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ABSTRACT 

 

SEAWATER CORROSION RESISTANT HEAT TRANSFER AGENT (HTA) TO 

IMPROVE WATER EVAPORATION IN SOLAR STILL 

 

(Keywords: Solar still, heat transfer agent, corrosion, evaporation) 

 

Solar still is an economical technique for water desalination, however its main 

drawback is low productivity. In this project, a heat transfer agent (HTA) was 

installed in a solar still aimed to distribute the heat throughout the seawater and 

increase the water evaporation rate. Copper was selected as the HTA due to its high 

electrical and thermal conductivities. However, seawater may cause copper corrosion; 

hence coating is required to avoid the metal deterioration. The present study reported 

the effects of coating material and thickness, and the incubation temperature on the 

copper corrosion rate and heat transfer rate. Copper rods coated with different 

coating material have low weight loss and corrosion rate if compared with bare 

copper rod. Besides, weight loss and corrosion rate with incubation temperature of 

25°C were relatively high if compared with incubation temperature of 60°C. 

Moreover, an increase in the coating layer linearly increased the mass of the coated 

copper rods. Under the steady-state condition, the thermal conductivities increased 

when the coating layer was increased further. Hence, adding the coating layer 

reduced the radial heat transfer rate and higher axial heat transfer rates were obtained. 

A solar still was designed and fabricated. HTA consists of a sheet of copper plate and 

12 pieces of copper rods. Two set of experiment set-up were conducted to investigate 

the effect of HTA on the solar still performance. In general, water and glass 

temperatures and evaporative heat transfer of solar still with HTA were higher than 

the solar still without HTA. Experiment data have revealed the function of the HTA 

that may quickly transferred the radiation energy from the copper plate and rods to 

the water. The introduction of the HTA has successfully increased 30% of water 

evaporation rate and 18% of thermal efficiency. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Background of study, motivation and problem statement 

Almost every living thing on earth depends on water and the water crisis in the world 

is worsening day by day. In response to the depleting amount of fresh water sources, 

producing water out of seawater is the most favourable alternative. In order to 

produce the fresh water, desalination process is required to remove dissolved salts 

and other unwanted impurities from the seawater. There are many methods in 

desalination which are broadly classified into two: thermal process and membrane 

process. Desalination through solar distillation is found to be the most economical 

technique, as it requires a free source of energy. There are many types of solar still, 

and the basin type solar still is reported to be the most prevalent type due to its 

simplicity. The main drawback of the solar still is its low productivity. Extensive 

research has been carried out by different organizations worldwide to develop an 

efficient solar still. The performance of solar stills is influenced by design, operating 

and environmental factors. Mechanical devices such as a solar tracker, solar 

collectors, condenser, and fans have become a trend for recent researches upon solar 

still as they seem able to improve the efficiency. This tendency has turned the solar 

still to be competitive to other desalination methods because the high efficiency of 

solar still can be obtained when the major development is applied to the systems 

 

In order to improve the efficient of solar still, an attempt was made to increase the 

heat transfer rate by introducing a heat transfer agent (HTA) aimed to distribute the 

heat throughout the feed water. In this project, copper plate and rods was selected as 

the HTA. Copper is an industrial metal that have wide applications in our civilization. 

Copper has high electrical and thermal conductivities. It was used as conductor in 

electrical and electronic industry. Besides, copper are the most extensively used 

structural materials in industry, due to its mechanical strength, easy manufacture, 

formability, abundance and low cost. Copper also be used to sub merged in seawater 

and in seacoast. However, corrosion of copper must be addressed because copper is 

susceptible to oxidization in marine environment. The copper and its alloys will form 

thin layers of corrosion products, generally brown-greenish or green-bluish, called 
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patina which protects the metal against subsequent deterioration in polluted 

atmosphere of chlorides. 

 

Corrosion can lead to loss of mechanical strength and also structural failure. Rates of 

corrosion can be affected by many factors such as diffusion, temperature, 

conductivity, type of ions, acidity and alkalinity and electrochemical potential. The 

corrosion rate is heavily controlled by the diffusion of oxygen through the water to 

the metal surface. The industrial cost involved in preventing problems such as 

corrosion in every aspect is high, and so there is considerable drive from these 

industries to find cheap and effective additives to control these problems. In 

corrosive environments, mild copper structures can be protected by coating 

protection. Coating by using paint is a good resistance against atmospheric corrosion.  

However, additional layers of coating on the metal surface may increase thermal 

resistant and affect the heat transfer rate of the designed solar still.  

 

1.2 Research objective 

1. To design the HTA so it can transfer the highest amount of heat from the lens 

focus to the water to increase the water evaporation rate. 

2. To synthesis the material of construction for the HTA, having high corrosion 

resistance and high thermal conductivity. 

3. To construct the HTA from this material. 

 

1.3 Research scope 

Copper rod was chosen as the HTA for solar still design. The effects of coating 

material and thickness, and the incubation temperature on the copper corrosion rate 

and heat transfer rate were investigated. After the synthesis, HTA was constructed 

and installed into the solar still. Two set of experiment set-up (solar still without 

HTA and solar still with HTA) were conducted to investigate effect of HTA on the 

solar still performance. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1 Copper and its alloys 

Copper is one of oldest metal known to human civilization more than 10,000 years. 

Copper artefacts are found in many places throughout the historical record. 

Researchers have found that peoples in ancient Egypt were used copper alloys to 

make jewellery (Pappas, 2014). There are over 400 copper alloys are in use today. 

The application of copper and its alloys is generally classified shown as in Table 2.1 

(Philip and Schweitzer, 1996). 

 

Table 2.1: Applications of copper in daily life. 

Application Examples 

Marine  Seawater supply line, shafting and marine hardware.  

Fresh water Fresh water supply line and plumbing fittings.  

Industrial  Heat exchanger, condenser and chemical plant process equipment.  

Electrical  Electrical wiring, connectors, printed circuit boards and 

semiconductor packages.  

Architectural  Building fronts, downspouts, flashing, gutters, roofing and 

screening  

 

2.2 Types of corrosion 

2.2.1 Uniform corrosion 

Uniform corrosion normally occurs on the entire surface at nearly the same rate. The 

metal becomes thinner thus fails to function. Usually uniform corrosion caused of the 

breakdown in protective coating. It is mostly happen where metal is interacting with 

acid, a humid atmosphere or in any solution. Uniform corrosion is easily to measure, 

predict and design against. Frequently, it based on size or weight of the metal. 

Corrosion rates for materials often expressed in mils per year. In generally, corrosion 

rates of less than 3 mils per year (mpy) are considered acceptable. In environments 

like fresh or salt water, soils, and alkaline or acid salt solutions, the rate of uniform 

thinning is very low. However, the corrosion rate of copper is a little faster in 
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oxidizing acid, sulfur-bearing compounds, NH3 and cyanides (Philip and Schweitzer, 

1996). 

