, the
20mm diameter with a 15mm length is the best geometry to use with a low heat
transfer rate producing a higher volume of ice. Having 5 freezing tubes of 10mm
diameter with a 20mm length dimensions would produce 9.3% more water than
having 10 freezing tubes of 10mm diameter with a 10mm length.

6.2.3 Cryogenic energy storage for freeze desalination outcomes:
 The validated CFD model for freeze desalination was integrated with CFD
modelling of liquid nitrogen evaporation to investigate the feasibility of using
cryogenic energy for freeze desalination. This CFD model was then validated using
experimental test facility constructed to evaporate liquid nitrogen to supply the
cooling required for freezing.
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 The temperatures at the surface of the copper tube, the volume of ice obtained, and
the ice and brine salinities were compared using an experimental test rig that
matches the CFD model. In the validation process, the average deviation for all the
temperature points were only 6.3K and the percentage errors for salinity of ice, brine
and volume of ice were 17%, 6.6% and 3% respectively, showing good agreement.
 Experimental heat exchanger test facility based on using liquid nitrogen to provide
the cooling required for freeze desalination was constructed. Four experiments were
conducted with different flow rates of LN2. The first two experiments had no mesh
inserted while the other 2 had a copper mesh inserted in order to enhance the heat
transfer between the saline water and liquid nitrogen. Inserting the copper mesh
improved the heat transfer significantly, producing 2.6 times more ice in
comparison to without using a mesh. The percentage of energy lost by water to form
ice (overall efficiency) from liquid nitrogen increased significantly for the cases
with the mesh; where it was 70% and 63% for the cases with the mesh and it was
only 25% and 21% for the cases without the mesh. The heat exchanger effectiveness
improved considerably when the mesh was inserted as it was about 3.65 times more
for the cases with the mesh in comparison to the cases carried out without using a
mesh.
 Parametric study proved that, the initial salinity of salt water had a significant effect
on the volume of ice produced and the output salinity. Therefore, to bring saline
water with an initial salinity of 1.5% down to 0.1% which is stated as safe to drink
water by the WHO [13], requires three stages of freezing.
 Parametric study was then carried out on CFD by changing the liquid nitrogen flow
rate to observe the volume of ice obtained. When increasing the velocity of LN2 by
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6 times, the volume of ice obtained increased by 4.3times. It was concluded that by
increasing the constant velocity of LN2, more volume of ice was generated due to
LN2 travelling further along the copper tube before being evaporated.

Overall, the fundamentals of CFD modelling of the freeze desalination process was carried
out and was validated using experimental work. This model was then improved and
developed for an ice maker machine to assess the feasibility of using an ice maker for freeze
desalination as a domestic application. This CFD model was also combined with the CFD
modelling of the LN2 evaporation process to assess the feasibility of using cryogenic energy
for freeze desalination. Experimental work has been carried out using an ice maker machine
and a constructed cryogenic test-rig to validate the developed CFD models. Furthermore,
the overall efficiencies were investigated for the ice maker machine and for the cryogenic
test-rig in order to reduce the ice salinity below 0.1% as regarded by the WHO as safe to
drink [13]. Due to the requirement of reducing the ice salinity from 1.5% down to 0.1%, a
number of freezing steps were required. Therefore, this meant that the energy requirement
was also repeated for the number of steps carried out. Therefore, the overall efficiency was
0.12 for the ice maker machine to reduce the ice salinity from 1.5% to less than 0.1%. In
the cryogenic desalination test rig, approximately 1.35 litres of liquid nitrogen was required
to reduce the ice salinity from 1.5% to less than 0.1% with an overall efficiency of 0.23.
Therefore, it can be concluded that the cryogenic test rig had a better efficiency. This
highlights the potential of using the available cryogenic energy storage including the
regasification of LNG or LN2/LAir, for freeze desalination, as most cold energy during LNG
regasification, has been unexploited today.
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6.3 Recommendations for future work
The freeze desalination process still remains to be a complex process consisting of a high
capital cost. Therefore, the process is minimally used in the desalination industry.
Regardless, freeze desalination plays an important role in the food industry, as well as in
other areas as there are several industrial plants that use this method. Overall, further
research should be performed in order to acquire a greater efficiency, as this form of
desalination is considered as a promising technique, due to low energy consumption and
the use of low temperature. Accordingly, the use of cryogenic energy proves to be an
encouraging technique to conduct freeze desalination.

The research conducted in this thesis was to study the indirect contact freeze desalination
technique and also to investigate the feasibility of using a commercially available ice maker
machine to conduct freeze desalination. The use of cryogenic energy to effectively conduct
freeze desalination is also investigated in this thesis. In order to increase the effectiveness
of this process, further research must be conducted, such as:
 The test-rigs developed can be effectively improved to generate more desalinated
ice with lower amount of energy consumed.
 The test facility developed is based on a batch process, therefore future
developments should be carried out to ensure continuous production of desalinated
ice.
 Investigate the effect of heat exchanger geometry to improve the heat transfer
coefficient between LN2 and the salt water.
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 A stirrer can be included in the test rig that allows to stir the ice and create a slurry,
which would reduce the amount of salt being trapped in ice layers, thus giving better
quality ice.
 A washing system can be developed to systematically wash the ice obtained, where
the ice can be cleaned thoroughly to produce ice with much lower salinities.
 The use of liquid air instead of liquid nitrogen can be investigated to conduct freeze
desalination due to the many advantages of using liquid air over liquid nitrogen.
 The cryogenic test rig can be improved by having different mesh thicknesses along
the copper tube to have a constant freezing temperature at the copper tube to
generate a constant amount of ice along the tube to generate lower ice salinities.
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APPENDIX A – Thermocouple calibration

The thermocouple calibration graphs for all the thermocouples used in the three
experiments carried out in this research are displayed; this calibration procedure is
discussed in section 3.5.2 - ‘Thermocouples calibration’, in chapter 3.

Figure A-0-1: Thermocouple calibration curves for LN2 IN probe and surface
thermocouples T1 to T5
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Figure A-0-2: Thermocouple calibration curves for surface thermocouples T6 to T10 and
LN2 OUT probe

204

APPENDIX B – Thermophysical Properties of Nitrogen

APPENDIX B – Thermophysical properties of Nitrogen

Figure B-0-1: Pressure-enthalpy diagram for Nitrogen [157]
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Table B-1: Thermophysical properties of Nitrogen [157]
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