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a b s t r a c t
The main objective of this paper is to develop a general predictive mathematical model of direct 
contact membrane distillation (DCMD) for flat sheet module. This model, based on fundamen-
tal equations of mass and heat transfer, aims to predict the water permeate flux across the mem-
brane and to investigate the influence of membrane characteristics such as its thickness, its length, 
the pore size and porosity, on the performance of DCMD process. All physical parameters imple-
mented in the mathematical model have been estimated using appropriate temperature correlations. 
Obtained results revealed that doubling the thickness of the membrane decreases the permeate flux 
by an amount of 43% and increasing the membrane porosity by 20% yields an increase of the per-
meate flux by 40%. However, pore size as well as membrane length variations show no sensitive 
effect on permeate flux. A good agreement between this theoretical model and experimental data 
was observed for various feed temperatures. This suggests that this tool could be utilized effi-
ciently to predict permeate flux values for DCMD process.
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1. Introduction

In the case of direct contact membrane distillation, the 
transmembrane partial pressure difference is generated by 
a temperature difference between the hot water feed and 
a cold water collecting the permeate on either side of the 
hydrophobic membrane. The volatile molecules thus evap-
orate at the hot water/vapor interface, pass through the 
membrane in gaseous form before being recondensed at 
the vapor/cold water interface. Recondensation, thus, takes 
place inside the membrane module.

Schofield et al. [1–3] is the first who proposed a heat and 
mass transfer mathematical model of direct contact mem-
brane distillation (DCMD) for flat sheet module. This model 
considers the viscous flow, the Knudsen diffusion and the 
ordinary diffusion and gives a good control and optimization 

features for basic study of DCMD. Tomaszewska et al. 
[4] presented a 1-D mathematical model of DCMD for flat 
sheet module. In that model, authors estimated the tempera-
tures and concentrations of the feed and permeate flows 
along the DCMD unit. Laganà et al. [5] applied a model on 
cylindrical geometry fiber DCMD modules. In that model, 
the flow regime of the feed and permeate liquids and the 
operation steady state were determined. Ding et al. [6] 
proposed a model based on nonlinear regression to evalu-
ate the membrane distillation coefficient in three different 
kinds of membrane. They showed that theoretical results 
agree well with experimental data.

Phattaranawik et al. [7] proposed a heat and mass 
transfer model. This model was used to identify the mean-
ing of each heat transfer mechanism and the effect of mass 
transport on heat transfer rates.
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Yuna et al. [8] proposed a model, which takes into 
account the effect of fouling resistance, membrane resistance 
and concentration polarization on permeate flux. Authors 
obtained good agreement between predictions and experi-
mental results.

Qtaishat et al. [9] proposed a mathematical model using 
MATLAB simulation. This model is based on values of the 
feed solution temperatures and the mass fluxes obtained 
experimentally. They showed that the mass transport contri-
bution to the total transferred heat was small in both feed 
and permeate boundary layers. While, it was important 
in the membrane region.

Yu et al. [10] and Yang et al. [11] presented a computa-
tional fluid dynamics (CFD) method in the hollow fiber 
DCMD modelling. They simulated only one membrane con-
tained in the hollow fiber module. In that model, Yu et al. 
[10] and Yang et al. [11] described the momentum balance 
and they estimated the velocity, concentration and tem-
perature profiles in the feed and permeate sides in a hollow 
fiber DCMD module. They also, determined the total values 
for the heat and mass transport through the membrane.

Andrjesdóttir et al. [12] proposed a dusty gas model 
for mass transport to compare experimental results with 
predicted ones, in the case of feed solution with high NaCl 
concentration. In that model, they showed that for a flat 
sheet membrane module the combined Knudsen-molecular 
diffusion was the best mode to calculate the permeate flux.

Lawal and Khalifa [13] proposed an iterative model to 
predict the permeate flux. They showed that permeate flux 
increases with increasing pore size up to a critical value 
where permeate flux remains constant.

Hayer et al. [14] proposed another model based on the 
CFD. In that model, in each point of the hollow fiber DCMD 
module the velocity and concentration profiles are deter-
mined while the temperature variations are presented for 
the feed and permeate sides and the heat transfer through 
the membrane is not simulated. Bouchrit et al. [15] pro-
posed an operative model to measure the permeate flux 
predicted by the Knudsen-molecular mechanism model. 
They showed experimentally the ability to treat high saline 
solution by using DCMD process.

