
Chapter 19
New Criteria for Brine Discharge Outfalls
from Desalination Plants

Raed Bashitialshaaer, Kenneth M. Persson and Magnus Larson

Abstract An efficient method for increasing the dilution rate of brine water dis-
charged into the sea is an inclined negatively buoyant jet from a single port or a
multi-diffuser system. Such jets typically arise when brine is discharged from
desalination plants. Two small-scale experimental studies were conducted to
investigate the behaviour of a dense jet discharged into lighter ambient water. The
first experiment concerned the importance of the initial angle of inclined dense jets,
where the slope of the flow increased for the maximum levels as a function of this
angle. An angle of 60o produced better results than 30° or 45°. An empirical pre-
dictive equation was developed based on five geometric quantities to be considered
in the design of plants. The second experiment studied the near and intermediate
fields of negatively buoyant jets. Dilution in the flow direction was increased by
about 10 and 40 % with bottom slope, and bottom slope together with a 30° jet
inclination, respectively. An over 16 % bottom slope experiment and more field work
in the future are needed to compare with this result. It was found that an inclination of
30° with a 16 % bottom slope were optimal for the design of brine discharge outfall.

19.1 Introduction

In desalination, high-salinity brine is produced that needs to be discharged into a
receiving water body with a minimum of environmental impact. Nowadays, brine
discharge from desalination plants is the concern of all countries producing fresh
water from desalination with different technologies.
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The brine is typically discharged as a turbulent jet (Turner 1966) with an initial
density that is significantly higher (salinity 4–5 %) than the density of the receiving
water (ambient e.g. seawater). Thus, a rapid mixing of the discharged brine is
desirable to ensure minimum impact, which requires detailed knowledge of the jet
development. Since the density of the jet is greater than the density of the receiving
water, the jet is negatively buoyant and it will impinge on the bottom some distance
from the discharge point depending on the initial momentum, buoyancy, and angle
of the discharge, as well as the bathymetric conditions. After the jet encounters the
bottom it will spread out as a gravity current with a low mixing rate, making it
important to achieve the largest possible dilution rate when the jet moves through
the water column.

In an early study, Zeitoun et al. (1972) investigated an inclined jet discharge,
focusing on an initial jet angle of 60° because of the relatively high dilution rates
achieved for this angle. Roberts and Toms (1987) and Roberts et al. (1997) also
focused on the 60° discharge configuration, where both the trajectory and dilution
rate were measured. Cipollina et al. (2005) extended the work performed in pre-
vious studies on negatively buoyant jets discharged into calm ambient by investi-
gating flows at different discharge angles, namely 30°, 45°, and 60°, and for three
densities 1055, 1095 and 1179 kg/m3. Kikkert et al. (2007) developed an analytical
solution to predict the behavior of inclined negatively buoyant jets, and reasonable
agreement was obtained with measurements for initial discharge angles ranging
from 0° to 75° and initial densimetric Froude numbers from 14 to 99. Submerged
negatively buoyant jets discharged over a flat or sloping bottom, covering the entire
range of angles from 0° to 90°, were investigated by Jirka (2006) in order to
improve design configurations for desalination brine discharges into coastal waters.
Jet experiment measurement can be affected with possible related errors depending
on the type and amount of dye, the illumination level, and the sensitivity of the
recording method (Jirka 2008).

Christodoulou and Papakonstantis (2010) studied negatively buoyant jets with
discharge angles between 30° and 85°. By fitting empirical equations to relevant
experimental data they estimated that the trajectory of the upper boundary and the
jet axis (centerline) could be approximated in non-dimensional form by a 2nd
degree polynomial (parabola). Mixing and re-entrainment are both important in
negatively buoyant jets. These phenomena have been experimentally studied and
discussed by (Ferrari and Querzoli 2010). They found that re-entrainment tends to
appear if the angle exceeds 75° with respect to the horizontal, and the onset occurs
for lower angles as the Froude number increases. The re-entrainment makes the jet
trajectory bend on itself, causing a reduction of both the maximum height and the
distance to the location where entrainment of external fluid reaches the jet axis
(Ferrari and Querzoli 2010). Papakonstantis et al. (2011) studied six different dis-
charge angles for negatively buoyant jets from 45° to 90° to the horizontal. In their
experiment they used a large-size tank and also measured the horizontal distance
from the source to the upper (outer) jet boundary at the source elevation.

