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ABSTRACT 

Theoretical and experimental investigation of liquid droplets flashing for 

low cost seawater desalination 

Raid Alrowais 

 

The high specific energy consumption from all existing seawater desalination methods 

has heightened the motivation for having more efficient and greener desalination 

processes to meet the future goals of sustainable seawater desalination. One of the 

promising thermally-driven desalination methods is the direct-contact spray evaporation 

and condensation (DCSEC) where the excess enthalpy between feed and equilibrium 

states of evaporator chambers is exploited with reasonably high flashing efficiency. 

Further improvements in energy efficacy of DCSEC are boosted by firstly the incorporation 

of micro/nano-bubbles (M/NB) where micro or nano size subcooled vapor are embedded 

in the sprayed liquid droplets of evaporator, thereby lowering the temperature brine in 

evaporator and minimizing the thermal equilibrium effect of brine. The presence of 

subcooled bubbles increased the available surface area for heat transfer. Secondly, the 

concept of an evaporator-condenser pair of DCSEC could be extended to a multi-stage 

arrangement where the latent heat of vapor condensing on the water droplets sprayed 

within the condenser is recovered. From the experiments, the effect of incorporating the 

(M/NB) in the DCSEC at optimum feed flow rate yields more than 34% increase in distillate 

production at feed temperatures greater 47oC and the cooling inlet temperature set at 

35oC. The other salient improvement found from the experiments is the increase in 
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performance ratio (PR) up to 3.3 for a 6-stage configuration. This quantum jump in the PR 

is attributed to the heat recovery effect by as much as 70% of the total heat input. Arising 

from the DCSEC design, the implicit benefits are the low capital and operational cost, i.e., 

low CAPEX and OPEX. The former savings is attributed zero physical interfaces such as 

tube-based heat exchangers or membranes, whilst the latter savings is contributed by 

significant lesser use of chemicals in the pre-treatment of seawater feed. Lastly, the 

accompanied benefit is the robustness of the DCSEC processes where it could within stand 

high salinity of the brine, typically as high as 200,000 ppm.  
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NOMENCLATURE 

 

�̇�𝑓𝑙𝑎𝑠ℎ    The rate of flashing (kg/s). 

 𝑚𝑣̇     The flashed vapor rate (kg/s). 

𝑇𝑓   Feed water temperature (oC). 

𝑇𝑐𝑤   Coolant water temperature (oC).  

𝑇𝑣     Vapor temperature of chamber (oC). 

𝑇𝑏    Brine water temperature (oC).  

𝜌𝑙     The density of water (kg/m3) 

𝜌𝑔    The density of vapor (kg/m3) 

g     The gravitational constant (m/s2) 

𝑑𝑙      The diameter of the droplet (m) 

𝐶𝐷     The drag coefficient. 

𝑅𝑒𝑣     The droplet Reynolds number. 

𝑢𝑙        The droplet velocity (m/s). 

𝜇𝑣    Dynamic viscosity of vapor (Pa·s). 

ℎ    The heat transfer coefficient (W/(m2°C). 

ℎ𝑓𝑔    The latent heat of vaporization, (J/kg) 

ℎ𝑚      The mass transfer coefficient (m/s). 

𝑆𝑐𝑣     The Schmidt number of the vapor (-). 

𝐷𝑣     The self-diffusion coefficient of water vapor (m2/s). 

𝑀      The molecular weight (kg/mole). 

𝜎     The collision diameter (m). 

Ω     The collision integral for mass diffusion (-). 

𝑐𝑝    The specific heat (kJ/(kg °C). 
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𝑘    The thermal conductivity of water (W/(m°C). 

𝐴     The area of droplets (m2). 

Pr    Prandtl number (-). 

𝜃     The dimensionless temperature difference 
𝑇−𝑇𝑣

𝑇𝑓−𝑇𝑣
 (-). 

∆𝑇𝑑𝑓                    The temperature difference between evaporator feed and the coolant        

                water entering condenser drives the flashing process (K). 

∆𝑇𝑒−𝑐                  The temperature difference between evaporator and condenser        

                 chambers (K). 
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Chapter 1 

Introduction 

1.1 Background 

Although three-quarters of the Earth’s surface is covered with water, however, 

most of it is impaired by salinity or indiscriminate discharge of chemicals, 

resulting in unfit for direct human consumption. With increasing demand for 

potable water to meet our daily activities such as water consumption by 

domestic, industry and agriculture sectors, the future supply for water 

consumption of the world will exceed the naturally available sources, e.g., 

natural precipitation. Such a trend of water scarcity may become acute in 

regions of low rainfall. Hence, it is necessary to increase the world’s water 

supply by energy efficient desalination processes, closing the demand-supply 

water gap or shortage.   

In the Gulf Co-operation Council (GCC) countries, the acute water scarcity can 

be attributed to three factors, namely, (i) the harsh hot and arid climate, (ii) the 

exponential increase in population and (iii) the desire of rapid economic 

growth. In these water stressed countries, the daily average water availability 

per capita has fallen drastically, below the UN defined acute water stress (AWS) 

level of 250 m3, as shown in Table 1.1 [1,2]. For example, the annual water 
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availability per capita for KSA will decrease from 87 to 59 m3 per capita from 

2010 to 2035. The challenge to meet future goals of sustainable seawater 

desalination, the energy planners in these water countries must seek 

innovative, low energy and environment-friendly methods to meet the demand 

of potable water supply.  

Table 1.1 The projected water availability per capita in GCC countries from 

2010 to 2035.  

Country 
Population 

(Thousands) 

2010 

Per capita 

water 

availability per 

year by 2010 m3 

/capita 

Projected 

Population 

(Thousands) 2035 

Per capita water 

availability per year 

by 2035 m3 /capita 

Kuwait 2,737 7.3 4,328 4.6  ±1 

UAE 7,512 20.0 11,042 13.6 ±2.0 

Qatar 1,759 33.0 2,451 21.6 ±2.0 

KSA 27,448 87.4 40,444 59.3 ±2.0 

Bahrain 1,262 91.9 1,711 67.8 ±3.0 

Oman 2,803 503 4,922 300 ±10 

 

Hitherto, there are two major types of seawater desalination systems, namely, the 

thermally-driven systems such as the multi-stage flashing (MSF), the multi-effect 

distillation (MED), etc., and the other is work-driven membrane-based desalination 
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system, commonly known as seawater reverse osmosis (SWRO). Due to the severe 

seawater feed conditions in the Gulf such as the high salinity, silt content (perturbility) 

and the frequent harmful algae blooms (HABs) [3], a robust desalination method must be 

sought to meet these challenges. In 2008 and 2013, for example, the southern Gulf 

seawater was hit by severe HABS for a period up to 6 weeks [4,5], and most of the SWRO 

plants in Oman and Sharjah (UAE) were forced to stop operating due to the presence of 

toxic algae spices such as the Cyanobacteria and Saxitoxins. These algae spices were 

reported to be 500 times more toxic than Cyanide [6-8]. As the size of algae spices are of 

similar order of magnitude (μm) as the pores of SWRO membranes, the likelihood of toxic 

algae spices lingered in the permeate water is high. On the other hand, the evaporated 

water vapor molecules are merely 2.75 angstroms (Ao) in diameters that the μm-sized 

algae molecules cannot be entrained by it. The operation of thermally-driven plants are 

unaffected throughout the HAB events without any fear of health hazard.   

Another important aspect of seawater desalination plants is the unit cost of desalinated 

water. It comprises both the initial capital or CAPEX (usually defined by $/m3 of daily 

water production) and the annual operation (include electricity or steam, pre- and post-

treatment, etc.) costs or OPEX. Table 1.2 depicts the unit cost of water for the above-

mentioned desalination methods, as reported by Global Water Intelligence (GWI, 2018) 

reports [9-11]. Two salient points can be observed from the table: Firstly, the SWRO 

method has slightly lower capital cost than the thermally-driven methods but the 

operating cost of the latter is much lower as compared with SWRO due to the higher 
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contribution by electricity. However, all existing commercial scale desalination plants 

have their CAPEX greater than $1000/m3.day, and this is attributed to the costly internal 

components such as the membranes or the tube-type heat exchangers within the 

enclosures. Thus, one of the objectives for achieving sustainable desalination is to design 

innovative methods with lower CAPEX and OPEX. 

Table 1.2 A comparison of life-cycle unit water cost for various desalination   

methods [11] 

 
MSF1 

USD $ /m3 

MED2 

USD $ /m3 

SWRO3 

USD $ /m3 

Thermal energy 0.310 0.310 0.000 

Parts (equipment) 0.010 0.010 0.030 

Chemicals (pre- and 

post-treatment) 
0.050 0.080 0.070 

Labor cost 0.080 0.080 0.100 

Membranes 0.000 0.000 0.030 

Electrical energy 0.600 0.420 0.720 

Capital cost 0.420 0.350 0.290 

1 
Multi-stage flashing

   2 
Multi-effect distillate        3 

Seawater reverse osmosis 

1.2 Direct-contact spray evaporation and condensation (DCSEC) 

In this connection, the research in this thesis considers the direct-contact spray-assisted 

evaporation and condensation (DCSEC) that will mitigate the CAPEX and OPEX issues 

facing the existing desalination methods [12,13]. Being tubeless in the vessels, the direct 

spray of externally heated seawater (typically up to 65oC at the top-brine stage) has two 
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distinct advantages: Firstly, initial design cost of the evaporator and condenser vessels 

are greatly reduced, typically in terms of unit cubic meter of distillate per day, its CAPEX 

can be less than US$700/m3.day. Secondly, the spray of brine into an empty chamber of 

each stage can mitigate the scale formation as there are virtually no dry spots within the 

chambers. Consequently, the direct depressurization of the liquid brine in the nozzles 

resulted in the formation of liquid droplets. The corresponding excess water enthalpy 

held by the droplets, as they emerged from the nozzles would result in the “vapor 

flashing” phenomenon, i.e., water vapor evaporates from the surfaces of liquid droplets, 

reducing its diameter as the droplets travelled down the trajectory paths. The generated 

vapor in the evaporators then migrates across to the adjacent condenser chambers. Being 

set at a few degrees lower in vapor temperature within each evaporator to condenser 

pair, the favorable temperature gradient, the vapor condenses onto the cooler surfaces 

of distillate or potable water droplets which is drawn from the subsequent lower stages. 

1.3 Objectives of the PhD research 

The main objectives of the PhD thesis are as follows; 

 Development of efficient and yet low cost single-stage evaporator-

condenser test facility for direct contact sprayed evaporation 

desalination processes. Using a piece-wise procedure, the performance 

of a multi-stage DCSEC design with heat recovery is also to be 

attempted. 
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 To investigate the efficacy of the presence of micro/nano vapor 

(subcooled) bubbles with respect to vapor production rates by the 

flashing phenomena. 

 To conduct thermodynamic modeling to capture the phenomena of liquid flashing 

in the seawater feed. 

In summary, this chapter highlights the importance of seawater desalination to bridge the 

demand-supply gap for water consumption in the GCC countries, as well as seeking for 

innovative and inexpensive desalination methods that can achieve the goals of 

sustainable desalination. 

In this thesis, Chapter 1 describes an introduction for study of the direct-contact spray 

evaporation and condensation (DCSEC), delineating its key advantages with respect to the 

initial CAPEX and OPEX of all seawater desalination methods. Chapter 2 gives an overview 

of literature on (i) water scarcity in the water-stress regions, (ii) current desalination 

processes and (iii) spray evaporative desalination methods. The study identifies the pro 

and con of DCSEC, in particular the lack of complete pair of evaporator-condenser being 

used in the apparatus, as well as the absence of techniques in tackling the problem of 

high temperature difference between feed and equilibrium states of evaporator 

chamber. Chapter 3 presents theoretical modeling of a droplet trajectory as it emerges 

from nozzle. This modeling predicts the length of droplet path in order to release all the 

excess enthalpy embedded within liquid droplet, i.e., temperature difference approaches 

zero. Such height information is useful for designing the experimental apparatus of next 

chapter. Chapter 4 provides the detailed design information on DCSEC experimental 
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facility which is installed at the pilot laboratory of King Abdullah University of Science and 

Technology (KAUST). It also describes the experimental procedures and the range of 

parameters for a single-stage without micro/nano-bubbles (conventional DCSEC) and 

with micro/nano-bubbles (hybrid DCSEC). The procedure of piece-wise operation for 

multi-stage configuration is also presented.  Chapter 5 discusses the experimental results 

of all configurations for DCSEC at assorted feed inlet seawater temperatures. The 

experiments demonstrated the viability of DCSEC as an alternative thermally-driven 

desalination methods, in particular the incorporation of innovative micro/nano-bubbles 

to the seawater feed that boost the distillate production by flashing to 35% higher than 

the conventional DCSEC. Chapter 6 presents the conclusion with four salient summary 

points. 
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Chapter 2 

Literature Review  

2.1 Background 

Freshwater is vital for human survival and is the key factor for economic development 

especially in the areas of agriculture, manufacturing and industries. With increase in 

global population, the demand for freshwater is also increasing rapidly. Although three-

quarts of the earth’s surface is covered by water, but the entire world is still facing water 

scarcity, with delay in economic development [14-16]. On the other hand, seawater is 

abundantly available but it cannot be utilized due to presence of high concentration of 

salts [17, 18]. 

Therefore, researchers from all disciplines are trying to solve the freshwater crisis as they 

are developing new technologies to utilize seawater or brackish water. However, 

conventional methods such as conservation, management and reuse of freshwater, are 

still unable to meet the global demand for water. To benefit from seawater and meet the 

needs of the population and industry, seawater desalination is essential solution to meet 

freshwater needs. In the following sections, water scenario and different desalination 

methods will be explain and discussed. 
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2.2 World Water Distribution 

Although three-quarters of the earth's surface is covered with water, however, most of it 

(more than 97%) is in the form of seawater. As per World Health Organization (WHO) 

standard, water containing total dissolved solids (TDS) more than 500 ppm is not suitable 

to consume for drinking purposes [19]. Salt concentration in seawater ranges from 35,000 

to 45,000 ppm, making it unsuitable for human consumption. On the other hand, fresh 

water only presents 2.5% of the global water availability, and much of it is trapped in the 

form of glacier making it difficult for human use, as shown in Figure 2.1 [20]. 

 

Figure 2.1 Distribution of water on the globe [20]. 

This small amount of fresh water is not sufficient for global population, industrial and 

agricultural needs. Table 2.1 shows distribution of global freshwater and salt water 

available [21]. 
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Table 2.1 Distribution of fresh water and salt water by volume on earth surface [21]. 

Source 
Volume, in cubic kilometer 

Fresh water Salt water 

Oceans 0 1,338,000,000 

Ice sheet, Glaciers 24,364,000 0 

Ground water 10,530,000 12,870,000 

Surface water 122,210 85,400 

Atmosphere 12,900 0 

Total 35,029,110 1,350,955,400 

Grand Total                                 1,386,000,000 (rounded) 

 

2.3 Water scarcity in the GCC countries 

2.3.1 Water resources for GCC Countries 

The scarcity of freshwater in the GCC countries is always a major concern. With the social 

and economic development of the GCC countries and rapid population growth, 

considerable stress was placed on the water resources of this region. 