 

2.2.2 Pitting corrosion 

Pitting is insidious form of corrosion. It is one of the most damaging forms of 

corrosion. Local corrosion resulting in holes where cavities expanding from the 

surface to the inside of the metal. Generally, pitting corrosion happen on passive 

metals and alloys such as stainless steel when the oxide film is either chemically or 

mechanically does not immediately re-passivate thus damaged it severely. Pitting 

corrosion is difficult to analyse on an experimental basis. The shape size and the 

depth of pitting corrosion can only be identified through metallography. 

 

2.2.3 Galvanic corrosion 

Galvanic corrosion refers to the corrosion damage induced when two dissimilar 

metals are coupled together in corrosive electrolyte. The anode will corroded faster 

which is the electronegative member of the couple while cathode will corroded 

slower which means cathode is the electropositive member (Dexter, 1995). Based on 

the position of copper in galvanic series, copper and its alloys always use as cathode. 

The two major factors affecting the severity of galvanic corrosion are the galvanic 

potential difference between the couple and the area ratio. The corrosion is severe 

when the galvanic potential difference is greater between the couple (Lu, 2005). 

 

2.2.4 Crevice corrosion 

Crevice corrosion usually developed a gap between two joining surfaces. It can be 

formed between the metal surface and another surface (metal or non-metal). It can be 

in the form of a hole. The damage caused by crevice corrosion is normally confined 

to one metal at localized area within or close to the joining surfaces. The corrosion 

rate of crevice is higher than on bulk. For copper and its alloys, the attack occurs on 

the surface outside the crevice while the crevice remains relatively corrosion-free. 

 

2.2.5 Erosion corrosion 

Erosion corrosion refers to the combined action between erosion and corrosion in the 

presence of a moving corrosive fluid or a metal component moving through the fluid, 

thus contribute to the metal loss. Copper alloys are specifically sensitive with erosion 
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corrosion because the corrosion rate of copper is highly accelerated when the 

abrasive condition is present, such as impingement of fluid streams in the pumps, 

valves or in pipe lines. When the fluid flows rapidly, it can strip away any protective 

film. If the protective surfaces are removed locally by abrasion and fresh copper 

alloy exposed the material deteriorates more rapidly than under the sole effects of 

corrosion. 

 

2.2.6 Stress corrosion 

Stress corrosion manifests itself in the form of cracks without appearance of ductility 

(Mars and Fontana, 2005). Residual stresses from cold working and in combination 

with the corrosive condition and environment which contains ammonia or moisture 

contribute to stress corrosion cracking in copper material. The stress corrosion 

cracking occur most commonly with zinc-rich brass, however pure copper can also 

be damaged by this type of corrosion. 

 

2.3 Factors affecting the corrosion 

2.3.1 Flow rate 

Fluid velocity affects the corrosion rate of copper. The mechanical effect of flow or 

velocity of a fluid combined with the corrosive action of the fluid accelerated metal 

loss. This will lead to erosion corrosion. The initial stage involves the mechanical 

removal of the metal's protective film and then corrosion of bare metal by a flowing 

corrosive occurs. High flow rates usually happen around tube blockages, tube inlet 

ends or in pump impellers. 

 

2.3.2 Temperature 

Temperature may influence the corrosion rate. Previous research was done by 

Melchers (2001) who investigates the relationship between corrosion rate and 

temperature of Cu-Ni alloys in sea-water. It was reported that the highest corrosion 

rate was found occurred at the temperature of 18 - 28°C for long-term exposur. 

Copper pipes are easy to fabricate and have extensive range of fittings. Copper pipe 

do not rust and block up compared with galvanised steel pipe however copper pipe 

also have their disadvantages. Mainly, there are few mechanisms that were cause by 

copper corrosion. The copper used for making copper pipe is virtually pure copper 
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with 99.90% copper content, blue water caused by green patina on copper will never 

occurs if the temperature of the water is above 70°C. 

 

2.3.3 pH 

The anodic polarization of copper may result in anodic dissolution or film formation 

depending on the pH range. In general, when acidity increases especially at low 

temperature the propensity for film formation also will increases. Earlier studies on 

the corrosion mechanisms and products of copper corrosion were limited to either 

acidic or alkaline environments. Feng (1997) has investigated the copper corrosion 

behaviour in aqueous solutions with pH range 3 – 13 by using electrochemical and 

surface analysis methods. Besides, effects of pH and chloride concentration on the 

electrochemical corrosion of copper in aqueous sodium chloride media were studied 

at the micro scale using a microcapillary droplet cell and at the macro scale using a 

conventional large scale cell. At the micro scale, the pit initiation of copper occurs at 

more negative potentials for high sodium chloride concentrations and alkaline pH 

values. Meanwhile, at the macro scale, the pH is shown to have a greater influence 

on the corrosion potential (Adriaens, 2012). 

 

2.4 Factors affecting the heat transfer agent design 

2.4.1 Coating materials for corrosion protection 

Corrosion control is to preserve the physical and mechanical properties of the metal 

during the anticipated life of the structure. There are several techniques for 

preventing corrosion. As an example, uniform corrosion can be prevented by using 

thicker materials for corrosion allowance, using paints or metallic coatings such as 

plating, galvanizing or anodizing. By modifying the environment and use corrosion 

inhibitor also can prevent uniform corrosion. 

 

Solid particles or pigment found in paints contains solvents and thinners to control 

viscosity of the metal. Paints are used to beautify the looks of the material apart from 

that it also have ability to prevent rusting of the metal or alloy for long periods of 

time (Chandler, 1985). When raw material without coating is exposed to oxygen, the 

oxidization process will occur gradually thus create the rust. With coating of paint 

applied to the materials, it will seal it from air and prevent the rusting. 
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There are a few factors that need to consider when choosing paint such as the 

corrosion category of the environment and the material to be painted. According to 

Patrick and Gane (2007) dry coating is the best method to apply because dry coating 

methods approximate well to the pore structure distributions of wet applied coatings. 

To simplify it, the better the dispersion of the binder and pigment in the formulation 

mix, the better is the match with wet coating. 

 

2.4.2 Coating materials and its thermal properties 

Different types of paint material with different thermal properties affect the heat 

conduction. The higher the thermal conductivity, more heat energy can be conducted 

per square area. Table 2.2 shows thermal conductivities of different types of paint 

(Sudhir, 2013). For the same composition of 75% PVC, polymer EXP-C with epoxy 

type of polymer has the greatest thermal conductivity value if compared with EXP-A 

and EXP-B with acrylic type of polymer.  

 

Table 2.2: Thermal conductivities of different types of paint. 
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2.4.3 Coating thickness 

The transfer of heat by conduction is written by Fourier’s law. It was found that the 

heat transfer rate is inversely proportional to the pathway of heat transfer. Hence, if 

the coating thickness is increased, the amount of heat conducted per unit area will be 

reduced.  

