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1 Introduction and Study Objectives

1.1 General Background

The growing gl obal concern over freshwater s
expansi on, changing consdmmandnfpatiermngatal
has |l ed to a greater reliance on seawater re

a sustainpiBlle Hoewlevteronthi s process generat es
di scharged into the marine environment. Bei
effluents sink to the ocean floor, negati vel
ecosnsstbhey creating "salty deserts”" fhAadblnnhil
addition, brine di-sshcdrae greec rceaant idoinsarlu par enaesa ré
flow by increasing turbidity dmMd saelet er.iighwgr ew
Research has shown that brine did$cleadged drt

di scharge point, requiring effec[tdi,v6e] sol uti o
To mitigate these i mpacts, strict regul at
Environment al Pr o[t @atdi el AMpd reay FrBEPRwd] k Di |
mu st be adhered to during the design, i mpl e
Regul ations typically focus on controlling s
points to ensure mini mal enviramment aRolHaurtr

Di scharge Elimination System (NPDES) govern
effluents i nto river s, | akes, and coast al

environmen{al standards

A widely accepted approach to safely manag:¢
use of off §WeNdTMasfd usyegtsems di scharge effl L
buoyant jets from diffuser ports or nozzlIl es
promoting rapid mixing with amibiaecrktgrwatnar | a&n
[ 1.1]Fi Qui él Lstrates a typical setup for disc

system. The turbulent entrainment process, d
surrounding water, I's criefifcpbERBIri arh er eesfef aerc
shown that di ffuser i nstallations can signi
studies from desalination -fplladntisncirreaSgaiim



di stances of 1 km from [t h2] Hoewtcfea | |b ywhleenv eu saig
out fall di scharge systems and adhering to re

i mpact of these discharges and protect the mn

Figure 1-1 Brine entering the Mediterranean, 3®@tersoff the coast of Israel

(Image: Hagai Nativ / Alamy; Adopted fromialogue Earth

Desalination plant

ol

Brine Waste ——pm»

~— Seawater

Figu2k Typical | ayout of a@ydesanl i nati on pl an:

1.2 Mixing Behavior of the Desalination Discharge

A cl ear understanding of effluent di scharge
di stinctions between the key teilmepravsdesat
terminology commonly wused in thicsonsarrdtea x ta. |
di scharge with—raal atniite att o atnlye eh @] zamd apor n
hei gt which releases &ff lcweamrt i babnida nddi esficshi at
vel ociYtiyntoof a stagnant receiving "eMvVidronmen
concend,, agdndnf OowAsl eiplthust-3 atteldi $ nt Fpguaofe dut

typically undergoes mixing in the two primar

2


https://dialogue.earth/en/pollution/6347-waste-brine-ecological-problem-economic-opportunity/

Tabl-l@Oult f al | mi xing and [rhi4di ng zone termino

Term Definition

Mixing Zone or Allocated Impac Refers to an area in which rapid mixing occangl the numeric wate
Zone (AlZ) quality criteria can go beyond what is allowed, although the ints

toxic conditions have to be halted.

Certain water quality provisions must be followed at the end of the

Regulatory Mixing Zone or Lega As defined by the appropriate regulatory authority, can be a lengt
Mixing Zone (LMZ) area, or a volume of the receiving water bodies.

NearField or Hydrodynamic Mixing The zone where mixing is only induced by the processes resulting
Zone the outfall. Neaffield characteristics are closely dependent on

discharge parameters, and are under the control of the designer.

FarField The ambient oceanic turbulence is the reason for the mixing proc

in this region. Fafield mixing is not controlled by the engineer.

Initial Dilution General terminology for the quick mixing occurring in the proximity
the outfall.
Zone of Initial Dilution (ZID) Refers to a small zone in the immediate vicinity of the diffuser wi

dilution is mainly induced by both the momentum and buoyancy o

discharge.

i

JA
0 A
d0 ro Q LL Diffuser Nozzle

Near-field Far-field

F i g u-8Jetdischarge: Nedield and farfield regions



The first region, known as the near field,
i s characterized by intense initial mi Xi ng,
di scharge configuration andambheeptoervyiresme
goal of designing a brine discharge system i
the dilution rate is very high due to vigoil
moment um oV eltdaei thyi gda cstcihmag gwi timtthe surroun.
region, mi xing and flow dynamics are governe
order of meters and minpfi,gpt,hea emsegearctfiivell d/) e x
poi nt whedeceasdel| turbul ence dissipates due t

stratification, although the exact boundary

The second regi-dtnegl Bnowneabibeldndmad heamtelae
di scharge point or diffuser. I n this region
along the oicedwmcéd obur bSeéhcerdmmrnl ghescunas
ambient turbul ence, resulting in a much | owe
f ari el d, mi xing and flow dynamics are domina
the order of kjl®Bmeters and hours)

The mixing process of a brine jet discharge

regi ons, as il-Busttmatredgiiom KFilgurdahk | et mo I
trajectory due to the initiaé poichi nefl makbo
height, where the momentum and buoyancy for
becomes the dominant force, causing the |jet
dilution occurs as the enfsfiltueonnt zsopnree aodrs ." sRper

extends between t hefiienhpdacrte gpooinnt Fa nndh Itehyed fi ant
effluent continues as a de¢asjty current al on

1.3 Key Factors Influencing the Performance ofDesalination Dischargs

Mul ti ple factors, including the configuratio
forces of the receiving environment, influen
j et 4, 1®&he of the key aspects of the jet de:
from OA (horizontal) to 90A (vertical). 1lncl
momentum components, are especialtbkbyVyiadsansay

hel p prevent surface[linpac¢ctl8@8@8hd i mprove dilwu



Buoyant jets can be discharged into both

depending on the ambient hydrodynamic condi't
have been the primary focus of jewrdesifon 1t &
mi xing and diluti@n Tdfe ceuwtrfl eyl Is t difids @ejisanmbigyief 4 e2id1
60A as the most efficient angle for achievin
et [dlapd Ki kKerOtjaket hautgh sl ight variations i |
depending on the study2tdrad 1 megleddd hes esd.andi
suggesting that a 45A discharge may offer a

research by2okatvterrmeéedalt he effectiveness of
point dilution. Other[28uQUés [bB2psdRbpalkbesstan
Robe[riidBrgued that in stationary ambient Cor
di scharges remains relatively insensitive to
40A to 70A.

Whil e the maj ority of research hawor f dcuse
conditions, especially in coastal areas, ar
currents, turbul ence, [d12d Diselaar gceosmi ngt o nt
environments introduce additional compl exit
behavior and jet trajectory. | n -fflloowyi hcgo uwma te
fl ow, -Drowroemsdf I orewnoso-ulnA ecror ef ers to a scenal
aligns with or opposes t-hiemambiiemdl[ QiGlijdw np at
contrast, when the current is perpendicul ar
known as buoyamwmtw j[@FLCIFn cr oss

Il n efrloosws condi ti ons, the interaction betwee
deflection of the et al ondyi nehnes i folnaw , diurnesdat
nonlinear ni28i|lihepiotesacti on resembles the
with momentum and energy exchanges occurring
the Th®d®9]This dynamic | eads to extended | e
making it crucial to understand and pPredict
schemdathiec fdfow geonpertawi d ed -4an BHaGdeudri e@ nl t he e x
provided above, a more thepdiedehasige bakdaviso
nozzle oriedtlotwi crug riemtsr o ss necessary to de\

and more precise design guidelines.



Fi gudl sli mple schematic of flow geometry f

(YandMare the ambient flow and jet flow vel oc
1.4 ResearchQuestions

This study was planned to enhance the wunder:
terms of geometrical featur efsi alndl zdofMlaoctw fo nc K

receiving environments by addressing the fol

1) What are the primary gaps in understandimg dense discharge behavior in dynamic
receiving environments, as identified through a comprehensive literature relview o
buoyant JICFs? In addition, what vortical structures can be anticipated it
discharge scenarios?

2) What are the key limitations of the available modeling techniques for simulating
buoyant JICFs and how can these be addressed in future research?

3) What are the main parameténsdetermining the dilution properties and trajectofy
the jet while dealing witllense JICF outfalls?

4) How does the discharge trajectory of dense jets respond teflowssurrents?

5) How do varyingthe crosdslow strengths and nozzle inclinations affect the mixing
performance and trajectory dénseJICFs?

6) What are the differences in flow behavior and dilution performance between jets
discharged at 30°, 45°, and 60° angles,taedehavior of which discharge inclinations

is moresensitive to crosow condition®



7) How effective isLES modeling in capturing the complex flow dynamics and dilution
characteristics of dense JICFs and how does it compamreentional RANS
approaches?

8) What are the flow regimes observed in dense JICFs under varyingloms®nditions
and how can these regimes be categorized baseddongbated, regular croskow,
and strong crosow dynamics?

9) Whatrolesdo counterrotating vortex pairs (CRVPs) play in the mixing behavior of
dense jets and howowerful arenumerical modelsn the visualization of their
evolution?

10)What kind of design instructiencanbe provided to reduce the ecological impact of

these discharges and protect marine environments?
1.5 Research Objectivesand Significance

Optimizing the design of marine outfal/l di s
i mportant for adhering to regulatory demanc
receiving environment that typifaireys arnedaliiss toif
characterized by flowing currents and turbul
of brine effluratdiasndharederdaemteh and diffuse
over the ambient condiemivom®noment heTlkred gipeisa

outfall ,dkesowar ges b uwoy d mtyd elpftChH g5, t uad ye.
The primary objective of this research is
di scharges from SWRO desalination plants 1in

i nteracti ofnlsowidur rcernotsss pl ay a cdiigperadi oanol «
hyper slriomaictbysy. To address existing gaps 1in

design, this thesis focuses on the foll owing

1) Comprehensive Review and Kndwnddgdp abnp iln
review of the devel ogm®nmesdehi bgopanouldfl @
This study aims to identify the I imitat:i
regarding the combined effects of fl owin

di scharge behavior.

2)Experi ment al | nvedtnidgateidoF | Woirre@eledhaoem ( LI

experitmeminal yze how variations in current



45A, 60A) affect the 3D trajectories and
goal is to derive empirical reldat uomnomi |
performance and geometric chartaltea edéesitguo

configurations for improved mixing.

3)Numerical Simul ations Usi ng DRAaNIdo Mead eil di ant
CFD models to assess the accuracy of di f
st andlgrecal k -Digbslhee akr stress tranReeRadi( SST)
(LRR)Iin predicting the flow behavior of
repr adveceexperi ment al findings and extend
capturing the range of mi Xxi ng refglion@s an

Froude number s.

4)Application of Large HBddy i iemWuIESt imomd e( L BS

intricate flow dynamics and mixing -perfor

flow strengths and identify flow regi mes
further insights into the roles of CRVPs
To achieve the above objectives, LIF experin

using shbhercpe®pen Field Operation and Mani pu

considered as the main methodol oiead ofrorandet

of submerged dense JI CFs. Overall, these f i
systems, ensuring the safe disposal of hyper
manner .

The outcomes of this research are signific.

T Environmental BRr etnd@atnicomg our understand,]
interact with coastalcrcucraelitosnant hhsnd ze ng
adverse environment al i mpacts of desalin
designs can reduce har mddgr amaatiineen eafo swatt
and protect coastal biodiversity.

T Engineering: Aplpil $ catuaoywshi ghlights the im
operational parameters-fsowhvasonotzyl eénanpng
performance of submerged outfalls. Thi s

ensure complviammnenewt ah e eguwlcatiieovres mam ke

di scharge systems.

8



T Advancement of: CFDi Modeseagch underscore
techniques, particul arly LES, for accur e
buoyant JI CFs. The verification of Nnume
contributes to the dewaltdmrmhdntdesfi gmnelainab

assessaemitéovwmwi ng environments.

1.6 Novelty and Contribution of the Research

This thesis presents sever al novel contribut
t he cont ext of dense di scharge Ssystems. T
computational approaches to addressi gerxiand n:
performance of submerged out fall systems [

contr iobfuttihoinss study are as foll ows:

1)Addressing Knowledge:Gadme iIintBRuayamt Jl@F
part of this research identifies <critica

particul arl y t hteh ec odmbsicnheadr geef faencgtlse ocafnd c ur

perfor masitciedy Thorst ri butes to filling thes
these effects through both experimental i
the need for more precise design guidelin
emi ronment s, wher e t he i nteraction betw
significantly influences environmental ou
2)Fir st Experi ment al Si mul ation of Dense J|
This study is the first to experimentally
inclinations (30A, 45A;f laonmd ceulrA)e nitnst.o Tpheer
approach provides thRe Vieduatnajagacsctomrsi ecsf
di stributions, |l eading to a better unders
fl owing ambiienntstcwaday eahh sl | dlhges previous

islensitive to nozzle angles between 40A

sensitivity of a 60A jet to changes in cu
outfall design.

3)fntroduction of Empirical Equati ons f
Charact:erTihset ircssearch derived empirical e
and geometrical characteristics of dense
particularly important for I mprowbdbnfdthe

9



coast al environments where currents and
can serve as practical tools for engineer

environment al i mphactds slekyhaomtei mingill g and v

4)Eval uation of RANS Mo dlehles sftaurd yD epnrsoev i JdleGF <

several RANS tur but bsatcaen dimprede | kis-p)lebhET ,kdi ng
and LRR. By comparing the performance of
the research i délatnidf iLeRR tmpa erl esa laisz phalre ilkc L
simulating dense JICREs. ohtei ofcdrhparfiigesn r
the applicability of different RANS model
vallumbgui dance-bfasredf ouatfal CFBt udi es.

5)First LES Model of: |Ihkils ntehllesdiebtuayiea pg ICE st h

LES techniqgue to dense JIlI CFs. LES was use
a 60A jet, and the simulationdg | wew & rexutdet
numbers. The LES approach successfuldlwngca
the formation of a CRVP, and reomiahaded hr
regul afrl @acwr mismsat ed,c rashsdsad s mir oage d. These fi

only validate LES as a, pouerdlud o tmrodyv if ba
into the behaviondef danygéndi $stbargesndit.i

6)l mplications for Environment arlh ePriontse cgthitaosn
from this research have practical i mpl i cé
minimizing the environment al i mpact of d

understanding of how di schalrignea tcihoanr aacntde rc
strength affect mixing and dilution, this
design of SWRO outfalls and other ithndustr
al so emphasizes the importance of wusing

achieve better Baheudibsyghangeokbdiavciomgiitnmo

I n summary, this thesis attempts to make s
and computational studies on buoyant JI CFs,
and environmentally sustainabl e hodutsf glrleseng |

heirre are expected to guide future research ¢

effluent discharge management .
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1.7 Thesis Outline

This thesis is organized as a sequence of r
chapters, S5seopeg eBiegquiemglthe thesis outline di
(ChaptChraplteet 2 the stage for understanding
buoyant jets and ambient flowing currents, f
and significance tofe téxiss tsitruglyr. eddarrcehv,i etwisgh
and mixing behavilorws ,ofanjdetisddeint idn®@ss researtr
predictive methods and deBhign glua gplteén nleas floe
i n Jtohuer nal of Marine .Science and Engineering

Desalination Discharges
in Cross-flow Currents
4( A Comprehensive Literature Review Ji

( LIF Experimental Study } ( Numerical CFD Simulation J
( RANS Approaches J ( LES Approach J
Fi gubfhelsi s Outline Diagram
ChaptfeocsBsne t he experi ment al i nvestigation
varying nozzle ‘fhelwrpagtbssoandeosespgpets. De
are derived to describe the dilution and ge
demonstrate significant di fferences i n di |
chall engisgumpevbossia the |iterature and of

configurations. ThitshDeebabtrat.was pabtnahed i

Chaptaeet adi |l s numeri cal simulations using O
model the behavior of dense JICFs. This chap
turbul ence model s U, rienalliuethkitgs Sski, a nadnadr d L kR,
expentianlle data from the | iterature. This hig
mo d e | in predicting the flow behavior and mi

the devel opment of more accsrabthaepCED wasl pr t
t Per oceedings of the 39th I AHR Worl d Congres:c
11



Chaptexte&nds the numeri cal work by applyin

i ncl i nedurdkers ea jwitdsd | roan gceo nadfi td rooass.e Tvhael | LAEAS
against our experi ment al data presented 1in
identi-domdnated, -frledsunhiamratcerdgs sa-htddwmmr nageca.r
This chapter offers novel i nsights into the

occur -war lrdeadi scharge scenalri gsi daenldi nperso vfi adre
environmentally sustainable outfall systems.
wi || be subensdltiemdattao® nahkooammniahuati on of a pr

in the same journal

Chaptseurmnbar i zes the key contributions of thi
for i mproving the management and design of

environments.

Finally, an overview ,ofwiotunt faalfloadus chrarger |
approaches, AppepdemariAttieduliaar, tthheenvs e omimemt a
regul ations, outfal/l di scharge analysis, tur
each turbulence model. I n addition, prominet

and multiple jets and tairi oaendlabdiedsns Tdir e
publ i shed as part Advanac elso o kn cFhlaupitde,r Maondani
Si mul 4tSiporm sigaet ur e RumpemnmdidhbesadB) presents phot ocg
experi mental test setup and equi pment empl oy
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2 Buoyant Jets in Crossflows: Review, Developments, and

Applications?

Abstract

Significant environmental effects from the use mérine outfall dischargebave led to
increased efforts by both regulatory bodies and research groups to minimize the negative
impacts ofdischargeson the receiving water bodiesinderstanding the characteristics of
discharges under conditions representative of marine environmentsentance the
management of discharges and mitigate the adverse impacts to marine biotaspé€hias,
attention should be given to ambient crllesy effects on the mixing bek&rs of jet
dischargesA buoyant jet in crosfiow has different practical applications, such as film cooling

and dilutionandprovides a higher mixing capability in comparison with free jets or discharges
into stationary environments. The main reason for this is believed to be the existence of various
complicated vortical structures, including a cowsmtgating vortex pair, ashe jet expands
downstreamAlthough tremendousesearch efforts have been devoted to buoyant jets issuing
into crossflows ove the past five decadgde mixing process of effluent at the discharge point

is not yet well comprehended because of the highly complex fluid interactions and dispersion
patterns involved. Thereforthere is a need f@ deeper understanding of buoygetin cross

flows (JICFs) in order to obtain better predictive methods and more accurate design guidelines.
The main aims of thistudy are: (i) to establish the background behind the subject of buoyant
jet in crossflows, including the flow structuresselting from the interaction of jets and cross
flows and the impacts of current amxing and transport behaviq(ij) to present a summary

of relevant experimental and numerical research efforts; and finally (iii) to identify and discuss

research gaps and future research directions.

Keywords: Marine outfalls; Buoyant jets; Environmental impacts; Jet in eflogg Vortical

structures; Counteaotating vortex pair.

! This chapterhas been published :@gaherian, M., Mohammadian, £2021). Buoyant Jets in Cros$ows:
Review, Developments, and Application®ournal of Marine Science and Engineeriagl), 61
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2.1 Introduction and Background

Currently, the worldwide growth of effluent discharges into receiving water bodies has become
a critical concern as a consequence of industrialization and rapid population ifjgér2ase
Effluent discharges can be either in the form of brine discharge apradyct of desalination

plants or in the form of thermal discharge, which corresponds to some industrial activities
including thermal power plants and mining. The former has a widgeraf applications
typically in arid and semarid countries, while the latter has broad applications in countries
such as Canad]. In most relevant engineering applications such as seawater desalination
plants, the discharge is almost always as a turbulent buoyant jet (containing both buoyancy and
momentum fluxes])3,4]. This is caused by the difference between the density of the jet and the

receiving water body due to differences in salinity, temperature, or chemical comgds&]on

Regardless of type, these effluents can be harmful to the environments they are released
into. Decreases in water quality, destruction of marine habitats, and damage-sbarear
recreational sites represent some of the adverse impacts on the envirdriveesfore, it is
necessary to study effluent outfall characteristics and designs for the purpose of minimizing
their environmental impacts while adhering to regulatory demandkis situation, utilizing
buoyant jets may be a practical remedy whichaspca b | e o f i mproving eff
mixing and dispersion in the receiving waters. Several experimental, analytical, and numerical
studies have focused on the topic of buoyan
(e.g.,[4,61 10]).

The interaction of multiple factors relevant to the discharge and receiving water bodies
determines the dilution, dispersion, and even biological impacts of effluent discharges.
Generally, three main types of factors should be considered when evalua@myitonmental

risk of a discharge, including 1]:
(1) discharge characteristics (suchygse of discharge structure and efflugnts

(i) receiving environment characteristics (such as topography and other physical and
biological characteristics), and;

(i)  forcing functions (such as currents and waves).

Regarding the interplay with ambient hydrodynamic forces, buoyant jets can be discharged
into two main types of receiving water, namely stationary and dynamic environments.

Discharges into stationary environments, which is the usual basis for the degigoutént
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buoyant jetsas well as the worst case in terms of mixing and dily@nhas been the main

focus of previous studies since the 1970s. Several improvements have been obtained for this
type of discharge over the last few decades. For example, in the lit¢8BaliZ&1], a general
agreement has been noted for the optimal design of effluent dischartfesnclined jets
yielding greater mixing and dilution than vertical ones. Particularly with the selection of a 60°
inclination angle, it is generally believed that the highest dilution may be achieved at the return

point, with a few exceptions.

However, the oceanic receiving environment is rarely stationary, and the impact of an
ambient crosslow on the mixing process of effluent discharges at the discharge point should
be well comprehended becaus¢hathighly complex fluid interactions and dispersion patterns
involved[22]. Investigations have shown that the flowing current influence mainly results in

the extension afejet trajectory as well as the enhancement efrjating [23i 26].

Basically, thejet in crossflow (JICF) or transverse jet is related to a jet of fluid being
ejected from a nozzle and interacting with the ambient fluid flowing across the nozzle exit
[27,28], with both the jet and the creflsew being changed after their interactif@f]. The
flow characteristics of the cro$i®w after being hindered by the jet can be interpreted similarly
to those of a flow around a circular cylinder. In addition, due to the influence of thelomss
the jet gets deflected, and an energy and momeexaitange between the jet and the boundary
shearlayer zone of the crodt®ow takes place[27]. Highly complex threalimensional,
unsteady, and nonlinear flows are generated because of the interaction between-fleswcross

and the jef22]. As a result, the understanding and control of JICFs are of significant interest.

JICFs have a wide variety of practical applications, including plume dispersion, film
cooling for combustors and turbines, and discharges of sewage and industrial effluents into
channels and natural rivei2z2,27,30] JICFs have also gained considerable attention in many
experimental and numerical studies in fluid mechanics due to their capability to provide higher
mixing in comparison with free jef2,31] This is mostly attributed to the existence of various
complicated vortical structures resulting from the interaction of the jet andftowasas the jet
expands downstreaf28,30,32] It should be noted that most of the previous studies on the
formation and evolution of vortical structures have involved using buoyant JICF applications
involving film cooling. Thus, using this knowledge can also elgnderstanding the impacts

of vortical structures on mixing behaviorsdilution applications.
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Fifty years of JICF research was explored in a study by Mard&8pnand several more
achievements have been made in this field since then. Although significant research efforts
have recently been devoted to buoyant jets issuing into -floves, a deficiency in
comprehension of their discharge behavior in dynamic rexgignvironments still remains
[34].

A review of buoyant JICFs is thus helpful in providing general principles and better
knowledge in order tamprovethe understandingf the mixing behavior of buoyant jets and
their performance under more realistic oceanic conditions (i.e., dynamic environments).
Generally, two main focuses havebuagyantdl@Fs, r es e a
including the flow structures due to the interaction of jets and -flmss and the effects of
flowing currents orthe mixing and transport behavior in neand farfield regions.In order
to protect the receiving water bodies amghancethe management of discharges, such
informationis of significant importance. Thus, the objectives of this review study are: (i) to
understand buoyant JICF flow structures amgling and transpotbehaviors; (ii) identify the
critical issues obtained frothe experimental and numerical fields fthreseflow structures
andmixing and transporehaviors; and (iii) highlight a range of knowledge gaps regarding

future research directions.

The rest of this paper is organized as follows. Secti@npgesents the most practical
engineering applications introduced for buoyant JICFs and some of the influencing factors that
should be considered in their design. Theoretical analysis, experimental techniques, and
numerical modeling, which are the appli@ldssessment approaches to investigate the
interactions of buoyant jets and crdksvs, are reviewed in Sectiord3, 2.4, and 2.5,
respectively. In Sectior2.6, the existence of different vorticatructures as significant
structureshatcan be formed and evolvedthe flow field of buoyant JICHs discussed. Then,
the entrainment and mixing mechanisms involved in buoyant JICFs are explained in Section
2.7. Section2.8 deals with the experimental and numerical research eftortsderstandhe
flow structures and mixing behaviors of buoyant JICFs. Finally, a summary of relevant research
gaps and concluding remarks are identified and presented in Seeét®nand 2.10,

respectively.
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2.2 Engineering Applications of Buoyant JICF

There are many essential engineering applications introduced for buoyant JICFs, such as film
cooling of gas turbine blades, fuel atomization in scramjets, and applications involving dilution

[27]. According to the main goal expected, various jet penetration levels are needed which can

be achieved by the changes in the ratios of jet to dlowsvelocity (  —; "Y is the jet

discharge velocity antl is the ambient flow velocity) and jet to crefisw momentum flux

(O —i ;" s the jet discharge density aiid is the ambient flow density{80,35] For

instance, the jet penetration levels and molecular mixing of the jet with its surrounding field
are expected to be high for applications involving dilution, since the momentum flux ratio often
exceeds 25 or eveh>100[30]. However, the momentum flux ratio is relatively low (often

<5 orJ<1), for film cooling applications orderto be able to thermally protect turbine blades
[30]. In addition, when it comes to engineering design of buoyant JICFs, the velocity ratio can

be introduced as an important aspect of laterdlget structure427].

