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Abstract

The dynamic modelling and simulation of the three sections of a water desalination facility using the Solar Multiple
Condensation Evaporation Cycle (SMCEC) technique are presented. The models are obtained using thermal energy and
mass balances of the different sections of the unit. The resulting distributed parametric systems of equations are
transformed into a system of ordinary differential equations using the orthogonal collocation method. The parametric
study in the dynamic mode and the numerical simulation allow to predict the behaviour of output of each of the three
unit sections following variations in the internal signals and external perturbations.

Keywords: Water desalination; SMCEC; Dynamic modelling; Distributed parameters; Orthogonal collocation;
Numerical simulation

1. Introduction Brackish or seawater heated in the solar

The SMCEC-based water desalination unit collectors is pulverised in the evaporation
consists of three sections: the solar collectors, the chamber. Saturated humid air is transported to
evaporation tower and the condensation tower as the condensation tower by either forced or

shown in Fig. 1. Their description and operation natural convection where it condenses once it is
of each section are found in [1,2]. in contact with the condenser cold plates.
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Fig. 1. SMCEC water desalination unit.

Due to the fact that the desalination unit is a
multivariable process with many input and output
signals and that most of the input signals are
external perturbations related to weather
conditions, it is first necessary to study and
predict the behaviour of the installation following
variations in both internal and external signals,
and second to study each of the three unit
sections separately.

In Section 2 the dynamic model of each stage
is developed using thermal energy and mass
balances. The obtained models are systems with
distributed parameters described essentially by a
set of partial derivative equations. These models
allow a good description of the real process and
monitoring of the spatial distribution and time
evolution of the various parameters. Section 3 is
dedicated to the parametric study and the
simulation results of the reduced model for each
section. The objective of the simulation is to
predict the behaviour of each section output
signals and the system production following
variations in the control signals and changes in
meteorological conditions. In the last section,
results are discussed followed by recommen-
dations for the wunit’s best operation and
production.

2. Model formulation

In the SMCEC-based desalination unit
multiple phenomena are involved such as
heating, evaporation and condensation all in one
system, and many of its variables are time and
space dependent. Therefore, the unit dynamic
behaviour is best described by several parameters
in the form of systems of equations with partial
derivatives, with the main objectives being the
detailed study and optimization of the unit
production and control design.

2.1. Solar collector modelling

Fig. 2 displays the external factors that would
affect the solar collector such as the solar
radiation, /(¢), and temperature, T,(f), and the
collector input signals, namely the fluid debit,
m(t), and temperature, T;(¢), as well as the
output signal which is the fluid temperature,
T4(?). Both [(¢) and T (¢) are considered pertur-
bations on the system due to their random
behaviour. To obtain the dynamic model, the
solar collector is divided into small surfaces, dS,
and studied for a very short period of time, dt,
using energy balance equations for dS using the
three hypotheses listed in [3,4].

The thermal balance of the system formed by
the absorber and the fluid for a slice of the
collector with a width /, a length dx, and a surface
dS=1*dx for a time interval, dz, gives the follow-
ing model:

oT, oT,
— b[ md ~L-1, f(t)) (1)

with d =[(C)/(U,/)] being the fluid debit
coefficient, b the time characteristic, and f(¢) =
[(BI/(U,)] + T, the ambient condition function.
Eq. (1) is an equation with partial derivatives
whose solution gives the fluid instantaneous
temperature at any point of the collector.
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Fig. 2. Input/output block diagram of the solar collector.

2.2. Evaporation tower modelling

Hot water enters the top of the tower with a
debit, L(f), and a temperature, 7,,(f). At the
bottom of the tower, incoming air has a debit,
G(t), a temperature, T,,(¢), and a water content
X,1(?). The produced vapour leaves at the top of
the tower with a temperature, 7,,(¢), and water
content, X,,(#). The air circulation mode used in
the study is a natural convection with a closed air
circuit. The evaporation tower shown in Fig. 3 is
amultivariable system with an input signal vector
[G(?), L(t), T\5(1)], an output signal vector [T,,(¢),
X, (1)] and a perturbation vector [T,,(2), X, (?)].
The dynamic model of the evaporation tower is a
set of equations with partial derivatives with
respect to space and time, developed using
thermal and mass balances, taking into account
the coupling among water temperature, air
temperature and air water content inside the
tower. The balance is done on an element of
volume with height dz. The approach is similar to
that used in the cooling tower study [4-6]. In
order to establish the thermal and mass balances
of the tower for the liquid phase, the gas phase,
and the liquid—gas interface, the five hypotheses
listed in [4—6] are used. Next, the mathematical
model for the evaporation tower is developed. It
consists of a system of coupled equations with
distributed parameters of heat and mass transfers
between the hot water coming from the solar
collector and the air.

