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Abstract

Multi-stage solar still was designed and constructed. Basically, it is an indirectly
heated solar still incorporating a distillation unit. Experimental studies were carried out
in order to evaluate the system performance. It was observed that the collector efficiency
was higher than the maximum working temperature. An average value of 56% was
achieved against the theoretical value of 50%. The average value of useful energy, Qy
evaluated was 324.03Watts which was supplied from the solar collector to the distillation
chamber. Moreover a minimum value of distillate yield recorded 22ml per day and
maximum of 634ml per day out of the entire test conducted..

1.0 Introduction

Water is essential to life; man has been dependent on rivers, lakes and underground water reservoir for fresh water
requirement in domestic life, agriculture and industry. However, the use of water from such sources is not always hygienic
because of the presence of impurities. The impact of many diseases afflicting mankind can be drastically reduced if fresh
hygienic water is provided for drinking [1]

1.1 Review of Previous Work

Solar distillation is certainly not a new phenomenon. It has been in practice for a long time. The earliest literature in this
field is that of the Arab alchemists Mouchot. In their historical review on desalination of water, Nebbia and Menazzi
mentioned the work of Delta Porta (Published in [2] and [3].

Folayan and Ajayi also carried out experiments to compare the performance of single slope and double slope solar stills
under varying thermal inertia and addition of charcoal dust to aid solar absorption [4].

Olalekan carried out study on improving the performance of single slope solar still with sun tracking mechanism. For
this experiment he constructed two single slopes solar still, were he kept one fixed and the other one tracked. It was observed
that the still with the tracking mechanism gave an increase in overall estimated efficiency of 3.8% [5].

Madhlopa carried out an experiment on the Development of an advanced passive solar still with separate condenser. He
constructed two stills, were by one was conventional solar still(CSS) and the other advanced solar still(ASS).It was observed
that the ASS yield more distilled water than the CSS[6].

Despite the fact that a number of works have been carried out on the mathematical modeling and simulations of solar
still, there is still a need for further studies in this area, especially in Nigeria.

2.0  Theoretical Aspects
In order to design and evaluate the economics as well as the performance of a solar energy system, it is necessary to
consider various theories and relations on which the design of the system must be based.

2.1  The Flat Plate Collector
Heat transfer analysis of a solar collector is a simple heat balance. The performance of a solar collector is described by
an energy balance that indicates the distribution of incident solar energy into:
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1. Useful energy gain (Qy)

2. Stored energy (Js)

3. Various losses of energy (Q,)
The energy balance on the whole of the collector can be written as
AcGy(ta) + AGy(ra) = (Gy) + (ds) + (G,) [7] (2.1a)
Where;
A, = Collector area,G,, = Beam solar radiation,G; = Diffuse solar radiation
Ta = transmissivity and absorptivity of the collector ,Q,, = Rate of useful heat transfer to a working fluid in the solar
absorber / exchanger ,Qs = rate of energy storage in the collector and

Q, = rate of energy losses from the collector to the surroundings.
Equation (2.1) can be simplified as:

A Gr(ta) = Qy + Qs + @, (2.1b)
Where;

Gr is the sum of beam and diffuse radiations

The total useful energy gain for the entire collector Q,, may be obtained from the following relationship:

QU = ACFR[GT(T‘Z) - UL(Tfi - Ta)] (2.2)

where Fg is the collector’s heat removal factor.

In equation (2.2), the total useful energy gain is expressed as a function of inlet fluid temperature.

