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[l EXECUTIVE SUMMARY

The consumption of water unfit for drinking, due to pathogens or salinity, 1Is a major
worldwide health hazard and sufficient cause to undertake projects that recover water
and make it suitable for human consumption The extent of the worldwide health hazard
18 manifested by the following statistics there are approximately 5 billlon cases of water-

borne sickness per year resulting in about 1 million deaths per year , most of these

amongst children In addition, if the latter part of the 201" Century can be characterized as

one that the scarcity of of ol was and still is a casus bell, than it 1s reasonable to state that
the casus belli in the 21™t Century will be the scarcity of water In fact, the success of the

peace treaties now In effect and in the making in the Middle East will depend to a
significant degree on the availability of water for all countries concerned  Solar
desalination can be an an important source for water in this region, which 1s primarily

composed of semi-arid and desert lands and has an abundance of solar radiation

During the time interval covered by this report, the work performed at both institutions has
progressed within the guidelines presented in the ornginal proposal TiME CHART, except for
a delay in the incorporation of nocturnal heating experiments These will performed
duning the third year of the program  Both groups proceeded with the design,
construction and testing of 2 m2 solar stills The RLIC group replaced the 3 mm thick
glass double glazing with a 10 mm thick double-walled polycarbonate sheet The
theoretical work, both at BGU and RLIC, has been focused on the solution of the
mathematical model of the stll The two groups have approached the solution by
different routes, since the model cannot be solved analytically The two models are now
In the process of being validated by experimental data The results of the second year’s

efforts are documented in the Appendix, viz , the Publication Reprints

During the third year of the program the BGU group will test a third generation 2 m2 solar

still fabricated from stainless steel This still 1s similar in design to that of the second

generation still which was fabrncated from galvanized iron with some modifications
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These modifications were applied to the previous design as a result of the experience
gained from the testing of its predecessor It 1s anticipated that the large solar still system
to be constructed during this year will be based on this design The RLIC group plan to
begin the construction and testing of an innovative variation of ther onginal module
constructed, in part, from polymernc materials The intention of this module, which is
presently in the design stage, I1s to eliminate the double tray required by the original still

module and to construct it from non-corrosive materials

Dr Kudish and Dr Mink applied their second year’s travel allowance, with the permission
of Dr David Mulenex the USAID Grant Project Officer, toward the cost of attending and
participating In the International Solar Energy Society’s 1997 Solar World Congress,
which took place in Taejon, Korea in August 1997 They each presented a paper
describing the work being performed under this joint research program and utilized the
congress venue to discuss their joint research program between themselves and with

other interested participants attending the congress
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IV _SEcTiond

Note on Publications

The close collaboration between the two senior investigators in the preparation of the the
grant proposal resulted in their collaboration in the preparation of two papers describing
the results obtained during the second year of the research program These papers
were presented at the biennial conference of the International Solar Energy Society
(ISES) 1997 ISES Solar World Congress, SoLAR MEans BusiNESS , which took place in
Taejon Science Town, Taejon, Korea from August 24-30, 1997 The complete
manuscripts were published In the conference proceedings and reprints of the
manuscripts are included in the Appendix

A third manuscript describing the work performed on the second generation solar still,
utihizing the new solar simulator and replacing the double glazing consisting of two 3 mm
glass panes with a single sheet of Qualex (a 10 mm thick double-walled polycarbonate
sheet), has been submitted to Sofar Energy (28 10 97) A copy of this manuscript 1s also
included in the Appendix

A Research Objectives

The research objectives of this project remain essentially unchanged, viz , to achieve, by
a joint research effort, a solar still design that 1s capable of producing water at a cost
competitive with the local alternatives

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

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

To validate the mathematical models developed to describe the system, which will
facilitate both in the optimization of the process and system scale-up

To develop hybrid systems which utihze (external on-site) waste energy for nocturnal
heating (distillation), thereby approaching 24 hour per day system operation

To simplfy the system design in order to mimimize the level of technical skills
required for system maintenance

To arrive at a design(s) that 1s amenable to the construction of a high capacity solar
desalination plant, preferably a modular still design

B Research Accomplishments

The research accomplishments during the second year of this joint research program are
attested by the three reprints/preprints attached to this report in the Appendix

C_ Scientific Impact of Collaboration

There has been a constant exchange of information between the collaborating scientists
via emall and fax This 1s especially true with regard to the preparation of the
abovementioned manuscripts The two PI's met in August 1997 during the ISES 97,
Solar World Congress in Taejon, Korea, during which time they discussed the technical,
theoretical and managernial aspects of the research program in detail The PI's at both
institutions are directly involved in all aspects of the study, 1e, both experimental and
theoretical Dr E Evseev of the BGU and Messrs L Horvath and MM Abboabboud of
the RLIC have been intimately involved in the development of the mathematical model of
the solar still and consequently have become quite proficient in their understanding of the
heat transfer processes Involved in the system The two groups have developed
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independently mathematical models to describe the heat and mass transfer processes
occurring in the proposed solar still design Both models utiize non-linear differential
equations to describe the system under transient and steady state conditions The major
difference 1s their approach to the solution of the non-linear differential equations
describing the system The RLIC group utihizes an empirical exponential equation
between the enthalpy and and temperature of the air/water vapor stream to convert the
non-linear differential equations, which do not possess analytical solutions, nto
differential equations with simple exponential coefficients The BGU group applies
numerical integration to solve the non-linear differential equations

D_ Description of Project Impact

It 1s too early Iin the research and development phase of this study to relate to this
question The significance of this research project 1s obvious In that potable water 1s a
commodity that 1s becoming scarce and has been a source of conflict between nations

throughout history If the latter part of the 20" Century can be characterized as one that
the scarcity of of ol was and still is a casus belli than it is reasonable to state that the

casus belli in the 21"t Century will be the scarcity of water In fact, the success of the
peace treaties now in effect and in the making in the Middle East will depend to a
significant degree on the availability of water for all countries concerned  Solar
desahlination can be an an important source for water in this region, which 1s primarily
composed of semi-arid and desert lands and has an abundance of solar radiation In
addition, there are approximately 5 bihon cases of water-borne sickness per year
resulting in about 1 million deaths per year , most of these amongst children

E_Strengthening of Developing Country Institutions

During the past year both infrastructure and technical capabilities have been developed
at RLIC as a result of this research program, thereby enhancing its research and
development programs The following items has been purchased two HP DeskJet color
printers, computer programs for mathematical analysis, conductivity meter for measuring
qualty of distillate, tools and matenals for construction of solar stills and new solar
simulator

Dr Mink presented a lecture entitted “Energy Saving Solar Stills  ISRAELI-HUNGARIAN
USAID ProJect” on February 28, 1997 at a regular session of the Committee of
Environment Protection of the Hungarnian Academy of Sciences  The paper was
coauthored by Mink, Aboabboud, Horvath and Kudish

Mr MM Aboabboud submitted his PhD dissertation (146 pp including table and figures
with 101 references) entitted “DESIGN AND INVESTIGATION OF A NEW, AIR-BLOWN SOLAR STILL
WITH INTERNAL ENERGY RECYCLE” Mr Aboabboud 1s very grateful to Dr Kudish for his
support, 1deas and advice during the course of his dissertation work, which overlapped
with the first 18 months of this USAID program

Two lectures were presented by the Hungarian group at the regular scientific seminar of
the RLIC

t Dr Mink- “SoLAR  DESALINATION IsRAELI-HUNGARIAN  USAID  ProJect”,
coauthored by Mink, Horvath, Aboabboud Evseev and Kudish

n Mr Horvath- “A New TyPE SoLAR CONCENTRATOR TO ACHIEVE INDUSTRIAL
TEMPERATURES ”, coauthored by Horvath and Mink

Dr Mink presented a lecture entitted “ACHIEVEMENT AND TRENDS IN SOLAR TECHNOLOGIES™ on
5



May 7, 1997 for a retraining course for army officers at the Regional Environmental Safety
Center for the Army in Budapest

Dr Kudish and Dr Mink applied their second year’s travel allowance, with the permission
of Dr David Mulenex the USAID Grant Project Officer, toward the cost of attending and
participating in the International Solar Energy Society's 1997 Solar World Congress,
which took place in Taejon, Korea In August 1997 They each presented a paper
describing the work being performed under this joint research program In addition, Mr
Horvath was also able to attend this congress, with partial Hunganan travel support The
two Pr's utiized the congress venue to discuss therr joint research program between
themselves and with other interested participants attending the congress The congress
was also accompanied with an exhibition of state-of-the-art solar technologies, both
commercially avallable and presently under development

E_ Future Work

The research program is progressing in accordance with the Time Chart as cited in the
original research proposal During the mesting of the PI's in Taejon, Korea in August
1997, it was agreed that no major changes in the TEcHNICAL WORK PLAN were necessary
at this time The focus during the coming year will be in testing large systems consisting
of a number of modules, analyzing the results, validating the mathematical model of the
still and incorporating nocturnal heating in the solar still system The construction of the
prototype hybrid solar still system utihzing a waste thermal energy source will be
undertaken during the third year of the program

During the third year of the program the BGU group will begmin testing a recently

constructed third generation 2 m2 solar still fabricated from stainless steel This still is
similar in design to that of the second generation stil which was fabricated from
galvanized rron with some modifications These modifications were applied to the
previous design as a resuit of the experience gained from the testing of its predecessor It
Is anticipated that the large solar still system to be constructed durnng this year will be
based on this design The RLIC group plan to begin the construction and testing of an
innovative variation of their original module constructed, in part, from polymeric matenals
The intention of this module, which i1s presently in the design stage, i1s to eliminate both
the double tray required by the ornginal still module and the use of non-corrosive
matenals of construction The design envisions a closely-spaced parallel array of glass
tubes joined at the bottom of edge of the still into a single manifold This array Is sits upon
a wick placed upon the inner surface of the still bottom and covered by a second wick
stretched across the top of the glass tubes The air stream (once agamn the air 1s drawn
into the still by placing the pump after the exit from the still) flows between the glazing and
the upper wick surface and 1s saturated and then turns around at the top of the still and
condenses during its flow through the glass tube array on the tube walls, which are
relatively cooler as a result of the wetted outer surface This results in the recycle of the
thermal energy It 1s contemplated that the feedstock enter the still module at its bottom
edge, transported via a black polymeric tube, inserted above the upper wick, and
released at the top edge of the still The feedstock is thereby preheated by the solar
radiation



V _SEecTion

A Managerial Issues

The Financial Status Reports have been submitted by the RLIC to the BGU Department of
Contracts as scheduled and the financing of the project via bank transfers from lsrael to
Hunganan has proceeded smoothly The expenditure of the budget item are prorated

The main items purchased during this past fiscal year were the following

a RLIC- two HP Deskdtet color printers and a conductivity meter for monitoring 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 still and a conductivity meter for monitoring the quality of the still
product

The RLIC research group’s technician, Ms Sdra Perlaky-Jozan, retired in October 1997
Mr Bela Mezo, an electrical engineer specializing n in process control, joined the
research group on a part-time basis (52 hours per month) in November 1997

In the framework of the consolidation program for the research institutes of the Hunganan
Academy of Sciences, the RLIC has had its name changed to Environmental and
Materials Chemistry Durning November and December 1997 it will be In the process of
moving to the newly established Hungaran Chemical Center as an independent
laboratory

As reported 1n our first MANAGEMENT RePORT, submitted in Aprit 1996, the delay In the
practical starting date of this project will be reflected in its progress and will, in all
lkelhood, require a no cost extension past it’s official culmination date of about three
months, viz , until January 31, 1999

B_ Budgst

There were no major changes in any budget items Their participation in the ISES ‘1997
Solar World Congress afforded the two Pr's an ideal venue for discussing the project and
the planned wvisit of the Hunganan Pl to Israel has been postponed and tentatively
scheduled for April 1998 The only changes are in the time schedule of execution, viz ,
the execution of some budget items have been delayed to the third 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, Training and Publications

The close collaboration between the two PI's has and their respective research groups
has escalated over the past year The collaborative efforts have been facilitated by a
continuous dialogue via email and when necessary fax This was especially true with
regard to the preparation of the two manuscripts submitted for the Proceedings of the
International Solar Energy Society Conference, Solar World Congress 1997, Taejon,
Korea, Aug 1997 A manuscript, entitled “Design parameters, performance testing and
analysis of a double-glazed, air-blown solar still with thermal energy recycle”, has been
submitted to Solar Energy, the official journal of the International Solar Energy Society
This describes in detail the most recent experimental results on the second generation
solar still module A second manuscript reporting on the solution of the set of nonlinear
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differential equations describing the solar still module system by numerical integration Is
presently under preparation

The Israell Pl, Dr A Kudish and the Hungarian Pl, Dr G Mink, together with Mr L
Horvath traveled to Korea in August and participated in the International Solar Energy
Society’s Solar world Congress Dr Mink presented a paper entitled “Design and
performance of an air-blown, multiple-effect solar still with thermal energy recycle” and
Dr Kudish presented a paper entitled “Heat transfer processes in an air-blown, multiple-
effect solar still with thermal energy recycle” The discussions following the presentations
have been ncorporated into both the final versions of the manuscripts submitted for
publication in the Congress Proceedings and into the new manuscripts mentioned above
in addition, both Pls were honored by being chosen as session chairpersons at the
meeting The meeting of Pls was utilized to plan the research program for the next six
months, including some design variations 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 Mink will travel to Israel during the second half of April 1998 to discuss the
progress of the research program and set the goals for the remainder of study

2 Dr Kudish wili travel to Hungary during the second half October 1998 to begin
to plan to final phase of the program As mentioned in all our previous reports, we are
requesting an extension of the terminal date of research program unti January 31, 1999,
since the actual funding of the grant did not start until February 1, 1996 n addition, there
IS a distinct possibility that the two Pls may take the opportunity of Dr Kudish's visit to
Budapest to travel to Croatia for a Solar Energy conference scheduled for that time to
present papers describing the results of their research program

A LiST OF PROJECT PUBLICATION REPRINTS

1 G Mink, MM Aboabboud, L Horvath, EG Evseev and Al Kudish, Design
and performance of an air-blown, multiple-effect solar still with thermal energy recycle
Proc Int! Solar Energy Society Conference, Solar World Congress 1997, 6, 135-144,
Taejon, Korea, Aug 1997

n Al Kudsh, EG Evseev, MM Aboabboud, L Horvath and G Mink, Heat
transfer processes in an ai-blown, multiple-effect solar still with thermal energy recycle
Proc Int! Solar Energy Society Conference, Solar World Congress 1997, 6, 158-167,
Taejon, Korea, Aug 1997
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DESIGN AND PERFORMANCE OF AN ATR-BLOWN, MULTIPLE-EFFECT SOLAR STILL
WITH THERMAL ENERGY RECYCLE

