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L Introduction 

It has been shown in Chapter 2 that the economics of desalination are 
heavily dependent upon the cost of energy, except in those hypothetical 
processes which approach thermodynamic reversibility. In Chapters 3 
and 4, the cost of energy has been shown to be of such importance in 
distillation processes that exceptional measures can be afforded in 
providing equipment for minimizing energy requirements. By use of 
such equipment, additional capital costs are incurred, but the charges 
for energy can be reduced and minimum water-production cost can be 
realized. 

An ultimate step in this direction is the total elimination of energy costs 
through the use of a free source, the sun. The capital cost of equipment for 
converting this radiant energy into forms useful for desalination is thus 
the principal economic consideration in any solar-operated process. 

A. T H E S U N AS AN ENERGY SOURCE 

Solar radiation is an intermittent, low-intensity, abundant source of 
energy. In the United States, a daily average of about 1500 Btu/ft2 

(406 cal/cm2) is received on the ground. In the summer, daily averages 
in the Southwest are above 2000, whereas winter values in the northern 
part of the country are as low as a few hundred. Most of the inhabited 
parts of the world experience average daily radiation levels in the range 
of a few hundred to about 2500 Btu/ft2. 

These energy intensities represent very large quantities per acre or per 
square mile. Nearly 65 billion Btu are received by 1 mile 2 of land on a 
sunny summer day, roughly equivalent to the recoverable energy in 
15,000 barrels of petroleum. 

Solar radiation is continuously measured at about 75 stations in the 
United States. Average daily values for each month are available in 
tabular and map form; annual means as reported by Bennett (1965) are 
shown in Fig. 5.1. Measurements elsewhere in the world are not nearly 
as extensive, but a recent compilation of available data by Lof et al. 
(1965) contains monthly maps of average radiation; typical summer and 
winter distributions are shown in Figs. 5.2 and 5.3. 

B. USES FOR SOLAR ENERGY 

Theoretically, solar energy can be used for any process which requires 
heat or motive power. Thus, it is equivalent to coal, as far as its capabilities 
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FIG. 5.1. Total daily solar and sky radiation on horizontal surface in the United States, annual average. 
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FIG. 5.2. Normal total solar and sky radiation on horizontal surface throughout the world, June. 
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FIG. 5.3. Normal total solar and sky radiation on horizontal surface throughout the world, December. 
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are concerned. It can be converted to heat at low temperatures or high 
temperatures (by direct absorption or by absorption after focusing), and 
the resulting heat can be used directly or converted to electrical energy 
by use of heat engines; electricity can also be generated by thermoelectric 
or photovoltaic devices. The economics of solar energy use may therefore 
be appraised by comparing the cost of providing a certain quantity of 
heat at a given temperature by conventional methods. 

C . T w o METHODS FOR SOLAR-ENERGY U S E IN DESALINATION 

Solar energy may be used to generate heat or power which can then be 
used for operating any desalination process, or it may be employed 
directly for distillation of saline water in equipment which serves both 
as a solar-energy absorber and as a distiller. 

Examination of the techniques and economics of using the sun as the 
energy source for conventional desalination processes needs only 
consideration of the production of heat and power from the sun, at 
certain conditions, and does not need to involve the desalination process 
at all. This is because use of a desalination process, such as multistage 
flash distillation, freezing, electrodialysis, or other, is not dependent on 
the type of energy used, provided that it is at the required conditions of 
temperature, pressure, voltage, and so on. Hence, we may examine the 
technical and economic potential of solar energy as a source of heat and 
power without consideration of the desalination process. The principal 
criterion of the usability of solar energy is the total cost of the delivered 
useful energy compared with equivalent energy from conventional 
sources. 

In contrast with the above techniques, 4'solar distillation" refers to 
several variations of a process which involves direct absorption of solar 
energy in the saline water or on an adjacent surface and the evaporation 
of a portion of the water (at a temperature substantially below the normal 
boiling point) into an enclosed air space. In the most common forms of 
experimental solar distillers, condensation of pure water from the vapor-
air mixture occurs in the same enclosure on a cooled surface. In other 
forms, the air-vapor mixture is removed from the solar evaporator, and 
water is condensed in a separate heat exchanger. 

It might be argued that the "solar distiller" is another example of the 
first type and that it is a distiller in which conventional energy has been 
replaced by solar energy. The same technical and economic criteria might 
be applied as to separate solar collectors and water evaporators. However, 
not only is the same piece of apparatus actually used for heat supply and 
for distillation, but also the physical processes occurring are so inter-
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related that it would be practically impossible to subject them to separate 
consideration. Moreover, the assessment of an energy-cost figure, 
exclusive of distillation costs, would be meaningless, because a division 
of capital investment in the single piece of equipment used for both 
purposes would have to be completely arbitrary. The solar-distillation 
process must therefore be examined in its entirety. This is undertaken in 
the following four sections. Finally, there is a discussion of the methods 
and costs of producing heat and power from solar energy for possible use 
in conventional desalination processes. 

II. Principles of Direct Solar Distillation 

A. GENERAL DESCRIPTION 

For a discussion of the theory of solar distillation, it is convenient to 
select one of the several types of distillers which have been developed; 
the principles are applicable to nearly all the variations. Accordingly, 
this discussion concerns a design comprising a horizontal water-filled 
basin, covered by a sloping surface transparent to solar radiation, on 
which water is condensed and collected. This principle is involved in 
all solar-distiller designs except those which provide for circulation of 
the air-vapor mixture to an external condenser. 

The solar-distillation process is represented schematically in Fig. 5.4. 
Saline water is supplied continuously or intermittently to a pool having 
depths ranging from approximately 1 inch to 1 ft. The bottom of the 
pool has a black surface to absorb solar energy. A drain is provided for 
continuous or intermittent discard of brine. Supported above the basin 
is a transparent cover of glass sheets or plastic film, so arranged that the 
surfaces slope downward into small troughs at their lower edges. The 
troughs are connected to channels or piping for conducting the con
densate to storage. 

Solar energy transmitted by the cover is partially absorbed in the salt 
water, the major portion being absorbed on the basin bottom. Heat is 
conducted from the bottom surface into the salt water, thereby increasing 
its temperature and vapor pressure; partial vaporization into the air 
space then occurs. Convection currents carry the warm, vapor-laden air 
to the transparent cover, which is generally 10 to 30°F cooler than the 
brine. Moisture condenses on the underside of the cover, the heat of 
condensation being conducted through the cover to the surrounding 
atmosphere; the partially dehumidified air drifts back to the surface of 
the brine for further moisture addition. A thin film of condensate flows 
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F I G . 5.4. Schematic cross section of basin solar still and diagram of principal energy 
flows. 

down the transparent cover to the collecting trough, from which it passes 
to storage. Unevaporated brine, typically about half the feed, is run to 
waste, thereby preventing salt deposition. 

It is seen from this description that the solar-distillation apparatus and 
process are extremely simple. There is no moving equipment, there are 
no high or low pressures in the system, and the plant is substantially 
self-operating. However, the several energy-transfer and mass-transfer 
processes occurring in this single enclosure constitute a highly complex 
system. 

The numerous processes involving material and energy flow are 
represented in Fig. 5.4. Incoming solar energy (composed of direct 
radiation from the sun and diffuse radiation from clouds and sky) is 
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partially reflected by the outer and inner cover surfaces, very slightly 
absorbed in the cover, slightly reflected by the brine and the bottom of 
the pond; the balance is absorbed by the salt water and the pond bottom. 
There are, of course, minor additional reflections between the pond and 
the cover and from various structural components, which can be ignored 
for practical purposes. 

Of the energy absorbed on the bottom of the pond, another small 
portion is lost by conduction through the bottom into the ground or 
through insulation under the bottom. The balance of the absorbed energy 
is transferred to the salt water. 

Convection currents in the shallow pool move warm brine to the air-
water interface, where transfer of mass and energy take place. Since the 
vapor pressure of the surface water is greater than the partial pressure 
in the air space, evaporation into the overlying air film occurs. This 
transfer of water is accompanied by sensible heat transfer from the warm 
brine into the air-vapor mixture in contact with it. Both of these processes 
produce a temperature rise and a density decrease in the air-vapor 
mixture, causing it to rise toward the transparent cover. 

In addition to convective heat transfer from the brine surface, there is 
a transfer of heat to the cover by radiation. The cover is cooler than the 
brine and wet with water, so the radiant transfer process is essentially 
between two water surfaces, net radiation being from the brine in the 
direction of the cover. Water and glass are both relatively opaque to 
thermal radiation from sources below 200°F, so the radiation is com
pletely absorbed in the cover except for a small portion (5 % or less) 
reflected back to the brine. If the cover is partially transparent to thermal 
radiation (above 5 μ wavelength), as are some plastic films, and if the 
condensate is in droplets or in a very thin film, there is some radiation 
loss from the basin directly through the cover to the surrounding atmo
sphere. 

Considering now the transparent cover, it is receiving radiant energy 
from the basin surface, as just described. Since it is cooler than the 
air-vapor mixture coming in contact with it, the difference in vapor 
pressure causes diffusion of water vapor through the air film to the water 
layer on the underside of the cover. Condensation occurs, the latent heat 
being released in the water film. Sensible heat is also transferred from 
the air-vapor mixture to the water film. 

The heat received by the film of condensed water, by radiation from 
the brine surface, by convection from air-vapor, and by condensation of 
vapor is conducted through the water film and cover material to the 
external surface of the cover. The small amount of solar energy absorbed 
in the cover is also conducted outward. The heat which the cover has 
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received is then transferred from the outer surface to the atmosphere by 
convection and radiation. 