 

2.5 Corrosion and thermal conductivity studies 

Saleh and Al-Fozan (2008) have demonstrated an experiment to evaluate the effect 

of seawater level on corrosion behavior of different alloys which including the 

carbon steels, Austenitic stainless steel, copper based alloys and nickel based alloys. 

The specimens were exposed under different levels of seawater (above seawater level, 

semi-submerged and immersed fully in seawater). The experiments were carried out 

at room temperature with very slow seawater movement. The corrosion rate of 

carbon steels are the highest at three different seawater levels. Meanwhile, the nickel 

based alloy has the lowest corrosion rate. In marine applications, copper-nickel is 

widely used as valves and pump. Therefore, many researchers have investigated the 

behaviour of copper alloy under marine condition. Wan Nik (2011) studied the 

corrosion behaviour of mild steel in seawater by using weight loss method and 

potentiodynamic polarization test. It was reported that the corrosion rate increases 

with respect to immersion period.  

 

Searle’s bar describes the concept of thermal conductivity experiment. Figure 2.1 

shows the schematic diagram of a conductomer (Charles, 1948). By using the 

conductomer, a material being heated at one end and several points across the 

material, the temperature is being recorded. With known amount of heat energy 

being supplied and known dimension of the material, the thermal conductivity of the 

material can be calculated. 
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Figure 2.1: Schematic diagram of a conductomer. 

 

2.6 Solar still  

The earliest use of solar still reported dates back in 1551 by Arab chemists and then 

followed by several researchers including Della Porta (1589), Lavoisier (1862) and 

Mauchot (1869). Besides, the solar still is also reported as the oldest method of 

desalination used by individual or plant scale. The first successful solar still plant 

located at Las Salinas, Chile was built in 1872 by an engineer named Carlos Wilson 

from Sweden. It was the fresh water source for the mining community there for about 

40 years and provides average 23 m3 water per day (Cipollina et al., 2009). 

 

There are numerous designs of solar still. The principle of operation is the 

greenhouse effect. Heat energy from the sun evaporates water inside a box covered 

by glass. The water condensed on the surface of the glass and dripped down into the 

collection container. There are so many advantages of the solar still, compared with 

other desalination methods, but the main problem outweighing such advantages is 

the low productivity. Another problem is the dependence of the solar still on an 
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inconsistent source of energy, such as solar radiation, has become the key of the 

drawback of its ability to produce freshwater compared to another method. Figure 

2.2 shows a schematic diagram of a simple solar still (Bhattacharyya, 2013). 

 

Figure 2.2: Schematic diagram of a simple solar still. 

 

Research and development so far have yielded additional useful information on 

enhancing the performance of the solar still. The performance of the solar still 

certainly can be enhanced by improving the radiation transmission (Abdallah and 

Badran, 2008; Tabrizi and Sharak, 2010; Khalifa, 2011), the evaporation and/or the 

condensation inside the still (Rababa’h, 2003; Velmurugan et al., 2008), heat 

absorption (Nafey et al., 2002; Valsaraj, 2002; Kumar et al., 2008; Badran, 2007) and 

the level of water in the basin (Tiwari and Tiwari, 2006; Murugavel et al., 2008). The 

other techniques such as introducing storingmedium for the solar radiation (Abdallah 

et al., 2009; Tabrizi and Sharak, 2010), reusing the latent heat (Al-Karaghouli and 

Alnaser, 2004; Tanaka and Nakatake, 2005), separating the zone for both 

evaporation and condensation (Badran et al., 2004), increasing the differences of the 

temperature between the water surface and the cover (Zurigat and Abu-Arabi, 2004; 

Bechki et al., 2010), and working in sub-atomic or vacuum condition (Badran et al., 

2013; Zedan and Eldin, 2015) were also reported improving the efficiency of the 

solar still. 

 

2.7 Solar still with heat transfer agent 

Since the beginning of the 20th century, the use of copper has been broadly extended 

through many demanding engineering applications; some of which are marine 

industry, chemical industry, automotive, solar heating, and also desalination of 

seawater (Davis, 2001). In the context of desalination through solar still, copper is 



 

used either as an solar heat absorber

collector (Nithin and Hraiharan, 2014

et al., 2015). Gnanadason

still made up of copper and concluded 

productivity of the water

inside of the basin. Earlier, it is also reported that the modified solar still 

of copper under vacuum condition produces more evaporated water than that of 

copper still without vacuum 

 

In another method, heating a metal surface (absorber) can be done by placing a

copper plate suspended on top of the mass of the water, creating a 

layer of water on one side 

al., 2000a). The heat absorbed by the plate from solar radiation is

heat the top surface of the 

bottom water and released

that continuous evaporation occurs inside the solar still regardless of it non

rates (El-Sebaii et al., 2000b

tremendously elevating the water temperature due to the

more heat to the water.

 

Figure 2.3: A schematic 

 

 

 

11 

d either as an solar heat absorber (Eldalil, 2010; Shanmugan et al., 2012

Nithin and Hraiharan, 2014) or as the main body of the still

Gnanadason et al. (2013) study the performance of a single basin solar 

still made up of copper and concluded that a significant increment is achieved in 

productivity of the water through the solar still with the additional black paint coated 

Earlier, it is also reported that the modified solar still 

of copper under vacuum condition produces more evaporated water than that of 

out vacuum (Gnanadason et al., 2011). 

In another method, heating a metal surface (absorber) can be done by placing a

suspended on top of the mass of the water, creating a 

on one side and the rest below it as drawn in Figure 2.

. The heat absorbed by the plate from solar radiation is

heat the top surface of the water, and the remaining part of the heat is stored in the 

bottom water and released later during low solar intensity periods. 

continuous evaporation occurs inside the solar still regardless of it non

Sebaii et al., 2000b). Similarly, in this still, the usage of copper is 

tremendously elevating the water temperature due to the copper

more heat to the water. 