G MINK ,MM ABOABBOUD',L HORVATH ,E G EVSEEV "and A1 KUDISH™
Research Laboratory for Inorganic Chemustry, Hunganian Academy of Sciences, 1518 Budapest Pf 132,
HUNGARY, Tel +36 13193119, Fax +36 13192537, E-mail munk@sparc core hu
“Solar Energy Laboratory, Department of Chemucal Engineering, Ben-Gurion Umversity of the Negev, Beer
Sheva 84105, ISRAEL , Tel +972 7 6461488, Fax +972 7 6472916, E/mail akudish@bgumail bgu ac 11

Abstract - An air-blown, multiple-effect solar still with thermal energy recycle consisting of an upper
evaporation chamber and lower condensation chamber, the prototype oniginally proposed by the scientist at the
Research Laboratory for Inorganic Chenustry (Mink et al 1988), 1s being developed and tested under a joint
Israeli-Hunganan research program The principle of operation of such a still, the main design parameters and
the results of solar still performance tests will be presented The experimental procedures at both institutions
are very simular, except that the Hunganan group utilizes a solar simulator and the Israeli group natural solar
radiation (1 e, out-door testing) to measure the solar still performance The present discussion will be restricted
to the performance testing of a solar still with a nomunal still area of 1 m? (l 86 m x 0 54 m) utihizing a solar
stmulator providing a constant radiation intensity of approximately 650 W m? The solar still performance was
tested as a function of both feedstock and air flow rates The former was varied in the range between 2 28 to
409 kg h' and the latter between 1 9 and 94 kg h' It was observed, under these conditions, that the thermal
energy recycle began to be effecuve after about 30 munutes and that the still achueved steady-state afier
approximately one hour of operation The solar still performance exhibits only a slight dependence on the
feedstock flow rate, as predicted by theoretical considerations On the other hand, the steady-state distillation
rate exhibits an optimum (of the order of 1 kg m? h') as a function of mcreasing air flow rate The
expernimental results indicate that the still performance can be enhanced further by decreasing both the air flow
rate and the cross sectional flow area m the lower condensation chamber

1 INTRODUCTION

The rationale behind the design of this air-blown, multiple-effect solar still was to overcome the inherent
disadvantage 1n the operation of single-effect solar stills, viz, their efficiency, notwithstanding ntensive
research and development efforts, remains stalled 1n the 30-40% range (Delyannis and Delyanms (1980), Malik
et al (1982) and Kudish (1991)) Thus air-blown, multiple-effect solar still 1s designed to recycle the thermal
energy (1 e, the latent heat of condensation), which 1s dumped/vented to the ambient 1n single-effect solar stills,
to heat or pre-heat the feedstock to the solar still

The mode of operation of the solar still will be described together with experimental results 1n the following
sections A compamnion paper presented separately (Kudish et al (1997)) describes two mathematical models for
the heat transfer processes ocurning in this solar still system

2 SOLAR STILL DESCRIPTION

A schematic diagram of the air-blown, multiple-effect solar still 1s presented in Fig 1 It 1s essentially of the
tilted-wick genre 1n the form of a thun rectangular box divided into two chambers (upper evaporator and lower
condenser) by a central metal sheet There 1s a slot between the two chambers at the top of the tilted still (viz,
the central metal sheet does not extend across the full length of the still but leaves a slot of 10 mm between its
top end and the still’s upper extremity) The metal sheet also functions as (1) the support for the wick (a black
porous matenial) which covers 1t on the upper chamber side, (1) the surface to which a serpentine tube, on the
lower chamber side, for transporting the feedstock to the upper chamber, 1s attached Thus serpentine tube also
functions as a heat exchanger for pre-heating the feedstock prior to entering the upper chamber The spacing
between the central metal plate and the upper chamber still glazing and the lower chamber backside are both <
15 mm

The mode of operation of the solar still 1s as follows (1) ambient atr 1s pumped 1nto the upper chamber from
the bottom of the tilted still and sweeps the water vapor evaporated from the tilted wick into the lower chamber
via the slot at the top of the tilted still (maxumum temperature of the air stream 1s measured at this point, above
the slot, prior to entering to the lower chamber and serving as the hot fluid 10 what 1s essentially an air-lugnd
heat exchanger), (2 ) the major portion of the water vapor then condenses on the backside of the metal sheet
supporting the wick or on the serpentine tube, which enters at the bottom of the lower chamber, transporting the



feedstock to the upper chamber, (3 ) the feedstock, which enters the serpentine tube at a flow rate 1n excess of
the rate of evaporation from the wick in the upper chamber and 1s preheated during its passage through the
serpentine tube, exits the serpentine tube at the top edge of the central plate and passes over a weir and flows by
gravity down the wick, (4 ) the distillate exats the lower chamber and 1s collected, whereas the saturated air
stream, also exiting the lower chamber, enters an external condenser, to further condense the water vapor
remaimng prior to venting to the ambient

In the upper chamber the air stream flows countercurrently to the direction of feedstock flowing down the wick,
whereas 1n the lower chamber the air stream flows both countercurrently and perpendicular to the direction of
the feedstock flowing through the serpentine tube Due to the nature of this solar still, viz , that the upper
chamber glazing does not serve as a condensation surface, 1t 1s possible and recommended to utilize a double
glazing to reduce thermal energy losses via the glazing to the ambient In fact, 1t 1s possible to use non-wetting
polymeric glazings such as those used as transparent 1nsulating material (TIM’s), e g, Qualex, a double-walled
polycatbonate sheet, as the solar still glazing

Textille Glass2

Fig 1 Schematic diagram of the air-blown, multiple-effect solar still, where 0 -15 denote thermustors and My,
magnetic valves

3 MEASUREMENTS

Expenmental setup

The experimental setup (cf Fig 1) consists of the following solar still module solar sumulator (not shown)
two vapor/iquid separators for collecting the product, heat exchanger, peristaltic pump to transport the
feedstock, low pressure adjustable flow rate air pump, electric balance to measure distillate, gas flow meter
magnetic valves to dramn pertodically the separators, electric balance to measure the amount of the drained
distillate and temperature sensors The system 1s connected on-line to a personal computer for data collection
and analysis The position of the air pump ensures that the system operates at a pressure somewhat below
ambrent

Solar still module

The still consists of two shallow trays, supplied with perimeter rims, of slightly different dimenston (see below)
such that the upper tray can be imserted into the lower tray Aur tightness was ensured by nserting a rubber
gasket tape between the rims and between the upper nim and glazing The two trays and glazing were clamped
together by screws The upper and lower trays were constructed from a 1 mm thick copper sheet and the lower
tray was insulated externally (1 e, 1ts bottom and perimeter) with 50 mm thuck polyurethane foam The two tray
design separates the solar still into two chambers connected by the slot in the upper chamber The brine drain-
off tube 1s soldered to the bottom of the upper tray (viz,, i tilted position) and passes through the lower tray
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The evaporation plate, 1 e, the upper tray 1s covered by a thin black porous fabric (wick) The serpentine tube
carrying the feedstock in the lower chamber 1s attached to the bottom of the upper tray and the feedstock exits
the serpentine tube onto the upper tray via its slot (cf Fig 2) and 1s evenly distributed over the width of the wick
by means of an overflow weir near the top of the upper tray The solar st1ll module dimensions are as follows
Double-glazing 3 mm thick glass, L =1 95 m, W =0 6 m, spacing between glazing = 20 mm
Upper chamber 1 mm thuck 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 thick black porous fabric, L=185m, W=0545m, A=1 m?, welr
height = 6 mm,
Spacing between textile and mner glazing = 12 mm It 1s assumed that the wick
thickness 1s independent of water load
Lower chamber 1 mm thick copper, L=19 m, W =055 m, H= 25 mm, nm width = 30 mm
Serpentine tube copper, L=6 m, D, = 10 mm, Dy = 12 mm, A =0 20 m’

Baffles nine baffles soldered to the bottom of lower chamber, H= 12 mm for all baffles,
seven, L=0 44 m,one,.=0 36m,one, L=0 28 m
Stll casing wood, L =2 06 m, W=0 7 m, H= 90 mm, bottom thickness = 10 mm, side

thickness = 15 mm
Bottom and edge insulation 50 mm thick polyurethane foam, conductivity =0 04 Wm 'K

Lower Chamber 1 80 m

to upper
V! Chamber

055m

\Alr + distilled /

T water out Rim

Feedstock

Fig 2 Top view of the lower chamber with serpentine tube and baffles (not drawn to scale)

Expenimental conditions and procedure

The tlt angle of the solar still module was set at 20° throughout this study Simularly, the solar radiation
intensity provided by the solar simulator was 650 +/-10 W m 2 and 1ts tilt angle was also 20° The differential
and cumulative yields from Separator I and IT were measured automatically by a type PT 6 Satorus electric
balance with an accuracy of + 1 g The temperatures were measured with an accuracy of £ 1 °C using cahibrated
temperature sensors of the silicon base type KTY 11-2A  The absolute hunudity of air 1n the vicimity of the slot
was calculated from the material and energy balances on the stifl A data acqusition svstem served to monitor
and store the temperature data from the sixteen thermistors and to calculate differential and cumulative yields at
variable time 1ntervals It consisted of a PC with an A/D-D/A converter card, electromic measuring and
magnetic valve control unit, temperature sensors and a digital balance with a RS232C senal interface The data
acquisition, control and analysis software were developed for the study

The experimental procedure for the performance testing 1s as follows
(1) the air and feedstock flow rates are defined and held constant,
(2) the temperatures at a number of strategically placed locations are monitored



air stream-  upper chamber 1nlet, equally spaced probes 1n 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,

feedstock- lower chamber inlet,
upper chamber overflow weir and brine drain-off outlet,

saturated amr stream evating the still to the external condenser,

(3) the dustillation rate 15 determuned by measuring the cumulative distillate during a specified time interval

4 RESULTS

The results refer to the performance testing of a solar still with a nominal still area of 1 m* (1 86 m x 0 54 m)
utilizing a solar simulator providing a constant rachation intensity of approx 650 W m? The solar stll
performance was tested as a function of both feedstock and air flow rates The former was varied i the range
between 2 28 to 4 09 kg h! and the latter between 19 and 94 kg h' The solar still achieved steady-state as
evidenced by monitoring both air stream temperatures and the distillation rate, after approximately one hour of
operation The maximum air stream temperature, ~ 80°C, 1s measured at the top of the upper chamber above
the slot It 15 observed that thermal energy recycle begins to take effect after about 30 minutes by comparing the
continuously monitored air stream temperatures at the 1nlet to the upper chamber to that at the outlet from the
lower chamber, viz , after about 30 minutes the latter exceeds the former The steady-state distillation rate was
found to be of the order of 1 kg m>h' It 1s of interest to note, that if the air pump remained in operation after
the solar simulator was shut-off and the system was at steady-state, the still continued to produce cistillate,
albert at a decreasing rate, for about another hour In other words, in spite of the relatively low thermal mass of
the solar still module, thermal energy recycling 1s still capable of enhancing the yield after ‘sunset’, 1 ¢, after
the solar sumulator 15 shut-off

Productivity as a function of air and feedstock flow rates

Durning the course of performance testing it was observed that the solar still module, under steady-state
conditions, was capable of producing distillate at a rate of 1 kg m>h' over a relatively wide range of both air
and feedstock flow rates The air flow rates could be varied 1n the range of 1 9to 3 6 kg m 2h ' and the feedstock
flow rate between 2 to 4 kg m *h ! without seriously affecting the overall productivity rate

The productivity rates for two different feedstock flow rates, 2 28 and 4 07 kg m*h ' and air flow rates in the
range of 1 9t0 94 kg m*h' are presented 1n Table 1 Also listed 1n Table 1 1s the temperature of the air stream
that enters the lower chamber, T,, It is observed that both T;, and DI the rate of condensation in the lower
chamber, decrease monotonically with increasing air flow rates On the other hand,, DII, the rate of
condensation mn the external condenser, extubits a moderate increase with increasing air flow rates

Consequently, a monotomc decrease of the total productivity rate ZD 1s observed, It obvious that an optimum
flow rate must exust since for this solar still design the productivity 1s zero for a zero air flow rate

Table 1 Dependence of distillation rate as collected i Separator I (DI) and Separator II (DII) and the
temperature of the wet air entering the lower chamber T, on the air flow rate and feedstock flow rate for a still
area = 1m’ and rachation intensity = 650 W m 2

Feedstock flow rate =2 28 kg h’! Feedstock flow rate 4 07 kg h'
m, DI DII D T, m, DI D1l D Ty,
kgh' | kgh'! | kgh' | kgh'! °C kgh' | kgh' | kgh' | kgh' °C

195 0 796 0202 0998 851 1385 0 786 0184 0970 845
351 0696 0294 0990 76 8 325 0632 0214 0896 754
361 0674 0287 0971 762
4 96 0 539 0305 0 844 69 2 4 84 0 580 0256 0 836 68 2
6 46 0462 0315 0777 647 648 0 496 0288 0784 627
737 0424 0316 0 740 618 729 0 455 0 308 0 763 60 1
940 0371 0321 0692 592 855 0390 0 286 0676 570
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It 1s also apparent from Table 1 that in the range studied, the effect of feedstock flow rate on the solar stll
productivity 1s neglhigible However, 1n the vicimty of the optimum air flow rate a lower feedstock flow rate
results in slightly enhanced productivity This suggests that the still be operated at that lowest feedstock flow
rate capable of maintaming the wick completely wet, viz , a 2 kg m* h ' feedstock flow rate

Thermal characteristics of the still at about optimum feedstosk flow rate

The senstitvity of a mumber of still parameters to changes 1n the rate of air flow 15 shown 1n Table 2 These
include the still maximum temperature T;,, the dew point of the air stream entering the lower chamber Tpy , the
temperature of the saturated air exiting the lower chamber T;,, the thermal energy recycled directly to the wet
wick surface qg, the thermal energy utihized to preheat the feedstock qpg, the total thermal energy recycled qgrr
the utthized solar energy Qu and the top thermal energy losses from the still g, The thermal energy parameters
were determuned from the mass and energy balances on the still at a fixed feedstock flow rate m¢ =2 28 kg m ?

