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Abstract 

The current study aims to highlight the effect of flow pattern on the variations of permeate 

fluxes over the membrane surface during desalination in a direct contact membrane 

distillation (DCMD) flat module. To do so, a three dimensional (3D) Computational Fluid 

Dynamics (CFD) model with embedded pore scale calculations is implemented to predict 

flow, heat and mass transfer in the DCMD module. Model validation is carried out in terms of 

average permeate fluxes with experimental data of seawater desalination using two 

commercially available PTFE membranes. Average permeate fluxes agree within 6% and less 

with experimental values without fitting parameters. Simulation results show that the 

distribution of permeate fluxes and seawater salinity over the membrane surface are strongly 

dependent on momentum and heat transport and that temperature and concentration 

polarization follow closely the flow distribution. The analysis reveals a drastic effect of 

recirculation loops and dead zones on module performance and recommendations to improve 

MD flat module design are drawn consequently. 

 

Keywords: Membrane distillation; 3D CFD modeling; Permeate flux distribution; Salinity 

distribution; Polarization. 

 

1. Introduction 

Membrane distillation (MD), among the most promising separation techniques for its low 

cost operation, has achieved the prototyping stage. There is now a need for proper MD 

module design for efficient process integration and scale-up [1-5]. MD is a thermal process 
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and it is now well established that flow rate and inlet temperatures have a major impact on 

resulting permeate fluxes, thus performance. However, as in any chemical process equipment, 

flow distribution in MD remains driven by module design, such as its length, feed/permeate 

channel height, fluid inlet and outlet location, as well as operating conditions including inlet 

temperatures and fluid flow rate. Computational Fluid Dynamics (CFD) codes, which are 

available in commercial or open source versions, are now used in MD to assess process and 

equipment performance [6-16]. These codes, when associated with powerful mesh generators 

and post-processors, solve coupled momentum, heat and species transport to provide critical 

information, including, fluid velocity, pressure, temperature and chemical species distribution 

in complex computational domains. This information can then be used judiciously to improve 

process design and efficiency while reducing costly experimental trials. Generally, the flow 

approach for full size equipment is similar in all research efforts with an imposed velocity at 

the inlet and no slip boundary condition at the domain walls. However, the difficulty in CFD 

modeling of MD often lies in the choice of the boundary condition for the heat transfer 

problem. The nonlinear heat transfer mechanism across the membrane represents the major 

hurdle in DCMD analysis with contribution from both conduction and mass transfer. The 

difficulty in the calculation of the surface temperature at both sides of the membrane pushed 

researchers to tackle the task as a conjugate heat transfer problem by including the permeate 

side in the computational domain. However, commercial codes do not always offer easy 

implementation options to account for mass transfer contribution to heat transfer across the 

membrane. Early use of commercial CFD codes for DCMD was demonstrated by Katsandri 

and Vahdati [17], who performed 3D simulations of flat membrane module with spacers using 

ANSYS CFX. Yu et al. [18] used fluent 6.3 to investigate hollow fiber DCMD module by 

considering a constant mass transfer coefficient. Cipollina et al. [11] used the commercial 

software ANSYS CFX11.0 to simulate flow and heat transfer and assigned a constant heat 

flux at the domain boundaries. Similarly, Al-Sharif et al. [6] adopted a 3D approach in which 

they used OpenFOAM, an open source CFD code, and assigned a constant heat flux as a 

boundary condition for heat transfer. Shakaib et al. [8] used the commercial code FLUENT 

6.3 and assigned a constant heat flux at the boundaries. Yu  et al. [9] used FLUENT 6.3 

assuming a constant membrane coefficient, which sets the rate of species transferred through 

the membrane thus the vaporization rate. Janajreh and Suwwan [19] presented a coupled 

approach taking into account both feed and permeate sides of the module. The authors update 

the temperature profiles after accounting for the latent heat of vaporization and re-run the 
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flow model. However, the frequency of the temperature profile update is not mentioned and 

the authors present only two dimensional simulations. Later, the authors validated a conjugate 

approach on a flat DCMD module [20]. More recently, Katsandri [21] circumvented ANSYS 

CFX restriction by applying appropriate heat and mass transfer fluxes at the interface between 

feed and permeate domains. Chang et al. [22, 23] used fluent 6.3 to analyze flow in DCMD 

channels with and without spacers. The contribution of mass transport to heat transfer across 

the membrane was considered as source terms at both membrane sides. In a more recent 

contribution the authors investigated heat transfer coefficients in flat DCMD modules [24]. 

Hasanizadeh et al. [25] used COMSOL v3.4 to model a 2D representation of a flat DCMD 

module. However, their model does not include the contribution of vapor transport to overall 

heat transfer across the membrane. Further contributions can be found in a detailed review by 

Shirazi et al. [26] which reports the current state of the art of CFD modeling in MD. 

Interestingly, the authors state that although only temperature polarization is known to 

significantly affect the MD process, mass transfer should be included for an in-depth 

understanding of the underlying physical phenomena. 

It is shown that, for the DCMD scale under investigation, it is possible to solve the coupled 

problem without the permeate side included in the computational domain while reaching 

desired accuracy and agreement with experiments. Indeed, the inclusion of the permeate side 

is often a way to circumvent the difficulty of computing the permeate side temperature of the 

membrane surface since the latter is left to the CFD code and becomes part of the solution of 

the conjugate problem. In the approach presented herein, fully coupled flow, heat and mass 

transfer problems are solved in the feed side of a laboratory scale size DCMD module using 

ANSYS-fluent [27], while the permeate side is replaced by an appropriate boundary 

condition. The boundary condition at the membrane for the heat transfer problem is of mixed 

type, thus depends on a heat transfer coefficient as well as the boundary temperature. The 

presence of the membrane is considered as a resistance to heat transfer and both contributions 

from conduction and vaporization due to species transport are taken into account. The heat 

transfer modes are known to depend on the local surface temperature at both sides of the 

membrane as well as salinity at the feed side. The boundary condition at the membrane 

surface for species transfer is of flux type, set by the value of the permeate flux. The 

temperature and salinity distribution on the feed side are given by the CFD calculations while 

the transport problem at the membrane scale is solved locally to determine the temperature on 

the permeate side and consequently the rate of distilled species. The in-house procedure used 
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to solve non-linear transport at the pore scale is embedded in an in-house user routine 

provided by the CFD code. It is called for each boundary node within the CFD calculations 

until convergence to a steady solution is reached. The numerical approach is used to 

investigate the effect of flow pattern on permeate fluxes in a locally designed and fabricated 

direct contact membrane distillation (DCMD) module. 

