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Abstract

Seawater desalination is a reliable way to confront the gro ving challenges of freshwater
demands in the world. Brine is the primary by-product of rhis srocess and needs to be carefully
managed and discharged back into the sea. In coastal <.~ ation plants, the use of submerged
outfall as a pipeline laying on the ocean floor is a popui..” st ategy to minimize the environmental
impacts of brine discharge. The Venturi nozzle has hecn preposed as a more efficient method for
dispersing brine into the ocean. However, it requiies a high exit velocity, which poses limitations
for steep nozzle angles in shallow waters. Thic stuuy aims to investigate the benefits of a lower
range of exit velocities in the Venturi noz7.es. The 60° inclined dense jet from a Venturi nozzle
was explored, numerically and experimen.~.y, and the results were compared to those of a
simple dense jet. Comparisons showe that the Venturi nozzle decreases the flow path and
diminishes flow dilution at the critic?! no.nts. However, this reduction can be compensated by
increasing the discharge Froude nu.roe- to reach the same trajectory as a simple jet. It is
important to note that this compensc*ion is intricately linked to the discharge velocity, and it
makes the use of Venturi nozzl<s tu- brine discharge a challenging proposition in both deep and
shallow waters.
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List of symbols

Filtered velocity in i direction

X; I+p, coordinate direction Uu;

Xj  jgp coordinate direction u; Filtered velocity in j direction

g Gravitational acceleration Xom Horizontal component of jet centerline peak
g Reduced gravitational acceleration Yim Vertical component of jet centerline peak
Fry Densimetric Froude number Ve Terminal rise height

L),  Momentum-buoyancy length scale X, Horizontal distance of return point

L 0 Discharge length scale X; Horizontal distance of impact point

d Nozzle diameter S; Impact point dilution

Po Effluent density S, Return point dilution

Pa Ambient density Co Jet discharge concen.-atio |

p Fluid density I Local concentrat on

U Jet velocity Crnax Maximum con senu 2.0n at the jet maximum height

2] Discharge angle Q, et dischar ge . 7lume flux

t Time M, Momentum ™ix

T* Non-dimensionalized time B, Bucyarcvflux

b Jet flow width A F fec. - width
Lo Flow path length Drea Cilved dynamic pressure
Vsis Sub-Grid Scale kinematic viscosity v Molecular kinematic viscosity

S_ij Strain-rate tensor R effluent molecular kinematic viscosity
D,, Molecular diffusivity . Ambient molecular kinematic viscosity
Scggs  Turbulent Schmidt number X Volume fraction of effluent

List of abbreviation

LA Light Attenuation

LIF Laser Induced Fluoresc. nce

PIV Particle Image Velrcin. try

PTV  Particle Tracki \, Vi'aciinetry

LES Large Eddy Simula. 2n

PLIF  Planar Laser-Indu.cd Fluorescence
VNExp Venturi Nozzle Experiment (LIF)
SNExp Simple Nozzle Experiment (LIF)

Exp Experimental study

Num  Numerical study

1. Introduction

Population growth, agricultural expansion, and environmental changes have resulted in water
scarcity in many parts of the world. This has led to a rapid growth in the global demand for
freshwater, particularly in coastal cities in the arid areas of the Middle East. Seawater
desalination has gained worldwide acceptance as a reliable solution to address this growing
demand during the last decade (Hoekstra 2014; Abessi 2018). In desalination plants, large
volumes of freshwater are produced from seawater, and their main by-product, brine, is



discharged back into the sea. If the brine is adequately diluted in the receiving water, it can be
safely disposed of. Submerged outfalls are a commonly employed practice to ameliorate the
negative impacts of brine on marine ecosystems (Roberts and Abessi 2014). In particular, the
inclined discharge has been proposed for the disposal of brine because it prevents flow from
falling back directly onto itself. The steep angle to the horizontal plane aids the flow to go a
longer path, and it increases the chance of the flow to reach better dilution. Therefore, brine can
effectively mix with the surrounding water, and it facilitates rapid the reduction of potentially
toxic materials to the safe levels (Abessi and Roberts 2015, 2018).

The circular and simple nozzles have been the common geometries in most prior research.
Therefore, so far several experimental and numerical studies have been conducted to investigate
the dynamics and mixing of circular dense jets under various conditions. The earliest studies on
this topic were reported by Cederwall (1968), Zeitoun et al. (1970), and Roberts et al. (1987).
These studies aimed to determine the optimal angle of inclination (- brine discharge. Zeitoun et
al. (1970) conducted experiments measuring dilution at differen’ angles and concluded that a 60°
nozzle creates the longest trajectory and likely maximum di!:*tic among the different angles.
Roberts et al. (1997) performed comprehensive experimenta. res.:arch on 60° inclined dense jets
to disclose flow behavior in the near-field region. To furti.or characterize the prominent features
of inclined dense jets, recent laboratory studies have ¢mp'oyed novel experimental techniques
such as Light Attenuation (LA), Laser Induced Fluorescece (LIF), Particle Image Velocimetry
(P1V), and Particle Tracking Velocimetry (PTV) :“ikkert et al. (2007) used LA techniques to
demonstrate that maximum dilution occurs at tl.~ return point for a 60° angle. Lai and Lee
(2012), based on comprehensive LIF and P/ €, 'neriments, showed that the angle of the nozzle
within the range of 38° to 60° inclinatior dc:s not significantly affect dilution at the point of
bottom impingement. Oliver et al. (2013) L 2posed a novel analytical approach to determine
dilution throughout the range of 15° to /° for dense jets. As an ablation study, they showed that
the analytical solution can produce .~ accurate results and predictions compared to other
techniques. Considering various sinale dznse jets at 15°-85° angles, Abessi and Roberts (2015)
demonstrated that dilution at the impuct point remains relatively unchanged when the nozzle
angle varies between 45° and 6.°. Siightly better dilution, however, was observed at the end of
the near field for a 60° angle. Crowe et al. (2016) employed PTV techniques to quantify flow
velocity distribution in dence j~*s with angles ranging from 15° to 75°. Generally, these studies
have focused on the flaw dilu.ion and geometrical characteristics at critical points for commonly
used angles. Additionai. ', Papakonstantis and Tsatsara (2019) investigated flow behavior in
dense jets with angles of ©5°, 50°, and 70°.