Neglecting any temperature drops of the fluid between the collector and distillation chamber (First tray), Q, can also be
written as:

Qu = mcp(Tfo - Ti) (23)
Where;
T;= fluid temperature in the first tray ,T,= outlet fluid temperature from the collector
The rate of energy storage capacity Qsof the fluid (water) in the still, is given as the usual heat capacity equation [8]
QS = mcp(Ti - To) (24)
T; and T, are the operating temperature limits.
The rate of heat loss Q, from the system is that loss from the collector absorber plate at temperature T, to the
surroundings at the ambient temperature T,. The heat loss occurs from three ways:
(i) Conduction loss through the bottom insulation
(if) Conduction loss through the sides (four) of the collector
(iif) Convection and radiation losses through the top cover.
The rate at which the absorber plate losses heat to the surroundings is given as in[9]:

Q=UAc(Ts — T,) (2.5)
where
U, Is the overall heat transfer coefficient
T, Is the ambient temperature
Equation (2.5) can be re-written as:
QL = Ac(Uf)(Tp - Ta) + Ac(Ub)(TB - a) + A Us (TB - Ta) (2-6)

2.1.1 Determination of the solar collectors overall heat transfer coefficient

2.1.1.1 Bottom Insulation Heat Transfer Coefficient (Uyp)

The insulation at the bottom of the collector is in two stages. The sawdust insulation is having a thermal conductivity
K1, and thickness ey; at the first stage. At the second stage, the bottom of the collector casing has a thermal conductivity K,
and thickness e,. The air behind the box frame has a convective heat transfer coefficient U, at a temperature T..

The rate of energy loss through the bottom of the collector is given as

Qb = Up4yp (TP - Ta) (2.7)
The bottom heat transfer coefficient can be calculated as
szi +i+i= Ki.}_kﬁ{_g (28)
. o Ri1 Ri2 Ri3 e11 €12 1
Rz is negligible as compared to Ry; and Ry,.
Hence,
U, = Fu |y Kz
e11 €12
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2.1.1.2 Side Heat Transfer Coefficient (Uy)

The insulation by the collector sides is in three stages. The collector support having thermal conductivity K,; and
thickness e,;. Secondly is the saw dust insulation having thermal conductivity K,, and thickness ey,. In the third stage, the
collector casing has the thermal conductivity K,; and thickness eys.

The rate of energy loss through the sides of the collector is given as
) o Qs = UsAs(Tg — Tp) (2.9)
The side heat transfer coefficient can be calculated as:
U5=i+i 24t K Kez hoe
_Ra1 Rz Rpz Ray €21 ez 1
R;, is negligible as compared t0 R, R,, Ry3.
AISO R21 = R23.
Therefore,
Us = (2 () +22 )1 (2.10)

k21 k22

2.1.1.3 Front Heat Transfer Coefficient (Uy)
The rate of energy loss through the top cover is given as:
Qr = UpAs(T, — T,) (2.11)
The front heat transfer coefficient can be calculated as:

1 1 1
U=+ 2+ L (2.12)
R31  R3z  Rs3
where
1 1 R XR e

Ry = — R31rXR3ic Ry = 32

R31c  Rauir R31r+R31c K32
R.. = 1 1 _ Rz3rXR33C

33 —

R3zc Rszr  Rszr+R3sc

Rs1.cIs the convection resistance of air gap between the absorber and the glass cover plate.

Rs1rIs the thermal radiation resistance of the air gap between the absorber and the glass cover plate.
RsscIs the thermal resistance of the wind driven convection

Rss, Is the radiation heat transfer for resistance between the cover surface and the sky.

2.2  Energy Loss from the Absorber Plate to the cover
(i) Radiation heat transfer between parallel plates
The heat transfer by radiation between two surfaces (Parallel) is determined from [10]:
Qraa = Ag,o(T) —T}) (2.13)
where A = cross sectional area of the plate,c=Stefan Boltzmann constant,e=Effective emittance for the two
plates, T,=Temperature of emitting surface (Absorber plate), T,=Temperature of the receiving surface (glass cover) and,;

g, = ((é + é) - 1)'1 (2.14)

Therefore,
Oraq = Aco(TF — T2) [(i + é) - 1]'1 (2.15)
To linearize equations for simplicity, equation (2.15) can be re-written as follows:
Qraa = hA(Tp — Ty) (2.16)
Where;
h, = o(T, + T,)X(T, - Tg)z[(i + é) - 1]'1 (2.17)

(if) Convention Heat Transfer between Parallel Plates
The Nusselt number Ny,and Rayleigh number R,, are customary based on the gap width L between the hot and cold
walls. The heat transfer coefficient may be obtained from the reliable correlation of [11].

