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Abstract: Wastewaters are commonly discharged into the seas and oceans through multiport diffusers.
Accurate prediction of the complex interactions of multiport diffusers with the receiving water bodies
is significant for the optimal design of outfall systems and has yet to be fully illuminated. In the
current study, the mixing and dilution characteristics of multiple inclined dense jets are studied
using a three-dimensional numerical simulation. The Launder, Reece, and Rodi (LRR) turbulence
model is employed to perform the simulations, and the predictions are compared against available
experimental data. The results indicate that the LRR turbulence model is a promising tool for the
study of inclined dense jets discharged from multiport diffusers, and it can provide more accurate
predictions of the mixing behavior than standard and re-normalization group (RNG) k-ε turbulence
models. The model is further employed to evaluate and compare the dispersion capabilities of
multiport diffusers with uniform and non-uniform jet orientation to the horizontal, as a novel idea.
The comparisons demonstrate the middle discharge may have a longer trajectory (7% and 5% increase
in terminal rise height and impact point distance, respectively) and therefore a higher dilution rate
(14% increase in impact dilution) when its adjacent jets are disposed with a different angle, compared
to that of uniform discharges. The outcomes may be favorable for outfall systems applications
involving dilution.

Keywords: numerical simulations; multiple discharges; inclined dense jets; mixing and dilution;
discharge inclination

1. Introduction

Brine wastewaters from desalination plants are commonly discharged into the seas
and oceans through diffusers. These effluents, which have a density higher than the
surrounding water, sink to the sea-bottom and can increase salinity near the diffuser, which
can result in adverse effects on the local natural environment if not properly discharged [1].
The mixing characteristics of the wastewater discharges are closely related to the properties
of the outfall diffusers [2,3]. Thus, it is essential to predict the mixing behavior of the jets
from different kinds of diffusers to enable an economically efficient design while complying
with regulatory demands.

Discharges may be positively, neutral, or negatively buoyant. Positively buoyant jets
have a density lower than the ambient water density and rise due to a positive buoyancy
until they reach the water surface and then spread horizontally as a plume; the horizontal
and vertical multiple discharges are typically positively buoyant or neutral. Negatively
buoyant jets have a density higher than the surrounding water, and they are affected by
a negative buoyancy which hinders the flow moving upward and leads the jets to move

J. Mar. Sci. Eng. 2022, 10, 590. https://doi.org/10.3390/jmse10050590 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse10050590
https://doi.org/10.3390/jmse10050590
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-0661-6717
https://orcid.org/0000-0001-5381-8189
https://doi.org/10.3390/jmse10050590
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse10050590?type=check_update&version=2


J. Mar. Sci. Eng. 2022, 10, 590 2 of 20

back to the sea bottom; the inclined jets are mainly negatively buoyant. Thus, the trajectory
and therefore mixing behavior of inclined jets may differ from the horizontal and vertical
discharges, which highlights the importance of the separate study of inclined jets. On the
other hand, the diffusers may be either single- or multi-port. Single-port discharges can
freely mix with the receiving water without any interactions. However, multiport diffusers
are frequently applied around the world, e.g., Melbourne, Perth, Sydney, and Boston, to
enable high dilutions with high effluent flow rates [4,5]. The mixing process of multiport
discharges differs from single-port jets, and its study is much more complicated because of
the complex mechanisms resulting from jet interactions and the Coanda effect. Although
the mixing behavior of single inclined dense jets has been widely studied for many years,
the dilution properties of multiple jets have received less attention.

The investigations on multiple buoyant jets were quite often experimental or analyti-
cal. Some prior experimental studies on multiple buoyant jets have focused on multiple
horizontal [5–11] and some others on vertical [4,12] discharges. Some studies analytically
investigated multiple buoyant jets and estimated the distance over which the interacting
3D buoyant jets behave as a plane jet [7,13]. Knystautas theoretically predicted the velocity
field of multiple turbulent jets using the superposition technique based on the Reichardt
hypothesis [6]. Knystautas’ model was further improved to predict the concentration field
based on an extension of the Reichardt hypothesis to the lateral transport of pollutants [14].
Wang and Davidson [5] argued that the models presented by Knystautas [6] and Hodgson
et al. [14] did not capture the possible change in spreading rate due to jet merging, and ex-
tended their models by considering the changes in the spreading rates and concentration to
velocity length scale ratio between the axisymmetric and 2D flow limits. Yannopoulos and
Noutsopoulos analyzed interacting vertical buoyant jets in stagnant ambient conditions,
and developed analytical expressions concerning the concentration and velocity distribu-
tions based on the entrainment restriction approach [12] and superposition method [15].
Lai and Lee [16] proposed a general semi-analytical model for the dynamic interaction
of multiple buoyant jets, and showed that merging point, jet trajectories, as well as the
centerline concentration and velocity of the buoyant jet group were perfectly matched with
the measurements. Furthermore, multiple inclined discharges have been mainly studied
experimentally [17–23].

