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ABSTRACT

Water shortage is a serious problem worldwide and will be even more critical in the next
decades. Vacuum membrane distillation (VMD) is a separation process which has been
widely studied for water desalination. The main merit of VMD over common thermal
processes is its applicability in sub-boiling feed temperatures. A robust mathematical model
can evaluate potentials of VMD industrial applications. A comprehensive model was
developed in this study to investigate different VMD parameters in hollow fiber membrane
modules. Due to its complexity, a numerical approach was considered for building the
model. COMSOL multi-physics, which is a software package based on finite element
method, was applied as the solver. A combination of Knudsen, free diffusion, and viscous
flow were applied to obtain flow distribution in the membrane. Two vapor pressure
models, the ideal solution model and the empirical model were applied to calculate vapor
pressure. The effect of each model in evaluating transmembrane flux was investigated.
Maximum error for empirical vapor pressure- based model was less than 15%. It was
observed that at high temperature and for high concentration, ideal solution model exhibits
significant deviation from the experimental results. The effect of concentration polarization
on transmembrane flux was also investigated.

Keywords: Heat and mass transfer; Vacuum membrane distillation; Water desalination;
Computational fluid dynamics

1. Introduction

The demand for good-quality drinking water is
steadily increasing due to population growth, eco-
nomic development, rapid urbanization, and large-
scale industrialization [1,2]. It is predicted that 60% of
the earth’s population is expected to suffer from seri-
ous water shortages by 2025 [3]. To solve these prob-
lems, desalination processes have received great
attention as alternative methods for freshwater pro-

duction from contaminated waters [4]. Application of
renewable energy for desalination is a green solution
for the problem of reliable water resources [5,6].

Membrane distillation (MD) is a suitable separation
technology used for aqueous solutions which utilizes
porous hydrophobic membranes in a non-isothermal
process which is driven by vapor pressure differences
across the membrane [7–9]. The membrane just acts as
a physical support for the vapor–liquid interface
located at the pore entrance [10]. The main application
of the MD is the treatment of brackish seawater or
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high salinity water in order to produce ultrapure
water [11]. MD was initially introduced as a concept
for seawater desalination in the 1960s, however, due
to its low permeation flux compared to conventional
techniques and problem of membrane wetting during
operation it has not drawn much attention for decades
[12]. Therefore, no industrial scale MD plant has been
implemented yet for desalination [13] and only a few
pilot plants have been built across the world [14]. The
driving force in MD is the vapor pressure difference
between the two sides of the membrane and can be
provided by different possibilities [15]; direct contact
membrane distillation (DCMD) [11,16,17], air gap
membrane distillation [18], vacuum membrane distilla-
tion (VMD) [19,20], and sweeping gas membrane dis-
tillation [21]. In comparison with other desalination
methods, MD has several advantages such as 100%
rejection of non-volatile components, low operating
pressure that is not altered by feed concentration as is
the case for reverse osmosis, non-complex construction
and operation, small vapor space conventional distilla-
tion processes, and low operating temperatures which
can utilize low-grade waste and/or alternative energy
sources such as solar [15,22].

In VMD, the downstream pressure is kept below
the corresponding feed vapor pressure by means of a
vacuum pump [10,23]. The permeated vapor is then
condensed in a downstream chamber [23]. By reduc-
ing vacuum downstream pressure, higher transmem-
brane fluxes can be achieved even at lower feed
temperatures [10]. This can be considered as a poten-
tial for VMD to be applied for enrichment of tempera-
ture-sensitive solutions [24]. Several researchers have
tried to model this process; Soni et al. [24] used uni-
versal quasi-chemical functional group activity coeffi-
cients (UNIFAC) to calculate interfacial vapor
pressures in flat sheet modules used for the separation
of aromatic compounds. Diban et al. [25] also used
UNIFAC. They considered the effects of both free and
Knudsen diffusion in membrane transport. Zhang
et al. [23] took effect of Poiseuille flow into account
and used their modeling procedure as a tool to deter-
mine membrane properties. In all mentioned works,
effects of concentration and temperature polarization
were not considered and heat and mass transfer coeffi-
cients in feed side were calculated from empirical cor-
relations.