Besides experimental studies, more recently, numerical studies have adopted Computational
Fluid Dynamics (CFD) tools, such as OpenFOAM and Ansys Fluent, to simulate dense jet
characteristics under different circumstances. Vafeiadou et al. (2005) employed the k-® Shear
Stress Transport (SST) turbulence model to numerically simulate dense jets at 60° in stagnant
waters. The model underestimates both the terminal rise height and the return point compared to
the experimental observations. Oliver et al. (2008) used the CFX package to execute a series of
simulations on the inclined dense jet to identify an optimal turbulent Schmidt number in the
standard k-¢ turbulence model. Gildeh et al. (2015) used RNG k-¢, realizable k-¢, nonlinear k-¢,
LRR, and Lunder-Gibson turbulence models to investigate the geometrical and mixing properties
of inclined dense jets in stationary environments. According to this study, the LRR and realizable
k-& models provide more accurate predictions for the geometrical characteristics compared to the
other models. Ramezani et al. (2021) employed the Reynolds-Averaged Navier-Stokes (RANS)



approach and the realizable k-¢ turbulence model to analyze the effect of proximity to the bed in
both 30° and 45° inclined dense jets. The numerical results demonstrated that the model could
successfully predict the geometrical characteristics of dense jets, while the dilution predictions
were conservative,

The large Eddy Simulation (LES) method contains more information than the RANS models and
only recently its potential has been explored for the brine discharge simulations. Zhang et al.
(2017) conducted an LES study to model the behavior of dense jets at 45° and 60° angles. The
model predicted the behavior of dense jets with better accuracy compared to RANS models;
Nevertheless, it underestimated the impact point dilution in relation to the experiments.
Tofighian et al. (2022) also developed a comprehensive LES study to investigate flow behavior
in 15°, 30°, 45°, 60°, and 75° inclined dense jets. They focused on the near-wall region and
performed several experiments with the Planar Laser-Induced Flusrescence (PLIF) techniques to
verify the LES results. Based on the comparisons, the numerical ricdel was able to estimate the
mixing and geometrical properties of the concentrated jets with 1p . 25% underestimation.
Besides circular jets, using non-circular nozzles has alsr he2r investigated for the flow
discharges by Gutmark and Grinstein (1999), Mi et al. (2000, anc Portillo et al. (2013). Lee et al.
(1998), Lee et al. (2001) and Wang et al. (2012) focused v the hydraulics of duckbill valves in
non-circular nozzle geometries. Jiang et al. (2019) experin.2ntally investigated the behavior of a
45° inclined dense jet with various geometries of the noz.*e, including circular, square, duckbill,
star, and diamond shapes, focusing on the flow mi*;.29 and dilution. They also developed an LES
model with the Dynamic Smagorinsky sub-g+i.' model to analyze the performance of the
diamond, duckbill, and star-shaped nozzle g~~mtries. According to the experimental results, the
duckbill and star-shaped nozzle geometri s d :monstrated greater levels of dilution at both the
centerline peak and return point. The nui =rical results also proved that the dilution was
underestimated by about 25% in comarison to the experimental results. This discrepancy
highlights the need for further improvzn.ontin the dilution calculations.

Overall, previous studies lacked =xyerimental and numerical analysis of complex nozzle
geometries. In a different set of ir. ‘estigations, Portillo et al. (2013) used the Venturi nozzle for a
15° inclined dense jet to improv > dilution in the Maspalomas 11 desalination discharge system in
the Canary Islands, Spain. It wa: crucial there to preserve the Cymodocea nodosais, the island’s
largest and most ecologicea!'v . saificant seagrass meadow. Using Venturi diffusers instead of the
conventional nozzles is assumed to enhance brine dilution at this point. By measuring
salinities at a fixed locau ~n over several days, they reported that the Venturi nozzles could reach
higher dilution than cc~ventional diffusers due to pre-dilution that happens at the Venturi
eductor. Measuring dilution in the field is quite difficult and is not a good basis for assessing the
advantage of the Venturi device. Therefore, there are not adequate measurements for analyzing
the efficiency of the Venturi nozzles. The carefully controlled laboratory experiments with and
without the Venturi nozzle are better ways to measure the devices’ effectiveness.

Hence, in this study, a Venturi nozzle with 60° inclination is numerically simulated using the
LES method. A series of experimental simulations was also conducted using the LIF techniques
to verify the numerical results. In addition, a simple nozzle was modeled to compare with the
Venturi nozzle data and quantify the LES predictions’ accuracy. The key objective is to
determine the possible extent of enhancement in flow mixing in the Venturi nozzle compared to
the simple nozzle for lower exit velocity in both mathematical and laboratory simulations.
Trajectory, flow widths, and mixing characteristics were therefore determined.



