
hp/L  = pressure drop per unit length, 
Ib.,,,/cu. ft. .-, 

= total heat flux across an inter- 
face, B.t.u./hr. sq.ft. 

= heat flux to felt through liquid 
transport, B.t.u./hr. sq.ft. 

= heat flux to felt through vapor 
transport, B.t.u./hr. sq.ft. 

= dimensionless heat flux be- 
tween sheet and felt, dimen- 
sionless 

= dimensionless heat flux be- 
tween felt and air, dimension- 
less 

= dimensionless heat flux be- 
tween surface and sheet, di- 
mensionless 

= heat flux, B.t.u./hr. sq.ft. 
= Nusselt modulus based on h, 

dimensionless 
= Nusselt modulus based on h, 

and sheet properties, dimen- 
s i o n 1 e s s 

= Nusselt modulus based on h, 
and felt properties, dimension- 
less 

= NusseIt modulus based on h4, 
dimensionless 

= relative distance in sheet from 
cylinder, dimensionless 

= perimeter of capillary, ft. 
= temperature, OR. 

= base temperature on an abso- 
lute scale, O R .  

= initial temperature, OR. 
= cylinder surface temperature, 

= temperature in the sheet at 
O R .  

the nth level, O R .  

= temperature in the felt at the 

= air temperature, OR. 
= initial average felt tempera- 

ture, OR. 
= final average felt temperature, 

O R .  

= initial average sheet temper- 
ature, O R .  

= average temperature at which 
liquid is transferred to the 
felt, OR. 

of liquid in 

nth level, O R .  

= average veloci 

= velocity of sheet, ft./hr. 
= H(dH)/(de), sq.ft./hr. 
= thickness of sheet, ft. 
= distance through thickness of 

= distance across width of sheet, 

= distance along length of sheet, 

a capillary, ft./ x r. 

sheet, ft. 

ft. 

ft. 

+ 
p = viscosity, lb.,/hr.-ft. 
p = density, lb.,/cu.ft. 
5 = Stefan-Boltzmann constant, 

B. t.u./hr.-sq.ft.- 
T~ = Fourier modulus based on felt 

properties, dimensionless 
T~ = Fourier modulus based on 

sheet properties, dimension- 
less 

= angle of inclination of capil- 
lary to the horizontal, radians 

Su bscriptr 
f = property of felt 
s = property of sheet 
x 
y 
z 

= property in the x direction 
= property in the y direction 
= property in the z direction 
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tnergy Balances in Solar Distillers 
G. 0. G. LOF, J.  A. EIBLING, and J. W. BLOEMER 

Bettelle Memorial Institute, Columbus, Ohio 

There has been considerable doubt as to the manner in which the productivity of solar stills is 
affected by many of the designs and operating variables. T o  assist in  designing solar stills of 
improved performance, theoretical equations are derived to describe the complete energy and 
mass transfer relationships involved in the operation of the basin type of solar still. These are 
supplemented with data from field operation of a 2,500-sq. ft. still. W i t h  these relationships and 
the aid of a digital computer, the effects of variations of design parameters on the performance of 
solar stills i s  predicted. Distiller productivity is correlated with atmocpheric temperature, wind 
velocity, solar radiation, absorptivity and slope of transparent cover, and other variables. Curves 
showing the magnitude of the effects of design changes on cover temperature, brine temperature, 
and productivity are presented. 

Although superficially a simple pro- plex set of operations comprising radi- though the first practical solar distil- 
cess the production of fresh water ant and convective heat transfer, lation unit was built almost 90 yr. 
from sea water by solar distillation in thermal conduction, vapor diffusion, ago (Z), a complete quantitative 
basin types of distillers involves a com- evaporation and condensation, and evaluation of these energy and mass 

other phenomena all taking place in- transfer relationships has never been 
ver, G. Colorado. 0. G. Lof is a consu’lting engineer in Den- side one piece of equipment. Even reported. The designing of this first 
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plant and of the recent pilot plants in 
this country and abroad was largely 
empirical. In the evaluation of the 
performance of these units correlation 
of productivity with other variables 
has been attempted, but the numerous 
uncontrollable conditions, such as 
solar radiation, atmospheric tempera- 
ture, and wind velocity have com- 
plicated the analysis. Design param- 
eters such as distiller shape, water 
depth, type of covering material, and 
so on have not been evaluated quanti- 
tatively because of the inability to 
make design changes in existing units. 

In the approach to the problem 
discussed here complete energy and 
mass transfer relationships were formu- 
lated. The use of a computer made it 
possible, through the substitution of 
wide ranges of atmospheric design and 
operating variables, to determine the 
theoretical performance of basin types 
of distillers as affected by each of the 
variables. Information about these 
significant relationships can be used 
in evaluating the desirability of making 
specific changes in the design and 
operation of distillers. However the 
numerical values of certain parameters 
in the energy-balance equations could 
not be ascertained through computer 
simulation. Needed empirical data 
were obtained at the well-instrumented 
pilot plant at Daytona Beach, Florida. 
Detailed energy-balance measurements 
over three ranges of solar radiation in- 
tensity yielded information against 
which the theoretical performance 
could be checked and by which the 
specific effects of atmospheric variables 
could be observed. 

Solar distillation equipment and the 
manner of its operation have been 
amply described in the literature (5 ,  
9) .  Therefore only the general prin- 
ciple will be repeated here. Two ap- 
plications of the principle will be de- 
scribed. 

Figure 1 shows a pond of saline 
water about 1 ft .  deep. The basin is 
lined with an impervious material, 
such as asphalt, and is provided with 
concrete side walls and partition walls 
which subdivide it into long narrow 
sections. Plates of ordinary window 
glass are supported by the partition 
walls and ridge beams at an angle of 
about 15 deg. with the horizontal. 
These are arranged so that condensa- 
tion on the glass plates may drain into 
small troughs supported by the parti- 
tion walls. The solar radiation incident 
on the black bottom of the pond heats 
the saline water in the basin, and 
vaporization into the enclosed air space 
takes place. The mixture of air and 
water vapor circulates inside the en- 
closure, coming into contact with the 
cooler glass covers on which the vapor 
condenses. The heat of condensation 

is dissipated to the atmosphere by con- 
vection and radiation. Condensate col- 
lects in the troughs and drains to 
storage, while the unevaporated brine 
is discharged to waste. Water is main- 
tained at a coilstant leveI in the basin 
through controlled addition of sea 
water. 

