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ABSTRACT

The theoretical model for hollow fiber module for the process of direct contact membrane distillation is presented 
explicitly. The transport equations for the feed and permeate streams are simplified and are coupled with mass 
and heat transfer across the membrane. The resulting differential equations are discretized into n-number of steps 
and the flow variables; permeate flux was calculated for each step. In order to validate the model predictions with 
the experimental data; porosity (ε) and tortuosity (τ) are determined by using the Simplex Nelder-mead method. 
The influence of the inlet operating conditions and module dimensions of the module performance was analyzed. 
The effect of membrane length on the module performance showed a decreasing flux behavior after a certain 
increase in length due to decrease in the driving force across the membrane. The tradeoff between the permeate 
flux and performance ratio is analyzed for a different set of membrane parameters. 

Keywords: Direct contact membrane distillation; Mathematical model; Simulation; Membrane parameters; 
Hollow fiber;  Module performance
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density (molm-3); ρ: Density (kg m-3); λ: Latent heat of water (Jkg-1)
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INTRODUCTION

Membrane Distillation (MD) is a thermally driven membrane 
separation process in which feed and permeate streams present 
are separated by the hydrophobic membrane. Only water vapor 
molecules or other volatile molecules transport through a 
hydrophobic membrane. The temperature gradient present between 
the vapor-liquid interfaces creates a vapor pressure difference across 
the membrane that acts as a driving force for the MD process. 
Such an MD process yields highly purified permeate and has wide 
applications for separating contaminants from liquid solutions. 
MD has significant advantages over other separation processes like 
Multi-Effect Distillation (MED); Reverse Osmosis (RO). MD can 
be operated at low temperature and pressure and requires less space 
when compared to MED and also results in 100% theoretically 
salt rejection [1]. For such advantages; MD is considered as the 
upcoming desalination technology for producing fresh water from 
seawater and for other applications [2-4]. Nevertheless; in the MD 

process; the high conductive heat loss through the membranes 
results in lower thermal efficiency. To overcome this disadvantage; 
research work has been carried out on the various heat recovery 
concepts [5,6]. For long term and efficient operation of MD; 
the process can be carried out with low grade and sustainable 
energy sources such as solar; wind; and geothermal energy using 
hybrid strategies such as coupling the process of MD with RO 
and developing new membrane manufacturing technologies and 
process design for MD [7,8]. However; a trade-off exists between 
the achievement of high flux and high thermal efficiency; which 
needs to be optimized.

One of the major drawbacks of the MD process over RO is the 
less permeate flux in case of MD. Hollow fiber modules for MD 
can be considered to provide high flux. This can be achieved by 
having high packing density of fibers which provides high surface 
area per unit volume. In literature; the models for Direct Contact 
Membrane Distillation (DCMD) in the hollow fiber module 
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were developed by considering the dusty gas model [9-10]. The 
experimentally validated model can be used to analyze the effect 
module dimensions and flow rates of bulk streams along the 
length of the hollow fiber module; transmembrane temperature 
difference; and thereby the permeate flux. 

In the present work; a mathematical model for Direct Contact 
Membrane Distillation (DCMD) in a hollow fiber module 
(tube side-feed flow) is presented explicitly. The model contains 
simplified transport equations coupled with the heat and mass 
transfer across the membrane. In order to validate the model with 
the experimental data in the literature the membrane parameters 
of porosity and tortuosity are adjusted for different inlet flow 
rates and the constant value of parameters is determined by the 
Simplex Nelder-Mead method. Later the simulation of the model is 
carried out and a stepwise solution of the model is presented. The 
variations of feed and permeate stream flow rates and temperature 
along the length of the module are illustrated and the sensitivity of 
the permeate flux to operating conditions and module dimensions 
is analyzed.

METHODOLOGY

Modeling of DCMD for hollow fiber module

The mathematical model presented in this work is based on 
Cheng, et al. [9]. The model for hollow fiber module is verified 
with the experimental data obtained from the literature [5]. The 
parameters of membrane in the membrane distillation coefficient 
are estimated. The following equations are obtained in terms of 
mole fraction; velocity; and temperature on feed and permeate 
sides after simplifying the transport equations presented in Cheng, 
et al. [9].
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Model solution procedure: The procedure for simulating the 
hollow fiber module model is summarized as follows:

• The module is discretized into ‘n’ parts as shown in Figure
1. For feed; the initial flow rate; temperature; composition in
terms of mole fraction are known (Eqs. 6-8). At the entering
point j=1; Eqs. 6-8 are considered for feed side inlet operating
conditions

(0) (6)in
f fv v= (6)

(0) (7)in
s sx x= (7)

(0) (8)in
f fT T=  (8)

For the permeate side; the boundary values at j=1 are guessed (Eq. 
9-10).

