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Abstract

Sea water desalination plants discharge a concentrated brine effluent into coastal waters. Modern, large
capacity plants require submerged discharges, in form of a negatively buoyant jet, that ensure a high dilution in
order to minimize harmful impacts on the marine environment. Existing design practice favors a steep discharge
angle of 60° above horizontal that is based on very limited laboratory data on dilutions at the level of maximum
rise. However, examination of more recent laboratory data and the parametric application of CorJet, a jet integral
model within the CORMIX expert system suggest that flatter discharge angles of about 30° to 45° above
horizontal may have considerable design advantages. These relate to better dilution levels at the impingement
location, especially if bottom slope on port height are taken into account, better offshore transport of the mixed
effluent during weak ambient current conditions, and the ability to locate in more shallow water near-shore.
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1. Introduction quality [1]. Seawater desalination plants carry a
number of waste products into the coastal ocean
[2]. The most direct product is a concentrated
salt brine discharge (Fig. 1) that may also have
an elevated turbidity and temperature (latter
most notable for plants with thermal desalina-
tion techniques such as multistage flash (MSF)).
Other waste products relate to chemicals used for
biofouling control (e.g. chlorine), scale control
(antiscalants), foam reduction, and corrosion inhi-
bition. Depending on the physical and ecological
*Corresponding author. characteristics of the receiving waters, these

Seawater desalination contributes positively
to the environment (e.g. reducing exploitation of
non-renewable drinking water sources) and to
humanity, but at the same time may cause nega-
tive local impacts on the environment. Besides
the impacts regarding energy consumption and
land use, the major impact is related to the
marine environment, especially to coastal water
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Fig. 2. Discharge strategies for negatively buoyant effluents [8]. (a) Shoreline discharge via channel or weir, (b) sub-

merged discharge via pipeline and nozzle or diffuser.

to be embedded in a sustainable concentrate
management plan. Together these technologies
can be considered as concentrate management
technologies.

However, discharge designs are often not
optimized regarding environmental impacts nor
operational needs. In addition, regulations often
lack clear guidance regarding the control of
ambient standards or environmental impact stud-
ies [7]. Consequently it can be observed that the
majority of discharges, especially in the Middle
East North African (MENA) region, are surface
discharges directly at the coastline (Fig. 2(a))

with very low mixing capacities. Similar design
deficiencies also apply for intakes, that can be
harmful to fish or other species. In addition,
there is a potential for recirculation to the plant
intake, reducing overall system efficiency espe-
cially for larger plants or plant complexes.
Scientifically validated and efficient plan-
ning tools in the form of predictive models and
expert system design guides are needed to assist
desalination plant designers and plant managers
in designing and operating the intake-treatment-
outfall scheme so that environmental impacts on
the marine environment can be controlled and
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minimized. The preliminary results of the devel-
opment of such tools are presented as follows.

2. State of the art — previous works

The high salt concentration and the residual
concentrations of added process chemicals of the
discharge water may harmfully impact organisms
near the outfall that cannot tolerate either high
concentration levels or fluctuations in levels of
these substances. In general there is little sys-
tematic information available on the impacts of
desalination plants on the marine environment.
Even less data is available to quantify such
impacts for regulatory or design purposes. This
is similar to other discharge regulations where
specification of where in the water body the envi-
ronmental quality standards apply are missing
[7]. Only an at least basic knowledge of the
resulting concentration distributions allows for
an impact assessment and design optimization.

The concentration distribution depends on the
siting of the outfall, the amount of mixing and
the transport capacities of the prevailing currents.
The former two are major design parameters,
whereas the latter can only be influenced indi-
rectly via an appropriate siting.

Problem complexitites are related to the mixing
calculation. Due to their high salinity, the dis-
charges from desalination plants are more dense
than seawater. Even brine with elevated temper-
ature from plants with thermal desalination pro-
cesses is significantly denser than seawater. If
discharged directly the effluent sinks to the bot-
tom, and spreading horizontally following the
slope of the sea bathymetry. Mixing is very low
during that spreading process thus causing poten-
tial adverse impacts to benthic communities,
besides the impacts on other biota, including
plankton, fish, and marine mammals. The problem
becomes even more complex for discharges from
cogenerating plants consisting on a thermal elec-
tric power plant and a desalination plant with
thermal desalination technologies, where the

desalination brine is generally blended with the
cooling water discharge before entering the sea.
In these cases (depending on the cooling water
flow) the resulting plume may be always or
intermittent positive buoyant or with neglectable
density difference.

