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a b s t r a c t
A significant increase in salinity, which sometimes exceeds 40 g/L, has been observed in the intake 
waters of Fouka station located in Tipaza State (Algeria). An interaction was suspected between 
the discharge and the intake waters due to insufficient dilution or a deviation of the brine plume. 
The purpose of this study is to diagnose this diffuser and to investigate its behaviour concerning 
climatic variations such as wind velocity and current velocity. To achieve this, we simulated sev-
eral dispersion scenarios of release in the marine environment using the Cornell Mixing Expert 
System (CORMIX) code. Indeed, the environmental speeds related to both wind and current play an 
important role in the development of the plume and therefore the dilution of the brine. To further 
exploit the simulation results, we plotted the plume profiles in space for the three velocity cases 
(favourable, intermediate, and unfavourable) according to UTM (Universal Transverse Mercator) 
coordinates, considering the position of the water intake point. Alternatives and solutions were 
proposed at the end of this analysis, to improve the performance of this diffuser.
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1. Introduction

Seawater desalination is considered being an unconven-
tional drinking water supply technique, and an alternative 
that seems relevant and inevitable given the current global 
water shortage [1,2]. The number of desalination plants 
continues to grow worldwide and more particularly in the 
Mediterranean region [3–5]. Indeed, several stations have 
been installed and all discharge significant quantities of 
effluent (brine) into the Mediterranean Sea [4,5].

Besides being two to three times more loaded with salt 
than the Mediterranean basin [4], these discharges also com-
prise various heavy metals and chemicals, which in the long 
term could prove harmful to the marine ecosystem [6,4]. This 
effluent is discharged into the sea to be diluted using special 

diffusers and the dilution depends on the configuration 
of the latter. Optimal sizing of a brine diffuser is therefore 
essential to ensure the acceptable dilution of the discharge 
and minimize its impact on marine life [7].

Brine is discharged from underwater outfalls as a turbu-
lent jet, with an initial density significantly higher than the 
density of the ambient water (seawater) [8].

The first work on desalination discharges was published 
by Holly et al. [9] on the model of discharge systems in two 
parts: the laboratory study of the discharge system in the 
first part, and dispersion tests in some estuary models in 
the second part [10]. Zeitoun and McIlhenny [11] completed 
the experimental work of Holly et al. [10] in a third part 
with a numerical simulation and design considerations 
of desalination plant discharge systems.
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Chaung and Goldschmidt [12] developed turbulent dif-
fusion in liquid jets. Curtet and Hopfinger [13] presented 
a theoretical synthesis on the calculations of neutral and 
buoyant jets. Kotsovinos and List [14], Kotsovinos [15] 
developed in two parts the properties of flat buoyant turbu-
lent jets. Downie [16] had analysed numerically in his thesis 
the flow of a turbulent free jet. Lee [17] developed an ana-
lytical model of a vertical turbulent jet. Papanicolaou [18] 
made a theoretical and experimental analysis of mass and 
momentum transport in an asymmetric vertical turbulent 
buoyant jet. Gosman and Simitovic [19] studied the mixing 
of a confined jet in the laboratory. Wilson [20] went further 
in modelling jets of varying composition in generalized 
crossflows. Roberts [21] carried out a transport and dilution 
prediction study of oceanic discharges.

Doneker [22] and Doneker and Jirka [23] developed an 
expert system (CORMIX1) for the analysis of the mixing 
zone of discharges through a single discharge port. Akar 
et al. [24] developed the work of Doneker [22] and Doneker 
and Jirka [23] to establish another expert code for the anal-
ysis of discharge from a multi-port diffuser (CORMIX2). 
Chen [25] in his research work presented theoretical detail 
and experimental results on turbulent jets and plumes in a 
flowing environment. Gowda [26] conducted field and lab-
oratory research on mixing tubes in marine discharge sys-
tems. Jirka et al. [27] provided a hydrodynamic model of 
surface discharge mixing (CORMIX3).

The CORMIX computer code adapted to model brine 
waste discharges that can predict dispersion, mixing and 
plume trajectory is widely used in the field and cited and 
tested by several authors [7,8,28–36].

