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 Reverse osmosis is a commonly used process in water desalination. 
Due to the scarcity of freshwater resources and wastewater problems, 
many theories and experimental studies have been implemented to 
optimize this process. In the present study, the performance of reverse 
osmosis membrane module of salt-water separation was simulated 
based on computational fluid dynamics technique and solution-
diffusion theory. Eight geometries of membrane modules, four flat 
sheets, and four tubular membranes were investigated. It was found 
that if the membrane surface area and inlet flow rate were kept 
constant for the eight modules, the pressure drop and permeated flow 
rate would be approximately similar for some geometries (e.g., the 
performance of primary flat sheet channel is the same as 3 tubular 
membranes with R=1/3 Rref). The results also showed that because of 
the phenomenon of concentration polarization, if it is possible to use 
more membranes with a smaller length, it can reduce the pressure drop 
and increase the permeation flux of water. Furthermore, the results 
showed that between the tubular and the plate membranes in similar 
conditions, the tubular one is more suitable for the water permeation 
due to its ease of construction and its ability to withstand ECP. 
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1. Introduction 
Freshwater scarcity has become a major threat 
in the 21st century for many reasons, such as 
population growth, declining rainfall, and 
climate change. Desalination of sea and saline 
water and certain wastewater at present has 
strong potential to overcome the scarcity of 
water in many parts of the universe. 
According to a conventional classification, 

the water desalination process consists of two 
groups: membrane methods (such as 
nanofiltration (NF) and reverse osmosis 
(RO)) and thermal methods (such as vapor 
condensation and multi-stage flash) [1–3]. 
Osmosis is defined as the movement of water 
through a selective semipermeable membrane 
due to the osmotic pressure difference on both 
sides of the membrane [4]. During the RO 



Bahoosh, Kashi, Shokrollahzadeh, Rostami 
 

102 Iranian Journal of Chemical Engineering, Vol. 16, No. 1 (Winter 2019) 
 

process, the external pressure difference 
overcomes the osmotic pressure difference 
(∆𝑃𝑃 > ∆π) [5]; consequently, the water flows 
through the semipermeable membrane from 
the feed side to the permeate side. 
   Among the osmotic methods, major 
theoretical or empirical studies have been 
carried out in RO [6]. There are many factors 
that affect the performance of the RO process. 
Modeling is one of the ways to understand 
how these factors can affect the system's 
performance. In general, for the modeling and 
simulation of the RO process, three different 
boundary conditions are employed to define 
the membrane performance. In the first case, 
which includes older assumptions, the 
membrane is deemed to be impermeable, 
meaning that it does not allow particles to 
pass through the membrane; however, the 
concentration of dissolved salt in water is 
considered constant on the membrane surface. 
Although this method is very simple, it does 
not fully predict what really happens in the 
membrane module [7-8]. In the second case, 
the membrane is considered as a permeable 
surface, yet with constant permeability. 
Although, in this approach, consideration of 
salt rejection leads to a closer similarity 
between the simulation data and experimental 
results, still, it does not possess enough 
precision to predict the membrane 
performance during the RO process [9-10]. In 
the third and the most recent method, the 
theory of Solution-Diffusion [11-12] is 
employed that considers an inconstant 
permeation rate for the membrane definition. 
In this method, unlike other methods, solute 
concentration on the membrane surface, 
osmotic pressure, density, and molecular 
diffusion coefficient in the solution bulk are 
considered as variable parameters. These 
assumptions significantly affect the flow rate 

