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Abstract 

In this communication an attempt has been made to develop the convective mass transfer relation for a double- 
condensing chamber solar still (DCS) and a single-sloped conventional solar still (CSS) for different operating 
temperature ranges. Rigorous experimentations were carried out, on both the DCS and CSS during 1996-97. The 
experimental data have been used to discover C and n in Nu = C (Gr.Pr)" by applying linear regression analysis. Based 
on the results, it is inferred that (1) the order of C and n are the same as proposed by Dunkle [1] for low operating 
temperature ranges and (2) the value of C and n changes for operating temperatures other than Dunkle's. 
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1. Introduction 

The heat transfer in solar distillation is basic- 
ally classified as external and internal heat losses. 
The internal heat losses are mainly govemed by 
radiation, convection and evaporation. In fact, 
evaporation and convection losses are coupled 
together. It is noted from the literature that various 
researchers have analyzed the effect of  internal 
heat and mass transfer on the performance of solar 
stills. It can be predicted by using expression 

Nu = (hcw *cO/ R = C(Gr.Pr)" 
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(1) 

On the basis of  experimental data, Dunkle[1], 
found the values of coefficients C and n as C= 
0.075 and n = 1/3 with following limitations: 
• it is only valid for a mean operating tempera- 

ture range of 120°F (-50°C) and an equivalent 
temperature difference of  30 °F 

• it is independent of cavity volume, i.e., the 
average distance between the condensing and 
evaporating surfaces, and 
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• it holds good for heat flow upwards in hori- 
zontally enclosed air space. 

Hence it is required to examine the validity of 
the above-mentioned relationship with and without 
the above limitations. Several scientists have made 
attempts in the above by conducting experiments 
in various modes. After performing experiments 
under similar conditions, Clark [2] found that 
efficiency and temperatures of both the models 
matched only when the Dunkle's constant, relating 
the evaporative mass flux to the modified 
convective heat transfer coefficient, is halved. This 
is based on the assumption that the energy 
involved in evaporation is exhausted in 
condensation. This is normally not the case in the 
real operation of solar distillation systems. 
Adhikari et. al. [3] also modified the values of 
these coefficients under simulated conditions. 
Further, Kumar and Tiwari [4] developed a new 
thermal model (for outdoor conditions) based on 
linear regression analysis and found that there is a 
strong need to develop a convective mass transfer 
relation without the above-mentioned limitations. 

In this paper the convective mass transfer 
relation for a DCS still (Fig. 1) and a CSS (Fig. 2) 
has been studied in detail by using the model 
developed by Kumar and Tiwari [4]. The 
convected mass transfer has been predicted on the 
basis of rigorous experimental data taken during 
1996-1997. It was observed that coefficients C 
and n are of the same order as suggested by 
Dunkle [1] when they were evaluated, by taking 
into account limitations reported by him. Under 
other conditions, these coefficients change. 

2. Experimental observations 

To develop the convective mass transfer 
relation for a DCS and a CSS, experiments were 
performed on clear days throughout the year under 
similar climatic conditions by placing them 
together in the open. The details of the DCS has 
been given by Tiwari et al. [5]. The data, namely 
the evaporating surface temperature (Tw), condens- 
ing surface temperature (Tg) and the distillate 
output (M~) required for the analysis were 
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Malik et al. [6] have given the expression for mass 
transfer phenomenon by assuming water vapour to 
obey a perfect gas equation as 

Q~,, : O.O163hc~(P~-Pg) (3) 

Drainage Blackened basia liner 

Fig. 2. Cross sectional view of a conventional solar still. 

recorded. For clear days observations were taken 
during sunshine hours, and for a few days 24h 
readings were also taken. This helped to analyze 
the effect of the number of observations taken on 
the mass transfer relation. Hourly distillate output 
and average values of temperatures were used for 
calculating coefficients C and n. While performing 
the experiment, care was taken to collect data for 
all possible operating temperature ranges. The 
hourly observations of various temperatures and 
outputs obtained during experimentation were 
classified in the following operating temperature 
ranges: 
Case (I) 24-55 °C 

