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Abstract

The aim of this research is to generate a mathematical model and investigate the efficiency of aluminum and black
rubber as heat absorber for the Solar-based Double one-Direction slanted-Glass distillation unit (SDDG) by
varying the size of the heat absorber. The heat absorber was placed inside the secondary liquid layer of the
distillation station. Experiments were conducted by varying the heat absorber plate from 10% to 90% of the
second layer’s area. The volume of distilled water was monitored to calculate the efficiency of the distillation
unit. Results showed the highest distilled volume of 1.60 litre per day was obtained when the size of aluminum
heat absorber was 10%, which produced an average efficiency of 26.34%. Furthermore, a reduction in the distilled
volume and efficiency to 0.98 litre per day and 17.3% was observed when the aluminum heat absorber size was
increased to 90%. The same trend can be observed for SDDG with black rubber as a heat absorber. However, the
efficiency of equivalent size of black rubber is significantly smaller than aluminum due to lower thermal
conductivity and material shrinkage when exposed to the solar radiation. The maximum productivity achievable
for SDDG with black rubber heat absorber was only 1.17 litre per day. This indicated better heat transfer for
smaller heat absorber. The reason is because it is harder for light to pass through the heat absorber with larger area
causing the efficiency to drop dramatically as area of heat absorber increased. Polynomial equations were
successfully proposed for prediction of productivity from operating time and efficiency from the size of heat
absorber.
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1. Introduction

Water distillation by using solar-based system is among the environmental friendly and low maintenance
alternative method for effective water treatment. It is also sustainable because it harnesses energy from unlimited
source of sunlight. The distillation system was employed along with reverse osmosis technology to effectively
treat waste water with high biological oxygen demand (BOD) content [1]. The shape and size of heat absorber
system had a significant effect on the solar adsorption area. An origami structured heat receiver was proposed to
improve heat adsorption and reduce undesirable loss through heat reflection phenomena [2-3].

Many different type of solar- based distillation methods were investigated over the years including,
Humidification-Dehumidification (HD), Indirect Desalination (ID) and Basin Distillation (BD). The HD method
employed dry air as a working fluid, which initially receive moisture from the evaporated salted concentrated
liquid employed as heat transfer medium. Consequently, vaporization of salted concentrated liquid resulted in an
increase in humidity of the dry air. Then it is moved along with pure water vapour to be condensed and collected
as drinkable water [4-5]. In contrast, ID method consisted of a solar collector, heat fluid and heat exchangers [6].
BD is among the simple type of process employing heat transfer from sunlight through the glass covered channel



and absorbed by the heating fluid [7]. However, compared with other type of distillation system BD produce
relatively low yield of clean water and it is also inexpensive. More research need to be conducted to get rid of
these disadvantages for the BD system. Marugravel et. al. reported an increase in clean water yield when double
layer system was used instead of the common vertical BD system [8]. Among many different methods to improve
the efficiency of BD, an increase in heating fluid outlet per area was found to be effective. Addition of fins along
the condenser wall of the distillation unit resulted in an increase in system efficiency of approximately 11% to
14% [9]. A novel underground solar-based distillation unit capable of producing 3 kg of distilled water per m® of
solar collector was reported [10].

Many researches utilized nanoparticle to increase water and thermal efficiency of the water distillation system.
Qin et al. investigated an increase in thermal efficiency by 4.8% and 6.7% when silver and gold nanoparticles
were added to the operating fluid inside the distillation unit [11]. Titanium nitrate was also employed as
nanoparticle along with membrane technology to enhance thermal efficiency and heat flux of the solar-base
distillation unit [12-13]. These nanoparticles were found to increase thermal conductivity of the heat adsorbed
medium which results in a remarkable increase in distilled water yield [14]. Another highly efficient material used
as heat absorber was 2-dimensional defective tungsten oxide [15]. Hong et al. reported an almost full-spectrum
absorption of solar light on Cu nanodot-embdded N-doped graphene urchins with high accessibility and capable
of self-float on water [16]. Although these techniques can improve the thermal efficiency of the distillation system
but they are expensive and can pose health problems, such as respiratory problems and Alzheimer.