(0) (9)out
p pv v=  (9)

(0) (10)out
p pT T=                 (10)

• The local permeate flux and variables for feed and permeate
sides are calculated

At j=n; the calculated permeate temperature is compared with 
the actual inlet permeate temperature. The tolerance limit for the 
difference between these two values is set as | actual

p
calculated

p TT −
<10¯6  |. If this value exceeded thetolerance limit; the guessed value 
of  

p
inT  is adjusted by 0.01; based on the sign of actual

p
calculated

p TT −
and the calculations are repeated from j=1; till the tolerance limit 
is satisfied. Once the convergence criteria for temperature is met; 
then the permeate velocity at j=n is calculated and the tolerance 
limit is checked again for the velocity in the same manner as for the 
temperature. All the model equations are solved using MATLAB

The membrane parameters porosity (ε) and tortuosity (τ) were 
determined by using the experimental data considered from the 
literature [5]. Though these parameters (ε;τ) are given in literature; 
the tortuosity value is assumed [5]. The porosity is adjusted within 
the range of ε-0.05 to ε+0.05. The parameters estimation in order 
to fit the calculated and actual value is done by minimizing the 

objective function Eq.11 by Simplex Nelder-Mead method
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Where J is the permeate flux and the subscripts ‘theo’ and ‘expt’ 
denote the model predicted value and the experimental value. For 
the parameter estimation; the experimental results at different inlet 
flow rates (b=1 to m) are considered from the literature [5]. The 
characteristics of the membrane module considered in present 
work are given in Table 1. The initial guess value of porosity and 
tortuosity are 0.7 and 1.4 respectively.

The thermal efficiency of the hollow fiber DCMD process is 
analyzed from the Performance Ratio (PR); and it is expressed as:
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Figure 1: Discretization Hollow fiber module flow.
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Where η(z) is the local performance ratio and is defined as the ratio 
of the latent heat of vaporization (λ) of the transmembrane flux to 
the total heat transferred across the membrane. η(z) is calculated by 
the following expression (Eq. 13).

1 2

( ) (13)
( ) ( ( ) ( ))m

J z
kJ z T z T z

λη
λ

δ

=
+ −

            (13)

Where T
1
(z) and T

1
(z) are the interfacial temperatures on the 

feed side and permeate side; respectively. km is the overall thermal 
conductivity of the membrane calculated using Eq. 14. Where ε is 
the membrane porosity. k

po
 and k

g 
 refer to conductive coefficients 

of the vapor within the membrane pore and solid membrane 
respectively. k

po
 is calculated using Eq. (15); where ( )1 2 / 2.mT T T= +

(1 ) (14)m po gk k kε ε= − +                 (14)
44.86 10 0.253 (15)po mk T−= × +               (15)

From the performance ratio; the thermal efficiency of the process is 
estimated. Higher the performance ratio; lower are the heat losses 
due to conduction and results in higher thermal efficiency.

RESULTS AND DISCUSSION

The simulation of the model was carried out for aqueous NaCl 
solution at concentration of 35g/L. The performance of module 
is analyzed at different operating conditions and membrane 
characteristics. The inlet temperature of feed is varied from 323K 
to 343K; inlet temperature of permeate is varied from 288K to 
303K; and the mass flow rate of feed stream is varied from 0.055 
kg/s to 0.2 kg/s. The membrane thickness is also varied from 0.1 
mm to 1 mm. 

Model validation

The experimental data for the aqueous NaCl solution are listed in 
Table. 2. The measurements of the flux (J

v
) at different v

f
 and T

f 
 

are used in the simulations to determine the unknown membrane 
parameters (ε and τ) using the Simplex Nelder-mead method 
in MATLAB. The predicted parameters are ε=0.73 and τ=1.8. 
Experimental and predicted flux for different feed inlet velocities 
are given in Table 2. The predictions are in reasonably good 
agreement with measurements. Further; the relative error between 
the predicted and measured J

v 
 is calculated (E

Jv
) (Table 2). It can be 

seen that the relative error between the experimental and theoretical 
values is ranging between -5.36% to +4.96%. As the relative error 
is small; the model can be considered to be appropriate for the 
description of DCMD in a hollow fiber module.
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Influence of operating conditions on the performance of 
module

Effect of feed temperature: Figure 2 shows that as the feed inlet 
temperature (T

f
)
 
increased from 323K to 343K; the flux increased 

from 2.4 kgm-2h-1 to 15.9 kgm-2h-1 at the cold water (permeate side) 
temperature of 288K. As the Tf increased; the driving force across 
the membrane increased; thereby the permeate flux increased. 
According to the Antoine equation (9), the vapor pressure of 
the feed solution increases exponentially with the temperature 
and leads to an increase in the vapor pressure difference across 
the membrane. Therefore; the flux increased significantly as Tf 
increased. Now; considering the T

f
 at a constant value of 343K and 

increasing the cold water temperature on the permeate side from 
288K to 303K; the flux decreased from 15.9 kgm-2h-1 to 11.2 kgm-

2h-1 (see Figure 2). This is due to; as the temperature of cold water 
increased; resulted in the decrease of the vapor pressure difference 
across the membrane and hence the flux decreased.