Combination of all transport phenomena in the
MD model makes it complex. Reasonable understand-
ing of fluid dynamics, heat and mass transfer mecha-
nisms in industrial membrane separation processes is
crucial for proper apparatus design and optimization
of operating conditions [26]. An alternative modeling
approach involves computational fluid dynamic (CFD)

simulations [27]. CFD is a powerful tool for modeling
systems involving fluid flow, heat transfer, mass
transfer, and associated phenomena using computer
numerical simulation and is being increasingly
applied in the membrane field [28,29]. Since the late
1990s, CFD has been used as a modeling technique for
modeling complex geometries in steady or unsteady
state modes. Utilizing this technique, polarization
effect can be comprehensively investigated [30]. CFD
packages are mainly based on control volume method-
ology, local variations of fluid, thermal, and mass
transport properties can be visualized in comparison
to simple models [31]. One of the most applied com-
mercial softwares used in CFD computations is the
FLUENT [32]. Some researchers [33,34] considered
membrane to be impermeable; based on this assump-
tion and considering negligible heat consumption or
generation due to water evaporation or condensation,
they obtained heat transfer coefficient in spacer-
enhanced modules. Some others [35,36] developed
models to simulate heat and mass transfer coefficients
in the modules. They first calculated velocity and tem-
perature distributions in modules, next they obtained
mass flux- based available temperatures, therefore
effect of mass transfer on heat and momentum trans-
fer was ignored. Tang et al. [37] used Darcy’s model
to obtain mass transfer in membrane used for VMD;
their model poorly predicted the experimental data.
Ghadiri et al. [38] presented a comprehensive two-
dimensional model and considered different transport
phenomena for DCMD in a flat sheet membrane mod-
ule, however, the effect of concentration polarization
was not considered in their model. They used COM-
SOL as a finite element-based software package, to
apply complicated equations to their model.

Due to lack of published works regarding mathe-
matical modeling of VMD, development of a reliable
mathematical model is necessary to further study the
separation process via VMD fundamentally. The cur-
rent study presents a new comprehensive model
based on CFD concepts to investigate VMD in hollow-
fiber membrane modules. Fluid mechanics, heat and
mass transfer are considered along the membrane
module. Modeling of surficial evaporation requires
precise knowledge of mixture thermodynamics. Two
applied thermodynamic models, ideal mixture model
and empirical model are employed to study the effect
of vapor pressure on the feed membrane surface. The
effect of evaporation on feed side fluid dynamics is
also studied to give a clear picture of concentration
polarization. Temperature polarization is also an
important phenomenon in MD and it cannot be
directly evaluated by the experiment. The aim of this
work is to study the effects of different parameters on
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transmembrane flux and temperature polarization
coefficient.

2. Methodology

The experimental data reported by Fang et al. [39]
for VMD were used to validate this simulation. In the
experiments, hot feed solution was circulated through
the shell side of a hollow-fiber module and make-up
heat and water were provided outside the module.
Permeated vapor was being condensed via an external
condenser and collected in a tank. Desired vacuum
level was provided and controlled by a downstream
vacuum pump. The experimental operating conditions
are summarized in Table 1.

A comprehensive two-dimensional axisymmetric
model is used to simulate momentum, heat and mass
transfer in VMD. Since the membrane is hydrophobic,
it is assumed that no water droplet enters the mem-
brane pores, and a non-wetted approach is assumed
for numerical simulation for the hollow-fiber module.
Vapor and liquid in both membrane–feed and mem-
brane–permeate interfaces are assumed to be in ther-
modynamic equilibrium.

The model was based on the following assump-
tions:

(1) Steady-state condition.
(2) Membrane is fully hydrophobic and no water

enters through the membrane pores.
(3) No solute (salt) is transferred and 100% rejec-

tion is achieved.
(4) No slip condition at the membrane surface.

It should be noted when the vacuum pressure gets
lower than a certain level (breakthrough pressure),
pore wetting occurs and the second assumption is no
longer valid. The steady-state assumption is not also

valid at the start-up transient time of the experimental
setup. Based on the experimental setup which was
used by Fang et al. [39], the applied assumptions
could be considered valid.

2.1. Model equations

Numerical modeling in three-dimensional mode is
a time-consuming task and it is considered to be a
computational expensive problem. In order to reduce
the three-dimensional space to two-dimensional space,
a unit simulation cell for a typical membrane fiber
must be considered (Fig. 1). The hollow-fiber module
consisted of a bundle of fibers in a shell. In order to
study the hollow-fiber module, it is not necessary to
study the whole system. The results of studying a sin-
gle fiber can be extended to the whole module. In
two-dimensional axisymmetric approach, a simulation
cell consists of three rectangles; one for feed domain,
another for membrane domain, and the other for per-
meate domain (Fig. 2). Happel’s free surface model
[40] is applied to estimate the shell side radius. The
radius of free surface (r3 in Fig. 2) is defined as
(Eq. (1)):

r3 ¼ 1

1� /

� �1=2

r2 (1)

In which / is volume fraction of void and r2 is outer
radius of a single fiber.

