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I l l  EXECUTIVE SUMMARY 

The consumptron of water unf~t for drrnkrng, due to pathogens or salinrty, IS a major 

worldwide health hazard and sufficient cause to undertake projects that recover water 

and make it surtable for human consumptron The extent of the worldwrde health hazard 

IS manrfested by the followrng statrstrcs there are approxrmately 5 billron cases of water- 

borne srckness per year resultrng In about 1 million deaths per year , most of these 

amongst ch~ldren in addltron, if the latter part of the 2oth Century can be characterized as 

one that the scarcity of of or1 was and strll IS a casus belli, than it IS reasonable to state that 

the casus belli In the 21rSf Century will be the scarcity of water In fact, the success of the 

peace treaties now in effect and In the maklng In the Mrddle East will depend to a 

srgnificant degree on the avarlabllrty of water for all countries concerned Solar 

desalination can be an an important source for water In this regron, which is prrmarrly 

composed of semr-arid and desert lands and has an abundance of solar radratron 

During the trme ~nterval covered by th~s report, the work performed at both instrtutrons has 

progressed wrthln the gurdellnes presented In the orrginal proposal TIME CHART, except for 

a delay rn the incorporation of nocturnal heatrng experiments These wrll performed 

durrng the third year of the program Both groups proceeded with the desrgn, 

construct~on and testing of 2 m2 solar strlls The RLIC group replaced the 3 mrn thrck 

glass double glazrng w~th a 10 mm thick double-walled polycarbonate sheet The 

theoretical work, both at BGU and RLIC, has been focused on the solution of the 

mathematrcal model of the strll The two groups have approached the solutlon by 

drfferent routes, since the model cannot be solved analytrcally The two models are now 

In the process of being validated by experrmental data The results of the second year's 

efforts are documented In the Appendix, vrz , the Publrcatron Reprlnts 

Durlng the th~rd year of the program the BGU group wrll test a thrrd generatron 2 m2 solar 

st111 fabricated from starnless steel Thrs strll IS srmrlar in deslgn to that of the second 

generation still which was fabr~cated from galvanized Iron with some modrfications 



These modifrcatrons were applred to the previous desrgn as a result of the experience 

gained from the testing of its predecessor It IS antic~pated that the large solar still system 

to be constructed during thls year w~l l  be based on this design The RLlC group plan to 

beg~n the construction and testing of an lnnovatlve variation of the~r original module 

constructed, in part, from polymerrc materrals The intention of this module, which is 

presently In the design stage, is to elrminate the double tray requlred by the orig~nal still 

module and to construct it from non-corrosive materials 

Dr Kudlsh and Dr Mink appl~ed their second year's travel allowance, with the permission 

of Dr Davrd Mulenex the USAlD Grant Project Officer, toward the cost of attendrng and 

part~cipating in the International Solar Energy Society's 1997 Solar World Congress, 

whrch took place in Taejon, Korea In August 1997 They each presented a paper 

describ~ng the work being performed under this joint research program and utllrzed the 
=. 

congress venue to discuss their joint research program between themselves and w~th  

other interested participants attending the congress 



Note on Publicatrons 

The close collaboratron between the two senior rnvestrgators in the preparatron of the the 
grant proposal resulted in their collaboration in the preparatron of two papers descrlbrng 
the results obtarned durlng the second year of the research program These papers 
were presented at the biennral conference of the International Solar Energy Socrety 
(ISES) 1997 ISES Solar World Congress, SOLAR MEANS BUSINESS, which took place In 
Taejon Sclence Town, Taejon, Korea from August 24-30, 1997 The complete 
manuscripts were published In the conference proceedings and reprrnts of the 
manuscrrpts are included In the Appendlx 

A thrrd manuscript descrlbrng the work performed on the second generatron solar sttll, 
utrlrzing the new solar simulator and replacrng the double glazrng consistrng of two 3 mm 
glass panes wrth a single sheet of Qualex (a 10 mm thick double-walled polycarbonate 
sheet), has been submrtted to Solar Energy (28 10 97) A copy of thrs manuscript IS also 
rncluded in the Appendrx 

A Research Ob~ectives - 
The research objectives of this project remarn essentially unchanged, vrz , to achreve, by 
a joint research effort, a solar still deslgn that is capable of producrng water at a cost 
competrtrve with the local alternatives 

The specific research objectrves remain as stated previously and are as follows 

To optrmize the heat and mass transfer processes of the thermal recycle, thereby 
rmprovrng system effrcrency and productivity (vrz , enhance the fresh water yreld per unrt 
area) 

To valldate the mathematical models developed to descrlbe the system, whlch will 
facrlitate both In the optimrzatron of the process and system scale-up 

To develop hybrrd systems whrch utrlize (external on-slte) waste energy for nocturnal 
heating (drstillatlon), thereby approaching 24 hour per day system operatron 

To srmplrfy the system design in order to mlnimrze the level of technical skrlls 
requrred for system maintenance 

To arrive at a desrgn(s) that is amenable to the construction of a hrgh capacrty solar 
desalrnation plant, preferably a modular still desrgn 

B Research Accomphshments - 
The research accomplrshments during the second year of thrs jornt research program are 
attested by the three reprrnts/preprints attached to this report In the Appendrx 

C Scientlfrc Impact of Collaboratron - 
There has been a constant exchange of information between the collaboratrng scientists 
vra email and fax Thls IS especially true wrth regard to the preparatron of the 
abovementioned manuscripts The two Pl's met In August 1997 during the ISES 97, 
Solar World Congress rn Taejon, Korea, durrng whrch trme they discussed the technical, 
theoretical and managerial aspects of the research program in detarl The PI'S at both 
rnstitutrons are drrectly involved In all aspects of the study, I e , both experimental and 
theoretrcal Dr E Evseev of the BGU and Messrs L Horvath and M M Abboabboud of 
the RLlC have been rntrmately rnvolved in the development of the mathematical model of 
the solar strll and consequently have become qurte proficrent In their understandrng of the 
heat transfer processes lnvolved rn the system The two groups have developed 



rndependently mathematical models to descrrbe the heat and mass transfer processes 
occurring in the proposed solar st111 design Both models utilize non-lrnear differential 
equatrons to describe the system under transient and steady state conditions The major 
difference IS their approach to the solution of the non-lrnear dlfferentral equatrons 

8 descrrbrng the system The RLlC group utlllzes an emprrrcal exponential equation 
between the enthalpy and and temperature of the airlwater vapor stream to convert the 
non-lrnear dlfferentral equatrons, whlch do not possess analytical solutions, into 
differential equations wlth slmple exponentlal coefflclents The BGU group applles 
numerical integration to solve the non-linear differential equations 

D Descr~~tion of Pro~ect lm~act  - 
It IS too early in the research and development phase of thls study to relate to this 
questlon The srgnifrcance of thrs research project is obvlous in that potable water is a 
commodrty that IS becomrng scarce and has been a source of confllct between nations 
throughout history If the latter part of the 2oth Century can be characterrzed as one that 
the scarclty of of oil was and still is a casus bellr than ~t IS reasonable to state that the 
casus bell1 In the 21rSt Century will be the scarcity of water In fact, the success of the 
peace treaties now In effect and In the making In the Mlddle East will depend to a 
significant degree on the ava~labillty of water for all countries concerned Solar 
desallnatlon can be an an Important source for water in thls region, whlch is prlmarlly 
composed of seml-arid and desert lands and has an abundance of solar radlatlon In 

* addition, there are approximately 5 brllion cases of water-borne sickness per year 
resultrng In about I mrllion deaths per year , most of these amongst chlldren 

* 

E Strengthenrnq of Developina Countrv lnstitut~ons - 
Durrng the past year both infrastructure and technical capabrlrtles have been developed 
at RLlC as a result of this research program, thereby enhancrng its research and 
development programs The following items has been purchased two HP DeskJet color 
printers, computer programs for mathematical analysrs, conductivity meter for measuring 
quality of distrllate, tools and materials for construction of solar stills and new solar 
srmulator 

Dr Mink presented a lecture entrtled "Energy Savrng Solar Strlls ISRAELI-HUNGARIAN 
USAlD PROJECT" on February 28, 1997 at a regular sesslon of the Committee of 
Envrronment Protectron of the Hungarlan Academy of Scrences The paper was 
coauthored by Min k, Aboabboud, Horvath and Kudish 

Mr M M Aboabboud submitted hrs PhD d~ssertation (146 pp rncluding table and flgures 
with 101 references) entrtled "DESIGN AND INVESTIGATION OF A NEW, AIR-BLOWN SOLAR STILL 
WITH INTERNAL ENERGY RECYCLE" Mr Aboabboud IS very grateful to Dr Kudish for hrs 
support, ideas and advice during the course of his drssertatlon work, which overlapped 
wlth the frrst 18 months of this USAlD program 

Two lectures were presented by the Hungarlan group at the regular scientific seminar of 
the RLlC 

I Dr Mink- "SOLAR DESALINATION ISRAELI-HUNGARIAN USAID PROJECT", 
coauthored by Mrnk, Horvath, Aboabboud Evseev and Kudish 

11 Mr Horvath- "A NEW TYPE SOLAR CONCENTRATOR TO ACHIEVE INDUSTRIAL 
TEMPERATURES~', coauthored by Horvath and Mrnk 

Dr Mrnk presented a lecture entitled "ACHIEVEMENT AND TRENDS IN SOLAR TECHNOLOGIES" on 



May 7, 1997 for a retralnlng course for army offlcers at the Reglonal Envrronmental Safety 
I Center for the Army in Budapest 

Dr Kudlsh and Dr Mrnk applred therr second year's travel allowance, wlth the permlsslon 
of Dr Davld Mulenex the USAID Grant Project Off~cer, toward the cost of attendlng and 
partlclpatlng In the lnternatronal Solar Energy Socrety's 1997 Solar World Congress, 
whrch took place In Taejon, Korea In August 1997 They each presented a paper 
descr~bing the work berng performed under th~s lo~nt research program In addlt~on, Mr 
Horvath was also able to attend thls congress, wlth partlal Hungarlan travel support The 
two PI'S utllrzed the congress venue to drscuss thelr jornt research program between 
themselves and wlth other Interested participants attendlng the congress The congress 
was also accompanied wlth an exhrb~t~on of state-of-the-art solar technolog~es, both 
commerc~ally ava~lable and presently under development 

F Future Work - 
The research program IS progressrng In accordance wlth the Trme Chart as clted In the 
orlgrnal research proposal Durlng the meetrng of the Pl's in Taejon, Korea In August 
1997, ~t was agreed that no major changes In the TECHNICAL WORK PLAN were necessary 
at thls time The focus durlng the comlng year will be In testrng large systems consrstrng 
of a number of modules, analyzrng the results, valrdatlng the mathematical model of the 
strll and lncorporatlng nocturnal heatlng in the solar strll system The constructron of the 
prototype hybrld solar st111 system utrl~z~ng a waste thermal energy source will be 
undertaken durlng the thlrd year of the program 

Durlng the thlrd year of the program the BGU group will begrn testlng a recently 

constructed th~rd generatron 2 m2 solar still fabrrcated from stamless steel Thls st111 is 
slmllar In deslgn to that of the second generation strll whlch was fabrrcated from 
galvanrzed Iron wlth some mod~f~catrons These modrfrcatlons were applled to the 
previous deslgn as a result of the experience gained from the testlng of ~ t s  predecessor It 
IS antlcrpated that the large solar strll system to be constructed durrng thrs year wrll be 
based on thls deslgn The RLlC group plan to begrn the constructlon and testlng of an 
rnnovatlve var~atlon of thew orlgrnal module constructed, rn part, from polymeric materlals 
The rntentron of thls module, whlch is presently In the des~gn stage, 1s to elrmrnate both 
the double tray requrred by the orrglnal st111 module and the use of non-corrosrve 
materlals of constructlon The design envrslons a closely-spaced parallel array of glass 
tubes jolned at the bottom of edge of the st111 Into a slngle manlfold Thrs array IS srts upon 
a wrck placed upon the Inner surface of the st111 bottom and covered by a second wick 
stretched across the top of the glass tubes The air stream (once again the air IS drawn 
Into the st111 by placlng the pump after the exlt from the stlll) flows between the glazrng and 
the upper wick surface and IS saturated and then turns around at the top of the stdl and 
condenses durrng Its flow through the glass tube array on the tube walls, whrch are 
relatively cooler as a result of the wetted outer surface Thrs results In the recycle of the 
thermal energy It is contemplated that the feedstock enter the st111 module at its bottom 
edge, transported vra a black polymerrc tube, rnserted above the upper wrck, and 
released at the top edge of the strll The feedstock IS thereby preheated by the solar 
rad~atlon 



h - - A Manaqerral Issues 
The Financral Status Reports have been submltted by the RLIC to the BGU Department of 
Contracts as scheduled and the financing of the project via bank transfers from Israel to 
Hungarlan has proceeded smoothly The expenditure of the budget item are prorated 

The main Items purchased durlng thrs past fiscal year were the following 
a RLIC- two HP DeskJtet color printers and a conductrvity meter for monitorrng the 

quality of the still product 
b BGU- a gas flow meter to measure the more accurately the flow rate of the air 

stream through the solar strll and a conductivity meter for monitoring the quality of the strll 
product 

The RLlC research group's technicran, Ms Sara Perlaky-Jozan, retired in October 1997 
Mr Bela Mezo, an electrical englneer specralizrng in in process control, jorned the 
research group on a part-tlme basts (52 hours per month) in November 1997 

In the framework of the consolldatlon program for the research lnstltutes of the Hungarran 
Academy of Sciences, the RLlC has had its name changed to Environmental and 
Materials Chemrstry During November and December 1997 it wrll be in the process of 
moving to the newly establrshed Hungarian Chemlcal Center as an independent 
laboratory 

As reported in our first MANAGEMENT REPORT, submltted in Aprrl 1996, the delay in the 
practical starting date of thls project wrll be reflected In its progress and wrll, in all 
likelihood, requlre a no cost extensron past ~t 's official culminatron date of about three 
months, viz , untll January 31, 1999 

B Budget - 
There were no major changes in any budget items Their partrcipation rn the ISES '1 997 
Solar World Congress afforded the two Pi's an ideal venue for discussing the project and 
the planned vlsrt of the Hungarian PI to Israel has been postponed and tentatively 
scheduled for April 1998 The only changes are rn the time schedule of executron, vlz , 
the execution of some budget items have been delayed to the thlrd year of the project, a 
result of the delay In initial starting date of the grant 

C Special Concerns - 
Does not apply to this project 

D Collaboration, Travel, Trainins and Publ~catrons - 
The close collaboration between the two Pl's has and therr respective research groups 
has escalated over the past year The collaborative efforts have been facilitated by a 
continuous d~alogue vra email and when necessary fax This was especrally true wrth 
regard to the preparation of the two manuscripts submitted for the Proceedings of the 
International Solar Energy Soclety Conference, Solar World Congress 1997, Taejon, 
Korea, Aug 1997 A manuscr~pt, entitled "Desrgn parameters, performance testing and 
analysls of a double-glazed, air-blown solar still wlth thermal energy recycle", has been 
submitted to Solar Energy, the offlcial journal of the International Solar Energy Soclety 
Thrs describes in detall the most recent experimental results on the second generation 
solar still module A second manuscript reportrng on the solutron of the set of nonlrnear 



differential equations descrlbrng the solar st111 module system by numerrcal integratron IS 

presently under preparation 

The Israel1 PI, Dr A Kudish and the Hungarian PI, Dr G Mlnk, together wlth Mr L 
Horvath traveled to Korea In August and partrcrpated In the lnternatlonal Solar Energy 
Society's Solar world Congress Dr Mink presented a paper entltled "Desrgn and 
performance of an alr-blown, multiple-effect solar strll wlth thermal energy recycle" and 
Dr Kudish presented a paper entltled "Heat transfer processes rn an alr-blown, multiple- 
effect solar st111 wlth thermal energy recycle" The drscuss~ons followrng the presentatrons 
have been Incorporated into both the frnal versrons of the manuscrrpts submitted for 
publication In the Congress Proceedings and rnto the new manuscripts mentioned above 
In addltlon, both PIS were honored by belng chosen as sesslon charrpersons at the 
meeting The meetlng of PIS was utrllzed to plan the research program for the next SIX 

months, rncludlng some design varratrons on the solar still module 

The scheduled travel plans for the third year of the research program have been 
tentatively set as follows 

