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ABSTRACT

In this research, a mathematical model for calculating and predicting flux through direct
contact membrane distillation in flat-sheet membrane modules was presented. The mem-
brane properties’ and permeate and feed streams’ main specifications were considered as
model input parameters. The effects of simultaneous heat and mass transfer were investi-
gated. The developed mathematical model was written in Visual Basic language based on
heat and mass balances. The influences of process parameters such as temperature, flow
rate, feed concentration, and membrane properties (pore size) on flux and temperature
polarization coefficient were evaluated by the model. The modeling results were compared
with some experimental data and good agreement was observed.

Keywords: Direct contact membrane distillation; Mathematical model; Flux prediction;
Temperature polarization

1. Introduction

Membrane distillation (MD) is a combined thermal
distillation and novel membrane separation process, in
which only vapor molecules are transported through a
porous hydrophobic membrane [1,2]. The driving
force of MD process is quite different from other
membrane processes and it is a vapor pressure
difference between the two sides of membrane which
is created by temperature difference across the
membrane [3].

Today, MD is considered as a potential alternative
to some traditional separation techniques and is
believed to be effective in the fields of desalination,
concentration of aqueous solution, etc. [1,2,4,5]. The
difference between MD and other membrane separa-
tion techniques is the driving force of mass transfer
through the membrane [6]. The characteristics of
membranes used in MD must be micro-porous and
un-wetted by process liquid and they should exhibit
low resistance to mass transfer. Their pores are filled
only by the vapor phase and no capillary condensa-
tion occurs inside the membrane pores.
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There are various configurations developed to per-
form MD process which differ based on the nature of
permeate side processing of the permeate, i.e. (1)
direct contact membrane distillation (DCMD), (2) vac-
uum membrane distillation (VMD), (3) air gap mem-
brane distillation (AGMD), and (4) sweeping gas
membrane distillation (SGMD) [1,7]. Among various
types of MD, DCMD in which the membrane is in
direct contact only with liquid phases has been
investigated extensively by different researchers and
various theoretical models have been developed for
flat-sheet and hollow fiber modules. Most of the
models were developed assuming the process as
one-dimensional using empirical heat and mass trans-
fer equations. Two-dimensional theoretical models
have been considered only in very few studies.

Most of the modeling works reported in literature
are executable to a small number of given experimen-
tal variables. Accordingly, it is difficult to decisively
validate the simplified models due to the limitations
in available experimental data.

The dusty gas model has been applied first by
Lawson and Lloyd to predict DCMD permeate flux
where permeate flux was determined by considering
heat transfer resistances in all parts and mass transfer
resistance inside the membrane [3]. Phattaranawik
et al. [8] developed a model which was able to study
the effect of mass transfer on heat transfer rates and
heat transfer coefficients. Monte Carlo simulation
models have been carried out to study both heat and
mass transfer in DCMD configuration [9–11] that it
can simultaneously simulate MD permeate flux and
temperatures at the membrane surfaces permitting
evaluation of the temperature polarization coefficient
(TPC). Bui et al. [12] proposed procedure for modeling
transport processes in DCMD within a hollow fiber
module, by adopting an analogy between heat and
mass transfer in a dimensional analysis framework.
Hwang et al. [13] proposed a two-dimensional model
containing mass, energy, and momentum balance for
predicting permeate flux for a flat-sheet module in
DCMD system. The modeling results were compared
with the experimental results of permeate fluxes from
different velocity conditions and the error between the
predicted results and the experimental results was in
the range of ±<10%.

Ho et al. [14] developed a mathematical model for
a heat transfer coefficient correction factor. The corre-
lation is expressed as relative roughness and can be
used for predicting the heat transfer coefficient for
roughened-surface channels. This model allows the
analysis of the temperature profiles inside DCMD
module and reveals that even though considerable
mass flux enhancement is obtained, the extent of

improved TPC is less due to the accompanying influ-
ence on fluid temperature change inside the module.

Michel et al. [15] performed different heat transfer
prediction methods in combination with the three dif-
ferent forms of the Dusty Gas model for mass trans-
port in comparison with experimental data in laminar
and turbulent flow regimes under steady-state condi-
tions and showed that the Knudsen-molecular diffu-
sion transition model yields the best prediction.