 

2. Governing equations in MD 

In MD, liquid enters the feed side at some desired temperature, as depicted in Figure 1(a), 

while a cooler fluid flows in the permeate side in a counter current (could be in a co-current 

mode). A liquid coolant is used in DCMD while a gas, commonly air/water vapor, flows in air 

gap (AGMD), or vacuum membrane distillation (VMD) configurations [28]. In the latter, the 

pressure in the permeate side is also lowered in order to enhance species transfer. 

MD consists of transferring chemical species in vapor state from a feed side to a permeate 

side through a micro-porous hydrophobic membrane. The rate of species transferred is driven 

by the temperature difference between the two sides of the membrane with the feed side being 

the hot stream. Detailed description of the MD process has been widely reported elsewhere 

[29-33]. 

 

(a) Process scale                                          (b) Membrane pore scale 

Figure 1. Schematic of direct contact membrane distillation (DCMD): a) process scale, 

and b) membrane pore scale. 

 

The hydrophobicity of the membrane prevents the liquid feed from entering the pores. 

However, due to non-equilibrium conditions between the two sides, the most volatile species 

escape the meniscus formed at pores inlet and flow through the porous membrane in a vapor 

state to reach the permeate side and condense (see Figure 1(b)). 



5 

 

     

Figure 2. Temperature evolution from feed to permeate in membrane distillation. 

 

Ideally, the surface temperature on the feed side of the membrane equals the feed 

temperature 
f

T  and the surface temperature on the permeate side of the membrane equals the 

bulk temperature 
p

T  of the condensing fluid. However, the process is known to suffer from 

temperature polarization as depicted in Figure 2 causing a decrease in permeate fluxes [34]. 

The temperature drops from the bulk value of the feed to a lower surface temperature 
mf

T  on 

the feed side of the membrane, to further decrease to a surface temperature 
mp

T  on the 

permeate side of the membrane and finally to the bulk temperature of the permeate side 
p

T  

(desired/controlled coolant temperature). 

A recent review by Hitsov et al. [35] reports the current models for mass transfer inside the 

membrane. The rate of species transfer from the feed side to the permeate side is often 

expressed as: 

  mf mp
J C P C P P      (1) 

where C is a mass transfer coefficient that depends on the nature of the species transferred, the 

membrane properties and the operating conditions, P  represents the difference between the 

vapor pressure 
mf
P  at the meniscus and the vapor pressure 

mp
P  at the permeate side of the 

membrane. 

Considering DCMD, species transport across the porous membrane often lies in a mixed 

Knudsen-ordinary diffusion regime, with the coefficient C given by [36-38]: 

 

1

3

2 8

m av m a av

m m s

RT P RT
C

r M PD M

    

 



 
 
 
 

  (2) 
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where   is the membrane tortuosity, m
  is the membrane porosity, m

  is the membrane 

thickness, P is the total pressure at the pore entrance, Ds is the diffusion coefficient of the 

liquid species to be transferred, a
P  is the air pressure inside the pore (close to atmospheric 

pressure in DCMD [39]) and av
T  is the average temperature inside the pore taken as 

  2
av mf mp

T T T  . The product of the total pressure and the diffusion coefficient is a function 

of temperature, viz. [37, 39] 

 
5 2.072

1.8958 10
s

PD T


   (3) 

The contributions (Knudsen vs. diffusion) to species transport are more or less important 

depending on the MD process configuration (DCMD, VMD or AGMD). 

The vapor pressure is commonly calculated knowing the local temperature via Antoine’s 

equation, viz. 

 exp
b

P a
T c

 


 
 
 

  (4) 

The coefficients a, b and c depend on the nature of the species. For pure water, these 

coefficients are 23.1964a  , 3816.44b   and 46.13c   [36]. However, Eq. (4) is valid only 

for pure components. In the case of seawater, water salinity “s” affects vapor pressure, a 

correction for calculations on the feed side is consequently brought to Eq.(4), viz, 

 

1 0.57357
1000

sw

P
P

s

s






 
 
 

  (5) 

 

3. Modeling approach 

In the present analysis, turbulent non-isothermal flow conditions prevail in the MD 

module and the Reynolds averaged equations with the RNG k-ε turbulent model of ANSYS 

fluent software [27] are solved. Regarding mass transfer calculations, seawater is considered 

as a mixture of H2O and NaCl species. Species transport is modeled using a single phase 

multi-component approach with no bulk reaction. The governing equations for momentum, 

heat and mass transfer are reported in Appendix A. The dependence of seawater physical 

properties on temperature is taken into account as reported in the sequel. These properties are 

introduced in ANSYS fluent via DEFINE_PROPERTY user defined functions (UDF).  
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The coupling strategy between the feed side, the pore scale and the permeate side condition 

is illustrated in Figure 3. A temperature is imposed at the domain inlet and a convective heat 

transfer condition is assigned to the membrane surface. The temperature at the domain 

boundary as given by CFD calculations is assumed to be 
mfT  and the membrane thickness is 

assumed to virtually extend beyond the computational grid. Therefore, the surface 

temperature 
mp

T  on the permeate side of the membrane remains unknown. It will be 

determined by solving the transport equations at the membrane scale as explained in the 

sequel. 

 

Figure 3. Calling the membrane scale procedure from CFD boundary cells. 

 

The convective boundary condition is commonly expressed as: 

  ext w ext
Q h T T    (6) 

where ext
h  is the external heat transfer coefficient, w

T  is the boundary temperature and ext
T  is 

the bulk temperature. 

 

Figure 4. Temperature polarization in membrane distillation: Electrical analog. 
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Since the condition is applied at the interface between the feed and the membrane, 

additional resistance to convective heat transfer has to be taken into account as depicted in the 

electric analog of Figure 4 [40]. The resulting external heat transfer coefficient can be 

expressed as: 

 

1

1 1
ext

m p

h
R R



 
  
 
 

  (7) 

where mR  represents the membrane total resistance and pR  the permeate side resistance. 

The heat transfer through the porous membrane is a contribution of conduction and 

species transport from the feed to the permeate side of which the equivalent resistance m
R  can 

be expressed as [39, 41]: 

 
1

m
m v

m mf mp

R
J H

T T










  ( 8) 

where m  is the membrane’s thickness, vH  is the vapor enthalpy, m  is the thermal 

conductivity of the membrane and J  is the rate of species transferred across the membrane. 

Vapor enthalpy is a function of vapor temperature and can be expressed in SI units as 

[42]: 

 31753.5 2024.3x10
v

H T    ( 9) 

where T  is an average temperature between feed and permeate sides. 

The resistance to heat transfer in the permeate side is a parallel contribution of convective 

transfer and condensation and can be readily expressed as: 

 L
p

mp p

J H
R h

T T
 


  ( 10) 

where h represents the convective heat transfer coefficient and LH  is the enthalpy of the 

permeate solution evaluated at the mean temperature of the permeate bulk temperature and the 

membrane surface temperature on the permeate side [40]. 

