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Abstract. The present study deals with a numerical simulation for the transport phenomena in three configurations
of Membrane Distillation (Air Gap, Direct Contact and Sweeping Gas Membrane Distillation) usually used for
desalination in order to make an objective comparison between them under the same operating conditions. The
models are based on the conservation equations for the mass, momentum, energy and species within the feed saline
and cooling solutions as well as on the mass and energy balances on the membrane sides. The theoretical model was
validated with available data and was found in good agreement. DCMD configuration provided the highest pure
water production while SGMD shows the highest thermal efficiency. Process parameters’ impact on each
configuration are also presented and discussed.
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1. Introduction

Nowadays, many techniques are used to produce pure water. As a promising technique,
membrane distillation (MD); has many advantages particularly low energy consumption. In
Membrane distillation, a hydrophobic membrane is used to avoid membrane wetting and
permitting only vapor transport; the driving force is the difference in vapor pressure of water
caused by a temperature difference across the membrane. In fact, vapor molecules are transported
from the high vapor pressure side to the low vapor pressure side. This vapor pressure difference
may be maintained with one of the four following possibilities applied on the permeate side which
leads to four different configurations (Rommel et al. 2007, El-Bourawi ef al. 2006):

- An aqueous solution colder than the feed solution maintained in the direct contact with the
permeate side; this configuration is known as Direct Contact Membrane Distillation
(DCMD).

- A cold gas sweeps the permeate side carrying the water vapor molecules outside the
membrane module where the condensation takes place; this configuration is termed
Sweeping Gas Membrane Distillation (SGMD).
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- An air gap is placed between the membrane and a condensation surface; the water vapor
molecules cross the membrane and the stagnant air and condense on the internal side of a
cooling plate; this configuration is known as Air Gap Membrane Distillation (AGMD).

- A vacuum pump can be used to reduce the pressure in the permeate side; the condensation
occurs outside of the membrane module; this configuration is termed Vacuum Membrane
Distillation (VMD).

Many experimental and theoretical investigations have been done to show MD performance
expressed in particular the pure water production and the thermal efficiency.

One can observe that many experimental studies have been done covering all configurations
particularly AGMD (Feng et al. 2008, Garcia-Payo et al. 2000, Guijt et al. 1999, 2005, Izquierdo-
Gil et al. 1999, Amali et al. 2004, Sebastian et al. 2006), DCMD (Gryta et al. 2006, Srisurichan et
al. 2006, Tomaszewska et al. 1995, Christensen et al. 2006, Song et al. 2008, Chang et al. 2014),
VMD (Gabor et al. 2015, Chen et al. 2015, Wu et al. 2015) and SGMD (Garcia-Payo et al. 2002,
Khayet et al. 2000a, 2003a, Charfi et al. 2010, Shirazi et al. 2014).

Furthermore, the theoretical studies concerned with the membrane distillation (MD) process are
conducted with many assumptions describing for example the flow regime and the heat and mass
transfer process: AGMD (Banat and Simandl 1994, Alklaibi and Lior 2005, Banat and Simandl
1998, Loussif and Orfi 2014), DCMD (Banat and Simandl 1998, Schofield and Fane 1987,
Phattaranawik et al. 2003), SGMD (Khayet et al. 2000b, Charfi et al. 2010, Khayet et al. 2002).
Now, one can have a reasonable question, which configuration is the best in term of energy
requirement and pure water production?

It is worth to mention that just few studies were conducted with the main objective to compare
the performance of the MD configurations. Among these studies, Ding et al. 2006 and Khayet et al.
2003a have performed experimental works for ammonia removal from water and nuclear
desalination applications respectively.

The purpose of this study is to present a theoretical, two-dimensional model of the transport
phenomena in AGMD, DCMD and SGMD modules and to conduct a comparative analysis under
the same operating conditions.

