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There exists today an estimated two billion people who go without fresh water on a daily basis. 
The consumption of water unfit for drinking, due to pathogens and salinity, is a major health 
hazard world-wide. In addition, the continuing growth of the world's population and the 
consequent increasedfood shortage, requires the expansion of agriculture into arid zones, i.e., the 
greeningof the desert. Famines, both more or less publicized, in many regions on the globe 
provide ample evidence for the necessity of solving this problem by concerted efforts, both 
national and international. The significanceof this research project is obvious in that potable 
water is a commodity that is becoming scarce and has been source of conflict between nations 
throughout history. If the latter part of the 2oth Century can be characterized as one that the 
scarcity of oil was a casus belli than it is reasonable to state that the casus belli in the 2lnt 
Century will be the scarcity of water. In fact, the success of the peace treaties now in effect and 
in the makingin the Middle East will depend to a significant degreeon the availability of water for 
all countries concerned. Solar desalination can be an important source of water in t h s  region, 
which is primarily composed of arid and desert lands and has an abundance of solar radiation. 

Five different solar still modules were developed during the course of this project and are 
described in detail in the report. Though the prototypes developed, tested and optimized 
throughout this study may differ significantly both in their appearance and materials of 
construction, they all possess a common feature- the ability to execute the following processes in 
a thin and low cost rectangular box. 

Evaporation of the feedstock water by solar energy in an upper chamber, which is 
transported by an air stream to a lower charnbez 

Condensation of the major fraction the water vapors transported by the air stream in the 
lower chamber. 

Recycle of the thermal energy of condensation of the distillate by both preheating the 
entering feedstock and directly heating the e~aporation surface of the still and, thereby, 
significantly enhancing the still productivity. 

The performance of prototype (I) has been discussed in detail by Mink et al. (1998)l. The 
performance of prototypes (I) and (111) has been analyzed and simulation models developed and 
verified, as reported upon by Kudish et al. (1997) and Mink et al. (1999), respectively. The 
performance analysis of prototype (IV) operating in the following modes: solar (normal mode), 
solar + waste thermal energy (hybrid mode) and waste thermal energy (nocturnal mode) have 
been reported upon by Kudish et al. (1999). 

It was found that prototype (IV), which operates in a hybrid mode (using a combination of solar 
+ waste thermal energy, when available on-site, as the driving forces), attained the highest 
maximum temperatures relative to the other four prototypes. Prototype (111) was somewhat 
superior to the remaining prototypes at lower air flow rates, whereas the three other prototypes 
exhibited somewhat similar behavior with regard to their measured maximum temperatures as a 
function of air flow rate, cf., Fig. 7 in text. 

The results of the inter-comparison of the total productivity rates for the five prototypes 
indicated, quite conclusively, that prototype (IV) was the most productive solar still, viz., it 
produced > 1.5 kpi2h-' under the operating conditions during performance testing. All 
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prototypes, with the exception of prototype (I), arrived at an essentially constant total 
productivity rate with increasing air flow rate (i.e., over the range of air flow rates investigated). 
The observed behavior of prototype (I), was in all likelihood,a consequence of the lower limit on 
the air flow rate achievable when it underwent performance testing. It is observed that 
prototypes (11), (111) and (V) exhibit somewhat similar behavior with regard to total productivity - 
as a function of air flow rate. The relative performance rating for these three prototypes, based 
upon total productivity, is (11) > (111) > (V). It appears that prototype (I) may exhibit a behavior 
quite similar to (11) in the range of low air flow rates but, as explained above, there is no data 
available in the lower range of air flow rates. The measured maximum productivity rates for 
prototypes (I), (11), (111) and (V) were in the range between 0.8 to 1.1 kgni2h-' under the 
operating conditions during performance testing, cf , Fig. 8 in text. 

The main design parameters, optimum opera tin^ conditions and an estimate of the fixed capital 
investment costs for a 365 m31y capacity plant constructed for each of the five prototypes have 
also been summarized, cf., Table 4 in text. We conclude that when waste thermal energy is 
available at the site, prototype (IV) operating in the hybrid mode offers the highst productivity 
at the lowest fixed capital investment costs for a desalination plant of defined capacity. In 
addition, Kudish et al. (1999) showed that its daily productivity could be further enhanced by 
operating prototype (IV) during daytime hours in the hybrid mode and during non-solar or 
nighttime hours in the nocturnal mode, utilizing the available on-site waste thermal energy. In 
addition, the data reported in Table 4 indicate that prototype (V) may be the preferred design, 
based on economics, for sites not possessing a waste thermal energy source. Furthermore, 
prototype (V) has an advantage of possessing a very low mass and a relatively simple design. 
We believe, however, that prototype (V) may have higher maintenance and replacement costs 
relative to those for the other prototypes. 

The project accomplished almost all its R&D goals with the exception of the construction and 
operation of a pilot-plant installation. The reason for this shortcoming was a result of the drastic 
change in the financkl situation of the Hungarian group after the reorganization of RLIC to the 
RLMEC, CRC ,HAS. Consequently, the construction of a fully equipped 12 m2 solar still area 
demonstration plant planned at RLIC was abandoned in early 1999. The construction of such a 
pilot plant will require the additional support fiom international funding sources. The 
construction of such a pilot is definitely warranted, based upon the results obtained during the 
present investigation. 

The major impact of this joint research project on the Hungarian partner has been the 
development of a Hungarianresearch team with both experience and expertise in the field of solar 
energy conversion and utilization. As a result of this project a fully equipped solar laboratory has 
been established at the RLMEC and the staff of the laboratory has attained an international 
reputation in the field of solar-to thermal energy conversion systems. They are now capable, 
using both theoretical and experimental data analysis, of designingand scaling-up solar stills and 
evaporators for different applications. Their expertise may be applied to the design of solar to 
thermal energy conversion systems for a&;ultural, chemical and environmental protection 
purposes. These include such applications as solar desalination, solar drying of industrial or 
agricultural materials and thckening of dilute solutions of valuable or hazardous salts as an 
intermediate stage in their management/processing. 



4.1) The problem addressed and its importance to development 

Today there exists an estimated two billion people who go without fresh water on a daily basis. 
The consumption of water unfit for drinking, due to pathogens and salinity, is a major health 
hazard world-wide. In addition, the continuing growth of the world's population and the 
consequent increasedfood shortage, requires the expansion of amculture into arid zones, i.e., the 
greeningof the desert. Famines, both more or less publicized, in many regions on the globe 
provide ample evidence for the necessity of solving this problem by concerted efforts, both 
national and international. 

Arid and semiarid zones constitute approximately 60% of the earth's land area and they are, in 
general, characterized by both hgh  levels of solar radiation and shortages of fresh water. In 
tropical region$ especially duringthe dry period, the shortage of quality water also creates serious 
health problems. Such regions often possess reservoirs of either brackish or saline water that may 
be used for both drrnkingand irrigation after suitable treatment. 

The construction of reverse osmosis (RO) or conventional desalination plants utilizing fossil fuel 
sources to the supply fresh water may not be practical in many remote areas. This may be due to 
one or more of the following reasons: they require qualified techmcal staff for both maintenance 
and operation; conventional desalination plants are economic only for very large scale 
applications, viz., highcapacity plants; they both require high fixed capital investment; the 
availability of a reliablepower source to operate the plant. Solar desalination systems, on the 
other hand, may be an ideal source of fresh water for both drinking and agriculture in such remote 
areas. This is especially true in that both the demand for fresh water and the intensity of solar 
radiation are, in genera1,cyclical in nature and in phase with each other. 

The significance of this research project is obGous in that potable water is a commodity that is 
becoming scarce and has been source of conflict between nations throughout hstory. If the latter 
part of the 2oLh Century can be characterized as one that the scarcity of oil was a casus belli than 
it is reasonable to state that the casus belli in the 21"' Century will be the scarcity of water. In 
fact, the success of the peace treaties now in effect and in the making in the Middle East will 
depend to a significant degree on the availability of water for all countries concerned. Solar 
desalination can be an important source of water in this region, which is primarily composed of 
arid and desert lands and has an abundanceof solar radiation. 

4.2) On-goingresearch by other scientists 

The utilization of solar energy for the distillation of brackish or saline water has been practiced for 
a very long time. Various types of solar stills and solar-assisted desalination units have been 
designed and investigated. The simplest and most widespread solar still is of the single-basin 
type design. It consists of a closed box with a tilted glass glazing a water basin with a black liner 
and a trough to collect the distillate. The distillate evaporates from the surface of the water in the 
still basin heated by the solar radiation, condenses on the inner surface of the relatively cooler 
glazing and flows down the tilted glazing,ideally as a thin water film, by gravity into the distillate 
collection trough. The main shortcoming of these stills is that their productivity per unit area of 

3 -2 still basin is low, only about 1 m m yr-', and their investment costs are roughly proportional to 
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the still area. Consequently, they are not, in general, cost-competitive with the alternative 
conventional methods, except for special cases such as remote and non-electric grid connected 
sites. 

The first large scale application of this solar still genre (4700 m2 in area) was built in 1872 in 
Chile as a fresh water source for a copper mine in the Andes, Harding (1 883). An abundance of 
manuscripts and some excelent monographs, e.g., Talbert et al. (1970), Malik et al. (1982) and 
Kudish (1991), have been published on this subject. A largenumber of innovative designs of solar 
stills and systems rangingfrom the minimalto the high-tech have been proposed, constructed and 
tested. As reported by Cooper (1973), Delyannis andDelyannis (1980) andKudish et al. (1986), 
the overallefficiency of a typical basin-type solar still is only about 30% and over the past three 
decades many efforts have been devoted to enhancmg this efficiency. The scientific and patent 
literature abound with different proposals to m3dify the design of the still components, but in 
most cases only few percent increase in efficiency has been achieved. 

Another type of solar still, designed to operate with a very low thermal capacity, is the titled- 
wick still, cf., Telkes (1955). This type of still has been found to have a somewhat higher 
distillation rate per unit area but it operates at relatively high temperatures. The latter feature 
negates to some extent its design advantage, viz., a low thermal capacity, by enhancing its 
temperature gradient relative to the ambient and, thus, increasing the thermal energy losses. In 
spite of their simple construction, low operation and maintenancecosts both the basin- and tilted- 
wick type solar stills suffer from the same shortcoming, i.e., the condensation of the distillate 
vapor on the inner glazingsurface and the consequent dumping of the latent heat of condensation 
to the ambient. In addition, even when neglectingtheir relatively low maintenance costs, the price 
of fresh water produced by both the basin- and tilted-wick type stills is estimated by Total Life 
Cycle Cost (TLCC) analysis to be in the rangeof 15 us$/m3. 

It is apparent from the thermodynamic analysis of the process, that if the latent heat of 
condensation and the sensible enthalpy of the warm distillate could be successfully recycled and 
used for both heating and evaporating the feedstock, a considerable enhancement in the process 
productivity and efficiency would be achieved. This is the case with regard to those conventional 
systems, such as vapor compression, multi-stage evaporation or multi-stage flash distillation, 
which are defined as multi-effect systems. In such systems the yields have been increased by a 
factor of 3-20, with the same energy input, relative to a simple, single-effect distillation systems. 

Solar stills can also be designed to operate as multi-effect systems by utilizing, to some degree, 
the latent heat of condensation to preheat the feedstock. This may be accomplished, for example, 
by constructing the still with a double glazing and flowing the feedstock through the space 
between the glazing (a simple liquid in glass condenser) prior to entering the basin. Another 
approach is to use multiple-basin solar stills with transparent bases in the upper still(s), cf., Lobo 
and Araujo (1977), Sodhaet al. (1980), Tiwari (1985), Fernandez and Chargoy (1990) and Tiwari 
and Sharma (1991). It is obvious that such inqovative still designs offer no practical alternative, 
even with a 40% increase in productivity as waS reported in the latter case, when the incremental 
costs and construction complications are taken into consideration. 

A pilot plant for sea-water desalination by multi-effect humidifcation was constructed in 1992, 
Baurngartneret al. (1992). This plant consists of a flat plate solar cc?llector fabricated from a 
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corrosion resistant titanic alloy and an external, well-insulated evaporator-condenser chamber. The 
heated feedstock, exitingthe solar collector, partially evaporates and the vapors condense on a . heat exchanger that, in turn, serves to preheat the feedstock before it enters solar collector. The 
heat recovery factor for this system, which is defined as the ratio of the thermal energy utilized 
for evaporation relative to that supplied, is high, between 3 and 4.5 on a daily average. Cost 
estimations provided by the technology developers have shown that the price of the fiesh water 
produced is presently in the rangeof 50 us$/m3 but they plan to reduce it to about 25 us$/m3 by 
improving the system design with the addition of a high capacity thermal storage tank, Miiller- 
Holst et al. (1997). 

Air-blown solar still prototypes were developed at the RLIC, one of the partners of the present 
project, at about the same time, Mink et al. (1988) and Aboabboud et al. (1993). The absorption 
of solar radiation, evaporation, condensation and efficient recycle of the thermal energy of 
condensation of the distillate, both to preheat the feedstock and heat the backside of the 
evaporation surface, occurs within a thin, compact rectangular box. These stills are tilted towards 
to the sun to increase the flux density of the incident solar radiation and a double glass glazingis 
used to reduce the thermal energy losses from the still glazingto the ambient. This is a result of 
the fact that the glazing does not function as a condensing surface and need not be cooled by the 
ambient. In fact, condensation on the inner surface of the glazing should be avoided, since it 
reduces the system efficiency. Consequently, it is possible and highly recommended that the 
double glass glazing be replaced by non-wettable, transparent polymeric insulation materials 
(TIMy s). 

The thermal mass of these stills is very low and, therefore, steady state conditions, both in terms 
of temperatures and productivity, are achieved in less than an hour from start-up. Performance 
studies, under controlled conditions utilizing I; solar simulator, showed that these stills are 
characterized by a broad productivity maximum as a function of increasing air flow rate. 
Operating such stills in the range of the optimum air flow rate results in a productivity that is 
about 2.5 times higkr than that for both the basin and tilted-wick type solar stills, whereas the 
construction is only slightly more complicated. Consequently, these air-blown stills with their 
thermal energy recycle offer significant productivity gain at marginal incremental construction 
costs. The optimum air flow rate range is within the laminar flow regime, corresponding to a 
linear velocity < 1 d s ,  and therefore, low cost, low pressure air pumps can be used. The 
parasitic electric energy requirements are not significant, about 0.5 w/m2 still area, and in 
rurallremote applications it can be supplied by PV panels. 

The state-of-the-art of such air-blown solar stills prior to the initiation of the present project was 
reported upon by Mink et al. (1998). The prototype air-blown solar still, to be referred 
throughout the following text as Module-1, was subjected to performance testing using a solar 
simulator with a constant irradiation flux density of 650 w/m2. The productivity of this still, 
under steady-state conditions, was 1 kgm2h-', viz., about 2.5 times greater than that for single 
basin-type stills, Module-1 consisted of an upper evaporation chamber and a lower condensation 
chamberseparated by a metallicsheet, a serpentine copper tube for preheating the feedstock and a 
double glass glazing. 

A TLCC analysis was performed on the solar still design and performance, at the time of the 
initiation of the project, to determine possible design changes that would enhance both 
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productivity and reduce costs, Kudish et al. (1995). These calculations lead to the following 
conclusions: 

perform in-depth theoretical analysis of the heat and mass transfer processes occurring within 
the still in order to optimize them and thereby increaseproductivity; 

utilize corrosion resistant materials, e.g., solar grade plastics which are produced in large 
quantities for solar architecture, to decrease the fixed capital investment of the still and increase its 
life time; 

design the solar still so as to utilize waste thermal energy, when available at the site, to 
enhance the productivity by operating the system during the day using both solar and waste 
thermal energy, hybrid mode, and during the ~ i g h t  using waste thermal energy, i.e., nocturnal 
distillation. 

Severalnew solar still prototypes were designed, tested and analyzed during the course of the 
project, each offering a step-by-step cost reduction with respect to Module-1. The results of 
these studies have been reported by Kudish et al. (1997) Mink et al. (1998) and Mink et al. 
(1 999). The economics of the use of waste thermal energy, both in the hybrid and the nocturnal 
distillation modes, have been reported upon by Kudish et al. (1999). 

During the course of the study, we have kept abreast of the on-going research efforts by other 
scientists by both following that reported in the scientific literature and by attending scientific 
conferences. We did not encounter any reported breakthroughs with regard to the economics of 
solar distillation. As previously discussed, the multi-effect humidification technique of 
Baumgartner et al. (1992) is much too costly. Also, the system design changes reported by 
Miiller-Holst et al. (1997 and 1999) have not reducedthe costs to an acceptable level. El-Bahi and 
Inan (1997 and 1999) recently reported upon the performance of basin-type solar stills, which 
were modifiedwith the aim of productivity enhancement. In there design a metallic compartment 
is attached to a basin-type still. The vapors enter this compartment by self-diffusion, condense 
and the heat of condensation of the distillate is recycled to some extent. We believe that the 
productivity gain acheved in this system is marginal, especially, when it is compared with the 
additional costs of construction. A second modification applied by the authors, the use of a low 
cost metallicmirror attached to the upper extremity of the low angle tilted glazing, can provide a 
significant contribution to the system performance. It can achieve a significant enhancement of 
the solar radiation incident on the still glazing that can result in an estimated 10-30 % higher 
productivity relative to the simple basin-type stills, depending on the incident angleof the solar 
radiation. 

4.3) Research objectives 

The enhanced and relatively high productivity at marginal incremntal costs, modular 
construction and, therefore, ease of scale-up made the air-blown solar still design a very attractive 
alternative to the conventional solar still design. 'Furthermore, a TLCC analysis of such a system 
indicated its ultimate advantages relative to the traditional solar still designs. Therefore, it was 
decided that the joint research program of the two institutions would concentrate on performance 
optimization of these stills in terms of both productivity and cost. The research objectives were 
formulated as follows: 



The overall aim of the project was to arrive at a solar still design that was capable of producing 
fresh water at a cost competitive with the local alternative and the specific research objectives 
were: 

To optimize the heat and mass transfer processes of the thermal energy recycle process 
and thereby improving the system efficiency and productivity, viz., enhance the fresh water yield 
per unit area; 

To develop hybrid systems which utilize external on-site waste thermal energy for day 
and night heating (nocturnal distillation) and thereby approaching a 24 hour per day operating 
system; 

To simplify the system design(s) in order to minimize the level of technical skill required 
for system maintenancq 

To arrive at a design(s) that is (are) amenableto the construction of a high-capacity solar 
desalination plant, viz., a modular solar still design. 

The successful achievementof the project goals promised a rapid propagation of the technology, 
since not only the production of potable water in remote areas, but also the irrigation of 
greenhouses that produce high-cashcrops would be a viable market for such technology. 

4.4) The innovative aspects of the project 

The innovative aspects of this joint research program were the following: 
To pedorm a detailed theoretical analysis of the heat and mass transfer processes occurring in 

air-blown solar still to determine the bottlenecks that prevent the further enhancement of the 
productivity. During the planning stage of this +jroject only qualitative information was available 
regarding the operation of the whole system, due to the complexity of the heat and mass transfer 
processes occurringwithin the system and the fact that they are mutually interrelated. 

To develop simulation models, utilizingexperimentaldata to validate them, and then applying 

them to predict the effect of structural modifications on the productivity. Due to the complex and 
design specific nature of the processes involved, it was foreseen that such models should be 
developed on an individual basis, i. e., module specific. 

To perform TLCC analysis of the modules to determine the economic bottlenecks preventing 
cost reduction. Such information was not availablq at the beginning of the project, regardingtheir 
economics of operation and maintenance. 

Based on the results of the above theoretical analysis, to develop directives for designingnew 
solar still modules utilizing new, low cost and corrosion resistant construction materials to 
decrease the investment costs and increase the lifetime of the stills. 

To carry out performance testing, analysis and optimization of the new modules to determine 
the guiQng principles and main directives for designing a pilot scale plant module. No such 
information concerning the design parameters of such a plant module existed at the time of project 
planning. 

4.5) Support from other organizations duringthe implementation of the project 

4.5.1) Support to the Hungarianresearch group 

Support from RLIC-HAS (1995-97) and RLMEC-CRC-HAS (1998-2000)- 
During the whole period of the project, space and infrastructure from RLIC-HAS and 

RLMEC-CRC-HAS was made availablefor the Hungariangroup participating in the project. 
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Due to a reorganization program of the Hungarian Academy of Sciences (HAS), the 
Research Laboratory of Inorganic Chemistry (FtLIC-HAS), the Hungarian contractor of the 
project becamea memberinstitute of the ChemicalResearch Center, HAS in 1998, under the new 
name of Research Laboratory of Materials and Environmental Chemistry (RLMEC-CRC-HAS). 

Support from the National ScienceFoundation of Hungary (OTKA) (1998-2000)- 
Based on the scientific achievements of the project, Mr. Laszlo Horvath, MSc., received, 

effective January 1, 1998, a three-year grant wit? an annual stipend of 300,000 HUF from the 
National ScienceFoundation of Hungary for young researchers below the age of 35, in the field of 
solar distillation. (Project No OTKA F-025342). 

Travel support from Israeli and Hungariangovernrnentaloffices (1 999-2000) 
Drs. Mink and Kudish applied for and were awarded travel grants under the Exchange of 

Researchers in the Framework of Israeli-Hungarianscientific Cooperation 1999-2000, funded by 
the State of Israel, Ministry of Science, Jerusalem and the Republic of Hungary OMFB, 
Budapest. This grant provides for a 10 day visit by each PI and a 1 month visit by a researcher 
fi-om each country during each year of the two year grant period. 

4.5.2) Support to the Israeli research group 

Support from the Ben-Gurion University of the Negev (1 995-2000)- 
During the whole period of the project, space and infrastructure from BGU was made 

availablefor the Israeli group participating in the project. 

e Travel support from Israeli and Hungarian governmentaloffices (1 999-2000) 
See above. 

5.1) Methods and experimental procedures 

A number of variations on the original solar still prototype, Module-1 were designed, 
constructed, tested, analyzed and optimized during the R & D phase of this project. 

The approach for achieving the stated objectives of this project was a combination of 
experimental measurements and theoretical analysis, which both complemented and feed upon 
each other. Thus, experimental data from the performance testing of the solar still prototypes 
were utilized to validate the simulation models and these, in turn, were used to perform parametic 
sensitivity studies and suggest design change& These changes also included the utilization of 
polymers in the still construction, which provided corrosion resistance and, thereby, longer life 
time. The influence of the proposed design changes on the economics, viz., the cost per unit 
water produced, was closely monitored throughout the study. 

The experimental research aspect of the project involved both performance testing and 
optimization of the different solar still prototypes. The experimental measurements were 
performed using on-line data monitoring and analysis of the pertinent parameters by software 
packages developed specifically for the tasks. The monitored experimeml parameters included 
the temperatures at various critical points within the system, the ambient conditions such as 
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irradiation and ambient temperature, and the differential and cumulative yields during the 
experiments. 

The theoretical analysis aspect of the project included the development of simulation models of 
the different solar still modules that were designed throughout this study. These models were 
based upon the appropriate energy and mass balances describing the distillation process. This 
approach resulted in a set of nonlinear energy transfer equations, which were solved by numerical 
integration, using an explicit predictor-corrector difference scheme. We were able to assume 
"steady-state" conditions by choosing sufficiently small integration time intervals. 

Schematicdiagrams of prototypes (I) and @I), variations of Module- 1, and the experimental set- 
up used in their pefirmance testing are shown Figs. 1 and 2. The experimental set-up consists of 
the following components: solar still module, solar simulator, two vapor/liquid separators for 
collectingthe product, heat exchanger peristaltic pump to transport the feedstock, low pressure 
adjustable flow rate air pump, electric balance to measure distillate, gas flow meter, magnetic 
valves (Mv) to drain the separators periodically and temperature sensors. The system is 
connected on-line to a personal computer for data collection and analysis. The air pump is 
positioned such as to ensure that the system operates at a pressure somewhat below ambient. 

Fig. 1 A schematic diagram of the experimentalset-up used for performance testing of solar still 
prototypes (I) and (11). The locations of the thermistors temperature probes are indicated by 
numbers 0 to 15. 



Solar simulator- The solar simulator consists of 16 halogenlamps (12 x 500 W and 4 x 300 W 
lamps), each fitted with a radiating screen of the same geometry, which direct the radiation 
downward to the still. The simulator is positioned parallel to the solar still and the lamp 
arrangementprovided an essentially homogeneous radiation intensity on the still outer glazing 
surface, which was verifiedexperimentally. A 10 rnrn thick double-walled polycarbonate sheet is 
positioned parallel between the simulator and still. A stream of water flows through the sheet 
channels, in order to filter any radiation abbve 2 4  nm that is emitted by the solar simulator. The 
water absorbs the radiation in the range of 2.6 to 3 nm; whereas the polycarbonate absorbs all the 
radiation above 3 nm. The temperature of the filter, viz., the polycarbonate sheet, is 1 8 ' ~  at the 
lower end where the water enters and 30% at the upper water exit. Consequently, the average 
sheet temperature is below the averageroom temperature, which is between 25 and 29 OC. The 
filter insures that the radiation incident on the solar still is in the range between 0.4 to 2.6 nm, 
since the lamp filament temperature is approx. 2500 K and its UV component negligible. 

Lower Chamber I .90 m 
1 

Fig. 2 A schematic diagram of the lower condenser chamber for prototype (I) and (11) solar 
stills, showing the serpentine tube through whch the feedstock flows and the baffles. 