Table 2 Vanation in the solar still module maximum temperature Tj,, the dew point of the fluid entering the
lower chamber Tpew, the temperature of the flmd exiting the lower chamber T\, the thermal energy recycled
directly to the wet wick surface gg, the thermal energy utthized to preheat the feedstock qpr, the total thermal
recycled ggr, the utihized solar energy Qu and the thermal epergy losses to the ambient through the glazing qy,,
as determuned from mass and energy balances on the solar still, as a function of air flow rate

Still area = 1 m’, rachation mtensity = 650 W m 2, feedstock flow rate =2 28 kgm 2 h

m, T] 1 TDew Tl o QR Jer qrT QU Gwa
kgh' °C °C °oC Wm?| Wm?| Wm?| Wm? | Wm?
195 85 1 80 7 620 313 155 468 331 211
351 76 8 726 59 1 273 132 405 408 140
361 76 2 720 592 277 131 407 397 154
496 69 2 660 542 237 112 350 406 146
6 46 64 7 612 514 208 99 307 420 134
737 618 58 4 50 0 182 91 273 451 103

It 15 observed that with increasing the air flow rate, m, varies 1n the range of 1 95t0 737 kg m2h', the amount
of total thermal energy recycled qrr decreases by about 200 W m?* At the same time the amount of utilized
solar energy Q, increases (the top thermal energy losses qy. decrease) but this 1s only of the order of 100 W m ?
and consequently overall still performance 1s inferior It 15 suggested, based upon the experimental results
reported 1n Tables 1 and 2, that the real operational optimum for the still should be at even lower air flow rates,
viz , below 195 kg m? h', provided that the module 1s designed such that the air velocity 1n the upper chamber
1s hugher than 0 05 m s ' (this 1s esttmated as the mintmum velocity necessary to hunder the back-diffuston of the
vapors 1n the upper chamber) and, at the same time, turbulent flow 1s achieved 1n the lower chamber to ensure
high heat transfer numbers

5 DISCUSSION
A discussion regarding the heat transfer processes occurring within the solar still module system 1s facilitated by
referring to the schematic diagram 1n Fig 3 The values for the parameters, normalized to a solar still area of 1
m?, used 1n this analysis were as follows

G, = solar radiation absorbed by the still components =550 W m 2

Qwa = thermal energy loss from black wick to ambient = 200 W m 2,

Q. = solar energy utilized mn the upper chamber = 350 W m 2,

ge = Dback and edge thermal energy losses through the solar still insulation to the ambient =
30 Wm?,

gz = thermal energy recycled from the lower cavity to the central plate = 350 W m *

ger = thermal energy utilized 1n the lower chamber to preheat the feedstock = 130 W m 2

m, = massflowofar=237kgm?h' (equivalentto 2 m®> m?*h'® dry air at 298 K and 101 3
kPa),

m¢ = feedstock flow rate m the serpentine tube =2 2kgm?h',

My, = brine dramn-off flow rate=11kgm?h',

m,, = condensate (viz, distillate) flow rate at the outlet =0 7 kg m Zp!
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The temperatures were assumed to be as follows T, =T,, =T, = 30°C, Ty, = 60 °C and T, = Tc, = 65°C
where subscripts a, u, f, b, 1 and ¢ refer to ambient, air stream 1n the upper chamber, feedstock, brine air stream
1n the lower chamber and condensate, respectively Subscripts 1 and o denote 1n and out, respectively

As shown 1n Fig 3, 1n the upper chamber the enthalpy of the air stream 1s increased by the recycled thermal
energy, g, the utihized solar energy Q, and the thermal energy released by the preheated feedstock The
maximum air stream enthalpy, within the solar still module, occurs at the slot connecting the two chambers In
the lower chamber there 1s a marginal thermal energy loss through the edge and bottom insulation, gg A
considerable fraction of the thermal energy of the air stream 1n the lower chamber 1s recycled, both to preheat
the feedstock and heat the evaporation plate, viz , the metal plate separating the two chambers Most of the
vapor content of the air stream flowing through the lower chamber condenses on either the serpentine tube or
the evaporation/metal plate The remaining thermal energy input to the solar still exits the unit as sensible heat
of the condensate and the enthalpy of the saturated arr stream
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Fig 3 Estimated thermal energy flow diagram in air-blown, multiple-effect solar still with mternal thermal
energy recycle, normalized to a umit still area See text for nomenclature assumed flow rates and temperature
values

System design parameters

1 Feedstock and air flow rates- Previous mnvestigations by Mink et al (1997) have shown that a feedstock
flow rate m¢ = 2 kg h 'm ? 1s sufficient to completely wet the wick This study utihized a solar stll with a stil
area, A, of 1 m® tilted at an angle of 20° The radiation intensity was 650 W m %, utihzing a solar simulator
and the evaporation rate m, was approximately 1 1 kgh' It was also observed that the highest productivity was
abtained for air flow rates m, 1n the range between 1 8 and 35 kg m* h' Consequently, i the present study
the feedstock flow rates mg were 1n the range of 2 28 to 4 07 kg m? h'! and the air flow rates were varied
between 1 9and 94kgm?h'

1 Utdization of the vapor content of the air stream exiting the solar still- The condensatton 1n the lower
chamber was estimated 1n the above example, of Fig 3, as 07 kg m?h’ Based upon this calculation, the
saturated air stream exiting the lower chamber 1s also a potential source of fresh water If Q, denotes the
enthalpy of the saturated air n J kg ' for the case when 1 kg air 1s saturated at a given temperature T the rate of
thermal energy exiting with air stream gy, 15 given by

Qo = My Qlo (1)
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It 1s observed from Fig 3, that for a still area of 1 m® and m, =2 37 kgm?h', that q, =340 Wm? and Q;,=
516 500 Jkg' Ths value corresponds to a Ty, ~ 65°C and an absolute humidity H,p, of about 0 20 kg vapor per
kg air, as determined from Psychrometric Tables The mass flow rate of vapor that exits within the arr stream
from the unit 1s ~ 0 48 kg h' (1e, as determuned from A m, Hy ) Provided that the temperature of the exiting
air stream can be cooled, by an external heat exchanger (viz, a condenser), such as to approach the ambient
temperature, an additional 0 4 kg m*h' fresh water can be recovered

On the other hand, m, Q,, 1s also equivalent, as determined from an overall thermal energy balance on the solar
still, to

mano= Qu+maQu,1+Cwme£1'CwmboTbo'CwmcoTco - g (2)

where c,, 1s the heat capacity of water in J°C'kg' If 1t 1s assumed that the temperatures are as cited above
viz, T =Ty, =T, ~30°C and Ty, ~ 60°C and the still operates near the optimum, than the evaporation rate
1s about half the feedstock flow rate Consequently, the sum of the 3™ and 4™ terms 1n Eq 3 approach zero
since the brine drain-off rate 1s about half of that of the feedstock In addition, for relatively low air flow rates
1€, near optumum operating conditions, the thermal energy mnput from the entering air stream m, Q,, 15 low (=
50 - 100 W m?), simularly for the thermal energy exiting the still via the condensate (= 50 W m? formg, =07
kg m? h!and T,, » 65°C) Finally, qp, the back and edge thermal energy losses through the solar still
wnsulation to the ambient can be reduced to ~ 30 W m by standard and imexpensive mnsulation materials As a
result of the above, the sum of the 2™, 5® and 6™ terms also approach zero and Eq 2 reduces to

ms, Qlo ~ Qu (3)

and

Q]oz Qu m, : (4)

It 1s apparent from the above analysis that the enthalpy of the saturated air stream exiting the lower chamber 1s
approximately equivalent to the utilized solar energy Q,, and 1s inversely proportional to the air stream flow rate
m, Consequently, it would be advantageous to operate the solar still at even lower air stream flow rates since
higher exiting air stream enthalpy values translate mto both higher temperatures and vapor content of the
exiting air stream Also, the overall heat transfer coefficient for condensation from the air stream decreases
rapudly with decreasing temperature (see below) The lower air stream flow rates will result in an increase in
the air stream temperature 1n both chambers and an 1ncrease 1n the external condenser efficiency 1¢e as a result
of the greater temperature gradient An increased condenser efficiency will allow a reduction 1n condenser size
and/or cooling energy requirement and resultant decrease 1n construction and/or operating costs

As mentioned previously, an optimum air stream flow rate must exist 1n the range of relatively low flow rates,
since for thus solar still design the productrvity will be zero for an air flow rate of zero

m  Vapor/liquud separator, heat exchanger- In the performance testing of the solar still module 1n the
laboratory 1t was desired to measure the pnimary distillation/productivitv rate within the module (1 e, the rate of
condensation withun the lower chamber, which ts a direct measure of the efficiency of the thermal energy recycle
process) and that obtammed from the exiting air stream, secondary distillation Therefore, the vapor/hqud
muxture exiting the still module first entered vapor/liqud Separator I (primary distillate), then the vapor stream
was passed through a heat exchanger/condenser prior to entering vapor/liquid Separator II (secondary distillate)
In a scaled-up system 1t would be sufficient to have the outlet vapor/liquud mixture exiting the system to pass
through a heat exchanger/condenser prior to entering a single vapor/liquid separator

In the present study a simple water cooled condenser functioned as the heat exchanger but 1t would be very
advantageous to utilize the non-negligible thermal energy present in this stream to preheat the feedstock viz, to
utilize the feedstock as the cooling medium In such a design the temperature of feedstock entering the still
would approach T, and thereby further increase the still operating temperatures This method of operation of
the solar still 1s discussed 1n detail by Aboabboud et al (1996)

v Glazing- The amount of solar radiation absorbed within the still G, 1s the difference between the
mcident solar radiation G and the reflection losses from the still glazing G,, cf Fig 3 The utilized solar energy
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Q. 15 determined from the difference between the G, and the thermal energy losses to the ambient through the
glazing g, Thus, the amount of utilized solar energy 1s given by

Qu= G"'Gr'qwa (5)

It 1s apparent from Fig 3, that for a given solar wrradiance G, the still performance 1s determined mainly by the
top losses gy and the efficiency of the thermal energy recycle processes Since the system 1s designed to
operate at low mass flow rates of air and at relatively high temperatures, the thermal energy losses to the
ambient will increase with increasing temperature To mimimuze these thermal energy losses the glazing should
have good mnsulating properties This was achueved by utilizing a double glazing The disadvantage of a double
glazing 1s the increased reflection losses, approximately an 8 % increase n reflection losses, but this 1s more
than compensated for by the relatively higher temperature gradients, AT = T,, - T,, aclueved In addition since
the glazing does not function as a condensation surface (in fact, 1f condensation 1s observed on the glazing the
system 1s not operating properly) it 1s possible to use such polymeric glazings defined as transparent insulating
materials (TIM s), e g Qualex, a transparent double-walled polycarbonate sheet, which are, 1 general, non-
wetting

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 serpentine tube The rate of condensation 1n the lower chamber (ca 0 7 kg m? h') 1s directly related to
these processes The heat transfer processes include condensation and convective heat transfer from the air
stream The combined heat transfer coefficient h.,, which strongly depends on the temperature (the vapor
content of saturated air) and its fluid mechanical properties 1s approximated by

heg = 1/ [(1/ ho) + gg/(q hp)] ®

where h, 15 the heat transfer coefficient for the condensed water film, in the range of 5000 - 10000 W m K1,
h, 1s the convective heat transfer coefficient of the gas film, qg 1s the heat transmitted by gas (air + non-
condensing vapor) and q 15 the total heat transmitted

The overall heat transfer coefficient Uy, for thermal energy recycle process from the lower chamber to the upper
surface of the wet wick, where the evaporation process 1s occurring, 1s given by

Uiw = 1/ [(1/ hep) + (1/ b} + (1/ hsg) + (1/ B + (1/ hy)] N
where hy, 1s the heat transfer coefficient for the metal plate, 260 000 W m 2K ! for a 1 mm thuck copper sheet,
hy 1s the heat transfer coefficient for scale deposit , approximately 5000 W m? K, by 1s the heat transfer
coefficient for the brine film above the plate, about 3500 W m >K ' and h,, 1s the heat transfer coefficient for the
wet wick, about 660 W m 2 K ! for a 1 mm thuick water film

The above equations for the heat transfer coefficients were solved by determming values for q,/q from the
Psychrometric Tables for temperature intervals of 5 °C and using the above values for the individual heat
transfer coefficients The following values for the heat transfer coefficient for the gas film h, were considered

80,20, 10 and 5 WmZ2K' The results of this analysis are reported in Table 3 A value of h, =80 Wm?*K'
corresponds to turbulent flow with Re > 10 000 and a gas velocity of 10 m s' or above for the case of an
equivalent diameter D, of approximately 0 02 m Using the same value for the equivalent diameter, h, values of
20, 10 and 5 W m 2K ! correspond to approximately 2, 1 and 0 S5m s ! gas velocities, respectively

It 1s obvious from the results of this analysis reported 1n Table 3 that the effectiveness of thermal energy recycle
process and consequently the still performance depends mainly on Uy, It 1s possible to increase, to a limited
extent, the value of Uy, by decreasing the thickness of the porous wick, cf Table 3

The results reported 1n Table 3 suggest that the st1ll should be operated at hugh temperatures and with high gas
film heat transfer coefficient h, values Such high temperatures can be achieved only if sufficiently low mass
flow rates are applied, since at constant energy mput the enthalpy gain of the air stream 1s inversely proportional
to 1ts mass flow rate  On the other hand, lugh linear air stream veloctties are necessary 1n the lower chamber 1n
order to achieve high heat transfer coefficient h, This goal can be achieved by decreasing the height of the
lower chamber and/or by accelerating the air stream velocity with the help of baffles, since the air mass flow
must be low
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Table 3 Overall heat transfer coefficient for thermal energy recycle Uy, as a function of temperature and the
beat transter coefficient for the gas film h, for a wick thickness of 1 mm

T, °C 9 [85 |80 |75 |70 |65 |60 |55 |50 |45 |40 |35
h,=80Wm?K'
Uy, Wm*K' 437 1425 |413 |398 |382 |362 [343 [320 |297 [273 [246 [223
hy=20Wm K’

U, Wm?K' 391 [ 358 | 324 (290 |258 (225 [198 | 169 | 146 | 124 | 104 | 83
436* | 393* | 354* | 315% | 277* | 240* | 209% | 177* | 152* | 128* | 107* | 90*

he=10Wm* K’
Up, Wm’K' 342 | 292 | 251 [213 {180 |150 | 126 |104 |87 172 |59 {49
h,=5Wm’K’