In the current study, a mathematical model for
DCMD by considering simultaneous heat and mass
transfer balance in a flat-sheet module for pure water
and NaCl solution is presented. This model was
developed based on the characterizations of mem-
brane and flow channel. The primary purpose of this
model was to predict the membrane flux and investi-
gate the influences of process parameters such as tem-
perature, velocity, feed concentration, and membrane
pore size on the permeate flux and TPC. Validity of
the model was evaluated by performing a comparison
between the experimental results presented in the lit-
erature with the results predicted by the present
model.

2. Theoretical and mathematical model

MD is a complicated physical process in which
both heat and mass transfers are involved [6,16].

Generally, the transport mechanism of MD can be
summarized in: evaporation of water at the hot feed
side of the membrane, penetration of water vapor
through the membrane pores, and condensation of
water vapor transported at the permeate side of the
membrane [2,17]. Fig. 1 shows the schematic diagram
for DCMD process [1].

Fig. 1. Schematic diagram for DCMD [1].
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2.1. Heat transfer

At the first stage, heat is transferred from the
heated feed solution across the thermal boundary
layer to the membrane surface. Then, the heat passes
through the membrane in the form of vapor latent
heat and heat conduction. Finally, the heat is removed
from the cold side membrane surface through the
boundary layer [18].

The heat flux for each step mentioned above can
be expressed as follows:

For the feed side:

Qf ¼ af Tf � Tfm

� �
(1)

For the permeate side:

Qp ¼ ap Tpm � Tp

� �
(2)

The difference between the bulk temperature and the
temperature at the liquid–vapor interface or the mem-
brane surfaces on both sides of the membrane is
termed as “TPC” and assessed by:

TPC ¼ Tfm � Tpm

� �
= Tf � Tp

� �
(3)

where Qf and Qp are the heat flux (J/s), αf and αp are
the convective heat transfer coefficients in feed and
permeate sides (W/m2K), Tf and Tp are the feed and
permeate temperatures (K), and Tfm and Tpm are the
interface membrane temperatures in feed and
permeate sides (K), respectively.

As TPC approaches unity, fluid dynamics of the
system is good and the process is controlled by mass
transfer through the membrane, while TPC
approaches zero means that the system is designed
poorly and the process is controlled by heat transfer
through boundary layers. For almost all of the MD
systems, TPC is in the range of 0.4–0.8 [1].

The heat flux depends on the film heat transfer
coefficient in the boundary layer and the temperature
difference between the feed bulk and the membrane
surface.

Owing to the contribution of both evaporation and
conduction, the total heat flux transferred through the
membrane can be written as:

Qf ¼ km=dð Þ Tfm � Tpm

� �þ JDHlatent (4)

where J is the mass flux (mol/m2 s), ΔHlatent is the
latent heat of vaporization (J/kg), δ is the membrane
thickness (m), and km is the thermal conductivity of

membrane material (W/mK). Various models have
been considered to calculate thermal conductivity of
the MD membrane as shown in Table 1 [1,8,18,19].

where ε is the porosity of the membrane, and ks
and kg are the heat conductivity of the membrane
material and the vapor that fills the pores, respec-
tively. Isostrain model is often utilized for MD. Ther-
mal conductivities of polytetrafluoroethylene (PTFE)
and polypropylene (PP) are 0.25–0.27 and 0.11–0.16
(W/mK), respectively and air thermal conductivity
value is 0.026 (W/mK) at 296 K [20].

Theoretically, heat transfer coefficients can be cal-
culated using the following general expression [21].

ai ¼ Nu � kw
dh

i ¼ f ; p (5)

where Nu is the Nusselt number, Kw is the thermal con-
ductivity of water, and dhðmÞ is the hydraulic diameter
for a flat-sheet module that can be expressed as:

dh ¼ 2 DþWð Þ
D�Wð Þ (6)

where D is the depth and W is the width of flow
channel.

There are a lot of empirical correlations for Nu,
therefore choosing the best correlation for estimation
of heat transfer coefficients completely depends on
system hydrodynamics [20].

At steady state, for flat-sheet membrane modeling,
heat balance can be expressed as:

Q ¼ af Tf � Tfm

� � ¼ km=dð Þ Tfm � Tpm

� �þ JDHlatent

¼ ap Tpm � Tp

� �
(7)

where Q is the overall heat transfer.