Due to hot desert climate conditions, GCC countries lack any kind of fresh water sources 

such as rivers and lakes [22]. In addition, rainfall in these countries is uncommon and 

irregular, therefore, they also lack in the refillable groundwater resources. The average 

annual rainfall in this region is between 70 and 130 mm except in the coastal zone along 

the Red Sea in south-western region of Saudi Arabia and along the Gulf of Oman on the 
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eastern shore where orographic rainfall occasionally reaches more than 500 mm, as 

shown in Table 2.2 [23]. In the case of reliance of the GCC countries on the groundwater, 

which is estimated to be around 2300 billion cubic meters, it is expected that groundwater 

aquifers will be depleted over the coming decades as 300 billion cubic meters of it has 

already been consumed over the past two decades [24]. 

Table 2.2 Summary of water resources for GCC Countries [23]. 

Country Area 
Mean 
annual 

GW* 
Non 

renewable 

Annual 
renewable 

water 

Total 
renewable 

water 
resources 

 (Km2) 
precipitatio

n (mm) 
recharge 
(M m3) 

reserve 
(Km3/yr) 

resource  
(Km3/yr) 

per capita 
(m3/yr/ca) 

Bahrain 652 30-140 110 NG 11.6 7.65 
Kuwait 17,818 30-140 160 n/a 58.3 6.154 
Oman 212,460 80-400 900 102,000 0.6 462.84 
Qatar 11,610 20-150 50 NG 29 29.3 
KSA 2,149,690 30-550 3850 428,400 33.7 86.45 
UAE 83,600 80-160 190 n/a 64.5 16 

*Groundwater. 

2.3.2 GCC Countries population and water demand 

The growth of the GCC population is one of the highest in the world, increasing demand 

of freshwater. The population of these countries has doubled over the past four decades, 

rising from 17.8 to 33.5 million during 1950-1990 and including Yemen, it is expected to 

reach 70 million by 2020, as show in Figure 2.2 [23]. 
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Figure 2.2 Showing population for GCC countries including Yemen up to 2050 [23]. 

Since the discovery of the huge oil reserves, the GCC countries have experienced huge 

social development, which has also increased their standard of living over the past four 

decades. This has resulted in rapid increases in the demand of freshwater for domestic, 

industrial and agricultural sector. Therefore, a decline in the total freshwater availability 

per capita i.e. 680 m3 to 180 m3 has been observed between 1970 and 2000 [23]. It is 

estimated that if population growth continues to increase at current rates, the annual 

water demand will go more than 50 billion cubic meters by 2030 [25].  In such scenario, 

the GGC countries considered seawater desalination to be the safest and the best source 

of potable water to cope with the water scarcity in these countries. 
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2.4 Overview of Desalination Processes 

Desalination is occurring in the nature since long ago as the solar energy heat up the 

seawater, which are then converted into clouds and returns to us as fresh water by means 

of rain (rivers/lakes). However, such phenomena is rare and cannot be controlled in the 

desert regions like GCC countries. Therefore, desalination phenomena is engineered into 

a process so that it can provide fresh water as per need and demand of the population. 

“Desalination is a process that removes the excess amount of salt and minerals from 

seawater and brackish water to make it portable/drinkable” [26]. In the desalination 

processes, the feed water, in form of seawater or brackish water, is converted into two 

streams, one is the fresh water stream, called as distillate, containing safe amount of 

dissolved solids, to be consumed by human being, and the other steam, called as brine, 

comes out with high concentration of dissolved solids, which is rejected back to the sea. 

Figure 2.3 shows the basic concept of a desalination process. Seawater desalination 

accounts for 58% of the total installed desalination capacity worldwide, followed by 

brackish water desalination, accounting for 23% share [27].  
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Figure 2.3 Basic concept of desalination process. 

Global desalination capacity is growing exponentially as it has increased from 44 million 

cubic meters per day to 69 million cubic meters per day from 2006 to 2010 [28,29]. More 

than half (65%) of global desalination facilities are installed in the Middle East and Gulf 

Cooperation Council (GCC) countries as show in Figure 2.4 [29].   
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Figure 2.4 Global distribution of desalination capacities worldwide [29]. 

Despite the high share of the desalinated water use in the GCC, the availability of fresh 

water is still declining sharply as its current potential is below 500 cubic meters per capita 

per year due to massive growth in the population. Figure 2.5 shows the chronological 

trend of groundwater availability, desalinated water capacity, population increase and 

the demand-supply gap of GCC countries from 1950s up to 2025 [11].  An overview of 

existing desalination technologies is provided in the following sections. 
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Figure 2.5 Fresh water availability per capita in GCC countries [11]. 

2.5 Desalination Technologies 

Currently, there are two major categories of seawater desalination systems; namely 

thermal desalination systems and membrane desalination systems. An overview of 

different desalting processes is shown in Figure 2.6 [30].  
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 Figure 2.6 Categories of main desalination processes. 

2.5.1 Thermal desalination technology 

In thermal desalination technology, separation of impurities and dissolved solids from 

fresh water is achieved through thermal evaporation and condensation. This type of 

desalination technology is dominating in the GCC countries as show in Figure 2.7, as the 

poor and unsuitable seawater quality in these regions, usually described by 4H: High of 

salinity, temperature, turbidity and marine life [31], is not suitable for the other 

technologies to be adopted. There are two major thermal desalination systems that fall 

under this category; multi stage flash desalination (MSF) and multi-effect desalination 

(MED). 
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Figure 2.7 The percentages distribution of thermal and RO desalination method 

both in GCC [31]. 

2.5.1.1 Multi-Stage Flash Desalination (MSF) 

The MSF desalination process was introduced in the early 1950s. The first MSF plant was 

commissioned in Kuwait, having 19 stages with total capacity of 4550 m3/d [32]. This 

technology offered many benefits of low corrosion and fouling especially in the operating 

environment of GCC countries. This technology offers simple and reliable operation with 

easy maintenance, and that is why it is considered as the leader among other desalination 

technologies. The MSF plant consists of three major sections: heat rejection, recovery, 

and supply. The heat rejection and recovery sections consist of number of interconnected 

flash chambers. Each chamber is further divided into two sections. The bottom section 

consists of pre-heated seawater feed which undergoes through flashing phenomena due 
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to presence of pressure lower than its saturation pressure. The flashed vapors then goes 

to the upper section of the chamber, after passing through demister, where they are 

condensed by rejecting heat to the incoming feed. This incoming feed passes through 

each stage, in sequential manner and recovers the heat of condensation of the flashed 

vapors. The simple operation of a typical MSF plant is shown in Figure 2.8 [32]. 

 

Figure 2.8 Descriptive sketch of MSF technology [32]. 

2.5.1.2 Multi-Effect Desalination (MED) 

The MED technology uses the principle of film boiling through series of evaporating 

chambers in which the heat of vaporization is recovered in the multiple effects, as shown 

in Figure 2.9 [33]. As a result, a continuous decrease in the pressure across stages is 

observed due to different saturation temperature. Due to the risk of scaling and fouling 

on the tubes of MED stages, conventional MED system is operated at low temperatures, 

of less than 70°C [34]. Therefore, the capacity of MED is limited by the feed temperature 
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where potential scale may form on the outer surface of the tubes during uncontrolled 

evaporation rate. It has stages from eight to sixteen [35].   

 

Figure 2.9 Illustrative sketch of MED technology [33]. 

In spite many operational and economic benefits, these thermally-driven methods such 

as the MSFs and the MEDs have some challenges such as higher capital cost and a larger 

footprint for the plants [12]. In contrast, membrane based system offers low capital cost 

with smaller footprints. 

2.5.2 Membrane desalination technology 

The basic principle for membrane desalination systems is based upon the filtration of 

dissolved salts from the feed through polymeric membranes, which can be either 

achieved through high pressure gradient or thermal gradient (vapor pressure) across the 

membrane. Some of the popular membrane based desolation technologies are: Electro-
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Dialysis (ED), Reverse Osmosis (RO) and Membrane Distillation MD). However, RO is the 

only technology that is used on industrial scale [36].   

2.5.2.1 Reverse Osmosis (RO) 

RO is a membrane separation process in which the water from a pressurized saline 

solution is separated from the solutes (the dissolved material) by forcing it to pass 

through a membrane. In practice, the saline feed water is pumped into a closed vessel 

where it is pressurized against the membrane. Some portion of the water passes through 

the membrane as fresh water or distillate while the remaining feed water which has 

increased salt content, is rejected as brine without passing through the membrane. The 

pressure required to perform the separation is directly related to the salt concentration. 

For commercial practice, RO is mostly the method of choice for brackish water, where 

only low to intermediate pressures are required for low salt concentration. 

The RO desalinates operate at pressure of 10 – 15 bar pressure for brackish. On the other 

hand, although, the osmotic pressure of seawater is about 25 bars but RO system is 

operated at pressure of 50 to 80 bar for seawater desalination. Figure 2.10 illustrates the 

Schematic diagram of a Reverse Osmosis Desalination Plant [36]. 
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Figure 2.10 Illustrative sketch of RO technology [36]. 

Pretreatment is important in RO process because the membranes are very sensitive to 

feed-water pH, oxidizers and a wide range of organics such as algae and bacteria. Around 

60% of the cost the RO process is associated with the pre-treatment of feed water. RO is 

significantly dominating in many parts of the world except the GCC region where the 

thermally-driven methods are still dominant, particularly in the case of the large capacity 

desalination plants. This is due to the challenging seawater conditions such as the high 

salinity and the frequent occurrence of the harmful algae blooms (HAB) of the Gulf [11].  

Although, the proven seawater desalination methods available hitherto are robust and 

practical, however, these processes have some limitations such as (i) the high capital 

investment cost, ranging from US$1000±100/m3.day for the RO methods to 

US$1100±100/m3.day for the thermally-driven methods, (ii) the key processes are 

susceptible to bio-fouling and scaling (Calcite, Anhydrite, etc.) over the surface of tubes 

and membranes, and (iii) the high maintenance cost. Consequently, the typical unit cost 

of water from these methods ranges from US$1.1±0.2/m3 and over the past decades, it is 
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observed that such unit cost of water has leveled off asymptotically due to the lack of 

improvement in the efficacy (energy, process design, etc.) of the processes [37]. 

2.6  Direct-contact spray evaporation and condensation (DCSEC) 

The direct-contact spray evaporation and condensation (DCSEC) is a promising 

desalination method that mitigates the issues of scaling and high capital cost, faced by 

the traditional thermal desalination technologies (MSF and MED). In spray assisted 

desalination technology, spray of feed water and freshwater is used for direct contact 

evaporation and condensation, respectively which leads to efficient and strongly 

enhanced heat and mass transfer in the system [38]. The basic layout of a direct-contact 

spray evaporation and condensation (DCSEC) system is presented in Figure 2.11 [39]. The 

basic operation of this technology, seawater is preheated externally before being injected 

through a nozzle into the hollow evaporator chamber where the latter is controlled to a 

temperature lower than the feed water, giving a liquid superheat that promotes liquid 

flashing. The phenomena of liquid flashing is cause by the excess energy of droplets, and 

the vaporization occurs from the droplet surfaces over milliseconds. The generated vapor 

from evaporator transmitted to the adjacent condenser chamber due to a small pressure 

difference caused by the condensation effect. This phenomena of condensation is 

achieved by spraying of distillate which is at lower temperature. Such flash evaporation 

process is repeated in multiple stages before the feed is discharged as brine. The resultant 

flashed vapors then flows to the condenser where they are condensed by the subcooled 

fresh water spray. 
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Figure 2.11 Basic layout of the direct-contact spray evaporation and condensation 

[39]. 

The direct-contact spray evaporation and condensation system offers many advantages 

over conventional desalination technologies. One of its main advantage is that it offers 

lower capital cost as direct contact heat and mass transfer mechanism is applied for the 

evaporators and condensers, therefore, intense tube bundles which normally appear in 

traditional thermal desalination plants are eliminated in this process. The other 

advantage of such process is that, due to simple configuration of evaporators and the 

condensers, with no internal parts, the potential of scaling and fouling is low which leads 

to less maintenance requirements and long lifespan of the system. The direct contact 

spray-assisted evaporation and condensation (DCSEC) method is recently proposed, and 
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there is a scarcity of literature on this subject. Therefore, a comprehensive review on 

previous studies is provided below. 

Miyatake et al. [40] were among the earliest researchers to investigate the spray flash 

evaporation distillation system. Figure 2.12 shows the flow schematic of the experimental 

setup developed by Miyatake et al. [41]. In his experiment, hot water spray was injected, 

in downward direction, directly into a low-pressure vapor zone inside the flash chamber 

through a small circular tube nozzle (3-8 mm in diameter) and the working fluid attained 

superheated condition at their respective TBT values of 40, 60 and 80 °C. A portion of 

spray water then vaporized to regain equilibrium and as a result, the steam is formed. 

During the experiment was observed, when the operation temperature difference was 

high, the sprayed water to break completely into small droplets and the evaporation rate 

was large. But under a smaller operation temperature difference (<4 ⁰C), the spray was 

unshattered and the evaporation rate was low. Based on the results, an empirical formula 

for dimensionless temperature of spray jet was obtained to define the characteristics of 

spray flash evaporation.  
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Figure 2.12 Schematic of the experimental apparatus by Miyatake el. al. [40]. 

In order to improve the evaporation rate, Miyatake et al [42] have shown that electrolytic 

bubble generation into spray jet, led to more highly enhance the flash boiling effect. 

Additionally, the enhancement effect was more obvious for a spray with a small 

temperature difference which didn’t shatter naturally. 

In 2006, Ikegami et al [43] compared experiments between opposite directions of 

injection, i.e., upward and downward jets on the performance of spray flash desalination, 

at assorted liquid superheat (24 K to 40 K) and feed temperatures from a low-pressure 

vapor zone. They observed that the flash evaporation process performed better and yet 

with a shorter distance in upward direction. 
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Following 2009 and 2010, Mutair and Ikegami [44-46] conducted similar studies of flash 

evaporation using upward jets but with larger nozzles, as shown in Figure 2.13. They 

found that the intensity of flash evaporation increased with higher initial water 

temperatures and the degree superheat. 

 

Figure 2.13 Schematic of the experimental apparatus by Mutair and Ikegami. [44]. 

El-Fiqi et al [47] presented flashing process using tap water, at assorted flow rates with 

the feed temperatures ranging from 40 oC to 70 oC, and the injection pressure up to 6 bar 

and the degree of superheat ranging from 6 to 18 K. They opined that the chamber length 

is inversely proportional to water vapour production and flashing efficiency. 

Eames et al [48] investigated a single-stage spray desalination system, which consists of 

a spray evaporator and a coiled condenser. Its freshwater production rate was found to 
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be determined by the heat transfer effectiveness, the solar intensity, and the system 

pressure level. 

In 2005, Muthunayagam et al [49] evaluated the flash evaporation performance by both 

numerical and experimental methods on saline water at low feed temperatures, between 

26 to 32 K at vacuum pressures less than 2.40 kpa. They reported good agreement 

between predictions and experiments. 

Recently Chen et al [12] also simulated the droplet evaporation processes in a single stage 

configuration and they observed the relationship between increasing water productivity 

with initial droplet velocity. They highlighted that smaller droplets of feed are important 

parameters for enhancing the evaporation processes. 

In a subsequent paper, Chen et al [50] conducted a simulation study on multi-stages direct 

contact spray evaporation and condensation system. The water production and thermal 

efficiency for multi-stages were observed significant improvement as compared with a 

single stage system. This system has an improved performance ratio, defined as the ratio 

of the equivalent heat of distillate to heat input, of 6.5 for a 14-stage desalination plant. 