Figure 2 shows another form of this 
type of distiller in which the depth of 
the water in the basin is only an inch 
or two. Instead of the structurally sup- 
ported glass cover there is an air-sup- 
ported transparent plastic film. How- 
ever the principle of operation is the 
same as that of the glass-covered still. 

The advantage in the solar distilla- 
tion process is the extremely low oper- 
ating cost, primarily because purchase 
of energy is not required. However 
the low-energy intensity of sunlight 
compared with that of conventional 
energy sources makes necessary large 
areas for heat and mass transfer. The 
maximum solar energy heat transfer 
rates of 300 B.t.u./(hr.) (sq. ft.) 
seem extremely small when compared 
with the rates of perhaps 25,000 B.t.u./ 
(hr.) (sq. ft.) in good heat transfer 
equipment with which the engineer is 
familiar. I t  is therefore necessary to 
take every possible step to minimize 
the cost of the solar still installation. 
For the same reason maximum pro- 
ductivity is essential. Current engi- 
neering effort and pilot-plant develop- 
ments are minimizing installation costs. 
Analyses of the type presented in this 
discussion should lead to improve- 
ments in productivity. 

SOLAR DISTILLATION THEORY 

The complexity of the energy trans- 
fer relationships in a basin type of 
solar still is illustrated in Figure 3. As 
shown, part of the direct and dBuse 
solar radiation reaching the still is 
reflected or absorbed by the cover. 
Part of it is reflected from water sur- 
face and basin bottom. Also part of it 
is absorbed in the water itself. The 
rest is absorbed on the basin bottom. 
Most of the radiation incident on the 
basin bottom is absorbed by the saline 
water; a small portion is lost by con- 
duction to the ground. The heated 
saline water then loses energy by sev- 
eral processes. Radiation from the 
water surface is either absorbed or 
transmitted by the cover, depending 
upon the properties of the cover. Glass 
for example is opaque to long wave 
radiation and completely absorbs that 
emitted from the water surface. Energy 
is also transferred from water to cover 
by convection through air and by 
alternate vaporization and condensa- 
tion of water. I t  is this last energy 
transfer, the latent heat of the water 
vapor transferred from the basin to 

the cover, which is useful in the sys- 
tem. 

The energy which is transferred to 
the cover is conducted through it and 
is dissipated to the atmosphere by 
radiation and convection. There may 
also be some sensible heat supplied to 
the still in the feed water and some 
sensible heat lost in the condensate 
and brine. Any leakage of vapor or 
liquid from the distilIer involves addi- 
tional thermal loss. Finally, since solar 
radiation intensity and other factors 
are continually changing, there is an 
increase or decrease in the enthalpy 
of the distiller and its contents. 

The energy transfer rate relation- 
ships described above may be fully 
represented by a complete energy bal- 
ance on the entire distillation unit: 

1, = Io%r + ( M A , )  [h,(t, - t.) + 
0.173 X 10" (T,4 - Ts4) E , ]  + 

(At/Ap) [ho(t,t-tt,) + 
0.173 x 1 0 - * ( ~ ~ , ~  - T ~ ? ) G I  + 
DNd,t, B H B , ~ ,  + L b H b , f a '  + 

L ~ H I , ~ ;  + LuHw.t,' + LaCp,(tv' - t a )  - 

( D  + B + Lb + La + L o )  H s w . ~ ,  + 
(m) (t,  - tO7) + (&/Ap) 

[0.173 xlO-*(TW4- T.4) eW Tr,] + 
(A*,$t/An) [0.173 X 10-s((T",.,c - T4#) 

E s t  T T ~ ]  + a8 H J A ,  ( 1) 

The only assumptions on which this 
equation rests are that there are no 
temperature gradients in the cover 
and that there are no temperature 
gradients in the basin. The former is 
justified because of the low thermal 
flux and the thin cover material; the 
Iatter is justified because of the over- 
all design and operating uniformity. 

If it is assumed that temperature 
drop through the condensate film is 
negligible and that the portion of the 
hemispherical radiation from the cover 
which is intercepted by other parts of 
the cover is negligible, the following 
energy balance around the cover can 
be written: 

( A J A , )  [h,(t, - t .)+ 0.173 X lo-" 
( ~ , 4  - ~ ~ 4 ) 4  = h,(t, - ~JAJA,) + 
(A*, / A p )  C0.173 X (Tw,4 - Td) X 
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The above relationship equates the 
rate of heat dissipation from the cover 
to the atmosphere by convection and 
radiation to the energy the cover re- 
ceives by air convection inside the 
distiller, thermal radiation from the 
water surface, absorption of direct and 
reflected solar radiation in the cover 
material, latent heat of condensation 
of water vapor, thermal conduction, 
convection, and radiation from inter- 
nal structures on which the cover rests. 
The absorption of radiation by the 
water vapor in the air inside the still 
is small and can be neglected. 

A third equation can be written for 
the evaporation rate in the distillation 
unit: 

In this equation the first two factors 
represent the total condensation rate 
on the cover. When multiplied by heat 
capacity, air temperature rise, and 
ratio of air circulated to water con- 
densed the left side of the equation 
represents the heat transfer rate by 
means of circulating air. This is set 
equal to an equivalent term involving 
the internal convection coefficient. 

If appropriate design and perform- 
ance data are used (or if hypothetical 
values are chosen), these three equa- 
tions can be employed in appraising 
the specific effect on performance of 
each variable. In this analysis informa- 
tion concerning pilot-plant perform- 
ance was employed, both as a guide 
in making simplifying assumptions 
and as a means for evaluating certain 
constants and ranges of variables. The 
following section contains a summary 
of the experimental design and test 
data. 

EXPERIMENTAL E V A L U A T I O N  OF 
A BASIN TYPE OF SOLAR STILL 

Design and Long-Term Performance 
A deep-basin solar still of a design com- 

parable to that described by the preceding 
theoretical equations was built in 1958 at 
the Solar Distillation Research Station at 

Fig. 1. Cross section of glass-covered deep- 
basin solar still. 

