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ABSTRACT

The reverse osmosis desalination system is defined by mutual interaction between several phenomena from different 
natures.  Therefore, such modelling requires a unified approach to have the possibility to correlate the different 
dynamic situation in our system. We performed experiments at three concentrations (10 mg/ml, 15 mg/ml and 
18 mg/ml). Permeate conductivity, retentate conductivity, permeate concentration, retentate concentration, salt 
permeate concentration, and salt retentate concentration were extracted according to the values of the pressure. 
This paper presents a bond graph model of a reverse osmosis desalination system taking account of hydraulic and 
chemical phenomena. The construction procedure was based on the law that the optimized model can be generalized 
to any reverse osmosis desalination system with simple parameter variation.  Simulation results and experimental 
data are also compared and discussed. This article aims to present the reliability and efficiency of the model bond 
graph to simulate this kind of industrial systems that brings together the hydraulic and chemical aspects at the same 
time. People would like to establish that, unlike some of the other functions choosing to ignore the  chemical aspect 
is not suitable because of its significance in the desalination system.

Keywords: Reverse osmosis; Desalination system; Hydraulic system; Chemical system; Bond graph; Permeate 
concentration; Retentate concentration 

Abbreviations: I: Number of Ion Species Constituting the Solute; M: Concentration of the Solute (mol m-3); T: 
Temperature (K); R: Gas constant (8.31 J.mol-1.K-1); π: Osmotic Pressure of Electrolytes (Pa

of Water in the Diluted Solution (J mol-1); R: Molar Gas Constant (R = 8.314 J mol-1 K-1); T: Thermodynamic 
Temperature (K); A: Permeability of the Membrane to the Solvent (m-1.s); S: Surface of the Membrane (m2); P: 
Density of the Solvent (kg.m-3); ∆P: Difference Pressure Side of the Membrane (Pa ); ∆π: Pressure Difference Osmotic 
Either Side of the Membrane (Pa ): B: The Permeability of the Membrane to the Solute (ms-1); M0: Concentration of 
Solute in Feed (g.l-1); Mp: Permeate of Either Side to the Membrane (g.l-1)

INTRODUCTION

Desalination of seawater is now a conceivable principle to obtain 
drinking water due to the increasing number of people and the 
rising standards of living [1-6]. Due to interactions between 
different parameters, the desalination industry is a very complex 
process, so that it is becoming increasingly important for the 
operation of desalination plants as close as possible.  Reverse 
osmosis is the most widely used system to treat desalination of 
brackish water and seawater and provides drinking water with very 
limited energy consumption [7-8]. It consists of filtering water by 
its passage through a semi-permeable extremely fine membrane 
which separated two solutions of different concentrations [9-11]. 

Sveral preliminary studies could be found in the literature where 
many modelling approaches of desalination units are given. 
Robertson has developed a dynamic matrix control algorithm 
based on the manipulation of pH and pressure, in order to control 
a Reverse Osmosis (RO) desalination system [12]. However, this 
approach cannot be used in the case of reverse osmosis plant 
for the desalination of brackish water. Indeed, the potable water 
salinity is lower than that of seawater and the variation of the pH 
is  not  remarkable. Mandler  has developed a Single In Single O  ut 
approach (SISO) for the small reverse osmosis desalination systems 
[13]. Dynamic recreation of complex mechanical frameworks is 
talked about and an outline of work in displaying, reproduction 
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and control of cryogenic division and liquefaction procedures is 
exhibited. Although this model can be used for control techniques, 
it does not allow the control of the salinity which is the most 
important quality parameter. 

Thomson and Infield have developed a Matlab-Simulink model of 
a photovoltaic-reverse osmosis system [14]. A bond graph model of 
a reverse osmosis desalination system was developed by taking into 
account only the hydraulic part of the system while neglecting the 
chemical [15-30]. Demonstrating and reenactment of a framework 
are intuitive activities. To demonstrate a dynamic framework, bond 
graph modeling is one of the most integral assets especially in a 
framework where various sorts of physical subsystems interface 
together. It obviously portrays the progression of vitality between 
subsystems of a complex co-ordinated framework [31-43]. The 
studied system is a small process of desalination by reverse osmosis. 
The reverse osmosis process is essentially composed of a vertical 
multistage centrifugal pump and a two-stage reverse osmosis 
module device [44]. The results of the simulation by the bond graph 
approach are presented to examine the performance of the system. 
The authors focused their simulation work only on the hydraulic 
aspect (pressure and flow) of each component of the system. 