Wellmann et al [38,51] simulated also a multi-stage low-temperature desalination system 

powered with 10 MWthermal CSP (concentrated solar power) plant and 7 MWelectric diesel 

engines. The cogeneration plant was predicted to produce 520 m3 per day of fresh water. 

From the above literature review, the important parameters that govern the direct 

contact spray evaporation and condensation method (DCSEC) of seawater desalination 
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are the necessity for an optimal design of (i) temperature difference between the 

temperature of feed water and the evaporative chamber, (ii) the feed of seawater to the 

evaporators and the fresh water to the condensers (iii) the size of water droplets for 

flashing processes. However, all flashing rates reported in the literature were relatively 

low with respect to the feed flow rate. In this connection, we propose the incorporation 

of sub-cool vapor in the form of micro/nano-bubbles into the feed so as to increase the 

surface area for heat transfer. Thus, the flashing heat transfer rates are improved 

overcoming the flashing temperature limitations. The details of experimentation are 

presented in the next chapter. 

Table 2.3 Previous studies on the direct-contact spray evaporation and   

condensation (DCSEC) 

Configuration Method Conclusion Reference 

Single-stage Experimental 
study 

Empirical equations were 
developed for the prediction of 
distillate production. 

[40-41] 

Single-stage Numerical and 
experimental 

They reported good agreement 
between predictions and 
experiments. 

[49] 

Single-stage Experimental 
study 

The flash evaporation process 
performed better and yet with 
a shorter distance in upward 
direction. 

[43] 

Single-stage Experimental 
study 

They opined that the chamber 
height is inversely proportional 
to water vapor production and 
flashing efficiency. 

[47] 
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Single-stage Experimental 
study 

They found that the intensity of 
flash evaporation increased 
with higher initial water 
temperatures and the degree 
superheat. 

[44-46] 

Single-stage Mathematical 
modeling 

They highlighted that smaller 
droplets of feed are important 
parameters for enhancing the 
evaporation processes. 

[12] 

Multi-stage Mathematical 
modeling 

The cogeneration plant was 
predicted to produce 520 m3 
per day of fresh water. 

[38,51] 

Multi-stage Mathematical 
modeling 

The water production and 
thermal efficiency for multi-
stage were observed significant 
improvement as compared 
with a single stage 

[50] 
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Chapter 3 

Theoretical modelling of Direct Contact Spray-assisted Evaporation and 

Condensation 

3.1 Background 

The surface evaporation of feed seawater droplets occurs when these droplets 

experienced a sudden slight pressure drop (ΔP) on entering into a lower pressure 

chamber or environment in a finite time. This rapid vapor evaporation phenomenon is 

called “flashing” where the excess enthalpy between the initially embedded enthalpy of 

liquid droplets and the lower pressure level of destination environment. 

Thermodynamically, flashing phenomenon is the only way for liquid droplets to attain an 

equilibrium state after dissipating its excess enthalpy. The partial change of phase by 

surface evaporation from the liquid to a vapor state is proportionally expressed as  

�̇�𝑓𝑙𝑎𝑠ℎ ∝ 𝑚𝑣̇ , ∆ℎ𝑓 (𝑇𝑓 , 𝑇𝑣),        (3.1)  

where, �̇�𝑓𝑙𝑎𝑠ℎ is the rate of flashing, 𝑚𝑣̇ , is the flashed vapor rate and ∆ℎ𝑓  is the enthalpy  

difference between the droplets state before and after the receiving chamber.  

In a direct contact spray-assisted evaporation and condensation desalination (DCSEC) 

system, as shown in Figure 3.1, heated seawater is injected into the evaporator chamber 

via a nozzle that produces the water droplets with a mean diameter of 100 μm and a 
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statistical variance of ± 30 μm. Owing to the slight differential pressure across a nozzle, 

the liquid droplets accrue some excess enthalpy within the droplets which enables partial 

surface vaporization into vapor in a finite time. The remaining water droplets drop to the 

bottom of the evaporator chamber as brine. The generated vapor of evaporator then 

migrates across to the adjacent condenser chamber, caused by the favorable 

temperature (hence pressure) gradient between chambers. Upon arrival at the 

condenser, the vapor condenses onto the cooler surfaces of potable water droplets, 

where they are produced in a similar manner by the spray nozzles. However, the potable 

water of condenser is drawn from the subsequent stages of lower liquid temperatures.  

 

Figure 3.1 Schematic of (i) the DCSEC system and (ii) a single droplet. 

3.2 Mathematical model 

Before developing the model for droplet dynamics, the following assumptions are made 

to simulate the evaporation process of a single droplet: 

https://en.wikipedia.org/wiki/Variance
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 The heat loss to the ambient is negligible, 

 The droplets are of spherical shape, 

 The heat transfer is axial symmetry around the radius of a droplet. 

Considering a falling droplet inside an evaporator chamber that has simultaneous 

evaporation from droplet surfaces, the force balance is given by the buoyancy, 

acceleration and drag acting on it: The governing equation is given by  

4
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                 (3.2) 

where 𝜌𝑙  and 𝜌𝑔 are the densities of water and vapor, g is the gravitational constant, 𝑑𝑙  

is the diameter of the droplet, and  𝐶𝐷 is the drag coefficient. Dividing all terms by the 

droplet volume, 3

6
ld


 , equation (3.2) is simplified to 

𝑑𝑢

𝑑𝑡
= (1 −

𝜌𝑔

𝜌𝑙
) 𝑔 −

3

8

𝜌𝑔𝐶𝐷𝑢
2

𝑟𝑙𝜌𝑙
                   (3.3) 

In equation (3.3), the drag coefficient is given by the Lapple– Shepherd correlation [52] 

 𝐶𝐷 =
24

𝑅𝑒𝑣
 (1 + 0.125 𝑅𝑒𝑣

0.72)                   (3.4) 

while 𝑅𝑒𝑣 is the droplet Reynolds number defined as below; 

𝑅𝑒𝑣 =
𝑢𝑙𝑑𝑙

𝜇𝑣
                                                 (3.5) 

where 𝑢𝑙  and 𝜇𝑣 are the droplet velocity and dynamic viscosity of vapor, respectively.    
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Thus, the above equation (3.3) tracks the change of droplet velocity departing from the 

nozzle tip. This velocity is of interest to the current research topic as it affects the rate of 

heat transfer and hence, its energy loss during a flashing phenomenon. 

Similarly, the instantaneous volume change of a water droplet is controlled by the 

evaporation effect [53], that is,  

𝑑𝑉

𝑑𝑡
=
𝑚𝑒𝑣𝑝̇

𝜌𝑙
                      (3.6)  

where 𝑚𝑒𝑣𝑝̇  is the rate vapor evaporation. Applying the chain rule on left-hand term of 

equation (3.6) and using the differential volume of droplet with the radius (shown in 

bracket of equation (3.7)), as well as expressing a simple approach,  

 𝑚𝑒𝑣𝑝̇  = ℎ𝑚𝐴𝑠 (𝜌𝑙 − 𝜌𝑣), it can then simplified to equation (3.8).  

𝑑𝑉

𝑑𝑡
= (

𝑑𝑉

𝑑𝑟
)
𝑑𝑟

𝑑𝑡
                 (3.7) 

i.e,  

ℎ𝑚𝐴𝑠
(𝜌𝑙 − 𝜌𝑣)

𝜌𝑙
= 4𝜋𝑟2

𝑑𝑟

𝑑𝑡
           (3.8) 

On cancelling the common terms, the change the radius with time yields; 

𝑑𝑟

𝑑𝑡
=
ℎ𝑚(𝜌𝑙 − 𝜌𝑣)

𝜌𝑙
                          (3.9) 
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where ℎ𝑚 is the mass transfer coefficient. From literature, ℎ𝑚 can be obtained from 

correlations developed by Marshall [54]: 

𝑠ℎ =
ℎ𝑚
𝐷𝑣
= 2 + 0.495 𝑅𝑒𝑣

0.55 𝑆𝑐𝑣
0.33        (3.10) 

while, 𝑆𝑐𝑣 is the Schmidt number of the vapor, is defined as;  

𝑆𝑐𝑣 =
𝜇𝑣
𝜌𝑙𝐷𝑣

                                                            (3.11) 

𝐷𝑣 is the self-diffusion coefficient of water vapor.The value of self-diffusion coefficient is 

obtained from Chapman–Enskog theory [55]: 

𝐷𝑣 =
1.86 × 10−7 𝑇3 2⁄ (2 𝑀⁄ )1 2⁄

𝑃 𝜎2 Ω
                       (3.12) 

In the above equation, 𝑇 is the absolute temperature, 𝑃 is the pressure in the 

atmosphere, and 𝑀 is the molecular weight. 𝜎 is the collision diameter and Ω is the 

collision integral for mass diffusion. 

The third aspects of droplet dynamics is the energy balance where an elemental sphere, 

having a radius 𝑟 to 𝑟 + 𝑑𝑟 is considering. The transient heat transfer within an elemental 

sphere can be described as follows; 

𝑄�̇� − �̇�𝑟+𝑑𝑟 + �̇�𝑔𝑒𝑛 =
∆𝐸𝑒𝑙𝑒𝑚𝑒𝑛𝑡

∆𝑡
                     (3.13) 

where 𝑄�̇� 𝑎𝑛𝑑 �̇�𝑟+𝑑𝑟  are the rates of heat transfer in radial direction of droplet, and �̇�𝑔𝑒𝑛 

is the internal heat generation of the elemental sphere. As the internal heat generation 
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in a DCSEC is naught as well as taking the area of elemental sphere as 𝐴 = 4𝜋𝑟2, and 

applying the Fourier Law for heat transfer, �̇� = −𝑘 𝐴 
𝑑𝑇

𝑑𝑟
 . With no internal heat 

regeneration and expressing the equation (3.14) as a finite difference form; 

�̇�𝑟 − �̇�𝑟+𝑑𝑟 = 𝜌𝑐𝑝𝐴𝑑𝑟
𝑇𝑡+∆𝑡 − 𝑇𝑡

∆𝑡
         (3.14) 

In the limit as 𝑑𝑟 approaches zero, and invoking the Fourier equation of heat transfer, the 

finite difference form (3.14) can be expressed as the partial differential form, i.e., 

1

𝐴

𝜕

𝜕𝑟
(𝑘𝐴

𝜕𝑇

𝜕𝑟
) = 𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
               (3.15) 

That is; 

𝜕

𝜕𝑟
(𝑘
𝜕𝑇

𝜕𝑟
) = 𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
            (3.16) 

where 𝜌, 𝑐𝑝 and 𝑘 are the density, specific heat and thermal conductivity of seawater, 

respectively, whilst the spatial and time parameters are given by 𝑟 and 𝑡. It is assumed 

that all droplets have the same feed water temperature in the feed line, the initial 

condition for the droplet given by 

𝑇(0, 𝑟) = 𝑇𝑓 ,                            (3.16) 

and the boundary condition in the center (𝑟 = 0) of the droplet is written as 

𝑘
𝜕𝑇

𝜕𝑟
= 0 .                (3.17) 

At (𝑟 =
𝑑

2
) liquid-vapor interface, the heat conduction rate is balanced by the sensible 

heat of convection and latent heat of vaporization. So, the boundary condition is given 

by on the surface of the droplet  
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𝑘
𝜕𝑇

𝜕𝑟
=  −ℎ(𝑇 − 𝑇𝑣) − ℎ𝑚(𝜌 − 𝜌𝑔)ℎ𝑓𝑔                 (3.18) 

where 𝑇 and 𝑇𝑣 are the liquid and vapor temperature at droplet surface, respectively; 𝜌 

and 𝜌𝑔 are the densities for liquid and vapor at droplet surface, respectively. ℎ𝑚 has been 

mentioned in equation (3.10) above. ℎ is the heat transfer coefficient. From literature, ℎ 

can be obtained from the correlation developed by Ranz and Marshall [54]: 

𝑁𝑢 =
ℎ𝑚
𝐷𝑣
= 2 + 0.495 𝑅𝑒𝑣

0.55 𝑃𝑟𝑣
0.33             (3.19) 

In the simulation model, Equations (3.3), (3.9) and (3.16) track the droplet velocity (𝑢 (𝑡)), 

radius (𝑟 (𝑡))  and temperature (𝑇(𝑟)), describing the thermodynamic aspects of 

droplets as they emerged from the nozzle, traveling down to the chamber bottom and 

experiencing the drag force, buoyancy and dissipating the excess enthalpy of liquid 

droplets into vapor, as shown in Figure 3.1.  

In order to simplify the expression, the dimensionless temperature difference 𝜃 is 

introduced and is defined as the ratio of temperature difference between instantaneous 

droplet temperature to chamber environment and the maximum temperature difference 

of feed to chamber; 

𝜃 =
𝑇 − 𝑇𝑣
∆𝑇

,                                    (3.20) 

where ∆𝑇 = 𝑇𝑓𝑒𝑒𝑑 − 𝑇𝑣, and 𝑇𝑣  corresponds to the saturation temperature of chamber. 
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3.3 Results and discussion 

The governing equations (3.3), (3.9) and (3.16) are coded on a MATLAB platform along 

with the initial and boundary conditions as well as necessary correlations (equations 

(3.10), (3.12) and (3.19)) to simulate the real processes occurring between the droplets 

and chamber environment.  The thermal efficiency and water production rates of DCSEC 

are determine by initial droplet velocity, droplet diameter and the degree of superheat 

available between droplet and chamber environment. This theoretical model captures 

exactly the dynamics of the mentioned parameters. Based on the range of parameters 

employed in the experiments, namely u = 5 m/s, Tfeed = 60 °C, ΔT between feed to chamber 

= 3K to 5K, Salinity = 32000 ppm and Dmean = 100 μm and a nozzle flow rate of 6 LPM, the 

thermodynamics behavior of droplets can be presented in terms of temperature and 

temperature difference as the droplets travelled down the evaporator as shown in Figure 

3.2. As observed the temperatures of droplets would approach equilibrium with the 

chamber environment, and these rates of temperature drop are depended on the initial 

diameter of droplets. The equilibrium droplets states were achieved at z/L (L=0.5m) of 

0.2, 0.5 and 0.8 corresponding to diameters of 0.1, 0.2 and 0.3 mm, respectively.    
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Figure 3.2 The temperature and non-dimensional (θ) distributions of droplets in the 

evaporator after emerging from the nozzle spray. 

The full view of droplet temperature transients at any radial distance from its center can 

be observed accurately in the three dimensional plots, as shown in Figure 3.3. A total of 

three diameter sizes at initial release from the nozzle were investigated in the simulation. 

It is observed that at bigger initial droplet diameter, the surface temperatures of droplet 

is evaporating faster than those of its center. For smaller droplet diameters, these 

differential rates of temperature drop are less obvious. 
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Figure 3.3 Three dimensional plots of droplet temperature with time for three cases 

of initial diameter sizes. 

From Figures (3.2 and 3.3), the flashing rate of a droplet is not only dependent on 

diameter and the surface temperature, it is also dependent on the speed of droplets 

trajectory. Figure 3.4 shows the velocity of droplet along its trajectory within the 

evaporator. It is observed that the larger diameter droplets has higher droplet velocity 

during its trajectory due to larger momentum experienced by it. 

Figure 3.4 The change of 

droplet velocity along the 

trajectory of evaporator with 

three cases of initial diameter 

size. 
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Figure 3.5 Comparison of dimensionless temperature difference between 

simulation results and experimental data published by [56]. 