The enthalpy of the permeate solution as a function of temperature in SI units is given by: 

 34186.3 1143.4x10LH T    ( 11) 

The convective heat transfer coefficient defined by the flow conditions on the permeate 

side is usually calculated from the Nusselt number Nu. The latter is given by: 
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 Nu
f

hl


   ( 12) 

where l  represents a characteristic length and f  the thermal conductivity of the fluid. 

Under turbulent flow conditions, the Nusselt number can be estimated using the following 

correlation [43]: 

 

0.055

0.8 1 3Nu 0.036Re Pr hd

l

 
  

 
  ( 13) 

where Re represents the Reynolds number, Pr is the Prandtl number, hd  the hydraulic 

diameter and l  a characteristic length. 

On the permeate side, seawater flows at 20°C and at a rate of 1.5 LPM. These conditions 

are used to estimate the convective heat transfer coefficient at the permeate side. The value of 

h  retained is 20,000 W.m-2.K-1. 

Given a computational domain, the temperature, the fluid velocity and the species mass 

fraction are set at the inlet. An adiabatic condition is assigned to all wall boundaries except 

the membrane surface where the convective heat transfer condition is imposed with the 

modified heat transfer coefficient given by Eq. (7) as well as a flux condition for species 

consumption set by Eq. (1). The modification of the heat transfer coefficient is carried out 

within the ADJUST_PROFILE UDF while the consumption rate is considered as a surface 

reaction and consequently implemented in DEFINE_SR_RATE UDF provided by ANSYS-

fluent [27]. Both routines are called for each boundary face (see Figure 3). However, the 

modification of the heat transfer coefficient using Eq. (7) in the CFD model is subject to the 

knowledge of temperatures 
mf

T  and 
mp

T  and salinity, and these can only be determined if the 

transport problems at both the membrane and channel scales are solved simultaneously. 

In order to update the permeate side temperature of the membrane at runtime, a heat 

balance across the membrane is considered. At steady state, the flux transferred from the feed 

to the membrane equals the flux that passes through the membrane as well as the flux 

transferred to the permeate side (see figure 4), viz. 

 
f c v p

m m

f pQ Q Q QQ Q      (14) 

where fQ  is the convective heat transferred from the feed to the membrane, m

fQ  is the heat 

due to mass transfer from the feed to the membrane, cQ  is the heat transferred by conduction 

across the membrane, vQ  is the heat due to vapor transport across the membrane, pQ  is the 
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heat transferred from the membrane surface to the permeate side, and m

pQ  is the heat due to 

mass transfer from the membrane to the permeate side. 

Using the temperature distribution across the membrane derived by Phattaranawik et al. 

[40, 44], the total flux through the membrane can be expressed as: 

  
1

pv mf pv mp

m c v v pv ref

c J T z c J T
Q Q Q

z
J H c T


  


    (15) 

with z  given by: 

 exp
pv m

m

J c
z






 
 
 

  (16) 

Rearranging leads to: 

  
 

1 0
 

 
  

 
v pv ref

mp mf

pv

mQ J H c T
T T z z

c J
  (17) 

Since at steady state m

m p pQ Q Q  , one can write: 

    
   

1 0
  

 
  

  
mp p v pv ref

mp mp mf

pv

Lh T T J H c T
f T T T z z

c J

J H
  (18) 

The species flux J as given by Eq. (1) is strongly dependent on temperatures 
mf

T  and 
mp

T  

and local seawater salinity via the vapor pressures calculated using Eq.(5), while v
H  and 

LH  

are estimated with equations ( 9) and ( 11) respectively. Equation (18) exhibits a strong 

nonlinearity with respect to the unknown temperature 
mp

T  and is solved via an in-house 

iterative procedure called from the CFD solver. At each boundary face, Eq. (18) is solved 

using Quasi-Newton method between temperatures 
face mf

T T  and 
p

T . This choice of the 

temperature interval to start the non-linear solver iterations ensures robustness of the 

procedure which is crucial for a successful simulation. Indeed, the non-linear solver is called 

from the CFD code for each boundary face until the overall convergence of the flow, heat and 

mass transfer solution is reached. Numerical experiments have shown that the solution for 

each boundary node is reached within few iterations. The pressure-based coupled solver of 

ANSYS-fluent, of which general algorithm is represented in Figure 5 is selected to calculate 

the momentum, heat and mass transfer solution. During the iterative CFD calculations, the 

DEFINE_ADJUST UDF is called for each boundary face to calculate the surface temperature 

on the permeate side of the membrane. Using the local value of salinity, it solves Eq. (18) 

with the integrated non-linear solver, and update the heat transfer coefficient of Eq.(7). The 
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resulting permeate flux is used in DEFINE_SR_RATE UDF to set the boundary condition for 

species transport. The solution returns with updated values of species mass fraction, thus 

salinity. The latter, with the new temperature value is used by the DEFINE_PROPERTY 

UDFs to update the fluid physical properties. The whole procedure is repeated until global 

model convergence is reached. The simple solver was selected for all calculations with an 

accuracy criterion of 410  for all momentum variables and mass conservation, while a 

criterion of 610  was used for temperature and species mass fraction. 

 

 

Figure 5. Solution procedure of the coupled CFD-pore scale approach [27]. (Embedded 

in-house procedures appear inside dashed squares). 

 

4. Experimental procedure 

A schematic diagram of the used custom-made automated DCMD experimental setup 

designed and fabricated in our workshop is presented in Figure 6 [31]. The active membrane 

surface area (A) inserted in a flat sheet module fabricated using poly methyl methacrylate 

material is 0.005 m2 (flow channel dimensions of 0.1 m × 0.05 m × 0.002 m). Two different 
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membranes were used for DCMD testing. The first membrane, denoted M1 in the sequel, is a 

composite membrane with a poly tetra fluoroethylene (PTFE) active layer and a nonwoven 

polyester support. The second membrane, denoted M2, is composite membrane with a PTFE 

active layer and a scrim backing polypropylene support.  

 

 

Figure 6. Schematic of the experimental setup. 

 

The hot feed seawater with a salinity of 4.2 wt% and the coolant (Milli-Q water) were 

circulated in both sides of the MD membrane in a counter current manner. Temperatures were 

controlled using thermo-regulators inserted in the feed and coolant tanks. Conductivities of 

feed and permeate collected from the overflow of the coolant tank were monitored using 

Oakton Eutech Instruments, Malaysia, conductivity meters. The permeate container was 

placed on a very accurate balance connected to a lab view software. The flux Jv was 

determined by: Jv = mw/At (mw is the mass of collected permeate at a particular time interval 

t). All experiments were run at constant feed and coolant flow rates of 1.5 L/min. 

 

5. Membrane and fluid properties 

Details of membranes characteristics determined experimentally and their performance for 

different feed water quality, e.g., seawater desalination, were reported elsewhere, e.g. [31, 

45]. Some of the PTFE membranes characteristics are presented in Table 1, while unavailable 

properties are estimated using appropriate correlations. 
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Table 1. PTFE membranes characteristics. 

