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Abstract

The paper presents the focuses of application in membrane processes for the desalination of brackish water or salt water
using the sweeping gas membrane distillation (SGMD); at first, it is the least used configuration of MD, and the design of
this system is arduous and very expensive, and it is used to treat solutions containing non-volatile compounds, such us salts
which is totally rejected, and high purity of water was recuperated. Vapor transfer is an important thermally induced phe-
nomenon in the membrane-by-membrane (MD) evaporation and condensation. Our SGMD distillation system was simulated
using MATLAB programmers on heat and mass transfer aspects. In our research, we found that heat and mass transfer in
the SGMD is determined by the evaporation temperature of the gas and the sweep rate. The operational parameter (fluid
velocity) is influenced across the layer on both sides of the membrane, because it is the source of the transfer of heat and
mass in many membrane processes.

Keywords Vapor transfer - Membrane distillation - Mass and heat transfer - Sweeping gas membrane distillation

List of symbols k Mass transfer coefficient (m/s)

A Area (m?) M Mass (kg)

B Effective absorptivity M, Molecular weight of water (kg/kmol)
G, Heat capacity (J/kg K) me Fluid flowrate (kg/s)

D Diffusion coefficient (m?/s) mg, Fluid collector flowrate (kg/s)

F; Objective function j N Mass flux (kmol/m?s)

H Height (m) OP Controller output

HVL  Heat transfer rate of phase change (J/m?s) P Pressure (Pa)

h Heat transfer coefficient (W/m?K) 0 Heat transfer rate (J/s)

1 Intensity of solar radiation (W/m?) R Gas constant (J/kmol K)

K Thermal conductivity (W/m K) S Collector absorber surface area (m?)
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S; Stream number i

T Temperature (K)

D Thickness (m)

e Membrane porosity
m Viscosity (kg/m s)

r Density (kg/m?)

s Membrane tortuosity
51 Integral time (s)

S, Ultimate period (s)
L Liquid

G Gas

C Solar collector

T: Fluid temperature (K
T, Collector temperature (K)

GM Gas in the membrane
HL Hot liquid
MD Membrane module

MEM Membrane
MET  Metal

T Total

w Water

WA Water air

Introduction

The transfer of water vapor is a presentable phenomenon in
various thermally driven membranes of processes such as
membrane distillation (MD). In these processes, the driving
force comes from the partial pressure difference of the water
vapor through the membrane DCMD which is the most stud-
ied configurations due to salt repression. SGMD is a module
that functions as an external capacitor and is required to
collect permeate, which leads to additional costs that com-
plicate the system (Lawson and Lloyd 1997; El-Bourawi
et al. 2006; Curcio et al. 2010). The transfer of mass and
heat, the evaporation of the membrane and the distillation of
the gas-flushing membrane are essential, and the difference
between the evaporation of the membrane and the MD is
that the evaporation of the membrane is used for the con-
centration of heat-sensitive solutions (Mourgues et al. 2010;
Mahmud et al. 2002,2000) compared with MD, membrane
evaporation has collected much less attention in the mem-
brane research community; the heat and mass transfer in
DM intensified since the presence of DM processes (Lawson
and Lloyd 1996, 1997; Alkhudhiri et al. 2012; Boukhriss
et al. 2012; Schofield et al. 1987,1990; Curcio and Drioli
2005; Phattaranawik et al. 2003a; Zhang et al. 2012,2011;
Qtaishat et al. 2008). Less than 6% of MD’s publications
deal with SGMD (Boukhriss et al. 2012). In our study, the
temperatures of the membrane module and the temperature
polarization in SGMD have been explored by mathematical
modeling (Boukhriss et al. 2016; Khayet et al. 2002). The
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model developed for the optimization of SGMD processes
(Khayet et al. 2012; Khayet and Cojocaru 2013) is neces-
sary to further explore mass and heat transfer phenomena
in this technology. This study aims to provide a new under-
standing of mass transfer phenomena in SGMD. Here, we
focus on mass transfer in SGMD, although mass transfer
and simultaneous heat transfer in the evolution process of
membrane techniques. This work was studied in the con-
text of the modeling of physical phenomena (mass and heat
transfer); the experimental results of our parametric study of
an installation of a polytetrafluoroethylene-type membrane
unit (acronym PTFE and 500 L) on the pilot scale installed
at the higher institutes of applied sciences and technologies
of Kairouan Tunisia are presented in Fig. 1a-b.