It was possible to investigate the effects of turbulent energy on the initial
development and large scale instabilities of a round jet by placing grids at the
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nozzle outlet to alter the jet initial conditions because the grids causes small scale
injection of turbulent energy (Burattini et al. 2004). The jet lateral spreading and
consequent dilution at the bottom is of considerable practical importance in
assessing the environmental impact of the effluent on the receiving water at the
discharge point (Christodoulou 1991). The behavior of a laterally confined 2-D
density current has been considered in past but the numbers on a 3-D system are
very limited (Ellison and Turner 1959; Benjamin 1968; Simpson 1987). Hauenstein
and Dracos (1984) proposed an integral model based on similarity assumptions,
which was supported by their laboratory experimental data of the radial spreading
of a dense current inflow into a quiescent ambient.

Previous studies mainly focused on the separate analysis of near-field and
intermediate-field properties of buoyant jets and plumes. Some hypotheses on how
to connect the two different zones have also been proposed. Turner and Abraham
were the first to analyze this kind of problem of a vertical negatively buoyant jet
(Turner 1966; Abraham 1967). The dense layer spreads in all directions at a rate
proportional to the entrainment coefficient (Alavian 1986). His result was obtained
by flowing salt solution (4 g/l) on a sloping surface in a tank of freshwater and his
experimental result was based on three different inflow buoyancy fluxes on three
angles of incline of 5°, 10°, and 15° (Alavian 1986). Akiyama and Stefan (1984)
developed an expression for the depth at the plunge point as a function of inflow
internal Froude number, mixing rate, bed slope, and total bed friction. Christo-
doulou (1991) described theoretically the main factors affecting near-, intermediate-
, and far-field properties, suggesting appropriate length scales for each zone. Suresh
et al. (2008) investigated the lateral spreading of plane buoyant jets and how they

Table 19.1 Dispersion tanks with different sizes used in earlier experiments (excerpted from
Bashitialshaaer and Persson 2012)

Previous study Cross-section (m) Depth (m)

Turner (1966) 0.45 × 0.45 1.40

Demetriou (1978) 1.20 × 1.20 1.55

Alavian (1986) 3.0 × 1.50 1.50

Lindberg (1994) 3.64 × 0.405 0.508

Roberts et al. (1997) 6.1 × 0.91 0.61

Zhang and Baddour (1998) 1.0 × 1.0 1.0

Pantzlaff and Lueptow (1999) D = 0.295 0.89

Bloomfield and Kerr (2000) 0.40 × 0.40 0.70

Cipollina et al. (2005) 1.50 × 0.45 0.60

Jirka (1996, 2004, 2006) CORMIX, CorJet

Kikkert et al. (2007) 6.22 × 1.54 1.08

Papanicolaou and Kokkalis (2008) 0.80 × 0.80 0.94

Shao and Law (2010) 2.85 × 0.85 1.0

This study 1.50 × 0.60 0.60

2.0 × 0.50 0.60
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depend on the Reynolds number, suggesting and demonstrating that a reduction of
the spreading occurs with an increase in the Reynolds number. Table 19.1 is the
summary of different sizes that have been used for laboratory mixing tank
dimensions (L × W × H) as found in literature.

19.2 Objectives and Procedures

The water intake to most of the world’s desalination plants is located close to where
the brine is discharged. Some chemicals and other parameters have to be considered
as a function of the brine discharge from desalination plants to assist people from an
environmental and economic perspective, e.g. fishing problems could increase in
the future. More objectives were added to this study in order to find the relation-
ships between an increase in desalination plant production and salinity increase in
the recipient. Thus, the main objective of this study is to find out the most efficient
way to reduce the impact of brine discharge from desalination plants by improving
the mixing conditions in the discharged jet. Therefore, it was decided to perform
small-scale laboratory experiments. Two sets of experiments were conducted for
negatively buoyant jet, each with a total of 72 runs in order to:

• Understand jet behaviour when brine is discharged into a stagnant ambient and
to find the maximum elevated level of the jet.

• Find the effect of the initial jet angle on the mixing between a denser fluid
comprised of a sodium chloride solution and tap water.

• Evaluate the importance of bottom slope with and without inclination and the
effect of lateral spreading and centreline concentration.

• Possibility to compare collected data with simulation results using hydraulic
modelling software, e.g. CORMIX.

