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a b s t r a c t 
The accumulation of salts on the high-pressure side of the reverse osmosis membrane surface is 
attributed to concentration polarization. The efficiency of the reverse osmosis process is significantly 
affected due to concentration polarization. Because the value of salt concentration exceeds the bulk 
salt concentration at the membrane surface resulting in a salt boundary layer at the surface of the 
membrane. In this research, a parametric analysis was performed using the developed concentration 
polarization model to present qualitative and quantitative evaluations of the influence of different 
parameters on the overall process performance concerning membrane permeate flux. The objective 
of this sub-task is to illustrate the effects of physical and operating parameters on permeate velocity, 
wall concentration, concentration polarization factor and boundary layer thickness.
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1. Introduction 

Water scarcity is becoming a growing issue worldwide 
due to increasing population and deteriorating of supplies 
of water useable for irrigation, drinking and industry [1,2]. 
Desalination is one of the solutions for dealing with water 
shortages problems [3,4]. Presently, many countries includ-
ing Gulf Cooperation Council countries (GCC) are using 
desalination methods to produce industrial and potable 
water for their requirements [5]. Reverse osmosis (RO) and 
thermal desalination processes such as multi-effect desali-
nation (MED) and multi-stage flash (MSF) are the most 
commonly used desalination techniques. Over the last few 
years, RO is rapidly gaining market share due to significant 
improvements in membrane technologies used for water 
desalination to enhance the efficiency and cost-effectiveness 
of the processes [6–10]. RO is a pressure-driven separation 
process in which diffusion of salts and water takes place 
through a dense membrane. As compared to water, the dif-
fusion of salts is much lower resulting in a rejection of the 
salts. This phenomenon causes rejected salts to accumulate 

on the membrane surface. So, the rejected matter accumu-
lates in front of the membrane, with the highest concen-
tration directly at the surface of the membrane. One of the 
most vital factors affecting the performance of membrane 
separation processes is concentration polarization (CP) [11]. 
Prediction of factors affecting water permeate velocity is 
crucial for designing RO processes. 

The efficiency of RO plants is quite subtle to the oper-
ating conditions of plant and the feed water quality. There-
fore, it is important to have efficient RO models for process 
operation and design [12]. However, it is not easy to achieve 
a stringent mechanistic model of RO plant, which consid-
ers several important parameters such as water permeate 
velocity, flux, concentration polarization, feed temperature 
and fouling. Various tools and software have been devel-
oped by the researchers to design an RO plant, nevertheless, 
these models mainly focus on the system performance of 
RO processes rather than the optimization of RO modules 
regarding product water quality and energy efficiency [13].

Kim and Hoek compared the available analytical CP 
models to a more rigorous numerical model and exper-
imental CP data [11]. They developed a two-dimensional 
numerical CP model to enable the local description of sol-
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ute rejection and permeate flux in crossflow reverse osmosis 
membrane separations. They compared the predictions of 
the numerical data and two analytical CP models to exper-
imental RO performance data. The numerical and film the-
ory models predicted channel-averaged experimental salt 
rejection data and experimental permeate flux accurately at 
operating conditions.

Oh et al. used a simple model based on the solution-dif-
fusion theory and multiple fouling mechanisms to investi-
gate the performance of RO systems for water desalination 
[13]. They analyzed the effect of permeate flux and recovery 
ratio on the efficiency of the RO process for different oper-
ating conditions. They used their model for the optimiza-
tion of RO system for high boron removal and low energy 
consumption. The model can be used to determine the opti-
mum recovery and flux for a given condition of boron con-
centration in permeate and specific energy.

Sempere and co-authors used Digital Holographic 
Interferometry (DHI) to visualize the polarization concen-
tration layer during crossflow RO [14]. They performed the 
experiments with NaCl and Na2SO4 solutions and studied 
the influence of initial concentration, the pressure applied 
and crossflow (CF) velocity. The CF velocity was changed 
every 30 min in each experiment, and the steady-state was 
reached within few minutes after changing the CF veloc-
ity. A close relationship was found between CF velocities, 
polarization layer and permeate flux. Furthermore, they 
also reported that the permeate flux increased at higher val-
ues of CF velocities because of greater shear force occurred 
with the increase of the fluid flow. Radu et al. developed 
a two-dimensional mathematical model to investigate the 
effect of CF velocity in RO/nanofiltration (NF) feed chan-
nels [15]. They evaluated biofilm removal approaches based 
on velocity variations. Due to substrate CP, the overall sub-
strate consumption rate dominated over accumulation with 
an increased biofilm thickness. Consequently, substrate 
concentrations decreased in the biofilm compared to bulk 
liquid.