In the following sections, an introduction to two of the most practical engineering
applications of buoyant JICFs, namely film cooling and brine water dilution, will be briefly
presented.

2.2.1 Film Cooling

In film cooling applied in gas turbines, the coolant jet is injected into the hotftwasw/hile

requiring to be attached to the wall. The coolant then generates a thin layer over the turbine
blades which protects the surface from direct exposure to the hotfloneg7]. Also, the

cooling medium interacts with the main stream to eliminate some of the[3@atThe

Reynolds number, velocity ratio, turbulence, hole geometry, inclination angle, and density ratio

are among the effective parameters while studying the film cooling performance.
Consequently, studies on this application should be shifted fromamiate to multivariate
assessments. Mechanisms of the JICFO6s vortic

in orderto get closer to the realistic working conditid@g].

2.2.2 Dilution

Brackish water discharges (as dense jets) into a flowing water body emitted by osmotic power
plants have remarkable environmental impacts and undergo complex mixing prpt&53es
Accordingly, a deep knowledge of the interaction between the discharge system and the

receiving body is required to investigate the mixing process as well as the potential
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environmental effects. A definition schematic of a dense jet discharge into a receiving water
body and the relevant key dimensional properties are given ure=igl. The dense jet
discharges an effluent with a density’ofand a velocity otJo through a round nozzle with a
diameter oD, an angle relative to the horizontalefand a port height @ into the receiving
environment with a depth &1, a fluid density of , and a uniform ambient flow velocity of

Ua.

Ascent phase Descent phase
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z g:ﬁ Bottom-spreading
/ density current

Zgy

i
|
i
|
|
>

WUy Py D, cy} -( X

Figure 2-1 Definition sketch of a dense jet in a water b§giy]

(g is the acceleration due to gravity,is the initial jet fluid conductivityandca is the ambient fluid

conductivity €a<co))

According to the literatur@4,12,37 39], the behavior of a dense jet issuing into a eross
flow can generally be classified into two phases: the rapid ascent and gradual descent phases.
Apart from the influence of the creésl ow, t he jetds movement i s ¢
discharge buoyay and momentum forcd40]. As the jet rises, the negative impact of
buoyancy forces on the jetds vertical penetr
it begins to sink. The jet peaks its maximum terminal heght &nd its maximum centerline
height &) at a downstream distance xefwith a centerline peak dilution &. Then, the jet
gradually falls during the descent phase due to the downward buoyancy forces until impacting
at distanceq with dilution S. A laterally bottorsspreading density current forms aftee flet
impact point, resulting in further dilution because of the flow entrainment. Finally, the turbulent
jet collapses under the effect of densitguced stratification, characterizing the end of the
nearfield zone[2,4], and the ambient turbulence and diffusion mainly dominate further

dilution beyond this zone (i.e., at the-fegld boundary)41].

It is worthwhile to mention that apart from utilizing negatively inclined dense jet as one of

the important mixing applications of buoyant JICFs, they can be also designed as positively
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inclined jets for the discharge of heated cochvager from the power plants or even as surface
discharge of treated effluents from industrial and municipal wastewater plants. A uniform

mixing field is anticipated for these types of mixing applications.

Thus, using various flow field assessment approaches would be beneficial based on the
importance of abovementioned engineering applications. In the following section, different
aspects that should be considered when theoretically analyzing the flow beludbaoyant

JICFs will be discussed.

2.3 Theoretical Analysis

2.3.1 Initial Flow Characteristics of Jet

The analysis of jet primary flow characteristics has been well established in the litgtaiture
44]. For a jet discharged from a port with a cresstional area of\o, with the kinematic
viscosity ofvu , and consideringQ Q" " T as the initial modified acceleration due
to gravity, the source fluxes, including discharge volume @y, (the momentum fluxMo),
and the buoyancy fluxBg), can be characterized as listed in Table

Table 2-1 Definition of primary flow characteristics of jet

Flow Characteristics Definitions Eq.

Discharge Volume Flux 0 Yo (2-1)

Discharge Momentum Flux 0 Y0 (2-2)

Discharge Buoyancy Flux 6 Q0 (2-3)

Jetdensimetric Froude Number "0 Y L (2-4)
Q0

Jet Reynolds Number VO YO (2-5)

2.3.2 Dynamic Length Scales of Jet

Different transition processes occur as a jet enters a-flowss In the zone of flow
establishment (i.e., the zone close to the nozzle port known as ZOFE), there is a transformation
between the initial flow velocity distribution into a strongly shearedlifet velocity
distribution. The discharge momentum force maddminates the flow regime, and the effect

of buoyancy force can be ignored in theljle¢ zone. Subsequently, the flow regime changes

into a plumelike zone. The jet bends toward the direction of cfftms as its momentum

decreases, and the effectdlsd buoyancy force and secondary flow mainly control the mixing
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process in this plumkke zone[41]. Moreover, it should be noted that the excess concentration
and velocity profiles have a Gaussian distribution in thdilketzone, while these profiles

follow an almost uniform distribution in the plurike zone[41].

In order to obtain the relevant length scales, the introduced fluxes in Z-dbtean be
combined withU, as the mean ambient crefsw velocity. It can be summarized that
[4,5,23,37,39]

1 Im, which is the jeto-plume length scale, measures the length over which flow
transforms from the momentum dominated zoneli§e) to a buoyancy dominated

zone (plumdike).

1 Imis the jetto-crossflow length scale, indicating the length over which the transition
from a weakly deflected region to a strongly deflected one occurs. At this distance, the

crossflow dominates and causes the jet to begin to sink.

1 lgis the discharge length scale and determines the length over which the entrained
ambient volumetric flux becomes roughly equal to the source volumetric flux. The

dynamic influence of the source volumetric flux is insignificant for lengths exceeding
lo.
1 Ivis the plumeo-crossflow (buoyancy) length scale and specifies the vertical location

at which the ambient flow strongly affects the plunging plume.

The importance of the introduced length scales has been well described in many studies
[23,39,43,45] Table 22 lists the definitions of the dynamic length scales of jets. As well,
Figure 2-2 presents the definition sketch of introduced length scales in stagnant anfiiosvoss

receiving environments.

Table 2-2 Introduction of the dynamic length scales of jets

Types of Scale Length Scales Eq.
Jetto-plume Length Scale . o7 (2-6)
a . T
0
Jetto-crossflow Length Scale . o7 (2-7)
a TY
Discharge Length Scale & 0 ; (2-8)
0
Plumeto-crossflow (Buoyancy) Length Scale 6 n (2-9)
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Figure 2-2 Representation of introduced length scales in stagaantdb), and crosglow (c andd) ambient

waterenvironments

2.3.3 Crossflow Ambient Conditions

A crossflow buoyant jet can be classified into four various asymptotic regimes according to
the dominance of the buoyancy, momentum, or efloss on the jetmixing characteristics
[46] (see Figire 2-3):

1 Momentum Dominated Nedtield (MDNF) @/ln << 1): if the effect of initial jet

momentum is important in a jet discharge

1 Momentum Dominated Fdfield (MDFF) ¢/ln >> 1): if the effect of crosfiow

becomes important in a jet discharge

1 Buoyancy Dominated Nedfield (BDNF) ¢/l, << 1): if the effect of initial plume

buoyancy is important in a plume discharge

1 Buoyancy Dominated Fdfield (BDFF) ¢/l, >> 1): if the effect of croslow becomes

important in a plume discharge

2 4



It should be noted thatis the vertical distance.
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Figure 2-3 Flow regimes of a crosfiow buoyant jet

2.3.4 Dimensional Analysis

In order to quantify the effectofcreésl ow on a j et 6s trajectory an
empirical evaluation can be applied as a practical appi@dchd] The background for this

analytical approach was established by Roberts and T28hsFor dimensional analysis of

buoyant discharges into creisws, two main assumptions are taken into account. First, the
discharges are fully turbulent, and viscosity effects are not considered. Second, a Boussinesq

buoyancy approximation for a buoyandsiven flow is applied (i.e.,” L")

For the case of a buoyant JICF, any dependent parameters, including the geometric scales
of the flow ¢ such as«, x;, z, andzm) and thget dilution properties§such asS andS), can
be expressed as a function of the jet and eflogscharacteristic$23,39]

-RY Q0 b I RY Meh— (2-10)
where%ois the angle of crosiow relative to the discharge propagation at the sourcéo(if

w Trcounterflow and if % w Tico-flow), and all other parameters are defined in Sections

2.2.2 and2.3.1. A velocity scale™) can be also defined by applying the momentum and
buoyancy fluxes, as belopmt,39]:

. v T 2-11
v O ) (2-11)
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Following dimensional analysis and using the definitions for the velocity and length scales,

the relationship for the geometric scales of flow trajectory can be written as:
- 0 .Y ..
—  "Q— h= Wob—
a a 'y

(2-12)

In addition, the modified acceleration due to graviy ( "Q” " 7T ) can be taken as
the dependent parameter to derive an expression for the jet dilution properties given that the

Boussinesq assumption is valid. Thus, following the dimensional analysis and consiMering

aQrqQ v 7 ¥" 7 the relationship for the dilution properties can be expressed as:
a a Y oo -
o8 h Y b (2-13)
a a Y

For a round turbulent jet with a nozzle diameteDpSome equivalencies can be noted:

1] 7Y “ “ (2_14)
7 »n 7 ron \ 7 3 ”n

- = - - 0 a - 700

a T I Y T I T

wheredé is the ratio of ambient to jet velocitp (Y TY . As a result, Egs. (12) and (13)

can be rewritten in terms of the-j@énsimetric Froude number) Y K)) and the ratio

of ambient to jet velocity considering the equivalencies stated ireHat)(

— Y o (2-15)
odo Q00 "Oh—

where the parameter df "Ocan be defined as creflew based Froude number. Moreover,
following dimensional analysis, the derivation obtained in BdLY) can be expanded to the

scenario of multiport discharges in an ambient cflosg, with 0 as the porspacing:

O;’(gn_; “Q“Cﬁ[') ,‘cﬁj’g(g%ﬁ_ (2-16)

Figure2-4 illustrates instantaneous views of the interplay between the jet trajectory and the
direction of the crosflow. According to Egs.2-15) and -16), three main points should be
highlighted:

1 The jet dilution parameters scale withand the trajectory parameters scale \RiEh

1 Inthe case ofOl p (ora L &), the dynamic impact of the source volumetric flux

may be ignored, and accordingly or F does not show individually in the list of

dependent parameters. Although works done by Roberts and [28jrend Gungor
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and Robert§39] recommend that the jelensimetric Froude number should be greater
than about 20 for dense buoyant jetsorderto neglect the effect of the source
volumetric flux, the question of how large tRevalue would exactly be still needs
further investigation.

1 For the case of singlgort discharges, the value ®f'Q and for the case of mujiort

discharges, the values 6f'Cand—, play akeyrolend et er mi ni ng t he | e

properties and trajectory.
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Figure 2-4 Buoyant jet trajectory behaviors i) uniform coflow receiving environment retrieved frop7],

and(b) uniform counteiflow receiving environment retrieved frof#8]

While the semempirical approach has facilitated a general basis for the regulation and
design of outfall discharges, the accurate application of this approach may be limited to
providing a wide range of empirical and field dpt8,49] As well, some key points regarding
hydrodynamic transport complexities may be disregarded in the process of coefficient analysis
using timeaveraged measurements. Therefore, an introduction to common experimental

methodghatcan help to accurately analyze the flow behavior of buoyant JICFs is essential.
2.4 Experimental Techniques

Smaltscale experimental studies have played an essential role in the current development of
knowledge of desirable buoyant jets. Within the past 50 years, different techniques have been
applied to study jemixing in receiving water environments ard measure flow
concentrations and velocity distributions. Significant improvements in the experimental

27



techniques have been achieved from the research [£3323,42,50), in which probe
sampling and conductivitpased techniques were applied, to studies (&.9,16]) in which
imagebased techniques such as light attenuation (LA) as amwasive spatiotemporal
concentration measurement techniqgue have been used, and in recent experimental
investigations (e.g.[12,21,24,41,5]] in which lasefinduced fluorescence (LIF), three

dimensional LIF (3DLIF), and particle image velocimetry (PIV) have been employed.

In experimental studies, the visualization of flows can be done as simply as by adding dye
to discharge systems. Currently, optical measurement methods are used, as not only are they
nortintrusive techniques to measure jet trajectory and concentratigncaéimealso provide
measured values exactly at the same time in an area without any additional error caused by

interpolation or extrapolation.

The most notable optical measurement methods for concentration are LA and LIF. In these
techniques, a fluorescent tracer dye is added to the flow, and subsequently a laser causes the
dye to fluoresce and emit light which is captured by a camera. By using an appropriate
calibration method, quantitative tracer concentrations can be achieved from the images. The
concentration distributions in the flows can also be demonstrated by applyindaheczted
images. Furthermore, particle tracking velocimetry (P& PIV have both been used in the
literature for velocity distribution measurements. It is worthwhile to mention that with a
lengthwise movement of the camera and nozzle port along the flume, reproduction -of cross
flow currents can be obtained. This is@mmon method for reproducing crefsws in LIF
and PIV experimental systerfi2,41]

With the introduced experimental techniques, the concentration and velocity fields can be
completely characterized, and the findings can be employed to calibrate and verify complex
computational fluid dynamics (CFD) numerical models. Thus, these receetiregptal
system enhancements have also opened the doors to utilizing different numerical methods in

buoyant JICF studies.
2.5 Numerical Modeling: Jet Integral Models and CFD Methods

With the advancements in computational architecture over the past two decades, the ability to
predict discharge behaviors with high accuracy has been impfa2edumerical modeling

is considered as a flexible approach to faci
coupling nearand farfield hydrodynamic models. Integral jet models and jet flow modeling
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using CFD tools are two of the most practical methods for the assessmenmofinet
behaviors[40,52,53] Visual Plumeg54], JetLag[55,56], and CorJe{57] are among the

mi xing tools based on integral jet model s.
are Gaussian and axisymmetric without radial changes, accordingly simplifying the governing
mass and momentum conservation equations. Palomaf®8]aiompared the applications of
different commercial tools (including CorJet, JetLag, and UM3) based on integral jet models
for the prediction of terminal rise heigla)(and jet dilution at impact poin&j resulting from
discharges into a dynamic ambient environment. Comparison of simulation and experimental
results demonstrated 3% discrepancies for the predictionzodnd 3055% deviations for

the prediction oS when the studied jets issued into a cfidew. Consequently, the inability

of integrd jet models to resolve and captureer@rainment and lower boundary effects such

as mixing after plume impact poif#0], as well as complex interactions between the jet and

ambient flow[52], has caused some restrictions for their applicability on buoyant JICFs.

Numerical CFD methods, in contrast, have recently shown considerable capabilities for
overcoming the deficiency of integral models and resolving most of the complex behaviors of
outfall discharge$40,59] In CFD computations, the set of partial differential equations of
momentum and continuity (known as Navitokes (NS) equations) are solved numerically,
with some turbulence closure approximations. These approximations, generally involved
turbulence models, lead to solving NS equations at less computational cost. Various kinds of
turbulence modeling approaches have been presented for emplaynmernfall discharge
simulations. Reynoldaveraged NavieBtokes (RANS) and large eddy simulation (LES) are
two of the most practical modeling approaches. The RANS models with various closures
including KU ,iv k an d -ReeceRndil (€RR) are based on tirsveraging methods,
while the LES models with different closures such as standard Smagorinsky andadynami
Smagorinsky model (DSM) are based on filtering instead of averaging. By defining a filter
size, motion scales smaller than a given size are modeled ushygidwzale (SGS) model,
and motion scales larger than the filter size are computed by sohangdfantaneous NS
equations[2,60]. Comparison of these two modeling approaches for the prediction of jet
behavior shows that the RANS is relatively easy to implement and computationally
inexpensive approach, but cannot be accurate within the entire flow field. On the other hand,
the LES las a higher accuracy, as it directly computes large scale eddies, but has a higher
computational cost and its relevant snsaéle turbulence theory still needs development for

complex geometries.
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Numerous CFD studies have been carried out to analyze buoyant jet discharges into stagnant
receiving environments by using the RANS modeling appr&@ii 73]. In addition, Zhang
et al.[60,74] and Jiang et al[.75] applied the LES modeling approach to simulate dense jet
discharges. They reported significant accuracy in the prediction of impact distance and dilution
compared to the results presented by Palomar[&8alising integral jet models. This accuracy
is mainly attributed to the capability of the LES approach to resolve coherent eddy structures
in a plumelike zone. More recently, Mohammadian et[&R] presented a review on CFD
modeling of effluent discharges which provides valuable insight into the design of buoyant jets
by using the CFD technique. These studies confirm the advancement in CFD simulations from

the Reynoldsaveraged approach to largddy and hybrid approaches.

Although several CFD studies have focused on the vortical structures generated due to the
interaction between the jet and the crlies (reviewed in Section2.8.2), ambient
hydrodynamic influences on mixing and transport of effluent and diffuser configuration are
less covered in the CFD literature. Hence, considering the great promise in the use of CFD
method for the simulation of outfall discharges, its appbeato buoyant JICFs remains in its
infancy, and significant opportunities are still awaiting.

2.6 Vortical Structures

2.6.1 Introduction

A complex interaction between the jet and the cftusg results in the formation of
complicated vortical structures, which are the paramount physical phenomena appearing in a
JICF[27]. As shown in Figres2-5 and2-6, a counterotating vortex pair (CRVP), shetayer

and/or ringlike, hairpin, hanging, horseshoe, and torrbki® wake vortices are the vortical
structures introduced in the JICF.

RLV (ring-like vortices) \( Jet axis

i 0 W; CRVP (counter-rotating

Crossflow vortex pair)
\ \ UV (upright vortices)
o)
e
HSV @eshoe vortex) WYV (wake vortices)

Figure 2-5 Vortical structures in a JICF 6]
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According to the flow visualization, Fric and Roshk&] presented four fundamental

vortical structures involved in a JICF (seefig2-6):
) Horseshoe vortex forming upstream of the jet exit,
(i) Jet sheatayer generated at the windward interface of the jet/dtoss
(i)  Unsteady wake vortices beneath the detached jet, and
(iv) A CRVP.

Among these, the timaveraged defined CRVP is taken into account as the most important
structure for the mixture and entrainment between the jet andftyasg2].

The timeaveraged behavior of a JICF (under the conditit®s 5000 and = 5.7) obtained
from a direct numerical simulation (DNS) which resolves all temporal and spatial turbulence
scales is also illustrated in Fige 2-7. As is obvious, the contours of the mean velocity show
that the jet gets deflected in the direction of the cflosg, and then the jet becomes wider
toward the leeward side of the center streamline (as it moves downstream) than toward the
windward side Furthermore, the crossection of the jet develops from its circular shape to
generatethe CRVR8]. The | ocal mean vorticity reaches
Based on the center streamline, therefore, the jet trajectory penetrates deeper into-the cross

flow compared with a trajectory based on the vortifigj.

Cross.g
>-ow
T

Shear-layer
vortices

Horseshoe Wake
vortices vortices

Jet Flow

Figure 2-6 Schematic of the four fundamental vortical structures evolved in a JICF as presented by Fric and
Roshko[77]
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Figure 2-7 Contours of vertical velocity displayed on the symmetry p[28¢79]

In contrast, the instantaneous behavior of jets is unsteady. An adverse pressure gradient
occurs on the windward side of the nozzle because of thephggisure zone above the jet exit
generated by the creflew. This in turn results in deceleration ottfet fluid at high velocity
ratios as well as separation inside the nozzle at low velocity [@8¢80,81] The crosglow
boundary layer then separates ahead of the jet and helps to accelerate the jet toward the
streamwise direction. As a result, the jet sHager is skewed. Moreover, the jet sh&grer
vortices can be seen on the windward side of thésgs Figire 2-8a). This type of vortex is
highly unsteady and identical to the Kehtelmholtz rollers in regular jets, which cannot be

considered in a timaveraged solutiof28].

The vortex structures are all connected to each other, since they originate and are affected
by the interaction between the crdksv and the jet flow. Due to their spatial and temporal
coherence, these complex vortical structures also cannot be takeas. That is why they
are sometimes called coherent struct(i82$. Visualizations of the different introduced flow
structures are shown in kige 2-8. The main identified coherent vortex systems will be

discussed in the following sections.

IX/D=3.0

(@) (b) (©)
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(d) (e)

Figure 2-8 Visualization of various instantaneous flow structures:

(a) shearlayer vorticeq480]; (b) tornadelike wake vortice§77]; (c) horseshoe vortices upstream of theg2e;
and(d, e)instantaneous CRVP visualization of jet fluid for 10.0 (Panels d and e taken from Smith and
Mungal[83])

2.6.2 CRVP and Jet ShearLayer Vortices

Many of the global characteristics of a JICF can be predicted and found on the basis of the
CRVP dynamic$30]. The CRVP is highly asymmetric and unsteady at any given point in time

[28] (see Figire2-8d and e). During the past few decades, the generation and evolution of this
structure have been a matter of debate, and different mechanisms have been proposed in this

regard.

Broadwell and Breidenth@4] suggested that the CRVP is a global flow feature of the far
field zone and fundamentally arises from the impulse associated with the jet. However, these
results were different from the general agreement that the CRVP might be formed by the vortex
sheet eranating from the jet nozzI¢6,80,85] Kelso et al[80] presented a mechanism for the
Ati Il ting and f ollager forgtile intefpretatidn eof GR¥R forreatiodébes r
superposition of the crodlow and the shedayer vorticity leads to a tilting of the upstream
part of the ring oriented with the mean curvature of the jet and a tilting/folding of the
downstream part of the ring aligned with the jet movement. Ansatie of how a vortex ring

may be distorted to generate a CRVP is given infei@9.
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Figure 2-9 Interpretation of JICF tilting, folding, and reorientation of sHager vortex rings and eventual
formation of CRVP taken from Kelso et §0]

In another study, Yuan et §86] suggested that quasiable hanging vortices generated at
the lateral edge of the jet and formed in the skewed mixing layers are the reason for CRVP
formation. The vortex strength is transported by the hanging vortices toward the leeward side
of the jet.Because of the compressive stress, vortex breakdown takes place, and subsequently
the CRVP is formed. This interpretation was also confirmed by the experimental study by Lim
et al.[87]. However, Cortelezzi and Karagozi@2] performed numerical simulations through
a vortexbased method which supported the CRVP formation mechanism offered by Kelso et
al. [80]. Moreover, using a vorteglement simulation, Marzouk and Ghonig8] concluded
that the planar vortex rings initially created in the proximity of the jet exit may stretch upward
on the leeward side. The vorticity is then aligned in the direction of theftoagghus leading
to the formation of a CRVP. Muppidi and Maheid@i] also presented a pressirased
interpretation through the use of a tdimensional model problem, and suggested that a
ci r cutofprl afinoeu tf | owd r e gi o nplamexnssil notwedor aacntd wihtehn
into a CRVP. Hence, the exact formatfmocess of a CRVP is still debatable according to the
literature review, while the origin of this vortex structure is ascribed to the jetlglyearin
roughly all these explanatiof82]. Table2-3 highlights the research efforts with regtodhe
prediction of CRVP origin formation.

Sheaflayer vortices are unsteady structures that may be formed due to theiKelvin
Helmholtz instability of the ringghaped shedayer which separates from the circular jet
nozzle. In fact, the shedayer contains the source of the CRVP and generataoithgp of
the trailing and leading edgf&?] (see Figre 210).
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Table 2-3 Highlighted research efforts regarding CRVP formation origin

Origin of the CRVP | Methods Remarks Ref.