Gustafson et al. [16] proposed a stepwise model in 
which the hollow fiber and flat sheet DCMD unit is decom-
posed into numerous parts. For each part, the mass and 
heat balances are determined. This model is very adequate 
to optimize the length of DCMD modules. Eleiwi et al. [17] 
proposed a model based on dynamic operation of flat sheet 
DCMD module. In this model, they used 2D advection- 
diffusion equations to analyze the heat and mass transport 
within the DCMD unit. The temperature profiles within the 
feed and permeate domains were fully described by this 
model. However, for the membrane field, the temperature 
and concentration of the water vapor were not fully esti-
mated. Cheng et al. [18] proposed a model based on the 
methodology of the response surface. This methodology 
was based on experimental connections between controlled 
variables and response variables. This model is based on 
the interaction between the optimization variables such as 
the inlet temperatures of the feed and permeate flows, the 
velocity of the feed fluid, the module packing density and 
the length-diameter ratio and the response objectives such 

as the permeate flux, the water production, per energy 
consumption and per unit volume of module.

Patil et al. [19] proposed a model based on MATLAB 
simulation to predict the permeate flux. In that model, the 
influence of operational parameters on the permeate flux 
were studied.

Ali et al. [20] proposed a model based on a many parti-
tion of the hollow fiber and flat sheet DCMD module. For 
each section, the heat and mass balances are determined 
and the polarization temperature is well estimated. Ali 
and Orfi [21] proposed a theoretical model based on heat 
and mass transport balances. In that model, the effect of 
inlet feed temperature and flow rate on permeate flux was 
experimentally studied. Obtained results were used to cal-
ibrate the theoretical model.

Lou et al. [22] proposed an experimentally validated 
two-dimensional CFD code that simulates heat and mass 
transfer in a 2-D flat sheet DCMD system. In that model, 
coupled temperature and concentration, polarization in the 
DCMD process, used to treat brines with high salinity, is 
studied.

Ni et al. [23] suggested a simulation model coupling 
heat and mass transport in a 2-D horizontal flat sheet mem-
brane surface via a user-defined function program. In that 
model, they studied the optimal membrane thickness and 
they showed that the counter-current operation mode was 
better than co-current operation. Alqsair et al. [24] con-
ducted CFD simulations in a 3-D dimensional MD module 
to determine the steady-state velocity, temperature, and 
concentration field in the feed and permeate sides. In that 
model, they showed that the local variation of vapor flux, 
temperature polarization and concentration polarization 
characteristics change with changing the module length in 
the sweeping gas membrane distillation (SGMD) systems 
but does not modify the local behavior in DCMD systems.

Mohammad Ameen et al. [25] developed a model by 
using a system of nonlinear equations solved numerically 
by MATLAB software. They showed that the rise in feed 
temperature and flow rate increase the permeate flux across 
the membrane, while the increase of the feed concentration 
decrease the permeate flux. The simulation results showed 
that the appearance of extra mass transfer resistance var-
ied with varying the feed temperature and concentration.

Ve et al. [26] studied experimentally and numerically the 
effect of spacers and operating conditions on mass transfer 
characteristics in DCMD systems. They proposed a proce-
dure to examine the effect of feed inlet temperature, feed 
concentration, and velocity on the mass transport coeffi-
cient, the boundary layer thickness and the shear stress, 
and flow properties in spacer-filled channels of DCMD sys-
tems. They showed in their results that the plastic spacer 
(PL4) was suggested to be the most effective to enhance 
mass transfer properties.

The present study focused on direct contact membrane 
distillation performance with different membrane char-
acteristics. The membrane characteristics tested numeri-
cally were the thickness, the pore size, the porosity, and 
the length. Theoretical results were performed at differ-
ent feed temperatures and constant cold inlet tempera-
tures, and vapor fluxes for different operating conditions 
were analyzed. The predicted mathematical model was 
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developed to evaluate the performance of DCMD for a flat  
sheet module.

2. Modelling and configuration description

In DCMD process, transport of heat and mass occurs 
simultaneously. Water vapor molecules cross the mem-
brane without wetting its pores. The hydrophobicity of 
membranes does not allow water to cross membrane pores 
unless the transmembrane pressure surpasses the liquid 
entry pressure (LEP). In current modelling the system is as 
described in Fig. 1. It consists of hot-water compartment and 
cold-water compartment separated by a hydrophobic porous 
membrane material. The hot temperature Th decreases over 
the feed side to Tmh at the membrane surface. The cold 
water temperature Tc increases across the cold layer to Tmc 
at the membrane surface to the cold side as vapour con-
denses into the fresh water. The driving force is hence the 
vapour pressure difference between hot and cold membrane  
surfaces.