The purpose of this research is to observe how the Solar-based Double slanted-Glass Distillation system
(SDDG) operates using two different type of heat absorbers; the aluminum and black rubber. Additionally, the
size of heat absorber were vary from 10 to 90% of the secondary layer area in order to investigate how the size
effect the distillation system. Aluminium and black rubber were chosen for this research because these two
materials have adequate thermal conductivity and are easy to manufacture. The evaluated parameters included
solar flux, temperature at different location inside the SDDG, and productivity of both upper level and bottom
level. An engineering Equation Solver (EES) software was employed to solve for the efficiency of the distillation
unit. Mathematical models were developed to simulate the water productivity from operating time and efficiency
from the size of the heat absorber.

2. Materials and methods
2.1 Experimental setup

This research studied the double-glass layer previously developed by another group of researcher. The area of
the base foundation of the distillation unit was 150 cm x 100 cm and 20 cm high as shown in Figure 1. Each
channel of the distillation still contained an inlet and outlet port. The bottom section of the distillation unit
contained layer of aluminum heat absorber, insulator and wooden floor. The slanted-glass makes an angle of 14
o with the floor. Multiple steps were created inside the top layer of the distillation unit to increase effective area
for heat adsorption activities.
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Figure 1 Experimental setup for the double slanted-glass distillation unit: 1. Stand for the distillation unit,2.
Compressed wood partition, 3. Insulator, 4. Glass cover, 5. Glass partition for each steps in the upper level, 6. heat
absorber, 7. Inlet water and 8. Water. (T_b is temperature of the insulator, T_w is the temperature of water in the
bottom level, T_wf is temperature of water in the upper level, T_g1 is glass cover for the bottom level, T_g2 is
glass cover for the upper level, and T_a is temperature of the atmosphere).



Light intensity and accumulated distilled water was monitored and used to calculate the efficiency of the
distillation unit. Individual records were kept for distillation unit with different size of the aluminum heat absorber.
The temperature at five different location inside the distillation unit was measured by J-type thermocouple which
are attached to the digital meter for continuous data logging (T, Tw, Tg1, Twt and Tg2). Approximately 0.075 L of
water is poured into the bottom still container and 0.024 L of water is poured into the upper still container at the
top of the distillation unit. Relative humidity was calculated from wet bulb and dry bulb temperature. All data
were collected every hour.

2.2 Heat transfer principles

Radiation from the sun penetrates the transparent glass cover at the top of the distillation unit. Heat created by
radiation is absorbed by untreated water and the wall surfaces of the still container. Consequently, untreated water
will gradually convert to water vapor due to an increase in vapor pressure beyond the equilibrium threshold point.
Water vapor will flow up to the upper glass wall and condensed back into liquid form which will roll along the
slanted glass wall by gravity into a gutter that is separated from the still. The glass wall is designed to be slanted
to prevent condensed water from falling back into the still container. The gutter is also designed to slant slightly
to carry treated water to the secondary still container at the bottom of the distillation unit.

2.3 Calculation for heat transfer through radiation

Solar radiation per hour (1) is calculated by multiplying the solar radiation measured per day with the ratio of
accumulated solar radiation per hour to accumulated solar radiation per day.
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Where g = a +a,sin (a) - 60), b=b, +b, sin(w, —60) and w, Tepresent the sunset hour angle which is the
incidence angle that occur when the solar radiation strikes the specific area. The values of a,, a,,b,, and bdepend

solely on the location of distillation setup in Thailand. For this study the distillation unit was established at the
Ubonratchathani station where the coefficients are: a =0.76,a, = -0.031, b, = 0.207 and b, = 0.238 (17).

Heat that impacts on the object is in the form of energy that includes radiation from all direction. Part of the energy
is reflected, adsorbed and travel through the object. These phenomenon are referred to as p is reflectivity, a is
absorptivity and t is transmissivity.

2.4 Heat transmission inside solar-based distillation unit

A major portion of the transmissivity heat along the solar-based distillation is lost from the system. This results
in a reduction in the rate of water distillation process, because only a small portion of heat is delivered to the water
the upper still container. Heat is lost through this route is because part of the radiation is reflected from the
protective cover of the solar-based distillation. Heat that is transmitted will pass through the protective cover and
accumulates in body of water. Heat transfer sequence for solar-based distillation unit are as follows:

Solar radiation that is absorbed by the protective cover (Q ,. )

Solar radiation that is transmitted through the protective cover ( Q. )

Solar radiation that is absorbed by water inside the still container (Q, ,,, )

Heat transfer from the protective cover to the atmosphere in radiation mode ( Q. )
Heat transfer from the protective cover to the atmosphere in convection mode (Q.. )
Heat transfer from surface of water to the protective cover in radiation mode (Qy, )
Heat transfer from surface of water to the protective cover in convection mode (Q_, )
Heat loss from the top and bottom of the distillation unit (Q, )

Heat transfer from water vapor to the protective cover (Q.)