Formation

Tilting and folding of the| Experimental Jet to crosslow velocity ratios ranging from 2.0 to 6.0 a1 [80]

jet sheadlayer vortices visualization Reynolds number based on the crfiews velocity and jet
diameter in the range of 440 to 6,200

Hanging vortices in th¢ LES Two different jet to crosfiow velocity ratios ( = 2.0 and 3.3) [86]

skewed mixing layer and low Reynolds numbers based on the efloss velocity
and jet diameterRe= 1,050 and 2,010)

Hairpin vortices LES Low blowing ratio§ (BR = 0.5 and 1.0) and high Reynol{ [89]
numbers based on the crgksw velocity and jet diameteiRe
=11,100 and 22,200)

Interaction of the sheat LES Low jet to crossflow velocity ratios between 0.1 and 0.48 | [90]

layer vortices and the cres

flow

Origins of the CRVP coulq Experimental Different blowing ratios [91]

somehow be changed wil visualization

the blowing ratio

Hairpin vortices LES Comparatively low blowing ratios [92]

Hanging vortices and reg Comparatively high blowing ratios

vortices

Hairpinvortices LES and| At relatively low jet to crosslow velocity ratios [22]

Coherent structures withi

the jet nozzle

experimental
visualization
(LIF and PIV)

At relatively high jet to crosflow velocity ratios

" Blowing Ratio BR) =" gUo/" aUa

Figure 2-10 Two independent vortices in the jet shésmrer structure obtained from a LIF visualizati@2]

Roll-up of leading edge

shear-layer

Roll-up of trailing edge

shear-layer

35



2.6.3 Horseshoe and Wake Vortices

Horseshoe vortices appear upstream of the leading edge of the jet and are prolonged toward
the downstreani28]. The horseshoe vortices are flow structures sinnl@ghosethat can be
observed at the base of a flow around a cylin82} (see Figire 2-11). These vortices form

owing to the existence of an adverse pressure gradient upstream of the jet which may be
encountered in the crefisw boundary layer. Then, the boundary layer separates and generates
the spanwise vortices which move around thEj@k Horseshoe vortices can be considered to
have a mean flow feature that persists stationary around the nozzle of the jet; however, this

type of vortex exhibits unsteading88].

Krothapalli et al.[94], through a study of the vortices upstream of a rectangular JICF,
reported that the formation and rolb of horseshoe vortices can be periolglso and Smits
[93] also concluded that the vortex system may be steady, oscillate, or even coalesce according
to the value of the velocity ratio. Both the mentioned research confirmed the similarity between

the unsteadiness of the horseshoe and wake vortex syg&ms

Figure 2-11 Plan view of horseshoe vortex around a cylifd&i

Wake vortices, which can be observed as vertical torhkecstructures, are inherently
transient vorticethatconnect the emanating jet core and the wall bour{82ty These vortices
are the most unknown and intricate among these four fundamental vortical structures. Results
have demonstrated that the formation of wake vortices can be considered as different from
vortexshedding behind cylinders, so that the cit@s exhibits no separation from the jet and
also does not show vorticighedding in the wake, in contrast to wakes behind solid bodies
[77,82] Wake vortices expanding from the wall side to the leeward side of the jet (see Fig
2-8b and c) originate due to the separation of the wall boundary layer of thé¢lovoskannel
[28,82] It should be noted that this boundary layer separation takes place on the sides of the

jet, owing to the adverse pressure gradi@ai.
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As a result, although CRVP and horseshoe vortices have a mean flow characterization in
addition to unsteady components, the shiager and wake vortices are both naturally unsteady

and will be removed from the velocity measurements by averaging ovei7iiine
2.6.4 Hairpin Vortices: A Distinct Vortical Structure at Low Velocity Ratios

Apart from the four fundamental vortical structures, the interaction of the-toassand the

jet at low velocity ratios (often less than 1) may result in another flow structure called a hairpin
vortex[28]. Due to the opposite signs of vorticity at the leading edge of the pipe exit and the
vorticity of the crosdlow boundary layer, a hairpin structure may be created. The boundary

|l ayerbés vorticity at | ow vel ociheyeadmgedgé o0s h a
vorticity, leading to vorticity basically being shed from the trailing edge. At higher Reynolds
numbers, the hairpin vortices are unstable as they develop gradually, while at low Reynolds
numbers, these structures become coherent and jeeridais, the hairpin vortices are not
detectable if the flow visualization occurs in the streamwise or even the symmetry plane
[28,95,96](see Figire2-12).

Jj\ Haipin vortex |
xD=3.0
' [

|
- S—

(a) (b)
Figure 2-12 Hairpin vortices visualization:

(a) hairpin structure for a JICF at= 1.0 taken from Sau and Mahd8B]; and(b) instantaneous LIF
visualization of hairpin structure at= 0.5 taken from Dai et g]22]

2.6.5 Recirculation Zone and Coanda Attachment Effect

In addition to the formation of different vortical structures, recirculation zone and Coanda
attachment phenomena may also appear when a buoyant jet issues inteflaverdss be

more specific, the movement of a JICF is restricted if a solid surfabe ineaufield exists,

and a recirculation zone may form in the wake downstreamré2gl3 presents a schematic

plan view of recirculation zone formation for a surface side discharge into aflomwss
receiving environment. Also, if the jet dischargeshe proximity of a solid boundary in the
nearfield, the Coanda attachment effect may appear. Here, the jet flows alongside the nearby
solid boundary before it becomes free from the attachment effect. In this situation, the
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combined effects othe ambient cros$low pressure resulting from the crefésw being
blocked from passing under the jet as well as recirculation because of the interaction with the
near bank can cause jet flow attachment. This attachment effect is more likely to occur when
thejet discharges into shallow water. Therefore, it is recommended that the shallowness factor
and velocity ratio should both be considered as important factors for control of the Coanda
attachment effedi97]. In terms of mixing applications and outfall discharge design, regions
with such a strong nedield interaction effect should be avoided due to their minimally
dilutive characteristics.

NG
%,
\%

Shoreline
Recirculating

Zone

Recirculation

Figure 2-13 Plan view of recirculating zone formation in a JI[9F]

2.7 Entrainment, Mixing, and Trajectory in JICF

For a JICF, the entrainment mechanism becomes much more complicated. Close to the
discharge point, there is shear entrainment due to aveiglity gradient between the jet and
the ambient. After the jet is bent by the ambient cflusg, the vortex entiament dominates,

then the ambient crogkw is drawn into the jet through the action of a pair of CRYE98].

A JICF can be considered as better than a free jet at mixing and entraining with the
surrounding fluid28]. The decay in the centerline velocity and the jet fluid concentration of a
JICF is more rapid in the nefield zone compared to a free jet, while slower in thefitdd
zone[83,99] Comparison of free and transverse jets also shows that the former has maximum
velocity and concentration at the axis of symmetry, while for the latter, as the CRVP fully

develops, the peak concentration and velocity locations do not coj@8ijjde

The relationship of the CRVP to the mixing characteristics of the transverse jet has drawn
considerable interest over many decades. Considering the relationship between the CRVP and

mixing enhancement, Smith and Mun{g8]c oncl uded t hat the i mprov
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nearfield zone may be attributed to the structural formation of the CRVP rather than its fully
developed form. Consequently, the nature of the CRVP and its initiation are significant features
of JICFs.

Improvement of the crogtow entrainment in the proximity of the jet and the corresponding
improvement of the molecular mixing of the two fluids are the most important practical benefits
of using a JICF in many environments. For instance, the transe&sap be utilized in high
speed aubreathing applications, in which the extent of penetration of the jet is of particular
importance. It should be considered that for this type of application, rapid completion of the
reaction process is mandatory dugi@high speeds of the air entering the combustion chamber
[30]. Therefore, the mixing with crodlows, rapid fuel penetration, and ignition and
combustion processes, which are some of the advantages of transverse jets, are highly desirable
for this purpos¢30,100]

Three ways to define the jet trajectory have been presented using the jet centerline, the locus
of maximum concentration, and the locus of maximum velocity. Yuan and $8@et
compared these and argued that they have the same behavior, despite the fact that the computed
trajectories may vary. Cambonie et flQ1]in their study, introduced CRVP trajectories in a
way that can be calculated for any velocity ratio. Their results showed that both the CRVP and
jet trajectory behave in the same manner when parameters change. This outcome is to be
anticipated because ti@RVP is a structure generated by the jet, and it seems that the CRVP
trajectory follows the jetds centerline traj
exit and is lower than the jet trajectory, as shown inf€d-14. Additionally, it is not possible
for both types of trajectory to follow a powkaw and keep that parallelism due to the fact that
the jet and CRVP trajectories are parallel in thefitdd zone. Since CRVP trajectories are
affected by the momentumti@, jet diameter, and boundary layer thickness, a new scaling was
applied in the study by Cambonie et[aD1].

Jet Induced
shear layer vertical velocity

CRVP
trajectory

Jet centerline g
trajectory / CRVP
; b

U,
[
5 /
Horseshoe ¥

Vortex

Figure 2-14 Schematic of the CRVP and jet centerline trajectories in Jid3-the boundary layer thickness)
[101]
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2.8 Research Efforts on Flow Structures and Mixing Behaviors of Buoyant
JICFs

The interaction between a jet and the ciftes leads to a highly complex, threimensional,
nonlinear and unsteady flow, making it an essential issue in several experimental, theoretical,
and numerical studies in fluid mechanics during the past fewdds{2?]. Reviews on this
subject can also be found in the studies by Marg@38)y Mahesh[28], and Karagozian
[30,35] In addition, the effects of flowing currents tire mixing and transport behaviors of
buoyant JICFs have attracted considerable attention in the litefBhemrefore, a summary of

some selected studies in both the experimental and numerical fields can provide a better picture

of the current knowledge on the flow structures and mixing behaviors of buoyant JICFs.
2.8.1 Experimental Studies

Experimental studies on the ndeeld zonein the late 20th centurshowed that a CRVP may
be generated by the vortex sheet emanating from a jet r{6220685,99] As one of the first
studies in this regard, Pratte and Baif#82] carried out experimental research on jet
trajectories extracted under various jet to ciftes velocity ratios (). Ramsey and Goldstein
[103] also performed an experimental study through the use of flow visualization awtéot
anemometry measurements of JICF with low valuestb&t can be applied in filmooling
applications. Among other early JICF experiments, Kamotani and Jf€ldgexamined high
momentum ratiosJ( = 15 60), and reported mean velocity and temperature distribution
measurements for hget injection by using hewire anemometry and thermocouple

measurements.

Andreopoulos and Rodi6] performed an experimental investigation of JICF for different
low velocity ratios = 0.5, 1.0, 2.0) using three haire probes and obtained turbulent kinetic
energy data, mean velocity components, and three Reynolds shear stress component
measurements. Three distinct regions of turbulent kinetic energy are demonstrated through

their measurements, including:

1 Over the jet nozzle region, where the turbulence is produced from the strong velocity

gradients and jet deflection,

1 The immediate downstream region, where the velocity gradient normal to the wall

generates kinetic energy,
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1 And the farther downstream region, where the turbulence decays as velocity gradients
diminish.
In addition, their results indicated that crdlesv velocities may even affect the flow inside the

nozzle carrying the jet stream. This can be considered as an essential issue when the inlet

boundary conditions are treated in unsteady simulation of JICFs.

In other studies, Smith et §83,105]carried out passive scalar mixing experiments using
the PLIF technique on JICFs at variousarying from 5 to 25. According to the scalar
concentration decay rate, their results indicated that the flow features are uniform and can be
categorized into the neaaind farfield regions for very high values of(aboutr = 10 to 25).
Moreover, the CRVP developed in the néald zone and subsequently progressed to be fully

formed in the faffield region.

Su and Munga]J106] carried out simultaneous measurements of the scalar field and 2D
velocity field using PLIIF and PIV for = 5.7 andRe = 5000, and emphasized the flow
developing in the nedreld region. Cardenas et &¥.6] applied simultaneously LIF and PIV
methods, and measured the scalar concentration and the Reynolds stress fields. From their
research, the effect of CRVP formation on the value of flow fluctuating quantities such as
turbulenceintensities and Reynoledtuxes was identified remarkable, thereby influencing the
flow mixing behavior. Later, Galeazzo et |HlI07] also employed the same experimental set
up to determine the turbulent mixing and the Reynolds flux vector within a JICF at a velocity
ratio of 4. Additionally, in a number of studies, this experimentalipdtas been applied with
differentr values for the purpose of numerical model validation as well as the analysis of scalar
mixing [108 110]

Coletti et al[111] experimentally studied a turbulent inclined JICF relevant for&itraling
applications.Their results indicated that the mean flow is governed by the CRVP aligned in
the streamwise direction, bringing the crdlssv fluid into proximity with the wall. The
streamtube issued by the hole is stretched and folded by the CRVP, which enhancefmt®e s
for mass exchange with the cragkswv. Additionally, in the first few diameters downstream of
the injection, the jet entrainment is slightly increased by vio&ugon of the CRVP; however,
further downstream, the vicinity of the wall prevents this process. Consequently, unlike vertical
JICFs, the leeward and windward sides contribute equally to the entrainment (se@-fig).
Recently, the flow characteristics resulting from the turbulent mixing of surface buoyant JICFs

were experimentally examined by Gharavi e{4i]. Using a PIV technique, they concluded

41



that the vortex in a surface buoyant JICF may resemble one of the vortices in a CRVP of

submerged JICF, since the water surface may work as a plane of symmetry.

il .

U JUj: 03 05 07 09 11

Figure 2-151so-surface of 5% concentration, with cressctions perpendicular to the jet centerline (color
coded by jet velocity)111]

Several laboratory research efforts have also contributed to a better understanding of
buoyant JICF mixing applications involving dilution. As discussed in Se2tih4, the effect
of ambient velocity on jemixing behavior is not significant whe&n"OL p8t Conversely, the
jet dilution is mainly affected by the ambient velocity and the jet trajectory is bent downstream
wheno "0l p8t An increase in both the jet impact dilution and distaScarn(dx) generally
occurs with an increasa ambient ceflowing currents; however, for the investigation of jet
characteristics in ambient counfawing currents, a critical threshold ftre 6 "Oparameter
should be identified. In this situation, the horizontal impact distance decreases with the increase
in ambient counteflowing currents until a specific value 6f"Ois reached, at which point the
jet falls back on itself, causing significantly impaired dilution. After this critical threshold, the
jet trajectory will impact farther downstream of the nozzle. For instance, this critical threshold
for a JICF with a disdrge angle of 60° has been repottetearoundd "® 1@ ¥51,112]

Using a 3DLIF technique, Gungor and Rob¢88] studied the behavior of vertical dense
jets under the impact of flowing currengsdtheir results showed that the rise height is almost
constant and that jet impact dilution and distance increase with the growth of current speeds
within the tested range @f "Ovalues. They also predicted that the Aggd dilution may be
higher than the jet impact dilution by less than about 100% because of the additional mixing in
the bottom layer. However, the dependency of fiietd dilution and magnitude on current
speedremained an open question in their studyuFed-16 shows a general sketchtbe

effects of flowing current on vertical dense jet behavior.
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Falls back Slight deflection, No upstream wedge, Significantly bent over Almost horizontal
upstream wedge maximum rise height

Figure 2-16 General flow characteristics for a vertical dense jet issuing into-fiovgsvith different values of

6 "0[39]

In addition, Lai and Le§24] studied inclined dense jets in perpendicular cftmsgs and
showed that the mixing behavior is governed by the diogsbased Froude number, so that
the mixing is jetdominated and governed by shear entrainment wh& 1@&), and mixing
is dominated by vortex entrainment whénO &L Jiang et al[113] also conducted an
experimental study of 45° inclined dense jets in botlaweing and counteflowing currents
by using the planar LIF technique. The aim of their study was to present more quantitative
details on the influence of current on the mixingpdngor of inclined dense jets. It should be
mentioned that despite the importance of plume interaction with the bottom boundary upon
impact, the bottom effect was neglected in the study by Jiang[&t8].through the use of
suspended configuration of jet discharge.

Recently, Ben Meftah et g¥,37] experimentally examined a dense jet issued into a-cross
flow. The flow velocity fields demonstrated that the jet can be characterized with two different
jet vortex structures, i.e., the rapidly ascending regionliketmixing) and the gradually
descendig phase (pluméke mixing). A strong amount of dilution would occur during the
initial ri sing region, so that mor e than
downstream distance of ordeD6The experimental results confirmed the formation and
evolution of a CRVP within the jet crosection with opposite rotational direction for each
phase, which had not been proved in previous literg8®je The jet flow field also indicated
a rise of the vertical dispersion coefficient and a reduction of the longitudinal one, which may

lead to augmentation of the jet width.

Table2-4 summarizes the outcomes from some prominent studies over the past five decades,
in which the effects of flowing current on the mixing behavior of single dense jets were
experimentally explored. Although most research efforts have been conducted oarsingul
dense jets in dynamic receiving environments, multiport diffusers are also used for brine
disposal in field applications, such as at the Perth seawater desalination plant in Australia. The

only systematic experimental study found in the literature tier assessment of dilution

43



behavior of multiport discharges in an ambient ciftes environment was carried out by
Abessi and Rober{®1]. Using a 3DLIF technique, the effects of port spacimg (p —

X&) and crosdlow parameterit@® x 6 "O U881 on multiport diffuser mixing behavior with

a discharge angle of 60° were investigataatlas shown in Figre2-17, the flow fields differed
considerably for narrowly and widely spaced jets (particularly at relatively low current speeds),
so that for closely spaced ports andO 1 Ycombined effects of jet merging and Coanda

interactions were observed. Contrary to experiments with stationary environbfisin
which the results became independent of port spacing-for¢8t, no independent threshold

was identified in the scenario dealing with flowing current environments. Accordingly, further
studies are required to provide a better understanding of multiport diffuser mixing behavior

when influenced by ambient creisws.

Co-flow Counter-flow
L/DF>>1 L/DF<<1 L/DF>>1 Ly/DF<<1

A S

uF =067 uF=0.67

~ A\ H

uF=078 urF=0.78 uF=0T8 uF=0.78

A [, e, |

uF=184 urF =184 urF=1.86 ufF=184

uF=25 urF =259 uF=2.56 uF=259

uF=3.49 uF=349 uF=3.49 uF=3.36

Figure 2-17 Effect of ambient current speeds on general flow characteristics efidee multiport diffusers

with narrow and wide port spacinfisl]

Table 2-4 Highlighted research efforts on the mixing behavior of single dense jets impacted by flowing current

Discharge Effect of Cross Experimental Outcomes and Remarks Ref.
Angle flow Techniques
60° and vertical Co-flow Conductivitybased In the jet region in which the jet momentum flux [42]
w technique dominated, the dilution amount increased independe
c® 00 v

of the crosdlow effect.

O um
Beyond the jet region, the dilution was enhanced v

increased crosBow velocity.
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45°, 60°, and Co-flow Conductivitybased Comparison with the integral models presented by [50]
vertical ® 60 technique [115] and Abrahanj116] showed the inability of thes
4Bt T models to accurately predict dilution and traject
properties.
The velocity ratio, jet Froude number, and discha
angle were identified as the effective paramet
however, their relationships were not defined.
45°, 60°, and % wT Thermatbased The effects of different discharge angles were [117]
vertical % Y 60 technique anc significant on the dilution amount for the conditio
photogrammetry examined.
PH 0
P O c@
60° and vertical ™ %o p y’m  Photogrammetry For a jet Froude number less than 25, the effect of s [23]
T 60 p@X and | fluorometry volumetric flux could be ignored.
technique By increasing the angle of creflew relative to the
discharge propagation at the souré@, (the dilution
increased as well.
The performance of inclined jets was gener:
preferable compared to vertical ones due to the lc
terminal rise height obtained as well as taking advan
of a horizontal momentum component.
60° and vertical Co-flow Planar LIF With a risein ambient crosdlow velocity, gravitational [118]
® @ 60 technique detrainment in the jet region was decreased.
P G
Vertical ™ p 00 3DLIF technique At low ambient current speedso (® T®), the [39]
T8O C ascending and descending flow phases were ne
p@ O 1 vertical; however, athigher ambient current speei

(6 '® ™@), the rising flow was more vertical and ti
falling flow more gradual, leading to impacts fartt

downstream (see Hige2-18a and b).

At high ambient current speeds [® 1@y, a kidney
shaped concentration distribution was observed for
falling flow phase because of the formation of t

counterrotating vortices (see Fige2-18c and d).

It was recommended that entrainment models be ap|

with more caution for the prediction of dilution amoun
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60° Co-flow LA and LIF Mixing and transport in the intermediate field (latera [25]
&G 670 techniques buoyant spreading region after the jet impacts on
bottom boundary) were studied.
081 X y)
The lateral spread was dominated by both inertia
buoyancy, and increased as” with downstream
distance.
45° Coflow (% 1) Planar LIF The mixing behavior was classified into currel [113]
and counteflow technique dominated and denget-dominated regimes (see kig

(% p Wy
™ T 60
o8 @

2-19).

For co and counteflowing currents, whew "O p8r,

the jet trajectory mainly depended on the characteris
of thesource discharge, and the ambient current sha
little impact. Also, the dimensionless coefficients (st

asz/DF andSF) were nearly independent 6f"O

However, for both kinds of flowing currents, outside tl
range, the mixing was mainly governed by the curre
and the characteristics mostly depended on the valt
00

C 102030405060

=3

Figure 2-18 3DLIF images of a vertical dense JICF &of® 1@ (a andb), 6 "® 1i8o(c andd) [39]
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Figure 2-19 Time-averaged concentration contours of an inclined dense jet andocounteflowing currents
[113]
2.8.2 Numerical Studies

Patankar et a[119] used the standardd model for turbul ence cl os
of the earliest CFD analyses of the JICF issue, and their predictions validated the experimental
mean velocity measurements in the cifbe® direction with an acceptable accuracyvéez

et al.[120], in a more irdepth CFD study of the JICF, used thidJk mo d e | and a s
moment closure model to numerically simulate the experimental tests from Andreopoulos and
Rod[6jbasnd Rams ey aliQB]stGdies. &ren their redearch, the experimental

results were in a more reasonable agreement with the sewmmeént closure model in
comparison with thei) model , particularly near the wal
turbulent kinetic energy and the&bulent statistics for the velocity field could not be accurately
predicted with either model, apart from the mean velocity components.
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Jones and Will§l21] carried out the first LES study on JICF and compared three different
SGS stress models, including the standard Smagorinsky model with a constant model
coefficient, a oneequation transport model for sgipid kinetic energy, and a DSM. The results
were conpared with the JICF experimental case studies by Chen and Hyl22jt Both
adaptive and neadaptive grids were applied, neither of which could improve the obtained
results. Despite some variations with the turbulent eddy viscosity values, the velocity fields

were generally predicted in the same manner using all threest®3S models.

In another study, Yuan et 486] performed an LES on a JICF for 2.0 and 3.3. They
reproduced the experimental case of Sherif and Plett28)by a locally dynamic SGS stress
model, demonstrated that the hanging vortices in the skewed mixing layer is the origin of
CRVP formation. Their study was more focused on vortex structure recognition, and the results
showed very good agreement between B8 and experimental data for the velocity field.

The formation and evolution of CRVPs in JICFs were examined by Cortelezzi and
Karagozian[32] by using a threelimensional vortex element method. The numerical
simulation results were consistent with the ideas described in the experimental study by Kelso
et al. [80] and confirmed the rollingip and interaction phenomena for the vortices from
previous experiments. A detailed analysis of the role of the CRVP in the entrainment and

blending was also performed.

Schluter and Schoénfeld24] validated their applied LES on JICF mixing with limited
experimental data by using two different SGS stress models, namely the standard Smagorinsky
and filtered Smagorinsky models. Comparison with experimental results indicated that the
fillered Smagoriney model 6s predictions performed mor
however, due to the limited data used for model validation, there is a need for more
comprehensive study in this regard. The influence of steady and unsteady inlet boundary
conditionswas investigated by Majander and Siikori#®5] through the use of the constant
coefficient Smagorinsky model. Despite the fact that the unsteady inlet boundary condition led
to a stronger flow reversal at the leeward side of the jet, only a slight difference was observed

in these two methods.

Later, Galeazzo et dlL07] compared the applications of LES and RANS simulations for a
JICF test case at= 4.15. Their predictions indicated the advantage of using the LES over the
RANS, particularly in the prediction of Reynolds stress terms. In order to make a comparison
between the performance of the DSM and the unsteady RANS (URANS) model, the
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experimental configuration explored by Cardenas ¢76].was also modeled by Galeazzo et

al. [126]. The results of the DSM showed a great accuracy for the prediction of the scalar
mixing field compared to the URANS model. This could be attributed to the fact that LES can
resolve the scalar transport using vortex structures better than URANS simulaigons2-

20 shows the ability of LES, URANS, and RANS simulation methods in capturing the
formation and evolution of coherent structures. InuFeg-21, the two dimensional plots of
mean velocity componenUj andspecific Reynolds stress componedtd() are compared

with the results obtained by PIV measurements.

