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Abstract 
 
This paper tackles an optimization approach in order to boost the fresh water production of a new design of a solar still which is lo-

cated at Sfax engineering national school in Tunisia. This optimization approach is based upon the above mentioned design's improve-
ment by coupling the conventional solar still into at a condenser, solar air and water collector and humidifier. This new concept of a dis-
tiller solar still using humidification- dehumidification processes (HD) is exploited for the desalination purpose. As a result of this work, 
the humidification- dehumidification processes have an essential effect in improving the solar still performance. Performance has been 
predicted theoretically in terms of water and inner glass cover temperatures, the inlet temperature of air and water of the new concept of 
distiller on water condensation rate and fresh water production. A general model based on heat and mass transfers in each component of 
the unit has been developed in steady dynamic regime. The developed model is used, simulating the HD system, to investigate the influ-
ence of the meteorological and operating parameters on the system productivity. The obtained set of ordinary differential equations has 
been converted to a set of algebraic system of equations by the functional approximation method of orthogonal collocation. The devel-
oped model is used to simulate the HD system in order to investigate the steady state behavior of each component of the unit and the 
entire system exposed to a variation of the entrance parameters and meteorological conditions. The obtained results were compared with 
those of other studies and the comparison gives a good validity of the present results.  
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1. Introduction 

The availability of safe drinking water is becoming an in-
creasingly important issue. Expanding populations, enhanced 
living standards and decreased availability of fresh water has 
catalyzed much research in the area of obtaining potable water. 
Since a large majority of the earth's water supply is salt water, 
desalination methods such as reserve osmosis and electro di-
alysis have been developed. In addition to the practical limita-
tion of small- scale usage, these methods are energy demand-
ing, costly for small amounts of fresh water require high main-
tenance due to the practical difficulties associated with the 
high operating temperature, like corrosion and scale formation 
and are generally coupled to fossil-fuel sources which have a 
negative impact on the environment. A potentially feasible 
alternative is solar powred desalination with a humidification - 
dehumidification principle. Solar energy is free, abundant and 
an environmentally friendly energy source. Combining the 
principle of humidification - dehumidification with solar de-

salination leads to an increase on the overall efficiency of the 
desalination system and therofore appears to be the best 
method of water desalination with solar energy despite the 
highest capital cost of solar energy [1]. A review of the vast 
literature available on solar distillation systems have revealed 
many observations about the design, performance and the 
limitation of fresh water production of solar distillation sys-
tems. A solar still output might be affected by many factors 
including brine depth, vapor leakage, thermal insulation, cover 
slope, shape material, and climate [2]. Solar stills have been 
extensively studied with detailed revision [3]. Thus, Accord-
ing to literature review, there are many investigators who have 
developed and studied various solar still systems, like : solar 
stills coupled with heat recycling [4], solar still configuration 
and color [5] multi-stage/multi-effect solar stills, solar stills 
coupled to a heat storage and hybrid solar still coupled to 
photovoltaic thermal systems [6]. Velmurugan et al. [7] im-
proved the productivity of the solar still by using stepped solar 
still with two different depth of trays. The basin plate contains 
25 trays with 10 and 18 mm depths. Integrating small fins in 
basin plate and adding sponges in the trays were exploited to 
improve the productivity. Velmurugan et al. [8] studied add-
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ing the fin at the basin solar air heater with the stepped solar 
still, and two different depths of trays were used. They noted 
that, the production of fresh water increases by 53.3% by us-
ing fins in the stepped solar still. Also, El-Sebaii et al. [9] de-
veloped a new mathematical model under the simplifying 
assumptions to study the thermal performance of a single ba-
sin solar still with Phase change material (PCM). El-Zahaby et 
al. [10] developed a new design of a stepped solar desalination 
system with flashing chamber to improve the fresh water pro-
ductivity. The performance of stepwise water basin coupled 
with a spray water system by augmenting desalination produc-
tivity through using two air heaters was studied. The results 
showed that, the productivity and performance of the system 
is significantly positive dependent on both inlet sea water 
temperature and the power consumed. Farsad and Behzad-
mehr [11] solved numerically the solar desalination unit with 
humidification dehumidification cycle to analyze cycle pa-
rameters and to determine the amount of fresh water produc-
tion. It is found that the mass flow rate, temperature of feed 
water, total heat flux and inlet air as well as the condenser 
characteristic parameter have significant effects on the cycle 
performance. Karan et al. [12] applied nonlinear programming 
techniques to optimize humidification dehumidification de-
salination cycles for operating conditions that result in maxi-
mum gained output ratio. Closed air open water as well as 
open air open water cycles, each with either an air or a water 
heater, were considered in this analysis. The results showed 
that, the GOR of all cycles was found to decrease with in-
creasing component Terminal temperature difference (TTD). 
The Gained output ratio (GOR) and recover y ratio (RR) of 
closed air water heated Humidification dehumidification (HD) 
cycles were analyzed, both with zero extractions and a single 
extraction was studied by Ronan et al. [13]. The results 
showed that, the (GOR) increases and (RR) decreases as the 
temperature range of the cycle decreases, as the feed tempera-
ture increases or the top air temperature decreases. Juan [14] 
developed a new humidification and dehumidification system. 
In this system, the air worked in a closed loop and the evapo-
rator prepared of treated cellulose paper substratum. This sys-
tem is designed to improve the heat recovery at the condenser. 
Morteza et al. [15] designed and optimized a direct contact 
humidification- dehumidification desalination unit. From the 
above review, the studies dealing with stepped solar still using 
humidificationdehumidification systems are very few, there-
fore, the objective of the present work is to study the perform-
ance of the new concept of the solar still with HD processes. 
Bacha et al. and Zarzoum et al. [16, 17] designed a new solar 
still with an energy storing material, where in the basin, a at 
plate solar collector and a separate condenser that coupled 
with the solar still were used to increase the daily productivity 
by increasing the temperature of the water during the day and 
to store the excess hot water that would extend water desalina-
tion beyond sunset.  