19.2.1 Laboratory Experiments

19.2.1.1 Experimental Setup

The experiments on inclined negatively buoyant jets were carried out in the labo-
ratory of Water Resources Engineering at Lund University. The apparatus and
major equipment used in the experiments included water tanks, a flow meter, a
digital frequency recorder, a digital conductivity meter, pump to fill and empty the
tanks, pipes, valves, nozzles and nozzle support, salt, and dye (Fig. 19.1). Several
different tanks were used in the experiment: (1) a small tank to mix tap water with
salt and a coloring dye for generating an easy to visualize negatively buoyant jet of
saline water; (2) two elevated small tanks used to create the hydraulic head for
generating the jet; and (3) a large tank made with glass walls filled with tap water
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(fresh water) where the jet was introduced through a nozzle. The small tanks were
made of plastic and their volumes were 45, 70, and 90 L, whereas the maximum
volume of the large tank was 540 L with bottom area dimensions of
150 cm × 60 cm and a height of 60 cm. Two of the smaller tanks were placed at a
higher elevation compared to the large tank to create the necessary hydraulic head
for driving the jet. These two tanks were connected by a pipe and together they had
a sufficiently large capacity (i.e., surface area) to keep the water level approximately
constant in the two tanks during the experiment to ensure a constant flow. The
difference in elevation between the water levels of the upper tanks and the lower
tank was about 100 cm. The colored saltwater from the upper tanks was discharged
through a plastic, transparent pipe directly connected to the jet nozzle, which was
fixed at the bottom of the large water tank. Between the elevated tanks and the
nozzle there was a valve to control the flow to the nozzle. A flow meter was
installed in the pipe between the valve and the outlet from the upper tanks in order
to record the initial jet flow. This meter was connected to a digital frequency
recorder, from which the readings were converted into flow rates based on a pre-
viously derived calibration relationship.

19.2.1.2 Experimental Procedure and Data Collected

Before starting an experimental case, it was crucial to empty the pipe leading from
the upper tanks of air. This was done by attaching a special pipe to the flow meter
and discharging tap water through this pipe, forcing out the air from the system.
After each experimental case a submersible water pump was used to completely
empty the large tank, so that each case started with water that was not contaminated
by salt. With the capacity of the pump, it took about 12 min to empty the tank. Also,

Fig. 19.1 Experimental setup and major components used (Bashitialshaaer et al. 2013)
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the whole system was regularly washed to avoid accumulation of salt, which would
disturb the experiment. Potassium permanganate (KMnO4) was used to color the
saline water and make the jet visible during the experiment. About 100 mg/L of dye
gives the transparent water a distinct purple color. The use of a colored jet facili-
tated the observation of the jet trajectory and the mixing behavior in the larger water
tank. The results of jar tests for different (KMnO4) concentrations showed that at a
concentration of 0.3 mg/L the water is still colored, whereas at a concentration of
0.2 mg/L no color was visible to the eye.

During a specific case, the jet was discharged for a sufficiently long time to allow
steady-state conditions to develop, but short enough to avoid unwanted feedback
from saline water accumulating in the tank (the duration of an experimental case
was normally about 3–5 min). The jet trajectory and its geometric properties were
determined by tracing the observed trajectory on the glass wall of the flume. The
outer edges of the jet were traced and the center line was determined as the average
between these two lines. In order to minimize the influence of the subjective ele-
ment in tracing the jet, a number of different people were involved in this procedure
to ensure that the results were consistent, in agreement, and reproducible. Also, the
experimental cases were recorded with a video camera and subsequently viewed.
Three cases did not produce satisfactory data due to malfunctioning, and here the
results from 69 cases are reported.

19.2.1.3 Inclined Jet Experiment

Fine, pure sodium chloride was used with tap water to produce the saline water in
the jet. The necessary water quantity was measured in a bucket and the mass of salt
was measured using a balance to obtain the correct salt concentration. A conduc-
tivity meter was employed to measure the conductivity for the three different initial
concentrations investigated. The density measurements for these concentrations
yielded 1011, 1024 and 1035 kg/m3 for 2, 4 and 6 %, (20, 40, and 60 g/L),
respectively. The temperature of the tap water used in this experiment was in the
range 20–22 °C for all cases, implying a density of about 995.7 kg/m3. Each of the
densities was the average of five different measurements based on the weight
method. Differences in density were observed between the salt water used in this
study and natural seawater. The chemical composition of seawater is different from
the sodium chloride solutions used here, although the density varies only slightly in
seawater compared to the pure sodium chloride solutions. The parameters of
interest were:

• Diameter of nozzle, do (4.8; 3.3; 2.3, 1.5 mm)
• Initial jet angle, θ to the horizontal line (30°, 45°, 60°)
• Salinity of brine discharge S (2; 4; 6 %)
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19.2.1.4 Near and Intermediate Zone Experiment

The apparatus and major materials used in the experiment in the laboratory were
water tanks, flow-meter, digital frequency-meter, digital conductivity meter, pump,
pipes, valves, nozzles and nozzle support, salt and dye (see Fig. 19.1). Preliminary
measurements were conducted after calibrating the apparatus in order to obtain
reference data and to check if our measurement tools (i.e. flow meter, conductivity
meter) were reliable and coherent with literature data. These measurements inclu-
ded flows, water salinity, density, and conductivity, basic information about water
density and conductivity variation as a function of salinity at a constant room
temperature of 20 ± 1 °C. Each experimental run was characterized by a set of
parameters, and the first step of each run was used to find the proper combination of
parameter values. The parameters of interest were:

• Diameter of nozzle, do (4.8; 3.3; 2.3 mm)
• Initial jet angle, θ to the horizontal line (0; 30°)
• Bottom slope Sb (0; 16 %), the tank tilting
• Salinity of brine discharge S (4; 6; 8 %)

19.3 Theoretical Considerations

19.3.1 Inclined Negatively Buoyant Jets

An inclined negatively buoyant jet discharged upwards at an angle towards the
horizontal (Fig. 19.2) represents the typical case of a brine jet discharged into
receiving water. The jet describes a trajectory that reaches a maximum level, after
which the jet changes its upward movement and plunges towards the bottom. Since
the jet is negatively buoyant, the initial vertical momentum flux driving the flow
upwards is continuously reduced by the buoyancy forces until this flux becomes
zero at the maximum level and the jet turns downwards.

Knowledge of the shape of the jet trajectory is important in the design of brine
discharge. Major variables that previously were employed to describe the jet tra-
jectory (with respect to the location of the jet origin based on a x-y coordinate
system) are: the maximum level of the jet centerline Y and its horizontal distance Xy,
the maximum level of jet flow edge Ym, and its horizontal distance Xym, Xi is the jet
centerline impact point distance and Xe the maximum horizontal distance to the jet
flow edge point, where the jet returns to the discharge level (Fig. 19.2). In general,
the location of the jet edge may be defined as the maximum jet height boundary at
any particular location.

The jet is discharged at a flow rate Qo through a round nozzle with a diameter do,
yielding an initial velocity of uo, and at an angle θ to the horizontal plane. The
initial density of the jet is ρo and the density of the receiving water (ambient) ρa,
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where (ρo > ρa), giving an initial excess density in the jet of Δρ = (ρo – ρa)≪ ρa (the
Boussinesq approximation). Similar flow problems were previously analyzed
through dimensional analysis (e.g., Turner 1966; Roberts and Toms 1987; Pincince
and List 1973; Cipollina et al. 2005; Fischer et al. 1979). Most previous studies
assumed that the Boussinesq approximation is valid and that the flow is fully
turbulent. Thus, the initial jet properties can be characterized by the volume flux Qo,
the kinematic momentum flux Mo, and the buoyancy flux Bo, as defined by Fischer
et al. (1979), together with the initial jet angle θ (the subscript o denotes conditions
at the nozzle). The leading variables in the dimensional analysis may be written for
a round jet with uniform velocity distribution at the exit:

Qo ¼ pd2o
4

uo; Mo ¼ p d2o
4

u20; Bo ¼ g
qo � qa

qa
Qo ¼ g0Qo ð19:1Þ

where g is acceleration due to gravity; and g0 ¼ g qo � qað Þ=qa is the modified
acceleration due to gravity. A dimensional analysis involving Qo, Mo, and Bo yields
two length scales that may be used to normalize the above-mentioned geometric
quantities and to develop empirically based predictive relationships (Fischer et al.
1979):

lM ¼ M3=4
o

B1=2
o

and lQ ¼ Qo

M1=2
o

ð19:2Þ

By using the bulk quantities Qo, Mo, and Bo, the nozzle shape and the initial
velocity distribution is implicitly taken into account. For a uniform velocity dis-
tribution, lQ ¼ ffiffiffiffiffi

Ao
p

and if the nozzle is circular lQ ¼ d0
ffiffi
p
4

p
. In the two sets of

experiments a densimetric Froude number F, is defined by (u0=
ffiffiffiffiffiffiffiffi
g0d0

p
). More details

and equations can be found in (Bashitialshaaer et al. 2012).