Motivated by the previously mentioned considerations, the purpose 
of this work is to provide a bond graph model of a reverse osmosis 
desalination system taking account of both hydraulic and chemical 
phenomena. The parameters of the model are then computed 
based on experimental data gathered from the experimental reverse 
osmosis desalination system, to minimize errors between model 
and experimental system responses. 

MATERIALS AND METHODS

Experimental set up

The work is focusing the reverse osmosis for three samples of water 
salinities (18 mg/ml, 15 mg/ml and 10 mg/ml). This choice of 
these concentrations is determined by the assumption that our 
initial water is passed through a petrification system to reduce the 
concentration.

The reverse osmosis water desalination system with reference 
(OSM/2000) given by PIGNAT on which experimental tests were 
carried out is given by the figure below [45]. The below figure 
presents the experimental device with designation of the different 
components depicted in Figure 1(A). The below figure explanatory 
diagram of the operating principle of the system and the flow 
direction of the water depicted in Figure 1(B). The  retentate flow 
rate should first be set at 1000 l/h and the pressure P is varied from 
2 to 15 bars, then the permeate and retentate flow rates Q

p
 and 

Qr as well as their conductivities must be recorded each time. A 
pressure manometer was used to measure the input pressure P and 
two flow meters to measure the flow rates Qp and Qr .

Theoretical approach

The transfer of solvent (water in most cases) through a membrane 
due to the action of a concentration gradient is called osmosis [46-
50]. Considering a system with two compartments separated by a 
perm selective membrane and containing two solutions of different 
concentrations [51-59]. The phenomenon of osmosis will lead to a 
water flow directed from the diluted to the concentrated solution. 
If an attempt is made to prevent this flow of water by applying 
pressure to the concentrated solution, the amount of water 
transferred by osmosis will decrease (Figure 2). At some point, the 
applied pressure will be such that the flow of water will cancel out. 
If we assume for simplicity that the diluted solution is pure water, 
this equilibrium pressure is called osmotic pressure. An increase in 
pressure beyond the osmotic pressure will result in a flow of water 
directed in the opposite direction to the osmotic flow, i.e. from 
the concentrated to the diluted solution: this is the phenomenon 
of reverse osmosis. In other word, reverse osmosis a partition 
procedure that utilizations strain to drive a dissolvable through a 
semi-porous film that holds the solute on one side and enables the 
unadulterated dissolvable to go to the opposite side, compelling it 
from an area of high solute fixation through a layer to a locale of 
low solute focus by applying a weight in abundance of the osmotic 
weight. Jacobus van 't Hoff found a quantitative connection 
between osmotic weight and solute focus, communicated in the 
accompanying condition [60]. 

Figure 1A: Reverse osmosis water desalination system. PIGNAT experimental reverse osmosis water desalination system OSM/2000.  1) Brackish 
water storage tank with copper-coil cooling circuit fed with cold water; 2) High-pressure pump feeding the osmosis module; 3) Osmosis module 
supply circuit with bypass line, control and pressure measuring valve; 4) RO membrane; 5) Retentate circuit with control valve, sampling valve, flow, 
conductivity and temperature measuring valve; 6) Permeate circuit with sampling valve, flow, conductivity and temperature measuring valve; 7) Tank 
water-supply; 8) Particle retaining filter.
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The osmotic pressure is calculated with the following formula: 

. . .R T i Mπ =                     (1)

Where П is the osmotic pressure (bars), R the ideal gas constant, T 
the absolute temperature (K), i is the van’t Hoff factor, the factor 
express the proportion between the salt amount of real issue in 
arrangement and the salt amount of obvious issue, this is the factor 
which explain the chemical aspect, M the molar concentration of 
the solute (Figure 3). For progressively thought arrangements the 
van’t Hoff condition can be reached out as a power arrangement 
in solute concentration.  In reverse osmosis, the solvent and solute 
transfers are carried out by solubilisation–diffusion: All molecular 
species (solute and solvent) dissolve through the membrane 
and diffuse inside there of as in a liquid under the action of a 
concentration and pressure gradient. The transfer therefore no 
longer depends on the particle size but on their solubility in the 
membrane medium. The separations are therefore of chemical 
origin and are related to the solvent power of the membrane.