It is seen that solar distillation involves a series of processes, each of 
which is accompanied by certain losses. There are some losses of solar 
energy by reflection and absorption prior to receipt by the brine. There 
are radiation and convection losses from the brine to the cover which 
diminish the useful energy for the evaporation and condensation processes 
which occur successively at basin and cover. The losses comprise all 
solar radiation reflected from the distiller, heat transferred from the 
bottom of the distiller to the ground or through bottom insulation, 
radiation from salt-water surface to cover, sensible heat transfer from 
basin to cover, and any miscellaneous leakages of warm water or vapor 
from the distiller. The efficiency of a solar distiller is the condensed 
water actually produced divided by the water which could theoretically 
be evaporated by all the solar energy reaching the outer cover. Expressed 
another way, it is the heat of vaporization of the water produced divided 
by the total solar energy incident on the cover. 

It is important to recognize that the energy transferred from the 
distiller cover to the surroundings is only partially a "loss" and that the 
major part of this energy flow represents useful heat transfer. Specifically, 
the portion of the energy dissipated by the cover which it received from 
condensing vapor is useful. This quantity is analogous to the heat 
removed in the condenser of a conventional evaporator. Thus, except 
for relatively small solar-reflection and bottom-conduction losses (and 
leakage, if present), energy losses in solar distillation are the radiation 
and convection from the water surface to the cover which did not result 
in evaporation and condensation. 

B . QUANTITATIVE RELATIONSHIPS 

These general considerations can be quantified by theoretical and 
experimental methods. An energy balance around the cover of the 
distiller per square foot of surface may be written as follows: 

* o ( ' c ~ *«) + o € e ( T c
4 - T r

4 ) = h{(tb - tc) + aeb,c(Tb* - 7 7 ) + DX+ Iocc . 

(5.1) 

This equation states that the rate of heat transfer from the cover to the 
surroundings by convection and radiation is equal to the sum of the heat 
transferred from brine surface to cover by convection and radiation, 
the heat transferred by evaporation and condensation of water, and the 
solar radiation absorbed in the cover. Symbols are defined at the end 
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of the chapter. Assumptions inherent in this relationship are that the 
area of the brine and the cover are substantially equal, the cover and 
condensate film are at a mean temperature tc, the brine temperature tb is 
uniform throughout the basin, liquid and vapor leakage is negligible, 
and the cover and condensate are opaque to thermal radiation from the 
brine surface. 

An over-all energy balance around 1 ft 2 of distiller is 

7(1 - 2 » = h0(tc - ta) + aec(Tc* - T r
4 ) + D(tc - ts) + B(tb - t8) + YL. 

In this equation the solar radiation absorbed in the brine and on the 
distiller bottom per hour is equated to the sum of the heat transferred 
from the cover to the atmosphere by convection and radiation, the 
sensible heat carried out in the hot brine and the warm condensate, and 
miscellaneous heat losses, including the heat transferred through the 
bottom of the basin. The energy balance is written with the incoming 
saline water at the reference temperature, and there is a further assump
tion that the condensate leaves the distiller substantially at the cover 
temperature. 

The rate of evaporation is 

Here the rate of evaporation is expressed in terms of the heat-transfer 
rate by convection from brine surface to cover, the temperature difference 
between saturated air at brine and cover temperatures, and the quantity 
of air circulating in the distiller enclosure per unit of water condensed 
on the cover. The factor F is a correction for the departure from tem
perature and vapor-pressure equilibrium at each of the two water 
surface in the enclosure. In effect, the equation states that the evaporation 
rate is a function of the vapor-pressure difference (i.e., temperature 
difference) between brine and cover and that it is dependent on the rate 
of air circulation and the absolute humidity difference at the two surfaces. 

By means of the above three equations and some simplifying assump
tions, the distillation rate can be theoretically determined as a function 
of the solar-energy supply rate and certain design and operating para
meters. In the solution of these equations, considerable simplification 
can be achieved by assuming that: 

(1) Absorption of solar radiation in the cover material is negligible. 
(2) Sensible heat in effluent brine and condensate are negligibly small 

in comparison with other energy quantities. 

(5.2) 

(5.3) 
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(3) The bottom loss is estimated at a fixed rate per day, from theo
retical considerations or from experiment. 

A more detailed treatment of this problem has been reported by 
Lof et al. ( 1961) . 

There are no reliable data on heat-transfer or mass-transfer rate co
efficients in a solar-distiller enclosure. It is not definitely known whether 
the air-convection patterns in the distiller are cellular or whether there 
is mass movement entirely across the brine surface and then entirely 
across the cover surface. It is not known how closely the circulating air 
comes to temperature and humidity equilibrium at the evaporating and 
condensing surfaces. There is some indication that in a distiller with a 
rather steeply sloping cover (30 to 45°), there is bulk circulation of air 
around a stagnant central "core," which is essentially isothermal. Baum 
and Bairamov (1964) have shown that substantially all the temperature 
and humidity gradients occur in thin air films adjacent to the two liquid 
surfaces. 

The heat-input term in Eq. (5.2) represents the radiant energy actually 
absorbed in the brine and on the basin bottom after reduction by 
reflection at cover, brine surface, and basin bottom. These losses depend 
not only upon the reflectivity of each surface, but also upon the angle of 
incidence of direct solar radiation (variable throughout the day and the 
year), the effective angle of incidence of diffuse radiation (approximately 
constant), and the proportion of the total radiation which is direct and 
diffuse. Since the available solar-radiation data are usually in the form 
of total energy (direct plus diffuse) received on a horizontal surface, 
approximations must generally be used for determining the distribution. 
Methods for computing the reflection losses from solar distillers have 
been reported by Lof (1959), Bloemer et al. (1961b) , and Bloemer et al. 
(1962). 

The above equations are applicable to a solar distiller only if it is 
operating at steady state. This condition is actually never achieved, 
however, because of variable solar input and, to a lesser extent, variable 
atmospheric temperature and wind velocity. Solution of these particular 
equations for distillation rate (and temperatures in the distiller) at 
various assumed or measured solar input rates, atmospheric temperatures, 
and wind velocities represent hypothetical performance if (1) the distiller 
and its contents had negligible heat capacity so that there would be 
instant response to changes in solar-energy input rate, or (2) the heat 
capacity were so large that brine temperature remained substantially 
constant and performance could be computed by using average solar 
input and atmospheric conditions over a period of several days. The 
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significance of solar variability and wind and temperature fluctuations 
and their quantitative effects on solar-distiller performance are presented 
in the following section. 

C. THEORETICAL STUDIES OF SOLAR-DISTILLER PERFORMANCE 

Some of the studies of the theoretical performance of basin-type solar 
distillers have been based on actual radiation and atmospheric data in a 
particular location, for specific times or for month-to-month averages. 
Hypothetical solar and atmospheric conditions have been used in other 
theoretical performance analyses. 

A n example of the first type of investigation is a study (Lof, 1959, 
1960) of the theoretical performance of a solar distiller at average con
ditions in San Diego, California. It was assumed that the distiller would 
operate at constant conditions throughout each month, meaning that 
the brine should be deep enough to eliminate temperature fluctuations 
in a given month. In subsequent studies (Lof, 1964; Bloemer et aL, 1965) 
it has been found that neglect of the hourly and daily solar and tem
perature variation and the assumption of vapor-liquid equilibrium at 
the two water surfaces have the combined effect of making the computed 
distillation rate for the hypothetical San Diego design 15 to 25 % higher 
than can be obtained in a 1 ft basin still operating at comparable con
ditions. The upper curve in Fig. 5.5 summarizes the results of these 
calculations. 

The lower curve in Fig. 5.5 is based on another theoretical study 
(Lof et aL, 1961) , in which hypothetical weather and solar data were 
used and in which the term F (representing the fractional approach to 
equilibrium at the brine surface and the inner cover surface) was 
estimated from pilot-plant operating data. Steady-state operation was 
assumed. The graph may also be interpreted to apply to a "deep-basin" 
distiller involving water depths of at least 1 ft, if solar radiation is 
averaged over the 24-hr period. Other assumptions are that the total 
reflectivity for solar radiation equals 0.10, external convection coefficient 
equals 2,0, atmospheric temperature is 80°, average absorptivity of 
cover equals 0.04, and emissivity of cover and water are 0 .94 and 0.96, 
respectively. 

Although these two studies are based on considerably different 
conditions, one involving actual weather and the other involving a 
hypothetical constant environment, it can be seen that the computed 
productivities are not far different at the same solar-radiation intensity. 
The principal reason for difference in these theoretical values is in the 
factor F, assumed in the absence of data to be unity in the San Diego 
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F I G . 5.5. Theoretical average productivi ty of deep-basin solar distiller at various 
radiation levels. 

calculations, but later used as 0.225 (found by pilot-plant measurements) 
in the calculations based on hypothetical conditions. Partially offsetting 
this difference is an assumption of 50 Btu/day heat loss to the ground 
in the San Diego calculations, whereas no such loss was assumed in the 
other study. 

To this point the discussion has concerned the theoretical performance 
of a solar distiller under steady-state conditions. In the real situation, 
the basin temperature is continually changing, up and down, depending 
upon the relative magnitude of the rate of solar-energy absorption and 
the heat-transfer rate between brine and cover. In a deep basin still, 
these rates can differ greatly. In the sunny morning hours, solar radiation 
is absorbed at a high rate, whereas distillation proceeds rather slowly, 
owing to relatively low temperature in the basin. During such periods 
the temperature of the brine gradually increases. Late in the afternoon 
solar absorption is low, but the elevated water temperature results in a 
high distillation rate and slow cooling of the pond. At night there is 
no energy addition, but distillation proceeds due to heat stored in the 
brine pool. 

