Available online at www.sciencedirect.com
-

% “=.” ScienceDirect DESALINATION

ELSEV IE Desalination 206 (2007) 341-352

www.elsevier.com/locate/desal

Desalination unit coupled with solar collectors and a storage
tank: modelling and simulation

H. Ben Bacha*®*, T. Dammak®, A.A. Ben Abdalah?, A.Y. Maalej**, H. Ben Dhia®

@ LASEM (LAboratoire des Systémes Electro-Mécaniques), PLEEE (Laboratoire Eau, Energie et Environnement),
cUCA (Unité de Commande Automatique), Department of Mechanical Engineering,
Ecole Nationale d’Ingénieurs de Sfax, B.P. W 3038, Sfax, Tunisia
Tel. +216 (74) 274-088; Fax +216 (74) 275-595; email: Habib.BenBacha@enis.rnu.tn

Received 1 May 2006; accepted 8 May 2006

Abstract

The behaviour of a distillation module of a desalination unit coupled with hot water storage tank heated by a
solar collector field is investigated by a series of simulation, in order to increase productivity of the desalination
unit. Mathematical models are developed to give the ability to estimate the expected performance of the system
under given climatic conditions, allowing the choice of the proper design solutions in relation to the desired usage.
The whole investigation is based mainly on experimental data under real usage conditions.
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1. Introduction and dynamic character. Thermal energy storage
provides a reservoir of energy to adjust the energy
needs at all times. It is used as a bridge to cross
the gap between the energy source, the sun and
the desalination unit. For storing heat in solar
desalination systems to be efficient, the next points
should be considered:
It should not greatly reduce the temperature
of the water in the evaporation compartment,

For solar desalination process, thermal energy
storage has an important function to ensure the
availability of energy at night or the next day. It
has always been one of the most critical com-
ponents in solar applications. Solar radiation is a
time-dependent energy source with an intermittent
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and thereby decrease the evaporation rate
during the day.

* The storing technique must be simple and
cheap in order to keep the capital cost of the
system as low as possible.

This paper deals with the modeling and simula-
tion aspects of the main components of a solar
hot water system of the desalination unit using
the solar multiple condensation evaporation cycle
(SMCEC) principle. Mathematical models and
simulation allow predicting the behavior and ener-
gy balance of a solar collector, testing configu-
rations of the distillation module together with dif-
ferent sizes and types of hot water storage tanks
and the effect of the storage device on the produc-
tion of the unit.

2. Description of the desalination process

The desalination plant consists of a solar unit,
which provides the thermal energy, and a desali-
nation module that uses multi-effect humidifica-
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tion to treat the brackish water. The corresponding

system scheme presented in Fig. 1 is an illustration

of the unit components along with the description

of the different modes (daytime and night time/

storage mode). The solar unit consists of a:

 flat plate collector field,

» conventional insulated heat storage tank,

* heat exchanger,

 control unit, circulation pump and an electric-
ally temperature controlled mixing valves
(three-way valve).

The desalination module is constituted with
two chambers: one for evaporation and one for
condensation. The evaporation chamber is filled
with a packed bed, where the hot brackish water
is uniformly distributed. The brackish water eva-
porates under ambient pressure, and the saturated
air is transported by free or forced convection to
the condenser chamber, where it condenses on the
surface of the plastic heat exchanger. The air cir-
culates in the opposite direction of the water,
which is thereby preheated in the condenser plates
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Fig. 1. Principle scheme of the desalination unit coupled with solar collectors and storage tank.
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by the heat of condensation. The condenser is
made of polypropylene bridged double plates,
through which the cold brackish water flows up-
wards. With the installation of the three-way
valve, quasi steady-state conditions for the evapo-
ration are guaranteed even during the daytime
mode. If the temperature of the collector outlet
exceeds the temperature adjusted for the mixing
valve, cold water from the bottom of the storage
tank is added. At the same time, the storage tank
is automatically filled from the top with the surplus
of hot water. The control device of the solar unit
regulates the whole desalination system. When
one of the following conditions is satisfied, the
three-way valve switches the system into the stor-
age mode automatically (night-time), discharging
the tank from above:

* the temperature level of the collector outlet is
lower than the minimum temperature for the
evaporation,

» the security criterion of the storage tank, for
example the maximum temperature at the
bottom of the tank, is reached.