10. Heat loss from the condensed water ( Q. )
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Energy balance at different locations inside the solar-based distillation unit are shown in equation 3 to 8.

a.  Energy balance for the insulator

dT,
mbcpb Ttb =1 (t)Aa - qcbw - qloss (3)
b.  Energy balance for water in the upper still container (level 1)
dT, 4
mwcpw dtw = I (t)AN + qcbw - qrwgl - CIcwgl - qewgl ( )

c.  Energy balance for glass surface (level 1)

dT_, 5
mngg ds = I (t)Agl + Qrwgl + chgl + qewgl - chlwf ( )
a.  Energy balance for water in the bottom still container (level 2)
Myt CPW d:’f =1 (t)Awf + chlwf - qC’ngZ - Qrwfgz - qewfgz *+ Qabsorber (6)
d.  Energy balance for glass surface (level 2)
dT,, )
mgcpg ? =1 (t)Agz + QCWfQZ + Qrwfgz + qewfgz - qrg2,sky - chz,a
b.  Condensation for the two levels inside distillation unit
dmc (TW =T ) (TW =T ) 8
dt = hewgl hig1 + hewng % ( )

fg@Tw fg@ T

In these equations, T is bottom insulation temperature, T is bottom water surface, T 1is bottom glass surface,
w [
T, upper water surface, and 1 , is the upper glass surface. It is assumed that the room temperature is 25 °C. The
w g

bottom insulator mass, bottom water mass, glass mass, and upper water mass are represented by variables
includingm,_,m,, m _and m . The value of each variable and constants are shown in Table 1.
w g 4

2.5 Heat absorption by object inside the distillation unit

The general equation employed to find heat that is absorbed by a specific material is as follows:

qabsorber = a(l bwa + I d de ) (9)

Where , represents the adsorption radiation coefficient of the specific material, l, represented the amount of solar
radiation per hour, T, is solar radiation transferred to the atmosphere due to absorption of steam, T, is solar
radiation transferred to the atmosphere by mean of scattering.

Table 1 Parameters for operating the double slanted-glass distillation unit [18].

Operating conditions Value Unit
Mass of glass (mg ) 6 kg

Mass of bottom insulator (m,) 10 kg

Glass specific heat (Cpg) 800 J/(kg °C)
Water specific heat (pr) 4,178 J/(kg °C)
Glass emissivity (o ) 0.88 -

Water emissivity (s,,gv) 0.96 -
Radiation absorption of glass (, ) 0.0475 -
Radiation absorption of water (05g ) 0.05 -
Reflectivity of glass ( 2, ) ’ 0.0735 kg/cm3
Overall heat transfer coefficient (U ) 14, W/(m? K)
h 135 W/(m? K)

bw

h 25 W/(m? K)

cglwf




2.6 Efficiency of Solar Still Water Refiner Calculation

The general equation employed to find the efficiency (j ) of heat transfer inside the distillation unit is as
follows:

- 2mh, (10)
>

Where m, represents the condensation ratio, hfg represent latent heat and | represent solar radiation

n

condensation.
2.7 Equation solving methods

Engineering Equation Solver (EES) computer based program was employed to solve for the efficiency of solar
radiation inside the double slanted-glass distillation unit. Variables for condensation were solved though solar
function (equation 3 to 8) for Ty, Tw,Tg1, Twr and Tge. The obtained value of latent heat (hsg) for both upper and
bottom level are used to find condensation ratio and then the efficiency of the distillation unit as shown in equation
10. The EES process followed a logical route as shown in Figure 2.
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Figure 2 Logical path integrated in the EES technique for solving temperature at each location and efficiency of
each type of heat absorber.



3. Results and discussion
3.1 Condensation from solar radiation

In this experiment, aluminum absorbers with size from 10 to 90 % of the bottom water surface area were
examined and evaluated based on the temperature variable, amount of condensed water and efficiency of the
distillation unit. Figure 3 demonstrated the flow of solar flux in one day using 10% aluminum absorber sheet. It
was found that the average solar flux during condensation was 393.80 W/m? and reached a maximum of 708.33
W/m? at 13:00 P.M for aluminum heat absorber. The solar radiation for black rubber is slightly higher due to the
different placement of the distillation unit containing black rubber heat absorber. The difference in solar flux is
especially noticeable at the peak hour. The total solar flux at this location is similar to results obtained in Chennai,
India [1].