2.1.1. Momentum transfer in lumen and sell sides

Momentum transfer in shell and lumen sides is
evaluated by simultaneously solving continuity
(Eq. (2)) and Navier–Stokes equations (Eq. (3)):

Table 1
Operating conditions [39]

Condition Value

Vacuum pressure (bar) 0.04–0.25 bar
Feed flow rate (Lit/min) 20
Fiber length (cm) 10
Membrane porosity (%) 42.8
Membrane pore size (μm) 0.7
Solution concentration (%) 2–6 wt
Inlet temperature (˚C) 50–80
Membrane thickness (mm) 0.2
Inner diameter (mm) 1.4 Fig. 1. (a) A typical hollow-fiber membrane module (cross-

view) and (b) geometry nomenclature.
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r � quð Þ ¼ 0 (2)

q u � rð Þu ¼ r � �pþ l ruð Þð Þ (3)

In which ρ, u, p, and μ represent density (kg/m3),
velocity vector (m/s), pressure (Pa), and dynamic vis-
cosity (Pa s), respectively.

In this study, effects of transmembrane flux on
shell and lumen hydrodynamics are considered. Both
contributions of diffusive and convective flux are also
considered. Outlet velocity from shell side to mem-
brane is calculated as (Eq. (4)):

u ¼
@Cmem:

vapor=@r
� �

DeffMw

qw
� umem:

r;darcy

qv
qw

(4)

and inlet velocity from membrane to lumen side is cal-
culated as (Eq. (5)):

u ¼ ð@Cmem:
vapor=@rÞDeffMw

qv
� umem:

r;darcy (5)

The above equation is derived by applying mass bal-
ance law. Details of boundary conditions for each

domain are presented in Tables 2–4. More details on
shell and lumen boundary conditions are reported in
Tables 2 and 4, respectively.

2.1.2. Mass transfer in membrane

In this work, both contributions of convective and
diffusive flow on transmembrane mass transfer are
considered. The resistance imposed by the membrane
structure can be described by either Knudsen diffu-
sion model or Poiseuille (vicous) flow model [41].
Electrical analogy circuit of different transport mecha-
nisms is presented in Fig. 3.

2.1.2.1. Diffusive flow. As illustrated in Fig. 3, diffusive
flux depends on Fick’s diffusion (Eq. (6)) and Knudsen
diffusion mechanisms. It is assumed that no air mole-
cule is present in the membrane pores; therefore
ordinary diffusion coefficient used in this study is
self-diffusion coefficient and is defined as [42]:

Dv ¼ lv
qv

(6)

In which, Dv, μv, and ρv are self-diffusion coefficient
(m2/s), viscosity (Pa s), and density (kg/m3) of water

Fig. 2. Triangular mesh grid used in the present simulation.

Table 2
Boundary conditions in lumen side

Position Type Equation

Momentum transfer
z = 0 Pressure p ¼ pvac
z = L No slip condition U = 0
r = 0 Symmetry @Ur=@r ¼ 0
r = r1 Inlet velocity Eq. (5)

Heat transfer
z = 0 Convective

outflow
krT ¼ 0

z = L Insulation @T=@z ¼ 0
r = 0 Symmetry @T=@r ¼ 0
r = r1 Temperature T ¼ Tmem:

Fig. 3. Electrical analogy circuit for different mass transfer
resistances.
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vapor, respectively. Knudsen diffusion coefficient
takes effect of membrane–wall interaction into account
and is defined as follows (Eq. (7)) [43]:

Dknd ¼ 2

3
dp

ffiffiffiffiffiffiffiffiffiffi
2RT

pMv

r
(7)

In which, dp, R, π, Mv , and T are pore diameter (m),
universal gas constant ((Pam3)/(mol K)), π number
(dimensionless), vapor molecular weight (kg/mol), and
temperature (K), respectively. The diffusion coefficients
are then modified in a way that the membrane structure
properties are considered as in Eqs. ((8) and (9)):

Dv;eff ¼ eDv

s
(8)

Dknd;eff ¼ eDknd

s
(9)

In which ε and τ are membrane porosity and tortuos-
ity, respectively. The effective diffusion coefficient
(Deff) can be obtained using Bonsaquet Eq. (10) [44]:

1

Deff
¼ 1

Dv;eff
þ 1

Dknd;eff
(10)

In this step, it is considered that no convective flux is
present in the diffusion mechanism; therefore, a sim-
plified mass transfer Eq. (11) is used to describe diffu-
sive flux in membrane.

r � ðDeffrCvÞ ¼ 0 (11)

In which Cv is molar concentration of vapor in mem-
brane (mol/m3).