2.1. Modelling assumptions

Some assumptions required to simplify the 1-D perfor-
mance model of direct contact membrane distillation for 
flat sheet module:

• The system was isolated, thermal losses to the environ-
ment are negligible.

• The effect of salt concentration is not taken into account.
• 1-D heat transfer, the temperature variation across 

the second dimension (the width) of the membrane is 
neglected.

• Sensible heat transferred by the permeate is neglected.

2.2. Mass transfer

Mass transfer is a transfer of vapor from the hot to the 
cold-water side where it condenses. In the case of DCMD, 
mass transfer is due to three modes (or three mechanisms) 
of diffusion:

• Knudsen diffusion: which is related to the collision of 
molecules on the surface of the membrane. This mode 
of diffusion is realized when the Knudsen number  
Kn > 10.

• Molecular diffusion: which is related to the intermolecu-
lar collision. This mode of diffusion is carried out when 
the Knudsen number Kn < 0.01.

• Combined Knudsen – molecular diffusion or so-called 
transient region is carried out for Knudsen number 
0.01 < Kn < 10

The Knudsen number is a function of the pore diameter 
and it is defined by the following expression:
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where KB = 1.381 × 10–23 J K–1 is the Boltzmann constant, 
Pa is the mean pressure within the membrane pores, 
Tmav = Tmh + Tmc/2 is the absolute mean temperature in the 
pores.

2.2.1. Mass transfer model

The mass flux Jm, depends on the difference in partial 
vapor pressure of hot and cold liquids on both sides of the 
membrane and on the coefficient of the membrane (equiv-
alent to the diffusion coefficient). It is given by the fol-
lowing expression:

J B P Pm m� �� �mh mc  (2)

where Bm is the characteristic coefficient of the membrane, 
Pmh, Pmc are the partial vapor pression respectively in the 
hot side and in the cold one. For pure water Pmh, Pmc are 
determined by Antoine’s equation, which relates these 
pressures to the temperatures of the membrane surface as 
follows:
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where Tmh is the average membrane surface temperature 
on the hot water side and Tmc is the average membrane sur-
face temperature on the cold water side.
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Fig. 1. Temperature and concentration variations in a single 
layer hydrophobic membrane used in DCMD process.
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2.2.2. Diffusion coefficient (or characteristic coefficient) 
of the membrane Bm

• In the case of Knudsen diffusion (Kn > 10) the coefficient 
Bm is given by the following expression:
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• In the case of molecular diffusion (Kn < 0.01) the coeffi-
cient Bm is given as following:
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• Theoretical and experimental studies showed that the 
combined Knudsen-molecular diffusion is the most 
efficient and closest to reality. In our study, we there-
fore adopted this mode of diffusion. In this region, the 
coefficient Bm is given by the following expression:
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where R is the ideal gas constant (R = 8.314 J mol–1 K–1), 
Mw is molecular mass of water molecules.

The diffusivity of water vapors (P.D) through the static 
air in the membrane is calculated by the following expres-
sion (Pa m2 s–1):

P.D mav� � �1 895 10 5 2 072, ,T  (8)

2.3. Heat transfer

Heat transfer in a DCMD module occurs in three regions:

• The convective flow Qconv,h, transported by the hot water 
to the surface of the membrane is given by Newton’s 
law:

Q h T Th h h m hconv, ,� �� �  (9)

where hh is the convective transfer coefficient on the hot 
water side determined from the correlations according to 
the type of laminar or turbulent flow.

• The heat produced by the vapors Qv, (evaporative heat 
transfer) is given by the following expression:

Q J Lv m v� �  (10)

where Lv is the latent heat of vaporization (enthalpy of 
vaporization), given by the following expression:

L Tv � �� � ��� ��1 7535 2024 3, ,mh  (11)

Fourier’s law gives the conductive flux Qc through the 
membrane:
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where Km is the membrane effective conductivity, given by 
the following equation:
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Thus, the total flux transferred through the membrane 
is equal to:

Q Q Qm v c� �  (14)

On the other side of the membrane (cold side), the con-
vective heat flow transported from the cold surface of the 
membrane to the permeate is given by Newton’s law:

Q h T Tc c cconv mc, � �� �  (15)

In steady state, the energy conservation is validated and 
we obtain the following equality:

Q Q Qh m cconv conv, ,= =  (16)

From this equality, we can determine an analytical solu-
tion of the membrane surfaces temperatures Tmh and Tmc:
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2.4. Coupling between mass and heat transfer

The following equation gives the convective heat transfer 
coefficient h:

h
N
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u i

h i
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where i = h (hot) or c (cold); Nu is the Nusselt number; 
K is the mean thermal conductivity; dh is the hydraulic 
diameter of the channel

The Nusselt number is given as a function of the 
Reynolds number and the Prandtl number (Table 1).