Daytona Beach, Florida, which is being 
operated by the Battelle Memorial Institute 
for the Office of Saline Water ( I ) .  The 
unit has been in operation approximately 
16 mo. during which time extensive data on 
distillate production and on energy and 
mass balances have been acquired. Figure 
1 shows the general features of this installa- 
tion. 

The still, which is approximately 55 ft. 
sq. provides 2,450 sq. ft. of basin area. The 
cover consists of 4-ft.-sq. window-glass 
panels sloped at an angle of 15 deg. The 
upper edges of the glass panels rest on 
timber beams supported by concrete block 
pillars. The basin of the still was made 
watertight by placing 35 in. thick pre- 
fabricated asphalt mats directly on the 
soil and on the inside surfaces of the still 
walls. Foam-glass insulation was placed 
around the perimeter walls so that the 
edge heat losses would be small and there- 
fore comparable to the losses of much 
larger stills. 

Figure 4 shows the average monthly 
productivity of the still at various solar 
radiation intensities, as obtained in 16 mo. 
operation of the unit. The average depth 
of water in the basin during the time the 
data were obtained was about 6 in. The 
nearly linear relationship implies that the 
rate of distillate production is dependent 
primarily on the amount of solar radiation. 

Thermol 
radiotion 

However, as is shown subsequently, there 
are major short-duration influences due to 
ambient air temperature and wind velocity 
which disappear when long-term averages 
are used in the calculation and when there 
is considerable heat storage in the basin 
water. 

Distribution of Energy 

Several complete energy and mass 
balances have been conducted on the deep- 
basin still. The runs usually covered a 3- 
day period, during which measurements of 
flow rates and temperatures were obtained 
in great detail. From such balances it is 
possible to locate losses in the still, to ap- 
praise their relative importance, and to 
gain insight as to the improvements that 
might be made in still design. 

Table 1 shows the results of three energy 
and mass balances conducted on the deep- 
basin still. These particular examples were 
selected to show the effects of widely 
different solar radiation intensities. As 
shown, about 25 to 40% of the available 
solar energy was utilized to produce 
distillate. The largest single loss was 
thermal radiation from the basin water to 
the still cover. The loss decreased from 
36% at the lowest solar radiation intensity 
to about 17% at the highest intensity. 
Simultaneously the over-all thermal 
efficiency increased from 24.5 to 40.5%. 
These figures emphasize the important 
effect of this loss on still performance and 
show the main reason for the trend, 
usually noted in solar stills, of thermal 
efficiency increase with solar radiation 
increase. Of particular interest is the rela- 
tively low magnitude of the heat loss to 
the ground from the uninsulated large 
basin. The indicated loss by internal con- 
vection does not appear excessive, but 
90% saturation was assumed in the calcu- 
lation. The subsequent theoretical analyses 
of these data indicated considerably lower 
vapor-to-air ratios prevailed. Hence the 
convection losses are also of major im- 
portance. possibly much of the energy 
which is not accounted for in Table 1 is 
actually additional convection loss. 

C O M P U T A T I O N  OF RESULTS 

The three rigorous equations previ- 
ously developed contain numerous de- 

Reflected 
from woteri 

from bottfm \ 

Direct solar 
radiotion 

'\ Reflected I Diffuse 
from c o y  ,I 

Conducted 
to ground 

-_-  Solar radiotion, substantially below 2 microns 

Thermal radiation, substantially above 5 microns 

Fig. 2. Cross section of air-supported plastic solar still. Fig. 3. Energy-flow diagram of a basin type of solar still. 
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TABLE 1. DISTRIBUTION OF 

SOLAR RADWTION' INCIDENT ON 

DEEP-BASIN STILL 

Dates of three-day 
performance runs 

Dec. Od.  May 
16-18, 7-9, 18-20, 
1959 1959 1960 

Average solar radi- 
ation, B.t.u./( sq. 
ft.ffday) 756 1,400 2,318 

Average air temper- 
ature, "F. 76 79 77 

Average cover tem- 
perature, O F .  71 89 98 

Average brine tem- 
perature, "F. 82 102 111 

Average productiv- 
ity, gal./( sq. ft. ) 
( day 1 0.021 0.051 0.105 

Components Percentage of 
solar radiation 

Reflection 
Absorption by glass 

cover 
Net radiation from 

water 
Internal convectiont 
Ground and edge 

losses 
Distillation 
Re-evaporation and 

unaccounted for 

11.8 10.7 11.8 

4.1 4.6 4.4 

36.0 26.4 16.9 
13.6 7.9 8.4 

2.1 1.6 3.5 
24.5 32.2 40.5 

7.9 16.6 14.5 

100.0 100.0 100.0 
- - -  

* Instrumentation and methods used to deter- 
mine distribution of energy are described in refer- 
ence 10. 

f Assuming saturation at cover temperature 
and 90% relative humidity at brine temperature. 

Note: Energy resulting from heat storage in 
brine was divided proportionately among net ra- 
diation from water, distillation, and internal con- 
vection. 

sign and operating parameters, some 
of which may be combined or elimi- 
nated if information relative to the ex- 
perimental still is used. For example 
the leakage items can be eliminated, 
because if the equation is being ap- 
plied to ideal operation, these items 
should not be present. Other terms, 
such as the internal convection coeffi- 
cient, may be related to temperature. 
In other instances choice of a particular 
design eliminates some of the terms. 
For example with glass covers there is 
no thermal radiation from the water 
through the cover. 

By application of these and other 
substitutions and simplifications, as 
shown in the Appendix, the following 
equations may be derived: 

Over-all energy balance: 

Zo(l-2r) = (Ac/A,)Cho(t,-ta) + 
0.173 X 10" [I","- (fI".)'] 0.941 + 

0.50 Io(A'et/An) + DHd,rn + 
0.45 DHs,r, - 55.5 D + 

( (2 .2 /dZ)  (t,  - 75 + 
c0.173 x lO-'[CTW4 - (fTa)4] 0.96 TT,]  

( l a )  
Energy balance around cover: 

(Ac/Ap)[ho(t0--t,,) + 0.173 X 

[T,'- ( f T a ) 4 ]  0.941 = ( Am + A'"t ) 
A, 

A, + A',.t 
A P  

c (t ,  - t,) + 
[0.173 X 10" (Tw4- TBI) 0.851 + 

Evaporation rate: 
n u 

(APIA,) ( I  + K)D = - 0.24 

(tw - tc)llS F (w8,w - W v )  (3a) 

In these simplified equations four 
new factors have been introduced. 
The term f relates to atmospheric 
temperatme and the effective tempera- 
ture for radiation to space; K is a factor 
for dripping of condensate back into the 
basin and evaporation of the conden- 
sate from the collection troughs; F 
represents the degree of approach to 
thermal and humidity equilibrium at 
the saline water and fresh water sur- 
faces, and C is a variable coefficient in 
the relationship for the convection 
coefficient inside the still. 

