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Abstract

the performance of the hollow fiber module.

This work proposes new configurations for the desalination of salt water using systems based on coupling of
membrane distillation with solar energy. This study is a comparison between two coupling configurations of the vacuum
membrane distillation (VMD) hollow fiber module with salinity gradient solar pond (SGSP). The first configuration is a
module membrane in series with SGSP and the second one is a hollow fiber module immersed in the SGSP. Two models
describing the heat and mass transfer in the hollow fiber module and in the SGSP will be developed. The coupling of
the two models allows the determination of the instantaneous variation of temperature and salinity in the SGSP and the
permeate flow variation. A comparison of each module production was carried out. The mathematical model shows that
the immersed module production presents more than one and a half times that of the separated module, their production
reached 75 kg.day' per m? of the membrane in the third year. Thus, immersing the module in the solar pond improves

Keywords: Desalination; Hollow fiber module; Modeling; Solar
pond

Abbreviations

Nomenclature

AM: Sun’s path; alt: altitude; C_: Conversion factor of the isotropic
fraction; C : The specific heat capacity of the water; D;: Diffuse radiation
on a flat surface; D: Coeflicient of salt diffusion; D;: Horizontal diffuse
radiation; F: Fraction of isotropic diffusion; G, Horizontal global
radiation; h: Height of the sun; I Incidence solar radiation; P: Vapor
pressure; P - Vacuum pressure; S: Salinity; Qm: Mass flow; Q: Heat
flow; R: The ideal gas constant; T: Temperature; Xyact Salt molar

fraction; I: Normal incidence solar radiation
Greek letters

a: Distance correction coefficient; a,: Heat expansion coefficient;
A, naat Water activity coefficient; : Disturbing factor; B : Expansion
coeflicient; € Membrane porosity; ®: Inclination angle; A: Heat
conductivity; w: Dynamic viscosity; ,: Extension coefficient; 0, :

Angle of incidence; p: The salt water density; T: Membrane tortuosity
Indices

acc: accumulated; amb: ambient; abs: absorbed; f: feed; o: out; sw:
Sea water

Introduction

The VMD process is based on the evaporation of solvents through
hydrophobic porous membranes promoted by applying vacuum
or low pressure on the permeate side [1]. Vacuum is applied in the
permeate side of the membrane module by means of a vacuum pump.
The applied vacuum pressure is lower than the saturation pressure of
volatile molecules to be separated from the feed solution. Permeate
condensation takes place outside the module, inside a condenser [2].
This configuration presents a high permeate flow compared to other
membrane distillation (MD) configurations, in addition to advantages
of low thermal conduction loss [3-5].

MD was considered as a promising technology and has appeared
as a process more attractive than any other popular separation process

due to its lower operating temperatures and hydrostatic pressures [6].
Additionally, MD is capable of integrating with various renewable
energy sources such as solar energy, geothermal energy and waste
heat source [7,8]. The utilization of the renewable energy is worth
further research in order to bring the technology closer to the process
intensification. So far, the solar energy has been frequently studied
in MD by many researchers [9-12]. However, MD requires high heat
energy [13]. Being capable of directly using solar thermal energy, the
solar membrane distillation desalination system has developed as a
promising green technology to reduce the water resource problem [14].
Saffarini et al. have shown that heater systems costs account for over
70% of the total cost for all systems, suggesting the desirability of using
alternative sources of thermal energy, such as solar energy [15].