Zhou et al. developed a macroscopic method to eval-
uate the effect of CP on the efficiency of the spiral wound 
membrane modules [16]. A mathematical model was 
proposed with the introduction of a polarization factor 
for the permeate flux in the spiral wound modules. The 
developed model was solved numerically to analyze the 
performance of a long membrane network under differ-
ent operation parameters. They stated that the proposed 
model provide a feasible way to estimate CP in spiral 
wound modules. They also mentioned that the polariza-
tion factor increases with increasing permeate velocity. 
Subramani and Hoek used direct microscopic observation 
to investigate the physicochemical factors causing initial 
rates of microbial deposition onto RO and NF membrane 
[17]. They reported that the deposition rates increased with 
decreasing CF velocity, increasing salt rejection, increasing 
cell size, increasing membrane surface area and increasing 
permeate velocity. Fletcher and Wiley studied the effect of 
different operating conditions and geometrical parame-
ters on the behavior of membrane systems [18]. They also 
investigated the influence of gravity on the variation of 
the permeate velocity across the membrane and reported 
that the gravity has a significant influence throughout the 
membrane channel.

In the previous work [19], an explicit expression for the 
water permeate velocity through the reverse osmosis pro-
cess was developed by combining the solution diffusion 
transport model and film theory, so called concentration 
polarization (CP) model. This CP model assists in the for-
mulation of concentration polarization using limited data 
on water, salt and membrane properties as well as the mass 
transfer coefficients. In this work, a parametric analysis 
was performed using the developed CP model to study 
the influence of various parameters on the performance of 
membrane concerning membrane permeate flux. The influ-
ence of operating and physical parameters on wall concen-
tration, concentration polarization factor, permeate velocity 
and boundary layer thickness will be explored in this study. 

2. Estimation of water permeate velocity 

The following relation can be used to calculate the local 
permeate velocity, V(x) which was derived and explained in 
detail in our previous work [19]. Fig. 1 shows the schematic 
of the boundary layer adjacent to the membrane surface.
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Fig. 1. Layout of the boundary layer adjacent to the surface of 
membrane.
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The developed equation for the local permeate veloc-
ity, Eq. (1), contains two dimensionless parameters (∆F and 
Ns) that need to be determined in order to predict permeate  
velocity using the model.
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where ∆p is the applied pressure, ∆π is the osmotic pres-
sure, Rm is the membrane resistance, D is the diffusion coef-
ficient, L is channel length and γ is the wall shear rate. ∆F 
and Ns are the dimensionless driving force and dimension-
less membrane resistance, respectively [19]. The dimension-
less parameters were introduced during the derivation of 
the water permeation velocity for simplifying the complex 
mathematical form as described in the previous work [19].
These parameters depend on solution properties and sys-
tem parameters as well as the mass transfer coefficient. The 
mass transfer coefficient can be estimated from the correla-
tion between Sherwood, Reynolds and Schmidt numbers as 
follows [20]:
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where d is the height of feed channel, u is the cross flow 
velocity, μ and ρ are the viscosity and density of water, 
respectively. The constants λ, a, b and c are mass transfer 
coefficient constants and their values are λ = 0.065, a = 0.875, 
b = 0.25 and c = 0.00 [20].

3. Results and discussion

The obtained equation for water permeate velocity is 
used to study the effect of various operating parameters. 
The permeate water  velocity is given by Eq. (1) and the wall 
concentration is given by [11]:
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where Cw(x) is the wall concentration, A is the membrane 
water permeability, f is the osmotic pressure coefficient, Ro 
is the membrane salt rejection and Cb is the bulk concentra-
tion. To study the effect of operating parameters on mass 
transfer coefficient, Eq. (5) can be used, which is known as 
concentration polarization factor [19]. Table 1 shows the 
input data for the results of the obtained model. 
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δ
 is defined as mass transfer coefficient, m/s. 