To reduce the number of necessary 
calculations the only case considered 
was the one in which no external heat 
exchange takes place between the 
effluent brine and the distillate and 
feed water. This represents the opera- 
tion of the stills at the Florida station. 
Thus comparisons between theoretical 
and actual performance can be made. 

By substituting into Equation ( l a )  
the values of the variables determined 
in the energy balances on the experi- 
mental stills, it was found that the 
terms 
DHa.t, + 0.45 DHa,tb - 55.5 D + 

2.2 - ( t ,  - 75)  
d& 

totaled less than 4% of the energy 
involved and that they could be 
neglected with no significant error. 
Also the glass cover of a still, or the 
water film on a plastic cover, absorbs 
all the long-wave radiation from the 
water surface, so the last term in 
Equation ( la)  is negligible: 

C0.173 x A, + A,,,, 
'% 

[TW4 - x 0.96 x Tr,] 
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Fig. 4. Productivity of the deep-basin still ob- 
tained during 16 months of operation of the 

still. 

Equation ( la )  can then be simplified 
to 

A. 
Z, (1 - 2r - 0.50 &#$/Ap) = - 

A, 
[h , ( t ,  - t,) + 0.173 X 1 O Y  

[TBI - ( f T a ) 4 ]  X 0.941 ( l b )  

I t  is apparent that the right side of 
Equation (1.4) is the same as the left 
side of Equation ( 2 a ) .  Equation (2a) 
can therefore be written as 

I, ( 1 - Zr - 0.50 A.$/Ap) = 

A, + A+,,* Aw + A.r,.r 
C ( t ,  -to)" + 

A, AP 

A, - A a t  

A, 

[0.173 X 10" (TW4 - 2':) X 0.851 

I. + D(l  + K )  (1040) + 
(2b) 

and Equation (3a) can he written as 

C ( t w  - t,)" F(W.,w - Ws,o)- 
D =  

(AJA,) (1 + K )  (0.24) 
( 3 b )  

If one substitutes Equation (3b) into 
Equation (2b ) ,  Equation ( 2 b )  be- 
comes 

1. (1 - XT - 0.50 A,t/A9) = 

There are now three equations (Ib), 
(2c) ,  and (3b) containing three un- 
knowns ( tw,  to, and D )  and sixteen 
constants or parameters. In Equation 
( l b )  the only unknown is t,, so its 
value can be determined directly. 
Then, since t, is known, the only un- 
known in Equation ( 2 ~ )  is t,, which 
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Fig. 5. Productivity, water temperature, and 
cover temperature vs. incident solar radiation 

on a horizontal surface. 
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also can be determined directly be- 
cause t ,  is related to W,,, and t ,  to 
W a , ,  by humidity tables and equa- 
tions. Next, D can be found from 
Equation ( 3 b ) ,  since t ,  and t, are 
known. 

In Equations (2c) and (3b)  there 
are three variables which were not 
directly obtainable from data on the 
stills at the Florida station, C, F, and 
K. 

It is assumed that the evaporation 
rate from the distillate troughs is ap- 
proximately that from an equal area 
of the basin. Therefore the amount of 
re-evaporated distillate would be pro- 
portional to the ratio of the distillate 
trough area to the basin area. This 
would normally be about 0.02. Con- 
sequently a constant value of 0.02 
was used for K when these equations 
were developed. It was found that 
even if K were as large as 0.10, the 
results would be only slightly affected. 

To determine values of C and F ,  
representing pilot-plant operation, the 
values of all other variables obtained 
from the energy-balance measurements 
were inserted in Equations ( 2 ~ )  and 
(3b). These equations were then 
solved simultaneously for C and F .  In 
the range of conditions experimentally 
encountered the value of F was found 
to be approximately constant a t  0.255. 
The degree of approach to complete 
equilibrium between the circulating 
air and the two liquid surfaces was 
thus found to be reasonably independ- 
ent of temperature over this operating 
range. Over wider ranges however 
this factor would be expected to vary. 
The value of C was found to be vari- 
able, indicating a dependence of h, on 
t ,  greater than that in normal free 
convection between dry surfaces. This 
result is due to the additional buoyant 
effect of moisture entering the air at 
the salt water surface and the greater 
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Fig. 6. Productivity, water temperature, and 
cover temperature vs. total effective reflectivity 

of distillation plant for solar radiation. 

circulation rate resulting from the 
lower mean density of the humidified 
air. I t  would be expected that C de- 
pends on the salt water temperature, 
and therefore an empirical relationship 
between C and t ,  was established: 

C = 0.0372 t ,  - 3.273 

It  was also necessary to establish a 
mathematical relationship for W as a 
function of t for the computer work: 

where H ,  is 100% in this case. 
In the computation of distiller per- 

formance, that is determination of t,, 
t,, and D over ranges of all param- 
eters, a representative or normal value 
was first chosen for each variable. 
Then when the values of t,, t,, and D 
were computed by simultaneous solu- 
tion of Equations ( l b ) ,  (2c), and 
( 3 b ) ,  all but one of the variables were 
held at their representative values, 
while the particular parameter of in- 
terest was varied. Table 2 indicates 
the variables and the ranges of values 
as they were used in a program on an 
IBM-650 digital computer. The nor- 
mal or representative value of each 
parameter is also listed. In addition 

e a o  'I04 2 0  
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Fig. 7. Productivity, water temperature, and 
cover temperature vs. total surface area of 

cover divided by total plant area. 

the table contains a list of the constant 
factors used in the analysis and the 
values of substituted terms in the 
equations. 