Occurring density differences depend on
salinity but also temperature differences and are
dominating the mixing processes. Common tech-
nological measures to reduce density differences
and to control concentration distributions are
outfalls with efficient mixing devices as shown
in Fig. 2(b). High mixing efficiencies can be
attained with submerged high-velocity discharges
located offshore that produce a negatively buoy-
ant jet. Obviously, a surface discharge directly
at the shoreline produces very little initial mixing
and leads to high concentrations in the negatively
buoyant plume that will progress at the bottom
of the receiving water. In difference to buoyant
discharges (i.e. treated domestic wastewater)
there have been very few systematic studies of
negative buoyant brine discharges and discharge
configurations, let alone any consistent design
recommendation.

The earliest study by Zeitoun et al. [9] exper-
imentally investigated jets in stagnant fluids
with angles of 30°, 45°, 60°, and 90° above the
horizontal. Based on dilution measurements at
the maximum rise level of the jet trajectory
these authors concluded that the 60° inclination
provided the highest dilution. This suggestion
of an apparent “optimal angle of 60°” has been
adopted in further experimental studies by
Pincince and List [10], Roberts and Toms [11]
and Roberts et al. [12] who investigated jet tra-
jectories and mixing under both stagnant and
flowing conditions. Based on these results, the
60° design has apparently “been adopted as
the de facto standard” [12] for brine discharge
installations. This is rather surprising given the
considerable uncertainty of the crude dilution
measurement technique of Zeitoun et al. [9]
with highly variable and erratic results as noted
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are given for the subsequent modeling of the
intermediate and far-field regions and the brine
discharge assessment.

3. Brine discharge model

Fig. 3 shows the side view of a negatively
buoyant jet discharging into a receiving water
body with a local ambient water depth H, and a
sloping bottom with inclination angle 6,. The
port geometry is given by its diameter D, its
height above bottom /4, and its inclination angle
6, above the horizontal, pointing offshore. The
receiving water is unstratified with a constant
density p, and stagnant. The jet has a discharge
velocity U, and density p, > p,. This gives the
following flux variables, the volume flux (dis-
charge) O, momentum flux M_, and buoyancy
flux J, respectively,

QO = U0D27T/4’ MO = UOQO’ JO = g(’) QO (1)

in which g' = g(p, — p,)/p, < 0 is the buoyant
acceleration.

The turbulent jet that results from this high
velocity discharge first rises to a maximum level
and then falls downward under the influence of
the negative buoyancy until it impinges on the
sloping bottom. Impingement is a complex
three-dimensional process, with forward, lateral,
and partially reverse spreading, until a density
current is formed that propagates downslope.

The geometric and mixing characteristics of
the turbulent buoyant jet can be determined by
two length scales, the discharge length scale L,
and the momentum (jet/plume transition) length
scale L,, [19,20]

1/2

L, = o/M”, L, =M"J, (2)
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Fig. 3. Schematic side view of negatively buoyant jet discharging into stagnant ambient with sloping bottom [16].
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A related non-dimensional parameter is the
jet densimetric Froude number £,

F,=U/

gD 3)
that is simply proportional to the length scale
ratio, Ly/L, = (x/4)™"* F,. Thus, for high Froude
number discharges, F, >> 1, L, ceases to be a
dynamically important parameter, as is well
known for many other jet configurations [15].
Detailed studies by Zhang and Baddour [21] for
a vertical negatively buoyant jet have shown
that the dilution at the maximum level becomes
independent of Froude number when F_ =10.
For smaller Froude numbers the initial dilution
becomes lower. A high Froude number dis-
charge, F, > 10, is assumed in the following so
that L,, is the unique length scale for displaying
jet properties.

The jet integral model CorJet [15] is used in
this investigation. CorJet uses a flux conserving
integral formulation with an entrainment closure
approach that includes the different shear mech-
anisms leading to turbulent jet/plume entrain-
ment. The model has been extensively validated
for the five asymptotic self-similar stages of
jet/plume flows as well as for a wide variety of
non-equilibrium buoyant jet flows, in stagnant
or flowing environments, with or without density
stratification, respectively, generally with good
comparison to experimental results [15]. This
prior validation also includes several types of
negatively buoyant discharges with or without
crossflow. Of the many jet integral models that
can be found in the literature, CorlJet is clearly
the most thoroughly validated one.