U, Wm*K'! 275 | 215 (173 | 139 | 113 |90 73 59 48 39 31 26

* for wick thickness =0 5 mm

In the present solar still module the feedstock 1s preheated 1n the lower chamber and 1ts height 1s determined by
the outer diameter of the serpentine tube Therefore, 1n the lower chamber the gas velocity was accelerated, by a
factor of about three by means of baffles, which were concentrated in the lower temperature/section of the
chamber (cf Fig 2)

Vi Serpentine tube area vs still area- The ratio of the thermal energy transmitted to the serpentine tube to
that durectly recycled to the central plate 1s 130/350 =~ 037, cf Fig 3 Ideally, the ratio of the tube to plate
surface area should be 1dentical to the thermal energy recycle ratio, since the nature of heat transfer process to
the tube and the plate 1s essentially the same  Nevertheless, if 1t 1s assumed that the average temperature
gradient between the tube and plate 1s Ty o - Teav # 2 K, and considering that the overall heat transfer coefficient
Uy 15 m the range between 200 - 300 W m 2 K' 1e, the still operates under nearly optimum condition, 1t 1
possible to reduce the tube to plate surface area ratio to about 0 2 m* m 2, 1n order to achieve cost savings This
would be more than sufficient if the entering feedstock is preheated close to Ty, utihizing the enthalpy present in
the air stream exiting the solar still

vit  Pressure drop in the system- A drawback in increasing the air stream velocity in the lower chamber 1s
that parasitic electric energy required to drive the air pump also mcreases This may be a major problem 1n
rural application where the electric energy may be supplied by PV panels In addition, a system operating under
high pressure drops requures sturdier and more expenstve construction than that operating at nearly atmospheric
pressure The present solar still system was designed for very low (< 100 Pa) pressure drops and may be
considered to operate under atmospheric conditions

6 CONCLUSIONS

The design and performance testing of a double glazed, air-blown, multiple-effect solar still with thermal energy
recycle consisting of two chambers, upper evaporator and lower condenser, has been presented A considerable
fraction of the latent heat of condensation 1s recycled for directly heating the evaporation plate and for
preheating the feedstock and thereby enhancing the rate of the evaporation process

The heat transfer processes are based upon film condensation from a saturated air stream, which 1s characterized
by a relatively high heat transfer coefficient, especially when operating at relatively igh temperatures These
hgh temperatures are achieved by operating the solar still system at low air mass flow rates In addition, the
heat transfer process 1s further enhanced by the high air velocities 1n the lower (condensation) chamber

The solar still performance, as expected from theoretical analysis depends only shightly on the feedstock flow
rate and the steady-state distillation rate exhibits an optimum (that was found to be of the order of 1 kg m Y
with increasing air flow rates

The experimental results suggest that the solar still performance can be further enhanced by decreasing both the
air flow rate and the cross sectional flow area 1n the lower chamber
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Abstract - Mathematical models bave been developed independently by the scientists at the two mstitutions
mvolved 1n a joint research program to describe the heat and mass transfer processes occurring 1n an air-blown,
multiple-effect solar still with thermal energy recycle The solar still 1s of the tilted wick genre in the form of a
thin rectangular box divided 1nto two chambers by a central metal sheet A slot between the two chambers at
the top of the tlted sull allows for passage of the air stream from the upper to the lower chamber The upper
chamber functions as a an evaporator and the lower as a condenser The air stream sweeps the water vapor
evaporated from the tilted wick via the slot mto the lower chamber where 1t condenses and delivers the second-
effect Both models utilize non-linear differential equations to describe the system under both transient and
steady-state conditions The two groups duffer in their approach to the solution of the non-linear differential
equations The models predict air and water stream temperatures, water vapor content and the distillation rate
The models were validated by a detailed comparative analysts of therr predictive ability utilizing experimental
measurements on such an air-blown, multiple-effect solar stifl with thermal energy recycle

1 INTRODUCTION

An extensive review of the literature on single-effect solar stills reveals, that 1n spite of the large amount of
research and development effort mvested i such stills, their efficiency remains stalled in the 30-40% range,
1¢, only thus fraction of the incident solar radiation 1s utilized n the production of distillate (Delyanms and
Delyannus (1980), Malik et al (1982) and Kudish (1991)) If we apply thus {inding to and zones, which are
characterized by the greatest shortages of potable water, one arrives at the following conclusion present day
state-of-the-art single-effect solar stills cannot be expected to exceed an annual productivity limut of 1m® m?
Ths assumes that the cumulative annual global radiatton incident on the Earth’s surface n these and regions 1s
about 8 x 10°kJ m?y ' and the annual still efficiency 1s of the order of 30% The major drawback 1n the design
of such single-effect solar stills 1s the dumping, 1 excess of 90%, of the solar energy converted to thermal
energy by the still in the form of latent heat of evaporation to the ambient via condensation of the water vapor
on the relatively cooler inner surface of the glazing (1 e, less than 10% of the thermal energy 1s utilized to raise
the still basin water temperature) Multiple-effect solar stills are designed to recycle the latent heat of
condensation to heat or pre-heat the sull basin temperature

A number of manuscripts have been published which describe and/or model multiple-effect solar stills in
which an air stream moves above a water film or utilize forced convection techmques A significant
enhancement still productrvity has been reported for these modified solar stills  Yeh (1985, 1995) modified
Lof’s equations to derive energy balance equations to model an upward-type, double-effect solar still with air
flow through the second-effect unit Thomas et al (1990) developed a model to describe a ventilated solar
evaporator with convective air flow for enhanced evaporation A solar still utilizing an air stream 1n the
evaporative channel, vaponizing the water by forced convection and condensing it on an external condenser 1s
described by Assouad and Lavan (1988) Rahim {1995) describes a forced condensation techmque as a applied
to a moving water film on a tulted solar st1ll, where the evaporator and condenser are two separate umits  Such
a design makes 1t possible to mncrease the temperature difference between the two unuts

The heat and mass transfer for liquid evaporation mto an air stream has been studied extensively Smolsky
and Sergeyev (1962) found that there 1s considerable increase 1n heat and mass transfer due to the air stream
This enhancement was explamned as being the result of the evaporation of fine water droplets carned away by
the air stream from the wetting surface mto the boundary layer

Mink et al (1993, 1995) and Aboabboud (1997) have recently described the performance and analysis of a
forced convection, multiple-effect solar still These studies have indicated that the proposed design has the still
productivity

We will present two mathematical models that have been developed, independently, to describe the heat and
mass transfer processes occurring 1 an awr-blown, multiple-effect solar still with thermal energy recycle as
designed by Mink et al (1993, 1995) and Aboabboud (1997) Both models utilize non-linear differential
equations to describe the system under both transient and steady-state conditions The prnimary amm of thus



study was to use an accurate as possible sumulation procedure so as to appraise and quantify each of the forced
mult-flow effects Nevertheless, sufficiently simple numerical procedures were adapted to the form of the
physical system under consideration These models were validated by a detailed comparative analysis of their
predictive ability utilizing experimental measurements on such a solar still  The still bemng developed under a
jomt Israeli-Hungarian research program, will be described briefly 1n the following section, since a companion
paper describing in detail its operation and expertmental results will be presented separately (Mink et al
(1997)

2 SOLAR STILL DESCRIPTION

The aur-blown, multiple-effect solar still 1s essentially of the tilted-wick genre m the form of a thin
rectangular box divided 1nto two chambers by a central metal sheet A slot between the two chambers at the top
of the tilted still allows for passage of the air stream from the upper to lower chamber The upper chamber
functions as an evaporator and the lower as a condenser and 1t operates 1n the following manner (1) ambient
air 1s drawn 1nto the upper chamber (via a blower attached to the exit from the lower chamber) from the lower
end of the tilted still, which 1s provided with a series of air-inlet holes, and sweeps the water cvaporated from
the tuted wick into the lower chamber, (1) the major portion of the water vapor condenses cither on the
backside of the metal sheet, which serves both to separate the two chambers and supports the wick, or on the
serpentine tube, attached to the backside of the metal sheet, transporting the feedstock to the upper chamber,
{11 ) the serpentine tube enters the upper chamber, via the slot, and releases the feedstock at the top edge of the
metal sheet which has a weir to facilitate even wetting of the tilied wick (1v) the distillate 1s collected by
draimung from the lower chamber mnto a collection vessel, (v) the saturated awr stream exating the lower
chamber enters an external condenser to recover water vapor prior to venting to the ambient via the blower A
schematic diagram of the solar still 1s shown 1 Fig 1 It should be noted that the still glazing does not
function as a condensation surface and therefore 1t 1s possible and recommended to utilize a double glazing
cven non-wetting polymeric glazings, to reduce the thermal energy losses through the glazing to the ambient

Outer glazing
Inner glazing
— —— — Air —
UPPER CHAMBER l
Brine Water/Wick
drain-off < < < < k
€——1 LOWER CHAMBER | Location of
Feedstock m R l mgyx;g;m
o Saturated air € €
| — < € Distillate temperature

v

Dastillate to collection tank

Saturated air to external condenser and then to collection tank

Fig 1 Schematic diagram of air-blown, multiple-effect solar still with thermal energy recycle

3 MATHEMATICAL MODEL

As mentioned above, the scientists at the both mstitutions (Ben-Gunion University, BGU, and the Research
Laboratory for Inorganic Chemustry, RLIC) have developed, independently mathematical models to describe
the heat and mass transfer processes occurring 1n the proposed solar still design  Both models utilize non-hinear
differential equations to describe the system under transient and steady-state conditions The models predict
both air and water stream temperatures, water vapor content of the air stream and distillate rate The two
groups differ 1n their approach to the solution of the non-linear differential equations and the major differences
between therr respective solutions are the following

a RLIC utilize an approximate exponential correlation between enthalpy and the temperature of the
air/water vapor stream found to be valid 1n 40 to 85°C range typical for such solar still systems This converts



the non-linear differential equations, which do not have analytical solutions, mto differential equations with
simple exponential coefficients BGU applies numerical integration to solve the non-linear differential
equations

b In order to reduce the number of variables, RLIC assumes that at any cross-section of the still the
temperatures of the water film on the wick serpentine tube, metal sheet and saturated air stream 1n the upper
chamber are approximately of equal value and similarly for the condensed water and the saturated air stream 1n
the lower chamber Such approximations appear to be reasonable 1n view of the relatively small spacing
dimensions 1n the two chambers (viz , the spacing 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 determunes the water vapor content of the air stream using the exponential correlation described
above, whereas BGU utilizes a differential temperature equation

d RLIC assumes that the upper and lower chamber air streams are saturated throughout and BGU
assumes that only the air stream layer 1n contact with the water/wick interface in the upper chamber and the air
stream layer 1n contact with the metal sheet/serpentine tube 1n the lower chamber are saturated

¢ RLIC determunes the distillation rate from the water vapor content as calculated using the
abovemenioned exponential correlation BGU applies the heat and mass transfer analogy to determine the
forced convective mass transfer, using the air and water temperatures, and thereby the dustillation rate

BGU Model

Initially, two different numerical modeling methods were tested to determune which gave better agreement
with the expenmental data A ‘runnng count’ techmique using ierative calculattons of the non-lnear
coefficients at each time mterval and non-iterative two-stage ‘predictor-corrector techmique The first method
was found to be more surtable for the modeling of the solar still and will be used exclusively in this study

The following assumptions were made 1n the analysis

1  The salt concentration of the feedstock 1s assumed to be sufficiently low and 15 neglected m the
analysis

2 The system 1s considered uni-directional 1n the direction of flow for the individual streams

3 The thermal properties of the system are assumed to be independent of temperature

4 The temperature of the water film on the tilted wick 1s assumed fo be at the same temperature as the
metal sheet supporting the wick

5 Only the transverse conductivity through the glazing, metal sheet and serpentine tube are considered

The solar still shown schematically 1n Fig 1 was modeled by means of six non-linear differential equations
These equations, 1ncorporating the above listed assumptions, are as follows
A Upper chamber thermal energy balances (0 <x <L,)
1 Sull glazing

P 8 Cg OT/Bt = (1) G(t) + By (T = Tg) + hagy (Tams = T) + 8, 6 (T - Teh + 5,0 (T - T (D)
1 Air stream

Cu (my + M) (V' FTSEt + FT/OX) = Wy [hu(T - To) + (hy + A Ay ' he) (Tp - T} + AT me Ly, (2)
m Central metal sheet (plate) with water flowing down wick

(1 - 1) [(C + Cp) V! TTf0t - Gy TTH/x] = Wo[(00) G(t) + (it Ac Ay o) (T - Tp)

+ Up (Ty = Tp) + Upt (Ty - Tp) + 8, 0 (T, - T - MTp) me Ly, ' 3)
B Lower chamber thermal energy balances (0 <x” <L)
1 Air stream
¢i (my + m, - mg) (v ' 9Tyt - 9TY/Ex") = Wy (Upt (Tp - Ti) + (y + Ay Ay ' hy) (Ty - Ty
+ U (Tammp - T1) = A(TY) 1Ly )

n Feedstock flowing through serpentine tube

7 1,2 pe ¢ OTOt + me o OT#0x” =2 1, U (T, - T, (5)
1 Serpentine tube

(o> - 1.%) pu & OTYot = Uy 1o (Te- T + (2 1) ' Wi [he (Ty - Ty + Upe (Tp - TO] + MTy m Ly ! (6)

V7



The time-dependent terms in Eqs 1 through 6 refer to the rate of thermal energy transfer from the following
control volumes W, 8, A(X), Dy Wy A(X), (8 + S Wa A(X), Dy Wi A(X), T 12 A(X), T (1o - 1,2) A(Y),
respectively

C The above equations were solved by imposing the following mtial and boundary conditions

T, (x,0 =T, (x",0) = Tox (7-a)
Te (X,0) =T, (x,0)=Tg (7-b)
T (0) = T (7-c)
T.(0)=Ts (7-d)
Tu (O;t) = Talr (7'3)
Te (0,0 =Tg (7D

The temperature of the air stream exiting the upper chamber, reversing its flow direction, and entering the
lower chamber 1s assumed to be unchanged 1n the vicity of the slot, viz ,

Tu (Xat)ntx=L = Tl (x,st)atx =L (8)

and the temperature of the central metal sheet at 1ts upper extremety 1s assumed to equal to that of the feedstock
being discharged there from the serpentine tube, viz ,

Tp (xat)atx=L = Tf (K,,t)atx =L (9)

The individual heat transfer coefficients as applied to each specific heat transfer process were determined
from the appropriate correlations available 1n the hiterature in terms of the Nusselt number Sumilarly, the mass
transfer coefficients for evaporation and condensation were deterruned from the Sherwood number correlations
applicable to the mass transfer processes occurring 1n the solar still module The six equations governing the
heat transfer processes occurring within the solar still were then solved by the numerical method described
above