The Prandtl number Pr is given by the following 
equation:
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where μ is the dynamic viscosity and αi is the thermal 
diffusivity

The Reynolds number, characterizing the flow regime, 
is given as follows:
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where v is mean velocity and ρ is the density.

3. Numerical simulation

To predict the permeate flux production, a code was 
developed and implemented in MATLAB. The thermo-
dynamic, transport and physical properties of water were 
calculated based on correlations reported in Table 2. For 
DCMD process, measurements of the membrane surface 

Table 2
Physical properties of correlations

Physical property Correlations Regression coefficients References

Density (g mL–1)
AB

T
Tc

n

� �
�

�
��

�

�
��1

A = 0.34710
B = 0.27400
n = 0.28571
Tc = 374°C

[29]

Water viscosity (Pa·s) log10 2� �
�

� �
A B

T CT DT

A = –10.21158
B = 1.7925 × 10–3

C = 1.7730 × 10–2

D = –1.263 × 10–5

[29]

Air viscosity (Pa·s) A + BT + CT2

A = 9.1445
B = 0.029257
C = 0.000019067

[29]

Thermal capacity (J mol–1 K–1) A + BT + CT2 + DT3

A = 92.053
B = 3.9953 × 10–2

C = –2.1103 × 10–4

D = 5.3469 × 10–7

[29]

Latent heat of vaporization (kJ mol–1) A + BT + CT2 + DT3

A = 2327.3
B = 1.4317
C = 0.010953
D = 1.2365 × 10–5

[30]

Thermal conductivity (W mK–1) A + BT + CT2

A = 0.2758
B = 4.6120 × 10–3

C = –5.5391 × 10–6

[29]

Table 1
Numerical correlations used to calculate Nusselt number in the case of laminar and turbulent flow regime

Correlations Flow regime References
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temperatures were not possible. An iterative approach was 
carried out by simultaneously solving the heat and mass 
transfer equations to compute the surface temperatures 
of the membrane and then deduce the permeate flux.

Initially the temperature values of the hot and cold 
surfaces of the membrane are estimated to be equal to the 
inlet temperatures of the hot and cold water (i.e., initially 
Tmh0 = Th0 and Tmc0 = Tc0). These values of temperatures are 
used to calculate the vapor pressures Pmh and Pmc, then esti-
mate the permeate flow Jm. The value (Tmh) is then decre-
mented by a value equal to Q/hh and the value of (Tmc) is 
incremented by a value equal to Q/hc. The new values of 
Tmh and Tmc are used to estimate a new value of the perme-
ate flux Jm. The above procedures were repeated until the 
maximum difference between two consecutive values of 
the temperatures Tmh and Tmc is less than 0.1%. The flow-
chart of Fig. 2 depicts the multistep procedure adopted to 
solve heat and mass transfer equations:

4. Results and discussions

In the current work, the influences of membrane char-
acteristics on the permeate flux in pure water solution have 
been simulated and analyzed. The effects of thickness (δ), 
pore size (dp), porosity (ε) and membrane length (L) have 
been studied. The optimal membrane physical character-
istics were deduced for different operation conditions.

4.1. Model validation

To validate our calculation code with experimental 
results, we used the same membrane properties and geo-
metrical constant presented by Andrjesdóttir et al. [12] in 
their experiments (Table 3)

This validation was achieved for a hot water (feed) tem-
perature varying from 45°C to 65°C, constant cold water 
temperature equal to 20°C, feed flow equal to 12 L min–1 
and permeate flow equal to 4 L min–1.

Fig. 3 shows the validation of our calculation code. 
Obtained results demonstrate the correlation between the 
experimental data (red points) obtained by Andrjesdóttir 
et al. [12] and the simulated results (black points) and the 
corresponding goodness of fit (relative error does not exceed 
5%). Obtained results are in very good agreement too with 
theoretical data obtained by Lawal and Khalifa [13]. The 
results of the DCMD simulations demonstrate that a rise 
in the feed temperature leads to an increase in the perme-
ate flux. The feed temperature rise increases the partial 
pressure of the water vapor at the feed-membrane interface 
and therefore improves the driving force of the process.