A schematic diagram of the single slope single basin solar still with baffle 

suspended absorber. 
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Shanmugan et al., 2012), 

or as the main body of the still (Gnanadason 

study the performance of a single basin solar 

that a significant increment is achieved in 

through the solar still with the additional black paint coated 

Earlier, it is also reported that the modified solar still basin made 

of copper under vacuum condition produces more evaporated water than that of 

In another method, heating a metal surface (absorber) can be done by placing a 

suspended on top of the mass of the water, creating a thinly separated 

and the rest below it as drawn in Figure 2.3 (El-Sebaii et 

. The heat absorbed by the plate from solar radiation is then transferred to 

heat is stored in the 

later during low solar intensity periods. This will ensure 

continuous evaporation occurs inside the solar still regardless of it non-uniform 

. Similarly, in this still, the usage of copper is 

copper ability to conduct 

 

diagram of the single slope single basin solar still with baffle 
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CHAPTER 3 

 

MATERIALS AND METHODS 

 

3.1 Materials for heat transfer agent analysis 

In this project, the used materials for the HTA analysis are listed as below: 

- Copper rods 

- Spray paints (Epoxy, Ace; Polyurathane, Minwax; Enamel, Ace; Enamel, Rust-

oleum) 

- Seawater  

- Beakers 

 

3.2Preparation of heat transfer agent 

Copper rod was chosen as the HTA for solar still design. The copper rod with same 

length was cut to study the effect of coating material and thickness and incubation 

temperature on the corrosion rate and heat transfer rate. The copper rods were 

cleaned to remove any possible contaminant and the mass of copper rods were 

measured by an analytical balance. After the mass measurement, the copper rods 

were spray with different paints as shown in Figure 3.1 according to the distribution 

in Table 3.1. The mass of copper rods with different coating material were measured 

again by the analytical balance.  

 

 

Figure 3.1: Spray paints for copper rod coating. 
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Table 3.1: Types of coating materials. 

Copper rod Paint Brand 

Copper A - - 

Copper B Epoxy Ace 

Copper C Polyurathane Minwax 

Copper D Enamel Ace 

Copper E Enamel Rust-oleum 

 

3.3 Effect of coating material and incubation temperature on corrosion rate 

Copper rods at length of 4 cm were spray with 3 layers of coating materials as 

depicted in Table 3.1 and the mass of coated copper rods were determined. The 

copper rods were then immersed into 250 mL of seawater that prepared inside 

different beakers for 7 days at temperature of 25°C and 60°C. Seawater samples (10 

mL) were taken in every day to determine the copper concentration in the seawater. 

The seawater samples were filtered through membrane filter (0.22 µm) prior the 

copper concentration measurement using an atomic absorption spectrometry.  

 

After the 7 days incubation, the copper rods were taken out from the seawater and 

dried in an oven. The mass of each copper rod was measured again to determine the 

weight loss after the corrosion. Besides, corrosion rate in mils per year (mpy) was 

calculated from the weight loss by equation 3.1 (Kingsley and Oparaodu, 2014). CR 

is the corrosion rate (mil/year); W is the weight loss of the copper rod (g); � is the 

copper density (g/cm3); A is the copper rod surface area (cm2); T is the corrosion 

period (day).  

�� = ��,���×

��
         equation 3.1 

 

3.4 Effect of coating material and thickness on heat transfer rate  

For studying the effect of coating material and thickness on heat transfer rate, copper 

rods at length of 10 cm were spray with different layers coating materials (layer 1, 2 

and 3) as depicted in Table 3.1 and the mass of the coated copper rods were 

determined. The copper rods were then divided into three sections (Figure 3.2) and 1 

cm of rod section was immersed in warm water at temperature of T1.  Heat was 

transfer through 7 cm of rod section (x2 – x1) and temperature at the other rod end (T2) 
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was measured at steady state condition. Heat transfer process of each coated copper 

rod was conducted simultaneously with an uncoated copper rod, and the heat transfer 

rate (q) of the uncoated copper rod was determined by equation 3.2. The thermal 

conductivity (k) of each layer of coating materials was then calculated based on the q 

value.  

� = ��
�����

(�� − ��)       equation 3.2 

 

 

Figure 3.2: Copper rod distribution for heat transfer analysis. 

 

3.5 Materials for solar still fabrication 

In this project, the used materials for the solar still fabrication are listed as below:  

- 5 pieces of 80mm x 80mm wooden boards 

- 2 pieces of 50mm x 60mm wooden boards 

- 2 pieces of 60mm x 60mm wooden boards 

- 2 pieces of iron-free tempered glasses 

- Aluminum frame 

- Pipes and valves 

- Silicone glue 

- Copper plate with rods 

- 9 pieces of magnifying glass 

- Solid works software 

- Aspirator pump 

- Thermocouple sensor 

- Pyranometer (Solar radiation meter) 

- Pressure gauge 

 

3.6 Solar still design and fabrication 

Prior to the fabrication, solid works 2010 software was used to design the 3D feature 

solar still that based on reviewed literature and parameter studies (Singha, 2013; 

Bozkurt et al., 2014; Samee et al., 2007). All the fabrication process including the 
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metal and glass cutting, welding, drilling, sealing and painting were done by a local 

hardware workshop. The basin liner was fabricated as two connected basins. The 

external side made of wooden boards in the scale of 80 mm x 80 mm x 80 mm with 

10 mm thickness whereas the internal side wooden boards in the scale of 50 mm x 60 

mm x 60 mm with the same thickness. The external side of the solar still was painted 

in black. The further component was the top part which was made of iron free 

tempered glass with aluminum as the frame. The gap between the glass cover and 

basin liner has been sealed with silicone rubber. The basin was then connected to the 

outlet through a pipe and valve. Nine magnifying lenses were placed under the glass 

cover. An aspirator pump was also installed next to the unit together with other 

measurement devices including pyranometer, thermocouple sensors, and a vacuum 

pressure gauge. HTA consists of a sheet of copper plate and 12 pieces of copper rods 

that attach under the copper plate were placed inside the internal basin.  

 

3.7 Solar still experiment analyses 

Two set of experiment set-up (solar still without HTA and solar still with HTA) were 

conducted to investigate effect of HTA on the solar still performance. An amount of 

144 L of tap water was filled into the internal wood case of solar still. Every hour 

from 8.00 am to 6.00 pm, the temperature readings (water, glass, ambient), solar 

radiation value and water level measurement were recorded. Every set of experiment 

were run triplicate and an average data were used for analyses. The solar still was 

cleaned and the wooden case was emptied after each run of experiment. 

 

For a solar still without HTA, evaporative heat transfer between water and glass 

���� was calculated by equations 3.3 to 3.8 (Garg, 2000; Al-Hussaini and Smith, 

1995). ���� is the radiative heat transfer from glass to the ambient air;  ���� is the 

convective heat transfer from glass to ambient air; ���� is the radiative heat transfer 

between water and glass; ��  is the emissivity of the glass cover;   is the Stefan-

Boltzmann constant; �� is the glass temperature; �! is the radiant sky temperature; 

ℎ�� is the forced convection heat transfer coefficient; �� is the ambient temperature; 

�� is the water temperature.  

���� =  ���� +  ���� −  ����     equation 3.3 

���� =  �� (��% −  �!%)      equation 3.4 
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���� =  ℎ��(�� −  ��)       equation 3.5 

���� =  0.9 )��% −  ��%*      equation 3.6 

�! =  �� − 12        equation 3.7 

ℎ�� = 2.8 + 3.8/       equation 3.8 

 

For a solar still with HTA, evaporative heat transfer between HTA and glass  ��0� 

was calculated by equations 3.9 to 3.11 (Garg, 2000). 1 is the solar radiation on 

horizontal surface; 20  is the HTA absorptivity (based on copper); 3�  is 

transmissivity of the glass cover; ��40� is the conductive heat transfer between HTA 

and water; 5 is the HTA thermal conductivity; 6 is the HTA thickness; 70  is the 

HTA area and �0
�  is the HTA surface temperature; ��0�  is the radiative heat 

transfer between HTA and glass. 