RLIC Model

It 15 apparent from the description of the approach used by each of the two groups to solve the non-linear
differential equations simulating the solar still, that the RLIC model 1s the more simplified method They
utilized the Runge-Kutta method for the solution of the differential equations, which constituted their simplified
model, to simulate solar still performance The differential equations utdized in thus model are as follows

A Upper chamber thermal energy balance

The followmng heat transfer processes contribute to the enthalpy balance on the amr-vapor muxture

flowing, 1n the upward direction, 1 the upper chamber (1) solar radiation absorbed, (11 ) the thermal energy
recycled from the lower chamber via the central metal sheet, (111 ) thermal energy transferred to water/feedstock
flowing down the tilted wick, (rv ) thermal energy losses to ambient via the still glazing, (v ) thermal energy
losses via the perimeter of the upper chamber casing to both the ambient and to the lower chamber The
differential equations describing the heat transfer process occwrring 1n the upper chamber, the last factor has
been neglected since the perimeter area is relatively small and msulated. are

Va dQu/dA = Gabs + qr + Cw (mw dTp/dA +Tp dInw/dA) = Up amb (Tp - Tamb)s (10)
and the water flow rate of at any cross section 1s 1s given by
my(+1) = my(1) + V, [H( +1) - H)] b

In the above analysis Q, 1s defined as the enthalpy of the saturated air stream flowing through the upper
chamber, 1 &, for the case of a unit volume of dry air at STP 1s saturated at T, (1 1845 kg air), and H, 1s the
equilibrium humudity 1n kg water per m® dry air

B Lower chamber thermal energy balances

The air stream exits the upper chamber at the slot connecting the two chambers and reverses its flow
direction upon entering the lower chamber and flows toward the outlet from the lower chamber at the bottom of
the tilted still In the lower chamber the saturated air stream condenses and the mixture of saturated air and
condensate 1s characterized by monotomc decrease 1n both temperature and enthalpy The rate of change of the
muxture enthalpy with lower chamber area, d(QQ; /dA, 1s positive, since the area of the lower chamber 1s
constdered to increase 1n the direction opposite to the flow direction of the mixture In the lower chamber the
following heat transfer processes contribute to the enthalpy balance on air-vapor muxture flowing in the lower



chamber (1) thermal energy transferred to the central metal sheet by condensation from the air stream, (1)
thermal energy transferred to the serpentine tube to preheat the feedstock, (1) thermal energy losses by
conduction through the back and side walls (both are insulated) of the solar still, (iv ) enthaply of condensation
(v ) thermal energy losses via the perimeter of the lower chamber casing The differential equations describing
the heat transfer process occurring n the lower chamber, once agam the last factor has been neglected, are

Va dQ/dA = qr + qrp + Up amp (T -Tams) + dgo/dA, (12)
where the differential thermal energy of condensation released 1n the lower chamber, dq./dA, 1s

dq./dA = ¢, m.dTydA + ¢, T dmy/dA, (13)
and the condensate flow rate of at any cross section 1s given by

m,(1) = me(t+1) + V, [Hy(1+1) - Hy(1)] (14)

C Solution of the differential equations
Approximate exponential correlations for both the enthalpy and the humudity of the air/water vapor
muxture as a function its temperature were developed from the thermodynamic propertics of the mixture data
fitng, and are given by

Q=cgqe™, (15-a)

H,= oy e, (15-b)

where o = 12807 J m>, o = 00048 kg m>, B = 00617 °C' (applies to both equations and note that the
temperature T 15 1n °C) The rate of change of the mixture enthalpy and humidity with chamber area 1s then

dQ/dA = 0 B €T dT /dA, (16-a)

dH/dA = oy B T dT /dA (16-b)
Substituting Eqs (16-a), (16-b) nto (10) gives the following

dT"/dA = Up aup (C5 - Tl [Va i P €' " - Gy (g + Tu Vg 0t B e )], an
where C; 1s defined as

Cs = (Gavs + Upamb T b + g Up ey (18)

A material balance on the water stream 1n the upper chamber gives the following result

dm,/dA =V, dH/dA, 19
and from Eq (16-b)

dH/dA = o B € " dT°/dA, 20
and the combination of the above two equations gives

dm,/dA = V, ax PP *dT", /dA @21
The combination of Eqs (17) and {20) gives

dmy/dA = Up ams (C3 “T")(Va B ot € Y[V, 0t B ¥ - 0 (my + T' Vot € )] (22)

The differential Eqs (17) and (20) are solved numerically as functions of the stll area (viz, the stream
location within the solar still) for a range of air flow rates and thermal energy recycle values using Runge-Kutta
method

4 RESULTS
BGU Model

The BGU model was first validated by simulating the performance of the prototype RLIC-1 solar stll
module, which had a solar still area of 0 24 m* and was double glazed (3 mm thick glass ) The comparison of
the experimentally measured and simulating amr/water vapor mixture and water/feedstock temperatures 1s
reported 1n Table 1 The still operated under the following conditions m, =0452kgh ' vae=012ms' and
G=650 Wm? It s observed from Table 1 that the BGU model does a satisfactory description of the solar still



performance It predicts somewhat lower temperatures for the air/water vapor stream n the upper chamber but
closely simulates still performance, with regard to the ait/water vapor stream, in the lower chamber The
results with regard to the temperatures of the water/feedstock flowing through the serpentine tube and 1its outlet

onto the upper extremity of the metal sheet 1n the upper chamber, are reasonable except for the relatively large
discrepancy for the latter

Table 1 The companson of simulated (BGU model) air-water vapor mixture and water/feedstock temperatures

to values measured on Aug 8, 1993 for a 0 24 m® solar still module, RLIC-1, under the following operating
conditions m,=0452kgh’,v,,=012ms' and G=650 Wm?

Air-water vapor T (AX) Tu(L/2) T L - Ax) TiL - Ax) T (L/2) Ty (Ax)
(C) (°C) C) C °C) (C)
RLIC-1 meas 54 1 70 4 7517 740 711 589
Dew point - 636 69 1* 69 1* 69 1* 589
BGU model 454 653 692 692 70 1 605
Water/feedstock T{AX) TdL - Ax) Tw(AX)
(C) °C) °C)
RLIC-1 meas 423 735 514
BGU model 465 702 60 2

* Dew Point refers to relative humidity of 0 86 as determined from the mass balance on the solar still

Note Ax refers to a single increment after entering the tilted still as measured from the bottom and (L - Ax)
refers a site one increment below the upper extremuty of the central metal plate

RLIC Model

The results from the RLIC model applied to a double-glazed (3 mm thick glass) solar still as a function its
length are reported 1n Table 2 The operating conditions are assumed to be as follows G =350 Wm 2 V, =
25m’h' and gz =400 W m? 1t 1s possible by nterpolation from Table 2, to predict the performance of the
solar still module tested at RLIC, which has a length of 1 85 m (still area = 1 m?) Ths results 1n a total
amount of water vapor carried by air stream equal to 1 348 kg/h, and a net amount of water vapor evaporated 1n
the still equal 1 240 kg h', which 1s 1n good agreement with the expenumental results
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Fig 2 Total net water evaporated and removed from a double-glazed solar still by the exiting air stream as a
function of both the solar still length and thermal energy recycled from the lower to upper chamber under the
following conditions Gu, =350 Wm?% V,=25m’ h'!



The calculated total net water evaporated and removed from the still by the exiting air stream as a function of
both the solar still length and thermal energy recycled from the lower to upper chamber 1s presented Fig 2
under the following condittons Gup, = 350 Wm? V,=25m’h' InFig 3 the calculated air/water vapor
temperature as a function of both the solar still length and thermal energy recycled from the lower to upper
chamber 1s shown under the same operating conditions
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Fig 3 Vanation of the air/water vapor muxture temperature in a double-glazed solar stll with still length and
thermal energy recycle rate under the following conditions G =350 Wm?2 V, =25 m h'

The vaniation 1n the air/water vapor mixture enthalpy with solar stifl length for Gu, =350 Wm? V,=25m’

h'! and gz = 400 W m?

1s shown in Fig 4 In Fig 5 the vanation in air/water vapor mixture temperature as a

function of both solar still length and air flow rate 1s shown under the following conditions Gy, = 350 W m?

and gz = 400 Wm?
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Table 2 The calculated (RLIC model) arr/water vapor mixture temperature T°,,, total mass flow rate of vapor
V. H,, thermal energy flow rate V, Q,, net amount of water vapor i air stream, water/feedstock flow rate and
net water evaporated as a function of still length Amount of water vapor entering with ambient air 1s 0 108 kg
h', and the brine drain-off flow rate 1s 1 2 kg h !

Still length Ty V. H, VaQu Net vapor Brine flow Water evaporated
(m) O | kehh W) mar (kgh')| rate(kgh') kgh')
00 35 0 108 1013 0000 1200 0000

028 587 0417 3431 0309 1466 0266
056 654 0615 493 8 0 507 1695 0495
083 696 079 6305 0 6885 1898 0698
111 726 0 964 756 8 0 8564 2079 0879
139 749 1121 874 3 10128 2238 1038
167 766 1264 9815 11558 2377 1177
194 780 1390 1076 5 12825 2 494 1294
222 790 1496 11557 13882 2592 1392
250 798 1588 1224 9 1 4806 2 669 1447
278 304 1658 1276 8 15499 2727 1526

BGU and RLIC models- comparative analysis

The comparative analysis of the two models was performed using the data measured on RLIC-2 a 1 m” solar
still module The measured and simulated values for the air/water vapor mixture in the upper chamber as a
function of still length are reported 1n Table 3 The temperature values listed for RLIC-2 were obtained from the
expenmental data by interpolation to the corresponding still lengths histed 1n Table 3 It 1s observed that both
models somewhat underestimate the corresponding experimental values but they both predict similar trends It
1s also observed that the BGU model describes both the 1mitial development of the temperature profile and the
effect of the introduction of the water/feedstock at the upper extrermty of the central metal sheet cf
temperature values between 1 6 and 1 85 m

5 CONCLUSIONS

Two mathematical models have been developed independently by the two the groups involved 1n a joint
research program to describe the heat and mass transfer processes occurring 1n an air-blown, multiple-effect
solar still with thermal energy recycle



A comparative analysis, utilizing expertmentally measured data on two solar still modules, has shown that
both models are able to stmulate the heat transfer processes occurring 1n the solar still modules satisfactorily
however, both underestimate the steady state temperatures 1n the upper chamber

Table 3 The comparison of air-water vapor mixture temperature values measured 1n the upper chamber of a 1
m? solar still module, RLIC-2, as a function of stll length to those simulated by both the BGU and RLIC
models, under the following operating conditions m,=25kgh', vy =012ms',G=650 Wm?

Still length , m 0 02 05 08 11 14 16 18
Temperature of air/water vapor mixture in upper chamber ‘o)
RLIC-2 meas 405 605 735 805 820 835 835 825
Dew point - 532 66 5 737 755 770 770 76 0*
BGU model 350 595 68 7 726 743 750 751 73 4
RLIC model 350 587 653 696 726 749 76 6 780

* Dew Point refers to relative humudity of O 86, as determined from the mass balance on the solar still

The BGU model predicts the local decrease 1n the upper chamber air/water vapor mixture temperature in the
vicinty of the feedstock inlet onto the central metal plate, 1 e, at the upper extremuty of the plate in agreement
with experimental observations The RLIC model does not detect this local temperature decrease

A major difference between the two models 1s 1n therr treatment of the rate of thermal energy recycle from
the lower to the upper chamber, gz The RLIC model utihizes the rate of thermal energy recycle as an iterative
parameter 1n the solution of their differential equations The BGU model has the advantage 1n that 1t 1s able to
calculate qr from the mmitial and boundary conditions  The thermal energy recycle 1s calculated by both models
to be ~ 400 W m? for an ncident solar radiation imtensity of 650 W m? 1n good agreement with the
experumental results

We plan to continue to fine-tune the models, utilizing the expertmental data measured on the solar still
modules and, thereby improve therr ability to simulate the solar stills

NOMENCLATURE

area of solar still, m*
heat capacity, Tkg' K
ncident solar radiation mtensity, W m 2
solar energy absorbed by the still, W m?
equilibrium air humudity, kg water m > dry air
heat transfer coefficient, W m? K
length of chamber, m
the mass flow rate, kg s’
enthalpy saturated air stream, J m>
thermal energy released by condensate 1 lower chamber, W m *
thermal energy recycled from lower chamber to upper cavity, W m*
grp thermal energy recycled from lower chamber to central metal sheet, W m z
gre thermal energy recycled from lower chamber to serpentine tube to preheat the feedstock, W m >
r, 1nner radmus of serpentine tube, m
I, outer radws of serpentine tube, m
T temperature, K
T temperature, °C
Tay sky temperature, K
U overall heat transfer coefficient, Wm K}
V. volumetric flow rate of bone dry air at STP, ms!
v linear velocity, ms !
W  width of chamber, m

o
OB EE Qe >

g8

Greek letters

oy pre-exponential in Eq (15-b)
0q pre-exponential in Eq (15-a3)
B exponential in Eq (15)
& thuckness, m



emittance

enthalpy of vaporization, J kg’
density, kg m>

Stefan-Boltzmann constant W m 2 K™
(to) transmittance-absorptance product

Qo >2nm

Subscripts

air ambient air entering the solar stilll
amb ambient
backside
condensate
evaporation
feedstock 1n serpentine tube
nlet feedstock
glazing
lower chamber
plate (1 ¢, central metal sheet)
serpentine tube
upper chamber
water (feedstock on wick)

f 2 -0 —a im0 0C
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Abstract - An air-blown, multiple-effect solar still with thermal energy recycle consisting of an
upper evaporation chamber and lower condensation chamber, the prototype ongnally proposed
by the scientist at the Research Laboratory for Inorgamc Chemustry (Mink et al 1988), 1s being
developed and tested under a jownt Israel-Hungaman research program The principle of
operation of such a still, the main design parameters and the results of solar still performance
tests will be presented The present discussion will be restricted to the performance testing of a
solar still with a nomumnal still area of 1 m® (186 m x 054 m) utdizing a solar simulator
providing a constant radiation wntensity of 630439 Wm?® The solar still performance was
monttored under the following condrtions constant feedstock flow rate, 2 96 kgm?h ', and
varying air flow rate, 1 the range from 032 to 4 51 kem”h' Tt was observed, under these
conditions, that the thermal energy recycle began to be effective after about 30 nunutes and that
the still achieved steady-state after approximately one hour of operation The steady-state
distillation rate exhubits an optunum (of the order of 1 1 kgm Y for an air flow rate n the

i

range from 1 02 to 124 kem*h' The expenmental results dicate that the still performance
can be enhanced further by increasing the linear air stream velocity in the lower chamber by

decreasimng tts cross sectional flow area



1 INTRODUCTION

Today there exists an estimated two bulion people who go without fresh water on a daily basis
The consumption of water unfit for dnnking, due to pathogens and salimity, 1s a major health
hazard world-wide In addition, the growth of the world’s population and the consequent food
shortage, requires the expansion of agriculture mto arnd zones, 1 ¢, the greemng of the desert
The famune m the Sahal region (viz , the Sahara Desert) and other less publicized regions on the
globe provide ample evidence for the necessity of solving this problem by concerted efforts,
both national and international Arnd zones constitute 60% of the earth’s land area and they
are, 1n general, characterized by high levels of solar radiation and shortages of fresh water
Such regions often possess reservours of erther brackish or saline water that may be used for
both drinking and irnigation after suitable treatment Solar desalimation systems may be an ideal
source of fresh water for both dnnking and agrniculture i and zones Thus 1s especially true n
that both the demand for fresh water and the intensity of solar radiation are, 1 general, cychcal
in nature and 1 phase with each other