 

 

 

 

 

Membrane tortuosity 

The tortuosity   of the membrane is determined from the porosity using the following 

relationship [46]: 

  1 0.8ln m     ( 19) 

which gives a tortuosity of 1.25 for membrane M1 and a tortuosity of 1.31 for membrane M2. 

 

Membrane thermal conductivity 

The isostress model is used to estimate the thermal conductivity of the membrane. The 

model has been shown as the most appropriate for MD membranes [44] and gives the thermal 

conductivity as a function of the thermal conductivities of the porous material and the gas 

occupying the pores, viz. 

 

1

1m m
m

g s

 


 



 
   
 

  ( 20) 

where s  is the thermal conductivity of the solid phase and g  is the thermal conductivity of 

the fluid phase. 

The thermal conductivity of the composite membrane-air is calculated using the thermal 

conductivity of PTFE (0.25 W/m/K [47]), the thermal conductivity of air (0.0234 W/m/K) and 

membrane porosities of 0.73 and 0.68, respectively (as reported in Table 1). The resulting 

thermal conductivities of membrane M1 and membrane M2 are 0.031 W/m/K and 

0.033 W/m/K, respectively. 

 

Seawater specific heat 

Seawater specific heat at constant pressure is estimated using the following equation [28, 

48]: 

Property M1 M2 

Thickness, m  (µm) 170±4 100±2 

Porosity, m  0.73 0.68 

Mean flow pore size, r (µm) 0.26 0.5 
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  3 2 310
p p p pp c c c cc A B T C T D T      ( 21) 

where, 

 

2 2

2 4 2

2 4 6 2

7 6 9 2

4206.8 6.6197 1.2288 10

1.1262 5.4178 10 2.2719 10

1.2026 10 5.3566 10 1.8906 10

6.8777 10 1.517 10 4.4268 10

p

p

p

p

c

c

c

c

A S s

B s s

C s s

D s s



 

  

  

  

   

  

  

  ( 22) 

Eq. (35) is valid for temperatures ranging from 10°C to 180°C and salinity ranging from 

20 g.Kg-1 and 160  g.Kg-1. 

 

Seawater viscosity 

The viscosity of seawater as a function of temperature can be approximated within 1%  

for temperatures between 20°C and 180°C and salinity ranging from 0 g.Kg-1 to 130 g.Kg-1 by 

the following equation in SI units [28, 48]:  

 0.001sw w r     ( 23) 

where M  and R  are given by: 

  
604.129

ln 3.79418
139.18

w
T

   


  ( 24) 

and 

 
21r A s B s       ( 25) 

with, 

 

3 6 8 2

5 8 10 2

1.474 10 1.5 10 3.927 10

1.0734 10 8.5 10 2.23 10

A T T

B T T





  

  

  

  
  ( 26) 

 

Seawater thermal conductivity 

The thermal conductivity 
sw  of seawater for temperatures between 0.°C and 180°C and 

salinity up to 160 g.Kg-1 can be estimated in mW.m-1.K-1 within an accuracy of ±3% using 

[48, 49]: 

   
0.333

4

10 10

343.5 0.037 273.15
log log 240 2. 10 0.434 2.3 1

273.15 647 0.03
sw

s T
s

T s
     

      
   

 ( 27) 
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NaCl diffusion coefficient 

The diffusion coefficient 
 salt

D  of NaCl is determined from its ions 
+Na  and 

-Cl  

diffusivities at infinite dilution using [50]: 

 
       

   

+ -

+ -

Na Cl

Na Cl

Salt
z z D D

D
z D z D

 

 





  ( 28) 

where z  and z  represent the charges of 
+Na  and 

-Cl  ions respectively, namely, +1 and -1. 

Using a value of 
9 2 -11.334 10 m .s

 for 
+Na  and 

9 2 -12.032 10 m .s
 for 

-Cl  [50], the diffusion 

coefficient of “Salt”species is set to 
9 2 -11.62 10 m .s

. 

 

6. Numerical simulation set-up 

6.1.Boundary conditions: 

The feed side of the MD module is of parallelepipedic shape with a height of 2 mm, a 

width of 50 mm and a length of 100 mm. The feed inlet and outlet are located at two opposite 

corners of the parallelepiped, as depicted in Figure 7. The boundary conditions on this model 

can be summarized as: 

- A flat velocity profile at the inlet. 

- Constant temperature at the inlet. 

- No slip boundary condition at all domain walls. 

- Adiabatic condition at all domain walls except the membrane’s surface. The MD 

module is made of a shell much thicker than the feed channel which enables to assume 

an ideal insulation. 

- A convective (mixed type) condition at the membrane’s surface with a heat transfer 

coefficient corrected using membrane pore scale calculations. 

- An outflow condition at the outlet. 

- Constant species mass fraction at the inlet. 

- A flux condition for water species at the membrane’s surface, given by the rate of 

transferred species from the feed to the permeate side (see governing equations in 

Appendix A). 
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Figure 7. Module scale boundary conditions. 

 

6.2.Mesh generation 

The first step in the set up of the numerical model consists of meshing the MD module 

geometry. Mesh generation represents a crucial part of simulations’ success and particular 

consideration should be taken in case of turbulent flow. The main task resides in the 

resolution of the boundary layer. The latter represents the distant from the wall from which 

the viscous effects become negligible. It is known that the boundary layer consists of different 

regions, namely, the viscous sublayer where the flow is assumed laminar and the log layer 

where turbulent flow dominate, with a transition region between the two, called the buffer 

layer [51]. From the numerical standpoint, different models are used to describe the viscous 

and the log layers while models generally fail to represent properly the flow in the transition 

region. Consequently, mesh generation needs to make sure that no computational nodes lie 

within this region [27]. The distance above the wall is generally described using a 

dimensionless height 
w w

y u y


   , where 
w

  is the fluid density near the wall, 
w

  is the 

fluid viscosity near the wall, y  is the height above the wall, and u

 is the friction velocity. 

The latter is expressed as 
w w

u


   with 
w
  is the wall shear stress. The dimensionless 

distance y  can be used to help set the first mesh layer above the wall. It is established that 

30 300y   corresponds to the log law region and 5y   to the viscous sublayer, although 

some authors reported intervals up to 10y   [52, 53]. Consequently, values 5to10 30y   

correspond to the buffer region. Unfortunately, in the case of the confined flow undertaken in 

this article, preliminary calculations reveal the presence of recirculation loops and different 

flow zones with large velocity variations. At the center of recirculation zones, wall shear 

stress tends to negligible values which lead to small y  coordinates. On the other hand, for 

Convective heat transfer

(mixed condition)

at the membrane
Inlet vin , win, Tin

Outlet

Adiabatic walls

Water consumption

(flux condition)

at the membrane
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the highest velocity value, preliminary calculation for the condition 30y   suggests a first 

cell height having the same order of magnitude as the channel height which leads to an 

unrealistically coarse mesh unable to resolve dead zones and centers of recirculation loops. 