The different desalination method

Figure 2 illustrates the desalination techniques which are
classified into two broad categories: membrane processes
and thermal processes. The processes acting on the chemical
bonds and processes are being performed by phase change.
This method’s objective is to separate salt water desalina-
tion into two parts, namely fresh water containing a low
concentration of dissolved salts and concentrate brine; this
process is energy-consuming; for instance, various desalina-
tion techniques have been implemented over the years on the
basis of the available energy (Boukhriss et al. 2012).

Different configurations of MD

The different approaches for establishing the driving force
and other process requirements led to the development of
various channel configurations that are widely used as clas-
sification criteria within MD technology. The most common
configurations utilize a temperature difference as the driv-
ing force, while alternative approaches are considered rather
exotic. Each of the MD configurations has its own advan-
tages and disadvantages. MD technologies that establish a
vapor pressure difference by temperature are as follows:

Due to its simplicity in structure, design and process
operation, direct contact membrane distillation (DCMD) is
the most commonly used process mode. In a DCMD pro-
cess, seawater or brackish water is passed on one side of a
hydrophobic porous membrane, while a colder water stream
flows on the other side to directly condense the permeate
water as shown in Fig. 3a. Considerable studies on DCMD
have been described (Boukhriss et al. 2012; Mourgues et al.
2010; Mahmud et al. 2002).

Permeate gap membrane distillation (PGMD) is closely
related to DCMD, since also in this configuration, both sides
of the membrane are in direct contact with the corresponding
liquid fluids and the driving force is established by means of
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Fig. 1 a Diagram of the pro-
posed facility, b rear view (a)
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Fig.2 Processes of desalination

a temperature difference. As shown in Fig. 3b, a third chan-
nel is introduced by an additional impermeable film that is
located on the permeate side of the membrane. Since the
permeate outlet is located at the highest module position, the
gap between the membrane and the impermeable film fills
with permeate during operation and is therefore referred to
as the permeate gap (PG) or liquid gap (LG) (Mahmud et al.
2000; Schofield et al. 1987).

Air gap membrane distillation (AGMD) is shown in
Fig. 3c. Related to the PGMD channel configuration, the
permuate is separated from the coolant by an impermeable
film next to the membrane on the permeate side. Due to a
temperature difference, the volatile compounds of the feed
solution evaporate at the feed side liquid—vapor interface,
pass the membrane and the air gap in the gaseous phase and
condense at the liquid—vapor interface on the cooled surface
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Fig.3 MD configurations
driven by a temperature differ-
ence: a DCMD, b PGMD and
¢ AGMD
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of the impermeable film (Schofield et al. 1990; Lawson and
Lloyd 1996; Curcio and Drioli 2005).

Sweeping gap membrane distillation (SGMD) configu-
ration, mentioned in Fig. 3a the vapor at the permeate side
of the membrane is evacuated by a sweep gas and subse-
quently condensed by an external condenser. This allows for
the reduction in water vapor partial pressure, thus achieving
a higher driving force across the membrane Fig. 4a (Phat-
taranawik et al. 2003a; Zhang et al. 2011,2012).

Vacuum gap membrane distillation (VGMD) configura-
tion, mentioned in Fig. 4b, considers a two-channel arrange-
ment entirely related to that of SGMD. The feed solution is
circulated parallel to the membrane in the evaporator chan-
nel and establishes a liquid—vapor interface at the feed side
of the membrane, the flow channel on the permeate side of
the membrane is designed as a dead-end channel, providing
only one access point at which vacuum is tested by means
of a vacuum pump, the vapor condensation and subsequent
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permeate extraction takes place in a condenser located out-
side of the module (Qtaishat et al. 2008; Basini et al. 1987,
Khayet et al. 2000).