Although experimental studies have significantly contributed to a better understand-
ing of multiple jets, they are expensive and time-consuming options. Thus, supplementary
methods such as integral entrainment models have always been of interest. These mod-
els are widely employed by designers to assess jet mixing behavior and are a basis for
commercial mixing tools such as JetLag [24,25], CoreJet [26], and UM3 [27]. According
to integral entrainment models, the velocity profiles of a jet is assumed to be Gaussian
or top hat and axisymmetric without radial changes, resulting in simplified governing
momentum and mass conservation equations [28]. These models are unable to resolve
re-entrainment, boundary effects, and the Coanda effect [28,29]. The last limitation may
shed doubt on the prediction capabilities of integral entrainment models for multiple jets,
where the Coanda effect reduces jet dilution and terminal rise height [19,30]. Palomar
et al. [31] evaluated the prediction capabilities of the JetLag, CoreJet, and UM3 tools for
inclined dense jets. They found a lot of discrepancies for the prediction of terminal rise
height, and showed more than 50% under-prediction for dilution. This underestimation
has roots in the simplified mass and momentum equations of the integral models resulting
from the simplex assumptions for the jet velocity profiles.

Thanks to the advancements in computational resources over the past two decades,
the application of computational fluid dynamics (CFD) modeling in the prediction of
jet-mixing behavior has dramatically increased [32]. CFD includes fewer simplifying
assumptions, compared to integral entrainment models, and is currently a promising
approach to simulate desalination outfalls [29]. The application of CFD modeling, including
the Reynolds Averaged Navier Stokes (RANS) model [33–38] and large eddy simulation
(LES) [39–41], has been reported for single port discharges in recent works. However, there
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have been only a limited number of reports covering the predictive capabilities of CFD
models for multiple jets. Some studies have numerically investigated multiple buoyant jets.
Xue et al. [42] indicated that the standard k-ε model could reasonably predict the mixing
behavior of multiple horizontal jets in cross-flow. Tang et al. [43] applied a buoyancy-
corrected eddy viscosity model (EVM) to predict the primary mixing of buoyant jets from
multiple ports, and compared the results to the CORMIX model predictions. They showed
that the CFD model could capture the changes of the plumes’ depth along the trajectory,
which the CORMIX model was incapable of capturing. Yan et al. [44] investigated the
prediction capabilities of four different turbulence closures including the standard k-ε,
re-normalization group (RNG) k-ε, k-ω, and k-ω shear stress transport (SST) for multiple
vertical jets and showed that (RNG) k-ε resulted in more accurate outcomes. As the mixing
behavior of multiple inclined discharges may differ from buoyant jets due to the negative
buoyancy, some studies have attempted to validate the application of CFD for those jets.
Yan and Mohammadian [3] validated the performance of the standard and re-normalization
group (RNG) k-ε turbulence models for the prediction of multiple inclined dense jets and
showed that both models could provide predictions of the terminal rise height and the
impact point dilution with errors lower than 15%. Moreover, the predictions for the impact
distance based on the standard and (RNG) k-ε closures were found to be accurate with
errors of 18.6% and 13.3%, respectively. A recent study [29] conducted numerical CFD
simulations based on k-ω (SST) closure to investigate the Gold Coast Desalination Plant
offshore inclined multiport brine diffuser while affected by different ambient velocity
conditions, in the range of 0.03–0.26 m/s, and validated impact dilutions and plume
trajectory against physical experimental data.

Experimental and numerical models are adopted to predict the mixing behavior of
discharges, which are significantly affected by the properties of outfall diffusers [2,3].
For single dense discharges, inclined jets result in a higher dilution rate than vertical
discharges since vertical jets tend to fall back on themselves and it significantly impairs
the dilution process [45–47]. It is widely accepted that the 60◦ inclined discharges provide
the longest trajectory for entrainment and therefore the highest dilution rate [48–51]. The
effects of flow orientation on the flow field have been also investigated in other hydraulic
conditions [52–54]. The main issue with multiple inclined dense discharges arises when
the ports are not sufficiently spaced apart, and the jets are closely or moderately spaced.
The dynamic interaction and the Coanda effect cause these jets to have a reduced terminal
rise height and to bend inward, and thus to have a shorter trajectory compared to a single
jet [19]. The shortened trajectory further decreases dilution since it diminishes the available
surface for entrainment. To overcome this reduction in dilution, it has been recommended
to space the jets sufficiently apart in multiport diffusers [19], which lets the jets freely
entrain the surrounding water without any interactions, as single jets do. The effect of
port spacing on the mixing process of multiport diffusers has been the focus of some prior
research. Yan et al. [44] focused on multiple vertical buoyant jets and indicated that as
the port spacing was reduced, the jets’ centerline dilution was lower, and the plume-like
region was placed farther from the port. Moreover, they proposed a novel formula for
concentration profiles that considers the influence of port spacing. Abessi and Roberts [19]
conducted laboratory experiments on the influences of port spacing on multiple inclined
dense jets and indicated that the port spacing can have a negative effect on the rise height
and other geometrical characteristics of discharges. They highlighted the minimum port
spacing that avoids dynamic interaction of jets.