(Dunkle's operating temperature range) 

Case (II) 24--42 °C 
(Lower operating temperature range) 

Dunkle [ 1 ] and Sharpley and Boelter [7] found that 
for convective heat transfer by humid air with 
simultaneous mass transfer of a fluid of lower 
molecular weight (i.e., water vapour), the Grashof 
number has to be modified to 

d 3 
Gr' - p2 g [3 AT' (4) 

~t 2 

where 

AT' : ( T - T )  + ( P w - P g ) ( T + 2 7 3 )  
(5) 

Eq. (2) with the help of Eqs. (1) and (3) can be 
written as follows: 

m = 0.0163 

(6) 

Case (III) 55-75°C 
(Higher operating temperature range) 

The typical data for each case are given in 
Tables 1-3. 

3. Analysis for convective mass transfer 

To develop the convective mass transfer 
relationship for solar stills, regression analysis was 
used. In the development of the model, the output 

Further, the above equation can be rewritten as: 

m C(Ra)n (7) 
R 

where 

Ra = ( Gr'. Pr) 



184 S. Aggarwal, G.N. Tiwari / Desalination 115 (1998) 181-188 

me, Gr' and Pr depend upon various hourly 
temperatures and yields and can be taken from 
Tables 1-3 for evaluation of C and n by using 
linear regression analysis. Toyama et al. [8] gave 
the standard equations for calculating physical 
properties of  humid air. These are required in 
calculating the Gr' and Pr numbers. The expres- 
sions of  the parameters used in above equations 
are given in the Appendix. 

4. Results and discussions 

Software was developed using PASCAL, and 
the values of  C and n are found using linear 
regression analysis as proposed by Kumar and 
Tiwari [4]. The results of C and n for months of 
the year (1996--97) are given in Table 4. 

The hourly variations of  various temperatures 
and new values of  C and n (Tables 1-4) have been 
used to evaluate the output for each cases and are 
shown in Figs. 3-5. The output was also calculated 
for the values of C and n proposed by Dunkle [1]. 
The experimental results have also been given in 
the same figures for comparison purposes. It is 
inferred that there is a fair agreement between 
theoretical and experimental results for both the 
models for case (I) in a CSS. Further, it is 
important to mention that the value of  C= 0.075 
and n = 1/3 as given by Dunkle is only validated for 
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Fig. 3. Hourly variations of experimental and distillate 
outputs using proposed and Dunkle's model for case (I). 

case (I). This is due to the fact that this condition 
satisfies most of  the Dunkle limitations. 

Fig. 4 shows the results for case (II) having an 
operating temperature range of 24-41 °C. In this 
case the results have been computed for both 
models. It is clear that there is better matching 
between the theoretical and experimental with new 
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Fig. 4. Hourly variations of experimental and distillate 
outputs using the proposed and Dunkle model for 
case (II). 
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Fig. 5, Hourly variations of experimental and distillate 
outputs using the proposed and Dunkle model for 
Case III. 
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Table 1 
Hourly variations of  temperatures and output for the operating temperature range of  case (I) 

185 

S no. Evaporating surface Condensing surface 
surface temp., °C temp., °C 

Exp. output 
(kg/m2.h) 

Dunkle's model Proposed model 

Output Deviation, % Output 
(kg/m2.h) (kg/m2.h) 

Deviation, % 

1 23.6 21.63 0.012 0.009 25 0.0092 

2 33.6 27.5 0.071 0.064 9.85 0.063 
3 39.9 31.3 0.14 0.131 6.42 0.13 
4 44.7 34 0.248 0.213 14.11 0.211 

5 47.7 36 0.307 0.273 11.01 0.27 

6 50.6 39 0.315 0.312 0.95 0.309 
7 51 40.3 0.3 0.292 2.66 0.289 

8 49 39.2 0.242 0.24 0.826 0.237 

9 44.5 36.5 0.17 0.152 10.5 0.151 
10 41.1 32.5 0.125 0.139 -11.2 0.138 
11 38.7 32.3 0.085 0.0876 3.05 0.087 