As discussed in Sectidh2.6, the flow structures in JICFs may not be limited to those four
common types of vortices with changes in the value of velocity ratios, and may contain
different formation mechanisms as we]. The literature review shows that the instantaneous
simulation methods have played an important role in the accurate prediction of different types
of vortices in JICFs. For example, Tyagi and AchdB& could clearly identify for the first
time the hairpin vortices at low velocity ratios of-A.5hrough an LES method and introduced
this type of vortical structure as the origin of the CRVP. Fawcett [@dland Sakai et a]92]

al so argued that a jetds structure may chang

Figure 2-20 Comparig the ability of differensimulationmethods from top to bottom, LES, URANS, and
RANS for the prediction of coherent structuf&26]
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Figure 2-21 Two-dimensional maps of mean velocity compon&ht)y) and specific Reynolds stress

component ¢ 6 T'Y) at the symmetry plar{@26]

Sakai et al[92] investigated a series of LESs with an inclined jet issuing into a-tioegs
and how the vortical structures may impact the evolution of the CRVP at various blowing ratios
(BR). They showed that the hairpin vortices might be considered as dominant vortices when
the BR was comparatively low. However, a pair of hanging vortices, rear vortices, vertical
streaks, and jet shekyer vortices were consecutively generated asBfRéncreased. The
CRVP also originated in hairpin vortices when BR was low, whike originating in the
hanging vortices and rear vortices when BRwas high (see Figes 2-22 and2-23). The
difference in the vortex formation might be due to the different pressure gradients in the

downstream and the upstream sHagers.
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Figure 2-23 (a)Instantaneous an) time-averaged views of streamwise vorticitg) for BR= 0.1, 0.5, 0.7,
and 1.0/92]

Understanding the mixing process in Asathermal JICFs is often complicated because of
the different properties of the jet and the cridew fluid, such as density. Esmaeili et @li27]
studied the turbulent mixing process in isothermal andisamthermal JICFs using the LES
filtered mass density function (FMDF), and their results showed that with a decrease in the
temperature ratio, the CRVP moves away from the wall and the jet magsebsly penetrate
deeper into the crodbw. In addition, the spreading rate, mixing, and entrainment are
remarkably enhanced as theteicrossflow temperature ratio decreases.
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Dai et al.[22] conducted a numerical study on the flow topologies and formation
mechanisms of vortical structures associated with an inclined jet in aflowsat relatively
lower Reynolds numbers and velocity ratios 0.5 2.0), and then compared their results with
experimental LIF and PIV measurements. Since there is agreement that the RANS models have
poor predictive ability for the anisotropy JICF problem and that DNS has the limitation of an

enormous computationalo st , t he LES wa s[22anpmeficalevark. f or Da i

Comparison of the simulation and experimental results shows that LES can well capture the
evolution of the CRVP. Itis also clear that the flow patterns drastically change with the velocity
ratio (see Figres 2-24 and2-25). From their research, the hairpin vortices mainly dominates
the JICF wherr = 0.5, while the fundamental flow topologies recover and -tweraged
CRVP originates mostly from the coherent structures within the jet nozzlemh@rD. The
LES results presented in the study by Dai g2l clarified that for the inclined JICF problem,
the vortical structures formed in the jet nozzle may play a significant role in the formation of

the hairpin vortex.

More recently, Uyanwaththa et §82] numerically studied the mixing process of a JICF
through approximating the jet stream as a passive scalar and by use of the LES method with
three dynamic SGS stress models to simulate the turbulent velocity field. Theapea CFD
code OpenFOAM was alsapplied for the simulation. The DSM, dynamic mixed model
(DMM), and dynamic onequation model (DOEM) were validated with experimental
measurements of the Reynolds stress field and the mean velocity field results of the test case
by C&rdenas et al[76] and Galeazzo et dl107,108] All the mentioned SGS stress models
presented acceptable agreement with experimental data in predicting the Reynolds stress and
mean velocity fields. Furthermore, comparison of the simulation results and experimental data
of both fields showed that thafiuence of the CRVP can be seen in the form of a kidney
shaped distribution, and the CRVP conserves the passive scalar concentration at its core due to

the highest concentration being observed there.
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It is worthwhile to mention that less attention has been given in the literature to CFD

simul ations of buoyant J 1

CF

mi

X i

ng

applica

knowledge, the only systematic CFD study in which the effects of flowing ambientflawss

(@ O 'O p&) on plume trajectory and dilution predictions were examined to date was

done by Baum and Gibbg#0]. Using RANS equations with & k turbulence closure scheme,

they successfully modeled the discharge behavior of inclined multiport diffusers in the Gold

Coast desalination plairt Australia A threshold value ad "® & was also identified for the

distinct variations between the curr@ttminated and denget-dominated regimes. Therefore,

following the advancements in available CFD methods, it can be stated that more research

efforts should be devoted the application of this simulation tool in predicting the mixing

behaviors of buoyant jets issuing into crilssvs.
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2.9 Future Research Needs

The flow structures resulting from the interaction of jets and ditogs and the impacts of

flowing current onmixing and transport behaviors have beenrttaén focuses in studies on

buoyantJICFs to dateAlthough some improvements have been achieved in the existing

knowledge of buoyant JICF behaviors by using stétne-art experimental techniques such

as LIF and PIV systems as well as practical CFD tools, there are still key deficiencies in

understanishg thatshould be further addressed.

These knowledge gaps include but are not limited to the following research areas:

T

Most of the previous studies aimed at understanding the formation and evolution of
vortical structures have been carried out by using buoyant JICF applications involving
film cooling, and the influence of vortical structuresioamixing behaviors of dilution

applications has been less studied.

Research efforts aimed at understanding CRVP origination as the most significant
mixing structure in JICFs under different velocity ratios and working conditions should

be intensified.

Further use of a combination of LIF and PIV flow imaging will help provide a
fundamental understanding of both the vortical structures and jet trajectories and

properties when dealing with complex interactions of buoyant jets andflowss

The existence of neighboring boundaries such as the bed and shallow water surface can
certainly affect the jet spreading behavior, and therefore, the mixing behaviors of JICFs

become more complex, which needs further investigation.

The paucity of knowledge regarding the interplay between port spacing andl@anoss
effects restricts our ability to achieve optimal designs for multiport diffuser

configurations and requires further research.

Since applying marine outfall discharges in deep water environrastseen one of
the main interests in their field applicatiotise influence of flow depth on jet mixing

behaviors should be studied in more detail.

Investigatinghemixing and dilution behaviors of marine outfall discharges into wave
forcing conditions as the dominant representation of mixing mechanisms in coastal

environments remains largely unexplored. Howetlerdata obtained from discharges
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into uniform crosslow ambient conditions, although conservative, can be considered

as relevant results.

1 In both the experimental and CFD studies, little attention has been spent on jet mixing
behaviors beyond t he pl-anhtdidd ragiong)anhdre (i . e .
the jet is mainly affected by laterally spreading current and ambient turbwdedce

diffusion.

1 Despite significant advancements in the applications of CFD methodshdor
simulation of buoyant JICFs, special attention should be given to the complexity of
CFD model s6 setup and validat i aehestabildyi f f i cu

of turbulence models, and CFD computational costs for complex jet configurations.

1 Opportunities exist to assess the CFD simulation of buoyant JICF mixing applications
involving dilution by applying various turbulence modeling approaches such as RANS
and LES.

1 Applying instantaneous CFD analysis should be further investigated due to the
turbulent nature of flow behaviors resulting from buoyant jet interactions with ambient

crossflow conditions.

1 Artificial intelligence (Al) techniques have recently shown great potential for modeling
and solving complex nonlinear water and marine engineering proljli2685136].
Thus, extensive and promising datasets obtained from experimental and CFD research
efforts on buoyant JICFs can be employed in future Al studies.

2.10Conclusions

Optimizing the design of marine outfall discharges for the purpose of minimizing
environmental impacts is an important issue in order to adhere to regulatory demands. Since
the receiving environment is rarely stationary, the influence of ambient-ftwasson the

mixing process of jet discharges needs to be well undersiatedactions between jets and
crossflows may generate highly complex, unsteady, and nonlinear flow strucameas a
result,theapplication of buoyant JICFs has gained considegt#ation in many experimental

and numerical studies in fluid mechaniBecent advances in experimental techniques such as
LIF and PIV systems, as well as the availability of practical CFD tbalgghelped scientists

to draw better conclusions regarding gegformance of buoyant JICFBhe literature review

shows that several experimental studies are generally available on buoyant JICFs in
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comparison with numerical studies. Thus, numerical models in this field still require further

progress and investigation.

In terms of the formation and evolution of vortical structures as significant structuhes
mixture and entrainment between jets and cflosgs, most of the previous experimental and
numerical studies have been done in the field of buoyant JICfedibting applications. These
studies have demonstrated t@&®VPs and horseshoe vortices are properties of the mean flow
field in contrast to shedayer and wake vortices, which are instantaneous and temporal and
can be removed by tir@veraging. In additio, the origin of CRVPs is still a subject of much
debate, despite it being generally considered as the most significant mixing structure in a JICF.
Currently, he jet shealayer has been generally identified as the main origin of CRVP
formation, butinvestigations of different velocity ratios and working conditions will provide a
better picture of the complex vortical structures in buoyant JICFs.

The value of6 "Ofor the case of singlport discharges, and the valuesoofOand— for

the case of mulport discharges into ambient crefgswn conditions, play the key roles
determining a jetbés dilution properties and
to the singular ones have shown that small changes in diffuser design can lead to significant
changes in the flow field and therefore dilution. Accordingly,complex situations, the
difficulty in predicting these effects may result in the need for physical models. That is why
little attention has been spent on thaltiport configurations in the outfall discharge research

in comparison with the singular ones.

The literature review shows that integral jet models may not capture some key aspects of
the mixing behavior of JICFs due to simplifying assumptions. Numerical CFD methods,
however, have shown significant capabilities for overcoming the deficiencies of integral
models and resolving most of the complex behaviors of outfall discharges. The remwesv sh
that steadystate RANS simulations provide a reasonable agreement with the experimental data
when the flow is statistically stationary. Conversely, when the i6 not statistically stationary
(i.e., when the effect of larggcale coherent structures becomes noteworthg)Reynolds
averaged values do not converge to their{awerages. As coherent structures are not turbulent
in nature, their effects othe mean flow are not capable of being modeled by turbulence
models. Hence, to attain trustworthy and reliable results for all variablesdépandent
simulations are compulsory, which significantly rises the computational cost. Fortunately, the

rise in thecomputational cost of these simulations may translate into higher precision and
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validity, particularly for turbulent mixing problems. Research has also confirmed
advancements in CFD simulations from the Reynalsraged approach to largddy and

hybrid approaches.

Although the main features of buoyant JICFs are reasonably well understood, there remain
many intriguing fundamental research questions. Lastly, this paper helps provide a fundamental
understanding ahe performance of JICFs, and presents a critical review of relevant modeling
and experimental studies in order to advance the academic research and engineering

applications of buoyant JICFs.
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Nomenclature

Abbreviation

3DLIF Threedimensional laseinduced fluorescence
BDFF Buoyancy Dominated Fdfield
BDNF Buoyancy Dominated Nedtield
CFD Computational fluid dynamics
CRVP Counterrotating vortex pair
DMM Dynamic mixed model

DNS Direct numerical simulation
DOEM Dynamic oneequation model
DSM Dynamic Smagorinsky model
FMDF Filtered mass density function
JICF Jet in crosglow

LA Light attenuation

LES Large eddy simulation

LIF Laserinduced fluorescence
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LRR LaunderReeceRodi

MDFF Momentum Dominated Fdfield

MDNF Momentum Dominated Nedtield

NS NavierStokes

PIV Particle image velocimetry

PTV Particle tracking velocimetry

RANS Reynoldsaveraged NavieBtokes

SGS Subgrid scale

URANS UnsteadyReynoldsaveraged NavieBtokes
Mathematical Symbols

Bo Discharge buoyancy flux

BR Blowing Ratio

c Local fluid conductivity

Co Initial jet fluid conductivity

Ca Ambient fluid conductivity

D Jet discharge diameter

O Jetdensimetric Froude Number

g Acceleration due to gravity

Q Modified acceleration due to gravity

Q Initial modified acceleration due to gravity
H Flow depth

J Jet to crosglow momentum flux ratio

lb Plumeto-crossflow (Buoyancy) Length Scale
[m Jetto-crossflow Length Scale

Im Jetto-plume Length Scale

0 portspacing

lo Discharge Length Scale

Mo Discharge momentum flux

P Pressure

0 Discharge volume flux

-~

Jet to crosglow velocity ratio
YQ Reynolds numbers
YQ Jet Reynolds Number
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Jet dilution properties
Centerline peak dilution
Impact dilution

Mean velocity component
Jet discharge velocity

Ambient flow velocity

2 co oo

Velocity scale
Ambientcrossflow to jet velocity ratio

Crossflow based Froude number

o

o

Specific Reynolds stress component
Horizontal distance

Horizontal distance to jet impact point
Horizontal distance to jet terminal rise height

Lateraldistance

N <« X X X O O O

Vertical distance

Jet port height

NoOB

Maximum centerline height of jet trajectory
Ztm Maximum terminal height of jet trajectory
Greek symbols

a Boundary layer thickness

— Geometric scales of the flow

— Jet discharge angtelative to the horizontal
0 Kinematic viscosity of jet flow discharge

" Jet discharge density

" Ambient flow density

%0 Angle of crosdlow relative to the discharge propagation at the source
¥x Streamwise vorticity
Yy Spanwisevorticity
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3 Laboratory Study on Inclined Desalination Discharges

in Perpendicular Crossflow?

Abstract

To mitigate the ecological impact of dense effluents discharged from diffuseley,standing

the influence of ambient currents and discharge characteristics on desalination outfall
performance is crucial. For this purpose, a series of -ladaced fluorescence (LIF)
experimental tests were conducted to address the combined effébts flowing current
strength and nozzle inclination in the discharge region for dense jets issuing into a plane
perpendicular to the cro$lows. Various nozzle discharge angles (30°, 45°, and 60°) and cross

flow Froude numbers6("O — —=) are studied to assess 3D jet trajectory and

concentration distribution. Empirical equations describing the dilution and geometrical
characteristics of the jets are also derived. The findings indicate that deploying the 60° jet can
achieve dilutions of aar 50% and 20% compared to the 30° and 45° jets, respectively, due to
its longer trajectory and greater expansion. Thus, the previously reported insensitivity of
dilution to the nozzle angles in the range of-Z0° for stationary ambient water is quesédn

herein when dealing with flowing currents. Moreover, the 60° jet is more sensitive to the
changes i "Ocompared to the two other shallower angldse presented outcomes provide
valuable insights for safeguarding coastal water bodies through the efficient design of inclined

dense outfall discharges.

Keywords: Inclined desalination discharges; Jet in cibe®; Submerged dense jets; Laser

induced fluorescence; Dilution performance

2 This chapter has begublished asTaherian, M., Saeidi Hosseini, S. A. R., Mohammadian, A., Ferrari, S.,
Roberts, P. J. (2024)Laboratory study on inclined desalination discharges in perpendicular- cross
flow. Desalination, 583, 117719
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3.1 Introduction

Freshwater scarcity and security, which can be ascribed to population and economic growth,
alteration of socioeconomic consumption patterns and living standards, and enlargement of
irrigated agricultural industries, are becoming critical concerns worldyi¢®. As a
sustainable supply remedy for clean water, the capacity of seawater reverse osmosis (SWRO)
desalination technologies needs to expfidb]. This, however, results in the disposal of
hypersaline byproducts into source oceanic environments. The SWRO brine effluents, being
denser than the receiving ambient waters, sink to the seafloor, thus diminishing the quality of
water and endangering tleademic benthic biotg/i 11]. Therefore, strict regulatory criteria

must be considered, particularly in terms of salinity limit and its impact distance from the brine

disposal point, to reduce the relevant marine ecological detri@&nt2]

A widely accepted approach for safely discharging brine effluents is to employ offshore
diffusers. These diffusers should be designed such that the brine effluents can quickly become
diluted to neabackground levels, minimizing their environmental effeci®is can be
obtained by discharging effluents through submerged turbulent buoyant jets at upward angles
and high velocities containing both buoyancy and momentum f[ad8&45]. For the optimal
design of turbulent buoyant jets, the influence of several factors should be investigated,
including the jet discharge configuration and ambient hydrodynamic forcing fun@ibas]

Regarding the discharge configuration, buoyant jets can be employed in the form of inclined
jets at an angle range of 0° to 90°, i.e., covering orientations from horizontal to vertical. In most
situations, inclined jets are preferred due to their horitomtamentum components
[2,13,17,18] Specifically, in the case of release into shallow waters close to shoreline regions,
inclined dense jets are desirable to prevent impacting the water surface and thereby impairing
dilution [19]. Regarding ambient hydrodynamic characteristics, buoyant jets can be released
into stationary and dynamic waters. Coastal settings which are representative of realistic
conditions are rarely stationary and are mainly predominated by flowing currentsehaedy
and sheaj20]. This interplay with the ambient neatationary environment not only highlights

the importance of predicting jet flow behavior but also amplifies the associated challenges.

Several studies have targeted discharges into stationary water bodies as the basis for the
design of dense outfalls. In one of the earliest attempts, Zeitoun[21]adxamined dilution
for different inclinations using a pohased conductivity technique and recommended a 60°

angle as the best option in terms of having the longest trajectory and highest dilution compared
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with 30°, 45°, and 90° angles. Roberts efld8] further studied the 60° discharge and provided
more detailed dilution measurements. Kikkert ef2dl] also investigated the nozzle inclination
effects on the behavior of dense jets using a light attenuation (LA) technique. They reported
that the dilution performance at the terminal point of the jet trajectory was almost similar for
angles ranging from 1580° while the return point dilution was slightly higher for 60°. Later,
Jirka[23] questioned the de facto standard of a 60° discharge angle by conducting a theoretical
study and stated that the 45° dense jet had a slightly higher terminal rise dilution.
Papakonstantis et §R4,25]and Lai and Le¢26] argued that the dilution performance was
insensitive to the discharge angle over the range e78%using a conductivity technique and
38°-60° using a laseinduced fluorescence (LIF) technique, respectively. Oliver €Rd].
chall enged t he 128]sandfotnd a sighificaht effekt af the disshargedaggle
on the return point dilution with approximately ti@d dilution for 60° compared to 30°.
Abessi and Rober{d 7] applied LIF techniques and found a narrow variation in the dilution

performance for nozzle angles of 455°.

In comparison, very few studies have been conducted on inclined dense discharges into
flowing water bodies, although this scenario is more representative of the coastal environment
[20,28] Flowing currents add further complexity to the investigation of outfall discharges,
particularly leading to the alteration of the initial mixing behavior of dense outfalls;
accordingly, it is worthwhile to study. Based on the interplay of flowing cudieettion and
jet trajectory, the descriptions of-écounterflow and crosdlow are used in the literature. The
terms of ce/counterflow denote the scenarios where the jet discharge aligns with or opposes

the direction of the ambient current, respeaityresulting in 2D jet flow trajectories.

On the other hand, the scenario in which the ambient current is perpendicular to the plane
of the jet discharge is known as a buoyant jet in efloss(JICF). As a result of the interaction
between the buoyant jet and crdlesv, the jet is deflected algnthe ambient watgf9]. In
addition to this crosflow influence, the interplay between the discharge momentum and
buoyancy forces determines the jet trajec{@3]. Thus, a complex 3D jet flow trajectory is
expected. A sketch of the definition of a dense jet issuing into aftoessncluding the key
flow parameters of interest, is shown in tiig3-1. A jet with an angle-to the horizontak-z
plane discharges dense effluents with a concentration, density, and velarify ofando |,
respectively, into receiving waters through a round nozzle with a diamelerAfuniform
ambient current, with a concentration and densitp ond” , respectively, flows with a

velocity of 6 parallel to thex-y plane and a water depth @f above the center of the nozzle
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tip (the reference point). This current makes an angl.ef 90° relative to the discharge

propagation plane at the source.

—-X

(b) (©)
Figure 3-1 Schematic definition of inclined dense jet flow influenced by perpendicular-ttovega) 3D

trajectory,(b) front view, and(c) top view

(whereSandg are the dilution and gravity acceleration, respectively; ind®xasla represent the discharge
and ambient characteristics, respectively; and indeaedr denote the terminal and return point

characteristics, respectively.)

Among the few works focused on dense discharge in flowing water, Tong and Stolzenbach
[31] investigated the dilution performance of 60° and vertical heated saline effluent jets using
temperature as a tracer and a photogrammetry technique. They found that a relatively
insensitive dilution amount to the discharge source inclination for the montiisted. Roberts
and Tomg32] extensively examined 60° inclined and vertical dense jets for differeitawo
and counteflow cases, as well as five tests for perpendicular €itoss using
photogrammetry and suction sampling techniques. They showed that there is a dependency of

73



dilution and geometrical characteristics on a cfftss Froude number defined as O

— —— (where"Ois the jetdensimetric Froude number aifdl is the modified acceleration

due to gravity), and the 60° discharge jets outperformed the vertical jets in most cases.
Furthermore, comparing dilution data revealed an increasing trend with the angle of current
relative to the discharge propagation atgberce %9. The lowest dilution occurred for the jet
directly opposing the ambient current (cousftew, %.= 0°), while the highest dilution was
associated with the jet flowing in the same direction as the ambient currdiowcéo— 180°).

In anotler study, Lindberd33] identified three different flow regimes based on the definition

of 6 "O(namely negligible crosBow, weak crosslow, and strong crosiow) and reported
geometrical parameters of the jet flow using the experimental tests of inclined negatively

buoyant jets in a water tow tank.

Later, Gungor and Robelfis4] examined the concentration flow field of vertical dense jets
with a 2D trajectory using a LIF technique over the cfftms range off® p 6 'O 1o gn
a quiescent tow tank. The increase in the dilution of terminal rise height and impact point was
observed with the increase of current speed for the experimental condition tested. Moreover,
they generally argued that as a result of the interaction betevesslow currents and vertical
dense jetsdifferent jet flow behaviors could be experienced according to the values of cross
flow parameterd "O For zero current speed, the jet falls back on itself, reducing dilution. For
0 'O TR, there is a slight deflection in the jet flow with an intrusion of the upstream wedge
against the current, while for 'O 1@ no upstream wedge is available and almost maximum
rise height occurs. With a further increase of current spe& p, the jet is considerably
bent over, and it nearly becomes horizontal winé@exceeds approximately 2. Another study
by Ben Meftah et al[34,35] also discussed vertical dense jets issuing into ambient currents,

focusing on onlyd "Ovalues of 1.0 ang®.

Lai and Led36] studied the concentration flow field using LIF for a 60° dense jet influenced
by a perpendicular crogbw with a 3D trajectory. Only terminal rise data including dilution
and location were reported in the field of view considered in their study. Thejuded that
the jet trajectory and its mixing behavior were predominantly influenced by the ambient current
characteristics fob "O 1@, and detrainment (i.e., the peeling off of dense fluid from the
main jet) had a negligible impact on the jet behaviobfé® ¢8t More recently, the mixing
of a 45° dense jet discharging intofb@v and counteflow currents in a quiescent water tow

tank was investigated using the LIF approach by Jiang B74l.Based on their results, the
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source discharge characteristics could mainly affect the flow behavior within the range of
0 'O p8i(i.e., jetdominated regime); however, the ambient currents could play key roles in

the mixing behavior of dense jets outside of this range (i.e., cudoaninated regime).

The literature discussed above is mainly concerned with inclined dense jets discharging into
co- or countefflows or with vertical jets discharging into crefésw currents, resulting in 2D
trajectories. Previous studies have employed a towing systemutate the flowing ambient,
leading to some differences in the jet discharge behavior compared to releasing in a real flowing
environment. In addition, the majority of collected data were within thégetinated regime
or within the strong crosow regime, where the jets become nearly horizontal and have
minimal impact on the seabed because they move quickly into tfieléaregion (i.e., the
outfall signature is considerably eliminat¢t¥}]. However, as a representation of realistic site
conditions that may occur, investigations on the mixing behavior of perpendiculaflovess
currents within the range @8t 0 'O x p&, regular cros$low dictated regimdg30],
should be further intensified. In addition, there is little information on different nozzle
discharge angles issuing into flowing waters. A study of different inclined dense jet
configurations can be used as a basis for outfall designs, particularlydiftusers are close

to the shoreline regions and may have interaction with the water surface.

This study presents the first attempt to experimentally simulate dense discharges with
different source inclinations issuing into perpendicular eflass currents with 3D trajectories
using the LIF imaging approach. By applying dimensional analysissiitawn that the dense
jet flow behavior mainly depends on the crflesv Froude number and discharge angle.
Accordingly, the main objectives of this study are to reduce the negative impacts of dense
discharges into marine environments by addressing thetefbf discharge angles along with
the flowing current strength in the discharge regions. The major flow features of inclined dense
JICFs are compared, and design instructions are provided. The analysis of the results includes
instantaneous and tireveraged flow visualizations, jet trajectories, geometrical and dilution
characteristics of jet flow, jet growth, and concentration variance. To protect receiving water
bodies and improve the management of outfall discharges, such information is of significant

importance.

The remainder of this paper is organized as follows. Se8t®presents a dimensional
analysis of the inclined dense JICFs and the experimental procedure. The results and discussion
are presented in SectiorB3General observations of the flow behaviors and jet trajectories are
discussed in Sections33l, and 33.2, respectively. Section33 presents the effect of 'O
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and discharge angles on the main flow parameters, and empirical equations for the dilution and
geometrical characteristics of the jets are presented. Jet widening and variance of concentration
are explained in Sections.3%, and 3.5, respectively. Finally, SectioB4 has some

concluding remarks.
3.2 Methodology and Experimental Conditions

3.2.1 Dimensional Analysis

To simplify the presentation of the dimensional analysis, a constant discharge angle of 90°,
resulting in a 2D trajectory, is first assumed (seaifé@-2). Subsequently, the analysis is
developed for the inclined discharge angles, which are the focus of this study. Two fundamental
assumptions underlie the application of dimensional analysis to the case of dense jets. The
discharges are fully turbulent, ti no viscosity effects. Besides, the Boussinesq

approximation, ” " L7 ,isvalid[38].