��0� =  1203� −  ��40� − ��0�     equation 3.9 

��40� = 8�
�9

(�0
� −  ��)      equation 3.10 

��0� =  0.9 )�0
�
% − ��%*       equation 3.11 

 

Thermal efficiencies of the solar still without solar still and with solar still were 

determined by equations 3.12 and 3.13, respectively (Garg, 2000). 

ŋ = ;<=>?
@ A × 100%       equation 3.12 

ŋ = ;<=9?
@ A × 100%       equation 3.13 
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CHAPTER 4 

 

RESULTS AND DISCUSSION 

 

4.1 Effect of coating material and incubation temperature on corrosion rate 

In this study, bare copper rods and copper rods that coated with different coating 

materials (copper A to E) were immersed into seawater at temperature of 25 and 

60°C for 7 days. During the 7 days incubation, the appearance of copper rods was 

changed. The copper rods were corroded after 2 days seawater incubation and the 

green patina was formed on the copper rods surface. Besides, the seawater colour 

was changed to blue-green colour after 3 days incubation. Formation of blue-green 

colour is caused by the corrosion of copper rod where finely divided insoluble 

flocculent of copper corrosion was suspended in water. The type of corrosion 

products depend on the actual water composition, but most likely were copper 

hydroxides with some silicate and sulphates. 

 

The copper concentration in the seawater was measured using atomic absorption 

spectrometry. For the incubation period ranging from 1 to 7 days, the copper 

concentrations in the seawater were increased (Figures 4.1 and 4.2). Incubation of the 

bare copper rod (copper A) in the seawater resulted the highest copper concentration 

in the seawater. However, copper rods that coated with enamel coating (copper E) 

have the lowest copper concentration in the seawater. Besides, copper concentrations 

in the seawater with temperature of 25°C were relatively high if compared with 

seawater with temperature of 60°C. 

 



 

Figure 4.1: Effect of coating material and incubation 

in seawater at 25°C incubation temperature.

Figure 4.2: Effect of coating material and incubation 

in seawater at 60°C incubation temperature.

 

By using the formula stated in Chapter 3, the copper rods weight loss and corrosion 

rate were calculated. The effects of coating material and incubation temperature on 

the weight loss and corrosion rate were studied and the results were tabulated in 

Figures 4.3 and 4.4, respectively. The findings confirm the previous results in which 

the bare copper rods (copper A) have the highest weight loss and corrosion rate if 

compared with copper rods coated with different coating material. Besides, weight 

loss and corrosion rate with incubation temperature of 25°C were also relatively high 

if compared with incubation temperature of 60°C. 
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Effect of coating material and incubation period on copper concentration 

in seawater at 25°C incubation temperature. 

 

: Effect of coating material and incubation period on copper concentration 

in seawater at 60°C incubation temperature. 

ing the formula stated in Chapter 3, the copper rods weight loss and corrosion 

rate were calculated. The effects of coating material and incubation temperature on 

the weight loss and corrosion rate were studied and the results were tabulated in 

and 4.4, respectively. The findings confirm the previous results in which 

the bare copper rods (copper A) have the highest weight loss and corrosion rate if 

compared with copper rods coated with different coating material. Besides, weight 

on rate with incubation temperature of 25°C were also relatively high 

if compared with incubation temperature of 60°C.  

RDU140368 

 

copper concentration 

 

copper concentration 

ing the formula stated in Chapter 3, the copper rods weight loss and corrosion 

rate were calculated. The effects of coating material and incubation temperature on 

the weight loss and corrosion rate were studied and the results were tabulated in 

and 4.4, respectively. The findings confirm the previous results in which 

the bare copper rods (copper A) have the highest weight loss and corrosion rate if 

compared with copper rods coated with different coating material. Besides, weight 

on rate with incubation temperature of 25°C were also relatively high 



 

 Figure 4.3: Effect of coating material and incubation 

 

Figure 4.4: Effect of coating material and incubation 

 

Copper rods coated with different coating material have low corrosion rate if 

compared with bare copper rod. This is due to the paint coating that protects the 

copper rod from corr

corrosion of copper can be prevented by using paint as the coating material. However, 

the copper concentration in the sea

copper rods with coating (

paint coatings start to break after few days of incubation. It can be classified as 
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: Effect of coating material and incubation temperature

copper rod. 

: Effect of coating material and incubation temperature

Copper rods coated with different coating material have low corrosion rate if 

compared with bare copper rod. This is due to the paint coating that protects the 

copper rod from corrosion. It has been demonstrated in the literature in which the 

corrosion of copper can be prevented by using paint as the coating material. However, 

copper concentration in the seawater increased when the incubation period of 

copper rods with coating (copper B to E) were increased. It was observed that the 

paint coatings start to break after few days of incubation. It can be classified as 
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uniform corrosion. When the paint coating was broken, intergranular corrosion can 

be examined and dispersed in the b

because of the thermal stress at elevated temperature. As demonstrated in this study, 

copper rods corrode at different rate at different temperature. The corrosion rates of 

copper rods at incubation temperature

incubated at temperature of 25°C. It has been demonstrated in the literature in which 

highest corrosion rate occurred between temperatures of 18 to 28°C. 

 

4.2 Effect of coating material and thickness on heat t

Different coating layers were applied on the copper rods using various coating 

material for studying the effect of coating material and thickness on heat transfer rate. 

As expected, an increase in the coating layer increased the mass of the co

rods. By subtracting the mass of the coated copper rod from the bare copper rod, the 

mass of coating was determined (Figure 4.5). By using different coating material, the 

data in Figure 4.5 indicates that the number of coating layer was found t

linear relationship with the coating mass  (R

coating material depended on the spraying skill in which spraying direction, angle 

and speed may affected the distribution of coating material on the copper rod. 

Spraying the coating material in shorter distance only 

however more paint was coated on the rod surface. 

Figure 4.5: The mass of coating materials at different coating layers.
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Different coating layers were applied on the copper rods using various coating 

material for studying the effect of coating material and thickness on heat transfer rate. 

As expected, an increase in the coating layer increased the mass of the co

rods. By subtracting the mass of the coated copper rod from the bare copper rod, the 

mass of coating was determined (Figure 4.5). By using different coating material, the 

data in Figure 4.5 indicates that the number of coating layer was found t

linear relationship with the coating mass  (R2 > 0.95). The way to apply the layers of 

coating material depended on the spraying skill in which spraying direction, angle 

and speed may affected the distribution of coating material on the copper rod. 

