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ABSTRACT

Membrane evaporation (ME) presents interesting working conditions including low operat-
ing temperature and also low energy consumption. These advantages make the process
attractive for concentration of aqueous solutions containing heat-sensitive components. Per-
formance of ME process carried out in a flat-sheet membrane contactor was studied theo-
retically in this work. A three-dimensional mathematical model was developed to predict
the performance of ME process. The concentration, momentum, and energy equations were
solved for description of process. Finite element method was utilized for solution of govern-
ing equations and simulation of process. By obtaining the concentration distribution, the
flux of water evaporation was determined and compared with the experimental data
reported in literature. It was also indicated that the developed three-dimensional model is
appropriate for the prediction of the performance of membrane evaporators. The simulation
results revealed that enhancement of velocity of liquid phase increases evaporation flux of
water.
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1. Introduction

During the past years, membrane technology has
shown great ability in concentration of aqueous solu-
tions. Membrane technology is more attractive when a
heat-sensitive solution needs to be treated. In the latter
case, conventional processes such as distillation or
evaporation cannot be utilized due to processing at
high temperature. Another important restriction of
conventional processes for concentration of aqueous

*Corresponding author.

solutions is consumption of much energy which in
turn results in enhancement of process costs and also
environmental problems [1,2].

Membrane processes that can be used for concen-
tration of aqueous solutions include osmotic evapora-
tion (OE), membrane distillation (MD), and membrane
evaporation (ME) [3,4]. Among these processes, ME is
a novel process which is halfway between OE and
MD. This process represents advantages of concentra-
tion processes and can be considered as a promising
technology for concentration of aqueous solutions. ME
process is based on the application of a hydrophobic
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macroporous or mesoporous membrane which sepa-
rates an aqueous solution to be concentrated and a
stripping phase. The stripping phase is a low pressure
gas, which is mostly dry air. The basic principle of
ME is illustrated in Fig. 1 [5,6].

It should be pointed out that on the contrary to
MD and OE, in ME, the flow of water vapor is not
condensed, but it is taken away by the stripping phase
(air).

ME operates at room temperature, and the driving
force of the process is not the thermal gradient, but
the difference of the partial pressure of vapor between
water surface and dry air. ME thus represents interest-
ing working conditions, and most particularly low
operating temperature. The latter makes this process
attractive for heat-sensitive solutions [4,7-9].

A few studies have been conducted on modeling
of mass transfer in ME process [4,7-10]. A comprehen-
sive mathematical model was developed for the pre-
diction of water evaporation in ME by Hengl et al. [4].
The model was based on resistance in-series which
considered two mass transfer resistances, i.e. mem-
brane and gas phase [5,6].

Another study was conducted by Mourgues et al.
[10]. They also used resistance-in-series model to pre-
dict the mass and heat transfer in the ME. The objec-
tive of their modeling was to optimize ME by
determining the main resistances to the transfer as
well as estimating the evaporating flux evolution vs.
the operating conditions and membrane structure.

The main purpose of this study was to develop
and solve a mass transfer model for description of
ME. Computational fluid dynamics (CFD) technique is
used to solve the model equations. The model findings
are then validated through comparing with experi-
mental data reported in literature.

2. Theory

Fig. 2 indicates the domain used for development
of mathematical model. As it can be seen from Fig. 2,
the model domain comprises three parts, ie. liquid

Gas phase

Membrane pores

Liquid flow

Fig. 1. Basic principle of ME.
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Fig. 2. Model domain.

phase including pure water, porous membrane, and
gas phase containing air. The model equations are
developed for these parts.

2.1. Gas phase

The continuity equation is used for prediction of
water vapor concentration in the gas phase [11]:

62Cw—gas + 82Cw—gas + 62Cw—gas _ 8Cw—gas

D w—air
Ox? > 022

where V,_, refers to the velocity of gas phase in
x-direction. The Navier-Stokes equations are used to
determine the velocity distribution in the gas phase

[6]:

=V oy (VVig + (VViy))
+pg (Verg - V)Vig +Vpg = FV-Viy =0
2)

The boundary conditions for the gas phase may be
written as follows:

Qx =0; Cy_gs =Co €))

@x =L; Convective flux 4)

Qz = wagas = Cyw—membrane ®)

Qz = OCw s _ 0 (6)
0z
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an— gas

Qy =0 &y = w;
y Y ay
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The boundary condition “convective flux” applied in
Eq. (4) assumes that mass transfer through this bound-
ary is convectivedominated, and the contribution of
diffusion is negligible.