In this present work, we will first study the current 
hyper-saline discharge diffuser of the Fouka Desalination 
Plant as well as its behaviour concerning climatic variations 
through multiple simulations using a specialized “CORMIX” 
model to diagnose this diffuser for three possible scenarios 
of environmental velocity couples (favourable, intermediate, 
and unfavourable).

2. Materials and methods

2.1. Simulation parameters

The Fouka station located in the Wilayah of Tipaza has 
a production capacity of 120,000 m3/d and a brine discharge 

flow of about 153,000 m3/d, the latter is discharged directly 
into the marine environment at a depth of 7 m, by an under-
water outfall with a length of 370 m, equipped with a sin-
gle-port diffuser of 2.8 m and a diameter of 1.1 m (Fig. 1).

A set of parameters common to all scenarios, represent-
ing the data and characteristics of the Fouka seawater desali-
nation plant, has been established to allow comparison and 
discussion (Table 1).

Location of the intake point: XUTM = 478,161 m; 
YUTM = 4,060,090 m; the intake is at 5.0 m from the seabed 
and its alignment is shown in Fig. 1.

Location of the discharge of the brine: XUTM = 478,374 m; 
YUTM = 4,059,604 m; the depth is 7 m, the waste is taken 
at 2 m from the seabed at 45° from the horizontal and in a 
northeast direction. The alignment of the outfall is shown 
in Fig. 2.

2.2. CORMIX model

For larger rivers, lakes, and the marine environment, 
modelling using the CORMIX (Cornell Mixing Expert 
System) software is widely used, particularly in studies and 
practical applications in the field of marine discharges and 
mainly brine discharges from desalination plants. In the 
present work, the software has been used under a License 
(License ID N°75183932). CORMIX is a 3D simulation code of 
turbulent buoyant jet mixing behavior which covers a major-
ity of common discharge and environmental conditions 
(Fig. 3).

 
Fig. 1. Photo of the brine discharge diffuser of Fouka station.

Table 1
Characteristics of the Fouka Desalination Plant

Effluent characteristics Diffuser characteristics

Maximum discharge rate 1.77 m3/s Distance from the coast 370 m
Salinity 69 g/L Depth at pour point 7 m
Salinity increase 31.5 Length of diffuser section 2.8 m
Density (19.5°C) 1,050.586 kg/m3 Number of ports 1
Characteristics of the environment Diffuser height 2 m
Salinity 36.5 g/L Port diameter 1.1 m
Density (19.5°C) 1,025.801 kg/m3 Flow output speed 1.86 m/s
Wind speed 2–8 m/s Discharge angle 45°
Current speed 0.02–0.4 m/s
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The hydrodynamic simulation system contains a col-
lection of regional flow models based upon integral, length 
scale, and passive diffusion approaches to simulate the 
hydrodynamics of near-field and far-field mixing zones.

Efficient computational algorithms provide simulation 
results in seconds for mixing zone problems with space 
scales of meters to kilometers and time scales of seconds to 
hours.

Dilution in turbulent buoyant jets is caused by entrain-
ment of surrounding ambient material into the discharge 
plume. In this region, the initial jet characteristics of momen-
tum flux, buoyancy flux, and outfall geometry influence 
jet trajectory and mixing.

CORMIX contains a rigorous flow classification scheme 
developed to classify a given discharge/environment inter-
action and mixing behavior into one of several flow classes 
with distinct hydrodynamic features. The classification 
scheme places major emphasis on the near-field behav-
ior of the discharge and uses the length scale concept as a 
measure of the influence of each potential mixing process. 
Flow behavior in the far-field, after boundary interactions, 
is largely controlled by ambient conditions. Once a flow has 
been classified, integral, length scale, and passive diffusion 
simulation modeling methods are utilized to predict the 
flow process details.

The classification scheme is implemented within 
CORMIX using artificial intelligence (AI) techniques of rule-
based expert systems.

These techniques are used to assist in technology trans-
fer and to give the analyst flexible and powerful tools for 
mixing zone analysis.

Integral models use hydrodynamic equations govern-
ing the conservation of mass and momentum, and of other 
quantities as pollutant mass, density deficit, tempera-
ture and/or salinity, are solved stepwise along the general 
curved jet trajectory.