Based on the above explanations, two main research gaps need to be further elabo-
rated when focusing on the study of multiport diffusers. First evaluating the prediction
capabilities of less validated modeling approaches, from the CFD simulation point of view,
and secondly investigating the influence of non-uniform port orientation on the mixing be-
havior, from the optimal design point of view. The available numerical studies have mainly
investigated the prediction capabilities of the eddy viscosity models (EVMs). The EVMs
consider that the Reynolds stresses are proportional to mean rates of deformation and the
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stresses are obtained based on the Boussinesq assumption [55]. These models provide good
results for simple flows and some recirculating flows [55], but some drawbacks have been
reported for them when employed for complex flow fields [56,57]. The main drawback of
most EVMs can be the consideration of isotropic character for the eddy viscosity, which
causes them to be insensitive to the orientation of the turbulence structure and its mixing
and transport processes [35]. However, the stress anisotropy plays a significant role in
changing in the streamline trajectory and stress-induced secondary motions [57]. The RSMs
solve transport equations for the Reynolds stresses and consider different values for viscos-
ity in each direction, which may result in more accurate predictions compared to the EVMs
for the complex flow fields [55]. Gildeh et al. [35] applied five different RANS models,
including the re-normalization group (RNG) k-ε, realizable k-ε, nonlinear k-ε, Launder,
Reece, and Rodi (LRR), and Launder-Gibson, to predict the mixing behavior of 30◦ and
45◦ inclined dense jets. They showed that the two RSMs could provide more accurate
predictions for the velocity fields compared to the other applied models. Additionally, the
LRR model could better capture secondary flows. It is likely that the RSMs will begin to
be more widely applied for industrial projects once a consensus has been achieved about
the best numerical solution strategies for their convergence problems [55]. Additionally,
the advances in computational resources in the early future may lead these models to be
more employed by industrial users. Therefore, this study simulates multiple inclined dense
discharges employing the Launder, Reece, and Rodi (LRR) model as a new approach for
multiple jets, and compares the model predictions of terminal rise height, impact point
distance, and impact dilution to existing experimental measurements.

Furthermore, previous studies have mainly focused on the influence of port spacing
on the mixing characteristics of multiport diffusers. However, the influence of non-uniform
port orientation on the merging process of multiport diffusers is rarely reported. Jet merging
in multiport diffusers leads the jets to have shorter trajectories and lower dilution compared
to single jets. It is expected that the jet merging and the Coanda effect diminish when the
jets are discharged with non-uniform orientation to the horizontal, compared to uniform
discharged diffusers. A change in port orientation can be of interest in practical projects,
such as brackish water discharges into water bodies emitted by osmotic power plants, since
it may provide an inexpensive way to enhance the mixing performance. Thus, as another
contribution of this study, the effect of non-uniform port orientation on the merging process
of multiple inclined dense jets is also evaluated using the validated LRR model.

The rest of this paper is devoted to the description of research methodology as well as
presenting and discussing the results and conclusions. Section 2 describes methodology
where dimensional analysis, governing equations, flow and mesh configurations, as well as
model setup and numerical algorithms are discussed. Section 3 presents the results where
the performance of the model and the effect of non-uniform port orientation on merging
process are discussed. Section 4 also presents the conclusion and proposed future works.

2. Methodology
2.1. Analysis

A schematic view of multiple inclined dense jets is illustrated in Figure 1. The jets
are discharged into the receiving water bodies at an initial angle θ to the horizontal with
jet velocity U0 and jet diameter D. Upon discharging, the jets move upward due to the
initial vertical momentum flux. The negative buoyancy and jet entrainment continuously
decrease this momentum flux until it almost vanishes at the point where the jets reach their
maximum height, the terminal rise height yt. Subsequently, the jets turn downward and
impinge the seabed at the location of impact point, xi. The dilution at the impact point
Si can be defined as Si = (ρ0 − ρa)/(ρ− ρa), where ρ0 is effluent density, ρa is ambient
density, and ρ represents local density.
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Figure 1. Schematic (a) plan and (b) side views of multiple inclined dense jets.

The mixing properties of the inclined dense jets are mainly characterized by discharge
volume flux Q, kinematic momentum flux M, and buoyancy flux B, which can be defined
by the following equations, respectively [28,45,58,59]:

Q =
πD2

4
U0; M = U0Q =

πD2

4
U2

0 ; B = g′0Q (1)

where g′0 is reduced gravitational acceleration and expressed as g′0 = g(ρ0 − ρa)/ρa; where
g is gravitational acceleration. In the case of dense discharges ρ0 > ρa.

The most important length-scale of the flow is the momentum length scale, LM, which
refers to the distance beyond which the buoyancy produces momentum approximately
equal to the initial momentum and is defined as [46,60]

LM =
M3/4

B1/2 (2)

which is commonly expressed as DFd where Fd is the jet densimetric Froude number, which
measures the ratio of inertia to buoyancy and can be defined as

Fd =
U0√
g′0D

(3)

The effect of port spacing in dimensional analysis is expressed by the non-dimensional
parameter s/DFd where s is the port spacing. If the ports are widely spaced, s/DFd > ∼ 2,
the jets behave as single jets and freely mix with the ambient water. If a single jet is
fully turbulent and Fd is higher than approximately 20, the dynamic effect of Q becomes
insignificant. Therefore, the dependent variables of yt, xi, and Si are functions of M and B
only. Following a dimensional analysis and experimental measurements [46]

yt

DFd
= 2.2;

xi
DFd

= 2.4;
Si
Fd

= 1.6 (4)

For the case that the jets are not widely spaced, s/DFd < ∼ 2, the right-hand sides of
Equation (4) are not constant anymore. The geometrical characteristics and impact dilution
are functions of s/DFd, as follows

yt

DFd
= f

(
s

DFd

)
;

xi
DFd

= f
(

s
DFd

)
;

Si
Fd

= f
(

s
DFd

)
(5)
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Following the experiments conducted by Abessi and Roberts [19], the normalized
terminal rise height and impact distance for one- and two-sided multiport discharges can
be obtained by the empirical equations

yt

DFd
= 1.9

(
s

DFd

) 1
2
;

xi
DFd

= 2.0
(

s
DFd

) 1
2

(6)

The impact dilution for one-sided multiport diffusers can be achieved by

Si
Fd

= 0.9
(

s
DFd

)
(7)

while for two-sided discharges it is about 20% lower.