12 35.7 29.8 0.065 0.068 4.61 0.0675 
13 33.1 27.1 0.052 0.061 -17.3 0.0602 

14 31.4 25.2 0.041 0.058 -41.4 0.0573 
15 29.9 24.9 0.03 0.041 36.6 0.041 
16 28 23.8 0.026 0.030 -15.3 0.0299 

17 27 23.4 0.023 0.024 - 4.34 0.0235 
18 26 23.2 0.021 0.016 23.8 0.016 

23.2 
11.26 
7.74 

14.9 

12.05 

1.904 
3.66 

2.06 
11.17 

-10.4 

- 2.35 
- 3.85 
-15.76 

-39.7 
-36.6 
-15 

- 2.17 
23.8 

Table 2 
Hourly variations of  temperatures and output for the operating temperature range of  case (II) 

S Evaporating surface Condensing surface Exp. output 
no. surface temp., °C temp., °C (kg/m2.h) 

Dunkle's model Proposed model 

Output Deviation, % Output 
(kg/m 2.h) (kg/m2.h) 

Deviation, % 

1 24 20.0 0.02 

2 27.9 22.1 0.045 
3 35.9 27 0.106 
4 39.9 29 0.159 
5 40.5 30.2 0.148 
6 38.2 28.2 0.131 
7 34.2 23.9 0.11 

0.0228 -14 0.0211 

0.0445 1.11 0.0413 
0.111 4.7 0.1033 
0.1705 - 7.23 0.1588 
0.1653 -11.63 0.1539 
0.1423 - 8.62 0.1324 
0.1195 - 8.63 0.111 

-5 

8.2 
2.54 
0.63 

-3.37 
-0.76 
-0.9 
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Table 3 

Hourly variations of temperatures and output for the operating temperature range of case (III) 

S no. Evaporating surface Condensing surface 
surface temp., °C temp., °C 

Exp. output Dunkle's model Proposed model 
(kg/m2.h) 

Output Deviation, % Output Deviation, % 
(kg/m2.h) (kg/m2.h) 

1 49.5 48 0.022 0.0253 - 13.6 0.022 0.1 
2 61.6 58.7 0.09 0.1 - 11.1 0.084 6.66 
3 70.8 66.8 0.144 0.185 -28.4 0.151 - 4.86 
4 74.3 70.1 0.186 0.228 -22.5 0.186 0 
5 75.5 71.2 0.218 0.252 - 15.6 0.205 5.96 
6 73.9 69.9 0.166 0.211 -27.1 0.172 - 3.6 
7 68.9 65.6 0.15 0.167 -11.33 0.139 7.3 
8 64.1 61.1 0.09 0.1 -11.11 0.12 -33.3 

Table 4 
Values of C and n for all operating temperature ranges attained during experimentation for d = 0.155 m 

Month Conventional solar still Double-condensing chamber solar still 

Tm~, C n Max value Case Tm~, C n Max value Case 
°C of Gr °C of Gr 

April/ 66 0.I1 0.3071 6.32x I06 III 69 0.1098 0.3049 744×106 III 

May 

June/ 61 0.1 0.3076 III 71 0.1135 0.2953 III 
July 

August/ 55 0.08 0.3322 5.5x106 I 75 0.1265 0.284 3.66x106 III 

Sept. 

Oct./ 51 0.08 0.3311 7.11x106 I 65 0.1076 0.3072 3.13x106 III 

Nov. 

Dec./ 41 0.07 0.3369 6.56x106 II 52 0.0774 0.3348 3.48x106 =I 

Jan. 

7.59x106 3.28x106 

values o f  C and n. This indicates the necessity for 
evaluating C and n for conditions other than 
Dunkle ' s  limitations. The results for a higher 
operating temperature range [case (III)] are shown 
in Fig. 5. In this case also the values o f  C and n are 
different due to a higher operating temperature 

range and hence better agreement  between 
theoretical and experimental  results for the pro- 
posed model. 