2. Materials and Methods
2.1 Governing equations

There are three main methods in the simulation of turbulent flow, namely Direct Numerical
Simulation (DNS), Large Eddy Simulation (LES), and Reynolds-Averaged Navier-Stokes
(RANS). DNS is the most accurate and computationally expensive method that captures the
smallest eddies up to the flow regime's largest eddies. In LES, only small-scale eddies of the
flow are modeled, whereas larger eddies are computed directly. The lower computational cost of
the LES method compared to DNS, makes it an efficient tool for predicting the characteristics of
the turbulent flows. The time-averaged equations of motion for fluid flow, i.e., RANS models,
represent the mean of all turbulent motions. According to its low computational costs, this
method has been the basis for industrial CFD applications in the rast few decades. Although it
has shown adequate preciseness in industrial applications, it cannot redict the flow behavior in
complicated geometries and problems (Zhiyin 2015). While, prcvious studies have demonstrated
the capacity of the LES for complex geometry and realistic nio™eins (Tofighian et al. 2022). In
the LES model, eddies are sorted into two classes, large ar.? srnall, by utilizing the local grid
sizes as a filtering criterion. After filtering, the large eAuies are computed directly using the
instantaneous Navier-Stokes equations. On the other and, smaller eddies are modeled using
certain assumptions, such as the Boussinesq hypothesis.  1e mass and momentum conservation
equations for an incompressible multiphase flow ar+ the governing equations, and OpenFOAM
numerically solves them using the finite volun.e .ne.hod. The following formulas refer to the
filtered three-dimensional unsteady Navier- 5w ke equations for incompressible flows, which are

derived using an implicit filter represen.~d oy the operator “-”, with an effective width of
A= (V.)}/3 (Zhang et al. 2016).
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Where w; and u; represe=: tn.e filtered velocity in i and j direction, g denotes the acceleration
due to gravity, x; and .-: «*e t'ie iy, and j, coordinate direction, ¢ is the time, p, 4, is the filtered
dynamic pressure, vggs 3 the Sub-Grid Scale (SGS) kinematic viscosity and is utilized to
simulate the influence o1 SGS fluctuations through a diffusive mechanism, h corresponds to the
height of the fluid column and §ij is the strain-rate tensor.

p and v represent the density and molecular kinematic viscosity of the mixture, respectively. The
values of p and v are calculated using the following equations:

p=ape+(1—a)p, (3)

v=av,+ (1 —a)y, (4)

Where «a is the volume fraction of effluent and is calculated using a transport equation, which is
formulated below. Moreover, p, stands for effluent density, v, denotes effluent molecular
kinematic viscosity, while p, and v, are ambient density and ambient molecular kinematic
viscosity, respectively.
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In the above equation, D, is the molecular diffusivity and Scgss is the turbulent Schmidt
number. The parameter vg;s Which is defined earlier, is calculated within the LES model through
a one-equation SGS kinetic energy, kggs, transport model as described by Tofighian et al.
(2020):

Usgs = CkA_k;éé (6)

Okses  0(Ujkses) - 5 0 Oksgs. (7)
o + 7%, =u565(25ij5ij)—CngZGS/A+a—xj(v5(,-Sa—xj—)

In this case, the dynamic LES model, as introduced by Kim ad N'enon (1995), utilized a test
filter with a doubled length, 4 = 2A, for the computation of } . C,.

2.2 Numerical Methods and Computational Setup

OpenFOAM (version 6) as an open-source software ~ackage was utilized in this study. The
twoLiquidMixingFoam solver has been chosen ard c<ed for the mixture flow of two
incompressible fluids. This solver uses a PIMP'_t algorithm, which is a combination of the
SIMPLE and PISO algorithms, to solve the prass.vz-velocity coupled equations (Zhang et al.
2017). Higher Courant numbers and larger *.i > swons are possible using the PIMPLE algorithm.
In the developed LES model, the seco. d-urder backward method is applied to discretize
temporal terms. The diffusion terms vere discretized by using the second-order linear method.
This method is not suitable for the discreuation of transition terms due to the production of non-
physical fluctuations. Therefore, the r7n::lion terms have been discretized by the Gauss filtered
Linear method, a second-order linza, mchod in OpenFOAM. To discretize the transfer equation
of the volume fraction, Van Leei's ~econd-order method was applied. Also, for U, K, w, C, and
Prgn, the convergence criterion o7 107° is set.

A schematic view of the coi nutacional domain with dimensions of 1.5 m long, 0.8 m wide, and
1.03 m deep is shown in r1y. 1. The angle of discharge is set at 60° to the horizontal plane, and
1.3 mand 0.2 m diste.io2 v.2re kept for the nozzle from the front and back side, respectively. The
ambient depth, width, ana distance of the nozzle tip to the lower boundary satisfy the deep flow

regime criteria (% < 0.42, Abessi and Roberts 2015) and the free jet behavior of the single jet

(Ramezani et al. 2020). A grid of 1,461,769 cells was generated with SnappyHexMesh. To
achieve higher accuracy, four levels of refinement have been taken. Each level is shown in Fig.
1. The cells around the nozzle have the smallest size for catching all eddies to reach better
results. For the wall boundaries, the no-slip condition is set for the velocity, and the slip
condition is imposed on the top surface of the computational domain. In addition, for wall
boundaries, the fixedFluxPressure boundary condition was applied to the pressure. The flow
characteristics used for the simulations are specified in Table 1. The nozzle inlet's boundary
conditions are:

Uy = Uy cos(8),U, = Uysin(8),U, = 0,C = C, , fixedValue
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Fig. 1. The geometry and computational grid of the simulated setup

The resolution of the computational grid has a significant impact on the LES results. The LES
indices of Resolution Quality (LES_IQy) is a common criterion to assess the resolution quality of



the LES model. It is known as the ratio of the resolved to the total turbulent kinetic energy
(TKE) and is expressed as:

kRes (8)

M=—_Re
kres + Ksgs

In the above equation, kg.s and kg are the resolved and sub-grid scale components of turbulent
kinetic energy, respectively. M = 0.77-0.85 was recommended by Celik et al. (2005) to
guarantee that the mesh resolution is fine enough. In addition, Pope (2000) suggests that a grid
resolution is acceptable if the M > 0.8. In Fig. 2, M is shown in the diverging color map in the
cross-section of the jet centerline. In this diagram, except a small region in front of the nozzle,
the value of M remains above 0.8 across the entire domain.
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Fig. 2. The ratio of the resoi.~d turbulent kinetic energy to the total turbulent kinetic energy