2.1.2.2. Viscous flow. Darcy’s law (Eq. (12)) and conti-
nuity Eq. (13) are used to describe viscous flow in
membrane.

r � ðqvuÞ ¼ 0 (12)

u ¼ � j
lv

rp (13)

In which κ is membrane permeability (m2) and μ is
vapor viscosity (Pa s). Poiseuille’s law is used to eval-
uate Darcy’s permeability. In Poiseuille’s law
approach, it is assumed that the membrane consists of

several channels and the fluid flow in these channels
is laminar [45]. Volumetric flux in this approach is cal-
culated as [45]:

u ¼ � �p e
32ll s

d2p (14)

In which l is membrane thickness (m) and τ is mem-
brane tortuosity (dimensionless). Comparing Eqs. (13)
and (14):

j ¼ e � d2p
32 s

(15)

2.1.3. Thermodynamics

In this simulation, two approaches to calculate the
water interfacial vapor pressure are implemented;
first, the ideal solution approach based on Raoult’s
law; and second, the empirical approach based on
Sparrow’s Eq. (20) [46].

In ideal solution approach vapor pressure is calcu-
lated by (Eq. (16)):

Psat ¼ xwPsat; pure (16)

In which Psat is the partial pressure of impure water
(Pa) at feed–membrane interface, xw is mole fraction of
water, and Psat,pure is saturation partial pressure of
pure water (Pa).

The saturation pressure of pure water is calculated
by Antoine’s law [47,48]:

Psat;pure ¼ 1000e
16:3872� 3885:2

T � 42:96

� �
(17)

In which T is temperature at interface (K), which is
obtained by Eq. (22). By dissolving each mole of NaCl,
two moles of ions are liberated, thus Eq. (18) can be
used to calculate water mole fraction in solution.

xw ¼ 1� 2xNaCl (18)

where xNaCl is the mole fraction of NaCl in solution.
Mass balance equation is used to develop Eq. (19) that
evaluates mole faction of NaCl as a function of molar
concentration of NaCl.

xNaCl ¼ CNaClMNaCl=qNaCl
1� ðMNaCl=qNaCl �Mw=qwÞCNaCl

(19)
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In which CNaCl , MNaCl, ρNaCl, Mw, and ρw are molar
concentration of NaCl (mol/m3), molecular weight of
NaCl (g/mol), density of solid NaCl (g/m3), molecular
weight of water (g/mol), and density of pure water
(g/m3), respectively.

In the second approach, Sparrow’s equation
(Eq. (20)) was used to calculate the interfacial pressure
[46]:

P ¼ Aþ B � T þ C � T2 þD � T3 þ E � T4 (20)

In which A–D are composition dependent parameters
which are defined as:

A ¼ð0:9083� 0:569wNaCl þ 0:1945w2
NaCl

�3:736w3
NaCl þ 2:82w4

NaClÞ � 10�3
(20.a)

B ¼ð�0:0669þ 0:0582wNaCl� 0:1668w2
NaCl

þ0:676w3
NaCl � 2:09w4

NaClÞ � 10�3
(20.b)

C ¼ð7:541� 5:143wNaCl þ 6:482w2
NaCl � 52:62w3

NaCl

þ115:7w4
NaClÞ � 10�6

(20.c)

D ¼ð�0:0922þ 0:0649wNaCl � 0:131w2
NaCl

þ0:802w3
NaCl � 1:986w4

NaClÞ � 10�6
(20.d)

E ¼ð1:237� 0:753wNaCl þ 0:1448w2
NaCl

� 6:964w3
NaCl þ 14:61w4

NaClÞ � 10�9
(20.e)

In which wNaCl is the mass fraction of NaCl in shell side
water. Using other empirical vapor pressure equations
instead of Eqs. (16)–(20), this model can be modified for
other solutions rather than the NaCl solution.

2.1.4. Mass transfer in shell

Solute concentration has a significant effect on pro-
cess performance, especially at high concentrations. By
calculation of an accurate solute concentration distri-
bution in feed domain, the model reliability can be
increased. Both convective and diffusive transport
mechanisms are considered for evaluating NaCl con-
centration in shell side. Convective and diffusive mass
transfer mechanisms for NaCl are considered in
Eq. (21):

r �DNaCl�waterrCNaClð Þ þ u � rCNaCl ¼ 0 (21)

In which DNaCl-water, CNaCl, and u are NaCl-water
diffusion coefficient, molar concentration of NaCl, and
velocity vector, respectively. Required boundary con-
ditions for solving these PDEs are summarized in
Tables 4. Velocity in Eq. (21) is substituted by velocity
obtained in solving Eq. (3).