To ameliorate the production of the solar still, we have 
added to this latter: 

·A at plate solar collector to increase the temperature 
gradient between the water and the glass cover. 
·Material energy storage in the basin distiller to extend 

the operation of the distiller at night through the storage 
of excess energy.  
·A pulverizer and a packed bed to increase the exchange 

surface and the residence time of air and water inside the 
solar still to increase the heat and mass transfer, and 
thereafter improve the production of freshwater system 
to increase the water temperature and the area of water in 
contact with the air which can accelerate the rate of 
evaporation. 
·A plane air solar collector. 
·A separate condenser for the solar distiller where con-

densation is produced at a temperature below that of the 
glass cover. The objective of this work is to: 
·Establish the global model of the unit by modeling each 

component of the unit independently. Therefore, models, 
simple solar distillers, as well as air and water solar collec-
tor, humidier (packed bed), and condenser will be respec-
tively presented in this work. Follow the dynamic behavior 
of the output parameters of these two components of the 
unit based on its inputs and external disturbances.  

 
2. System description  

Fig. 1 shows a two-dimensional simplied schematization of 
the water desalination unit by solar energy. The desalination 
process of the installation proposed uses the humidication and 
dehumidication principle. Energy collection is performed by 
means of the solar collector and of the solar distiller. The op-
erating principle of this system is as follows: the brackish 
water or the cold sea water returning in the condensation stage 
undergoes preheating by the latent heat of condensation. Then, 
water will be heated in a solar water plan. Water will be 
sprayed in the form of small particles by means of atomizing 
nozzles with high pressure or a compressed air nozzle or a 
piezoelectric transducer generating ultrasound. The water 
vaporizes in the distiller and is injected into the condensation 
stage to ensure the dehumidication of the vapor obtained. By 
cons, in packed columns, the liquid is sprayed on the packed 
bed between grids. The liquid phase, which contains the ab-
sorbent, forms a lm on the packing elements (wetting zone). 
The humidied air exiting in the distiller will be conveyed to 
the condensation stage, where it condenses when it comes in 
contact with the outer walls of the tubes that circulate cold 
water. The amount of the condensed air produced will be col-
lected in a tray placed below the condensation chamber. It 
runs along the lower edge of the glass cover. The humidier 
used in the distillation prototype to increase the exchange 
surface and the residence time of air and water inside the solar 
still to increase the heat and mass transfer, and thereafter im-
prove the production of freshwater system.  

The amount of evaporated water which is not condensed 
will be injected again to the solar still. The hot saturated va-
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pour coming from the solar still is driven toward the con-
denser where it condenses in contact with the cold plates of 
the condenser. The distilled water is collected in a basin at the 
bottom of the condensation tower. Energy collection is per-
formed by means of the water and air solar collector and of the 
solar still. The at plate water solar collector has an absorber 
with parallel and narrow channels. In this case, the uid circu-
lates in a forced convection and in one direction. The solar 
desalination unit consists of two water solar collectors and two 
air solar collectors.   

 
3. Thermal modeling 

The water desalination unit by solar energy using the prin-
ciple of humidification / dehumidification can be considered 
as an important class of thermal processes because of the pres-
ence of phenomena heating, evaporation and condensation. It 
is characterized by the fact that these quantities are different 
depending on the space and time. So the dynamic behavior of 
this type of process is generally described by distributed pa-
rameter systems represented by systems of PDEs. The follow-
ing section presents the dynamic modeling of the water and air 
solar collector, solar still with humidifier and energy storing 
material modeling, and the condenser. The models developed 
are a set of partial derivative equations, derivative equations 
and algebraic equation. The model is based on a number of 
assumptions previously described elsewhere [18-20]. 

 
3.1 Water solar collector model 

The flat plate water solar collector has an absorber with par-
allel and narrow channels. In this case, the fluid circulates in a 
forced convection and in one direction. 

The principal assumptions used to obtain the mathematical 

model under steady state regime are [8]: 
·The speed of the fluid is uniform,  
·The absorber and fluid have the same temperature at any 

point,   
·The fluid temperature remains under 100°C point. 
 
The below simulation results were obtained for the proper-

ties of the water solar collector which are: Aperture area is 
2 m2, the inner diameter of the tubes is 10 mm and the outer 
one is 12 mm, the effective transmission absorbtion is 0.7, the 
riser tubes materiel iscopper, absorber surface is paint mat 
black, the loss coefficient is 4.8 W/m.K Back insulation, 
thickness is fiber glass, 50 mm. 