If the water depth is only an inch or two, much larger temperature 
changes occur in the distiller, and the lower heat capacity results in a 
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closer correlation of instantaneous distillation rate and solar-energy input. 
High distillation rates occur shortly after noon, and there is practically 
no water production at night. In other words, at high-solar-radiation 
levels there is a comparatively large temperature difference between brine 
and cover, which results in a high distillation rate. When there is no 
energy input, the temperature difference between basin and cover soon 
disappears and distillation ceases. 

There has been only limited study of the performance of solar 
distillers under transient conditions. The fundamental heat-transfer and 
mass-transfer relationships are the same as indicated in the previous 
equations, with simply an added term in Eq, (5.2), representing the net 
energy increase or decrease in the brine pool (and distiller structure) 
between the start and the end of the hour (or other time interval) for 
which the three equations are being solved. This term is W\tb<i — tbi)> 
which is added to the right side of Eq. (5.2). W is the weight of brine 
per square foot of basin plus the calorimetric equivalent weight of 
structural components and an underlying zone of basin subsoil. 

A theoretical treatment of the transient problem has been made by 
solution of the three equations, modified as indicated above, at the same 
conditions used in the theoretical steady-state analysis, except that 
actual measured solar radiation and atmospheric temperature during a 
typical clear summer day in Florida were used in place of hypothetical 
values (Lof, 1964). The general method of solution involved a trial-
and-error, hour-by-hour calculation of distiller performance, the final 
solution being reached when the brine temperature at the end of a 
24-hour period was the same as the temperature at the start of the 
period. Figures 5.6 and 5.7 shown the results of these calculations for 
water depths of 1 ft, 0.5 ft, and a hypothetical zero depth. Temperature 
and distillation rates are seen to undergo large fluctuations in shallow 
stills (Fig. 5.6), whereas they are more nearly constant in the deeper 
ponds. Figure 5.7 shows that the total daily production decreases as 
water depth is increased. Reducing the water depth from 1 ft to 6 inches 
raises the productivity approximately 8 % , whereas a reduction from 
6 inches to 2 inches increases the output another 25 % . 

The daily production of water from a solar still changes with pond 
depth because the brine-temperature pattern is affected. The higher 
the brine temperature, at a given atmospheric temperature, the higher 
is the distillation rate, because of a larger driving force. In a shallow brine 
pool, thermal capacity is low, and temperature responds fairly rapidly 
to changes in solar intensity. The opposite is true in a deep basin. Hence 
a distiller with bottom insulation and only an inch or two of brine will 
start producing water shortly (less than an hour) after sunrise and will 
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F I G . 5.6. Theoretical hourly variation in performance of solar stills of various depths. 

cease distilling a short time after sunset, when brine temperature 
decreases to a value equal to cover temperature. All the radiation 
absorbed during the day must therefore be "used" (employed in trans
ferring heat and vapor from brine to cover) in a period of only 8 to 
12 hours (depending on the time of year). The temperature driving 
force (temperature difference between brine and cover) must be com
paratively high, and hence the brine temperature itself must be high, 
to effect the required energy-transfer rate. A deep-basin still, in contrast, 
has so much heat capacity that it operates throughout the full 24-hour 
day, with only moderate changes in brine temperature from day to 
night and always with brine temperatures above cover temperatures. 
The total solar input that must be transferred from brine to cover is 
the same as in the shallow still, but the period in which transfer takes 
place is two to three times as long. The average temperature difference 
from brine to cover is thus only about one-half or one-third of the 
average temperature difference in the shallow still during its shorter 
operating period, and the average brine temperature is correspondingly 
lower. 

A more significant comparison lies in the magnitude of thermal losses. 
In the shallow unit, the higher average temperature of operation causes 
the air-vapor mixture to be richer in water vapor than is the mixture in a 
deep still operating at lower temperatures. This means, in turn, that less 
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F I G . 5.7. Theoretical effect of brine depth on solar-distiller production rate at high 
solar-radiation level. 

sensible heat is transferred from brine to cover and that a larger fraction 
of the heat which is transferred by circulation is latent heat. A second 
factor is that the radiation loss from brine to cover in the shallow distiller, 
although occurring at a higher rate during daylight hours because of a 
higher temperature difference, is practically zero at night. In the deep-
basin distiller, radiation loss is continuous, the 24-hour total exceeding 
that which occurs in the shallow distiller at a higher rate for only about 
half the time. 

The two factors discussed above are partially offset, however, by 
higher conduction losses from the basin of the shallow still (not considered 
in the analysis) and the proportionately greater heat capacity of the 
distiller itself and the underlying ground, also neglected in the 
analysis. 
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D. EXPERIMENTAL STUDIES OF SOLAR-DISTILLER PERFORMANCE 

W e now turn from theoretical analyses and design studies to the 
results of experiments on solar-distiller performance. The more meaning
ful studies have involved the continuous monitoring of solar radiation, 
brine temperature, water-distillation rate, air temperature, and, in some 
cases, cover temperature, temperatures beneath the basin, wind velocity, 
and other variables. A second type of experimental investigation has 
been conducted in the laboratory with an artifical heat supply (electrical 
or other) to the basin or other evaporating surface and with other 
features analogous to those in an outdoor solar distiller. 

One of the most significant studies of solar-distiller performance on 
a large scale has been conducted for about 7 years by the Battelle 
Memorial Institute at the Daytona Beach test station of the Office of 
Saline Water. At this installation, two glass-covered basin distillers 
approximately 3000 f t 2 in area have been developed and tested, several 
large distillers employing plastic film covers have been evaluated, and a 
number of small distillers of various design have been operated. The 
results of this work are available in several reports, including Bloemer 
et al. ( 1961b, 1964b, 1964d). Discussion of these solar distillers, as well 
as others tested elsewhere, is reserved to Section IV, because their main 
use has been for evaluation of over-all performance and the appraisal of 
costs rather than the study of principles and mechanisms. 

The results of one experimental investigation of an artifically heated 
indoor "solar" distiller and of two other studies are included in this 
section for the reason that their principal objective has been the investiga
tion of energy-and vapor-transfer fundamentals. Experiments by 
Bloemer et al. (1964c) have involved the use of a 4- by 8-ft basin of 
variable depth with a glass cover of adjustable slope, a variable insulation 
regime under the basin bottom, and an electrical-resistance heating 
element directly beneath the waterproof basin liner. In addition to 
studying the effect of changing heat-input rates (equivalent to variable 
solar radiation), productivity was measured at various ambient air 
temperatures and air velocities. 

The influence of distiller-design parameters such as brine depth, 
spacing between brine and cover, cover slope, and extent of insulation 
under the basin bottom was also determined. Water-distillation rate, 
electrical-energy input, and temperatures at various points underneath 
the basin bottom, in the brine, on the cover, and in the surrounding air 
were measured. The unit was arranged for steady-state operation, so 
that all temperatures and energy-transfer rates could be held constant, 
and also for transient operation by controlling energy input wattage to 
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simulate normal solar radiation variability through cycles several days 
in length. 

Several important results have been obtained in this study. The first is 
a reliable correlation between productivity and temperatures in the 
distiller. Figure 5.8 (Bloemer et al, 1963b) contains the results for the 

Brine-to-Cover Temperature Difference , F 

F I G . 5.8. Productivi ty of laboratory basin distiller at various temperatures. 

laboratory distiller having a cover slope of 10°, an average water-to-cover 
spacing of 6 inches, water depth of 1 inch, and steady-state operation. 
The data in Fig. 5.8 are correlated by the equation 

D = (0.001 + 2.32 χ 10-1 2i b
5' 2 3)(' 6 - tc), (5.4) 

where tb is the surface temperature of the water (°F), tc is the cover 
temperature, and D is the distillation rate in pounds per hour per 
square foot. 

It was found in additional experiments that an increase in brine-to-
cover spacing from 6 to 16 inches caused no significant change in distilla
tion rate. It was also found that when the cover slope was increased 
to 45°, there was no measurable change in productivity. 

Of more direct use in solar-distiller design and performance analysis 
is a correlation between distillation rate and energy input. Steady-state 
data from laboratory experiments are correlated on this basis in Fig. 5.9. 
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Neither a variation in cover slope nor a large change in air velocity 
outside the cover had any significant effect on the relationship between 
productivity and energy input, all the points lying on approximately the 
same line. The figure also shows the correlation obtained in the steady-
state theoretical analysis previously described. This dashed curve was 
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F I G . 5.9. Comparison of theoretical and actual productivities of laboratory solar 
distiller of the basin type. 

obtained from the hypothetical productivity (lower curve) in Fig. 5.5 
by subtracting 10 % of the incident solar radiation for reflectivity of the 
distiller surfaces. This places the correlation on approximately the same 
basis as the data points in Fig. 5.9—specifically, the actual energy 
absorbed in the distiller basin. The experimental results lie slightly 
below the performance theoretically predicted, particularly at the high-
energy input levels. The difference is due mainly to failure of the empirical 
coefficient F in Eq. (5.3) (determined experimentally in the large Daytona 
Beach basin still) to apply over the whole range of distiller operating 
conditions and partially to the use of other simplifying assumptions in 
the theoretical analysis. It is believed that the solid curve through the 
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data points in Fig. 5.9 is the most reliable correlation of steady-state 
distiller productivity and energy input now available. 