The solvent mass flux JSv (kg.m-2.s-1) and the solvent volume flux 

.( )svJ A P π= ∆ −∆                                                                                                                                              (2)

. ( P )A SQ π
ρ

= ∆ −∆                                                                                                                                           (3)   

where A is the permeability of the membrane to the solvent 
(m.s-1), S the membrane surface (m2), ρ the volume mass of the 
solvent (kg.m-3), ∆P the pressure difference on either side of the 
membrane and ∆П is the difference in osmotic pressure on either 
side of the membrane. ∆П is the osmotic pressure of the feed flux 
if the permeate is a very dilute solution. The solute mass flux Jsl 
(kg.m-2.s-1) passing through the membrane is given by the following 
relation:

( )slJ B P π= ∆ −∆                                                                                                                                               (4)

Where B is the average permeability of the membrane to the solute 
(m.s-1

the feed and the permeate on either side of the membrane. It is 
thus shown that the solvent flux is proportional to the effective 
pressure ∆P-∆П while the solute flux is independent of it. It is 
also shown that the rejection rate of a membrane increases as 
the effective pressure increases. Membrane clogging is the most 
acute problem encountered in membrane filtration of surface 
water. This issue has been the subject of much research on 
modelling, indicators and mechanisms clogging [61-64].  Clogging 
results from the accumulation of material on the surface of the 
membranes. When a membrane system is operated at constant 
trans-membrane pressure, the most problematic consequence of 
clogging is a reduction, sometimes extremely accentuated, of the 
permeation flux over time. Other direct or indirect consequences 
of clogging are a decrease in the active life of the membranes, more 
frequent washing, and therefore consumption of larger chemicals 
and the management/ disposal of wastewater, and additional 
energy expenditure to compensate for the decrease in membrane 

Figure 1B: Explanatory diagram of reverse osmosis water desalination system.

Figure 2: Hydraulic restriction element in flow laminar and flow turbulent.

Figure 3: Chemical restriction element.

(m3.s-1) passing through the membrane  are  given  by the relations:

), M0 and MP are respectively  the solute concentration of 
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through a restriction for the chemical system. This dissipation is 
given by the relation:

1 2.(M M )sJ B= −                                                                                                                                             (8)

Where Js is the Solute flow (kg.m-2.s-1), B is the Average permeability 
of the membrane with solute (m.s-1), M1 is the Solute concentration 
before the membrane (kg.m-3), M2: Solute concentration after the 
membrane (kg.m-3).

C element:

Hydraulic part: Element C reflects a potential energy build-up for 
the hydraulic system in Figure 6 (A). This accumulation is given by 
the constitutive relation of a capacity for a reservoir:

1 .h h
h

P Q dt
C

= ∫                                                                                                                                                  (9)

(m3 s-1

Chemical part: 
for the chemical system in Figure 6 (B). This accumulation is given 
by the constitutive relation of a capacity for a solute:

1 .s
c

M J dt
C

= ∫                                                                                                                                                  (10) 

-2.s-1), B is the Average permeability 
of the membrane with solute (m.s-1

before the membrane (kg.m-3).

The bond graph model of the reverse osmosis desalination system is 
given in Figure 6. The most important parameters to be controlled 
are the pressure P and the flow rates of permeate Qp and retentate 
Qr. The reverse osmosis link graph model shown in the figure 
above has two parts: The hydraulic and chemical parts. It contains 
six sensors, three sensors for the hydraulic part (P: pressure sensor, 
Qp: permeate flow sensor, Qr: retentate flow sensor) and three 
sensors for the chemical part (Mp: molar concentration sensor, Jp: 
molar permeate flow sensor and Jr: retentate molar flow sensor). 
The solvent flow of the reverse osmosis (water) is modeled by a flow 
source (Sf: Q), the reservoir is represented by a storage element (C: 
Cp) of the quantity of produced water (permeate). The solute molar 
flow (salt water) is modeled by a flow source (Sf: J), the reservoir is 
represented by a storage element (C: Cr) of the quantity of water 
rejected (retentate).