3.1. Effect of operating parameters on product flux

The most important operating parameters that affect the 
product flux are applied pressure, feed concentration and 
membrane water permeability. In this section, the effect of 

these parameters was discussed in detail. Table 2 shows the 
values of permeate velocity (V(x)), wall concentration, con-
centration polarization factor and boundary layer thickness 
against the applied pressure. The effect of applied pressure on 
water permeate velocity is depicted in Fig. 2. It is clear from 
the figure that permeate velocity increases as applied pres-
sure increases. This is supported by the basic reverse osmosis 
equation [Eq.(6)] [19]. An increase in applied pressure by 17% 
yield an increase of 8% in permeate velocity as can be seen in 
Fig. 2. A large driving force for permeation is induced due to 
higher applied pressure. In addition, the permeate  velocity 
showed almost linear dependence on the applied pressure.

Q A Pw = −( )∆ ∆π � (6)

where Qw is the rate of water flow through the membrane, 
∆P is the hydraulic pressure differential across the mem-
brane, ∆π is the osmotic pressure differential across the 
membrane,  A is the membrane permeability coefficient for 
water.

Table 1
General values of operating parameters

Parameter Value

Applied pressure ∆p, Pa 2 × 106

Osmotic pressure coefficient f, Pa/mol 4955.1
Membrane water permeability A, m·pa–1 s–1 2 × 10–11

Wall shear rate, s–1 1000
Membrane salt rejection Ro 1
Channel length L, m 1
Viscosity of water µ, N·s/m–2 1.0 × 10–3

Water cross flow velocity u, m/s 0.1
Hydraulic diameter of channel d, m 1.4 × 10–3

Density of water ρ, kg/m3 1000
Diffusion coefficient D, m2/s 1.6 × 10–9

Membrane resistance Rm, pa·s/m 1.0 × 1011

Bulk concentration Cb, mol/m3 85.5
Reynolds number Re 140
Schmidt number Sc 625
Sherwood number Sh 24.53
Mass transfer coefficient Kb, m/s 2.8 × 10–5 

Table 2
Effect of applied pressure, ∆p on water permeate velocity, wall 
concentration, concentration polarization factor and boundary 
layer thickness

Δp, pa V(x), m/s Cw, mol/m3 Cw/Cb δ, m Ds/δ
1 × 106 3.96 × 10–6 162.0 1.890 2.57 × 10–4 6.2 × 10–6

2 × 106 9.42 × 10–6 308.6 3.610 2.18 × 10–4 7.3 × 10–6

3 × 106 1.23 × 10–5 481.4 5.630 2.25 × 10–4 7.1 × 10–6

4 × 106 1.42 × 10–5 664.0 7.700 2.30 × 10–4 7.0 × 10–6

5 × 106 1.57 × 10–5 850.6 9.950 2.34 × 10–4 6.8 × 10–6

6 × 106 1.70 × 10–5 1040 12.16 2.35 × 10–4 6.8 × 10–6
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Table 3 displays the influence of changing bulk concen-
tration on permeate velocity, wall concentration, concen-
tration polarization factor and boundary layer thickness.
Fig. 3 illustrates the relationship between water permeate 
velocity and feed concentration. It can be seen in Fig. 3 that 
permeate velocity decrease as feed concentration increases. 
An increase in feed concentration by 4% yield a decrease 
of 2.5% in permeate velocity. As given in the basic reverse 
osmosis equation [19], fouling is enhanced by the increase 
in the bulk concentration and consequently, the water per-
meate flux decreases.

Table 4 and Fig. 4 display the values of permeate veloc-
ity (V(x)) against the membrane water permeability. It is 
obvious in the figure that permeate velocity increases as 
membrane water permeability increases. Normally, water 
flux is directly proportional to the membrane water perme-
ability as suggested by the basic reverse osmosis equations 
[6]. An increase in membrane water permeability by 17% 
yield an increase of 17% in permeate velocity. The effect 
of membrane water permeability on other factors such as 
wall concentration, concentration polarization factor, and 
boundary layer thickness is also depicted in Table 4.

3.2. Effect of operating parameters on wall concentration and 
concentration polarization factor

This subsection deals with the effect of operating 
parameters such as applied pressure, feed concentration 
and membrane water permeability on the wall concentra-
tion and concentration polarization factor. Fig. 5 exhibits 
a plot of wall concentration versus applied pressure. It is 
clear from the figure that the wall concentration increases 
with applied pressure, consequently concentration polar-
ization increases. An increase in applied pressure by 17% 
yield an increase of 18% in wall concentration.

Fig. 6 depicts the effect of feed concentration on the 
membrane wall concentration. The wall concentration 
increases as the feed concentration increases as shown in 
the figure, where fouling is more pronounced. An increase 
in feed concentration by 4% yield an increase of 0.6 % in 
wall concentration.