The pump of the solar unit works in the storage
mode until the minimum temperature for evapora-
tion is reached. More details concerning the de-
scription and operation principle of the desalina-
tion plant are presented in [1-4].

3. Process optimisation

The brackish water debit (L) and the air debit
(G) represent the controllable input signals for the
desalination module. The water temperature at the
evaporation tower entrance (7)) is a very influ-
ential factor in the unit production. The insolation
1(?) represents the important non controllable input
signal to the system and, therefore, can be con-
sidered as perturbations. The condensed water
amount (/) is an output signal for the entire sys-
tem. Based on the optimisation conditions of the
three different modules of the desalination unit
(solar collectors, evaporation tower, condensation
tower), several compromising actions need to be

made among the command signals. The optimum
mode of functioning depends on both economic
and technical factors. It is a compromise between
the highest possible water temperature at the eva-
poration tower entrance in favour of optimum
mass-transfer and heat inside the distillation
module, the limitations of this temperature in fa-
vour of gaining acceptable collector efficiency and
to minimize overall thermal losses. The supple-
mentation of the system by a high temperature
thermal storage tank makes it possible to keep the
temperature range and the volume flow at the eva-
poration chamber entrance over 24 h at a certain
level. The fluctuations of the daily temperature
are determined by the heat capacity of the storage
tank, and the average volume flow depends on
the size of the solar collector field. The ratio of
the collector area to the size of the desalination
module is defined by the consideration of the eco-
nomic efficiency of the total system. In order to
minimize the specific distillate costs, one will
operate the desalination module at an operating
state (volume flow rate and inlet evaporation
temperature) above the energetic optimum be-
cause it is the most expensive component of the
system [5,6].

The integration of the thermal storage device
can be adopted in different possibilities: the
storage tank can contain either brackish or distilled
water, the collector field can be loaded by fresh
or brine water and the desalination module can
be connected directly to the storage tank or using
a heat exchanger. One preferred configuration is
to use a thermal storage tank and a solar collector
field being loaded by brackish water. This permits
more efficiency due to elimination of heat ex-
changers, but higher demands are to be made on
the materials used.

4. Modelling approaches
4.1. Flat plate solar collector model

The model of the flat plate solar collector, call-
ed two temperatures model, was developed in a
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previous work [7]. It can be written as:

oT, oT,
—fz—v—f+c, (TC—Tf)
ot ox
JT (1)
d; :al(f(t)_Tc)"'b] <Tf_Tc>
with:
ya c ¢ c ¢
Sh BI(1)

“ :Mfo > f(t): U’ +Ta(l‘) — the ambient

condition function.

The obtained mathematical model for the solar
collector allows the determination, for variable
solar intensity levels and ambient temperature, of
the fluid instantaneous temperature at any point
of the collector as a function of the command,
geometrical, and physical parameters (flow rate,
collector area, material, and inclination angle of
the collector). It should be noted that the fluid
temperature and flow rate at the collector outlet
are the two parameters with the most significant
impact on the unit production as they are the input
parameters of the distillation module.

4.2. Hot water storage tanks models

Three different kinds of storage tank models
are developed.

4.2.1. Storage tank with heat exchangers
Mode 1

Fig. 2 represents the model adopted for the hot
water storage tank with two internal coils heat ex-
changers. 7, and T, are respectively the inlet and
the outlet solar collector temperatures. m, is the
flow rate of the collector. T is the temperature of
the water storage tank. A completely mixed stor-
age tank is assumed. 7, corresponds to the inlet
temperature at the top of the evaporation tower.
T, is the outlet water temperature at the bottom
of the evaporation tower. L is the water debit in-
jected at the top of the evaporation tower.

To establish the model of the energy balance
in the storage tank, the following assumptions are
taken into account:

* there is no change in heat storage in the coil,
* the coil is in steady state,
* the heat storage tank is entirely insulated.