of water or the rejection of undesirable 
material through the membrane. Furthermore, 
it has been attempted to take into account the 
concentration polarization effects as 
resistance against the flow of permeating 
water using more advanced equations [6-13]. 
   After selecting an appropriate boundary 
condition, the membrane operation procedure 
can be used for study by using computational 
fluid dynamics as a modeling tool. CFD, as a 
branch of fluid mechanics, can solve 
governing equations of a mechanical system 
by numerical methods [14]. This method can 
examine different membrane modules in 
various conditions by considering parameters 
such as gravity, concentration, type of flow 
regime, and membrane rejection. In addition, 
the relationship of these parameters with the 
hydrodynamic conditions, solution 
characteristics, membrane structure, and 
module geometry have been studied [15–17]. 
   In this study, due to the rare investigations 
with regard to the comparative study among 
RO membrane modules, the reverse osmosis 
process is simulated using the theory of 
solution-diffusion and CFD technique. Eight 
distinctive membrane geometries (four flat 
sheet and four cylindrical membranes) have 
been considered in this study. The membrane 
performance (permeate flux and pressure 
drop) of each geometry has been compared. 

2. Numerical methods and model 
verification 
2.1. Governing equations and boundary 
conditions 
The RO membrane is simulated in an 
isothermal and steady-state condition without 
implementing the gravity effects. The 
governing equations for the fluid flow in both 
2D Cartesian coordinate’s channels are the 
equations for conservation of mass, 
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momentum, and solute mass fraction (Eq. 1-
4). 

∂ρu
∂x

+ ∂ρv
∂y

= 0  (1) 

  
∂ρu2

∂x
+ ∂ρuv

∂y
= −∂P

∂x
+ 2 ∂

∂x
�µ ∂u

∂x
� +

∂
∂y
�µ �∂u

∂y
+ ∂v

∂x
�� − 2

3
∂
∂x
�µ �∂u

∂x
+ ∂v

∂y
�� −

ρgx  

 
(2) 

  
∂ρuv
∂x

+ ∂ρv2

∂y
= −∂P

∂y
+ 2 ∂

∂y
�µ ∂u

∂y
� +

∂
∂x
�µ �∂u

∂y
+ ∂v

∂x
�� − 2

3
∂
∂y
�µ �∂u

∂x
+ ∂v

∂y
�� −

ρgy  

 
(3) 

  
∂ρumA
∂x

+ ∂ρvmA
∂y

= ∂
∂x
�ρDAB �

∂mA
∂x
�� +

∂
∂y
�ρDAB �

∂mA
∂y
��  

 
(4) 

   Because gravity is not considered in this 
study, the amount of 𝑔𝑔𝑥𝑥 and 𝑔𝑔𝑦𝑦 is zero. 
   The water flow rate through the membrane 
is determined by the Darcy law, and its 
passage through the membrane is based on 
the Solution-Diffusion theory. According to 
the present theory, the water permeation (vw) 
is calculated based on the pressure difference 
applied between the feed and the permeate 
channels (Eq. 5) [18]. 

      (5) vw = k(∆P − ∆π)  

   In this equation, ΔP represents the applied 
external pressure on the RO membrane (here, 
ΔP= 5×105 Pa), Δπ is the osmotic pressure 
difference, and k is a constant number 
calculated according to the pure solvent 
permeation rate (here, k= 2×10−10 m s−1 Pa−1) 
[19]. On the surface of the membrane, the 
tangential velocity (velocity in X direction) is 
considered zero (a nonslip condition applied), 
and the permeate velocity in the transverse 
direction (Y) is equal to 𝑣𝑣 = 𝑣𝑣𝑤𝑤. The balance 

between the diffusive and convective fluxes 
of solute mass fraction on the membrane 
surface is presented as Eq. (6): 

(6) 𝜌𝜌𝐷𝐷𝐴𝐴𝐴𝐴
𝜕𝜕𝑚𝑚𝐴𝐴
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝑤𝑤𝑚𝑚𝐴𝐴𝐴𝐴𝑣𝑣𝑤𝑤𝑅𝑅 = 0  

   Also, for the first part of this study, the 
membrane rejection (R) is considered to be 95 
%. 
   At the inlet (x = -Lin), there is no velocity 
component in the transverse direction, and the 
component of velocity in the longitudinal 
direction is defined as a parabolic and fully 
developed flow in Eq. (7): 
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where 𝑢𝑢� is the average velocity (here, 
𝑢𝑢� = 0.002 𝑚𝑚/𝑠𝑠). At the outlet of the feed 
channel (x = Lout), the gauge pressure is equal 
to zero (Eq. 8): 

(8) 𝑃𝑃 = 0 𝑏𝑏𝑏𝑏𝑏𝑏  

   In non-membrane walls, the non-slip 
conditions and lack of solute flux have been 
applied (Eq. 9). 