Based on different methods used to impose a vapor pressure
difference on either membrane side to drive the permeate flow, there
are essentially four types of membrane distillation configurations: direct
contact membrane distillation (DCMD), sweeping gas membrane
distillation (SGMD), air gap membrane distillation (AGMD) and
vacuum membrane distillation (VMD). The majority of research studies
concern the coupling of solar collectors with the other configurations of
the MD such as DCMD [14,16,17] and AGMD [18,19]. In desalination,
the AGMD, the DCMD and the VMD configurations have been
successfully applied, providing fresh water as permeate [12,18,20].
Wang et al. were among the first researchers to couple VMD with solar
energy [18]. Their study shed the light on a designed and tested solar-
heated hollow-fiber-based VMD system. The largest permeate flux
obtained is 32.19 L.h™! per m? of membrane with an 8 m? solar energy
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collector. The existing configurations are essentially coupled with flat
plate collectors and the module was separated to the solar collector.
But for the other DM configurations the only coupling with a solar
pond is carried out by Nakao et al. [12], which study the utilization of
DCMD coupled to a salt gradient solar pond. So the coupling of a flat
membrane module separated from the pond was realized. This study
shows that the module production reached 2 1/m*/hr at the end of June,
2014. Therefore, Mericq et al. [21] studied the possibility of submerging
the plate DMV membrane in the SGSP. The use of SGSP does not only
seem to be the most interesting solution but also allows a high permeate
flux to be reached with membrane fed by waters from lower convective
zone (LCZ) of the SGSP. The study of different coupling configurations
has confirmed the benefits of the membrane module immersion in the
solar collector [18,22-24]. This possibility reduces heat loss and has a
compact installation, which leads to improved productivity.

This research work accounts for the possibility of coupling the
VMD membrane module with an SGSP. It presents a follow-up of the
hollow fiber module production along three years. It also provides a
comparison of the water production of two coupling possibilities, the
first of which is a module fed with SGSP (Figure 1A) and the second
one is a hollow fiber module immersed in the SGSP (Figure 1B). The
latter is developed in order to minimize the heat loss and maximize
water production. The approach presented in this paper was used to
choose the most efficient coupling possibility.

Modeling

The desalination system is composed of an SGSP and a hollow
fiber module. Vacuum membrane distillation is a complicated physical
process in which both heat and mass transfers are involved. Indeed, the
coupling of the heat and mass transfer equations in the module and the
SGSP leads to the establishment of a model describing the functioning
of each configuration. The model was developed to calculate the
effect of the solar energy on the permeate flux. The variations of the
temperature and product distillate during the day were determined.

Hollow fiber module

The membrane module is a hollow fiber membrane which can
have a large effective area compared with other membrane module
types. The hollow fiber module configuration is external-internal. The
feed solution flows from outside the hollow fibers and the permeate is
collected inside the hollow.

MD is a thermally driven process based on the principle of vapor/
liquid equilibrium and coupled heat and mass transfer [18]. The heat
transfer simultaneously occurs with mass transfer whose process
influences the rate and coefficients of the heat transfer process, giving
birth to a complex heat transfer model [23]. The transfer through the
membrane is caused by a partial pressure difference on either side of
the membrane. The vapor water molecule was transported through
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the membrane pores from the higher pressure to lower pressure side.
Generally in the VMD the vapor water molecules transfer through
the membrane pores is given by the mechanism of Knudsen diffusion
where the mean free path of the molecules is very large relative to the
average pore [9,25-27]. Indeed in VMD, the mean free path of water
can reach relatively high values. Then molecule-pore wall collisions
are dominant in membranes with small pores. In addition Knudsen
diffusion dominates in VMD if the vacuum is sufficiently pushed. In
our case we used small pore size membrane (less than 0.45 microns)
and a very high vacuum does not exceed the 4000 Pa. So the diffusion
of the vapor through the membrane pores according to a Knudsen
mechanism.

The water vapor flux through the internal interface membrane-
water (kg.s'.m?) is described by the following equation:

J, =K, AP 6]

The driving force of the pressure difference AP can be expressed
as follows:

AP=P—-P (2)

i vacuum

Partial pressure P, was written as a function of the activity coefficient
and the interfacial concentration.

F = rvac (1= Xy P, @)

i

a  is the water activity coefficient. This coefficient depends on
‘water/Nacl

the water concentration in the treated solution [25].

A uterivact =17 05X 0 — IOX/%/HC/ (4)

and P_is the interfacial vapor pressure of pure water and can be
evaluated using the Antoine equation:

3841
=exp(23.238 ———— (5)
p( 45)

where T, is the corresponding interfacial temperature in Kelvin.

The coefficient of the membrane permeability or the Knudsen
permeability K can be related to the membrane structural properties
such and the membrane interface temperature (T) [9,25,26].