The membrane distillation coefficient (Dm  
= (1/R

v
) + (1/(R

p
+ R

m
)))  

is also affected by the feed inlet temperature. As shown in the 
Figure 3; D

m
 increased from 5.45*10-9 kgm-2s-1Pa-1 to 7.06*10-9 kgm-

2s-1Pa-1 by increasing feed inlet temperature from 323K to 338K. 
This change is due to the decrease in the poiseulle flow resistance 
(R

p
). The contribution of poiseulle flow D

m
 is shown in Figure 3. 

The Poiseulle flow depends on the interfacial temperatures (T
1 and 

T
2
); and the vapor pressure of feed and permeate on membrane 

surface (P
1 
and P

2
). By increasing the feed inlet temperature; P

m
 and 

T
m 

 increase but the change in P
m
 is more than T

m
 as P

m
 increases 

exponentially due to change in vapor pressures p
1
 and p

2
. When 

compared to the combined resistance offered by Knudsen flow (R
k
) 

and molecular diffusion (R
m
); the resistance offered by Poiseulle 

flow (R
p
) is less and its contribution to membrane distillation 

coefficient is more as shown in Figure 3. When the T
f
 increased 

from 323K to 338K; the resistance due to Poisuelle flow decreases; 

Table 1: Characteristics of hollow fiber membrane module.

Module material PVDF

Length of the fiber; L (m) 0.45

Membrane thickness; δ (mm) 0.65

Nominal pore diameter (µm) 0.2

Fiber inner diameter; di (mm) 2.81

Fiber outer diameter; d0 (mm) 1.5

Number of fibers; Nf 40

Shell inner diameter; dsh (m) 0.021

Packing factor; ϕ 0.7

Surface area (m2) 0.1

Table 2: Experimental data and theoretical results used for estimating 
membrane parameters.

Vf (m/s) Tf(K)
J

v; expt
 kg/m2h) 

(experiment)
J

v; theo
 (kg/m2h) 

(prediction)
,

,exp

(1 ) 100
v

v theo
J

v t

J
E

J
= − ×

0.2 333 6.1 6.4184 4.9607

0.4 333 7.4 7.0325 -5.3608

0.6 333 8.0 7.6284 -4.8707

0.8 333 8.4 8.2333 -2.0251

1.0 333 8.5 8.8380 3.8242

Figure 2: Effect of feed and cold water inlet temperature on the flux 
(v

f
=0.28 m s-1; v

p
 =0.28m s-1).. 
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thereby; this results in the increase in Dm. Resistances due to Rk  and 

R
m
 are unaffected by the change in feed temperatures. 

Influence of feed flow rate: Figure 4 shows that as the mass flow 
rate of feed ( fm ) increased from 0.055 kgs-1 to 0.2 kgs-1 the flux 
increased from 5.14 kgm-2h-1 to 6.6 kgm-2h-1 at the fT  of 323K.
Due to this increase in the feed velocity; there is an increase in the 
heat transfer coefficient on the feed side; there by the temperature 
polarization effect is reduced. Thus; a higher m

f
 increases the 

process driving force; resulting in higher fluxes. Along with the 
flow rate; increasing the feed temperature from 323K to 343K led 
to an increase in the flux. Considering constant inlet flow rate of 2 
kg s-1 and increasing the fT  from 323K to 343K; the flux increased 
from 6.6 kgm-2h-1 to 12.9 kgm-2h-1 (see Figure 4).This is due to further 
increase in the driving force i.e. the vapor pressure difference across 
the membrane due to increase in the feed temperature.