External heat exchanger-The external heat exchanger was a standard laboratory glass condenser 
having a heat exchanger surface area of about 0.07 m-2. The heat exchange medium was mains 
water, entering with a temperature in the range of 15- 18 OC and flowing countercurrently to the 
air stream exiting from the solar still's lower chamber. The heat exchangerwas sized for the 
estimated optimum operating condtions and, therefore, was unable to cool the air stream vented 
to the ambient room temperature of about 26 OC for air mass flow rates in excess of 1 k ~ - ~ h - ' .  

Experimentalconditions and procedure- The tilt angleof the solar still module and solar simulator 
was set at 20° throughout the experiments. The solar radiation intensity, provided by the solar 
simulator, incident on the outer glazing surface was 650*39 ~ m - ~ .  The differential and 
cumulative yields collected in Separators I and 11 were measured automatically with an accuracy 
of ~1 g by a type PT 6 Satorius electric balance. The temperatures were measured with an 
accuracy of +1 "C by means of calibrated temperature sensors of the silicon base type KTY 1 1- 



2A. The absolute humidity of air in the vicinity of the slot, at the upper extremity of metal 
plated separating the two chambers, was calculated from mass and energy balances on the still. 
A data acquisition system served to both monitor and store the temperature data from the sixteen 
thermistors and to calculate differential and cumulative yields at variable time intervals. It 
consisted of a PC with an A/D-D/A converter card, electronic measuring and magnetic valve 
control unit, temperature sensors and a digital balance with a RS232C serial interface. The data 
acquisition, control and analysis software was developed especially for t h s  study. 

The operating conditions during the performance testing were based upon previous studies 
performed on such systems, which found that the effect of feedstock flow rate on still 
performance was negligible cf., Aboabboud et a1 (1993). Consequently, in most cases the solar 
still performance was monitored using a constant feedstock flow rate of 2.96 kgm-2h-' and 
investigated as a function of air flow rate, which varied in the range of 0 to 10 kgrnm2h-' . 

The experimentalprocedure for the performance testing was as follows: 
(1) the air and feedstock flow rates are defined and held constant; 
(2) the temperatures at the following locations are monitored: 

pit- stream- 
upper chamber: inlet, equally spaced prqbes in the direction of flow and above the slot 
lower chamber: below the slot, equally spaced probes in the direction of flow and at the 

outlet 
saturated air stream exiting the still to the external condenser 

feedstock- 
lower chamber: inlet 
upper chamber: overflow weir and brine drain-off outlet 
(3) the distillation rate is determined by measuring the cumulative distillate during a 

specified time interval. 

5.2) Solar still prototypes 

Though the prototypes developed, tested and optimized throughout this study may differ 
significantly both in their appearance and materials of construction, they all possess a common 
feature- the ability to executethe followingprocesses in a thin and low cost rectangular box. 

Evaporation of the feedstock water by solar energy in an upper chamber, which is 
transported by an air stream to a lower chamber. 

Condensation of the major fraction the water vapors transported by the air stream in the 
lower chamber. 

Recycle of the thermal energy of condensation of the distillate by both preheating the 
entering feedstock and directly heating the evaporation surface of the still and thereby 
significantly enhancing the still productivity. 

5.2.1) Prototypes (I) and (11) 

These two still prototy pes differ from each other only in that (I) has a double-glass glazingwith a 
20 mm gap between glazings and (11) has a double-walled polycarbonate glazing with a 10 mrn 
gap. The stills consist of two shallow trays of slightly different dimension, supplied with 
perimeter rims, such that the upper tray can be inserted into the lower tray. A rubber gasket tape 



was inserted between the perimeter rims of the two trays and between the upper tray perimeter 
rim and glazing. The two trays and glazing were then clamped together by screws to insure air 
tightness of the solar still. The upper and lower trays were fabricated from a 1 rnrn thick copper 
sheet and the bottom and perimeter of the lower,pay was externally insulated with a 50 mm thick 
polyurethane foam (not shown in Fig. 1). This arrangement separates the solar still into two 
chambers, which are connected by a slot at the upper extremity, viz., when the solar still is in its 
tilted position, of the upper chamber. A brine drain-off tube was soldered to the bottom of the 
tilted upper tray and passes through the lower tray via a stuffing box. The evaporation plate, i.e., 
the upper tray, was coveredby a thin, black porous fabric, the wick. The serpentine tube, which 
transports the feedstock in the lower chamber, was attached to the bottom of the upper tray. The 
serpentine tube enters the upper chamber via the slot and the feedstock exits onto the upper tray, 
cf. Figs. 1 and 2. The exitingfeedstock is then evenly distributed over the width of the wick by 
means of an overflow weir located near the top of the upper tray. 

The air-blown, multiple-effect solar stills, cf., Fig. 1, consist of an upper evaporation and a lower 
condensation chamber and are of the tilted-wick genre. The slot at the top of the central metal 
sheet (viz., it, the bottom of the upper tray, does not extend across the full length of the tray but 
leaves a slot of 10 rnm between its and the still's upper extremities) and allows flow between the 
two chambers. This metal sheet also functions as (i.) the support for the wick, which covers it on 
the upper chamber side; (ii.) the suface to whch a serpentine tube, on the lower chamber side, is 
attached. The serpentine tube functions, in addition to beinga conduit for the feedstock, as a heat 
exchanger for preheating the feedstock prior to entering the upper chamber. The spacing 
between the central metal plate and the upper chamber still glazing and the Iower chamber 
backside are both < 15 mm. 

The testing of the solar stills was carriedout in the followingmanner: 
1. Ambient air pumped into the upper chamber at the bottom of the tilted still, sweeps the 

water vapor evaporated from the tilted wick into the lower chamber via the slot at the top of the 
tilted still. The maximumtemperature of the air stream is observed to occur at this point, i.e., 
above the slot, prior to enteringto the lower chamber. The air steam functions as the hot fluid in 
the lower chamber, which is essentially an air-liquid heat exchanger. 

2. The major fraction of the water vapor transported by the air stream condenses either on the 
backside of the central metal sheet supporting the wick or on the serpentine tube, which 
transports the cold feedstock entering at the bof? 3m of lower chamber. 

3. The feedstock enters the serpentine tube at a flow rate in excess of the rate of evaporation 
from the wick in the upper chamber and is preheated during its passage through the serpentine 
tube. The feedstock exits the serpentine tube at the top edgeof the central plate and passes over a 
weir, which maintains an even flow and wetting across the width of the wick, and flows by 
gravity down the wick. 

4. The distillate exits the lower chamber and is collected in separator 1 (primary distillate, I), 
whereas the saturated air stream exiting the lower chamber enters an external condenser via 
separator 1. The saturated air stream undergoes further condensation and is collected in separator 
2 (secondary distillate, II) prior to venting to the ambient. 

The air stream flows countercurrently to the direction of feedstock flowing down the wick in the 
upper chamber, whereas in the lower chamber the air stream flows both countercurrently and 
perpendicular to the direction of the feedstock flowing through the serpentine tube. Due to the 
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nature of this solar still, viz., the upper chamber glazing does not serve as a condensation surface, 
we utilize a double glazing to reduce thermal energy losses via the glazingto the ambient. In fact, 
it is possible to use non-wetting polymeric glazings such as the polycarbonate sheet used in 
prototype II. 

5.2.2) Prototype (111) 

This prototype, also referred to as a multi-tubular solar still, was constructed from corrosion 
resistant materials. It consists of a solar grade plastic tray and glass tubes arranged in the 
longitudinal direction. A black wick covers the glass tubes. The evaporation occurs on the 
wetted surface of wick covering the glass tubes and the condensation occurs inside the tubes. 
The feedstock flows through a plastic serpentine tube entering at the lower extremity of the still 
where the air stream exits the glass tubes. The glazing is a double-walledpolycarbonate sheet. 

The design changes in prototype (111) were not done to enhance the productivity of the 
previously describedprototype (11) but to simplify its construction and, thereby, make it a more 
economicallyviablealternative by reducing the fixed capital investment cost per unit area. This 
was achieved by utilizing relatively inexpensive and corrosion resistant materials in the 
construction of the solar still. The new solar still design, though significantly different in 
appearance from the origina1,utilizes the same energy and mass transfer processes to obtain the 
final distillate product. Consequently, in spite of its simple construction, the energy and mass 
transfer processes occurringwithin the still are numerous and mutually interrelated. Another aim 
of this work was to develop a mathematical model, utilizing nonlinear differential equations 
capable of simulatingstill performance under both transitional and steady-state conditions. 

Schematic diagramsof the prototype (111) solar still module are shown in Figs. 3 and 4. The 
solar still consists of a bottom and edge insulated, thin, rectangularplastic tray (L = 1.84 m; W = 

0.54 m; d = 12 mm; area = 1 m2), 40 glass tubes (Dod = 7 111111; Did = 5 mm; L = 1.8 m) covered 
with a black wick and a plastic serpentine tube (Dad = 4 rnm; Did = 3 mm; L =20 m). The still 
glazing is a solar grade double-walled polycarbonate sheet (10 mm thick). A low pressure 
variablespeed air pump was used to provide the air stream, the mass and thermal energy carrier, 
and a peristaltic pump for the feedstock. 

The still operates in the followingmanner: 
1. Ambient air at temperature To enters at the lower extremity of the still. 
2. Evaporation occurs from the wick, which is also wetting the external, upper surface of the 

glass tubes. 
3. The air stream achieves, once again, both its highest temperature and vapor content at the 

upper extremity of the still. 
4. The air stream is Qrected into the longitudinalglass tubes at the top of the still and reverses 

its direction of flow, i.e., it now flows down the tilted still. The major fraction of its vapor 
content condenses on the inner surface of the glass tubes and the thermal energy of condensation 
is conducted via the tube wall to the wet wick to enhancethe rate of evaporation from the wick. 

5. The enthalpy of air stream, at temperature T6, entering the lower compartment at the 
extremity of the still, which unifies the air streams exiting the 40 glass tubes, is utilized to 
preheat the feedstock, prior to enteringthe evaporation chamber. The feedstock flows through a 
5 m long blacktube packed within this compartment to facilitatethe heat exchange process. 



6. The feedstock is further heated as it flows through another 15 m of the black serpentine 
tube positioned above the glass tubes, in the evaporation chamber, prior to exiting the serpentine 
tube onto the black wick at the upper extremity of the evaporation chamber. 

7. The air stream and distillate exiting the sdlar still enter a gas-liquid separator (Sep. 1) to 
collect the primary distillate, in order to determine the amount of distillate which condenses 
within the still. This is a measure of the efficiency of the thermal energy recycle process. 

8. The saturated air stream exiting Sep. 1 enters an external heat exchanger and a second 
separator (Sep. 2), where the secondary distillate is collected. 

"9-k textile J 

Fig. 3 Schematic diagram of the multi-tubular prototype (111) solar still and the experimentalset- 
up. The locations of the temperature probes are indicated by numbers 0 to 10. 

5.2.3) Prototype (IV) 

This prototype is similar in design to that of prototype (11) but modifiedto operate with waste 
thermal energy, when available on-site, both with (hybrid mode) and without (nocturnal mode) 
solar radiation. 

5.2.4) Prototype (V) 

This solar still module is constructed entirely from solar grade polymer materials. In contrast to 
the above described modules, this prototype has not yet been reported upon in the scientific 
literature and, therefore, a patent is still under consideration by the collaborating Israeli and 
Hungarian groups. 

5.3) Results 

The solar still modules reported upon in this report were designed on the basis of the available 
state-of-the-art scientific literature, energy and mass transfer calculations, fluid mechanics and 
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economic analysis. We believe that one of the more important achievements of this joint research 
project is the determination of the design parameters for these prototypes. Another important 
achievement of this project is that the performance of these solar still prototypes has been 
tested, analyzed and optimized. The design of a high-capacity and cost-efficient solar 
desalination plant can now be formulated as a result of the accumulation of both sufficient 
information and experience during the course of this investigation. 

Rim 

Air+distillate out 

Fig. 4 A simplified top view of the multi-tubular solar still. The actual number of glass tubes is 
40. 

The experimental set-ups used in this study for all the prototypes tested, enabled us to either 
measure or calculate the following types ~f information: 

a. The approach to and development of steady state operating conditions. 
b. Determine the temperature profiles within the still. 
c. Determine the differential and cumulative yields as a function of time and air flow rate. 
d. Perform material and energy balances on the still when operating under steady state 

conditions. 
e. Verifl the optimum operating conditions both experimentally and by mathematical 

simulation models. 
Due to space limitations, we will discuss in detail the designparameters and the analysis of the 
results of the performance tests for prototype (11), whereas for the other prototypes we will 
present only the main results summarized in both tabulated and graphical formats. 

5.3.1) Determination of the system design parameters for prototype (11) 

1. Feedstock and air flow rates- 

Previous investigations by Mink et al. (1993 and 1997) have shown that a feedstock flow rate mf 
= 2 kgni2h-' was sufficient to completely wet the wick. They also found that increasing the 
feedstock flow rate from 2.28 to 4.07 kgni2h-' had only a negligible effect on still productivity. 
Consequently, a constant feedstock flow rate of 2.96 k ~ - ~ h - l  was applied, in this study, to a 
solar still of 1 m2 still area, tilted at an angle of 20'. In the previous investigations the double 
glazing consisted of two 3 mm glass plates with a 20 mm air gap, whereas in the present study a 
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double-walledpolycarbonate sheet with a 10 mrn gap was used as the double glazing. A solar 
simulator provided a constant incident radiation intensity of 650h39 ~ m - ~ .  In addition, Mink et 
aI. (1993 and 1997) observed that the highest pr'nductivity was obtained for air flow rates in the 
range between 1.8 and 3.5 kgm-2h-1. The air flow rate of 1.8 kgni2h-' was the lowest air flow rate 
that could be maintainedconstant using the then available experimental set-up. In the present 
study, the air flow rates were varied between 0.32 and 4.5 1 kgm2h-' after the problem of 
maintaining stabilized air flow rates in the rangebelow 1.8 kgni2h-' was corrected. 

2. Utilization of the vapor content of the air stream exitingthe solar still- 

The primary distillate obtained via condensation in the lower chamber was estimated to be 
approx. 0.7 kgni2h-'. In view of the fact that the rate of evaporation in the upper chamber was 
calculatedto be of the order of 1.1 kipi2h-', it was apparent that the saturated air stream exiting 
the lower chamber was also a potential source of fresh water. This secondary distillate, of the 
order of 0.4 kgni2h-', could be recovered from the exitingair stream provided that it was cooled 
further by an externalheat exchanger,viz., a condenser, to the ambient temperature. 

If HI,o, denotes the enthalpy of the saturated air exitingthe lower chamber in J kg-'gDA and m, 
the mass flow rate of the air stream expressed in units of kgn~-~s-', the rate of thermal energy 
exitingwith the air stream q ~ , ~ ,  is givenby 

q1,out = ma H1,out.. (1) 

It is obvious that the temperatures within such a still vary inversely with the mass flow rate of 
the air stream. Consequently, it would be advantageous to operate the solar still at even lower air 
stream flow rates, since higher exiting air stream enthalpy values translate into both higher 
temperatures and partial pressures of the water vapor (or vapor content) in the exiting air stream. 
Also, the overall heat transfer coefficient for condensation from the air stream decreases rapidly 
with decreasing temperature (see below). The lower air stream flow rates will result in an 
increase in both the air stream temperatures in the two chambers and the external condenser 
efficiency (i.e., the amount of secondary distillate obtained) as a result of the greater temperature 
gradient. An increase in the condenser efficiency will allow a reduction in condenser size andor 
cooling energy requirements and a resultant decrease in construction and/or operating costs. 

As suggested above, an optimum air stream flok rate must exist in the range of relatively low 
flow rates, since for this solar still design no distillate will be produced for an air flow rate of 
zero. Mink et al. (1993 and 1997) hypothesized that the optimum air flow rate was below the 
rangethey studied, viz., less than 1.8 kgm-2h-'. Consequently, in the present study the system 
was adapted to enable us to operate it under controllableand stable flow rates below 1.8 kgm2h-'. 

3. Vapor/liquid separator, heat exchanger- 

During the performance testing of the solar still module in the laboratory it was important to 
measure the productivity rate within the module, primary distillation, i.e., the rate of 
condensation within the lower chamber, and that fiom the exiting air stream, the secondary 
distillation, separately. The former is a direct measure of the efficiency of the thermal energy 
recycle process. Therefore, the vaporlliquid mixture exiting the still module first entered a 
vaporlliquid, separator 1 for the primary distillate, and then the vapor stream was passed through 
a heat exchangedondenser prior to entering a second vaporlliquid, separator 2 for the secondary 
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distillate. In a scaled-up version of this system it would be sufficient for the vaporlliquid mixture 
exiting the system to pass through a heat exchanger/condenserprior to entering a single 
vapor/liquid separator. 

In the present study a simple water cooled condenser functioned as the heat exchangerbut it 
would be very advantageous to utilize the non-negligiblethermal energy present in this exiting 
stream to preheat the feedstock, viz., using the feedstock as the cooling medium. In such a 
designthe temperature of feedstock entering the still would approach TI,, and, thereby, further 
increasethe still operating temperatures. This method of operating the solar still was discussed 
in detail by Aboabboud et al. (1996). 

4. Glazing- 

The amount of solar radiation absorbed within the still is the differencebetween the incident solar 
radiation Gi and the radiation reflected from the still glazingG,. The utilized solar energy Q, is 
determined fi-om the differencebetween the solar radiation absorbed and the thermal energy losses 
to the ambient through the glazing,q~o,,,mb. Thus, the amount of utilized solar energy is 

QU = GI - Gr - qloss,amb- @I 
The enthalpy of the air stream attains its maximum value at the top of the still, H-, viz., in the 
vicinity of the slot connectingthe upper and lower chambers, where it attains both its maximum 
temperature and water vapor content, and is equal to 

~ H m a x  = qmm = maHa,in + Qu + qI2 + qreleased 7 (3) 

where Ha,i, is the enthalpy of the enteringair + water vapor stream (in Joule per kgBDA), q~ is the 
thermal energy recycled directly to the upper chamber and q,,leased is the thermal energy 
transferred from the preheated feedstock to the air stream. It is apparent from Eqs. (2) and (3) 
that for a givenincident solar radiation the still performance is determined mainly by the thermal 
energy losses to the ambient and the efficiency of the thermal energy recycle processes. The 
thermal energy losses to the ambient will increase with increasingtemperature, since the system 
is designedto operate at low mass flow rates of air and at relatively high temperatures. It is 
obvious that the glazing should have good insulating properties, in order to minimize these 
thermal energy losses. This was accomplished by utilizing a double glazing The disadvantage of 
a double glazing,viz., the enhanced reflection by about 8 % resulting from two glazing surfaces, is 
more than compensated for by the relatively higher temperature gradients, AT = T, - T,, 
developed. In addition, since the glazing does not function as a condensation surface it was 
possible to use a non-wetting transparent insulating material such as the double-walled 
polycarbonate sheet as a glazing 

5. Thermal energy recycle process and air velocity in the lower chamber- 

The thermal energy recycle process occurs in the lower chamber via thermal energy transfer fi-om 
the saturated air stream both to the central metal plate and the serpentine tube. The rate of 
condensation in the lower chamber and, thereby, the efficiency of the thermal energy recycle is 
directly related to these processes. The heat transfer processes include both condensation and 
convective heat transfer from the air stream. The combined heat transfer coefficient & ,  is 
strongly dependent on the air stream temperature, which determines the vapor content of 



saturated air, and the fluid mechanical propertie- of the system constituents can be approximated 
by 

h,, = l/E(l/k) + @(q hg)l, (4) 

where h, is the heat transfer coefficient for the condensed water film (in the rangeof 5000 - 10000 
W m-2~-1);  h, is the convective heat transfer coefficient of the gas film; qg is the thermal energy 
of the gas stream (i.e., air + non-condensingvapor) and q is the total thermal energy. 

The overall heat transfer coefficient UlW for thermal energy recycle process from the lower 
chamberto the upper surface of the wet wick, where the evaporation process occurs, is givenby 

u, = l/r(l/b,g) + + (ilkd) + (l/hf) + ( l / ~ i  (5) 

where h, is the heat transfer coefficientfor the metal plate (260 000 W m - 2 ~ - 1  for a 1 mm thick 
copper sheet); hSd is the heat transfer coefficient for scale deposit (approximately 5000 w ~ ' ~ K - ' ) ;  

2 -1 hf is the heat transfer coefficientfor the feedstock film above the plate (about 3500 Wm- K ) and 
h, is the heat transfer coefficient for the wet wick (about 660 w ~ - ~ K - '  for a 1 mm thick water 
film). 

The above equations for the heat transfer coefficients were solved by determiningvalues for cg/q 
from the Psychrometric Tables at temperature intervals of 5 "C and using the above values for the 
individual heat transfer coefficients. Heat transfer coefficients for the gas film h, of 80, 20, 10 
and 5 wM2K-' were considered and the results of this analysis are reported in Table 1. A value 
of hg = 80 w ~ - ~ K - '  corresponds to turbulent flow, Re > 10 000, and a gas velocity of = 10 ms", 
for the case of an equivalent diameter of approximately 0.02 m. Applying the same value for the 
equivalent diameter, h, values of 20, 10 and 5 w ~ - ~ K - '  correspond to approximately 2, 1 and 0.5 
ms-I gas velocities, respectively. 

It is apparent from the results of the analysis as reported in Table 1 that the effectiveness of 
thermal energy recycle process and, consequently, the still performance depends mainly on U1,. 
It would be possible to increase, to a limited extent, the value of U, by decreasing the thickness 
of the porous wick, cf., Table 1. 

.'.. 

It is apparent from the results reported in Table 1 that the solar still performance can be 
optimized if operated under high temperatures and high values for the gas film heat transfer 
coefficient. In t h s  system, high temperatures can be achieved only if sufficiently low mass flow 
rates are applied in the upper chamber, since at constant energy input the enthalpy gain of the air 
stream is inversely proportional to its mass flow rate. On the other hand, high linear air stream 
velocities are required in the lower chamber in order to achieve a high heat transfer coefficient, &. 
These apparently conflicting requirements can be resolved by decreasing the height of the lower 
chamber (viz., decreasing its cross-sectional flow area) and/or by accelerating the air stream 
velocity with the aid of baffles, thereby keeping the air mass flow rate low to optimize upper 
chamber performance. 

In prototypes (I) and (II) the feedstock was preheated in the lower chamber and its height was 
fixed by the outer diameter of the serpentine tube. The gas velocity in the lower chamber was, 
therefore, accelerated by a factor of about three by means of baffles, which were concentrated in 
the lower temperature section of the charnber(cf., Fig. 2). 



Table 1. Overall heat transfer coeEcient for thermal energy recycle ULw as a function of both 
temperature and the heat transfer coefficient for the gas film h, for a 1 mm thick wick 

* for a 0.5 rnm thick wick 

6. Serpentine tube areavs. still area- 

The ratio of the thermal energy transferred to the serpentine tube to that directly recycled to the 
central plate is estimated to be in the rangeof 0.3 to 0.6. This ratio is a function of the air stream 
flow rate, the temperature of the entering feedstock and the m a x i m  temperature within the 
still. Ideally, the ratio of the tube to plate surface area should be identical to the thermal energy 
recycle ratio, since the nature of heat transfer process to the tube and the plate is essentially the 
same. Nevertheless, if it is assumed that the averagetemperature gradient between the central 
metal plate and tube is T,,, - T,,, 2 K, and considering that the overall heat transfer 
coefficient U1, is in the range between 200 - 300 wmb2K', i.e., the still operates under nearly 

2 -2 optimum condition, it is possible to reduce the tube to plate surface arearatio to about 0.2 m m , 
in order to reduce material costs. This would be more than sufficient if the entering feedstock 
would be preheated close to by utilizing the enthalpy present in the air stream exiting the 
solar still. 

7. Pressure drop in the system- 

A possible disadvantagein increasingthe air stream velocity in the lower chamber is that parasitic 
electric energy required by the air pump also increases. This may be a major problem in rural 
application where the electric energy may be supplied by PV panels. In addition, a system 
operating under high pressure drops requires a more robust and expensive construction than that 
operating at nearly atmospheric pressure. The present solar still system was designed for very 
low pressure drops (< 100 Pa) and may be considered to operate under atmospheric conditions. 

5.3.2) Results of the performance analysis of Prototype (11) 

1. Temperature profiles- 

The maximum air stream temperature was measured at the upper extremity of the solar still, in 
the vicinity of the slot, cf. Table 2 below. It was determined that thermal energy recycle begins 
to take effect about 30 minutes after start-up by comparing the continuously monitored air 
stream temperatures at the inlet to the upper chamber to that at the outlet from the lower 
chamber,viz., after about 30 minutes the latter exceeded the former. The steady-state distillation 
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rate was found to be of the order of 1 k ~ - ~ h - ' ,  except for relatively low air flow rate. It is of 
interest to note, that if the air pump remained in operation after the solar simulator was shut-off 
and the system was at steady-state that the still continued to produce distillate, albeit at a 
decreasingrate, for about another how. In other words, in spite the solar still's relatively low 
thermal mass the thermal energy recycle is still capable of enhancing the yield after 'sunset', i.e., 
after the solar simulator is shut-off 

The steady-state temperatures, as measured by the 16 thermistors (cf., Fig. 1 for thermistor 
locations) are reported in Table 2 as a function of the air flow rate. As expected, the temperature 
measured at a specific location varies inversely with the air flow rate, viz., it increases with 
decreasing air flow rate or increasing residencetime within the still. 