_2¢n 18R, ©)
" 37e,RT,\ x

So

3841
J, =K, {aeuu/]\'acl (1= Xy, ) exp(23.238 — m) - Pvuumm} 7)

The mass transfer inside the module is coupled with a heat
transfer through the membrane. The establishment of a rigorous
model describing the heat and mass transfer inside the hollow fibre
module is very complex. Based on some assumptions and the heat
transfer equation for a flowing liquid in a cylindrical conduct, a model

Solar radiation B
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Figure 1: Coupling VMD with a SGSP; A. Not immersed Module; B. Immersed module.
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describing the heat and mass transfer in the hollow fiber module was
developed [22,24].

To solve the set of model equations we have used of a program
using the Matlab calculation software which allows the equations to be
presented in the obtained model. The resolution is fully developed by
the Ruge Kutta method using the predefined function in Matlab ode
23. This function is executed to solve non-stiff differential equations,
low order method.

The obtained model allows to determine the temperature profile
inside the module, the module output temperature as well as the flow
of distillate produced as a function of different parameters.

Solar radiation model

The study of solar radiation is the starting point of any solar energy
investment. A model describing the different irradiations depending
on climatic parameters was developed. This calculus is based on the
EUFRAT model which, in turn, is based on the synthesis of various
research works, especially those Brichambant, Kasten and Hay [28].
The atmosphere does not transmit the entire solar radiation to the
ground:

» Direct radiation is the one that passes through the atmosphere
without modification. This radiation at normal incidence is
determined from the following equation:

-AM B
I, =1, ayexp| ———— 8
n T % Xp{og AM + 9.4} ®
with AM the sun's path that is given by the following expression:
AM = (l—q.lalt) ©)
sinh

* The global radiation on a horizontal plane which is the sum
of direct and diffuse radiation is described by the following
equation:

L+36

G, =, (1270-56 B) sin(h) * (10)

+ The diffuse radiation is the part of the solar radiation diffused
by the solid or liquid particles suspended in the atmosphere. It
has no preferred direction.

The diffuse radiation is determined from the global radiation:
D, =G, — I, sin(h) (11)

The diffuse radiation on a flat surface inclined at an angle (P)
relative to the horizontal (the tilt angle) and oriented to a direction at
an angle 6, . with the South (incidence angle) is determined using a
conversion factor of the isotropic fraction:

C - 1+cosg (12)
2

So

If % > C, wehave D, =D, [F C, +%] (13)
sinh sinh
0. .

If ¢ < C, wehave D,=D, C, (14)
sinh

. . . e I
with F as the fraction of isotropic diffusion: /' =1-—* (15)

Iy a,

Then, the global radiation on an inclined plane is deduced as the
sum of two terms:

G, =1, cosb,

inci

+02D, G, (IL;S@ (16)

The resolution of these equations was carried out using a program
that is developed on the Matlab calculation software. The simulation
of this program allows us to determine the different types of radiation
(direct, diffuse and global) for a given day.

SGSP model

Practically the solar pond consists of three distinct zones as shown
in Figure 2. The first zone, located at the top of the pond, contains the
low density saltwater mixture. This zone is called the upper convective
zone (UCZ) which is the absorption and transmission region. The
second zone which contains a variation of salinity increasing with depth
is the gradient zone or non-convective zone (NCZ). This zone acts as
an insulator to prevent heat from escaping to the UCZ, maintaining
higher temperatures at lower zones. The bottom zone is the heat storage
zone or lower convective zone (LCZ) with uniform salinity.

Solar ponds produce relatively low grade thermal energy (less than
100°C) and are generally considered suitable for thermal distillation
processes. The solar pond is subjected to solar radiation and heat
exchange only through its upper surface. It is assumed that the pond
is a priori ‘artificially stabilized” so that the convection currents can be
considered non-existing and remains as such during the entire period
of time under consideration [29].

rrrrr

is given by the following equation:
Qe t,%) = O, (8,%) = O, (£,%) + O, (£,) (17)

This equation reflects that the heat flow accumulated in the volume
element is equal to the sum of the inlet flow and absorbed flow minus
the out flow.