The utihization of solar energy for the distillation of brackish or saline water has been practiced
for a very long time Varnious types of solar stils and solar-assisted desalination umts have
been designed and investigated A number of manuscripts have been published on thuis subject

a classic one by Talbert et al (1970) and two more recent ones by Malik et al (1982) and
Kudish (1991) The mamn disadvantage of most solar stlls 1s thewr mherent relatively low
efficiency, viz , therr efficiency, notwithstanding mtenstve research and development efforts,
remains stalled in the 30-40% range

If we apply this finding to and zones, which are charactenized by the greatest shortages of
potable water, one arrives at the following conclusion present day state-of-the-art single-
effect solar stills cannot be expected to exceed an annual productivity limut of lm’'m? This

assumes that the cumulative annual global radiation mcident on the Earth’s surface m these and
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regions 1s about 8 x 10° kim?y ! and the annual still efficiency 1s of the order of 30% The
major drawback m the design of such single-effect solar stills 1s the dumping, 1n excess of 90%,
of the solar energy converted to thermal energy, by the still in the form of latent heat of
evaporation to the ambient via condensation of the water vapor on the relatively cooler inner
surface of the glazing (1 e, less than 10% of the thermal energy 1s utiized to raise the stiil basin
water temperature, sensible heat) Multiple-effect solar stills are designed to recycle some
fraction (preferably a large one) of the latent heat of condensation 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 basin liner) which converts the solar to thermal energy The basin lmer (black to
maximuze visible 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 wisible radiation (approximately 5% 1s ultraviolet and a neghgible
amount of wfrared), directly to thermal energy The thermal energy is transmitted by
convection through the water to its surface The water at the water-vapor interface evaporates
and then condenses on the relatively cooler still glazing surface The latent heat of
condensation 1s vented to the ambient 1 such systems during the condensation process on and
via the still glazing surface It has been reported by Delyanms and Delyannis (1980) that the
overall efficiency of a typical basin type solar still 1s usually 30% or lower This 1s the
underlying reason for the limited use of solar desalination plants constructed from such solar
stills In addition, they require the availability of large land areas and the fixed capital
mvestment 1s directly proportional to the size (basm area) of the plant, though economics of
scale may be involved with the penipheral equipment (mainly pumps and storage vessels, which,
m general, contnibute a small percentage to the total fixed capital mvestment) and operation

and maintenance costs



The multiple-effect solar still systems are designed to recover/recycle some fraction of the
latent heat of condensation to preheat the feedstock either prior to enterning or within the solar
still basin and thereby enhance the system efficiency This may be accomplished, 1 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 with
a double glazing and by flowing the feedstock through the space between the glazing (1 e,
essentially a simple hquid 1n glass condenser) prior to entening the still basin  Such a design,
obviously, necessitates operating the still as a flow system (1 e, a contmuous feed input) rather
than a batch system It also requires leakproof sealing of the double glazing This may be
facilitated by using an mternally sealed doubled glazing such as that available for double glazed
windows (1 e, ‘storm windows’) but at a much greater cost than single glazings

An example of the recovery/recycle of the latent heat of condensation within the solar still
system 1s that analyzed by Sodha et al (1980) It 15 designated as a double basin solar still and
1s a simplified version of a multiple level solar still origmally proposed by Lobo and Arayjo
(1977) 1t 1s designed to utilize the latent heat of condensation from the lower basin (viz, the
condensation of the water vapor on the underside of the transparent base supporting the upper
basin) to heat the water i the upper still basin  This requires the use of a transparent base
(e g, glass) for the upper still The practical application of such a design 1s questionable due to
the many technical problems mvolved, such as the load on the transparent base of the upper
still

The two still designs described above are classified as double-effect solar stils, a single
recovery/recycle of the latent heat of condensation It 1s possible to envision the design of
multiple-effect solar stills (e g, adding on more basins with transparent bases, one top of the
other, to achieve a multiple-effect) similar i concept to multiple-effect conventional
desalination techmques Needless to say, the cost of the solar still construction mcreases with

4



complexity of the design and any additional costs must be weighed agamst the potential for
increased productivity/efficiency

Another example of such recycle systems 15 that described by Kossinger et al (1993), 1e, a
hughly efficient solar desalmation umit utilizing the latent heat of condensation to preheat the
feedstock prior to entering the still Engelhadt et al (1997) presented a total Iife cycle cost
analysis for thus system under different modes of operation

The rationale behind the design of our air-blown, multiple-effect solar still was to overcome the
mherent disadvantage i the operation of single-effect solar stills, viz, therr efficiency,
notwithstanding intensive research and development efforts, has remained stalled n the 30-40%
range Our goal bemng, enhanced productivity while imncurnng mimimal incremental costs  This
arr-blown, multiple-effect solar still 15 designed to recycle the thermal energy (1 e, the latent
heat of condensation), which 15 dumped/vented to the ambient i single-effect solar stills, to
heat or preheat the feedstock to the solar still The mode of operation of this solar still will be
described together with expenimental results in the following sections

A number of manuscripts have been published which describe and/or model multiple-effect
solar stdls in which an airr stream moves above a water film or utillize forced convection
techmques A sigmficant enhancement 1n still productivity has been reported for these modified
solar stills Yeh (1985, 1995) modified Lof’s equations to derive energy balance equations to
model an upward-type, double-effect solar still with air flow through the second-effect umnit
Thomas et al (1990) developed a model to descmibe a ventilated solar evaporator with
convective air flow for enhanced evaporation A solar still utihizing an aw stream in the
evaporative channel, vaporizing the water by forced convection and condensing it on an
external condenser 1s descrnibed by Assouad and Lavan (1988) Ratum (1995) describes a

forced condensation techmque as a applied to a moving water film on a tilted solar still, where
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the evaporator and condenser are two separate umts Such a design makes it possible to
increase the temperature difference between the two umnits

The sigmificance of this research project 1s obvious in that potable water 1s a commodity that 1s
becoming scarce and has been?source of conflict between nations throughout history If the
latter part of the 20" Century can be characterized as one that the scarcity of o1l was a casus
bell: than 1t 15 reasonable to state that the casus belli n the 21™ Century will be the scarcity of
water In fact, the success of the peace treaties now 1n effect and 1n the making m the Middle
East will depend to a significant degree on the availability of water for all countries concerned
Solar desalination can be an important source for water n this region, which 1s primanly
composed of and and desert lands and has an abundance of solar radiation

2 SOLAR STILL DESCRIPTION

A schematic diagram of the air-blown, multiple-effect solar still 1s presented n Fag 1 It 1s
essentially of the tilted-wick genre in the form of a thin rectangular box divided into two
chambers (upper evaporator and lower condenser) by a central metal sheet There 15 a slot
between the two chambers at the top of the tilted still (viz, the central metal sheet does not
extend across the full length of the still but leaves a slot of 10 mm between 1ts top end and the
still’s upper extremuty) The metal sheet also functions as (1) the support for the wick (a black
porous material) which covers it on the upper chamber side, (n) the surface to which a
serpentine tube, on the lower chamber side, for transporting the feedstock to the upper
chamber, 1s attached Tlus serpentme tube also functions as a heat exchanger for preheating the
feedstock prior to entering the upper chamber  The spacing between the central metal plate
and the upper chamber still glazing and the lower chamber backside are both < 15 mm

The mode of operation of the solar still 1s as follows (1) ambient air 1s pumped mto the upper
chamber from the bottom of the tilted still and sweeps the water vapor evaporated from the
tited wick mto the lower chamber wvia the slot at the top of the tited still (maximum
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temperature of the air stream 15 measured at this pomnt, above the slot, prior to entering to the
lower chamber and serving as the hot flud mn what 1s essentially an ar-hquid heat exchanger),
(2) the major portion of the water vapor then condenses on the backside of the metal sheet
supporting the wick or on the serpentine tube, which enters at the bottom of the lower
chamber, transporting the feedstock to the upper chamber, (3 ) the feedstock, which enters the
serpentine tube at a flow rate in excess of the rate of evaporation from the wick 1n the upper
chamber and 1s preheated durning its passage through the serpentine tube, exits the serpentine
tube at the top edge of the central plate and passes over a weir and flows by gravity down the
wick, (4) the distillate exits the lower chamber and is collected, whereas the saturated air
stream, also exiting the lower chamber, enters an external condenser, to further condense the
water vapor remaimng prior to venting to the ambient

In the upper chamber the air stream flows countercurrently to the direction of feedstock
flowing down the wick, whereas m the lower chamber the airr stream flows both
countercurrently and perpendicular to the direction of the feedstock flowing through the
serpentine tube Due to the nature of thus solar still, viz , that the upper chamber glazing does
not serve as a condensation surface, it 1s possible and recommended to utilize a double glazing
to reduce thermal energy losses via the glazing to the ambient In fact, it 1s possible to use non-
wetting polymeric glazings such as those used as transparent msulating matenal (TIM’s), e g,
Qualex, a double-walled polycarbonate sheet, as the solar stil glazing

3 DESIGN PARAMETERS

System desien parameters

1 Feedstock and arr flow rates- Previous mvestigations by Mink et al (1997a,b) have
shown that a feedstock flow rate me = 2 kgm *h ! 1s suffictent to completely wet the wick They
also found that increasing the feedstock flow rate from 228 to 407 kgm “h' had only a
negligible effect on the still productvity The present study utilized a solar still with a still area,
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A, of 1 m?® tilted at an angle of 20° with a constant feedstock flow rate of 2 96 kem?h! The
previous mvestigations utilized a double glazing consisting of 3 mm glass plates with a 20 mm
gap, whereas the present study utilized a double-walled polycarbonate sheet with a 10 mm gap
The mcident radiation intensity was 650+£39 Wm 2, utthzing a solar simulator Mink et al

(1997a,b) found that the highest productivity was obtamed for air flow rates in the range
between 1 8 and 3 5 kgm’h ' and m the present study the air flow rates were varied between
032and4 51 kgm*h'

u  Utiization of the vapor content of the air stream exiting the solar still- The primary
distillate via condensation 1n the lower chamber was estimated to be approx 07 kgm®h! In
view of the fact that the rate of evaporation in the upper chamber was found to be of the order
of 11 kgm?h', it 1s apparent that the saturated air stream exiting the lower chamber 1s also a
potential source of fresh water This secondary distillate, of the order of 0 4 kgm?h', can be
recovered provided that the exiting air stream can be cooled by an external heat exchanger, viz ,
a condenser, to ambient temperature
If Hy o denotes the enthalpy of the saturated air exiting the lower chamber 1n Tkg 'spa and m,,
the mass flow rate of the air stream, 1s expressed i umts of kgm s |, the rate of thermal energy
exiting with the air stream gy 1S given by

Qout = Ma Hicor (1)
It 1s obvious that the temperatures withun such a still are mnverse functions of the mass flow rate
of the air stream Consequently, it would be advantageous to operate the solar still at even
lower air stream flow rates, since higher exiting air stream enthalpy values translate mto both
higher temperatures and partial pressures of the water vapor (or vapor content) m the exiting
air stream  Also, the overall heat transfer coeffictent for condensation from the air stream
decreases rapidly with decreasing temperature (see below) The lower air stream flow rates will

result i an increase 1 the ar stream temperature m both chambers and an mcrease m the
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external condenser efficiency (1 e , the amount of secondary distillate) as a result of the greater
temperature gradient An increased condenser efficiency will allow a reduction 1 condenser
size and/or cooling energy requirement and resultant decrease in construction and/or operating

costs

As mentioned previously, an optimum air stream flow rate must exist in the range of relatively
fow flow rates, since for this solar still design the productrvity will be zero for an air flow rate
of zero Mink et al (1997a,b), based upon their expenimental results and analysis, suggested
that the optimum arr flow rate was below the range they studied, viz , less than 1 8 kgm*h'
Consequently, in the present study the system was adapted to enable us to operate it under
controllable and stable flow rates below 1 8 kgm *h '

m  Vapor/liqud separator, heat exchanger- In the performance testing of the solar still
module n the laboratory 1t was desired to measure the primary distillation/productivity rate
within the module (1 e, the rate of condensation within the lower chamber, which 1s a direct
measure of the efficiency of the thermal energy recycle process) and that obtained from the
exiting air stream, secondary distilation Therefore, the vapor/liquid mixture exiting the still
module first entered vapor/liquid Separator I (primary distillate), then the vapor stream was
passed through a heat exchanger/condenser prior to enterng vapor/iquid Separator I
(secondary distillate) In a scaled-up system 1t would be sufficient to have the outlet
vapor/liqud mixture exiting the system to pass through a heat exchanger/condenser pror to
entering a single vapor/liquid separator
In the present study a simple water cooled condenser functioned as the heat exchanger but 1t
would be very advantageous to utihze the non-neghgible thermal energy present m this stream
to preheat the feedstock, viz , to utilize the feedstock as the cooling medum In such a design

the temperature of feedstock entering the still would approach Ty and thereby further increase



the still operating temperatures This method of operation of the solar still 1s discussed mn detail
by Aboabboud et al (1996)

v Glazing- The amount of solar radiation absorbed within the still 1s the difference
between the incident solar radiation G, and the reflection losses from the still glazing G, The
utilized solar energy Q, 1s determined from the difference between the solar radiation absorbed
and the thermal energy losses to the ambient through the glazing Qiosamy  Thus, the amount of
utihized solar energy 1s given by