(9) �
𝑢𝑢 = 0
𝑣𝑣 = 0

𝜕𝜕𝑚𝑚𝐴𝐴
𝜕𝜕𝜕𝜕

= 0
  

   The relationship between some variable 
parameters that affect the RO process along 
the membrane module is given by Eq. (10-13) 
for the osmotic pressure (Pa), viscosity (Pa s), 
molecular diffusion of salt in water (m2 s-1), 
and solution density (kg m-3), respectively. It 
should be noted that these equations are valid 
for sodium chloride solution in water up to a 
mass fraction of 0.09 [20]. 

𝜋𝜋 = 805.1 × 105 𝑚𝑚𝐴𝐴 (10) 
  

𝜇𝜇 = 0.89 × 10−3(1 + 1.63𝑚𝑚𝐴𝐴) (11) 
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𝐷𝐷𝐴𝐴𝐴𝐴 = max (1.61 × 10−9(1 + 14𝑚𝑚𝐴𝐴), 1.45
× 10−9) 

(12) 

  

𝜌𝜌 = 997.1 + 694 𝑚𝑚𝐴𝐴 (13) 

2.2. Case description 
To test the validity of the RO membrane 
model, a chamber (Fig. 1) with the same feed 
rectangular channel used by Fletcher [21] and 
Wardeh [19] has been studied. Its 
characteristics are shown in Table 1. In this 
process, by going through the membrane, a 
part of the feed solution enters the permeate 
region, which is located in the lower part of 

the chamber, and then drives out of the 
permeate outlet. The residual solution at the 
outlet of the feed channel is concentrated by 
sodium chloride because the RO membrane 
acts as a semipermeable wall and does not 
allow sodium chloride to exit across the 
membrane [19]. In the feed solution, the mass 
fraction of NaCl in pure water has been 
considered to be 0.002. 
   The reason for considering Lin and Lout at 
the inlet and outlet of the membrane chamber 
is to make sure that flow development and the 
boundary conditions are correctly 
implemented, respectively. 

 

Feed

Permeate

y

X

Development 
flow at inlet 

(x=0) Outlet 
(x=Lout)

(x=Lin)

(x=Lmem)

Wall (y=h)

Wall (y=-H)

Membrane (y=0)

 

Figure 1. The geometry of the simulated membrane module [21]. 
 
 

Table 1 
Characteristics of membrane modules (membrane length (from 
Lin to Lmem) is 250 mm). 

Length (x) 
Parameter Location (mm) 

Lin 20 
Lmem 270 
Lout 280 

Height (y) 
Feed channel (h) 2 

Permeate channel (H) -1.2 
 
2.3. Geometry and mesh 
Defining membrane geometry is one of the 
most important steps in the simulation. In this 
step, contrary to the previous simulations [19-
21], the permeate section is removed, and the 
membrane geometry is shown in Fig. 2. There 

are two critical assumptions behind this kind 
of geometry definition: first, the constant 
pressure in the permeate channel; second, the 
dependency of salt concentration at the 
membrane wall on the local flux of the 
solution (it means that the salt concentration 
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is not affected by the convective flow). The 
first assumption is only acceptable in modules 
with a smaller size than real RO modules, and 
the second one is suitable for a low 

permeating flux through the RO process 
(about 10 % of the flux in the feed channel) 
[22]. 

 

 
Figure 2. The Geometry of the membrane chamber. 