Boundary conditions for the
equations may be written as follows:

Navier—stokes

Qx =0; Vyig =V ®)
@x =L p = Pam )
Qz =b; Vig =0 (10)
Qz = ¢ Vyig 0 v

(12)

2.2. Equations of membrane

The concentration of water vapor inside the mem-
brane pores is determined using solution of mass
transfer equation:

2 2
azcw—membrane 0 Cw—membrane 0 Cw—membrane
D w—membrane 89(2 + ayz 822

=0

(13)
where D,,_membrane refers to effective diffusion coeffi-
cient of water vapor inside the membrane which is

calculated using the porosity and tortuosity of the
membrane [12]:

Dy-mentrane = Do (2) (14)

The boundary conditions for the membrane may be
written as follows:

aCwfmembrane -0

Qx =0 &x = L; (15)
O0x

@z = b; Cy_membrane = wagas (16)
p

@z = a; wamembrane - RT (17)
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6Cw7membrane

ay =0

where L refers to the length of membrane, and P is
vapor pressure of saturated water at the membrane—
water interface.

The equation for the heat conduction within the
membrane is written as follows:

T n T n PTm
oxr  9y2 022

k =0 (19)

where k refers to the overall heat conductivity. It
should be noted that heat conductivity through the
membrane is calculated as the sum of two parallel
heat transfer resistances, i.e. the heat conductivity
through the solid part and the heat conductivity
through the pores filled with gas and vapor [6]. The
boundary conditions for heat transfer through the
membrane are as follows:

@Qx =0 &x = L; a&:O (20)
Ox
oT
Qy =0&y = w, —=0 (21)
y y ay
Qz =a; Tpm = Ty (22)
@z = b Ty = T, (23)

2.3. Equations of liquid phase

In the liquid side, pure water is flown, and there-
fore, the concentration equation is not solved for this
subdomain. The energy equation should be solved for
the liquid phase to calculate the temperature distribu-
tion in this subdomain. Energy equation for the liquid
phase may be written as [11] follows:

0T, Ty 0°T,,

LPTy T,
Ylox2 T oy? 0z2

k o

(24)

= Pw Cpfw View

where V,_,, refers to the velocity of water in the x-di-
rection in liquid phase. The velocity distribution in lig-
uid phase is calculated using the Navier-Stokes
equations:

=V iy (VView + (VVee)) + 0y (Vi - V) Vi
+Vpy = F,V-Viy =0
(25)
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The boundary conditions for the energy equation are
as follows:

Qx =L; Ty, = Ty (26)
@x = 0; convective flux 27)
@z = 0 OTw =0 (28)
0z
@z = a; q = NyAH, 29)
oT,,
@y—O&y—w,a—y—O (30)

2.4. Numerical solution of model equations

The governing equations for all parts of system
with boundary conditions were solved numerically
using COMSOL Multiphysics software. The accuracy
of the software and its numerical solvers in simulation
of membrane processes have been proved by a num-
ber of previous authors [13-24]. To solve the set of
equations, the finite element analysis is combined with
adaptive meshing and error control using numerical
solver of UMFPACK which is appropriate for these
processes [16,25-35]. An IBM-PC-Pentium5 (CPU
speed of 2,600 MHz and 2 GB of RAM) was used to
solve the set of equations. The computational time for
solving the set of equations was about 5 min. It should
be pointed out that the COMSOL mesh generator
creates triangular meshes which are isotropic in size.

Relative Humidity
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Table 1
Parameters used in the numerical simulations

Membrane material Stainless steel

Membrane length (mm) 210
Membrane width (mm) 127
Membrane thickness (mm) 0.2
Membrane porosity 0.3
Mean pore diameter (um) 2.6
Water side height (mm) 5

Gas side height (mm) 15
Liquid temperature (K) 298.15
Gas temperature (K) 293.15

0.25

= Experimental

—— Simulation

Mass transfer flux (kg/m2.h)

0.01 0.02 003 0.04 0.05 0.06 0.07
Gas velocity (m/s)

Fig. 3. Comparisons between experimental data and model
predictions.

A large number of elements are then created with
scaling. Different scaling factors have been employed
in all directions due to large differences among

Fig. 4. Concentration distribution of water vapor in the gas phase; gas velocity = 0.066 m/s; water velocity = 0.0136 m/s;

air inlet relative humidity = 0.07.
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Fig. 5. Temperature profile of water in z-direction for dif-
ferent values of liquid velocity.

dimensions. This would generate an anisotropic mesh
around 10,064 elements [6]. The membrane parameters
used in the simulations are the same as those reported
by Hengl et al. [4] and are listed in Table 1.