Osmotic membrane distillation (OMD) is a process that
has recently appears as an attractive alternative to other
concentration techniques, when high final concentration
and quality are required. Osmotic distillation is illustrated
in Fig. 4c.

Membrane materials and modules

The most popular micro-porous hydrophobic membranes are
commercially fabricated with polypropylene (PP), polytetra-
fluoroethylene (PTFE), polyethylene (PE), polyvinylidene
fluoride (PVDF), carbon nanotubes (CNTs) and inorganic
materials, available in plate and frame, hollow fiber, tubu-
lar, spiral wound and flat sheet modules. Currently, PTFE
with unique features such as high hydrophobicity and strong
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Fig.4 MD configurations driven by approaches other than a temperature difference: a SGMD, b VMD, and ¢ OMD
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resistance against severe operating conditions has dominated
the commercial and laboratory applications of MD (Cama-
cho et al. (2013); Zhang and Gray 2011; Liu et al. 2011).

The membrane distillation unit

The model for individual sweeping gap membrane distilla-
tion (SGMD) in Fig. 5 is formulated and resolved numeri-
cally on the platform, where the membrane module can be
improved via a graphical interface, and the model compo-
nents are linked and solved in an installation on the equa-
tions. The specifications of the components evaluated in this
work are given in Table 1 and by the following equations
(Alkhudhiri et al. 2012; Boukhriss et al. 2012; Schofield
et al. 1990; Lawson and Lloyd 1996).

The system uses SGMD modules, for module with size
specifications listed in Table 1.

The purpose is to develop a dynamic model of a
SGMD module which describes the dynamic and steady-
state behavior of the system. The SGMD equipment to
be modeled in the membrane type is a made of polypro-
pylene. The membrane inside the module is a hydropho-
bic microporous hollow fiber membrane established in a
shell and tube arrangement. The hydrophobic property
of the membrane allows direct contact between gas and
liquid phase without dispersing one phase into the other.

Control Panel [CP] MD Module [M]

Feed filter

power
connection
230V/AC
S0Hz

Feed pump

Refilling
pump
Flow
Distillate

Tap

Refilling
filter

Distillate tank  and pump

overpressure valve

Fig.5 Membrane distillation unit (SGMD) couples with solar collector

front view
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Table 1 Lists of membrane parameters and solar collector
Membrane Module
Membrane area (m?) 10
Thickness (mm) 0.14
Pore diameter (mm) 0.2
Porosity 0.77
Tortuosity 1.9
Thermal conductivity (W/m K) 0.173
Hot liquid channel thickness (mm) 0.77
Cold liquid channel thickness (mm) 0.77
Metal foil thickness (mm) 0.98
Thermal conductivity (W/m K) 398

These hollow fibers are bundled together into an array and
wrapped around the center tube inside the housing. During
operation, the feed solution flows over the outside (shell
side), and the sweep gas (air) is applied to the inside of
the hollow fiber tubes (lumen side) (Boukhriss et al. 2015;
Gryta and Tomaszewska 1998). A baffle is located at the
center of the bundle, the feed fluid to flow radially across
the fiber array. This SGMD module was used research of
Thomas (Politano and Argurio 2017) in which the feed and
sweep air were made to flow counter current with respect
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to each other and tangentially to the membrane surface,
and the principle of the membrane unit is shown in Fig. 6
(Liu et al. 2011).