Fig. 19.2 Definition sketch for inclined jet parameters (after Cipollina et al. 2005)
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19.3.2 Near and Intermediate

Brine discharge from a desalination plant is an example of denser fluid discharge to
a stagnant ambient from a single port or a multiport at angle θ, with bottom slope
Sb. This flow may be conceptually divided into three connected regions, the near-
field, the intermediate field and the far-field. The near-field is the initial flow or
development region (named the potential core for a top-hat exit profile); it is usually
found within (0 ≤ x/d0 ≤ 6). The far-field is the fully-developed region where the
thin shear layer approximations can be shown (with appropriate scaling); jet flows
generally become self-similar beyond (x/d0 ≥ 25) (Christopher and Andrew 2007).
The intermediate-field, or transition region, lies between the near- and far-fields of
the jet. Method of understanding mixing in intermediate-field or transition was well
defined qualitatively by flow visualization e.g. (Dimotakis 2000; Dimotakis et al.
1983). In the intermediate region of a round jet there was only Reynolds depen-
dence of shear stress distributions as shown in (Matsuda and Sakakibara 2005).
They used method of a stereo particle image velocity (PIV) system. The mean and
fluctuating velocity curves were plotted for Re = 1500; 3000; 5000. The lateral
spreading of the jet is shown in Fig. 19.3 in two dimensions x-axis and y-axis, in
which b(x) was measured at three locations b1, b2 and b3 at horizontal distances X1,
X2 and X3 for 20, 40 and 60 cm respectively (Bashitialshaaer and Persson 2012).

Considering a negatively buoyant jet, the dilution at the impact point Sd in the
near-field from a single port into a stagnant ambient comes with some assumptions.
For the jet to retain its identity, the discharge angle should not be too small to avoid
attachment to the bottom or too large to avoid falling on itself (Christodoulou
1991). The terminal minimum dilution at the impact point can be written in terms of
the main variables as:

Sd ¼ f ðQ0;M0;B0; #Þ ð19:3Þ

Fig. 19.3 Plan view of lateral jet spreading and the measurements locations (Bashitialshaaer and
Persson 2012)
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The effect of the initial discharge is normally small and negligible, after a simple
dimensional analysis the initial dilution is given by Sd = f1 (θ, F), where F is a
Froude densimetric number as defined before. A Froude number of 10 or larger
simplifies the above equation to (F/Sd) = c(θ), where the constant c is a function of
inclined angle θ. Previously this constant was determined experimentally by many
people, e.g. (Roberts and Toms 1987) for a 60° inclined angle as a value of
c = 1.03; for the same angle (Zeitoun et al. 1970) presented an earlier estimation for
c of about 1.12. In the description of the intermediate field lateral spreading of the
dense plume along a mildly sloping bottom, one should take into account that at
small slopes, the entrainment is small and negligible (Ellison and Turner 1959;
Alavian 1986; Britter and Linden 1980). Therefore, the width of the plume should
depend mainly on the buoyancy flux, the bottom roughness (drag coefficient Cd)
and the geometrical characteristics of the problem (Christodoulou 1991). Thus, the
lateral spreading width b downstream a distance x can be written as:

b ¼ f ðx; b0;B0; Sb;Cd; gÞ ð19:4Þ

From dimensional analysis Eq. (19.4) can be written as:

b
b0

¼ f1
x
b0

;
B0

g3=2b5=20

; Sb;Cd

 !
ð19:5Þ

Alavian (1986) suggested that the terminal to initial width ratio bn/b0 is essen-
tially independent of the slope for 5° ≤ Sb ≤ 15°, although the rate of approach to
the normal state is faster for smaller slopes. From the above statement the deter-
mination of the terminal width bn for relatively small slopes (less than about 15°),
the explicit inclusion of Sb in, Eq. (19.5) can be omitted:

bn
b0

� f2
B0

g3=2b5=20

; Cd

 !
ð19:6Þ

A power law form for Eq. (19.6) yields:

bn
b0

¼ K
B0

g3=2b5=20

 !a

ð19:7Þ

where K = k(Cd). Equation (19.7) has been tested against limited experimental data
in (Alavian, 1986) and numerical results in Tsihrintzisand and Alavian (1986).
They referred to a distance x = 100b0, where the spreading width had not yet strictly
reached a constant value, apparently due to the low drag coefficient employed. The
value of the exponent was estimated in Christodoulou (1991), as a = 0.183, while k
exhibits an increasing trend with decreasing Cd.
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19.3.3 Model Assumptions