Obtained results showed that the rise in the feed tem-
perature from 45°C to 65°C leads to 3.3-fold increase in the 
vapor flux.

4.2. Effect of the membrane thickness

In these experiences, feed temperature (Th) varying from 
45°C to 65°C and permeate temperature (Tc) is considered 
constant and equal to 20°C.

Fig. 4 shows the temperature variation of the perme-
ate-membrane interface (Tmc), with the membrane thickness 

(δ). Obtained results show that, doubling the membrane 
thickness δ leads to approximately 12% fold decrease in 
the permeate surface temperature Tmc. This decrease is 
due to the reduction of the conductive flux Qc through the 
membrane.

Fig. 5 shows that the thickness increase of the mem-
brane leads to an increase in the temperature of the 
feed-membrane interface. In fact, doubling the thickness 
of the membrane produces an increase in the feed-mem-
brane temperature around 2%. However, thickness rise 
decreases the temperature of the permeate-membrane and 
has the direct proportional effect on the temperature of the 
feed-membrane interface. This effect is due to the thermal 
resistance layer which forms adjacent to the membrane sur-
face due to the presence of the temperature boundary layer 
resistance further reduces the transmembrane vapor flux.

Fig. 6 shows that doubling the membrane thickness leads 
to almost 15% increase in the difference temperature across 
the membrane interfaces.

Although membranes generally have low thermal con-
ductivity, the temperature difference between the feed and 
permeate sides (driving force) for mass transfer will also 
lead to significant conductive heat transfer through the 
membrane due to the effect of the membrane thickness.

Fig. 7 shows that (i) the water vapor flux decreased by 
a value of 43% with the increase in the membrane thick-
ness from 100 to 200 μm. This value (43%) remains con-
stant for a fixed permeate temperature equal to 20°C and 
feed temperature varying from 45°C to 65°C. Therefore, 
the increase in the membrane thickness reduces the tem-
perature polarization and offers more resistance to the 
mass transfer by decreasing the gradient of the partial 
water vapor pressure across the membrane. (ii) An increase 
in the feed temperature leads to an increase in the vapor 
flux. The feed temperature can be considered as one of the 
most important parameters that characterizes the perfor-
mance of the membrane distillation. The feed temperature 
increases the permeate flow in an approximately linear 
manner. This happens because the vapor pressure of the 
water increases exponentially with the temperature, as 
described by the Antoine equation.

4.3. Effect of the pore size on the permeate flux

The obtained results related to pore size effect on the 
water vapor flux is shown in Fig. 8. Results were presented 
for constant permeate temperature equal to Tc = 20°C and 
constant feed temperature equal to Th = 60°C. As illustrated, 
the rise of the pore diameter from dp = 0.2 μm to dp = 0.5 μm 
increases the permeate flux by a factor of 0.4% for the both 
cases of membrane thickness (δ = 100 μm and δ = 200 μm). 
The larger the pore size is, the more important the gas 
quantity driven by pressure gradient across the membrane. 
This behavior may exert on permeate flux. Therefore, the 
total vapor flux across the membrane can be estimated by 
summing the water vapor over the entire system of pores.

Fig. 8 shows that the membrane pore size does not have 
a great effect on the permeate flux. For these conditions it 
seems that the pore size dp = 0.2 μm is the critical value of 
the pore diameter where the permeate flux remains constant 
as studied by Lawal and Khalifa [13].
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4.4. Effect of the porosity on the permeate flux

The obtained results of the membrane porosity effect 
on the water vapor flux are shown in Fig. 9. Results were 
presented for constant permeate temperature equal to 
Tc = 20°C and constant feed temperature equal to Th = 60°C. 
As illustrated, the rise in the membrane porosity from 
ε = 70% to ε = 96%, increases the water vapor flux from 27 
to 45 kg m–2 h–1 for δ = 100 μm and from 48 to 80 kg m–2 h–1 
for δ = 200 μm, that gives an increase by a same amount 
equal to 40%.