The energy flow accumulated in the pond volume element
(saltwater) is given by the equation:

Qacc (ta x) = Ax a(p“" Cpg;T;w (t>x)) (18)

The difference between the feed and output energy flow is expressed
by the following equation:

2
O,(t.x)=0,(t,x)= A, A,,., 0 TXZ(Z,X) Ax (19)
‘ x

Solar radiation

ST

NCZ

LCZ

Figure 2: Salinity gradient solar pond.
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The absorbed energy flow is the rate of energy production in a salt
water layer, which results from the solar radiation absorption.

Qﬂb‘ (t X) - ApondAx (20)

I is the solar ﬂux received by the higher interface of the pond.
The term L represents, in fact, the rate of energy generation per

unit Volumexin a water layer, which results from the solar radiation
absorption. In the present study, we have assumed that the amount
of solar radiation, mostly in short wave radiation ranges, reaching the
depth x within the pond, suffers an exponential decay as follows [30]:

1=0,6G, e """ (21)

Where G, is the solar radiation incident on the water free surface,
which is assumed to be normal to that surface, o called the extinction
coeflicient, represents the transparency of the saline solution and L the
solar pond depth.

The absorbed flow expression is then as follows [31]:

0, (t,x)=0,60, G, e "4  Ax (22)

pond

The heat transfer process within the solar pond is governed by the
following general equation:

a(psw CpsnT;u ([ x)) ﬂ azTgu (t )+0 6,1,! G e*,u,,\ (L-x) (23)
a X > ex i

ot Sw

In addition, the mass balance in the volume element of the pond is
expressed by the following equation:

Oace %) = 0110 () = O, (1,X) (24)
The mass flow in the pond is described by Fick's law:

o(p,.S)
0, .. pond 5 (25)

Then, the difference between the inlet and exit mass flow is
expressed by the following equation:

=-DA

*(PuS) 26
Oace =D Apopg — 35— Ax (26)

The accumulated salt flux in the volume element of the pond is also
expressed by the following equation:

0(pS)
Qm acc — ApondAx 6t (27)

So, the mass transfer process within the solar pond is governed by
the following general differential equation:

2
2(p0S) _ 1 0 (PS) (28)
ot o’x
All fluid properties vary as a function of both temperature and
salinity and are evaluated using known formulae.

With the equation of state of the saline solution given as follows [31]:

Pow = Preg (=0, (T =T )+ B,(S = S,.0)) (29)

a, and B_ are thermal and salt expansion coefficients published in
the literature. The subscripts ‘ref refers to the reference temperature
of 25°C.

Finally, the process of mass and heat transfer in solar pond is
described in the following system of equations:

a(p.vw Cp.\'w]-;w(tz’ x)) — ﬂw o Tmz(t )C) + 0a6,uexGi o Her(L=X)
ApuS) & [, O (pyS) ™ Ax (30)
ot *x
We developed a calculation program by using the Matlab software
computation which solves the set of differential equations. We used
the ode 45 function based on the explicit Runge-Kutta method. This
function is generally used for the lower order systems. The resolution
allows to determine the variations of the different temperatures and the
daily distillate flow.

Results and Discussion
Solar radiation

The solar radiation model allows us to determine the instantaneous
variation of different solar radiation for any day. Figure 3 represents
the global solar radiation variation for the four typical days. Figure 3
shows that, for any day, the global solar flux follows the same shape.
It increases from sunrise to reach a maximum at noon. It reaches a
maximum of 980 W/m? at noon for the June 21, which is the highest
while that of December is the lowest. Sunshine depends on the day and
month, it is higher in summer.

After the theoretical modeling and simulation, experimental
validation step is a milestone for the model performance evaluation
and its subsequent exploitation. The Sunshine experimental values
used for the model validation are taken using a station equipped with
a sunshine Lambrecht installed in the region of Gabes (33.8933° of
latitude and 10.1029° of longitude).

To validate the model results, a comparison between the simulated
values and experimental data measured by our research team is
made. Figure 4 shows a superposition of the two curves for the June
21. The present irregularity in the daily progress of the experimental
curve is due to the cloudy crossing that could interrupt the running
of experiments. The simulated values are a bit underestimated at the
beginning and at the end of day.