The energy balance equation for the system formed by the 
absorber and the fluid formed for a slice of the collector hav-
ing a width of l, a length of dx, and a surface of ds, is ex-
pressed by the following equation: 

 

( )1T Tw wm T f tw wt x
x

d
¶ ¶æ ö= - - +ç ÷¶ ¶è ø

  (1) 

 
with: 

 
Cw
U lw

x =                                      (2) 

( )MC g
U Aw

d =                                    (3) 

( )MC M C M Cw w ab abg = +                   (4) 

( ) ( ) ( ) .
I tv abf t T tambUw

t a
= +                     (5) 

 
3.2 Solar still with energy storing material modeling : 

The dynamic mathematical model of the solar still with 
humidifier and energy storing material consisted of a set of 
equations that were developed using thermal and mass 
balances for the water phase, the air phase, and the air-water 
interface. 
·Heat balance for the glass cover 

( ) ( )M C dT IA dt h T T dt h T T dtv v g v rwv w g evp w g= + - + -  

( ) .h T T dtrc g amb- -      (6)             

 
·Heat balance for the basin absorber 

( )
( ) .

M C dT IA dt h T T dtb b b b cbw b w
U T T dtloss b amb

= - -

- -
                 (7)            

 
·Heat balance for the water basin 
( ) ( )

( ) ( ) ( ) .

M C M C dT IA dt h T T dtw w em em w w cbw b w

h T T dt h T T dt h T T dtrwv w g cwv w g evp w g

+ = + -

- - - - - -
 

      (8) 

 
 
Fig. 1. Schematic view of new solar distillation system using humidifi-
cation-dehumidification process. 
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·The water condensation rate in solar still 

( )3600hevp T Tw g
dm

L

-
=&                        (9) 

 
where the evaporation coefficient of the basin to the glass 
cover: 
 

( ) ( )316 273 10 .
P Pw vh hevp cwv T Tw g

--= ×
-

               (10) 

 
The convection coefficient of the basin cover glass: 
 

( )( )
1
3273

0.884 .3268.9 10

P P Tw v wh T Tcwv w g
Pw

é ù- +
ê ú= - +
ê ú-ë û

     (11) 

 
The coefficient of heat transfer by convection between the 

basin and the water: 
 

2135 / .h W m Kcbw =                    (12) 
 
The radiation coefficient from the water to the glass: 
 

( ) ( )44273 273T Tw g
hrwv eff T Tw g

e s

é ù
+ - +ê ú

ë û=
-

      (13) 

1
1 1 1 .eff
w v

e
e e

-é ù
= + -ê ú
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                        (14) 

 
The coefficient of convective radiative heat transfer in the 

solar distiller from glass cover to the ambient air: 
 
h h hcr cva rva= +                           (15) 

( ) ( )4 4273 273T Tg amb
hrva v T Tg amb

e s

é ù
+ - +ê ú

ë û=
-

       (16) 

5.7 3.8 .h Vcva wind= +                       (17) 
 

3.3 Humidifier modeling (The packed bed)   

·Heat and mass balance at the packed bed:  
To develop a mathematical model that describes accurately 

the behavior of distiller (at packing), we motto the latter in 
volume elements of length dx and apply in second place the 
balances of heat and mass transfer on the volume element we 
choose. The formulation of the mathematical model based on 
heat and mass balances can determine the coupling equations 
between the water temperature, the air temperature and the 
water content of the moist air in the packed bed. The below 
simulation results were obtained for the properties of the hu-

midifier which are: 
Size: 0.5 x 0.5 x 0.7m3 
Packed bed: Cellulosic materiel 
- Water phase: [Amount of energy stored in the volume ele-

ment of height dz] = [(amount of heat carried away by the 
water during dt) - (amount of heat transmitted to the interface 
water-air during the same time interval dt)]. 

The heat balance of water in a volume element of packed 
bed with height dz and during time interval dt is given by the 
following equation: 

Mathematically this can be expressed as: 
 

( ) .M C dT dz m C dT dt U T T dzdtw pw l w pw l w i l= - -    (18) 

 
It can be further simplified as: 
 

( )1 .dT dTl lm C U T Tw pw w i wdt M C dzw pw

æ ö= - -ç ÷
è ø

       (19) 

 
- Air phase: [Amount of energy accumulated in the volume 

element of length dz] = [(amount of heat received by the inter-
face water-air during the interval of time dt) - (Quantity of 
heat transmitted to the flow of air during the same time dt)]. 

The heat balance of air in a volume element of packed bed 
with length dz and during time interval dt is given by the fol-
lowing equation: Mathematically this can be expressed as:  

 
( ) .M C dT dz U T T dzdt m C dT dta pa a a i a a pa a= - -     (20) 

 
It can be further simplified as: 
 

( )1 .dT dTa aU T T m Ca i a a padt M C dza pa

æ ö= - -ç ÷
è ø

        (21) 

 
- Air-water interface : [Amount of heat transmitted from the 

water current through the liquid film to the surface of the wa-
ter-air separation] = [(amount of heat transmitted from the 
surface separation through the film gas to the gaseous stream) 
+ (Quantity of heat applied to evaporate the amount of water 
transferred from the mass of liquid through the interface to the 
gas stream)]. 

At the air-water interface, heat balance can be written in the 
following form: 

 
( ) ( ) ( ) .U T T U T T U W Ww i l a i a o m i al- = - + -        (22) 

 
The mass balance at the air-water interface is given by the 

following equation: 
 

( )1 .dW dWa aU W W mm i a adt M dza

æ ö= - -ç ÷
è ø

             (23) 

 
To be numerically integrated, the above equations are com-
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pleted with both empirical correlations of the voluminal heat 
coefficients (Uw,Ua) and mass transfer coefficient (Um) 
which are obtained by Amara et al. [21] and an algebraic 
equation of the curve of saturation of water steam [22] 

 
0.1002 0.3753 0.09860.6119* * *m w aU m m zl -=         (24) 

0.0591 0.1644 0.054225223.5* * .w w aU m m zl -=         (25) 

 
The air-film heat transfer coefficient and the mass transfer 

coefficient on the air-water interface are coupled by the Lewis 
relation as follows:  

 
.a pa mU C U=                                 (26) 

 
Stoecker and Jones [23] suggest that the system of equa-

tions developed and an additional equation of the absolute 
humidity of the air will be used to monitor the variation of 
different parameters at any point in the distiller. 