High porosity reduces the thermal conductivity and 
increases the permeability of the membrane, which results 
in rise in permeate flux and heat efficiency. However, 
higher porosity means more pore channels are opened for 

Table 3
Membrane characteristics and geometry [12]

Symbols Values as used in our code and 
Andrjesdóttir et al. [12] experiments

δ 160 μm
ε 0.88
Kg 0.029 W mK–1

Kp 0.259 W mK–1

dp 0.2 μm
A 11.7 × 10–3 m2

dh 5.2 × 10–3 m
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Fig. 3. Validation of the model results.
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diffusion, hence higher permeate flux. This is because higher 
porosity decreases the heat effect loss by conduction

4.5. Effect of the membrane length on the permeate flux

The effects of the membrane length on vapor flux are 
depicted in Fig. 10. Results were presented for constant 
permeate temperature equal to Tc = 20°C, constant feed tem-
perature equal to Th = 60°C, δ = 100 μm and dp = 0.2 μm. As 
illustrated, an increase of the membrane length from 0.12 
to 0.4 m reduces the flux of permeate by 9% (for ε = 70%) 
and 7.7% (for ε = 90%). Temperature polarization increases 
with membrane length. When the contact area increases, 
the total exchanged heat between the feed and permeate 
section increases too. It results in the reduction of the tem-
perature at the feed-membrane interface and rise in tem-
perature at the permeate membrane interface. Consequently, 
the driving force of the process is decreasing (Fig. 11). 
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It is shown that a rise of the membrane length from 0.12 
to 0.4 m decreases the interface temperatures difference 
(Tmh – Tmc) by 13.8% (for ε = 70%) and 12.1% (for ε = 90%).

5. Conclusion

Theoretical DCMD performance studies were con-
ducted for different membrane characteristics. Simulations 
studies have been achieved, at constant permeate tempera-
ture and for various feed inlet temperatures, to grasp the 
effects on permeate flux and membrane performance.

A theoretical model was developed for performance 
modelling of one membrane layer used in direct contact 
membrane distillation. Regarding membranes, it was shown 
that having higher porosity and being thinner was important 
for higher permeate flux. Permeate flux, at optimal poros-
ity and membrane thickness, was less sensitive to pore size 
variation.

Results showed that permeate flux decreased by a 
value of 43% with the increase of the membrane thickness 
from 100 to 200 μm. Results also revealed that the rise in 
the membrane porosity from ε = 70% to ε = 96%, increases 
the permeate by a value of 40%.

Successful attempt for modelling one membrane layer 
used in direct contact membrane distillation can lead to 
in-depth analysis of heat and mass transfer phenomena for 
the membranes.

Symbols

Bm — Mass transfer coefficient, kg m–2 h–1 Pa–1

Cp — Specific heat of water, J kg–1 K–1

dh — Hydraulic diameter, m
dp — Mean pore diameter of the membrane, m
hc —  Heat transfer coefficient of permeate, 

W m–2 K–1

hh — Heat transfer coefficient of feed, W m–2 K–1

hm —  Heat transfer coefficient of the membrane, 
W m–2 K–1

Jm — Permeate flux, kg m–2 h–1

KB — Boltzmann constant (1.381 × 10−23), J K−1

Kg —  Thermal conductivity of the gas filling the 
membrane pores, W m–1 K–1

Ki — Mean thermal conductivity, W m–1 K–1

Km —  Thermal conductivity of the membrane, 
W m–1 K–1

Kn — Knudsen number, dimensionless
Kp —  Thermal conductivity of the polymer, 

W m–1 K–1

Lv — Heat of vaporization, J kg–1

Mw — Molecular weight of water, g mol–1

Nu — Nusselt number, Dimensionless
Pa —  Air pressure inside the membrane pores, Pa
P.D — Diffusion coefficient in the pores, Pa m2 s–1

Pmc —  Membrane interface partial pressure of 
water molecule on the permeate side, Pa

Pmh —  Membrane interface partial pressure of 
water molecule on the feed side, Pa

Pr — Prandtl number, dimensionless
R — Universal gas constant, 8.314472 J mol–1 K–1

Re — Reynolds number, dimensionless

Tc — Permeate temperature, °C
Th — Feed temperature, °C
Tmc —  Membrane interface temperature on 

permeate side, °C
Tmh —  Membrane interface temperature on 

feed side, °C
Tmav — Mean temperature, Tmav = (Th + Tc)/2) (°C)
Tmav — Absolute mean temperature, °C
U — Overall heat transfer coefficient, W m–2 K–1

v — Average velocity, m s–1

α — Thermal diffusivity, m2 s–1

δ — Membrane thickness, m
ε — Membrane porosity, %
μ — Dynamic viscosity, Pa s
ν — Kinematic viscosity, m2 s–1

ρ — Density, kg m–3

τ — Membrane tortuosity
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