 
   The precision of the mesh and the 
governing conditions of the problem have a 
great effect on the simulation results. 
Increasing the mesh accuracy, by considering 
the effect of concentration polarization on 
water flux, may result in higher similarity 
between simulation and experimental results 
[19]. For the mesh independency study, the 
simulation has been performed in two distinct 

steps. In the initial step, the accuracy of the 
mesh near the membrane surface varies from 
one to 40 layers. For this step, the 
specifications and obtained results are given 
in Table 2 and Fig. 3, respectively. The 
transverse velocity change across the height 
of membrane channel is considered as a 
response. 

 

Table 2 
Characteristics of the simulations performed to check the mesh independence (variable: number of layers). 

Series No. of layers No. of elements No. of nodes 
1 1 1704 562 
2 5 2016 846 
3 10 3456 1551 
4 20 6336 2961 
5 30 9216 4371 
6 40 12096 5781 

 
 

 

Figure 3. Comparison of the transverse velocity distribution at x = 0.24 m across the membrane height 
(variable: number of layers). 
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By increasing the number of layers close to 
the RO membrane surface to more than 20, no 
changes in the velocity are seen. Therefore, 
Series 4 is selected for further studies. 
   At first, the number of optimal layers close 
to the membrane surface is calculated. In the 

following step, the mesh maximum face size 
was changed, and the number of layers on the 
membrane surface was kept constant. The 
characteristics of the new simulations and 
results are presented in Table 3 and Fig. 4, 
respectively. 

 

Table 3 
Characteristics of the simulations performed to check the mesh independence (variable: maximum 
mesh size). 

Series Mesh max. face size (m) No. of elements No. of nodes 
7 0.0005 24772 11760 
8 0.001 12496 5901 
9 0.0015 8404 3948 
4 0.002 6336 2961 
10 0.0025 5104 2373 
11 0.003 4312 1995 
12 0.004 3256 1491 
13 0.005 2640 1197 
14 0.007 1936 861 

 

 

 

Figure 4. Comparison of the transverse velocity distribution at x = 0.24 m across the membrane height 
(variable: mesh maximum face size). 

 

   The results show that with increasing mesh 
size, the meshing accuracy decreases, which 
leads to reduced computational load and 
solving time. As shown in Fig. 4, with a 
decrease in the maximum mesh size from 
0.007 to 0.002 m, the velocity in Y direction 
converges to the results of simulation Series 
4; then, with a decrease of its value to 0.0005, 
no change is made in the velocity profile. 

Thus, the properties of the simulation Series 4 
used as a reliable characterization for 
membrane mesh. In Fig. 5, the membrane 
chamber is shown by performing a more 
accurate meshing near the wall. 
   After designing geometry, meshing, and 
defining the governing equations and 
boundary, the simulation of RO modules was 
done by ANSYS CFX 18.2 software. 
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Figure 5. Mesh accuracy near the membrane wall. 

 

2.4. Verification of results 
2.4.1. NaCl mass fraction 
To investigate the role of physical 
mechanisms and model verification, the 

transverse velocity (Fig. 6) and the mass 
fraction of salt (Fig. 7) were compared with 
previous studies that had been validated based 
on semi-analytical solutions [19-21]. 

 

 

Figure 6. Comparison of the transverse velocity distribution at x = 0.24 m against vertical distance from 
the membrane surface. 

 
 

 
Figure 7. Comparison of the NaCl mass fraction distribution at x = 0.24 m against vertical distance from 

the membrane surface. 
 