The above simulated non-dimensional temperature ratio (θ), the predictions are 

compared with experimental data as found in literature [56] of similar droplet diameters 

and initial droplet velocity. With these inputs into simulation code, Figure 3.5 shows the 

good agreement of predictions with the reported experimental data. 

3.4 Chapter summary  

Table 3.1 depicts the average velocity of droplet trajectory, the time to reach to 

equilibrium (hence, complete utilization of droplet excess enthalpy) and the evaporator 

height needed. Using this information from simulation (Figures 3.2 and 3.3), a tool for 

designer to determine the height of evaporator vessel in the experimental facility or any 

real plant.  
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Table 3.1 An evaluation in evaporator height based on prediction of height needed 

for recovery of excess enthalpy from droplet. 

Droplet diameter (μm) from nozzle 100 200 300 

Average velocity of trajectory (m/s) 3.125 4.25 4.75 

Time to reach equilibrium (saturation)   (s) 0.032 0.059 0.084 

Evaporator height (m) 0.1 0.25 0.4 

 

Consequently, such a model can save the CAPEX in real DCSEC design. For the evaporator 

unit designed for experiment in chapter 4, in additional 10cm in height is used to cater 

for the accumulation of brine during test. 
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Chapter 4 

Experimental Investigation on Direct-Contact Spray Evaporation and 

Condensation (DCSEC) 

4.1 Background 

This chapter describes the experimental facilities, namely, the conventional the direct-

contact spray evaporation and condensation (DCSEC) and hybrid DCSEC operating in 

conjunction with micro/nano-bubbles (M/NBs) generator that were used in the research 

work.  Heated seawater is fed to the direct-contact spray evaporator chamber at a flow 

rate of 360 L/hr, and droplets of seawater are generated by spray nozzles with low 

pressure drop. Owing to excess enthalpy, between the feed water droplets temperature 

and the saturation state of evaporator chamber, the water surfaces experienced liquid 

flashing phenomena. Concomitantly, potable water at lower temperature is sprayed into 

the adjacent condenser chamber using similar nozzles to generate water droplets to 

effect water vapor condensation on the surfaces of droplets.   Extensive experimental 

tests were conducted to collect data in order to compare between conventional and 

hybrid DCSEC, and the results from the experimental testing can be used to verify the 

feasibility of this system (DCSEC) for practical desalination. 
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4.2 Experimental design 

Figure 4.1 shows a lab-scale direct-contact spray evaporation and condensation (DCSEC) 

desalination system that was designed, fabricated and installed at laboratory LFO 155 of 

King Abdullah University of Science and Technology (KAUST). It comprises several major 

components, namely, the hollow evaporator and condenser chambers, along with other 

supporting external components such as heater, pumps, heat exchanger, feed tank and 

distillate tank. In this methodology of direct-contact spray evaporation and condensation, 

no physical heat transfer interfaces, such as membrane used in seawater reverse osmosis 

(SWRO) plant or evaporator tubes in multi-stage flashing (MSF) and multi-effect distillate 

(MED), are needed. Consequently, the DCSEC has relative low CAPEX with traditional 

desalination methods, as well as its ability to handle seawater of high salinity without 

scaling and ease of operation. 

For normal operation, heated seawater to 60oC is sprayed into evaporator chamber 

through an atomizing nozzle (P-66 series) to produce droplets of 70 to 100 μm diameters. 

Due to sudden difference in the thermodynamic states between feed water and 

evaporator chamber, liquid flashing phenomena occurs in which vaporization emanated 

from droplet surfaces, driven by the excess enthalpy accrued by the droplets. To 

determine the thermodynamics state the following parameters measured in evaporator 

are pressure (P), temperature (T) and flow rate (F). 

The water vapor, produced by flashing, migrated to the adjacent condenser chamber via 

a link pipe due to the small pressure drop. This phenomena is caused by the simultaneous 

condensation of the vapor on the droplets where the latter are controlled by spraying of 
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potable water at lower temperature. However, the latent heat of condensation is 

retained within the spray of water, increasing slightly the distillate discharge which is 

collected and weighed in a distillate tank. 

For fabrication purpose, the stainless steel (SS 316 L) of 5-7mm thick is used for the 

fabrication for evaporator, condenser and auxiliary chambers. The diameter of the 

chambers are 640 mm and auxiliary chamber is 250 mm. The top and bottom of the 

chambers have welded flanges that are coupled to end cover plates by bolts. Appropriate 

fittings, namely, sensor ports (KF 16), view widows (ISO 150, ISO 100), inlet and outlet 

pipe flanges (KF 25) are welded to both chambers. 

For vacuum holding in all chambers, Viton O-rings with suitable housing assembly are 

used. Nitrile rubber sheet insulation are used to mitigate heat loss to ambient, as shown 

in Figure 3.2 and 4.3.  The detailed dimensions of the experimental components are given 

in Table 4.1. 
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Figures 4.1 A schematic diagram of direct contact spray-assisted evaporation (DCSEC) 

experiment. 

 

Table 4.1 The detailed dimensions for DCSEC experimental. 

Parameters 

(tolerance ±0.05 
mm) 

Evaporator Condenser Auxiliary chamber 

Height (mm) 700 700 700 

Diameter (mm) 640 640 250 

Materials Stainless steel 
316L 

Stainless steel 
316L 

Stainless steel 316L 

Thickness mm 5-7 5-7 5-7 

View ports ISO 100, IS0 150 ISO 100, IS0 150 ISO 100 
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Figures 4.2 A pictorial photo of direct contact spray-assisted evaporation (DCSEC) 

experiment. 

 



65 
 

 

 

Figures 4.3 A photograph of auxiliary chamber. 

 

A commercial pressure atomizing nozzle (P66-1/4) is used to generate small droplets 

under partial vacuum in the evaporator chamber, as shown in Figure 4.4. The fine droplets 

enhances the flashing effect and water vapor is generated from the surfaces of droplets 

due to excess enthalpy. Figures 4.5 shows an installed nozzle producing water droplet jet 

in 90o cone coverage at a flow rate of 360 l/hr. Figure 4.6 shows the percentage of droplet 

sizes distribution are shown against drop sizes in μm, and the mean of the distribution 

has a mean of 100 μm at a probability of 0.25, while the variance of droplet sizes vary 

from 30 to 130 μm. Similarly, the condenser chamber deployed the same water jet nozzle 

https://en.wikipedia.org/wiki/Variance
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to effect the reverse process, that is, the condensation of water vapor onto water 

droplets. 

 

Figure 4.4 A photo of the nozzles samples with water droplets coverage expressed 

by the dimensions H=280-455 mm & D=560-910 mm. 

 

 

Figure 4.5 A picture of the water spray jet with fine distribution of water droplets 

covering    an angle of 90 degrees. 
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Figure 4.6 The typical distribution of droplet diameters versus percentages of 

droplets. 

For instrumentation, the following sensors such as temperature, pressure, flow as well as 

the weighing machine are used in the experimental apparatus. The temperature probes 

used are the thermistor variety (OMIGA TH-10-44031-120) with ±0.1 °C accuracy, and 

they are installed using a flanged adapter (od. 6mm, KF16) to the pipes or chambers. 

Within each chamber, thermistors were installed to measure the temperatures of water 

(bottom) and saturated vapor (top), as shown in Figure 4.7. For flow rates, the paddle 

wheel flowmeters (Aichi Tokei Denki ND20-PATAAA-RC) with ±2%RS accuracy, are used 

for the feed and cooling water circulation. The vacuum pressures in the chambers were 

measured by pressure sensors of ±0.03% of span (YOKOGAWA FP201A-L33). The signal 

outputs from these sensors are collated and recorded by Agilent 34970A Data 

Acquisition/Switch unit in 3-second intervals, as depicted by the instrumentation 

schematics in Figure 4.8.   
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For operation in vacuum, a vacuum pump is required to maintain a desired sub-

atmospheric condition in the evaporator, condenser and auxiliary chambers. This vacuum 

pumping system consists of a rotary pump which is connected to the (DCSEC) system. It 

removes non-condensable gases, which include O2, N2, and CO2, are released from the 

seawater feed. The presence of non-condensing gases accumulated in the condenser 

increases the resistance to heat transfer and reduces the overall heat transfer coefficient. 

Therefore, the role of vacuum pump is indispensable.  

 

 

 

 

 

 

External view of thermistor adaptor with sensor 

cable. It has O-ring seal for vacuum holding.  

 

        Internal view of thermistor probe on the     

        upper section of chamber. 

 

Figure 4.7 The installation of thermistor probe with respect to the external and 

internal locations of evaporator and condenser chambers. 
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Figure 4.8  Layout of 

data acquisition 

arrangement for DCSEC 

pilot facility. 

 
 

4.3  Micro/Nano bubbles (M/NBs) generator 

Owing to the obstinate phenomena of thermodynamic non-equilibrium in liquid flashing, 

the rate of liquid-droplet flashing within the evaporator is still relatively low, as reported 

from the literature. In this research, the concept of incorporating micro/nano-bubbles to 

overcome this limitation of low flashing is used in the experiments, as shown in Figure 

4.9. It comprises a short circular section of a nominal diameter d1; On one end is a conical 

section tapering from d1 to d2 and on the other end, the vapor inlet tube d3 is attached to 

the core of circular section, whilst the working fluid is injected through an opening d4 

tangentially at 2-3 bar. The tangential entry of rotating water creates a vortex greater 

than 1000 rpm, generating a low pressure at vortex core. It induces the vapor to move 

from its inlet to the cone outlet, increasing in static pressure along the path. The vapor-

water mixture emerges from the mouth (d2) of cone section. At the vortex cone outlet, 

the mixture is slammed against a pool of stagnant water in the side chamber. Owing to 

the high rotation speed of the mixture, a shearing effect occurs between them, generating 

micro/nano-bubbles in the feed stream to the evaporator chamber. As seen in the same 

figure, the micro/nano-bubbles device in the experiments is designed as a side injection 
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equipment, supplementing the feed to evaporator. The injected micro/nano-bubbles are 

embedded in the feed before spraying into the chamber. As a low pressure pump is used 

in the micro/nano-bubbles device, the pumping power is insignificant. 

 

Figure 4.9 Schematic diagram of the microbubbles generator device. 

 

4.4 Experimental Procedure 

Prior to a test, the DCSEC system is check for zero leakage and vacuum pump is switched 

on over a period to achieve a desired partial vacuum level corresponding to a cold start. 

At the same time, the partial vacuum state is extended (through valves opening) to the 

auxiliary chamber and condenser chambers and later they are filled with seawater and 

potable water to the desired levels, respectively. Next, the water pumps in the evaporator 

and the condenser water circuits are switched on, together with the electric heater to 

raise the feed water temperature of evaporator.  Once the desired states in the 
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evaporator are achieved, the flow of chilled water to the heat exchanger is controlled so 

that the desired temperature of condenser is attained. At this instance, the data logging 

process for all sensors commenced, maintained the system at steady state for 30 minutes. 

Distillate production from condenser chamber is also measured with a computer logged 

weighing machine.  

 On completion the first data measurement, the supply temperature of feed seawater is 

raised by changing the electrical voltage across heater element. At the same time, the 

cooling capacity of condenser is reduced, increasing the evaporator and condenser 

temperature until the desired state of second measurement point. These operating and 

control procedures are repeated for all test matrix and configurations. The range of feed 

temperature are from 35oC to 60 oC, while the test configurations are single-stage and 

multi-stage. Further details of test matrix and configurations are elaborated in sections to 

follow. Before shutting down on each day, the DCSEC system is flushed with fresh water 

for period of 1 hour. The flushing with potable water maintained the integrity of 

components (made of stainless steel 316L) from the aggressive characteristics of 

seawater.   

4.5 Experimental parameters for conventional and hybrid DCSEC 

This section consists of two parts: The first part presents the experimental procedures for 

a single-stage direct contact spray evaporation and condensation (DCSEC) with a top-

brine temperature (TBT) of 60oC, whilst the controlling parameters in the single-stage 

DCSEC are the various feed water temperatures and the temperature difference across 

the evaporator and the condenser. The second part presents of experimentally-simulated 



72 
 

multi-stage operation by using the piece-wise technique with a (TBT) of 60oC and the 

cooling water inlet of 35oC.  

 

4.5.1  Test matrix for a single-stage configuration  

The experiments were conducted at assorted feed water temperatures supplied to the 

top of evaporator chamber for droplet flashing into water vapor using a set nozzle. The 

flashing rate is dependent on both the feed inlet temperature and the excess enthalpy of 

liquid droplets. Table 4.2 depicts the range of operation parameters, namely the feed 

temperature from 35 oC to 60 oC at saturation temperature difference between chambers 

up to 7 K, whilst the coolant temperature and flow rates are held constant. However, the 

inlet temperature of cooling water to the condenser varied from 35oC upwards. These 

parameters are similar in conventional DCSEC and the hybrid DCSEC with M/NB-

generator.  

Table 4.2 The experimental parameters in conventional and hybrid DCSEC. 

Operation Parameters Conventional DCSEC 
Hybrid DCSEC With M/NB-

generator 

Feed temperature range 38-60 oC 38-60 oC 

Cooling temperature range 35 oC 35 oC 

Feed flow rate range 360 L/hr 360 L/hr 

Cooling flow rate range 360 L/hr 360 L/hr 

 

4.5.2   Multi-stages design for DCSEC 

Although Figure 4.1 shows the schematic of a single-stage DCSCE, it can be operated using 

a piece-wise technique is adopted here:- The outlet brine temperature of the proceeding 
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stage is set as the feed temperature of subsequent stage and this process is repeated until 

the outlet brine temperature approaches the ambient conditions (as indicated in table 

insert of Figure 4.10). The advantages of a multi-stage design are (i) the recovery of latent 

condensation heat of condenser to preheat the incoming seawater feed, (ii) increasing 

water production by exploiting more of the excess enthalpy of feed and (iii) high tolerance 

to increasing brine concentration in succeeding stages due to the favorable temperature 

gradients.  

Figure 4.10 shows a typical multi-stage direct contact spray evaporation and 

condensation (DCSEC) configuration comprising 6-stages of evaporator-condenser pairs, 

a heat recovery heat exchanger (HX1) to preheat the incoming seawater, a heat source 

heat exchanger (HX2) to further boost temperature of seawater feed to required entering 

temperature of top brine stage (TBT) and a vacuum pump to remove any non-

condensable gas in the system.  

From HX2, the feed water at about 60oC is fed to the evaporator where the water is 

distributed above the perforated plate and it is flowed through the purpose-built holes. 

Owing to the pressure difference across perforated holes and hollow chamber of 

evaporator, the water jet experiences an accumulation of access enthalpy from the 

differences in saturation temperatures. Consequently, a fraction of the liquid flashes into 

vapour to achieve equilibrium. The brine of the stage is fed to the subsequent stage via a 

U-tube arrangement to overcome the pressure difference. The vapour generated from 

liquid flashing flows into the adjacent condenser through a connecting pipe where the 

migrated vapour then condenses onto the cooler surfaces of water droplets that were 



74 
 

sprayed through the perforated holes in the similar manner. These processes are 

repeated in the subsequent stages of the multi-stage design with progressively dropping 

pressures and temperatures over the stages. 