permeability caused by clogging. In the absence of clogging, for 
a solute free solution that can be retained by the membrane, the 

m

.( )
.Rsv

PJ A P ππ
µ

∆ −∆
= ∆ −∆ =                                                                                                                        (5)  

It is possible to follow the increase of the restriction R to the flow 
of water through the membrane. However, since each membrane 
has an intrinsic pure water restriction, it is useful to consider two 
restrictions: a restriction associated with the clean membrane and 
another associated with the deposition of clogging substances. 
When the membrane clogs, an additional restriction Rs is added to 

m c

( )
.(R R )sv

PJ π
µ
∆ −∆

=
+

                                                                                                                                            (6)

This means that the process will need more and more pressure over 
time, and therefore energy, to produce a constant permeate flow 
rate. The clogging thus progressively decreases the permeability of 
the membranes during a filtration cycle.

Bond graph model of reverse osmosis

Reverse osmosis desalination is carried out physically which 
represents from the point of view hydraulic system a reservoir of 
hydraulic capacity Ch with two restrictions (controlled valve noted 
MR

h
 and membrane noted Rmh (Figure 4). From the point of 

view of the chemical system is a chemical potential of the molar 
concentration Cc with two molar restriction (controlled valve MRc 

and membrane Rmc), these hydraulic and chemical elements are 
well discussed as elements of the bond graph model (Figure 5).

Main reverse osmosis element

R element:

Hydraulic part: The R element reflects energy dissipation through 
a restriction for the hydraulic system. According to Faissendier, the 
equation of this element is different when the flow is laminar or 
turbulent [65-68]. This flow is classified according to the Reynolds 
value:

.
e

v dR
µ

=                                                                                                                                      (7)

Where v is the Average fluid speed (ms), d is the Diameter of the 
passage section (m),μ is the Kinematic viscosity of the fluid (m2/s). 
If Re ≤ 1000 then the flow is laminar, if not turbulent.

Chemical part: The R element reflects a dissipation of energy 

Figure 4: Hydraulic capacity element.

Figure 5: Chemical capacity element.

Figure 6A:  Pseudo bond graph model of the reverse osmosis. 
Hydraulic part.
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permeate volume flow J (m3s-1m-2)  can   be   written  in  the  form:

the restriction of the membrane Rm:

Where Ph is the Hydraulic pressure (bar), Qh is  the Hydraulic flow 
), Ch is the Hydraulic capacity.

Element Cc  reflects a potential energy accumulation 

Where Js  is the Solute flow (kg.m
), M1 is  the Solute concentration 
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Determination of equations in the hydraulic and chemical 
parts

The equations of the different elements constituting the pseudo-
bond graph model are given as follows:

Hydraulic part:

8 8 4 9

4 9

1 1 ( )
(R : )

1 1( ) ( )

h h
h

r r
h h

f e e e
MR MR

MR
Q P P P P

MR MR

 = = −

 = − = −
                                                                                       (11)

( )( )

3 3 1 2 4
1 1 ( ( ))

(C : )
1
mh mh

mh

r p
mh

e f f f f
C C

C
P Q Q Q

C

 = = − +

 = − +


   

  

                                                                         (12)

6 6 2 5

6 2 5

1 1 ( )
(R : )

1 1 1( ) ( )

mh mh
mh

p p
mh mh mh

f e e e
R R

R
Q P P P P P

R R R

 = = −

 = = − = −
                                          (13)

7 7 5 5
1 1 1 1

(C : )
1

p
ph ph ph ph

Ph

p p
ph

e f f Q Q
C C C C

C
P Q

C

 = = = =


 =


   



                                   (14)

10 10 9 9
1 1 1 1

(C : )
1

r
rh rh rh rh

rh

r r
rh

e f f Q Q
C C C C

C
P Q

C

 = = = =

 =


   



                                                                                 (15)

Chemical part:

18 18 14 19

18 14 19

1 1 ( )
(R : )

1 1 1( ) ( )

c c
c

r r
c c c

f e e e
MR MR

MR
J M M M M M

MR MR MR

 = = −

 = = − = −
                              (16)