Of considerable significance is the experimental finding that for steady-
state operation of basin-type solar stills, moderate changes in design and 
conditions of operation, except solar-radiation intensity, have very little 
effect on distiller productivity. This result is in contrast with the earlier 
theoretical analysis (Lof et al., 1961) , which showed that such factors as 
cover slope, atmospheric temperature, and wind velocity had sizeable 
effects. This difference means that contrary to assumptions in the 
theoretical analysis, coefficients in heat-transfer-rate terms, departure 
from equilibrium, and circulation patterns in the distiller do not remain 
constant as design and operating conditions are changed. From the best 
evidence now available, the following generalizations can therefore be 
made, insofar as steady-state solar-distiller operation is concerned: 

(1) Increasing the cover slope from 10 to 45° causes negligible 
decrease in distillation rate. 

(2) Productivity appears to decrease slightly as wind velocity in
creases, with about a 5 % decrease as air velocity changes from natural 
convection to a 15 mph wind. 

(3) Distillation rate appears to rise slightly with an increase in 
atmospheric temperature; output increases about 5 % as air temperature 
changes from 50 to 90° F. 

(4) Productivity is not affected by spacing between brine and cover 
in the range 0.5 to 1.5 ft. 

(5) Tests with pure water and with brine in the basin show that the 
distillation rate decreases about 1 0 % a s salinity is increased from 0 t o 2 0 % . 
Within the normal range of salinities which would be encountered 
in solar-distillation operation (3 to 8 % ) , the effect should be negligible. 

(6) Some experiments with a floating black fabric in the distiller 
basin have been made. There appears to be about a 5 % increase in 
productivity, apparently due to the additional surface area for evaporation 
and its effect on increasing the degree of saturation (higher value of F) of 
the air-vapor mixture near the brine surface. (Outdoor experiments 
with solar absorption directly in the fabric have shown a greater effect, 
as much as 20 % , due to higher brine-surface temperatures and the 
surface-area increase.) 

The foregoing steady-state experiments do not show the effect of water 
depth on distiller performance because at a particular brine temperature 
and nonvarying conditions, the depth of brine has no influence on 
evaporation rate. Under transient conditions, however, distiller tem
peratures and the increases and decreases in heat stored in the brine are 
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dependent upon the quantity present. Simulation of solar-radiation 
intensity variation has been programmed into the operation of the 
laboratory distiller described above, the electrical-energy input being 
varied in proportion to the solar intensity at the particular time of day 
(Bloemer et al, 1965). Typical summer operation has been simulated by 
regulating the heat input over 14 of the 24 hr, for a cumulative total of 
2330 Btu/ft2/day. A winter day was simulated by using a 10-hr heating 
period with a total input of 1370 Btu/ft2. Measirements have been made 
at basin depths of \ to 12 inches, with insulation beneath the basin. 
Figure 5.10 shows productivity as a function of basin depth at these 
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F I G . 5 .10. Influence of basin depth on productivity of laboratory distiller under 
transient conditions. 

two levels of heat supply (Bloemer et al.9 1965). The theoretical curve 
of Fig. 5.7 is shown for comparison. Agreement is seen to be reasonable, 
substantiating the performance advantages of a shallow distiller. 
Decreasing the basin depth from 1 ft to 1 inch is seen to increase the 
24-hr water yield about 4 0 % , an effect due to the lower thermal-energy 
storage in the basin and resulting higher average temperatures during 
the effective periods of operation. If the bottom of the distiller is not 
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insulated, there would be a considerably smaller increase in productivity 
with a decrease in water depth because of thermal storage in the basin 
bottom and the ground beneath. Quantitative experiments to evaluate 
this factor are in progress. 

Another significant experimental study of the process taking place in a 
basin-type solar distiller was reported by Baum and Bairamov (1964). 
A small laboratory distiller of a few square feet of basin area with a 
water-cooled cover sloping at about 30° had an electrical heat supply to 
the basin bottom. Extensive instrumentation permitted measurement of 
heat and mass transfer in the distiller and temperatures throughout the 
air-vapor space, in the brine, and on solid surfaces. It was found that the 
evaporation and condensation processes are so closely interrelated that 
they affect each other and cannot be evaluated separately. Only the 
boundary layers near the water pool and the cover participate in the 
process of heat and mass transfer, essentially all the temperature gradients 
in the distiller being in the few millimeters thickness of these boundary 
layers. Interferometer examination of the air-vapor space showed a 
comparatively stagnant mass of air and vapor in the enclosure, except at 
the boundaries. Figure 5.11 shows temperature profiles in the distiller 
operating over a wide temperature range. In a unit of this shape, the 
convection pattern appears to be the mass movement of air-vapor mixture 
across the bottom water surface, rising at the tall part of the distiller, 
slanting downward underneath the sloping cover to the end of the basin 
at which the cover approaches the water pool, and then flowing back 
across the water surface. There appear to be no small convection cells 
under these conditions. 

The data in these experiments were correlated by means of Eqs. (5.5) 
and (5.6) for the evaporating and condensing surfaces, respectively: 

N u e v = 39.8ce v(Gr · Pr) e v°-», (5.5) 

Nucon = 1.41 χ 10-4€C On(Gr · P r ) c on . (5.6) 

The term e in these equations is the equilibrium volumetric fraction of 
water vapor in the air-vapor mixture at the temperatures of the evaporator 
and condenser surfaces. 

A closely related study concerns the transfer processes across vertical 
air spaces of varying width under conditions such that temperatures and 
heat- and mass-transfer rates can be accurately controlled and measured 
(Davis et al., 1964). Preliminary results indicate that in this system, two, 
or possibly three, mechanisms or regimes are involved in the vapor-
transfer process. At low Grashof numbers, corresponding to small 
temperature differences between the evaporating and condensing 
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F I G . 5 . 1 1 . Distribution of temperature in small laboratory basin distiller. Average 
height of chamber is approximately 6 in. from the lower evaporating surface to the sloping 
condenser surface above; tm is temperature of air-vapor mixture in center of distiller 
enclosure. 

surfaces, or close spacings of the surfaces, or low average temperature, 
pure heat conduction and vapor diffusion occur, with linear gradients of 
temperature through the vapor space. A t high Grashof numbers, a 
boundary-layer regime is clearly evident, convection being the principal 
mechanism for heat and mass transfer from one surface to the other. 
At an intermediate value of the Grashof number, both mechanisms 
appear to be significant. 

III. Design and Construction of Direct Solar Stills 

A. GLASS-COVERED BASIN DISTILLERS 

Only a half dozen sizable solar distillers (larger than about 100 ft 2) 
have been built, and only one of these was used as an actual water-supply 
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facility. That one was constructed in Chile about 100 years ago; it had 
an area of about 50,000 f t 2 and supplied potable water to a mining 
operation for a number of years. The other units have been built in 
the last 20 years and have been experimental or developmental in nature. 
These have included a glass-covered still with a 200- f t 2 shallow wooden 
tray on legs (Telkes, 1956) ; several such units comprising a total area 
of 1000 f t 2 (Howe, 1964a); two asphalt-lined, on-the-ground, glass-
covered distillers each of about 3000 f t 2 in Florida (Bloemer et al.y 

1961b, 1964b); and a 4500- f t 2 glass-covered, on-the-ground distiller in 
Western Australia (Read, 1964). Four glass-covered, groundbased 
distillers with butyl rubber basin liners and supplementary internal 
condenser tubes, comprising an area of 142,000 ft 2, have been reported 
under construction on islands in the Aegean Sea. (Delyannis and 
Piperoglou, 1965). 

Engineering and economic studies have shown that a solar distiller 
constructed of durable materials such as glass, asphalt, and concrete, 
supported directly on the ground, has prospects for practical use (Lof, 
1962). This design has received more study and evaluation than have 
other solar stills, and it is probably the closest to application in suitable 
areas. Accordingly, the second of the two Florida distillers constructed 
by Battelle is described here. 

Figures 5.12 and 5.13 show a cross section of the latest design and a 

Precast reinforced 

or butyl rubber basin liner 

F I G . 5 . 1 2 . Schematic cross section of improved glass-covered, basin-type solar 
distiller. 
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F I G . 5 .13 . View of improved glass-covered basin solar still, Florida pilot plant. 

photograph of the completed pilot-plant installation. A shallow pond is 
made by forming a low earth dike around the desired area, in this case 
about 50 ft square. Prefabricated ^ - i n c h asphalt sheet material or large 
g^-inch sheets of butyl rubber are laid over the entire area, including 
the dike, and joined together by appropriate adhesives. Pedestals of 
concrete blocks are then installed at suitable positions on square 
concrete bases, and precast concrete beams are cemented to the pedestal 
tops. The extreme sides of the basin are also provided with beams 
directly on top of the dike. Small channels for condensate collection are 
then formed in place on the two sides of the "valley" beams by hand-
shaping continuous strips of thin stainless-steel sheet. End walls of the 
distiller are of standard concrete block. Sheets of single-strength window 
glass are then laid against the ridge and valley beams with an asphalt-
cement fillet, the lower edge of each glass pane being directly against 
the stainless-steel condensate trough. Small gaps between the glass 
edges are filled with a durable cementing compound such as a butyl 
mastic. Piping connections for salt-water supply and removal are 
provided in the basin, and the condensate troughs are manifolded 
outside the end wall of the distiller. 

The above design has evolved from studies of several structural 
concepts and experimental installations. It has the advantages of sim-
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plicity, low cost, and durability. Experience has shown maintenance 
requirements to be small and performance satisfactory. Improvements 
in materials and fabrication technique are currently being made. 

In the Greek design (Delyannis and Piperoglou, 1965), glass covers 
sloping to the south at 12° are supported over shallow, butyl-rubber-
lined basins by prefabricated aluminum frames. Aluminum condensate 
troughs are mounted on low concrete curbs resting on the ground. Just 
inside the nearly vertical, short, north-facing cover, a single row of 
tubes through which the saltwater is fed to the still provides additional 
vapor-condensing surface. In conjunction with day-to-night variation 
in brine depth, from about 1/2 in. to 2 in., this arrangement results 
in 1/3 increase in yield. 