The modeling assumption of the jet and plume evolution was essentially divided
into two sub-models, that is, the near field and the intermediate field. The near field
is the proximity of the nozzle, where jet and plume development is driven by the
initial conditions; i.e. the initial momentum flux, volume flux, and buoyancy flux,
and there is no interaction with the bottom. In the intermediate field, the buoyant jet
essentially becomes a plume (gravity current) and it is interacting with the bottom.
The main forces to be considered are bottom drag force and bottom slope effects.
The “intermediate field” begins when the buoyant jet reaches the bottom. To
develop a simple model describing the situation in the proximity of the discharge
nozzle, some assumptions were made (see Bashitialshaaer and Persson 2012).

19.4 Results and Discussion

19.4.1 General Development

A very strong correlation between Ym and Y was found, lending some confidence to
the accuracy of the measurements. The least-square fitted line through the origin
yields a slope of about 1.25, implying that Ym on average is about 25 % larger than
Y. Similarly, between Xy and Xym, a coefficient value of about 1.20 was obtained,
which is somewhat lower than that in the relationship between Y and Ym. Fur-
thermore, the horizontal distance to the edge point of the jet (Xe) showed a rather
good correlation with Xym (or Xy), approximately 1.65. Thus, if the vertical and
horizontal distance to the maximum centerline level (or, alternatively, the maximum
jet edge level) can be predicted, other geometric quantities can be calculated from
the following regression relationships:

Ym ¼ 1:25 Y
Xym ¼ 1:20Xy

Xe ¼ 1:65Xym

9=
; ð19:8Þ

The relationship between the maximum levels and their horizontal distances
displayed more scatter (Fig. 19.4) and included a dependence on the initial jet
angle. However, a general equation of linear type could be fitted through the data
points with reasonable accuracy (Xy = kθY), where kθ is an empirical coefficient that
takes on the value 2.3, 1.5, and 1.0 for the initial jet angle 30°, 45°, and 60°,
respectively. If a simple ballistics model was employed to describe the jet trajectory
(i.e., constant g′), the ratio between Xy and Y would be given by 2/(tan ϑ), which
yields the following slopes for the lines: 3.5, 2.0, and 1.2. A similar equation could
be developed for Xym and Ym.
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19.4.2 Developing Relationships

Equation (Y/lM) = K indicates that there is a linear relationship between the nor-
malized quantities that describe the jet trajectory and F. However, this is based on
the assumption that lm ≫ lQ, otherwise this equation (Y/lM) = f(lm/lQ) should be
employed, developing this relationship by introducing the definition of the length
scales yields:

Y
d0

¼ k � F � WðFÞ ð19:9Þ

where Ψ = function and Y is used as an example of a geometric jet quantity. If F is
small Ψ(F) → 1, whereas for large F values Y → ∞. The data indicates a rela-
tionship, where Y=d0 / Fn, with n < 1. Based on the theoretical constraints and the
empirical observations, the following equation was proposed to describe Y/do as a
function of F over the entire range of experimental data:

Y
d0

¼ k � F
ð1þ aFÞm ð19:10Þ

where α and m are empirical coefficients obtained from fitting against data.
Equation 19.10 can be approximated with a straight line in accordance with relation

(Y/d0) = (k * F) for small values on α F. where k ¼ K p=4ð Þ1=4. Similar equations
may be developed for the other geometric jet quantities Ym, Xy, Xym, and Xe,
but with different values of the coefficient k. Figure 19.5 shows an example of
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Fig. 19.4 Maximum jet centerline level versus its horizontal distance with respect to initial jet
angle
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least-square fitting of Eq. 19.10 against the data for the maximum jet centerline
level (Y) and an initial jet angle of 30°, where the optimum values of k, α, and
m were determined as 1.35, 0.008, and 0.8, respectively.