The curve of saturation of water steam is given by the fol-
lowing equation: 

 

0.62198
1

PiWi Pi
=

-
                              (27) 

 
where Pi denotes the partial pressure of water vapor to the dry 
bulb temperature (atm) , it is given by the following relation-
ship: 
 

P Pi wsj=                                    (28) 
 

where φ and Pws are respectively the relative humidity and 
the saturation pressure of water vapor in the air to the dry bulb 
temperature (atm). 

The saturation partial pressure of water vapor in the air is 
given by the empirical relationship simplified Keenan Kyes. 
This relation is valid for temperatures between 10 and 150°C. 
Where, 

 
2
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i

P a b c
T d
b b b

b
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c
d

b

-

-

-
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=
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                           (30) 

 
3.4 Air solar collector modeling                                                               

The plane air solar collector consists of an absorber shaped 
like of rectangular parallel channels in copper, a glass cover 
and insulation. For the air solar collector, the model is based 
on Nafey’s work [24]. The assumptions used in developing 
the model are listed below:  

·The coefficient of exchange of the copper is very high, 
so we can suppose that the absorber is a flat plate,    
·The velocity of air is uniform, therefore the local state of 

air depends only on one side x,  
·The cross-section area of the absorber, glass cover and 

air are equal.  
 
The below simulation results were obtained for the proper-

ties of the air solar collector which are: Aperture area = 2 m2 
absorber plate material is copper, absorptivity of plate is 0.9, 
the absorptivity of glass cover is 0.1, the back insulation, the 
thickness is polyurethane, 20 mm, the emissivity of plate is 
0.94, the emissivity of glass cover is 0.987 and the transmis-
sivity of glass cover is 0.875. 

For the absorber plate element, 
 

( ) ( )
( )

.
v pl loss pl amb pl a pl apl

pl pl pl v pl v

I U T T hco T TT A
t M C hrad T T

t a -

-

é ù- - - -¶ ê ú=
ê ú¶ - -ë û

 

  (31) 
 
For an air element, 
 

( ) ( )

.

a
pl a pl a v a v a

a a

a a

a

T A hco T T hco T T
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Am T
bM x

- -
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     (32) 

 
For the glass cover element 
 

( ) ( )
( )

.v pl v pl v v a v av

v v v amb v amb

I hrad T T hco T TT A
t M C hcr T T

a - -

-

é ù+ - - -¶ ê ú=
¶ ê ú- -ë û

 

    (33) 
 

3.5 Condenser modeling  

The dynamic mathematical formulation for the condensa-
tion tower was developed using thermal and mass balances. 
This formulation gave the coupling equations that relate tem-
perature, the temperature of the cooling water, and the abso-
lute humidity of the humid air. The balances were applied to 
an element of volume of the condensation tower having a 
height dz. Three key parameters of air are considered in the 
parametric study of the condensation tower. These are humid-
ity of air at the entrance of the condensation tower (We), air 
flow rate (mgt) and the air temperature at the entrance of the 
condensation tower of the solar still (Tgc).  

Water phase 
 

( )f f f f c ic f f f fM C dT dz U A T T dzdt D C dT dt= - -  (34) 

( ) .f f f c
ic f

f f f

T D T UA T T
t M z M C

¶ ¶
= - + -

¶ ¶
             (35) 
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Air phase   
 

( )
( ) .

g pg g g pg g g c g ic

o mc c g ic

M C dT dz m C dT dt U A T T dzdt

U A W W dzdtl

= - - -

-
     (36) 

 
Air-condensate interface 
The heat balance at air-condensate interface is given by the 

following equation:  
 

( ) ( ) ( ) .g c g ic f c ic f o mc c g icU A T T U A T T U A W Wl- + - = -  (37) 

 
The mass balance at air-condensate interface is given by the 

following equation:   
 

( ) .g g g g mc c g icM dW dz m dW dt U A W W dzdt= + -     (38) 

 
The water condensation rate was determined using the 

following algebraic equation that relates the variation of 
water content to the height of the tower: 
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4. Approximation of mathematical models 

The analytical solution of equations of global mathematical 
model is impossible and they must be discretized to obtain 
approximate, but still accurate, solutions. The method of nite 
differences has been used quite extensively in the past, but it 
usually requires a large number of discretization points and 
results in a correspondingly large set of Ordinary differential 
equations (ODE). On the other hand, the Orthogonal colloca-
tion method (OCM) approximates the solution by a polyno-
mial trial function, and the resulting set of ODE is often con-
siderably smaller. Currently, the collocation method is very 
widely used in chemical and biotechnological engineering 
problems [25, 26]. 

4.1 Formulation of the approximation method 

Consider the following Partial differential equation (PDE): 
Formulation of the approximation method: Consider the fol-
lowing Partial differential equation (PDE): To study a colloca-
tion method in this model, the following approximation series 
is used for the variable T: 

 

( , , ,.....) .T Tf x t
t x

¶ ¶
=

¶ ¶
                             (46) 

 
With 
t ϵ T = [0, tf]: Time domain  tf < ∞ . 
x ϵ T = [x0, x1]: Spatial domain. 
To study a collocation method in this model, the following 

approximation series is used for the variable T: 
 

1
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N
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i
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The specic method applied is called orthogonal collocation 

due to certain orthogonality properties of the base functions φ. 
Due to technical reasons, the number of the base functions is 
given in the form of N +2. The points x0, and x, correspond to 
the initial and end points of the system. Consequently, the 
number of internal collocation points is N. 