* Water phase:

Ta(®) Xa®)

¢ 7

Gt) — y Te2(t)
L(t) ——] Evaporation tower
Tp(t) — Xea(1)

Fig. 3. Input/output block diagram of the evaporation
tower.
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and at the air—water interface

. hy(I,-T))+ b (T, T) s
v'eg
It can also be expressed as [7—-10]:

P
X, =0.62198 —= (6)

ws

where: m;=¢€, p,, m,=€, p,, with P, being the

saturation pressure given by:

ws

In(p,,)= -6096.938 +21.240964-2.711

I

+ 1.67395x107 T} +2.43350In(T;)
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The relationships giving the mass exchange
coefficients (k,) and the heat exchange coeffi-
cients (h,, h,) as a function of air flow rate (G)
and water flow rate (L) are

§ - 2.09G0.11515L0A45
g B a

and

b - 5900G0.5894L 0.169
r a

The air-film heat transfer coefficient and the
mass transfer coefficient on the air—water
interface are coupled by Lewis relation, h,=C, k,
[5,6].

2.3. Condensation tower modelling

At the top of the condensation tower, humid
air from the evaporation tower enters with a mass
debit, G(?), temperature T,,(¢), and water content
X, (7). At the entrance at the bottom of the tower,
cold water is injected inside the condensation
plates with a debit, D (¢), and temperature, T,(%).
At the exit, distillate water is collected from the
vapour produced in the evaporation tower with a
debit, W (f), while at the top, preheated water is
injected into the solar collector with temperature
T,(?). As seen in Fig. 4, the condensation tower
can be considered as a multivariable system. In
fact, [D (1), G(1), T (2), X,»(£)] 1s the input signal
vector, [T,,(f), W.(?)] is the output signal vector
and [T.(?)] is the perturbation vector. Once
again, the mathematical model is based on
thermal and mass balances. In addition, the
condensation debit can be computed as a function
of water content and tower height. The balances
are considered for a given element of volume
with a height of dz. The obtained model consists

Ta(t)

z

Condensation tower

G(t) —» :
Dc(t) p— Tcz(t)
Te(t) —

Xg(t) ——]

——p  W(t)

Fig. 4. Input/put diagram of the condensation tower.

of three equations with partial derivatives with
respect to time and space, one ordinary
differential equation and two algebraic equations
using hypotheses listed in [4-11].

*  Water phase:

me el pe £+UA(T -T) ()
c ¢ ot c ¢ oz 1c c
* Air phase
oT oT
meCost = GCGa—ZG - hgA(T,-T,,) o
- kaGA (XG_IYI(:)
and
o o
mc;% =G ;iG +kgA GYG_‘XIC) ©
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» Air—condensate interface [7-10]:
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where m; = €, pg, m, = €, P, and P, is the
saturation pressure.
Following the water balance dW, = Gd.X, the

flow rate of the condensed water is:

c

AW, = kg A(X,,-X;)dz (12)

Here, the process of condensation is slow
enough to assume that dW, can be that at the
steady-state condition. The expressions for /g,
K, h,, U, and h are given in [2].

3. Simulation

The operation of desalination by solar energy
is extremely sensitive to meteorological varia-
tions. Therefore, it was recommended to study
the operation of each section of the unit in the
presence of such variations. The steady-state
simulation revealed the impact of different
command signals on the output signals of each
unit section [2], while the dynamic model
simulation results helped to predict the behaviour
of each section as a function of the internal

3.1. Solar collector

Several simulations of the solar collector
dynamic model were made using the dynamic
model developed above. The results for solar
insolation, fluid temperature at the collector
entrance and fluid debit variations on the solar
collector outlet temperature are summarized in
Table 1.