2.3 Experiments

In addition to the nu . 2noal simulations, a new series of experimental observations have been
conducted in the Environi yental Fluid Mechanics Laboratory of the Babol Noshirvani University
of Technology. The experimental tank was placed in a dark room with dimensions of 3.5 x 5
meters. The tank features glass walls with dimensions of 1.8 m length, 1 m width, and 1 meter
depth. A Venturi nozzle with an inlet diameter of 1 cm is placed at the bottom of the tank at 60°.
The LIF system was used to measure the concentration field and spatial evolution of the
discharge. Two fast-scanning mirrors were employed to produce a laser sheet that was placed
over the centerline of the flow. The laser sheet was generated from a laser beam with a power of
0.2 watts and a wavelength of 514 nanometers. With a small volume of the fluorescent dye
(Rhodamine 6G, Sigma-Aldrich, St. Louis, Missouri), the discharged effluent would fluoresce
under the influence of the laser sheet. A CCD camera was used to record the emitted light at the
rate of 100 frames per second in a long series of gray-scale images. The entire process was
managed by a computer server equipped with an I/O board and controlling software. The images
were continuously downloaded to the hard disk for later processing.



The captured images were adjusted and calibrated for laser attenuation and sensor response.
Further details about the calibration process and the technique of extracting tracer concentration
can be found in Tian and Roberts (2003) and Abessi et al. (2020). The process was first
described by Daviero et al. (2001) and has since been used in many other investigations, e.g.,
Gungor and Roberts (2009), Fedele et al. (2015), and Abessi and Roberts (2017). The
experimental setup and a photo of the observation in the laboratory for the dense discharge from
the Venturi nozzle are displayed in Fig. 3. More details about the experimental parameters are
given in Table 1.

Table 1. The flow characteristics in LES and Experimental simulations

Flow characteristic LES Exp
Discharge angle 60 60
Jet velocity 0.35 m/s 0.32, ).35,0.42,0.47 m/s
Nozzle diameter lcm lcm
Effluent density 1019.27 kg/m3 1019.28 kg/m3
Ambient density 997.07 kg/mr’ 996.99 kg/m3
Modified acceleration (g') 0.218 0.219
Densimetric Froude number (Fr,;) 7.3 6.79, 7.5, 9.06, 10.57
Momentum-buoyancy length scale Ly, (cm) 1 04 6.4,7.04,8.53, 9.95
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Fig. 3. (a) Schematic diagram of the experimental setup, (b) a photo of the experimental observation in
the laboratory for the dense discharge from the Venturi nozzle

2.4 Experimental Errors

The LIF system used here in this study is similar to that pre /iouly developed and used by Tian
and Roberts (2003). Errors in this system can be caused .V tne measurement uncertainties and
optical misalignments. The sources of errors in measur¢me.ts stem from uncertainties in various
factors like flow rate, ambient and effluent density ca.~ulation, image magnification, tracer
capture, and concentration calculation in the prcce.s of imaging, calibration, and corrections.
Alignment errors refer to minor uncertainties ir the ositions of mirrors, lenses, and the camera.
Significant efforts were undertaken to reduce .hese uncertainties substantially, to achieve
dependable and consistent outcomes (Tian .. 'd Roberts 2003). The error of the the LIF system
was reported by Tian and Roberts (2005, and is summarized below:

e Precision rotameter error: 3% (1naufacturer-provided)
e Ambient and effluent denc'ties .neasured with an accuracy of £0.0001 g/cc
e Image magnification erru.* 1%.
e Image digitization er-or: .. %
e Calibration constint "incertainty: About 4% (due to dye solution and image capture
errors)
e Additional errore ‘ntroduced by the lens and attenuation corrections: 1% for unstratified
environments and 4% for stratified environments
Altogether, this system will have a 5% error in concentration measurement for the investigated
stagnant environments.

2.5 Dimensional Analysis

The schematic side view of an inclined dense discharge through a Venturi nozzle in stagnant
water is shown in Fig. 4. The dimensions of the study nozzle are also depicted in Fig. 5. Venturi
nozzles have found their primary application in the transfer of flow standards, uniform mixing of
solutions in large tanks, improving the circulation of turbulent flow, and restricting maximum
flow. Although initially used by the aerospace industry, Venturi nozzles are now extensively
used in various industrial applications, such as automotive, energy, and metering. They were
designed based on Bernoulli's theory to reduce fluid pressure when fluid flows through the inlet



cone. Due to the pressure differential, the pumped flow draws surrounding fluid into the jet
through the Venturi’s flow-through chamber. The additional liquid flow mixes with the
discharge flow, and this decreases flow concentration through a sort of pre-dilution while also
decreasing flow pressure and momentum. Hydraulic pressure at the Venturi nozzle inlet ranges
from 0.5 to 4 bar and such a high pressure leads to the pressure differential that is crucial for the
operation of the Venturi nozzles. The pressure differential between the inlet and the discharged
flow varies with the operating liquid flow and increases with the rise in the flow rate. As a result,
the liquid ratio varies, and the Venturi nozzle can pull in 2-4 gallons of surrounding fluid for
every 1 gallon pumped through the nozzle. In this study, the effluent discharges from a round
nozzle with a diameter of d (equal to 1 cm) to an inlet cone with a discharge diameter of D
(equal to 3.5 cm). Therefore, the jet’s initial velocity, U, decreases to a lower velocity, u, at the
tip of the inlet cone. For brine discharges, jet density po is mo e than the density of ambient
water p,, and the flow discharges at the initial angle of @ to the n.orizontal plane. Like simple
dense jets, the flow in a Venturi nozzle rises due to its initia’ mementum until it reaches the
terminal rise height, y,, at the horizontal distance of x;, and &.~ti Sinks toward the sea floor due
to negative buoyancy. It eventually reaches the sea floor a: thr. horizontal distance of x; and
continues to spread on the bed as a density current. The .-. is the return point and shows the
location where the flow returns to the nozzle elevatior As shown in Fig. 4, the inlet nozzle tip
(with 1 cm diameter) was assumed as the axis of the 0”1y.n, and flow trajectory and geometrical
characteristics were calculated from this point. Alsu the dilutions at the return and impact point
are referred to as return point dilution §,. and im»ac < ruint dilution S;, respectively.