Computer Results 

The principal results of the compu- 
tations are presented in the graphs, 
Figures 5 through 13, in which saline- 
water temperature, cover temperature, 
and hourly distillation rate are corre- 
lated with each of eleven design and 
operating variables. The graphs cover 
ranges of variables shown in Table 2 
for which the results appear reason- 
able. They represent instantaneous 
steady state values, involving no 
thermal lag (zero heat capacity) in 
the still. 

Nearly all the correlations show that 
the productivity and the temperature 
of the saline water and of the cover 
are affected in the same direction by 
a change in a design or operating 
variable. Also the higher distillation 
rates are accompanied by a decrease 
in the difference between saline-water 
and cover temperature. 

Figure 5 shows clearly the influence 
of solar radiation input on these fac- 
tors. I t  is also evident that there is a 
threshold level of solar radiation for 
still operation, equivalent roughly to 

ho, Exlernol Convection Coefficient, Btu/(hr)(f?l(F) 

Fig. 8. Productivity, water temperature, and cover temperature vs. con- 
vection heat transfer coefficient between cover and atmosphere. 
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TABLE 2. VALUES OF PARAMETERS USED IN COMPUTER ANALYSIS below AJA, = 1.0 (which corre- 

Variable 
Variables -__ 

Range 

10-350 
0.05-.30 
0.8-3.0 
1.0-10.0 

50-110 
0.1-0.7 
0-0.9 
0.86-1.0 
0.01-0.6 
0-0.15 

0.9-1.1 

Constants 
€0 

€+e 

T70 
AZ Hp 
PY 0 

H v , t , - H d , t ,  

A J A w  
All leakage 
Heat loss to ground 
Sensible heat change in distillate, brine, feed 

Miscellaneous energy balance terms 

Standard value 

200 
0.10 
1.0 
2.0 

0.225 (pilot plant) 
0.02 (pilot plant) 
0.95 
0.04 
0.10 

1.0 

80 

0.94 (glass) 
0.96 
0 (glass) 
0 
0.85 

1,040 
1.205 (pilot plant) 
0 
0 
0 

sponds to AJA, = 1.2 in the pilot 
plant) may be utilized by designing 
for an absolute minimum cover slope 
and cover-to-water ratio. Former ex- 
perimental units with 45- and 60-deg. 
sloping covers are clearly less efficient 
than those with nearly flat covers. 

Figures 8 and 9 show that atmos- 
pheric variables, such as wind (which 
affects h,) and temperature, have simi- 
lar effects on yield by influencing still 
temperatures. Thus low wind veloci- 
ties, corresponding to low external 
coefficient, and high atmospheric tem- 
perature both lead to the high cover 
temperatures necessary for heat dis- 
sipation. This in turn raises the basin 
water temperature and distillation rate. 
A 25% improvement in yield is real- 
ized with an air temperature increase 
from 60" to 90°F. To secure large 
benefits from decreased h, however 
wind velocities would have to be un- 
commonly low, below 3 mi./hr. The 
substantial improvements possible from 
both these factors suggest the use of 
double transparent covers, the lower 
cover serving as a condenser and the 

Heat loss from external structures: upper one providing a dead air space 
for inducing higher operating tempera- 
tures and yields. The merits of this 
step will depend on the relative cost 
of the additional cover and the value 

The degree of approach to thermal 
and humiditv eauilibrium in the solar 

A,r/AnEho(tsr - t a )  + 0.173 X 1O4 (Tat4- Ta4)L,t] = 0.501. A'.t/A, 

Internal convection coefficient: hc = (0.0372 t ,  - 3.273) ( t ,  - t0)lla 
Algebraic relationship for absolute humidity of saturated air: 

H,(  0.6207) (lo'.-) ( *4eo ) of the increased yield. 
29.92 - (H,) ( 10'.sta7) ( 

W =  
+4Bo 1 

sensible heat requirements, and a 
steeply rising productivity rate at 
higher solar radiation levels. Curva- 
ture upward is observed up to a radia- 
tion level corresponding to approxi- 
mately noon values on a clear day, 
above which a slight reversed curva- 
ture occurs. This is perhaps due to the 
increased importance of radiation 
heat transfer at the higher tempera- 
tures. 

Figure 8 shows that at high total 
reflectivity of the stilI, yield is ad- 
versely affected and operating tem- 
peratures are low. Design and mate- 

still is show; in'Figure 10 to have an rials of construction, as well as varying important influence on performance. solar incidence angles, are important At the experimentally determined in minimizing total effective reflec- value of F = 0.255 only one-fourth of tivity. the theoretically transferable .j2later is A pronounced effect of A,/Ap is being recovered per unit of air circu- 
observed in Figure 7. The abscissa is lated. That is four as much air 
proportional to *t high is wastefully transferring heat from 
that is for steeply Sloping covers, tern- basin to cover as theoretically neces- 
peratures and yields are low. If the sary. Doubling F will increase yield 
cover is nearly flat, so that cover and by almost one-fifth. Means for achiev- 
water areas are nearly equal, produc- ing a closer approach to equilibrium 
tivity is much improved. A steep rise are clearly desirable. 

to, Atmospheric Temp, F 

Fig. 9. Productivity, water temperature, and cover temperature 
vs. atmospheric sensible temperature. 
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?! 
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F, Frociion of Humidity Difference 

Fig. 10. Productivity, water temperature, and cover temperature 
vs. fraction of the limiting absolute humidity difference. 
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K, Re-evoporotlon/Dlstlllote 

Fig. 1 1 .  Productivity, water temperature, and cover temperature vs. ratio 
of re-evaporation plus reflux to distillate yield. 

Figure 11 shows the decrease in 
yield with increase in distillate loss 
through re-evaporation or reflux. Mini- 
mizing these effects by use of conden- 
sate troughs having small cross sec- 
tion and by avoidance of dripping 
from poorly wetted covers or internal 
structures is desirable. 

The influence of effective sky tem- 
perature for radiation transfer is shown 
in Figure 12. At low values of f ,  cor- 
responding to low atmospheric humid- 
ity and low effective sky temperature, 
the still operates at comparatively low 
temperature and efficiency. The effect 
of f on productivity is not large and 
generally is not controllable, although 
if a cheap cover surface of low emis- 
sivity could be developed, its use 
would increase yield considerably. 
Also, as indicated in connection with 
wind and ambient temperature effects, 
an additional transparent cover should 
improve performance. 