2.1.5. Heat transfer in module

MD is a thermally driven process and thus an
accurate evaluation of temperature is necessary. Using
energy balance equation in shell and lumen sides, a
PDE based on convective and conductive heat transfer
is derived for shell and lumen sides (Eq. (22)):

qwCp;wu � rT ¼ r � kwrTð Þ (22)

In which ρw, Cp, and k are density (kg/m3), specific
heat capacity (J/(kg K)), and thermal conductivity
(W/m.K), respectively. Since solute concentration is
low, all heat transfer parameters are set based on pure
water properties. Velocity vector in Eq. (22) is calcu-
lated by Eq. (3). Convective heat transfer is neglected
in membrane. Therefore, Eq. (23) is used to describe
heat transfer in membrane:

r � kmrTð Þ ¼ 0 (23)

In which km is membrane thermal conductivity which
is the average thermal conductivity of membrane
polymer material and flowing vapor (Eq. (24)):

km ¼ ekv þ ð1� eÞkpol: (24)

In which kv and kp are vapor thermal conductivity
(W/mK) and polymer thermal conductivity (W/mK),
respectively. Evaporation of water on membrane–feed
interface causes heat consumption on membrane–feed
boundary. Combining heat and mass conservation
laws leads to Eq. (25) which is used to evaluate total
heat per unit area of membrane:

Boudary heat flux ¼ ð@Cv=@rÞDeffMwLw � udarcyqvLw

(25)

where Mw, Lw, and udarcy are molecular weight of
water (kg/kmol), enthalpy of vaporization (kJ/kg),
and velocity obtained by Darcy’s law (m/s), respec-
tively. Since lumen side is always considered to be
pure, only momentum and heat transfer governing
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PDEs are solved for lumen side as presented in
Table 2.

Since in dusty gas model, separate PDEs are
devoted to describe viscous and diffusive flows in
membrane, two sets of boundary conditions are
needed to solve corresponding equations. Proposed
boundary conditions for solving these equations are
summarized in Table 3.

In shell side, like membrane, all transport phenom-
ena are considered, however, mass transfer equation is
used to obtain NaCl concentration instead of vapor
concentration. Governing boundary conditions for
solving the above mentioned properties are summa-
rized in Table 4.

2.2. Numerical algorithm

Commercial software COMSOL is used to solve
the involving non-linear PDEs in the present modeling
task. Discretization and numerical solving algorithms
are based on finite element method. Totally, 19,707
elements are created, in which, 19,183 were triangular,
524 were quadrilateral, 807 are edge and eight are ver-
tex elements. Since the problem involves solving
several non-linear dependent PDEs, a carefully deter-
mined initial guess should be used. Preparation algo-
rithm of this initial guess is as follows:

(1) Take parameter values for a moderate process
condition, build the geometry of three
domains (lumen, membrane, and shell) and
design a proper mesh.

(2) Consider membrane to be impermeable and
all domains isothermal. Solve Navier–Stokes
equations to obtain velocity field in shell side.

(3) Use the results obtained in step 2 as initial
guess, consider the permeability of membrane
and solve the momentum and mass transfer
equations in membrane.

(4) Use the results obtained in step 3 as initial
guess and obtain the temperature.

(5) Use the results obtained in step 4 as initial
guess, solve the model considering all
involved equations and save the result as ini-
tial guess for further calculation.

Flow chart of described algorithm for preparation
of feasible initial guess is schematically described in
Fig. 4.

Once a reliable comprehensive initial guess is
ready, other operating conditions can be solved based
on the initial guess proposed by the first procedure
(Fig. 4) which is illustrated in Fig. 5. Instigating the
effect of different operating conditions and visualizing
important parameters such as velocity, temperature,
or concentration is known as post processing step,
which will be discussed in the next section. Construct-
ing a reliable initial guess not only makes the solving
process to be possible in extreme conditions, but also
speeds up convergence of the procedure in every con-
dition.

3. Results and discussion

Mean vapor flux on shell–membrane interface is
the main parameter that is used to study the process
behavior. Contributions of both conductive and

Table 3
Boundary conditions in membrane

Position Type Equation

Mass transfer
z = 0 and z = L Insulation Jv ¼ 0
r = r1 Concentration Plum:=ðRTÞ
r = r2 Concentration Psat=ðRTÞ

Momentum transfer
z = 0 and z = L Insulation @UZ=@z ¼ 0
r = r1 Pressure Plum:

r = r2 Pressure Psat

Heat transfer
z = 0 and z = L Insulation @T=@z ¼ 0
r = r1 Temperature T ¼ Tlum:

r = r2 Boundary heat source Eq. (25)

Table 4
Boundary conditions in shell side

Position Type Equation

Momentum transfer
z = 0 Inlet velocity U ¼ U0;F

z = L Pressure p = 0
r = r2 Outlet velocity Eq. (4)
r = r3 Open boundary rU ¼ 0

Heat transfer
z = 0 Constant temperature T ¼ T0;F

z = L Outflow :krT ¼ 0
r = r2 Boundary heat source Eq. (25)
r = r3 Symmetry @T=@r ¼ 0

Mass transfer
z = 0 Constant concentration C ¼ C0:feed

z = L Outflow DsrC ¼ 0
r = r2 Insulation Ns ¼ 0
r = r3 Symmetry Ns ¼ 0
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viscous flows are considered to obtain the value of
this parameter as in Eq. (26).