Centerline peak

-
= S=

Centerline
Trajectory

Return point
Nozzle "~ |

Impact point

Fig. 4. A schematic side view of dense jet discharge through a Venturi nozzle



(@)

35 mm

(b)

Fig. 5. (a) Studied Venturi ro.le profile in reality and (b) Schematic with dimensions

The concentration field of a dei.~e jet is influenced by several factors, including jet discharge
concentration C,, the initia! den.ity difference Ap, U,, d and 8. For the dense jet analysis, jet
densimetric Froude numbea ‘s « crucial factor. It quantifies the relationship between inertia and
buoyancy for a subme. el iet and denotes using the following equation:

Uy (9)
g'd

FT‘d =

Where g’ is the reduced gravitational acceleration and is calculated by:

g = g(A_p) _ 9o~ pa) (10)
Pa Pa

The flow can be identified by the discharge initial volume flux (Q,), momentum flux (M,),
buoyancy flux (B,), and the discharge angle (8) as described in the following equations:



s
Qo = ZdzUo (1)

M, = UyQo (12)

By=g'Q (13)

Through dimensional analysis, we can demonstrate that a characteristic length (for example
terminal rise height, y;), can be formulated in 2 ways based on the discharge parameters as
follows (Lai and Lee 2012):

Ye L_M (14)
Lo =G0
Or
Ye (15)
Tp = F(Fra.0)

Where, L,, represents jet-to-plume transition lragu. scale that derived from the momentum and
buoyancy fluxes. On the other hand, L, de'ou s a !ength scale associated with source discharge,
extracted from the ratio of volume and mo.~entum fluxes. These two parameters are expressed
as:

| _my (o
M B(:)l/z
L= Q (17)
Q— M;/Z

Ly, indicates the distanc: wi ere the influence of jet momentum outweighs that of buoyancy,
while L, signifies the \~nge where the impact of source discharge is important. It is worth
mentioning that Ly anu L, can be correlated with the jet diameter (d) and the densimetric
Froude number (Fr,) as follows:

Ly = @*dFr, (19

LQ — (%)I/Zd (19)

In a similar manner, the return point dilution S,- and impact point dilution S;, can be stated in an
equivalent way as:
(20)

S _ Fr,, 0
Fm—f(m,)




(21)

St _ g 0
Fr = [(Fra 0)

Therefore, Ly, and Fry can be used for non-dimensionalizing the geometrical characteristics and
dilutions of the dense discharge. Additionally, in the aforementioned equations, the jet diameter
(d) is based on the inlet nozzle tip of the Venturi (1 cm here), as indicated in Fig. 4. Also, the
nozzle is a simple round jet with a sharp edge.

3. Results and Discussion

3.1 General Observations

For the 60° dense discharge, it took at least 20 seconds (T* = ;% ~ 6.5) for the brine flow to
1 0

reach the tank floor in the stagnant water (Galeshi et al. 2CZ2). Tnis is longer for the Venturi
nozzle because of the pre-mixing effect that diminishes je* €. it elocity. To have a stable result
over the flow’s instantaneous fluctuations, a mean flow mu-t be obtained by time averaging the
flow after reaching the quasi-steady state. This apprach removes turbulent fluctuations and
helps to better display mean flow behavior. Therefors, (e simulation in this study continued
until 70 s after the start time, and time averaging sic.ted after 30 s. The instantaneous and time-
averaged contours in the Venturi nozzle for the .-ar.nalized concentration (C/C,) of the LES
results are shown in Fig. 6. Due to the init’u: di.~harge momentum, the flow ascends like a jet
until reaching the maximum level. The 1.~w then descends due to its negative buoyancy and
eventually impinges on the lower boundary. 1 e location of the impact point is crucial because it
is the first point where brine contacts be:.thic organisms. As expected, the flow concentration is
significantly reduced from the sourc2 u.*il it hits the sea floor. Shear entrainment due to the
instabilities in the boundary is the 7. ™. unt process for jet mixing in stagnant waters.

In Fig. 7, the instantaneous anc' . me-averaged contours for the normalized concentration in a
simple nozzle are illustrated in . diverging color map. As previously described by Tofighian et
al. (2022) for showing the time xvolution, time could be non-dimensionalized with the ratio of
initial momentum to the Fucva..cy fluxes (M,/B,). Comparing the contours for the Venturi and
simple nozzles showe <igifivant changes in flow trajectory and jet lateral development for the
Venturi discharge (Fig. 6, with respect to the simple nozzle (Fig. 7).
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The results of the LIF system for the ' /eturi nozzle experiments (VNEXp) are also depicted in
Fig. 8, showing the typical rising < nd .2lling behavior of a turbulent dense jet in different Froude
numbers. The central planar trac=r tiold is shown in false colors. The tracer concentration at each
pixel was computed using the .vov2dures outlined previously (Abessi and Roberts, 2014; Abessi
et al. 2018). The planes are \ ~rtical and parallel to the jet direction and pass through the nozzle
centerline in the x-y plan . A. shown in Fig. 8, the centerline peak increases with the densimetric
Froude number (from 1c®t w right in the figure) although it is non-dimensionalized by L,,. For
the experimental results ‘Jifferent from the numerical data, it is not possible to get a pictorial
view of the tracer field inside the Venturi nozzle because the brass metal nozzle blocks the view
of the camera. Therefore, the tracer field is only depicted from the point where the fluid leaves
the nozzle cone, while the origin of the trajectory is still kept at the header tip, as shown in Fig 4.
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3.2 Jet Trajectory