2.2. Mass transfer

Mass transfer in the MD process includes three
steps: firstly the hot feed is vaporized in the liquid/

Table 1
Thermal conductivity correlations

Model Correlation References

Isostrain km ¼ ekg þ ð1� eÞks [1,3,8]

Isostress km ¼ e
kg
þ ð1�eÞ

ks

h i�1
[1,8]

Flux law km ¼ kg
1þ 1�eð Þbs�g

1� 1�eð Þbs�g

h i
, bs�g ¼

ks=k�1
g

ks=k
þ2
g

[8]
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gas interface, secondly the vapor is driven by the
vapor pressure difference and diffuses from the hot
interface to the permeate interface through the mem-
brane pores, and thirdly the vapor is condensed into
the permeate side stream [22].

The mass transfer through porous MD membranes
can be interpreted by one of the three fundamental
mechanisms: Knudsen diffusion, Molecular diffusion,
and Poiseuille flow [23]. But the actual process is
sometimes regulated by their combination known as
transition mechanism. The Knudsen number (Kn) is
used to indicate the dominant mass transfer mecha-
nism in the pores [1]:

Kn ¼ l=dm (8)

where l is the mean free path of molecules and dm is
the mean pore size of membrane (μm).

The mass transfer mechanism in porous membrane
can be summarized as presented in Table 2, where
P, M, and K represent Poiseuille flow, molecular diffu-
sion, and Knudsen diffusion, respectively.

In DCMD, the pressure difference at two sides of
the membrane is zero when both the feed and perme-
ate flows are under atmospheric pressure. In this case,
the contribution of Poiseuille flow to mass transfer can
be neglected. As pore size of the MD membranes is, in
general, in the range of 0.2–1.0 μm [7] and the mean
free path of water vapor is 0.11 μm at feed tempera-
ture of 60˚C [22], according to Eq. (8), Kn is calculated
in the range of 0.11–0.55. Therefore, Knudsen-Molecu-
lar transition diffusion is the dominating mass transfer
mechanism within the membrane pores.

Therefore, mass transfer flux across the membrane
can be expressed as [24]:

1

Jk�M
¼ 1

Jk
þ 1

JM
(9)

with:

Jk ¼ �4de
3t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2pRMT
rP

r
(10)

JM ¼ �1

1� xA

eDAB

tRT
rP (11)

And assuming ideal gas mixture in the membrane
pores:

xA ¼ PA

P
(12)

So the total vapor flux across the membrane as shown
in Eq. (9) can be derived as [24]:

J ¼
e
dt �PDAB

RT
ln

P�PTfm

PDAB
þ 4

3d

ffiffiffiffiffiffiffi
2pM
RT

q
P�PTpm

PDAB
þ 4

3d

ffiffiffiffiffiffiffi
2pM
RT

q (13)

where PA is the partial pressure, P is the total (air +
vapor) pressure (Pa), R is the universal gas constant
(J/mol k), T is the mean temperature in the pore (K),
M is the molecular mass (kg/mol k), t is the tortuosity
factor of the membrane pores, and DAB is the diffusion
coefficient of vapor through air (m2/s) at temperature
of 273–373 K which can be estimated from the follow-
ing empirical equation [16]:

PDAB ¼ 1:895 � 10�5T2:072 (14)

Also, pTpm and pTfm are the vapor partial pressures
(Pa) at the membrane-permeate and the membrane
feed interfaces, respectively, which can be calculated
using the Antoine’s equation [3]:

pTi ¼ exp A� B

T þ C

� �
i ¼ fm; pm (15)

where pTi is the vapor pressure (Pa), and A, B, and C
are the experimental constants. For water, A = 238, B =
3,841, and C = −45.

In Eq. (13), there are only two unknown variables,
which are Tfm and Tpm. Therefore, if the interfacial
temperature gradients on both sides of the membrane
are calculated, the flux can be determined.