 

 

Figure 4.10 A schematic diagram of multi-stages for direct contact spray-assisted 

evaporation (DCSEC) experiment 

As can be seen from the above sections and also Figure 4.10, HX1 preheats the incoming 

seawater feed from the ambient temperature to the temperature of distillate where the 

latter collects all latent heat of condensation accumulated by all stages.  Concomitantly, 

HX2 further heats the seawater feed with an external heat source such as the renewable 

solar or industrial waste heat, etc. The salient feature of multi-stage DCSEC is the 

opportunity for recovery of the condensation heat up to 70%, while the external heat 
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input needed is 30% of the total heat consumed by the evaporators. Finally, the vacuum 

pump is used to remove any non-condensable gases that accompanied the seawater feed. 
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Chapter 5 

RESULTS AND DISCUSSION 

5.1 Background 

This chapter entails the experimental tests of a single and multi-stage direct contact spray 

evaporation and condensation (DCSEC) with seawater feed at a top-brine temperature 

(TBT) of 60oC. Initially, tests are conducted with fresh water (RO) and later, the same 

approximately boundary conditions are repeated with seawater.  

5.2 Single-stage DCSEC  

Owing to the infinite range of temperature difference (DT) across the evaporator and 

condenser of a single stage matrix that can be tested, for simplicity, only DT ranges of 3-

4K, 5-6K and 7-8k were conducted. For each DT range, the temperature of feed water 

starts from 35±0.5oC to 60±0.5oC with temperature intervals of 5K. To maintain the set 

DT, the amount chilled water supplied to heat exchanger of condenser is regulated. For 

each set of data, it took an hour to reach steady state and distillate measurement was 

recorded by a weighing machine over subsequent 30 minutes. A summary of all single 

stage test results for all feed and saturation temperature of chambers are shown in Table 

5.1. The specific distillate production of each test, expressed in L/hr.m3, are also depicted 

where it is normalized with evaporator volume. The maximum distillate production was 

recorded for the feed temperature 60oC with a DT of 7-8K.  
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For the same three sets of DT, the tests with seawater feed show a reduction of distillate 

production up to 3.5% as compared to the tests with RO water, due mainly to the effects 

of the boiling point elevation (salinity) up to 2K and the properties of seawater, as shown 

in Figure 5.1. 
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Table 5.1 A summary of the distillate flow rates in L per minute per unit volume of 

evaporator (L/hr.m3). 

 

RO water Seawater 

Tf,eva 

(oC) 

Tv,eva 

(oC) 
Tf,con 

(oC) 
Tv,con 

(oC) 
Distillate 
(L/hr.m3) 

Tf,eva 

(oC) 

Tv,eva 

(oC) 
Tf,con 

(oC) 
Tv,con 

(oC) 
Distillate 
(L/hr.m3) 

D
T 

(3
-4

) 
K

 

35.42 29.97 27.56 26.46 1.09 35.48 32.20 29.06 28.80 1.05 

40.19 35.97 32.24 32.89 2.38 40.28 36.01 31.13 32.10 2.30 

45.18 39.80 36.30 36.22 2.78 45.26 38.76 32.83 35.27 2.69 

50.12 42.79 38.40 39.25 3.14 50.19 42.59 37.65 39.06 3.03 

55.67 48.18 44.38 44.59 5.53 54.82 46.69 40.95 43.22 5.35 

60.19 52.95 48.32 49.42 6.34 60.12 51.81 46.91 47.85 6.12 

D
T 

(5
-6

) 
K

 

35.43 31.33 25.80 25.18 1.22 35.75 31.38 25.10 26.36 1.18 

40.22 35.24 29.26 29.36 3.02 40.45 34.08 27.18 28.69 2.92 

45.13 38.00 31.07 32.07 3.61 45.27 35.71 27.56 30.42 3.49 

50.13 40.77 34.20 35.38 5.09 49.54 39.00 30.48 33.77 4.92 

55.04 46.09 37.51 40.42 6.71 54.87 43.43 34.96 37.84 6.48 

60.05 49.43 41.68 43.90 8.02 59.42 46.53 38.86 41.00 7.74 

D
T 

(7
-8

) 
K

 

35.21 29.57 20.02 21.63 1.93 35.93 32.58 24.34 25.26 1.87 

40.22 32.88 24.05 25.17 4.26 40.46 35.26 25.55 27.95 4.11 

45.15 36.37 26.98 28.88 6.82 45.43 37.09 27.28 29.28 6.59 

50.27 41.58 32.28 33.73 7.13 49.64 39.12 28.42 31.52 6.89 

55.54 45.54 36.18 38.20 7.62 55.32 42.06 32.21 34.86 7.37 

60.28 50.85 41.92 42.76 9.28 59.64 48.51 37.93 41.09 8.97 

*The feed flow rate was set at 129 L/hr, the cooling flow rate was set 650 L/hr. 
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Figure 5.1 A 

comparison of 

seawater and RO 

water in a DCSEC 

experiments at the 

same boundary 

conditions. The feed 

flow rate for all tests 

was set at 129 L/hr. 

  

 

Figure 5.2 Schematic of temperature distribution in a single-stage DCSEC.  

From Figure 5.2, the temperature difference  ∆𝑇𝑑𝑓 between evaporator feed and the 

coolant water entering condenser drives the flashing process, i.e., �̇�𝑣 𝛼 ( �̇�𝑓 , ∆𝑇𝑑𝑓) 

where, �̇�𝑓 is spray flow rate and ∆𝑇𝑑𝑓 is given by 

∆𝑇𝑑𝑓 =
𝑇𝑓 − 𝑇𝑐𝑤 − ∆𝑇𝑒−𝑐

2
             (5.1) 
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where, ∆𝑇𝑒−𝑐  is the temperature difference between evaporator and condenser 

chambers. From equation (5.1), ∆𝑇𝑑𝑓  would be maxima when ∆𝑇𝑒−𝑐→ 0, and hence �̇�𝑣  

is maximum at the set boundary conditions of 𝑇𝑓 , 𝑇𝑐𝑤 and �̇�𝑓. Therefore, the subsequent 

test matrix were conducted with ∆𝑇𝑒−𝑐→ 0. 

The sensitivity of �̇�𝑓 to distillate production is also investigated with ∆𝑇𝑒−𝑐→ 0. Figure 

5.3 shows �̇�𝑓 is near optimum as the feed flow rate to evaporator and condenser are 

greater than 6 Lpm. In the interest of conserving the pumping power of feed flow (low 

OPEX) and the optimum volume of evaporator (low CAPEX), the 6 LPM spray flow rate to 

the chambers were used in subsequent experiments.   

 

Figure 5.3 Sensitivity of distillate production versus feed flow rate at DT< 1 K. 
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5.3 The role of micro/nano-bubbles in single-stage DCSEC and hybrid DCSEC  

This section entails the experiments where the controlling parameters are (i) the 

temperature difference between evaporator and condenser is < 1 K, (ii) an optimal feed 

flow rate to both chambers of 360 L/hr (6LPM), (iii) the feed temperatures varying from 

38oC to 60oC with temperature intervals of 3K for evaporator but the cooling temperature 

of condenser is held constant at 35oC. The detailed operational parameters of single stage 

DCSEC with and without M/NB are shown in Table 5.2. 

The experimentally measured distillate productions, expressed in L/hr.m3, are 

summarized in the Table 5.3. For each feed temperature, the performance ratio (PR), 

defined here as the ratio of equivalent heat of distillate to input energy from feed, are 

presented. It is observed the distillate production for the simple DCSEC increases linearly 

with increasing feed temperature with gradient of 1.43 L/hr.m3 per degree. However, the 

hybrid DCSEC with M/NB generator surges with a higher gradient of 2.01 L/hr.m3 per 

degree over the same temperature range. In terms of the performance ratio, the 

conventional DCSEC has PR values increasing from 0.50 to 0.75. Nevertheless, the hybrid 

DCSEC with M/NBs generator achieved higher PR values from 0.72 to 0.91, showing an 

improvement in distillate production up to 34% correspondingly. 
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Table 5.2 A list of parameters adopted for the experiments. 

Operation Parameters Without MB-generator With MB-generator 

Feed temperature range 38-60 oC 38-60 oC 

Cooling temperature range 35 oC 35 oC 

Feed flow rate range 360 L/hr 360 L/hr 

Cooling flow rate range 360 L/hr 360 L/hr 

 

Table 5.3 Single stage DCSEC test results with and without micro/nano-bubbles 

generator (M/NB). 

Feed 
temperature 

(oC) 

Distillate (l/hr.m3*) 

*volume of evaporator 

Performance Ratio (PR) 

= 
𝑫𝒊𝒔𝒕𝒊𝒍𝒍𝒂𝒕𝒆 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏 × 𝒉𝒇𝒈

𝒇𝒆𝒆𝒅 𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆 ×𝑪𝒑×∆𝑻
 

 

conventional 
DCSEC 

Hybrid DCSEC 
with M/NB 
generator 

conventional 
DCSEC 

Hybrid DCSEC 
with M/NB 
generator 

38 3.47 4.07 0.50 0.55 

41 7.48 9.09 0.58 0.68 

44 10.89 14.6 0.63 0.79 

47 15.31 20.88 0.68 0.81 

50 20.74 28.34 0.72 0.84 

53 25.69 35.15 0.74 0.86 

56 30.01 41.08 0.75 0.89 

60 33.44 45.77 0.75 0.91 
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5.4 Multi-Stage DCSEC and hybrid DCSEC with micro/nano-bubbles 

After a detailed investigation of single-stage DCSEC with and without M/NBs and to 

maximize distillate recovery, the system is operated in multi-stage configuration. As the 

experimental apparatus available in the Lab is merely a single-stage design, the multi-

stage configuration is emulated using a piece-wise technique, where the outlet brine 

temperature of the preceding evaporator stage is set as the feed temperature of following 

stage. This process is repeated for two to six stages configurations until the bottom outlet 

brine temperature approaches the ambient temperature. This mode of operation boost 

the recovery of latent condensation heat in condenser to preheat the incoming seawater 

feed. Consequently, the overall distillate production of multi-stage DCSEC increased, as 

shown in Figure 5.4. It can be observed from the figure that the distillate production is 

increasing asymptotically with the number of stages, but the corresponding temperature 

difference per stage is decreasing from 5K to 3.6K with respect to increasing number of 

stages (4-6 stages). From literature, however, the flashing phenomena between liquid 

droplets and vapor chamber can only occur with DT > 3 K [57,58]. This minimum 

temperature threshold for flashing is controlled by the presence of non-equilibrium effect 

between liquid and vapor phases (typically about 1.5-2 K) as well as the boiling point 

evaluation effect (about 1 K) from the salinity of seawater. Consequently, the experiments 

for multi-stage configuration was limited to six stages as seen in Figure 5.4. The 

experimental uncertainty as estimated, based on smallest distillate production, as ±3%. 
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Figure 5.4 Distillate production for three configurations with conventional & hybrid 

DCSEC with M/NB generator at finite evaporator volume. 

The optimal design of multi-stage DCSEC, can only be seen from Figure 5.5 where the 

performance ratio (PR) shows a maxima at six-stage arrangement for conventional and 

hybrid cases. As compared with MSF or MED of similar six-stages, the PR of DCSEC is 

comparable to each other at around 3.3, and yet it has the advantage of lower CAPEX 

because the chambers design are devoid of physical tubes. Furthermore, it can handle 

feed seawater of salinity up to 2 × 105 𝑝𝑝𝑚.  
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Figure 5.5 Performance Ratio (PR) with conventional & hybrid DCSEC with M/NB 

generator (TBT= 60 oC)  

 

5.5 Micro/nano-bubbles enhancement  

As mentioned in section 5.3 the incorporation of micro/nano-bubbles to the feed 

injection of DCSEC system has led to an increase of distillate production up to 34%. Such 

a quantum jump in distillate production can be elucidated by the released of excess 

enthalpy from the brine solution to a vapor, that is; 

�̇�𝑣,𝑓𝑙𝑎𝑠ℎ ∝ (𝑇𝑓 , 𝑇𝑏)                    (5.2) 

where the proportional constant is given by �̇�𝑓 , 𝑐𝑝, ℎ𝑓𝑔, 𝑒𝑡𝑐. From Table 5.4, the 

measured feed and brine temperatures for both cases of conventional DCSEC and hybrid 

DCSEC are tabulated. It is noted that the corresponding temperature difference between 
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feed and brine, ΔT1 and ΔT2, are both increasing with the respect to feed temperatures. 

The function of M/NB in feed flashing can be better observed by taking θb =
ΔT2−ΔT1

ΔT1
, as 

shown in column 5 of Table 5.4. Furthermore, increasing θb from hybridizing with M/NB 

implies the released of excess enthalpy from the brine solution to a vapor, otherwise 

trapped in liquid brine. These phenomena are confirmed by the increase in the measured 

distillate production as shown in column 6. 

Table 5.4 The relationship between feed and brine temperature (ΔT=Tf,eva-Tb,eva) of 

evaporator to percentage distillate improvement.  

Conventional 
DCSEC 

Hybrid DCSEC *ΔT1 of 
Conventional 

DCSEC (K) 

**ΔT2 of 
Hybrid 
DCSEC 

(K) 

% of 
θb 

Distillate 
improvement 

% Tf,eva 

(oC) 
Tb,eva 

(oC) 

Tf,eva 

(oC) 

Tb,eva 

(oC) 

38.44 36.68 38.40 36.44 1.76 1.97 11.69 17.29 

41.40 38.27 41.34 37.63 3.13 3.70 18.33 21.52 

43.94 39.76 43.98 38.47 4.18 5.51 31.72 34.07 

47.10 41.18 47.17 39.33 5.92 7.84 32.51 35.38 

50.23 43.08 50.13 40.45 7.15 9.68 35.40 36.64 

54.23 44.57 54.03 40.73 9.66 13.30 35.64 36.82 

57.30 46.12 57.01 41.81 11.18 15.20 35.97 36.89 

59.91 47.5 59.77 42.87 12.41 16.90 36.18 36.89 

* ΔT1 = (Tf,eva- Tb,eva) Conventional DCSEC , **ΔT2 = (Tf,eva- Tb,eva) Hybrid DCSEC 

The percentage increase in distillate production with micro/nano-bubbles embedded in 

feed injection shows an initial rapid increase over conventional DCSEC when the feed 

temperature raises up to 47oC as shown in Figure 5.6.  Beyond 47oC, however, the effect 
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of micro/nano-bubbles depicted a saturation limit of about 36%, due probably near 

equilibrium between the brine and vapor temperature of evaporator, i.e., the depletion 

of excess enthalpy within the brine. 

 

Figure 5.6 Percentage increase in distillate production and θb with respect to inlet 

feed temperature. 

Although a significant increase in distillate production has an observed in the 

experiments, such an increase can be better explained at 50000 frames/sec video 

obtained by a high speed camera. Figure 5.7 (i) shows the rotating liquid vortex entraining 

a vapour core as they exist from the mouth of the cone at high rotational speeds. The 

emerged vapour is slammed against a wall of stagnant water and this produces a high 

shearing effect on the vapour streak, breaking it into micro/nano-bubbles. This 
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micro/nano bubbles formation process is also observed clearly from the frontal view as 

shown in figure 5.7 (ii).  

 

Figure 5.7 Micro/nano-bubbles generation by rotating vortex with entrained vapour 

core    where the latter is sub-cooled with respect to liquid.  Photograph (i) 

shows the frontal view of cone exit and photograph (ii) shows the 

corresponding side view of generator. 

The quality of distillate water obtained by liquid flashing is of high quality, expressed in 

ppb of major ions found in seawater, namely, Na+, Cl - , K+2, Ca2+, Mg2+ and So4
2−. The 

overall of cations and anions are greater than 99.97%, as shown in Table 5.5. This distillate 

water is deemed as high quality for potable purposes.    
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Table 5.5 The quality of distillate from liquid flashing of seawater and the percentage 

of selective salts rejection is > 99.97. 

