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Abstract-Thermal analysis of a concentrator assisted regenerative solar distillation unit in forced 
circulation mode is presented. The analysis is based on energy balance equations of the different 
components of the concentrator and solar distillation system. The theoretical performance of the 
concentrator coupled regenerative/non-regenerative solar still is compared with a collector coupled still 
in terms of thermal efficiency and daily yield. The optimum condition for higher yield from the proposed 
system has also been discussed analytically. It is concluded that the yield of the concentrator assisted 
regenerative solar still is much higher than any other passive/active regenerative or non-regenerative solar 
distillation system, and the overall thermal efficiency increases with an increase in the flow rate of the 
flowing cold water over the glass cover. 

Solar still Concentrator Forced circulation 

NOMENCLATURE 

A, = Aperture area of concentrator (m2) 
A, = Area of basin (m*) 
A, = Receiver area of concentrator (m*) 
b = Width of solar basin (m) 
C = Concentration ratio 

C, = Specific heat of water, C, = C,, = C, (J/kg “C) 
d, = Denth of flowinn water on alass surface of still (m) 

di = Depth of water m basin (mj 
. , 

dl = Inner diameter of cylindrical tube of receiver (m) 
d, = Outer diameter of cylindrical tube of receiver (m) 
F’ = Collector flow efficiency factor 

h = Heat transfer coefficient from flowing water to ambient air (W/m2 “C) 
h, = Bottom heat loss coefficient for solar still (W/m* “C) 

h, = Convective heat loss coefficient in solar still (W/m’ “C) 
h, = Evaporative heat loss coefficient in solar still (W/m* “C) 
h, = Heat transfer coefficient of receiver tube (W/m’ “C) 

h, = Radiative heat loss coefficient of still (W/m* “C) 
h, = (h, + h,, + h,) = Total heat transfer coefficient from water surface to glass cover (W/m* “C) 
h, = Convective and radiative heat transfer coefficient from glass cover of still to ambient air (W/m* “C) 
h; = Heat transfer coefficient from lower glass cover to flowing water (W/m* “C) 
hi = Heat transfer coefficient from flowing water to upper glass cover (W/m2 “C) 

I(t) = Solar radiation on glass cover of still (W/m*) 
K = Thermal conductivity of receiver tube of concentrator (W/m2 “C) 
L, = Length of receiver tube of concentrator (m) 
L = Length of still glass cover (m) 
/ = Latent heat of vapourization (J/kg) 

t& = Distillate output per unit time (kg/s) 
ti,,, = Flow rate of water mass in concentrator (kg/s) 
ti2,r = Mass flow rate of flowing water over glass (kg/s) 
M, = Mass of water in basin (kg) 
Pti = Partial pressure of saturated vapour at T, (N/m’) 
P, = Partial pressure of saturated vapour at Ts (N/mZ) 

tTo whom all correspondence should be addressed. 
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t = Time (s) 
T, = Ambient temperature (“C) 
Ts = Glass temperature of solar still (“C) 
T, = Water temperature in basin (“C) 
Tti = Glass temperature at I = 0°C 
r,, = Water temperature at t = 0°C 
u, = Overall heat loss factor of concentrator (w/m2 “C) 
US = Overall heat transfer coefficient from basin water to ambient through bottom/sides insulation (W/m* “C) 
u = Velocity of flowing water over glass cover (m/s) 
0 = Velocity of wind (m/s) 

Greek symbols 
car), = Fraction of energy absorbed by absorbing surface of concentrator 

(a7).R= Fraction of solar energy transferred to basin water 
n = Thermal efficiency 

INTRODUCTION 

Solar distillation is an attractive, cost-free energy process for saline/brackish water desalination, 
but its advantages are eclipsed by its low productivity. To increase the daily yield of the solar 
still, different designs are investigated by various authors, and the following methods are 
employed. 

Passive methods 
(a) Reducing thermal losses by insulating the sides and bottom of the still, 
(b) minimizing water and vapour leakage, 
(c) using efficient materials for the still’s black liner, 
(d) optimizing glass cover tilt angle and orientation angle, 
(e) using coal/charcoal in the basin water, 
(f) multi-effect distillation in a double basin solar still 

and 
(g) re-utilizing the latent heat of vapourization, known as the regenerative effect. 

Active methods 
(a) Feeding waste hot water in the basin (nocturnal heating) 

and 
(b) feeding hot water from the collector panels or the concentrator. 