The solution yields values of the trajectory position 
itself and of the centerline concentrations of these quan-
tities, while the actual cross-sectional distribution is 
fixed a priori (mostly as a Gaussian distribution) in these  
models.

For near-field mixing of stable discharges, CORMIX 
uses the CorJet model that solves the three-dimensional 
jet integral equations for submerged buoyant jets – either 
a single round jet or interaction multiple jets in a multi-
port diffuser – in a highly arbitrary ambient environment. 
The ambient/discharge conditions include an arbitrary dis-
charge direction, positive, neutral or negative discharge 
buoyancy, an arbitrary stable density distribution, and a 
non-uniform ambient velocity distribution with magni-
tude and direction as a function of vertical position (Fig. 4) 
(Doneker and Jirka [42]).

A series of simulation parameters common to all the 
scenarios have been established to allow comparison in 
similar situations. These are the parameters relating to sea-
water, brine, and outfall discharge. The use of this software 
requires prior information on the hydrodynamics prevailing 
in the field of study to know the longitudinal evolution of 
the effluent plume in time and space.

3. Results and discussions

The required effluent dilution rate has been calculated 
and corresponds to S = 34.5. In other words, the salinity of 
the discharge, which is equal to 69 g/L, must be diluted a 
little more than 30 times so that the plume generated does 
not exceed the tolerated concentration of 38.5 g/L when 
mixed with seawater.

S: dilution.

 

Fig. 3. CORMIX simulation of plume dispersion in 3D-single 
port discharge (Doneker and Jirka [42]).

 

Fig. 4. General three-dimensional trajectory of submerged 
buoyant round jet in stratified cross flow (Doneker and 
Jirka [42]).

Fig. 2. Bathymetry, with the P2 intake, and T2 discharge 
points [37].
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3.1. Diagnosis of diffuser behaviour in the receiving environment

To diagnose the behavior of the diffuser, we performed 
simulations for three scenarios of velocity pairs (favorable, 
intermediate, and unfavorable) Table 2.

Fig. 5 shows the different dilutions for the three-
speed pairs (current, wind) mentioned above. Concerning 
the first and third cases, the required dilution rate will 
never be reached, that is, the brine discharged will always 
have a salinity that exceeds the permissible limit for the 
receiving environment, which is very bad for the marine  
ecosystem.

As for the second case, the dilution rate is reached after 
having travelled 140 m, that is, well after the end of the near 
field (X = 54.37 m). The results also showed us that the plume 
hits the ground directly after it leaves the discharge source, 
which is very bad for the seabed.

Based on these results, we can say that the current dif-
fuser of the Fouka Desalination Plant is not in conformity, 
because under all possible conditions, it does not offer a good 
dilution of the brine, thus the negative impact on the envi-
ronment will be high. For this reason, modifications or even 
alternatives of the diffuser must be made.

To exploit the results of the simulations, we have plot-
ted for the three cases mentioned above, the plume profiles 
in space according to UTM (Universal Transverse Mercator) 
coordinates considering the position of the water intake 
point, the results are presented in Figs. 6–8.

In the case of unfavourable environmental speed condi-
tions (case 3), with wind direction parallel to the discharge 
speed (SIGMA = 0°), clearly notices in Fig. 5, a translation of 

the plume by the sea current in the direction from the water 
intake.

To see the effect of the direction of the current on the dis-
persion of the brine in the marine environment, Fig. 6, shows 
the simulation results in case (case 3), with a horizontal 
angle SIGMA = 90°.

With low wind speed and current (case 3) and a direction 
perpendicular to the discharge speed (SIGMA = 90°), Fig. 9 
shows a significant translation of the plume in the direction 
of the water intake point (plume is approaching the water 
intake point), which increases the risk of interaction between 
the discharge water (brine) and the collection water in the 
event of high wind speed and SIGMA angle direction greater 
than 90°.

X, Y and Z: three-dimensional Cartesian coordinates, the 
position of a point is given by the x, y and z distances.

XUTM and YUTM: The X and Y coordinate projection 
in the Universal Transverse Mercator or UTM system is a 
type of conformal map projection of the Earth’s surface.

Horizontal Angle σ (SIGMA): the angle measured 
counter-clockwise from the ambient current direction to the 
plane projection of the port center line (defines the direction 
of the current).