Nu =1 +1.44 (1-1708/R,e) (1-1708 (Sin 1.80)"*/R,e) + {(R./5830)"*-1} (2.18)

where Rea =Ry Cos 6
Also Nu = heL/k => h, = N,k /L (2.19)
R.=G, P, (2.20)
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G, = gBATL3N? (2.21)
where G,=Grashof number,P,=Prendtl number=heat transfer coefficient of air in the gap, W/m? °C,L=air
gap,m,K=thermal conductivity of air, W/m °C,G=acceleration due to gravity, m/s>,@=angle of tilt, in °(degree)

2.3 Energy loss through the glass cover (Q,)
The rate of energy loss through the glass cover is purely by conduction. This is obtained in as[12]

0, = &;”) (2.22)
Where; AT is the temperature difference between the two surfaces of the glass (top and bottom of the glass)
The thermal resistance, Rs, is

Ryy=32=22 (2.23)

ks kg

2.4 Energy Loss from the Glass cover to the surrounding (Qg-s)
The energy loss from the glass cover to the surrounding occurs by convection and radiation. The rate of energy loss is
given as[13]:
Qg—s = hw(Tg - Tsky) + h33.r (Tg - Tsky) (2-24)
where
h, =5.7+3.8V (2.25)
hy=heat transfer coefficient due to wind recommended by Duffie and Beckman[14],
V=wind velocity in m/s
The radiative heat transfer coefficient has, is given as
Hs = hgs, = €0 (Tg + Tsky) (ng + Tszky) (2.26)
Tay =~ 0.0552 T,
Therefore, from the equations (2.22) and (2.26) the convective and the radiative component of the thermal resistance Ras
can be obtained. For a single glass cover and collector tilt of 45° loss coefficient, Us is given as:
Up(45°) = (hcihr + hwihs)-l (2.27)
For tilt other than 45°, Adhikari at el [15] proposed a relation for the determination of the front loss coefficient as:

Ur@® _ 1 _ g _ : —0.
Uf(%o)—l (6 —45)(0-00259 — 0- 00144¢,) (2.28)

2.5  The Transmittance Absorbance Product
The ta is theoretically calculated from the following relation
(ta) = ———— (2.29)

1-(1-a)0-016
t-transmittance of the cover material at a given incidence angle, a-absorptivity of the absorber material.

2.6 Collector Heat Removal Factor
It is mathematically given by:
_ GCp(Tro—Tri)
FR - [S_UL(Tfi_Ta)] (230)

where G is the flow rate per unit collector area ,S is the absorber solar energy per unit area.
m

=" (2.31)

_AC

s=Gr(ta)/A (2.32)

2.7  Collector efficiency
This is the ratio of the useful heat gain per unit area of the collector to the solar energy flux on the collector.

n= e (233)
Substituting equation (2.2) into (2.33) yields

n = F (ta) - FUL ==
GT

(2.34)
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2.8 The Distillation Still
The tray temperatures can be obtained from the following expressions[16].

Tp.i = H]_Tl + (thb.i + fl) Ta (235)
ho A + fi + Hi
hi1ApiaTig + HiT1 . T
7. = hitApiaTes + HaTa T .
Where hi-1 Apia + fi + Hi 1=2,N+l
fi=hg; Ag; fi= hs,i (As.i h~p + Ab.lhp) i=1,N+1 (236)

2.9  Performance Parameters
Various parameters that are useful for determining performance of the system will be evaluated by the equations below:
Distillate yield (kg/sec) for i Stage:

i = Nei (Te-Tpi Anilti) (2.37)
Hourly distillate yield (kg/hr):
M,; = me; X 24 (2.38)
Daily distillate yield (kg/day)
Mg =My X9 (2.39)

The performance ratio: This is the sum product of distillate yield per second and latent heat of condensation at each stage
to the useful heat from the solar collector. It is mathematically written as:
PR= YV % (2.40)