Principle of sweeping gas membrane distillation

As explained earlier, the MD arrangement utilized in this
work is SGMD; therefore, the focus lies on the working
principle of this particular unit. The phenomena which take
place in SGMD involve (a) evaporation of water at the hot
feed side; (b) transport of water vapor through the membrane
pores due to trans-membrane vapor pressure which is the
driving force; (c) collection of the permeating water vapor
by an inert cold sweeping gas; and (d) condensation outside
of the membrane module. Usually, heat and mass transfer
through the porous hydrophobic membranes are associated
at the same time. Mass transfer takes place only through the
pores, while heat is transferred through both the membrane
matrix and its pores. Heat transfer through the membrane
material is due to conduction, and heat transfer through the
pores is due to latent heat accompanying the vapor flux. In
addition, fluid boundary layers are adjoining both the feed
and permeate side which gives rise to the phenomena called
temperature polarization and concentration polarization.
In Fig. 7, the temperature and concentration profile inside
the SGMD is represented, the feed of sweeping gas flow
in counter-current mode and tangentially to the membrane
surface, the carrier gas used is air.

Theoretical models

There are two extensive theoretical approaches which permit
to determine the mass and heat transfer mechanisms, tem-
peratures and concentrations as well as the local and global
permeate fluxes of a plate and frame SGMD module. Experi-
ments were performed with this module in which hot pure
water was circulated through one of the chambers and cold

Fig.6 SGMD model
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sweeping air through the other. The cold air and hot water
flow in counter current tangentially to the membrane surface.

These theoretical approaches form the basis of the mod-
eling project in this research. The SGMD module used is
a shell and tube arrangement rather than plate and frame,
and a solution is used as feed rather than pure water; in this
study, theoretical approaches are executed and evaluated,
and also the compromise with the conducted experiments
is checked, and an additional modification after evaluation
is probably required due to the different types of SGMD
system that is used in the differences between the two the-
oretical approaches that lie in the mathematical description
of the vapor permeate flux. In the first model, the flux is
written as a function of the transmembrane vapor pressure
difference induced by the transmembrane temperature gra-
dient. In the second model, the flux is calculated based on
the feed vapor pressure and the sweeping air flowrate and
air humidity. These differences will be highlighted in the
following sections, and also the model simulation will be
conducted for both theoretical approaches, and the results
will be compared with the model that shows most accurate
agreement with the stand-alone SGMD experiments which
will be chosen as default. The development of a model
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starts with the definition of boundaries for the system that
has to be modeled. Usually, a boundary is placed where
there are known inputs and desired outputs, and the link
between the system and surroundings happens through
process and environmental variables.

Three types of variables are distinguished (Mahmud
et al. 2002; Schofield et al. 1987; Cussler 1997):

1. Input variables, u (t), are those which originate from the
surroundings and act upon the system by crossing the
system border. Influences in the system are noticeable
in time after the input is imposed. A distinction can be
made between manipulated and disturbance variables.
The manipulated variables can be adjusted in order to
keep the output variables around their preselected set
points or range. Disturbances can affect the output vari-
ables but cannot be manipulated.

2. Output variables, y (t), result from the systems inter-
nal relationships and are passed via the border to the
surroundings. Usually, output variables are process
variables that are controlled to a preselected set point or
range.

3. Internal variables, z (t), occur inside the system and are
neither inputs nor outputs, but are desired characteris-
tics. Internal variables are useful in completing the set of
variables for solving the systems equations. The internal
variables are linked to the inputs, and are exchanged
between (sub) systems and components. Typical model
inputs for given equipment include equipment dimen-
sions, operating conditions and kinetic parameters.
There are many input, output and internal variables
existing to be modeled SGMD system; however, in
Fig. 8, the variables which are of greatest interest are
depicted. Table 2 shows a more elaborated description
of these variables categorized per region.