900

800

—@— Aluminium

700 - —— Neoprene black rubber
600
500 A
400 1

300 -

Total Solar Flux (W/m?)

200 A

100 A

0 - T T T T r r @
5 7 9 11 13 15 17 19
Time (h)

Figure 3 Monitoring solar flux from 7:00 A.M. to 19:00 P.M. Aluminum and Black rubber heat absorber size
10%.

3.2 Temperature of water and glass surfaces

Figure 4 illustrates the calculated temperature from different location inside the solar-based distillation unit at
different time during the operation. The difference between the upper glass surface and upper water surface was
higher compared with the difference between the bottom glass surface and bottom water surface. The highest
temperature of 47.2°C was found between water and glass surface in both levels around 15 hours after the start of
distillation (15:00 P.M.). The difference of temperature between water and glass surface for the upper level and
bottom level was 1.67 °C and 1.37 °C. This observation indicated that the upper level had more condensation
activity compared with the bottom level. Temperature inside the black rubber followed the same trend. However,
the maximum temperature achievable for black rubber is higher than that of aluminum heat absorber as shown in
Figure 4 (B). The temperature gap between first and second layer of glass is smaller when black rubber is used as
heat absorber due to inefficient heat transfer potential. A comparison between the temperature inside SDDG with
aluminum and black rubber are shown in Figure 4 (C). The maximum temperature achievable is relatively high
even when there is no addition of phase change materials [19].
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Figure 4 Temperature measured at different location inside the SDDG containing (A) aluminum, (B) black
rubber heat absorbers and (C) comparison between the two material 15 hours after the start of operation.

3.3 Accumulated water condensation ratio

Figure 5 demonstrated the accumulated water productivity from the first layer (upper level) and the second
layer (bottom level). The accumulated water condensation rate in the upper level and bottom level of SDDG with
aluminum heat absorber was 0.51 I/m? and 0.92 I/m?, respectively. However the condensation rate for the upper
and bottom level of the SDDG with black rubber heat absorber were 0.57 I/m? and accumulative refined water
was 0.95 I/m?. The bottom level of SDDG with black rubber gave higher condensation rate due to the shrinkage
of black rubber material which resulted from the solar penetration into the bottom level of the distillation unit. It
can be observed that condensation does not take place during the first 3 hours of operation. This is because the
solar heat input is use evaporation as latent heat first before being utilized for raising the temperature. It can be
observed that the total productivity from distillation unit with aluminum heat absorber is relatively higher
compared with black rubber heat absorber. The total distilled water productivity from aluminum and black rubber
were approximately 1.60 and 1.17 liter when the area of heat absorber was equaled to 10% of the bottom layer.



The generation of distilled water SDDG at different times was modeled by using polynomial equation as shown
in equation 11 (aluminum) and 12 (black rubber). 6™ order polynomial was employed to predict the efficiency of
the distillation unit since the coefficients in both equations resulted in a predictions that were very close to the
experimental data where R? very close to 1.

Productivity (liter) = 4x10 — 7t6 - 3x10 — 5t5 + 0.0008t4 - 0.0096t3 + 0.0528t2 - 0.1245¢ + 0.1111 (11)
R? = 0.9997

Productivity (liter) = 4E — 07t6 - 3E — 05t5 + 0.0007t4 — 0.0076t3 + 0.0379t2 — 0.0778t + 0.05 (12)
R* = 0.9994

In equation 11 and 12, t represents the operating time for the distillation unit

According to Figure 6 an increase in size of both type of heat absorber resulted in a reduction in efficiency of
the distillation unit. An incremental increase in aluminum heat absorber size by 10% resulted in approximately a
reduction in efficiency by 2 to 5%. However, the average efficiency of the distillation unit is approximately 26%.
The efficiency of black rubber is significantly lower than that of aluminum heat absorber.
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Figure 5 Productivity of water condensation using (A) aluminum, (B) black rubber heat absorber 10% size and
(C) productivity of distilled water after 24 hours of operation.
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Figure 6 Efficiency of the double slanted-glass distillation unit.