Therefore, the dimensionless coordinate exhibits significant variations throughout the MD 

module and each position on the membrane surface requires a different value. Moreover, the 

simple parallelepipedic shape of the module suggests the construction of a structured mesh 

that allows a precise control of the extrusion of a base planar mesh as well as elements 

stretching. It is therefore more convenient to refine a structured mesh up to a desired accuracy 

and verify by post-processing that y  remains below a given value throughout the domain. 

In order to make sure that the numerical solution is independent of mesh size, it is 

suggested to refine the mesh up to the level where no more changes in minimum and 

maximum values as well as area weighted average values of permeate flux are observed. In 

the current investigation, the permeate flux is the most stringent reference parameter for grid 

dependency test. The choice is encouraged by the fact that the variable encompasses 

implicitly of three transfer modes, namely momentum heat and mass as well as the value of 

the permeate side temperature of the membrane surface which is computed via an in-house 

nonlinear solver. Consequently, the permeate flux value depends on the resolution of the 

different boundary layers and its stabilization will help set the mesh resolution. 

Mesh generation in practical applications is based on a tradeoff between accuracy and 

computational time. The grid dependency test is therefore carried out by progressive 

refinement of an initial mesh, using GAMBIT [27], and comparison with experimental data as 

well as results obtained between successive meshes. In this paper, the experimental case with 

the highest feed inlet temperature and highest observed permeate flux is considered for the 

grid dependency test (Membrane M2, inlet temperature 80°C). Indeed, highest flux cause 

steep temperature and species concentration gradients towards the membrane surface and 

proper boundary resolution becomes more important. The parallelepiped is geometrically 

subdivided in three main zones as depicted in the top view of Figure 8. The left and right 

zones are connected to the inlet and outlet. The test starts with a planar mesh of 20,000 nodes 

in the central region (100x200) and 15 nodes at the lateral regions. The first mesh is extruded 

in 15 layers in the perpendicular direction. The extrusion is carried out with a successive ratio 

of 1.2 in double-sided fashion toward both planar walls of the module. The central zone is 

kept at the same resolution while lateral and transverse layers are increased by 3 nodes for 
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each test. Table 2 gathers the minimum, the maximum and the area weighted average of the 

permeate flux that were post-processed for each mesh. It can be seen that for 27 transversal 

layers, the value of the maximum flux and the average flux stabilize. However, the minimum 

value fluctuates, which suggests that center of recirculation loops or dead zones are not well 

resolved yet. The resolution of the planar mesh is then increased by adding nodes to the 

central zone. The mesh refinement is stopped at a total number of nodes of 1,171,800, for 

which changes in minimum, maximum and area weighted average permeate fluxes remain 

below 1% compared to the penultimate mesh. 

 

Figure 8. Domain decomposition of the DCMD module (Top view). 

 

Table 2. Grid dependency test results. 

Mesh ID 1 2 3 4 5 6 7 8 9 

Each 

lateral 

zone 

15 18 21 24 27 30 30 30 30 

Central 

zone 

100x200 

(20000) 

100x200 

(20000) 

100x200 

(20000) 

100x200 

(20000) 

100x200 

(20000) 

100x200 

(20000) 

108x216 

(23328) 

116x232 

(26912) 

126x250 

(31500) 

Extrusion 

layers 

15 18 21 24 27 30 30 30 30 

nodes 345000 424800 508200 595200 685800 780000 894240 1016160 1171800 

Min 

permeate 

flux 

22.8 42.9 36.2 17.6 30.9 25.1 55.7 47.9 48.1 

Max 

permeate 

flux 

91.3 126.5 132.3 133.7 134.7 135.7 135.6 135.7 135.7 

Weighted 

average 

permeate 

flux 

62.8 84.64 85.4 86.9 88.3 88.7 90.1 91.2 91.9 

 

The final mesh presented in Fig. 9 shows the refinement at the module edges and the 

progressive coarsening towards the center of the module (Fig. 9(a)) while Fig. 9(b) shows a 

zoom over one of the module corners with the progressive refinement towards the module 

upper wall and the membrane surface. 

Central zone

Lateral zone
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(a) 

 

(b) 

Figure 9. Mesh of the DCMD module, (a) Top view, (b) Zoom on side view. 

 

Post-processing of the reference case gives the distribution of y  dimensionless 

coordinate distribution over the planar mesh of the membrane (see Fig. 10). The coordinate 

value is slightly greater than 5 at the vicinity of the fluid inlet and decreases rapidly to reach 

values as low as 0.1 in some regions of the module. Additional layers could have been used 

for increased boundary resolution. However, consistency of the numerical results lies 

primarily in their accordance to experimental results and tradeoff between computational 

burden and practicality is believed to be reached in this case. 

 

Figure 10. y  distribution for the mesh reference case. 
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7. Results and discussion 

7.1.Comparison of average fluxes 

Experimental results are represented by single average values of the permeate flux for each 

inlet temperature and should therefore be compared to average simulated permeate fluxes. 

The fine mesh used for the CFD simulations represents the membrane surface with 39,000 

nodes. These boundary nodes are used for the estimation of the average permeate flux. The 

average flux is weighted by the area of the surface elements of the mesh. 

The average values of the experimental and simulated permeate fluxes, at different 

temperatures, for both M1 and M2 membranes are represented in Figure 11. For all 

temperatures, without any fitting parameter, relative error between experimental values and 

simulation, as reported in Table 3, remains under 6%. Therefore, the coupled approach is able 

to reproduce very closely the average experimental fluxes. Moreover, the representation of the 

permeate side by an appropriate boundary condition remains valid for this size of prototype 

module. 

 

 

 

Figure 11. Average permeate flux evolution as a function of inlet temperature for both 

PTFE membranes. 

 

Table 3. Relative error between experimental and simulation permeate fluxes at different 

feed inlet temperatures for membrane M1 and membrane M2 (coolant inlet temperature = 

20 oC). 
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Feed inlet temperature (oC) 

Relative error (%) 

Membrane M1 Membrane M2 

50 5.2 2.3 

60 5.6 5.7 

70 4.7 0.8 

80 0.4 3.4 

 

7.2.Analysis of flow pattern 

The simulation corresponding to an inlet temperature of 80°C using membrane M2 is 

taken as a base case to analyze the flow and the temperature distributions. The inlet flow rate 

of 1.5 LPM on the feed side, which corresponds to a Reynolds number of 12,500 at the inlet, 

generates a turbulent flow and the RNG ,k   model of ANSYS-fluent is used (see Appendix 

A). Streamtraces evolution in the MD channel is depicted in Figure 12. The flow has 

characteristics of a typical impinging jet flow confined between parallel plates. There is 

abundant literature on the analysis of heat transfer in impinging flows for its industrial 

importance. Applications span from design of electronic devices, to industrial heat 

exchangers. The RNG ,k   model has been shown to perform well in this type of flow [54]. 