Parameters Formula 
Seawater 

supply (ppb) 

Distillate quality 

(ppb) 
% rejection 

Sodium Na+ 10580000 2863 99.973 

Potassium K+2 493900 74.73 99.985 

Calcium Ca2+ 415100 13.31 99.997 

Magnesium Mg2+ 1404000 10.52 99.999 

Chloride Cl - 21857 5.6 99.974 

Sulfate 𝐒𝐎𝟒
𝟐− 2769 0.589 99.979 
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Chapter 6 

6.1 Conclusion 

In this thesis, a theoretical and experimental study of the conventional direct-contact 

spray evaporation and condensation (DCSEC) has been extensively conducted for three 

configurations namely: 

(i) A single-stage evaporator-condenser hollow chambers linked by a vapor 

pipe where heated seawater is sprayed into the evaporator whilst a 

coolant (potable water) is simultaneously sprayed into the condenser,  

(ii) The incorporation of an innovative micro/nano-bubbles devise to embed 

tiny vapor bubbles to the seawater feed before being injected into 

evaporator chamber for liquid flashing and,  

(iii) Experimentally emulated the multi-stage operation of DCSEC by using a 

piece-wise technique starting from the top-brine-temperature (TBT) of 

60oC and the cooling water inlet of 35oC, for both cases with and without 

micro/nano-bubbles in feed seawater. 

The above experiments were investigated for assorted feed flow rates and 

temperatures that are suited for the experimental apparatus. The following 

conclusions are made from the thesis work: 

 The research has demonstrated an alternative thermally-driven seawater 

desalination method that is devoid of any physical interface (no tube 
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surfaces or membranes) for vapor evaporation and yet producing 

relatively high distillate production with good water quality. The vapor 

production in DCSEC is achieved by extracting excess enthalpy between 

the heated feed seawater (injected into evaporator via nozzles) and 

equilibrium state of water-vapor mixture of evaporator. This process is 

called flashing phenomena. 

 The water production (flashing) of DCSEC can be measured by the figure 

of merit called the performance ratio (PR), defined as equivalent heat to 

heat supplied. For a single-stage DCSEC with a feed flow rate and 

temperature of 360L/hr and 60oC respectively, the PR is 0.75. However, 

the water production rate can be increase by the incorporation of a 

rotating liquid vortex, that entrained a cooler water vapor within the 

vortex, producing micro/nano-bubbles in the feed seawater in a side-

chamber prior to injecting into the evaporator chamber. From the 

experimental results, it is observed that the corresponding PR of a single-

stage DCSEC improves to 0.91. Such an enhancement in distillate 

production by a simple micro/nano-bubble device is an innovative 

method and it is the first ever recorded in the desalination literature.   

 For increasing energy efficacy of DCSEC, a concept of multi-stage is 

introduced in this research where a piece-wise technique is adopted. The 

outlet brine temperature of the proceeding stage is set as the inlet feed 

temperature of subsequent stage and this process is repeated until the 
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outlet brine temperature of last stage approaches the ambient conditions. 

Concomitantly, latent heat of condensation is recovered in 

correspondingly in the condenser stages, reducing the external energy 

input to less than 30%. Hence, the distillate production increased by 34% 

vis-à-vis to conventional and hybrid DCSEC tests, giving the corresponding 

performance ratios (6-stage at feed temperature 60oC and 360 L/hr) of 

2.55 (conventional DCSEC) and 3.27 (hybrid DCSEC). These improvements 

are comparable to the other thermally-driven desalination plants despite 

the simple hollow chambers used.  

 Lastly, the conventional and hybrid DCSEC have advantages that can lower 

CAPEX and OPEX of commercial-scale seawater desalination plants. For a 

given design capacity, the fabrication cost needed for hollow chambers 

vis-à-vis to MSF and MED is much lower due to simplicity in design as well 

as robustness to scaling effect with salinity of brine up to 20% by weight. 

With respect to OPEX, the DCSEC uses less chemicals and electricity 

because of its robustness to scaling and only parasitic pumping power 

needed to circulate the feed and coolant. 
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6.2 Suggestion for future work 

The work presented in this thesis has demonstrated an innovative and inexpensive 

method in thermally-driven seawater desalination. The next step for future work in this 

topic is translate this technology into a semi-commercial pilot to validate it against other 

desalination processes available hitherto. Figure 6.1 shows a possible design of DCSEC 

comprising a ring of evaporator towers linked to a condenser tower that has a nominal 

distillate capacity 25000 m3/day. 

 

Figure 6.1 A vision for a semi-commercial pilot of DCSEC. 

Such a proposal requires near-term funding support from interested organizations or 

government which is beyond a research program of any university.  

  

Solar harvester 
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Appendix A1 

A sample of modelling code for determination of θ, v, D of a droplet 

detached from a spray with initial velocity 

Appendix  A1:   A sample of modelling code for determination of θ, v, D 

of a droplet detached from a spray with initial velocity. 

 
function pdex4   % Main function to solve partial equation system 
clear;clc; % Clear residual data at each running 
global T_v dT V_0 d_l k_l k_v rho_v rho_l nu_v mu_v cp_v D_v cp_l T0 dt  

% global variables 

  

  
D = [ 0.2E-3 0.3E-3 0.5E-3]; % Initialization of initial conditions for 

droplet diameter. 

  
U1=zeros(100,2,2);     % No. of iteration for time. 
U2=zeros(100,2,2);     % No. of iteration for time. 

  
for kkk=1:3        % loop to solve equation for different droplet 

diameter 

     
d_l=D(kkk);       %m, diameter of droplet 
r_l=d_l/2;        %m, radius of droplet 
H=0.5;            %m, height of evaporator 
V_0=5;          %m/s initial velocity from nozzle                 
m = 2; % spherical coordinate systems 
r = linspace(0,r_l,10); 

  
z = linspace(0,H,100); 
time = 1/V_0*H; % estimated dropping time 
no_step = 100;  % number of time steps 
dt = time./no_step; % time step interval 
t = linspace(0,time,no_step); %array of time 

 

sol = pdepe(m,@pdex4pde,@pdex4ic,@pdex4bc,r,t); % solving of partial 

differential equation 

 

 

 %-------Assign solution to variable in workspace 
if kkk==1 % D=0.1 mm 
    u11 = sol(:,:,1); % Assign first solution to variable u11 
    u12 = sol(:,:,2); % Assign second solution to variable u12 
    assignin('base','u11',u11); 
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    assignin('base','u12',u12); 

     
elseif kkk==2 % D=0.2 mm 
     u21 = sol(:,:,1); 
     u22 = sol(:,:,2); 
     assignin('base','u21',u21); 
     assignin('base','u22',u22); 

         
else kkk==3 % D=0.3 mm 
     u31 = sol(:,:,1); 
     u32 = sol(:,:,2); 
     assignin('base','u31',u31); 
     assignin('base','u32',u32); 
    end     

  
end 

  
T1_avg1=zeros(100,1); %liquid temperature 
Theta1=zeros(100,1); 

  
Tl_avg2=zeros(100,1); 
Theta2=zeros(100,1); 

  
Tl_avg3=zeros(100,1); 
Theta3=zeros(100,1); 

  
% D=0.2 mm 
for j=1:100 
    sum0=0; 
    for k=1:10 
    sum0=sum0+u11(j,k); 
    end 
    T1_avg1(j)=sum0/10; 
    Theta1(j)=(T1_avg1(j)-T_v)/dT; 
end 

  
% D=0.3 mm 
for j=1:100 
    sum0=0; 
    for k=1:10 
    sum0=sum0+u21(j,k); 
    end 
    Tl_avg2(j)=sum0/10; 
    Theta2(j)=(Tl_avg2(j)-T_v)/dT; 
end 

  
% D=0.5 mm 
for j=1:100 
    sum0=0; 
    for k=1:10 
    sum0=sum0+u31(j,k); 
    end 
    Tl_avg3(j)=sum0/10; 
    Theta3(j)=(Tl_avg3(j)-T_v)/dT; 



100 
 

end 

  
figure(1) 
plot(z, Theta1, z, Theta2, z, Theta3) 
title('Dimensionless Temperature Difference') 
xlabel('height(m)') 
ylabel('\fontsize{13} \bf \theta') 
%axis([-0.05 0.55 0 1.05]) 
legend('d=0.2mm','d=0.3mm','d=0.5mm') 

  
figure(2) 
plot(z,T1_avg1, z, Tl_avg2, z, Tl_avg3) 
xlabel('height(m)') 
ylabel('Temperature(C)') 
legend('d=0.2mm', 'd=0.3mm','d=0.5mm') 

  
figure(3) 
plot(z,u12(:,1), z,u22(:,1), z,u32(:,1)) 
xlabel('height(m)') 
ylabel('Velocity(m/s)') 
legend('d=0.2mm', 'd=0.3mm','d=0.5mm') 

  
Tl_2(1,:)=u21(1,:); 
for k=1:10 
    Tl_2(k+1,:)=u21(k*10,:); 
end 

  
r_l=1.5e-3; 
r = linspace(0,r_l,10); 
r_hat = r/r_l 
figure(4) 
plot(r,Tl_2) 
%axis([0 r_l 37 51]) 
title('Temperature profile (D=0.3 mm)') 
xlabel('Distance r(m)') 
ylabel('Temperature(C)') 
legend('t=0','t=0.01','t=0.02', 't=0.03', 't=0.04', 't=0.05', 't=0.06', 

't=0.07', 't=0.08', 't=0.09', 't=0.1') 

  
figure(8) 
plot(r_hat,Tl_2) 
%axis([0 r_l 37 51]) 
title('Temperature profile (D=0.3 mm)') 
xlabel('Distance r(m)') 
ylabel('Temperature(C)') 
legend('t=0','t=0.01','t=0.02', 't=0.03', 't=0.04', 't=0.05', 't=0.06', 

't=0.07', 't=0.08', 't=0.09', 't=0.1') 

  
figure(5) 
surf(r,t,u11) 
%shading interp 
title('Temperature of droplet(D=0.2mm)') 
xlabel('Distance r(m)') 
ylabel('Time t(s)') 
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colorbar 

  
figure(6) 
surf(r,t,u21) 
%shading interp 
title('Temperature of droplet(D=0.3mm)') 
xlabel('Distance r(m)') 
ylabel('Time t(s)') 
colorbar 

  
figure(7) 
surf(r,t,u31) 
%shading interp 
title('Temperature of droplet(D=0.5mm)') 
xlabel('Distance r(m)') 
ylabel('Time t(s)') 
colorbar 

  
% -------------------------------------------------------------- 
function [c,f,s] = pdex4pde(r,t,u,DuDr) 
global dT rho_vs cp_l k_l d_l rho_v  mu_v cp_v k_v T0 T_v h h_m dt m 

h_fg nu_v 

  
k_l=LAMDA(u(1));            %W/m/K, thermal conductivity of droplet 

  
cp_l=4.187e3;          %J/kg/K, specific heat of dorplet 
cp_v=1.996e3;          %J/kg/K, Specific heat of water vapor 
r_l = d_l./2; 
g=9.8; % gravity constant m/s2 
dT = 12; 
T_v=T0-dT; 
psat_v = IAPWS_IF97('psat_T',T_v+273.15); %MPa, saturation pressure at 

T_v 
rho_v=1/(IAPWS_IF97('vV_p', psat_v)); %kg/m3, density of water vapor at 

T_v and Psat 
k_v=IAPWS_IF97('k_pT',psat_v, T_v+273.15);  %W/m/K, thermal 

conductivity of water vapor 
Re = rho_v*u(2)*d_l./mu_v; %Reynolds number 
Pr = cp_v*mu_v/k_v; 
D_v =2.76E-5; % mass diffusivity data, m^2/s 
mu_v=IAPWS_IF97('mu_pT', psat_v, T_v+273.15); 
nu_v=mu_v/rho_v;    %m2/s, kinematic viscoisty of water vapor 

  
Sc = nu_v/D_v; % Schmidt number.  
C_D=24./Re*(1+0.125*Re^0.72); % drag force coefficient 
Nu=2+0.495*Re^0.55*Pr^0.33; % Nusselt number 

Sh=2+0.495*Re^0.55*Sc^0.33; % Sherwood number. 

h=Nu*k_v/d_l; % heat transfer coefficient, W/(m2°C)  

h_m=Sh*D_v/d_l; % mass transfer coefficient, m/s  

psat_vs = IAPWS_IF97('psat_T',u(1)+273.15); 

rho_vs=1/(IAPWS_IF97('vV_p', psat_vs )); 
rho_l=1/(IAPWS_IF97('vL_p', psat_vs )); 
C1=rho_l.*cp_l; 
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C2=1; 
c = [C1; C2];  
F1 = k_l.*DuDr(1) ; 
F2 = 0 ; 
f = [F1; F2];  
S1 = (2/r)*k_l.*DuDr(1); 
S2 = (1-rho_v/rho_l)*g-((3/8)*(C_D*rho_v)/(r_l*rho_l).*u(2)^2); 
s = [S1; S2];  
hLsat = IAPWS_IF97('hL_p',psat_vs); % [kJ/kg] saturated liquid enthalpy 
hVsat = IAPWS_IF97('hV_p',psat_vs); % [kJ/kg] saturated vapor enthalpy 
h_fg= (hVsat - hLsat)*1000; % [J/kg] heat of vaporization 

  
% -------------------------------------------------------------- 
function u0 = pdex4ic(r) %inital condition 
global T0 V_0 % Global variables that were used at initial condition 

T0=50;              %degC initial temperature of droplet 
v0=V_0;   % initial velocity of droplet 
u0 = [T0; v0];   % initial condition setting 

  
% -------------------------------------------------------------- 
function [pl,ql,pr,qr] = pdex4bc(rl,ul,rr,ur,t) %boundary condition 
global h T_v h_m rho_vs rho_v h_fg % Global variables that were used at 

boundary condition 
pl = [0; 0]; % boundary condition at center of droplet 
ql = [1; 1]; % boundary condition at center of droplet 
bc1_r = h*(ur(1)-T_v)+h_m*(rho_vs-rho_v)*h_fg; % defining variable for 

boundary condition 
pr = [bc1_r; 0]; % boundary condition at surface of droplet 
qr = [1; 1]; % boundary condition at surface of droplet 
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Appendix A2  

A summary of all experimental measurement of DCSEC. 

Table A2.1 Experimental data for single-stage conventional DCSEC. 

Tf_eva* 
(oC)±0.025 

Tb_eva 
(oC)±0.025 

Tv_eva 
(oC)±0.025 

Tf_con 
(oC)±0.025 

Tb_con 
(oC)±0.025 

Tv_con 
(oC)±0.025 

Production 
l/(hr.m3) 

ΔT1 (K) 

38.44 36.68 36.91 35.07 36.79 37.54 2.93 1.76 

41.4 38.27 38.56 35.38 37.96 39.07 6.14 3.13 

43.94 39.76 40.14 35.23 38.53 40.35 10.32 4.18 

47.1 41.18 41.47 35.34 40.89 41.32 13.44 5.92 

50.23 43.08 43.3 35.19 42.92 43.42 17.05 7.15 

54.23 44.57 44.72 35.24 44.34 44.59 23.37 9.66 

57.3 46.12 46.36 35.13 45.93 46.19 27.30 11.18 

59.91 47.5 47.83 35.21 47.37 47.41 30.41 12.41 

*All experiments is conducted with a master thermometer of minimum resolution 0.05oC is used 

as standard for calibration of thermistors. 