The centerline trajectory or flow path is a major geometrical characteristic of any discharge. The
trajectories were derived by connecting the locus of the maximum concentration or velocity at
various cross-sections perpendicular to the flow. Concentration and velocity trajectories coincide
generally with each other, as reported in Shao and Law (2010). However, the concentration
trajectory falls more quickly than the other does (Zhang et al. 2016). The main geometrical
characteristics, including jet terminal rise height, centerline maximum rise height, and the
location of the impact point, can be predicted by determining the centerline trajectory. Fig. 9
shows the jet trajectories for both discharges with different Fr; numbers when non-



dimensionalized with L, for comparison. The numerical and experimental results were
compared to previous studies. The results show that the LES trajectory for the simple nozzle is
close to Kikkert (2006) and Palomar et al. (2012), while it is lower than Baum et al. (2019), and
Galeshi et al. (2023) experimental data for the same nozzle type. As an interesting finding, the jet
trajectory for the discharge from the simple nozzle was found to be significantly higher than the
Venturi nozzle. As Fig. 9 shows, the LES results for the Venturi nozzle are in agreement with
our LIF experiments, Exp 1 (Fry; =7.5) and Exp 3 (Fr,; =6.79), and lie under the trajectory
determined for Exp 2 (Fry =9.06) and Exp 4 (Fry =10.57).

The Venturi eductor needs very high exit velocities to reach the pressure difference required to
produce the suction effect (Portillo et al. 2012). At higher velocities, the Venturi diffuser draws
surrounding water in, through the nozzle's flow-through chamber and mixes an additional liquid
flow with the pumped brine. The additional mixing varies witt. the pressure differential that
forms in the Venturi device and grows as the discharge velocity rise. Such a discharge with high
exit velocity places a limit on brine flow disposal. The inclined « ens. jet with a 60° angle needs a
very deep environment to avoid surface contact for high velezi*v. Tnerefore, a lower angle, 15°,
was used by Portillo et al. (2012) in the Maspalomas Il desa'inat.on plant in the Canary Islands.
It helped to prohibit surface impingement and to reach ti.> required dilution at the same time.
Using lower velocities for the brine discharge through the Venturi nozzles could be an option.
This study, however, showed that lower velocities M. - lead to a complex non-self-similar
behavior of the jet where the flow trajectory varies . *ricately with the Froude number (Fig. 9).
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3.3 Centerline Peak



The horizontal and vertical locations of the jet centerline peak (x,,, y»,) are derived from the jet
centerline trajectory at the location of maximum rise height. For both numerical and
experimental results, the location of the centerline peak is non-dimensionalized using L,, and
plotted versus the discharge angle in Fig. 10. Previously reported data, such as Cipollina et al.
(2005), Kikkert et al. (2007), Shao and Law (2010), and Lai and Lee (2012) are also plotted in
the same figure. As shown in Fig. 10a and b, the LES prediction for a simple nozzle is in good
agreement with Cipollina et al. (2005) and is slightly lower than Kikkert et al. (2007) and Lai
and Lee (2012). The LES prediction for the Venturi nozzle is close to Exp 1 and Exp 3 and is
lower than Exp 4. For the simple nozzle, the LES data are also lower than all reported
experimental data. For the Venturi nozzle, as expected, the location of the flow centerline peak
decreases significantly compared to a simple nozzle, and it inevitably decreases jet mixing and
dilution. However, it provides the chance of using higher momen*um along the near-field region
before reaching the surface in shallow waters.
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3.4 Terminal Rise Height

Terminal rise height (y;) is the jet’s rne~'mum possible height in the time-averaged figure of the
concentration field and marks *he ~rint at which the momentum’s vertical component
significantly falls, becoming eqiie. to .ero. There is no common agreement among the previous
studies regarding how to define *he erminal rise height. Roberts et al. (1997) defined y, as the
location where the concentratic™ 1s 10% of the transverse maximum concentration at the jet
maximum height. Accordi=2 wc ai and Lee (2012), the 0.25 C,,,,, COncentration contour can be
used to determine th~ \isua boundary. The common integral model CORJET (Jirka 2008)
employs cut-off levels or 3 and 25% to determine terminal rise height. Here, the cut-off level of
3% is used to determinz che terminal rise height for LES and experimental results. Therefore,
terminal rise height is determined using the time-averaged concentration field. In Fig. 11, the jet
terminal rise height for numerical and experimental results is non-dimensionalized with L,, and
plotted versus different angles. The predictions of the LES model for a simple nozzle are close to
those from Lai and Lee (2012) and Kikkert et al. (2006). As shown in the figure, the numerical
results for the VVenturi nozzle are in acceptable agreement with Exp 3 and are slightly lower than
Exp 4.