2.3. Solution procedure

The DCMD flow channel in the flat-sheet module
was divided into small identical elements, Δx, and for
each point (i), the differential equations of feed and
permeate interfacial temperatures distributed along
the membrane were written as:

Table 2
The influence of Kn on mass transfer through porous mem-
brane [1]

Kn < 0. 01 0. 01 <Kn < 1 Kn > 1

M M_K transition K
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DTf ;i ¼ Tf;iþ1 � Tf ;i ¼
�af;i
mfCp;f

Tf ;i � Tfm;i

� �
Dx (16)

DTp;i ¼ Tp;iþ1 � Tp;i ¼
ap;i

mpCp;p
Tpm;i � Tp;i

� �
Dx (17)

The overall heat transferred through the membrane at
this point could be written as:

DQi ¼ U Tf ;i � Tp;i

� �
(18)

where U could be expressed as:

1

U
¼ 1

ap;i
þ 1

af;i
þ 1

am;i
(19)

am;i ¼ km
d
þ JiDHlatent

Tfm;i � Tpm;i
(20)

These differential equations were solved numerically
using finite difference technique. This numerical solu-
tion was implemented using Visual Basic software.

The model was developed using the following
assumptions:

� Operation is steady state;
� No heat from the module wall is transferred to

the atmosphere;
� Specific heat of evaporation and condensation

do not change with concentration;
� The membrane properties, such as thickness,

porosity, pore size, and tortuosity, are constant;
� Temperature polarization effect isn’t considered;

The characteristics (e.g. dimensions) of the channel
and the membrane properties were considered as
inputs. All physical properties of the feed and the per-
meate solutions were calculated at each point along
the membrane length based on the bulk inlet and out-
let temperatures. Thus, for each point, the membrane
surface temperature and permeate flux were
calculated.

3. Results and model validation

In order to evaluate the presented model predic-
tion accuracy, the predicted values of transmembrane
flux were compared with those of experimentally mea-
sured results of various membrane specifications,
types, and operating conditions which are summa-
rized in Table 3.

3.1. The effect of temperature

Most of the experimental data in the literatures
describe the effect of feed temperature on the perme-
ate flux. It is well known that the temperature in MD
processes is the significant operating variable that
affects the MD performance due to exponential
increase of vapor pressure with temperature [16].

Figs. 2 and 3 represent effects of feed temperature
on permeate flux for 3MA and 3ME membranes. The
experimental data can be compared with the predicted
results calculated for two kinds of PP flat-sheet mem-
branes by the present model. The feed and the perme-
ate flow rates were 63 (cm3/s) and the feed
temperature range was between 30–80˚C. Other
characteristics parameters are shown in Table 2. The
average deviation between the permeate fluxes pre-
dicted by the present model is 19.1% for 3MA mem-
brane and 23.2% for 3ME membrane. The main reason
for deviation between the predicted permeate fluxes

Table 3
Specifications and operating conditions used in DCMD
experiments

Membrane type 3MA 3ME PS22

Material PP PP PP
Pore size (μm) 0.29 0.73 0.22
Thickness (μm) 91 79 150
Porosity (%) 60 85 70
Length (cm) 15.4 15.4 20
Feed temperature (˚C) 20–80 20–80 30–60
Permeate temperature (˚C) 20 20 20
Feed and permeate velocity (m/s) 1–2.2 1–2.2 0.5–2.5
References [27] [27] [25]

Fig. 2. MD pure water permeate flux as a function of feed
temperature for 3MA membrane (Permeate temperature at
20˚C).
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and the experimental data at higher feed temperature
can be due to the fact that at higher temperature, lar-
ger amount of heat is required to vaporize water at
the membrane surface and thus the TPC increases and
these lead to lower permeate fluxes, and since the
effect of TPC isn’t considered in this model the pre-
dicted results are overestimated. The other reasons
that have less contribution are experimental error and
different empirical equations, which are used for mod-
eling. The reason for the differences in permeation
fluxes for 3MA and 3ME membranes is due to the dif-
ferent characteristics of membranes, such as porosity,
pore size, and thickness.

The comparison between experimental data
reported by Cath et al. [25] and the results predicted
by the model are shown in Fig. 4. The membrane was

made up of PP. The permeate stream temperature was
maintained at 20˚C and feed and permeate stream
velocities were both maintained at 1.75 m/s. Feed salt
concentration was 0.6 g/l NaCl. Other characteristics
parameters are shown in Table 2.

It can be noticed that the permeate flux predicted
by the present model is in a good agreement with the
experimental data with an average deviation of about
6.4%. The membrane characteristics, such as pore size,
thickness, and porosity, play very important role on
permeation flux. In fact, these values were supplied
by the manufacturer and there is a level of uncertainty
[16].