1 Dr Mlnk will travel to Israel durlng the second half of April 1998 to drscuss the 
progress of the research program and set the goals for the remainder of study 

2 Dr Kudlsh wlll travel to Hungary during the second half October 1998 to begrn 
to plan to flnal phase of the program As mentioned In all our previous reports, we are 
requestrng an extension of the termrnal date of research program untrl January 31, 1999, 
since the actual fundlng of the grant d ~ d  not start until February 1, 1996 In addltron, there 
IS a drstinct possrbltity that the two PIS may take the opportunity of Dr Kudlsh's visrt to 
Budapest to travel to Croatla for a Solar Energy conference scheduled for that time to 
present papers describing the results of therr research program 

A LIST OF PROJECT PUBLICATION REPRINTS 
I G Mlnk, M M Aboabboud, L Horvath, E G Evseev and A l Kudlsh, Desrgn 

and performance of an air-blown, multiple-effect solar strll wlth thermal energy recycle 
Proc Int'l Solar Energy Soaety Conference, Solar World Congress 1997, 6, 135-1 44, 
Taejon, Korea, Aug 1997 

r r  A l Kudlsh, E G Evseev, M M Aboabboud, L Horvath and G Mlnk, Heat 
transfer processes in an a~r-blown, multiple-effect solar st111 wrth thermal energy recycle 
Proc lnt'l Solar Energy Soc~ety Conference, Solar World Congress 199 7, 6,  1 58-1 67, 
Taejon, Korea, Aug 1997 

111 DESIGN PARAMETERS, PERFOFMANCE TESTING AND ANALYSIS OF A DOUBLE -GLAZED, A IR  

BLOWN SOLAR STILL WITH THERMAL ENERGY RECYCLE Submitted to Solar Energy (28 10 97) 

E Request for USAlD or BOSTID Actlons - 
Does not apply at the present 
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DESIGN AND PERFORMANCE OF AN AIR-BLOWN, MULTIPLE-EFFECT SOLAR STILL 
WITH THERMAL ENERGY RECYCLE 

G MINK , M M ABOABBOUD*, L HORVATH , E G EVSEEV * and A I KUDISH** 
Research Laboratory for Inorganic Chemstry, Hungman Academy of Sciences, 1518 Budapest Pf 132, 

** HUNGARY, Tel +36 1 3 193 1 19, Fax +36 1 3 192537, E-ma11 mnk@sparc core hu 
Solar Energy Laboratory, Department of Chemcal Engneenng, Ben-Gunon Uruversity of the Negev, Beer 
Sheva 84105, ISRAEL , Te1 +972 7 6461488, Fax +972 7 6472916, E/mal akudlsh@bgumail bgu ac 11 

Abstract - An ar-blown, mulhple-effect solar st111 wlth thermal energy recycle consishng of an upper 
evaporahon chamber and lower condensatron chamber, the prototype onginally proposed by the scienhst at the 
Research Laboratory for Inorgamc Chemstry w n k  et al 1988), is being developed and tested under a jolnt 
Israeli-Hunganan research program The principle of operatron of such a shll, the main design parameters and 
the results of solar shll performance tests w11 be presented The expenmental procedures at both inshtuhons 
are very sinular, except that the Hungman group utilizes a solar simulator and the Israeli group natural solar 
ralabon (1 e , out-door teshng) to measure the solar st111 performance The present drscussion wll  be restricted 
to the performance teshng of a solar st111 wth  a nomnal shll area of 1 m2 (1 86 m x 0 54 m) uhlizing a solar 
simulator provilng a constant radrahon intensity of approximately 650 W m The solar shll performance was 
tested as a funchon of both feedstock and a r  flow rates The former was vaned in the range between 2 28 to 
4 09 kg h ' and the latter between 1 9 and 9 4 kg h ' It was observed, under these con&trons, that the thermal 
energy recycle began to be effectwe after about 30 mnutes and that the shll acheved steady-state after 
approvlmately one hour of operahon The solar strll performance exhrbits only a slight dependence on the 
feedstock flow rate, as predicted by theorehcal considerahons On the other hand, the steady-state &fillahon 
rate exlubits an optimum (of the order of 1 kg m 2  h ' )  as a functron of increasing a r  flow rate The 
expenmental results indrcate that the shll performance can be enhanced further by decreasing both the a r  flow 
rate and the cross sechonal flow area m the lower condensatron chamber 

1 INTRODUCTION 
The rahonale behnd the design of t h ~ s  ar-blown, multrple-effect solar st111 was to overcome the inherent 
lsadvantage in the operahon of single-effect solar shlls, vlz, their efficrency, notwithstanding intensive 
research and development efforts, remalns stalled in the 30-40% range (Delyannis and Delyams (1980), Mallk 
et a1 (1982) and Kudrsh (1991)) Thrs ar-blown, multrple-effect solar st111 is designed to recycle the thermal 
energy (1 e , the latent heat of condensatron), whch is dumpedlvented to the ambient in single-effect solar shlls, 
to heat or pre-heat the feedstock to the solar shll 

The mode of operabon of the solar sol1 will be descnbed together w~th  expenmental results in the followng 
sechons A compmon paper presented separately (Kudrsh et aI (1997)) descnbes two mathematrcal models for 
the heat transfer processes ocumng in this solar st111 system 

2 SOLAR STILL DESCRIPTION 
A schematic diagram of the air-blown, multiple-effect solar still is presented in Fig 1 It is essentrally of the 
hlted-mck genre in the form of a t h n  rectangular box divlded into two chambers (upper evaporator and lower 
condenser) by a central metal sheet There is a slot between the two chambers at the top of the blted still (vrz , 
the central metal sheet does not evtend across the full length of the shll but leaves a slot of 10 mrn between its 
top end and the shll's upper eutremty) The metal sheet also funchons as (1 ) the support for the wck (a black 
porous matenal) which covers it on the upper chamber side, (ii ) the surface to w M  a serpentrne tube, on the 
lower chamber side, for transportmg the feedstock to the upper chamber, is attached Thrs serpenhne tube also 
functions as a heat exchanger for pre-heating the feedstock pnor to entenng the upper chamber The spacing 
between the central metal plate and the upper chamber still glazing and the lower chamber backside are both < 
15 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 vapor evaporated from the hlted wck into the lower chamber 
vla the slot at the top of the blted shll (maulmum temperature of the air stream is measured at tlus pomt, above 
the slot, pnor to entenng to the lower chamber and semng as the hot fluid in what is essentially an air-lqgtd 
heat exchanger), (2 ) the major porbon of the water vapor then condenses on the backside of the r t l d  sheet 
supporting the wck or on the serpenhne tube, whch enters at the bottom of the lower chamber, transporting the 



feedstock to the upper chamber, (3 ) the feedstock, whlch enters the serpenhne tube at a flow rate In excess of 
the rate of evaporahon from the mck In the upper chamber and 1s preheated dunng its passage through the 
serpenhne tube, exlts the serpenhne tube at the top edge of the central plate and passes over a weir and flows by 
grawty down the wick, (4 ) the hshllate exlts the lower chamber and is collected, whereas the saturated a r  
stream, also exlhng the lower chamber, enters an external condenser, to further condense the water vapor 
remamng pnor to venhng to the amblent 

In the upper chamber the a r  stream flows countercurrently to the &rechon of feedstock flowlng down the wick, 
whereas In the lower chamber the a r  stream flows both countercurrently and perpenhcular to the &rechon of 
the feedstock flowing through the serpenhne tube Due to the nature of thls solar shll, viz , that the upper 
chamber glazlng does not serve as a condensahon surface, it 1s possible and recommended to uhllze a double 
glazing to reduce thermal energy losses via the glazing to the amblent In fact, ~t 1s possible to use non-wetting 
polymeric glazings such as those used as transparent msulabng matenal (TIM'S), e g , Qualex, a double-walled 
polycarbonate sheet, as the solar shll glazing 

- '-Br%l Exchanger [-]H[P~~~D- 

[Balance] W m  
Fig 1 Schematic &agram of the air-blown, multiple-effect solar sbll, where 0 -15 denote themstors and Mv, 
magnehc valves 

3 MEASUREMENTS 
Emenmental setup 
The expenmental setup (cf Fig 1) consists of the follomng solar st111 module solar simulator (not shown) 
two vapor/liqmd separators for collechng the product, heat exchanger, penstalbc pump to transport the 
feedstock, low pressure adjustable flow rate air pump, electnc balance to measure dlshllate, gas flow meter 
magnehc valves to dram penodically the separators, electnc balance to measure the amount of the drained 
&sfillate and temperature sensors The system is connected on-line to a personal computer for data collection 
and analysis The posltlon of the air pump ensures that the system operates at a pressure somewhat below 
ambient 

Solar sbll module 
The st111 consists of two shallow trays, supplied mth penmeter m s ,  of sllghtly different dimension (see below) 
such that the upper tray can be Inserted Into the lower tray &r tightness was ensured by inserting a rubber 
gasket tape between the nms and between the upper nm and glazlng The two trays and glazing were clamped 
together by screws The upper and lower trays were constructed from a 1 mm tluck copper sheet and the lower 
tray was insulated externally (1 e , its bottom and penmeter) mth 50 mm thlck polyurethane foam The two tray 
design separates the solar shll into two chambers connected by the slot In the upper chamber The bnne dram- 
off tube is soldered to the bottom of the upper tray (vlz , m tllted position) and passes through the lower tray 



The evaporahon plate, i e , the upper tray is covered by a h n  black porous fabric (wick) The serpentme tube 
carrylng the feedstock in the lower chamber is attached to the bottom of the upper tray and the feedstock evlts 
the serpenhne tube onto the upper tray vla its slot (cf F I ~  2) and 1s evenly chstnbuted over the width of the wick 
by means of an overflow weir near the top of the upper tray The solar stdl module Qmensions are as follows 

Double-glazing 3 mm tluck glass, L = 1 95 m, W = 0 6 m, spacing between glazing = 20 mm 
Upper chamber 1 mm thlck copper, L = 1 87 m, W = 0 545 m, H = 12 mm, nm width = 30 mm 

on three sides and 40 mm at top (adjacent to slot) 
Spacing between the two chambers = 12 mm 

Wick 0 3 mm h c k  black porous fabnc, L = 1 85 m, W = 0 545 m, A = 1 m2, weir 
height = 6 mm, 

Spacing between textile and inner glazing = 12 mrn It 1s assumed that the mck 
thclmess is independent of water load 

Lower chamber 1 mm h c k  copper, L = 1 9 m, W = 0 55 m, H = 25 mm, nm width = 30 mm 
Serpentrne tube copper, L = 6 m, D, = 10 mm, Do = 12 mm, A = 0 20 m2 
Baffles rune baffles soldered to the bottom of lower chamber, H = 12 mm for all baffles, 

seven, L = 0 44 m, one, L = 0 36 m, one, L = 0 28 m 
Sbll casing wood, L = 2 06 m, W = 0 7 m, H = 90 mm, bottom thxkness = 10 mm, side 
thckness = 15 mm 
Bottom and edge msulabon 50 mm thlck polyurethane foam, conductwlty = 0 04 W m ' K ' 

Lower Chamber 1 90 m 

to upper 
E Chamber 
Ln 
Ln 
0 

+--- Air +--- 

Feedstock 

Flg 2 Top mew of the lower chamber wth  serpentine tube and baffles (not drawn to scale) 

Expenmental conchhons and procedure 
The tdt angle of the solar stdl module was set at 20° throughout h s  study S~rmlarly, the solar ralauon 
intensity promded by the solar s~mulator was 650 +/-lo W m and its hlt angle was also 20° The Merenhal 
and cumulauve ylelds from Separator I and I1 were measured automabcally by a type PT 6 Satonus electnc 
balance wth  an accuracy of * 1 g The temperatures were measured mth an accuracy of * 1 "C using calibrated 
temperature sensors of the silicon base type KTY 11-2A The absolute hurmhty of a r  in the viclnity of the slot 
was calculated from the matenal and energy balances on the sbll A data acqulsibon svstem served to morutor 
and store the temperature data from the slxteen thernustors and to calculate Merenhal and cumulauve yields at 
vanable hme intervals It consisted of a PC wth  an AID-D/A converter card, electro~uc measuring and 
magnehc valve control umt, temperature sensors and a chgtal balance wth  a RS232C senal interface The data 
acqulsihon, control and analysis software were developed for the study 

The expenmental procedure for the performance tesbng is as follows 
(1) the a r  and feedstock flow rates are defined and held constant, 
(2) the temperatures at a number of strategically placed locahons are mo~utored 



a r  stream- upper chamber inlet, equally spaced probes In the &rechon of flow and above 
the slot, 
lower chamber below the slot, equally spaced probes In the I remon of flow 
and at the outlet, 

feedstock- lower chamber inlet, 
upper chamber ovefflow weir and bnne dram-off outlet, 

saturated a r  stream eulhng the stdl to the external condenser, 
(3) the sfishllahon rate is detemned by m e a m n g  the cumulahve sfisbllate d w n g  a specified hme interval 

4 RESULTS 
The results refer to the performance teshng of a solar shll mth a normnal sbll area of 1 m2 (1 86 m x 0 54 m) 
ublizlng a solar simulator provlcbng a constant rackahon intensity of approx 650 W m 2  The solar st111 
performance was tested as a funmon of both feedstock and a r  flow rates The former was vaned in the range 
between 2 28 to 4 09 kg h ' and the latter between 1 9 and 9 4 kg h ' The solar sbll acheved steady-state as 
ewdenced by momtonng both a r  stream temperatures and the Isbllabon rate, after approvimately one hour of 
operation The maxlmum a r  stream temperature, - 80°c, is measured at the top of the upper chamber above 
the slot It is observed that thermal energy recycle begns to take effect after about 30 minutes by companng the 
conhnuously morutored a r  stream temperatures at the inlet to the upper chamber to that at the outlet from the 
lower chamber, wz , after about 30 rmnutes the latter exceeds the former The steady-state dshllahon rate was 
found to be of the order of 1 kg m h ' It is of interest to note, that If the a r  pump remaned in operabon after 
the solar simulator was shut-off and the system was at steady-state, the st111 conhnued to produce Ishllate, 
albeit at a decreasing rate, for about another hour In other words, In splte of the relahvely low thermal mass of 
the solar st111 module, thermal energy recycling is st111 capable of enhancing the yleld after 'sunset', 1 e , after 
the solar simulator is shut-off 

Produmwtv as a funaon of a r  and feedstock flow rates 
Dunng the course of performance teshng it was observed that the solar sfill module, under steady-state 
concbbons, was capable of producing Isbllate at a rate of 1 kg m h ' over a relabvely wide range of both a r  
and feedstock flow rates The a r  flow rates could be vaned in the range of 1 9 to 3 6 kg m h ' and the feedstock 
flow rate between 2 to 4 kg m h ' wthout seriously affemng the overall producbvlty rate 