Values o f  C and n for both CSS and DCS for 
different months have been summar ized  in 
Table 4. Table 4 also shows the m a x i m u m  water 



S. Aggarwal, G.N. Tiwari / Desalination 115 (1998) 181-188 187 

temperature belonging to different cases. It is very 
clear from this table that the values of C and n for 
case (I) are very close to the values of C and n 
proposed by Dunkle in comparison to cases (II) 
and (III). From Tables 2 and 3 it is clear that the 
percentage deviation in output for the case of 
Dunkle's model is much more than the proposed 
model for cases (II) and (III), while for case (I) 
(Table 1) the deviation is almost the same. The 
temperature ranges of cases (I) and (II) for the CSS 
and case (II) for the DCS belong to the winter 
conditions of Delhi. Case (III) for both the stills 
belongs to monthly summer conditions having 
significantly different values of C and n than other 
cases. This proves that the values of C and n as 
proposed by Dunkle should not be used without 
confirming its validity. 

It is important to note that the values of  C and 
n can also be found with fewer observations (a 
minimum of  two observations is required). 
However, the possibility of error is increased in 
depicting the values when the number of 
observations are decreased. This is due to the fact 
that for fewer observations, the values of C and n 
become sensitive to the experimental uncertainty. 
Following Tiwari et al. [5], the experimental 
uncertainties involved in output, water and the 
glass cover temperature of both DCS and CSS are 
16.3%, 4.8%, 4.54% and 17.7%, 6.36% and 
5.19%, respectively. Hence, to counteract the 
effect of  experimental uncertainty and to reduce 
error to minimum, more observations should be 
considered for the analysis. 

k 

L 

me 
n 

Nu 

Pw 

Pr 

R 

Ra 

AT' 

- -  Convoctive heat transfer coefficient 
from water surface to glass cover, 
Wm-2K q 

- -  Thermal conductivity of humid air, 
Wm-lK-~ 

- -  Latent heat of  humid air, J kg -I 
- -  Mass of distillate, kg m-2h -1 
- -  Constant used in eq. Nu = C(Gr.Pr) ~ 
- -  Nusselt number 
- -  Saturated vapor pressure of  water at 

Tg, N m  -t 
- -  Saturated vapor pressure of  water at 

Tw, N m  q 
- -  Prandtl number 
- -  Convective heat transfer rate from 

water surface to glass cover, W m -2 
- -  Assumed parameter 
- -  Rayleigh number 
- -  Glass cover temperature, °C 
- -  Average of water and glass tempera- 

ture, °C 
- -  Water temperature, °C 
- -  Effective temperature difference, °C 

Greek letters 

g 

P 

- -  Coefficient of  volumetric thermal 
expansion, K- 

- - D y n a m i c  viscosity of humid air, 
N.Sm -2 

- -  Density of humid air, kg m -3 

R e f e r e n c e s  

5 .  S y m b o l s  

C 

d 

g 
Gr 

Constant used in eq. Nu= C(Gr.Pr) ~ 

Specific heat capacity of humid air 
(Jkg -x K -~) 
Average spacing between water and 
glass surface, m 
Acceleration due to gravity, m/s 2 
Grashof number 
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Other expressions: 

25 .317-5144)  
P =exp T-~ +-27-3 . -~  ) 

A p p e n d i x  

Physical properties of  humid air as a function 
of  temperature: 

Cp = 999.2 + 0.1343 T~+ 1.01 * 10-4 T 7 -  6.758 

* 10-8 T~ 

k = 0.0244 +0.7673 * 10 -4 

g = 1.718" 10 - 5 + 4 . 6 2 .  10 -8 T, 

p = 353.44/(Ti+273.15) 

[3 = 1/(T,+273.15) 

where 

25.317-5144) 
Pg -- exp T +273.15 

Pr - ~t Cp 
k 

h *d 
N _ CW 

k 

L 

L 

= 2.4934 x 106(1-9.478 x 10-4Tw + 1.3132 
x 10-7Tw - 4.7974 x 10-9Tw -3 ) 
for T~ _ 70°C 

= 3 .1615 * 1 0 6 ( 1 - 7 . 6 1 6 6  * 10-4Tw) 

for Tw > 70°C 