Figure 13 shows that there is vir- 
tually no influence of cover absorptiv- 
ity (for solar radiation) on productiv- 
ity for the normal range of cover 
absorptivities between 0.01 and 0.06. 
This means that there would be little 
difference in performance between a 
perfectly clear glass or plastic film and 
a fairly low quality covering material. 
Apparently the absorption of this 
small amount of radiation on the cover, 
with its effect of increasing still tem- 
perature, largely offsets the reduction 
of energy received by the saline water. 
It is of interest that at values of Z,, 
above 0.06 the effect of this variable 
is to reduce the productivity progres- 
sively and to cause the water tempera- 
ture to approach the cover tempera- 
ture. 

Exceedingly little effect on produc- 
tivity or on water and cover tempera- 
tures was shown by the structural 

components of the still plant 

and - . Accordingly plots of these 

results are not presented. 
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Fig. 13. Productivity, water temperature, and cover tempera- 
ture VS. average effective absorptivity of cover for solar 

radiation. 

CONCLUSIONS 

The performance of basin types of 
solar stills under varying atmospheric 
conditions and operating methods and 
with various design features may be 
appraised by the solution of theoretical 
energy-balance equations. Because 
even the simplified equations involve 
more than a dozen variables analysis 
by digital computer methods is practi- 
cally required. Determination of the 
ranges and representative values of 
most of the parameters is facilitated 
by use of pilot-plant data. 

Results of the computer analysis, in 
the form of graphical relationships 
between hourly distillation rate, basin 
temperature, cover temperature, and 
eleven design and operating variables, 
show the following principal effects. 

(1) High distillation rates are ac- 
companied by high temperatures of 
the still and by relatively small tem- 
perature differences between the basin 
and the cover. 

( 2 )  Distillation rate increases with 
increase in solar radiation, atmospheric 
temperature, and degree of approach 
to humidity equilibrium in the distiller. 
Productivity and temperatures increase 
with decrease in wind velocity (ex- 
ternal coefficient of heat transfer), 
reflectivity of the system, ratio of cover 

/6rl!Dz0 

DW 095 I00 
100 

085 

f, Temperature Roll0 (Rod~onI/Sen~~blel, Ts/Ta 

Fig. 12. Productivity, water temperature, and 
cover temperature vs. atmospheric effective 
radiant temperature divided by sensible 

temperature of atmosphere. 

area to water area, and re-evaporation 
and reflux of condensate. 

(3)  The effects of moderate changes 
in the size of structural components 
and the transmissivity of the cover for 
solar radiation are small. 

These generalizations indicate the 
desirability of maximizing the operat- 
ing temperatures in a solar distiller by 
all practical means. A number of other 
measures would also contribute to in- 
creased distiller yield. These include 
reducing the long-wave emissivity of 
the covering surface, the use of double 
transparent covers with a dead air 
space between them, screening of the 
distiller for high winds, the use of the 
flatest practical cover thus keeping at 
a minimum the area of reflecting sur- 
faces, the use of low reflectivity cover- 
ing material (for s o h  radiation), the 
use of designs contributing to the 
closest possible approach to vapor- 
liquid equilibrium at the two liquid 
surfaces, and of course locating the 
plant in a hot, sunny climate. To what 
extent these measures can be justified 
will depend on the cost of incorporat- 
ing each in comparison with the value 
of the increased yield. Further study 
of these relationships is indicated. 

I t  should be remembered that the 
computer was based on an assumption 
of zero distiller heat capacity and 
steady state conditions of operation. 
This situation is approached in prac- 
tice to various degrees, depending on 
the distiller design and the climatic 
factors. A more nearly complete ap- 
praisal of the performance of a specific 
design of solar still requires solution 
of the energy-balance equations with 
the thermal storage term retained. 
Hour-by-hour computation, under typ- 
ical solar and atmospheric conditions 
(when one takes into consideration 
the thermal capacity of the basin 
water, plant structure, and underlying 
ground), may then be employed in a 
determination of productivity through- 
out several representative days. In a 
deep-basin design distillate output 
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occurs continuously, whereas in a low 
thermal capacity distiller operation 
ceases at night. By means of such 
analyses determination of the effects 
of water depth should be readily ob- 
tainable, whereas this parameter is 
difficult to evaluate experimentally 
because of the need for averaging data 
over weeks or months of operation. 
Evaluation of this design variable and 
other solar distiller refinements should 
be undertaken in further computer 
studies. 

h', 

h, 

NOTATION 

= basin area 
= total surface area of trans- 

parent cover, sq. ft. 
= surface area of structures 

above water and below 
cover, sq. ft. 

= total horizontal area of dis- 
tiller plant, comprising area 
of water surface and ground 
area of structures, sq. ft. 

= total exposed surface of plant 
minus area of transparent 
covers, sq. ft. 

= horizontal projected area of 
exposed portions of plant 
other than glass surface, sq. 
ft. 

= area of water surface, sq. ft. 
= brine production rate, Ib./ 

(hr.) (sq. ft. plant) 
= parameter in equation, h, = 

C ( t ,  - to)'''', B.t.u./(hr.) 
(sq. ft.) (F4'*) 

= heat capacity of dry air, 
B.t.u./(lb.) ( O F . )  

= net distilled water produc- 
tion rate, lb./(hr.) (sq. ft. 
plant) 

= distilled water re-evaporated 
from collection channels, 
lb./(hr.) (sq. ft. of plant) 

= fraction of the limiting ab- 
solute humidity difference in 
the distiller enclosure which 
is actually achieved in oper- 
ation, dimensionless 

= T, /T , ,  dimensionless 
= enthalpy of brine leaving 

plant, B. t .u. /lb. 
= enthalpy of distillate at mean 

temperature leaving lower 
edge of cover, B.t.u./lb. 

Hd,ti = enthalpy of distillate at 
mean temperature of distil- 
late leakage, B.t.u./lb. 