Table 2. The temperature profile of prototype (11) under steady-state conditions as a function of 
air flow rate at a constant feedstock flow rate of 2.96 kgni2h". The positions of the thermistors 
are as indicated in Fig. 1 (numbered 0 to 16). 

2. Productivity of prototype (11) as a function of air flow rate- 

Air Flow T, Upper Chamber Lower Chamber TI.O,I~ T s e p ,  Tx.in Txol1+ T~rirne 

rate I 

T 1  T2 T3 T4 T 5  T6 T7 T8 T9 T1O T1l T12 T13 T14 T15 
kgm-2h-1 "C "C "C "C "C "C "C "C OC "C "C "C "C "C "C "C 

The productivity or distillation rate as a fbnction of air flow rates is reported in Fig. 5 in terms of 
the primary (I), secondary (11), and total (2). The primary distillation rate refers to that 
condensed within the lower chamberdwingthe thermal energy recycle process, but to be precise 
it is only an approximate measure of the efficiency of heat recycle. It contain marginalamounts 
of distillate resulting from both condensation on the inner surface of the lower chamber plate (i.e., 
due to the small but non-negligiblethermal energy losses from the still bottom), and within the 
tubing connectingthe lower chamber outlet to separator 1. These factors were where taken into 
consideration when performing precise mass and energy balance calculations. 
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The secondary distillation rate is obtained by passing the saturated air stream exiting the solar 
still via separator 1 through an externalcondenser and into separator 2, prior to venting to the 
ambient. It is apparent from Table 3, presented in the following section, that with regard to still 
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productivity there exists an optimum range of air flow rates for the system under consideration, 
approximately between 1 and 3 kgn~-~h-'. It is also observed that the ratio of secondary to 
primary product increases with increasing flow rate, i.e., the primary decreases and the 
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secondary increases with increasingair flow rate (cf. Fig. 5). Nevertheless, the optimum air flow 
rate of the system is in the vicinity of 1.2 kgm2h-'. At this flow rate both the parasitic electric 
energy required by the air pump and the load on the heat exchanger to condense the secondary 
distillate are lower, due to the highertemperature, lower mass flow and vapor content of the air. 

Yield 

(kgm4h-') 1.10 

Air Flow Rate 
(kgm-2h4) 

Fig. 5 The productivity (yield) as a function of air flow rate at a constant feedstock flow rate of 
2.96 k ~ - ~ h - l .  Primary distillate (I), secondary distillate (I) and total distillate (Z). 

3. Mass and energy flows within Prototype (II) solar still- 

Thermal energy analysis, using the appropriate mass and energy balances, of the solar still 
operating under steady-state conditions as a function of air flow rate and at a constant feedstock 
flow rate of 2.96 kgh-', were performed. This provided us with a means of determining the 
sensitivity of a number of still parameters to changesin the rate of air flow. The results of these 
analysis are reported in Table 3. They include the following (a) the mass flow rate of vapor 
through the system, (b) the mass and heat flow of both feedstock and brine drain-off, (c) the heat 
flow in the upper chamber and (d) the heat flow in the lower chamber. In this analysis the 
temperature of the entering air stream and feedstock were assumed to be - 26 OC, viz., room 
temperature, and the average relative humidity of the entering air stream was assumed to be 80%. 

The precision of the mass and energy balances was refined by determining the primary distillate 
rate as the differencebetween that measured and the calculated condensation rate of saturated air 
stream in the tubing between the lower chamber outlet and separator 1. This corrects for the 
inherent error introduced into the measured primary drstillation rate by the condensation that 
occurs within the tubing connectingthe outlet from the lower chamber to  the separator 1. The 
corrected/calculated flow rate of primary distillate exiting the lower chamber, m'pDR, was 
determined in the followingmanna: 

~ ' P D R  = I - ~ ' S D R =  I - ~ B D A [ M v ( ~ ~  T1,out) - Mv(at Tx731, (6 )  



where mySDR is the condensation/distillationrate in the tubing and Mv is the vapor content of the 
air in units of kg vaporlkg BDA. The maximum mass flow rate of vapor carried by the air stream 
corresponds to that at maximum temperature and is givenas 

m- = ~ ' P D R  + ~ B D A I M V ( ~ ~  T i . ~ ~ J I .  (7) 

The maximum rate of thermal energy flow is also attained at T,, and if the flow rate of air and 
vapor is expressed in kgs-', hx, in W per m2 still area, is givenby 

qmax = ca ~ B D A  Tmax + mv,max Hv,max, (8) 

where ca is the heat capacity of air in ~ k g - ' ~ - '  and Hv,ma, is the enthalpy of vapor (Jkg-I) at T,,. 

Table 3. Mass and energy analysis on prototype (11) solar still operating at steady-state as a 
function of air flow rate at a constant feedstock flow rate of 2.96 kgmu2h-'. The mass and heat 
flows were normalized to unit still area 

(a) Mass flow rates of the water vapor through the solar still. 

(b) Mass and thermal energy flow rates of feedstock through the solar still. 

It should be noted, that Kudish et aI. (1997) have simulated both the observed temperature 
profiles and the productivity rates using mathematical model, which are in agreement with the 
experimentally measured data. 



(c) Heat flows in upper evaporation chamber 

(d) Heat flows in lower condenser chamber 

Note: Refer to the nomenclature for definition of symbols. 

It is apparent fiom Fig. 5 that the optimum performance of the solar still module is obtained for 
air flow rates in the range of 1 to 2.2 kgni2h-', which correspond to a total productivity rate of 
about I. 1 k ~ - ~ h - ' .  It is observed from Table 3 (c) that within t h s  range of air flow rates the 
amount of solar energy utilized, Qu, decreases with decreasing air flow rate, whereas the average 
temperatures within the upper chamber increase with decreasing flow rate, cf. Table 1. It is also 
observed from Table 3, however, that maximumvalues for primary distillation rate, total thermal 
energy recycle, sum of thermal energy recycled directly to the upper chamber, and thermal energy 
released from the feedstock to the air stream in the upper chamber occur for air flow rates 
between 1.02 and 1.24 kgrn-*h-'. We conclude that in this range of air flow rates the thermal 
energy recycle more than compensates for the decrease in solar energy utilization efficiency, i.e., 
the first effect or direct solar to thermal energy conversion. 

As a consequence of the above, it follows that for air flow rates in the range between 1 and 2.2 
kgnf2h-', the mass flow rate of water vapor exitingthe lower chamber will be a minimum in the 
rangeof air flow rates between 1.02 and 1.24 kgni2h-' and the air stream temperature, TLWt, will 
be a maximum. Consequently, the coolingload for the externalheat exchanger will be a minimum 
for this range of air flow rates. 



To demonstrate the heat flow processes occurring in the solar still module in this range of 
optimum performance a thermal energy flow diagram is presented in Fig. 6 for an air flow rate of 
1.24 kgm-2h-1. It is seen from this diagram that the main heat transfer processes determining the 
solar still performance are Q,, q~ and ~ R T .  

Fig. 6 Thermal energy flow diagram as calculated by means of the mass and energy balances on 
prototype (11) for an air flow rate = 1.24 k p ~ - ~ h - '  and feedstock flow rate = 2.96 kW2h-I.. 

The decreasein the solar still performance for air flow rates below 1 kgni2h-' is the result of two 
factors: (1) an increase in thermal energy losses from the upper chamber to the ambient and (2) 
the rapid decrease in the overall heat transfer coefficient for thermal energy with a decreasing heat 
gas film transfer coefficient. The latter is approximately proportional to the linear velocity of the 
air stream (i.e., the air and non-condensing water vapor) in the lower chamber. Consequently, a 
possible design change to enhance the solar still performance would be to attain higher linear air 
velocities in the lower chamber by decreasing its cross-sectional area. The downside of such a 
design change would be an increase in the pressure drop of the still system and a subsequent 
increase in parasitic energy consumption. There appears to be sufficient leeway for further 
reduction in the lower chamber cross-sectional area, since the present solar still design has a very 
low pressure drop, and we plan to study this effect in the future. 

Further developments in the solar still design will be related to problems of scale-up, with the 
goal of arriving at a still design which is economically viable with regard to construction, 
operation and maintenance. 
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5.4) Inter-comparison of the performance and the estimated economics of prototypes (I) - (V) 

The performance of prototype (I) has been discussed in detail by Mink et al. (1998). The 
performance of prototypes (I) and (111) has been analyzed and simulation models developed and 
verified, as reported upon by Kudish et al. (1997) and Mink et al. (1999), respectively. The 
performance analysis of prototype (IV) operating in the following modes: solar (normal mode), 
solar + waste thermal energy (hybrid mode) and waste thermal energy (nocturnal mode) have 
been reported upon by Kudish et al. (1999). Therefore, in this section contains only a brief inter- 
comparison of the results of the performance analysis of solar still prototypes (I) - (V). We will 
also present an estimate of the fixedcapital investment costs for such systems. 

The inter-comparison of the performance of the five prototype solar still investigated during the 
course of this joint research progress is summarized in Figs, 7 and 8. Fig. 7 contains an inter- 
comparison of the variation in the measured solar still maximum temperature, for the five 
prototypes, as a function of air flow rate. The inter-comparison of the variation in the measured 
total productivity rates (viz., the sum of the primary and secondary distillate rates), for the five 
prototypes, as a function of the air flow rate is presented in Fig. 8. 

I I I I I 60 1 I 1 
I I 

0 1 2 3 4 5 6 7 8 

-2 -1 Air flow rate (kg m h ) 

Fig. 7 An inter-comparison of the measured solar still maximum temperature, for the five 
prototypes, as a function of air flow rate. 

It is observed from Fig. 7 that prototype (IV), which operates in a hybrid mode, attains the 
highest maximum temperatures relative to the other four prototypes. Prototype (111) is 
somewhat superior to the remainingprototypes at lower air flow rates, whereas the three other 
prototypes exhibit somewhat similar behavior with regard to their measured maximum 
temperatures as a function of air flow rate. 
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-2 -1 Airflow rate(kg m h ) 

Fig. 8 An inter-comparison of the variation in the measured total productivity rates (viz., the 
sum of the primary and secondary distillate rates), for the five prototypes, as a function of the air 
flow rate. 

The results of the inter-comparison of the total productivity rates for the five prototypes 
indicate, quite conclusively, that prototype (IV) is the most productive solar still. It is of interest 
to note, that all prototypes, with the exception of prototype (I), arrive at an essentially constant 
total productivity rate with increasing air flow rate (i.e., over the range of air flow rates 
investigated). The observed behavior of prototype (I), is in all likelihood, a consequence of the 
lower limit on the air flow rate achievable when it underwent performance testing. It is observed 
that prototypes (II), (III) and (V) exhibit somewhat similar behavior with regard to total 
productivity as a function of air flow rate. The relative performance rating for these three 
prototypes, based upon total productivity, is (LI) > (III) > (V). It appears that prototype (I) 
may exhibit a behavior quite similar to (11) in the range of low air flow rates but, as explained 
above, there is no data availablein the lower range of air flow rates. 

The main design parameters, optimum operating conditions and an estimate of the fixed capital 
investment costs for a 365 m3/y capacity plant constructed for each of the five prototypes are 
summarized in Table 4. It is apparent fiom data reported in Table 4 that when waste thermal 
energy is availableat the site, prototype (IV) operating in the hybrid mode offers the highest 
productivity at the lowest fixed capital investment costs for a desalination plant of defined 
capacity. In addition, Kudish et al. (1999) showed that the daily productivity could be further 
enhanced by operating prototype (IV) during daytime hours in the hybrid mode and during non- 
solar or nighttime hours in the nocturnal mode, utilizing availableon-site waste thermal energy. 
In addition, the data in Table 4 indicate that prototype (V) may be the preferred design, based on 
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economics, for sites not possessing a waste thermal energy source. Furthermore, prototype (V) 
has an advantage of possessing a very low msss and a relatively simple design. We believe, 
however, that prototype Or> may have higher maintenance and replacement costs relative to 
those for the other prototypes. 

Table 4. Summary of the main design parameters, optimum operating conditions for prototypes 
(I) - (V) and an estimate of the fixedcapital investment costs for a 365 m3/y czpacity plant. 

A Does not includethe bottom insulation, 50 mrn thick 
At high productivity corresponding to a low air flow rate 
At 650 ~ r n - ~  irradiation and optimum air flow rate 
Operating in hybrid mode 
Calculatedon the basis of 2000 hours of operation per year at an averageradiation intensity 
of 650 ~ m - ~ .  E.g., Beer Sheva has 2009 hours per year with an average global solar radiation 
intensity of 704 ~ r n - ~ .  
Material & labor costs, including heat exchanger, pumps and tubing based upon that 
calculatedfor a 100 m2 plant 

NOMENCLATURE 

Glazing 

Still body 

Serpentine 
tube 

Mass (kg/m2) 
Height of still 

- bodyA (mm) 
Optimum 

air flow rateB 
(kg/m2/h) 

~ m , ,  

ec, 
Hourly yield 

(kdm2/h) 
Yearly yield 

(kdm3/y) 
Still ~ r e z  of a 
365 m q  plant, 

(m ) 
Investment 

costs 
($us/m2) 

Investment 
cost: for a 365 

m /y plant 
($US) 

A still area (m2) 
c heat capacity (J~~- 'K- ' )  
d depth (mm) 

Prototype 
(I) 

Double glass 

2 Metal trays 

Metal tube 

42 
45 

1.95 

84.1 

0.99 

1,980 

185 

145 

26,688 

Prototype 
(rn 

Double-walled 
polymer 

Plastic tray & 
Glass tubes 
Plastic tube 

8 
25 

1.28 

92.8 

0.97 

1,940 

187 

110 

20,695 

Prototype 
(n) 

Double-walled 
polymer 

2 Metal trays 

Metal tube 

26 
35 

1.24 

88.4 

1.10 

2,200 

166 

130 

21,528 

Prototype 

Double-walled 
polymer 

2 Metal trays 

Metal tube 

26 
35 

2.03 

94.3 

1 . ~ 7 ~  

3,140 

116 

135 

15,692 

Prototype 
/x 

Double-walled 
polymer 

Double-walled 
polymer 

Plastic tube 

4 
35 

2.38 

80.7 

0.84 

1,680 

217 

80 

17,381 

? 



solar radiation ( ~ r n - ~ )  
enthalpy (.kg1) 
heat transfer coefficient ( w ~ ' ~ K - ' )  
length (m) 
vapor content of saturated air (kgkglgDA) 
mass flow rate (kgm-2h-') 
mass flow rate of brine drain-off (kgmm2h-') 
calculatedprimary distillate rate (kgm-2h-') 
calculated additional distillate rate in the tubing (kgm-2h-1) 
solar energy utilized (wmS2) 
thermal energy (wm2) 
backside thermal energy losses ( ~ m - ~ )  
thermal energy in brine drain-off ( w ~ ~ )  
thermal energy loss from upper chamber to ambient (win-*) 
thermal energy utilized to preheat the feedstock ( ~ m - ~ )  
thermal energy recycled directly to upper chamber ( ~ m - ~ )  
thermal energy releasedby the preheated feedstock to the air stream ( ~ r n - ~ )  
total thermal energy recycled ( ~ m - ~ )  

. 

temperature (OC) 
Tdew dew point temperature of air stream exitingupper chamber and entering lower chamber 

(OC) 
UIw overall heat transfer coefficient from lower chamberto wick ( w ~ - ~ K - ' )  
W width (m) 

- a air stream 
abs absorbed 
amb ambient 
avg average value 
BDA bone dry air 
c condensed water film 
C,g combined heat transfer coefficient 
Dist ,out distillate exiting lower chamber 
evap evaporated 
f feedstock 
g gas film 
I primary distillate 
I1 secondary distillate 
i incident 
id inner diameter 
in stream entering chamber 
1 lower chamber 
m central metal plate 
max maximum value 
od outer diameter 
out stream exiting chambe1 



r reflected 
sd scale deposit 
sep vaporlliquid separator 
t serpentine tube 
u upper chamber 
v water vapor 
w wick 
X external heat exchangerlcondense 

6) ~ W A C T  RELEVANCE AND TECHNOLOGY TRANSFER 

6.1) Impact of findings on the developing country 

The major impact of this joint research project has been the development of a Hungarian research 
team with both experience and expertise in the field of solar energy conversion and utilization. 
They are now capable, using both theoretical and experimental data analysis, of designing and 
scaling-up solar stills and evaporators for different applications. This expertise can now be 
applied to the design of solar to thermal energy conversion systems for agricultural, chemical and 
environmental protection purposes. These include such applications as solar desalination, solar 
drying of industrial or agricultural materials and thickening of dilute solutions of valuable or 
hazardous salts as an intermediate stage in their management/processing. 

6.2) The project's impact on individuals, laboratories, departments, and institutions. 

6.2.1) Mr. M.M. Aboabboud, a PhD. student of RLIC 

During the latter part of his PhD. studies, which overlapped with the first 18 months of the 
project, he was in constant contact with the Israeli PI, Dr. Kudish, regardingquestions concerning 
both the theoretical and practical aspects of solar distillation. This assistance from the Israeli PI 
was highly appreciated by Mr. Aboabboud. He returned to his own country, after his defense of 
his PhD. dissertation, and now occupies an important position where he continues his R&D 
work on the utilization of renewable energy 

6.2.2) Mr. L. Horvath, MSc., a former diploma worker, now a researcher at RLICmLMEC 

Through his full-time association with this project, which included participation in scientific 
conferenceslexhibitions and training courses that was supported by the project budget, he 
gradually becamea specialist in the solar thermal area. He was awarded a special, three-year 
grant, intended for young researchers below the age of 35, from the National ScienceFoundation 
of Hungary (OTKA) in the field of solar distillation based upon the joint publications resulting 
from the project. This is, to the best of our knowledge, the first such award from OTKA for 
research work in the solar thermal area. This emphasizes that the importance of renewable 
energy is now being recognized by OTKA. In fact, effective fi-om 2000, the rational use of 
renewable energy has becamea part of the HungarianGovernmental Energy Policy. 

6.2.3) Dr. G. Mink, Head Environmental Technology group of RLIC-RLMEC, HungarianPI 



The project provided him with the ultimate possibility to continue his R&D work on solar 
distillation, which had never been formally supported in Hungary. The strong theoretical 
backgroundof the Israeli group made it possible to continue this work on an advanced level. His 
participation in this joint research program gave Dr. Mink the opportunity to present its 
scientific achievements at major international conferences. He has been invited to present lectures 
on the application of solar energy at different academic institutions, industrial plants and military 
bases within Hungary. Dr. Mink has also been invited by one of the Hungarian colleges to 
present a special course (weekly two-hour lectures) on renewable energy beginning February 
2000. 

6.3) Impact on laboratories, departments, institutions 

A growing scientific interest in Hungary towards the use of renewable energy has resulted from 
both the scientific lectures on the achievements of this project and the educational lectures 
presented and has lead to a kind of restructuring of K M E C .  A new Environmental Chemistry 
Department focused mainly on the rational use of renewable energy was created at RLMEC in 
1999. This department consists of the Envi onmental Chemistry group, headed by Dr. G. d 
Vhhegyi, involved with both the utilization of hio-mass and the recycle of plastic wastes, and the 
Environmental Technology group, headed by Dr. Mink, involved with solar thermal technologies. 
The latter group also deals with pollution surveillance and control through industrial contracts. 

6.4) Possibilities of the use of the results 

The collaboratingpartners, based upon the achevements of this project, are now able to design 
hgh-capacity, low cost and corrosion resistant prototype solar desalinationplants that offer high 
productivity and cost-efficiency. The construction of a fully equipped 12 m2 solar still area 
demonstration plant was planned at RLIC but was abandoned in early 1999, due to the drastic 
change in the financial situation of the group after the reorganizition of RLIC to the RLMEC, 
CRC, HAS. The construction of such a pilot plant is definitely warranted, based upon the 
results obtained during the present investigation, but will require the additional support from 
international funding organisations 

6.5) New capacity, equipment and expertise left behind in the developing country 

6.5.1 New capacity 

As a result of this project a well-equipped solar energy laboratory has been established at the 
RLMEC and the staff of the laboratory has attained an international reputation in the field of 
solar-to-thermal energy conversion systems. 

6.5.2 Equipment 

A solar energy research facility has been established at the RLMEC and it is outfitted with a 1 m2 
solar simulator, automated data acquisition and measurement control system. A list of the 
instrumentation that was purchased through the project budget consists of the following: 

1. Two Compaq PC's with 14" Compaq color monitor Windows 95 and graphic (Excel) 
software packages 

2. A third and less expensive PC for data acquisition and measurement control 
3. Two Hewlett-Packard color deskjets 

P- 

33 



4. A solarimeter with a RS232 serial iriierface for data processing of the radiation 
measurements 

5. A variable speed peristaltic pump outfitted with a four channel pump head from Cole- 
Parmer, to ensure the regulation of the feedstock flow rate and the simultaneous distribution of 
the feedstock to more than one prototype if desired 

6. Two gas flow meters and 6 solenoid valves fiom Cole-Parmer for measurement control 
7. A conductivity meter with a RS232 interface for water quality control 
8. A pH meter with a RS232 interface for water quality control 
9. An ion analyzer with electrodes for different ions with a RS232 interface for water quality 

control 
10. A solar simulator with a 1 m2 areausing GE lamps and a water-cooled IR filter to filter out 
the infiaredradiation and, thereby insure that the incident radiation is in the 0.4 - 2.5 micrometer 
wavelength range. 

6.5.3) Improvement of the scientific capabilities of the collaboratingcountry 

As a result of their close collaboration with the Israeli group, which has extensive experience in 
the design, analysis and simulation of solar to thermal energy conversion systems, the Hungarian 
group has developed an internationally recognizedteam in this area of research. 

7.1) Training 

7.1.1) Mr. M.M. Aboabboud 

He submitted his PhD. dissertation (146 pp. includingtable and figures with 101 references) 
entitled "Design and Investigation of a new, Air-Blown Solar Still with Internal Energy Recycle". 
Mr. Aboabboud expressed his gratitude to Dr. Kudish for his support, ideas and advice during 
the course of his dissertation work, which overlapped yvith the first 18 months of this USAID 
program. On May 25, 1998 Mr. M.M. Aboabboud successfblly defended his PhD. dissertation. 
The two referees were Prof. E. Bekassy, DSc. &id Prof. I. Farkas, DSc. He received six grades of 
3 (excel1ent)and a singlegrade of 2 (good) from the seven- member jury, i.e., his thesis work was 
awarded 20 points out of a possible maximum of 21 points. 

7.1.2) Mr. L. Horvath 

He re~eived~effective January 1, 1998, a three-year grant with an annual stipend of 300 000 HUF 
from the National ScienceFoundation of Hungary for young researchers below the age of 35, in 
the field of solar thermal. 

7.1.3) Drs. Mink and Kudish 

Applied for and were awarded travel grants under the Exchangeof Researchers in the Framework 
of Israeli-HungarianScientificCooperation 1999-2000, funded by the State of Israel Ministry of 
Sciencq Jerusalem and the Republic of Hungary OMFB, Budapest. This grant provides for a 7- 
14 day visit by each PI and a 1-2 month visit by a junior researcher from each country during 
each year of the two year grant period. 



7.1.4) Dr. E.G. Evseev 

He spent a month working at the Chemical Research Center in the RLMEC, from April 1 1 until 
May 12, 1999. He utilized this visit to become acquainted with the experimental set-up and to 
validate his simulation model for the RLMEC prototype module. He devoted h s  efforts, during 
this visit, to the study and development of a simulation model to describe an air-blown solar still 
with an internal multi-tubular heat exchanger for recycle of the thermal energy of condensation. 
He also developed a simulation model to describe a new type of multi-pass compact solar still, 
with thermal energy recycle, fabricated from a 4-walled polycarbonate sheet being developed. 

7.1.5) Mr. L. Horvath 

His visit to Israel, from July 4 through August 2, 1999, coincided with the International Solar 
Energy Society 1999 Solar World Congress,, which took place in Jerusalem from July 4-9, 1999. 
The remainderof his visit was spent at the Solar Energy Laboratory, BGU. Dwing this time, he 
installed and programmed a new analog-to-digitalcard into the laboratory PC for on-line data 
collectionand monitoringof the experimentalset-ups. He then validated the program. 

7.1.6) Dr. G. Mink 

He utilized his 1999 travel grant to coincide with the International Solar Energy Society 1999 
Solar World Congress, in Jerusalem, Israel from July 4- 1 1, 1999. Dr. Mink then visited the BGU 
Solar Energy Laboratory after the Congress from July 1 1 through the 14. During this time he 
worked with Dr. Kudish on the preparation of a proposal to the EC-Mediterranean Partner 
Programme on the topic of solar desalinatim. The multi-national consortium involved in this 
proposal consists of Hungary, Italy, Israel, Palestine Authority and Turkey. 

7.1.7) Dr. A.I.. Kudish 

He visited Budapest, using his travel grant, from August 1 through 10, 1999. During this time, he 
and Dr. Mink completed the scientific portion of the proposal to the EC-Mediterranean Partner 
Programmeon the topic of solar desalination. 

7.2) Lectures 

1. Dr. Mink presented a lecture entitled "Energy Savingsolar Stills: Israeli-Hungarian USAID 
Project" on February 28, 1997 at a regular session of the Committee of Environment 
Protection of the Hungarian Academy of Sciences. The paper was co-authored by G. 
Mink, M.M. Aboabboud, L. Horvath and A.I. Kudish. 