The jet initially reaches its terminal rise heightyofi.e., the vertical distance between the
center of the nozzle tip and the maximum height of the flow) with a diluti@(oé., dilution
at the terminal rise point). Then, it descends because of the downward buoyancy forces and
travels a horizontal distance xf(i.e., the horizontal distance between the center of the nozzle
tip and the return point of the flow) with dilution 8f(i.e., dilution at the return point). These
main flow parameters, including the geometrical and dilution characteristics, can be described
as a function of the ambient crefésw properties and initial source conditions (see Bell)
[32,35]

y ¥

Figure 3-2 A schematic definition of major flow parameters including geometrical and dilution characteristics
for a dense jet vertically discharged into ambient cflusg (wherer represents the radial distance from the

centreline)
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whORYRY Q0 M N M Mo (3-1)
where0 is the discharge volume flux, "Q0 s the discharge buoyancy flux (where
Q Q” " ¥ ), 0 6 0 s the discharge momentum flux. Velocity and length

scales, which are relevant to the fluxes of discharge volume, discharge buoyancy, and discharge

momentum, can be defined [44,20,32]

5 O (3-2)
5 7
5 0 7 (3-3)
57
.0 (3-4)
a
O 7

whereo is the velocity scaldy is the jetto-plume length scale, anid is the discharge length
scale.Following the dimensional analysis and considering that the jet dilution properties can
be expressed 8y "QfQ " " ¥” " (where” is the local fluid densitydlue to

the validity of Boussinesq assumptid20], Eq. 3-1) can be rewritten as below for the

geometric scales of flow trajectory and dilution propefts23:

w,. 0o _a,  a _a.0 . (3-5)
—¢& l‘—nY‘—S 'Y — Q— h— Mo
a a a a a o

The righthand side of the above relationship can be replaced by some equivalencies for a
round turbulent buoyant jet with a source diamet& which are presented as folloy29,32]

‘ _a 6 . (3-6)
_Tto0t - T 71
& 00 - O+ - 7670

—

whered is the ratio of ambient crodbw to jet velocity @ 6 76 . Thus, Eg. $-5) can
be stated af82]:

W, 0w Y, Y "G "G
06 '"'0o"of "o o

(3-7)
where the parameteér "Ois a crosslow Froude number. This definition indicates the relative

strength of ambient flow speed to buoyaf®9]. According to the Eq.3(7), it can be inferred

that the jet dilution properties scale wikhwhile the geometric parameters scale \lith
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In the case ofO¢ i— | p, the jetdensimetric Froude number can be eliminated as an

individual term in the list of independent parameters, or in other words, the influence of the
source volumetric flux is insignificafi4,32] This statement will be also discussed later in
Section 33.3. Based on these assumptions and for the case of having a perpendicular angle
between crosflow and the discharge propagation at the soee ( 1,JEQ. B-7) becomes

@ W

l — €& |— Qo O

(3-8)
06 'ooo "o

Along with6 "Q the present study considers the discharge angean effective parameter

that can considerably change the flow behavior. Thus,38). ¢an be modified as below:

w,. 0 Y, Y . (3-9)
06 'ooro o 0 P
Hence, the combined impacts @Oand—p | ay key roles in deter mi

properties and trajectory for the targeted case of inclined dense JICF.
3.2.2 Experimental Setup and Procedures

In this study, experimental investigations of submerged dense jet discharge into a flowing
ambient environment were conducted using LIF, which can capture the flow structure evolution
as well as measure the jet trajectory and concentration distributiom discharge system. The
experimental tests were conducted at the Hydraulics Laboratory of the University of Cagliari,
Sardinia, Italy. The flume used in these experiments was 6 m long, 0.4 m wide, and 0.5 m deep.
A reservoir tank was set in the proximdfthe flume for water supply. The experimental flume

was made of glass to enable an appropriate flow visualization. The flow rate in the flume was
controlled by a ball valve close to the entrance tank. An adjustable weir placed downstream

was used to cdrol the flow head. The experimental setup is shown inreig-3.
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Figure 3-3 Schematic depiction of the experimental setup

The nozzle was located in the middle of the flume length, 3 m from the flume entrance, and
3 m from the weir, ensuring a fully developed and stable ambient flow. The distances between
the nozzle tip and the back and front walls were on average 5 cm ang B&spectively. The
front wall had a minimal effect on the jet dynamics as the flume was wide enough (40 cm),
such that at least 12 cm was maintained between the jet and the front wall in all experiments.
The 5 cm gap between the nozzle tip and backwaslsufficient to ensure a limited back wall
effect on the jet dynamics because the jets were discharging perpendicular to and immediately

moving away from the back wall.

Discharged brine was obtained from a conshkes#d closed hydraulic circuit. Three separate
zones were considered in the discharging reservoir, as showruie 8i8. Zone 1 was used
to reduce the chaos of inflow from the source tank to the reservoir. Zone 2 provided a constant
water level in Zone 3 through the use of a submersible pump, and Zone 3 was connected to the
discharge nozzle while keeping a stable disahaege in the flume. The discharge rate from
the nozzle was measured using a flowmeter. The nozzle was a round pipe with an inner
diameter of 3.2 mm, and the length of the nozzle pipe before the outlet was sufficiently long to
ensure that the dischargelaegime was fully developed. In the present study, nozzles with
discharge anglesH of 30°, 45°, and 60° to the horizontal were applied. The distance between

the center of the nozzle tip and the flume bottom was on average 0.1 m.

Fresh tap water was used as the ambient water and saline water was used as the discharged
effluent. To prepare saline water as a source of negative buoyancy, different predetermined

amounts of table salt (NaCl) were dissolved in fresh tap water in theestank, which
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established different discharged effluent densities. The density of the effluent was then
measured and controlled using a handheld bubble density meter. The discharge densities ranged
from 1030 to 1065 kg/f The temperatures of both the source discharge and ambient water
were maintained at 25 1 °C. To do this, the discharging reservoir was equipped with a device,
Corio CD Heating Immersion & Bridge Mounted Circulator, which facilitated precise
temperature regulation with an accuracy of approximatedy03 °C. This device was used to
ensure that the temperature within the discharging reservoir remained constant during the
experiments. For the main reservoir tank, which served as a source of water supply in the flume,
following each refill, a full day ws allowed to reach room temperature and stay in the range
of 25 1 °C before running the experiments. Additionally, two digital thermometers at the
upstream and downstream of the flume were also used to continuously monitor the water

temperature in the flume.

The brine jet was discharged into the flume for a while to achieve a steady state flow
condition. Due to the lower density of ambient water compared to the effluent discharge
density, a negatively buoyant discharge (NBJ) was generated. It should be etktit@tthe
main reservoir tank was continuously washed at a very low flow rate with fresh tap water during
each run to minimize the possible salt concentration buildup effect during the experiments.
After each of three series of runs which had their $jgedensity, the tank was also refilled
completely with fresh water and then allowed to reach room temperature.3Fhlpeesents

the experimental conditions.

Table 3-1 Experimental Conditions

Run  Discharge Effluent Jet- Discharge Jet-to-plume Plume-to-cross ¢, |
Angles, — Density, densimetric Buoyancy Flux Length Scale flow (Buoyancy) (m/s?)
, Froude Length Scale
@) Zk/ N Number F (| o7v (w O 9
m umber,
el Ik v (0
1

=)

T+
R1 30 1030 33.7 2.4693E06 0.1014 0.0199 1.62 0.2963
R2 45 1030 33.7 2.4693E06 0.1014 0.0199 1.62 0.2963
R3 60 1030 33.7 2.4693E06 0.1014 0.0199 1.62 0.2963
R4 30 1035 31.2 2.8782E06 0.0939 0.0232 1.50 0.3454
R5 45 1035 31.2 2.8782E06 0.0939 0.0232 1.50 0.3454
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R6 60 1035 31.2 2.8782E06 0.0939 0.0232 1.50 0.3454

R7 30 1040 29.2 3.287E06 0.0879 0.0265 1.40 0.3944
R8 45 1040 29.2 3.287E06 0.0879 0.0265 1.40 0.3944
R9 60 1040 29.2 3.287E06 0.0879 0.0265 1.40 0.3944
R10 30 1045 27.5 3.6958E06 0.0829 0.0298 1.32 0.4435
R11 45 1045 27.5 3.6958E06 0.0829 0.0298 1.32 0.4435
R12 60 1045 27.5 3.6958E06 0.0829 0.0298 1.32 0.4435
R13 30 1050 26.1 4.1047E06 0.0787 0.0331 1.26 0.4926
R14 45 1050 26.1 4.1047E06 0.0787 0.0331 1.26 0.4926
R15 60 1050 26.1 4.1047E06 0.0787 0.0331 1.26 0.4926
Ri16 30 1055 24.9 4.5135E06 0.075 0.0364 1.20 0.5416
R17 45 1055 24.9 4.5135E06 0.075 0.0364 1.20 0.5416
R18 60 1055 24.9 4.5135E06 0.075 0.0364 1.20 0.5416
R19 30 1060 23.8 4.9223E06 0.0718 0.0397 1.15 0.5907
R20 45 1060 23.8 4.9223E06 0.0718 0.0397 1.15 0.5907
R21 60 1060 23.8 4.9223E06 0.0718 0.0397 1.15 0.5907
R22 30 1065 22.9 5.3312E06 0.069 0.043 1.10 0.6397
R23 45 1065 22.9 5.3312E06 0.069 0.043 1.10 0.6397
R24 60 1065 22.9 5.3312E06 0.069 0.043 1.10 0.6397

"Y =25 1J, Discharge volume fluxY = 8.33E06 (n/s), Discharge momentum flud (YO = 8.64E06 (nf/s?),

o ¥ x
Jetto-crossflow length scaled v 7y) = 0.0589 (m)Pischarge length scalé ( v

57 ) =0.0028 (m);0 =0.28 m

A small amount of fluorescent titanium dioxide dye was added to the source discharge tank
containing saline water as a tracer, which emits a longer wavelength of incident light. A diode
pumped soliestate (DPSS) continuous green laser with an output poivés W and
wavelength of 532 nm caused the dye to fluoresce. The fluoresced light was captured by a high
speed chargeoupled device (CCD) camera (Mikrotron EoSens 4CXP CoaXPres) at 50 frames
per second (to ensure that the flow fields on two consecusiuges were uncorrelated) with a
resolution of 2336 1728 pixels. The acquisition was continuous, and the exposure time was

1/4000 second. The captured images were stored at a Mono8 bit resolution, i.e., 256 grayscale
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levels. Thus, the recorded images displayed a jet flow with bright color on a dark background,
where the light intensity level of each pixel could have 256 values ranging from pure black to

pure white.The brine concentration was linearly correlated to the light intefitiy

An F-mount 50 mm lens with /1.4 was used to increase the coverage area. An orange filter
was installed on the camera to cut off the light below 550 nm and filter out the scattered light
from the green laser. Consequently, the quality and contrast ofotheed images were
enhanced. The camera was connected to a computer using the PCI frame grabber with four
CameralLink cables. Laser reflections from the bottom and side walls of the flume were

prevented during the experimental tests using blackrefdecive materials.

Before discharging the jets, a series of approximately 100 images of only the background,
without the presence of NBJs, were recorded and-éveeaged to eliminate unwanted light
that did not correspond to the jet fluid concentration. After the flowlsted)j a series of more
than 3,000 images were recorded. The background image was then subtracted from the

resulting images with the jet to remove the background light.

To obtain the jet trajectory and concentration distribution contours, the captured images
required further pogprocessing using a MATLAB code developed for the specific purposes
of the present experiments. This code computes the tracer concentratiath gfidel in
grayscale images and converts them into eotmted versions. A statistical analysis, including
the timeaveraged images and their variance, was also performed using the program by
considering the instantaneous frames. Subsequently, the t@aticendistribution fields and
contours based on the ndimensionalizedC/Cy parameter (whereCo is the discharge
concentration) were generated, showing the mean concentration reduction (dilution level)

compared to the initial concentration.

The flow field visualization was obtained by sequentially moving the position of the vertical
laser sheet emission through the width of the flume such that eight different slices spaced
approximately 25 mm apart were achieved. By placing the obtainedsragether using
ParaView visualization software tools, 2D and 3D depictions of flow fields were eventually
formed. To obtain the return point location and dilution, the camera was located above the
flume, and images were captured using a horizontal $heet placed at the level of the nozzle.

Figure 3-4 illustrates the image processing procedure.
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Figure 3-4 Workflow for postprocessing the LIF images

3.3 Results and Discussion

3.3.1 General Observation
3.3.1.1 Instantaneous Visualization

Figure 3-5 shows 3D instantaneous concentration flow fields corresponding to the discharge
angles of 30°, 45°, and 60° and two differéntOvalues, denoted by experimental case
numbers RM® and R121. These visual representations offer valuable insights into the mixing
mechanisms contributing to the jet flow dilution. The general flow behavior of an inclined jet
unfolds in two distinct phase During the ascending phase, a vdefined flow structure
initially forms due to the jet momentum. However, as the jet movement reverses, the main jet
flow begins to dispersé&roups of tracer fluid gradually break apart from the main jet flow as

thenegative buoyancy predominaf{é$,35]

Two notable flow features occur at the upper and lower edges of the flow following the jet
descending arm. The rotating bundle of tracers along the upper edge, indicated by orange
rectangles, facilitates entrainment of the ambient flow into the mairoyet This reflects the
prevailing effect of largescale eddy motion on this border. In addition, the detrainment of the
fluid mass from the primary jet flow, indicated by the blue rectangles, appears along the lower
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edge. This occurs because of the unstable density gradient that is available along this edge,

where the jet flow with higher density sits atop the lighter ambient environment. This
phenomenon is known as buoyasiagluced instabilityf15,36]

A comparison of the impact of different discharge inclinations on the jet flow behavior
shows that the buoyant instabilities are less prominent for shallower discharge angles due to
their higher zdirection momentum component. This results in a longeeprason of the form
of the initial jet primary flow. Furthermore, a comparison of the flow fields for the series of
experiments with highar 'O p& (R7-9) with the ones with lowasy 'O p® YUR1921) can
reveal less confinement and greater spread of the jet flow within the ambient environment when

applying higher crosiow Froude numbers. This observation will be also discussed later in

Section 33.4.
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Figure 3-5 Instantaneous concentration flow fields for cgsgsR7-9 and(b) R19-21 (isesurfaceC/Cy = 0.03)

3.3.1.2 Timedaveraged Visualization

The timeaveraged 3D flow depictions were obtained using the ParaView software tool, as
shown in Figire 3-6. First, jet rising movement occurs as the momentum force is dominant.
The body of the jet then starts bending along the longitudinal direction of the flume as a result
of the crosdlow current. The momentum force then reduces continuously and becooats eq

to the buoyant force where the maximum height of the jet occurs. Subsequently, the buoyant
force overcomes the momentum of the jet dischargethenét falling stage occuf20,28,34]

A comparison of the impact of the discharge angles on the flow movement can also be
highlighted by the following statements:

1 For the case of 30°, the movement of the brine flow along the flume width was more

progressive than for the other discharge angles. This is mainly because of the higher
z-direction momentum component of this angle.

1 The terminal rise point of the 60° discharge was higher than that of the other two
angles because of its highediyection momentum component.

1 For the case of 60°, the longest jet trajectory was obtained, providing more time for
the jet to interact with the ambient flow.
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(©)
Figure 3-6 Timed-averaged 3D visualization of the jet discharge flow field for céeR19:—= 30°,(b) R20:
—= 45°, andc) R21:—= 60° (isasurfaceC/Cy = 0.03)
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Figure 3-7 illustrates the timaveraged 2D concentration profiles at three diffeceoss
sections for cases R19 and R21 with discharge angles of 30° and 60°, respectively. A
comparison of the concentration fields of the 30° and 60° jets at a similar distance from the
discharge point shows that the steeper inclination leads to hightorluThe dispersion of
jet flow in ambient water for the discharge angle of 60° is also higher than that for the 30° jet,
which can be evidence of the better dilution performance of the jet with a 60° angle in the
dynamic environment. The developmenttué concentration flow field along the flume width
reveals that the 30° jet first attempts to form an almesh&ped concentration distribution
with distinguishable upper and lower edges, e.gyrig-7 (b), and gradually becomes more
uniform as the jet moves farther from the discharge point, e.qureR3g7 (c). However, for
the 60° jet, the jet forms a concentration distribution with only a noticeable upper edge of high
concentration in the proximity of the discharge source, e.qur&837 (d), andhen a uniform
distribution begins to appear immediately, e.g.uFég-7 (e), which is closer to the discharge

point compared to the 30° jet.
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Figure 3-7 Timed-averaged 2D visualization of the concentration flow field for dase) R19 at the cross
sections ofz/DF = 0.33, 0.98, and 1.97, respectively, and for qasf R21 at the crossectionsz/DF = 0.33,
0.98, and 1.97, respectively.

3.3.2 Jet Trajectory

The jet trajectory can be defined as the locus of maximum concentration, as showren Fig
3-8, from two different front and top views. Accordingly, the following conclusions can be

drawn.

1 The 60° discharge angle leads to a higher increase in height compared to the other

two angles.
1 Rapid ascending and gradual descending phases can be observed for all the jet flows.

1 Jet flow penetration along the width of the flume increases with a reduction in the
discharge angle from 60° to 30°, due to the higher momentum component in the z

direction for shallower angles.

1 The jet at 60° deflects more sharply along the longitudinal direction of the flume due
to the influence of the crogkw current and lower momentum component in the z

direction compared to the other two angles.

1 From both the top and front views, the longest trajectory occurs for the discharge
angle of 60°.
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Figure 3-8 Jet centerline trajectories based on(didront view and(b) top view for the experimental cases of
R7-9

3.3.3 Effects of¢ ,q and Discharge Angle
3.3.3.1 Geometrical Characteristics

An important factor in the study of brine jet discharges is the jet terminal rise height. This is
particularly important when dealing with discharges in shallow water. The jet terminal rise
heights were obtained based on 10% of the transverse maximunmicatioa at the location

of the maximum jet heigHtL7]. In Figure 3-9, — as a function ob "Ofor the three tested
inclined angles is presented. The mean absolute deviation (MAD) of the data for the discharge
angles of 30°, 45°, and 60° are 0.08, 0.10, and 0.12, respectively, which shows an acceptable
degree of variability in the data. Data frorfeav available studies for the jet of 60° with a 3D
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trajectory in the range ad "Ocovered herein is also shown in &ig 3-9 for comparison
[31,32,36] Accordingly, measurements for the terminal rise height of 60° jets are consistent

with the previous studies.

In the region ofd "Ostudied in our experimental tests, which is out of thelgehinated
zone, the terminal rise height tends to decrease with increasiigr all the inclined angles.
Higher values of crosBow Froude numbers deflect the jet toward the direction of ambient
current at closer distances to the nozzles. This result is in accordance with the one obtained in
the related studief31,32,36]and the one for vertical dense jets in a ciftms [14,35]
However, the notable decrease in the terminal rise points with the increéa$érafs not been
extensively reported in the studies conducted in the range @ * p8, i.e., jetdominated
zone[31,32,36] This discrepancy suggests differing jet discharge behaviors between regimes
dominated by jets and those dominated by currents. Therefore, relying on data from the
literature within the range of 6 'O x p8t for predicting the mixing behavior of jets
discharging into currerdominated flows may not be applicable. A comparison of different
discharge angles impact on the terminal rise height reveals that this parameter is about, on
average, 10% and 36% highkah for the jet of 60° compared to the 45° and 30°, respectively.
The semiempirical poweflaw dependencies of jet terminal rise height to cfmss Froude

numbers for the tested discharge angles are also proposed ir3-Pabith theirR? goodness

of-fit values.
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Figure 3-9 Terminal rise height for the discharge angle of 30°, 45°, and 60°

90



Table 3-2 Semiempirical equations corresponding to the jet terminal rise height

PO) ‘““ L toqt R E
a b

30 14 - 0.67 0.87 (3-10)

45 1.95 - 0.65 0.84 (3-11)

60 2.1 -0.5 0.73 (3-12)

Another important geometrical characteristic is the horizontal location of the jet impact
point or return point. Attention should be given to the small difference between these two
definitions, although both want to determine the length of the trajectahedlow path and
show how the nedield region is influenced by the initial mixing. The jet return point distance
(o indicates the horizontal distance from the discharge point to the location where the jet
returns to the level of the nozzle tip and addresses the point where the jet impacts benthic

organisms which may be environmentally impor{&a{.

The— changes based on the'Oare shown in Figre 3-10. The MAD of the data for the
30°, 45° and 60° jets are 0.12, 0.15, and 0.09, respectively, which shows an acceptable

variability in the dataset. There is a lack of available horizontal location data™@r p8tin
the literature. Thus, the results of this work can elucidate how this parameter changes within

the critical range od "Obetween 1 and 2, i.e., out of the-getminated zone. With the increase

of 6 "Qthere is a small alteration in the parameter for our cases studied. However, with the

rise of 6 "Oup to 1, the— parameter increased for the vertical dense jets according to the

literature[14]. This result reveals that the difference in thed@tinated and ambient cress

flow dominated zones should not be ignored regarding their effects on the jet return point.
Additionally, the jet return points resulting from the discharge angle of 60igrertthan the

two other angles. So that its corresponding results are about, on average, 16% and 41% higher
than that of 45° and 30°, respectively. TaBl8 presents the serampirical powedaw
dependencies of the jet return point to ciibew Froude mmbers for the 30°, 45°, and 60°

discharge angles with the® goodnessf-fit values.
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Figure 3-10Horizontal return point location for the discharge angle of 30°, 45°, and 60° (data éofGhe

Table 3-3 Semiempirical equations corresponding to the horizontal jet return disitetnce

PO g Foea®  F =a.

c d
30 3.03 0.12 066  (3-13)
45 4.1 0.31 0.85  (3-14)
60 5.16 0.11 0.78  (3-15)

3.3.3.2 Dilution Characteristics

For environmental impact assessment, dilution at specific points along tragetory, such

as the centerline peak point, is of utmost importance. lor€&ig-11, the variation of-

parameter witd "Ofor the different discharge angles3ff°, 45°, and 60° are shown, and their

corresponding sem@mpirical equations are determined accordingly (see Bad)eThe MAD

of the data for the 30°, 45°, and 60° jets are 0.04, 0.06, and 0.16, respectively, which shows an
appropriate variability in the datas@ata from previous studies ftie jet of 60° with a 3D

trajectory in the range @f "Ocovered herein are also presented for comparison. The obtained

results are in close agreement with the previous measurejBg/a2,36]

Accordingly,the dilution at the jet terminal rise height increasih the increase ad "Oin

the tested range, showing a direct relationship between theflowdsroude number and the
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mixing level. The jet with an angle 60° leads to higher dilutions. This increase in dilution at

the terminal point is aboubn average39% and 55% compared to the 45° and 30° angles,

respectively. In addition, the semmpirical equations indicate more sensitivity-ofo 6 "O

for a discharge angle 60D°. Hence, these results confirm the better mixing of dense j6€ at

compared to the two other angles.
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Figure 3-11 Dilution at the terminal rise heiglir the discharge angles of 3@15°, and 60°

Table 3-4 Semiempirical equations corresponding to the dilutnhe terminal rise height

P() +|<=| Logt R Eq
a b

30 0.26 1.1 0.95 (3-16)

45 0.35 1.28 0.85 (3-17)

60 0.54 1.58 0.91 (3-18)

Return point dilution is defined as thenimum dilution at the return of the jet trajectory to

the source discharge location. From the perspective of optimal outfall design, the maximum

amount of jet desalination should be achieved in the-firddrregion. This parameter is key

for benthic im@ct management as it represents the maximum substrate concerj@@kion

Consequently, the study of the dilution amount at the jet return point is of particular interest

for the design, operation, and regulation of desalination outfall applications.ureBid 2,
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the changes ir- according tad "Ofor our test cases are compared. The MAD of the data for

the discharge angles of 30°, 45°, and 60° are 0.09, 0.15, and 0.19, respectively, which shows
an acceptable degree of variability in the data. The-sempirical poweilaw dependencies of

the minimum dilution at the jet return point to the crdksy Froude numbers are also proposed

in Table3-5 with their R? goodnesf-fit values.