3.2. Evaporation tower

The parametric study of the evaporation tower
using numerical simulation was carried out to
study the influence of fluctuations in the water
temperature (77,) at the tower entrance, variation
in the air temperature (7,,) at the entrance of the
tower, and perturbation in the water and air flow
rates (L,G) on the output signals (7 ,,,X,,). Results
are shown in Table 2.

3.3. Condensation tower

The main objective of the parametric study
and numerical simulation of the condensation
tower operation was to predict the dynamic

signals variations and the meteorological behaviour of the tower following external
variations. perturbations caused by meteorological
Table 1
Solar collector simulation results

Case 1 Case 2 Case 3
T, (1) Constant Variable Constant
m(%) Constant Constant Variable
19 Variable Constant Constant
T,(%) Constant Constant Constant
Operating T,=15°C; T, =10°C T,=15°C; m=0.021s" T,=15°C; T,=10°C
conditions m; =0.021s" [=800 Wm™* 1=800 Wm”
T, (2) Increases with 7 Increases with T, Decreases with m,
Notes 100% rise in I(#) yields Low values of T}, yield high values of T} As m,increases, T

a 43% increase in T (f)

High efficiency requires low T}, values

decreases
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Table 2
Evaporation tower simulation results
Case 1 Case 2 Case 3 Case 4
G(?) Constant Constant Constant Variable
L(%) Constant Constant Variable Constant
NG Variable Constant Constant Constant
T, Constant Variable Constant Constant
X, Constant Constant Constant Constant
Operating T, =25°C T,,=50°C, G=0.3kgs" T,=50°C, T,,=25°C T,=50°C, T,,=25°C
conditions: X, =0.01988 L=0.18kgs", X, =0.01988 X,,=0.01988
<20 mn, 7,=50°C  ¢<20 mn, 7,,=25°C, t<20mn, L=0.18 ks’ L=0.36kgs"
t>20 mn, 7,=60°C  X,,=0.01988 20 mn, L=0.36 kgs' <20 mn, G=0.3 kg s
t>20 mn, T,,=35°C, £>20 mn, G=0.45kg s
X,,=0.03619
T, Increases with T, Increases with T, Increases with L Decreases with G
X, (0 Increases with T, Increases with T, Increases with L Decreases with G
Notes: Similar dynamic A 40%rise in T, yieldsan ~ 100% rise in water A 50% increase in G

response for T,

and X, and 23% in X,;

822

T}, has more impact on 7,
and X,, than T, does

increase of 11% in 7,

debit improves T, by
6% and X, by 13.15%

reduces T, by 8%
and X,, by 15%;

Recommended to work
with low air debit for
best production

conditions and internal perturbations generated
by the solar collector and the evaporation tower.
To investigate the influence of input signals of

the condensation tower — G, T,,, X,,, D, and the
external perturbations 7,; — on the amount of

condensate W, the following series of numerical

simulations was carried out using the reduced

dynamic model:

 aperturbation of the humid air temperature at
the tower top entrance

* a variation in the cooling water debit at the
tower lower entrance

* afluctuation in the cooling water temperature

* avariation in the humid air debit at the top of
the tower.

The results are shown in Table 3.

4. Conclusions

As the operation of this type of desalination
installation is very sensitive not only to variations
of its input signals but also to meteorological
condition perturbations, the mathematical model-
ing of the solar collector, the evaporation and
condensation towers in the dynamic mode of
operation obtained the best knowledge of the real
process and the spatial distribution as well as the
time evolution of the unit parameters.

The parametric study carried out using the
dynamic simulation of the solar collector was
interesting. First, the fluid temperature at the
collector exit increased with the solar flux and
the fluid temperature at the entrance and second,
the fluid temperature at the collector exit
decreased as the fluid debit increased. Therefore,
it would be recommended to work with a low
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Table 3
Condensation tower simulation results