   The reason for the curved diagrams is that 
the RO membrane surface is semipermeable, 

and the concentration of salt near the 
membrane should be greater than its mass 

-2.5E-06

-2.0E-06

-1.5E-06

-1.0E-06

-5.0E-07

0.0E+00

0.0E+00 5.0E-04 1.0E-03 1.5E-03 2.0E-03

V
el

oc
ity

 (m
/s

) 

Y (m) 

Wardeh
Fletcher
This Work

1.5E-03

2.5E-03

3.5E-03

4.5E-03

5.5E-03

6.5E-03

0.0E+00 5.0E-04 1.0E-03 1.5E-03 2.0E-03

Sa
lt 

m
as

s 
fr

ac
tio

n 

Y (m) 

Wardeh
Fletcher
This Work



Bahoosh, Kashi, Shokrollahzadeh, Rostami 
 

108 Iranian Journal of Chemical Engineering, Vol. 16, No. 1 (Winter 2019) 
 

fraction near the top surface of the feed 
channel. The variation manner in transverse 
velocity and salt concentration at the end of 
the membrane compartment indicates that the 
dynamic behavior of the system is correct. 

2.4.2. Water permeate velocity and 

distribution of NaCl mass fraction on the 
membrane surface 
For a more accurate comparison between this 
simulation and previous simulations, the 
water permeate velocity and NaCl mass 
fraction distribution along the RO membrane 
are plotted in Fig. 8 and Fig. 9, respectively. 

 

 
Figure 8. Comparison of water permeate velocity along the membrane. 

 
 

 
Figure 9. Comparison of NaCl mass fraction distributions along the membrane. 

 

   As seen from Figures 9-10, the amount of 
permeate flux, which is high at the beginning 
of the channel, gradually decreases due to a 
reduction in water content and increasing 
osmotic pressure (which is directly related to 
the concentration of salt (Eq. 10)). The 
concentration of salt along the membrane 
increases due to water permeation into the 
other side of the membrane. 
   The model showed good verification with 
previous studies [19-21]. The major benefit of 
this model is to consider the concentration 
polarization and its affecting factors. This 
feature makes the model more accurate and 

reliable to modify in other conditions, like 
extending it for simulation of different 
membrane modules. 

3. Comparison between different RO 
membrane modules 
To perform an equivalence study, eight 
different RO membrane channels were 
compared. In these simulations, the governing 
conditions, such as flow rate and inlet salt 
concentration, flow characteristics in the 
channel, and the absence of gravity force, 
were considered the same as the primary 
model, although the coordinates of the 

0.E+00

5.E-06

1.E-05

2.E-05

2.E-05

3.E-05

3.E-05

0 0.05 0.1 0.15 0.2 0.25

Pe
rm

ea
tio

n 
ve

lo
ci

ty
 

(m
/s

) 

X (m) 

Wardeh
Fletcher
This Work

5.6E-03

5.8E-03

6.0E-03

6.2E-03

6.4E-03

0 0.05 0.1 0.15 0.2 0.25

Sa
lt 

m
as

s 
fr

ac
tio

n 
at

 w
al

l 

X (m) 

Wardeh
Fletcher
This Work



 
Comparison of the Performance of Different Reverse Osmosis Membrane Modules by CFD Modeling 

Iranian Journal of Chemical Engineering, Vol. 16, No. 1 (Winter 2019)                 109 
 

membrane chamber were changed to three-
dimensional ones. Where water permeated in 
Z direction, the conditions for defining the 
membrane were similar to those defined for Y 
direction (Section  2.1). For a more accurate 
comparison of the performances of these eight 
channels, the membrane area, length, and the 
inlet mass flow rate were assumed to be the 
same for all. Some added assumptions are as 
follows: 

• The RO membrane rejection was 
considered 99 %. 

• Due to the changes in the inlet area in 
membrane chambers, the constant inlet 
mass flow rate was employed instead of 
using velocity profile. In the previous 
simulation, a velocity profile was used 
at the inlet. For checking the effect of 
this assumption, two simulations were 
done by employing a normal mass flow 

rate and velocity profile (Fig. 10). It was 
found that the profile of salt mass 
fraction was identical, because two 
different enclosures were considered 
before (20 mm in length) and after (10 
mm in length) the membrane area. 
These enclosures provided enough time 
for the development of the flow. 
Therefore, a normal mass flow rate was 
defined at the membrane channel inlet. 