By using the Lagrange interpolation polynomial, as a base 
Lj function, the Eq. (38) can be written as follows:  
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Xj, (j = 0,1,……N+1) : the collocation points. With this 

method, the derivatives with respect to time and space are 
approximated as follows:  
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At the different collocation points, we can write: 
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4.2 Formulation of the approximation method 

By substituting the approximations presented earlier in the 
initial system formed by partial derivatives equations, we can 
get a system of ordinary differential equations according to the 
time localized in every collocation point.  
·Water solar collector reduced dynamic model: 

( ) ( )
1

0
1

1 ( ) .
N

wi
w ij wj j we wi

j

dT m l T l T T f t
dt

x
d

+

=

æ ö
= - + - +ç ÷

è ø
å    (56) 

 
·Air solar collector reduced dynamic model: 
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·Solar still reduced dynamic model: 

( ) ( ) ( )( )1vi
v rwv wi vi evp wi vi rc vi amb

v v

dT IA h T T h T T h T T
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                                         (60) 

( ) ( )( )1bi
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b b
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·Humidifier reduced dynamic model: 
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·Condenser reduced dynamic model 
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5. Simulation and results discussion 

5.1 Numerical simulation in dynamic regime of solar still  

The set of equations presented above is used to determine 
the outlet parameters (air temperature, water temperature, 
glass temperature, absorber temperate the effect of the humid-
ity on fresh water production and the fresh water condensate) 
of each component of the desalination unit while guessing the 
inlet of the same parameters. For this purpose, the set of ordi-
nary differential equations is converted to a set of algebraic 
equations by a functional approximation technique: the or-
thogonal collocation. The numerical simulation allows the 
understanding and the characterization of the steady state be-
havior of each component of the unit. A numerical computer 
program is developed using the Borland C++ software to 
solve the mathematical models. In order to evaluate the per-
formance of the regenerative solar distiller, simulations were 
conducted. In Fig. 2, it can be seen that for the modied still, 
the water and absorber temperatures are higher than the glass 
cover temperatures in the function of time throughout the day, 
except in the evening, which is also due to the higher thermal 
capacity of the basin water mass. The curves increase gradu-
ally at the beginning of the day, reaching a maximum between 
12h and 14h, then decrease gradually. It is also observed that 
the water temperature and the absorber (pelvis) are almost the 
same because of the contact with the last two heat transfer by 
convection directly. The temperature of the absorber reaches a 
maximum value of 85°C; this is explained by the relatively 
high absorption coefficient of black paint. It was noticed that 
the water and absorber outlet temperature exactly follow the 
behaviour of the solar radiation. On the other hand, all the 
temperatures showed similar trends of increasing with the 
respective increasing of solar radiation of respective during 
the day. These results indicate that solar radiation has a greater 
influence on the thermal performance of the solar still. Bilal et 
al. [27] and Murugavela et al. [28] found that the technique of 
adding the absorbent black material that is used in the basin 
with water (can store more amount of heat energy to increase 
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the heat capacity of the basin and to increase the production 
night as quartzite, pieces of red bricks, pieces of concrete ce-
ment, lime stones and pieces of iron ... etc..) In this section, we 
have studied the effect of material energy storage taking into 
account that the distiller is coupled with a preheating system 
(solar water collector).  

For this study, we have used, as a heat storage material, sen-
sitive pieces of cement concrete. The hourly production of 
distilled water for two types of distillers is shown in Fig. 3. 
This production begins to be significant from 100 min of sun-
shine. We note that the distiller contains material energy stor-
age that has the largest production that the distiller without 
them. Fig. 4 shows the variation of the accumulated distillate 
water for a typical summer day. We note that the curve of the 
total production is almost zero at the beginning of the day, and 
then begins to rise until reaching a total amount of 
8.80 kg/m2.jour. The productions of solar distiller freshwater 
increases when the brine temperature rises. 

 
5.2 Numerical simulation in dynamic regime of an air solar 

heater  

Due to the variable nature of the meteorological conditions 
around the world, it is critical to note that solar thermal collec-

tors have a variable efficiency, dependent on solar insolation, 
air flow rate and air temperature. The numerical investigation 
presented in this section consists in an evaluation of the 
inuence of the operating and weather parameters on the air 
solar collector performances; outlet air temperature and ther-
mal efficiency. The thermal efficiency of the air solar collector 
was defined as the ratio of the useful energy gained air after 
passage through the air solar collector to the total incident 
solar radiation. This is expressed by the following equation:  

                                                                                                       
( )a a ao aim C T T
S I

h
-

=   (73)                     

 
where ma is the mass flow rate of the transpired humid air, Ca 
is the air heat capacity, Tao is the outlet air temperature, Tai is 
the inlet air temperature, I is the solar irradiation intensity and 
S is the air solar collector surface. Figs. 5 and 6 show the ef-
fect of solar radiation on the air collector outlet temperature as 
a function of time and the impact of the air flow rate on the 
outlet air temperature. 