Egs. (2), (3) and (4) present the corresponding
model:

T e
TE ’ m.f
L. T, L
?—:i
TH Tu
T

Fig. 2. Hot water storage tank with internal heat exchangers — mode 1.
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Mode 2 (Fig. 3)

5

ar,
M C/' E =m /'C/' (T 2= T, 11 ) For the same assumptions used in mode 1, the
) following equations present the corresponding
-LC, (le - Tll) model:
AT,, — AT d7; _
- 12 /1 MC,—=m,C, (T, T,
mef(TfZ_Tfl)_U]A]W 3) ! dt ! f( 12 ) )
(AT /AT,) LC, (T, -T,
- f( n - 11)
AT, — AT,
LC,(T,,-T,)=U,4, —2—~"— 4 AT, — AT,
r\Un n 240 2 il
In(AT,, /AT, LC (T,-T,)=U,4,—=*—— 8
(A7), /AT,) (T, =Ty) =, (AT, /AT)) ®)
withAT, =T, —T and AT, =T, —T;
LR s AL withAT, =T, - T,
Alez Tzz_TvandATzl = 7—}1_Tv
l l AT/] :Tll - Ts
From Egs. (3) and (4), T, and T, can be de- and
veloped respectively as follows:
1
[ﬂ] lez(Tll_Ts) _[UZAZJ"'TY )]
Tf‘l = (Tf'Z —T;) m;Cy +T (5) . Lc,
1 4.2.2. Divided hot water storage tank
= - 6
I (7;‘ TS) _[UZAZJ 1, © In the following case, the model is built up as
e VK a divided hot storage tank with internal heat
/-—\
” r, T, L
?—:‘ E
TH
T \N/

-
-

Fig. 3. Hot water storage tank with internal heat exchanger — mode 2.
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exchanger (Fig. 4). This configuration performs
the heat transfer through a wall surface. Both sides
are supposed to be fully mixed. V| and V, are the
volume of storage tank sections and 4, is the sur-
face of the heat transfer between the storage tank
sections.

The next equations describe the behaviour of
the divided hot water storage tank:

dT,

4.3. Model of the desalination module

The model of the distillation module consists
of the coupling of the individual models of both
evaporation and condensation towers. The global
mathematical model based on thermal and mass
balances allows the determination of coupling
equations between the water and the humid air
temperatures and the water content inside each
tower. The obtained model is a set of equations

MC —L=m.C (T _T ) with partial derivatives with respect to space and
STy e\t T . . . . .
(10) time, ordinary differential equations as well as
-U,4(T,-T,) algebraic equations. The model is based on some
previous assumptions [8—12]. More details con-
a7 cerning the established model were presented
Mch 52 ch (Tzz -7, ) earlier [13]. The following equations present the
dt (11) corresponding model:
+ U3A3 (T'I - Tsz ) oT. oT.
ep,C—-=LC,—+-ha(T,-T) (14)
ot 0z
AT, — AT,
LC (T,-T,)=U,4,—2—"_ 12
f(12 11) 2 ZIH(AT;z/AEI) ( ) a]'jg_ 87; h
egpgcgg__GCga_Z-i_ ga<7;_Tg) (15)
with Ale - le - Ts’ ATn - Tll - Ts
and h(T,-T,)+h (T, -T,)=Lk, (X,-X,) (16)
1 X, aX,
7, =(T, _TS)—UZAZ +T, (13) £p,—, =0 — +k,a(X,-X,) (17)
e_ LC,
Ty,
- T.\I Ts?_ Tf’-‘ L L
?-‘rl' g
TH
T e TR [P
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Fig. 4. Divided hot water storage tank with internal heat exchanger.
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X, —0.62198—1us (18)
e0.C%e—pc L ruar,-T)  (19)
ot oz
SGpGCGaizGCG%_hGA(TG _Zc)
_kaGA(XG _Xic)
T.-T T —-T
hG( G 1c)+U( c w) (21)
=kaG (Xic _XG)
X 0X
€Pe = =G—F+kA(X; - X,.) (22)
ot 0z
X, :0.62198i (23)
1-P
dWCZkGA(XiC—XG)dz (24)

In this study, the process of condensation is
slow enough to assume that d_can be that at the
steady-state condition. P and P, represent the
saturation pressure given by:

In(P,)= —6096.938% +21.240964

1

—2.71119%x107°T, +1.67395x107° T}
+2.43350 In(7))
The relationships giving the mass exchange
coefficients (k , k), the heat transfer coefficients

(h, hg, h,.) and the overall heat transfer coefficients
(U) were presented earlier [8].

5. Simulation results

With high solar insulation, the solar collectors
output feed partly the storage tank and the dis-

tillation module. Before starting the operation of
the desalination unit, water circulates in closed
loop between the storage tank and the solar col-
lector field. The storage temperature is held above
the desirable desalination input temperature level
in order to keep the storage size small. This action
can take more than one day (it depends on the
meteorological conditions). The storage tank is
perfectly insulated to reduce the heat losses to am-
bient air.