Improving the design and/or operation parameters (passive methods) contributes to improvement 
in yield, but such improvements are not found appreciable enough to put solar distillation into wide 
commercial acceptance. However, active systems are considered to have such potential. The solar 
still, integrated with a collector panel is generally referred to as an active solar distillation system. 
Mainly, the water and glass temperature difference inside the solar still drives its yield. In an active 
distiller, this temperature difference is high. In turn, the latent heat of vapourization is also high. 
Therefore, the regenerative effect in an active distiller has dual advantages [l]. It utilizes the latent 
heat of vapourization as well as keeping the glass temperature low, thereby increasing the basin 
water and glass temperature difference, which contributes to increasing the yield. Theoretical and 
experimental validations of active solar stills are made by several authors, Rai and Tiwari [2] and 
Tiwari and Dhiman [3]. The performance of the collector assisted active solar still can further be 
improved by replacing the collector with a concentrator for the same aperture area. Its performance 
may be accounted in terms of the reduced heat loss in the concentrator [4,5]. 

In this communication, a thermal model for a regenerative solar still assisted by a solar 
concentrator is presented. The analysis, based on energy balance equations of the different 
components in the forced circulation mode, has been carried out in terms of design and climatic 
parameters. The theoretical performance of the concentrator assisted regenerative still is compared 
with the collector assisted regenerative still in terms of daily yield and overall thermal efficiency. 
The optimum condition for higher yield from the proposed system has also been discussed 
analytically. 
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Fig. I. Cross-sectional view of the proposed solar distillation system. 

WORKING PRINCIPLE OF THE PROPOSED SYSTEM 

A simple cross-sectional view of the proposed system is shown in Fig. 1. The double slope solar 
still is coupled with a non-tracking cylindrical parabolic concentrator (CPC) through an electric 
pump. The system operates in a forced circulation mode to avoid the inherent problems associated 
with a thermosyphon circulation mode. Therefore, in this system, there is no need to keep the solar 
still at a particular height. The cold water from the basin is fed by pump to the receiver tube of 
the concentrator, shown in the figure as Inlet. The receiver tube is made of cylindrical copper, 
painted flat black and surrounded by an evacuated glass cylindrical envelope. The hot water at the 
outlet of the receiver tube is fed into the basin of the still. One more advantage of this arrangement 
is that a heat exchanger can be used at the outlet in cold climatic regions, where freezing is a 
serious problem. Thus, the basin water of the still gets heated in the active mode. The operating 
temperature of the still becomes higher in the active mode, therefore higher yield is expected. 
At the same time, higher evaporation makes the glass cover hotter and, in turn, the temperature 
difference between the glass cover and the basin water is reduced and thus the output reduces. To 
decrease the glass temperature, cold water is made to flow over the glass cover. Heat is transferred 
from the glass to the flowing water which, in turn, keeps the temperature difference large. This 
arrangement of the flowing water is known as a regenerative system. 

THERMAL ANALYSIS 

The energy balance equations for the different components of the system are as follows: 

Solar still 

(i) Glass cover : 

(ii) Water mass: 
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where the first term is the rate of energy available to the solar still due to the solar intensity, 
0, is the rate of energy available due to the concentrator or collector connected to the still and 
& is the rate of energy available due to the regenerative effect. Similarly, the first term of the right 
side of the equation is the rate of energy stored in the water mass of the still, the last term is the 
loss to the ambient and 

h, = ~e,r + [(T,, + 273)4 - ( TBo + 273)4]/[ T. - T,] 

h,, = 0.884 r,, - Z’,, + (“;6; E ;>_-273)]“3 
Wu 

(iii) Flowing water over the glass cover: 

dT,, h;(T, - T,,)b dx = P+J,&~ dx + h’(T,,- T,)b dx 

where, h’ = [l/h, + L/K + l/h;]-‘. 
Now, using equations (1) and (3) one gets, 

where, 

T wf = b(1 - e-““)(h’T, + h,, T,)/(liz,C,,H) + Tti e-“’ 

H = b(h’ + h,,)/%&, h,, = h;h,/(h; + h,) 

Twmlx=L = W-W + hl T&1 - e-“‘1 + T 

%vf G, H 
e_HL 

wti . 

Therefore, 

T  =WTa+W’w 
wf ~~fC,fH [ 1 -=I+ Tti!$. 

Thus, the rate of energy available from the regenerative effect, &,, is 

Quf = tiWfC,,,,(TW, - Tti) = tiwfCwf(l - e-“) b[h2 g ‘iTwl - Tti . 
wf wf 

(3) 

(4) 

(5) 

(6) 

Concentrator 
The useful energy of a compound parabolic solar concentrator in terms of water and ambient 

temperatures, Duffie and Beckman [6], is given by, 

Thus, using equations (7) and (8), equation (2) becomes, 

(@~hZ(f)& + FR-k((a~),Z(t) - 4 U,(T, - T,)} + tiWfCWf(l -e-“) 

X W’Ta+h,,Tw) _T  

%,‘%H 
wti 

=M c dT,v 
w w dt + UT’ - KM,. (9) 

Re-arranging the above equation, one gets the differential equation of first order, 

dT, 
dt + UT, =f(r) (10) 
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where, 
C = AJA,, A,= donLr, FR = F’F”, 

F”=fi,.,C,{l -exp(-A,U,F’/ti,C,)}/(A,U,F’) and 

uo = [l/U, + do/h,di + do ln(d,,/di)/2K]-’ 

0 = {F,A,u, + usA, - bh,,(l - e-““)/H}/(M,C,). 