However, investigations often focus on cooling performance. In the present article, heat loss 

from the feed side is undesired and additional confinement is caused by the module lateral 

sidewalls, which redirects the complete flow to a single side of the jet. The size of the vortex 

structure depends strongly on the confinement effect and the inlet velocity. The relatively 

large distance from the inlet to the facing wall as well as the relatively high velocity at the 

channel inlet followed by a sudden change in available cross section leads to large 

recirculation loop “L” near the entrance. The module of the fluid velocity, as represented by 

the streamtraces colors, decreases slightly after the inlet zone “C1” due to the increase of flow 

cross section. However, due to the significant inlet stream, high velocities still prevail up to 

corner C2, then the fluid changes direction along the module diagonal towards corner C4 

where a dead zone is observed. From the center of the channel, the streamlines concentrate 

toward exit C3 with increasing velocities due to the decrease in flow cross section. The large 

vortex structure leads to flow detachment along the lateral edge E due to an adverse pressure 

gradient caused by the no-slip boundary condition, with the occurrence of a third recirculation 

loop where low velocities prevail. 
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Figure 12. Streamlines in the DCMD module (color by velocity module in m.s-1). 

 

The distribution of the velocity magnitude at 1 mm above the membrane surface is shown 

in Figure 13. The values remain significant along the edge from “C1” to “C2” and toward the 

center of the channel. However, an important drop is observed in corner “C4” and edge “E” as 

well as the recirculation loop close to the inlet. Note that at the center of the module where the 

velocity is about 0.45 m.s-1 and using the hydraulic diameter of the rectangular channel (see 

channel dimensions in experimental section), the Reynolds number remains above 3,400. 

Therefore, turbulent conditions prevail in the entire module. 

 

 

 

Figure 13. Velocity module distribution in m.s-1 1 mm above the membrane surface. 
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7.3.Temperature distribution  

The distribution of the fluid temperature at different heights above the membrane surface 

is represented in the top view of the DCMD module in Figure 14. The location of the inlet is 

visible at the right bottom corner of the view and the outlet at the opposite corner. At a height 

of 2 mm above the membrane surface (top wall of the channel), in Figure 14(a), the 

temperature remains close to the feed temperature above the regions where the highest 

velocities were observed (see Figure 13). However, a 15°C drop occurs at the right top corner 

(C4) where a dead zone exists. The temperature change at the three recirculation zones 

becomes more important as shown in the horizontal slice at 1 mm above the membrane 

surface (Figure 14(b)). The temperature drop is more important near the top right corner due 

to the creeping flow regime in that region. As the slice gets closer to the membrane surface, 

namely at a height of 0.5 mm and 0.1 mm (see Figure 14(c) and Figure 14(d), respectively), 

temperature changes drastically. It ranges from 50°C at the left edge and top right corner to 

80°C at the channel inlet. The temperature distribution of Figure 14(d) follows the flow 

behavior, as one can notice the highest temperature isovalues tends to propagate along the 

main streamlines towards the exit. Moreover, the lowest temperatures are observed at corner 

“C4”, edge “E” and recirculation loop “L” of Figure 12 which confirms that dead zones and 

recirculation in DCMD modules can severely limit heat transfer. This is explained by the fact 

that high tangential velocities minimize the height of the temperature boundary layer thus 

providing more heat to the separation process. In zones where near stagnation is observed 

such as center of recirculation loops and corners, the heat transfer process becomes limited by 

the lack of forced convection and the process separation performance in these zones relies 

mostly on the fluid thermal conductivity. 

 

 

 (a)                               (b)                            (c)                              (d) 
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Figure 14. Temperature  distribution in the feed side of the DCMD module for an inlet 

temperature of 80°C using membrane M2, (a) 2 mm above the membrane (top wall), (b) 1 

mm above the membrane, (c) 0.5 mm above the membrane, and (d) 0.1 mm above the 

membrane. 

 

Since temperatures at both sides of the membrane are part of the solution of the coupled 

approach, it is possible to post-process the temperature polarization coefficient ( T ). The 

latter can be simply defined by: 

 
mf mp

in p

T

T T

T T






  (29) 

The definition of the temperature polarization coefficient in Eq. (29) means that the closer 

mf mp
T T  to 

in p
T T  or equivalently as 

T  gets closer to one, the lesser the polarization. 

 

The evolution of the average value of the polarization coefficient as a function of feed 

inlet temperature is represented in Figure 15. The polarization phenomenon, which affects the 

MD process, gets more severe for both membranes as the inlet temperature is increased, 

which is in accordance with previously reported investigations [44]. Overall, the average 

value behaves quasi-linearly for inlet temperatures ranging between 50°C and 80°C. 
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Figure 15. Evolution of the average temperature polarization coefficient as a function of 

feed inlet temperature. 

 

The distribution of the temperature polarization coefficient over the membrane surface is 

represented in Figure 16 for both M1 and M2 membranes for the lowest and the highest inlet 

temperatures. The evolution of the coefficient exhibits the highest values at the inlet while the 

lowest values correspond to dead zones (left edge, top right corner of the top view). 

Therefore, the polarization phenomenon seems to be alleviated by high tangential velocities. 

Indeed, the large recirculation loop where an important velocity drop is observed near the feed 

inlet seems to promote polarization particularly for membrane M2. The lowest inlet 

temperatures seem to suffer less from polarization phenomenon which is in accordance with 

the fact that these are expected to produce smaller distillation rates.  

 

 

(a) 

 

(b) 
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Figure 16. Distribution of the temperature polarization coefficient over the membrane 

surface for inlet temperatures of 50°C and 80°C, (a) Membrane M1, and (b) Membrane 

M2. 

 

7.4.Salinity distribution 

The advantage of the fully coupled approach is the ability to predict the distribution of the 

species mass fraction throughout the DCMD module. The mass fraction of NaCl species gives 

directly the value of salinity in the computational domain which enables an assessment of 

concentration polarization during the process. Salinity at the membrane surface is reported in 

Figure 17 for the two inlet temperatures of 50°C and 80°C for both membranes. For the 

lowest temperature, only slight changes are observed over the membrane surface. Indeed, for 

an inlet temperature of 50°C, a difference of 2.3% and 3.5% occurs over the surface of 

membranes M1 and M2, respectively. However, for an inlet temperature of 80°C these 

differences increase to 7.4% and 10.4%, respectively. Overall, it has to be noted that salinity 

distribution follows closely the flow pattern at higher temperatures. Regions with high salt 

concentration correspond to region of high water local depletion caused by relatively high 

vapor transfer rates. These regions exhibit the highest fluid velocities thus the thinnest 

temperature boundary layers. It is interesting to point out that tracking species individually 

using a multi-component diffusion approach can help improve DCMD module design. Indeed, 

the increase in salt concentration during the separation of concentrated solutions can 

ultimately lead to salt precipitation, therefore causing severe performance decrease. 
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(a) 

 

(b) 

Figure 17. Distribution of salinity (g.Kg-1) over the membrane surface for inlet 

temperatures of 50°C and 80°C, (a) Membrane M1, and (b) Membrane M2. 