2.2. Governing Equations

The mass and momentum conservation equations for an incompressible multiphase
flow are as follows [61,62]:

∇ ·U = 0 (8)

∂ρU
∂t

+∇ · (ρUU) = −∇ ·
(

Prgh

)
− gh∇ρ +∇ · (ρT) (9)

where
ρ = α1ρ1 + α2ρ2 = α1ρ1 + (1− α1)ρ2 (10)

T = −2
3

µe f f∇ ·UI + µe f f∇U + µe f f (∇U)T (11)

µe f f = α1

(
µe f f

)
1
+ α2

(
µe f f

)
2

(12)(
µe f f

)
i
= (µ− µt)i (13)

where U is velocity, t indicates time, ρ is density, Prgh represents the difference between
static and hydraulic pressure, g is gravitational acceleration, h denotes height of fluid
column, α is volume fraction, µ and µt are dynamic and turbulent viscosity, respectively,
script i shows either the effluent (i = 1) or surrounding water (i = 2). The diffusion
equation for the volume fraction of a fluid can be written as:

∂α1

∂t
+∇ · (Uα1) = ∇ ·

((
Dab +

νt

SC

)
∇α1

)
(14)

where Dab indicates molecular diffusivity, νt represents turbulent eddy viscosity, and SC
denotes turbulent Schmidt number.

In CFD modeling, the three approaches of direct numerical simulation (DNS), LES,
and RANS models can be used to simulate turbulent flows. The first two requires excessive
computational cost for the simulation of multiple jets. The RANS models can be classified
into the RSMs and EVMs. The RSMs usually need more computational resources. One
study applied three different EVMs and two RSMs to predict the mixing behavior of single
jets and showed that the RSMs were about 20% more expensive than the other models,
regarding the computational costs [35]. However, the RSMs may be more accurate when
the flow field is complex, which has roots in dealing with stress anisotropy [55]. The main
difference between the RSMs and EVMs is that RSMs directly solve transport equations for
the Reynolds stress, as presented in Equation (15), while the EVMs compute the stresses
using the Boussinesq assumption. This difference may lead to more accurate predictions of
the mixing behavior of multiple jets using an RSM compared to an EVM. In the current
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study, the LRR model, as an RSM, is adopted to solve the governing equations. The LRR
model was developed by Launder, Reece, and Rodi in 1975 [63] and is expressed as:

Duiuj

Dt
=

∂u′iu
′
j

∂t
+ uk

∂u′iu
′
j

∂xk
= DT

ij + Dν
ij + Pij + φij + εij (15)

where u′iu
′
j is the Reynolds stress, and DT

ij , Dν
ij, Pij, φij, and εij represent the turbulent

diffusion, viscous diffusion, production, pressure–strain, and turbulence dissipation rate
parameters, respectively. The viscous and turbulent diffusion terms are calculated as

Dν
ij = ν

∂2u′iu
′
j

∂xkxk
(16)

DT
ij =

∂

∂xl
(Cs

ε

k
uiuk

∂uiuj

∂xk
) (17)

where Cs = 0.22, and the pressure–strain term is expressed as

Pij = −u′iu
′
k

∂uj

∂xk
− u′ju

′
k

∂ui
∂xk

(18)

The dissipation term is calculated as

εij = −2ν
∂u′i
∂xk

∂u′j
∂xk

(19)

∂ε

∂t
+ uk

∂ε

∂xk
= Cε1

Pkε

k
− Cε2

ε2

k
+

∂

∂xj
(Cε

k
ε

u′iu
′
j

∂ε

∂xj
) (20)

where Cε1 = 1.44, Cε2 = 1.90.

2.3. Flow and Mesh Configurations

As the purpose of the current study was to evaluate the predictive capabilities of RSM
for multiple inclined dense jets and investigate the effects of non-uniform port orientation to
the horizontal on the mixing behavior, previous experiments were first simulated to validate
the LRR model predictions. The experiments conducted by Abessi and Roberts [19] were
selected as a basis for model validation, and the results of their measurements and LRR sim-
ulations were compared. Their measurements were appropriate for model validation since
concentration fields were mapped in three dimensions by laser-induced fluorescence, and
a comprehensive dataset on multiport inclined dense effluents was provided. Afterward,
the validated model was utilized for further investigations on the effects of non-uniform
port angle on the mixing process. According to the experiments, the port spacing (s) was
57 mm, the jet diameter (D) was 1.93 mm, and the nozzle height above the lower wall (y0)
was 30 mm. The effluent and tank water density were 1013.8 kg/m3 and 999.8 kg/m3,
respectively.