The calculated average deviation between the two curves does not
exceed 20%, while the average spread of solar flux is 38 W/m”. We can
consider that the model correctly describes the evolution of the solar
flux along the day. The results obtained in this section will be used for
the simulations of the pond temperature variation.
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Figure 3: Global solar radiation variation for four typical days.
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Figure 4: Experimental and modeling global solar radiation variation for the
21 June.
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Figure 5: instantaneous temperature variation for three years.

Solar pond

Solving the pond model equations allows determining the
temperature instantaneous variation in the SGSP. The SGSP depth is
of 2m. We propose to present the simulation results for three years
of pond operation to interpret the pond behavior along time and
study the stability and the effect of the energy accumulation. Figure 5
presents the instantaneous temperature variation for different depths
in bottom of the pond (z=0m), in the middle (z=1m) and in the top
(z=2m). The SGSP operation started on 1%, January of the first year
where the temperature in the SGSP was the ambient temperature.
The temperature reaches its maximum during the summer when
the solar radiation is maximal. The temperature at the end of the
year is greater than that of the beginning, which is explained by the
energy accumulation in the pond. Figure 5 shows that the upper zone
temperature is near ambient temperature since the losses are higher in
this zone. The temperature fluctuations at the interface that are due to
variations in ambient temperature gradually disappeared, approaching
the bottom of the pond. The highest temperature is the pond bottom;
it is in the order of 95°C for the third year. For the same date, the
temperature increases from one year to another due to the energy

stored in the pond. Consequently, the maximum temperature increases
from 84°C for the first year to 92°C for the second year to 94°C for the
third. So, this elevation decreases from one year to another until the
temperature stabilizes at the end of the third year. Figure 6 presents
the temperature according to the depth for four typical days for three
successive years. It should be noted that these profiles were taken at a
specific time, say at 12: 00h of each day.

Figure 6 shows that, when approaching the SGSP bottom, the
temperature increases with the increase in salinity. Thus, the largest
quantity of energy is absorbed by the concentrated salt solution at the
bottom of the SGSP. Similarly, for the bottom, the temperature varies
slowly so that the temperature becomes almost constant, thereby
forming the LCZ zone. On the other hand, the temperature varies
differently for four typical days, in which it varies slowly from one year
to another in the cold months (September and December), while the
variation is important for hot months (March and June). The solar
heating effect within the pond is more important than for the cold
season. Besides, for the cold season, in particular for the winter, heat
losses towards the ambient temperature are more important due to
cold air.

For the top portion (UCZ), the temperature is close to the ambient
temperature. The cooling effect of water can be clearly observed
in addition to the effect of the energy accumulated within the pond
for March and June. This deviation disappeared for September and
December, thus forming the UCZ zone.

For the intermediate portion (NCZ), the salinity increases with
depth. This zone behaves as transparent heat insulation, and crossed by
the solar radiation which is absorbed and trapped by the very salty water
at the bottom. For this zone, the temperature profile remains essentially
linear, then it slowly varies and the solar heating effect depends on the
month. Despite the low ambient temperature and solar radiation for
September, the temperature is higher than in June reaching 92°C. The
solar heating effect due to the heat loss (low ambient temperature and
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Figure 6: Temperature variation according to the depth for four typical days
for three successive years.
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solar radiation) is about 5°C from September to December. Figure
6 shows that the temperature increase is important for March and
June from the first to second year, whereas it does not exceed 5°C for
December. Secondly, the temperature stabilizes in December of the
third year.

Figure 7 displays salinity according to the depth for four typical
days, showing the effects of temperature and heat diffusivity on the
salinity variation. It is observed, at first, that the instantaneous salinity
variation remains very low and seems almost imperceptible along the
year. Thus, the profiles for the upper and central zone were nearly
identical, except for the surface and the bottom zone where only a
slight change can be noticed. So, the salinity varied slowly during the
year reaching stability, thus the salinity profiles remained in the S form
then it became linear.

Module production

The fibres module characteristics were selected to support high
temperatures at the membrane wall and have a good permeability.
Table 1 shows the characteristics and operating conditions of hollow
fibre module.