Jmean ¼
RH
0 ðDeffMw

dCv

dr � udarcy qvÞdz
H

(26)

In which H is the fiber length (m). Evaporation of feed
is the key step in MD [49], therefore comprehensive
knowledge of interfacial vapor–liquid equilibrium is
essential. Two models for obtaining interfacial vapor
pressure were considered in the present study; ideal
solution model which is based on Raoult’s law
assumes activity coefficient to be one in every condi-
tion and empirical model proposed by Sparrow [46]
which is based on regressed experimental data on a
polynomial in a definite temperature and concentra-
tion range. The results of simulation and its compari-
son with corresponding experimental data are
presented in Table 5. Deviation of both model’s pre-
diction results from experimental results are also com-
puted, as presented in Table 5. As observed, empirical
model generally exhibits better accuracy than ideal
solution model.

Temperature polarization coefficient (TPC) is a
dimensionless term that illustrates the reduction of
transmembrane driving force which is caused by tem-
perature reduction at the membrane–feed boundary
[50], which can be described quantitatively by Eq.
(27):

TPC ¼ Tm � Tsat

Tf � Tsat
(27)

where Tm, Tsat, and Tf are, membrane–feed tempera-
ture, corresponding saturation temperature at vacuum
temperature, and bulk temperature of feed, respec-
tively.

3.1. Effect of inlet temperature

Fig. 6(b) shows temperature distribution along the
module. A surficial evaporation on shell–membrane
interface causes temperature reduction along the shell
side. On the other hand, in the lumen side, due to
counter-current contact with the shell side, the evapo-
rated vapor gets warmer on its way out. Fig. 6(b)
reveals that most of the area in the shell side can be
considered to be isothermal, except for the thin ther-
mal boundary layer on the vicinity of membrane. This
thin boundary layer is the main reason of temperature
polarization phenomenon.

Increasing the temperature increases partial water
vapor pressure on shell–membrane interface. Since
transmembrane pressure is the main driving force in
this process, increasing the inlet temperature increases
the transmembrane flux [51]. Numerical representa-
tion of this phenomenon is illustrated in Fig. 7. Simu-
lation results are in a good agreement with
experimental data. Increasing the feed temperature
also increases the surficial heat consumption. This has
side effects on heat transfer efficiency and decreases
the temperature polarization coefficient. Fig. 7 also
reveals that the model which is based on Sparrow’s
empirical equation [46] has better agreement with
experimental results compared to ideal solution
model, especially at higher temperatures. For

Input average 
operating conditions 

Build geometry and 
mesh 

Solve fluid flow in 
shell

Solve mass and 
momentum equations 
based on previous step 

as initial guess

Solve entire model 
based on previous step 

as initial guess

Save previous step as 
initial guess for other 
operating conditions

Fig. 4. Algorithm of evaluating initial guess.

Input desired 
operating conditions 

Solve entire model 
based on the proposed 

initial guess by the 
first procedure

Post processing

Fig. 5. Algorithm of evaluating other operating conditions.
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describing this phenomenon, Gibbs–Duhem theorem
[48] for activity coefficients (Eq. (28)) can be used to
explain this phenomenon

xwd ln ðcwÞ þ xNaCld ln ðcNaClÞ ¼ 0 (28)

which can be rewritten in the form of Eq. (29):

d ln ðcwÞ ¼ � xNaCl
xw

d ln ðcNaClÞ (29)

Some researchers [18,52,53] showed that increasing
temperature has a direct effect on NaCl activity
coefficient in aqueous solutions. Therefore, it can be
concluded from Eq. (28) that increasing the tempera-
ture reduces water activity coefficient. This can
describe the failure of ideal solution model at higher
temperatures.