• The inlet flow rate was considered as 
0.00016 kg/s for the five first channels; 
however, for the others, relative to the 
decrease of cylinder’s diameter, the inlet 
flow was also reduced (Table 4). 

• Dimensions of the primary channel are 
selected according to the reference [14]. 

   The two membrane chambers and the 
geometric information of the simulations are 
depicted in Fig. 11 and Table 4, respectively. 

 

 
Figure 10. Comparison of the NaCl mass fraction distribution at x = 0.24 m against vertical distance from 

membrane surface (the use of normal mass flow rate and velocity profile). 
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Figure 11. Two membrane chambers. 
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Table 4 
The geometric information of the simulations. For all of these simulations, the length of membrane is 80 
mm. 

Series The membrane placement Width 
(mm) 

Height 
(mm) 

Radius 
(mm) 

Inlet flow 
rate (kg/s) 

Membrane 
area (mm2) 

Flat sheet membranes 
1 Down surface of the rectangular 

cube (primary channel) 
40 2 - 0.00016 3200 

2 Up and down surfaces of the 
rectangular cube 

20 2 - 0.00016 3200 

3 Four sides of the rectangular 
cube 

18 2 - 0.00016 3200 

4 Four sides of the cube with a 
square cross-section 

10 10 - 0.00016 3200 

Cylindrical membranes 
5 Reference cylinder (Rref) - - 6.37 0.00016 3200 
6 Cylinder R=1/2×Rref - - 3.18 0.00008 1600 
7 Cylinder R=1/3×Rref - - 2.12 0.000533 1066.6 
8 Cylinder R=1/4×Rref - - 1.59 0.00004 800 

 
4. Results and discussion 
To compare the simulations, the pressure 
drop, mass flow rate, Concentration 
Polarization Layer Thickness (CPLT), and 
permeation velocity across the RO membrane 
were investigated. 

4.1.1. The permeation mass flow rate 
To calculate the flow rate of permeated water 
and salt, the mass conservation law and the 

mass balance equations for water and sodium 
chloride are used. A portion of water/salt 
permeates to the other side of the RO 
membrane, and the greater part of it exits the 
outlet. As a result, by writing the mass 
balance equations and considering 99 % 
rejection for the membrane, the rate of 
permeated water is calculated and given in 
Table 5. 

 

Table 5 
The flow rate of permeated water and the Mass flow average of inlet velocity in different simulations. 

Series The flow rate of permeated water (kg/s) The mass flow average of inlet velocity (m/s) 

1 1.84E-05 0.0018 

2 2.31E-05 0.0037 

3 2.26E-05 0.0044 

4 1.04E-05 0.0016 

5 9.47E-06 0.0012 

6* 1.45E-05 0.0025 

7* 1.85E-05 0.0038 

8* 2.17E-05 0.005 
* The amount of flow was reduced. 

 
   As mentioned before, in the simulations of 6-8, the amount of flow was reduced because 
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the diameter and the inlet mass flow were 
reduced. Thus, for these simulations, the 
amount of permeated mass flow rate was 
multiplied by two, three, and four, 
respectively). 
   The results show that in the constant inlet 
mass flow rate and the same membrane 
surface, the change of geometry is an 
effective factor in variations in the permeation 
velocity through the membrane. In 
Simulations 5-8, the results of increasing the 
flow velocity due to the decreasing diameter 
are apparent on the flow rate of permeated 
water. In addition, a comparison of the first 
four simulations and four-second simulations 
implies that only the increase of feed flow 
rate is not effective in the amount of 
permeation. Even so, how the water contact 
with the membrane surface also affects it. 
Consequently, in Simulations 2 or 3, although 
the flow rate is less than that of Simulation 8, 
the amount of permeated water is higher. This 
is similar to the same phenomenon that 

happens by using spacers in the membrane 
chambers, where creating more turbulence 
leads to a decrease in the concentration 
polarization, yet increases the amount of 
permeate flow rate and pressure drop [9-23]. 