Fig.8 The functional param-
eters of SGMD

Ta,out > Pa,out

]W

Table 2 Control volume variables

Input variables (10) Ve Ty wp Too Vi Ty @iy T,

a,out’
P \%

a,out ’'m

Output variables (1) J,

w
Top Tonp Pwp Xmp Tb,p’ Tm,p’ Pwa
Concentrate solution

Internal variable (7)

Feed solution

Input:
Feed volumetric flowrate, V;
Feed temperature, T;
Weight fraction solute, wy

Input:

Concentrate temperature, T,

Sweep gas (air) Permeate

Input: Input:
Air outlet temperature, T, ,,

Air volumetric flowrate, V, Air outlet pressure, P
Output:

Water vapor flux, J,

a,out
Air inlet temperature, T,;,
Air inlet humidity ratio, w;,
Membrane
Internal:
Bulk feed temperature, T, ¢
Membrane surface feed temperature, T, ¢
Feed water vapor pressure, p,, ¢
Membrane surface feed mole fraction, x
Bulk permeate side temperature, Typ
Membrane surface permeate side temperature, T ;, ,
Permeate side water vapor pressure, p,, ,
(Solution) volume inside membrane, V,,

m,f

Assumptions

Real-world physics are infinitely complex in Table 2. In
order to mathematically describe these, replacement by
simplified representations are necessary. Assumptions are
formulated to transform the problem from ‘real’ physics
to simplified physical representation (Cussler 1997). The
assumptions for the SGMD process are stated as (Khayet
et al. 2000):

Permeate Sweep gas (air)
Va ’ Ta,in
W in
________________________ '
[
|
!
— Fibres (= :
) U Z I ‘ I
d-— —— )\ : Concentrate
J—t—
| e _:: = ._%'// J Tc

Tb,f, Tm,f, pw,f » Xm,f
Tb,p ’ Tm,p: pw,p » Vm
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e Kinetic effects at the liquid/vapor and vapor/gas inter-
faces formed at both ends of the membrane pores are
negligible

e Compared to a flat interface, the curvature of the inter-
faces is assumed to have negligible effect on the equilib-
rium

e The vapor and process medium phases are in equilib-
rium corresponding to the temperature at each side of
the pores

e The feed and sweep gas are considered to flow in counter
current direction.

e There is a pressure drop across the membrane.

e The humidity ratio increases along the length of the
membrane.

The main assumptions used in the model are listed below:

e The flow through the distillation module has been dimen-
sional

e The flow of permeate through the membrane is only pure
water as vapor. There is no wetting event, and the salt
concentration in the permuate is zero.

e Vaporization of the water takes place at the entrance of
the pores of the membrane. The liquid—vapor equilibrium
therefore occurs on the surface of the membrane.

e Transfer of material within the membrane is described by
the diffusion model Knudsen and molecular. The viscous
flow is neglected.

e Phase power

M;C,dT,dz = e C,edT,dt — hea,, (Tye — T, )dzdt — J, AL, drdz
)]

m J, AL,

- (T = T
M;Cy M;Cpy

or M, 0z

e Phase permeate
M,C,,dT,,dz = i,C,,dT,,dt + h,a,,(T,, — T}, )dzds + J, AL drdz

p“m
3)
oT, i, 0T, h,a J,AL,
_p:_p_p ﬂ(Tmp_pr)-i-— (4)
ot M, oz  M,C,, M,C,,
e Layer-side power limit (CLA) / membrane
)’m
h, Ty = Tpp) = 22, (T, = Tpp) +J,AL, 5)

am

¢ Boundary-layer permeate side (CLP)/membrane
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—mam(T

mf

- Tmp) + JWALV = hpam (Tmp - pr) (6)

e Membrane
dl,, = C,,Ap8,dz = C,\ (P — Prp) 8,042 7

The vapor pressure of pure water at the membrane surface
can be calculated by using the Antoine equation:

3816.44
0 _ 23.1964 - ——
z exp < T, - 46.13 i=mf ,mp o

For the treatment of highly concentrated salt water, the
presence of salts in the feed solution reduces the water activity
and, consequently, the water vapor pressure. Thus, the partial
pressure of water vapor at the surface of the membrane in the
SGMD configuration is calculated by equation (Khayet et al.
2002):

— 2 0
Pi=mfmp = xw(l - 0'5xsalt - 10xsalt)pi:mf,mp (9)

Under these conditions, the flow can be calculated as fol-
lows (Boukhriss et al. 2015):

J= Cglobal : (PTf _PTp) (10)

where Cjqp,y is @ constant for the phenomena of mass trans-
fer in the membrane and the boundary layer.