The produmwty rates for two Merent feedstock flow rates, 2 28 and 4 07 kg m h ' and a r  flow rates in the 
range of 1 9 to 9 4 kg m h ' are presented in Table 1 Also listed in Table 1 1s the temperature of the a r  stream 
that enters the lower chamber, TI, It is observed that both TI, and DI the rate of condensahon in the lower 
chamber, decrease monotomcally wth  Increasing a r  flow rates On the other hand,, DII, the rate of 
condensahon in the evternal condenser, exhlb~ts a moderate increase wth  increasing a r  flow rates 
Consequently, a monotomc decrease of the total produchwty rate CD is observed, It obvious that an optlmum 
flow rate must exlst since for h s  solar st111 design the produmvlty is zero for a zero a r  flow rate 

Table 1 Dependence of dstIl1atIon rate as collected in Separator I @I) and Separator I1 @II) and the 
temperature of the wet a r  entenng the lower chamber TI, on the a r  flow rate and feedstock flow rate for a st111 
area = lm2 and raIahon intensity = 650 W m 



It is also apparent from Table 1 that In the range studed, the effect of feedstock flow rate on the solar sull 
productlvlty 1s negligible However, In the v~c~mty  of the optimum a r  flow rate a lower feedstock flow rate 
results m slightly enhanced produchvity Tlus suggests that the st111 be operated at that lowest feedstock flow 
rate capable of mantauung the wck completely wet, viz , a 2 kg m2 h ' feedstock flow rate 

Thermal charactenshcs of the st111 at about outlmum feedstosk flow rate 
The sensiuvlty of a number of stlll parameters to changes m the rate of a r  flow is shown in Table 2 These 
include the sull maxlmum temperature TI ,, the dew point of the a r  stream entenng the lower chamber TDew, the 
temperature of the saturated a r  eMtlng the lower chamber TI ., the thermal energy recycled &rectly to the wet 
wick surface q ~ ,  the thermal energy utrlized to preheat the feedstock qpR, the total thermal energy recycled ~ R T  

the utllized solar energy QU and the top thermal energy losses from the stlll q,, The thermal energy parameters 
were detemned from the mass and energy balances on the shll at a fixed feedstock flow rate mf = 2 28 kg m 

Table 2 Vanahon m the solar st111 module maxlmum temperature TI ,, the dew point of the flu~d entenng the 
lower chamber TD,, the temperature of the flu~d exlhng the lower chamber TLo, the thermal energy recycled 
directly to the wet wck surface q ~ ,  the thermal energy utIhzed to preheat the feedstock q p ~ ,  the total thermal 
recycled ~ R T ,  the util~zed solar energy QU and the thermal energy losses to the amb~ent through the glazing q, 
as detemned from mass and energy balances on the solar st.111, as a funchon of air flow rate 
St111 area = 1 m2, ra&abon lntenslty = 650 W m 2, feedstock flow rate = 2 28 kg m h ' 

It is observed that w t h  increasing the a r  flow rate, ma vanes in the range of 1 95 to 7 37 kg m h ', the amount 
of total thermal energy recycled ~ R T  decreases by about 200 W m At the same tlme the amount of uulized 
solar energy Q,, increases (the top thermal energy losses q, decrease) but t h ~ s  is only of the order of 100 W m 
and consequently overall st111 performance 1s rnfenor It is suggested, based upon the expenmental results 
reported In Tables 1 and 2, that the real operational optimum for the st111 should be at even lower a r  flow rates, 
vlz , below 1 95 kg m h ', provlded that the module 1s designed such that the a r  veloc~ty In the upper chamber 
is lugher than 0 05 m s ' (th~s is e&mated as the nunimum velocity necessary to lunder the back-ddks~on of the 
vapors in the upper chamber) and, at the same Ume, turbulent flow is acheved in the lower chamber to ensure 
h g h  heat transfer numbers 

5 DISCUSSION 
A dscuss~on regardmg the heat transfer processes occumng w ~ l h n  the solar st111 module system IS facilitated by 
refemng to the schematrc dagram ~n Fig 3 The values for the parameters, normallzed to a solar st111 area of 1 
m2, used in t h ~ s  analysis were as follows 

Ga = solar radatron absorbed by the st111 components = 550 W m ', 
q, = thermal energy loss from black wick to ambient = 200 W m ' , 
Q, = solar energy utllized In the upper chamber = 350 W m 2 ,  

q~ = back and edge thermal energy losses through the solar sull insulatlon to the ambient = 

3 0 w m 2 ,  
qR = thermal energy recycled from the lower cavity to the central plate = 350 W m 
q p ~  = thermal energy utllized In the lower chamber to preheat the feedstock = 130 W m ', 
ma = mass flow of a r  = 2 37 kg m ' h ' (equivalent to 2 m3 m h ' dry arr at 298 K and 101 3 

Wa), 
mf = feedstock flow rate in the serpentme tube = 2 2 kg m ' h ' , 
mb , = bnne drm-off flow rate = 1 1 kg m h ' , 

= condensate (viz , dstrllate) flow rate at the outlet = 0 7 kg m h ' 



The temperatures were assumed to be as follows T, = T,, = Tgl = 30°C, Tb , = 60 OC and TI, r;: T,, x 65°C 
where subscripts a, u, f, b, 1 and c refer to ambient, a r  stream in the upper chamber, feedstock, bnne a r  stream 
in the lower chamber and condensate, respemvely Subscripts 1 and o denote in and out, respemvely 

As shown in Fig 3,  In the upper chamber the enthalpy of the a r  stream is increased by the recycled thermal 
energy, q ~ ,  the uhlized solar energy Q, and the thermal energy released by the preheated feedstock The 
maxlmurn air stream enthalpy, withn the solar shll module, occurs at the slot connecbng the two chambers In 
the lower chamber there 1s a rnargnal thermal energy loss through the edge and bottom insulauon, q~ A 
considerable framon of the thermal energy of the a r  stream in the lower chamber is recycled, both to preheat 
the feedstock and heat the evaporahon plate, vlz , the metal plate separahng the two chambers Most of the 
vapor content of the alr stream flowng through the lower chamber condenses on either the serpentme tube or 
the evaporahonfmetal plate The rernamng thermal energy input to the solar shll exlts the u11it as sensible heat 
of the condensate and the enthalpy of the saturated a r  stream 

Fig 3 Eshmated thermal energy flow diagram In air-blown, mulbple-effect solar still wth  internal thermal 
energy recycle, normalized to a m t  shll area See text for nomenclature assumed flow rates and temperature 
values 

System design parameters 
1 Feedstock and a r  flow rates- Prevlous inveshgations by Mnk et a1 (1997) have shown that a feedstock 

flow rate mf = 2 kg h 'm is sufficient to completely wet the wck Thls study ut~lized a solar st111 wth  a sbll 
area, A, of 1 m2 hlted at an angle of 20" The radiation intensity was 650 W m 2, utilizing a solar simulator 
and the evaporahon rate m, was approximately 1 1 kg h ' It was also observed that the lughest produchvlty was 
obtaned for a r  flow rates ma in the range between 1 8 and 3 5 kg m h ' Consequently, in the present study 
the feedstock flow rates mf, were m the range of 2 28 to 4 07 kg m h ' and the air flow rates were vaned 
between 1 9  and94  k g m 2  h 1  

ii Uhlizat~on of the vapor content of the a r  stream exlhng the solar st~ll- The condensahon in the lower 
chamber was eshmated in the above example, cf Fig 3,  as 0 7 kg m h ' Based upon tlus calculahon, the 
saturated alr stream exlhng the lower chamber 1s also a potential source of fresh water If Q1, denotes the 
enthalpy of the saturated air in J kg ' for the case when 1 kg a r  is saturated at a gven temperature T the rate of 
thermal energy exlhng with a r  stream ql, is gven by 



It is observed from Fig 3, that for a shll area of 1 m2 and ma = 2 37 kg m h ' , that qlo = 340 W m and Qlo = 
516 500 J kg ' m s  value corresponds to a TI, = 65°C and an absolute hurmdty Habs of about 0 20 kg vapor per 
kg a r ,  as detemned from Psychrometric Tables The mass flow rate of vapor that exlts wtlun the a r  stream 
from the umt is x 0 48 kg h ' (1 e , as detemned from A ma Habs ) Provided that the temperature of the exihng 
a r  stream can be cooled, by an external heat exchanger (viz , a condenser), such as to approach the ambient 
temperature, an adhhonal 0 4 kg m h ' fresh water can be recovered 

On the other hand, ma Ql0 IS also eqwvalent, as determined from an overall thermal energy balance on the solar 
a l l ,  to 

where c, is the heat capacity of water in J "C ' kg If it is assumed that the temperatures are as clted above 
vlz , Ta = T,, = Tt, = 30°C and Tb = 60°C and the shll operates near the optlmum, than the evaporabon rate 
is about half the feedstock flow rate Consequently, the sum of the 3 1 ~  and 4h terms in Eq 3 approach zero 
since the bnne dran-off rate is about half of that of the feedstock In addhon, for relabvely low air flow rates 
1 e , near opbmum operahng condhons, the thermal energy Input from the entenng a r  stream ma Q,, is low (= 
50 - 100 W m2), sirmlarly for the thermal energy eMhng the shll via the condensate (= 50 W m2 for mo = 0 7 
kg m h ' and T,, = 65°C) Finally, q ~ ,  the back and edge thermal energy losses through the solar still 
insulahon to the ambient can be reduced to x 30 W m by standard and inexpensive insulahon matenals As a 
result of the above, the sum of the 2nd, 5& and 6h terms also approach zero and Eq 2 reduces to 

and 
1 

Q l o x  Quma 

It IS apparent from the above analysis that the enthalpy of the saturated a r  stream exlhng the lower chamber is 
approximately eqwvalent to the uhlized solar energy Qu, and is Inversely propofional to the a r  stream flow rate 
ma Consequently, it would be advantageous to operate the solar shll at even lower a r  stream flow rates since 
lugher ewhng a r  stream enthalpy values translate into both lugher temperatures and vapor content of the 
exlhng a r  stream Also, the overall heat transfer coefficient for condensahon from the a r  stream decreases 
rapidly wth  decreasing temperature (see below) The lower a r  stream flow rates wlll result in an Increase in 
the a r  stream temperature in both chambers and an Increase in the external condenser efficiency 1 e as a result 
of the greater temperature gradent An increased condenser efficiency will allow a reduchon in condenser slze 
and/or cooling energy reqwrement and resultant decrease in construchon and/or operahng costs 
As menhoned previously, an opbmum a r  stream flow rate must exlst In the range of relabvely low flow rates, 
since for tlus solar a l l  design the produchwty wl1 be zero for an a r  flow rate of zero 

iii VaporAiqwd separator, heat exchanger- In the performance teshng of the solar shll module In the 
laboratory lt was desired to measure the pnmary dsbllabon/producfivitv rate withm the module (I e , the rate of 
condensabon w t h n  the lower chamber, whch is a hrect measure of the efficiency of the thermal energy recycle 
process) and that obtaned from the exlhng a r  stream, secondary &shllabon Therefore, the vapor4iqwd 
m x m e  exlhng the stdl module first entered vaporfliqwd Separator I (pnmary Qshllate), then the vapor stream 
was passed through a heat euchangerlcondenser pnor to entenng vapor/llqud Separator I1 (secondary dishllate) 
In a scaled-up system it would be sufficient to have the outlet vaporlliqwd rmvture exlhng the system to pass 
through a heat exchangerlcondenser pnor to entenng a slngle vaporniqwd separator 

In the present study a slmple water cooled condenser funcboned as the heat exchanger but lt would be very 
advantageous to uhlize the non-negl~gible thermal energy present in ~s stream to preheat the feedstock viz , to 
uhlize the feedstock as the cooling medum In such a deslgn the temperature of feedstock entenng the shll 
would approach TI, and thereby further Increase the sbll operabng temperatures T h s  method of operahon of 
the solar sfill is dscussed in deml by Aboabboud et al (1996) 

iv Glaung- The amount of solar radahon absorbed w t h n  the shll Ga is the Merence between the 
incldent solar ra&afion G and the reflechon losses from the stdl glazing G,, cf Flg 3 The ubllzed solar energy 



Q, IS deternuned from the Merence between the G, and the thermal energy losses to the ambient through the 
glazing q, Thus, the amount of ublized solar energy is given by 

It is apparent from Fig 3, that for a gven solar irradlance G, the shll performance is deternuned manly by the 
top losses q, and the efficiency of the thermal energy recycle processes Since the system is designed to 
operate at low mass flow rates of a r  and at relabvely h g h  temperatures, the thermal energv losses to the 
amblent wl l  increase wth Increasing temperature To nunlrmze these thermal energy losses the glazing should 
have good insulat~ng propewes T h s  was acheved by uhlizing a double glazing The &sadvantage of a double 
glavng is the Increased reflechon losses, apprommately an 8 % increase in reflechon losses, but ttus is more 
than compensated for by the relahvely hgher temperature gradients, AT = T, - T, acheved In adhbon since 
the glazing does not funchon as a condensatlon surface (in fact, If condensatlon is observed on the glazing the 
system IS not operabng properly) ~t is poss~ble to use such polyrnenc glazings defined as transparent insulahng 
matenals (TIM s), e g Qualex, a transparent double-walled polycarbonate sheet, whch are, in general, non- 
wetbng 

v Thermal energy recycle process and a r  velocity in the lower chamber- The thermal energy recycle 
process occurs in the lower chamber wa heat transfer from the saturated a r  stream to the central metal plate and 
to the serpenhne tube The rate of condensahon in the lower chamber (ca 0 7 kg m h ') is drectly related to 
these processes The heat transfer processes include condensahon and convechve heat transfer from the arr 
stream The comblned heat transfer coe-fficient kg, which strongly depends on the temperature (the vapor 
content of saturated arr) and its flmd mechmcal properties is approxlmated by 

where h, is the heat transfer coefficient for the condensed water film, in the range of 5000 - 10000 W m K ', 
h, IS the convectwe heat transfer coefficient of the gas film, q, is the heat transnutted by gas (arr + non- 
condensing vapor) and q is the total heat transnutted 

The overall heat transfer coefficient Ul, for thermal energv recycle process from the lower chamber to the upper 
surface of the wet wck, where the evaporahon process is occmng,  is p e n  by 

Ulw = 11 [(I/ kJ + (11 h,) + (11 hsd) + (11 hJ + (11 h,)] (7) 
where h, is the heat transfer coefficient for the metal plate, 260 000 W m K ' for a 1 mm tluck copper sheet, 
hSd is the heat transfer coefficient for scale deposit , approxlmately 5000 W m K ', hf is the heat transfer 
coefficient for the bnne film above the plate, about 3500 W m K ' and h, is the heat transfer coefficient for the 
wet wck, about 660 W m K ' for a 1 mm tbuck water film 

The above equahons for the heat transfer coefficients were solved by deterrmrung values for qJq from the 
Psychrometric Tables for temperature intervals of 5 "C and using the above values for the indlwdual heat 
transfer coefficients The followng values for the heat transfer coefficient for the gas film h, were considered 
80,20, 10 and 5 W m K ' The results of t h ~ s  analysis are reported in Table 3 A value of h, = 80 W m K ' 
corresponds to turbulent flow wth  Re > 10 000 and a gas velocity of 10 m s ' or above for the case of an 
eqmvalent hameter D, of approxlmately 0 02 m Using the same value for the equivalent &meter, h, values of 
20, 10 and 5 W m K ' correspond to apprommately 2, 1 and 0 5 m s ' gas velocihes, respechvely 

It is obvlous from the results of ttus analysis reported in Table 3 that the effechveness of thermal energy recycle 
process and consequently the shll performance depends manly on U,, It is possible to increase, to a lirmted 
extent, the value of Urn by decreasing the truckness of the porous wick, cf Table 3 