Jet terminal rise height is a crucial factor in defining the potential for reaching deep, surface
contact, and shallow regimes. Dilution starts to decrease after the jet’s upper side contacts the
surface of the water (surface contact regime), because the entrainment from the jet’s upside will
cease. Mixing will be reduced further if the jet centerline reaches the water surface (shallow
condition happens). This will limit the initial design goal for maximizing flow dilution at the
impact point. It is the main reason why outfall designers try to keep the jet terminal rise height



below the water surface in all ebbs and floods. Using the Venturi eductor can help to reduce
terminal rise height in water of limited depth, while it does not essentially lead to better dilution
at critical points. This will be further explained in the following sections.
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3.5 Horizontal Distance to Return 2.ac¢ 'mpact Point

The return point is the location v herc the dense jet crosses the nozzle tip elevation while it is
falling in the jet's descending ;hase. If the nozzle tip is located above the sea floor, or if the
bottom is sloped, this point hiyhly differs from the impact point. The impact point is where the
brine plume impinges on t1.> <ea floor and the minimum dilution appears along the lower
boundary (Roberts et al. 99.). The impact point location is site-specific since it varies based on
the nozzle height and L2a siope. In previous studies, both return and impact points have been
examined, e.g., Shao and '"_aw (2010), Abessi and Roberts (2015), Crowe et al. (2016), Ramezani
et al. (2021), and Tofighian et al. (2022). In Venturi nozzles, due to the discharge’s higher
elevation, flow properties (especially dilution) may be different from each other at these points.
In Fig. 12a and b, the horizontal distance to the return and impact points is extracted from the
numerical and experimental data, is non-dimensionalized with L,,, and is plotted versus the
discharge angles. Like previously examined properties, the numerical results for the Venturi
nozzle are in good consistency with Exp 3 and are relatively lower than Exp 4. In Figure 123, it
is evident that the results of the LES model for the simple nozzle closely align with the findings
reported by Lai and Lee (2012) and Kikkert et al. (2007). However, it should be noted that these
numerical results are notably higher than Cipolina et al. (2005). For the simple nozzle, the
horizontal distance of the impact point is also lower than Abessi and Roberts (2015) and
Tofighian et al. (2022). For the Venturi nozzle, however, the results for the return and impact
point location were close to our experimental data.
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3.6 Flow Width

Fig. 13 illustrates jet width (b) along the flow path (L.;) for both the inner (lower) and outer
(upper) halves, which are normalized based on dFr;. The determination of flow width was
carried out separately for each section due to the asymmetric characteristics of the flow. If we



consider a Gaussian concentration distribution, the jet width is determined by measuring the

distance from the centerline of the jet where the concentration level reaches 1/e of the centerline
value. This ratio of jet width to path length is commonly used to describe the dispersion of dense
jets. The calculated width was compared to data from prior studies conducted by Crowe et al.
(2016), Ramakanth et al. (2016), and Galeshi et al. (2023). To facilitate comparisons, the
positions of the centerline peak and return point were added within the same figure. In the case
of the Venturi nozzle, the inner and outer widths closely match each other in the area around the
source, whereas they begin to differ from one another thereafter. Furthermore, it was noticed that
before and after the maximum rise height, the inner width increases and then decreases, while the
outer width follows a different trend, steadily rising along the flow path. It can be observed from
Fig. 13 that the inner and outer growth rates for the Venturi nozzle are much higher than those of
the simple nozzle, indicating a larger lateral direction of the je’ compared to both the simple
nozzle and the values reported by Galeshi et al. (2023).
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3.7 Jet Mixing and Dilution

Dilution is defined as the initial conc~ntratio.: of tracer over local concentration at any point,
C,/C. Fig. 14a and b show dilutions At t..» return and impact point, which are normalized with
Fry and plotted against the dischar )¢ ¢..gles. The dilution calculation at the return point is
straightforward compared to that e w2 unpact point because return point dilution is independent
of the nozzle height and bed slo:se. Moreover, dilution at the impact point needs to be cautiously
investigated due to the signifi~ai.* changes that occur in mixing and entrainment close to a
bottom boundary. It is wort™ no.ing that benthic organisms have a limited ability to withstand
salinity above the standaru> which makes the impact point the first location where strict
standards of ambient w.~te: nzed to be met. The complex effects of the bottom boundary on flow
mixing and dilution after the impact point have recently been addressed by Ramakanth et al.
(2022) and Tofighian et al. (2022). In the post-contact phase of the flow on the bottom boundary,
dilution still increases to its highest at some distance from the impact point. Then, entrainment
falls due to the collapse in turbulent fluctuations and relaminarization at the end of the initial
mixing zone (Roberts et al. 1997; Abessi and Roberts 2015).

As shown in Fig. 14a and b, the dilution predictions for the Venturi nozzle are consistent with
Exp 3 and are considerably lower than Exp 4 and other studies. The dilution at the return point
for the simple nozzle agrees with Kikkert et al. (2007) and is higher than Lai and Lee (2012). It
was also lower than Crowe et al. (2016) and Oliver et al. (2013). In Fig. 14b, the impact point
dilution for the simple nozzle is estimated lower than Abessi and Roberts (2015) but is close to
Tofighian et al. (2022). For the Venturi nozzle, however, the numerical results were close to our
LIF observations.

So, it can be concluded that, in the Venturi nozzles, the decrease in flow trajectory significantly
diminishes jet dilution at the locations of the return and impact points. However, decreases in



dilution can be compensated for with proportional increases in jet velocity or discharge Froude
number. These results indicate that in a receiving environment with limited depth, increasing the
discharge Froude number to a magnitude comparable to that of a conventional jet can lead to
slightly improved dilution at critical points, depending on the operational velocity. This
enhancement enables the jet of the Venturi nozzle to reach the same elevation as a conventional
jet typically achieves, with slightly better dilution.