It is to be noted that the most important temperature is in LCZ
part, exceeding 80°C which is the allowable temperature membrane.
On the other hand, this zone is characterized by a high salinity, which
presents a risk of clogging. For these two reasons, we came to the
conclusion that the module feed or the module immersion in this
zone is not recommended, hence we chose to couple the module with
the middle part (NCZ). Therefore, two configurations were studied:
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N —————
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0 L L L L
0 5 10 15 20 25 30
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Figure 7: Salinity variation according to the depth for 4 typical days.

Nature PVDF
Internal fibre diameter (mm) 2.6
Membrane thickness (mm) 0.4

Length (m) 1

Fibres number 18
Diameter module (cm) 2
Maximum temperature ('C) 80
Permeability (ms™ (T,in K) Km=7.810°*T"°
Vacuum pressure (Pa) 4000

Water flow rate (m/s) 0.5

Table 1: Characteristics of hollow fibre module.

a hollow fiber module fed from the NCZ water and the hollow fiber
module immersed in the NCZ zone.

Following the temperature, the permeate flow varied slightly along
the day (Figure 8) such that it varies less than one kilogram along
day. This permeate flow variation is related to the low variation of the
temperature which does not exceed 1 to 2°C along the day. This low
temperature variation is due to the energy accumulation in the pond
which can be explained by the great inertia of the pond and the fact that
the pond is stabilized after two operation years.

Table 2 shows that the highest daily production of the first year
is that of June. However, the lowest production was that of March 21
because the temperature level was still low. Although the March solar
radiation is higher than that of September and December, we can see
that the production remains the lowest such that the March production
for the third year is lower than that of December of the first year. On
the other hand, the daily production of September is the greatest for the
three year, reaching 346 kg per m” of membrane. This difference does
not only depend on the temperature and the heat lost in the top of SGSP
and the received solar flux, but also on the energy stored in the SGSP
bottom. In fact, the March production was relative to previous months,
which corresponds to low energy storage in winter months while the
September production is relative to summer months. Consequently,
the daily production increases from one year to another, especially for
June and September, in which it multiplies of two times and half from
the first year to the third.

To compare the two configurations of the fiber module, the daily
production for the same operating conditions was calculated. Figure
9 reveals the daily production variation along three years. Module
production began only at 80 days when the desired temperature level
was reached. Indeed, the temperature did not exceed 30°C which is the
evaporating temperature for 4000 Pa vacuum pressure. Figure 9 shows

Third year
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Figure 8: instantaneous permeate flow variation for four typical daysof the
third year.

Day 21-Mar 21-Jun 21-Sep 21-Dec
First year 3,5 100 242 163
Second year 125 243 339 202
Third year 135 255 346 205

Table 2: Daily separated module production for four typical days of three successive
years (Kg/m?).
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Figure 9: Daily production variation along three years.

that the daily production of the immersed module was greater than that
of the separated module. The immersed module production presents
more than one and a half times that of the separated module which
exceeded the 75 kg/day per m* of membrane. This production presents
an average productivity of 3.2 kg/h per m> of membrane which was
close to that found by J.P. Mericq for a plan module immersed in SGSP
(3.7 kg/h per m? of membrane) [21].

The third yearly immersed module production is 16.8 m?
representing more than one and half times the separated module
production. Thus, immersing the module in the solar pond improves
the performance of the hollow fiber module.

Conclusion

The present work theoretically investigates the possibility of
coupling the DMV module with a SGSP. In order to study the
contribution of solar energy effect and choose the most appropriate
module configuration, a model describing the transfer in the module
and the SGSP was developed. These models allow us to determine the
instantaneous variation of hollow fiber module. The obtained results
have confirmed that the daily production of the immersed module
is higher than that of the separated module. It is to be noted that for
this study, we have neglected the circulation conduit heat losses in the
separated module, which is not the case for the immersed one, because
the module immersion in the SGSP reduces the heat losses. Therefore,
a more detailed study of the entire desalination system should be under
taken in order to show the benefits of membrane module immersion in
the SGSP. However, immersion is facing several technical limitations.
Indeed, given that it must necessarily be put in contact with the module,
itis necessary to use noble materials for the construction of the module.
This problem does not arise in the case of the configuration where the
membrane module is separated from the SGSP.
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