Since both bulk concentration Cb and wall concentration 
Cw vary, therefore, the concentration polarization factor will 
depend on each value of bulk concentration and wall con-
centration as shown in Fig. 7. This can be explained by the 
variation of convective and diffusion effect. As bulk concen-

Fig. 2. Effect of applied pressure, ∆p on permeate velocity.

Fig. 3. Relationship between water permeate velocity and feed 
concentration.

Table 3
Effect of bulk concentration on water permeate velocity, wall 
concentration, concentration polarization factor and boundary 
layer thickness.

Cb, mol/m3 V(x), m/s Cw, mol/m3 Cw/Cb δ, m

75.50 9.96 × 10–6 303.0 4.02 2.23 × 10–4

80.50 9.68 × 10–6 306.0 3.80 2.21 × 10–4

85.50 9.42 × 10–6 309.0 3.61 2.18 × 10–4

90.50 9.17 × 10–6 311.0 3.44 2.15 × 10–4

95.50 8.93 × 10–6 313.0 3.28 2.13 × 10–4

100.5 8.70 × 10–6 316.0 3.14 2.10 × 10–4

105.5 8.49 × 10–6 318.0 3.01 2.08 × 10–4

110.5 8.27 × 10–6 320.1 2.89 2.06 × 10–4

115.5 8.07 × 10–6 322.2 2.79 2.03 × 10–4

120.5 7.87 × 10–6 324.2 2.69 2.01 × 10–4

Table 4
Impact of membrane water permeability on water permeate 
velocity, wall concentration, concentration polarization factor 
and thickness of boundary layer

A, m·pa–1s–1 V(x), m/s Cw, mol/m3 Cw/Cb δ, m

1 × 10–11 4.71 × 10–6 308.6 3.609 4.36 × 10–4

2 × 10–11 9.42 × 10–6 308.7 3.610 2.18 × 10–4

3 × 10–11 1.41 × 10–5 308.7 3.610 1.45 × 10–4

4 × 10–11 1.88 × 10–5 308.7 3.610 1.09 × 10–4

5 × 10–11 2.35 × 10–5 308.8 3.611 8.72 × 10–5

6 × 10–11 2.83 × 10–5 308.4 3.610 7.27 × 10–5
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tration increases, convective effect increases shrinking the 
boundary layer and reflect a slow increase in the wall con-
centration, so concentration polarization factor decreases as 
bulk concentration increases. An increase in feed concentra-
tion by 4% yield a decrease of 3.6% in concentration polar-
ization factor.

Fig. 8 illustrates the effect of membrane water perme-
ability on wall concentration. It is obvious from the figure 
that wall concentration increases as water permeability 
increases, that means an increase in concentration polariza-
tion. As membrane water permeability increases, more flux 
is produced yielding a small increase in wall concentration. 
An increase in membrane water permeability by 17% yield 
an increase of 0.13% in wall concentration.

3.3. Effect of operating parameters on boundary layer thickness 

The effect of important operating parameters on 
boundary layer thickness is discussed in detail in this sec-

Fig. 4. Plot of water permeate velocity versus membrane water 
permeability.

Fig. 5. Effect of applied pressure on the membrane wall concen-
tration.

Fig. 7. Plot of concentration polarization factor vs. feed concen-
tration.

Fig. 8. Influence of membrane water permeability on wall con-
centration.

Fig. 6. Membrane wall concentration versus feed concentration.
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tion. Table 2 displays the boundary layer thickness values 
against the applied pressure. Fig. 9 shows a plot of the 
boundary layer thickness and applied pressure. It can be 
observed from the figure that the boundary layer thickness 
is directly proportional to the applied pressure, however, 
it is not very clear in this figure. An increase in applied 
pressure by 17% yield an increase of 0.42% in boundary 
layer thickness. 

Table 3 shows the boundary layer thickness values 
against the feed concentration. Fig. 10 displays a relation-
ship between boundary layer thickness and feed concen-
tration. It can be seen that the boundary layer thickness 
decreases as feed concentration increases which reflects an 
enlargement of the bulk region. An increase in feed con-
centration by 4% yield a decrease of 1% in boundary layer 
thickness.

Table 4 shows the boundary layer thickness (δ) values 
against the membrane water permeability. Fig. 11 demon-
strates a plot of boundary layer thickness versus membrane 
water permeability. It is clear that boundary layer thickness 
decreases as membrane water permeability increases. An 
increase in membrane water permeability by 17% yield a 
decrease of 16.6 % in boundary layer thickness.