2. Mathematical model
2.1 Process description

In this study, we will focus on the comparison of three configurations used in MD: Air-Gap
Membrane Distillation (AGMD), Direct Contact Membrane Distillation (DCMD) in which pure
water is used as a coolant flow and the Sweeping Gas Membrane Distillation (SGMD). Fig. 1(a)
represents a schematic of air-gap membrane distillation (AGMD). The removal of the cooling plate,
the condensate film and the air —gap gives the direct contact membrane distillation (DCMD). In
the obtained DCMD process, replacing cold water flow by an air flow leads to the SGMD process
together presented in Fig. 1(b).

2.2 Governing equations

In this section, we will present the govering equations and their boundary conditions for the
AGMD process, and as mentioned in the previous section, we simplify the model to obtain the
DCMD and SGMD processes.
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Fig. 1 Geometry and coordinate system of flow domain

The partial differential equations governing the flow, heat and mass transfer within the hot feed
saline water and the coolant solution (pure water) are those of conservation of mass, momentum
energy and species in x and y directions.

These equations can be normalized using the following dimensionless variables (the suffixes 1
and 2 represent respectively the hot saline solution and the cold pure water).
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The boundary conditions in dimensionless form are:
- Inlet of the saline solution (x = 0)

U=1, v=0, T=1, C=1
- Symmetry conditions (y = 0)
oy vy Oy
- Outlet of the saline solution (x = L)
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O, = J,hy, represents the latent heat flux and Q. is the conduction heat flux.

In the cold domain, the govering equations and their boundary conditions are
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Where the Reynolds and Prandlt numbers of the cold solution are

Re, = PUinls , Pr= 1Cp,

1
Hy k, (18)
The boundary conditions in dimensionless form are:
- Inlet of the cold solution (x = L)
U=1, V=0, T=0 (19)
- Symmetry conditions
oU or -
—=0, —=0, V=0 (20)
oy oy
- Outlet of the cold solution (x = 0)
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- The cooling plate’s cold side interface
U=0 (22)
V=0 (23)
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Stephan’s law is used to give the general mass flux form Alklaibi and Lior (2005)
J, =KAP, (25)

Where J, is the vapor flux generated by the membrane, K the permeability of the membrane
and AP, the water vapor pressure difference between the membrane sides;
The vapor pressure P, can be calculated using the Antoine’s equation
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The membrane permeability K is defined for the molecular diffusion as
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The effect of salt’s presence in the solution on the vapor pressure at the hot surface of the
membrane side has been considered and the Raoult’s Law is used. So that, the vapor pressure at
the hot saline solution-membrane interface is expressed as

P=(1-C)P, (28)
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Let us consider now the heat transfer mechanism in the AGMD process corresponding to the
AGMD configuration (Fig. 1(a)). The total heat is first transferred by convection from the feed
solution to the membrane surface where evaporation takes place.

Thus, the total heat involved in such a process can be divided in two parts: the latent heat and
the sensible one. The latent one is associated with the evaporation of the liquid water at the hot
membrane side. While, the total sensible heat transfer Q.. is transferred from the hot surface of
the membrane to the condensation surface by:

- heat conduction across the membranes and the air gap, O.;

- the convective heat transfer associated with the mass transfer of the vapor, O,

Tl _Tz

Qs =0c+0v= 29)

T

Where T; is the temperature at the hot side of the membrane, 7, is the temperature at the cold
side of the cooling plate and Ry is the total heat transfer resistance defined by

R, =R, +Rg +R_,v +Rp (30)

R, Rg, Ry and R, are the thermal resistances respectively of the membrane, the humid air gap,
the condensate liquid film and of the cooling plate.
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k, and k,,, are the thermal conductivity of the air, and the membrane material, respectively.
The heat transfer resistance of the vapor flow through the membrane pores is
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The thermal resistance of the air gap is defined as
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The thermal resistance of the condensate film is defined as

R, =—L
r (36)
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The vapor flux generated by the membrane will condense on the internal side of the cooling
plate, and for a thin film, the condensate film thickness J; can be calculated as given by (Ramon et
al. 2009, Bejan 2004).