Available experimental data of the nega-
tively buoyant jet for the conditions at the maxi-
mum level of rise and CorJet predictions are
summarized in Fig. 4 as a function of discharge
angle ¢,. The geometric properties (Fig. 4(a))
relate to the point of the centerline trajectory
maximum (x,, ., Z,.,,) as well as the maximum of
the upper jet boundary (Z_, ), as defined in Fig. 3.

CorJet Experiments

max m [9]
° 1]

0.4

0.3

Cordet

Experiments
o [22]

0.1 o [11]

Fig. 4. Jet properties at maximum level of rise. Com-
parison of CorJet model with experimental data.
(a) Geometric properties, (b) Minimum centerline dilu-
tion, both as a function of discharge angle 6, [16].

Most of the experimental data reported concern
Z,. that is usually taken form visual (photo-
graphic) observations. This involves consider-
able judgment and error due to the type and
amount of dye used, the illumination level, and
the sensitivity of the recording method. These
parameters vary between experiments in an
unknown manner. CorJet predictions (always
with zero port height, 4, = 0) are given using
two criteria for the “visual boundary”, a local
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concentration level c/c,, =3 and 25%, respec-
tively, where ¢, is the centerline concentration
at the maximum level. The 25% value corresponds
to a jet width /2p where b is the 1/e = 37% jet
width for the standard Gaussian profile [15]. All
the data sources [11-13,19,21] are in reasonable
agreement with this range of predictions, the
only exception being Cipollina et al.’s [13] data
for 6, = 60°. The data by Roberts and Toms have
been corrected for their reported port height /.
Also note that Zhang and Baddour gives a wide
range Z_, = 1.7 to 3.2 (not included in Fig. 4(a))
for a summary of several earlier investigations
for the vertical (6, = 90°) jet that scatters widely
about the model predictions [15]. The only data
reported on the centerline position of the trajectory
maximum are the recent ones by Cipollina et al.
[13], once again with reasonable agreement. (The
dotted line for x_, for 6, — 0° indicates the fact
that for small discharge angles the horizontal
location of the jet boundary maximum Z , dif-
fers greatly from that of z,__; Fig. 3).

The normalized minimum (centerline) dilu-
tion S /F, at the maximum rise level are com-
pared in Fig. 4(b). The CorJet prediction
indicates a flat maximum S_/F, = 0.28 to 0.29
over the angle range 6, = 30° to 60°. For a verti-
cal discharge, the predicted values S, /F, = 0.24
are in reasonable agreement with 0.23 reported
by Abraham [22] and 0.19 by Roberts and Toms
[11]. For 6, = 60°, however, Roberts and Tom’s
data point shows a rather strong increase to
S,/F, = 0.38, much more than is predicted by
CorJet. Not included in Fig. 2(b) are the data by
Zeitoun et al. [9] that would lie yet much higher
(S /F, = 0.55, 0.42, and 0.36 for 6, = 60°, 45°
and 30°, respectively), but appear erroneous
in hindsight as has been commented in the
introduction.

The conditions at the impingement point for
a discharge over flat bottom (¢, = 0°) are sum-
marized in Fig. 5. The location of impingement
x/Ly, (Fig. 5(a)) is well predicted by Corlet
when compared to the data of Roberts et al. [12]

g=0°
x
3 x
XI
Ly ¢
2+ CorJet
Experiments
T o [12]
x [13]
0 1 1 1 1 1
0 30° 60° 90°
o
2.0
Experiments
e [11]
¢ [12] o

Fig. 5. Jet properties at the impingement point for zero
offshore slope (6, = 0°). (a) Location x,/L,,, (b) Dilution
levels, both as a function of discharge angle ¢, [14].

and Cipollina et al. [13]. Two predicted values for
the dilution impingement dilutions are plotted
in Fig. 5(b) the minimum dilution S, at the level
z = 0 and the corresponding bulk (flux averaged)
dilution El 1.7, [15]. Since the impingement
process represents an additional mixing mecha-
nism, actual observed dilutions should probably
lie between these limits. The observations shown
in Fig. 5(b) generally support that expectation,
even though there is considerable inconsistency
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Fig. 6. Jet trajectories: Negatively buoyant jet behavior for complete range of discharge angles 0° < 6, < 90° and with
variable offshore slopes 6, from 0° to 30°. A zero discharge height, 4, = 0, is assumed [16].