4.1.2. Pressure drop in the feed channel 
The next influential parameter to be compared 
between simulations is the effect of RO 
membrane geometry on the pressure drop. 
This parameter is important because the 
excessive increase of the pressure drop is 
directly related to the overall cost for the RO 
system, especially in the cost of feed and the 
permeate pumps [24]. Moreover, high 
pressure drop leads to inadequate system 
performance [25]. On the other hand, the 
pressure drop in the feed channel is one of the 
basic parameters for comparing the accuracy 
of the results of computer models with large-
scale desalination units [26]. The results of 
different simulations for RO modules are 
shown in Fig. 12. 

 

 
Figure 12. Comparison of the pressure drop in RO membrane chambers for eight simulations. 

 
   Since the pressure drop in the chamber is 
related to the cross-sectional area and the rate 
of entry into the membrane (Hagen-Poiseuille 
equation [27]), the changes of these 
parameters lead to a change in the pressure 
drop. As shown in Fig. 12, in the simulations 
of 4 and 5, areas of the chamber's inlet in such 

a way produce the least pressure drop. 
   Based on the results of the pressure drop 
and the flux of permeated water in eight 
different simulations, it is possible to make a 
comparison between distinct geometries of 
the RO membrane. For example, the pressure 
drop and the mass flow rate of the permeated 
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water in a cubic chamber with a rectangular 
cross-section (the third simulation) can be 
about equal to the pressure drop of a 
cylindrical chamber whose diameter is 1/4 
diameter of the reference cylinder (the eighth 
simulation). A similar event occurs for 
Simulations 1 and 7. On the other hand, by 
comparing Simulations 6-8, it was found that 
by decreasing the diameter of the RO 
membrane chamber, the pressure drop 
increases. In other words, by decreasing the 
diameter of the cylinder to the diameter of the 
hollow fiber membrane (less than 0.5 mm 
[28]), the pressure drop is increasing, yet the 
amount of permeated water also increases. 
Therefore, a trade-off calculation is necessary 
in order to select the best configuration for the 
specified conditions. 
   After all, by considering the flow rate of the 
permeated water, the pressure drop, the 
convenience of the instruction membrane 
module, the flat sheet membrane, Series 2 or 
the cylindrical membrane geometry with a 
roughly similar function, Series 8 has a better 
ability to be used. 

4.1.3. CPLT and water permeation velocity 
The thickness of the concentration 
polarization layer, formed near the 
membrane, can be calculated by the film layer 

theory (Eq. 14) [29]: 

CPLT = ln �mAw−mAp

mA0−mAp
� × DAB

vw
  (14) 

   The rate of water permeation through the 
membrane is also obtained by Eq. (5). Due to 
the water permeation, the thickness of the 
concentration polarization layer gradually 
increases along the membrane (Fig. 13). As a 
result, increasing salt concentration in this 
area reduces the rate of water permeation 
along the membrane (Fig. 14). The rate of 
NaCl mass fraction change along the 
membrane chamber is compared in 
Simulations 3 and 8; the result is presented in 
Fig. 15. As expected, simulation’s results 
showed that by moving toward the outlet, due 
to the water permeation, the amount of NaCl 
mass fraction and CPLT increases near the 
membrane surface. The higher permeation 
rate through the membrane results in the 
lower thickness of the boundary layer due to 
the salt concentration increase. On the other 
hand, changes in membrane geometry can 
result in a higher inlet velocity and pressure 
drop that leads to a larger permeation 
velocity, thus reducing the thickness and 
increasing the compactness of the 
concentration polarization layer [29]. 

 

 
Figure 13. The amount of CPLT along the membrane for eight simulations 
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Figure 14. Comparison of the water permeation velocity along the membrane for eight simulations 

 
 

 
A. simulation series 3 

 
B. simulation series 8 

Figure 15. The contours of NaCl mass fraction along the RO membrane chamber: A. series 3 and B. series 
8. 