3.2. Effect of feed concentration

To achieve a better understanding ofconcentration
distribution and study concentration gradient effects,

Table 5
Comparison between experimental and simulation results of vapor flux

Tin (K) Pvac (kPa) w0NaCl
(%)

Experimental Flux
(kg (m2 h))

Ideal solution model Empirical model

Flux
(kg (m2 h)) Error

Flux
(kg (m2 h)) Error

80 4 0.02 45.27 55.3970 0.2235 46.6584 0.0305
80 4 0.04 42.93 53.6189 0.2488 43.5774 0.0149
80 4 0.06 40.59 51.7667 0.2751 40.4999 0.0023
70 4 0.02 32.83 35.6111 0.0845 33.6193 0.0238
70 10 0.02 27.15 26.3074 0.0311 24.7749 0.0875
70 15 0.02 20.11 19.2036 0.0453 18.0295 0.1032
70 20 0.02 13.26 12.3925 0.0654 11.5619 0.1280
70 25 0.02 5.95 5.73070 0.0374 5.1820 0.1296
50 4 0.04 9.44 11.3045 0.1963 11.2230 0.1877
60 4 0.04 18.37 20.8646 0.1356 20.2146 0.1002
70 4 0.04 30.18 34.6503 0.1479 31.8640 0.0556

Average error = 0.1355 Average error = 0.0785

Fig. 6. (a) Velocity field and streamlines in lumen and shell sides (V/Vin-shell), (b) temperature distribution in the module (˚C),
(c) solute concentration distribution in the shell side (C/Cinlet). T0,F=80 (˚C); C0,s = 4 (wt%); Pperm. = 4 (kPa);Q0,F = 20 (L/min).
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the solute concentration shouldbe calculated precisely.
Fig. 6(c) shows that in a thin layer in the vicinity of
membrane, a large concentration gradient is estab-
lished, which has a significant effect on interfacial
vapor pressure even in low inlet concentrations.

Effect of inlet salt concentration on transmembrane
flux is illustrated in Fig. 8. While salt concentration
increases, pure water flux slightly decreases. This
reveals that increasing salt concentration reduces
partial water pressure and thereby driving force of
MD [51]. As it is obvious, the empirical-based model
can predict much better results when compared to the
ideal solution. The average slope of concentration–flux
curve for the empirical-based model is more likely to
be similar to experimental results. This is because of
the fact that in the ideal solution model, effect of
concentration on activity coefficient is not considered.
The relative overestimation of ideal solution-based
model cannot be totally attributed to the concentration
dependency of the empirical-based model. This, based
on Gibbs–Duhem theory, may be due to the fact that
the ideal solution model does not have enough
precision at high temperature conditions. It can also
be concluded that decreasing the surficial heat

consumption which is caused by concentration polari-
zation, increases the concentration polarization coeffi-
cient.

3.3. Effect of vacuum pressure

The use of direct vacuum can be the main differ-
ence between VMD and other MD configurations.
Since the main driving force for this process is vapor
pressure difference across the membrane, transmem-
brane flux is inversely proportional to vacuum pres-
sure [54]. This trend might be due to the driving force
reduction in MD [55]. Simulation results are compared
to experimental data in Fig. 9. If the evaporation rate
increases, temperature of the membrane–feed bound-
ary decreases, and consequently the temperature
polarization coefficient decreases. It can be concluded
that at lower vacuum pressures, the ideal solution
model tends to deviate from the experimental results.
For this phenomenon, it seems that at lower vacuum
pressures, when evaporation rate increases, radial
velocity at the shell side in the vicinity of membrane
and concentration polarization on the shell–membrane
interface also increases [56]. In a reliable thermody-
namic model, activity coefficient takes the effect of
increasing interfacial concentration into account and
the model preserves its validity even in higher concen-
trations; however, in the ideal solution model, since
activity coefficient is always considered to be equal to
unity the model is more reliable in lower concentra-
tions.

3.4. Effect of inlet flow rate

Dimensionless velocity field in lumen and shell
sides as well as streamlines in lumen side are illus-
trated in Fig. 6(a). Continual permeation through
membrane into lumen side increases the velocity along
the lumen. In order to obtain a precise knowledge
about concentration and temperature polarization on

Fig. 7. Effect of feed inlet temperature on transmembrane flux
and TPC. C0,s= 4 (wt%); Pperm.= 4 (kPa);Q0,F= 20 (L/min).

Fig. 8. Effect of inlet concentration of NaCl on transmem-
brane flux and TPC. T0,F = 80 (˚C); Pperm. = 4 (kPa); Q0,F =
20 (L/min).

Fig. 9. Effect of vacuum pressure on transmembrane flux
and TPC. T0,F = 70 (˚C) ; C0,s = 2 (wt%); Q0,F = 20 (L/min).
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shell–membrane interface, it is essential to consider
the effect of water evaporation on shell side velocity
field.