Figure 8 shows a mass and heat transfer element of
a SGMD. In this element, the variation of the thermal
energy on the hot side can be described as follows:

Cp’fmf (Tf,i+1_Tf,i) = _(]Hlatem -DA + U(Tf _Tp) ' DA)
1D

Or.T; ; ,; and T; ; are the discretized points of the tempera-
tures at ieret (i + 1)th, Cp, fis the specific heat of food, dA
is element of surface such that dA = W-dx (W is the width of
the membrane).

The relationship between the temperature change and
the flow displacement can be expressed as follows:

(DT)_f == w(J_i Hyen + UT_(f, ) = T_(p, )/
(C_(p.f)M_f) - Dx (12)

Consequently, the change in the supply temperature
after the current has passed through each element can be
described by the relation Eq. 13:

AT, ; = — (Cyopa [EXP (23.1964 — 3814.44/ (T ; + 227.02))
—EXP(23.1964 — 3814.44/ (T, + 227.02) )| Hyyen

+U Ty, =T, ) /(C_(p. f)imn_fH)WAx
(13)
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The supply current temperature at (i 4+ 1)th can be cal-
culated by:

(Tyi 41 = Ty — AT ) (14)
Likewise, the permeate temperature can be calculated by:
Ty iv1 = Ty = (i) /() AT ; 15)

Thus, the flux at (i + 1)th can be calculated as:

Jir1 = Cyiopal <f§-{l _p5£1> (16)

To solve the above equations numerically, we have devel-
oped an algorithm in Fig. 9 which allows calculating the
vapor fluxes.

1- The implementation of dx =L/ N’(N’ = 1,000)

2- Enter the inlet temperatures on the cold and hot sides

» ||

» <

of(i+1)™

Equations (14and15) allow to calculate Tf, i+ 1and Tp, i+ 1

Calculate

NO

d -
T p, N~ Tp, entrée

NO

T’p, output = T'p, output + (Tp, N’-Tp, input)

Calculate the total flux according to the equation (Eq16)

Fig.9 An algorithm for SGMD simulation flowchart
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Thermodynamic analysis of the membrane
under high concentrations

The performance of such a membrane distillation system
depends on a variety of operating conditions. The optimal
choice of the membrane and its characteristics are crucial to
the performance of DM process. The high permeability can
be obtained by increasing the porosity of the membrane, the
pore size or tortuosity, while a reduction in the thickness of
the membrane carefully evaluated the thermodynamic point
of view.

The research presented in this section are developed in the
laboratory “Thermal Desalination and Separation (TDS)”
at the Fraunhofer Institute for Solar Energy Systems ISE,
Freiburg, Germany.

A test system was developed for the characterization
Fraunhofer ISE membranes, the study of DM different con-
figurations and validating mathematical models.

Test procedures

The test procedures are performed with an artificial salt solu-
tion prepared with BWT Clarosal tabs 99.6% purity. The
system is flushed first with 5 L of pure distilled water to
remove undesired salt residues and clean the pipes until the
measured conductivity falls below 50 um cm™' both side
evaporator and condenser. The operating conditions are set,
and the test is then introduced to an appropriate preheating
period each time. The conductivity is measured on the sides
of condenser and evaporator, using a conductivity meter
(WTW Cond 315i) before and after the experiments. Each
membrane is checked against leakage with a salt solution
of 20 mS cm™! on the side of the evaporator and a solution
of 30-50 iS cm™! on the condenser for a period of 30 min.
From the experimental point of view, the thermal efficiency
can be derived from the mass flow and the energy balance in
the evaporator. Thermal efficiency is given by the following
relationship:

JyAL,,,
Mg =

=— 17
ritgCog(Ty, = T,) a7

Results and discussion

Firstly, it is necessary to mention that all the following
results are based on the observed experimental conditions,
under which there was neither liquid leaking into the gas
side nor sweeping gas penetrating into the liquid side,
namely no membrane wetting occurs due to the very low
liquid side pressure (14 kPa, one order of magnitude lower
than the liquid entry pressure of a typical MD membrane).
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Effect of evaporation temperature on mass transfer
in SGMD