Qu= G~ G- Qlossamd (2)
The enthalpy of the air stream attams its maximum value at the top of the still, Hy, viz, in the
vicity of the slot connecting the upper and lower chambers, where it attains both 1ts maximum
temperature and water vapor content, 1s

Ma Hnax = Qmax = Ma Ham + Qu + qr + Qrefeased; (3)
where H, 15 the enthalpy of the entering air plus vapor stream 1n Jkg 'spa, qr 15 the thermal
energy recycled directly to the upper chamber and Greicased 1S the thermal energy transferred from
the preheated feedstock to the ar stream It 15 apparent from Eqs (2) and (3) that for a given
solar uradiance G, the still performance 1s determuned mainly by the top losses Giossamy and the
efficiency of the thermal energy recycle processes Since the system 1s designed to operate at
low mass flow rates of air and at relatively hugh temperatures, the thermal energy losses to the
ambient will increase with increasing temperature  To mummuze these thermal energy losses
the glazing should have good msulating properties Thus was achieved by utiizing a double
glazing The disadvantage of a double glazing 1s the mcreased reflection losses, approximately
an 8 % increase m reflection losses, but this 1s more than compensated for by the relatively
higher temperature gradients, AT = Ty - T,, aclueved In addition, since the glazing does not
function as a condensation surface 1t was possible to use a transparent msulating matenal such

as Qualex, a transparent double-walled polycarbonate sheet which 1s 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 i the lower chamber via heat transfer from the saturated air
stream to the central metal plate and to the serpentine tube The rate of condensation i the
lower chamber and thereby the efficiency of the thermal energy recycle 1s directly related to
these processes The heat transfer processes include condensation and convective heat transfer
from the air stream The combined heat transfer coefficient h. i, which strongly depends on the
temperature (the vapor content of saturated awr) and its fluid mechamcal properties 1s
approximated by

he g = 1/[(1/he) + qg/(q hy)] (4)
where h. 1s the heat transfer coefficient for the condensed water film, in the range of 5000 -
10000 W m*K /, hg 1s the convective heat transfer coefficient of the gas film, qg 1s the heat
transmutted by the gas (air + non-condensing vapor) and q 1s the total heat transmutted
The overall heat transfer coefficient Uy, for thermal energy recycle process from the lower
chamber to the upper surface of the wet wick, where the evaporation process 1s occurring, 1s
given by

Uy = 1/[(1/he ) + (1/hm) + (1/ha) + (1/hg) + (1/hy)] (3
where hy, 1s the heat transfer coefficient for the metal plate, 260 000 W m*K ' for a 1 mm
thick copper sheet, hy 1s the heat transfer coefficient for scale deposit , approximately 5000
Wm K™, by 15 the heat transfer coefficient for the feedstock/bnine film above the plate, about
3500 Wm?K ! and h,, 1s the heat transfer coefficient for the wet wick, about 660 Wm *K * for a
1 mm thick water film
The above equations for the heat transfer coefficients were solved by deternuning values for
q/q from the Psychrometric Tables for temperature mtervals of 5 °C and usmng the above
values for the individual heat transfer coefficients The following values for the heat transfer

coefficient for the gas film h, were considered, 80, 20, 10 and 5 Wm K ' The results of this
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analysis are reported in Table T A value of by = 80 Wm K! corresponds to turbulent flow
with Re > 10 000 and a gas velocity of 10 ms ! or above, for the case of an equivalent diameter
of approximately 0 02 m Using the same value for the equivalent diameter, h, values of 20, 10
and 5 Wm K ! correspond to approxumately 2, 1 and 0 5 ms ! gas velocrties, respectively
It 1s obvious from the results of this analysis reported mn Table 1 that the effectiveness of
thermal energy recycle process and consequently the still performance depends mamly on Uy
It 1s possible to increase, to a limited extent, the value of Uy, by decreasing the thickness of the
porous wick, cf Table 1
The results of the analysis reported i Table 1 suggest that the still should be operated at high
temperatures and with tugh gas film heat transfer coefficient h, values Such high temperatures
can be achieved only if sufficiently low mass flow rates are applied, since at constant energy
input the enthalpy gain of the air stream 1s inversely proportional to its mass flow rate On the
other hand, lugh linear air stream velocities are necessary in the lower chamber 1n order to
achieve a lugh heat transfer coefficient h, This goal can be achueved by decreasing the height of
the lower chamber (viz , decreasing its cross sectional flow area) and/or by accelerating the air
stream velocity with the help of baffles, since the air mass flow rate must be low
In the present solar still module the feedstock 1s preheated in the lower chamber and its height
1s determuned by the outer diameter of the serpentine tube Therefore, 1 the lower chamber the
gas velocity was accelerated, by a factor of about three by means of baffles, which were
concentrated 1 the lower temperature/section of the chamber (cf Fig 2)

w1 Serpentine tube area vs still area- The ratio of the thermal energy transmutted to the
serpentme tube to that directly recycled to the central plate 1s estrmated to be in the range 0of 0 3
to 0 6, depending on the air stream flow rate, the temperature of the entening feedstock and the
maximum temperature within the still Ideally, the ratio of the tube to plate surface area should

be 1dentical to the thermal energy recycle ratio, since the nature of heat transfer process to the

12



e

tube and the plate 1s essentially the same  Nevertheless, 1if 1t 1s assumed that the average
temperature gradient between the central metal plate and tube 15 Tyag - Tiwg & 2 K, and
considering that the overall heat transfer coefficient Uy 15 1n the range between 200 - 300 Wm
K ! 1e, the still operates under nearly optimum condition, it 1s possible to reduce the tube to
plate surface area ratio to about 02 m’m?, m order to achieve cost savings This would be
more than sufficient if the entering feedstock 1s preheated close to Ty utillizing the enthalpy
present 1n the air stream exiting the solar still

v Pressure drop i the system- A drawback in increasing the air stream velocity in the
lower chamber 15 that parasitic electric energy required to drive the air pump also increases
This may be a major problem m rural application where the electric energy may be supplied by
PV panels In addition, a system operating under hugh pressure drops requires sturdier and
more expensive construction than that operating at nearly atmosphenc pressure The present
solar still system was designed for very low (< 100 Pa) pressure drops and may be considered
to operate under atmospheric conditions

4 EXPERIMENTAL SETUP AND PROCEDURE

The solar still performance was momtored under the following conditions constant feedstock
flow rate, 2 96 kgm™h ', and varying air flow rate, i the range from 032 to 4 51 kgm*h! In
this study the still performance was tested as a function of air flow rate only, smce 1t had been
ascertained 1n previous studies that the effect of feedstock flow rate on still performance 1s

negligible (Mink et al 1997)

Expenimental setup

The expenimental setup (cf Fig 1) consists of the following solar still module, solar simulator,
two vapor/hquid separators for collecting the product, heat exchanger, penstaltic pump to
transport the feedstock, low pressure adjustable flow rate awr pump, electric balance to measure

distillate, gas flow meter, magnetic valves (Mv) to drain the separators periodically, electric
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balance to measure the amount of the drained distillate and temperature sensors The system 1s
connected on-line to a personal computer for data collection and analysis The position of the
air pump ensures that the system operates at a pressure somewhat below ambient

Solar still module

The stil consists of two shallow trays, supplied with penmeter nms, of shghtly different
dimension (cf Table 2) such that the upper tray can be mserted into the lower tray Aur
tightness was ensured by nserting a rubber gasket tape between the nms and between the upper
nm and glazing The two trays and glazing were clamped together by screws The upper and
lower trays were constructed from a 1 mm thick copper sheet and the lower tray was msulated
externally (1 e, 1ts bottom and perimeter) with 50 mm thick polyurethane foam (not shown 1n
Fig 1) The two tray design separates the solar still into two chambers connected by the slot m
the upper chamber The brine dramn-off tube 15 soldered to the bottom of the upper tray (viz, n
titted position) and passes through the lower tray (via a stuffing box) The evaporation plate,
1 e, the upper tray, 1s covered by a thin black porous fabric (wick) The serpentine tube carrying
the feedstock in the lower chamber is attached to the bottom of the upper tray and the
feedstock exits the serpentine tube onto the upper tray via its slot (cf Figs 1 and 2) and 1s
evenly distributed over the width of the wick by means of an overflow weir near the top of the
upper tray The solar still module dunenstons are listed Table 2

Solar simulator

The solar simulator consists of 16 halogen lamps (12 x 500 W and 4 x 300 W lamps), each
fitted with a radiating screen of the same geometry which direct the radiation downward to the
still  The simulator 1s positioned parallel to the solar still and the lamp arrangement was verified
expermmentally to provide an essentially homogeneous radiation intensity on the stil outer
glazing surface A 10 mm thick double-walled polycarbonate sheet 1s positioned parallel
between the simulator and still wath a continuous stream of water flowing through 1t, 1n order to
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filter any radiation above 2 6 um emutted by the solar sumulator The water absorbs the
radiation n the 2 6 to 3 um range, whereas the polycarbonate absorbs the radiation above 3
um The temperature of the filter, viz , the polycarbonate sheet, 13 18°C at the lower end, water
entrance, and 30°C at the upper end, water exit Thus, its average temperature 1s below the
average room temperature, 25 to 29 °C  This setup msures that the radiation mcident on the
solar still 1s in the range between 0 4 to 2 6 um (the UV component of the lamp radiation 1s
neghgible, since the lamp filament temperature is approx 2500 K)

External heat exchanger

The external heat exchanger was a standard laboratory glass condenser having a heat exchanger
surface area of about 0 07 m® The heat exchange medmum was mains water, entering with a
temperature m the range of 15-18 °C and flowing countercurrently to the arr stream exiting
from the solar still’s lower chamber It was sized for the estimated optimum operating
conditions and therefore 1t was unable to cool the air stream vented to the ambient to room
temperature, about 26 °C, for arr mass flow rates m excess of 1 kgm*h !

Expernmental conditions and procedure

The tilt angle of the solar still module and solar simulator was set at 20° throughout this study

The solar radiation mtensity, provided by the solar simmulator, mcident on the outer glazing
surface was 630439 Wm™ The differential and cumulative yields from Separator I and T were
measured automatically by a type PT 6 Satorwus electric balance with an accuracy of £ 1 g The
temperatures were measured with an accuracy of + 1 °C using calibrated temperature sensors of
the sihcon base type KTY 11-2A. The absolute humudity of air m the vicuuty of the slot was
calculated from the mass and energy balances on the still A data acquisiion system served to
monttor and store the temperature data from the sixteen thermustors and to calculate differential

and cumulative ytelds at vanable tume iwntervals It consisted of a PC with an A/D-D/A
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converter card, electromc measuring and magnetic valve control unit, temperature sensors and
a digital balance with a RS232C senal mterface The data acquisition, control and analysis
software were developed for the study

The experimental procedure for the performance testing was as follows

(1) the air and feedstock flow rates are defined and held constant,
(2) the temperatures at the following locations are momtored
air stream- upper chamber 1inlet, equally 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 exiting the still to the external condenser,
feedstock- lower chamber nlet,
upper chamber overflow weir and brine drain-off outlet,
(3) the distillation rate 15 determined by measuring the cumulative distillate during a specified
time interval

5 RESULTS

The solar still performance was tested as a function of the awr flow rate, which was varied 1n the
range between 032 to 4 51 kem®h' The feedstock flow rate was maintamed constant at 2 96
kgm™h' The solar still achieved steady-state, as evidenced by momtormng both ar stream
temperatures and the distillation rate, after approximately one hour of operation  The
maximum air stream temperature, 1 the range between 71 6 to 96 9 °C (inverse function of the
air flow rate), was measured at the upper end of the solar still, i the vicuuty of the slot (cf
Table 3) It was deternuned that thermal energy recycle begins to take effect after about 30
mimutes by comparing the continuously monitored air stream temperatures at the mlet to the
upper chamber to that at the outlet from the lower chamber, viz, after about 30 munutes the
latter exceeded the former The steady-state distillation rate was found to be of the order of 1

kgm*h', except for relatively low air flow rate It 1s of interest to note, that if the air pump
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remained n operation after the solar simulator was shut-off and the system was at steady-state,
the still contmued to produce distillate, albert at a decreasing rate, for about another hour In
other words, in spite of the relatively low thermal mass of the solar still module, thermal energy
recycling 1s still capable of enhancing the yield after ‘sunset’, 1 e, after the solar simulator 1s
shut-off

The steady-state temperatures, as measured by the 16 thermustors (cf Fig 1 for thermustor
locations) are reported m Table 3 as a function of air flow rate As expected, temperature
measured at a specific location varies inversely with the air flow rate, viz, 1t increases with
decreasing air flow rate or increasing residence time within the still

Productivity as a function of air flow rate

The productivity, 1 e, distillation rate, as a function of air flow rates in the range from 0 32 to
4 51 kgm *h ' 1s reported m Table 4 1n terms of pnmary (1), secondary (II), and total (£) The
pnmary distillation rate refers to that condensed within the lower chamber during the thermal
energy recycle process, but m fact contamns a margmnal amount of distllate (which 1s non-
negligible when performing precise mass and energy balance calculations) condensed withun the
tubing connecting the lower chamber outlet to the exchnager The secondary distillation rate 1s
that obtamned by passing the saturated air stream exiting the solar stil through an external
condenser prior to venting to the ambient It 1s apparent from Table 4 that with regard to still
productivity there exists an optimum range of air flow rates for the system under consideration,
approxumately between 1 and 3 kgm?h' It 1s also observed that the ratio of secondary to
primary product mcreases with mcreasmg flow rate, 1¢, the pnmary decreases and the
secondary increases with mcreasing ar flow rate (cf Fig 3) The reason for optimum air flow

rate will be discussed n the next section
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6 DISCUSSION
Thermal energy analysis, utiizing mass and energy balances, of the solar still at steady-state as a
function of air flow rate, for a constant feedstock flow rate of 2 96 kgh ', were performed
order to determine the sensitivity of a number of still parameters to changes i the rate of arr
flow The results of these analysis are reported in Table 5 and nclude the following (a) the
mass flow rate of vapor through the system, (b) the mass and heat flow of both feedstock and
brine drain-off, (c) heat flow m upper chamber and (d) heat flow i lower chamber In this
analysts the temperature of the entering air stream and feedstock were assumed to be = 26 °C,
viz , room temperature, and an average value of 80% was assumed for the relative humudity of
the entering air stream
The measured primary distidlation rate (I) 1s a good approxumation of the rate of condensation
in the lower chamber but as mentioned previously it also contamns that quantity of distillate
condensed 1n the tubing connecting the outlet from the lower chamber to heat exchanger To
enhance the precision of the mass and energy balances the flow rate of primary distillate exiting
the lower chamber, my;, was determined as the difference between the measured prmary
distillation rate and condensation rate of saturated air stream in the tubing between the lower
chamber outlet and exchanger The latter 1s deternuned from the flow rate of bone dry awr
(BDA) 1n the following manner

my =1 - mppa[Mw(at Tyou) - Mi(at Tx,m)], (6)
where M, 1s m units of (kg vapor/kg BDA) The maximum mass flow rate of vapor carnied by
the awr stream corresponds to that at maximum temperature and 1s given as