The results reported in Table 3 suggest that the shll should be operated at h g h  temperatures and with hlgh gas 
film heat transfer coefficient h, values Such h g h  temperatures can be acheved onlv If sufficiently low mass 
flow rates are applied, since at constant energy input the enthalpy g a n  of the a r  stream is inversely propomonal 
to its mass flow rate On the other hand, h g h  linear a r  stream velocities are necessary in the lower chamber in 
order to acheve hrgh heat transfer coefficient h, Thrs goal can be acheved by decreas~ng the height of the 
lower chamber andlor by accelerahng the a r  stream velocity with the help of baffles, since the a r  mass flow 
must be low 



Table 3 Overall heat transfer coefficient for thermal energy recycle Ulw as a funmon of temperature and the 
heat transter coefficient for the gas film h, for a wlck kckness of 1 mm 

* for wick ~ c k n e s s  = 0 5 mm 

In the present solar shll module the feedstock is preheated in the lower chamber and its height is deterrmned by 
the outer Qameter of the serpentme tube Therefore, in the lower chamber the gas veloc~ty was accelerated, by a 
factor of about three by means of baffles, whch were concentrated in the lower temperature/sect~on of the 
chamber (d Fig 2) 

vl Serpenhne tube area vs shll area- The raho of the thermal energy transmtted to the serpentme tube to 
that &rectly recycled to the central plate is 1301350 = 0 37, cf Fig 3 Ideally, the raho of the tube to plate 
surface area should be idenbcal to the thermal energy recycle rauo, slnce the nature of heat transfer process to 
the tube and the plate is essenhally the same Nevertheless, If it is assumed that the average temperature 
graQent between the tube and plate IS T,, - T,, z 2 K, and considering that the overall heat transfer coefficient 
Ulw is in the range between 200 - 300 W m K ' i e , the shll operates under nearly ophmum conbtlon, it is 
possible to reduce the tube to plate surface area raho to about 0 2 m2 m ', In order to acheve cost savlngs T h s  
would be more than sufficient If the entenng feedstock is preheated close to TI. uhlizing the enthalpy present in 
the a r  stream exlhng the solar st111 

vii Pressure drop in the system- A drawback in increasing the a r  stream velocity in the lower chamber is 
that parasihc electnc energy requred to dnve the a r  pump also increases T h s  may be a major problem In 
rural applicahon where the electtlc energy may be supplied by PV panels In adchbon, a system operabng under 
h g h  pressure drops requres sturcher and more expensive construchon than that operahng at nearly atmosphenc 
pressure The present solar shll system was designed for very low (< 100 Pa) pressure drops and may be 
considered to operate under atmosphenc con&hons 

6 CONCLUSIONS 
The design and performance teshng of a double glazed, an-blown, multiple-effect solar st111 mth thermal energy 
recycle consishng of two chambers, upper evaporator and lower condenser, has been presented A considerable 
frachon of the latent heat of condensahon is recycled for directly heahng the evaporahon plate and for 
preheahng the feedstock and thereby enhanang the rate of the evaporahon process 

The heat transfer processes are based upon film condensahon from a saturated a r  stream, whch is charactenzed 
by a relahvely h g h  heat transfer coefficient, especially when operahng at relahvely hgh  temperatures These 
h g h  temperatures are acheved by operahng the solar st111 system at low air mass flow rates In addition, the 
heat transfer process is fh-ther enhanced by the h g h  air velocities in the lower (condensahon) chamber 

The solar shll performance, as expected from theorehcal analys~s depends only slightly on the feedstock flow 
rate and the steady-state dishllahon rate e h b i t s  an optimum (that was found to be of the order of 1 kg m h ') 
mth increasing a flow rates 

The expenmental results suggest that the solar shll performance can be fiuther enhanced by decreasing both the 
a r  flow rate and the cross sechonal flow area in the lower chamber 
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Abstract - Mathemahcal models have been developed independently by the sclenttsts at the two inshtuhons 
lnvolved in a jolnt research program to descnbe the heat and mass transfer processes occwng  ~n an ar-blown, 
mulhple-effect solar shll with thermal energy recycle The solar shll is of the hlted wck genre in the form of a 
thln rectangular box dvlded into two chambers by a central metal sheet A slot between the two chambers at 
tile top of the tilled still allows for passage of the air stream from the upper to the lower chamber The upper 
chamber funchons as a an evaporator and the lower as a condenser The a r  stream sweeps the water vapor 
evaporated irom the tilted wick ma the slot into the lower chamber where ~t condenses and delivers the second- 
effect Both models uhhze non-linear dfferenhal equahons to descnbe the system under both translent and 
steady-state condthons The two groups W e r  In their approach to the soluhon of the non-hear Werenhal 
equations The models predlct a r  and water stream temperatures, water vapor content and the &shlIabon rate 
The models were validated by a demled comparahve analysis of thelr predchve abillty uhllzing expenmental 
measurements on such an ar-blown, mulhple-effect solar st111 wlth thermal energy recycle 

1 INTRODUCTION 
An evtensive revlew of the literature on single-effect solar shlls reveals, Illat in spite of the large amount of 

research and development effort Invested In such stills, their efficiency remans stalled In the 30-40% range, 
1 e , only t h ~ s  framon of the incident solar radiation is uulized In the produchon of dlshllate (Delyanms and 
D e l y m s  (1980), Mallk et al (1982) and KuQsh (1991)) If we apply t h s  finding to and zones, whch are 
charactenzed by the greatest shortages of potable water, one arnves at the following conclusion present day 
state-of-the-art single-effect solar shlls cannot be expected to exceed an annual productmty limt of lm3 m 2  
Thls assumes that the cumulauve annual global radlahon incldent on the Earth's surface in these and reglons IS 

about 8 x lo6 kJ m y ' and the annual shll efinency 1s of the order of 30% The major drawback In the deslgn 
of such single-effect solar shlls is the dumpmg, In excess of 90%, of the solar energy converted to thermal 
energy by the st111 m the form of latent heat of evaporahon to the ambient vla condensatton of the water vapor 
on the relahvely cooler Inner surface of the glazing (I e , less than 10% of the thermal energy IS uhlized to rase 
the st111 basin water temperature) Mulhple-effect solar shlls are designed to recycle the latent heat of 
condensahon to heat or pre-heat the st111 basin temperature 

A number of manuscnpts have been published whch descnbe andlor model mulbple-effect solar shlls in 
whch an a r  stream moves above a water film or uhlize forced convechon techruques A signrficant 
enhancement shll producumty has been reported for these modrfied solar fills Yeh (1985, 1995) m o ~ e d  
Lof s equahons to denve energy balance equahons to model an upward-type, double-effect solar shll wth  a r  
flow through the second-effect urut Thomas et al (1990) developed a model to descnbe a venhlated solar 
evaporator w t h  convecuve a r  flow for enhanced evaporauon A solar st111 uhlizing an a r  stream In the 
evaporative channel, vaponzlng the water by forced convechon and condensing it on an external condenser is 
descnied by Assouad and Lavan (1988) Rahlrn (1995) descnbes a forced condensahon techmque as a applied 
to a moving water film on a ulted solar st~ll, where the evaporator and condenser are two separate w t s  Such 
a desrgn makes it posslble to increase the temperature merence between the two w t s  

The heat and mass transfer for hquld evaporatton Into an a r  stream has been stu&ed extensively Smolsky 
and Sergeyev (1962) found that there is considerable lncrease in heat and mass transfer due to the a r  stream 
T h ~ s  enhancement was explaned as berng the result of the evaporauon of fine water droplets c m e d  away by 
the ar stream from the wethng surface into the boundary layer 

Mrnk et al (1993, 1995) and Aboabboud (1997) have recently descnbed the performance and analysls of a 
forced convechon, mulhple-effect solar st111 These studes have indcated that the proposed design has the shll 
produmvity 

We wl l  present two mathemattcal models that have been developed, independently, to descnbe the heat and 
mass transfer processes occumng in an ar-blown, mulhple-effect solar still wth  thermal energy recycle as 
designed by Mink et al (1993, 1995) and Aboabboud (1997) Both models uhlize non-linear dlfferenhal 
equauons to descnbe the system under both translent and steady-state confihons The pnmary a m  of ths  



study was to use an accurate as possible simulahon procedure so as to apprase and quan* each of the forced 
mulh-flow effects Nevertheless, sufficiently s~mple numerical procedures were adapted to the form of the 
physical system under considerabon These models were val~dated by a detaled comparatrve analysis of thelr 
predrcbve ab~ l~ ty  ublizing expenmental measurements on such a solar sbll The sbll belng developed under a 
joint Israeli-Hungman research program, will be descnbed bnefly in the following sechon, since a companion 
paper describing in deml its operatton and expenmental results wll  be presented separately N n k  et al 
(1997) 

2 SOLAR STILL DESCRIPTION 
The ar-blown, mulhple-effect solar shll is essenbally of the hlted-wick genre in the form of a thin 

rectangular box drmded into two chambers by a central metal sheet A slot between the two chambers at the top 
of the ttlted sbll allows for passage of the mr stream from the upper to lower chamber The upper chamber 
funchons as an evaporator and the lower as a condenser and it operates in the following manner (I ) ambient 
a r  is drawn into the upper chamber (vla a blower attached to the exit from the lower chamber) from the lower 
end of the ttlted sbll, w l c h  is provided wth  a senes of air-inlet holes, and sweeps the water evaporated from 
the tdted wick into the lower chamber, (ii ) the major pofion of the water vapor condenses either on the 
backside of the metal sheet, whch serves both to separate the two chambers and supports the wck, or on the 
serpenttne tube, attached to the backs~de of the metal sheet, transpofing the feedstock to the upper chamber, 
(111 ) the serpentine tube enters the upper chamber, vla the slot, and releases the feedstock at the top edge of the 
metal sheet whch has a welr to facilitate even wettmg of the hlted wck (IV ) the hshllate is collected by 
drmmng from the lower chamber into a collechon vessel, (v ) the saturated a r  stream exlhng the lower 
chamber enters an external condenser to recover water vapor pnor to venbng to the ambient via the blower A 
schemahc hagram of the solar shll 1s shown m Fig 1 It should be noted that the shll glaz~ng does not 
funmon as a condensabon surface and therefore it is possible and recommended to uhlize a double glaz~ng 
even non-wethng polymeric glazings, to reduce the thermal energy losses through the glazing to the ambient 
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Fig 1 Schemat~c dragram of ar-blown, mulhple-effect solar sf111 wth  thermal energy recycle 

3 MATHEMATICAL MODEL 
As menboned above, the scienttsts at the both instltubons (Ben-Gmon University, BGU, and the Research 

Laboratory for Inorganrc Chermstry, RLIC) have developed, independently mathemahcal models to descnbe 
the heat and mass transfer processes o c m n g  in the proposed solar shll deslgn Both models uhllze non-linear 
Werenhal equabons to descnbe the system under translent and steady-state conhttons The models preQct 
both a r  and water stream temperatures, water vapor content of the a r  stream and drshllate rate The two 
groups M e r  in their approach to the soluhon of the non-linear Werenhal equahons and the major Werences 
between their respecttve soluhons are the followng 

a RLIC utthze an approximate exponenhal correlatton between enthalpy and the temperature of the 
adwater vapor stream found to be valid in 40 to 8 5 ' ~  range typical for such solar sbll systems T h s  converts 



the non-linear Qfferenhal equahons, which do not have analyhcal soluhons, into Werenhal equahons with a 

simple exponenhal coefficients BGU applies numencal tntegratlon to solve the non-linear &fferenbal 
equahons 

b In order to reduce the number of vartables, RLIC assumes that at any cross-secbon of the st111 the 
temperatures of the water film on the wtck serpenhne tube, metal sheet and saturated a r  stream In the upper 
chamber are approximately of equal value and simlarly for the condensed water and the saturated a r  stream in 
the lower chamber Such approulmahons appear to be reasonable tn Mew of the relahvely small spacing 
dmensions in the two chambers (vtz , the spaclng between the metal sheet and the inner glazing/backside are < 
15 mm) BGU assumes only that the temperatures of the water film on the wick and the metal sheet are the 
same 

c RLIC determtnes the water vapor content of the a r  stream ustng the exponenhal correlahon described 
above, whereas BGU uhltzes a Werenhal temperature equahon 

d RLIC assumes that the upper and lower chamber a r  streams are saturated throughout and BGU 
assumes that only the a r  stream layer in contact wtth the waterlwick interface tn the upper chamber and the atr 
stream layer in contact wtth the metal sheetlserpenttne tube in the lower chamber are saturated 

e RLIC determines the Qsbllatton rate from the water vapor content as calculated using the 
abovememoned exponenhal correlahon BGU applies the heat and mass transfer analogy to determine the 
forced convechve mass transfer, ustng the a r  and water temperatures, and thereby the &stdlahon rate 

BGU Model 
hhal ly,  two merent  nunencal modeltng methods were tested to determtne whtch gave better agreement 

with the expenmental data A 'nmrung count' technique ustng tteratlve calculahons of the non-linear 
coefficients at each hme interval and non-tteratlve two-stage 'preQctor-corrector techntque The first method 
was found to be more swtable for the modeltng of the solar sbll and will be used exclusively in this study 

The followmg assumphons were made in the analvsts 
1 The salt concentrahon of the feedstock is assumed to be suEciently low and is neglected in the 

analysis 
2 The system is considered um-&re&onal tn the duechon of flow for the in&vidual streams 
3 The thermal properbes of the system are assumed to be independent of temperature 
4 The temperature of the water film on the hlted wick is assumed to be at the same temperature as the 

metal sheet suppomg the wtck 
5 Only the transverse conduchvity through the glazing, metal sheet and serpenhne tube are considered 

The solar shll shown schemabcally m Fig 1 was modeled by means of SIX non-linear Merenhal equahons 
These equahons, incorporahng the above ltsted assumphons, are as follows 

A Upper chamber thermal energy balances (0 < x < L) 
1 Shll glazing 

it1 Central metal sheet (plate) w th  water flowrng down wtck 

B Lower chamber thermal energy balances (0 < x' < L1) 
1 &r stream 

11 Feedstock flowmg through serpenhne tube 

111 Serpentme tube 



The bme-dependent terms in Eqs 1 through 6 refer to the rate of thermal energy transfer from the following 
control volumes Wu 6, A(x), Dhu Wu A(x), (?jp + &,,d Wu A(x), Dhl WI A(x), x r? A(x), 7~ (rO2 - r:) A(Y), 
respectively 

C The above equahons were solved by imposing the following imhal and boundary con&Uons 

Tu (x,O) = TI (~ '$0 )  = T, 
Tf (u7,0) = T, (x,O) = Tfi 
Tg (0) = Tar 
Tt (0) = Tfi 
Tu (0,t) = Tar 
Tf (O,t) = Tfi 

The temperature of the air stream exrting the upper chamber, reversing ~ t s  flow &recUon, and entenng the 
lower chamber is assumed to be unchanged in the vlcimty of the slot, mz , 

Tu (%t)atx=~=Tl (xY,t)atx =L, (8) 

and the temperature of the central metal sheet at its upper extremety is assumed to equal to that of the feedstock 
being dtscharged there from the serpenbne tube, mz , 

Tp ( 5 t h  x = L = Tf (yY,t)at x = L (9) 

The indtmdual heat transfer coefficients as applled to each speclfic heat transfer process were detemned 
from the appropriate correlaaons avalable in the literature In terms of the Nusselt number Simtlarly, the mass 
transfer coefficients for evaporaaon and condensauon were detemned from the Sherwood number correiaaons 
applicable to the mass transfer processes occmng  in the solar st111 module The six equahons governing the 
heat transfer processes occmng  w h n  the solar sbll were then solved by the numerical method descnbed 
above 