 

The ratio of the inlet salinity iS  over the salinity mS  at the membrane surface can be used 

to assess the extent of concentration polarization, viz. 

 m
C

i

S

S
    (30) 

Following Eq. (30), the closer the coefficient to one, the lesser the concentration 

polarization. 

The evolution of the average concentration polarization coefficient at the membrane 

surface as a function of feed temperature is represented in Figure 18. The average values are 

close to the maximum values observed in Figure 17. The average coefficient increases from 

approximately 3% at 50°C and exceeds 10% at 80°C and remains practically identical for 

both membranes. The lower the feed inlet temperature the less important the concentration 

polarization phenomenon which is in accordance with the fact that local salt species mass 

fraction is expected to increase at the membrane surface at higher inlet temperatures due to a 

increasing transfer rate of water species. 
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Figure 18. Evolution of the average concentation polarization coefficient at the membrane 

surface as a function of feed inlet temperature. 

 

The distribution of the concentration polarization coefficient over the membrane surface is 

depicted in Figure 19. Analogously to the temperature polarization coefficient, the distribution 

is closely related to flow pattern. The coefficient variations over the surface show that 

concentration polarization is less important for the low feed inlet temperatures where the 

maximum values of the coefficient remain low (1.03), as they exhibit only a 3% shift from the 

value at the inlet. However, for the highest temperature used, the concentration polarization 

coefficient reaches 14% in regions of high permeate fluxes. Interestingly, for low 

temperatures, the concentration polarization is more important in dead zones where salt 

species seem to accumulate. However, unlike temperature polarization, at high temperatures 

the concentration polarization is more important in regions where high tangential velocities 

prevail due to higher water distillation rates. 
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(a) 

  

(b) 

Figure 19. Distribution of the concentration polarization coefficient over the membrane 

surface for inlet temperatures of 50°C and 80°C, (a) Membrane M1, and (b) Membrane 

M2. 

7.5.Permeate flux 

The permeate fluxes are predicted along with momentum, heat and mass transfer solution 

throughout the membrane channel. Upon convergence, the newly computed variables are 

printed out by the ADJUST_PROFILE UDF function, the procedure that has been used to 

update the heat transfer coefficient during computation (see flowchart presented in Figure 5). 

The permeate flux evolution at the membrane surface for both membranes M1 and M2 is 

given in Figure 20 for the lowest and highest inlet temperatures investigated. 
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(a) 

  

(b) 

Figure 20. Distribution of permeate flux (kg.m-2.hr-1) over the membrane surface for inlet 

temperatures of 50°C and 80°C, (a) Membrane M1, and (b) Membrane M2. 

 

The distribution trend remains similar for both membranes with the highest flux values 

observed at the entrance where the highest temperature and velocities prevail. The flux 

remains relatively high along the inlet stream then toward the channel center and the module 

exit. However, a severe drop occurs at the dead zone of the top right corner of the channel for 

both membranes and both inlet temperatures while the recirculation loop at the edge seem to 

affect the permeate fluxes only at the highest temperature. An important permeate flux 

decrease is also observed at the center of the largest recirculation zone even though this region 

is close to the inlet. A zoom over the inlet area for an inlet temperature of 80°C using 

membrane M2 is shown in Figure 21. The permeate flux decreases significantly from 

134 kg.m-2.hr-1 to 40 kg.m-2.hr-1 over a small distance of 3.0 cm (from the inlet to the center of 
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the recirculation loop). This confirms that the presence of recirculation zones in MD modules 

can considerably affect their throughput, particularly for the highest temperatures. Overall, 

permeate fluxes follow closely the velocity distribution above the membrane surface (see 

Figure 13). 

 

 

Figure 21. Permeate flux distribution (kg.m-2.hr-1) using membrane M2 for an inlet 

temperature of 80°C: zoom over the inlet zone. 

 

The permeate flux distribution is in accordance with the distribution of salinity as well as 

the concentration polarization coefficient at the membrane surface depicted in Figures 17 and 

19, respectively. Indeed, in regions of high fluxes, water consumption increases and mass 

transfer seems to limit water transport which results in higher “Salt” mass fraction. However, 

for the lowest temperatures, permeate fluxes remain low and “Salt” tend to accumulate in 

dead zones. It is understandable that concentration polarization is also more important for 

membrane M2 since higher permeate fluxes are produced using this membrane. Indeed, the 

higher polarization occurs in regions that are not sustained by high feed velocities. 

Nevertheless, these changes seem to have no impact on the calculated average values of the 

permeate flux, which agrees with reported investigations on concentration polarization [26]. 

Indeed, for instance for membrane M2 and inlet feed temperature of 80°C, setting the 

consumption rate of water species at the membrane to zero results in less than 2% difference 

in the average value of the permeate flux. However, this low impact of concentration 

polarization could be related to the small size of the laboratory scale prototype. 
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8. Concluding remarks 

The effect of flow pattern on the distribution of permeate fluxes in DCMD has been 

investigated with numerical modeling. A coupled approach to simulate DCMD for 

desalination process was presented and simulations at the process scale were carried out using 

CFD software in a 3D domain of which boundary conditions are corrected by pore scale 

calculations. The implementation enables the simultaneous prediction of momentum, heat and 

species transport by combining process and pore scales without prior guess of heat or 

permeate fluxes across the domain boundaries. The numerical results, in terms of average 

permeate fluxes, are in very good agreement with experimental desalination data produced 

with two different membranes, with less than 6% error and no fitting parameter. The approach 

enabled to predict the distribution of permeate fluxes and salinity on the feed side as well as 

the temperature at both sides of the membrane. The temperature and concentration 

polarization coefficients were post-processed. Simulations carried out for the two different 

membranes show that flow pattern has an important effect on temperature and “Salt” species 

and consequently on the temperature and concentration polarization phenomena. Results 

confirmed that temperature polarization affects the DCMD process over the whole range of 

feed temperatures that were investigated; while concentration polarization could exceed 14% 

in regions of high permeate fluxes. The permeate fluxes were found to follow closely the fluid 

velocity distribution at the vicinity of the membrane. Indeed, since inlet velocities are 

tangential to the membrane surface, high permeate fluxes are sustained along the mainstream. 