0.0E+00

5.0E-06

1.0E-05

1.5E-05

2.0E-05

0.00 0.02 0.04 0.06 0.08

Pe
rm

ea
tio

n 
ve

lo
ci

ty
 (m

/s
) 

X (m) 
Series1 Series2 Series3 Series4
Series5 Series6 Series7 Series8



Bahoosh, Kashi, Shokrollahzadeh, Rostami 
 

114 Iranian Journal of Chemical Engineering, Vol. 16, No. 1 (Winter 2019) 
 

As shown in Figures 13 and 14, the rate of 
water permeation along the membrane 
decreases continuously. When the length of 
the membrane is greater than 0.02 m, these 
changes tend to be constant in proportion to 
the geometry and conditions governing the 
flow. This phenomenon occurs due to the lack 
of concentration polarization formation at the 
entrance of the membrane and its increase 
throughout it. These results also indicate that 
a large part of the water is permeated in the 
first parts of the membrane. In addition, 
excessive membrane length does not have 
much effect on the permeating water; in 
contrast, it increases the pressure drop and the 
cost of pumping and occupies more space by 
the overall membrane module. 

5. Conclusions 
In RO simulation, the primary goal is to 
reduce the difference between experimental 
data and simulation's results. To achieve this 
goal, among various numerical techniques 
that have been used, solution diffusion has 
been more successful. In this study, contrary 
to previous researches, comparisons between 
different membrane compartments in the 
same operating conditions were performed 
using the CFD method. The results showed 
that the tubular membranes could allow more 
water to pass in the case of diminishing the 
diameter and increasing the number of tubes. 
Furthermore, the other advantages of these 
membranes include an easy procedure to 
build, reducing ECP due to the movement of 
tubes, and producing turbulence. The main 
application of the research becomes quite 
handy when choosing the type of membrane 
consumed in the units of water desalination. 
   It should be noted that despite the above 
mentioned information, the main assumption 
of this research and other simulations that 

have been done so far, regardless of the 
effects of temperature, ultimately leads to a 
reduction in the range of applications of 
simulation results. Due to the effects of 
temperature, especially on the flow rate of 
water from the membrane, in future studies, it 
is better to see these effects in calculating the 
operational parameters affecting water 
permeation (density, molecular diffusion 
coefficient, osmotic pressure, and viscosity). 

Nomenclature 

𝐷𝐷𝐴𝐴𝐴𝐴 
the diffusion coefficient of salt in water 
[m2 s−1]. 

𝑔𝑔 the gravity [m s−2]. 
h height of feed channel [m]. 

k 
constant based only on the permeation 
flux of pure solvent [m s−1 Pa−1]. 

l length of membrane [m]. 

𝑚𝑚𝐴𝐴 
the mass fraction of the salt [kg solute per 
kg of solution]. 

𝑚𝑚𝐴𝐴𝐴𝐴 
the mass fraction of the salt on the 
permeate side of the membrane [kg solute 
per kg of solution]. 

𝑚𝑚𝐴𝐴𝐴𝐴 
the mass fraction of the salt on the feed 
side of the membrane [kg solute per kg of 
solution]. 

𝑚𝑚𝐴𝐴0 
the mass fraction of the salt applied at the 
inlet [kg solute per kg of solution]. 

P pressure [Pa]. 
R rejection coefficient. 

𝑢𝑢 
the velocity component in X direction 
[along the channel) [m s−1]. 

𝑢𝑢� 
the mean flow velocity at the entrance of 
the feed channel [m s−1]. 

𝑣𝑣 
the mean velocity component in Y 
direction (normal to the membrane) [m 
s−1]. 

Greek letters 

Δπ 
osmotic pressure differential across the 
membrane. 

π osmotic pressure of the aqueous solution 
[Pa]. 

𝜇𝜇 viscosity [Pa s]. 
𝜌𝜌 fluid density [kg m−3]. 
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