It has been reported that higher feed velocities
reduces boundary layer thicknesses [12,51,57], thus the
extent of concentration and temperature polarizations
can be reduced leading to a higher driving force
between the feed and permeate sides [12]. Fig. 10
shows the effects of inlet feed velocity on transmem-
brane flux and polarization coefficient. It can be
observed that difference between the two model pre-
dictions of transmembrane flux is higher at lower
velocities. This can also be attributed to severe effect
of concentration polarization at lower feed velocities.

3.5. Effect of membrane characteristics

Effects of membrane thickness, porosity, and pore
diameter are illustrated in Fig. 11. Porosity and pore
diameter have direct effects and membrane thickness
has an inverse effect, which is consistent with Eqs.
(7)–(9), (14), and (15). Fig. 11 also implies that for
higher membrane transmembrane flux values, the
ideal solution model deviates more from the
empirical-based model and this can be attributed to

the concentration polarization effects associated with
higher transmembrane flux. Decreasing feed tempera-
ture at feed–membrane interface can cause TPC loss at
higher transmembrane flux values.

3.6. Flux distribution in membrane

In MD, the membrane acts just as a barrier
between two phases and does not have any significant
effect on separation [2]. Two mass transfer mecha-
nisms for obtaining membrane flux were considered;
diffusive flux, which is driven by transmembrane
chemical potential difference and viscous flow, which
is driven by transmembrane pressure difference. Some
researchers suggested using one mechanism and
neglecting the other one based on the corresponding
Knudsen’s number [6,17,37], however, in some recent

Fig. 10. Effect of inlet feed flow rate on transmembrane
flux and TPC. T0,F=70 (˚C); C0,s=4 (wt%); Pperm.=4 (kPa).

Fig. 11. Effect of membrane thickness on transmembrane flux and TPC. T0,F= 70 (˚C); C0,s = 4 (wt%); Pperm. = 4 (kPa);
Q0,F = 20 (L/min), primary and secondary vertical axes are identical for the three plots.

Fig. 12. Flux distribution along module. T0,F=50 (˚C);
C0,s = 4 (wt%); Pperm. = 4 (kPa); Q0,F = 20 (L/min).
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articles, both mechanisms were considered [9,38,43].
The fluxes of both mechanisms vs. dimensionless
module length are illustrated in Fig. 12. It can be
observed that viscous flow in membrane pores which
is governed by Darcy’s law is less important than dif-
fusive flux. It can be also implied from Fig. 12 that
flux decreases along the module. This is because of
the fact that temperature, which is the main driving
force, decreases along the module [51]. Small fluctua-
tions at the entrance of membrane can be attributed to
entrance effects [58].

4. Conclusion

A numerical model based on fluid mechanics and
heat and mass transfer concepts was developed. It
was found out that increasing feed flow and tempera-
ture enhances transmembrane flux; however, at certain
feed flow rates, the effect of feed flow rate on the
VMD separation performance is much less significant.
Contributions of Knudsen diffusion and free diffusion
as well as viscous flow were determined by the model
and it was found out that diffusion mechanism along
the membrane module is more dominant compared to
the viscous flow. The ideal solution model for vapor
pressure prediction has been widely used in literature.
A model based on ideal solution concept and another
model based on an empirical equation were presented.
In this study, it was observed that the two models
exhibit similar predictions at low temperature condi-
tions; however, at high temperatures and concentra-
tions, the model based on the ideal solution concept
overestimates the experimental results. The numerical
method, which is based on an initial guess configura-
tion, does speed iteration steps and reduces the proba-
bility of divergence. Also, with a small change in
input parameters, the model can also be used to inves-
tigate VMD for other aqueous solutions.

Nomenclature

C — molar concentration, mol/m3

D — diffusion coefficient, m2/s
d — diameter, m
H — fiber height, m
J — volumetric flux, m/s
k — thermal conductivity, W/mK
l — membrane thickness, m
L — latent heat, W/kg
N — mass flux, kg/m2.s
p — pressure, Pa
Q — flow rate, L/min
R — universal gas constant,(Pam3)/(mol K)

r — radial distance, m
T — temperature, K
TPC — temperature polarization coefficient
u — velocity vector in shell and lumen side
x — mole fraction
z — axial distance, m
r1 — inner radius of a single fiber, m
r2 — outer radius of a single fiber, m
r3 — Happel’s radius, m

Greek symbols
ε — membrane porosity, dimensionless
κ — Darcian permeability, m2

μ — dynamic viscosity, Pa s
ρ — density, kg/m3

τ — membrane tortuosity, dimensionless
ϕ — volume fraction of void, dimensionless

Subscripts
0 — at the inlet
eff — effective
knd — Knudsen
F — feed
p — pore
perm. — permeate
pol. — polymer
r — in radial direction
s — salt
sat. — in saturated condition
vac. — vacuum
v — vapor
w — water
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