Case 1 Case 2 Case 3 Case 4
G(?) Constant Constant Constant Variable
D (%) Constant Constant Variable Constant
T (0 Variable Constant Constant Constant
Xp(0) Constant Constant Constant Constant
T, Constant Variable Constant Constant
Operating 7T,,=25°C,D=02kgs' G=03kgs', T.,=25°C D.=02kgs"' D,=02kgs’
conditions G=03kgs" T, =32°C G=03kgs! T, =25°C
<20 mn, T g =32°C X5=0.030645 T, =32°C T =32°C
X5=10.030645 t<20mn, D =02kgs"' X, =0.030645 X =0.030645
t>20mn, Ty, =45°C £20mn, D=04kgs' <20mn, T,,=25°C <20 mn, G=0.3kgs"
X5, =0.06433 t>20mn, 7, = 15°C £20mn, G=0.15kg s
T,(%) Increases with T, No change Decreases D, Increases with G
W_(%) Increases with T, No change Decreases D, Increases with G
Notes: W, is sensitive to T, 40 % reduction in 50% variation in G

A 40% rise in T,
increased W, by
264.5% (3.75 kg/h)

cooling water
temperature improved
W_. by 69.87%;

Use low cooling
temperature for best
production

produced 21.75%
variation in W

G has more impact on
W, than T,

water debit so as to have the highest possible
temperature at the collector outlet.

The optimal operation of the evaporation
tower requires also a significant water debit, a
high water temperature, and finally a minimum
air debit at the entrance level. Therefore, the
following compromises should be made:

» the use of storage tank permitting the fluid

circulation in a closed circuit between the
solar collectors and the tank. This solution has
the advantage of increasing water temperature
and enabling the operation with a relatively
high water debit. However, it creates a
discontinuity in the process since during the
operation in a closed circuit, water does not
enter the evaporation tower;

* the use of multiple solar collectors connected

in series and parallel combinations to insure a

very high water temperature due to the series
set-up and a high water debit due to the
parallel set-up;

the use of recycling technique. This would
reclaim the amount of hot water that did not
evaporate from the bottom of the evaporation
tower and mix it with the hot water coming
from the solar collector before injection into
the evaporation tower. This technique would
increase the water debit but with a limited
temperature improvement.

Operation with a low air debit in the tower
guarantees a high temperature at the tower
exit with a significant water content.

Following this study, it can be concluded that

the optimal operation of the condensation tower
requires at the entrance level a high humid air
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temperature (7,). In fact, this parameter has the
highest impact on the condensate. It also requires
a low cooling water temperature (7,,) and the
highest possible air debit (G).

According to the parametric study of the
evaporation tower, it was found that it is best to
work with a low air debit so that the highest
water content in the air is achieved.

5. Symbols

A — Air—water exchange area in the con-
densation tower per unit volume,
m*/m’

a — Air—-water exchange area in the
evaporation tower per unit volume,
m’/m’

B — Effective transmission absorption
product (B = at)

C — Water-specific heat, J/(kg.K)

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

C, — Humid air-specific heat in the evapo-
ration tower, J/(kg.K)

Cq — Humid air-specific heat in the con-
densation tower, J/(kg.K)

D, — Water mass velocity in the conden-
sation tower, kg/(m”.s)

G — Mass velocity of humid air, kg/(m”.s)

h — Water heat transfer coefficient at the

air—water interface (evaporation
tower), W/(m?*.K)

h — Air heat transfer coefficient at the
air—water interface (evaporation
tower), W/(m?.K)

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

1 — Flux of incident radiation, W/m?

k — Water vapour mass transfer coeffi-
cient at the air—water interface,
kg/(m?.s)

L — Water mass velocity in the evapo-

ration tower, kg/(m’.s)

— Mass, kg
— Fluid flow rate in the absorber, kg/s
— Temperature, K
— Ambient temperature, K
— Temperature at the air—water inter-
face in the evaporation tower, K
— Temperature at the air—water inter-
face in the condensation tower, K
U, — Opverall heat loss coefficient from the
absorber to surroundings, W/(m* K)
X — Air humidity, Kg,,e/KE4ry air
X, — Saturation humidity in the conden-
sation tower, Kg, /K&y air
X, — Saturation humidity in the evapora-
tion tower, Kg, /K&y air

CERER

~

c

Greek

o — Absorptance of the collector absorber
surface

€ — Volume fraction

Ac — Condensed water thermal conduct-
ivity, W/(m K)

T — Transmittance

Subscripts

— Tower bottom

— Tower top

— Absorber

— Condensation tower
— Fluid in the collector
— Evaporation tower
— Condensation tower
— Evaporation tower

~ Q0 N0 N —
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