1/3

SyfjJV(x)dx
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N 47

The thermal resistance of the cooling plate is
o
R, =" (38)

P kp

Results of this work were expressed in terms of process parameters including the average
permeate flux, the conductive heat flux, the total heat transfer and the process thermal efficiency.
The averaged permeate flux is obtained by integrating Eq. (25) over the membrane length L

1 L
J= { J,(x)dx (39)

The averaged conduction heat flux is defined as

JR— 1 L
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The averaged total latent heat flux is
L
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The total heat transfer is
L
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Therefore, the process thermal efficiency can be defined as
0
U (43)
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Fig. 2 Inlet temperature’s effect on the permeate flux, as in this study, in comparison with the experiments:
AGMD (Banat 1994), DCMD (Gryta et al. 1997), SGMD (Khayet ez al. 2000a)

Table 1 Influence of grid size on the permeate flux and the thermal efficiency

Nx, Ny 250,40 350,40 250,50 350,50
J, [kg/m’h] 5.2920 5.2913 5.2921 52914

AGMD
n 0.9242 0.9235 0.9240 0.9237
J, [kg/m’h] 17.5420 17.5417 17.5422 17.5418

DCMD
n 0.8634 0.8628 0.8631 0.8629
J, [kg/m’h] 3.3641 3.3637 3.3645 3.3639

SGMD
n 0.9293 0.9292 0.9293 0.9291

3. Numerical method and validation

The Control Volume Method and the Simpler algorithm (Versteeg and Malalasekera 2007) were
used for the numerical solution of the set of governing equations described above.

A grid-dependence analysis of the method of solution was performed as mentioned in Table 1.

The values are practically independent of the chosen grid. We select the grid size of 250, 40 for

the simulations conducted in this work.
The computed results for AGMD, DCMD and SGMD were validated by comparison with

experimental data (Banat 1994, Gryta et al. 1997, Khayet et al. 2000a) and were found to be in
very good agreement, within about 5%, as shown in Fig. 2.

4. Results and discussion

For all calculations, the following general conditions were considered: /; = [, = 2.5 mm, L = 25
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Fig. 4 Effect of the inlet temperature of the cooling solution on the permeate and the thermal efficiency

cm, Uy = Uipp = 0.15 m/s, Gy = 0.02, T = 25°C, y=1.5,e=10.8, Tj,y = 65°C, J,, = 0.5 mm, J, =

2 mm, op =2 mm, K,, = 0.25 W/mK, Kr =50 W/mK.
Fig. 3 presents the evolution of the permeate flux and the thermal efficiency when varying the

inlet temperature of the saline solution for AGMD, DCMD and SGMD. Increasing 7;,; induces an
increase of both parameters J and #.
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Fig. 5 Effect of the inlet temperatures on the conductive heat transfer
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Fig. 6 Effect of membrane porosity on the permeate flux and the thermal efficiency for AGMD,
DCMD and SGMD

Under the same operating conditions, it’s important to notice that DCMD configuration
produces the highest permeate flux in comparison with AGMD and DCMD ones and the lowest
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thermal efficiency when increasing 7;,; from 40 to 80°C. In the other side, SGMD configuration
produces the highest thermal efficiency and the lowest permeate flux.

In fact, increasing T;,; from 40 to 80°C makes the permeate flux increase by 1140.9%, 466.66%,
985% respectively for AGMD, DCMD and SGMD. In the other side, thermal efficiency increases
by 9.92%, 8.22%, 10.47% respectively for AGMD, DCMD and SGMD.

The effect of the temperature of the cooling solution on the three configurations is shown in Fig.
4. Increasing T;,, leads to a decrease of J and an increase of #. These variations depend on the
configuration adopted. In fact, decreasing T}, from 50 to 10°C makes the permeate flux increase
by 254.7%, 129.2%, 228.8% respectively for AGMD, DCMD and SGMD. In the other side,
thermal efficiency decreases by 1.5%, 8.55%, 0.85% respectively for AGMD, DCMD and SGMD.