Spraying the coating material in shorter distance only covered less rod surface, 

however more paint was coated on the rod surface.  

Figure 4.5: The mass of coating materials at different coating layers.
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As shown in Figure 4.5, copper rods that coated with epoxy coating (copper B) has 

the highest coating mass. The detail chemical composition of different coating 

material is listed in Table 4.1. Epoxy coating consists high weight percent of titanium 

dioxide, which resulted the highest coating mass among the others coating materials. 

Besides, it is worthy to note that copper D and E were coated same coating material 

(enamel) but with different brand. The data in Figure 4.5 shows that coating mass of 

enamel coating with brand of Rust-oleum is higher than the enamel coating with 

brand of Ace. This can be explained by the chemical composition in these different 

types of enamel coatings, where enamel coating with brand of Rust-oleum has more 

chemical weight percent than the enamel coating with brand of Ace (Table 4.1). 

Copper rods that coated with polyurethane coating (copper C) has the lowest coating 

mass. This might due to the colourless paint which lack of the chemical additives 

such as titanium dioxide and colouring additive.  

 

Table 4.1: The chemical composition of coating material. 

Chemicals 
[weight (%)] 

Copper B 
(Epoxy, 

Ace) 

Copper C 
(Polyurathane, 

Minwax) 

Copper D 
(Enamel, 

Ace) 

Copper E 
(Enamel, 

Rust-oleum) 
Acetone 23 - 33 25 
Toluene 18 - 21 - 
Propane 13.8 - 13.8 10 
n-Butyl Acetate 12.2 - - 10 
n-Butane 13.2 - 13.2 2.5 
Barium Sulfate - - - 2.5 
Solvent Naphtha, 
Light Aromatic 

- - - 2.5 

1,2,4-
Trimethylbenzene 

- - - 1.0 

Propylene Glycol 
Monobutyl Ether 

- - - 1.0 

Titanium Dioxide 7.4 - 1.1 1.0 
Ethyl benzene - - - 0.1 
Med. Aliphatic 
Hydrocarbon 
Solvent 

- 3.0 - - 

Mineral Spirits - 46.0 - - 
Amorphous 
Precipitated 
Silica 

- 2.0 - - 



 

For axial heat transfer analysis, thermal conductivity of copper rods that coated with 

different coating materials and layers were determined (Figure 4.6). Under the 

steady-state condition, the thermal conductivities of copper B, D and E increased 

when the coating layer was increased further. It is worthy to note that these copper 

rod coating materials may improve the thermal conductivities which are higher than 

the thermal conductivity of the bare copper rod (388 W/m.K). In addition, the 

thermal conductivity of copper C decreased when second coating layer was applied. 

However, a further increase in the coating layer resulted in an increase of thermal 

conductivity.  

 

Figure 4.6: The thermal conductivity of coating materials at different coating layers.

 

Number the coating layer on the copper rods may affect the radial heat transfer rate, 

as well as the axial heat transfer rate. As demonstrated in this study, adding the 

coating layer reduced the radial heat transfer rate. Hence, thermal conductivities of 

copper B, D and E were increased and higher axial heat transfer rates were obtained. 

Moreover, the critical thickness of coating layer that causes the maximum radial heat 

transfer rate was investigated. If the coating layer thickness is lesser than the crit

thickness, by adding more coating layers will increase the radial heat transfer rate, 

and hence decrease the axial heat transfer rate, and vice versa. As shown in Figure 

4.7, copper B, D and E exhibit critical thickness between the first and second co

layer. Meanwhile, the critical thickness of copper C was at the second coating layer.

22 

For axial heat transfer analysis, thermal conductivity of copper rods that coated with 

different coating materials and layers were determined (Figure 4.6). Under the 

state condition, the thermal conductivities of copper B, D and E increased 

coating layer was increased further. It is worthy to note that these copper 

rod coating materials may improve the thermal conductivities which are higher than 

the thermal conductivity of the bare copper rod (388 W/m.K). In addition, the 

ty of copper C decreased when second coating layer was applied. 

However, a further increase in the coating layer resulted in an increase of thermal 

The thermal conductivity of coating materials at different coating layers.

Number the coating layer on the copper rods may affect the radial heat transfer rate, 

as well as the axial heat transfer rate. As demonstrated in this study, adding the 

coating layer reduced the radial heat transfer rate. Hence, thermal conductivities of 

opper B, D and E were increased and higher axial heat transfer rates were obtained. 

Moreover, the critical thickness of coating layer that causes the maximum radial heat 

transfer rate was investigated. If the coating layer thickness is lesser than the crit

thickness, by adding more coating layers will increase the radial heat transfer rate, 

and hence decrease the axial heat transfer rate, and vice versa. As shown in Figure 

4.7, copper B, D and E exhibit critical thickness between the first and second co

layer. Meanwhile, the critical thickness of copper C was at the second coating layer.

RDU140368 

For axial heat transfer analysis, thermal conductivity of copper rods that coated with 

different coating materials and layers were determined (Figure 4.6). Under the 

state condition, the thermal conductivities of copper B, D and E increased 

coating layer was increased further. It is worthy to note that these copper 

rod coating materials may improve the thermal conductivities which are higher than 

the thermal conductivity of the bare copper rod (388 W/m.K). In addition, the 

ty of copper C decreased when second coating layer was applied. 

However, a further increase in the coating layer resulted in an increase of thermal 

 

The thermal conductivity of coating materials at different coating layers. 

Number the coating layer on the copper rods may affect the radial heat transfer rate, 

as well as the axial heat transfer rate. As demonstrated in this study, adding the 

coating layer reduced the radial heat transfer rate. Hence, thermal conductivities of 

opper B, D and E were increased and higher axial heat transfer rates were obtained. 

Moreover, the critical thickness of coating layer that causes the maximum radial heat 

transfer rate was investigated. If the coating layer thickness is lesser than the critical 

thickness, by adding more coating layers will increase the radial heat transfer rate, 

and hence decrease the axial heat transfer rate, and vice versa. As shown in Figure 

4.7, copper B, D and E exhibit critical thickness between the first and second coating 

layer. Meanwhile, the critical thickness of copper C was at the second coating layer. 



 

Figure 4.7: Critical thickness for heat transfer analysis.