By increasing the fm  from 0.01 kgs-1 to 0.075 kgs-1 increased 

the Temperature Polarization Coefficient 1 2

f p

T TTPC
T T

 −
=  − 

 from 

0.5257 to 0.8157; as shown in the Figure 5. As m
f
 increased; 

the turbulence on the feed side increased; and the heat transfer 

coefficient on feed side (hf) increased. Due to this; the driving 
force; i.e; the transmembrane temperature difference (T

1 
-T

2
)

increases; thereby increasing the TPC at higher feed flow rates. By 
keeping m

f
 constant at 0.01 kgs-1 and changing the T

f
 from 333K 

to 353K; the mean TPC decreased from 0.5792 to 0.5257 (Figure 
5). As the T

f 
 increased; there will be an exponential rise in the 

transmembrane vapor pressure (p1-p1); which makes the permeate
flux to increase substantially. These larger permeate fluxes lead to 
increase in the heat fluxes through the liquid phases on feed side 
and permeate side; thereby increasing the temperature difference 
in the boundary liquid layers (feed and permeate). This resulted in 
an increase of the temperature polarization and a decrease of TPC 
(σ). Now; considering the mf as 0.075 kg s-1; TPC decreases slightly
in comparison to the case of low h

f
 of 0.01 kg s-1. This is due to the 

increase in the hf at higher mf  with increase of the temperature 
polarization at higher temperatures got balanced. 

Effect of module dimension: By increasing the membrane area of 
hollow fiber module leads to increase in fluxes. The membrane area 
is increased by increasing the length of module (L). From Figure 6 
it can be seen that as the membrane length increased from 0.2 m 
to 0.5 m the permeate flux increased from 4.5 kg m-2s-1 to 5.6 kg 
m-2s-1. An increase in the membrane length creates more membrane
surface area which increases the average permeate flux along the
length of module. Nevertheless; predictions shows that further
increase in the length of module from 0.5 m to 0.8 m; resulted in
decrease of average permeate flux from 5.6 kgm-2s-1 to 5 kgm-2s-1. This is
due to the significant decrease in the transmembrane temperature
difference (T

1 
-T

2
) after certain length of module which resulted in

decrease of the average permeate flux for the whole module.

Performance ratio evaluation

The performance ratio determines the energy efficiency of the 
process. In MD; one of the reasons for decrease in the driving force 
is due to the conductive heat losses of the membrane. Higher the 
conductivity of the membrane; higher is the energy transfer across 
the membrane and this leads to decrease in the transmembrane 
temperature differences. Due to this; there will be decrease in the 
transmembrane vapor pressure difference; which leads to decline 
in the flux. Membrane thickness influences the performance 
ratio and flux. Figure 7 shows the performance ratio (Eq. 12) with 
respect to the membrane thickness of the membrane. It can be 
observed that increase in the membrane thickness from 5 µm to 
15 µm leads to decline in the flux from 15.07 kgm-2h-1 to 2.4 kgm-

2h-1. Due to the additional mass transfer resistance induced in the 
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Figure 3: Influence of feed inlet temperature on membrane distillation 
coefficient ( fv = pv = 0.28 m/s; pT =298K ).

Figure 4: Influence of mass flow rate of feed on flux (=0.027 kgs-1;=298K).
Figure 5: Influence of mass flow rate of feed on TPC (σ) (=0.027 kg s-1; 
=298K).
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form of membrane thickness; the flux declines. On the other hand; 
increase in the membrane thickness increased the performance 
ratio from 40.3%  to 67.25%. This is due to the additional 
conductive resistance induced by membrane thickness. Increase in 
membrane thickness leads to increase in the conductive resistance; 
which leads to decrease in the heat losses due to conduction of 
the membrane. Thus; the performance ratio increased (Figure 7). 
Therefore; the trade-off present between membrane thickness; 
flux; performance ratio should be optimized in order to achieve 
good thermal efficiency of the process.

SUMMARY AND CONCLUSION

• The direct contact membrane distillation model for hollow
fiber modules; where the feed flows in tube side was simulated
for a variety of operating conditions. The following conclusions 

can be drawn from the present work.

• In order to validate the model results with experimental data in 
literature the membrane parameters porosity (ε) and tortuosity
(τ) were adjusted and are estimated from the experimental
data [5]. The predicted values of membrane parameters are
ε=0.73; τ=1.8. Results show that the temperature polarization
coefficient remains constant along the length of module due
to countercurrent flow pattern.

• The permeate flux increases significantly with change in
operating parameters of feed inlet temperature and feed flow
rate. On the other hand the flux decreases by increasing the
permeate inlet temperature. This is due to the decrease in
the driving force; which leads to reduction in the permeate
flux. By increasing the membrane length; the membrane area
is increased due to which the flux increased. After a certain

Figure 6: Effect of module length on flux (=0.055 kg s-1; =0.027 kg s-1; =328K; =298K)..

Figure 7: Effect of membrane thickness on flux and performance ratio (=0.055 kg s-1; =0.027 kg s-1; =343K; =288K)..
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increase in length; the mean flux decreased due to significant 
decrease in the transmembrane temperature difference.

• The thermal efficiency of the membrane is analyzed through
the performance ratio. Decreasing the membrane thickness
increased the performance ratio; but the flux also decreased.
The membrane thickness needs to be optimized for better
performance ratio and at the same time to get the maximum
permeate flux.
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