2.10 The Thermo-physical properties
Following[17] thermo-physical properties have been evaluated using the expression below:

K =0.0244 + 0.763 x 10 T4, (2.41)
p=1718x 107 + 4.620 x 10787, (2.42)
P = 353.44(T,,, — 273.35) (2.43)
| =2324.6(1.0727 x 10% — 1.0167T,, + 1.4087 x 107*T2, — 5.146210 x 107°T3,) (2.44)

where T,, represents the arithmetic mean of the temperatures of evaporation and condensation surfaces and can be expressed
as follows [18]:

Tay = (Te + Te)2 (2.45)
The value of saturation vapour pressure is calculated by the following expression:
where
T’ = 1.8T +491.69 (2.46)
Convective heat transfer coefficient [19]:
hei = C(GriPr )" Ki/ X (2.47)
where
Gri =(X7pi BgAT") pi (2.48)
r_ (Pe,i_Pc,i)(Ti+273-15)
AT’ = [(T1 —Tpis1) + Y8 nT05—Py, (2.49)
c=021,n=1/, for 10* < Gr; < 2.51 x 10° (2.50)
€ =0.1255n = 1/5 for 2.51 x 105 < Gr; < 107 (2.51)
The evaporative heat transfer coefficient is determined by
h.; = 16.273x1073h,; (2.52)
The radiative heat transfer coefficient is given by
£,0(T; + 273.15)* — (T, 141 +273.25)"
hr,i — g ( i ) ( p,i+1l ) (253)

(T; = Tpis1)
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3.0 Methodology/ Procedure

3.1  Design Considerations For Typical Solar Collector
A flat plate collector of liquid type should be heat transfer effective, pressure drop, free flow (i.e. minimum fouling and
corrosion) accessibility and simple maintenance.

3.1.1 Collector Design Calculations

Suppose that 35 litres of water at 25°C is to be heated to a temperature of 87°C per day by the collector, then the main
daily energy requirement will be

Qr = MCpAT (2.54)

m= pV

But p of water = 1000Kgm™3

Therefore, m = 1000 x 35 x 10~3kg = 35kg

Qr = 35 % 4.18 x 103 x (87 — 25) = 9.070M]
This energy required must be equal to the mean daily total useful energy gain for the collector from the equation below

Qu = nAcGr (2.55)
The average daily horizontal radiation for the month of June is 23 x 10%] /m2day[20]
Qy =0-50x23x A, =11.54,
A-(11.5)MJm~% = 9.070M]

_9.070M] 0-788m?
T T5Mm—=2 m
Now if the width b of the collector is taken to be 0- 65m, then the length will be
0.788m?
l= =121m
0:65

‘65m
The dimension of the collector area will be 1 1-21m by 0 - 65m. Let us consider the depth 8; of the absorber to be
0.03m, then the volume of the flat absorber is;
Va=1-21x0.65x0.03
=0-024m3
Now the volume of water in the first tray is:
V1 =(35-24) litres = 11 litres
Assume 0.43 litres in the piping network
Actual V1 = 10.57 litres
Consider a water level h, in the tray to be 0.05m and the width b to be 0.34m, then the length [ will be,

0.01057
= = 0.622m
0.34x0.05

3.2  Construction Detail
In order to understand the operation of the system (stacked tray solar still), it is quite desirable to depict the system
constructional details as much as possible.

3.2.1 Construction of the Solar Collector

An iron sheet metal of 2mm thick was used. Pieces A and B were cut from the sheet. The thin lines were folded or bent
so that the portions d, e, f are perpendicular to g, and portion h is perpendicular to j.

The pieces A and B are welded together to form C i.e. the collector absorber. The shorter sides are drilled to 25mm
diameter to give an in and out for fluid flow.

Before the welding was effected, the interior of the collector was painted black in order to prevent corrosion and effect
absorptance.