3.2. Improvements and alternatives to the current diffuser

In this section, we will see the dilution results for sev-
eral port diameters (discharge velocities), which is a very 
important factor for the dilution of the brine. We will also 
see the effect of variation in the number of ports (installation 
of a multi-port diffuser) on the dilution of the brine [7].

Table 2
Cases of environmental speeds studied

Type of case Current velocity (m/s) Wind velocity (m/s)

Case1: Favourable 0.4 8
Case2: Intermediate 0.2 6
Case3: Unfavourable 0.02 2

 
Fig. 5. Graphs of dilutions as a function of different environmen-
tal velocities.
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3.2.1. Variation in port diameter (rejection rate)

For a discharge angle of 45°, a diffuser height of 2 m at 
a depth of 7 m and an environmental current velocity of 
0.4 m/s. Fig. 7 shows the different dilutions for the 5 different 
diameters D = 0.5 m (9 m/s), D = 0.8 m (3.52 m/s), D = 1.1 m 
(1.86 m/s), D = 1.5 m (1 m/s) and D = 2 m (0.56 m/s).

We observe that the best dilution condition is given by 
higher diffuser outlet velocities and consequently by lower 
diameters. In other words, the higher the exit velocity, the 
better the dilution.

We observe that for the diameters 1.1, 1.5, and 2 m the 
required dilution rate is not reached, therefore these three 
diameters are to be excluded, among them, the 1.1 m diam-
eter corresponding to the diameter of the current diffuser of 
the Fouka station (Fig. 10).

Concerning the diameters 0.5 m and 0.8 m, the two 
configurations give us a good dilution of the brine and the 
required dilution rate is reached in the near field for both 
diameters. However, for the 0.5 m diameter, the required 

dilution rate is reached after 47.5 m from the discharge point. 
For the 0.8 diameters, the required dilution rate is reached at 
83.4 m from the discharge point.

Therefore, both diameters 0.5 and 0.8 m are recom-
mended with a slight advantage for the 0.5 m diameter.

3.2.2. Variation in the number of ports

To ensure a good dilution of the brine rejected by the 
desalination plant of Fouka, by improving the performances 
of the current single-port diffuser, the installation of a multi-
port diffuser could be an appropriate solution [23]. For this 
reason, we have varied the number of ports while accompany-
ing this with a change of diameter, to keep the same rejection 
speed.

We considered the following data, shown in the table 
(Table 3):

Fig. 11 shows the different dilutions for each type of 
diffuser. We notice that in our case, the more the discharge 
ports are numerous, the better the dispersion of the brine and 
therefore the better the dilution of the brine. Important simu-
lation results are presented in Table 4.

According to these results, for the 3-port diffuser con-
figuration, the required dilution ratio is not achieved. This 
configuration is therefore excluded. The other three diffuser 
configurations are acceptable. The dilution ratio is achieved 
before the end of the near field and before the plume touches 
the sea bottom. However, the first 30-port configuration 
remains in the lead because the dilution ratio is reached at 
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Table 3
Proposed alternatives of diffusers

Type of  
diffuser

Length  
(m)

Ports  
diameters

Number  
of ports

1 100 0.2 30
2 50 0.29 15
3 25 0.39 8
4 10 0.65 3
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the closest distance from the discharge point. The choice 
of one of these three configurations is based on economic 
considerations.

4. Conclusion

After a diagnosis of the current installation of the diffuser 
of the Fouka Desalination Plant, the diffuser shows a failure 
in these performances. On the other hand, great interaction 

between the catchment water and the brine discharge was 
observed for the case of low environmental velocities (unfa-
vourable case), by tracing the lateral profile of the plume and 
the water intake point.

To propose solutions for improving the performance of 
the diffuser, simulations were proposed by increasing the 
discharge velocity on the one hand, and by increasing the 
number of discharge points, on the other hand, to ensure 
good dilution and avoid, consequently, a negative impact on 
the marine ecosystem.

Furthermore, it would be very interesting, in perspective, 
to install a dilution system upstream of the discharge outfall, 
at the level of the coast or the desalination plant itself, to fur-
ther minimize the impact of brine discharges on the marine 
environment [38–41].
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