My max = Mg + Mppa[Mu(at Tiow)] )
The maximum rate of heat flow, qmas, 15 also achieved at Tpax and if the flow rate of aw and

vapor 1s expressed m kgm s ', quae (in units of Wm?) 1s given by
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Qmax = Ca Ma Tmax + My max Hy max, (®)
where c, 1s the heat capacity of air in Jkg 'K ' and H, nax 1S the enthalpy of the vapor at Tpax 10
umts of Tkg
It 1s apparent from Table 4 that the optimum performance of the solar still module 1s obtained
for air flow rates m the range of 1 to 2 2 kgm *h !, which correspond to a total productivity rate
of about 1 1 kgm?h' In addition, 1t 1s observed from Table 5 (c) that within this range of arr
flow rates the amount of solar energy utihized, Q,, decreases with decreasing air flow rate,
whereas the average temperatures withun the upper chamber increase with decreasing flow rate,
cf Table 3 However, 1t 1s also observed from Table 5 that withun thus range of air flow rates,
despite the decrease m Q. with decreasing air flow rate, maximum values for pnmary distillation
rate, my, total thermal energy recycle, qrr, sum of thermal energy recycled directly to the upper
chamber, qg, and thermal energy released from the feedstock to the air stream n the upper
chamber, Qrejessea OCCUr for air flow rates between 1 02 and 1 24 kem*h' Thus, n this range of
arr flow rates the thermal energy recycle more than compensates for the decrease in solar
energy efficiency, 1 e, the first effect or direct solar to thermal energy conversion
As a consequence of the above, 1t follows that in the range of 1 to 22 kgm“h ' air flow rates
the mass flow rate of water vapor exiting the lower chamber will be a mmmmum 1 the range of
arr flow rates between 1 02 and 1 24 kgm*h™ and the arr stream temperature, Ty o, will be a
maximum As a result, the cooling load for the external heat exchanger will be a mimmum m
this range of air flow rates
To demonstrate the heat flow processes occurring m the solar still module m this range of
optimum performance a thermal energy flow diagram s presented m Fig 4 for an awr flow rate
of 124 kgm?h' It 1s seen from this diagram that the main heat transfer processes determining

the solar still performance are Q,, qr and qgr
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The decrease 1 the solar still performance for ar flow rates below 1 kgm?h! 1s the result of
two factors (1) the increase n thermal energy losses from the upper chamber to the ambient,
Qlossamb, a0d (2) the overall heat transfer coefficient for thermal energy recycle, Uy, decreases
rapidly with decreasing heat transfer coefficient for the gas film, h; The latter 1s approximately
proportional to the hinear velocity of air stream (1 e, the air and non-condensing water vapor) m
the lower chamber Consequently, a possible design change to enhance the solar still
performance would be to attain higher linear air velocities m the lower chamber by decreasing
its cross-sectional area The downside of such a design change would be an increase in the
pressure drop of the still system and a subsequent increase i parasitic energy consumption
Simnce the present solar still design has a very low pressure drop there appears to be sufficient
leeway for further reduction m the lower chamber cross-sectional area and we plan to study this
effect 1n the future

Further development n the solar still design will be related to problems of scale-up, with the
goal of armving at a still design which 15 economucally viable with regard to construction,
operation and maintenance

7 CONCLUSIONS

The design and performance testing of a double glazed, air-blown, multiple-effect solar still
with thermal energy recycle consistmg of two chambers, upper evaporator and lower
condenser, has been presented A considerable fraction of the latent heat of condensation 1s
recycled for directly heatmg the evaporation plate and for preheating the feedstock and thereby
enhancmg the rate of the evaporation process

The heat transfer processes are based upon film condensation from a saturated air stream,
which 1s charactenzed by a relatively high heat transfer coefficient, especially when operating at

relatively high temperatures These luigh temperatures are achieved by operating the solar still
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system at low air mass flow rates In addition, the heat transfer process is further enhanced by
the mcreasing the air stream velocities in the lower (condensation) chamber

The optimum feedstock flow rate was found, based upon expenimental results obtamed utilizing
a solar simulator with a constant radiation mtensity of 630439 Wm? to be 1n the range of
3kgm*h' Tius feedstock flow rate is sufficient to mawntamn the wick 1n the upper evaporation
chamber completely wetted at even higher mcident radiation intensities and thereby, higher
evaporation rates

1t was observed that the solar still performance was a manly a function of the flow rate of the
entering air stream  In this study, the solar still operated under a constant feedstock flow rate
of 2 96 khm*h ' and radiation mtensity of 630439 Wm?, the optumum air flow rate was found
to m the range of 1 02-1 24 kgm *h ', which corresponds to a maximum total productvity of
11kgm?h' The total productivity consists of about 0 9 kgm *h ! primary distillate (condensed
within the lower chamber) and the remainder secondary distillate produced withun the external
condenser

The solar still system operates under a very low pressure drop, of the order of several Pa per m?
of still area, for low (viz, optimum range) awr flow rates This 1s a distinct advantage with
regard to both still construction and parasitic energy requirements for air blowers, especially for
large scale systems

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

In next generation of thus solar stil design, we will consider a number of modifications to
stmphify the still construction In addition, we plan to utihze the feedstock as the heat exchange

medmum (cooling stream) for the external condenser -
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NOMENCLATURE

still area (m”)

heat capacity (Jkg 'K 1)

solar radiation (Wm ?)

enthalpy (Jkg ')

heat transfer coeffictent (Wm K ')

vapor content of air stream (kg vapor/kg BDA)

mass flow rate (kgm > h ')

mass flow rate of brine dran-off (kgm *h 1)

solar energy utiized (Wm?)

thermal energy (Wm ?)

backside thermal energy losses (Wm %)

thermal energy in brine dramn-off (Wm %)

thermal energy loss from upper chamber to ambient (Wm ?)

thermal energy utilized to preheat the feedstock (Wm ?)

thermal energy recycled directly to upper chamber (Wm %)

thermal energy released by the preheated feedstock to the arr stream (Wm )
total thermal energy recycled (Wm?)

temperature (°C)

dew pomt temperature of air stream exiting upper chamber and entering lower
chamber (°C)

U  overall heat transfer coefficient from lower chamber to wick (Wm 2K ')

Subscripts

a air stream

abs absorbed

amb ambient

avg average value

BDA  bone dry airr

c condensed water film
c,g combined heat transfer coefficient
evap evaporated

f feedstock

g gas film

I prnimary distillate

I secondary distillate

1 mcident
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n stream entering chamber

1 lower chamber

m central metal plate
max maximum value

out stream exating chamber
T reflected

sd scale deposit

sep vapor/liquid separator
t serpentine tube

u upper chamber

v water vapor

w wick

X external heat exchanger/condenser
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Table 1 Overall heat transfer coefficient for thermal energy recycle Uy, as a function of
temperature and the heat transfer coefficient for the gas film hg for a wick thickness

of 1 mm

T, °C 90 |85 [80 |75 |70 |65 {60 |55 |S0 |45 |40 |35
hy = 80 Wm K '
Uy (WmK?Y) | 437 | 425 | 413 | 398 | 382 | 362 | 343 | 320 | 297 | 273 | 246 | 223
h, =20 WmK'
Uy (WmZKY) | 391 | 358 | 324 | 290 | 258 {225 | 198 | 169 | 146 | 124 | 104 | 88

436* | 393* | 354% | 315% | 277% | 240% | 209* | 177* | 152%| 128+ | 107* | 90*
by =10 Wm K"
U (Wm*K"Y | 342 | 292 | 251 {213 | 180 [ 150 | 126 | 104 |87 |72 |59 |49
h,=5Wm’K'
U (Wm?K?Y) 275 | 215 {173 {139 {113 |90 |73 |59 [48 {39 [31 |26

* for a wick thickness of 0 5 mm
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Table 2 Dimension of solar still module

Double-glazing
Upper chamber

Wick

Lower chamber

Serpentine tube

Bafiles

Still casing

10 mm thick double-walled polycarbonate sheet, L=195m W=06m

1 mm thick copper, L=187m, W=0545m, H= 12 mm,

rim width = 30 mm

Spacing between the two chambers = 12 mm

0 3 mm thick black porous fabric, L=185m, W=0545m A =1m? wer
height = 6 mm

Spacing between textile and mner glazing = 12 mm It 1s assumed that the
wick thickness 1s independent of water load

1 mm thick copper, L=19m, W=055m, H= 25 mm, nm width = 30
mm

copper,L=6m,D__=10mm,D__=12mm, A= 020 m’

mne baffles soldered to the bottom of lower chamber, H = 12 mm for all
baffles, L = 0 44 m for seven baffles, L =0 36 m and 0 28 m for each of

the remaimng two baffles

wood, L=2 06 m, W=07m, H= 90 mm, bottom thickness = 10 mm, side
thickness = 15 mm

Bottom and edge insulation 50 mm thick polyurethane foam, conductivity =0 04 W m 'K *



Table 3 The temperature profile of the solar still at steady-state as a function of air flow rate
for a constant feedstock flow rate of 2 96 kgm*h'  The position of the 16
thernustors are as mdicated in Fig 1 (numbered 0 to 16)

ArFlow| T, | UPPER CHAMBER LOWER CHAMBER | Ty out | Tsep1| Tt | T<out | Tormme dram
rate

TO [ T1| T2 | T3 | T4 |T5|T6|T7|T8|T9|TI0|TI11|T12|T13]T14] TI5
kgm®h'j°cl°cl°cjccl°ciclcciclecciclecicic|c| °C
451 [260[512]656(722{713(716|713]706[69 9|66 0/56 0|56 0{54 9[54 6|354| 437
327 [264|540{711|764{759|766{767|759|751{711{596|59 6|58 1{578[360]| 515
221 (26315751771|813(812]|821{821{816{807(|770{631{631{609{604{350| 545
176 1261{591{801{837(837{847(848({843{835|799(644{644{620(613(341] 557
124 |266({626{846{874|876{884({885(884(875(844|675{675(641[630{321| 584
102 126264987 418981898(9071907|907(900i8721699|699|656|641({286] 604
058 12611676]91919361936[944194219451940(91 7168 2(6821607{571{219{ 619
032 12581686{951(96319621970/96919741969(949|5251489(340{304({241| 624




Table 4 Still productivity ( I- primary distillate, II- secondary distillate, Z- total distillate) as a
function of air flow rate for a constant feedstock flow rate of 2 96 kgm *h !

Air Flow Rate I 1§ z
(kgm’n’) | (kegm’h') | (kgm’n}) | (kgm’ ")
451 065 032 097
327 075 029 103
221 084 027 111
176 087 020 107
124 096 015 111
102 097 013 110
058 093 004 097
032 068 001 069




Table 5 Mass and energy analysts of solar still at steady-state as a function of air flow rate for
a constant feedstock flow rate of 296 kgm’h' The mass and heat flows were
normalized to unit stll areas

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

’

Upper Chamber  Lower Chamber Tubmng Heat exchanger
ma My wn Mevap My max Iy My L out My My X0 My < out
kg[112h1 kgmzhl kgmzhl kgmzhl kgmzhl kgmzhl kem?h! kgm h ! kem h !
451 0078 1082 1160 0614 0 546 0036 0510 0 190
327 0 056 1136 1192 0703 0 489 0 047 0 442 0152
221 0 038 1149 1187 0781 0406 0 059 0347 0077
176 0 030 1131 1161 0812 0349 0 058 0291 0091
124 0021 1166 1187 0 391 0296 0 069 0227 0077
102 0018 1151 1169 0 887 0282 0073 0209 0077
058 0010 0 996 1 006 0 861 0145 0 069 0076 0036
032 0 006 0 633 0 689 0657 0032 0023 0 009 0
(b) Mass and heat flow rates of feedstock/brine through the solar still
Lower Chamber Upper Chamber
M, Tmax Mg GfLin drr Qftow | IBunedran | MBrnedram | (Brnedram |  Oreleased
at Ta at Tma:c
kem*h'| °C | kgm*h'| Wm?® | Wm® | Wm? °C kgm’h' | Wm? Wm?
4 5] 716 296 20 156 246 48 7 1 878 106 139
327 767 2 96 90 174 264 515 1824 109 155
221 821 296 90 193 283 545 1811 115 168
176 84 8 296 90 202 292 557 1829 118 174
124 885 296 90 215 305 584 1794 122 183
102 90 7 296 90 222 312 60 4 1 809 127 185
058 94 2 296 90 234 324 619 1964 141 183
032 96 9 296 90 245 334 624 2277 164 170




(c) Heat flows in upper evaporation chamber

M ) Quum qr Qreleased Qu Qmax Trax Tiew
kem®'| Wm? | Wm? | Wm® | Wm? | Wm’ °C °C
451 110 216 139 470 935 716 68 7
327 80 256 155 451 942 767 742
221 54 285 168 415 922 82 1 798
176 43 296 174 383 896 84 8 823
124 30 330 183 363 906 885 86 4
102 25 316 185 363 889 90 7 88 5
058 14 289 183 274 760 94 2 917
032 9 154 170 187 520 96 9 930
(d) Heat flows mn lower condenser chamber
M, Tmax Tdcw Qmax ql,out 15} (B loss grr qPR QR
kgm’h'| °C °C Wm? | Wm? | Wm? | Wm? | Wm? | Wm? | Wm?
451 716 68 7 935 491 40 33 371 156 215
327 767 74 2 9472 426 50 36 430 174 256
221 821 79 8 922 345 58 41 478 193 285
176 34 8 823 896 294 61 43 498 202 296
124 885 86 4 906 245 70 46 545 215 330
102 90 7 88 5 839 231 72 48 538 222 354
058 9472 917 760 119 74 50 571 234 316
032 969 930 520 60 42 50 417 245 152

Note Refer to the nomenclature for definition of symbols
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Fig 1 A schematic diagram of the experimental solar still set-up

temperature probes, thermustors are mdicated by numbers 0 to 15

The location of the
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