 
5.2.1 Effect of solar irradiation and air flow rate 

The variation of outlet air temperature and thermal effi-
ciency with solar irradiation and air flow rate are depicted in 
Fig. 5. Fig. 5 shows that the solar irradiation has a similar 
effect on the collector thermal performance. In fact, increasing 
the solar insolation increases the outlet air temperature and the 
thermal efficiency. 

 
 
Fig. 2. Hourly variations of different temperatures. 
 
 

 
 
Fig. 3. Effect of the energy storage materials on the distillate water in 
function of time (Energy storage material: cement).  
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Fig. 4. Variation of the accumulated distillate water for a typical sum-
mer day. 
 
 

0 10 20 30 40 50 60
30

32

34

36

38

40

 ma=0.2 kg/s
 ma=0.1 kg/s
 ma=0.09 kg/s

 

 

T ao
 (캜

)
Time (mn)  

 
Fig. 5. Effect of solar radiation on the air collector outlet temperature 
as a function of time. 
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5.2.2 Impact of the air flow rate on the outlet air temperature 
In contrary, the air flow rate has an antagonist impact on 

thermal performance of the solar collector as shown in Fig. 6. 
From Fig. 6, it can be seen that the outlet air temperature is 
strongly dependent on the air ow rate. The outlet air tempera-
ture decreases with an increase of air flow rate.  

 
5.3 Numerical simulation of water solar collector 

The numerical simulation in a dynamic regime of the be-
havior of solar water is used to find the influence of the mass 
flow of water (mw) below the outlet temperature of the water 
(Tw). Fig. 7 shows the influence of water flow on the varia-
tion of the water temperature at the outlet of the solar collector 
to the operating conditions. This figure shows that the water 
temperature at the outlet of the sensor decreases when increas-
ing the flow rate of the water flowing through the solar collec-
tor water.   

 
5.4 Numerical simulation in dynamic regime of the humidifier  

Fig. 8 represents effect of air flow rate ma and water flow 
rate mw which varies between 0.01 and 0.06 kg/s on amount 
of evaporate water which will be condensed in the solar still in 
function of inlet temperature of water which are pulverize 
under the packed bed. As seen in this figure, increasing air 
flow rate and air humidity increases the amount of evaporate 
water. From this figure, it can be seen that the air humidity 

produced in the basin of the solar still increase with increasing 
of the air. Fig. 9 indicates that the water condensation rate 
increases meaningfully with the moist air flow rate and the 
absolute humidity. But it increases slightly when the moist air 
flow rate is in the range of 0.4-0.8 kg/s under the effect of 
water flow which are pulverize under the packed bed to in-
crease the exchange surface and the residence time of air and 
water inside the solar still to increase the heat and mass trans-
fer, and thereafter improve the production of freshwater sys-
tem. This result implies that it exist an optimum value of moist 
air flow rate where the water condensation rate is maximum. 

Fig. 10 shows the evolution of amount of evaporate water in 
function of air temperature and air flow rate which will be 
condensed in the solar still. The rst thing that can be drawn, 
from this gure that follows is that the amount of evaporate 
water increases proportionally with increasing of air flow rate 
which varies between 0.01 and 0.06 kg/s. The curves vary in a 
progressive manner up to a certain value and then remain con-
stant. The curves can be divided into three parts: The first part 
of the curves is an increasing slope is slow progression of the 
amount of humid air into the solar still. In this part the amount 
of humid air produced in the solar still have not yet sufficient 
to heating the medium and mass transfer and for it the produc-
tion of distilled water remains low. The second part of the 
curves present growing right, this is the most remarkable part 
of the curves. The curves vary rapidly by this part this timeli-
ness is due to the gradient of air temperature. When the air 
humidity increases the probability of mass transfer increases 
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Fig. 6. Impact of the air flow rate on the outlet air temperature.  
Tae = 30°C, Tamb = 15°C, Tve = 30°C, Tple = 32°C and I =
800 W/m2. 
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Fig. 7. Evolution of the water temperature at the outlet in function of 
time Tamb = 20°C, Twe = 20°C for different water flow. 
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Fig. 8. Evolution of amount of evaporate water in function of water 
temperature and air flow rate. 
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and the backgrounds will be more concentrated, which brings 
up the water droplets. Water condenses at this level through 
the enrichment backgrounds by moisture due in part to the 
temperature of hot water sprayed on the packed bed and above 
all the other with the heated air by through the solar air collec-
tor. The third part of the curves has the allure of a horizontal 
line with negligible variation. This stability is due to the con-
centration of vapor backgrounds. Therefore, according to 
these results, one can conclude that it is interesting to work 
with elevated air flow rate at the inlet of the solar still to in-
crease the amount of the evaporate water which will be con-
densed in the solar still and to provide a better output of air 
humidity. The air humidity at the inlet of the solar still will be 
transferred to the condenser and will be condensed on the 
external pipe walls of the condenser. So, its value is variable. 
Therefore it is interesting to raise the influence of this parame-
ter on air humidity at the solar still. 

 
5.5 Numerical simulation in dynamic regime of the con-

denser  

The influence of the inlet temperature of air of this new 
concept of distiller on water condensation rate is shown in Fig. 
11. for the following operating conditions: I = 800 W/m², mw 
= 0.1 kg/s, ma = 0.2 kg/s Tamb = 30°C, Tw = 20°C, Ta = 
50°C, Wg = 0.287 kg water/kg dry air. 