To have a quantitative analysis of the flow trajectories, we summarized the main features of the

flow in Table 2. The geometrical and dilution measurements are summarized in Table 2, along
with the experimental, analytical, and numerical results of previous studies. Table 2 reveals that
the LES results for the simple nozzle closely align with other reported data. However, in the case
of the Venturi nozzle, both numerical and experimental models encountered challenges in
predicting flow behavior. Nevertheless, they exhibited close ag¢.=~ement within the range of
Froude numbers investigated.
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Table 2. Summary of numerical and exermental results with comparison to previous data
inti X Y Ve Xr Xi Sr Si
Study Description. m m
/Lu /Lu /Lu /Lu /Lu [Fra [Fra
Present Study, VNExp~ 1 ZE 088 0.84 1.79 1.95 - 0.84 -
Present Study, VNExp 2 LIF 1.20 1.01 1.95 2.20 - 1.01 -
Present Study, VNExp 3 L.~ 0.96 0.83 1.83 1.88 191 0.88 0.96
Present Study, VNExp 4 LIF 1.20 111 1.99 2.25 2.36 111 1.24
Simple Nozzle, Num LES 1.61 1.44 2.01 2.73 2.80 1.26 1.34
Venturi Nozzle, Num LES 0.99 0.94 1.78 1.70 1.80 0.89 0.97
Abessi and Roberts (2015), 3D-LIF 3.59 1.75
ek - - 2.69 - -
SNExp
Cipollina et al. (2005), SNEXp EXP 1.50 1.88 2.46 2.39 - - -
Kikkert et al. (2007), SNExp LIE 1.85 1.86 2.60 - . - .
Kikkert et al. (2007), SNExp LA - 1.69 2.42 2.95 - - -
Papakostantis et al. (2011), SNExp  Visual/Probe - 1.78 2.28 2.92 - 1.68 -
Lai and Lee (2012), SNExp LIF 1.89 1.74 2.20 3.01 - 1.07 -
Oliver et al. (2013), SNExp LIF ; 171 234 293 - 1.55 )
Crowe et al. (2016), SNExp PTV - 1.81 2.36 3.11 - 1.27 -
Crowe et al. (2016), SNExp ';‘;ﬁ%ﬁ' - 1.67 - 2.83 ; 1.50 ;
Tofighian et al. (2022), SNExp LIF - 242 3.03 3.93 3.70 1.70 1.04
Tofighian et al. (2022), SNExp LES - 1.67 2.22 3.06 2.89 151 1.28
Galeshi et al. (2023), SNExp 1 LIF 1.77 1.72 2.56 3.53 - 2.14 -
Galeshi et al. (2023), SNExp 2 LIF 1.81 1.65 - 3.32 - 2.58 -
Galeshi et al. (2023), SNExp 3 LIF 2 1.72 - 3.42 - 1.95 -
Galeshi et al. (2023), SNExp 4 LIF 1.83 1.63 - 3.53 - 2.13 -

*Venturi Nozzle Experiment




** Simple Nozzle Experiment

As shown in Table 2, for the horizontal component of the normalized centerline peak (x,,/Ln),
VNEXxp1 shows a 53% reduction compare to the Lai and Lee (2012) data for the simple nozzles.
The LES results for the simple nozzle and Venturi nozzle are also 12% and 46% lower than
Kikkert et al. (2006). The data for the vertical component of the normalized centerline peak
(Ym/Lm) shows a 36% decrease for VNExp4 compare to Lai and Lee (2012). This parameter
shows a reduction of 43% for LES results of the Venturi nozzle and 13% for the simple nozzle in
comparison to Tofighian et al. (2022). Regarding the normalized terminal rise height (y;/L..).
VNEXxp1 has a 53% reduction compared to the study by Lai and Lee (2012) for simple nozzles.
Additionally, LES results for the simple nozzle and Venturi nozzl> are 12% and 46% lower than
Kikkert et al. (2006) in their findings for terminal rise height.

The normalized horizontal distance of the return point (x,./L,. ) tftr VNExp3 indicates a 37%
difference compared to Oliver et al. (2013), and a 39% renuc.'on is observed for the Venturi
nozzle compared to Crowe et al. (2016). In contrast, *ae .inple nozzle displays a smaller
reduction of approximately 3.5% in comparison to Crov.e ot «i. (2016). Furthermore, the dilution
at this point is 3.6% greater for VNExp4 than Lai ana ' ce (2012), whereas for VNEXp3, it is
17% smaller than the values reported by Lai and Lz. (2012). In terms of dilution, the LES results
indicate a reduction of 41% for the Venturi n.77's and 16% for the simple nozzle when
compared to the findings of Tofighian et al. (22.)

4. Conclusions

The results of numerical simulations .c. cuantifying flow behavior in brine discharge through the
Venturi nozzle were compared with * new set of LIF experimental observations and with the
previously reported data for tiie conventional nozzles. It is observed that the LES model
developed for the Venturi nczle effectively predicted flow behaviour. However, it
underestimated flow geon.~trical and mixing properties compared to the experimental
observations. Venturi ecucwors require extremely high exit velocities to reach the pressure
difference required tc p.-au2e the suction effect for the premixing. Such a high velocity makes it
impossible to use the Ven uri nozzle for steeply inclined discharges in coastal water. Therefore,
lower exit velocities were investigated for 60° dense jets. For the lower initial momentum, it is
observed that the Venturi eductor causes the flow path and dilution to decrease for a fixed
discharge velocity. However, this reduction can be compensated by proportionally increasing the
discharge Froude number to achieve the same level of dilution as before. Therefore, this
strategy's primary advantage lies in its ability to utilize the Venturi nozzle for dilution
enhancement at the impact point by increasing discharge velocity under the same ambient
conditions. This feature makes the Venturi nozzle an appropriate tool in coastal areas with
shallow waters where outfall designers aim to avoid jet surface contact and are at the same time
facing challenges in meeting required dilution levels. It is worth noting that further investigations
involving variations in the discharge Froude number, exit velocities, number of nozzles, and the
spacing of jets in a diffuser of the Venturi jets, and Venturi cone diameters may yield more
comprehensive insight and reliable results.
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Highlights

Brine discharge from the Venturi nozzle was investigated

The behavior of 60° inclined jets in a stagnant environment was explored

Both experimental and numerical scenarios were simulated using the LIF and LES method

The results were compared to the conventional round nozzles in both cases