The dilution at the jet return point increases with the efioss magnitude — results are

almost, on average, 20% higher for the inclined angle of 60° in comparison with the ones for
the case of 45°, and the return point dilution for the 60° jet is more than twice that for the 30°
jet. The obtained dilution results can be ascritoetthe longer flow path trajectory for the 60°

jet. This provides a higher surface available for entrainment of the external fluids into the jet
and therefore more dilutions. These outputs highlight the importance of leveraging changes in

the source dischge inclination and the cros$kow Froude number to enhance dilution.
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Figure 3-12 Dilution at the jet return point for the discharge angle of 30°, 45°, and 60°

Table 3-5 Semiempirical equations corresponding to the dilution at the jet return point

P() +|.=| Lo "™ R? Eq.

c d
30 0.53 11 0.94 (3-19)
45 0.84 1.27 0.86 (3-20)
60 1.03 1.56 0.97 (3-21)
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According to Tables3-2 to 35, significant R> values for equations delineating the
correlation betweed "Oand dilution properties are obtained, underscoring their ptamer
relationship nature. Conversely, for some equations linked to geometrical propénasies
are comparatively lower. Additionallyhé obtained empirical equations show that the
sensitivity of both thget terminal rise heighand return dilutions t@ "Oincreases with the
discharge angle. However, this trend is not observed for geometrical properties. The return
point distance for the 45et is more sensitive t0 "Othan that for two other angles. The
terminal rise height shows the same sensitivity t@for the 30 and 45 jets and higher

sensitivity to that for the 6Qet.

Moreover, following the statement Bfindependency in the case'@ p as outlined in
Section3.2.1, we investigatethe variation of geometrical and dilution properties as a function
of F for the 30°, 45°, and 60° jetslowever, the plots are not presented here for the sake of
brevity. Analysis of the findings revealed that the geometrical properties for the three tested
inclined angles approached an almost constant within the ranBetested in our study.
However, the behavior of dilution properties as a functida differed somewhat for the three
discharge angles. Notabliy] "Ofor the 60° jet showed significant sensitivity to the changes of
F than other shallower angles and approached a constant for@bogtwSimilarly, Y] "Ofor
the 45° approached a constant for abQut ¢ v The same behavior was also observed for

"Yj "Oparameter.
3.3.4 Jet Widening

Studying the growth of the jet along its trajectory can highlight the jet development and the
role of the discharge angle on the mixing and dilution performance. The normalized
concentration profiles at different downstreasrosssections orthogonal to the central
trajectory of the jefor the three discharge angles are presentédgure 3-13. be represents

the distance between the jet centerline and the location where the concentr@tian is ,
whereo is the local centerline tracer concentration. Comparing the widening of the jets
with different inclinations at a constant cresection, Figure 3-13 (3, shows that the
concentration profile is a little wider for the 30° than the other discharge angles near the jet
release point. This can be attributed to the higher initial momentum component of the jet with
a shallower angle in the-direction (acrosshie flume width). However, this component
vanishes for all cases farther from the nozzle. The 60° jet has taken a longer path up to a section

far from the nozzle compared to the other jets. It provides a longer time for interacting with the
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external fluid and entraining ambient flow. Accordingly, the corresponding widening would be

higher for the jet of 60° at farther cressctions.

As shown in Figre3-13 (b) (which demonstrates how the inner and outer edges of the jets
behave along the trajectory), the inner half for the discharge angle of 60° spreads wider than
the outer half. For the angles of 30° and 45°, the outer half is wider than the inn&rhaedf.
roots in the higher momentum values in thdirection for the two shallower inclinations.
Moreover, the comparison of jet widening for the discharge angle of 60° with two different
values ofdo "QFigure3-13 (¢, reveals that applying loweér "Ovalues lead to a more confined
jet, showing the limited available surface for interacting with ambient flows and a lower level
of dilution accordinglyj40]. Hence, the study of the jet widening results confirms the data from

the analysis of discharge angle andOimpacts on the dilution rate.

l WD =70
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Figure 3-13 Jet widening profile over the line covering the jet flow width, inner and outer edges, for ca8es R7
(a) different angles and constant cregtion (b) different crosssections and constant angle, and comparison of

R9 and R2Xc) at three different crossections

3.3.5 Variance of Concentration

Examining the concentration fluctuations can highlight the different natures of mixing in the
interaction regions between the jet and ambient flows. Thedimeansional variance of
concentrations(, j 6 , where, is the concentration standard deviation) at different
downstream crossections orthogonal to the central jet trajectory are presentedureBid4

for cases R7, R9, R19, and R21. According to the obtained results, a bdisbdalitioncan

be observed in the variance profiles with a minimum on the jet centerline. The variance profiles
show that the jet core is less involved in mixing. In comparison, two peaks in the variance
profiles are observed: one in the upper and one in the lalger &he upper edge peak is higher
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Concentration Variance

Concentration Variance

than in all cases compared to the lower edge peak, resulting from the formation and break of
Kelvin-Helmholtz (KH) instability structure$40,41] At the upper edge, the downward
buoyancy hinders the upward development of KH waves and rapidly breaks them, resulting in
sudden changes in light intensity at a fixed point and therefore a high variance.

As moving along the trajectory, the bimodal distribution becomes smoother and finally
collapses into one line. Close to the nozzle, &/®.= 15, 30, and 50, two wetlefined peaks
are observed because of the intense interaction of jets with the ambient water, resulting from
the perpendicular intrusion of higlelocity jets into the ambient water. However, at farther
distances, e.gx/D = 120, the profiles are smoother because the jet direction is already aligned
with the ambient flow direction, and the jet initial momentum significantly decreases.
Moreover, comparisons of Riges 3-14 (a) and (b) show that the variance level is higher when
the jet is influenced by the ambient current with high€iQ revealing more variation of

concentration and thus more signs of jet and ambient water interactions.
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Figure 3-14 Variance profiles over the line presented inuf&@3-13, upper and lower edges, at different

downstream crossections orthogonal to the central jet trajectory for céseR7 and R9 an¢b) R19 and R21
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3.3.6 Design Implications

One of the critical aspects of designing desalination outfalls involves deciding whether to orient
the diffuser ports for co countet, or crossflows. This decision depends on various factors
such as the | ocal C ur r e n tjectiges,tandecommplance with e d i f
environmental regulationg32]. Figure 3-15 compares dilution at the terminal rise height

("Y] "Q, and at the jet return’j "Q /impact (Y] "Q point for the jet discharges at a 60° angle
while interacting with different current directions. According to the literafgfg, in the
presence of a efbowing current fo= 180°), the jet deflects downstream, with both impact
distance and dilution increasing@sQincreases. This result is in accordance with the targeted
case in the present study, where the 60° jet issuing into perpendiculafl@nosSonversely,

for a counteiflowing current %o= 0°), impact distance and dilution decrease untiDreaches

a specific value, where the jet falls back on itself. This value was determined around 0.2 and
0.67 based on the conditions tested in the studies on single 60° inclin@2]etsd multiport

jets at 60130], respectively. The jet trajectory reverses with a further increasé@ieading

it to impact downstream of the diffuser.

The analysis of Figre3-15 shows significant discrepancies in the performance comparison
between coand counteflowing discharges as documented in the literature. Notably, Roberts
and Toms[32] and Choi et al[39] studies focusing on the single 60° dense jets showed
outperformance of ecflowing over countefflowing orientations. However, Baum and Gibbes
[30] challenged this assumption and argued that for multiport jets at 606 a0d p&,
countefflowing orientations may yield greater dilution compared tdlowing ones. Fom a
designoriented perspectivdgoth ce and counteflow discharges may show fluctuations in
expected dilution due to the presence of tidal currents, which change direction according to
lunar cycles. This change can result in transitions betweeftowoand counteflow
orientations, ptentially diminishing the overall mixing performance of outfall discharge.
However, a design featuring perpendicular cffites may remain unaffected by these shifts
in the current directionlThis underscores the importance of investigating the dilution of JICF

and the mixing performance of outfalls under such conditions.
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Figure 3-15 Dilution at(a) the terminal rise height ar(@®) the jet return/impact point for the 60° jet discharges
into different current orientations (It should be mentioned that the data in our study were measured at the jet return

point; The data were adapted fr¢80i 32,36,39,42for comparison)

3.4 Conclusions

For an efficient design of desalination diffusers, understanding the role of factors affecting the

flow discharge and mixing behaviors is critical. This study addressed the combined impacts of
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different flowing current strengths and discharge inclinations on outfall performance. For this
purpose, the mixing processes and concentration distribution of inclined dense discharges
(including 30°, 45°, and 60°) issuing into a perpendicular currett 3@t trajectories were
investigated using the LIF experimental technique. dhi®parameter was selected in a way

to stand in a critical range between about 1 and 2 in which the jets are considerably bent over.

Instantaneous and tireveraged flow visualizations were obtained using LIF
experimentation. The major flow parameters (such as the terminal rise height, downstream
position of the jet return point, and dilution at the terminal and jet return points) were
qguantified. Their Empirical equations were derived, which can have further implications for
the design of SWRO outfalls. The results revealed that almost all major flow parameters, except
for terminal rise height, increased with increasing values of thesflow Froude number
within the range tested. In addition, with an increase in the discharge angle from 30° to 45° and
then to 60°, the geometrical parameters, including the downstream position of the return point

and terminal rise height and the asstadalilution levels, were increased.

While horizontal location data for the rangefO p is notably scarce in the literature,

this study aimed to fill this gap by obtaining the variations of this parameter within the range

of p 6 0O ¢. So thatthe parameter-ef for the 60° jet was about, on average, 40% and

16% higher than that for the 30° and 45° jets, respectivelglso increased by an average of

36% and 10% when applying the 60° inclination in comparison with the 30° and 45°,
respectively. More than twinld improvement of dilution at the terminal and return points was
achieved by the increase of inclination fro6f 80 60°. This enhancement in the dilutions was

on average 39% and 20% for the terminal and return points, respectively, with the changes of
discharge angle from 45° to 60°.

Studying the jet growth results showed thatltlrger6 "Ovalues and steeper inclinations
resulted in more dispersed jets. It led to the higher available surface for interacting with ambient
flows and thus higher dilution rates. The variance of concentration also demonstrated a higher
variance level when dealingith the jet discharge in the ambient current with a latyé®
magnitudes. This revealed more signs of jet and ambient water interactions and more

entrainment of ambient water into the jet.

Hence, itis recommended to discharge dense effluents by apphjimlyaiossflow Froude
number for efficient release if the regular current regime is dictated. This can be achieved with

the increase of the jelensimetric Froude numbef)and/or ambient crodtow to jet velocity
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ratio (0 ). Deploying the jet of 60° compared to the 45° and 30° is also preferable in terms of
better mixing in the dynamic waters. The findings of this investigation can be useful for the
application of outfalls in shoreline regions where lower discharge incirsatire required.
Finally, by applying the detailed laboratory experiments, this study attempted to provide
valuable insights into the efficient design of buoyant discharges of brine effluents into dynamic
ambient environments for increasing dilution. Tiesults will also be of importance to the

development of mathematical models of dense jet dynamics.
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4 CFD Numerical Simulation of Submerged Dense Jets in

Crossflows?

Abstract

The positive environmental impacts obtained through the use of submerged outfall discharges
of dense effluents have recently gained considerable attention from both regulatory agencies
and research groups. Since the ambient water bodies are rarely sfatiovestigating the
buoyant outfall discharge performance while issuing into effoss which has been known

as the buoyant jet in crofiew (JICF), is of significant importance. Therefore, a deeper
understanding and more accurate design guidelinethifortype of outfall are required. A
numerical study was presented herein by using the computational codes developed with
OpenFOAM which is based on the finite volume technique. The accuracy of the model was
verified by the comparison of the simulatiosults and experimental data obtained from the
literature. Moreover, the jet trajectory and dilution behavior of dense jets were numerically
investigated by employing four differeReynoldsaveraged NavieBtokes (RANS) modeling
approaches, namely standd -, realizableQ -,Q 71 shear stress transport (SST), and
LaunderReeceRodi (LRR) Based orihe findings of this study, the presented realizéble

- and LRR schemes compared to the other approaches showed quite well potential to simulate
the flow behavior and dilution performance of densely buoyant JICFs. In addition, the
evolution of timeaveraged countaotating vortex pair (CRVP) was successfuligualized

along the jet trajectory based on the applied modeling approach.

Keywords: Outfall discharge; Densely buoyant jets in crfiesis; OpenFOAM simulation;

Reynoldsaveraged NavieBtokes approaches

3 This chapter has been published Baherian, M. Saeidi Hosseini, S. A. R., Mohammadian,(2022). CFD
Numerical Simulation of Submerged Dense Jets in Cilogs. In Proceedings of the 39th IAHR World
Congress, Granada, Spain
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4.1 Introduction

Direct discharges of dense effluents, which can be@rdguct of desalination plants, into the
receiving water bodies can cause severe environmental issues such as water quality damage
and marine life disruptiofl]. Thus, they need to be discharged in the form of turbulent buoyant
jets (involving both momentum and buoyancy fluxes) to make progress in dispersion and
mixing of them into ambient waters, thereby minimizing their adverse environmental effects
[2].

The ambient receiving environment that typifies the realistic oceanic conditions is often
characterized by the flowing currents and turbuleAceambient environment with flowing
currents, compared to a stationary environment, can provide a higher dilution for brine effluent
dischargeg$3-5]. It is mainly due to the vortical structures, such as significantaveeaged
countefrotating vortex pairs (CRVPskgstablished as the jet extends downstream in this
scenarid6]. Thereforewhen dealing with the discharges of brine outfalls into ambient water,
the impacts of flowing currents on their flow behavior should not be underestimated. These

types of brine outfall discharge are knowrbasyant jet in crosflows (JICFs).

In addition, dischargesf buoyant JICFs can generally happen either as a surface or
submerged jet. Among them, submerged discharges are more favorable due to the higher level
of mixing and dilution compared to the surface ones as a consequence of the entrainment of

surrounding luid into the jet in all directionf/].

Considering the mentioned benefits for the submerged discharges of dense jets issuing into
crossflows, a number of experimental studies have been conducted on mixing applications
involving dilution of this type of outfall§3, 8-12]. For example, the jet trajectory and dilution
behavior of vertical dense jets under the influence of ambient flowing currents were
investigated using the laserduced fluorescence (LIF) method in a study ®yngor and
Roberts[12]. The results of their work demonstrated the importance of -fimssbased
Froude numbefo "Ghin which 6 is the ratio of ambient to jet velocity af@is the jet
densimetric Froude number) on the terminal rise height and the jet impact distance and dilution.
A kidney-shaped concentration distribution was also observed in their study because of the
formation of two counterotating vortices, thereby entraining more ambient flow into the jet
flow and enhancing the dilution amount. Moreover, the salinity coraterirand velocity flow
fields resulting from the interactions of a vertical dense jet and ambientflas® "® p&)

were experimentally examined in studies Bgn Meftah et al[10,11] The velocity fields
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showed that dense buoyant JICFs can be characterized by two different phases, including jet
and plumédike mixing. The formation of CRVP within the cresection of jet trajectory was

confirmed and a strong amount of dilution within the initial rise phgsealso reported.

Compared to the experimental works, less attention has been devoted to the application of
computational fluid dynamics (CFD) on submerged dense jet®asflows. And most of the
previous CFD studies have been focused on the discharges into stationary receiving
environments. Although interactions between the eflosgs and the buoyant jets make the
prediction of flow behaviors and trajectories highbmplex, improvements in computational
resources and techniques over the last decades have allowed CFD numerical modeling to be
introduced as an efficient approach for the outfall discharge mod#dirgitical reviews by
Taherian et al[2,13], Reynoldsaveraged Navier StokeRANS) modeling approaches were
shown as practical and easyimplement methods which can reasonably reproduce the flow
field and dilution performance of outfall discharges. Most receB#ym and Gibbefl4]
successfully demonstrated the applicability of RANS equations wild a turbulence
closure scheme for the modeling of ambient cftusg impacts on the jet dilution and the
plume trajectory within the range af® 6 'O p&. It was one of the limited attempts for
analyzing the feasibility of RANS approaches in predictions of dense buoyant JICFs.
Accordingly, the performance of various RANS closure schasme®rthwhile to be studied
further.

To the best of the authorsdéd knowl edge, t h
applicability of commonly RANS turbulence modeling approacdhelsiding standardQ -,
realizable’Q -, Q 71 shear stress transport (SST), and LawRisceRodi (LRR) for the
simulation of trajectory and mixing processes in submerged buoyant JICFs. The capability of
each model in the prediction of flow discharge behavior was assessed by comparing the
numericalresults with experimental data. Subsequently, the applatklimg approach with
reasonable accuracy was further investigated for the study ohtieraged CRVP structure

along the jet trajectory and its role in enhancing the dilution level.
4.2 Methodology

4.2.1 Analysis of the Flow Discharge Behavior of a Submerged Dense Buoyant JICF

The performance of a buoyant jet is mainly determined by the geometrical characteristics of

the neaiffield region, which is located in the vicinity of the discharge point. Thus, obtaining
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information about the jet characteristics like impact point location and maximum terminal rise

height is of significant importance when dealing with the optimal design of outfall discharges.

Figure4-1 presents a definition schematic of a submerged dense jet vertically discharged
into ambient crosflow. In this case, a dense effluent with a concentration, density, and
velocity of6 ,” , and"Y, respectively, is discharged into the ambient cfloss environment
with a concentration, density, uniform velocity, and flow depthéof ” , Y, andQ
respectively, through a vertical nozzie-( w ™ dvith a diameter oD. The movement of the
jet is influenced by the interplay between momentum and buoyancy forces. The jet initially
peaks its maximum centerlineé§ and terminal rise heighty) at a horizontal distance of
with a centerline peak dilution 6Y and subsequently falls and impacts the bottom because of
the downward buoyancy forces at a horizontal distance. éffter the jet impacts the bottom,

a lateral density current is formed.
4.2.2 Governing Equations

The governing equations for CFD numerical modeling of fluid flow behaviors in outfall
discharges include a set of partial differential equations (PDESs) of continuity and momentum,
which are known as NaviStokes (NS) equations. Due to the turbulent nattithe flow in
outfalls, turbulence modeling approaches are needed to be ajophiecherically closing this
system of equationg.o achievethis, RANS modeling approaches can be used in which NS

equations are timaveragedeforebeing numerically solved

y

)_Xg ___________

Figure 4-1 Schematic of flow discharge behavior for a vertical dense jet issued into dlovess

Time-averaged format of NS equations for continuity, momentum, and scalar transport can

be expressed as follows, respectijél, 15}
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where’QQand Qsubscription denote direction; the overbar representsdiraeaged variables;
" is the fluid density¢ is the fluid velocity; the dynamic viscosity of the fluid, is pressure;
"Qis the gravitational accelerationjs the scalar diffusivitycois the scalar concentratiof;is

the turbulent scalar flux; anddenotes the Reynolds stresses

In the present study, four common closure schemes inclstingardQ -, realizable’Q

-,’Q 1 SST as a subcategory of eddy viscosity model (EVM) and LRR as a subcategory of
Reynolds stress model (RSM) were adopted to close the system of equations. The ones under
EVM consider the Reynolds stresses to be in proportion to the mean rates of defgrwiakso
the one under RSM deploys the Reynolds stress transport equations to derive the Reynolds
stress tensor. More details about the mentioned turbulence modeling approaches can be found
in [15,16]

4.2.3 Modeling Setup and Mesh Configuration

After the determination of governing equations, the equations were solved using the finite
volume method. For this purpose, OpenFOAM was asethe CFD tool for the simulations

of targeted dense buoyant JICFs. The laboratory test conditions considé&ed Meftah et

al. [10,11] were selected as a basis for analyzing the performance of the four RANS closure

schemes. The simulation parameters for the studied scenarios are presenteddiTable

Table 4-1 Simulation parameters

Run* T T+ F uF z Z4 H Initial Initial  Initial ©
(m/s)  (m/s) (kg/m®  (kg/m® (m) Kk E (a/s)
(m¥s?)  (m?sd)

R1 032 0.0419 79 1.0 10135 998.9 0.36 0.0061 0.1966 32

R2 0.38 0.0419 98 11 10125 998.9 0.36 0.0086 0.3292 38

* Vertical nozzle with a diameter @ = 0.01 m
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The dimensions of the simulation domain were set to B&wam length, 60 cm width, and
36 cm height, and it was discretized with a structured mesh while considering 920,000
computational cells. It is worthwhile mentioning that the cell sizes were set to be much fine at
the discharge point and along the jejactory to better capture the flow properties. Figdte

2 shows the geometry of the computational domain, mesh structures, and boundary conditions.

Outlet I

R
I
I

Ambient -
Cross-flow

Figure 4-2 Model geometry, mesh structures, and boundary conditions

The solver used in this study was the twoLiquidMixingFoam, which is a transient solver
for incompressible flows. The applicability of this solver for outfall discharge modeling has
been widely approved in previous studi#6-18]. For the discretization of the temporal term
as well as the gradient and Laplacian terms, Euler and Gauss linear schemes were applied,
respectively. In addition, Gauss upwind, Gauss linear, and Gauss vanLeer were used for the
discretization of the divergee terms. The initial time step was 0.01 s and was set to be
adjusted during the simulation runs to ensure that the maximum Courant number could not
exceed 0.5 and thereby making the simulation run stable. The duration of each simulation was
considered 10s. Then, the results were tirageraged over the course of6 100s toensure
a fully-developed flow and stable outputs. The computational domain was also decomposed
into 16 regions to speeag the simulation process. It should be nateat all the computations

were conducted on the national research computing platform of Compute Canada.
4.3 Results and Discussion

4.3.1 Evaluation of Different RANS Schemes

The prediction capability of the four different RANBhemes was evaluated by comparing the
difference between the numerical and experimental results, as demonstrated id-Zable
Results showed that the appliedlizableQ -, LRR, andstandardQ - could reproduce the
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geometrical characteristics of the studied cases with an accegptabdggercentage error of
below 11%.

In addition, the values of peak dilution for the studied cases were compared, as presented in
Figure 43. In this comparison, the peak dilution values were obtained from the experimental
tests conducted bBen Meftah et al[10], the present simulation results, and an empirical
eqguation. The empirical equation, as defined in(&4.), was presented lyungor and Roberts

[12] for the predictionofYval ue in dense JICFs0d scenari os

— T@ X607 (4-4)

From Figure 43, it can be generally concluded that with the increase @the jet dilution
increases, as confirmed Bungor and Rober{d 2]. It is mainly due to the enhancement of
ambient flowimpacts on the flow discharge behavior. Thus, the key important rale ©f
should be emphasized when dealing with the design of dense JICFs. By the comparison of
numerical results with the empirical equation achieved from a large experimental dataset, the
error percentages of (3.63%, 5.44%), (10.36%, 8.98%), (21.80%, 19.790)1aR36%,
23.16%) were obtained fdrRR, realizable™Q -, standardQ -, and™Q 7 approach,

respectively, for the cases of (R1, R2).

Table 4-2 Comparison of simulation results with experimental data11] for the prediction of geometrical

characteristics of the studied cases

Run RANS Schemes/ Geometrical Characteristics
Experimental Data e:(cm) «u(cm) « [(cm) Averaged Percentage Error (%)
LRR 25.11 11.90 13.26 8.62
StandardQ - 32.55 10.71 12.68 4.02

R1 Realizable€Q - 31.70 10.82 12.95 2.82
Q1 SST 30.88 6.95 11.17 19.32
Experimental Data 32.03 11.62 13.01 @ -
LRR 33.98 13.30 17.92 9.18
StandardQ - 45.28 13.63 15.52 8.91

R2 RealizableQ - 45.99 13.03 15.50 10.93
Q1 SST 39.95 8.32 13.31 21.36
Experimental Data 39.89 14.31 16.95 -
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— Empirical Equation Experimental Data X LRR

4 Realizable k-e B Standard k-e X k-w SST
1.2
1.1
1
L
% 0.9
(A) /
0.8 *
R
0.7 ﬁ
06 T T T T
0.85 0.95 1.05 1.15 1.25 1.35
uF

Figure 4-3 Comparing the amounts of peak dilution based on the experimentfl @htdne empirical equation
[12], and the four various RANS schemes

Hence, among the schemes investigated hereietiigable’Q - and LRR approaches
led to the most precise results for the prediction of both ascending and descending phases of
the jet discharge behavior as well as the estimation of dilution amount. The reason behind this
can be mainly attributed to the realizabiligsumption in theealizable’Q - scheme. This
assumption overcomes the limitation of other EVMs, where the character of eddy viscosity is
considered to be isotropjt5]. Using this scheme can also assure the Reynolds stresses to be
physically realistic even in the regions of high shear such as in the close proximity of jet
dischargd19]. Moreover, the LRR scheme can be considered as a reliable approach since it
resolves the Reynolds stresses by employing the Reynolds stress transport equations. These
results were in agreement with the interpretation discussed on the applications of RANS

approaches for outfall discharge modeling in the literdtl8e20].

In contrast,’Q 1 SST approach was not successful particularly in capturing the jet
trajectory of simulated cases compared to the other schemes, and generally underestimated the
geometrical parameters of the flow field. It should be noted that the application of thi:schem
was priorly shown to be suitable for the simulation of the dense jets discharging into the

stationary water where the impact of wall boundary conditions becomes impb&Ad]
4.3.2 General Observation

Figure4-4 illustrates the side views of the concentration fields and con{G¢@s, in whichC
is the local concentration a3 is the initial concentratiorgbtained from the realizabl@ -

approach, which was successful in predicting both the trajectory and dilution amount. Based
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on Figured-4, a rapid rise phase, jBke mixing, and a gradual fall phase, plwfilee mixing,

were observed along the jet trajectory. Duri
significantly reduced, and as moving forward along the jet trajectorg,t j et 6 s f | ow f
widened due to the entrainment of more ambient fly.