It is noted that the amount of condensate is sensitive to the 
variation of the temperature of the humid air. An increase in 
the air humid temperature causes a remarkable increase in 
water condensation rate mc. The water condensation rate in-
creases significantly and according to the air temperature (T) 
at the condensation tower inlet. That is, the increase of the air 
temperature at the condensation tower inlet produces more 
heat inside it. We can conclude that it is interesting to work 
with high inlet temperature of humid air in the solar distiller to 
increase the production of distilled water. 

Fig. 12 shows the influence of the temperature of water at 
the inlet of condenser on the water condensation rate for the 
following operating conditions: ma = 0.2 kg/s, mw = 0.1 kg/s, 
Tamb = 30°C, Ta = 50° and I = 800 W/m². It is clear that the 
temperature of water at the entrance of condenser has an im-
pact on water condensation rate. In this figure, we find that an 
increase in the inlet temperature of the cooling water in the 
condenser tubes results in a reduction of the production of 
desalinated water. So it is advantageous to work with water 
cooling having a lowest possible temperature in order to allow 
the condensation tower to provide a better performance. For 
one hour of operation and to Tw1 equal to 20°C, the amount 
of condensate, m takes the value of the order of 1.6 kg while 
for a value of Tw1 equal to 45°C, the amount of condensate, 
m takes the value of the order of 0.57 kg. Therefore according 
to these values, a 55% reduction of the temperature of the 
cooling water produces an additional 64.37% of condensate. 

The available data in Table 1 show that the production of 
solar still distiller coupled to a condenser, solar air and water 
collector and packed bed is higher than the production of other 
types of distillers. The following table includes the daily pro-
duction of some typical distillers existing in the literature. This 
production is significant; it varies from 4 to 10.5 kg/m2 .day 
updated throughout the year. The addition of these compo-
nents to the conventional solar still has an inuence on the 
ow of the water produced. This may be due to the humidifi-
cation- dehumidification processes. 

 
6. Conclusions 

In the present study, the performance of the unit which con-
sists of a conventional solar still coupled to a condenser, solar 
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Fig. 10. Evolution of amount of evaporate water in function of air 
temperature and air flow rate. 
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Fig. 11. Effect of the inlet temperature of air of the new concept of 
distiller on water condensation rate. 
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Fig. 12. Effect of the inlet temperature of air of the new concept of 
distiller on water condensation rate. 
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air and water collector and packed bed stepped with humidifi-
cation- dehumidification system has been theoretically inves-
tigated. The newly designed system presented in the current 
work exhibited a number of attractive attributes that might 
open new promising opportunities for the advent of freshwater 
to environments with limited water resources and high solar 
radiation rates. The effects of feed water flow rate, the inlet 
water and air temperature and air flow rate on the solar still 
performance have been considered. Based on the obtained 
results, the following conclusions can be drawn: 
·The Indeed, the productivity of our distiller which using 

humidification-dehumidification processes (0 to 8.5 
kg/m2) is 63% higher than the productivity of the solar 
still augmented with a at-plate collector presented by 
Badran et al. (2005) (0 to 2.3kg/m2). 
·Decreasing the inlet water temperature to the condenser 

of solar still leads to increasing the still productivity. 
·Increasing the inlet air temperature to the condenser of 

solar still leads to increase the still productivity. 
·For all congurations, modeling of the system and simu-

lating its behavior have been successfully done on the 
basis of thermal and mass balance approach.  
·The effects of incorporating the different modules on the 

system performance were studied. 
·Comparing the obtained results with those of other stud-

ies, gives a good validity of the present results. 
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Nomenclature------------------------------------------------------------------------ 

Cw : Water heat capacity in the solar water [J/(kg.K)] 
Ca : Air heat capacity in the solar still [J/(kg.K)], 
Cb : Basin heat capacity [J/(kg.K)], 
Cv : Glass cover heat capacity [J/(kg.K)], 
Mw     : Water mass flow sprayed onto the packed bed 

[kg/s], 
Ma     : Air mass flow density in the solar distiller 

[kg/(m2.s)], 
Mv     : Glass cover weight [kg], 
Mg : Water weight in the condenser [ kg], 
Mw : Water weight in the solar distiller [ kg], 
Mf : Fluid weight in the condenser [ kg], 
Mab    : Absorber weight of solar water [ kg], 
Ti      : Temperature at the air-water interface (packed  

bed) [°C], 
Uloss : Global exchange coefficient between the absorber 

of the solar distiller and the external environment 
[W/(m2 K)], 

Wg : Air humidity in the condenser (packed bed) [kg 
water/kg dry air], 

Wa      : Air humidity in the solar distiller (packed bed) [kg 
water/kg dry air], 

Wi : Saturation humidity in the solar distiller [kg wa-
ter/kg dry air], 

Uf : Global exchange coefficient of the absorber of the 
condenser with the outside environment [W/ (m2 
K)], 

Uw     : Global exchange coefficient of the absorber of the 
solar water with the outside environment [W/ (m2 
K)], 

Tb : Temperature of the absorber Basin distiller [°C], 
Ta : Air temperature in the air solar collector [°C], 
Tv      : Glass cover temperature of the air solar collector 

[°C], 

Table 1. Comparison of solar stills productivity. 
 