In the SGMD, the evaporation temperature of the mem-
brane is determined under the effect of the pressure, and
subsequently, it influences the mass transfer. Figure 7 shows
the effect of the evaporation temperature on the vapor flow
in SGMD. Equation (3) allows us to give the evolution of
the evaporation temperature, which is refracted on the blue
curve. Porosity of membrane (0.1 pm) and a green curve
for a porosity of 0.45 um were observed that if we increase
the porosity, we find an increase in vapor flow; this is in
agreement with the variation of speed fluid. However, the
temperature at the membrane surface also increases with the
evaporation rate of the temperature (Table 1), which results
in an increase in the temperature of the gas. Therefore, the
rate of change is not exactly the same. This difference is
more evident for higher evaporation temperatures (Fig. 10).
Equation (2) is used to determine the experimentally simu-
lated relative humidity and saturation that are compared in
Table 1. It can be seen that increasing the moisture content
will increase vapor flow and the evaporation temperature.
The saturated humidity ratio also increases as a result of the
increase in gas temperature associated with the heat transfer
in membrane evaporation. However, it is interesting to note
that the experimentally determined humidity is much higher
than the saturated humidity at all temperatures. This means
that we cannot use Eq. (2) for the calculation of the outlet
gas humidity because the vapor in the membrane cell might
be saturated. This is further illustrated by the results in the
following sections.

Effect of gas flow rate on mass transfer in SGMD

As can be seen, the sweep rate of the gas has an interesting
effect on the vapor flow. This is mainly determined by the
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Fig. 10 Effect of evaporation temperature on vapor flux in SGMD.
Constant conditions: dry nitrogen as the sweeping gas; inlet gas tem-
perature 21 °C; gas flow rate 60 L/h; liquid flow rate 20 L/h; gas side
pressure 0; liquid side pressure 13.8 kPa
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fact that increasing the flushing gas flow means improving
the vapor retention capacity of the gas but it reduces the
vapor partial pressure of the gas in the module. As the gas
flow increases from 5 to 250 I/h, the vapor flow increases
almost linearly for PTFE membranes. At higher gas flow
rates, it appears that the increase in steam flow does not
become as sharp as those at lower gas flow rates, especially
for the membrane at low porosities; indeed, an additional
increase in flow rate gas has no significant effect on the par-
tial pressure of water vapor. This is also expected by the
effect of the boundary layer; indeed at low gas flow rates, the
boundary layer is supposed to be thicker and more severe,
and at higher gas flow rates, the boundary layer is mini-
mized. Figure 11 shows that the simultaneous increase of
the membrane porosity from (0.1 to 0.45 pm) and the flow
of gas leads to increase in the steam flow rate.

The overall mass transfer coefficient K is calculated as
a function of the Eq. (2), where the permeate vapor partial
pressure (Pp) at the interface of the separation layer and
the purge gas is assumed to be equal to the saturation vapor
pressure of the gas. The gas flow affects the vapor flow and
the boundary layer (shown in Fig. 12).

The high gas flow rate can cause a thinner boundary
layer which results in a reduction in the overall mass trans-
fer resistance because this flow can affect the steam flow
and temperature polarization of the membrane (Khayet et al.
2002), which always occurs at the level of the active layer.
In addition, with higher gas flow rates, the transferred water
vapor could be removed more quickly from the module by
lowering the gas side pressure via the Bernoulli effect, which
will further facilitate mass transfer through the membrane.
In particular, we calculated the moisture content of gases
at the exit of membrane using Eq. (2), based on the experi-
mental vapor flow. The experimentally determined moisture
ratio and the simulated saturation moisture ratio at the outlet
of the flushing gas are summarized in Table 1. It can be
seen that as the gas flow rate increases from 10 to 250 1/h,
and the temperature at the gas outlet increases slightly then