According to the literaturf?], there are four fundamental vortical structures available in a
JICF, including the horseshoe, jet shiegter, wake vortices, and CRVP. Among them, the
CRVP has been introduced as a significant taweraged structure. The evolution@RVP
structure resulting from the interactions of jet and ambient ioMustrated in Figure-5 at
different nondimensional ¢¥O) distances from the discharge poifss the presented sections
in this figure were extracted based on a tameraged simulation, and the CRVP structure was
observed in all sections, the current simulation also confirmed theatieraged feature of the
CRVP.

Figure4-5 (a) shows the section in the ascending phase of the jet trajectory, in which the
CRVP was not fullfformed.As moving forward in the descending phase of the jet trajectory
(Figures4-5 (b) to 4-5 (d)), a kidney shape characteristic of CRVP was gradually developed.
Besides, more ambient flow could be entrained into the jet due to the existence of CRVP
structure, and therefore higher level of dilution was observed in these sections. Following the
impact of jet to the bottom (Figurds5 (e) and4-5 (f)), the existence of CRVP structure led to

the flow bifurcation resulting in additional dilution and mixing. These results were in

agreement with the study IB3ungor and Rober{42].

(a) (b)

Figure 4-4 Time-averaged concentration distributia) profiles and(b) contours at the center plane using the

appliedrealizableQ - scheme
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Figure 4-5 Visualization of CRVP evolution along the jet trajectory at differentdiomensional distances from
the discharge poirfa) 6¥O p g(b) O p Yc)oafO ¢ T(d)afO o 1(e)afO o yand(f)cFO T 1

4.4 Conclusions

The applications of brine outfall discharges are significant particularly in arid aneagemi
regions and this, in turn, raises the importance of more investigation on the submerged
discharge responses to the dynamic environments (i.e., submeuggdnt JICFs) for
obtaining the optimal design of these outfalls. To this end, a CFD numerical modeling was
proposed herein. The performance of four different RANS closure schemes (including
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realizable’Q -, standardQ -, LRR, andQ 1 SST)was accordingly analyzed for the
simulation of dense jet dischargegacted by the ambient flowing currents. Among them, the
realizable’Q - and LRR schemes resulted in the most accurate solution for resolving both
rising and falling phases of the jet discharge behavior as well as predicting of dilution amount.
In addition, the formation adtime-averaged CRVP structure for this type of outfall discharge
into crossflow was approved. The bifurcatiorf the downstream flow field because tife

CRVP structure also provideatlditional dilution and mixing after the dense jet impacted to
the bottom. Hence, considering the great promise in the application of proposed CFD modeling
approaches for the successful simulation of these outfall discharges, its further use is
recommended
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5 Large Eddy Simulation Study on the Mixing Behavior of

Inclined Dense Jets in Cros$low?

Abstract

Outfall desalination discharge technology offers a practical solution for enhancing mixing and
dispersion in receiving waterdhereby ensuring both compliance and environmental
sustainability. The hydrodynamic effects of p&tationary environments, which more
accurately represent real oceanic conditions, pose challenges for predicting the mixing
behavior of these types of dischargescaéxdingly, thissubjectrequires greater focus to
improvethemodeling accuracy. This study presents the first investigatto the behavior of
inclined dense jets in croflow (JICF) conditions, utilizing Large Eddy Simulation (LES)
implemented through OpenFOAM software. The simulations replicate and expand upon
previous experimental study by Taherian et al. (2024), dstrating the enhanced mixing
efficiency of 60° inclined dense jets. Results are validated against experimental data and further
extended to explore a wide range of csde® Froude numbers 0 'O (&) to capture

the transition between three distinct flow regimes:d@ninated, regular croskw, and

strong crosglow dominated. The results demonstrate that LES accurately predicts key flow
characteristics, including jet trajectory and dilution perfance, with mean absolute
percentage error (MAPE) values remaining below 10%. The findings provide new insights into
the design and optimization of desalination outfalls, helping to mitigate environmental impacts
in dynamic coastal settings. The resealsb highlights theotential of the.ES approach for

capturing complex flow dynamics more effectively than traditional modeling techniques.

Keywords: Outfall desalination discharge; Dense jets in cfftisgs; Mixing Behavior;

OpenFOAM simulationt.arge Eddy Simulation (LES) approach

4This chaptewill be submitted to the Desalination Journal as a continuation of the previous experimental study
published in the same journdlaherian, M. Mohammadian, A.Goodarzi, D., Saeidi Hosseini, S. A. Rarge
Eddy SimulatiorStudy on the Mixing Behavior of Inclined Dense Jets in Gflosg.
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5.1 Introduction

Discharging dense effluents, often produced by desalination plants, directly into coastal water
bodies can lead to significant environmental probleimduding the deterioration of water
quality and disruption of marine ecosystefhig5]. To mitigate these negative impacts, it is
essential to release dense effluents through outfall diffusers as turbulent buoyant jets, which
combine momentum and buoyancy forces to enhance their dispersion and mixing with the
surrounding water as well aseth dilution levels[61 8]. This approach can help to reduce
harmful environmental consequences. However, the interaction of multiple facttusing

jet discharge configurations and hydrodynamic forces in the surrounding envirostmoegly
influences the effective mixing behavior of discharfge$0]. Thus, accurately predictirthe

mixing ofjets under different operational conditions is crucial for designing systensatisy

regulatory requirements.

Buoyant jet configurations can include both surface and submerged jets, with submerged
jets generally being more desirablecause otheir enhanced mixing and dilution capabilities
[6]. This is becauséhe submerged jets draw ithe surrounding fluid from all directions,
leading to better dispersighl]. Additionally, these jets can be discharged at various angles
ranging from horizontal (0°) to vertical (90°). Inclined jets are particularly favored for most
applicationsbecause oftheir horizontal momentum components, which peeticularly
beneficial when releasing dense effluents into shallow waters near shofg#n&4]. This
inclination helps prevent jets from reaching the water surface, thereby improving dilution and

minimizing environmental impa¢15].

Moreover, buoyant jets can be discharged into both stationary and dynamic water
environmentshowever,oceanic and coastal settings, which reflect-vealld conditions, are
rarely stationary16]. The dynamic and turbulent nature of rgiationary environments adds
complexity tothe prediction ofgt behaviof6]. Depending on the orientation of the discharge
relative to the ambient current, three scenarios can occidlowpcounterflow, and cross
flow. In aco-flow, the jet discharge aligns with the current, whil@ gountefflow, it opposes
the current; both create a twdimensional flow patH{17]. However, when the current is
perpendicular to the jet discharge, known as a buoyant jet in-ftoos$JICF), the jet is
deflected by ambient water, leading to a complex tdieensional trajectory for inclined
dischargeg$6,18]. This complexity underscores the need to understand fluid interactions and

theinitial mixing behavior tceffectivelymanage and control dense discharges.
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The literature review reveals that most research on the design of dense outfalls has focused
on discharges into stationary environments. In contrast, discharges into flowing water bodies,
which better represent reaborld conditions, have beetudiediess extensively. Additionally,
studies on the mixing behavior of dense jets influenced by flowing currents have primarily
relied on experimental approaches. For example, Roberts and[T®hssudied 60° inclined
and vertical dense jets under varioudloav and counteflow conditions, along with five tests
involving perpendicular crostow. Their results showed that 60° inclined jets generally
performed better than vertical jets in mostrso@s. Using photogrammetry and suction
sampling techniques, they found that jet dilution and geometry depend on a parameter called
the crossflow Froude number, defined as"Q whereo is the ratio of ambient crogbow to
jet velocity, and- is the jetdensimetric Froude number. Gungor and Rolj8ttased a laser
induced fluorescence (LIF) technique to study the concentration flow field of vertical dense
jets with a 2D trajectory. They found that as the current speed increased (within-toevoss
range ofi@ p 0 "O T §, both the dilution at the terminal rise height and the impact point

also increased.

Later, Lai and Le¢18] found that the dilution and location dfe erminal rise point for a
60° dense jet in a perpendicular crilssv were primarily influenced by ambient currents when
0 'O &, with detrainment being negligible for’'O ¢8t Jiang et al[17] also showed that
for a 45° dense jethe source discharge characteristics domindkexflow behavior when
0 'O p8r, while ambient currents became more significant in the mixing processani@n
was higher. Ben Meftah et $20,21]conducted studies on vertical dense jets in ambient-cross
flow currents, focusing o "Oof around 1.0 and 1.1. They experimentally examined the
resulting salinity concentration and velocity fldields andidentified two distinct mixing
phases: jelike and plumdike. Their findings confirmed the formation of countetating
vortex pairs (CRVPSs) within the jet trajectowhichled to significant dilution during the initial

rise phase.

Recently, Taherian et aJ7] investigatedthe impact ofambient currents and discharge
angleson the performance of desalination outfall dischargesmi$suing into perpendicular
crossflow currents with 3D trajectories. Using LIF experiments, they examined the effects of
various nozzle angles (30°, 45°, 60°) and ciftes Froude numberspfd 6 'O p@ §on
dense jet trajectories and dilution. They showed that a 60° jet enhanced dilutimmebthan
50%, on averagesompared to a 30° jet and by 2086t averagesompared to a 45° jet. Their

results also indicated that using steeper inclinations and lar@values within the tested
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range significantly improvethe mixing efficiency due to the longer trajectory and greater

expansion achieved.

Although experimental studies have greatly advanced our understanding of discharge into
flowing water bodies, they are often costly and titcoasuming. However, these experimental
results are invaluable for developing mathematical models of dense jet dynamitspfidns
a more efficient alternative. Supplementary approaches, such as jet integral models and jet flow
modeling using computational fluid dynamics (CFD) techniques, are particularly appealing
becausehey can leverage experimental data to enbatcuracy while reducing the need for
extensive physical testin@,6,22] Jet integral models are commonly used by designers to
evaluate jet mixing behavior and form the basis of commercial, teath asletLag[23,24],
CoreJet[25], and Visual Plumeg26]. These models simplify the governing mass and
momentum conservation equations by assuming Gaussian and axisymmetric velocity profiles
without radial changg4]. Palomar et a[27] compared the applications of various commercial
jet integral tools (such as JetLag, UM3, and CoreJet) and highlighted their limitations by
showing substantial discrepancies, uppproximatelyb0% underestimation, in the prediction
of terminal rise height and dilution #e impact point when these models are applied to
inclined dense jets in dynamic ambient environments. These findings suggest that while jet
integral models are valuable, their simplified assumptions restrict their effectiveness in
captuing complex jelambient interactions, making them less reliable for certain applications,
especially buoyant JICF scenarios.

CFD techniques have demonstrated significant potential in addressing the limitations of
integral modelandeffectively capturing and resolving the complex dynamics associated with
outfall discharges. Despite being more computationally intensive, CFD offers a promising
approach for simulating desalination outfalls because it relies on fewer assurigioiis
approach has become even more viable with advancements in computational resources and
CFD tools[29]. In CFD simulations, the momentum and continuity equations, known as
Naviefi Stokes (NS) equations, are numerically solved using turbulence closure models to
simplify the complex nature of turbulence and make computations more feasible. Among the
various tirbulence modeling approaches available for simulating outfall discharges, Reynolds
Averaged NaviérStokes (RANS) and Large Eddy Simulation (LES) are the most widely used
[1,29]. RANS models, which include closuresich as &, ki , and LaundéiReecé&Rodi
(LRR), rely on timeaveraging techniques. On the other hand, LES models, including the

standard Smagorinsky and dynamic Smagorinsky models (DSM), use filtering methods to
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capture the effects of turbulence by directly simulating large eddies while modeling smaller

scales.

Several CFD studies have been conducted to resolve inclined buoyant jet discharges in
stagnant environments, with a particular focus on the RANS modeling apdBfAds).
Zhang [34,35] and Jiang[36] employed the LES technique to model inclined dense jet
discharges in similar stagnant settings. These LES studies have shown significant
advancements in accurately predicting jet trajectory and dilution, outperfotineiimjegral jet
models used by Palomar et[aF]. The improved accuracy of the LES approach is primarily
due to its ability to capture coherent eddy structures along the jet trajectory, offering a more
detailed and accurate representation of the flow dynamics. Recent studies, including a review
by Mohammadian et al[29], have confirmed the progress of CFD simulations from the RANS
approach to LESand hybrid approaches for the design of buoyant jets.

Despite these advancements, the application of CFD to mgdatlined dense JICFs
remains relatively underexploretio thebest ofthe authors' knowledge, the only CFD study
that has investigated the influence of varying flowing current strengés (6 'O p&) on
jet trajectory and dilution was conducted by Baum and Giit#gjs They employed RANS
equations with a¥ turbulence closure model to effectively simulate the discharge behavior
of inclined multiport diffusers at the Gold Coast desalination plant in Australia. Their findings
revealed a criticab "Ovalueof approximately0.8, highlighting a significant shift betweére
regimes dominated by ambient currents and those dominated by dense jets. This study, along
with recent advancements in CFD techniques, indicates that further research should focus on
using CFD to predict the complicated mixing behaviors of dense jet digshavhile

interacting with ambient crog®w conditions.

The literature review underscores the absence of a comprehensive LES study on dense
JICFs, despite its potential as an effective turbulence closure system for capturing complex
flow dynamics. Moreover, insights from the referenced experimstudieshighlight the key
role of thed "Oparameter in determining the mixing performance of dense discharges into
flowing water bodies. Variations in this parameter are expected to result in different mixing
flow regimes. Accordingly, this study focuses on evaluating the capability of the IpE&aap
in the simulation of the inclined dense JICFs and assessing their mixing performance across a

wide range of crosBow Froude numbers.
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To the best of the authors' knowledge, this study represents one of the first attempts to
simulate dense jet discharges into cfibe® currents using the LES approach. The LES
technique, implementedising the OpenFOAM software, is employed to replicate the
experimental results from Taherian et[@l. for 60° dense jets ia perpendicular crosow,
which showedan enhanced mixing efficiency. Thability of the model to predict key flow
parameters is initially validated against the experimental data, before extending the simulations
across a wider range of crelsw Froude numbers. This analysis reveals three distinct
regimes: jetdominated, regular crogkbw, and strong crosBow dominated. These findings
provide valuable insighténto optimizing the design of inclined desalination outfalls in

dynamic environments to achieve better dilution.
5.2 Methodology

5.2.1 Analysis of Inclined Dense Jets in Crosfow Currents

Figure 51 provides a schematic representation of the key flow parameters, includirthéoth
geometrical and dilution characteristics, for an inclined dense jet discharged into a
perpendicular crosiow current. In this scenario, a dense effluent with an initial concentration
(6 ), density { ), and velocity ¢ ) is discharged into an ambient crdlsv environment,
characterized by a concentratian ), density { ), uniform velocity 6 ) parallel to thex-y

plane, and flow depti@), through an inclined nozzlt an angle to the horizontaiz plane

(— o ™ With a diameter@). The uniform ambient current forms an anglé of w Ttwith
respect to the plane of discharge propagation at the sourceoieenent of thget is governed

by the interaction between momentum and buoyancy forces. Initially, the jet reaches its
terminal rise heightd§), the maximum vertical distance between the nozzle tip and the peak
of the flow, with a dilution ofY. After reaching this peak, the jet descends due to downward
buoyancy forces, traveling a horizontal distanog from the nozzle tip to the return point of

the flow, where the dilution i%.

Two key assumptions are maae the dimensional analysis of dense JICFs. First, the flow
is assumed to be fully turbulent, neglecting the effects of viscosity. Second, the Boussinesq
approximation is applied, meanitigat the density difference between the effluent and the
ambient fluid, { " ), is considered small compared to the ambient derisity &llowing
buoyancy effects to drive the flo6]. Theinteraction ofdense jets with ambient creews

has beerextensivelyinvestigatedin the literature[7,18,19,28] Accordingly, for a fixed
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discharge inclination angle and perpendicular cflosg current {  w 11 Jthe major flow
parameters, including the geometrical and dilution characteristics of the jet, can be described

as.

w w Y Y

_ r ‘_ r \_ ", r ", 5_1
o6 o &t 7o Q6 'O (5-1)

Thus, the parametér "Q which represerd the relative strength dhe ambient flow speed to
buoyancy, is critical in defining the dilution characteristics and trajectory of inclined dense

JICFs in the scenario under consideration.

Discharge
Propagation

/
Cor ot D

(a) (b)

Figure 5-1 Schematic representation of the flow behavior of an inclined dense jet affected by a perpendicular

crossflow (a) 3D trajectory andb) Front view plan

5.2.2 Governing Equations

In the LES approach, unlike RANS modeidich only provide meafiow data by modeling
all turbulence, turbulent eddies are categorized based on their size relative to the local grid
resolution. The LES method directly computes large eddies by solving the instantsiSeous

equations, while smaller eddies are modeigidgsubgridscale (SGS) mode[§].

In this paper, mmentum and mass transpowere governed by dimensionless
incompressibleNS equations, coupled with an advectdiffusion equation for scalar
transport. To directly resolve largeale flow features whiléltering out smaHlscalefeatures
the LES method with implicit filteringvas employedBecausehe density difference between
the dense jet and ambient fluids less than 10%, the Boussinesq approximatiasused to
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model the coupling betweethe momentum and buoyancy forces. The {gimensional
governing equationsere formulated as followg37,38}

16 T (5-2)
T

O ToOo W p RO T p .,

T o T YdeTe To o @ (5-3)

s S o —‘(11'| (5-4)
T TFw YQ YwFw Tw

Here, the indices'@Q phcho represent the spatial dimensiond, denotes the ‘Qth
component of the dimensionless velocity, amd represents the pressure. The kinematic
viscosity is denoted bys , and o showsthetime. The SGS stress tensor is expressed as
z . Gravitational acceleration acts in the direction of the unit vé&tor h phrt, and &
representglimensionless salinity concentration. Throughout this study, variables with tilde
Il are dimensionless and filtered. Dimensionless variallese derived usingthe
characteristic scales for length, velocity, and time, as detailed in Tdble 5

Table 5-1 Definition of the nondimensionalizations used in the simulation

Parameter Nondimensionalization
Length W wfQ
Velocity 6 ory
Time ¥ YTQ o
Pressure n QImY
Salinity 40 (o)

In this study, the WaltAdapting Local Eddyiscosity (WALE) modelwas adopted for
SGS. For more detailed information, readers are referf8d 88] The stress tenstr , which

accounts for both viscous and SGS contributions, is defined as:

to¢Y ot (5-5)

where the'Y denotes the resolved velocity strain rate tensor, and the SGS stress tensor

are specified by
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O 7O
™ T 6)
Z Gt Y =z (5-7)

The eddy viscosity  in the WALE model ialculated using:

) VRV T (5 8)
o o 3 -
"y Y T YUY T

whered isthe model constantyis the filter width, andY is the deviatoric part of the strain

rate tensor. An wdepth discussion of this formulation is provided3i,38]
5.2.3 Mesh Configuration and Computational Setup

The objective of this study was to evaluate the accuracy of the LES approach in predicting the
behavior of inclined dense JICFs and to investigate the effects of vangngrrent strength

on mixing performance. The first step involved validating the LES model by simulating
experiments conducted by Taherian et al. [7], which examined a 60° discharge angle and cross
flow Froude numbers inthe rangep@® 6 'O p& ¢This study was selected for validation
because oits detailed threelimensional concentration field measurements using LIF and its
comprehensive dataset on inclined dense effluents. The simulation results were cavitpared
experimental data to ensure the accuidye model Once validated, the model was used to

analyze a broader range®fOvalues and their impact on the mixing behavior of dense jets.

The governing equations were solved using the fvileme method with OpenFOAMSs
the CFD tool for simulating the targeted dense JICFs. The simulation parameters for the study
are outlined in Table-2, encompassing 12 cases. Cases C1, C2, C3, and C4 were uked for
model validation, directly matching the experimental scenarios from Taherian [&.al.

Additional cases (RR8) extended the simulations beyond the experimental scope.

A customized version of the standard OpenFOAM soprempleFoamwas used for the
simulations. This solver, designed for incompressible flow, was coupled with an advection
diffusion equation to account for the buoyancy effects, modeled through the Boussinesq
approximation. To enhandbe stability, thepimple algorithm, a hybrid of the PISO and
SIMPLE algorithms, was employed to resolve the presgelecity coupling in theNS
equations. For all simulations, a Cour&niedrichsLewy (CFL) number below 0.5 as
maintained, with automatic time step control to ensure accuracy. For further information on

the pimplealgorithm and OpenFOAM, readaranrefer t0[39,40]
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To achieve secondrder accuracy, the timeerivative terms were discretized using the

backward differencing scheme, whilee gradient terms were handled using the Gauss linear

method.The dvergence terms were discretizesingthe GausdimitedLinear scheme, viscous
termsusingthe Gausdinear scheme, and Laplacian terasngthe Gauss linear uncorrected

schemd41i 43]. Each simulation was run until a statistically steady state was reachedeand

flow quantities were averaged over 40,000-donensional time units to ensure robust results.

The computational domain was discretized into a mesh compfiSingllion hexahedral
cells, as shown in Figurel The mesh was generated using the ememce tool Gmsh, which

appliesa multtlevel refinement strategy to enhanberesolution in critical regions of interest

[44]. The use of hexahedral cells ensured high computational accuracy and smooth transitions

across the domain.

Tabl2Chmaracteristics of

numeri cal

Run Jedensi me Ratio of am 043
Froude Nu flow to j0pt
C1l 23. .05 1.1¢
C2 26. .05 1. 2¢
C3 29. .05 1.4
c4 31 . 05 1.5¢C
R1 23 . 03 0.7¢C
R 2 26 . 03 0.8C¢C
R 3 30 . 03 0.9C¢C
R 4 33 . 03 1.0C¢C
R 5 23. 0.075 1. 7¢
R6 26. 0.075 2.0¢C
R7 30. 0.075 2. 2¢
R 8 33 0.075 2.5¢C
Nozzle ® amebOedGEhamger anG0A (
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5.3 Results andDiscussion

5.3.1 Model Validation

Four cases, C1 through C4, wittbaOrange between 1.15 and 1.5, were simulated using the
LES model. The model's predictions tbeterminal rise height, corresponding dilution, and
the horizontal location of the return point, along with its dilution, were then compatiee to
experimental measurements conducted &@lyerian et al[7]. Table 53 presentsacomparison

of the experimental and numerical data for the major flow parameters-@4C1In addition,

the predictionof the modelaccuracy for each flow parameter is quantified using the mean
absolute percentage error (MAPE), following the approach ims§tl45]. As shown in the
table, the modegbredictions for all major flow parameters closely align with the experimental
measurements, with MAPE values remaining below 10%. This indicates that the LES method
accurately replicates the experimental resaltgl can be considered a reliable approach for
practical applications.
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Tabl3Moxdel validation of major flow param

A «Jrd 14 11575
Par ame Exp.PréedErr| Exp Pre Err(ExpPre Err{(ExpPre Errc
( %) ( %) ( %) ( %)
C1 5.2 4.7 -9.5381.81.7 -6.60.€¢0.712 1.:1.410.
Cc2 5.3 4.9-7.¢1.91.7 -10|0.7% 0.¢10 1.¢41.5 10.
C3 5.2 5.6 7.841.81.6-10.{0.¢0.91.0/1.¢2.0 8.9
Cc4 5.45.4 0.9¢1.61.5-7.31.00.9-11.|]1.¢<2.0 7.7
MAPE %) 6. 34 8.68 9.15 9.3
"Experi mental dat a

*"Predicted dat a

5.3.2 General Flow Behavior

The general flow behavior of the 60° inclined jet in cfide® currents can be divided into two
distinct phases: rising and falling. In the initial rising phase, the jet momentum dominates,
propelling the jet upward. As the jet rises, it begins to bend along the longitudinal direction of
the flume due to the influer®f the cros$low current. The jet momentum gradually decreases
until it becomes equal to the buoyant force, marking the point at which the jet reaches its
maximum height. At this stage, the buoyant force surpasses the momentum of the jet, initiating
thefalling phasejn whichthe jet descends toward the §6¢20,46] As shown in Figure-3,

along the trajectorpf the jet continuous dilution occursyhich isdriven by both jet spread

and water entrainment.

C
0.0 02 04 06 08 1.0

Figure 5-3 The timeaveraged dimensionless concentration of the jet is shown on a slice wiitheg @@
inclination in the xy plane, aligned with the jet pipe center, and slightly inclined in thelane to follow the

direction of the jet flow.
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In addition, a comparison of flow behavior based on variations in the paramé@eaveals
that the interaction between creiswy currents and 60° dense jets leads to three distinct flow
regimes: jetdominated, regular croskw, and strong crosBow-dominated, see Figurek
In the jetdominated regimed("O p8i), the jet experiences minimal deflection, with almost
similar rising and falling flowsas discharges into stagnant ambient wateliging in this
regime is primarily driven by the momentuoh the jet As the current speed increases to
p8t 0 'O 8 the jet rises to lower levels and deflects more rapidly in the direction of the
ambient flow due to the stronger current. Meanwhiledtéseent phase becomes more gradual,
causing the jet to impact further downstredihis regime is characterized by a regular cross
flow influence. Finally, wherd "Oexceeds approximately 2.0, the jet is nearly horizantdl
heavily influenced by the crod$®w. In this strong crosfow-dominated regime, the jet is
rapidly dispersed by ambient turbulence and may enter tHeelidror become trapped by
ambient density stratification. This interpretation is in agreement with the discussion of Gungor
and Robert§8] on the flow behavior o 90° dense jet influenced by perpendicular ciftes

currents.