However, the flux values are strongly affected by the presence of recirculation loops as well 

as dead zones. It was found that for such a relatively small prototype, the recirculation loop 

causes the flux to drop by a factor of 3 over very small regions. Moreover, for low operating 

temperatures, dead zones tend to accumulate salt. It is also very likely for these effects to 

become more severe if modules are scaled-up. Any geometry modification departing from the 

flat module, such as the inclusion of baffles should be carefully considered with the analysis 

of flow pattern. MD early module design should therefore focus mainly on flow pattern and 

avoid sudden changes in flow evolution as well as geometry cross section to avoid important 

recirculation loops and set proper exits location in order to minimize dead zones occurrence. 
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10. Nomenclature 

a  coefficient in Antoine’s equation 

b  coefficient in Antoine’s equation 

c  coefficient in Antoine’s equation 

pc  specific heat at constant pressure 

pvc  vapor specific heat 

hd  hydraulic diameter 

h  convective heat transfer coefficient 

exth  external heat transfer coefficient 

k  turbulent kinetic energy 

l  characteristic length 

wm  weight of collected permeate 

p  fluid pressure 

r  pore radius 

s  salinity 

t  time interval 

u  fluid velocity 

u  mean fluid velocity 

u  fluid fluctuating velocity 

iv  fluid inlet velocity 

w  species mass fraction 

z  charge of salt ion 

 

A  effective membrane area 

pcA  coefficient in specific heat equation 

A  coefficient in water viscosity equation 

pcB  coefficient in specific heat equation 

B  coefficient in water viscosity equation 

C  membrane mass transfer coefficient 



34 

 

1C   constant in k-ε turbulence model 

2C   constant in k-ε turbulence model 

pcC  coefficient in specific heat equation 

C  constant in k-ε turbulence model 

D  species diffusion coefficient in the feed 

pcD  coefficient in specific heat equation 

sD  species diffusion coefficient in pores 

kG  generation of turbulent kinetic energy 

H  fluid enthalpy 

LH  enthalpy of the permeate solution 

vH  vapor enthalpy 

J  mass permeate flux 

vJ  experimental water vapor flux 

M  molecular weight 

Nu  Nusselt number 

P  vapor pressure 

aP  air pressure inside pores 

mfP  vapor pressure at the feed side of the membrane 

mpP  vapor pressure at the permeate side of the membrane 

swP  seawater vapor pressure 

Pr  Prandtl number 

tPr  turbulent Prandtl number 

cQ  heat transferred by conduction across the membrane 

fQ  convective heat transferred from the feed to the membrane 

m

fQ  heat due to mass transfer from the feed to the membrane 

pQ  heat transferred from the membrane surface to the permeate side 

m

pQ  heat due to mass transfer from the membrane to the permeate side 

vQ  heat due to vapor transport across the membrane 
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R  ideal gas constant 

Re  Reynolds number 

mR  membrane total resistance to heat transfer 

pR  permeate side resistance to heat transfer 

S  modulus of mean rate of stress tensor 

tSc  turbulent Schmidt number 

ijS  mean strain rate 

T  temperature 

avT  average temperature inside the pore 

extT  permeate bulk temperature 

fT  feed temperature 

faceT  temperature of mesh boundary face 

iT  fluid inlet temperature 

mfT  temperature at the membrane surface on the feed side 

mpT  temperature at the membrane surface on the permeate side 

pT  permeate temperature 

wT  boundary temperature 

 

Greek letters 

m  membrane thickness 

ij  Kronecker delta 

  turbulent kinetic energy dissipation 

m  membrane porosity 

  pore tortuosity 

g  thermal conductivity of the membrane fluid phase 

m  membrane composite thermal conductivity 

s  thermal conductivity of the membrane solid phase 

sw  thermal viscosity of seawater 
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  feed density 

  fluid viscosity 

r  correction for seawater viscosity 

sw  seawater viscosity 

t  fluid turbulent viscosity 

w  water viscosity 

  constant in k-ε turbulence model 

k  constant in k-ε turbulence model 

C  concentration polarization coefficient 

T  temperature polarization coefficient 

 

Equation Section (Next) 

11. Appendix A 

Governing equations 

The continuity equation 

   0i

i

u
t x




 
 

 
  (A1) 

The momentum balance 
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  (A2) 

where i i iu u u   is the sum of the mean and the fluctuating velocities while i ju u    

represents the Reynolds stress given by: 
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where t  represents the turbulent viscosity and k the turbulent kinetic energy. 

For incompressible flow with no buoyancy and no source terms, the transport equations 

for the turbulent kinetic energy and the dissipation rate are expressed as: 

 Transport of turbulent kinetic energy 
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  (A4) 

 Transport of dissipation rate 

    
2

*

1 2i eff k

i j j

u C G C
t x x x k k

 

  
   

     
    

     

  (A5) 

where eff t     represents the effective turbulent viscosity and   an inverse effective 

Prandtl number estimated using the following equation: 

 
0.6321 0.3679

1.3929 2.3929 1.333
eff


 


     (A6) 

The effective viscosity is determined in the RNG model by solving a differential equation, 

viz. 
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  (A7) 

The generation of turbulent kinetic energy due to mean velocity gradients, namely kG  is 

related to the modulus of the mean rate of strain tensor S by: 
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where 2 ij ijS S S  and the mean strain rate 
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The coefficient 
*

2C   of the last term of Eq. (A5) is given by: 
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with S k  . 

The model constants in Eq. (A5), Eq. (A7) and Eq. (A9) are the ANSYS fluent preset 

values 1 1.42C   , 2 1.68C   , 100C  , 0 4.38  , 0.012   and 0.0845C  . 

 

Heat balance 

Convective heat transfer with no viscous heating and no source term is considered which is 

governed by: 
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with Prt  the turbulent Prandtl number, pc  the specific heat at constant pressure,  k
J  the 

diffusion flux of species “k”, 
 k

H  the enthalpy of species “k” and H the total enthalpy given 

by: 

    

298.15

T
k k

p

k

H w c dT    (A11) 

where 
 k

w  is the mass fraction of species “k” and  k

pc  the specific heat at constant pressure of 

species “k”. 

 

Mass balance  

Regarding mass transfer calculations, seawater is considered as a mixture of H2O and 

NaCl species. Species transport is modeled using a single phase multi-component approach 

with no reaction which is governed by the following conservation form for each species “k”, 
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  (A12) 

With no Soret effect, the diffusion flux is given by: 

    
 

tSc

k
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J D
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  (A13) 

where 
 k

D  is the diffusion coefficient of species “k” and tSc  the turbulent Schmidt number 

while the turbulent viscosity t  is determined via the effective viscosity by solving Eq. (A7). 

The rate of water consumption at the membrane surface due to the distillation process is 

determined by: 

 
 

 

n

k
k w

D J





 (A14) 

where J is the permeate mass flux. 
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