Using boundary conditions and the following assumptions: (a) the time interval is taken very small; 
(b) for a given time interval, the variations in solar intensity Z(t) and ambient temperature T, are 
linear; and (c)f(t) can be considered constant for the same time interval. The approximate solution 
of equation (10) is, 

T 
w 
=f(t)(, _-e-Q’)+ T e-“’ 

ti . a (11) 

One can easily get the expression for the glass temperature Tg using equation (11) in equation (1). 

THERMAL EFFICIENCY 

The overall thermal efficiency of the system under the active mode of operation can be calculated 
as, 

ti,e x 3600 
’ = (A, + A,,)Z(t) ’ loo 

L’ = latent heat of vapourization = 2.5 x lo6 J/kg 
riz, = hourly yield. 

(12) 

NUMERICAL RESULTS AND DISCUSSION 

Numerical values of the different parameters of the solar still and concentrator are given in 
Table 1. The solar intensity Z(t) and the ambient air temperature T,, used for the thermal analysis 
of the passive, collector assisted and concentrator assisted stills are given in Table 2. The hourly 
variation of the water and glass temperatures of the basin in both the cases of passive and 
concentrator assisted stills are given in Fig. 2. It is observed that, for a small increase in aperture 
area of 0.416 m* of the concentrator, the operating temperature significantly increases. As the 
evaporative heat transfer coefficient is very sensitive to the operating temperature, it increases 
significantly due to the higher operating temperature in the active mode (Fig. 3). The performance 
of the still is considered in terms of output obtained per day, and the yield is a strong function 
of the evaporative heat transfer coefficient. The daily yield per m* of still area in different modes of 
operation is shown with varying water depth of the basin in the bar diagram (Fig. 4). The 
concentrator aperture area and collector area are kept the same for the comparative evaluation. 

Table 1. Numerical values of design parameters 

Heat transfer 
coefficient Solar still Concentrator 

h = 41.0 A,= I.0 A, = 0.086 
h, = 0.74 L = 1.0 L, = 0.5 
h, = 300.0 d, = 0.02-o. 1 d, = 0.05 
h; = 100.0 L, = 0.004 do = 0.055 
h, = 24.7 b = 1.0 ?izw = 0.05 
h: = 70.0 C = 1.81-8.2 

Others 

c,=4190 
v = 5.0 
df = 0.005 
II = 0.01 
K = 24.0 
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Table 2. Solar intensity and ambient temperature 

Solar intensity Ambient temperature 
Time of day (W/m2 ) T, (“C) 

0700 h 80 13.0 
0800 h 340 15.0 
0900 h 600 20.0 
1000 h 780 21.5 
IlOOh 880 23.0 
1200 h 950 25./o 
1300 h 950 25.0 
1400 h 800 25.0 
1500h 540 25.0 
1600 h 300 25.0 
1700h 80 24.0 
1800h 10 23.0 

- Water temperature (passive) 
_ - - Glass temperature (passive) 

- - -. Water temperature (concentrator coupled still) 
..*.-.* Glass temperature (concentrator coupled still) 

I I I I I I 
4 8 12 16 20 24 

Time (h) 

Fig. 2. Hourly variation of water and glass temperature. 

- Passive still 
- - - Concentrator coupled 

01 I I I I I I 
4 8 12 16 20 24 

Time (h) 

Fig. 3. Hourly variation of evaporative heat transfer coefficient. 
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Fig. 4. Variation of daily yield with water depth of still. 

70 r a Passive regenerative still 
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Fig. 5. Variation of thermal efficiency with water depth in different modes. 

It is observed that the concentrator coupled still gives the maximum yield at all depths of the basin 
water. The overall thermal efficiency of the solar still depends upon the yield [equation (12)]. For the 
passive regenerative still, concentrator assisted regenerative still and collector assisted regenerative 
still, the thermal efficiency is shown as a bar diagram in Fig. 5. From this figure, it is observed 
that the overall thermal efficiency of the passive regenerative solar still is the maximum at all water 
depths, as expected. The concentrator assisted regenerative solar still has a much higher thermal 
efficiency than the collector assisted regenerative still at all water depths. It can be inferred that 
there is less thermal loss in the concentrator as compared to the collector panel. It is observed that 
an increase in the flow rate of flowing cold water over the glass cover also increases the overall 
thermal efficiency, followed by a significant increase in its yield. This is a direct consequence of 
the increase in water and glass temperature difference. 
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