B . LARGE PLASTIC-COVERED STILLS 

The use of thin plastic films as a covering material for solar stills and 
the possibility of using plastic films for basin liners have been investigated 
during the past 8 years. Most of the studies have involved shallow 
basins lined with plastic film constructed directly on the ground, and 
transparent plastic covers supported by slight air pressure from a 
continuously operating blower. Figure 5.14 shows a cross section of 

Of Inflated Plastic Stil ls 

F I G . 5 .14 . Schematic cross section of experimental inflated plastic solar distiller. 
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this design, a variation of which has been recently constructed in Greece 
(Delyannis, 1965). The original concept and a number of improvements 
are the work of F. E. Edlin. Several types of large air-inflated plastic 
stills have been tested in Florida (Bloemer et al,, 1961b), the latest 
consisting of 2 bays, each 8 ft wide by 100 ft long, providing a total 
basin area of 1600 ft 2. 

The first large installation of this type was constructed in 1964 on 
the Greek island of Symi in the Aegean Sea (Eckstrom, 1965). It compris
es 14 bays, each 10 ft wide, with a total area of 29 ,000 ft 2. In this favorable 
climate, the distiller should have a maximum output of about 4000 gal/ 
day, a substantial supplement to the rain-water supply serving the 3000 
residents. In planning or under construction on three other Greek 
islands are additional plastic-covered stills with a total area of 65 ,000 ft 2. 

Details of the basin design have varied from one unit to another, but 
one of the most recent concepts involves a durable liner of butyl rubber 
sheet laid over the ground between wood or concrete "curbings." 
Formed sheet-metal condensate troughs are supported on the curbs, 
and a thin transparent plastic cover (one material used is Tedlar, DuPont's 
polyvinyl fluoride film) is secured to the curbings by an airtight clamping 
or fastening arrangement. Connections for salt-water supply and with
drawal are provided in the basin, and an air-supply pipe leads from the 
vapor space beneath the transparent cover to a small external blower. 
Inflation of the space supports the cover in a low, tight arch, to provide 
the condensing surface. Condensate collects in the side troughs and runs 
to storage, while brine is withdrawn from the basin. Spans as wide 10 ft 
and lengths exceeding 200 ft have been used recently (Delyannis, 1965). 

The principal limitations to this design are the comparatively short 
life of plastic materials and the need for their frequent replacement, 
particularly the cover film. Degradation by ultraviolet radiation, fatigue 
failure due to wind fluttering, and accidental puncturing are problems. 

In recent models, fragile plastic-film basin liners have been replaced by 
heavier materials, such as the butyl sheet mentioned above. Vulnerability 
of the cover to damage by storms, particularly if air inflation is lost 
because of power failure or other cause, is also a hazard. The disad
vantages are at least partially offset by lower construction costs and 
relatively cheap materials. A former drawback was the poor wetting 
characteristics of most plastic films and the resulting dropwise condensa
tion on the cover. This caused excessive reflection of solar energy and 
dropping of condensate back into the brine pool. Recently, however, 
wetable films have been developed through use of finely scratched or 
roughened surfaces. Design improvements such as the support of the 
transparent cover by means other than air pressure are being investigated. 
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C. S M A L L SEMIPORTABLE G L A S S DISTILLERS 

Horizontal tray distillers of asbestos cement ("transite") have been 
developed in Algeria and Australia. These have been made in sizes up 
to about 15 f t 2 for supplying the potable-water requirements of a small 
family. The shallow asbestos-cement tray is provided with condensate 
troughs at the two opposite sides; sloping glass covers are supported on 
a simple framing system above the tray and arranged so that condensate 
collects in the troughs (Gomella, 1958). Although a number of units 
have been sold, there has been no large demand for them, and com
mercial development appears to have ended. 

D . TILTED W I C K STILLS 

Except at locations near the equator, a horizontal surface intercepts 
less solar radiation than one which is tilted toward the equator. The 
more nearly perpendicular to the sun's rays, the greater is the radiation 
intercepted by a unit area. Tilting of the water surface can be simulated 
by providing a porous water-absorbing pad which is mounted in a frame 
that can be tilted to face the sun more favorably (Telkes, 1956). A 
diagram of a typical variety of tilted wick distiller is shown in Fig. 5.15. 

Di! 

F I G . 5 . 1 5 . Schematic cross section of tilted wick still. 

Most of the experimental stills of this type are comparatively small, 
maximum areas being about 25 ft 2. Salt water is allowed to flow slowly 
from a distributor along the upper edge of the porous wick, usually 
constructed of some type of black fabric. Solar energy is absorbed in 
the cloth and evaporation takes place. Condensate forms on the trans
parent glass or plastic cover and collects in a trough at the lower edge of 
the cover. Unevaporated brine drips from the lower edge of the wick. 
Beneath the wick there is a suitable waterproof structural material and 
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insulation; side enclosures and supporting arrangements are provided 
also. 

The advantage of this design is a higher distillation rate per square 
foot of surface, due to the more favorable exposure to the sun and the 
larger quantity of energy intercepted, and also to the higher operating 
temperature resulting from smaller heat capacity. Disadvantages are the 
difficulties in maintaining uniform salt-water feed rates and the rapid 
deterioration of wick materials. There has been no commercial use of 
this type of solar still. 

E . MULTIPLE-LEDGE TILTED STILLS 

Another variety of small solar distiller having limited commercial 
use combines the efficiency of the tilted model with the simplicity of the 
basin type (MacLeod and McCracken, 1961) . In an improved form of 
this still, shown in Fig. 5.16, a tilted, shallow, glass-covered box contains 
a stepped series of shallow, narrow horizontal trays. Salt water is fed to 
the upper tray, from which it overflows to the next, and so on to the lowest 
tray and out to waste. Solar energy absorbed in the water and on the 
black bottoms of the trays supplies the heat for evaporation, and moisture 
condenses on the cover. Condensate is collected in a trough at the lower 

Salt-Water 
Supply Tank 

Distilled-Water 
Receiver 

Brine 
To Waste 

F I G . 5 . 1 6 . Schematic cross section of multiple-ledge tilted still. 
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edge of the cover. Corrosion is minimized in the latest design of this 
distiller by use of enameled metal trays (McCracken, 1965). The 
principal use of this unit has been in providing potable water for 
individual households supplied by brackish sources. Although pro
ductivity is somewhat lower than with the wick type, it appears that there 
are fewer operating and maintenance difficulties. 

F. EXPENDABLE A L L - P L A S T I C STILLS 

Numerous small solar distillers suitable for short-term use, particularly 
in underdeveloped countries, have been designed. All of these have 
involved the use of plastic film for the transparent covers and either 
concrete or black plastic films for the salt-water basin. The objective has 
been a design employing cheap, portable materials which can be easily 
erected in the field. 

For convenience these systems may be divided into three general 
types: (1) inflated or wire-supported all-plastic tubular condensing 
surface with enclosed salt-water tray (Bloemer et al., 1964d), (2) typical 
horizontal basin with separate plastic covers supported by framing 
(Daniels, 1965), and (3) circular basin with upright or inverted plastic 
conical cover (Howe, 1964b). 

None of these designs has received enough testing for reliable appraisal 
of its practical usefulness. The principal problems which have been 
encountered are the fragility and short service life of the plastic films; 
leakage of vapor and condensate; over-heating and melting of the plastic 
basin bottom due to dry spots developing (black polyethylene sometimes 
used as the basin liner has a melting point which is exceeded in a dry 
distiller); lack of wetability of the transparent cover by the condensate, 
causing loss of solar transmissivity and dripping of water drops back into 
the brine; susceptibility to wind damage; and in some designs, occasional 
mixing of some of the brine with the product. The potential advantage 
of these units is low cost and adaptability to the needs of certain areas in 
which temporary periodic water shortages exist. These expedient or 
expendable plastic solar stills do not appear to have significant potential 
in the United States or other countries for meeting the water require
ments of communities or of permanently settled individual families, 
mainly because of low capacity and less-than-complete reliability. 

G . OTHER T Y P E S OF SOLAR DISTILLERS 

Several other types of solar stills have been suggested, designed, or 
actually built. These have been described by Lof (1954), Telkes (1958), 
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Grune et al (1962, 1964), Gomella (1964), Bloemer et al ( 1961b , 
1964d), Daniels (1965), and Howe (1964a). They include several 
multiple-effect stills, the first section of which serves both as solar-
energy absorber and as distiller; a few designs employing external con
densation of water vapor and an air-recycling system; units which float 
on the water being distilled; and vertical plastic-film "envelope" stills. 
These and a few additional types have received various degrees of 
consideration and development, but none appears to have significant 
advantage over those already discussed. 

IV. Performance of Direct Solar Stills 

A. LARGE GLASS-COVERED DISTILLERS 

Among several large experimental solar stills, the most extensive 
performance data are available on the two glass-covered basins in Florida. 
The following variables have been measured and correlated: solar-
radiation input, water-distillation rate, atmospheric temperature, wind 
velocity, basin temperature, cover temperature, water-supply tem
perature, temperature at various positions in the ground under the 
distillers, heat-flow rate into the ground, temperature variation in the 
salt-water pool and in the vapor space, and reflected solar energy from 
the water surface and the cover surface. Studies of the effects of using 
double covers and of varying water depth, cover tightness, and cover 
thickness have also been made, and the performance of various con
struction materials used in the distillers has been evaluated. 