Ha,tp = enthalpy of distillate leaving 
plant, B.t.u./lb. 

h, = coefficient of heat transfer 
by convection from water 
surface to lower side of 
cover, B.t.u./(hr.) (sq. ft. 
of water surface) ("F. tem- 
perature difference between 
water surface and cover 
surface) 

L, 

M J i l  

P ,  
qat-0 

T 

R 

t,,T, 

t a i  

= coefficient of heat transfer 
by convection from struc- 
tures above water and be- 
low cover to cover, B.t.u./ 

tural area) ( O F .  mean tem- 
perature difference between 
such structures and cover). 

= coefficient of heat transfer 
by convection from trans- 
parent cover to atmosphere, 
B.t.u./(hr.) (sq. f t  cover) 
( O F .  temperature difference 
between cover and air. 

(hr.) (sq. ft .  of such struc- 

= relative humidity 
= enthalpy entering sea water 

at to F, B.t.u./lb. 
= enthalpy of water vapor at 

mean temperature of vapor 
reaching cover, B.t.u./lb. 

= enthalpy of water vapor at 
mean temperature of vapor 
leakage, B.t.u./lb. 

= solar radiation incident on 
horizontal surface, B.t.u./ 
(hr.) (sq. f t )  of gross dis- 
tiller plant area 

= thermal conductivity of the 
air, B.t.u./(hr.) (ft.) (OF.) 

= ratio of re-evaporation plus 
reflux, to distillate yield, di- 
mensionless 

= effective coefficient of heat 
transfer by conduction from 
salt water through basin 
bottom and ground, B.t.u./ 
(hr.) (sq. ft. plant) 

= length of one side of basin 
= leakage loss of air to atmos- 

phere, with specific heat C,,, 
at temperature t'+., Zb./(hr.) 
(sq. ft. plant) 

= leakage loss of brine at t'B F, 
lb./(cr.) (sq. ft. plant) 

= leakage loss of distillate at 
f a  F ,  other than by return 
flow into brine, lb./(hr.) 
(sq. ft. plant) 

= leakage loss of vapor to 
atmosphere, with enthalpy 
HV,t'* at t', F ,  lbJ(hr.1 (sq. 
ft. plant) 

~ X * O =  pounds of dry air circulat- 
ing between water surface 
and lower side of cover, per 
pound of water condensed 
on cover, lb. air/lb. water 

= water vapor pressure, in. Hg 
= heat transfer by conduction 

from structures to cover, 
B.t.u./(hr.) (sq. ft. plant) 

= distilled water dripping from 
cover into basin, lb./(hr.) 

= thermal radiation, B.t.u./ 

= temperature of atmosphere, 

= mean temperature of air ap- 

(sq. ft.  of plant) 

(hr.) (sq. ft.) 

"F, OR. 

proaching cover, OF. 

A.1.Ch.E. Journal 

t., = mean temperature of air ap- 
proaching water surface, O F .  

t b  = temperature of brine leaving 
plant, "F. 

t,,T, = temperature of transparent 
cover, O F ,  O R .  

t d  = temperature of distillate 
leaving lower edge of cover, 
O F .  

t,, == effective temperature of 
ground, O F .  

t l . , s t ,T1 , l l=  mean temperature of struc- 
tures above water and below 
cover, OF., O R .  

t, = temperature of distillate 
leaving plant, O F .  

T, = effective temperature of the 
atmosphere for exchange of 
radiation, OR. 

t,,,T,, = temperature of covering 
structures, O F . ,  O R .  

t,,T, = temperature of water in 
basin, O F . ,  O R .  

Tr, = transmittance of cover for 
radiation emitted at t,,, di- 
mensionless 

V' = wind velocity, ft./sec. 
ws,c = absolute humidity of air 

saturated with water vapor 
at t,, lb. water/ lb. air 

Ws,m = absolute humidity of air 
saturated with water vapor 
at t,, Ib. water/lb. air 

_ _  

G-eek - Letters 
ac,s = effective absorptivity of 

cover for solar radiation, 
averaged over appropriate 
angles of incidence, dimen- 
sionless 

€0 = emissivity of cover at t,, di- 
mensionless 

e.* = emissivity of internal still 

Fc , . t - c  

P w  E 

0- 

Pr 

structures at  % , s t ,  dimen- 
sionless 

= average effective emissivity 
of covering structures, di- 
mensionless 

= emissivity of water at t w ,  

dimensionless 
= change in energy content of 

water and structures, B.t.u./ 
hr . 

= over-all interchange factor 
for radiation from structures 
to cover, based on area of 
structures above water and 
below cover, dimensionless 

= over-all interchange factor 
for radiation from water to 
cover, based on water area, 
dimensionless 

= Stefan-Boltzman constant, 
B.t.u./(hr.) (sq. ft.) (OR.)' 

= total effective reflectivity of 
distiller plant for solar radi- 
ation, including reflection 
from cover surfaces, water 
surfaces, basin bottom, and 
supporting structures above 
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and below cover, dimension- 
less 
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APPENDIX 

Commentary on Terms Used in Computing 
Energy Balances 

( 1 ) The effective atmospheric tempera- 
ture for radiation is not far below T,, 
especially at sea level. However a correc- 
tion can be made for somewhat better ac- 
curacy. Parmalee and Aubele (8) show 
radiation from a clear sky can be repre- 
sented by R = u Ta4 (0.55 + 0.33 Y E ) .  
The expression can be used for computing 
the effective space temperature by defining 

T ,  as V Ta4 (0.55 + 0.33 v z ) .  If a cor- 
rection factor f is used in fT. = T., then 

f = 10 .55  + 0.33 Y E .  If P, = 0, f 
= 0.86, and if the temperature and hu- 
midity are 100°F. and 90% respectively, 
P, = 1.8 in. and f = 0.998. 

( 2 )  The convective heat transfer co- 
efficient inside the distiller is calculated by 
assuming free convection between two 
horizontal parallel surfaces and applying 
a suitable correction factor for the presence 
of wetted areas. In accordance with the 
data of Mull and Reiher and Jakob‘s 
equations based on these data ( 3 ) ,  when 
the modified Grashof number Na,  is above 
approximately 4 x lo5, the data can be 
correlated by the equation hi/k = 0.068 
( Nor)’la. Above a certain distance between 
the plates this equation reduces to hc 

4 1  

4 1  

= 0.275 (tl - t z ) l L 3 ,  which is the relation 
for free convection from a single upward- 
facing horizontal plate. Substitution of ap- 
propriate values shows the Grashof 
number No, to be about lo8, and when the 
values are substituted in the enclosure 
equation above, the single-plate relation- 
ship is developed. Instead of the constant 
coefficient 0.275, a variable C is substituted, 
in recognition of the higher convection rate 
due to moisture addition to the air. C is a 
function of t,, found experimentally to be 
C = 0.0372 t ,  - 3.273. Because hi = 
c ( t ,  - t*)l/a, h‘ ( t ,  - t,) = c ( t ,  - 
t o ) ‘ ”  = (0.0372 t w  - 3.273) ( t w  - t e ) 4 L 3 .  