At daytime solar collectors feed the desalina-
tion unit. During the evening or the cloudy peri-
ods, the storage tank feeds partly the desalination
unit. In order to maintain a minimum quantity of
hot water in the tank, the feeding from it will be
interrupted once the water temperature reaches a
fixed threshold.

Three tank models utilizing different configu-
rations are considered to test their effect on the
desalination unit production. Many simulations
were conducted. The simulations are carried out
on a solar I m® and 2 m* tank. Real climatic and
operating conditions presented in previous work
[7], is used for simulation. Table 1 presents the
system technical specifications and operation data
used for the simulation.

The temperature profiles of the storage tank
show the charging (daytime mode) and discharg-
ing (storage mode or night time mode) of the stor-
age tank. All measurements started at 8:00 a.m.
At 16.00 h the system switched into the storage
mode. The discharging temperature is limited to
40°C. The temperature profiles inside the tank are
obtained shown in Figs. 5-7.

Curves presented with thin line and bold line
correspond respectively to temperature profile of
the storage tank of 1 m*® and 2 m®. The similar
shape of the curves, monitored for different stor-
age tank configurations, indicates that the use of
the storage tank of 1 m* allow high temperature
and large discharging duration than using a storage
tank of 2 m°.

Fig. 8 presents the temperature profiles for
different storage tank configurations of 1 m*: the
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Table 1

System technical specifications and operation data used for the simulation

Technical specifications and operation data Value
Solar collector
Total aperture area, m” 37
Effective transmission absorption 0.8
Loss coefficient, W/(m2 K) 4

Glass type
Collector insulation

Evaporation tower
Size, m
Solid packing: thorn trees (volume fraction)
Air mass velocity (G), kgm s
Volume fraction
Water mass velocity (L), kgm s '
Water volume fraction
Mass transfer coefficient
Heat transfer coefficient

Condensation tower
Size, m
Plates type
Plates volume fraction
Air mass velocity (G), kgm s’
Volume fraction
Cooling water mass velocity (D,), kgm s’
Cooling water volume fraction
Heat exchanger
Overall heat transfer coefficient (U), W/(m® K)
Exchange surface, m’

Storage tank
Volume, m’

4 mm low iron glass
Fibreglass 30 mm sides
Fibreglass 50 mm back

1.20x0.50%2.55
£,=0.02

0.15

g=1-¢-¢,

0.15

£=10.01

kg: (2.09 GO L0A45)/a
= (5900 Go,5894Lo.|69)/a
hy= C, k,

1.20x0.36x3.00
Polypropylene
ep—=0.048

0.15
es=1—¢.—¢€p,
0.28

€.=0.018

250
1
2

1
2

temperature profile for configuration 1 — mode 1
(bold line), the temperature profile for configura-
tion 1 — mode 2 (thin line) and the temperature
profile for configuration 2 (dashed). Fig. 8 shows
that storage tank with configuration 2 has large
discharging duration than configuration 1 with
mode 1 and 2.

The model of the solar collector and the hot
water storage tank models were coupled to the
models of evaporation and condensation towers.

The simulation of the global resulting model
allows the prediction of the desalination unit pro-
duction (Fig. 9). Fig. 9 shows the amount of dis-
tilled water estimated with the different storage
tank configurations: the amount of distilled water
estimated with configuration 1 — mode 1 (thin
line), the amount of distilled water estimated with
configuration 1 — mode 2 (bold line) and the
amount of distilled water estimated with configu-
ration 2 (dashed). Such as storage tank configura-
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Fig. 5. Temperature distribution inside the tank with in-
ternal heat exchangers — mode 1.
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Fig. 7. Temperature distribution inside the divided hot
water storage tank with internal heat exchanger.

tion 2 has large discharging duration than configu-
ration 1 with mode 1 and 2, so configuration 2
allows production of distilled water for a long pe-
riod than the others configurations.

6. Conclusion

The main improvement in the solar desalina-
tion unit efficiency can be reached by continuous

iill — : — T 7 —
S e

SRS A S A R S 5 S

-~
o]
T

|

Termperature (°C)

a0 i i i
8 16 24 8 16 24 8 16 24 8 16
Time (h)

Fig. 6. Temperature distribution inside the tank with in-
ternal heat exchanger — mode 2.