 

4.3 Solar still fabrication with heat transfer agent

A solar still was fabricated in the shape of 

solar still to receive solar rays from both east and west direction in Malaysia. The 

solar still was built of wood and covered by aluminium framed glass at 45° angle 

with the horizontal line. Aspirator pump was in

the solar basin (Figure 4.

lower temperature. Besides, the aspirator pump was powered by a motor that able to 

pull out the vaporised water from the inner basin to

condensation. To focus the amount of heat received, nine magnifying lenses were 

added to the solar still (Figure 4.9

pyranometer to measure solar radiation, thermocouple sensors to measur

temperature, and a vacuum pressure gauge to measure pressure, were installed

solar still (Figure 4.10
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3 Solar still fabrication with heat transfer agent 

A solar still was fabricated in the shape of double slope single basin which allows the 

solar still to receive solar rays from both east and west direction in Malaysia. The 

solar still was built of wood and covered by aluminium framed glass at 45° angle 

line. Aspirator pump was installed to reduce the pressure inside 

the solar basin (Figure 4.8), hence water in the inner basin can be vaporised at a 

lower temperature. Besides, the aspirator pump was powered by a motor that able to 

pull out the vaporised water from the inner basin to the aspirator basin for 

condensation. To focus the amount of heat received, nine magnifying lenses were 

to the solar still (Figure 4.9). In addition, measuring tools consist of a 

pyranometer to measure solar radiation, thermocouple sensors to measur

temperature, and a vacuum pressure gauge to measure pressure, were installed

solar still (Figure 4.10 a-c).  

 

Figure 4.8: The aspirator pump. 
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Figure 4.10: Measuring tools for solar still. (a) pyranometer; (b) thermocouple 
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still in the literature in order to install the HTA. HTA consists of a sheet of copper 

plate which acts as a receiving panel and 12 pieces of copper rods that attach under 

the copper plate (Figure 4.1

relevant thick in order to avoid bending when exposed under high solar energy. In 

the meantime, the copper plate also cannot be too thick that resulted high resistant for 

heat transfer to water. The rods were designed with relevant len

immerse in the water and distribute the heat. Copper metal has high thermal 

conductivity in which the collected solar energy may be transferred via conduction to 

the water. Copper and its 

Brown, 2003). The ability to resist corrosion is impressive compared to other
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Figure 4.9: The arrangement of magnifying lenses.

 

(a)                                                 (b)   (c) 

    

: Measuring tools for solar still. (a) pyranometer; (b) thermocouple 

sensors; (c) vacuum pressure gauge. 

Moreover, the height of the solar still was relatively higher than the existing solar 

still in the literature in order to install the HTA. HTA consists of a sheet of copper 

plate which acts as a receiving panel and 12 pieces of copper rods that attach under 

the copper plate (Figure 4.11). The thickness of the copper plate was designed with 

relevant thick in order to avoid bending when exposed under high solar energy. In 

the meantime, the copper plate also cannot be too thick that resulted high resistant for 

heat transfer to water. The rods were designed with relevant len

immerse in the water and distribute the heat. Copper metal has high thermal 

conductivity in which the collected solar energy may be transferred via conduction to 

and its alloys have been widely used in marine 

Brown, 2003). The ability to resist corrosion is impressive compared to other
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te was designed with 

relevant thick in order to avoid bending when exposed under high solar energy. In 

the meantime, the copper plate also cannot be too thick that resulted high resistant for 

heat transfer to water. The rods were designed with relevant length that able to 

immerse in the water and distribute the heat. Copper metal has high thermal 

conductivity in which the collected solar energy may be transferred via conduction to 

have been widely used in marine industry (Cato and 

Brown, 2003). The ability to resist corrosion is impressive compared to other metals.  
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heat transfer rate and increase the water evapo

 

4.4 Solar still experiment 

The effect of HTA in the solar still was investigated. The experiment was started at 8 

am until 5 pm and experimental data were collected in every hour for h

study. Figures 4.13 and 4.1

HTA and with HTA, respectively. 

and ambient temperature,
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temperatures were higher than the ambient temperature
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Figure 4.11: The fabricated HTA. 

The purpose of this research project is to develop a solar still 

increase the water evaporation rate. The design of solar still unit that installed with 

aspirator pump, magnification lenses and HTA is shown in Figure 4.1

demonstrated in this study, the present of the HTA in the solar still has improved the 

heat transfer rate and increase the water evaporation rate. 

 

Figure 4.12: The designed solar still. 

 

4.4 Solar still experiment analyses  

The effect of HTA in the solar still was investigated. The experiment was started at 8 

am until 5 pm and experimental data were collected in every hour for h

and 4.14 show the temperature profile of the solar still without 

HTA and with HTA, respectively. The water temperature, ��, glass temperature,

and ambient temperature,�� data were recorded in every hour from three chosen days 

(clear and cloudless day). As demonstrated in this study, the water and glass 

higher than the ambient temperature. The temperatures increased 
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in the first five hours due to the available of solar radiation in the morning to the 

afternoon. The temperatures decreased after 12 noon. The water temperature and the 

glass temperature are varied several degrees centigrade as reported by Dev and 

Tiwari, 2009). Water and glass temperatures in vacuum solar still are between 40°C 

to 50°C, which are slightly lower than non-vacuum solar still (Al-Hussaini and Smith, 

1995; Scott et al., 2005). 

 

 

Figure 4.13: Temperature profile of solar still without HTA. 

 

 

Figure 4.14: Temperature profile of solar still with HTA. 
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Comparison of water and glass temperatures for solar still with and without HTA 

was further investigated (Figures 4.15 and 4.16). In general, water and glass 

temperatures of solar still with HTA were higher than the solar still without HTA. 

This further confirmed the efficiency of the copper plate and rods as the HTA for 

heat transfer process.  

 

 

Figure 4.15: Comparison of water temperature for solar still with and without HTA. 

 

 

Figure 4.16: Comparison of glass temperature for solar still with and without HTA. 
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Besides, it is worthy to note that the available of the magnifying lenses affected the 

efficiency of the HTA. Water temperature of solar still with HTA but without 

magnifying lenses were lower than the solar still with HTA and magnifying lens 

(data not shown). Without the magnifying lenses, the existing of HTA has created a 

thermal resistance for the solar rays from reaching the water surface and leading to 

the low water temperature. However, the present of magnification lenses may focus 

the radiation energy from the sunrays on the HTA. During the 10 hours of 

experiment, HTA always exhibit higher temperature if compare with water 

temperature (Figure 4.17) Thus, it reveals the function of the copper plate and rods 

that may transferred the radiation energy from the HTA to the water. 

 

 

Figure 4.17: HTA and water temperature for solar still with HTA. 

 

The intensity of the solar radiation that received by solar still is one of the important 

parameter that affects the water evaporation rate of the solar still (Ahsan et al., 2013; 

Nafey et al., 2000). Figures 4.18 and 4.19 show the solar radiation and evaporation 

rate of the solar still without HTA and with HTA, respectively. The solar radiation 

and water evaporation rate increased in the first six hours due to the available of solar 

radiation in the morning to the afternoon. The solar radiation and water evaporation 

rate of the solar still decreased after 1 pm. The maximum water evaporation rate 

occurred between 1-3 pm in which high water temperature and solar radiation were 

obtained. After 1 pm, the reduction of water evaporation rate was not critical. This 
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might due to the solar still that acted as a greenhouse in which the trapped radiation 

energy keeps evaporating the water after solar radiation was faded. 