To model a long diffuser with many nozzles, three ports were considered in the
computational domain as the representatives of all possible jets on a diffuser. Overall, five
cases were considered for the simulations, see Table 1. Cases C1, C2, C3, and C4 were
utilized for model validation, and were exactly the same as the experimental measurements
conducted by Abessi and Roberts [19]. In these cases, s/DFd varies between 0.47–0.85
to cover moderately spaced ports, which was the focus of this study, and all Fd values
were more than 20 to assure fully turbulent flow. In the simulations, the three considered
ports were discharged with an angle of 60◦ to the horizontal, which represents the first
configuration (60◦–60◦–60◦). In case S1, the second configuration (45◦–60◦–45◦) is simulated
where the central jet is discharges with an angle of 60◦ to the horizontal and the adjacent
jets are discharged with an angle of 45◦. Case S1, which has similar conditions to case
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C2 except port inclinations, and case C2 were compared to evaluate the effects of port
orientation on the mixing process of multiple inclined dense discharges.

Table 1. Characteristics of numerical cases.

Case Diameters
(mm)

Effluent Density
(kg/m3)

Ambient
Density (kg/m3)

Velocity
(m/s) Fd s/DFd θ1-θ2-θ3 (◦)

C1 1.93 1013.8 999.8 1.03 63.1 0.47 60-60-60
C2 1.93 1013.8 999.8 0.92 56.8 0.52 60-60-60
C3 1.93 1013.8 999.8 0.85 52 0.57 60-60-60
C4 1.93 1013.8 999.8 0.57 34.7 0.85 60-60-60
S1 1.93 1013.8 999.8 0.92 56.8 0.52 45-60-45

The three considered jets could reflect the mixing behavior of the jets in the whole
system using appropriate boundary conditions. The simulations were conducted in a
rectangular domain with the dimensions of 600 mm length (along x-direction), 400 mm
depth (along y-direction), and 171 mm width (along z-direction); similar domains have been
used in many hydraulic simulations [64–66]. The computational domain was surrounded by
four types of planes, including wall, outlet, free surface, and symmetry planes. Furthermore,
the nozzles were defined by two sections, including nozzle tube and inlet (Figure 2).

Figure 2. (a) Computational domain and mesh setup; (b) detailed grids near the nozzles.

The accuracy and stability of numerical calculations of fluid flows are significantly
affected by boundary conditions. As the wall planes and nozzle tubes are solid surfaces, a
no-slip boundary condition was imposed on them to assume zero velocity at those surfaces.
The boundary condition at the free surface and outlet planes was set to pressure–inlet outlet
velocity. This boundary condition assigns a zero gradient condition for flow into the domain
and a velocity, based on the flux in the path-normal direction, for flow out of the domain [67].
A fixed value of velocity was assigned to the inlets, and the initial k and ε values at the
inlets were estimated based on [37], k = 0.06u2 and ε = 0.06u3/D. To simulate the system,
the domain was discretized using the structured mesh shown in Figure 2. The mesh was
modified by snappyHexMesh tool in OpenFOAM, which can divide the original grids into
multiple sub-grids and snap the sub-grid boundaries onto the surfaces of interest. The
employment of snappyHexMesh significantly decreased the required number of cells and
therefore simulation time since there was no need to have small cells at the regions far from
the area of interest. A double refinement was performed for the area in which jets move and
merge, and a triple refinement was considered for the grids close to the inlets and nozzle
tubes, which could perfectly determine the circular shape of the nozzles. The sensitivity of
the simulation outcomes to the cell size was evaluated based on the procedures described
and applied by Yan and Mohammadian [68,69]. Simulations were conducted based on four
different meshes, including coarse and fine grids. The preliminary mesh structure was a
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relatively coarse mesh with 114,000 cells, and the difference between the predictions based
on that mesh structure and experimental measurements were found to be about 10%. The
finer mesh structures, Mesh 2, Mesh 3, and Mesh 4 included 311,000 cells, 385,000 cells,
and 528,000 cells, respectively. The difference between the obtained results using Mesh 2
and Mesh 1 was about 10.5%. However, the difference between the predictions based on
Mesh 2 and Mesh 3 was about 1.5%. The predictions of Mesh 3 and Mesh 4 were also very
close, with about 2% difference between the results. Therefore, Mesh 4 was selected for
simulations, and the final mesh structure included 528,000 cells.

2.4. Model Setup and Numerical Algorithms

The governing equations were numerically solved using the finite volume method. The
simulations were performed using an open source code OpenFOAM [70], and the solver
twoLiquidMixingFoam was employed to perform the implementation in OpenFOAM.
This solver is a transient solver for multiphase fluids and has been widely applied and
validated in prior research [2,3,39,41,44,71]. The Gauss linear scheme was adopted for
the discretization of the gradient and Laplacian terms, the Euler scheme was utilized to
discretize the temporal terms, and the Gauss upwind, Gauss vanleer, and Gauss linear
schemes were employed to discretize the divergence terms. The adopted algorithms to solve
the coupled pressure and momentum equations were PIMPLE algorithms, see Figure 3.
The preconditioned conjugate gradient (PCG) and preconditioned bio conjugate gradient
(PBiCG) methods were employed for the pressure field and the other fields, respectively.

Figure 3. Flowchart of the PIMPLE algorithm; * and ** correspond to predicted and corrected fields,
respectively.