RLIC Model 
It is apparent from the descnpbon of the approach used by each of the two groups to solve the non-linear 

Merenual equaaons s~mulabng the solar sbll, that the RLIC model is the more simpllfied method They 
utdized the Runge-Kutta method for the solubon of the Merenbal equabons, whch consatuted thelr simpllfied 
model, to simulate solar st111 performance The Werenaal equations utdized in this model are as follows 

A Upper chamber thermal energy balance 
The followng heat transfer processes contnbute to the enthalpy balance on the ar-vapor mxture 

flowng, in the upward drecaon, in the upper chamber (1 ) solar ra&ahon absorbed, (11 ) the thermal energy 
recycled from the lower chamber vla the central metal sheet, (111 ) thermal energy transferred to watedfeedstock 
flowng down the t~lted wlck, (iv ) thermal energy losses to amblent via the sol1 glazing, (v ) thermal energy 
losses wa the penmeter of the upper chamber casing to both the amblent and to the lower chamber The 
drfferenhal equaaons descnbmg the heat transfer process o c c m g  in the upper chamber, the last factor has 
been neglected since the penmeter area IS relabvely small and insulated. are 

va dQu/dA = Gabs + q~ + CW (mw dTddA +Tp dm,/dA) - Up mb (Tp - Tamb), (10) 

and the water flow rate of at any cross secbon is is gven by 

In the above analysis Qu is defined as the enthalpy of the saturated air stream flowng through the upper 
chamber, I e , for the case of a m t  volume of dry a r  at STP is saturated at Tu (1 1845 kg ar),  and Hv is the 
equlhbnum humd~ty in kg water per m3 dry sur 

B Lower chamber thermal energy balances 
The a r  stream exlts the upper chamber at the slot connecbng the two chambers and reverses its flow 

dtrechon upon entenng the lower chamber and flows toward the outlet from the lower chamber at the bottom of 
the OIted sbll In the lower chamber the saturated a r  stream condenses and the mxture of saturated a r  and 
condensate is charactenzed by monotoruc decrease in both temperature and enthalpy The rate of change of the 
mtxture enthalpy w t h  lower chamber area, dQ1 /dA, is posibve, since the area of the lower chamber is 
considered to increase m the dtremon opposite to the flow &recbon of the mxture In the lower chamber the 
followmg heat transfer processes contnbute to the enthalpy balance on ar-vapor m a r e  flowng in the lower 



chamber (I ) thermal energy transferred to the central metal sheet by condensahon from the a r  stream, (11 ) 
thermal energy transferred to the serpentme tube to preheat the feedstock, (111) thermal energy losses by 
condumon through the back and s~de  walls (both are ~nsulated) of the solar st.111, (IV ) enthaply of condensahon 
(v ) thermal energy losses via the penmeter of the lower chamber casing The ddferenhal equations describing 
the heat transfer process occurring In the lower chamber, once agan the last factor has been neglected, are 

Va dQl/dA = q~ + q ~ p  + Ub amb (TI -Tamb) + dqJdA, (12) 

where the dflerenbal thermal energy of condensation released in the lower chamber, dq JdA, IS 

dq, /dA = c, I& dT,/dA + c, T, dmJdA, (13) 

and the condensate flow rate of at any cross sechon 1s gven by 

C Solubon of the ddferentIal equahons 
Approvlmate euponenbal correlabons for both the enthalpy and the hurnlQty of the arlwater vapor 

rmvture as a h c b o n  ~ t s  temperature were developed from the thermodynmc properbes of the rmxture data 
fimng, and are glven by 

where q = 12807 J m 3, aH = 0 0048 kg m 3,  J3 = 0 0617 OC ' (applles to both equations and note that the 
temperature T 1s In OC) The rate of change of the rmxture enthalpy and h m d ~ t y  w~th  chamber area 1s then 

dQldA = a. j3 ePT dT /dA, 

dHJdA = a~ j3 ePT dT /dA 

SubsbtutIng Eqs (16-a), (16-b) into (10) pves the follomng 

~ T ' , J ~ A  = up ,b (c3 - T,)I[V, aQ P ePT - c, (m, + T', V, a~ P ePT ")I, 

where Cg is defined as 

C3 = (Gabs + Up amb T'amb + %)/Up amb 

A matenal balance on the water stream m the upper chamber gves the follow~ng result 

dmWldA = Va dHJdA, (19) 

and from Eq (16-b) 

dHJdA = aH P ePT dT7,/dA, (20) 

and the comb~natIon of the above two equabons gves 

The comblnabon of Eqs (17) and (20) gves 

dmJdA = Up amb ( C3 -T7,)(Va p a, ePT ")1[Va a~ j3 epT " - c, (m, + Tyu Va a~ P ePT ")I (22) 

The Merenbal Eqs (17) and (20) are solved numerically as functions of the sbll area (vlz, the stream 
locahon w h n  the solar d l )  for a range of a r  flow rates and thermal energy recycle values uslng Runge-Kutta 
method 

4 RESULTS 
BGU Model 

The BGU model was first val~dated by slmulabng the performance of the prototype RLIC-1 solar st111 
module, whlch had a solar sbll area of 0 24 m2 and was double glazed (3 mm thck glass ) The companson of 
the expenmentally measured and s~mulatmg alrlwater vapor murture and waterlfeedstock temperatures is 
reported In Table 1 The st111 operated under the fol lomg conhbons mw = 0 452 kg h ', v, = 0 12 m s ' and 
G = 650 W m It is observed from Table 1 that the BGU model does a sahsfactory descnptlon of the solar still 



performance It predcts somewhat lower temperatures for the artwater vapor stream in the upper chamber but 
closely stmulates shll performance, w th  regard to the artwater vapor stream, In the lower chamber The 
results w t h  regard to the temperatures of the water/feedstock flowng through the serpenhne tube and ~ t s  outlet 
onto the upper extremity of the metal sheet in the upper chamber, are reasonable except for the relahvely large 
dscrepancy for the latter 

Table 1 The companson of stmulated (BGU model) ar-water vapor mixture and waterlfeedstock temperatures 
to values measured on Aug 8, 1993 for a 0 24 m2 solar sol1 module, RLIC-1, under the following operahng 
condhons m , = 0 4 5 2 k g h ' , v , = 0 1 2 m s ' a n d ~ = 6 5 0 ~ m 2  

Alr-water vapor Tu(Ax) Tu(L/2) Tu(L - Ax) Tl(L - Ax) T1 (Lm TI (Ax) 
(OC) (OC) (OC) (OC) (OC) (OC) 

RLIC-1 meas 54 1 70 4 75 7 74 0 71 1 58 9 
Dew point 63 6 69 l *  69 l*  69 l*  58 9 

BGU model 45 4 65 3 69 2 69 2 70 1 60 5 
Waterlfeedstock TAAx) T& - Tw(Ax) 

(OC) (OC) e c )  
RLIC-1 meas 42 3 73 5 51 4 

I BGU model 46 5 70 2 60 2 
* Dew Point refers to relahve hunuhty of 0 86 as detemned from the mass balance on the solar shll 

Note Ax refers to a stngle increment after entenng the hlted stdl as measured from the bottom and (L - Ax) 
refers a stte one increment below the upper extremty of the central metal plate 

RLIC Model 
The results from the RLIC model applied to a double-glazed (3 mm thck glass) solar still as a funchon its 

length are reported in Table 2 The operahng condihons are assumed to be as follows Gabs = 350 W m ', Va = 

2 5 m3 h ' and q~ = 400 W m ' It is possible by interpolahon &om Table 2, to predict the performance of the 
solar shll module tested at RLIC, whlch has a length of 1 85 m (shll area = 1 m2) T h s  results m a total 
amount of water vapor carned by a r  stream equal to 1 348 kglh, and a net amount of water vapor evaporated in 
the shll equal 1 240 kg h ', whch is in good agreement w th  the expenmental results 
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Fig 2 Total net water evaporated and removed from a double-glazed solar shll by the exlhng a r  stream as a 
funmon of both the solar shll length and thermal energy recycled from the lower to upper chamber under the 
followng condhons Gabs = 350 W m 2, Va = 2 5 m3 h 



The calculated total net water evaporated and removed from the sttll by the exlhng a r  stream as a funchon of 
both the solar sttll length and thermal energy recycled from the lower to upper chamber is presented Fig 2 
under the followng condlttons Gabs = 350 W m 2, V, = 2 5 m3 h ' In Fig 3 the calculated awlwater vapor 
temperature as a funcbon of both the solar sbll length and thermal energy recycled from the lower to upper 
chamber IS shown under the same operahng conbttons 
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Fig 3 Vanahon of the arlwater vapor rmvture temperature tn a double-glazed solar sttll wth  shll length and 
thermal energy recycle rate under the followng condhons Gabs = 350 W m ', Va = 2 5 m3 h ' 
The vanatton tn the arlwater vapor rmvture enthalpy with solar shll length for Gabs = 350 W m 2, Va = 2 5 m3 
h ' and qR = 400 W m is shown m Ftg 4 In Ftg 5 the vanahon tn arlwater vapor myaure temperature as a 
functron of both solar stdl length and atr flow rate is shown under the following condhons Gabs = 350 W m 
alldqR= 400 w m 2  
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Ftg 4 Vanatton of the airlwater vapor mtvture enthalpy in a double-glazed solar w th  a l l  length under the 
followmg condIhons Gabs = 350 W m *, Va = 2 5 m3 h ' and q~ = 400 W m 
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Fig 5 Vanahon of the arlwater vapor mxture temperature in a double-glazed solar st111 as a funcuon of both 
stdl length and a r  flow rate under the following condrhons Gabs = 350 W m and q~ = 400 W m 

Table 2 The calculated (RLIC model) surlwater vapor mxture temperature T', , total mass flow rate of vapor 
Va H,, thermal energy flow rate V, Q,, net amount of water vapor in atr stream, waterlfeedstock flow rate and 
net water evaporated as a funchon of st111 length Amount of water vapor entenng wth  ambient a r  1s 0 108 kg 
h ', and the bnne dram-off flow rate 1s 1 2 kg h ' 

BGU and RLIC models- comDaratIve analysis 
The comparahve analysis of the two models was performed using the data measured on RLIC-2 a 1 m2 solar 

st111 module The measured and s~mulated values for the atrlwater vapor mxture in the upper chamber as a 
funchon of shll length are reported in Table 3 The temperature values l~sted for RLIC-2 were obwned from the 
expenmental data by interpolahon to the correspondmg shll lengths listed In Table 3 It is observed that both 
models somewhat undereshmate the correspondrng expenmental values but they both prehct slmilar trends It 
is also observed that the BGU model descnbes both the imbal development of the temperature profile and the 
effect of the introdu&on of the waterlfeedstock at the upper extremty of the central metal sheet cf 
temperature values between 1 6 and 1 85 m 

5 CONCLUSIONS 
Two mathemahcal models have been developed independently by the two the groups involved in a jolnt 

research program to descnbe the heat and mass transfer processes occumng In an ar-blown, mulhple-effect 
solar st111 with thermal energy recycle 



A comparatrve analysis, utrlizing expenmentally measured data on two solar stdl modules, has shown that 
both models are able to slmulate the heat transfer processes occmng  In the solar still modules satisfactonly 
however, both undereshmate the steady state temperatures in the upper chamber 

Table 3 The compmson of ar-water vapor rmxlure temperature values measured in the upper chamber of a 1 
m2 solar sbll module, RLIC-2, as a funmon of stdl length to those simulated by both the BGU and RLIC 
models, under the followmg operatmg condtbons m,= 2 5 kg h ' , v, = 0 12 m s ' , G = 650 W m 

Stdl length , m 0 0 2 0 5 0 8 1 1  1 4  1 6  1 8  
Temperature of mrfwater vapor mixture ~n upper chamber e ~ )  
RLIC-2 meas 40 5 60 5 73 5 80 5 82 0 83 5 83 5 82 5 

Dew point - 53 2 66 5 73 7 75 5 77 0 77 0 76 0* 
BGU model 35 0 59 5 68 7 72 6 74 3 75 0 75 1 73 4 
RLIC model 35 0 58 7 65 3 69 6 72 6 74 9 76 6 780 1 

* Dew Point refers to relatlve humdty of 0 86, as detemned from the mass balance on the solar strll 

The BGU model prehcts the local decrease in the upper chamber adwater vapor mxture temperature in the 
vlclnlty of the feedstock inlet onto the central metal plate, 1 e , at the upper extrermty of the plate in agreement 
mth expenmental observaaons The RLIC model does not detect t h s  local temperature decrease 

A major Merence between the two models is in their treatment of the rate of thermal energy recycle from 
the lower to the upper chamber, q~ The RLIC model ublizes the rate of thermal energy recycle as an iterative 
parameter in the solutron of their Merentral equabons The BGU model has the advantage in that it is able to 
calculate q~ from the initial and boundary con&trons The thermal energy recycle is calculated by both models 
to be - 400 W m 2  for an incident solar rahahon intensity of 650 W m2, in good agreement wth the 
expenmental results 

We plan to contmue to fine-tune the models, utilizing the expenmental data measured on the solar strll 
modules and, thereby improve their ability to simulate the solar shlls 

NOMENCLATURE 

A area of solar sbll, m2 
c heat capacity, J kg ' K ' 
G incident solar rahatron mtensity, W m 

Gabs solar energy absorbed by the shll, W m 
H, equhbrrum a r  hurmhty, kg water m dry atr 
h heat transfer coefficient, W m K ' 
L length of chamber, m 
m the mass flow rate, kg s ' 
Q enthalpy saturated au stream, J m 
q, thermal energy released by condensate in lower chamber, W m 
q~ thermal energy recycled fiom lower chamber to upper cavity, W m 

q~~ thermal energy recycled from lower chamber to central metal sheet, W m 
q~~ thermal energy recycled fiom lower chamber to serpenbne tube to preheat the feedstock, W m 

r, inner rahus of serpentine tube, m 
r, outer radus of serpentme tube, m 
T temperature, K 

T temperature, OC 

TSb sky temperature, K 
U overall heat transfer coefficient, W m K ' 
V, volumetric flow rate of bone dry au at STP, m3 s ' 
v linear velocity, m s ' 

W mdth of chamber, m 

Greek letters 

a~ pre-exponenaal ln Eq (15-b) 
ap pre-exponential in Eq (15-a) 

p euponenhal in Eq (15) 
6 thckness, m 



E emttance 
3L enthalpy of vaponzatton, J kg ' 
p density, kg m 
o Stefan-Boltzmann constant W m lX4 

(za) transmttance-absorptance product 

Subscrzpts 

air 
amb 

b 
C 

e 
f 

fi 
g 
1 

P 
t 

U 

W 

ambient an entemg the solar shlll 
ambient 
backstde 
condensate 
evaporatlon 
feedstock In serpenhne tube 
~nlet feedstock 
glazing 
lower chamber 
plate (1 e , central metal sheet) 
serpentme tube 
upper chamber 
water (feedstock on wck) 
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Abstract - An ar-blown, multiple-effect solar still w t h  thermal energy recycle cons~stmg of an 

- upper evaporation chamber and lower condensation chamber, the prototype onginally proposed 

by the scientist at the Research Laboratory for Inorgmc Chemstry (MU-JJS et a1 1988), is being 

developed and tested under a jomt Israeli-Hunganan research program The pnnciple of 

operation of such a stlll, the rnatn deslgn parameters and the results of solar stdl performance 

tests wll be presented The present discuss~on wdl be restncted to the performance testing of a 

solar st111 w t h  a n o m a l  st111 area of 1 rn2 (1 86 rn x 0 54 m) u t h n g  a solar simulator 

providing a constant radiation mtensity of 630H9 w m 2  The solar still performance was 

rnorutored under the followng conditions constant feedstock flow rate, 2 96 kgm 2h ', and 

varylng au flow rate, m the range from 0 32 to 4 51 k w 2 h  ' It was observed, under these 