2. Dr. Mink presented a lecture entitled "Achievement and Trends in Solar technologies" on 
May 7, 1997 for a retrainingcourse for army officers at the RegionalEnvironmental Safety 
Center for the Army in Budapest. 

3. Two lectures were presented by the Hungariangroup at the regular scientific seminar of the 
RLIC: Dr. Mmk- "Solar Desalination. Israeli-Hungarian USAID Project"; co-authored 
by G. Mink, L. Horvath, M.M. Aboabboud, E.G. Evseev and A.I. Kudish. 

Mr. Horvath- "A New Type Solar Concentrator to Achieve Industrial 
Temperatures"; co-authored by L. Horvath and G. Mink. 



4. Mr. Horvath presented a lecture at the Annual Meeting of the Doctoral School of the 
Chemical Research Center entitled "Experimental Studies on a Modem Solar Still" in 
Matrahaza, Hungary, March 1998. 

5. Dr. Mink presented a lecture on November 18, 1998 at the scientific session of the 
Chemical research Center, Hungarian Academy of Science, entitled "Research & 
Development Work at the RLIC in the Area of Solar Thermal". 

6. Dr. Kudish presented a mini-come entitled "Solar Energy Applications" at the Technical 
University Bergakademiepreiberg, Germahy on November 15- 16, 1999. 

7. Dr. Mink presented a lecture on February 22, 2000 at the Polytechnic of Dunaujvaros, 
Hungary, entitled "Is the Future Solaf?" 

8. Dr. Kudish will present a lecture on March 29,2000 at the Faculty of Chemical Engineering 
of the TechcalUniversity of Budapest, Hungary entitled " A Short Historical Review of 
Solar Energy Usagey'. 

7.3) Meetings Attended 

1. EwoSun 96, September 16-1 9, 1996, Freiburg Germany. 
2. International Solar Energy Society 1997 Solar World Congress, August 24-29, 1997, 

Taejon, Korea 
3. International Congress Energy and the Environment, 16th Scientificconference on Energy 

and the Environment, October 28-30, Opatija, Croatia, 
4. International SolarEnergy Society 1999 Solar World Congress, July 4-9, 1999, Jerusalem, 

Israel. 
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development and the socio-economicmodernization in many regions of the world. 

*The propagation of this new technology will decrease the load on natural fresh water 
resources and thus, will lessen the political conflicts caused by the shortage of fresh water. 
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Communicated by ERNANI SARTORI 

~bstract-h air-blown, multiple-effect solar still with thermal energy recycle consisting of an upper 
evaporation chamber and lower condensation chamber, has been recently proposed. The principle of operation 
of such a still, the main design parameters and the resgts of solar still performance tests are presented in this 
paper. The present discussion is restricted to the performance testing of a solar still with a nominal still area of 
1 mZ, utilizing'a solar simulator providing a constant radiation intensity of 630239 w m-'. The solar still 
performance was monitored under the conditions: of a constant feedstock flow-rate, 8.22 X 10- kg m-z s-I, 
and varying air flow-rate, ranging from 0.89 X to 12.53 X kg m-2 s- I. It was observed, under these 
conditions, that the thermal energy recycle began to be effective after about 30 min and that the still achieved 
steady-state after approximately 1 h of opetation. The steady-state distillation rate exhibits an optimum (of the 
order of 3.06 X kg mdZ s-I) at air flow-rate in the range from 2.8 to 3.44 X kgm-'s-'. The 
experimental results indicate that the still performance can be enhanced further by increasing the linear air 
saeam velocity in the lower chamber by decreasing its cross-sectional flow area. O 1998 Elsevier Science 
Ltd. All rights reserved. 

1. INTRODUCTION of fresh water for both drinking and agriculture in 

Today there exists an estimated two billion people 
who go without fresh water on a daily basis. The 
consumption of water unfit for drinking, due to 
pathogens and salinity, is a major health hazard 
world-wide. In addition, the growth of the world's 
population and the consequent food shortage, 
requires the expansion of agriculture into arid 
zones, i.e., the greening of the desert. The famine 
in the Sahal region (viz., the Sahara Desert) and 
other less publicized regions on the globe provide 
ample evidence for the necessity of solving this 
problem by concerted efforts, both national and 
international. Arid and semi-arid zones constitute 
approximately 40% of the earth's land area and 
they are, in general, characterized by high levels 
of solar radiation and shortages of fresh water. 
Such regions often possess reservoirs of either 
brackish or saline water that may be used for both 
drinking and irrigation after suitable treatment. 
Solar desalination systems may be an ideal source 

arid zones. This is especially true in that both the 
demand for fresh water and the intensity of solar 
radiation are, in general, cyclical in nature and in 
phase with each other. 

The utilization of solar energy for the distilla- 
tion of brackish or saline water has been practiced 
for a very long time. Various types of solar stills 
and solar-assisted desalination units have been 
designed and investigated. A number of papers 
have been published on this subject, for example, 
see Talbert et al. (1970); Malik et al. (1982); 
Kudish (1991). 

Present day state-of-the-art single-effect solar 
stills exhibit annual productivities of the order of 
1 m3 m-'. The major drawback in the design of 
such single-effect solar stills is the dumping of a 
large fraction of the thermal energy input to the 
system to the ambient via condensation of the 
water vapour on the relatively cooler inner surface 
of the glazing. The underlying reason for the 
limited use of solar desalination plants con- 

y- structed from such solar stills is their relatively 
t ~ u t h o r  to whom correspondence should be addressed. E- low productivity per unit area (Del~annis and 

mail: akudish@bgumail.bgu.ac.il Delyannis (1980)), viz., they require the availabil- 
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ity of large land areas and the fixed capital 
investment is directly proportional to the size 
(basin area) of the plant, though economics of 
scale may be involved with the peripheral equip- 
ment (mainly pumps and storage vessels, which, 
in general, contribute a small percentage to the 
total fixed capital investment) and operation and 
maintenance costs. 

The multiple-effect solar still systems are de- 
signed to recover/recycle some fraction of the 
latent heat of condensation to preheat the feed- 
stock either prior to entering or within the solar 
still basin and thereby enhance the system ef- 
ficiency. This may be accomplished, in the former 
case, by condensing the water vapour on the 
surface of a heat exchanger through which the 
feedstock flows as the heat exchange medium. For 
example, the still may be constructed with a 
double glazing and by flowing the feedstock 
through the space between the glazing (i.e., 
essentially a simple liquid in glass condenser) 
prior to entering the still basin. Such a design, 
obviously, necessitates operating the still as a flow 
system (i.e., a continuous feed input) rather than a 
batch system. It also requires leakproof sealing of 
the double glazing. This may be facilitated by 
using an internally sealed doubled glazing such as 
that available for double glazed windows (i.e., 
'storm windows') but at a much greater cost than 
single glazings. 

An example of the recovery/recycle of the 
latent heat of condensation within the solar still 
system is that analyzed by Sodha et al. (1980). It 
is designated as a double basin solar still and is a 
simplified version of a multiple level solar still 
originally proposed by Dunkle (1961) and studied 
by Lobo and Araujo (1977). It is designed to 
utilize the latent heat of condensation from the 
lower basin (viz., the condensation of the water 
vapour on the underside of the transparent base 
supporting the upper basin) to heat the water in 
the upper still basin. This requires the use of a 
transparent base (e.g., glass) for the upper still. 
The practical application of such a design is 
questionable due to the many technical problems 
involved, such as the load on the transparent base 
of the upper still. 

The two still designs described above are 
classified as double-effect solar stills, a single 
recoveryfrecycle of the latent heat of condensa- 
tion. It is possible to envision the design of 
multiple-effect solar stills (e.g., adding on more 
basins with transparent bases, one top of the 
other, to achieve a multiple-effect) similar in 
concept to multiple-effect conventional desalina- 

tion techniques. Needless to say, the cost of the 
solar still construction increases with complexity 
of the design and any additional costs must be 
weighed against the potential for increased prod- 
uctivity /efficiency. 

Another example of such recycle systems is 
that described by Kossinger et al. (1993), i.e., a 
highly efficient solar desalination unit utilizing the 
latent heat of condensation to preheat the feed- 
stock prior to entering the still. Miiller-Holst et al. 
(1997) presented a total life cycle cost analysis 
for this system under different modes of opera- 
tion. 

The rationale behind the design of our air- 
blown, multiple-effect solar still was to overcome 
the inherent disadvantage in the operation of 
single-effect solar stills, viz., their efficiency, 
notwithstanding intensive research and develop- 
ment efforts, has remained stalled in the 3 0 4 0 %  
range. Our goal being, enhanced productivity 
while incurring minimal incremental costs. This 
air-blown, multiple-effect solar still is designed to 
recycle the thermal energy (i.e., the latent heat of 
condensation) to heat or preheat the feedstock to 
the solar still. The mode of operation of this solar 
still will be described together with experimental 
results in the following sections. 

The significance of this research project is 
obvious in that potable water is a commodity that 
is becoming scarce and has been a source of 
conflict between nations throughout history. If the 
latter part of the 20th Century can be character- 
ized as one that the scarcity of oil was a casus 
belli than it is reasonable to state that the casus 
belli in the 21st Century will be the scarcity of 
potable water. In fact, the success of the peace 
treaties now in effect and in the making in the 
Middle East will depend to a significant degree on 
the availability of water for all countries 
concerned. Solar desalination can be an important 
source for water in this region, which is primarily 
composed of arid and semi-arid lands and has an 
abundance of solar radiation. 

2. SOLAR STILL DESCRIPTION 

A schematic diagram of the air-blown, multip- 
le-effect solar still is presented in Fig. 1. It is 
essentially of the tilted-wick genre in the form of , 
a thin rectangular box divided into two chambers 
(upper evaporator and lower condenser) by a 
central metal sheet. The central metal sheet does 
not extend across the full length of the still but 
leaves a slot of 10 mm between its top end and 
the still's upper extremity. The metal sheet also 
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Fig. 1. A schematic diagram, longitudinal cross-section, of the experimental solar still set-up. The location of the 16 temperature 
probes are indicated by numbers 0 to 15. 

functions as (i) the support for the wick (a black 
porous material) which covers it on the upper 
chamber side; (ii) the surface to which a serpen- 
tine tube, in the lower chamber side, for transport- 
ing the feedstock to the upper chamber, is in 
contact. This serpentine tube also functions as a 
heat exchanger for preheating the feedstock prior 
to entering the upper chamber. The spacing 
between the central metal plate and the upper 
chamber still glazing and the lower chamber 
backside are both 12 mm. 

The mode of operation of the solar still is as 
follows: (1) ambient air is pumped into the upper 
chamber from the bottom of the tilted still and 
sweeps the water vapour evaporated from the 
tilted wick into the lower chamber via the slot at 
the top of the tilted still (maximum temperature of 
the air stream is measured at this point, above the 
slot, prior to entering to the lower chamber and 
sewing as the hot fluid in what is essentially an 
air-liquid heat exchanger); (2) the major portion 
of the water vapour then condenses on the serpen- 
tine tube, which enters at the bottom of the lower 
chamber, transporting the feedstock to the upper 
chamber; or on the lower portion of the backside 
of the metal sheet supporting the wick; (3) the 

feedstock, which enters the serpentine tube at a 
flow-rate in excess of the rate of evaporation from 
the wick, is preheated during its passage through 
the serpentine tube, exits the serpentine tube at the 
top edge of the central plate and passes over a 
weir and flows by gravity down the wick; (4) the 
distillate exits the lower chamber and is collected, 
whereas the humid air stream, also exiting the 
lower chamber, enters an external condenser, to 
further condense the water vapour remaining, 
prior to venting to the ambient. 

In the upper chamber the air stream flows 
counter-current to the direction of feedstock flow- 
ing down the wick, whereas in the lower chamber 
the air stream flows both counter-current and 
perpendicular to the direction of the feedstock 
flowing through the serpentine tube. Due to the 
nature of this solar still, viz., that the upper 
chamber glazing does not serve as a condensation 
surface, it is possible and recommended to utilize 
a double glazing to reduce thermal energy losses 
via the glazing to the ambient. In fact, it is 
possible to use non-wetting polymeric glazings 
such as those used as transparent insulating 
material (TIMs), e.g., Qualex, a double-walled 
polycarbonate sheet, as the solar still glazing. 
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3. DESIGN PARAMETERS 

3.1. System design parameters 

(i) Feedstock and air flow-rates - Previous 
investigations by Mink et al. (1997, 1998) have 
shown that a feedstock flow-rate of 5.56 
kg m-2 s- '  is sufficient to completely wet the 
wick. They also found that increasing the feed- 
stock flow-rate from 6.33 X to 11.3 X 
kg m-2 s-' had only a negligible effect on the 
still productivity. The present study utilized a 
solar still with a still area, of 1 m2 tilted at an 
angle of 20" with a constant feedstock flow-rate of 
8.22 X loa4 kg m-' s-'. The previous investiga- 
tions utilized double glazing consisting of 3-mm 
glass plates with a 20-mm gap, whereas the 
present study utilized a double-walled polycarbo- 
nate sheet with a 10-mm gap. The incident 
radiation intensity was 650239 W m-2, utilizing 
a solar simulator. Mink et al. (1997, 1998) found 
that the highest productivity was obtained for air 
flow-rates in the range between 5.00 X and 
9.72 X kg m-2 s-' and in the present study 
the air flow-rates were varied between 0.89 X 

and 12.53 X kg m-2 s-'. 
(ii) Utilization of the vapour content of the air 

stream exiting the solar still - The primary 
distillate via condensation in the lower chamber 
was estimated to be approximately 1.94 X 
kg m-2 s-'. In view of the fact that the rate of 
evaporation in the upper chamber was found to be 
of the order of 3.05 X kg m-2 s-', it is 
apparent that the humid air stream exiting the 
lower chamber is also a potential source of fresh 
water. This secondary distillate, of the order of 
1.11 X kg mb2 s-I, can be recovered pro- 
vided that the exiting air stream can be cooled by 
an external heat exchanger, viz., a condenser, to 
ambient temperature. 

If HI,,,, denotes the enthalpy of the saturated 
air exiting the lower chamber in J kg,,' and the 
mass flow-rate of the air stream, is expressed in 
units of kg m-' s-', the rate of thermal energy 
exiting with the air stream is given by: 

It is obvious that the temperatures within such a 
still are inverse functions of the mass flow-rate of 
the air stream. Consequently, it would be advan- 
tageous to operate the solar still at even lower air 
stream flow-rates, since higher exiting air stream 
enthalpy values translate into both higher tem- 
peratures and partial pressures of the water vapour 
(or vapour content) in the exiting air stream. Also, 
the overall heat transfer coefficient for condensa- 

tion from the air stream decreases rapidly with 
decreasing temperature (see below). The lower air 
stream flow-rates will result in an increase in the 
air stream temperature in both chambers and an 
increase in the external condenser efficiency (i.e., 
the amount of secondary distillate) as a result of 
the greater temperature gradient. An increased 
condenser efficiency will allow a reduction in 
condenser size andlor cooling energy requirement 
and resultant decrease in construction andlor 
operating costs. 

As mentioned previously, an optimum air 
stream flow-rate must exist in the range of 
relatively low flow-rates, since for this solar still 
design the productivity will be zero for an air 
flow-rate of zero. Mink et al. (1997, 1998) based 
upon their experimental results and analysis, 
suggested that the optimum air flow-rate was 
below the range they studied, viz., less than 
5.00 X kg m-2 s- ' . Consequently, in the 
present study the system was adapted to enable us 
to operate it under controllable and stable flow- 
rates below 5.00X kg m-' s-'. 

(iii) vapourlliquid separator, heat exchanger - 
In the performance testing of the solar still 
module in the laboratory, it was desired to 
measure the primary distillationlproductivity rate 
within the module (i.e., the rate of condensation 
within the lower chamber, which is a direct 
measure of the efficiency of the thermal energy 
recycle process) and that obtained from the exit- 
ing air stream, secondary distillation. Therefore, 
the vapourlliquid mixture exiting the still module 
first entered vapourlliquid separator 1 (primary 
distillate), then the vapour stream was passed 
through a heat exchangerlcondenser prior to 
entering vapourlliquid separator 2 (secondary 
distillate). In a scaled-up system it would be 
sufficient to have the outlet vapourlliquid mixture 
exiting the system to pass through a heat ex- 
changerlcondenser prior to entering a single 
vapourlliquid separator. 

In the present study a simple water-cooled 
condenser functioned as the heat exchanger but it 
would be very advantageous to utilize the non- 
negligible thermal energy present in this stream to 
preheat the feedstock, viz., to utilize the feedstock 
as the cooling medium. In such a design the 
temperature of feedstock entering the still would 
approach TI,,,, and thereby further increase the 
still operating temperatures. This method of ope- 
ration of the solar still is discussed in detail by 
Aboabboud et al. (1996). 

(iv) Glazing - The amount of solar radiation 
absorbed within the still is the difference between 
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the incident solar radiation and the reflection 
losses from the still glazing and from the wet 
wick. The utilized solar energy is determined 
from the difference between the solar radiation 
absorbed and the thermal energy losses to the 
ambient through the glazing. Thus, the amount of 
utilized solar energy is given by: 

The air stream attains its maximum enthalpy, 
temperature and water vapour content at the top 
of the still, viz., in the vicinity of the slot 
connecting the upper and lower chambers, and 
thereby its maximum thermal energy, which is 
given by: 

where Ha., is the enthalpy of the entering air plus 
vapour stream in J kg,,'. It is apparent from 
Eqs. (2) and (3) that for a given solar irradiance, 
the still performance is determined mainly by the 
top losses and the efficiency of the thermal energy 
recycle processes. Since the system is designed to 
operate at low mass flow-rates of air and at 
relatively high temperatures, the thermal energy 
losses to the ambient will increase with increasing 
temperature. To minimize these thermal energy 
losses the glazing should have good insulating 
properties. This was achieved by utilizing a 
double glazing. The disadvantage of a double 
glazing is the increased reflection losses but this is 
more than compensated for by the relatively 
higher temperature gradients, AT = Tw - Ta, 
achieved. In addition, since the glazing does not 
function as a condensation surface it was possible 
to use a transparent insulating material such as 
Qualex, a transparent double-walled polycarbo- 
nate sheet which is non-wetting, as a glazing. 

(v) Thermal energy recycle process and air 
velocity in the lower chamber. - The thermal 
energy recycle process occurs in the lower 
chamber via heat transfer from the humid air 
stream to the serpentine tube and to the lower 
portion of the central metal plate. The rate of 
condensation in the lower chamber and thereby 
the efficiency of the thermal energy recycle is 
directly related to these processes. The heat 
transfer processes include condensation and con- 
vective heat transfer from the air stream. The 
combined heat transfer coefficient, which strongly 
depends on the temperature (the vapour content of 
saturated air) and its fluid mechanical properties is 
approximated by: 

where the heat transfer coefficient for the con- 
densed water film h, is in the range of 5000- 
10 000 W m-2 K- '; q, is the heat transmitted by 
the gas (air+non-condensing vapour) and q is the 
total heat transmitted. 

The overall heat transfer coefficient for thermal 
energy recycle process from the lower chamber to 
the upper surface of the wet wick, where the 
evaporation process is occurring, is given by: 

where for a 1-mm thick copper sheet the value for 
K,/S~ is 260 000 W mF2 K-l; the heat transfer 
coefficient for scale deposit hsd is approximately 
5000 W m-2 K-'; the heat transfer coefficient for 
the feedstocklbrine film above the plate h, is 
about 3500 W m-2 K-' and the heat transfer 
coefficient for a wet wick h,, with a 1-mm thick 
water film, is about 660 W m-2 K-'. The heat 
transfer values for the scale deposit and feed- 
stocklbrine film are approximate (estimated from 
the data and equations given in Perry's Chemical 
Engineers' Handbook (1963)) but their effect on 
the overall heat transfer coefficient is marginal, 
since they offer minimal resistance to the thermal 
energy transfer. 

The above equations for the heat transfer 
coefficients were solved by determining values for 
q,/q from the Psychrometric tables for tempera- 
ture intervals of 5°C and using the above values 
for the individual heat transfer coefficients. The 
following values for the heat transfer coefficient 
for the gas film h, were considered, 80, 20, 10 
and 5 W m-2 K-'. The results of this analysis are 
reported in Table 1. A value of h,=80 
W m-2 K-' corresponds to turbulent flow with 
Re < 10 000 and a gas velocity of 10 m s- ' or 
above, for the case of an equivalent diameter of 
approximately 0.02 m. Using the same value for 
the equivalent diameter, h, values of 20, 10 and 5 
W m-2 K-' correspond to approximately 2, 1 and 
0.5 m s-' gas velocities, respectively. 

It is obvious from the results of this analysis 
reported in Table 1 that the effectiveness of 
thermal energy recycle process and consequently 
the still performance depends mainly on U,,. It is 
possible to increase, to a limited extent, the value 
of U,, by decreasing the thickness of the porous 
wick, cf. Table 1. 

The results of the analysis reported in Table 1 
suggest that the still should be operated at high 
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Table 1. Overall heat transfer coefficient for thermal energy recycle as a function of temperature and gas film heat transfer 
coefficient for a wick thickness of 1 mm 

hg=5 w m-2 K- '  
U l , , , ( ~ r n 2 ~ )  275 215 173 139 113 90 73 59 48 39 31 26 

"For a wick thickness of 0.5 mm. 

temperatures and with high gas film heat transfer 
coefficient h, values. Such high temperatures can 
be achieved only if sufficiently low mass flow- 
rates are applied, since at constant energy input 
the enthalpy gain of the air stream is inversely 
proportional to its mass flow-rate. On the other 
hand, high linear air stream velocities are neces- 
sary in the lower chamber in order to achieve a 
high heat transfer coefficient. This goal can be 
achieved by decreasing the height of the lower 
chamber (viz., decreasing its cross sectional flow 
area) and/or by accelerating the air stream ve- 
locity with the help of bafiles, since the air mass 
flow-rate must be low. 

In the present solar still module the feedstock is 
preheated in the lower chamber and the height of 
the lower chamber is determined by the outer 
diameter of the serpentine tube. Therefore, in the 
lower chamber the gas velocity was accelerated, 
by a factor of about three by means of baffles, 
which were concentrated in the lower tempera- 
ture/section of the chamber (cf. Fig. 2). 

(vi) Serpentine tube area vs. still area - The 

ratio of the thermal energy transmitted to the 
serpentine tube to that directly recycled to the 
central plate is estimated to be in the range of 0.3 
to 0.6, depending on the air stream flow-rate, the 
temperature of the entering feedstock and the 
maximum temperature within the still. Ideally, the 
ratio of the tube to plate surface area should be 
identical to the thermal energy recycle ratio, since 
the nature of the heat transfer process to the tube 
and the plate is essentially the same. Nevertheless, 
if it is assumed that the average temperature 
gradient between the central metal plate and tube 
is about 2 K, and considering that the overall heat 
transfer coefficient is in the range between 200- 
300 W m-2 K-', i.e., the still operates under 
nearly optimum condition, it is possible to reduce 
the tube to plate surface area ratio to about 0.2, in 
order to achieve cost savings. This would be more 
than efficient if the entering feedstock is pre- 
heated close to T,,,,, by utilizing the enthalpy 
present in the air stream exiting the solar still. 

(vii) Pressure drop in the system. - A drawback 
in increasing the air stream velocity in the lower 

Lower Chamber 1.90 m 

+-- Air +- 

E 
rO 

2 

Feedstock 
Fig. 2. A schematic diagram of the lower condenser chamber, top view, showing the serpentine tube through which the feedstock 

flows and the baffles. 
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chamber is that parasitic electric energy required 
to drive the air pump also increases. This may be 
a major problem in rural application where the 
electric energy may be supplied by PV panels. In 
addition, a system operating under high pressure 
drops requires sturdier and more expensive con- 
struction than that operating at nearly atmospheric 
pressure. The present solar still system was 
designed for very low (< 100 Pa) pressure drops 
and may be considered to operate under atmos- 
pheric conditions. This low pressure drop was 
confirmed by measurements on the still during 
performance testing. 

4. EXPERIMENTAL SET-UP AND PROCEDURE 

4.1. Experimental set-up 

The experimental set-up (cf. Fig. 1) consists of 
the following: solar still module, solar simulator, 
two vapourfliquid separators for collecting the 
product, heat exchanger, peristaltic pump to trans- 
port the feedstock, low pressure adjustable flow- 
rate air pump, gas flow meter; magnetic valves 
(Mv) to drain the separators periodically, electric 
balance to measure the amount of the drained 
distillate and temperature sensors. The effect of 
wind on still performance was simulated by a fan, 
not shown in Fig. 1, with an average wind 
velocity over the solar still surface of approxi- 
mately 1 m s-'. The system is connected on-line 
to a personal computer for data collection and 
analysis. The position of the air pump ensures that 
the system operates at a pressure somewhat below 
ambient. The pressure drop through the still was 
monitored by a U-tube attached to the outlet from 
the lower chamber, not shown in Fig. 1, and was 
found to be exceedingly small (< 10 Pa). 