The variation of the conductive heat flux as a function of the inlet temperatures (saline and
cooling) is mentioned in Fig. 5. Increasing 7;,; induces an increase of Q. while increasing T,
leads to a decrease of the conductive thermal flux.

The variation of the permeate flux and the thermal efficiency as a function of membrane
porosity is presented in Fig. 6. In fact, increasing € induces an increase of both J and # for the three
MD devices.

Fig. 7 illustrates the effect of the membrane thermal conductivity on the permeate flux and the
thermal efficiency. An increase by 113.65, 14.52 and 119.70% for water production respectively
for AGMD, DCMD and SGMD devices occurred when £, increases from 0.05 to 0.35 Wm KL
The increase of the permeate flux results from the decrease of the effective thermal conductivity of
the membrane which leaves much heat for water production.

Fig. 8 shows the effect of the inlet concentration of the saline solution on the permeate flux.
One can see that the concentration has a small effect on the water production and the thermal
efficiency of the devices. This may present an advantage of MD in comparison with traditional
techniques used for desalination.
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_ ___ SGMD
oL T L L o
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Fig. 7 Effect of membrane thermal conductivity on the permeate flux and the thermal efficiency
for AGMD, DCMD and SGMD
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Fig. 8 Effect of inlet concentration on the permeate flux and the thermal efficiency for AGMD,

DCMD and SGMD

5. Conclusions

data

This study presents a comparison between three configurations used in membrane distillation
under the same operating conditions. The governing equations expressing the conservation of mass,
momentum, energy and species in the hot and cold solutions were developed and solved
numerically using the finite volume method. Numerical results were validated with experimental

. The main findings of this study can be summarized in the followings:

DCMD configuration provides the highest pure water production.

SGMD configuration shows the highest thermal efficiency.

For the three configurations, increasing hot inlet temperature or decreasing cold inlet
temperature produces higher pure water production.

For the three configurations, increasing inlet temperatures enhances the thermal efficiency.
Inlet concentration of the saline solution has no significant effect on process parameters.
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Nomenclature

C Mass fraction of NaCl
G Specific heat [Jkg 'K ']

/ half-width of the flow channel [m]
Dy Diffusion coefficient of NaCl [m%/s]

D,,  Coefficient of vapor-air mass diffusion [m%/s]

g Acceleration of gravity [m/s’]

hg,  Latent heat of evaporation [J/kg]

Jy length-averaged permeate flux at the hot side of the membrane [kg/m*h]
J local permeate flux at the hot side of membrane, in vapor phase [kg/m’s]
K permeability of the membrane

k Thermal conductivity [W/mK]

L Membrane length [m]
M,  Molar mass of water vapor [kgkmol™]

N, Number of nodes along x direction

N, Number of nodes along y direction

P pressure [Pa]

Pr Prandtl number
Oc  Conductive heat flux [kJ/m*h]

O,  Latent heat flux [kJ/m’h]

Or  Total flux [kJ/m’h]

R Universal gas constant [J/kmol K]
Re Reynolds number

R, Thermal resistance of the air gap

Ry Thermal resistance of the condensate film
R, Thermal resistance of the membrane
R,  Thermal resistance of the membrane
Sc Schmidt number

T temperature [°C]
U,,  inlet velocity [m/s]

U axial velocity component [m/s]
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14 radial velocity component [m/s]

X Coordinate along to the solution flow [m]

y coordinate normal to the solution flow [m]

u Dynamic viscosity [kgm™'s™]

v Cinematic viscosity [m*s™]

p Density [kgm™]

e Porosity

X Tortuosity

0 Thikness or width [m]

n Process thermal efficiency
Subscripts

1 Hot saline solution

2 Cooling solution

a air

c cooling plate

e inlet

condensate film

g air gap

in inlet

p cooling plate

membrane
ma  membrane material
moy  Average

s saline solution

T Total

v vapor