- 
conditions, that the thermal energy recycle began to be effective after about 30 mnutes and that 

- the still acheved steady-state after apprommately one hour of operat~on The steady-state 

&st~llation rate exlubits an optimum (of the order of 1 1 kgm 2h ') for an alr flow rate in the 

range from 1 02 to 1 24 kgm2h ' The expenmental results indicate that the st111 performance 

can be enhanced further by mcreasing the llnear ar stream veloc~ty in the lower chamber by 

decreasing its cross sectional flow area 



1 INTRODUCTION 

Today there exlsts an estimated two bllllon people who go wthout fresh water on a d d y  basis 

The consumption of water unfit for dnnIung, due to pathogens and sallmty, 1s a major health 

hazard world-wde In addition, the growth of the world's populat~on and the consequent food 

shortage, requlres the expansion of agriculture into and zones, 1 e , the greemng of the desert 

The farmne In the Sahal regon (wz , the Sahara Desert) and other less publrclzed regons on the 

globe provlde ample evldence for the necessity of solvlng ths  problem by concerted efforts, 

both natlonal and ~nternational And zones constitute 60% of the earth's land area and they 

are, in general, charactenzed by hgh  levels of solar raQat~on and shortages of fresh water 

Such regions often possess reservoirs of either brachsh or s h e  water that may be used for 

- 
both dnnlung and imgatlon after suitable treatment Solar desalmation systems may be an ideal 

.. source of fresh water for both dnnlung and agriculture in and zones Ths  1s especially true m 

that both the demand for fresh water and the Intensity of solar radiation are, in general, cychcal 

in nature and in phase with each other 

The uthzatlon of solar energy for the dlstlllation of braclush or s a h e  water has been practiced 

for a very long tune Vmous types of solar st~lls and solar-assisted desalination u~llts have 

been deslgned and investigated A number of manuscnpts have been pubhshed on t h s  subject 

a classlc one by Talbert et al (1970) and two more recent ones by MaLtk et al (1982) and 

Kud~sh (1991) The m m  disadvantage of most solar stds IS ther  mherent relatively low 

efficlency, vlz , their efficlency, notwthstandrng Intensive research and development efforts, 

remms stalled m the 30-40% range 

If we apply t h s  findmg to tod  zones, whlch are charactenzed by the greatest shortages of 

potable water, one amves at the follourlng conclus~on present day state-of-the-art single- 

effect solar stllls cannot be expected to exceed an annual productlvrty limt of lm3m2 This 

assumes that the cumulative annual global radiation lncldent on the Earth's surface m these and 
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regions IS about 8 x lo6 k J m 4  and the annual still effiaency is of the order of 30% The 

major drawback in the design of such single-effect solar stills 1s the dumpin,o, In excess of go%, 

of the solar energy converted to thermal energy, by the st111 in the form of latent heat of 

evaporation to the amblent vla condensat~on of the water vapor on the relatively cooler Inner 

surface of the glamg (I e , less than 10% of the thermal energy 1s uthzed to raise the st111 basm 

water temperature, sensible heat) Multiple-effect solar stills are designed to recycle some 

fraction (preferably a large one) of the latent heat of condensatlon to heat or preheat the 

feedstock 

In the single-effect system, the solar radiation 1s absorbed by an absorbing surface (e g , a black 

water basm liner) whch converts the solar to thermal energy The basin h e r  (black to 

max~rmze vis~ble radiation absorption) collects the solar radiation, since water absorbs in the 

infrared range of the solar spectrum and is not capable of converting the solar radiation, 

essentially composed of vlsible radiation (apprommately 5% IS ultrav~olet and a negli,olble 

amount of d a r e d ) ,  directly to thermal energy The thermal energy is transmtted by 

convect~on through the water to its surface The water at the water-vapor interface evaporates 

and then condenses on the relatively cooler still glavng surface The latent heat of 

condensation is vented to the ambient ~n such systems dunng the condensation process on and 

vla the stdl glazlng surface It has been reported by D e l y m s  and D e l y m s  (1980) that the 

overall efficlency of a typical basln type solar still 1s usually 30% or lower T h s  1s the 

underlying reason for the h t e d  use of solar desahation plants constructed from such solar 

stdls In adhhon, they requlre the avadablhty of large land areas and the fixed cap~tal 

Investment IS duectly proportional to the slze (basm area) of the plant, though econormcs of 

scale may be involved with the penpheral equipment (mainly pumps and storage vessels, whch, 

in general, contnbute a small percentage to the total fixed capital mvestment) and operation 

and mantenance costs 



The multiple-effect solar st111 systems are designed to recoverlrecycIe some fiactlon of the 

latent heat of condensation to preheat the feedstock either prior to entenng or ~ t h n  the solar 

still basln and thereby enhance the system efficiency T h s  may be accomplrshed, In the former 

case, by condensing the water vapor on the surface of a heat exchanger through which the 

feedstock flows as the heat exchange medium For example, the still may be constructed wth  

a double glazlng and by flowmg the feedstock through the space between the g l m g  (1 e ,  

essentially a slmple hquld in glass condenser) pnor to entenng the still basln Such a design, 

obv~ously, necessitates operating the stdl as a flow system (I e , a contrnuous feed input) rather 

than a batch system It also requires leakproof seahg  of the double glazing Thts may be 

facilitated by uslng an Internally sealed doubled glaz~ng such as that avalable for double glazed 

wndows (1 e , 'storm wndows') but at a much greater cost than single glazlngs 

An example of the recoverylrecycle of the latent heat of condensation withtn the solar still 

system is that analyzed by Sodha et a1 (1980) It is designated as a double basm solar st111 and 

is a simplified version of a multlple level solar still onpa l ly  proposed by Lobo and Arauj0 

(1977) It is designed to utilize the latent heat of condensatlon from the lower basln (w , the 

condensation of the water vapor on the underside of the transparent base supporting the upper 

basm) to heat the water m the upper stlll basin Ths reqwes the use of a transparent base 

(e g , glass) for the upper still The practical apphcat~on of such a desrgn 1s questionable due to 

the many t e c h c a l  problems mvolved, such as the load on the transparent base of the upper 

stlll 

The two stdl designs described above are classified as double-effect solar stills, a single 

recovery/recycle of the latent heat of condensatlon It IS possible to envlslon the design of 

muitiple-effect solar stills (e g , addmg on more basins w t h  transparent bases, one top of the 

other, to acheve a multiple-effect) sirmlar in concept to multiple-effect conventlonal 

desal~nation t echques  Needless to say, the cost of the solar st111 construction increases with 
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complexity of the des~gn and any addltlonal costs must be weighed against the potential for 

Increased productiv~ty/effic~ency 

Another example of such recycle systems is that descnbed by Kosslnger et a1 (1993), 1 e , a 

hghly efficient solar desallnatlon umt utilizing the latent heat of condensation to preheat the 

feedstock pnor to entenng the still Engelhadt et al (1997) presented a total llfe cycle cost 

analys~s for t h s  system under different modes of operation 

The rationale behnd the design of our air-blown, mult~ple-effect solar st111 was to overcome the 

inherent disadvantage in the operation of single-effect solar stllls, mz , their efficiency, 

n o ~ t h s t a n d m g  lntenslve research and development efforts, has remaned stalled In the 30-40% 

range Our goal being, enhanced productivity whle lncurnng rmmmal incremental costs Ths  

air-blown, multiple-effect solar still 1s designed to recycle the thermal energy (1 e , the latent 

heat of condensation), whch is dumpedlvented to the arnblent m single-effect solar stills, to 

heat or preheat the feedstock to the solar st111 The mode of operation of ths  solar st111 wll be 

descnbed together m t h  expenmental results In the following sections 

A number of manuscnpts have been pubhshed whch descnbe andlor model multiple-effect 

solar stllls m whch an ax stream moves above a water film or u t ihe  forced convectlon 

t echques  A sigmficant enhancement m stlll productrvlty has been reported for these modified 

solar stills Yeh (1985, 1995) modfied Lof s equatlons to denve energy balance equatlons to 

model an upward-type, double-effect solar still vvlth a~ flow through the second-effect umt 

Thomas et al (1990) developed a model to descnbe a ventdated solar evaporator w t h  

convective sur flow for enhanced evaporation A solar st111 u t k m g  an arr stream m the 

evaporative channel, vaponzlng the water by forced convectlon and condensmg rt on an 

external condenser 1s descnbed by Assouad and Lavan (1988) W m  (1995) describes a 

forced condensation t e c h q u e  as a appl~ed to a movlng water film on a tilted solar stlll, where 



. 
the evaporator and condenser are two separate umts Such a design makes it possible to 

increase the temperature difference between the two umts 

The slpficance of t h s  research project is obmous in that potable water IS a commodity that IS 

CI 
K becormng scarce and has been source of conflict between natrons throughout hstory If the 

t 

latter part of the 20" Century can be charactenzed as one that the scarcity of 011 was a casus 

belh than ~t is reasonable to state that the casus belh m the 21"' Century d be the scarcity of 

water Ln fact, the success of the peace treaties now in effect and m the malung in the Mddle 

East wll depend to a si3gmficant degree on the avalabhty of water for all countnes concerned 

Solar desaltnation can be an lrnportant source for water m t h s  regon, whch is pnmanly 

composed of and and desert lands and has an abundance of solar radiation 

2 SOLAR STILL DESCRIPTION 

A schematic diagram of the ar-blown, multiple-effect solar st111 is presented In F I ~  1 It IS 

essentially of the tllted-wck genre in the form of a t h n  rectangular box dimded into two 

chambers (upper evaporator and lower condenser) by a central metal sheet There is a slot 

between the two chambers at the top of the tilted still (mz , the central metal sheet does not 

extend across the full length of the still but leaves a slot of 10 rnrn between its top end and the 

stdl's upper extrermty) The metal sheet also hnctlons as (1 ) the support for the w c k  (a black 

porous material) whch  covers it on the upper chamber side, ( n )  the surface to whch a 

serpentme tube, on the lower chamber side, for transporting the feedstock to the upper 

chamber, is attached T h s  serpentme tube also finct~ons as a heat exchanger for preheatmg the 

feedstock pnor to entemg the upper chamber The spaclng between the central metal plate 

and the upper chamber sti l l  glanng and the lower chamber backside are both < 15 rnrn 

The mode of operat~on of the solar stlU 1s as follows (1 ) ambient ax 1s pumped ~ n t o  the upper 

chamber fiom the bottom of the tllted still and sweeps the water vapor evaporated from the 

tilted w c k  Into the lower chamber ma the slot at the top of the tilted still (rnaxrrnum 
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temperature of the air stream is measured at ths  point, above the slot, pnor to entenng to the 

lower chamber and semng as the hot fluid in what IS essentially an ar-liqu~d heat exchanger), 

(2 ) the major portion of the water vapor then condenses on the backside of the metal sheet 

supporting the w c k  or on the serpentme tube, whch enters at the bottom of the lower 

chamber, transporting the feedstock to the upper chamber, (3 ) the feedstock, whch 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 dunng its passase through the serpentine tube, exlts the serpentine 

tube at the top edge of the central plate and passes over a weir and flows by gravity down the 

wck,  (4 ) the distillate exlts the lower chamber and is collected, whereas the saturated air 

stream, also extmg the lower chamber, enters an external condenser, to further condense the 

water vapor remaimng pnor to venting to the ambient 

In the upper chamber the air stream flows countercurrently to the direction of feedstock 

flowng down the wck, whereas in the lower chamber the air stream flows both 

countercurrently and perpendicular to the direction of the feedstock flowng through the 

serpentine tube Due to the nature of ths  solar still, mz , 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 ma the glazlng to the ambient In fact, ~t is possible to use non- 

wetting polymeric glazlngs such as those used as transparent msulatlng matenal (TIM'S), e g , 

Qualex, a double-walled polycarbonate sheet, as the solar stdl glazing 

3 DESIGN PARAMETERS 

System design parameters 

I Feedstock and ax flow rates- Prevlous lnvestigatlons by Mmk et al (1997qb) have 

shown that a feedstock flow rate mf = 2 kgm 2h ' 1s sufficient to completely wet the w c k  They 

also found that increasing the feedstock flow rate from 2 28 to 4 07 kgm2h1 had only a 

negligble effect on the still product~wty The present study utilized a solar still w t h  a still area, 
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A, of 1 m2 tllted at an angle of 20' w t h  a constant feedstock flow rate of 2 96 kgm 'h The 

prevlous mvestigatlons utiltzed a double glanng consrstrng of 3 mrn glass plates with a 20 mm 

gap, whereas the present study utillzed a double-walled polyearbonate sheet with a 10 mrn gap 

The inadent radiation intensity was 650f39 W m  ', ut111nng a solar simulator Mink et a1 

(1997a,b) found that the lughest productivity was obtaned for air flow rates in the range 

between 1 8 and 3 5 kgm2h1 and m the present study the ax flow rates were vaned between 

0 32 and4 51 k,m2h' 

11 Utlllzatlon of the vapor content of the a r  stream exltmg the solar still- The pnmary 

distillate vla condensation m the lower chamber was estimated to be approx 0 7 kgm2h In 

view of the fact that the rate of evaporation In the upper chamber was found to be of the order 

of I 1 kgm 'h ', ~t is apparent that the saturated a r  stream emting the lower chamber is also a 

potential source of fresh water Ths  secondary distillate, of the order of 0 4 kgm 'h I ,  can be 

recovered provided that the exltlng a r  stream can be cooled by an external heat exchanger, vlz , 

a condenser, to amblent temperature 

If HLo,t denotes the enthalpy of the saturated a r  exting the lower chamber in Jkg lgDA and ma, 

the mass flow rate of the a r  stream, IS expressed in umts of kgmZs ', the rate of thermal energy 

exltlng w t h  the au stream qbout is gnen by 

q l o u t  = m, Hl,o"L (1) 

It is obvlous that the temperatures wthm such a st111 are rnverse functions of the mass flow rate 

of the ax stream Consequently, it would be advantageous to operate the soIar still at even 

lower a x  stream flow rates, slnce htgher exltmg ilur stream enthalpy values translate Into both 

hgher temperatures and partld pressures of the water vapor (or vapor content) m the exlting 

ax stream Also, the overall heat transfer coeffic~ent for condensation from the a r  stream 

decreases rapidly w t h  decreas~ng temperature (see below) The lower a r  stream flow rates w1l 

result m an increase m the ar stream temperature In both chambers and an increase in the 
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external condenser effic~ency (1 e , the amount of secondary distillate) as a result of the greater 

temperature gradient An increased condenser effic~ency wll allow a reductron In condenser 

slze andlor cooling energy requrrernent and resultant decrease In construction and/or operat~ng 

costs 

As mentioned prewously, an optimum alr stream flow rate must exst in the range of relatively 

low flow rates, slnce for t h s  solar still design the productiwty d l  be zero for an alr flow rate 

of zero Mrnk et a1 (1997a,b), based upon then- expenmental results and analysis, suggested 

that the optimum alr flow rate was below the range they studled, vlz , less than 1 8 k,m 2h ' 

Consequently, in the present study the system was adapted to enable us to operate ~t under 

controllable and stable flow rates below 1 8 kgm 'h ' 