4.2. Solar still module 

The still consists of two shallow trays, supplied 
with perimeter rims, of slightly different dimen- 

sion such that the upper tray can be inserted into 
the lower tray. Air tightness was ensured by 
inserting a rubber gasket tape between the rims 
and between the upper rim and glazing. The two 
trays and glazing were clamped together by 
screws. The upper and lower trays were con- 
structed from a I-mm thick copper sheet and the 
lower tray was insulated externally (i.e., its 
bottom and perimeter) with 50-mm thick poly- 
urethane foam (not shown in Fig. 1). The two-tray 
design separates the solar still into two chambers 
connected by the slot in the upper chamber. The 
brine drain-off tube is soldered to the bottom of 
the upper tray (viz., in tilted position) and passes 
through the lower tray (via a stuffing box). The 
evaporation plate, i.e., the upper tray, is covered 
by a thin black porous fabric (wick). The serpen- 
tine tube carrying the feedstock in the lower 
chamber is attached to the bottom of the lower 
tray and the feedstock exits the serpentine tube 
onto the upper tray via its slot (cf. Figs. 1 and 2) 
and is evenly distributed over the width of the 
wick by means of an ovedow weir near the top 
of the upper tray. The solar still module dimen- 
sions are listed in Table 2. 

4.3. Solar simulator 

The solar simulator consists of 16 halogen 
lamps (12 X 500 W and 4 X 300 W lamps), each 
fitted with a radiating screen of the same geome- 
try which direct the radiation downward to the 
still. The simulator is positioned parallel to the 
solar still and the lamp arrangement was verified 
experimentally to provide an essentially homoge- 
neous radiation intensity on the still outer glazing 
surface. A 10-mm thick double-walled polycarbo- 
nate sheet is positioned parallel between the 
simulator and still with a continuous stream of 
water flowing through it, in order to filter any 
radiation above 2.6 pm emitted by the solar 
simulator. The water absorbs the radiation in the 
2.6- to 3-pm range; whereas the polycarbonate 

Table 2. Dimension of solar still module 

Double-glazing: 10-mm Thick double-walled polycarbonate sheet; L= 1.95 m; W=0.6 m. 
Upper chamber: 1-mm Thick copper; L = 1.87 m; W=0.545 m; H= 12 mm; 

rim width= 30 rnm 
Spacing between the two chambers = 12 mm. 

Wick: 0.3-mm Thick black porous fabric: L= 1.85 m, W=0.545 m, A =  1 m2; weir height=6 mm 
Spacing between textile and inner glazing= 12 mm. It is assumed that the ' 
wick thickness is independent of water load. 

Lower chambec 1-mm Thick copper; L= 1.9 m: W=0.55 m; H =25 mm; rim width=30 mm. 
Serpentine tube: Copper; L=6 m; D, ,,,, =10 mm: D ,,,,, -;12mm; A=0.20 mZ. 
Baffles: Nine baffles soldered to the bottom of lower chamber; H= 12 mm for all baffles: L=0.44 m 

for seven baffles: L=0.36 m and 0.28 m for each of the remaining two baffles. 
Still casing: Wood; L=2.06 m; W=0,7 m; H=90 mm; bottom thickness= 10 mm; side thickness= 15 mm. 
Bonom and 50-mm Thick polyurethane foam; conductivity=0.04 W m-I K'. 
edge insulation: 
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absorbs the radiation above 3 km. The tempera- 
ture of the filter, viz., the polycarbonate sheet, is 
18°C at the lower end, water entrance, and 30°C 
at the upper end, water exit. Thus, its average 
temperature is below the average room tempera- 
ture, 25 to 29°C. This set-up insures that the 
radiation incident on the solar still is in the range 
between 0.4 to 2.6 pm (the UV component of the 
lamp radiation is negligible, since the lamp fila- 
ment temperature is approximately 2500 K). 

4.4. Extenurl heat exchanger 

The external heat exchanger was a standard 
laboratory glass condenser having a heat ex- 
changer surface area of about 0.07 m-2. The heat 
exchange medium was mains water, entering with 
a temperature in the range of 15-18°C and 
flowing counter-current to the air stream exiting 
from the solar still's lower chamber. It was sized 
for the estimated optimum operating conditions 
and therefore it was unable to cool the air stream 
to room temperature, about 26"C, for air mass 
flow-rates in excess of 2.78X kg m-2 s-I. 

4.5. Experimental conditions and procedure 

The tilt angle of the solar still module and solar 
simulator was set at 20" throughout this study. 
The solar radiation intensity, provided by the solar 
simulator, incident on the outer glazing surface 
was 630?39 W m-'. The differential and 
cumulative yields from separator 1 and 2 were 
measured automatically by a type PT 6 Satorius 
electric balance with an accuracy of ?1 g. The 
temperatures were measured with an accuracy of 
? 1°C using calibrated temperature sensors of the 
silicon base type KTY 11-2A. The absolute 
humidity of air in the vicinity of the slot was 
calculated from the mass and energy balances on 
the still. A data acquisition system served to 
monitor and store the temperature data from the 
sixteen thermistors and to calculate differential 
and cumulative yields at variable time intervals. It 

consisted of a PC with an AID to DIA converter 
card, electronic measuring and magnetic valve 
control unit, temperature sensors and a digital 
balance with a RS232C serial interface. The data 
acquisition, control and analysis software were 
developed for the study. 

The experimental procedure for the perform- 
ance testing was as follows: 
1.  The air and feedstock flow-rates are defined 

and held constant; 
2. The temperatures at the following locations are 

monitored: 
Air stream - upper chamber: inlet, equally 
spaced probes in the direction of flow and 
above the slot; 
lower chamber: below the slot, equally 
spaced probes in the direction of flow and 
at the outlet; 
saturated air stream exiting the still to the 
external condenser; 
Feedstock - lower chamber: inlet; 
upper chamber: overflow weir and brine 
drain-off outlet; 

3. The distillation rate is determined by measur- 
ing the cumulative distillate during a specified 
time interval. 

5. RESULTS AND DISCUSSION 

The solar still performance was tested as a 
function of the air flow-rate, which was varied in 
the range between 0.89 X and 12.53 X 
kgm-2 s-'. The feedstock flow-rate was main- 
tained constant at 8.22X kg m-2 s-'. The 
solar still achieved steady-state, as evidenced by 
monitoring both air stream temperatures and the 
distillation rate, after approximately 1 h of opera- 
tion. The maximum air stream temperature, in the 
range between 71.6 to 96.9 OC (inverse function 
of the air flow-rate), was measured at the upper 
end of the solar still, in the vicinity of the slot (cf. 
Table 3). It was determined that thermal energy 

Table 3. The temperature profile of the solar still at steady-state as a function of air flow-rate for a constant feedstock flow-rate of 
8.22X kg m-2 s-'. cf. Fig. 1 for location of the 16 thermistors 

Air flow- T, Upper chamber Lower chamber TI.,,, Ts,, , TX.,, Tx.,,, TB,,~,..~,.,, 

rate TO TI T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 TI2 T13 T14 T15 
kgm-'s-' "C "C "C "C "C "C "C "C "C "C "C "C "C "C "C "C 

x 
12.53 26.0 51.2 65.6 72.2 71.3 71.6 71.3 70.6 69.9 66.0 56.0 56.0 54.9 54.6 35.4 48.7 
9.08 26.4 54.0 71.1 76.4 75.9 76.6 76.7 75.9 75.1 71.1 59.6 59.6 58.1 57.8 36.0 51.5 
6.14 26.3 57.5 77.1 81.3 81.2 82.1 82.1 81.6 80.7 77.0 63.1 63.1 60.9 60.4 35.0 54.5 
4.89 26.1 59.1 80.1 83.7 83.7 84.7 84.8 84.3 83.5 79.9 64.4 64.4 62.0 61.3 34.1 55.7 
3.44 26.6 62.6 84.6 87.4 87.6 88.4 88.5 88.4 87.5 84.4 67.5 67.5 64.1 63.0 32.1 58.4 
2.83 26.2 64.9 87.4 89.8 89.8 90.7 90.7 90.7 90.0 87.2 69.9 69.9 65.6 64.1 28.6 60.4 
1.61 26.1 67.6 91.9 93.6 93.6 94.4 94.2 94.5 94.0 91.7 68.2 68.2 60.7 57.1 21.9 61.9 
0.89 25.8 68.6 95.1 96.3 96.2 97.0 96.9 97.4 96.9 94.9 52.5 48.9 34.0 30.4 24.1 62.4 
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Table 4. Still productivity as a function of air flow-rate for a flow-rate, viz., it increases with decreasing air 
constant feedstock flow-rate of 8.22X kg m-2 s-' 

' flow-rate. 
Air flow-rate Primary Secondary Total 

kg m- l s - '  distillate distillate distillate 
x kg m-2 s - '  kg m-2 s-I kg m-Z s- '  

x x x 

recycle begins to take effect after about 30 min by 
comparing the continuously monitored air stream 
temperatures at the inlet to the upper chamber to 
that at the outlet from the lower chamber, viz., 
after about 30 rnin the latter exceeded the former. 
The steady-state distillation rate was found to be 
of the order of 2.78 X kg m-2 s-I, except for 
relatively low air flow-rate. It is of interest to 
note, that if the system was at steady-state and the 
air pump remained in operation after the solar 
simulator was shut-off, the still continued to 
produce distillate, albeit at a decreasing rate, for 
about another hour. In other words, in spite of the 
relatively low thermal mass of the solar still 
module, thermal energy recycling is still capable 
of enhancing the yield after 'sunset', i.e., after the 
solar simulator is shut-off. 

The steady-state temperatures, as measured by 
the 16 thermistors (cf. Fig. 1 for thermistor 
locations) are reported in Table 3 as a function of 
air flow-rate. As expected, temperature measured 
at a specific location varies inversely with the air 

5.1. Productivity as a function of airflow-rate 

The productivity is reported in Table 4 in terms 
of primary, secondary, and total distillation rate 
per hour. The primary distillation rate refers to 
that condensed within the lower chamber during 
the thermal energy recycle process, but in fact 
contains a marginal amount of secondary distillate 
m;,,, (which is non-negligible when performing 
precise mass and energy balance calculations) 
condensed within the tubing connecting the lower 
chamber outlet to the heat exchanger. The main 
secondary distillation rate mi,,,, refers to that 
distillate condensed in the external heat exchanger 
and collected in separator 2. It is apparent from 
Table 4 that with regard to still productivity there 
exists an optimum range of air flow-rates for the 
system under consideration, approximately be- 
tween 2.78 X and 8.33 X kg md2 s-'. It 
is also observed that the primary product de- 
creases and the secondary increases with increas- 
ing air flow-rate (cf. Fig. 3). The reason for the 
optimum air flow-rate will be discussed in the 
following paragraphs. 

Thermal energy analysis, utilizing mass and 
energy balances, of the solar still at steady-state as 
a function of air flow-rate, for a constant feed- 
stock flow-rate, were performed in order to de- 
termine the sensitivity of a number of still param- 
eters to changes in the rate of air flow. The results 
of these analyses, reported as hourly mass flow- 
rates, are reported in Table 5 and include the 
following: (a) the mass flow-rate of vapour 

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 
3 -1 Hourly Air Flow Rate (kgm h ) 

Fig. 3. Hourly still productivity as a function of air flow-rate for a feedstock flow-rate of 2.96 kg m-2 h-I. 
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Table 5. Mass and energy analysis of solar still at steady-state as a function of air flow-rate for a constant feedstock flow-rate of 
8.22X kg m-' s-'  

(a) Mass flow-rates of the water vapow through the solar still 
-- - 

Upper chamber Lower chamber Tubing Heat exchanger 

kgm-'s-' n'v.u.an mevap %.m,x m;DR mv.~.out 4 m . T  mv.~.ln ~ V . X  ~ S D R . X  

X I O - ~  kgm-2s-1 kgm- '~ - '  kgm- '~ - '  kgm-'~- '  kg-'s-! kgm-' S - I  k gm- '~ - '  kgm-is-l kgm-2s-' 
x x lo-' x X I O - ~  X I O - ~  X I O - ~  X I O - ~  X I O - ~  XIO-' 

12.53 0.217 3.01 3.22 1.71 1.52 0.10 I A2 0.53 0.89 
9.08 0.156 3.16 3.31 1.95 1.36 0.13 1.23 0.42 0.81 
6.14 0.106 3.19 3.29 2.17 1.13 0.16 0.96 0.21 0.75 
4.89 0.083 3.14 3.23 2.26 0.97 0.16 0.81 0.25 0.56 
3.44 0.058 3.23 3.30 2.48 0.82 0.19 0.63 0.21 0.42 
2.83 0.050 3.20 3.25 2.46 0.78 0.20 0.58 0.21 0.36 
1.61 0.028 2.77 2.79 2.39 0.40 0.19 0.21 0.10 0.11 
0.89 0.017 1.89 1.91 1.83 0.09 0.06 0.03 0.00 0.03 

(b) Mass and heat Bow-rates of feedstocklbriae through the solar still 

m t TI"*, Lower chamber Upper chamber 

kgm-' S-I 'c "'f.in qr.1.m ~ P R  1 . 0 1  T~nne.drs~n m~rine.dr.#n qlnnc.dntn qrelcucd 
x lo-4 kgm-'s-' at T, w m-' "C kgm-'s-' w m-' w m-' 

XIO-b  x I O - ~  

12.53 71.6 8.22 90 156 246 48.7 5.22 106 139 
9.08 76.7 822 90 174 264 51.5 5.07 109 155 
6.14 8.21 8.22 90 193 283 54.5 5.03 115 168 
4.89 M.8 8.22 90 202 292 55.7 5.08 . 118 174 
3.44 88.5 8.22 90 215 305 58.4 4.98 122 183 
2.83 90.7 8.22 90 222 312 60.4 5.03 127 185 
1.61 94.2 8.22 90 234 324 61.9 5.46 141 183 
0.89 96.9 8.22 90 245 334 62.4 6.33 164 170 

(c) Heat flows in upper evaporation chamber 

(d) Heat flows in lower condenser chamber 

through the system, (b) the mass and heat flow of 
both feedstock and brine drain-off, (c) heat flow in 
upper chamber and (d) heat flow in lower 
chamber. In this analysis the temperature of the 
entering air stream and feedstock were assumed to 
be z26"C, viz., room temperature, and an aver- 
age value of 80% was assumed for the relative 
humidity of the entering air stream. 

The measured primary distillation rate is a good 

approximation of the rate of condensation in the 
lower chamber but as mentioned previously it also 
contains that quantity of distillate condensed in 
the tubing connecting the outlet from the lower 
chamber to the heat exchanger. To enhance the 
precision of the mass and energy balances the 
flow-rate of primary distillate exiting the lower 
chamber was determined as the difference be- 
tween the measured primary distillation rate and 
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condensation rate of saturated air stream in the 
tubing between the lower chamber outlet and the 
heat exchanger. The latter is determined trom the 
flow-rate of bone dry air in the following manner: 

m & R  = ~ P D R  

- mBD,lMV (at TI,,,,) - Mv (at Tx,i,,>l , 

(6) 

where M, is in units of (kg vapourlkg BDA). The 
maximum mass flow-rate of vapour carried by the 
air stream corresponds to that at maximum tem- 
perature and is given as: 

To demonstrate the heat flow processes occur- 
ring in the solar still module in this range of 
optimum performance, a thermal energy flow 
diagram is presented in Fig. 4 for an air flow-rate 
of 3.44X kg m-* s-I. It is seen from this 
diagram that the main heat transfer processes 
determining the solar still performance are Q,, q, 
and q,,. 

The decrease in the solar still performance for 
air flow-rates below 2.78X kg m-2 s-I is the 
result of two factors: (1) the increase in thermal 
energy losses from the upper chamber to the 
ambient and (2) the overall heat transfer coeffi- 

- 
m v , m a x  - m L D R  + mBDA[Mv (at T~,out>I ' (7) cient for thermal energy recycle decreases rapidly 

with decreasing heat transfer coefficient for the 
The maximum rate of heat flow is also achieved 
at the maximum temperature and is given by: 

where H,,,,, is the enthalpy of the vapour at 
T m a x .  

It is apparent from Table 4 that the optimum 
performance of the solar still module is obtained 
for air flow-rates in the range of 2.78X to 
6.11X kgm-2 s-I, which correspond to a 
total productivity rate of about 3.06X10-~ 
kg md2 s-'. In addition, it is observed from Table 
5 (c) that the amount of solar energy utilized 
decreases with decreasing air flow-rate, in agree- 
ment with the increasing trend obsemed for the 
average temperatures within the upper chamber, 
cf. Table 3. It is also observed from Table 5 that 
despite the decrease in the amount of solar energy 
utilized with decreasing air flow-rate, maximum 
values for primary distillation rate, total thermal 
energy recycle, sum of thermal energy recycled 
directly to the upper chamber and thermal energy 
released from the feedstock to the air stream in 
the upper chamber are observed to occur for air 
flow-rates of 2.83X10-~ and 3.44X10-~ 
kg md2 s-'. At these air flow-rates the thermal 
energy recycle more than compensates for the 
decrease in solar energy efficiency, i.e., the first 
effect or direct solar to thermal energy conver- 
sion. 

As a consequence of the above, it follows that 
in the range of 2 . 7 8 ~ 1 0 ~ ~  to 6 . 1 1 ~ 1 0 - ~  
kg m-2 s-' air flow-rates, the mass flow-rate of 
water vapour exiting the lower chamber will be a 
minimum for air flow-rates between 2.83 X 
and 3.44X kg m-2 s-' and the air stream 
temperature, T,,,,,, will be a maximum. As a 
result, the cooling load for the external heat 
exchanger will be a minimum in this range of air 
flow-rates. 

gas film. The latter is approximately proportional 
to the linear velocity of air stream (i.e., the air and 
non-condensing water vapour) in the lower 
chamber. Consequently, a possible design change 
to enhance the solar still performance would be to 
attain higher linear air velocities in the lower 
chamber by decreasing its cross-sectional area. 
The down-side of such a design change would be 
an increase in the pressure drop of the still system 
and a subsequent increase in parasitic energy 
consumption. Since the present solar still design 
has a very low pressure drop there appears to be 
sufficient leeway for further reduction in the 
lower chamber cross-sectional area and we plan to 
study this effect in the future. 

It should be noted that the condensation process 
in the lower chamber, upon the backside of the 
central metal plate and on the serpentine tube, 
occurs mainly on the lower portion of the 
chamber, mostly within a distance of 0.50 m from 
the bottom edge of the solar still. 

Consequently, the condensation area is much 
smaller than that for evaporation and is a limiting 
factor in achieving higher thermal energy recycle 
efficiencies. We plan to investigate solutions for 
overcoming this limitation. 

Further development in the solar still design 
will be related to problems of scale-up, with the 
goal of arriving at a still design which is econ- 
omically viable with regard to construction, ope- 
ration and maintenance. 

6. CONCLUSIONS 

The design and performance testing of a double 
glazed, air-blown, multiple-effect solar still with 
thermal energy recycle consisting of two cham- 
bers, upper evaporator and lower condenser, 
operating under steady-state conditions has been 
presented. A considerable fraction of the latent 
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Fig. 4. Thermal energy flow diagram calculated by means of the mass and energy balances on the solar still for air and feedstock 
flow-rates of 1.24 kg m-I h-' and 2.96 kg m2 h-I, respectively. 

heat of condensation is recycled for preheating the 
feedstock and directly heating the evaporation 
plate, thereby enhancing the rate of the evapora- 
tion process. 

The heat transfer processes are based upon film 
condensation from a saturated air stream, which is 
characterized by a relatively high heat transfer 
coefficient, especially when operating at relatively 
high temperatures. These high temperatures are 
achieved by operating the solar still system at low 
air mass flow-rates. In addition, the heat transfer 
process is further enhanced by increasing the air 
stream velocities in the lower (condensation) 
chamber. 

The optimum feedstock flow-rate was found, 
based upon experimental results obtained utilizing 
a solar simulator with a constant radiation intensi- 
ty of 630+39 W m-2, to be in the range of 
8.33 X kg m-2 s-'. This feedstock flow-rate 
is sufficient to maintain the wick in the upper 
evaporation chamber completely wetted at even 
higher incident radiation intensities and thereby, 
higher evaporation rates. 

It was observed that the solar still performance 
was mainly a function of the flow-rate of the 
entering air stream. In this study, solar still 

operating under a constant feedstock flow-rate and 
radiation intensity, the optimum air flow-rate was 
found to in the range of 2.83X 10-~-3 .44~  
kg m-2 s-', which corresponds to a maximum 
total productivity of 3.05 X kg m-2 s- I .  The 
total productivity consists of about 2.50X 
kg m-2 s-' primary distillate (condensed within 
the lower chamber) and the remainder secondary 
distillate produced within the external condenser. 

The solar still system operates under a very low 
pressure drop, of the order of several Pa per m2 of 
still area, for low (viz., optimum range) air flow- 
rates. This is a distinct advantage with regard to 
both still construction and parasitic energy re- 
quirements for air blowers, especially for large 
scale systems. 

The experimental results suggest that the solar 
still performance can be further enhanced by 
either decreasing the cross sectional flow area in 
the lower chamber and/or increasing the path 
length within the lower chamber of the still by the 
addition of baffles in order to achieve higher 
linear air velocities. 

In the next generation of this solar still design, 
we will consider a number of modifications to 
simplify the still construction. In addition, we 
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plan to utilize the feedstock as the heat exchange 
medium (cooling stream) for the external con- 
denser. 

NOMENCLATURE 

Still area (m2) 
Heat capacity (J kg-1 K-I) 
Solar radiation (W m-') 
Enthalpy (J kg-') 
Heat transfer coefficient (W m-2 K-I) 
Vapour content of air stream (kg vapourikg BDA) 
Mass flow-rate (kg m-' s-I) 
Mass flow-rate of brine drain-off (kg m-' s-I) 
Calculated primary distillation rate (kg m-2 s-I) 
Calculated secondary distillation rate in the tubing 
(kn m-2 S-I) 

m ~&ondary distillation rate in the heat exchanger 
(kg m-* s-') 

Q. Solar energy utilized (W m-') 
4 Thermal energy (W m-') 
q,.,,,, Backside thermal energy losses (W m-') 
qb,,nc,dmin Thermal energy in brine drain-off (W m-') 
qlo,r.amb Thermal energy loss from upper chamber to 

ambient (W m-'1 
~ P R  Thermal knergy utilized to preheat the feedstock 

(W m-') 
4~ Thermal energy recycled directly to upper 

chamber (W m-l) 
qrcleaScd Thermal energy released by the preheated feed- 

stock to the air stream (W m-2) 
QRT Total thermal energy recycled (W m-') 
T temperature (OC) 
Td,, Dew point temperature of air stream exiting upper 

chamber and entering lower chamber ("C) 
UI, Overall heat transfer coefficient from lower 

chamber to wick (W m-2 K-') 

Greek letters 
6 Thickness (m) 
K Thermal conductivity (W m-' K-I) 

S~~bscripts 
a 
abs 
amb 
avg 
BDA 
C 

c.g 
Dist,out 
evap 
f 
g 
i 
in 
I 
m 
max 
out 

Air stream 
Absorbed 
Ambient 
Average value 
Bone dry air 
Condensed water film 
Combined heat transfer coefficient 
Distillate exiting lower chamber 
Evaporated 
Feedstock 
Gas film 
Incident 
Stream entering chamber 
Lower chamber 
Central metal plate 
Maximum value 
Stream exiting chamber 

PDR 
r 
sd 
SDR 
sep 
t 
u 
v 
W 

X 

Primary distillation rate 
Reflected 
Scale deposit 
Secondary distillation rate 
Vapouriliquid separator 
Serpentine tube 
Upper chamber 
Water vapour 
Wick 
External heat exchangericondenser 
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Abstract: The peiformance of an arr-blown, multrple-effect solar strN desrgned to recycle the 
thermal energy of condensatron heat recycle has been studred whrle operatrng m three 
drfferent modes, 1.e.. drrvrng forces: (i) solar energy: (11) both solar and waste thermal 
energy: and (rir) waste thermal energy, borh wrth and without rnsulating the still glarrng 
The st111 had a double-walled, structured po(ycarbona!e glarrng, a i'ransparerrt mnsu/aI~on 
materral (TIM), and the strN area was I mL. The solar energy was provrded by a solar 
srmulator, at a constant mlensry of 6S0~10  Wm.', thrs fac~lrtated the inter-comparrson ofthe 
system performance when operatrng m the three drfferent modes. The waste rhermal energy 
was srm~rlated by a feedstock (water) reservorr marntarned benveen 86 and 90 OC.  The steady- 
state yrelrLr or~d temperatrrres were achleved wrthrn one hour, as a result of the low thermal 
mass of the strll. Operatrng under constan! energy rnpr, [he perjormance of the strN was 
determrned marnly by the flow rate ofarr, whrchfirnchL'.s both as a mass and energv carrrer. 
The opnmum range ofthe arrjlow rates. under all modes of operation, has been determmed 
experrmentally. In addrtron, mass and heat balances utrlizrng expertmental results and 
referrrng to optrmum operatrng conditions have been performed 

Key words Solar energy, Waste energy, Dist~llation. Energy recycle. 

1. MTRODUCTION 

The utilization of solar energy for the distillat~on of brackish or saline water has been 
practiced for a very long time Various types of solar stills and solar-assisted desalination 
units have been designed and investigated. A number of manuscripts have been published on 
this subject: a classic one by Talbert et a1 ', Malik et al.' and ~ud i sh '  

In arid zones, solar distillation can be an ideal source to produce fresh water from saline 
water, both for drinking and agriculture. The main disadvantage of the present day solar stills 
is that their productivity per unit area IS low Since the fixed capital investment cost of a solar 
desalination plant is roughly proportional to the still area. increasing the productivity by 
recycling the heat of condensation of the distillate is of paramount importance 
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The performance of an air-blown, multiple-effect solar still consisting of an upper evaporation 
chamber and a lower condensation chamber has been analyzed in detailG. The analysis of the 
above system suggested that it is possible to utilize low grade waste energy, when available at 
the site, as the driving force in the distillation process. Thus, the still. can operate 24 hours a 
day by utilizing solar energy, when available, and/or waste thermal energy in the daytime and 
waste thermal energy during the night, i.e., nocturnal distillation. 