19.4.3 Bottom Slope Effects

The electrical conductivity ratio and the lateral spreading were compared with and
without bottom slope at three horizontal distances 20, 40 and 60 cm, that results in
small variations between flow on a horizontal bed and a slope. The correlations
between the two cases are in the range 86–89 %, which means the sloping bottom
does not affect the flow regime. For the lateral spreading, it was also shown that the
correlation is 88–91 %, much better than for the electrical conductivity.

Normalized lateral spreading (b/d0) and thickness of the dense layer (z/d0) are
compared for four cases at horizontal distances 20, 40 and 60 cm along the x-axis
with respect to the inclined angle (θ) and bottom slope (Sb). Different comparisons
were made between measured parameters to see the effects of the initial angle and
bottom slope. First we compared the normalized lateral spreading at three different
positions, inclined angle (θ = 0°) and bottom slope (Sb = 0°) versus (θ = 30,
Sb = 0); (θ = 0, Sb = 16); (θ = 30, Sb = 16). For the lateral spreading the trend line
showed good correlation above 80 %, except for one of them.

Figure 19.6 presents the experimental results for the concentration (in percent-
age) that were measured at three distances along the flow, comparing with and
without bottom slope for densimetric Froude numbers smaller and larger than 40.
The concentration along the flow was improved by about 10 % with the bottom

Y/do=(k.F)/(1+ F)m

0

40

80

120

160

0 150 300 450 600

F

Y
/d

0

Fig. 19.5 Normalized maximum jet centerline level as a function of (F) for an initial jet angle of
30°
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slope for Froude number smaller than 40 which can be used for real discharge
cases. Thus, this type of improvement can be used for brine discharge outlet to the
recipients to minimize the concentration and let it dilute faster and go farther.
Another comparison is presented in Fig. 19.7, also with and without bottom slope,
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Fig. 19.6 Concentration in percentage along the flow with and without bottom slope

5%

10%

15%

20%

25%

10 20 30 40 50 60 70

C
on

ce
nt

ra
tio

n,
 %

Downstream distance, X (cm)

-Sb(30,0)-F<40

-Sb(30,16)-F<40

-Sb(30,0)-F>40

-Sb(30,16)-F>40

Fig. 19.7 Concentration in percentage along the flow with and without bottom slope (with 30°
inclination)

464 R. Bashitialshaaer et al.



but this time including jet inclination angle of 30°. It also shows improvement in the
concentration reduction of about 40 % with bottom slope and inclination for Froude
numbers smaller than 40, but small differences for Froude numbers larger than 40.

19.5 Conclusions

The purpose of this study was originally to be able to determine the properties of
different jet discharges with regard to bottom slope in the recipient and varying
initial jet inclination angle. Desalination brine is the practical case to consider when
studying environmental impact and assessment in connection with new projects. In
reality, most of the recipients, e.g., marginal seas and oceans, naturally have a
bottom slope, and it varies from one place to another. Two sets of laboratory
experiments were conducted to investigate the behavior of negatively buoyant jets
discharged at an angle to the horizontal into a quiescent body of water that may
have a sloping bottom.

Several of the geometric jet quantities showed strong correlation and regression
relationships could be developed where one quantity could be predicted from
another. If maximum levels were correlated with the corresponding horizontal
distances, the angle must be taken into account when developing predictive rela-
tionships in real life projects. It is believed that the empirical relationships devel-
oped in this study have a potential for use in practical design where the trajectory of
brine jets needs to be estimated. Equations were proposed to relate levels and
horizontal distances to each other.

Based on the findings in this study in the near- and intermediate regions the flow
geometry depends on the angle of inclination and the rate of supply of the dense
fluid. After an initial spreading, the flow geometry becomes relatively constant with
the horizontal distance down the slope. For a given buoyancy flux, the normal layer
width seems to weakly depend on slope. Lowering of the concentration (through
mixing) was improved with the bottom slope by 10 % compared to the horizontal
bottoms and improved by about 40 % with bottom slope together with an incli-
nation of 30°. A suggestion in practical applications concerning desalination brines
and similar discharge of heavy wastes is to have an inclination and a bottom slope
together. This study is based on limited experiments for only 16 % bottom slope
and 30° inclination; thus, further experimental work is needed.
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