Upon reviewing the changes in boundary layer thick-
ness with different operating parameters, it was found that 
the boundary layer thickness decreases with increase in 
both bulk concentration and membrane water permeability. 
But the increase of boundary layer thickness with increas-
ing applied pressure is not very clear in Fig. 9. So, a plot of 
combined effect of applied pressure and bulk concentration 
was prepared as show in Fig. 12 and displayed in Table 5. 
The same observation was obtained, i.e. increase in the 
boundary layer thickness by increasing applied pressure. 

Fig. 13 shows values of boundary layer thickness versus 
extended values of applied pressure. In Fig. 13, an expected 
decrease in the boundary layer thickness was observed 
with the increase in applied pressure for the lower values 
of applied pressure. This is due to a pronounce effect of 
convection, so boundary layer thickness decreases. When 
applied pressure increases, the wall concentration reach 
higher values and back diffusion is larger than the convec-
tion so the boundary layer thickness increases.

4. Conclusions

In this work, a developed model describing concentra-
tion polarization in reverse osmosis process was used to 
perform the parametric analysis. Parametric study of con-
centration polarization was performed to investigate the 
effects of physical and operating parameters in point of 
view of the water permeate velocity, concentration polar-

Fig. 9. Boundary layer thickness versus applied pressure. Fig. 10. Effect of feed concentration on boundary layer thickness.

Fig. 11. Plot of boundary layer thickness vs. membrane water 
permeability.

Table 5
Study effect of changing both applied pressure and bulk 
concentration on boundary layer thickness

Cb ∆p 2.00 × 106 3.00 × 106 4.00 × 106

δ (m)

85.5 2.18 × 10–4 2.25 × 10–4 2.30 × 10–4

90.5 2.01 × 10–4 2.09 × 10–4 2.15 × 10–4

95.5 1.85 × 10–4 1.95 × 10–4 2.02 × 10–4
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ization, wall concentration and boundary layer thickness. 
The physical and operating parameters include; applied 
pressure, bulk concentration and membrane water per-
meability. It was found that the permeate water  velocity 
increased with the increase in applied pressure and mem-
brane water permeability while the feed concentration 
has reverse effect on the water permeate velocity. How-
ever, wall concentration was increased with the increase 
in all the physical and operating parameters (i.e. applied 
pressure, bulk concentration and membrane water perme-
ability). The effect of different parameters on the bound-
ary layer thickness was also studied and it was found that 
the boundary layer thickness decreases with increase in 
both membrane water permeability and feed concentra-
tion. But the increase of boundary layer thickness with 
increasing applied pressure was not very clear. There-
fore,a plot of combined effect of applied pressure and bulk 
concentration was prepared. In this work, it is shown that 
by means of parametric analysis, the developed model 
will help researchers to obtain the optimum setting for 

reverse osmosis plants. A detailed parametric study was 
conducted to illustrate the variations of permeate veloc-
ity, wall concentration and membrane water permeability 
with different operating conditions such as applied pres-
sure, feed concentration and boundary layer thickness. 
Hence, it can be concluded that the developed model is 
an efficient cost-effective tool to estimate the optimum 
parameters and evaluate the system performance of any 
reverse osmosis process.
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Symbols

f	 —	 Osmotic pressure coefficient, Pa/mol
γ	 —	 Wall shear rate, s–1

ρ	 —	 Density of water, Kg/m3

µ	 —	 Viscosity of water, N·s/m–2

∆p	 —	 Osmotic pressure, pa
∆p	 —	 Applied pressure, pa
A	 —	 Membrane water permeability, m·pa–1 s–1

Cb	 —	 Bulk concentration, mol/m3

Cp	 —	 Product water concentration, mol/m3

Cw	 —	� Membrane surface (wall) concentration, mol/m3

d	 —	 Hydraulic diameter of channel, m
D	 —	 Diffusion coefficient, m2/s
Jv	 —	 Product water flux across the membrane
Kb	 —	 Mass transfer coefficient, m/s
L	 —	 Channel length, m
Ro	 —	 Membrane salt rejection
Rm	 —	 Membrane resistance
Re	 —	 Reynolds number
Sc	 —	 Schmidt number
Sh	 —	 Sherwood number
u	 —	 Water cross flow velocity, m/s
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