In the present paper we shall report on the experimental results obtained when operating the 
still under three different modes, i.e., driving forces: (i.) only solar energy; (ii.) both solar and 
waste thermal energy; and (iii.) only waste thermal energy. 

Ex~erimental setuo 
The solar still under investigation is shown schematically in Fig. 1. It is essentially of the 
tilted-wick genre in the form of a thin rectangular box divided into two chambers (upper 
evaporator and lower condenser) by a central metal sheet. The central metal sheet does not 
extend across the full length ofthe still but leaves a slot of 10 mm between its top end and the 
still's upper extremity. The metal sheet also functions as (i) a support for the wick (a black 
porous material) which covers it on the upper chamber side; (ii) a surface to which a 
serpentine tube, in the lower chamber side, for transporting the feedstock to the upper 
chamber, is in contact. This serpentine tube also functions as a heat exchanger for preheating 
the feedstock prior to entering the upper chamber The spacing between the central metal plate 
and the upper chamber still glazing and the lower chamber backside are both 12 mm . . 

Fig. I. Schematic diagram of the experimental unit. The location of the temperature probes 
are indicated by numbers 0 to 15 
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The mode of operation ofthe solar still is as follows (1) ambient air is pumped into the upper 
chamber from the bonom of the tilted still and sweeps the water vapour evaporated from the 
tilted wick into the lower chamber via the slot at the top of the tilted still (maximum 
temperature of the air stream is measured at this point, above the slot, prior to entering the 
lower chamber and serving as the hot fluid in what is essentially an airliquid heat exchanger); 
(2 ) the major portion of the water vapour then condenses on the serpentine tube, which enters 
at the bonom of the lower chamber, transporting the feedstock to the upper chamber; or on the 
lower portion of the reverse s ~ d e  of the metal sheet supporting the wick; (3.) the feedstock 
which enters the serpentine tube at a flow rate in excess of the rate of evaporation from the 
wick is preheated during its passage through the serpentine tube, exits the serpentine tube at 
the top edge of the central plate and passes over a weir and flows by gravity down the wick; 
(4:) the distillate exits the lower chamber and is collected, whereas the humid air s t r e w  also 
exiting the lower chamber, enters an external condenser, to further condense the water vapour 
remaining prior to venting to the ambient. 

In the upper chamber, the air stream flows countercurrently to the direction of feedstock 
flowing down the wick whereas in the lower chamber the air stream flows both 
countercurrently and perpendicular to the direction of the feedstock flowing through the 
serpentine tube. Due to the nature of this solar still. viz., that the upper chamber glazing does 
not serve as a condensation surface, it is possible and recommended that a double glazing be 
utilized to reduce thermal energy losses via the glazing to the ambient. In fact, in our case. 
non-wetting polymeric transparent insulating material (TIM). e.g., a solar grade, double- 
walled, 10 mm thick polycarbonate sheet was used as solar still glazing. In this still. a large 
fraction o f  the heat of condensation of the distillate 1s successfully recycled to both preheat 
the feedstock and heat the reverse side of the evaporation plate. which separates the two 
chambers. Consequently, a two- to three-fold increase in distillate yield was achiev. J relat~ve 
to that of conventional type solar stills4" 

Mode of ooeration when usine solar enerw and/or waste thermal energy 
Waste thermal energy was simulated by means of a conventional heater that maintained the 
feedstock (water) reservoir at a temperature between 86 and 90 "C. In t h ~ s  mode of operation. 
the preheated feedstock entered the still at the upper part of the evaporation chamber (cf, 
Fig I), and consequently, the thermal energy recycle from the lower chamber to :he upper 
chamber proceeded only via condensation on the reverse side of the central metal plate. 

Exoerimental conditions and orocedure 
The tilt anglr of the solar still module was set at 20' throughout this study Similarly, the solar 
simulator provided a constant radiation intensity of 650q10 ~ m "  and its tilt angle was also 
20' The differential and cumulative yields from Separator I and I1 were measured 
automatically by a type PT 6 Satorius electric balance with an accuracy of *1 g. The 
temperatures were measured at 16 strategically positioned locations, cf., Fig. 1, with an 
accuracy of *I O C  using calibrated temperature sensors of the silicon base type KTY 11-2A. 
The absolute humidity of air in the vicinity of the slot was calculated from the material and 
energy balances on the still. A data acquisition system served to monitor and store the 
temperature data from the sixteen thermistors and to calculate differential and cumulative 
yields at variable time intervals. It consisted of a PC with an A/D-D/A converter card, 
electronic measuring and magnetic valve control unit, temperature sensors and a digltal 
balance with a RS232C serial interface. The data acquisition, control and analysis software 
were developed specifically for this study. The operational variables were the feedstock and 
the air flow rates. 
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3. RESULTS AND DISCUSSION 

The steady-state yields and temperatures were achieved within one hour, in all experimental 
runs, as a result ofthe low thermal mass of the solar still. All the results reported in this study 
refer to steady-state conditions and the mass and energy flows are no.rnalized to a 1 mL still 
area 

Solar enerqy ooeration mode: 650 010 wm.' radiation intensity 
The temperature profile for the still at different air flow rates expressed ~n kg bone dry alr per 
mZ still area per hour is given in Table 1 

Table 1 The temperature profile of the solar still at steady-state as a hnction of alr flow rate 
for a constant feedstock flow rate of 2.96 kgrn.'h'l. The position of the 16 
thermistors are shown in Fig. 1 (numbered 0 to 16) Irradiation = 650p10 wm" 

The still productivity, as a function of air flow rates ~n the range from 0 32 to 4 5 1 kgm"h" is 
reported in Table 2 and in Fig. 2 in terns of primary (I), secondary (11). and total (5). The 
primary distillation rate refers to that condensed within the lower chamber during the thermal 
energy recycle process. The secondary distillat~on rate is that obtained by passlng the 
saturated air stream exiting the solar still through an external condenser prior to venting to the 
amb~ent. It is apparent from Table 2 that with regard to st111 productivity there exists an 
optimum range for the air flow rate, approximately between 1 and 3 kgm"h", for the system 
under consideration. It is also observed that the ratio of secondary to primary product rises 
with an increasing flow rate, 1.e.. the primary decreases and the secondary rises with an 
~ncreasing air flow rate (cf, Fig.2). The reason for the observed optimum air flow rate range 
was discussed in our previous papersJb. 
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Table 2 Stlll product~vity (I- primary; 11- secondary; S- total distillate) as a function of air 
flow rate. Feedstock flow rate = 2.96 kgrn"h", Irradiation = 650010 wm.'. 

0 0  0 5  1 0  1 5  2.0 2.5 3 0  3 5  4 0  4 5  5 0  

Air Flow Rate (kgm"h") 

Fig 2 Productivity (yield) vs. air flow rate for a constant feedstock flqw rate = 2.96 kgrn"h'l 
I is the primary distillate, I1 is the secondary distillate and S is the total distillate 
Irradiation = 650010 ~ m ' ~  

Waste thermal enersv ooeration mode without insulation  laced on st111 elazin 
In these experiments. the feedstock flow rate was kept constant at 9 3 k;m.'h.' and the 
feedstock was preheated to between 86 and 90 "C by a heat exchanger, ~n order tcj simulate 
the use of an external source of waste thermal energy. The preheated feedstock entered 
directly the top of the central metal plate, as shown in Fig. 1. The results of these experiments 
are summarized in Fig. 3 and in Tables 3 and 4 

The utllized waste thermal energy, qw,,.. which is defined as the heat released. q ~ ~ ~ ~ ~ ~ d ,  by the 
preheated feedstock in the upper chamber is reported in Table 4. This term is defined as the 
difference between the thermal energy contained by the feedstock entering the upper chamber 
qr.,,, and that of brine exiting the upper chamber qb,,, h,,. 
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q w e  = ~ R C , ~ J C ~  = qtul - ~ B M C  = cwmfTf.," - ~ m s , , T e ~ ~ .  (1) 0.90 

where mb,,h,. is determined from a material balance, viz., as a difference of the feedstock 0.80 
flow rate and the rate of evaporation in the upper chamber 

,+-- 0.70 
k 

Table 3. Temperature profiles at steady-state as a function of air flow ?ate utilizing only waste 0.60 
thermal energy for preheating the feedstock. Feedstock flow rate = 9 3 kgm"h", 
feedstock inlet temperature in the range of 86 to 90 O C  

El y 0.50 

0.40 .- 
A 

0.30 - 
L 

I 
2 0 2 0  
r 

0.10 

0.00 . 
0 1 2 3 4 5 6 7 8  

H o u r l y  a i r  flow r a t e  (kgrnS2h-I) 

It is observed that increasing the air flow rate results in an increased productivity and also, an 
increase of the utilized waste energy. qw-.. At reasonable air flow rates (i e.. around 3 kgh'l, 
where the parasitic energy requirement of the air pump is still low) a total productivity rate of 
about 0.7 kgh-l could be obtained. 

Since thermal energy losses via the still glazing comprise the major portion of the thermal 
energy losses of a still evenif it is double glazed, for nocturnal distillation it seemed to he 
reasonable to reduce the top losses by placing an insulating cover above the glazing. In our 
experiments a 5 mm thick polyurethane foam with a reflective aluminum foil on one side was 
placed upon the still glazing. The results of these experiments are presented in Fig. 3 and in 
Tables 5 and 6. 

.. .- H' .-- - -- . . 

4 11 10 1468 10.53 10 19 10.72 
n on IIn In 77 In 77 I 

Fig. 3. Productivity vs. air flow rate when utilizing only waste energy. Feedstock flow rate = 
9.3 kgm.'hl; feedstock inlet temperature in the range of 86 to 90 "C. I is the primary 
distillate, II is the secondary distillate and Z is the total distillate. 

Table 4. Productivity rates at steady-state as a function of air flow rate utilizing only waste 
thermal energy. Feedstock flow rate = 9.3 kgrn"h'l; feedstock inlet temperature in 
the range of 86 to 90 O C .  The calculated waste thermal energy input, qwza.  is also 
reported 

Table 5. Temperature profiles at steady-state as a function of air flow rate utilizing only waste 
thermal energy for preheating the feedstock and insulating the cover placed above 
the still glazing. Feedstock flow rate = 9.3 kgn"h"; feedstock inlet temperature in 
the range of 86 to 90 "C. 
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It is observed that the use of this additional insulation on the still glazing resulted in both 
higher operational temperatures and productivity rates at comparable air flow rates, however, 
the increase in the total productivity was only in the range of 0 1 kgm'2h-1. 

Table 6 Productivity rates at steady-state as a funct~on of air flow fate utilizing only waste 
thermal energy and insulat~ng the cover placed above the still glazing. Feedstock flow 
rate = 9 3 kgm.'h.', feedstock inlet temperature in the range of 86 to 90 "C. The 
calculated waste energy input, qw-., is also reported. 

1 .oo 

0.90 

1 080  
c. 

'E 0.70 
rn 
5 0.60 

q 0.50 .- 
0.40 - 
0 30 

S 0.20 
0.10 

0.00 
0 1 2 3 4 5 6 7 6  

Hourly air flow rate (kgm.'h") 

Fig. 4. Productivity vs. air flow rate when utilizing only waste thermal energy and an 
Insulating cover placed above the st111 glazing. Feedstock flow rate = 9.3 kgm-2h". 
feedstock Inlet temperature is in the range of 86 to 90 "C I, I1 and C are as defined 
previously. 

Hvbrid mode of ooeration with simultaneous use ofboth solar and waste thermal energ! 
1" these experiments a constant feedstock flow rate of 5.7 kgrn"h'l was used and the 
feedstock was preheated in the range of 86 to 90 "C by external simulated waste thermal 
energy prior to it entering the top of the central metal plate The results are summarized in 
Tables 7 and 8 and in Fig. 5. It is observed that in this mode of operation. for an alr flow rate 
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in the range of 2-3 kgm"h", total productiv~ty rates as h~gh  as 1.57 kgm.2h-1 could be 
achieved. These productivity rates are more than 40% h~gher than those obtained ~n the solar 
only operation mode (cf, Tables 2 and 8). This difference is due mainly to the fact that In 
hybrid operation mode the temperature and the vapour content of the air stream that exits the 
lower chamber IS much higher and, consequently. the amount of distillate condensed in the 
external condenser (Yield 11) is enhanced significantly It is also observed that in this hybrid 
mode of operation the temperature and. therefore. the water vapour content of the saturated air 
stream that exlts the condenser and is vented to the ambient IS relatively high. The external 
condenser used in this study was incapable of recovering a major fraction of the water vapour 
content of the exiting air stream prior to venting to the amblent. viz.. it is not efficient enough 
when the system operates ~n the hybrid mode. 

Table 7 Temperature profiles at steady-state as a Funct~on of air flow rate utilizing both solar 
and waste thermal energy, hybrid mode. Feedstock flow rate = 5 7 kgm-2h-1, 
feedstock inlet temperature in the range of86 to 90 O C ,  irrad~ation = 650010 ~ m "  

Air T, UPPERCHAMBER LOWER CHAMBER 

Table 8. Productivity rates at steady-state as a Function of air flow rate utilizing both solar 
and waste thermal energy, hybrid mode. Feedstock flow rate = 5.7 kgm'2h"; 
feedstock inlet temperature ln the range of 86 to 90 "C. irradiation = 650010 ~ m "  
The calculated waste energy input, qwme, is also reported. 

BEST AVAKABLE COPY 



66 A.I. Kudish, E.G. Evseev, L Horvdth, G. Mink: Performance studies on... 

Air  Flow Rate (kgm"h") 

Fig 5 Productivity v.s air flow rate when utilizing both solar and waste thermal energy, 
hybrid mode. Feedstock flow rate = 5 7 kgm'2h'1; feedstock inlet temperature = 90 "C. 
I I1 and Z are as defined previously . 

Evaluation of the results 
The results of this experimental study are summarized with respect to the total distillate rate 
as a function of the air flow rate in Fig. 6. The operation of the solar still at relatively high air 
flow rates is not recommended due to the increase in the parasitic electric energyrequired t 
drive the air pump The optimum air flow rate for both the hybrid operation mode, which 
utilizes both solar and waste thermal energy during the daytime and for nocturnal distillation 
mode, utilizing only waste thermal energy during nighttime, is observed to be in the range of 
2-3 kg mm%' We believe that operating the still in arid zones under thase conditions, i.e, 
hybr~d operation mode with nocturnal distillation. a productivity in excess of 20 kgm"day-I 
can be achieved. The analysis of the results of this study suggest that even higher productiv~ty 
rates may be achieved in such a mode of operation if the feedstock is preheated in the lower 
chamber (viz., in the serpentine tube) as done in solar only operation mode and then heated 
further by the external waste thermal energy source prior to entering the upper chamber at the 
top of the evaporation plate. 
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0 0.5 1 1.5 2 2.5 3 3 5  4 4 5  5 5.5 6 6 5  

Air F l w   ate (kgn-'h.') 

Fig. 6 The total productivity, Z, as a function of the air flow rate for the four modes of 
operation. Expermental condit~ons for each mode of operation are defined in the 
text. 

4. CONCLUSIONS 

The performance of an air-blown. multiple-effect solar still consisting of an upper evaporation 
chamber and a lower condensation chamber has been analyzed in three modes of operation: 
(i) the still driving force is solar energy; (ii) the still driving force is both solar and waste 
thermal energy, viz., a hybrid mode of operation in the daytime; and (iii) the still driving force 
is waste thermal energy, viz , a nocturnal distillation mode of operation. 

The still had a structured, double-walled, 10 mm thick polycarbonate glaring, a transparent 
insulation material (TIM) and the still area was I m' The solar energy was provided by a 
solar simulator, at a constant intensity of 6 5 0 ~ 1 0  ~ m " ,  this facilitated the inter-comparison 
of the system performance when operating in the three different modes. The waste thermal 
energy was simulated by a feedstock (water) reservoir maintained between 86 and 90 "C. The 
steady-state yields and temperatures were achieved within one hour, as a result of the low 
thermal mass of the still. 

In all operation modes. the performance of the still was determined mainly by the flow rate of 
the entering air stream and the optimum range of the air flow rates were determined 
experimentally. The optimum air flow rate for both the hybrid mode of operation in the 
daytime and the nocturnal distillation mode of operation in the nighttime is in the range of 2-3 
kgm"h" It is anticipated, that operating this still in arid zones under these conditions, i.e., 
hybrid operation mode with nocturnal distillation, a productivity in excess of 20 kgm"day" 
may be achieved. 
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The analysis of the results suggests that preheating the feedstock in the lower chamber and 
then heating it further with an external waste thermal energy source, hybrid mode of 
operation, prior to entering the upper chamber at the top of tke evaporation plate, will further 
enhance st111 performance and thereby decrease the need for cooling energy in the external 
heat exchanger. 

NOMENCLATURE 

c heat capacity (Jkg"~-I) 
m mass flow rate ( ~ n  kgm'ls") 
q thermal energy normalized to unit still area ( ~ m ' ~ )  
q ~ , , ~  waste energy input = q ~ ~ , ~ ~ d  normalized to unit still area (win'*) 
q ~ ~ ~ ~ ~ ~ d  thermal energy released by the preheated feedstock in the upper chamber (wm") 
T temperature CC) 

Srrbscrrpts 
a ambient 
Brine br~ne drain-off 
f feedstock 
I primary distillate 
I1 secondary distillate 
in stream enterlng chamber 

F i :  out stream exit~ng chamber 
sep vaporlliquid separator 
u upper chamber 
w water 
X external heat exchangerJcondenser 
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ISPITIVANJE ISKORISTIVOSTI ZRAKOM PROPUHANOG, 
VISESTRUKO U~INKOVITOG SOLARNOG DESTILACIJSKOG 
UREDAJA KOJI RADI NA SUNCEW IALI ENERGISU OTPADA 

Saietak: Iskorrstrvosr zrakom propuhanoga, viiesmrko rtOnkovrtog solarnog hstrlacqskog 
uredaja, konsfruiranog m ponovno korrilenje lopline kondmzacije, pro~rfavarra je prrlrkom 
r a h  no trr razlif~ta nadina, g. koriSten~em trr razlrfrte pogonske srle: (i) sunEeva arergja; 
(11) sunfeva energja i olpadna toplrna te (iri) otpadtla toplinska energija, sa I bez rzolacqe 
slaklenoga pokrova destrlacrjskoga uredaja. 
Des1rlocysk2 je uredq rmao dvoslojno osIak$enje od slnrkrurrrar~oga pol~karbotrata, 
franspurentnu rzolacqu, a povrjina je brla I m-. SrmEeva n~erg ja  dohavl/una je pomocu 
sundevog srmulatora, uz komanmr rntenzrtet od 65O~ilO ~ m " .  $10 je pojednostavrlo 
rcrporedbu iskofi .vost~ sustava prrlrkom rada na trr razfrEita nadina. C qadna toplinska 
mergya srmulirana je porno& omevnog (vodmog) spremnrka odrfavanog rzmedu 86 I 90°C. 
S/acronarn~ dobm i lemperalure postrgnulr su unular jednoga sata, kao realtat male 
loplrnske muse destrlacyskog uredaja. RadeCr uz kotnlanhro dovodenje errergje, rskorrstivost 
destrlacijskog uredqa najbide je odredivma pomoiu kolidine protoka zraka, kojr je nosrteIj r 
muse I energije. Optrmalnr raspon kohhna profoka zraka, prrlikom sva lrr navedena nadina 
raah, odreden je eksperrmenfalno. Takoder, postavl/me 5% brlance muse r topline. 
lrpotrebl/avaju~i ekq~errmentalne reallate, u odnosu no opllmalne uyete rada. 

Kljube rijeti: sunEeva energija. otpadna energija. destllac~ja, ponovno konStenje energije 
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PERFORMANCE OF AN AIR-BLOWN SOLAR STILL WITH 
INTERNAL MULTITUBULAR HEAT EXCHANGER FOR 

CONDENSATION HEAT RECYCLE 
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Tel: +972 7 6461488, Fax: +972 7 6472916, E-mail: akudish@bgumail.bgu.ac.il 

Abstract: A delarled iiescrrplron of an innovalrve, air-blown, mul!r~ubular solar strN 
fabrrcaled from corrosron resrstanl materrals (double-walled, solar grade polycnrbonarc 
glnrrng, plasirc evaporairon nay, pplasrrc serpentine lube lo preheat ihe feedstock atd glass 
~rrbesfor thermal enerm recycle) cs presented. The solar radiatron mterrsrty, provrded by a 
solar srmulator, was constant ai a value of 650610 ~ m ' !  The solar srrN perjormance as a 
fu)lct~o)i of !he arr flow rule, under a constant fecd~tock flow rate, ha5 been slzrdred and the 
oplrrnunr o erairon paramelers determuled. The optrmum productrviry wa3 delermrrred lo be P. 0.97 kgm' h' for an alrflow rate of 1.28 kgm"~ ' .  The resulls of heat and mass balatrcc 
calculatroris are also presm~ed 

Key words: Solar dist~llation. Heat recycle: Simple construction. Corros~on resistant 

materials. 

1. INTRODUCTION 

The consumption of water unfit for drinking is a major health hazard in rural areas. To supply 
these rural people with salinity andlor pathogen free water is an urgent task to be solved 
Solar distillation could be an ideal source of fresh water production, however, the crucial 
problem is that the productivity per unit area of the traditional solar stills IS low. In addition, 
the fixed capital investment cost of a solar desalination plant is roughly proport~onal to the 
still area. Consequently, there are two possible approaches to overcome these limitations, to 
either increase solar still productivity per unlt area andlor decrease the fixed capital 
Investment per unit area. 

In our previous papers1" the performance of an air-blown, mult~ple-effect solar st111 that offers 
a signiticant increase of the st111 productivity per unit area at marginal incremental costs has 
been presented and anajyzed, viz., the first approach In thls still, consisting of an upper 
evaporatlon chamber and lower condensation chamber, a large fraction of the heat of 
condensation of the distillate is successfully recycled both to the evaporatlon plate and to 
preheat the feedstock. 
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The alm of the present work was not to enhance the productivity of the above still but to 
simplify ~ t s  construction and thereby make ir a more economically v~able alternative, viz. the 
second approach, reducing the fixed capital Investment cost per unit area This was achieved 
by ut~lizing relatively inexpensive and corrosion resistant mater~als in the construction of the 
solar st111 This modified solar st111 d e s l g ~  though significantly d~fferent ln appearance from 
the original, utilizes the same heat transfer processes to obtain the final distillate produn 

2. DESIGN OF SOLAR STILL 

This new solar still module, shown schemat~cally in Figures 1A. and 1B , consists of a bottom 
and edge insulated thin, rectangular plastic tray, 40 glass tubes covered with a black wick and 
a plast~c serpentlne tube in which the feedstock is preheated. The still glazing is a transparent 
insulation material (TIM), i.e, a solar grade polycarbonate double-walled sheet. A low 
pressure, variable speed air pump was used for pumping the alr and a peristaltic pump for the 
feedstock. The solar st111 operates in the following manner. (i.) air enters at the lower 
extremity of the tilted still, (ii.) evaporation occurs from the wick, which also wets the 
external surface of the glass tubes; (iii.) the air stream achieves both its highest temperature 
and vapour content at the upper earemlty of the stlll; (iv.) the air stream is directed into the 
longitudinal glass tubes at the top of the still and then flows downwards, i.e. it reverses 
direction, and most of its vapour content condenses on the inner surface of the glass tubes, 
(v ) the enthalpy of air stream that exits the lower chamber is utilized to preheat the feedstock 
prior to entenng the evaporation chamber In the evaporation chamber, the feedstock 1s heated 
further in a plastic serpentine tube, and the preheated feedstock enters the black wick in the 
uppermost part of the evaporation chamber The present paper gives a detailed descript~on of 
this new, multitubular : :ar st111 The solar stdl performance and its optlmum operation 

parameters will also be discussed 

3. EXPERIMENTAL 

Exoerimental setup. experimental conditions and procedure 
The schemat~c diagram of the solar still is shown in Figs. 1A. and 1B The tilt angle of the 
solar still module was set at 20" The solar radiat~on intensity provided by the solar simulator 
was 650kl0 Wm.' and its tilt angle was also 20' The edge and bottom of the still were 
Insulated with a 50 mm thick polyurethane foam. The differential and cumulative yields from 
Separator I and 11 were measured automatically by a type PT 6 Satorius electric balance w ~ t h  
an accuracy of *I g. The temperatures were measured at 11 locations with an accuracy of *1 
"C using calibrated temperature sensors of the sllicon base type KTY 11-2A. The absolute 
humidity of air in the vicinity of the slot was calculated from material and energy balances on 
the still A data acquisition system served both to monitor and store the temperature data from 
the eleven thermistors and to calculate differential and cumulative yields at variable tlme 
Intervals It consisted of a PC with an AID-D/A converter card. electronic measuring and 
magnetic valve control unit. temperature sensors and a digital balance with a RS232C serial 
interface The data acquisition, control and analysis software were developed for the study. 
The feedstock was pumped into the still at ambient temperature, which varied between 23 and 
27 "C. The feedstock flow rate was kept constant at 2.5 kgm"h" throughout the experiments 
and the st111 performance was investigated in an air flow range between 0 36 - 5.29 kgm.2h" 
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( Serpenone tube ) 
( Glart lube coated v& black temle ) 

Fig. IA. Schemat~c diagram of the multitubular solar still and the experimental setup The 
location of the temperature probes are indicated by numbers 0 to 10 

A~r+distrllate out 

I 

Glass tube Rim 

Fig.1B Simplified scheme of the top view of the multitubular solar still. The number of 
glass tubes is 40. 