The Courant number, C, can be defined as C = U∆t/∆x, where U is flow velocity,
∆t represents time step, and ∆x indicates cell size. The time step was adjusted during the
simulations, and the maximum courant number was set to be 0.5 to provide small time
steps. The simulations were run for 120 s, and the results obtained by time-averaging
over the period of 70 s to 120 s to ensure fully-developed flow and stable results. Figure 4
shows the time-series graphs for the velocity field along the trajectory of the central jet of
case C2. To accelerate the simulation process, the numerical domain was decomposed into
16 regions, 4 parts in x- and 4 part in y-directions, and then each region was processed by a
processor. Afterward, the entire domain was reconstructed and the results were extracted.
All the computations were performed in the advanced research computing (ARC) systems
of Compute Canada, and the real-time computing duration was ranged from 3 to 4 days.



J. Mar. Sci. Eng. 2022, 10, 590 10 of 20

Figure 4. Time-series graphs for the velocity magnitude along the trajectory of the central jet in case
C2 at (a) x/(D.Fd) = 0.4, (b) x/(D.Fd) = 0.75, and (c) x/(D.Fd) = 1.2.

To discuss the numerical results in the context of the literature, the accuracy of LRR
predictions were compared with that of standard and (RNG) k-ε models adopted for the
simulation of the same experimental work in a previous study [3]. Table 2 demonstrates
the simulation characteristics of the previous and current study. It is worth mentioning
that the numerical results obtained in both studies were mesh-independent, and adopting
finer mesh does not necessarily lead to more accurate results. Therefore, the compari-
son of the accuracy of outcomes can provide a good insight into the performance of the
turbulence models.
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Table 2. Simulation characteristics of the previous [3] and present study.

[3] Current Study

Boundary conditions
Bottom wall Slip * No-slip

Symmetry planes Symmetric Symmetric
Inlets Fixed velocity inlet Fixed velocity inlet

Atmosphere Inlet–outlet Pressure–inlet outlet
Outlet Inlet–outlet Pressure–inlet outlet

Number of cells 113,400 528,000
Software OpenFOAM OpenFOAM

Solver twoLiquidMixingFoam twoLiquidMixingFoam
Discretization schemes

Temporal term Euler Euler
Gradient term Linear Linear
Laplacian term Linear Linear

Divergence term Linear, vanLeer, and upwind Linear, vanLeer, and upwind
* The results were the same when using slip or no-slip boundary condition for the bottom wall [3].

3. Results and Discussion
3.1. Model Validation

The four cases of C1, C2, C3, and C4, moderately-spaced discharges, 0.47 < s/DFd <
0.85, with different Froude numbers were numerically simulated by the LRR model, and
the model predictions for the terminal rise height, impact distance, and impact dilution
were compared to the measurements conducted by [19].

Terminal rise height is determined as where the vertical momentum flux almost
vanishes along the jet trajectory [35]. However, the yt value is not defined exactly the same
in previous studies. For instance, Lai and Lee [59] defined it as where the concentration
was 25% of the local maximum height concentration, C, while the integral model CorJet
applied two cut-off levels, 3% and 25%, for the visual boundary [26]. Shao and Law [72]
also adopted the cut-off level of 3%. The definition of yt in the current simulations was
considered to be the locus of 10% of the transverse maximum concentration at the location of
jet maximum height, as it was defined in the experimental data [19]. Figure 5 demonstrates
the results of normalized terminal rise height, yt/(DFd), versus port spacing values, s/DFd,
including cases C1–C4. The value of yt/(DFd) for single jets were also included in this
figure [46]. The numerical results of terminal rise height were in good agreement with
the experimental data. The forecasting accuracy of the model was quantified using mean
absolute percentage error (MAPE), the same as in the study conducted by [3], where it was
found to be 4.5%. The comparison of yt/(DFd) values for cases C1–C4 and single ports
showed that the terminal rise height of multiple inclined jets was lower than that of single
discharges, which highlights the effect of jet merging. The LRR results for terminal rise
height showed slight over prediction compared to the empirical equation, Equation (6),
obtained based on the measurements for one- and two-sided multiport diffusers. However,
the prediction of terminal rise height at s/(DFd) = 0.85 was matched with Equation (6).
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Figure 5. Experimental measurements [19] and numerical results of the normalized terminal
rise height.

Figure 6 illustrates the results of normalized impact distance, xi/(DFd), versus port
spacing values. The model predictions of xi/D demonstrated a good match with the
measurements as the prediction error based on MAPE was less than 4%. The values of
xi/(DFd) increased with increasing values of port spacing, and all values were lower than
the constant value presented for single discharges, xi/(DFd) = 2.4 [46]. Jet merging causes
multiple inclined jets to bend inward, which results in lower impact distance compared
to that of single discharges. However, single jets mix with the surrounding water without
any intervention. As s/(DFd) decreases, this effect is more pronounced, and the value
of xi/(DFd) decreases. The LRR predictions showed higher values for impact distance
compared to the general empirical equation for one- and two-sided multiple dense jets.

Figure 6. Experimental measurements [19] and numerical results of the normalized impact point
distance.

Figure 7 indicates the results of the normalized impact dilution, Si/Fd, against s/(DFd).
The predictions were in an acceptable range of accuracy, with a MAPE value of 7%. As can
be seen, s/(DFd) had a positive effect on Si/Fd since the jet merging effect decreased for
higher values of s/(DFd). Furthermore, the values of Si/Fd were much lower for multiple
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discharges compared to single jets. The LRR results were in good agreement with the
empirical equation presented for one-sided multiport diffusers, Equation (7).