As indicated previously, there are small effects on distiller productivity 
of changes in atmospheric temperature, wind velocity, and certain design 
features. The predominating factor, however, is the total radiation 
received by the distiller. Since a deep basin has a large thermal capacity, 
there is a carryover of stored energy from day to day. But the instan
taneous distillation rate depends almost exclusively on brine and cover 
temperature, so one day's production does not correlate with that day's 
radiation. It is possible, for example, that the production from a distiller 
several inches deep may be quite high during a very cloudy day, simply 
because a large amount of energy has been stored in the water during 
previous sunny days. Of course, during the cloudy day, brine temperature 
would decrease, because energy use and dissipation would be greater 
than energy input. 

These considerations make it necessary to correlate the productivity 
of a basin distiller of substantial thermal capacity with solar radiation 
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over an extended period. Two methods may be used. One involves 
summing the production and radiation for as long as a month and 
correlating average daily production with average daily radiation. 
Another method depends on the selection of days which are preceded by 
several days of nearly identical solar-radiation levels. This procedure 
minimizes thermal storage changes during the day on which productivity 
is correlated against radiation received. 

Several years' operation of the two Florida distillers, in which salt
water depths of approximately 1 ft were carried, are correlated in Fig. 5 .17 
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F I G . 5 . 1 7 . Productivity of deep-basin solar-distil lation pilot plant at various levels 
of average monthly radiation. 

(Bloemer et. al., 1964d). The curve is seen to rise more steeply than 
linearly and to indicate a daily yield of 0.08 gal/ft2 at a radiation 
level of 2000 Btu/ft2/day. Maximum productivity of this type unit is 
about 0 .12 gal at a maximum summer radiation (in the southern U.S.) of 
about 2500 Btu/ft2. 

Also shown in the graph are two data points from transient operation 
of the laboratory distiller, adjusted for differences in bottom insulation 
and for 1 5 % additional energy representing reflection losses if solar 
radiation had been the laboratory source. It is seen that the performance 
of the large pilot-plant distiller and the small, closely controlled laboratory 
unit correlate satisfactorily. 

The Florida pilot plants have not been operated with shallow brine 
levels (1 or 2 inches), so performance at this condition is not yet available. 
Most of the other basin-type stills previously mentioned have been 
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operated at shallow depths only, and in most cases insulation is used 
underneath the evaporating tray. Although the shallow distillers should 
have higher outputs, theoretically, the performance of various glass-
covered distillers has been nearly the same as obtained in the deep-basin 
unit. It appears that the theoretical advantages of the shallow basin are 
largely offset by thermal loss through the bottom and by various other 
leakages and losses. Sizable gains in yield require the use of brine depths 
less than about 1 in. The cost and difficulty of such accurate leveling 
of large areas and the expense of bottom insulation may justify basin 
depths of several inches in future practice. 

B. PLASTIC-FILM DISTILLERS 

Performance of pilot-plant models of air-supported, plastic-film stills 
has been reported in several publications (Bloemer et al., 1961b and 
Strobel, 1964), but much of the information was obtained prior to 
finalizing a design, and various problems resulted in lower productivity 
than can now be achieved with good design and maintenance. The best 
current information indicates that a plastic distiller with a wide span, 
closely spaced cover and a well-insulated basin containing \ to 1 inch 
of brine can produce about 0 .13 gal/ft2/day at a solar-energy input of 
1900 Btu (Bloemer et al, 1963a and Rinne, 1963). This yield is much 
higher than from a deep-basin still (approximately 0.08 in a glass-covered 
unit at a 12-inch depth and the same radiation). The difference is not so 
large if the glass-covered basin distiller is operated at shallower depths. 
Moreover, the comparison is based on a plastic still with effective 
insulation under the basin bottom in order to achieve low thermal 
capacity in the unit. At very high radiation levels of about 2500, a well-
insulated, air-supported, wide-span plastic-film distiller can be expected 
to yield 0 .15 to 0 .18 gal/ft2/day if the brine depth can be maintained 
below about 1 inch. 

C . SMALL DISTILLER TRAYS 

The performance of small solar distillers of the same general design 
as the basin types, both glass-covered and plastic-film-covered, is near 
that of the larger stills, but usually somewhat lower because of additional 
thermal loss. A glass-covered asbestos-cement tray of 10 or 20 f t 2 shows 
a daily water yield of about 0.1 gal/ft2 based on a solar-radiation 
input of 2000 to 2500 Btu. This yield can be increased by maintaining 
a very shallow brine depth and by effective insulation under the 
distiller tray. 
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It has been interesting to observe that these small, shallow stills have 
usually operated at about the same efficiency as the deep stills. It appears 
that the advantages and disadvantages of the various designs offset each 
other, resulting in a "rule of thumb" yield of about 1 gal/day for every 
10 f t 2 of basin area, in sunny summer weather. Some of the all-plastic 
expedient distillers have lower yields, owing mainly to the lower 
transmissivity of the covers when clouded by small drops of moisture, 
but also to the difficulty of achieving completely air- and liquid-tight 
construction. The yields previously reported for basin distillers can be 
considered as maxima for the smaller expedient type, and are somewhat 
difficult to obtain in practice. 

D. TILTED STILLS 

The productivity of tilted wick stills constructed of several different 
materials has been experimentally determined over a range of operating 
conditions. The solid curve in Fig. 5.18, based on data obtained in 
Florida on tilted distillers designed by Telkes, shows output as a function 
of solar radiation falling on the plane of the tilted surface (Bloemer et al., 
1964d). This is not the same solar-radiation basis used in other correla
tions, but it is informative in that it shows the relationship between 
yields and the quantity of energy actually entering the unit. The upper 
two curves show productivity as a function of radiation on a horizontal 
plane, which is the basis previously used. Here performance varies with 
the season, because of the difference in the length of the operating day 
and also because of the tilt of the unit (favoring winter solar altitudes). 

It is seen that at a daily horizontal radiation level of 2000 Btu, in 
summer, the tilted still produces about 0 . 12 gal/ft2 compared with the 
basin productivity of about 0 .085. This difference is due partly to the 
more favorable angle of exposure of the tilted still, but mainly to the 
lower thermal capacity and higher operating temperature of this unit. 
Larger differences in winter performance are due principally to the 
considerably higher solar inputs to the tilted surface. Data on distillers 
employing plastic-film covers, glass covers, and various materials for the 
pans on which the black fabric rests have shown that the glass-covered 
units have the highest efficiency, ranging from 4 0 to 50 % of the incident 
radiation on the tilted surface. 

It may be concluded that the tilted wick stills operate at higher 
efficiency and produce more water per square foot of evaporating area 
than the basin distillers. The improvement in performance is about 35 % 
in typical sunny summer weather and as much as 100 % on clear winter 
days. These comparisons apply to operation in the temperate zones, 
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where the tilted design results in higher radiation per square foot of 
evaporating area. In the tropics the increase would not be as large. 

Tilted multiple-ledge stills have productivities similar to the tilted 
wick type. Tests at the University of California have shown maximum 
yields of 0 .14 to 0 .15 gal/ft2/day, and average March through September 

Solor Rodlotlon on Horizontol P lane , B tu / (sq . f t )(day) 

500 1000 1500 2 0 0 0 2500 

0 5 0 0 1000 1500 2 0 0 0 2500 

Solar Radiation on Plane of Stills , B tu / (sq f tKday) 

F I G . 5 . 1 8 . Productivity of tilted wick distil ler at various levels of solar radiation 
measured on horizontal and on tilted surfaces. 

outputs of about 0.1 gal (Howe, 1964a). These figures are based on the 
area of the sloping glass cover, which is slightly smaller than the total 
area of the horizontal water surfaces in the assembly of ledges inside 
the unit. 
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V. Economic Aspects of Direct Solar Distillation 

Most of the reliable solar-distillation cost analyses have been applied 
to the glass-covered basin still. In a report by Strobel (1964), based 
partly on data obtained by Bloemer et al. (1961a) on the solar-distillation 
pilot plants in Florida, the costs of solar stills in the United States are 
shown to range from $2.04/ft2 actually paid for the 3000- f t 2 Florida 
pilot plant, to 99 0/ft2 estimated for a 20-acre distiller of the same 
materials and design as the pilot plant. The respective daily capacities 
of these two installations are 270 and 100,000 gal. On the basis of 30- and 
50-year amortization periods for the smaller and larger distillers, the 
total cost of water would be $4.70 and $1.22/1000 gal, respectively. The 
latter figure is based on a 3 % interest rate; at 4 % , the water cost becomes 
$1 .43 . It also is predicated on an average yield of 0.11 gal/ft2/day, 
obtainable only in very favorable climates. A t a more realistic average 
output of 0 . 10 gal/ft 2/day and a 4 % interest rate, the cost becomes 
$1.54/1000 gal. 

These figures are based on actual experienced costs and reliable 
estimates. Only the assumed life of the distillers is in some doubt, 
because there have been no units in operation long enough to permit 
confident appraisal of this factor. The materials of which the distiller is 
constructed have useful lifetimes at least as long as those selected, so 
there is a reasonable basis for assuming these depreciation rates. Ob
solescence may, however, impose a shorter amortization period. In a 
subsequent cost study (Bloemer et al.y 1964b), based on additional 
experience with the glass-covered, asphalt-lined basin, the cost of 
materials and the construction-labor requirement for each item in the 
plant were carefully appraised for a typical United States location. 
These figures total 72 0 material cost/ft2 of distiller and 0 .135 man-hour 
of labor. If an unskilled labor rate of $2.00/hr is used, the total distiller 
cost becomes 99 0/ft2, excluding contractor fee or profit. This is the same 
figure previously obtained for a very large distiller, indicating progress 
toward a more economical design. This latter cost analysis is considered 
applicable to relatively small plants, of a few thousand square feet. In 
underdeveloped foreign countries, where labor rates are much lower and 
where solar stills have the greatest promise, a typical 50 0/hr rate would 
place the total distiller cost at about 80 0/ft2. This is equivalent to an 
investment requirement of about $8/gal/day average capacity in a sunny 
climate. 