HESf AVAILABLE COPY I 
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4. RESULTS AND DISCUSSION 

Due to the low thermal mass of the still, the steady-state yields and temperatures have been 
achieved within one hour in all experiments The results to be presented here refer to steady- 
state conditions and the mass and energy flows are normalized to a 1 m2 still area. 

Table I .  Temperature profile of the multitubular solar stdl at steady-state as a funct~on of arr 
flow rate for a constant feedstock flow rate of 2.5 kgm'2h'1 The position of the 1 I 
thermistors are as indicated in Fig. 1A (numbered 0 tolo) Irradiation = 650-1.10 

Table 2 Still productivity (1- primary; 11- secondary; Z- total distillate) as a function of air 
flow rate. Feedstock flow rate = 2.5 kgm-2h.', Irradiation = 650510 ~ m - ~  

The temperature profile of the still at different air flow rates expressed in kg bone dry air per 
m2 st111 area per hour is given in Table 1. In Table 1, T, is the ambient temperature; T,,.~.w 1s 
the preheater temperature; T,I is the temperature of the first separator; and Tx,, and Tx,, 
are the air temperatures entering and exiting the exchanger, respectively. 

The still productivity, as a function of air flow rates in the range from 0 34 to 5 29 kgm"h-' is 
reported both in Table 2 and in Fig. 2 in terms of primary (I), secondary (11). and total (Z) 
The primary distillation rate refers to that condensed within the glass tubes and in the 
feedstock preheating compartment of the still. The secondary distillation rate is that obtained 
by passing the saturated air stream exiting the solar still through an external condenser prior to 
venting to the ambient. It is observed that with regard to the primary distillate rate, which is a 
direct measure of the therma energy recycle, there exists an optimum range of air flow rates in 
the close viclnity of 1.3 kgrn-'h.l. It is also observed that the ratio of secondary to ~r imary 
product increases with increasing flow rate, i.e., the primary decreases and the secondary 
increases with increasing air flow rate (cf. Fig.2). The reason for optimum air flow rate have 
been discussed in our previous papers34. 

s\ 
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Fig 2 Productivity (yield) vs air flow rate for a constant feedstock flow rate = 2.96 kgm.2h.l 
I is the primary distillate, I1 is the secondary d~st~llate and Z is the total distillate 
Irradiation = 650f 10 ~ m "  

Some results of the mass and energy balance on the still are presented in Table 3 

Table 3 The mass flow of vapor at steady-state as a function of air flow rate for a constant 
feedstock flow rate of 2.5 kgm"h.l 

A - the calculated dew point of air stream turning into the glass tubes at T-; 
B .  - the mass flow of vapor carried by the entering air stream at T,; 

- evaporaion rate in the evaporaion. chamber; 
- the mass flow of vapor at T,,, 
- the mass flow of vapor entering the exchanger at Tx,; 
- the mass flow of vapor exiting the exchanger at Tx,,, and vented to the ambient. 

The following comments are based upon the above analysis: 
1. The calculated dew point temperatures are below the observed fluid temperature T,,, 

suggesting that the mass transport between the wet wick and the flowing air is not 
intense enough. 

2 The operational optlrnum is in the vicin~ty of 1.28 kgm"h.l air flow rate since 
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(i) the total productivity is high (0 97 kgm'2h"); 
(ii) the load on the external exchanger is moderate (0 18 kgm"h" vapour at 

relatively high fluid temperature (63 6 "C); 
(iii) the amount of vapour vented to the ambient is marginal (0 03 kgm'2h'1) 

3 Increasing air flow rate results in a higher evaporation rate but lower condenser 
effic~ency and thereby, a greater thermal energy loss which is vented to the ambient 

5. CONCLUSIONS 

The description and performance analysis of an innovatlve, air-blown, multitubular solar st111 
fabricated From corrosion resistant materials has been presented . 

In the performance study, utilizing a solar simulator providing a constant radiat~on Intensity 
of 650c10 W m'2. the optimum conditions with respect to the still productivity and the need 
for external cooling energy have been determined. 

Operating under a constant feedstock flow rate of 2 5 kgm'2h'1, the highesr roductlvity. 0 97 
has been obta~ned in the vicinity of an air flow rate of 1.28 kgm.'K1 Under these 

condit~on the thermal load on the external condenser is low and the loss of product~v~ty. i e ,  
the amount of vapor vented to the ambient is marginal. 

The results of heat and mass balance calculations suggest that the still performance could be 
further enhanced by a more intense mass transfer between the wet wick and the air flow in the 
evaporatio chamber 
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ISKORISTIVOST ZRAKOM PROPUHANOG SOLARNOG 
DESTILACIJSKOG UREDAJA S UNUTARNJIM 

VI~ECIJEVNIM IZMJENJIVA~EM TOPLINE ZA 
PONOVNO KORI~TENJE TOPLINE KONDENZACIJE 

Saietak: U radu je prrkman delaljnr opu novog, zrakom propuhanog, vij.rci/evnog 
dest~lacyskog uredaja kojr je izraden od materr/ala opornrh t ~ a  koroirju (dvoslojt,to, 
polikarbonan70 ostak[jenje, plastrtna podloga m isparrvanje, plnstrtna :avojita cyev :a 
predgn/annje ogrjevnogjru~cL? i sfaklene cr/evr za ponovno korrrm/r /opline). Intmtrr 
suntevog zraEenja, dobrvenog suntevrm srmulalorom. jkonstanine je vrrjt.dnostr u rznosu od 
650610 ~ m - !  ProuEavana j e  rskorrstrvost destilacyskog uredaja II funkciji protoka zraka, 
kod konstantnog protoka ogrjevnog fluida, te JU odredenr oplrmalni radni parametri. 
Odredena je opfrmalna produktrvnosr u rrnosu od 0.97 kgm"h" za protok zraka od 1.28 kgm' 
-/if. Takohr, predrtavQenr su i rerrrlta~i proraiuna brlancr topline r muse. 

Kljur'ne rijer'i: solarna dest~lacija. ponovno koriztenje topline, jednostavna izvedba, 
materijali otporni nn : ..--iiu 
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PERFORMANCE AND ANALYSIS OF A MULTIPLE-EFFECT SOLAR STILL UTILIZING AN 
INTERNAL MULTI-TUBULAR HEAT EXCHANGER FOR THERMAL ENERGY RECYCLE 
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Abstract - To achieve a relatively high productivity qt reduced investment costs, an innovative, air-blown, 
multi-tubular solar still module was fabricated from readily available, corrosion resistant materials. 
Performance studies were made as a function of the air flow rate (in the range of 0.36 - 5.29 kgm-'h'") utilizing a 
solar simulator providing a constant irradiation of 630-110 ~ m - '  and a constant feedstock flow rate of 2.5 
k ~ " h - ' .  A simulation model has also been developed to describe the heat and mass transfer processes 
occurring in this prototype solar still and it was validated by the experimental data. It has been found, both 
experimentally and by the simulation model, that the total amount of thermal energy recycled (to preheat the 
feedstock and to directly heat the evaporating surface) is a madmum at an air flow rate of - 1.28 kgm-2h-l; 
corresponding to a maximum still productivity of 0.97 k p ~ - ~ h - ' .  

1. INTRODUCTION 
The consumption of water unfit for drinking is a major health hazard in rural areas. To supply these rural 

people with water free of salinity and/or pathogens is an urgent task to be solved Solar distillation could be an 
ideal source of fresh water production, however, the crucial problem is that the productivity per unit area of the 
traditional solar stills is low. In addition, the fixed capital investment cost of a solar desalination plant is 
roughly proportional to the still area. Consequently, there are two possible approaches to overcome these 
limitations; to either increase solar still productivity per unit area andor decrease the fixed capital investment 

, . per unit area. 
In our previous papers'-3 the performance of an air-blown, multiple-effect solar still that offers agig~u~icant 

increase of the still productivity per unit area at marginal incremental costs has been presented and analyzed, 
viz., the first approach In this still, consisting of an upper evaporation chamber and lower condensation 

.. chamber, a large fraction of the heat of condensation of the distillate is successfully recycled both to the 
evaporation plate and to preheat the feedstock 

The aim of the present work was not to enhance the productivity of the above still but to simplify its 
construction and thereby make it a more economically viable alternative, viz., the second approach, reducing the 
fixed capital investment cost per unit area. This was achieved by utilizing relatively inexpensive and corrosion 
resistant materials in the construction of the solar still. The new solar still design, though sigmficantly different 
in appearance from the original, utilizes the same heat transfer processes to obtain the final distillate product. 

In spite of its simple construction, the heat and mass transfer processes occurring within the still are numerous 
and nlutually interrelated Another aim of this work was to develop a mathematical model, utilizing non-linear 
differential equations, which is capable of simulating still performance under both transitional and steady-state 
conditions. 

2. SOLAR STILL DESIGN 
The solar still module under investigation is shown schematically in Figs. 1.a and Ib. It consists of a bottom 

and edge insulated, thm, rectangular plastic tray (L = 1.84 m; b = 0.54 m; H = 12 mm; area = 1 m2), 40 glass 
tubes (Do, = 7 mm; D;, = 5 mm; L = 1.8 m) covered with a black wick and a plastic serpentine tube (Do, = 4 
mm; D, = 3 mm; L =20 m). The still glazing is a solar grade polycarbonate double-walled sheet (10 rnm thrck), 
a transparent insulation material (TIM). A low pressure variable speed air pump was used for the air, the mass 
and thermal energy carrier, and a peristaltic pump for t h ~  feedstock. 

The still shown schematically in Fig. 1, operates in the following manner: (i.) ambient air at temperature To 
enters at the lower extremity of the still; (ii.) evaporation occurs from the wick, which is also wets the external 
surface of the glass tubes; (iii.) the air stream achieves both its hghest temperature and vapor content at the 
upper e,xtremity of the still; (iv.) the air stream is directed into the longitudinal glass tubes at the top of the stiU 
and then flows downwards, i.e., it reverses direction, and most of its vapor content condenses on the inner 
surface of the glass tubes and the thermal energy of condensation is conducted via the tube wall to the wet wick 
to enhance the rate of evaporation fiom the wick; (v.) the enthalpy of air stream, at temperature T6, entering the 
lower compartment, which unifies the air streams exiting the 40 glass tubes, is utilized to preheat the feedstock, 



prior to its entering the evaporation chamber. The feedstock flows through a 5 m long bIack tube packed within 
tllis conipartme~lt to facilitate tlie heat exclmige process. (vi.) ui the evaporation chaliber tlie feedstock is 
M e r  heated as it flows through another 15 m of the black serpentine tube, positioned above the glass lubes, 
before exiting the serpentine tube onto the black wick at the uppermost part of the evaporation chamber. (vii) 
the air stream and distillate exiting the solar still enter a gas-liquid separator (Sep. 1) to collect the primary 
dis~illale (I), in order LO delermine the amount of dislillale which condenses wilhin h e  still and is a measure of - the efficiency of the thermal energy recycle process; (viii) the air stream exiting Sep. 1, stiI1 containing vapors, 
then enters an extend heat exchanger and a second separator (Sep. 2), wliere the secondary distillate (Q is 
co1Iected 

[ Black textile ] 

Fig. 1.a Schematic diagram of the multi-tubular solar still a id  the experuiielital setup. The location of tlie 
tempemhue probes are indicated by numbers 0 to 10. 

t Glass tube 

+ 
Air+distillate out 
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Fig. 1.b Simplified scheme of the top view of the multi-tubular solar stilI. The actual number of gIass tubes is 
40. 



3. EXPERTMENTAL 
Tlie solar still was tilted at an angle of 20". To facilitate the parametric sensitivity studies (viz., the 

dependence on air flow rate) a solar simulator, also tilted at 20°, was utilized It provided a constant solar 
radiation intensity of 6305 10 ~ m - ' .  A 50 mm thick polyurethane foam was used to insdate the edge and bottom 
of the solar still (not shown in Figs. 1.a and 1.b). The differential and cumulative yields from Separator 1 and 2 
were measured auton~atically with a type PT 6 Satorius electric balance with an accuracy of -+I g. The 
temperatures were measured at 11 locations with an accuracy of -+I "C using cdibrated temperature sensors of 
the silicori base type KTY 11-2k The absolute hwiudity of air entering tlie glass tubes was calculated from 
material and energy balances on the still. The feedstock was pumped into the still at ambient temperature, which 
varied between 23 and 27°C. The feedstock flow rate was kept constant at 2.5 kgtr~-~h-' throughout the 
experiments and the still performance was investigated in an air flow range between 0.36 and 5.29 kgm'?h-'. 

A data acquisition system served both to monitor and store tlie teniperature data horn the eleven thernlistors 
and to calculate differential and cumulative yields at variable time intervals. It consisted of a PC with an 
A/D-D/A converter card, electronic nieasuring and nlagetic valve control unit, temperature sensors and a digttal 
balance wit11 a RS232C serial interface. The data acqq'sition, control and analysis software were developed for 
the study. 

4. RESULTS AND DISCUSSION 
Transitional staEe of the distiltation 

A11 the mass and energy flows were normalized to a I m5ti.U area. Due to the low thermal mass of the still, 
the steady-state yields arid teriiperatures were aclueved within one hour of start-up Li all experiniie~its. A set of 
experimental result, typical of those obtained, are shown Figs. 2 and 3. The transitional and steady-state 
ternperatwes corresponckig to air temperatures TI, T2 and T5 hi the evaporatioli chamber (cf., Fig. 1.a) are 
shown in Fig. 2. 

20 

0 20 40 60 80 100 120 140 

Time (min) 

Fig.2. Variation of the air temperatures TI, T2 and T5 with the time of irradiation. Feedstock flow rate = 2.5 
kgm-'h-', irradiation = 630510 ~ m - 2 .  

Thie approach to steady-state distillati011 rates, prinlary (I), secondary (11) and total (C), as a functio~i of tlle 
time lapse since start-up is presented in Fig. 3. The primary distiltation rate refers to that condensed within the 
glass tubes and in the feedstock preheating compartment of the still. The secondary distillation rate is that 
obtained by passing the saturated air stream exiting the solar still through an external heat exchanger prior to 
venting to the ambient. I, 

It is observed in Fig 3 that there is a time delay of 27 minutes before the first breakout of distillate from the 
still. This is caused by the fact that when sbAing witli a dry still, distillate frrst appears Li tlie separator orlly 
after all the inside surfaces have been wetted and the small but not negligible dead volumes of the system are 
filled with tlie distillate. Orice steady Pate is aclueved, approrciriiately after one liour, a random variation Ll the 
measured yields is observed. This is due to the high surface tension water which flows into separator 1 both 
continnously aiid periodically, in the for111 of rivulets. Therefore, steady state yields have k e n  defined as a11 
average of the data measured during at least one hour of operation under steady state conditions. 



Time (min) 

Fig. 3 Still productivity as function of time since start-up. Feedstock flow rate = 2.5 kgm"h-', irradiation = 

630+10 ~ m ' ~ .  

Still performance under steady state conditions 
The temperature profle of the still at different air flow rates expressed in kg bone dry air per m2 still area per 

hour is reported in Table 1, where Tmb is the ambient temperature; T ~ R ~ ~ ~ ~ T  the temperature of the preheating 
compartment; TsEPI the temperature of the first separator; and Txin and Txout the air temperatures entering and 
exiting the external heat exchanger, respectively. 

Table 1. Temperature profile of the multi-tubular solar still at steady-state as a function of air flow rate for a 
constant feedstock flow rate of 2.5 kgn~-~h-' and irradiation = 630+10 ~ m " .  The position of the 
thermistors are shown in Fig. 1.a. 

The still productivity, as a function of air flow rates in the range from 0.34 to 5.29 kgm-2h-' is reported both in 
Table 2 and in Fig. 4 . It is observed that for the primary distillate rate, which is a direct measure of the thermal 
energy recycle efficiency, there exists an optimum range of air flow rates in the vicinity of 1.3 kgm'2h". It is 
also observed that the ratio of secondary to primary product increases with increasing flow rate, i.e., the primary 
decreases and the secondary increases with increasing air flow rate (cf., Fig. 4). The reason for an optimum air 
flow rate has been discussed in our previous papers24 and it wilI be also shown later in section 5 that the 
simulation model also predicts a maximurn for the p r i  dist-i'llation at the same air Row rate. 

The heat and mass balances on the st21 were calculated fiom the eqxrimenta1 data assuming that the air 
stream, after its temperature in the glass tubes dropped to the dew point of the air that enters into the glass tubes, 
was always saturated while passing through the glass tube to the ambient. Consequently, saturated air exits the 
glass tubes at temperature T6, enters separator 1 at T7, the extenla1 heat exclialger at TB, the separator 2 at Tg and 
vented to the ambient also at Tg. The dew point temperature of the air and the mass flow of vapor as calculated 
from the mass and energy balances on the still are reported in Table 3. 



TabIe 2. StiU productivity as a h c t i o n  of air flow rate. Feedstock flow rate = 2.5 kgm2h-'; irradiation = 
630k10 ~ r n - ~ .  
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Fig. 4. Still roductivity as a fkction of air flow. Feedstock flow rate = 2.5 kgm-2h-', irradiation = 630510 4' Wm- . 

Table 3. The mass flow of vapor at steady-state as a function of air flow rate. Feedstock flow rate = 2.5 
kgm-2h-1; irradiation = 630+10 ~ r n - ~ .  

1 
- -- -- - 

5.29 1 74.2 1 65.0 1 0.062 1 1.022 1 1.084 1 0.414 1 0.134 1 
A - the calculated dew point of air stream turning into the glass tubes at T-; 

- the mass flow of vipr carried by the entering air stream at T,; 
C - evaporaion rate in the evaporaion chamber; 
D - the mass flow of vapor at T-; 

- the mass flow of vapor entering the exchanger at TXin; 
- the mass flow of vapor exiting the exchanger at Tx,, and vented to the ambient. 

The following comments are based upon the above analysis presented in Table 3: 
I. The calcuIated dew point temperatures are belo.*: the observed fluid temperature T-,, which suggests 

that the mass trar~sport between the wet wick and tile aifstreax~i is not interse enough. 
2. The operational optimum is observed in the vicinity of an air flow rate of 1.28 kgtn-'h-' since (i) the total 

productivity is high (0.97 kgrn-2h-'); (ii) the load on the heat exchanger is moderate (0.18 kgn-2h-l vapor at a 
relatively high fluid temperature (63.6 "C); (iii) the amount of vapor vented to the ambient is marginal (0.03 



kgrn2h-I) and (iv) because the air flow rate is low, the parasitic electrical energy required to cidve theair pump i.5 
marpi$ ( S  1 W per m2 st iU area), which in rural areas might be provided by PV panels. 

3. Increasing air flow rate results in a higher evaporation rate but lower condenser efficiency and thereby, 
+ 

greater thermal energy and water vapor losses which are vented to the ambient. Additionally, at higher 
flow rates the parasitic electrical energy requirement increases. 

5. SIMULATION MODEL OF THE MULTI-TUBULAR SOLAR STILL 
A simulation model of the multi-tubular, air-blown solar still was developed. The temperatures of the air 

stream and feedstock at each node in the thermal analysis of the solar stiU system were modeled by the 
appropriate energy and mass balance relationships. This resulted in a model consisting of a set of nonlinear 
energy transfer equations. The model was solved numerically, using an explicit predictor-corrector difference 
scheme assuming "steady-state conditions" by using sufficiently small time intervals during which the feedstock 
flow rate and ambient temperature are assumed to be constant. The following assumptions have been made in 
this analysis: 

1. The water film is replenished locally on a continuous basis, is stagnant and very thin; thus its tluchess 
and temperature are assumed to be that of the wetted wick. 

2. The system is considered to be uni-dimensional in the flow direction of the individual streams. 
3. The Lewis number for the air-water mixtures in the operational temperature range is assumed to be equal 

to 1 .O, yielding h&,=C, . 
4. In the evaporator, as well as in the internal heat exchanger in the lower compartment, a single-row 

serpentine geometry is assumed Therefore, the moist air slream is assumed to pass in a cross-flow pattern over 
the feedstock tube. 

5. In order to simplrfy the model by eliminating the j-th surface temperatures Tj (j=g, t or w) and to preserve 
at the same time a reasonable accuracy for the long-wave radiative exchange processes (IMIie and Beckman, 
1980), the fret flux containing the above temperature is expressed by 

Qj = E~CJ.( Tj 4, = hr,j -( T - TJ), (1) 

where 
hrj = ~ E ~ C T -  [( Tj,k + 2T + TjZoa )/413 

and T is the corresponding air sh-eam temperature, either above or below the surface node. 

Mathematical model 
The total thermal energy transferred through any j-th surface temperature TJ u=g, t or IV) is given by 

QQ)+ U~).in.( Tia - Tj) = L t f A x U ~ ) , ~ ~ t . (  Tj - Tout), (2) 

where QoJ is the sensible thermal energy transfer d ~ ,  to either the condensationlevaporation process or the 
incident solar radiation heat flux. 

The total temLerature difference above and below any surface is given 
ATtot Th - Tout = ATh + AToa; AT, = Ti, - T, , ATo, = Tj - Td. (3) 

The differences from Eq. (3) may be calculated formally in term of ATtot, by substituting for the corresponding 
surface temperature as 

ATi, = (UCi).,in+&ut~Ai,,U(i),out )" [Lt/AsU~xoUt ATbt - Qti)l, (4) 
ATout = (U~),,in+&ut / A x U ~ ) , ~ ~ ~  I-' CU(j)*, ATtd + Q6)l. ( 5 )  

The glazing, tube wall and wetted absorber temperatures may be substituted from the corresponding mass and 
energy balances (Veza et al., 1993; Kudish et al.,1997). Consequently, the energy transfer equations in the 
evaporator are obtained as follows: 

(PC 6),2m,z fa + ma b , 2 .  a((ca + w2 cs )To)/axz> = Qev.2 - QcoQt;! - Qmqg 

+ A, fAw.~'U2 w a m b  f U2 I-' vamb(Tamb - Tq2) Q c o ~ g  + GJ 
+ UzpJ1 + ~jn , l /D~u t~  .u~)-'.[D,I/D~,I .uI(T~,I- Ta,2) + Qev,~ + Din,~mait.l 'Qcon,~ + G w l  
+ & /Aw2- UZ(UZ + DiJJloat.Uf )"*~in,t/D,at.~t(T<~ -Tq2) - QmrSf2 - Gtl, (6)  

(PC D,:/ 4D,t)c2dTf2/at + mf cf /~D~at.dT~2/axt = Qmqt,2 + Gt 
+ Ur @,tmouftG +uz>-' W~(TZ-T~) - Q c w ~ 2 -  GI, (7) 

ma aW21d x2 = h m ~  bz- (Ws,2 (fla,2+Tamb)/2) -W2). (8) 

Similarly, the energy transfer equations within the glass tube are given by the following, where XI = -x2 to 
account for the reverse in flow direction: 



The energy transfer equations for the air stream, feedstock and humidity in the internal heat exchanger are 
analogous to Eqs. (6) - (8) but with a view to being concise they are not detailed in this manuscript. 

Equations (6)-(10) were soIved by impsing the following initial and boundary conditions: 
T&l(x,O) = T~z(KO) = Tabr Tf~(h0)  = Twa\~, W2(~;=0) = Wiunb, (1 1) 
T q 2 1 A  = Tab, Tf,21A = Twa\b Ta,1 IFL = Ta,~lx=~, WI IFL = W~IFL- (12) 

The definitions for the heat and Inass flux and corresponding transfer coefficients applying to Eqs. (6)- (10) are: 
Qev = 1 (TdMev, Qmn= h(TAMcom (13) 
U;! = La + 0.9.0-4.[(T,l -t 3.~,;!)/4]~, (14) 
Umb = hamb + 0 . 9 . ~ 4 . [ ( 3 - T ~ ~  + ~ , ~ ) / 4 ] ~ ,  (15) 
11 Ui = 1h . i  + D~i.log(D0,~/ Dwi)/2~w + l f i ~ ~ ~ ~ ,  (16) 
1/ Uf= l/hf + D,t-1og(DoNt/ DiRt) /2~,  (17) 
lh,b = 1 4  + lh, + 2.6&,, (18) 
hwd = 5.7 + 3.8Vmb; (19) 

where h, (cf., Eq. (18)) is determined from the Nusselt number correlation for natural convection between two 
parallel planes as proposed by Buchberg et al. (1976): 

Nu, = 1 + 1.446(1 - 1708Ra*), for 1708 < R; < 5900 , (20) 

and 
2 ~ a *  = 2gp,2(T,2 - Tab) ~~cosO.PT/(~T,~  + T,~,)FI, . 