Table A2.2 Experimental data for single-stage hybrid DCSEC (with micro/nano-

bubbles) 

Tf_eva 
(oC)±0.025 

Tb_eva 
(oC)±0.025 

Tv_eva 
(oC)±0.025 

Tf_con 
(oC)±0.025 

Tb_con 
(oC)±0.025 

Tv_con 
(oC)±0.025 

Production 
l/(hr.m3) 

ΔT2 (K) 

38.40 36.44 36.57 35.03 36.09 36.34 3.43 1.97 

41.34 37.63 37.82 35.29 37.40 37.61 7.47 3.70 

43.98 38.47 38.75 35.26 38.22 38.54 13.83 5.51 

47.17 39.33 39.32 35.17 39.24 39.47 18.33 7.84 

50.13 40.45 40.57 35.12 40.25 40.45 23.33 9.68 

54.03 40.73 40.88 35.41 40.76 41.01 31.98 13.30 

57.01 41.81 41.95 35.21 41.86 42.12 37.37 15.20 

59.77 42.87 43.10 35.11 43.08 43.32 41.63 16.90 
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Table A2.3 Experimental data for two-stage conventional DCSEC 

Tf_eva 
(oC)±0.025 

Tb_eva 
(oC)±0.025 

Tv_eva 
(oC)±0.025 

Tf_con 
(oC)±0.025 

Tb_con 
(oC)±0.025 

Tv_con 
(oC)±0.025 

Production 
l/(hr.m3) 

ΔT1 

51.54 43.37 43.92 35.14 43.45 43.49 16.88 8.17 

59.90 51.55 51.97 43.49 51.71 51.54 16.78 8.35 

 

Table A2.4  Experimental data for two –stage hybrid DCSEC (with micro/nano-

bubbles) 

Tf_eva 
(oC)±0.025 

Tb_eva 
(oC)±0.025 

Tv_eva 
(oC)±0.025 

Tf_con 
(oC)±0.025 

Tb_con 
(oC)±0.025 

Tv_con 
(oC)±0.025 

Production 
l/(hr.m3) 

ΔT2 

51.62 41.51 41.75 35.14 41.60 42.33 22.79 10.11 

59.84 49.59 49.82 43.49 49.63 50.32 22.72 10.24 

 

Table A2.5 Experimental data for three-stage conventional DCSEC 

Tf_eva 
(oC)±0.025 

Tb_eva 
(oC)±0.025 

Tv_eva 
(oC)±0.025 

Tf_con 
(oC)±0.025 

Tb_con 
(oC)±0.025 

Tv_con 
(oC)±0.025 

Production 
l/(hr.m3) 

ΔT1 

47.43 41.38 41.99 35.21 41.19 41.72 12.14 6.05 

53.82 47.83 48.31 41.63 47.63 48.11 12.05 5.99 

59.93 53.82 54.17 47.88 53.68 54.13 12.11 6.11 

 

Table A2.6 Experimental data for three-stage hybrid DCSEC (with micro/nano-

bubbles) 

Tf_eva 
(oC)±0.025 

Tb_eva 
(oC)±0.025 

Tv_eva 
(oC)±0.025 

Tf_con 
(oC)±0.025 

Tb_con 
(oC)±0.025 

Tv_con 
(oC)±0.025 

Production 
l/(hr.m3) 

ΔT2 

47.33 39.41 39.97 35.29 39.19 39.76 16.19 7.92 

53.92 45.94 46.47 41.58 45.71 46.29 16.15 7.98 

59.89 52.03 52.38 47.74 51.83 52.33 16.15 7.86 
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Table A2.7 Experimental data for four-stage conventional DCSEC 

Tf_eva 
(oC)±0.025 

Tb_eva 
(oC)±0.025 

Tv_eva 
(oC)±0.025 

Tf_con 
(oC)±0.025 

Tb_con 
(oC)±0.025 

Tv_con 
(oC)±0.025 

Production 
l/(hr.m3) 

ΔT1 

44.44 39.78 40.29 35.38 39.92 39.74 44.44 4.66 

49.33 44.63 45.16 40.03 44.56 44.52 49.33 4.7 

54.42 49.76 50.28 45.08 49.64 49.72 54.42 4.66 

59.61 54.72 55.25 49.92 54.59 54.53 59.61 4.89 

 

Table A2.8 Experimental data for four-stage hybrid DCSEC (with micro/nano- 

bubbles) 

Tf_eva 
(oC)±0.025 

Tb_eva 
(oC)±0.025 

Tv_eva 
(oC)±0.025 

Tf_con 
(oC)±0.025 

Tb_con 
(oC)±0.025 

Tv_con 
(oC)±0.025 

Production 
l/(hr.m3) 

ΔT2 

44.44 38.16 38.60 35.38 38.30 38.13 44.44 6.28 

49.13 43.04 43.67 40.23 42.97 43.10 49.13 6.09 

54.22 48.16 48.69 45.18 48.04 48.21 54.22 6.06 

59.01 52.69 53.27 49.89 52.56 52.49 59.01 6.32 

 

Table A2.9 Experimental data for five-stage conventional DCSEC 

Tf_eva 
(oC)±0.025 

Tb_eva 
(oC)±0.025 

Tv_eva 
(oC)±0.025 

Tf_con 
(oC)±0.025 

Tb_con 
(oC)±0.025 

Tv_con 
(oC)±0.025 

Production 
l/(hr.m3) 

ΔT1 

43.31 39.25 40.02 35.29 39.00 39.79 8.97 4.06 

47.35 43.42 44.14 39.22 43.44 43.74 9.00 3.93 

51.24 47.21 48.03 43.34 47.32 47.52 8.98 4.03 

55.45 51.33 52.09 47.36 51.27 51.78 8.98 4.12 

59.26 55.32 56.03 51.09 55.35 55.76 8.96 3.94 
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Table A2.10 Experimental data for five-stage hybrid DCSEC (with micro/nano-bubbles) 

Tf_eva 
(oC)±0.025 

Tb_eva 
(oC)±0.025 

Tv_eva 
(oC)±0.025 

Tf_con 
(oC)±0.025 

Tb_con 
(oC)±0.025 

Tv_con 
(oC)±0.025 

Production 
l/(hr.m3) 

ΔT2 

43.41 38.28 39.08 35.29 38.13 38.68 11.76 5.13 

47.39 42.41 43.11 39.22 42.39 42.78 11.83 4.98 

51.44 46.34 47.16 43.34 46.31 46.86 11.78 5.10 

55.51 50.30 51.11 47.36 50.21 50.51 11.77 5.21 

59.63 54.65 55.39 51.09 54.59 54.78 11.74 4.98 

 

Table A2.11 Experimental data for six-stage conventional DCSEC 

Tf_eva 
(oC)±0.025 

Tb_eva 
(oC)±0.025 

Tv_eva 
(oC)±0.025 

Tf_con 
(oC)±0.025 

Tb_con 
(oC)±0.025 

Tv_con 
(oC)±0.025 

Production  
l/(hr.m3) 

ΔT1 

42.20 38.75 39.53 35.33 38.61 39.05 7.79 3.45 

45.78 42.37 43.09 38.87 42.2 42.47 7.82 3.41 

49.29 45.55 46.42 42.19 45.25 45.86 7.78 3.74 

52.78 49 49.79 45.72 48.83 49.26 7.80 3.78 

56.19 52.43 53.08 49.03 52.37 52.6 7.77 3.76 

59.71 56.4 56.94 52.55 55.8 56.64 7.75 3.31 
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Table A2.12 Experimental data for six-stage hybrid DCSEC (with micro/nano-bubbles) 

Tf_eva 
(oC)±0.025 

Tb_eva 
(oC)±0.025 

Tv_eva 
(oC)±0.025 

Tf_con 
(oC)±0.025 

Tb_con 
(oC)±0.025 

Tv_con 
(oC)±0.025 

Production 
l/(hr.m3) 

ΔT2 

42.09 37.74 38.43 35.33 37.60 37.64 10.17 4.35 

45.66 41.47 42.10 38.87 41.30 41.37 10.24 4.19 

49.03 44.51 45.30 42.19 44.21 44.42 10.32 4.52 

52.63 47.96 48.67 45.72 47.79 47.82 10.33 4.67 

55.93 51.46 52.11 49.03 51.40 51.43 10.13 4.47 

59.41 55.21 55.75 52.55 54.61 55.15 10.22 4.20 
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Appendix A3  

A list of publications related to the research thesis. 

A Low Energy Thermally Driven Seawater Desalination by Direct Spray 
Method: - An Experimental Study  

Raid ALRowais , Muhammad BURHAN , Muhammad Wakil  SHAHZAD , Doskhan YBYRAIYMKUL , 
Q.Chen3 , Kim Choon NG  

Abstract 

Thermal desalination processes, such as the multi-stage flashing (MSF) and the multi-

effect distillation (MED), played a dominant role in seawater desalination within GCC 

countries, due to its high efficiency, low maintenance and ability to operate in higher silt 

and salt concentrations However, these desalination plants are prone to have high capital 

cost at >US$2000 per m3, almost two-fold higher than the membrane-based plants. We 

proposed a tubeless direct-spray of seawater into an empty chamber of saturated states 

where the excess enthalpy, between the differential pressures and temperatures of feed 

to those in the flashed chamber, is allowed to flash into vapor under low vacuum. Being 

devoid of tube-based heat transfer resistances, the initial CAPEX will be much lower, 

typically <US$800 per m3. Moreover, it can handle feed of high salt concentration without 

the fear of scaling within the flashed vessel. To boost the flashing phenomenon, we 

incorporate the injection of micro-vapor-bubbles (MVB) into the seawater feed prior to 

its injection via the nozzles. The MVB embedded feed has the potential to increase the 

flashed rates by two-fold due to the higher surface area of vapor bubbles at the point of 

flashing.  
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Keywords: Direct spray seawater desalination, micro-vapor bubbles enhancement, 

thermally-driven desalination.  

INTRODUCTION  

Thermally-driven seawater desalination methods have played a dominant role in the Gulf 

Co-operation Countries (GCC) due to its ability to handle severe seawater feed conditions, 

namely the high dissolved salt concentrations of feed up to 45,000 ppm (Cl− 55%, Na+ 

30.6%, SO2-
4 7.7%, Mg2+ 3.7%, Ca2+ 1.2%, K+ 1.1%, Other 0.7%.), as well as the fluctuating 

silt contents from shallower depths [1-4].  About 65% of the total desalination capacity in 

these economies is attributed to either the multi-stage flashing (MSFs) or the multi-effect 

distillation (MEDs) methods. The robust operational characteristics and the low 

maintenance cost of thermal techniques have led to longer plant life. In some instances, 

the actual operation of plants were stretched beyond design life span by as much as 10 

years. However, the main disadvantage of MSFs and the MEDs plants is the higher initial 

capital cost (CAPEX) when compared with the membrane-based reverse osmosis (RO). A 

typical CAPEX of thermally-driven plants may vary from US$1800-2200 per m3.day whilst 

the seawater RO (SWRO) plants have a lower CAPEX of less than US$1200/m3.day.  

Despite the higher CAPEX of the thermally-driven plants, the unit cost of potable water 

produced is lower due to better energy efficiency [3-4]. Recent studies of energy efficacy 

reported in all practical desalination methods that the consumption of primary energy 

revealed a higher figure of merit of MEDs up to  2-3 percentages points. When expressed 

in the universal performance ratio, defined as UPR=2360/(3.6*kWh_pe/m3), typically UPR 
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of MEDs are greater than 110 whilst the SWRO plants have lower UPR values, typically 

100 to 105. Despite these marginal differences in the energy efficacy, it is noted from 

these reports that all practical seawater desalination methods are relatively inefficient. 

When compared to the thermodynamic limit (TL) for seawater desalination, all 

desalination available hitherto are far from the ideal limit, i.e., the UPR_TL is 828; The TL 

corresponds to a specific primary energy consumption defined by Gibbs energy for 

dissolved salts separation of 0.78 kWhpe/m3 at 3.5% salt concentration and a water 

temperature of 25oC. These existing desalination methods are merely 10 to 13% of the 

TL. Another point to note is that the lower unit cost of water from MSFs and MEDs 

methods are a consequence of lower OPEX costs, particularly the effects of less scaling or 

fouling degradation in the plants and less percentages of electricity consumption vis-a-vis 

to SWRO plants. 

Direct Spray Seawater Desalination  

Conventional MSF and MED stages have dense tube density to provide the required heat 

transfer area, either for evaporative or condensing applications in the derivation of 

vapour or liquid. The material used in these tubes are usually of cuprous nickel (10% Ni) 

or titanium to with stand the corrosive nature of brine (3.4 to 5% by weight). To overcome 

the relatively high initial capital cost (CAPEX) of thermally driven desalination plants, we 

propose a direct spray method of the seawater feed into a partial vacuum chambers 

where the latter chambers are maintained at a lower saturated conditions of pressures 

and temperature. The relative difference in the thermodynamic states to the designed 
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stages enables the exploitation of the excess enthalpy of the brine as it emerges from the 

spray nozzles.  

Being tubeless in the vessels, the direct spray of externally heated seawater (typically up 

to 65oC at the top-brine stage) has two distinct advantages: Firstly, initial design cost of 

the evaporator and condenser vessels are greatly reduced, typically in terms of unit cubic 

meter of distillate per day, its CAPEX can be less than US$700/m3.day. Secondly, the spray 

of brine into an empty chamber of each stage can mitigate the scale formation as there 

are virtually no dry spots within the chambers. Consequently, the direct depressurization 

of the liquid brine in the nozzles resulted in the formation of liquid droplets. The 

corresponding excess water enthalpy held by the droplets, as they emerged from the 

nozzles would result in the “vapour flashing” phenomenon, i.e., water vapor evaporates 

from the surfaces of liquid droplets, reducing its diameter as the droplets travelled down 

the trajectory paths.  

The generated vapor in the evaporators then migrates across to the adjacent condenser 

chambers. Being set at a few degrees lower in vapor temperature within each evaporator 

to condenser pair, the favorable temperature gradient, the vapor condenses onto the 

cooler surfaces of distillate or potable water droplets which is drawn from the subsequent 

lower stages. In this paper, two sets of experiments were organized: (i) the tests with RO 

or potable water to validate the suitability of direct spray evaporative effects and (ii) the 

tests with intake seawater feed from the Red Sea. Appropriate measures of insulation 

were taken to minimize the leak leaks or heat infiltration from the ambient. For 
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convenience, an electric heater of nominal heating rate of 1.5 kW is used for temperature 

control for the feed to the top brine stage. 

The experimental setup and working principle 

A lab-scale direct-spray seawater desalination system has been constructed in the 

laboratory of King Abdullah University of Science and Technology (KAUST). It comprises 

three major components, namely, 1) evaporator, 2) condenser, and 3) other supporting 

components such as the spray nozzles, in-line feed heaters, water pumps, , vacuum pump, 

distillate tank and heat exchangers. Figure A3.1 and Figure A3.2 show the schematic of 

the experimental setup with an inter-connecting pipe for vapour transfer from evaporator 

to condenser chambers. The top of the evaporator is partitioned to contain the seawater 

feed at a desired pressure (P) and temperature (T). Water droplets are formed when the 

seawater feed passes through the nozzle. Owing to the pressure (hence local saturation 

temperature) difference, there is an accumulation of liquid enthalpy in the water 

droplets, resulting in evaporation or flashing of the seawater from the surface of droplets, 

and causing the separation of dissolved salts to give potable water. The water vapor 

produced in the evaporator is drawn to the adjacent condenser chamber through a 

connecting pipe due to pressure difference created by spraying of cooler water in latter 

chamber. The combined distillate exits the condenser to a weighing scale for recording of 

the distillate flow rates. 
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Figure A3.1 A schematic of the evaporator-condenser pair for direct spray seawater 

Desalination (DSSD). 