110 T T

Termperature (°C)

Time (h)

Fig. 8. Temperature distribution inside the hot water stor-
age tank: comparison of the three functioning modes (V/
=1md).

operation. This measure prevents thermal losses
during standstill periods and low efficiency pe-
riods restarting the system. Twenty-four hour ope-
ration can be realized by an extended collector
field combined with a hot water storage tank.

In this paper, mathematical models were
carried out and used for simulation of three dif-
ferent configurations solar hot water systems: a
hot water storage tank with two internal heat
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Fig. 9. Simulated distilled water production with differ-
ent storage tank configurations (V=1 m?).

exchangers (mode 1), a hot water storage tank with
one internal heat exchangers (mode 2) and a
divided hot water tank with internal heat ex-
changer. The purpose of this work was to study
the effect of three different configurations on the
unit production. The modelling and simulation re-
sults achieved showed that a divided hot water
tank with internal heat exchanger increasing con-
siderably the production of distilled water than
those obtained with the others configurations.

Symbols

A — Air—water exchange area in the conden-
sation tower per unit volume, m*m?

A,, — Surfaces of the coils in the storage tank,

, o

a — Air—water exchange area in the evapora-
tion tower per unit volume, m*/m?

B — Effective transmission absorption pro-
duct, B= 0.1

C, — Water specific heat, J/(kg.K)

C, — Absorber mass thermal capacity, J/(kg.K)

C, — Water specific heat in the evaporation
tower, J/(kg.K)

C. — Water specific heat in the condensation

tower, J/(kg.K)

Sq © a .0

=

~

NUE R

o3

Humid air specific heat in the evapora-
tion tower, J/(kg.K)

Humid air specific heat in the condensa-
tion tower, J/(kg.K)

Cooling water mass velocity in the con-
densation tower, kg/(m?.s)

Mass velocity of humid air, kg/(m?2.s)
Exchange coefficient absorber-fluid in
the solar collector, W/m? °C

Water heat transfer coefficient at the air—
water interface in the evaporation tower,
W/(m2.K)

Air heat transfer coefficient at the air—
water interface in the evaporation tower,
W/(m2.K)

Air film heat transfer coefficient in the
condensation tower, W/(m?.K)

Flux of incident radiation, W/m?
Water vapour mass transfer coefficient
at the air—water interface in the evapora-
tion tower, kg/(m?.s)

Water vapour mass transfer coefficient
at the vapour—condensate interface in
the condensation tower, kg/(m?.s)
Water mass velocity in the evaporation
tower, kg/(m?.s)

Latent heat of water vaporization, J/kg
Mass, kg

Fluid flow rate in the absorber, kg/s
Absorber surface, m?

Humid air temperature in the evapora-
tion tower, K

Humid air temperature in the condensa-
tion tower, K

Water temperature in the evaporation
tower, K

Temperature at the air—water interface
in the evaporation tower, K

Cooling water temperature in the con-
densation tower, K

Temperature at the air—water interface
in the condensation tower, K

Ambient temperature, K

Absorber temperature, K
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— Fluid temperature, K

— Temperature of the extracted water from
the storage tank, K

U¢ — Overall heat loss coefficient from the

absorber to the surroundings, W/(m*K)

NN

U — Opverall heat transfer coefficient in the
condenser, W/(m?.K)

U,, — Overall heat transfer coefficient of the
coil in the storage tank, W/(m?K)

X, — Air humidity in the evaporation tower,
kgwater/kgdry air

X, — Airhumidity in the condensation tower,
K8, nie Koy i

X, — Saturation humidity in the evaporation
tower, kg /kg ey i

X, — Saturation humidity in the condensation
tower, kg /kg aryair

Greek

o — Absorbance of the collector absorber
surface

g, ~— Water volume fraction in the evapora-
tion tower

g, — Air volume fraction in the evaporation
tower

g, — Cooling water volume fraction in the
condensation tower

€, — Airvolume fraction in the condensation
tower

e, — Volume fraction of the packed bed in
the evaporation tower

g, — Volume fraction of the condensation
plates in the condensation tower

p, — Water density in the evaporation tower,
kg/m?

P, — Air density in the evaporation tower,
kg/m?

p, — Cooling water density in the condensa-
tion tower, kg/m?

p, — Airdensity in the condensation tower,
kg/m?

T — Transmittance

Subscripts

¢ — Condensation tower
G — Condensation tower
g — Evaporation tower

!/ — Evaporation tower
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