111 Vapor~liquid separator, heat exchanger- In the performance testing of the solar st111 

module m the laboratory it was desired to measure the pnmary d~st~llat~on/product~vlty rate 

w t h n  the module (I e ,  the rate of condensation withn the lower chamber, whch IS a dlrect 

measure of the effic~ency of the thermal energy recycle process) and that obtained from the 

emting alr stream, secondary dlstlllation Therefore, the vaporlliquid rmxture exltmg the still 

module first entered vaporlliquid Separator I (pnmary dlstlllate), then the vapor stream was 

passed throcgh a heat exchangerlcondenser pnor to entenng vaporfiquld Separator I1 

(secondary dlstdlate) In a scaled-up system it would be suffic~ent to have the outlet 

vaporAlquid mvrture exlt~ng the system to pass through a heat exchangerlcondenser pnor to 

entenng a smgle vaporhquld separator 

In the present study a sunple water cooled condenser functioned as the heat exchanger but ~t 

would be very advantageous to uthze the non-neghgible thermal energy present m t b s  stream 

to preheat the feedstock, vlz , to utilize the feedstock as the cooling medium In such a des ip  

the temperature of feedstock entenng the strll would approach Tl and thereby further Increase 



the st111 operatrng temperatures T h s  method of operation of the solar still is discussed In &tall 

by Aboabboud et al (1996) 

IV Glazmg- The amount of solar radiation absorbed wthln the still IS the difference 

between the lnc~dent solar rad~at~on G, and the reflection losses from the st111 glanng G, The 

utlllzed solar energy Q, IS deterrmned from the difference between the solar radlatlon absorbed 

and the thermal energy losses to the amblent through the glazrng ql,,b Thus, the amount of 

unllzed solar energy IS pven by 

Qu = Gt - Gr - qloss,arnb @I 

The enthalpy of the an stream attams ~ t s  maxunum value at the top of the stlll, H,,, vlz , m the 

vlc~mty of the slot connecting the upper and lower chambers, where it attans both ~ t s  maxlmum 

temperature and water vapor content, IS 

ma Hmax =  ma.^ = ma Ha,, + QU + q~ + qreleased, (3 

where H,, IS the enthalpy of the entenng air plus vapor stream m Jkg lgDA, q~ IS the thermal 

energy recycled dlrectly to the upper chamber and CIre1e-d IS the thermal energy transferred from 

the preheated feedstock to the a r  stream It is apparent from Eqs (2) and (3) that for a gven 

solar madlance G, the st111 performance IS deterrmned manly by the top losses qt,,,~, and the 

efficiency of the thermal energy recycle processes Smce the system IS deslgned to operate at 

low mass flow rates of ax and at relat~vely hgh  temperatures, the thermal energy Iosses to the 

arnblent wdl lncrease w t h  lncreaslng temperature To mmrmze these thermal energy losses 

the glazing shouId have good rnsulatmg properties T h s  was achteved by u t h g  a double 

glavng The disadvantage of a double glaang is the mcreased reflection losses, appromately 

an 8 % increase m reflect~on losses, but t h s  is more than compensated for by the relatively 

higher temperature gradients, AT = T w  - T, acheved In addltlon, slnce the g1-g does not 

finct~on as a condensation surface lt was possrble to use a transparent insulating matenal such 

as Qualex, a transparent double-walled polycarbonate sheet whch IS non-wetting, as a glazing 
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. v Thermal energy recycle process and air velocity in the lower chamber- The thermal 

energy recycle process occurs m the lower chamber via heat transfer from the saturated air 

stream to the central metal plate and to the serpentme tube The rate of condensat~on 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 convective heat transfer 

fiorn the sllr stream The combmed heat transfer coefficient h,, whch strongly depends on the 

temperature (the vapor content of saturated a r )  and its fluid mecharucal properties IS 

approximated by 

L, = 1/[(1&) + q,/Cq h,)l (4) 

where h, is the heat transfer coefficlent for the condensed water film, m the range of 5000 - 

a 10000 W m 2 ~  I, h, is the convective heat transfer coefficient of the gas film, q, is the heat 

transmtted by the gas (ax +- non-condensing vapor) and q is the total heat transmtted - 
The overall heat transfer coefficient U1, for thermal energy recycle process from the lower 

chamber to the upper surface of the wet wck, where the evaporation process 1s occumng, IS 

gtven by 

u , w  = l/[(l/h, g) + ( l h )  + (llhd) + (mf )  + (u'hw)] (9  

where h, 1s the heat transfer coeffictent for the metal plate, 260 000 W m 'K for a 1 mm 

t hck  copper sheet, hd is the heat transfer coefficlent for scale depos~t , approximately 5000 

Wrn2~- I ,  hf is the heat transfer coefficlent for the feedstockhnne film above the plate, about 

3500 w~- 'K ' and hw IS the heat transfer coefficlent for the wet mck, about 660 Wm 'K for a 

1 rnm thck water film 

The above equations for the heat transfer coefficients were solved by determmmg values for 

q,/q £tom the Psychrometnc Tables for temperature mtervals of 5 "C and usmg the above 

values for the ~ndlvldual heat transfer coefficients The follow~ng values for the heat transfer 

coefficlent for the gas film h, were cons~dered, 80, 20, 10 and 5 w r n 2 ~  The results of this 
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analys~s are reported in Table 1 A value of h, = 80 Wm2K corresponds to turbulent flow 

w t h  Re > 10 000 and a gas veloc~ty of 10 ms ' or above, for the case of an equivalent diameter 

of approxlmately 0 02 m Uslng the same value for the equivalent diameter, h, vdues of20, 10 

and 5 Wm 'K correspond to appromately 2, 1 and 0 5 rns ' gas velocities, respectively 

It is obvious from the results of h s  analysis reported m Table 1 that the effect~veness of 

thermal energy recycle process and consequently the stdl performance depends m a d y  on U,,, 

It is possible to increase, to a lmted  extent, the value of U, by decreasmg the thckness of the 

porous mck, cf Table 1 

The results of the analysis reported m Table 1 suggest that the still should be operated at hgh 

temperatures and wth  hgh  gas film heat transfer coefficient h, values Such hgh  temperatures 

can be acheved 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, h g h  h e a r  sllr stream velocit~es are necessary in the lower chamber in order to 

acheve a hgh  heat transfer coefficient h, T h s  goal can be acheved by decreasmg the height of 

the lower chamber (vlz , decreasmg its cross sectional flow area) and/or by acceleratmg the an 

stream velocity m t h  the help of baftles, smce the sllr mass flow rate must be low 

In the present solar stdl module the feedstock is preheated m the lower chamber and ~ t s  height 

is d e t e m e d  by the outer diameter of the serpentme tube Therefore, m the lower chamber the 

gas velocity was accelerated, by a factor of about three by means of b A e s ,  whch were 

concentrated m the lower temperature/section of the chamber (cf Fig 2) 

vl Serpentme tube area vs stdl area- The ratlo of the thermal energy transrmtted to the 

serpentme tube to that directly recycled to the central plate is estlrnated to be m the range of 0 3 

to 0 6, dependmg on the ar stream flow rate, the temperature of the entenng feedstock and the 

mammum temperature mthm the still Ideally, the ratio of the tube to plate surface area should 

be identical to the thermal energy recycle ratio, smce the nature of heat transfer process to the 
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a tube and the plate IS essentially the same Nevertheless, if it 1s assumed that the average 

temperature gradlent between the central metal plate and tube 1s T,,, - T,,, x 2 K? and 

cons~denng that the overall heat transfer coeffic~ent UI, IS in the range between 200 - 300 Wm 

2~ 1 e , the st111 operates under nearly optimum condition, it IS poss~ble to reduce the  be to 

2 2 plate surface area ratlo to about 0 2 m m , m order to achleve cost savlngs Thls would be 

more than sufficient If the entenng feedstock IS preheated close to T1,,, u t l l m g  the enthalpy 

present ~n the alr stream exlting the solar st111 

vll Pressure drop m the system- A drawback in lncreaslng the a r  stream veloc~ty In the 

lower chamber IS that parasitic electnc energy requlred to dnve the a r  pump also increases 

Thts may be a major problem II-I rural apphcatlon where the electnc energy may be supplied by 

* PV panels In addition, a system operating under hlgh pressure drops requxes sturd~er and 

more evpenslve construct~on than that operat~ng at nearly atmosphenc pressure The present 

solar stdl system was designed for very low (< 100 Pa) pressure drops and may be cons~dered 

to operate under atmosphenc cond~tlons 

4 EXPERIMENTAL SETUP AND PROCEDURE 

The solar stdl performance was momtored under the followmg condit~ons constant feedstock 

flow rate, 2 96 kgrnhhl, and varymg a.u flow rate, m the range &om 0 32 to 4 51 kgrn 2h ' In 

dxs study the stdl performance was tested as a finction of au flow rate only, smce lt had been 

ascertamed ~n prevlous studles that the effect of feedstock flow rate on stdl performance is 

neghgrble (Mmk et al 1997) 

Expenrnentd setup 

The expenmental setup (cf Fig 1) conslsts of the followmg solar stdl module, solar s~rnulator, 

two vaporhquid separators for collectmg the product, heat exchanger, penstaltlc pump to 

transport the feedstock, low pressure adjustable flow rate au pump, electnc balance to measure 

distillate, gas flow meter, magnetic valves W V )  to dram the separators penod~cally, electnc 
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balance to measure the amount of the draned distiIlate and temperature sensors The system is 

connected on-lme to a personal computer for data collection and analys~s The pos~tion of the 

an- pump ensures that the system operates at a pressure somewhat below ambient 

Solar still module 

The still consists of two shallow trays, supphed w t h  pemeter  nrns, of slightly different 

drmens~on (cf Table 2) such that the upper tray can be Inserted into the lower tray Au 

tightness was ensured by lnsertlng a rubber gasket tape between the runs and between the upper 

nm and glaz~ng The two trays and glazing were clamped together by screws The upper and 

lower trays were constructed fiom a 1 rnm thck copper sheet and the lower tray was insulated 

externally (1 e , its bottom and penmeter) w t h  50 mm thrck polyurethane foam (not shown in 

Fig 1) The two tray design separates the solar still into two chambers connected by the slot m 

the upper chamber The bnne dram-off tube is soldered to the bottom of the upper tray (w , m 

tllted position) and passes through the lower tray (vla a stuffing box) The evaporation plate, 

1 e , the upper tray, is covered by a t h n  black porous fabnc (wck) The serpentine tube carrying 

the feedstock in the lower chamber is attached to the bottom of the upper tray and the 

feedstock emts the serpentine tube onto the upper tray vla its slot (cf Figs 1 and 2) and is 

evenly distributed over the wdth  of the w c k  by means of an overflow welr near the top of the 

upper tray The solar stdl module dmens~ons are hsted Table 2 

Solar smulator 

The solar slmulator conslsts of 16 halogen lamps (12 x 500 W and 4 x 300 W lamps), each 

fitted m t h  a radiatmg screen of the same geometry whch dlrect the radakon downward to the 

still The slmulator is positioned parallel to the solar stdl and the lamp arrangement was venfied 

expenmentally to provlde an essentially homogeneous rad~at~on mtenslty on the st111 outer 

glanng surface A 10 mrn thck double-walled polycarbonate sheet 1s positioned parallel 

between the simulator and still mth  a contmuous stream of water flowng through it, in order to 
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filter any radlatron above 2 6 pm emtted by the solar s~rnulator The water absorbs the 

t rad~atlon in the 2 6 to 3 pm range, whereas the polycarbonate absorbs the rad~atlon above 3 

pm The temperature of the flter, uz , the polycarbonate sheet, 1s 1 8 ' ~  at the lower end, water 

entrance, and 3 0 ' ~  at the upper end, water exlt Thus, a s  average temperature is below the 

average room temperature, 25 to 29 OC Tlus setup mures that the radlatlon lncldent on the 

solar still 1s 1x1 the range between 0 4 to 2 6 pm (the W component of the lamp radlat~on is 

neghg~ble, srnce the lamp filament temperature is approx 2500 K) 

External heat exchanger 

The external heat exchanger was a standard laboratory glass condenser hav~ng a heat exchanger 

surface area of about 0 07 m 2  The heat exchange medium was marns water, entering unth a 

temperature In the range of 15-18 OC and flowing countercurrently to the alr stream exltlng 

fiom the solar still's lower chamber It was s~zed for the estimated optimum operating 

condltlons and therefore ~t was unable to cool the a r  stream vented to the amb~ent to room 

temperature, about 26 'c, for a r  mass flow rates ~n excess of 1 kgm 'h ' 

Expenmental conditions and procedure 

The tllt angle of the solar still module and solar smulator was set at 20" throughout t h s  study 

The solar radiation mtens~ty, provlded by the solar smulator, lncldent on the outer glavng 

surface was 630k39 ~ m - '  The daerenhai and cumulative yelds from Separator I and TI were 

measured automatically by a type PT 6 Satonus electnc balance w t h  an accuracy of A 1 g The 

temperatures were measured tnth an accuracy of 1 "C usmg cahbrated temperature sensors of 

the shcon base type KTY 11-2A The absolute hurmdty of u m the wcmty of the slot was 

cdculated £iom the mass and energy balances on the s t d  A data acquslQon system served to 

momtor and store the temperature data from the sxteen therrmstors and to calculate dfierential 

and cumulat~ve yelds at vanable tune rntervals It consisted of a PC wlth an A/D-D/A 



converter card, electroruc measunng and magnetic valve control umt, temperature sensors and 

a digtal balance w t h  a RS232C senal interface The data acquisition, control and analysis 

software were developed for the study 

The expenmental procedure for the performance testing was as follows 

(1) the an and feedstock flow rates are defined and held constant, 

(2) the temperatures at the fo l lomg locat~ons are morutored 

air stream- upper chamber mIet, equdly spaced probes m 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 evrtrng the still to the external condenser, 

feedstock- lower chamber inlet, 

upper chamber overflow weir and bnne dran-off outlet, 

(3) the d~stlllation rate is de termed by measunng the cumuIative d~stiIIate dunng a specified 

tlme mntewal 

5 RESULTS 

The solar stdl performance was tested as a hnc t~on  of the au flow rate, whch was vaned m the 

range between 0 32 to 4 5 1 kgm 'h ' The feedstock flow rate was mantatned constant at 2 96 

kgm-2h1 The solar still acheved steady-state, as evidenced by morutonng both ax stream 

temperatures and the dstdlat~on rate, after approxlrnately one hour of operation The 

m m u m  ar stream temperature, in the range between 71 6 to 96 9 OC (mverse hnction of the 

ar flow rate), was measured at the upper end of the solar still, m the v-~cmty of the slot (cf 

Table 3) It was d e t e m e d  that thermal energy recycle begms to take effect after about 30 

m u t e s  by comparing the contmuously momtored asr stream temperatures at the mlet to the 

upper chamber to  that at the outlet &om the lower chamber, vlz , &er about 3 0 m u t e s  the 

latter exceeded the former The steady-state dlstillatlon rate was found to be of the order of 1 

kgm 2h ', except for relatively low a r  flow rate It is of interest to note, that If the a r  pump 



rernalned in operation after the solar simulator was shut-off and the system was at steady+tate, 

the st111 contrnued to produce drstrllate, albeit at a decreasing rate, for about another hour In 

other words, ~n spite of the relatively low thermal mass of the solar still module, thermal energy 

recycling IS st11 capable of enhancing the yleid after 'sunset', I e , after the solar slmuiator IS 

shut-off 

The steady-state temperatures, as measured by the 16 therrmstors (cf Fig 1 for themstor 

locations) are reported in Table 3 as a fbnction of a r  flow rate As expected, temperature 

measured at a specific location vanes inverseIy with the a r  flow rate, vlz, it increases wth  

decreasing a r  flow rate or lncreasrng residence tlme w t h n  the st111 

Productivltv as a function of a r  flow rate 

The productivity, 1 e , distillation rate, as a fbnction of alr flow rates in the range £i-om 0 32 to 