Figs. 5 and 6 show the effect of permeate tempera-
ture on permeate flux for 3MA and 3ME membranes,
respectively. The experimental data and simulationFig. 3. MD pure water permeate flux as a function of feed

temperature for 3ME membrane (Permeate temperature at
20˚C).

Fig. 4. MD pure water permeate flux as a function of feed
temperature for PS22 membrane (Permeate temperature at
20˚C and velocity at 1.75 m/s).

Fig. 5. MD pure water permeate flux as a function of per-
meate temperature for 3ME membrane (Feed temperature
at 41˚C).

Fig. 6. Simulated pure water permeate flux as a function of
permeate temperature for 3MA membrane (Feed tempera-
ture at 41˚C).
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result for 3ME membrane can be compared. As
observed, permeate flux decreases with increasing per-
meate temperature and this is due to the reduction of
the MD process driving force.

Compared with feed temperature, permeate tem-
perature has less effect on permeate flux. This can be
attributed to the different extent that vapor pressure
changes with temperature. At higher feed tempera-
ture, vapor pressure changes significantly with
increasing feed temperature and this makes a more
significant driving force, while at lower permeate tem-
perature vapor pressure changes, relatively, slowly
with increasing feed temperature and this makes a
less significant driving force. Although increasing feed
temperature can effectively enhance permeate flux in
DCMD, the large temperature difference may also
improve heat conduction from the membrane module
to the atmosphere, which isn’t good for heat transfer.
From this viewpoint, there should be a trade-off
between permeate flux and thermal efficiency [26].

The effect of feed temperature on TPC for 3MA,
3ME, and PS22 membranes is plotted in Figs. 7 and 8.
The results generally show that TPC decreases with
increasing feed temperature. TPC for 3MA membrane,
in the range of studied temperatures, is higher than
that of 3ME membrane. This can be due to the fact
that thickness of 3MA membrane is higher than that
of 3ME membrane and by increasing the membrane
thickness mass transfer resistance increases and as a
result TPC increases and permeate flux decreases.

3.2. Effect of velocity

The effect of flow velocity on permeate flux in
DCMD was studied as shown in Figs. 9 and 10. In

Fig. 7. Effect of feed temperature on TPC of pure water for
3MA and 3ME membranes (Permeate temperature at
20˚C).

Fig. 8. Effect of feed temperature on TPC of pure water for
PS22 membrane (Permeate temperature at 20˚C).

Fig. 9. Effect of velocity on permeate flux for PS2
membrane (Feed temperature at 40˚C and permeate
temperature at 20˚C).

Fig. 10. Effect of velocity of pure water on permeate flux
for 3MA and 3ME membranes (Feed temperature at 40˚C
and permeate temperature at 20˚C).
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Fig. 9, the experimental data of Cath et al. [25] with
the results calculated by the present model was com-
pared. The both streams velocity (feed and permeate)
were equal, feed and permeate temperature was con-
tain in 40 and 20˚C, respectively. The average devia-
tion between them is about 7.1%. It can be observed
that permeate flux increases by increasing flow veloc-
ity. This is due to the fact that increasing flow velocity
reduces heat transfer resistance within the boundary
layers and thus permeate flux increases.

Figs. 11 and 12 shows the effect of flow velocity on
TPC for 3MA, 3ME, and PS22 membranes. It can be
observed that with increasing velocity, TPC increases.
As mentioned, increasing TPC reduces heat transfer
resistance within boundary layers and this increases
permeate flux [16].

3.3. Effect of feed salt NaCl concentration

The estimated results by the present model have
been compared with the experimental results reported
by Lawson and Lloyd [27] for 3MA membrane. The
feed and permeate temperature were 45 and 20˚C,
respectively, and the feed and the permeate flow rates
were 63 cm3/s. As observed in Fig. 13, permeate flux
decreases slightly as feed salt (NaCl) concentration
increases. This can be attributed to the fact that
increasing feed salt concentration reduces partial
vapor pressure of water over the membrane surface
and this reduces mass transfer driving force. Average
deviation is about 16.8%. The overestimation is due to
the fact that in higher NaCl concentration, solution
viscosity is higher, and as a result, heat transfer by
both conduction and convection decreases and thus
the predicted permeate flux is higher than the experi-
mental value.