—o— 0.45um

0.1um

Vapor flux (kg/m2.h)

10 20 30 40 50 67.5100 150 200 250
Gas flow rate (L/h)

Fig. 11 Shows the effect of gas flow rate on the vapor flux in SGMD
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Fig. 12 Effect of gas flow rate on the overall mass transfer coefficient
in SGMD. as the sweeping gas; inlet gas temperature 21 °C; evapora-
tion temperature 45 °C; liquid flow rate 20 1/h; gas side pressure O;
liquid side pressure 13.8 kPa

decreases slightly. The outlet temperature of the flushing
gas should decrease with an increase in gas flow. However,
there is more heat transferred from the gas side associated
with the higher vapor flow at a higher gas flow rate. This
explains that the exit temperature of the gas could increase
or decrease with increasing gas flow. The saturated steam
and the corresponding saturated moisture have the same ten-
dency with the temperature of the gas as shown in Table 1. It
follows that the experimentally determined moisture content
decreases with an increase in gas flow.

Effect of liquid flow rate on mass transfer in SGMD

Since boundary layers could occur on both sides of a mem-
brane, the fluid hydrodynamic conditions on both sides will
affect mass transfer in SGMD. The effect of liquid flow rate
on the mass transfer in SGMD is shown in Fig. 13.

It can be seen that the vapor flux increases as the liquid
flow rate increases from 10 to 60 I/h. This is also regarded
as a result of the boundary effect. However, the favorable
effect of the liquid flow rate on the mass transfer is not as
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Fig. 13 Effect of liquid flow rate on vapor flux in membrane evapo-
ration as the sweeping gas; inlet gas temperature 21 °C; evaporation
temperature 45 °C; gas flow rate 60 L/h; gas side pressure 0; liquid
side pressure 13.8 kPa
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Fig. 14 SEM images of PTFE
membranes
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significant as that of the gas flow rate on the mass transfer
shown in Fig. 8.

SEM Images and Membrane Properties

The SEM observation indicated that the PTFE membrane
(according to Table 1) studied is characterized by a foam
structure and is symmetrical. Some differences in pore size
occurred only on the outer surface (Fig. 14a—b). The maxi-
mum pore size observed on the inner membrane surface did
not exceed a few microns.

Mass transfer in the MD process is diffuse. Therefore, the
permeate flux is strongly affected by the wall thickness of the
membrane and the pore diameter. The results of the study
confirmed that the type of membrane used has a significant
influence on the efficiency of the MD process (Fig. 15).

Given the membranes having a similar wall thickness, a
higher flux was obtained, having a larger pore size in a mem-
brane. This membrane process is non-isothermal, it has two
main: heat transfer mechanisms occur latent heat and heat

Fig. 15 Influence of feed
temperature and kind of used
membranes on the permeate
flux and thermal efficiency
feed-distilled water T, =20 °C,
mp=mp=0.014 dm%/s
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transfer by conduction which are influenced by molecular
diffusion and Knudsen in the MD process; therefore, the
permeate flow increases with an increase in pore diameter.

Conclusions

The objective of this study is to develop a mathematical
model for the sweeping gas membrane distillation unit and to
integrate this model with an experimental study. The devel-
opment of this model leads to two theoretical approaches
that have been used to calculate the membrane permeate flux
and the evaporation temperature. These approaches take into
account the humidity in the sweep air flow, and the vapor
flow to increase the amount of distilled water, so we experi-
mentally validate the model in the SGMD. The theoretical
and experimental model chords led to a sensitivity analysis
of the model in the results that are compared with the SGMD
literatures. We have found that an increase in the evaporation
temperature from 20 to 80 °C, and a gas flow rate from of
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5 to 250 1/h leads to an increase in vapor flow; this analysis
shows that the performance of the SGMD is consistent with
the literature with a modification of some parameters, and
this developed SGMD model can be used for improvements,
for predictive purposes and for further research on mem-
brane distillation processes.
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