3.2.2 Construction of the Trays

A galvanized iron sheet of 0.5mm thick is used. A rectangular size was cut out from the sheet. The dotted lines A...A
were folded so that portions k and [ are 90° to portion 0.Three pieces of the same size were also cut from sheet metal, the thin
lines was folded a little to angle of about 167°.The portion m and n were folded vertically parallel to each other.

Another two pieces were also marked and cut, to form the tray ends (two ends per tray). The portions R were gas weld
drilled. A V-trough in which the condensate trickles from the V-shape cover was also gas welded to the rectangular size sheet
to form the bottom tray.
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The castings were made out of 17mm thick plywood. The sides and bottoms of the four portions of S were gas welded to
the three pieces sheet to form the second and third trays.

Finally, the two portions T were also gas welded to the fourth component in S (after folding) to form the fourth or top
tray.

Holes for water overflow, supply and condensate were drilled along the length of the bottom, second and third trays.

3.3  The Construction of the Castings/Collector Support
The solar collector and the stacked tray are enclosed both casing components were cut accordingly and nailed to form the
desired configuration.

3.4  The Cover Glazing
The required size of glass 900x500x3(mm) was cut and bought from the market.

3.5  The Solar Collector and Distillation Chamber Stands
These were constructed from lengths of 20mm square pipes

4.2 Discussion

From figure 3.1, it can be seen that the distillate yield increases as the various temperatures increases. This shows that
the more the sun radiation the more the production yield.

From figure 3.2, it can be noticed that the distillate yield was very low due to little solar intensity and also the various
temperatures of the absorber plate, glass, ambient and outlet fluid were also low.

From figure 3.3, it can be found that the distillate began to yield at 9:00hr from the first stage. But from figure 3.4, the
distillate started to yield at 12:00hr from the first stage, due to little sun radiation. The difference of three to four hours before
starting to yield was the period for water to get heated enough for evaporation to take place. This difference depends on the
visibility of the solar intensity.

Readings were also taken in the month of December and it was noticed that the various temperature and the production
yield were very low compared to the temperatures and yields of the month of June/July. This was due to the harmattan period
that affects the solar radiation.

In this report, the minimum yield from the still was 22ml per day on the 23" June, 2012 and the maximum yield of about
634ml per day was collected on 29" June, 2012.The yield however was quite less than expected. This was due to weather
fluctuations (cloud, rain and wind) and loss of heat from the distillation unit. But the performance would definitely improve
during summer (i.e. months of February through May)

5.0 Conclusion

A multistage solar still has been designed and constructed which is a two in one system. One part is the flat plate solar
collector that supplies heat energy and the other part is the distillation unit. Tests were carried out in order to evaluate the
performance of the still for one month.

It was observed that the collector efficiency used to be higher before it reached the maximum working temperature.
From were it declined. An average value of 56% was achieved against the theoretical value of 50%.

The average value of useful energy, Q, evaluated was 324.03 Watts which was supplied from the solar collector to the
distillation chamber.

However a minimum value of distillate yield recorded 22ml per day and maximum of 634ml per day out of the entire test
conducted. This is quite lower than expected. It is evidently connected with weather fluctuations during the experiment.

Finally, it is concluded that the still will perform better during summer, careful design of a very efficient solar energy
collector and also casing to prevent excessive heat loss. At least the model has performed and is quite applicable to Nigerian
climate.
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[ ]
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Fig. 2.1 Collector Thermal Network

Table 2.1: Results of the performance analysis of the collector

4.16 W/m*°C
U
Qi 83.48W
Fr 0.85
Oy 324.03W
e 0.56
T! 583.49k
T! 565.49k
P, 5123.048 Pa
AT? 16.5K
Ty 46°C
K 0.0279 W/m °C
M 1.93x10°N,/m*
p 1.107Kg/m*
! 2378.4x10° J/Kg
G, 2.0855 x 10°
451 x 10’
h 72.35 W/m*°C
M 2.52x1078kg/s
M1 9.07 x 10°Kg/ hr
Mg, 8.1648 x 10"* Kg / day
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