3.4. Effect of membrane pore size

For gas transport through porous medium, pore
size influences permeability. The effect of pore size
(pore diameter) on permeate flux of DCMD can, theo-
retically, be predicted based on the mathematical
model discussed above, and the results are presented
and compared for 3ME membrane at 40 and 60˚C in
Fig. 14. It can be observed that pore size has slight
influence on permeate flux when pore diameter is lar-
ger than 0.4 μm. A considerable permeate flux change
can be observed only when pore diameter is less than
0.4 μm.

As mentioned before, mass transfer through
porous membranes in DCMD is often regulated by

Fig. 11. Effect of flow velocity on TPC for 3MA and 3ME
membranes (Feed temperature at 40˚C and permeate tem-
perature at 20˚C).

Fig. 12. Effect of flow velocity on TPC for PS22 membrane
(Feed temperature at 40˚C and permeate temperature at
20˚C).

Fig. 13. Effect of NaCl concentration on permeate flux for
3MA membrane (Feed temperature at 45˚C and permeate
temperature at 20˚C).
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Knudsen-molecular diffusion transition. These two
resistances to mass transfer are combined in series.
When pore diameter is less than 0.4 μm, molecular-
wall collision (or Knudsen diffusion) dominates mass
transfer process. Therefore, pore size is an important
factor (as indicated in Eq. (10)). However, by increas-
ing pore size, molecular-wall collision (or Knudsen
diffusion) becomes less important in mass transfer
process. Larger the pore size, lesser the opportunity
for vapor molecules to collide with the pore wall. In
this case, Knudsen diffusion mechanism becomes less
important. On the other hand, the less molecule-wall
collision the more molecule-molecule collision within
the membrane pores. However, molecular diffusion
mechanism has no relation with pore size, as indicated
in Eq. (11) [26].

4. Conclusion

A new simultaneous heat and mass transfer model
for flat-sheet DCMD configuration was presented in
this study. The influence of the temperature, velocity,
and the salt concentration of the feed along the mod-
ule on the permeate flux are evaluated by the present
model and compared with the experimental data col-
lected from the literature and showed reasonable
agreement. The model predictions showed that:

� For lower feed temperature conditions, modeling
results are better than those for higher feed tem-
peratures compared with experimental results.

� Under the same hydraulic flows, the higher feed
temperatures lead to the lower TPCs because the
greater heat flux leads to the higher permeate
flux.

� For the bigger pore size, there is no significant
effect on permeate flux.

� Increasing feed temperature is more effective
than decreasing permeate temperature on per-
meate flux.

� Flux decreased with increase in the NaCl con-
centration that was attributed to the fact that
increasing feed salt concentration reduces partial
vapor pressure of water over the membrane sur-
face and this reduces mass transfer driving
force.

Nomenclature
af ; ap — heat transfer coefficient on hot and cold

sides (W/m2 k)
Cp;f ;Cp;p — specific heat of feed and permeate (J/kg k)
D — membrane depth (m)
DAB — diffusivity of water vapor (A) relative to air

(B) (m2/s)
d — pore size (μm)
dm — mean pore size (μm)
dh — hydraulic diameter (m)
e — membrane porosity
DHlatent — latent heat of water vaporization (J/kg)
J — vapor flux (mol/m2 s)
kg — air thermal conductivity (W/mK)
km — thermal conductivity of membrane

(W/mK)
ks — solid thermal conductivity (W/mK)
kw — water thermal conductivity (W/mK)
l — the mean free path of the transferred gas

molecule (μm)
L — module length (m)
M — molecular weight of water (kg/mol)
mf ;mp — mass flow rates of feed and permeate

streams (kg/s)
d — thickness (μm)
pTfm; pTpm — vapor pressure at Tfm and Tpm (Pa)
PA — partial pressure (Pa)
Qf ;Qp — total heat transfer of feed and permeate

(J/s)
R — universal gas constant (J/mol K)
t — pore tortuosity
Tf ;Tp — permeate and feed bulk temperatures (K)
Tfm;Tpm — feed and permeate temperatures at liquid–

vapor interface (K)
T — mean temperature in the pore (K)
U — global heat transfer coefficient (mol/pa m2 s)
W — membrane width (m)
x — x direction (m)
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