( )( )

13 13 11 12 14
1 1 ( ( ))

(C : )
1
mc mc

mc

r p
mc

e f f f f
C C

C
M J J J

C

 = = − +

 = − +


   

                                                        (17)

16 16 12 15

6 12 15

1 1 ( )
(R : )

1 1 1( ) ( )

mc mc
mc

p p
mc mc mc

f e e e
R R

R
J M M M M M

R R R

 = = −

 = = − = −
                                     (18)

17 17 15 15
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(C : )
1

p
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p p
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e f f Q J
C C C C

C
M J

C
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

 =


   



                                                                   (19)

20 20 19 19
1 1 1 1

(C : )
1

r
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rc

r r
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e f f J J
C C C C

C
M J

C

 = = = =

 =


 
 



                                                                               (20)

RESULTS AND DISCUSSION

Simulations and experimental results

Permeate concentration as a function of pressure (Mp = f(P)): 
Figure 7 shows the curves of the permeate concentration (Mp) as 
a function of pressure (P) (the black dots shows the experimental 
data and the red line shows the numerical simulations) respectively 
for 10 mg/ml, 15 mg/ml and 18 mg/ml (Figure 7). From these 
curves, we observe that changes in the permeate concentration 
are similar to the retentate conductivity. This observation can be 
shocking because there is a discrepancy between the conductivity 
and the permeate concentration. We think that the key word is the 
coherence between the pressure and the network of the membrane. 
The force of the increase of the pressure causes the diminution 
of the nerve of the large molecular passivity by the membrane on 
the one hand, and on the other hand causes the increase of the 
number of small molecules passing through this membrane. By 
the same token, the ionic conductivity is proportional to the large 
molecular passivity by this membrane. Figure 7 presents the sum of 
the permeate concentration experimental data versus pressure. We 
observe that the behavior of permeate concentration is the same of 
retentate conductivity at fixed pressure.

Retentate concentration as a function of pressure (Mr = f(P)): 
Figure 8 shows the curves of the retentate concentration (Mr) versus 
of pressure (P) (the black dots shows the experimental data and the 
red line shows the numerical simulations) respectively for 10 mg/
ml, 15 mg/ml and 18 mg/ml (Figure 8). From these curves, we 

Figure 6B:  Chemical part.
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Figure 7:  Permeate concentration (M
p
 as a function of pressure (P).

Where Pi  is the pressure (bars); Qi is the  water flow rate (m3 .s-1); 
Mi is the concentration (g.l

-1 -1).); ni is the molar flow (mol.s
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Retentate flow as a function of pressure (Qr = f(P)): Figure 10 
shows the curves of the retentate flow (Qr) versus pressure (P) 
(black dots shows experimental data and red line shows the 
numerical simulations) respectively for 10 mg /ml, 15 mg/ml and 
18 mg/ml (Figure 10). From these curves, it is observed that the 
variations of the permeate flow as a function of the pressure are 
linear and decreasing. It is clear that the decrease in the flow rate 
of retentate is directly related to the permeate flow rate for the 
first two concentrations where the average fluid flow rate is almost 
the individual flow rate of each fluid constituent, in other words, 
or the viscosity is approximately homogenous in an approximate 
manner. For the highest concentration, the retentate flow is directly 
related to the permeate flow but not directly to the diameter of 
the membrane holes. Unlike the permeate flow that is related to 
this parameter. Figure 10 presents the sum of the retentate flow 
experimental data versus pressure. We observe that the permeate 
flow increase at fixed pressure with the same way.

The below Table shows the physical parameters of reverse osmosis 
for the three concentrations (Table 1). 

We note that the elements of storage (Cmh, Cmc, Cph, Cpc, Crh and 
Crc) do not vary and this choice to limit the completeness of the 
system. This choice is based on industrial models that require 

note the same observation of the retentate conductivity. This result 
confirms that the number of big dimension molecules (clusters) 
not passing through the membrane increases when the pressure 
increases. In addition, we note that there is an order of magnitude 
difference between the permeate concentration and the retentate 
concentration, this confirms our interpretation. Figure 8 presents 
the sum of the retentate concentration experimental data versus 
pressure. We observe the same behavior of retentate conductivity 
at fixed pressure.