Figure 7. Experimental measurements [19] and numerical results of the normalized impact dilution.

Therefore, the numerical results demonstrated that LRR model, as an RSM, may
be a reliable tool for the prediction of mixing behavior of multiple inclined dense jets,
as it predicted the geometrical characteristics and impact dilution with mean absolute
percentage errors of less than 5% and 7%, respectively. This model provided more accurate
predictions compared to the EVMs employed for the simulation of same experimental
work [3], see the simulation characteristics in Table 2. It has been shown that RNG k-ε
closure may provide results with errors within the range of 15%, and the predictions based
on this model were more accurate compared to the standard k-ε closure [3]. The reason
behind the higher accuracy of LRR predictions may have its roots in the main difference
between RSMs and EVMs: RSMs directly solve the Reynolds stresses, while EVMs model
them. In particular, EVMs consider that Reynolds stresses are proportional to mean rates
of deformation [55]. It has been also mentioned that RSMs may perform better relative to
EVMs when the flow fields are sophisticated [55]. Although the employment of the LRR
model for the simulation of multiple jets has rarely been reported, one study focusing on
30◦ and 45◦ single inclined dense jets highlighted the outperformance of the LRR model
over the RNG k-ε and nonlinear k-ε models [35].

3.2. Effect of Non-Uniform Port Orientation on Jet Merging Process

As a novel contribution to the literature, the effect of non-uniform port orientation
on jet merging process was investigated by comparing cases C2 and S1. Case C2 refers to
a diffuser with uniform port orientation to the horizontal, including three jets which are
discharged with an angle of 60◦. In case S1, the central jet is discharged with an angle of
60◦, and the adjacent jets with an angle of 45◦. The volume fraction, α, in the governing
equations is the normalized concentration, C/C0, obtained in post-processing, where C
is the local concentration and C0 is the initial concentration. Figure 8 demonstrates the
general shape of the jets for cases C2 and S1, and also the vertical slices where the data
were extracted. In both cases, the jets moved upward due to the vertical component of the
initial momentum, and this momentum continuously decreased due to jet entrainment and
negative buoyancy until it equaled zero. Afterwards, the dense jets moved downward and
subsequently impacted the bottom boundary. Unlike case C2, the central jet of the diffuser
with non-uniform jet orientation to the horizontal, case S1, had higher yt and lower xi
compared to its adjacent jets, which were discharged with an angle of 45◦ to the horizontal.
This occurred because of the difference between the components of initial momentum of
45◦ and 60◦ inclined jets.
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Figure 8. Visualization of (a) uniform (case C2) and (b) non-uniform (case S1) inclined dense jets,
using a velocity isosurface (U = 0.015 m/s).

To investigate the jet merging process for the two different cases, concentration profiles
at cross-sections close to and far from the nozzles were extracted, see Figure 9. Close to the
ports, e.g., Figure 9a, the jets in both cases seemed to be completely separate, like single jets,
with high concentration at the jet centers, and they were not wide enough to interact with
each other. Along the trajectory, the jets became more diluted due to the entrainment of
the surrounding water, due to shear induced entrainment at the jets’ edges. Farther away,
e.g., Figure 9b, the maximum concentrations were significantly decreased compared to
Figure 9a, and the jets were more diffused. The distance between the jet’s centers in case S1
are more than that of case C2 because of the difference between the jets’ elevation in case S1.
Different orientations of the ports provide more space for the central jet to expand before
interacting with other jets. As shown in Figure 9b, at x/(D.Fd) = 1.5, the jets in case C2 were
almost merged, and there was no space between them or under the central jet. This means
the entrainment of fresh water into the jet was restricted in the z-direction and y-direction,
from the lower edge. However, there were still some areas with almost zero concentration
around the central jet in case S1. It is worth mentioning that the entrainment was restricted
in both cases and, therefore, dilution was less than that of single jets. Eventually, in case
C2, the individual jets were indistinguishable after the impact point of the central jet, see
Figure 9c. However, there was still a trace of 45◦ inclined dense jets in case S1.

Figure 9. Concentration fields at different cross sections of uniform (case C2) and non-uniform
(case S1) multiple inclined dense jets; (a) Section 1 (x/(D.Fd) = 0.25); (b) Section 2 (x/(D.Fd) = 1.5);
(c) Section 2 (x/(D.Fd) = 2.5).
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Jet merging may be the main source of difference between the mixing characteristics of
single and multiple discharges. The Coanda interaction between the rising and descending
parts of a dense jet causes the rising jet to attempt to re-entrain itself. As the jets are closely-
or moderately-spaced, jet merging results in a virtually impenetrable wall that prevents the
entrainment of ambient water to inner surfaces and intensifies the Coanda effect. The lack
of clear water on inward faces causes the jets to bend inward more sharply in search of clear
water [19]. Thus, multiple dense jets usually have shorter trajectories and therefore lower
dilution rates compared to single jets. This difference between single and multiple jets can
be also observed between the diffusers with uniform and non-uniform port orientation.
Figure 10 indicates the contours of normalized concentration fields at the central planes for
cases C2 and S1. The contours in both cases showed that the lower part of the jet was more
expanded compared to the upper part. As shown in Figure 10, the central jet in case C2
bent inward more sharply, and there was less available clear water (C < 0.02 C0) under the
central jet when the discharges were uniform, compared to that of non-uniform jets. It was
found that the impact dilution for case S1 was 14% higher than that of case C2, see Figure 7.
The availability of more clear water at the inner edge of the jet in case S1, compared to that
of C2, decreased the entrainment restriction and thus caused higher dilution rates.