The heat transfer coeficient for forced convectio~i in the laminar flow regime is determined from tlie 
following correlation (Heaton et al., 1964), 

Nucj = 5.4 + 0.001 9 ~ e , P r ~ ~ , 1 / ~ ] ' . ~ ' / ( 1 +  0.00563~ej?r~,/L,] ' . '~), j=1,2, (22) 

which is valid for Rej< 2.3 lo3. The values for b,j determined by Eq. (22) were corrected for the effect of 
simuItaneous heat and mass transfer by applying the Ackerman correction (Treybal, 1980). The forced 
convective heat transfer coefficient hc for laminar flow is estimated from the Nusselt number (Kreith, 1976), 

Nuf = [3.65 -I- (0.0668ReprDkt &)/(I + o . o ~ ( R ~ P ~ D ~ ~ & ) ~ ' ~ .  (23) 

The overall heat transfer coefficient through the bottom of the still to the ambient is given by 
UlOss = 1/(8d~ins + WK~) .  (24) 

The condensation heat transfer coefficient at low mass fluxes inside smooth horizontal tubes is given by Chato 
(1962) wit11 the correlated coefficients proposed by Singh et al.., (1996): 

The heat transfer coeacient for condensation from the saturated air stream on the inner glazing surface is given 
by (Kreith, 1976) as 

1 I4 
haors2 = 0.725[ps(ps - p,)g s i n ~ h ~ 2 / 2 ~ z J . & p a  - T . (26) 

The heat transfer coefficient for condensation from the moist air stream onto the surface of the feedstock tubes 
is given by (Kreith, 1976) as 

&t = 0.943 [&pw - ~ s ) g h ~ d / 2 ~ 1 & ~ , 1  - T~III~>I'/~. (27) 

The mass transfer coefficieilt h, is determined utilizing assumption 3. The rates of evaporation and 
condensation are calculated using the following relationships: 

N O R g  = hmcon[Wa,~ - Ws (0.5Va.2 + Tmb))l, (28) 
N o G t  ,j = hqconlW,j - Ws (0.5(Ta.j+ Tgj))l, j = 2,3, (29) 
M e v  = hm,ev[Ws (O-~(T~,Z+ TG1))- Wa.2Ir (30) 

where the value of W, at the given temperature T, is calculated from 



The saturation pressure of the water vapor P,(T,) is evaluated from an empirical for~nula which was derived by 
a least square analysis of the data taken from the steam tables (see Elsayed , 1983). 

Numerical solution 
We have used the "predictor-corrector" difference s&eme (Marchuk, 1975) along each x-direction for the 
numerical solution of Eqs. (6) - (lo), in the following format: 

(Ti*ln - T:)/0.5At + f (W n, m*In - T ~ - ~ ~ ' ~ ) / A X  = F(TY), (32) 

where i=1, . . . ,I and I=LM is the number of mesh points. At first, we utilize Eq. (32), a linear but strongly stable 
scheme, to obtain intermediate values of T*"~ and apply Eq. (3) to refine the calculation by correcting for the 
whole step. Convergence was achieved for the initial air and fluid temperatures with various grid-steps. The 
results shown in Figs. (5) and (6) were obtained with grid-steps Ax = O.lm and At = 0.3s. The measured and 
calculated air temperature T5 and T6 as a function of air flow rate are shown in Fig. 5 and the dependence of the 
primary distillate on the air flow rate is shown in Fig. 6. In both cases, there is good agreement between the 
measured and calculated values. It is imprtant to note, that the simdated primary distillate rate exhibits a 
maximum value, cor~esponding a maximum in the thermal energy recycle efficiency, at the same location as that 
measured. 

Air flow rate (kgn~-~h-') 

Fig. 5 Measured and simulated values for T5 and T6 as a function of air flow rate. 

6. CONCLUSIONS 
An innovative, air-blown, multi-tubular soIar still' fabricated from readiIy available, corrosion resistant 

materials has been studied experimentally and a simulation model describing it was developed and validated by 
the experimental data. 

The performance testing was done using a constant feedstock flow rate of 2.5 kgm-2~1 (suff~cient to maintain 
the wick completely wetted). A maximum in the steady-state productivity ( 0.97 kgm-*h-') was observed as a 
function of the air flow rate at 1.28 kgm-'h", both experimentally and predicted by the simdation model. These 
optimum operating conditions correspond to the highest thermal energy recycle efficiency of the system, a 
relatively low thermal load on the external heat exchanger and relatively low parasitic electrical energy 
requirements to drive the air pump. 



Air flow rate (kgn-2h-l) 

Fig. 6 Measured and simulated values of the primary distillate rate as a function of air flow rate. 

NOMENCLATURE 

surface area (m2) 
width (m) 
heat capacity (Jkg-'K") 
diameter (l~ydraulic diameter) (n~)  
solar radiation ( ~ r n - ~ )  
gravitational constant ( m ~ - ~ )  
height (m) 
heat transfer coefficient ( w ~ - ~ K - ' )  
mass transfer coefficient (kgs"m-2~-1) 
length (m) 
mass flow rate (kg m"s-') 
aidwater flow (kg s-') 
number of mesh points in the chamber 
pressure (Nrn") 
thermal energy (wm-2) 
temperature (K) 
overall heat transfer coefficient ( ~ r n - ~ ~ " )  
linear velocity (ms") 
saturated humidity for air at T (kg v.@g dry air)") 
air humidity (kg v@g dry air)-') 

Greek 

6 thickness (m) 
8 surface tilt angle 
K thermal conductivity (~m- 'K" )  
h latent heat of vaporization (fig-') 
P dynamic viscosity (kgm's") 
P density OcgrnJ) 
CI Stefan-Boltzmann constant ( w ~ - ~ K ~ )  

Subscripts 

a air 
amb ambient 
b bottom 
c convection 
con condensation 



ev 
f 
g 
in 
ins 
out 
r 
S 

t 
W 

wd 
1 
2 
3 

evaporation 
feedstock 
glazing 
inletfinside 
insulation 
outlethutside 
radiation 
saturated 
tube 
wicWwater 
wind 
internal heat exchanger 
evaporator 
external heat exchanger 
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Abstract - The performance of an air-blown, multiple-effect solar still designed to recycle the thermal energy of 
condensation has been studied in three operational modes, viz., driving forces, utilizing: (i) solar energy; (ii) 
waste thermal energy and (iii.) both solar and waste thermal energy. The still glazing was a double-walled 
poIycarbonate sheet, a transparent insulation material (TIM) and the still area was 1 m2. A solar simulator 
providing a constant inadiation intensity of 650k10 ~ m - '  was used, which facilitated the inter-comparison of 
the system performance under different conditions. The waste thermal energy was simulated using a feedstock 
reservoir maintained between 86 and 90°C. As a result of the low thermal mass of the still, steady-state 
temperatures and yields were achieved within one hour after start-up. 'The performance of the solar still, 
operating under constant energy input (i.e., a constant irradiation intensity) was determined mainly by the flow 
rate of the air stream, which fimctions both as a mass and energy canier. The optimum range of the air flow 
rates, under ail modes of operation, was determined experimentally. Mass and heat balances utilizing 
experimental results and referring to optimum operating conditions were also performed. 

1. INTRODUCTION 
The utilization of solar energy for the distillation of brackish or saline water has been practiced for a very 

long time. Various types of solar stills and solar-assisted desalination units have been designed and 
investigated. A number of manuscripts have been published on this subject, which include a classic one by 
Talbert, et al. (1970), Mal* et al. (1982) and Kudish (1990). In arid zones, solar distillation can be an ideal 
source to produce fresh water from saline water, for both human consumption and agriculture. The main 
disadvantage of the solar stills presently available is that their productivity per unit area is relatively low. The 
fixed capital investment cost of a solar desalination plant is roughly proportional to the still area; consequently, 
increasing the productivity per unit area by recycling the thermal energy of condensation of the distillate can be 
of paramount importance. 

The performance of an air-blown, multiple-effect solar still consisting of an upper evaporation chamber and a 
lower condensation chamber has been analyzed and reported in detail by Kudish, et al (1997) and Mu&, et al. 
(1997, 1998). These ahlyses suggested that it would be possible to utilize low grade waste thermal energy, 
when available at the site, as the driving force in the distillation process. This would allow the still to operate 24 
hours a day by utilizing solar energy andfor waste thermal energy during the daytime and waste thermal energy 
during the night, i.e., nocturnal distillation. 

In the present paper we shall report on the experimental results obtained when operating the still under three 
different operation modes, i.e., driving forces: (i.) only solar energy, (ii) waste thermal energy and (iii.) both 
solar and waste thermal energy. 

2. EXPERIMENTAL 
Experimental setup 

The solar still prototype under investigation is shown schematically in Figs. 1.a and 1.b. It is essentially of 
the tilted-wick genre in the form of a thin rectangular box divided into two chambers (upper evaporator and 
lower condenser) by a central metal sheet. The central metal sheet does not extend across the full length of the 
still but leaves a slot or" 10 mrn between its top end and the still's upper e,utremity. The metal sheet also 
functions as (i) the support for the wick (a black porous material), which covers it on the upper chamber side; 
(ii) the surface to which a serpentine tube is in contact with in the lower chamber side. This serpentine tube 
serves as a conduit to transport the feedstock to the upper chamber and also functions as a heat exchanger for 
preheating the feedstock prior to entering the upper char k r .  The spacing between both the upper chamber still 
glazing and lower chamber backside and the central metal plate is 12 mm. 

Mode of operation when using solar enera  
The mode of operation of the solar still is as follows: (1) ambient air is pumped into the upper chamber at the 

bottom of the tilted still and sweeps the water vapor evaporated from the tilted wick into the lower chamber via 
the slot at the top of the tilted still. The maximum temperature of the air stream is measured at this point, above 
the slot, prior to reversing direction and entering to the lower chamber. In the lower chamber it serves as the hot 



fluid in what is essentially an air-liquid heat exchanger. (2.) the major portion of the water vapor in the air 
stream entering the lower chamber condenses either on the backside of the metal sheet supporting the wick or on 
the serpentine tube. The latter enters at the bottom of the lower chamber and transports the feedstock to the 
upper chamber. (3.) the feedstock, which enters the serpentine tube at a flow rate in excess of the mte of 
evaporation from the wick, is preheated during its passage through the serpentine tube and exits at the top edge 
of the central plate. It then passes over a weir and flows by gravity down the wick (4.) the distillate and humid . 
air stream exit the lower chamber and enter a gas-liquid separator. This distiIIate, defined as primary, is 
collected, whereas the humid air stream enters an external heat exchanger in order to recover the waer vapor 
remaining in the air stream, defhed as secondary distillate, prior to venting to the ambient. 

Fig. 1.a. Schem~tic diagram of the experimental unit. The temperature probes are indicated by numbers 0 - 15. 
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Fig. 1.b Top view of the lower chamber with serpentine tube and baffles (not drawn to scale). 



In the upper chamber the air stream flows countercurrently to the feedstock flowing down the wick by 
gravity, whereas in the lower chamber it flow countercurrently to the direction of the feedstock flowing upward 
through the serpentine tube (cf., Fig. 1.b). Due to the nature of this solar still, viz., that the upper chamber * 
glazing does not function as a condensation surface an4 in fact, any such condensation is detrimental to still 
performance, a double glazing is used to reduce thermal energy losses via the glazing to the ambient. We have 
used a solar grade, double-walled, 10 mm thick polycarbonate sheet was used as the solar still glazing. It is a 

\ non-welting polymeric transparent insulating material (TIM). It has been reported previously (Kudish, et al., 
(1997) and Mtnk, et al., (1997, 1998)), that a relatively large fraction of the thermal energy of condensation of 
the process was successfully recycled to both preheat the feedstock and heat the backside of the evaporation 
plate, which separates the two chambers. Consequently, a two- to three-fold increase in distillate yield was 
achieved relative to tlmt reported for conventional type solar stills. 

Mode of omration when using solar enerw and/or waste thermal enerm 
The waste thermal energy was simulated by means of a conventional heater that maintained the feedstock 

reservoir at a temperature between to 86 and 90°C. In this mode of operation, since the feedstock was preheated 
externally, it entered the still at the upper part of the ev~poration chamber (cf., Fig. 1.a); i.e., the feedstock did 
not enter via the serpentine tube. Consequently, the thermal energy recycle from the lower chamber to the upper 
chamber pronly via a single process, viz., condensation on the backside of the central metal plate. 

Experimental conditions and urocedure 
The tilt angle of the solar still module was set at 20" throughout this study. Similarly, the solar simulator 

provided a constant radiation intensity of 650f10 wm-' and its tilt angle was also 20". The differential and 
cumulative yields from Separator I and I1 were measured automatically by a type PT 6 Satorius electric balance 
with an accuracy of *l g. The temperatures were measured at 16 strategically positioned locations, cf., Fig. l.a, 
with an accuracy of 51 "C using calibrated temperature sensors of the silicon base type KTY 11-2A. The 
absolute humidity of air in the vicinity of the slot was calculated from the material and energy balances on the 
still. A data acquisition system served to monitor and store the temperature data from the sixteen thermistors and 
to calculate differential and cumulative yields at variable time intervals. It consisted of a PC with an AD-D/A 
converter card, electronic measuring and magnetic valve control unit, temperature sensors and a digital balance 
with a RS232C serial interface. The data acquisition, control and analysis software was devrloped specifically 
for this study. The parameters under investigation were the feedstock and the air flow rates. 

3. RESULTS AND DISCUSSION 
Solar radiation driving force 

As a result of the low thermal mass of the solar still, steady-state temperatures and yields were achieved 
within one hour of start-up in all experimental runs. All results reported in this study refer to steady-state 
operating conditions and the mass and energy flows were normalized to a 1 m2 still area. The temperature 
profile for the still operating under a solar energy only driving force as a fimction of the the air flow rates, 
e'xpressed as kg bone dry air per m2 still area per hour, is given in Table 1. 

Table 1. The temperature profile of the solar still at steady-state as a function of air flow rate. The position of the 
thermistors are shown in Fig. 1.a (numbered 0 to 15). Feedstock flow rate = 2.96 kgmm2h"; irradiation = 

6505~10 ~ m - ~  and ambient temperature = 25.8 -26.6'~. 

Air 
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The solar still productivity, as a h c t i o n  of air flow rate in the range from 0.32 to 4.51 kgm?'h-' is reported 
both in Table 2 and in Fig. 2 in terms of the primary (I), secondary (II), and total (C) distillation rate. The 

a primary distillation rate refers to that condensed within the lower chamber during the thermal energy recycle 
process. The secondary distillation rate is that oblained by passing the humid air slream exiting the solar sllll 
through an external heat exchanger prior to venting to the ambient. It is apparent from Table 2 that with regard 
to still productivity there exists an optimum range for the air flow rate, approximately between 1 and 3 kgm-~h-I, 

4 

for the system under investigation. It is also observed that the ratio of secondary to primary product increases 
with ulcreasiug flow rate, i.e., ttie prir1m-y decreases arid die secondary illcreases with uicreasiiig air flow rate 
(cf., Fig. 2). The reason for this optimum air flow rate range has been dscussed in our previous papers (Kudish 
et al(1997) andbIink et al. (1997, 1998)). 

Table 2. Still productivity (1- primary; 11- secondary; C- total distillate) as a fimction of air flow rate. 
Feedstock flow rate = 2.96 kgm?"h-I; inadiation = 65M10 ~ m ? " .  

Air flow rate (kgrt~-~h-') 

Fig. 2. Productivity in terms of primary, secondary and total distillation rate as a function of air flow rate. 
Feedstock flow rate = 2.96 kgm-'h-'; irradiation = 65W10 ~m:. 

Wasle thermal energy driving force-exposed dazing 
In this mode of operation the feedstock flow rate was maintained at 9.3 kgm-2h". The feedstock was 

preliealed between 86 and 90 "C by a heal exchanger, in order lo sitnulale an external source 01 wasle thermal 
energy. As mentioned previously, the preheated feedstock entered the upper chamber at the top of the central 
metal plate, cf., Fig. 1.a aud did not pass tl~ougli tlie serperltirle tube. Tlie experimetital results are muimized 
in Fig. 3 and in Tables 3 and 4. 



The waste thermal energy utilized, qwate, which is defined as the heat released by the preheated feedstock in 
the upper chamber, q ~ ~ l ~ ~ ~ ~ d ,  is reported in Table 4. This term is defined as the difference between the thermal 
energy contained by the feedstock e n t e ~ i g  the upper cl~mbekr qci, and that of brine exitiug the upper c l m ~ k r  
qbrine, 

qwaste = meleased = qcin - = cw~llrT~;n - ~wlllbrineTbrine, (1) 

where w,, was derennined form a materia1 balance, viz., as a difference of the feedstock flow rate and the rate 
of evaporalion in Ule upper chamber. 

It is observed that increasing the air flow rate results an increase in both productivity and utilized waste 
energy, qwa,,. Also, it is apparent from the results that at a reasonable air flow rates (i.e., around 3 ~ ~ D I - ~ K ' ,  
where the parasitic energy requirement of the air pump is still relatively low) a total productivity rate of about 
0.7 k&' was obtained. 

Table 3. Temperature profiles at steady-state as a function of air flow rate when utilizing only waste thermal 
energy for preheating the feedstock. Ambient temperature = 23.6 -26.0'~; feedstock flow rate = 9.3 kgmm2h-'and 
feedstock inlet temperature = 86 - 90°C. 

Table 4. Productivily rales and calculaled wasle thermal energy inpul, qw,,, a1 steady-stale as a Iunclion or air 
flow rate when utilizing onIy waste thermal energy. Ambient temperature = 23.6 - 26.0'~; feedstock flow rate = 

9.3 kgme2h-' and feedstock inlet temperature = 86 - 90°C. 

Waste thermal energy driving force-insulated dazing 
During the noclumal distillalion mode 01 operalion, il see~ned lo be logical Lo IurLher reduce tl~e lop losses via 

the double-glazing by covering it with an insulating material. A 5 mm ttuck polyurethane foam with a reflective 
a l l u ~ h u u  roil on one side was placed upon Ule slill glazing. Tl~e resulls or Lllese experimenls are reporled i.11 
Fig. 4 and in Tables 5 and 6. It is observed that the use-of this additional insulation on the still glazing resulted 
in boll1 higher opera@ tenlperalures and producliviiy rates a1 conlparable air flow rales. However, Ule increase 
in the total productivity was only in the range of 0.1 kgm2h-' . 

Air Flow Rate 
(kgm-2h-') 

1.20 

1.56 

2.02 

3.12 

4.11 

4.90 

7.07 

Irrabation 
(wm-') 

0 

0 

0 

0 

0 

0 

0 
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0.41 

0.52 

0.53 

0.55 

0.58 

qwule 
(wm-'1 

356 

380 
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490 

5 12 

I1 
(kgIIiZh-') 

0.05 

0.08 

0.12 

0.17 

0.19 

0.22 

0.25 

C 
(kgmgm2hh') 

0.39 

0.48 

0.53 

0.69 

0.72 

0.77 

0.82 



Air flow rate (kgm-'h-') 

Fig. 3. Productivity as a function of air flow rate when utilizing only waste thermal energy. Ambient 
temperature = 23.6 - 26.0'~; feedstock flow rate = 9.3 kgrn-'h-' and feedstock inlet temperature = 86 - 90°C. 

Table 5. Temperature profiles at steady-state as a function of air flow rate when utihing only waste thermal 
23.7 - 25.9'~; feecistockflow rate = 9.3 kgm-2h-1 and feedstock inlet temperature = 86 - 90°C. 

Hybrid mode of operation, simultaneous use of both solar and waste thermal energy as the drivinp forces 
In these experiments a constant feedstock flow rate of 5.7 kgm-'h-' was used. The feedstock was preheated in 

the range of 86 to 90°C by the external heat exchanger to simulate the waste thermal energy prior to entering 
Lhe Lop 01 the central luelal plale. The results are simnwked in Tables 7 and 8 and in Fig. 5. I1 is observec&@q& 
in this mode of operation, for an air flow rate in the range of 2 - 3 kgm%-', total productivity rates as high as -., 
1.57 kgr~~-~h- '  were achieved. These productivity rates are more than 40% higher than those obtained in the solar 
only operation mode (cf., Tables 2 and 8). This enhanced productivity is due mainly to the fact that in the 
hybrid operatioil nlode the Lenlperalure aud Uie vapor collleiil 01 Ule air skeaili Uml exils Ule lower clmillber is 
much higher and consequently, the amount of distillate condensed in the external condenser (lT) is sigruficantly 
enhanced. IL is also observed Ulal in Lhis hybrid illode 01 operation t l ~ t  Uie temperalure and U~erefore, U l e  waler 
vapor content of the saturated air stream that exits the condenser and vented to the ambient was relatively hgh. 
The exlernal condenser used in Uis study was incapable 01 recoveriilg a major rraction 01 Ule waler vapor 
content of the exiting air stream prior to venting to the ambient, viz., it was not efficient enough for the system 
when operdthig hl tlthe hybrid mode. 
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Table 6. Productivity rates and calculated waste energy input, qw,,,, at steady-state as a function of air flow rate 
when utilizing ordy waste thermal energy for preheating the feedstock and placulg an insulating cover on the 
still glazing. Ambient temperature = 23.7 - 25.9'~; feedstock flow rate = 9.3 k g ~ ~ - ~ h ' '  and feedstock inlet 
teliiperature = 86 - 90°C. 

0 I I I I I I I L I 

0 1 2 3 4 5 6 7 8 

Air flow rate (kgm-'h-') 

Fig. 1. Produclivity as a futlclion of air flow rate when utilizing only waste tl~ernlal energy illid placjllg an 
insulating cover on the still glazing. Ambient temperature = 23.7 - 25.9'~; feedstock flow rate = 9.3 kgm-'h-' 
and feedstock inlet temperature = 86 - 90 '~ .  

Air Flow Rate 
(kgn-*h-') 

1.05 

1.55 

2.00 

3.15 

4.1 1 

4.58 

6.99 

Table 7. Temperature profiles at steady-state as a h c t i o n  of air flow rate when operating in the hybrid mode. 
Ambient temperature = 28.4 - 34.4'~; feedstock flow rate = 5.7 kgm2h-'; feedstock inlet temperature = 86 - 
90°C and irradiation = 650f 10 ~ r n ' ~ .  
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Table 8. Productivity rates a id  calculated waste erlerb illput, qw,., at steady-state as a hlction of air flow 
rate when operating in the hybrid mode. Ambient temperature = 28.4 - 34.4'~; feedstock flow rate = 5.7 

I kgm"h-'; feedstock inlet temperature = 86 - 90°C and irradiation = 65Uk10 ~ m - ' .  

Air flow rate (kgm-2h'1) 

Fig. 5. Productiviiy as a furlction of air flow rate wleii operatkg in the hybrid niode. PLtnbierit te~riprature = 
28.4 - 34.4'~; feedstock flow rate = 5.7 kgm-'h-I; feedstock inlet temperature = 86 - 90°C and inadiation = 
65Uf l U  ~ rn- ' .  

Inter-com~arison of the modes of operation 
Tlie results of tius experinlental study are su11unarized it1 Fig. 6 with respect to the total distillate rate as a 

h c t i o n  of the air flow rate for all the modes of operation investigated It is not recommended to operate this 
prototype sol-ar still at relatively 1 ~ g h  air flow, sirice this will result it1 a1 increase in the parasitic electric energy 
required to drive the air pump. The optimum air flow rate for both the hybrid and the nocturnal distillation 
modes is observed to be in the range of 2 - 3 kgrn?h-'. We beliee that a productivity in excess of 20 kgrn2day-' 
may be achieved when operating the siill in arid zones under these conditions, i.e., hybrid mode with nocturnal 
distilkition. It nwy be possible to further edmlce the productivity, based upon the results of this study, by 
preheating the feedstock in the lower chamber fie., flow through the serpentine tube) even in the hybrid mode 
of operation. 

4. CONCLUSIONS 
The perIom~aice of an air-blown multiple-erleci solar still co~~sisling of ai upper evaporatio~i cliallber a ~ d  a 

lower condensation chamber has been analyzed in three modes of operation, i.e., driving forces: (i) solar energy; 
(ii) wasle Ulenzlal energy and (iii) hybrid, bolh solar a id  wasle Ulen~lal energy. 

In all modes of operation the performance of the still was determined as a function of the flow rate of the 
entering air slream and tlie o p ~ 1 u t n  range 01 Llle air flow rales were deleniLbied experimeutally. The optimluli 
air flow rate for both the hybrid (during the daytime) and the nocturnal didlation modes 'was in the range of 
2-3 kgm-'h-': Based upon the experimental results of this study, a productivity in excess of 20 kgm"day-' may 
be achieved when operating the still in arid zones under these modes, i.e., hybrid mode with nocturnal 
distillation. 



It may be possible to hither enhance the productivity, based upon the results of this study, by preheating the 
feedstock in the lower chamber (i.e., flow through the serpentine tube) even in the hybrid mode of operation. 
Such a mode of operation will be studied in the future. 

1.8 
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Air Flow Rate (kgm-2h-') 

Fig. 6 Inter-comparison of the total productivity as a ?kction of the air flow rate for all modes of operation 
investigated. The experimental conditions for each mode of operation are defined in the text. 

NC)~.NCL.ARrPE. - 

c heat capacity ( J~~- 'K" )  
m mass flow rate (kgmgm2s-I) 
9 thermal energy normalized to unit still area (~m- ' )  
q ~ a s t e  waste energy input = q~,l,,d normalized to unit still area ( ~ r n - ~ )  
q~eleased thennal energy released by the preheated feedstock in the upper chamber (wm") 
T temperature (OC) 

Subscripts 
a ambient 
brine brine drain-off 
f feedstock 
I primary distillate 
II secondary distillate 
in stream entering chamber 
out stream exiting chamber 
SeP vapor~liquid separator 
u upper chamber 
w water 
X external heat exchangerfcondenser 
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