4 5 1 kgrn 'h ' IS reported in Table 4 in terms of pnmary (I), secondary (II), and total (C) The 

pnmary drstlllatron rate refers to that condensed wthm the lower chamber dunng the thermal 

energy recycle process, but rn fact contans a m a r p a l  amount of distillate (whch is non- 

neghgble when perf'ormg precise mass and energy balance calculations) condensed withn the 

tublng connecting the lower chamber outlet to the exchnager The secondary distillation rate is 

that obtamed by passmg the saturated arr stream emtmg the solar stdl through an external 

condenser pnor to ventrng to the ambient It IS apparent fi-om Table 4 that w t h  regard to st111 

productlvlty there exlsts an optunum range of ax flow rates for the system under consideratron, 

approximately between 1 and 3 kgme2h1 It 1s also observed that the raho of secondary to 

pnmary product mcreases w t h  mcreasmg flow rate, I e ,  the pnmary decreases and the 

secondary mcreases wth mcreasrng ax flow rate (cf Flg 3) The reason for optlmum ax flow 

rate WIU be d~scussed m the next sectlon 



6 DISCUSSION 

Thermal energy analysis, utiliang mass and energy balances, of the solar st111 at steady-state as a 

hnction of air flow rate, for a constant feedstock flow rate of 2 96 kgh l ,  were performed In 

order to deterrmne the sensltlmty of a number of st111 parameters to changes In the rate of arr 

flow The results of these analysis are reported in Table 5 and ~nclude the followmg (a) the 

mass flow rate of vapor through the system, (b) the mass and heat flow of both feedstock and 

bnne dram-off, (c) heat flow in upper chamber and (d) heat flow in lower chamber In ths  

analysis the temperature of the entenng a r  stream and feedstock were assumed to be G 26 OC, 

vlz , room temperature, and an average value of 80% was assumed for the relatlve hurmdity of 

the entenng a r  stream 

The measured pnrnary distillation rate (I) is a good appromation of the rate of condensation 

in the lower chamber but as mentioned premously it also contains that quantity of distillate 

condensed in the tublng connectlng the outlet from the lower chamber to heat exchanger To 

enhance the precision of the mass and energ  balances the flow rate of pnmary distillate exltmg 

the lower chamber, m ~ ,  was d e t e m e d  as the difference between the measured pmary 

dlstdlabon rate and condensation rate of saturated au stream in the tubmg between the lower 

chamber outlet and exchanger The latter is d e t e m e d  from the flow rate of bone dry au 

(BDA) m the followmg manner 

m~ = I - m ~ ~ ~ F r , ( a t  Tbout) - Mv(at Tx,*)l, (6) 

where Mv is m umts of (kg vaporkg BDA) The rnaxmum mass flow rate of vapor camed by 

the arr stream corresponds to that at m m u m  temperature and is gven as 

mv,, = m~ + m ~ ~ ~ F z , ( a t   TI,,,^)] (7) 

The mawnum rate of heat flow, q,,, is also acheved at T, and if the flow rate of air and 

vapor is expressed m kgm2s I, q,, (in uruts of Wm ') 1s given by 



qmav = Ca ma Tmax + mv Hv ma, (8) 

where c, is the heat capaclty of a r  in J k g  'K and Hvmax 1s the enthalpy of the vapor at L, m 

umts of Jkg 1 

It is apparent from Table 4 that the optimum performance of the solar st111 module is obtained 

for au  flow rates in the range of 1 to 2 2 kgm 2h l, whch co~~espond to a total productivity rate 

of about 1 1 kgm2h ' In addition, it is observed from Table 5 (c) that w t h n  t h s  range of an 

flow rates the amount of solar energy utilized, Qu, decreases w t h  decreaslng air flow rate, 

whereas the average temperatures w t h n  the upper chamber Increase w t h  decreasing flow rate, 

cf Table 3 However, ~t is also observed fiom Table 5 that w t h n  t h s  range of a r  flow rates, 

despite the decrease m Q,wth decreaslng a r  flow rate, maxlmum values for pnrnary distillation 

rate, m ~ ,  total thermal energy recycle, ~ R T ,  sum of thermal energy recycled directly to the upper 

chamber, q ~ ,  and thermal energy released from the feedstock to the a r  stream in the upper 

chamber, q,l,,d occur for air flow rates between 1 02 and 1 24 kgm 2h ' Thus, in t h s  range of 

air flow rates the thermal energy recycle more than compensates for the decrease In solar 

energy efficiency, 1 e , the first effect or d~rect solar to thermal energy conversion 

As a consequence of the above, it follows that m the range of 1 to 2 2 kgrn 'h ' a r  flow rates 

the mass flow rate of water vapor exlting the lower chamber will be a m u m  m the range of 

ax flow rates between 1 02 and 1 24 kgm2h-' and the au stream temperature, TLOut, wll be a 

mmmum As a result, the c o o h g  load for the external heat exchanger d be a m m u m  m 

t h s  range of an flow rates 

To demonstrate the heat flow processes occumng m the solar stdl module m h s  range of 

optlmum performance a thermal energy flow dlagram IS presented m Flg 4 for an rn flow rate 

of 1 24 kgm 2h ' It is seen from t h s  dragram that the man heat transfer processes d e t e m n g  

the solar st111 performance are Q,, q~ and ~ R T  



The decrease in the solar still performance for alr flow rates below 1 kgm2h ' IS the result of 

two factors (1) the Increase in thermal energy losses from the upper chamber to the ambient, 

qlosSamb, and (2) the overall heat transfer coefficient for thermal enerm recycle, ULH, decreases 

rapidly w t h  decreasmg heat transfer coefficient for the gas film, h, The latter is approximately 

proport~onal to the lmear velocity of arr stream (1 e , the air and non-condensing water vapor) in 

the lower chamber Consequently, a possible deslgn change to enhance the solar st111 

performance would be to attam hgher linear a3r velocities m the lower chamber by decreasing 

its cross-sectional area The downslde of such a design change would be an increase in the 

pressure drop of the stdl system and a subsequent Increase m parasitic energy consumption 

Smce the present solar still design has a very low pressure drop there appears to be sufficient 

leeway for fixther reduct~on m the lower chamber cross-sect~onal area and we plan to study ths 

effect in the future 

Further development in the solar still desig wll be related to problems of scale-up, wth the 

goal of amvmg at a still design whch is econormcally vlable w th  regard to construction, 

operation and marntenance 

7 CONCLUSIONS 

The design and performance testlng of a double glazed, ax-blown, multiple-effect solar stdl 

wth thennal energy recycle conslstlng of two chambers, upper evaporator and lower 

condenser, has been presented A considerable fraction of the latent heat of condensation IS 

recycled for &ectly heatmg the evaporabon plate and for preheatmg the feedstock and thereby 

enhancmg the rate of the evaporaaon process 

The heat transfer processes are based upon film condensation from a saturated ar s t r e w  

whlch is charactenzed by a relatively hgh heat transfer coefficient, especially when operating at 

relatively hlgh temperatures These hgh temperatures are acheved by operating the solar st111 



system at low a r  mass flow rates In addition, the heat transfer process is fUfiher enhanced by 

the Increasing the arr stream velocities in the lower (condensation) chamber 

The optlmum feedstock flow rate was found, based upon expenmental results obta~ned ut~lmng 

a solar simulator w t h  a constant radiation intensity of 6 3 0 5 9  Wrn2, to be in the range of 

3 kgm 'h Ths feedstock flow rate is sufficient to mamtan the wck  m the upper evaporat~on 

chamber completely wetted at even hgher mcident radiation mtensitles and thereby, hlgher 

evaporation rates 

It was observed that the solar stdl performance was a manly a hnct~on of the flow rate of the 

entenng arr stream In t h s  study, the solar still operated under a constant feedstock flow rate 

of 2 96 khm2h ' and radiation Intensity of 6 3 0 9 9  wm2, the optlrnum a r  flow rate was found 

to in the range of 1 02-1 24 kgm 'h ', whch corresponds to a maximum total productiwty of 

I 1 kgm 2h ' The total productivity consists of about 0 9 kgm 'h ' pnmary d~st~llate (condensed 

wthm the lower chamber) and the remander secondary distillate produced w t h n  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 (vlz , optimum range) ax £low rates Thts is a distinct advantage wth  

regard to both shll construction and parasltrc energy requirements for av blowers, especially for 

large scale systems 

The expenmental results suggest that the soIar still performance can be hrther enhanced by 

either decreasrng the cross sectional flow area m the lower chamber andlor rncreaslng the path 

length mthrn the lower chamber of the d l  by the addltzon of bafEles m order to acheve hgher 

h e a r  atr velocztm 

In next generation of t h s  solar stdl design, we wll consider a number of modifications to 

simplify the still construction In addition, we plan to uthze the feedstock as the heat exchange 

medium (cooling stream) for the external condenser - 
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NOMENCLATURE 

A still area (rn2) 
c heat capacity (Jkg 'K ') 
G solar rad~ation (Wrn ') 
H enthalpy (Jkg ') 
h heat transfer coefficient (Wm 'K I) 

M v  vapor content of u stream (kg vaporkg BDA) 
m mass flow rate (kgm h ') 
m h e  ha ln  mass flow rate of bnne dram-off (kgm 'h ') 
QU solar energy ut~llzed (Wm 2,  

9 thermal energy (Wm 2, 
q~ 10% backside thermal energy losses (Wm 2, 
q h e  dram thermal energy tn bme dran-off (Wm 2, 
qlosSamb thermal energy loss from upper chamber to ambient (Wm 2, 
~ P R  thermal energy utilized to preheat the feedstock (Wrn 2, 

q~ thermal energy recycled directly to upper chamber (Wm 2, 
qrcleased thermal energy released by the preheated feedstock to the atr stream (Wm 2, 

GIRT total thermal energy recycled (Wm 2, 
T temperature (OC) 

Tdew dew point temperature of atr stream exlting upper chamber and entenng lower 
chamber (OC) 

U,, overall heat transfer coefficient from lower chamber to w c k  (Wm 2~ l) 

a 
abs 
amb 
avg 
BDA 
C 

c,g 
evap 
f 
8 
I 
II 

u stream 
absorbed 
ambient 
average value 
bone dry arr 
condensed water film 
comb~ned heat transfer coefficient 
evaporated 
feedstock 
gas film 
pnmary distillate 
secondary d~stillate 
incident 



in 
1 
m 
rnax 
out 
r 
sd 

sep 
t 
U 

V 

W 

X 

stream entenng chamber 
lower chamber 
central metal plate 
maxlmurn value 
stream exltlng chamber 
reflected 
scale depos~t 
vapor~l~qu~d separator 
serpentine tube 
upper chamber 
water vapor 
w ck 
external heat exchanger/condenser 
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Llst of Tables 

Table 1 Overall heat transfer coefficlent for thermal energy recycle UI, as a function of 

temperature and the heat transfer coefficlent for the gas film h, for a wck thckness 

of 1 mm 

Table 2 Dlmenslon of solar st111 module 

Table 3 The temperature profile of the solar st111 at steady-state as a function of alr flow rate 

for a constant feedstock flow rate of 2 96 kgmZhi The positlon of the 16 

themstors are as lndlcated m Fig 1 (numbered 0 to 16) 

Table 4 Strll product~vlty (I- pnmary dlstdlate, 11- secondary dlstdlate, C- total dlstiLlate) as a 

fUnction of arr flow rate for a constant feedstock flow rate of 2 96 kgm 2h ' 
Table 5 Mass and energy analysls of solar stdl at steady-state as a funcbon of arr flow rate for 

a constant feedstock flow rate of 2 96 kgm2h1 The mass and heat flows were 

normalrzed to umt st111 areas 

(a) Mass flow rates of the water vapor through the solar stdl, (b) Mass and heat flow 

rates of feedstockhnne through the solar strll, (c) Heat flows In upper evaporation 

chamber, (d) Heat flows m lower condenser chamber 



Table 1 Overall heat transfer coefficlent for thermal ene rg  recycle UL, as a hnctlon of 
- temperature and the heat transfer coeffic~ent for the gas film h, for a wck  thckness . of 1 rnm 

* for a wck th~ckness of 0 5 mrn 



* 
Table 2 Dirnens~on of solar st111 module 

J 
u Double-glmng 10 mm thck double-walled polycarbonate sheet, L = 1 95 m, W = 0 6 rn 

Upper chamber 1 mm thck copper, L = 1 87 m, W = 0 545 m, H = 12 mm, 

nm wldth = 30 mrn 

Spacing between the two chambers = 12 mm 

W ~ c k  0 3 mrn thck black porous fabnc, L = 1 85 rn, W = 0 545 m, A = 1 m" welr 

height = 6 mm 

Spaclng between textile and inner giavng = 12 rnm It is assumed that the 

wrck thckness is Independent of water load 

Lower chamber 1 mrn thck copper, L = 1 9 m, W = 0 55 m, H = 25 mrn, nm wdth = 30 

mrn 

Serpentine tube copper, L = 6 m, Dm = 10 mm, DWtm= 12 mm, A = 0 20 m2 

Baffles rune bafnes soldered to the bottom of lower chamber, H = 12 mm for all 

baffles, L = 0 44 m for seven baffles, L = 0 36 rn and 0 28 m for each of 

the remaimng two baffles 

St111 casing wood, L = 2 06 m, W = 0 7 m, H = 90 rnrn, bottom thckness = 10 mrn, s~de  

thckness = 15 mm 

Bottom and edge insulation 50 mm thck polyurethane f~arn, conduct~vlty = 0 04 W m 'K ' 



TabIe 3 The temperature profile of the solar still at steady-state as a finctlon of arr flow rate 
for a constant feedstock flow rate of 2  96 kgm 'h ' The position of the 16 
themstors are as rndlcated m Fig 1 (numbered 0 to 16) 
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Table 4 Still productlvlty ( I- pnmary distillate, II- secondary distillate7 Z- total d~stillate) as a 
hnctlon of ar  flow rate for a constant feedstock flow rate of 2 96 kgm 'h 



Table 5 Mass and energy analysls of solar st111 at steady-state as a hnction of air flow rate for 
a constant feedstock flow rate of 2 96 kgm2h' The mass and heat flows were 
normahzed to umt std areas 

(a) Mass ff ow rates of the water vapor through the solar stdl 
I 

1 0 32 1 0 006 ( 0 683 / 0 689 1 0 657 1 0 032 1 0 023 ( 0 009 / 0 1 

(b) Mass and heat flow rates of feedstock'bnne through the solar still 
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(c) Heat flows m upper evaporation chamber 

(d) Heat flows m lower condenser chamber 

Note Refer to the nomenclature for definlt~on of symbols 
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Flg 1 A schematic diagram of the expenmental solar stdl set-up The locat~on of the 

temperature probes, themstors are ~nd~cated by numbers 0 to 15 



Lower Chamber 1 90 m 
'-€ > 

C - Air - - to upper 
C 

//chamber 

.c 

C - Air - 
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+ I T  water out Baffles RI rn 

Feedstock 

Fig 2 A schematic dlagram of the lower condenser chamber, showrig the serpentme tube 

through whch the feedstock flows and the baffles 



Arr Flow Rate 

(kgm 'h I) 

F I ~  3 Product~vlty (yleld) as a function of air flow rate for a constant feedstock flow 

rate of 2 96 kgm2h ' I IS the pnmary distdate, II is the secondary distrllate and Z 1s the 

total dlstlllate 



Flg 4 Thermal energy flow diagram calculated by means of the mass and energy balances on 

the solar still for an air flow rate of 1 24 kgm2h ' and a feedstock flow rate of 2 96 

kgm 2h ' 