Data collected were tabulated for different size of aluminum heat absorber from 10 to 90% of the water surface
area. Solar intensity is considered as an important parameter that influence the efficiency and productivity of the
unit [20]. As shown in Table 2, an increase in the size of aluminum heat absorber resulted in a decrease in
efficiency. The efficiency peaked when the heat absorber size was 10% (25.99%) and the lowest efficiency was
realized when the heat absorber size was 90% (15.02%). It is obvious that the efficiency of aluminum heat
absorber is higher than that of black rubber. This is due to the higher thermal conductivity of aluminum heat
absorber compared with that of black rubber [21]. Black rubber also suffered from efficiency reduction due to
material shrinkage when exposed to heat [22]. The amount of distilled water produced per day from 10%
aluminum heat absorber is relatively higher compared with hybrid solar distillation unit [23]. However the solar
intensity of the distillation unit developed in this experiment (820 W/m?) is significantly lower than that of the
solar chimney type distillation unit (982 W/m?) and that of a tubular still for desalination (1000 W/m?) [24]. This
is due to the effective air circulation inside the solar chimney type distillation unit which promote efficient heat
transfer process [25]. A comparison of solar intensity between this work and the other works are illustrated in
Figure 7. The lower solar intensity collected by SDDG designed in this work compared with the other two
researches is due to the size of the SDDG which is significantly smaller than both Chimney-type and Tubular-
Type distillation unit. Additionally, the installation location is also an important consideration which influence
the outcome of solar intensity as shown in Figure 7.
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Figure 7 Comparison of solar intensity of SDDG with a chimney and tubular still.
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Mathematical modeling of the distillation unit’s efficiency as a function of the size of heat absorber was
performed for both aluminum and black rubber material. Polynomial equation was found give the most accurate
efficiency with R? close to 1. Equation 13 (aluminum) and equation 14 (black rubber) demonstrated the polynomial
equation obtained from the modeling process.

Efficiency (%) = —0.0005x6 + 0.0178x5 — 0.2175x4 + 1.2487x3 — 3.4599x2 + 3.2071x + 24.919 (13)
R? = 0.9979

Efficiency (%) = —0.0007x6 + 0.0203x5 — 0.2364x4 + 1.2942x3 — 3.4328x2 + 3.1544x + 25.537 (14)
R* = 0.9978

Where x represents the size of heat absorber in percentage

Table 2 Average solar intensity, the amount of distilled water and efficiency for different aluminum heat
absorber.

Average solar Amount of distilled -

Heat absorber  jntensity water per day (8 h) Efficiency
No.  size Al BR.? Al BR.? Al BR.

(%) (W/m?) (W/m2) (litre) (litre) (%) (%)
1 10% 393.80 487.36 1.60 1.17 26.34 25.72
2 20% 395.39 493.91 1.44 1.16 24.94 24.29
3 30% 393.87 466.20 1.42 1.14 24.36 23.55
4 40% 390.53 466.67 1.37 1.11 24.07 22.27
5 50% 377.89 441.67 1.32 1.05 23.24 21.91
6 60% 391.94 458.33 1.19 1.03 21.59 20.21
7 70% 404.10 473.93 1.13 0.97 20.22 18.14
8 80% 432.22 461.11 1.08 0.94 18.73 16.71
9 90% 438.03 463.89 0.98 0.90 17.29 15.76

Note: L Aluminum and 2 Black rubber
4. Conclusions

Experimental outcome demonstrated the effectiveness of aluminium as a heat absorber for the double slanted-
glass distillation unit. An increase in the area of the aluminium heat absorber was found to reduce the efficiency
of the distillation unit. This resulted in a reduction in the amount of water condensed from the unit. When 10%
aluminium heat absorber was used the highest amount of condensed water was 1.60 litre per day and the
accumulative efficiency was 26.34%. In contrary, 90% aluminium heat absorber provided the lowest efficiency
with productivity of 0.98 litre of condensed water per day and an accumulative efficiency of 17.29%. The
efficiency of the black rubber heat absorber is smaller compared with aluminum heat absorber at all sizes. The
difference between glass surface and water surface for the upper level and bottom level of SDDG with aluminum
exchanger was 1.67 °C and 1.37 °C, which provide sufficiency heat transfer for an effective usage of sunlight for
water condensation. For black rubber heat absorber the temperature differences are slightly smaller than that of
aluminum heat absorber. Aluminium is obviously more effective compared with black rubber as a heat absorber
in the distillation unit. A polynomial mathematical model was derived giving predictions that are very close to
experimental data with R? almost equaled to 1. A result from this experiment is an important step for preparation
of full-scale prototype of water distillation unit for rural communities in Thailand.
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