 

 
Figure A3.2 A pictorial view of the DSSD facility at KAUST 
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Results and discussion 

Seawater heated, to a pre-set feed water temperature typically from 35 to 65 Celcius, is 

sprayed to the evaporator to effect the flashing phenomena. The advantage of using a 

low-temperature feed is because they are available in abundance from renewable solar 

energy or exhaust of processes. The injected seawater matches the pressure needed by 

nozzles operating at two or more bar, producing water droplets of diameters less than 

40μm. The fine droplets enhances the flashing effect and water vapor is generated from 

the surfaces of droplets. Figure A3.3 shows a pictorial view of the water droplet jet in a 

120o cone jet whilst the droplet sizes distribution are shown in Figure A3.4 A similar type 

of water jet droplets is used within the condenser chamber. Water vapor produced from 

the evaporator migrates across to an adjacent similar condenser vessel where 

concomitantly a jet of potable water is sprayed. The cooler surfaces of the water droplets 

permit vapor to condense, producing a stream of distillate which is then collected. 

Experiments of the direct spray desalination are conducted across a range of seawater 

water feed temperatures, starting from 35oC to 55oC in step of 5K. Such a low 

temperature range can be readily obtained from either the waste/exhaust heat or the 

renewable solar sources. The second parameter of control in the direct spray experiments 

is the temperature difference across the evaporator and the condenser. A total of 3 

temperature differential ranges were conducted, namely (i) 3-5K, (ii) 5-7K, and (iii) 7-9K.  

Together with the feed temperatures, these parameters determines the rate of flashing 

in the vessels. The nozzle requires a feed water pressure of 2 bar at a flow rate of 2.5 
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l/min. To avoid clogging from suspended particles in the feed, a 5 micro filter is used prior 

to the inlet to the nozzle. 

Table A3.1 depicts the distillate production rates expressed in L/min.m3, and depending 

of the feed water temperatures and the degree of temperatures differences across 

evaporator-condenser, up to 9.28 L/min.m3 of distillate production were obtained. The 

maximum distillate production rate is about 3% of the supplied excess enthalpy supplied 

from the feed spray which is in agreement to the available literature [5-20]. A comparison 

with seawater tests shows that there is a reduction of distillate production up to 3.5 %, 

due mainly to the effects of salinity and the boiling point elevation up to 2K, as shown in 

Figure A3.5. 

Table A3.1 A summary of the distillate flow rates in L per minute 
per unit volume of evaporator (L/)hr.m3) 

 

Feed Water 
Temperature 

(°C) 

ΔTEvap-Cond 
= (3 - 5) K 

ΔTEvap-Cond 
= (5 - 7) K 

ΔTEvap-Cond 
= (7 - 9) K 

40 2.38 3.02 4.26 

50 3.14 5.09 7.13 

60 6.34 8.02 9.28 
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Figure A3.3 A picture of the water spray jet with fine distribution of water droplets 

covering an angle of 120 degrees. 

 

Figure A3.4 The typical distribution of droplet diameters versus percentages of 

droplets. 
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Figure A3.5 A comparison of seawater and RO water in a DSSD experiments at the 

same boundary conditions. 

The pump in the direct spray consumed about 400 W_elec. delivering 2 l/min at a mano-

metric head of 30 m to the nozzles. The heat input to the evaporator feed varies from 260 

W to 1200 W across a waste heat or solar thermal heated exchanger. Depending on the 

feed temperatures and the temperature differences between evaporator and condenser 

vessels, the distillate production rates are determined. Experiments indicated that the 

highest distillate production realm occurs at the boundaries of both mentioned 

parameters, and the limiting region is dictated by the scaling limits of seawater. For a fair 

comparison, both types of derived energy (electricity and thermal energy) are converted 

to the primary energy input using the relevant conversion factors as reported recently [2]. 

As shown in Table A3.2, the universal performance ratio (UPR) of direct contact flashing 
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distillation varies from 20 to 98 which compares well with the conventional seawater 

methods, namely about 90 for SWROs, and 105 for the MEDs. 

Table A3.1  Universal performance ratio for the direct-spray evaporative desalination 

method is depicted. The energy efficacy, expressed in terms of the 

primary energy, is the same as the conventional commercial methods of 

literature. However, the capital cost needed is far less than the 

conventional methods. 

Feed 

Tem

p.  

(oC) 

Temperatur

e difference  

(DT) across 

heater  RO water  Seawater 

(RO) 
(SW

) 
Distillat

e (m3/h) 

**Total 

Primary 

energy 

consumpti

on (W) 

kWh

_pe/

m3  UPR 

Distillat

e  

(m3/h) 

**Total 

Primary 

energy 

consumptio

n (W) 

kWh_

pe/m3   UPR 

35 3.75 1.87 0.02527 814.84 31.24 20.68 0.0242 807.40 33.38 19.36 

40 5.47 3.29 0.04446 821.64 14.27 45.27 0.0515 813.02 15.79 40.92 

45 6.99 6.49 0.08770 827.66 8.98 71.94 0.0839 825.68 9.84 65.67 

50 7.19 8.69 0.11743 828.45 8.60 75.14 0.0897 834.38 9.30 69.48 

55 8.3 8.53 0.11527 832.84 8.09 79.88 0.0982 833.75 8.49 76.13 

60 8.04 8.54 0.11540 831.81 6.63 97.41 0.1149 833.79 7.26 89.01 
** The conversion factors of electricity and thermal heat sources are 1/0.5 and 1/35.33, respectively [2]. The 
UPR is defined as UPR=2326 / (3.6*kWh_pe /m3). The primary energy consumption of a desalination 
method is given by {(kWh_elec*1/0.5)+kWh_thermal / 35.53)} where the derived energies are converted 
to the primary energy by their respective exergy based conversion factors [2]. 

 

CONCLUSION 

In summary, a direct-contact spray desalination experiments have been successfully 

conducted at assorted parameters and the two major factors that has significant impact 

to the production of distillate are the temperature of feed spray and the temperature 
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differential across the evaporator and condenser chambers. It is observed that the optima 

for distillate yield resides at the boundary corner of the operational regime, that is, it 

occurs at the highest feed source temperatures and the highest temperature potential 

available at the evaporator and condenser. From the experiments, the highest rate of 

distillate production can be achieved per cubic meter of chamber volume, with 65oC feed 

and a temperature difference between evaporator-condenser pair of 9K, is about 9.5 

l/h.m3. In the single stage design, the energy efficacy of the direct spray evaporative 

desalination process can achieve a universal performance ratio (UPR) of 97 which is 

comparable to all existing desalination efficacy level. With multi-effect designs, however, 

an optimal combination of the number of stages can be inserted at an optimal DT in each 

evaporator-condenser pair, exploiting synergistically the feed enthalpy to achieve a two-

fold increase in the UPR vis-à-vis the exiting desalination methods available hitherto. 
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Desalination System Using Direct-Spray Method 
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Ybyraiymkul, Seung Jin Oh  KIM CHOON Ng  

 

Abstract 

The reason for the dominance of thermally-driven desalination processes in KSA 

is due mainly to the challenging feed seawater conditions caused by the high silt-

density index, frequent occurrences of harmful-algae-blooms (HABs). However, 

thermally-driven methods such as the MSF and the MED have challenges such as 

higher capital cost and scaling. The direct-contact spray-assisted evaporation and 

condensation (DCSEC) is a promising desalination method that mitigates the 

issues of scaling and high capital cost. This study presents an experimental 

investigation on the DCSEC system. Variety of experiments were conducted and 

several variables were investigated, namely, different feed temperature, 

different flow rate and different stages. Through this experimental work, the 

production rate was measured and compared with modelling prediction, which 

showed good agreement. 

Keywords: Direct Spray; Thermal Desalination; Experimental Study 
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Introduction and background 

Within the Gulf Cooperating Countries or GCC, the annual average consumption of 

potable water is reported to be greater than 600 m3 per capita and yet the local water 

availability in these economies is far below the UN-defined severe acute water stress 

(AWS) level of 250 m3/capita [1]. The GCC region has harsh meteorological weather with 

hot outdoor temperatures in summer and low annual rainfall, typically less than 

30mm/year. The availability of ground water is also decreasing significantly and in some 

places, ground water is impaired with high salinity. To maintaining steady economic 

prosperity and meeting the countries’ water demand, the most viable option for closing 

the gap between water demand and supply is by seawater desalination. 

Hitherto, there are two major categories of seawater desalination systems, namely, the 

thermally-driven desalination systems such as the multi-stage flashing (MSF) and the 

multi-effect distillation (MED) as well as the membrane-based desalination systems, i.e., 

the seawater reverse osmosis (SWRO). Owing to the challenging seawater conditions in 

the surrounding seas, the seawater is frequently inflicted by the high salinity and the 

frequent occurrences of the harmful algae blooms (HABs). For example, the Gulf was hit 

by HABS up to 6 weeks in 2018 and the SWRO plants in Oman and Sharjah (UAE) stopped 

operating over the same period due to the presence of highly toxic algae spices such as 

the Cynobacteria and Saxitoxins they are more than 1000 times more toxic than cynide. 

The thermally-driven seawater methods, on the other hand, is based on vapor 

evaporation at 2.75 angstroms water vapor molecules and the evaporative process can 

easily filtered-off the larger μm-sized molecules of algae. Thus, thermally-driven plants in 
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the nearby but HAB affected coastline could operate throughout the HAB events without 

fear of a health hazard.   

A second but important aspect of seawater desalination plants is the unit cost of 

desalinated water. The unit cost comprises both the initial capital and CAPEX (usually 

defined by $/m3 of daily water production) and the annual operation (include electricity 

or steam, pre- and post-treatment, etc.) costs or OPEX. Table A3.3 depicts the unit cost of 

water for the above-mentioned practical desalination, as reported by Global Water 

Intelligence (GWI, 2018) reports [2-4]. Two salient points can be observed from the table: 

Firstly, the SWRO method has slightly lower capital cost than the thermally-driven 

methods but the operating cost of the latter is much lower as compared with SWRO due 

to the higher contribution by electricity. Currently, all existing desalination methods have 

their CAPEX greater than $1000/m3.day of designed capacity, and this is attributed to the 

costly internal components such as the membranes or the tube heat exchangers within 

the enclosures. Thus, one of the motivation for sustainable desalination method is to 

lower both the CAPEC and OPEX. 

 In this paper, we propose the direct-contact spray-assisted evaporation and condensation 

(DCSEC) where the above-mentioned costs can be reduced to less than 50% of the existing 

unit cost of desalination plants, due to its simplicity in the design and operation. In the 

proposed design, we incorporate the innovative feature of multi-stage DCSEC in the 

utilization of the embedded excess enthalpy of seawater feed during the process of spray 

injection, leading to the rapid surface evaporation of the liquid droplets. Although there 

are plethora of publications on spray evaporation [5-15], however, the majority of these 
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literature pertain either to simple experiments with simulated seawater or the 

experimental investigations were confined to a single tank. In the present study, we 

designed and conducted DCSEC in a pair of evaporator and condenser to measure the 

efficacy of distillate production operating with real seawater and potable water sprays. To 

achieve the multi-effect operation, a piece-wise approach is incorporated, as described in 

detailed in sections to follow.   

Table A3.3 A comparison of life-cycle unit water cost for various desalination methods 

 MSF MED SWRO DCSEC 

Thermal 0.310 0.310 0.000 0.080 

Parts 0.010 0.010 0.030 0.010 

Chemicals 0.050 0.080 0.070 0.010 

Labour 0.080 0.080 0.100 0.042 

Membranes 0.000 0.000 0.030 0.000 

Electrical 0.600 0.420 0.720 0.080 

Capital cost 0.420 0.350 0.290 < 0.110 

 

Method and experimental setup 

In DCSEC desalination system heated seawater is injected into the depressurized chamber 

via a nozzle. Emanated from the nozzle, the seawater jet breaks up into macro-droplets, 

having a distribution of droplet diameters, typically from 0.2 to 0.6 mm diameters. The 

excess energy of the liquid droplets vaporized into vapor from the surfaces of droplets in 

a short time interval of less than a few seconds. The generated vapor of evaporators 

migrates across to the adjacent condenser chambers, caused by the favorable 

temperature (hence pressure) gradient. The migrated vapor condenses onto the cooler 

surfaces of potable water (distillate) droplets where the latter distillate was drawn from 
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the subsequent lower stages as show in Figure A3.6. 

 

 

 

 

 

 

 

 

 

Figure A3.6 Schematic (DCSEC) desalination system. 

 

Results and Discussion 

The performance of the direct contact spray-assisted evaporation desalination system was 

investigated under different design and operating conditions. The boundary feed inlet 

temperature to the top brine stage is 60 C, whilst the cooling water inlet is dictated at 35 

C. The feed flow rate to every stage is 6 lpm. Optimal distillate production occurs when 

the temperature difference between the evaporator and condenser is zero, as show in 

Table A3.4.  Figure A3.7 depicts the distillate production rates expressed in L/hr. 

depending of the number of stages, a production rate up to 12.75 L/hr. of distillate can be 

obtained with an energy extraction effectiveness of 75%. 
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Figure A3.7  Distillate production and flashing efficiency for three designs for DCSEC.  

 

Table A3.4 Piece-wise experiments conducted assorted parameters in a multi-stages 

DCSEC. 

 

Conclusions 

In summary, a direct-contact spray desalination experiments have been successfully 

conducted for the multi-stage configurations: 4-stages, 5-stages and 6-stages. The 

production rates for these designs were measured and compared with modelling 
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predictions, and they showed good agreement. In addition, the energy efficacy of the 

direct contact spray-assisted evaporation and condensation desalination process can 

achieve a universal performance ratio (UPR) of 82 which is comparable to all existing 

desalination efficacy UPR values 80-100. 
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Seawater Desalination: - An Experimental Study 
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Abstract  

Owing to the severe seawater feed conditions such as the high salinity, silt content and 

the frequent harmful algae blooms (HABs) in Gulf Arabian, thermal desalination processes 

such as the multi-stage flashing (MSF) and the multi-effect distillation (MED) play 

dominant role in the seawater desalination within GCC countries. However, when 

compared in terms of the capital cost (CAPEX) per installed cubic meter per day, the 

thermally driven methods tend to be nearly two fold higher. Thus, the motivation for 

investigating the direct-spray desalination method is to reduce the CAPEX, as compared 

to other methods available hitherto, primarily due to its simplicity in tube-less design. It 

operates merely on the enthalpy difference between the feed seawater to the local 

saturation enthalpy of the sprayed chambers, depending on the temperature superheat 

in the sprayed feed and the volume of the chambers. In addition, it can easily handle feed 

with high salt concentration without the risk of scaling within the flashed vessel. To boost 

the flashing phenomenon, we incorporated the injection of micro-vapor-bubbles (MVB) 

into the seawater feed prior to its injection via the nozzles. The MVB embedded feed has 

the potential to increase the flashed rates by more than 30% due to the higher surface 

area of vapor bubbles at the point of flashing.  
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