( 3 )  Ideally, air circulating in the distiller 
is alternately heated and cooled between 
water temperature and cover temperature, 
and it remains saturated with water vapor 
at both temperatures. This is the limiting 
case, actual operation being less efficient. 
In the limiting case Equation ( 3 )  can be 

A P  
simplified to - ( D  + L d  + d + r )  = 

A, 
hr - (W,,, - W,,o), where W,,, and W8,a 
c*, 
are absolute humidity of air saturated with 
water vapor at the two temperatures. As 
an additional parameter let F be the frac- 
tion of the limiting humidity difference 
actually achieved in operation. Thus A, - ( D  

A ,  

where CP, = 0.24 B.t.u./(lb.)( “F.) for 
air. Values of the parameter F can then be 
chosen, although without data their prob- 
able values can only be conjectured. For 
example if water and cover temperatures 
are 130” and 100”F., respectively, the two 
absolute humidities at saturation are 0.11 
and 0.043. Hence the maximum water 
transfer per pound of air circulated is 
0.11 - 0.043 = 0.067 Ib. But if the actual 
air-vapor conditions are 125”F., 90% 
relative humidity and 105” F., saturated, 
the humidity difference is 0.086 - 0.051 
= 0.035. This is only half as much water 
transferred per pound of air circulated. 

( 4 )  The coefficient for external convec- 
tive heat transfer is h,  = a + b(V’ )” ,  
where for wind velocities below 16 ft./sec. 
and smooth surfaces a= 0.99, b = 0.21, 
and n = 1.0 For wind velocities between 
16 and 100 ft./sec. a = 0, b = 0.50, and 
n = 0.78 (6 ) .  Hence in low range h, = 
0.99 + 0.21 V’, and in high range h,  = 
0.5( V‘)O.?*. 

( 5 )  The value of A,t/A, should be very 
small in a well-designed solar distillation 
plant. It represents the portion of the plant 
area covered by structural components 
other than glass. Except for very minor 
contributions to  effective distiller heat input 
by conduction to the interior of the still 
from the solar-exposed surfaces (and cor- 
responding conduction losses in sunless 
periods of operation), the total convection 
and radiation to the atmosphere from these 
surfaces equals the solar radiation inter- 
cepted by them. It is therefore assumed 
that 90% of the solar energy absorbed by 
the exterior nonglazed surfaces will be 
transferred directly back to the atmosphere 

A.1.Ch.E. Journal 

and 10% will be usefully conducted to the 
distiller. If the average absorptivity of these 
exterior surfaces is assumed to be 0.55, the 
entire term in Equation (1) containing 
A.t/A, can be replaced by 0.55 I,. 
O.SO.A’,t/A,, where A’8t is the horizontal 
projected area of all external, nonglazed 
areas. This reduces to approximately 0.50 

( 6 )  For the term H d , t p  = 1.0 (tP - 32), 
where no heat exchange between distillate 
and water supply is employed, t ,  = t d  = 
t,, and hence H d . t p  = t ,  - 32. Further, 
assume that B = YZD; that is one third of 
feed is produced as brine, two-thirds as 
distillate. As approximation, C, of brine 
= C, of 10% salt solution = approxi- 
mately 0.9 B.t.u./(lb. of solution) ( O F . ) .  

With no heat exchange provided t b  = t ,  
and BHb.tb = % D x 0.9 ( t ,  - 32) = 

( 7 )  If the leakage of brine, distillate, 
vapor, and air are negligible, then L B  = 
0, LO = 0, LA = 0, and (D + B )  ( H 8 w , ~ , , )  

= ( D + >  

( t o  - 32), where 0.97 = specific heat of 
sea water. For the design study the sea 
water inlet temperature is taken at 70°F.; 

IoA’,t/Ap. 

0.450 ( t ,  - 32). 

D X 0.97 ( t o  - 32) = 1.46 D 

hence its ener, supply is 1.46 D (70 - 
32) = 55.50. 

k 
1 

( 8 )  The term - ( t ,  - tg,) represents 

the conduction loss to the ground. Because 
this is an uncertain quantity and the 
respective temperatures, conductivities, and 
path lengths are not readily evaluated, it 
is desirable to substitute the equation of 

SkA 
Keller ( 4 )  whence the heat loss = - 

L 
( t ,  - t,,), where S = 4.4 for a square 
basin and k = conductivity of soil (as- 

sumed to be 0.5). Then, - ( t ,  - tgr) = 

4.4 x 0.5 x - (tw - tJ, where t. = mean 

atmospheric temperature and the loss is on 
a basis of 1 sq ft. When one assumest, = 

- 
k 
1 

1 -  - 

L 

I 

2.2 
75F,-  k ( t w  - t g v )  = ( t ,  ’ - 75) ,  

1 vx 
assuming that the plant is square. 

( 9 )  The transmissivity of cover and con- 
densate film Tr,  for thermal radiation at 
100” to 150°F. is zero for glass but may be 
higher for certain plastic films, particularly 
if they are only partially wetted by con- 
densate drops. A continuous water film only 
0.03 mm. thick will transmit only about 
8% of the radiation from a 135°F. black 
body source. A film 0.01 mm. will transmit 
about 25%. Hence if the plastic film is 
wettable and if it is also partly transmissive 
in the same wave length ranges as water, 
some of the thermal radiation from the 
water will be transmitted by the cover sys- 
tem. In this present analysis transmissivity 
of glass is used; that is Tr, = 0. From 
McAdams (7)  Fwa = 0.85, based on the 
assumption that the cover is completely 
wetted by a water film above 0.05 mm. 
thickness. 
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