 

Figure 4.18: Solar radiation and evaporation rate of solar still without HTA. 

 

 

Figure 4.19: Solar radiation and evaporation rate of solar still with HTA. 

 

Comparison of solar radiation and evaporation rate for solar still with and without 

HTA was further investigated (Figures 4.16 and 4.17). During the experiment, no 

variation on solar radiation was discovered for solar still with and without HTA. This 

result confirms the earlier report in which average daily solar radiation in Kuantan, 
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Pahang is about 4.57 kW/m

solar still with HTA were higher than the solar still without HTA. 

the copper plate and rods as the 

the vapour phase. Hence,

vaporised easily.  

 

Figure 4.20: Comparison of solar radiation for solar still with and without HTA.

Figure 4.21: Comparison of evaporation rate for solar still with and without HTA.
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Pahang is about 4.57 kW/m2  (Engel-Cox et al., 2012). In general, evaporation rate of 

HTA were higher than the solar still without HTA. 

the copper plate and rods as the HTA has promptly heated the liquid water closed to 

r phase. Hence, the water molecules that held higher energy could 

: Comparison of solar radiation for solar still with and without HTA.

 

: Comparison of evaporation rate for solar still with and without HTA.
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HTA were higher than the solar still without HTA. The presence of 

has promptly heated the liquid water closed to 
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In addition, total water evaporation rate was calculated for the nine hours experiment. 

Under the same solar radiation, the total evaporation rate of solar still with HTA was 

4.89 L/m2.h which was 30% higher than the solar still without HTA. These situations 

agreed by the earlier researchers in which more water vaporised if greater the amount 

of the energy was received (Sampathkumar et al., 2010; Omara et al., 2013; Pillai et 

al., 2015). Solar still with magnifying lenses and HTA may receive high amount of 

radiation energy and the energy was transferred quickly through copper plate and 

rods into the water. This can be further confirmed the efficiency of the HTA in 

improving the water evaporation rate of solar still. 

 

The heat transfer occurs inside the solar still system using radiation, convection, and 

evaporation mechanisms. In this study, aspirator was installed with the solar still in 

which vacuum condition was applied. No the heat transfer by convection has 

occurred because no diffusion of vapour through the air that acted as medium for 

convective heat transfer. Therefore, the major mechanisms of heat transfer that takes 

place inside the vacuum solar still is radiative heat transfer and evaporation. For solar 

still heat transfer analysis using energy balance equation and technical specification 

in Table 4.2, the evaporative heat transfer (����) that occurred from water to glass of 

solar still without HTA was determined and the evaporative heat transfer ( ��0�) that 

occurred from HTA to glass of solar still with HTA was calculated (Figure 4.22).  

 

Table 4.2: Technical specification for evaporative heat transfer determination. 

Specifications / Parameters Dimensions / Values 

Basin area, CD 0.3 m2 

HTA area, CE 0.2 m2 

Thermal conductivity of HTA, F 395 W/m.K(Perry and Green, 1984) 

Glass transmissivity, GH 0.9 (Siegenthaler, 2014) 

Heat capacity of water , IJ 0.7615 x105 J/kmol.K(Perry and Green, 1984) 

Glass emissivity, ɛH 0.937 (Perry and Green, 1984) 

HTA absorptivity, LE 0.9 (Bolz, 1973) 

Stefan Boltzmann constant, σ 5.67 x 10-8 W/m2.K4(Perry and Green, 1984) 
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Figure 4.22: Evaporative heat transfer for solar still with and without HTA. 

 

Figure 4.22 demonstrated that the evaporative heat transfer rate of solar still 

increased in the first six and seven hours due to the available of solar radiation in the 

morning to the afternoon and decreased after 1 to 2 pm. Again, evaporative heat 

transfer of solar still with HTA were higher than the solar still without HTA. Besides, 

thermal efficiency that defined as the ratio between the energy that has been 

consumed to contributed for the heat capacity of the water mass inside the basin to 

the global solar radiation energy received by the solar still (Garg, 2000) was 

determined. Experiment result revealed that the introduction of HTA into the solar 

still has successfully increase 18% of thermal efficiency (data not shown).  
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CHAPTER 5 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

Seawater may cause copper rod corrosion. The copper concentrations in the seawater 

were increased when the bare and coated copper rods were immersed into the 

seawater for 7 days. Copper rods that coated with enamel coating (copper E) have the 

lowest copper concentration in the seawater. Besides, copper rods coated with 

different coating material have low weight loss and corrosion rate if compared with 

bare copper rod. This is due to the paint coating that protects the copper rod from 

corrosion. Besides, copper rods corrode at different rate at different temperature. 

Weight loss and corrosion rate with incubation temperature of 25°C were relatively 

high if compared with incubation temperature of 60°C. 

 

An increase in the coating layer linearly increased the mass of the coated copper rods. 

Copper rods that coated with epoxy coating (copper B) has the highest coating mass, 

however, copper rods that coated with polyurethane coating (copper C) has the 

lowest coating mass. The mass of coating was depended on the chemical 

composition of different coating material. Under the steady-state condition, the 

thermal conductivities of copper B, D and E increased when the coating layer was 

increased further. Hence, adding the coating layer reduced the radial heat transfer 

rate and higher axial heat transfer rates were obtained.  Besides, the thermal 

conductivity of copper C decreased when second coating layer was applied. However, 

a further increase in the coating layer resulted in an increase of thermal conductivity. 

As demonstrate in this study, copper B, D and E exhibit critical thickness between 

the first and second coating layer. Meanwhile, the critical thickness of copper C was 

at the second coating layer. 

 

A solar still was designed and fabricated. HTA consists of a sheet of copper plate and 

12 pieces of copper rods that attach under the copper plate. Two set of experiment 

set-up (solar still without HTA and solar still with HTA) were conducted under 

consistent solar radiation to investigate the effect of HTA on the solar still 

performance. In general, water and glass temperatures and evaporative heat transfer 
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of solar still with HTA were higher than the solar still without HTA. Experiment data 

have revealed the function of the HTA that may quickly transferred the radiation 

energy from the copper plate and rods to the water. The introduction of the HTA has 

successfully increased 30% of water evaporation rate and 18% of thermal efficiency.  

 

5.2 Recommendations 

There are some recommendations for further improve the research: 

a. The composition of the copper rod should be determined for better understanding 

of corrosion rate and heat transfer rate. 

b. An additional water basin for collecting condensed water vapour is recommended 

to installed, hence the solar still may properly measure the productivity.  

c. The effect of water level on the evaporation rate may be investigated. 

d. The performance of modified solar still can be practically tested for seawater. 

e. All studied factors for the solar still can be further investigated and optimised 

using statistical optimisation software.  
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