3. Results and discussion
3.1. Model validation

The model findings were compared with the
experimental results reported by Hengl et al. [4] to

Max: 298.662 K
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validate the model and numerical procedure devel-
oped in this study. The results of comparison are
shown in Fig. 3. Mass transfer flux of water vapor
was chosen as the most important parameter for com-
parisons. As it is seen, the results of simulation are in
good agreement with the experimental data. The
model can predict the performance of ME process well
at various velocity of gas phase. The velocity of air in
the gas side increases from 0.005 to 0.066 m/s, while
the mass transfer flux of water vapor increases up to
0.2 kg/m? h.

3.2. Concentration of water vapor in the gas phase

Fig. 4 illustrates concentration distribution of water
vapor in the gas phase. The concentration is shown in
terms of relative humidity. It is clearly shown that
concentration of water vapor in the gas phase
increases along the length of gas side in membrane
module (x-direction). At the inlet of gas phase, the
concentration of water vapor (humidity) is zero which
implies the dry air at the entrance of membrane mod-
ule. As the air moves in the gas side, water vapor is
transferred to the air which in turn increases the
humidity of air. It is also seen that at the outlet of gas
phase, the relative humidity of air is near 1 which
implies the saturation of air with water vapor during
the process.

Fig. 6. Slices of water temperature distribution in the liquid side of the membrane evaporator; water velocity = 0.02 m/s.
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Fig. 7. Profile of velocity in the gas phase of membrane
evaporator.

3.3. Temperature distribution in the liquid phase

Variations of liquid-phase temperature in the
z-direction are shown in Fig. 5. Since the evaporation
process is endothermic, the water gets cooled when it
is evaporated into the air. It is also seen that variation
of water temperature is sharper at the region near the
membrane wall which reveals the formation of bound-
ary layer in this region. Fig. 6 also exhibits tempera-
ture variations in the water side of the membrane
module as slices in three dimensions. Identification of
temperature drop would assist in predicting the
performance of ME process accurately.

3.4. Velocity profile in the gas phase

Velocity profile in the gas phase of membrane
evaporator is shown in Fig. 7, in which the air flows.

0.106

0.104

0.102 +

01 7

Evaporation flux (kg/m?.h)

0098 -+
0.01 0.02 003 0.04 005 0.06

Water inlet velocity (m/s)

Fig. 8. Effect of water inlet velocity on evaporation flux.
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The velocity profile in the gas phase side was deter-
mined by solving Navier-Stokes equations. As it can
be seen from Fig. 7, velocity profile is not fully devel-
oped at the regions near the inlet of gas phase. As the
gas flows through the gas side, the velocity tends to
fully develop. Fig. 7 indicates that for different gas
velocities, velocity reaches fully developed at almost
middle of the membrane module. Velocity increases
with the membrane length because of continuous
water transfer to the gas phase. As it is seen, the
model considers the effect of entrance on the hydrody-
namics of fluid flow in the gas side.

3.5. Effect of water inlet velocity

Influence of water velocity on evaporation flux of
water in membrane module is shown in Fig. 8. As it is
seen, increase of water inlet velocity enhances evap-
oration flux. This observation could be attributed to
the enhancement of heat transfer by increasing liquid
velocity. The latter would result in increment of water
vapor flux by liquid-phase velocity.

4. Conclusions

A membrane evaporator was simulated in this
work. For simulation of process, a comprehensive
mathematical model was developed to predict trans-
port of water through the membrane. The model was
based on numerical solution of basic transport phe-
nomena equations in all compartments of membrane
evaporator. Finite element method (FEM) was
employed to solve the governing equations utilizing
CFD technique. The simulation results were validated
by comparing with the experimental data for the
evaporation of pure water in flat-sheet membrane con-
tactor. Comparisons confirmed good agreement
among the model findings and the experimental data
for the flux of water evaporation at different gas
velocities.

Acknowledgements

Research council of Islamic Azad University, South
Tehran Branch, is highly acknowledged for the finan-
cial support of this work.

Nomenclature

A —  surface area, m?

C —  concentration, mol/m?>

D —  diffusion coefficient, m?/s

k —  membrane conductivity, W/ m? K
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km —  mass transfer coefficient, kg/ m?s
L —  length of the membrane, m

M,, —  water molecular weight, kg/mol
Pe —  total pressure, Pa

p —  saturated vapor pressure, Pa

R; —  overall reaction rate of any species, mol/ m®s
T —  temperature, K

t —  time, s

\% —  velocity in the module, m/s

X —  x-coordinate, m

y —  y-coordinate, m

z —  z-coordinate, m

Greek symbols

tortuosity factor
membrane porosity
viscosity, kg/m” s

T J—
& J—

n _
Abbreviations

CFD —  computational fluid dynamics
FEM — finite element method

MD —  membrane distillation

ME — membrane evaporation

OE — osmotic evaporation
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