Figure 10. Concentration contours at the central plane for (a) case C2 and (b) case S1.

A comparison of central jet trajectories more clearly highlights the effect of adjacent jets
on the geometrical characteristics of central jets. As shown in Figure 11a, the trajectory of
the central jet in case S1 was at a lower elevation, compared to case C2, before the terminal
rise height. However, it reached higher elevations after the terminal rise height and did not
bend inward as sharply as the other case, demonstrating the reduced effect of jet merging
and the Coanda interaction. The terminal rise height and impact point distance were found
to be 7% and 5% higher for case S1 relative to case C2. A small deviation between the
trajectories before the terminal rise height may be attributed to the Coanda interaction
between the jets. The jets mutually attempted to entrain one another because of a pressure
force, resulting from a change in the entrained flow pattern, that moves a jet to the other
jet [19]. This effect can be seen in a study focusing on multiple positive buoyant jets [73]
where the end plumes bend inwards as a result of unbalanced inward pressure force on the
plumes, while the central jets move vertically because of the equally balanced forces on
each side of them. Similarly, in case S1, as the adjacent jets are at a different elevation, the
induced low-pressure field differs from that of case C2. As the central jet tries to entrain
into the adjacent ones, which are at a lower elevation, it becomes somewhat deflected.
Figure 11b illustrates how the concentration changes along the trajectory of the central jet
in case S1 and case C2. As shown, before the terminal rise height, the concentration of the
central jet in case C2 was lower than that for case S1. However, beyond this point, where
the jets in case C2 interacted with each other and there was limited fresh water around the
jets, its concentration became lower compared to case S1.
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Figure 11. (a) Trajectory and (b) concentration of the central jet of cases C2 and S1.

To evaluate the overall effect of non-uniform port orientation, the concentration down-
stream of the impact point of all jets were investigated. Particularly, the concentration
at x/(D.Fd) = 3.4 and the elevation of nozzle tip on the centerline planes of central and
adjacent jets are shown in Figure 12. According to Figure 12, the concentration beyond the
impact point on the central jet of case S1 was 3.7% lower than that on the central jet of case
C2. Additionally, the concentration on the planes of adjacent jets for the non-uniform case
was 8.4% lower compared to that for the uniform case. Therefore, the results show some
improvements in dilution when adopting the multiport diffuser with non-uniform port
orientation compared to the uniform diffuser.

Figure 12. Concentration at x/(D.Fd) = 3.4 and the elevation of nozzle tip on the centerline planes of
(a) central and (b) adjacent jets.

4. Conclusions

The first aim of the present study was to evaluate the prediction capabilities of RSMs
for multiple inclined dense jets. The LRR turbulence model, as a new approach for multiple
jets, was employed to perform the simulations. The predictions of geometrical charac-
teristics and impact dilution were compared to the existing experimental measurements.
Subsequently, the validated model was applied to perform further investigations on the
effect of non-uniform port orientation on the merging process of multiple inclined dense
jets, as a novel contribution. Particularly, diffusers with uniform, 60◦–60◦–60◦, and non-
uniform, 45◦–60◦–45◦, port orientation were considered, and the effect of adjacent ports on
the central ports was determined.
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It was found that the LRR turbulence model, as an RSM, can be a reliable model for
the study of the mixing behavior of multiple inclined dense jets, and can provide results of
geometrical characteristics and impact dilution within the range of 5% and 7%, respectively.
It also provides more accurate results compared to the EVMs including the standard and
RNG k-ε turbulence models. Furthermore, the comparison of the diffuser with uniform and
non-uniform port orientation showed that jet merging process is significantly affected by
the port’s orientation and the middle discharge may have a longer trajectory and therefore
a higher dilution rate when its adjacent jets are discharged at a different angle, compared to
that of uniform discharges. The terminal rise height, impact distance, and impact dilution of
the central jet on a diffuser with uniform port inclination were found to be 7%, 5%, and 14%
higher than those of the uniform case, respectively. It can be concluded that the behavior of
the central jet on the diffuser with non-uniform port orientation is more like a single jet,
compare to the one with uniform ports. Generally, the effects of jet merging and dynamic
interactions on the central jet, including inward bending and a reduction in geometrical
characteristics, are more significant when the nozzles are uniform. The evaluation of the
overall effects of non-uniform port orientation showed 3.7% to 8.4% increment in dilution
beyond the impact point.

This study showed how the trajectory and dilution of the middle discharge were
affected by the orientation of its adjacent jets and how merging process was influenced by
the orientation. The results of this study can be of interest in practical projects applying
multiport diffusers to discharge brine or saline water as a by-product of osmotic power
plants and municipal dense wastewaters into water bodies. A change in port orientation
may provide an inexpensive way to augment dilution, compared to costly methods such
as an increase in port spacing. This study highlighted the effects of non-uniform port
orientation on merging process of multiple dense jets in near-field; however, the effect of
non-uniform port orientation on intermediate and far fields may also be of interest. The
outcomes have the potential to be considered by outfall designers. More investigations on
the other parameters, such as flowing current, stratification, along with port orientation,
are also recommended.
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