Another economic analysis of solar distillation has been made by Lof 
(1962). In this study, the costs of producing pure water from sea water 
by solar distillation, vapor compression, and multiple-stage flash 
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distillation were compared. Solar-distiller construction costs were 
obtained from the previously reported estimates, and the prices of 
conventional distillation units were procured from the manufacturers. 
Operating costs were also obtained from manufacturers' data and from 
estimates of labor requirements. A n optimistic service life of 50 years 
was assumed for the asphalt-and-glass solar still. 

This analysis was concerned with "small" water demineralization 
plants, generally below 100,000 gal/day capacity. Figure 5.19 summarizes 

Ol I I I I ι 1 — 1 1 
1000 3 5 1 0 , 0 0 0 3 5 1 0 0 , 0 0 0 3 5 1 ,000 ,000 

Desalination Plant Output , G a l l o n s / d a y 

F I G . 5 .19 . Costs of water from solar and conventional distillers at various plant 
capacities. (Lof, 1962.) 

the results. It is seen that for relatively small water-production rates, 
solar distillation is the cheapest of the several processes. For comparison, 
costs of water are also correlated with plant size on a 20-year amortization 
basis. The self-operating characteristics of the solar still offer the 
possibility that operating labor may not be necessary, thereby making 
further economies possible, as indicated by the "no operating labor" 
curves in Fig. 5.19. It should be recognized that the position of the 
several curves is approximate and that the data on which they are based 
showed some inconsistencies. Assumptions as to operating-labor require-
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ments, wage rates, depreciation rates, and the like place these cost 
projections in the category of approximations. 

The most recent cost study, by Bloemer et al. (1965), is summarized 
in Fig. 5.20. Costs of solar distillation have been based on an energy-

1 ι ι ι ι ι η ι ι ι I I M i l l 
10,000 100,000 1,000,000 

Capacity , Gallons Per Day 
F I G . 5 . 2 0 . Costs of water f rom solar and conventional distillers at various plant 

capacities. (Bloemer et al., 1 9 6 5 . ) 

supply rate of 2000 Btu/ft2/day and local labor at 50'0/man-hour, 
typical of underdeveloped countries. A 20-year amortization period at 
4 % interest was assumed for all plants. It is seen that up to about 
50,000 gal/day, solar distillation is the cheapest of the processes con
sidered, $2.70 at 10 ,000 gpd to $2.30 at 50,000 gpd. The 20-year solar 
curve from Fig. 5 .19 is also shown for comparison and indicates reason
able agreement between the two estimates. The difference in the slopes 
of these curves shows that in the latest study, operating labor cost was 
considered lower and plant amortization higher than in the previous 
analysis. 
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The foregoing studies indicate that in sunny areas, where sea-water 
demineralization is required in quantities of a few hundred up to about 
50,000 gal/day, the glass-covered-basin solar distiller can provide water 
at costs in the range of $4 to $2, respectively. None of the conventional 
distillation processes appears competitive at these relatively lowcapacities. 
Although these are much above the $1 costs in million gallon-per-day 
plants, there are many small communities in the world where considerably 
more than these rates are paid for water of marginal potability, and 
there are still other coastal regions where settlements would be established 
if water were provided at these prices (United Nations, 1964). 

The economics of other types of solar stills have not been as exten
sively investigated, but some data are available. Estimates of construction 
costs of plastic-covered stills have ranged from about 50 0 to nearly 
$1 /ft2, depending upon the type of plastic film used, the structural 
design, and other factors. These costs are lower than the glass-covered 
distillers previously described. 

Against these lower construction costs must be weighed the shorter 
life of plastic materials. This is the greatest uncertainty in the economics 
of the plastic units, because average service life of these components, 
particularly the air-supported cover, is not adequately known. Some 
plastic films have undergone several years of exposure testing, under 
conditions similar to those encountered in a solar still. The better films 
have shown maximum lives of about 4 years (Bloemer et al., 1964a). 
In experimental solar distillers however, no plastic films have survived 
longer than 1 year. The cost of replacing the plastic cover at fairly 
frequent intervals must be included in the total water-production cost, 
with respect both to material and labor. 

In a study of solar-distillation economics (Bloemer et al., 1964d), the 
cost of water has been related to the cost of the plant, its useful life, and 
its efficiency. Figure 5.21 shows that a "permanent" type of distiller, 
made of glass and asphalt (cost about $ 1 /ft2, assumed service life of 
30 years, and operating at 45 % efficiency), would have a product water 
cost (amortization and interest only) of $1.75/1000 gal. To produce 
water at this cost from a plastic-film distiller, with an assumed efficiency 
of 60 % and an average life of 5 years, the construction costs of the 
facility would have to be no higher than about 35 0/ft2. The basis for 
this graph is 330 days/year production and average daily solar radiation 
of 2000 Btu/ft2. Amortization charges were computed at 4 % annual 
interest. 

Until more data are available on the operation of large, plastic-
covered solar distillers, there can be no meaningful estimate of the cost 
of water from installations of this type, mainly because the rate at which 
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these units must be amortized is extremely speculative. If the plastic 
solar still can have an average life of 5 years (the average being determined 
by weighting the life of each component in proportion to its cost, 
including replacement labor) and a construction cost of less than 
40 0/ft2, it should be competitive with the longer-lived, more-expensive, 

Construction Cost, Dollars Per sq ft 

J 1 1 1 1 1 1 I I ' » 
4 . 0 0 3 .60 3 2 0 2.80 2 . 4 0 2 .00 1.60 1.20 0 .80 0 . 4 0 0 .00 

Product Water Cost, Dollars Per 1 0 0 0 Gallons 

F I G . 5 . 2 1 . Cost-comparison chart for solar distillation. 

glass-covered distiller. Or if a plastic-covered unit can be built for 60 0/ft2 

with an average life of 10 years, comparable water costs would be 
realized. If, however, a plastic distiller would have to be entirely 
amortized in as little as 3 years, it would have to be built of extremely 
cheap materials and with very little labor, at a total construction cost of 
something less than 25 0/ft2. 

Among the small, family-size solar stills, limited cost data are available 
on three types. The tilted, multiple-ledge distiller is in limited com
mercial production in California, but frequent modifications place this 
unit in the experimental category. The selling price is approximately 
$ 1 0 0 for a nominal daily capacity of 1 gal of water. With a guaranteed 
life of 3 years and amortization in this period, the cost of distilled water 
is above $100/1000 gal. With an expected life and amortization of 
10 years, the cost drops to about $35/1000 fal, at 6 % interest. Although 
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these costs are much above those of commercial supplies, they are 
below the price in communities where bottled water must be purchased 
for drinking and cooking. 

It has been estimated by Telkes that tilted wick stills can be constructed 
for $1.25/ft2, in large quantities and with proper tooling and assembly 
methods (Bloemer et al, 1964d). Considering the higher productivity 
per square foot of absorber area than the horizontal still, the construction 
costs of the tilted wick and the basin-type distillers per gallon of average 
water-producing capacity would, according to this estimate, be about 
the same. The service life of a tilted wick still of more durable design 
has not been reliably determined, experimental models so far tested 
having deteriorated beyond use in less than 2 years. There is reason to 
expect that improvements in materials and in their assembly would 
extend this life, particularly if durable, fade-resistant wicks can be 
developed. A family-size, 3-gal distiller 25 f t 2 in area might ultimately 
be available at a price (based on the previous estimate) near $35. If 
amortized in 2 years, the corresponding cost of distilled water would be 
about $17/1000 gal. If a life of 10 years could ultimately be achieved at 
no increase in materials and manufacturing-labor requirements, the cost 
of distilled water would be near $4/1000 gal, assuming no operating labor. 

An expedient, all-plastic distiller of 2.5 to 3 gal capacity has been 
estimated by Daniels (1965) to require $24 worth of materials. If the still 
is serviceable for a year, the equivalent water cost is about $25/1000 gal. 
With a 3-year life, the cost would drop to about $9. Another design, 
employing a simple concrete base and a durable plastic cover, is estimated 
to require $ 1 2 worth of materials for a daily capacity of 2 gal. Wi th a 
distiller life of 1 year, the water would cost about $16/1000 gal. If a 
3-year life can be obtained in this design and with these materials, the 
water cost would drop to about $6. Construction labor is not included 
in these estimates because the units are designed for use in under
developed areas, where labor is available at practically no cost. 

The foregoing estimates show that for outputs of a few gallons per 
day, these small solar stills may be useful in individual households for 
supplying drinking water. Areas of possible use are in those areas of 
United States where bottled water is now purchased, and in those 
underdeveloped countries where potable water is delivered by truck, 
cart, or carried by hand. It is considered unlikely that the costs of these 
small modular units can be reduced enough to compete with the large 
basin distillers in supplying hundreds or thousands of gallons per day. In 
addition to the cost disadvantage of the small distiller, the added expense 
of interconnecting piping, labor of operation, and other items appear 
to place a large installation of many small units above a competitive price. 
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VL Indirect Solar Desalination 

Solar energy can be used as a source of heat or power for any desalina
tion process. Processes employing heat can be supplied with steam from 
boilers heated by concentrated solar energy, and those operating at 
lower temperatures, up to about 200°F, can be heated by noncon-
centrating solar collectors. Even processes using motive power as the 
energy input, such as vapor-compression evaporation, could be operated 
by electricity generated in a solar-heat engine or a photovoltaic system. 
These possibilities simply involve the replacement of fuel by solar 
energy in conventional desalination facilities. The technology and 
economics of desalination with solar energy in such processes can 
therefore be appraised by considering the energy-supplying step by 
itself, completely apart from the desalination operation. 