Type of distiller Wind speed Ambient temperature 
(°C) Location (latitude) Authors Production  

(kg/m2/day) 

Spherical distiller 2 25-30 Alger 36.833 36° 49'N A. Chaker and  
G. Menguy (2001) 4-7 

A weir-type cascade solar still 0-9 25-33 Zahedan, Iran (29.5°N) Tabrizi et al. (2010) 5.1 

A solar still augmented with a 
at-plate collector _ 19-30 Amman, Jordan (31.6°N) Badran et al. (2005) 0-2.3 

A passive solar still with a sepa-
rate condenser 2 20-28 Glasgow, UK (55.5°N) Madhlop and 

Johnstone (2009) ~6.0 

A single basin double slope solar 
still with energy storing materials 0.2-1.2 20-27 Tamil Nadu, India (11.2°N) Murugavel et al. (2010) ~2.1 

A solar still with energy storage 
medium - jute cloth _ 11-22 Fukuoka, Japan (33.2°N) Sakthivel et al. (2010) ~4.0 

Distiller coupled to a condenser, 
solar air and water collector and 

packed bed 
1 20-30 Sfax 34°44'26"N Present work 4-8.5 
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Tf : Fluid temperature in the condenser tower [°C], 
Tic : Air temperature interface in the condenser tower 

[°C], 
Tgc : Air temperature in the condenser tower [°C], 
Tg : Glass cover temperature of the solar distiller [°C], 
Tamb : Ambient temperature [°C], 
Tw : Water temperature in the solar water [°C] 
Tve : The input water temperature [°C], 
Tpl : Air temperature of absorber plate of air solar collec-

tor [°C] 
Twe : The input glass cover temperature [°C], 
Mem    : Energy storage material weight in the solar distiller 

[kg], 
Cem : Energy storage material heat capacity in the solar   

distiller [J/(kg.K)]. 
Pw     : Vapor pressure at Tw [atm]. 
Pv      : Vapor pressure at Tg[atm]. 
Um     : Mass transfer coefficient of water vapor to the air-

water interface [W/(m2K)]. 
Uw     : Heat exchange coefficient of the water film in the 

packed bed [W/(m2K)]. 
Ua     : Heat exchange coefficient of the air film in the 

packed bed [W/(m2K)]. 
Zl      : The packed bed height (mm). 
Cpw    : Water heat transfer coefficient at the air-water inter-

face (W/(m2.K)) 
Cpa    : Air heat capacity in the packed bed [J/ (kg.K)]. 
Tl : Temperature at the packed bed [°C]. 
Aw : Surface of water in the basin of solar still (m2) 
Av : Surface of glass cover (m2) 
Aab : Surface of basin (m2) 
A : Surface (m2) 
Cf : Fluid specific heat (J/(kg.K)) 
Cpg     : Moist air specific heat in the condenser  (J/(kg.K)) 
Cpa     : Specific heat (J/(kg.K)) absorber plate mass thermal 

capacity (J/(kg K)) 
de : Outer diameter of the condensation tower tube (m) 
Hc     : Air heat transfer coefficient at the air-water inter-

face in the condenser (W/(m2.K)) 
He     : Water heat transfer coefficient at the air-water inter-

face in the condenser (W/(m2.K)) 
di : Inner diameter of the condensation tower tube (m) 
G : G ravitational acceleration (m/s2) 
U       : Overall heat transfer coefficient in the condenser 

(W/ (m2.K)) 
Ug     : Air film voluminal heat transfer coefficient in the 

condenser (W/(m3.K)) 
Umc    : Water vapour voluminal mass transfer coefficient at  

the vapour-condensate interface in the condensa-
tion tower (kg/(m3.s)) 

Ua     : Air voluminal heat transfer coefficient at the air- 
water interface in solar still(W/(m3.K)) 

Km : Water vapor mass transfer coefficient at the air-   
water interface (kg/(m2.s)) 

L  : Tube length of the condensation tower (m)  

I : Solar flux (W/m2) 
Mg     : Mass velocity of moist air in the condenser 

(kg/(m.s))  
Mw : Water flow rate (kg/s) 
Ma : Air flow rate (kg/s) 
M      : Mass (kg) 
Pr : Prandtl number 
Re : Reynolds number 
P : Pressure (Pa) 
Pl : Longitudinal pitch (m) 
Pt : Transverse pitch (m) 
T : Temperature (K) 
Ti   : Temperature at the air-water interface (K) 
Wic     : Saturation humidity in the condenser (kg water/kg 

dry air) 
Wi : Saturation humidity (kg water/kg dry air) 
Z : Coordinate in the flow direction (m) 
Mem    : Energy storage material weight in the solar distiller 

[kg] 
Cem    : Energy storage material heat capacity in the solar    

distiller [J/(kg K)] 
Wa     : Air humidity (kg water/kg dry air) 
Dmc : Water condensation rate (kg/s) 
Vwind : Wind velocity (m/s) 

 
Greek 

λo : Latent heat of water evaporation (J/kg) 
λp      : Wall thermal conductivity (W/m K)  
λe : Water thermal conductivity (W/m K) 
λc : Condensed water thermal conductivity (W/m K) 
λgc     : Humid air thermal conductivity in the condenser 

(W/m K) 
ρc : Water density (kg/m3) 
μc : Dynamic viscosity of condensed water (Ns/m2) 
μp : Dynamic viscosity at the wall temperature (Ns/m2) 
Σ : Stefan-Boltzman constant 
εeff : Effective emissivity 
εv : Glass cover emissivity 
V : Velocity of uid (m/s) 
αab : Absorbance of the collector absorber surface 
Τ : Transmittance 
εw : Water emissivity 

 
Subscripts 

A      : Moist air in solar still 
Amb : Ambient 
B : Basin absorber 
C : Condenser 
F : Feed water 
V : Glass cover 
W : Water 
G : Moist air in condenser 
Loss   : Loss to ambient 
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