Permeate flow as a function of pressure (Qp = f(P)): Figure 9 shows 
the curves of permeate flow (Qp) versus pressure (P) (black dots 
for experimental data and red lines for numerical simulations) 
respectively for 10 mg/ml, 15 mg/ml and 18 mg/ml (Figure 9). 
From these curves, it is observed that the variations in permeate 
flow as a function of pressure are linear and increasing for the 
two first concentrations. For the third concentration, the curve of 
permeate flow as a function of pressure is divided into three zones. 
The first zone exhibits a small increase in permeate conductivity 
and this is in the range 3-8 bar, whereas the second zone has a 
strong increase and this is in the range 8-12 bar, the third zone is 
a zone of saturation. We think for the first two concentrations (10 
mg /ml and 15 mg /ml). The number of large molecule is not very 
important so not important areas of congestion. Then, when the 
pressure increases, the average velocity of the fluid increases, at this 
stage we think that all the molecules work with almost the same 
speed. There is no difference between small and large aggregates, 
so there is no provocation of the viscosity problem. For the third 
concentration (18 mg/ml), we admit that the appearance of these 
three zones is the important difference between the average speed 
of small molecules and the average speed of large molecules. In 
addition the concentration increases the possibility of formation 
of cluster clutter areas. So this can cause the possibility of non-
homogenous fluid. We can say that in the first zone the difference 
between the average velocities of the small and large molecules is 
important, whereas this difference decreases for the second zone 
and almost disappears for the third zone. Figure 9 presents the sum 
of the permeate flow experimental data versus pressure. We observe 
that the permeate flow decrease at fixed pressure but not with the 
same way. We know that the permeate flow is directly related to the 
diameter of the holes in the membrane, or when the concentration 
increases, the possibility of formation of large aggregates increases, 
so the flow rate of permeate decreases.

Figure 8:  Retentate concentration (Mr) as a function of pressure (P).

Figure 10:  Retentate flow (Q
r
) as a function of pressure (P).

Figure 9:  Permeate flow (Q
p
) as a function of pressure (P).
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Table 1: The parameters of reverse osmosis.

Symbols Designations
Nominal values for 10 

mg/ml
Nominal values for 

15mg/ml
Nominal values for 18 

mg/ml

Q Source flow (l.h-1) 103 103 103

J Molar flow (l.h–1) 0.467 0.655 0.895

C
mh

Feed water storage hydraulic part  (m3.N-1) 18.10-4 24.10-4 28.10-4

Cmc Feed water  storage chemical part  (m3.N-1) 20.10-6 26. 10-6 28.10-6

Cph Permeate water storage  hydraulic part  (m3.N-1) 4.10-3 8.10-3 10.10-3

C
pc

Permeate water storage   chemical  part  (m3.N-1) 2.10-6 6. 10-6 8.10-6

Crh Retentate water storage  hydraulic part  (m3.N-1) 12.10-3 16.10-3 18.10-3

C
rc

Retentate water storage   chemical part  (m3.N-1) 16.10-6 18. 10-6 20.10-6

Rmh Hydraulic permeability (l.h–1) 32 28 26

R
mc

Chemical permeability (l.h–1) 1.10-3 0.4.10-3 0.6.10-3

MRh Control valve hydraulic part (m3.s-1) 9.102 7.102 6.102

MR
c

Control valve chemical part (m3.s-1) 1.10-1 0.4.10-1 0.6.10-1

hydraulic aspect and the chemical aspect. In addition, we believe 
that our proposal to model this reverse osmosis desalination system 
can be generalized and used in industrial life for the monitoring, 
control and supervision of the hydraulic and chemical aspects of 
this system. In addition, the configuration of our system is directly 
and explicitly linked to the types of fluids, the type of membrane 
materials and the capacity of the tanks of the desalination system. 
These parameters are clearly explicit in our model, which opens 
the door to generalization to industrial systems. But our model 
does not deal with the service life of the membrane. Thus, the 
effects of temperature are not valued in our case, which opens the 
door to their introduction into the model equations. In addition, 
the emphasis on robust diagnostic strategy using linkage graph 
modeling should be discussed for the future. 
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