A. HIGH-PRESSURE STEAM 

Heated fluids at temperatures from 250°F to several thousand degrees 
can be produced at the focus of many types of concentrating solar 
reflectors. At an over-all efficiency of 50 % , a favorable solar input of 
2000 Btu/ft2/day, 20-year amortization, and 5 % annual charge for 
interest, taxes, and insurance, future costs for an intermittent high-
temperature heat supply could range from 50 0 to $1.50/million Btu. 
Since these costs are considerably higher than the 25 0 "standardized" 
figure (OSW, 1956), even when adjusted to about 30 0 for combustion 
efficiency, there is little prospect for the use of solar energy in desalination 
processes requiring high-pressure steam or other heat source at equivalent 
temperatures. 

B. SOLAR-HEAT SUPPLY AT TEMPERATURES BELOW 200°F 

Hot water and low-temperature steam can be produced in a flat plate 
solar heater. The equipment usually comprises a glass-covered thin 
blackened metal plate to which tubing is fastened for the circulation of 
water or other fluids. The installed cost of a domestic solar water heater 
and storage tank ranges from $4 to $7/ft2 of collector surface. A t a total 
annual operating cost of 10 % of investment, heat can be delivered at 
120°F for $1 .35 to $2/million Btu in a sunny climate. This is competitive 
with domestic fuel but too costly for industrial use. Several types of 
large, horizontal, ground-supported solar water heaters have therefore 
been developed. One of these has been employed for supplying heat to 
a re-circulated salt-water stream at 130 to 150°F, in connection with a 
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desalination process involving evaporation and condensation in a closed-
loop, air-circulation system (Hodges et al.y 1965). 

The heater for this system employs a heavy black plastic film as the 
liner of a long, narrow pond directly on the ground. A shallow layer of 
salt water flows slowly through this channel and is prevented from 
evaporating by a floating transparent plastic film. Above this floating 
film, another transparent plastic film is supported by air pressure from 
a small blower, and if economically desirable, an additional film can 
be air-supported above the previous one. 

If cheap plastic films can be developed which will be serviceable for 
2 years, an equivalent 20-year investment requirement of about 50 0/ft2 

has been estimated. At an average collection efficiency of about 25 % and 
a total annual cost of 10 % of investment, heat would cost about 30 0/ 
million Btu. To provide a nearly continuous solar-heat supply, tanks for 
impounding solar-heated water carry the desalination operation through 
the night. The cost of storage brings the equivalent cost of heat to about 
35 0/million Btu. 

It must be recognized that this estimate is for heat at about 150°F, 
which has a lower value than high-temperature heat. It is not directly 
comparable with the O S W 25 0 figure because that is based on fuel 
which can be used to produce heat at high temperature. The value of 
this low-temperature heat may be compared with "waste heat", such as 
in the coolant from a diesel power plant. 

There is an element of speculation in the 30 to 35 0 heat cost quoted 
above because of the uncertain life of plastic films. If cover films have 
to be replaced every year instead of every 2 years, the cost of solar heat 
would rise to about 50 0. 

It appears that a large plastic solar water heater in a favorable climate 
can provide low-temperature heat (130 to 150°F) at costs comparable 
to those of conventional fuels, provided that optimistic assumptions as 
to the cost and life of plastic films are substantiated. This source is 
probably not competitive with waste heat from internal combustion 
engines, exhaust steam, or other process heat discarded after high-
temperature use. 

C . ELECTRIC-POWER GENERATION 

Electricity may be generated from solar energy in an engine by using 
heat produced by one of the methods described above, or it may be 
produced directly in a solid-state device. There are numerous references 
to the technology and the economics of these solar power systems, all 
of which lead to the conclusion that the cost of electricity from solar 
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energy is much higher than presently available central-station power. 
The prospects for utilizing solar energy as a source of power in desalina
tion processes such as electrodialysis, vapor compression, freezing, and 
reverse osmosis therefore appear negligible. 

VII. Summary 

Solar energy can be used for water desalination in several general 
ways and in numerous types of equipment. The use of conventional 
desalination processes, the energy for which is obtained from solar 
converters of various types, does not appear economically attractive. 
Electric power from solar energy is too expensive, high-temperature 
heat for conventional multiple-stage evaporation processes is not 
competitive with fuel, and low-temperature heat for some experimental 
desalination processes has only a possibility of being competitive with 
fuels and sources of waste heat. 

Desalination of sea water in direct-heated solar distillers of large 
area (thousands of square feet) can be readily accomplished in sunny 
climates. Shallow depressions in the ground lined with waterproof 
materials such as asphalt sheets, butyl rubber, or possibly heavy plastic 
film may be used as evaporating basins; glass covers supported on 
concrete beams or transparent plastic films air-supported over wood or 
concrete curbs may be used as condensing surfaces. Several pilot plants 
of both types have been constructed and operated. Capital costs of the 
glass-covered type having capacities above a few hundred gallons per 
day are near $10/gal/day. This high figure in comparison with other 
desalination processes is offset by very long service life and no costs for 
energy and operating labor. Water-production costs in the range of 
$2 to $3 per thousand gallons are indicated, depending upon plant size, 
amortization rate, and solar availability. 

Plastic-covered stills require a lower investment per gallon per day of 
average capacity, possibly as low as $5. Shorter life and higher mainte
nance costs, as yet not well established, place the costs of demineralized 
water probably in the same range as the product of the more durable, 
glass-covered units. Further information is needed on these systems. 

Solar distillation occupies a favored position among all desalination 
processes in capacity ranges up to 50,000 or perhaps 100 ,000 gal/day. 
Below these outputs, this process has a clear economic advantage in 
sunny climates. In the million-gallon category, solar distillation cannot 
compete with methods using conventional energy sources. 



196 GEORGE Ο . G . L O F 

Small solar stills of a few gallons per day capacity have had successful 
experimental use. If there is a need for units capable of supplying potable 
water to individual households at costs in the range 1 to 5 0/gal, these 
distillers may be developed to serve the demand. 

Because of the suitability of solar distillation for comparatively small 
output in sunny climates, the regions of greatest potential applicability 
and utility appear to be outside the United States. Towns, villages, 
small communities, and perhaps individual dwelling units in areas such 
as around much of the Mediterrean Sea, the northwest and northeast 
African coast, the shores of the Red Sea and the Persian Gulf, parts of 
the Australian coast, the west coast of Central and South America, the 
northeast coast of Brazil, and numerous small islands throughout the 
world are potential users of solar distillation. In many thinly settled 
inland regions where only brackish water is available, solar stills also 
have promise. The simplicity of the system, the absence of skilled-
labor requirements for construction and operation, and the matching 
of high distiller capability with periods of high water demand and 
natural fresh-water scarcity (Thompson and Hodges, 1963) make this 
process particularly suitable for use in the developing countries. 

L I S T OF SYMBOLS 

 ́ Brine outflow rate, lb/hr/ft2 basin 
C Heat capacity of air in distiller, 

Btu l b " 1 ° F " 1 

D Distillate outflow rate, lb/hr/ft2 

basin 
F Correction factor in Eq. (5.3), 

dimensionless 
hi Convection heat-transfer coefficient 

from brine surface to cover surface, 
Btu h r - 1 f t" 2 ° F " 1 

h0 Convection heat-transfer coefficient 
from cover surface to atmosphere, 
Btu h r - 1 f t"2 ° F " 1 

I  Solar-radiation rate on horizontal 
surface, Btu h r" 1 ft~2 

L Miscellaneous heat loss from dis
til ler, Btu h r - 1 f t - 2 

MJMW Pounds of air circulating in distiller 
per pound of water condensed, 
assuming equil ibrium at brine and 
cover surfaces (equal to the reci
procal of the quantity, absolute 

humidity saturated at ^-absolute 
humidity saturated at i c) , d imen
sionless 

r Loss of solar energy by reflection, 
Btu h r " 1 f t" 2 

ta Temperature of atmosphere, °F 
t0, T0 Temperature of brine in basin, 

°F, °R, respectively 
tb , tbi Tempera ture of brine in basin at 

start and at end of t ime interval, °F 
tc , Tc Temperature of transparent cover, 

°F, °R, respectively 
T, Effective temperature of surround

ings as radiation receiver, °R 
ts Temperature of salt-water supply 

to distiller, °F 
W Weight of brine per square foot of 

basin, plus effective weight t imes 
heat capacity of structural compo
nents and underlying soil which 
undergo temperature cycling, lb/ft2 

basin 



Solar Distillation 197 

occ Absorpt iv i ty of transparent cover λ Enthalpy of condensation of water 
for solar radiation, dimensionless vapor at te, Btu/lb 

€ In Eq. (5.5) and (5.6), equi l ibr ium σ Stefan-Boltzmann constant, 
volumetr ic fraction of water vapor 0 . 173 X 10~ 8 Btu f t - 2 h r _ 1 ° R 4 

in air-vapor mixture, dimensionless G r Grashof number 
€f t >c Emissivity factor for radiation N u Nusselt n u m b e r 

from brine to cover, dimensionless P r Prandtl n u m b e r 
€e Emissivity factor for radiation 

from cover to atmosphere, d imen
sionless 
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