C
0.00 0.20 0.40 0.60 0.80 1.00

(@)

(b)
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Figure 5-4 General flow characteristics for different crdksv parameter valuega) jet-dominated regime
(6 'O p8n, R1;(b) regular crosslow regime 8t 6 'O ¢8r), C2; and(c) strong crosglow regime
(6 'O ¢8y,RY7.

Figure 55 illustrates the development of CRVP along the jet trajectory. As the jet progresses
through the descending phase, the CRVP gradimatysa distinctive kidneyshaped structure.
This vortex formation enhances ambient flow entrainment into the jet, contributing to increased
dilution in these regions. Upon reaching the return pafitite jet the CRVP structure further
promotes flow bifurcation, leading to additional dilution and mixing. These findings are
consistent with the observatioaf[8,21].

c
0.00 0.01 0.02 0.03 0.04 0.05

_ﬁ

Figure 5-5 Visualization of the CRVP evolution along the jet trajectory for simulation case R1

5.3.3 Terminal Rise Height and its Dilution

The terminal rise heighty) refers to the maximum height a jet reaches in the-tivezaged
concentration field, where the vertical componenhefmnomentum diminishes and approaches
zero. The jet terminal rise height is a critical parameter in the study of brine jet discharges,
particularly in shallow waters, as it significantly influences the discharge behavior and

environmental impact. There is no consensus in the litereggegding thedefinition of this

133



height. Roberts et g47] describedo as the locatiomt whichthe concentration is 10% of the
transverse maximum concentration at the peak heighe jet Similarly, Abessi and Roberts

[47] used this 10% threshotd define w in their experiments. On the other hand, Lai and Lee
[48] suggested using the 25% concentration contour to establish the visual boundary, while the
integral model CORJE[R5] employed cubff levels of 3% and 25% for this purpose. Shao et
al.[49] adopteda 3% cutoff level.

In this study, the terminal rise height was determined ugit§% thresholdwhich is
consistent with the experimental data of Taherian ef7al. The results othe normalized
terminal rise heightdd 7O "Pversusd "Oare shown in Figure-6. Accordingly, the terminal
rise height is almost constant and independent of the changesiin@parameter in the jet
dominated regime, wheré 'O p8t. However, the dimensionless terminal rise height
decreasgas* 0 'O 2 in the crosdlow-dominated regime) "O p8t This behavior can
be attributed to theleflection of thget along the longitudinal axisf the flumeunder the
influence of the crosiow current. The sermempirical relationships between the terminal rise
heightof the jetand crosslow Froude number are presented in Eqs9)&and (510), with
both equations demonstrating strong goockoégi values of approximatelyR? = 0.97.
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Figure 5-6 Jet terminal rise height
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Figure 57 illustrates the variation of th&7"Oparameter wittd "Q with the corresponding
semiempirical equation yielding aR? goodnessf-fit value of 0.92, see Eq. {61). The
dilution at the jet's terminal rise height increases vathQ following a relationship of
x 6 "0 7, indicating a direct correlation between the cifise Froude number and mixing
efficiency. In the jedominated region, wheitbejet momentum is the controlling factor, the
increase in dilution withincreasingd "Ois less pronouncetthan inregions where the flow is

dominated by the crodkw current.
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Figure 5-7 Dilution at terminal rise height

5.3.4 Horizontal Location of the Jet Return Point and its Dilution

Another major jeflow parameter is the horizontal location of the jet return pein, (vhich
represents the distance from the discharge poithtet® pointvhere the jet returns to the level

of the nozzle tip during its descending phase. This point is important as it indicates where the
jet impacts the seabed, potentially affecting benthic organisms, and where minimum dilution
occurs along the lower boundaoy the plume. The distance to the jet return pan@Q "D

varies with the ambient croflew parameter ¢ "Q, as shown in Figure-8. The semi
empirical powedlaw relationship between the jet return point and the ditoss Froude
number igyiven byEq. (512), demonstrating a strong fit with Rhvalue of 0.98. Accordingly,

the distance to the jet return point increases witf following a relationship of 6 "O 8.
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Figure 5-8 Horizontal return point location

Figure 59 illustrates the variation 6%¥¥'Cas a function ob "O The semiempirical power
law relationship between the minimum dilution at the jet return point and-toes$roude
number is expressdry Eq. (513), with a goodnessf-fit R? value of 0.86. As the crogkow
magnitude increases, the dilution at the jet return point increases following) &0 2
dependency. This increase in dilution can be attributed to the extended flow trajectory, which
allowsagreater surface area for external fluid entrainment and provides more time for the jet

to interact with the ambient flow, leading to enhanced dilution.
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5.4 Conclusions

This study investigated the behavior of inclined JICFs through the application of LES to
simulate and assess their mixing performance across a range efi@nossoude numbers

(dp 6 'O (¢&). By validating the LES approach against experimental data, the accuracy
and reliability of the methodvere approvedor predicting key flow parameters, such as
terminal rise height, return point, and dilution characteristit® nodel predictions othe

major flow parameters demonstrated excellent agreement with the experimental measurements,
with a MAPE of less than 10%, confirming the accuracy of the model in the reproduction of
dense jet dynamic behavior. The LES model also successfully capturedntipéex flow
structures associated with JICFs, including the developméhé GRVP and distinctive flow

regimes that emerge with varying ambient current strengths.

The findings confirmed the existence of three distinct flow regifeéslominated, regular
crossflow, and strong crosow-dominategdwhich are defined by the relative strength of the
crossflow current. In the jetlominated regime, the jet momentum plays a centralwblereas
the influenceof the crosdlow becomes progressively more dominant in regular and strong
crossflow regimes. As the crodtow Froude number increases, the jet trajectory flattens,
leading to greater horizontal displacement, reduced terminal rise height, and enhanced mixing

due to moreextensive ambient entrainment.

Semtiempirical relationships were developed to describe the dependdheg¢esiminal rise
height, return point, and dilution on the crdlesv Froude numberAccording to theobtained
equations the terminal rise height is almost constant for the range '@ p8t, and then
follows a dependency ®f 6 'O 8 for the range ob "O p8t Moreover, the dilution at
the terminal rise height, horizontal location of the jet return point, and its corresponding
dilution follow a dependency of 6 'O 7 x 6 "0 8 and 0 "O 8, respectivelywithin
the tested range of "O These relationships offer practical insights into the behavior of inclined
dense jets in crodtows, which is crucial for optimizing the design of submerged offshore
outfall diffusers, especially in desalination applications wileeeenvironmental impact is a
key concern. In particular, the results showed that dilution at both the terminal rise height and
return point increases with the crdisv Froude number, indicating that stronger ambient
currents promote greater mixing efficignand minimizethe potential environmental risks

associated with brine discharge.
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Overall, this study enhances the understanding of dense at@psovidesvaluable data
for improving outfall design and environmental impact assessments. Future research could
further extend the analysis to include a broader range of discharge inclinations and ambient
current conditions, as well as explore more complex sgatEnvironmentslhe robustness of
the LES method in accurately predicting the complicated flow behavior and mixing
performance of dense JICiBxlearly demonstrated in this studyeS effectively resolved the
largescale turbulence structures that govéejet trajectory and mixing, while accounting for
the intricate interaction between buoyancy and efioss currents. Its ability to replicate
experimental results with a high degree of accurpayticularlyin complex flow regimes,
underscores the suitability of LES as a powerful tool for modeling and optimizing/odal
environmental engineering problems, such as the design of submerged diffusers in dynamic

marine environmest
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6 Summary, Concluding Remarks, and Recommendations

6.1 Summary and Concluding Remarks

Increasing global concern over freshwater scarcity and security has positioned seawater reverse
osmosis (SWRO) desalination as a key solution for sustainable water supply. However,
hypersaline effluents produced during this process pose environmentaintskding marine

life disruption and water quality degradation. One effective strategy to mitigate these risks

involves the use of submerged offshore diffusers, whicmotet he rapi d di | ut i

effluents to r eduQpemiziagtvhier odni niefnutsaelr hdaersm.g n
understanding of how ambient hydrodynamic
performance. Coast al environment s, mar ked
complicate t he miaxnitn gThrbGgfheacompoehensivd review af yhe
literature, this study identified the challenges associated with dense JICFs that affect the mixing
process and limit dilutionAccordingly, this research aims to enhance the accuracy of flow
predictions and establish more precise design guidelines by investigating JICFs by combining
both experimental and numerical approaches. This represents a pioneering effort to simulate
dense tcharges with various source inclinations in perpendicular-fimssurrents, offering

valuable insights into improving the design and efficiency of dense outfall systems.

This study addresses these issues by conducting a comprehensive literature review,

numerical analysis, and experimental investigation, all of which are explained below.

I n chapter 2 of this thesis:

1 A thorough explanation of the fundamental concepts related to outfall discharges into
crossflow currents and a critical review of the current state of the art in this domain are
provided.

1 Optimizing marine outfall discharges is crucial to minimize environmental impact and
meet regulations.

1 Crossflow interactions create complex, unsteady flow structures that affect mixing and
require detailed study.

1 Advances in experimental techniques (LIF and PIV) and CFD tools have improved the

understanding of buoyant JICFs.
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More experimental than numerical studies exist, highlighting the need for further
numerical research.

Vortical structures (e.g., CRVPs) are key to mixidgpwever, their origins and
behaviors require further investigation.

Key parameters liké "Oinfluence jet dilution and trajectory of buoyant discharges.
Integral models have limitations, while CFD methods provide more accurate
predictions of complex flow behaviors.

LES and hybrid CFD approaches offer better accuracy for dynamiestabonary

flows but have higher computational costs.

The review advances the understanding of JICFs, supporting future research and
practical applications.

The literature shows a scarcity of applications of both CFD and experimental techniques
for understanding the interaction of varying crllesy strengths and nozzle

inclinations in the performance of dense JICFs.

n chapter 3 of this thesis:

Efficient desalination diffuser design requires an understanding of factors affecting
flow discharge and mixing behaviors.

This study examined how different flowing current strengths and discharge inclinations
(30°, 45°,and 60°) influence the outfall performance using LIF experiments.

The critical range ofd "O(between 1 and 2) was studied, whtre jets experience
significant bending.

Key flow parameters (rise height, jet return point positamd dilution) were quantified
using empirical equations derived to aid SWRO outfall design.

Theresults showed that most flow parameters, exteptierminal rise height, increased
with higher crosglow Froude numbers.

Steeper discharge angles (60°) led to greater geometrical parameters (downstream
return point, rise height, dilution) than shallower angles (30° and 45°).

The 60° jet achieved approximately 40% and 16% longer return point positions and
36% and 10% higher rise heights thha 30° and 45° jets, respectively.

Dilution at the terminal and return points improved significantly with indreas

inclination, showing more than a twold increase between 30° and 60°.
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Higher 6 "Ovalues and steeper angles produce more dispersed jets, incrimsing
interaction with ambient flows and leading to better dilution.

Larger6 "Ovalues revealed more jambient water interactions and higher entrainment
of ambient water into the jet.

High crossflow Froude numbers and steeper jet inclinations (60°) are recommended
for better dilution in dynamic water.

This study provides insights for designing efficient outfalls in dynamic environments,
particularly for shoreline regions with lower discharge inclinations.

These results contribute to tt@evelopmentof mathematical models for dense jet

dynamics and imprathe design of brine effluent discharges.
n chapter 4 of this thesis:

Submerged buoyant JICFs require further investigation to improve outfall design.

A CFD numerical modeling approach was proposed to study submerged discharges
under dynamiconditions.

This study analyzed the performance of four RANS turbulence models: realizidhle k
standard ), LRRy &8d. k

Therealizablek) and LRR schemes provided the mos
jet behavior during both the rising and falling phases and for predicting dilution.

The realizablek] scheme is effective because of
addresses the limitatisrof other EVMs that assume isotropic eddy viscosity.

This scheme ensures tlihe Reynolds stresses are physically realistic, particularly in
high-shear regions neéne jet discharges.

The LRR scheme is also reliapkss it resolves the Reynolds stressgisag Reynolds

stress transport equations.

The time-averaged CRVP structures were successfully modejedealizableki U
approactfor outfall dischargeinto crossflow environments.

The CRVP structure caused bifurcation in the downstream flow field, enhatheing
dilution and mixing after the dense jet reached the bottom.

The success of the proposed CFD approaches demonstrates their potential for
accurately simulating outfall discharges, warranting further investigation in future

studies.
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I n chapter 5 of this thesis:

1 The study aimed to investigate the behavior of inclined JICFs by simulating their
mixing performance across various crilesv Froude numbers& 06 'O ¢&®).

1 The LES approach was validated against experimental data, demonstrating high
accuracy in predicting major flow parameters.

1 The model's predictions showed excellent agreement with experimental measurements,
achieving a MAPE of less than 10%.

1 The LES model effectively captured complex flow structures associated with JICFs,
including the development of the CRVP and distinct flow regimes influenced by
varying ambient current strengths.

1 Three distinct flow regimes were confirmas follows:

V Jetdominated: Jet momentum is predominant.

V Regular crosgélow: A balance between jet momentum and ciites
influence.

V Strong crosdlow dominated: Crosfiow effects are significantly more
dominant.

9 As the crosglow Froude number increases:

V Jet trajectory flattens, leading to greater horizontal displacement.
V Terminal rise height decreases.
V Enhanced mixing occurs due to increased ambient entrainment.

1 Relationships were developed to describe the dependencies of terminal rise height,
return point, and dilution on the crefisw Froude number, revealing:

o Terminal rise height remains constant orO p8t and decreases as O
increasesvith adependency of 6 'O 8 .

o Dilution at terminal rise height followsdependency of ¢ "O 7 .

o Jet return pointocation and its corresponding dilution followdapendency of
x 070 8andk 60O 8, respectively.

1 The study underscores the robustness of the LES method in accurately modeling the
complicated flow behavior and mixingerformance of dense JICFs, confirming its

suitability for addressing realorld environmental engineering challenges.
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6.2 Recommendations for Future Studies

Th e

foll owing recommendations are proposed

nowmni form pog.t orientation

T

Although this study mainly focused on analyzing the mixing behavior up to the return
point, it would be valuable to extend the investigation to compare the performance of
outfall discharges at the end of the rield or even into the fafield.

Evaluating the prediction capabilities of integral and hybrid numerical models, such as
detacheeeddy simulatios (DES) for dense JICFs and comparing their predictions
with the applied closure models herein would be valuable and interesting.

The experimental data presented in this study lmarfurther usedo validate the
numerical models. Therefore, different turbulence models can be applied and their
prediction capabilities can be evaluated againsbtieutspresented in this study.
Extending the analysis to broader discharge inclinations and current conditions, and
exploring more complex stratified environmeats recommended

Since marine outfall discharges are frequently applied in-de¢gr environments, the
impact of flow depth ofet mixing behavior requires more detailed investigation.

The mixing and dilution behavior of marine outfall discharges under ‘feaging
conditions, which are the dominant mixing mechanisms in coastal environments,
remains largely unexplored. While data from discharges into uniform -flowgs
conditions may beonservative, they still provide relevant insights for understanding

these complex interactions.

The presence of nearby boundaries, such as the seabed and shallow water surface, can

significantly influence jet spreading behavior, adding complexity to the mixing
dynamics of JICFs, which warrants further investigation.

The limited understanding of the interaction between port spacing andfloress
effects hinders the development of optimal designs for multiport diffuser systems,
necessitating additional research.

Artificial intelligence (Al) techniques have recently demonstrated significant potential
in modeling and solving complex nonlinear problems in water and marine engineering.
As a result, the extensive and valuable datasets generated from experimenteDand CF

studies on buoyant JICFs offer promising opportunities for futureriken research.
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Appendix A: Overview of Outfall Discharge Modeling with

a Focus on Turbulence Modeling Approachés

Abstract

A comprehensive understanding of outfall discharge behavior can significantly benefit the
optimal design of outfall systems while ensuring compliance with regulatory requirements.
Advances in computational resources and techniques over the past two tiewadesved the

way for the introduction of numerical modeling as a promising approach for simulating outfall
discharges and gathering comprehensive data for the entire outfall region. Thus, there is a
growing need to explore numerical methods for modgéhg@nd plumeype flows in greater
detail. Among the various numerical techniques available, the computational fluid dynamics
(CFD) method stands out, as it can provide highly detailed insights into the flow patterns of
outfall discharge systems withotglying on some of the simplified assumptions found in
lengthscale and jet integral approach&kis chapter aims to offer an overview of the current
stateof-the-art in outfall discharge modeling and a summary of the research endeavors
undertaken in thidield. Additionally, it explores different aspects concerning turbulence
modeling approaches within the CFD technique, showcasing the applicability of both
Reynoldsaveraged NavieBtokes (RANS) and large eddy simulation (LES) in the modeling
of outfall dscharges.

Keywords: environmental impacts; outfall discharge modeling; flow behavior; CFD

technique; turbulence modeling approaches.

5 This chapter has been published as a part of a book chapfEaresian, M., Saeidi Hosseini, S. A. R., &
Mohammadian, A. (2022). Overview of outfall discharge modeling with a focus on turbulence modeling
approaches. IAdvances in Fluid Mechanics: Modelling and Simulati@os. 139177). Singapore: Springer
Nature Sngapore.
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A.l Introduction and Background

A.1.1 Environmental Impacts of Effluent Discharge

These days, the disposal of effluents from power plants, mining operations, and coastal
desalination facilities into water bodies has become a serious global concern because of the
subsequent public healtklated and environmental probleifdissimer et al. 2015)These
effluents, which can be in the form of brine or thermal discharges, may reduce the water quality,
damage neashore recreational sites, or even alter the marine ecosystems as a consequence of

increasing turbidity, changing ambient temperature, etc.

In particular, regarding the brine discharges, since the effluent has a density higher than the
ambient water, it sinks to the sbattom and creates a salty desert in the area of the outlet,
which results in almost permanent adverse effects on marinatsalsuch as the prevention
of growth of marine species and the reduction of fish cult(Eesav and Lokiec 2003Results
have also shown that brine discharges from desalination plants are more likely to affect the
local natural environment at the ndemd of the discharge poir(Einav and Lokiec 20Q3
Hashim and Hajjaj 2005)n addition, the direct discharge of thermal effluents makes the
ambient flow environmentally unstable, which requires further dispersion facilities to protect
the receiving water bodies. Thus, a quick dispersion and mixing of both types of effluent

discharges is required to diminish the adverse marine environmental effects.

A.1.2 Environmental Regulations

The consideration of environmental standards and regulations, such as US Environmental
Protection Agency (EPAJEPA, 1994)and EU Water Framework Directive (WFQJhave,

2001) is vital during the design, implementation, and monitoring of outfall systems,
irrespective of the type of discharge. The reason behind this is that without such regulations it
is impossible to check if one discharge system is properly designed antkaapefficiently
providing the required mixing at various distances. The requirements for wastewater and
thermal discharges are being quite well developed. For instance, discharges into rivers, lakes,
and coastal waters of the US are regulated via thmMNdtPollutant Discharge Elimination
System (NPDES]T. Missimer et al., 2015)Some regulations for brine discharges and their
compliance points are indicatedliable A1. The international regulations are usually defined

based on either the salinity increment or the absolute salinity at a specific distance from outfalls.
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TableA-1l nt er nati onal br i(nMei sdsiisntehraAbgees arie. g2ull @adth on s

Region/Authority Salinity increment limit Absolute salinity limit Compliance point
(ppt) (ppt) (relative to discharge) (m)
Sydney, Australia p - 50-75
Gold Coast, Australia C - 120
Oman C - 300
US EPA T
Okinawa, Japan p - Mixing zone boundary
Huntington Beach, CA - TT 304.8
Carlsbad, CA - T 304.8

A.1.3 Outfall Discharge System as a Solution

To minimize environmental impacts whilagreeingwith regulatory demands, the effluent
needs to be discharged through an outfall discharge system in the form of turbulent buoyant
jets from diffuser ports or nozzles (see Fighiri), after a proper level of ladoiased treatment.
These facilities can be introduced as a remedy for solving the limited mixing behavior issues
as the effluents enter the receiving environments. The ambient fluid is quickly mixed with the
buoyant jet by tlsulent entrainment resulting from the velocity gradient between the
surroinding water and the jéMissimer et al. 2015)This buoyant jet also grows in size due to

the entrainment, which results in the adequate dispersion of effluents.

Prior research has shown the effectiveness of outfall syskamgstance, the impact of
diffuser installation on brine plume discharge from two desalination plants located in San Pedro
del Pinatar, Murcia, SE Spain (20R611) was examined by Loygernandez et a(2018)

Field measurements indicated that the installation of the diffuser significantly improved the
dispersion of the brine discharge, and the brine plume was completely diluted over a shorter
distance from the discharge point. It was also found that thefubke diffuser increased the
dilution rate of samples taken 1 Km away from the outfall by almost 17 times, which clearly

shows the significant effect of a diffuser on brine dispersion.
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Figure A-1 Schematic of a tunneled marine outfall system
A.2 Outfall Discharge Mixing Behavior and Classification

A.2.1Behavior of theDischarge: Near and Far-Field Regions

The understanding of the behavior of discharges is closely related to the definitions and
distinctions between different terms associated with outfall mixing. Tatdgresents some

common terminologies of outfall mixing.

Table A-2 Terminology for Outfall Mixing and Mixing Zone@denkins et al. 2012)

Term Definition

Mixing Zone or Allocated Impac Refers to an area in which rapid mixing occurs and the numeric \
Zone (AlZ) quality criteria can go beyond what is allowed, although the int

toxic conditions have to be halted.

Certain water quality provisions must be followed at the end of the

Regulatory Mixing Zone or Lega As defined by the appropriate regulatory authority, can be a lengt

Mixing Zone (LMZ) area, or a volume of the receiving water bodies.

NearField or Hydrodynamic Mixing The zone where mixing is only induced by the processes resulting
Zone the outfall. Neaffield characteristics are closely dependent on

discharge parameters, and are under the control of the designer.

FarField The ambient oceanic turbulence is the reason for the mixing proc

in this region. Fafield mixing is not controlled by the engineer.

Initial Dilution General terminology for the quick mixing occurring in the proxin

of the outfall.
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Zone of InitialDilution (ZID) Refers to a small zone in the immediate vicinity of the diffuser wt
dilution is mainly induced by both the momentum and buoyancy o
discharge.

Assume a jet discharge with an angle relative to the horizontal @t nozzle diameter of
do, and port height ofip which releases an effluent with a dengitf ,c oncentd® at i on
and di sc h ar’gisto theestagnani réceiving énvironment with an ambient density
of” ("), concentration ob , and flow depth oHa. As shown in Figuré\-2, the mixing

process of this type of outfall discharge is typically divided two regions.

The first region, which is located in the proximity of the discharge point, is named the near
field. This region is often characterized by its initial mixing, which significantly depends on
the discharge configuration design and the effluent and amb@penties. Normally, a brine
discharge system should be designed in such a way that maximum dilution can happen in the
nearfield region. In this region, the dilution rate is very highd intense mixing occurs since
mixing is a consequence thieinitial buoyancy and momentum of thigh-velocity discharge
and their interaction with the ambient fluid. Furthermore, mixing and flow characteristics are
dominated by small scales (~meters and ~minutes). Accordi(lgdioerts et al. 1997}he
location where selinduced turbulence collapses under the effect of the induced density
stratification is recognized as the end of the 1fiedal, although it has not been uniquely
defined.

The second region, which occurs beyond the-fielt and further away from the discharge
point or diffuser, is called the fdield, where the effluent moves along the bottom of the ocean
as a density current. In this region, saliuced turbulence almbwsanishes,mixing is
predominantly caused by ambient turbulence, and the dilution rate is much lower compared to
the neaffield. Furthermore, mixing and flow features are dominated by large scales
(~kilometers and ~hourg¢lPalomar and Losada 2011)
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Figure A-2 Near and farfield regions in a jet discharge

More precisely, the different flolwehaviors of a brine jet discharge can be categorized into
four regions (see Figur&-2), as specified by the following. In region (1), the momentum
greatly impacts the ascending trajectory of the jet because of the inclined initial velocity. The
momentum continuously decreases up to the point where the jet maximum height occurs; at
this pant, the momentum and buoyancy force are equal. In region (2), the buoyancy force is
the predominant force, which leads the jet to descend until it reaches the seabed, where further
dilution occurs as the effluent expands. Region (3) is called the teemsdne and acts as a
Aspreading | ayero. This regi on c o-fiedregiont he ar
Finally, in region (4), the fafield, the effluent acts as a density curr@Pdlomar and Losada
2011)

A.2.2 Outfall DischargePrinciples and Classification

The Froude number is an important rdimensional parameter in fluid dynamics and is mainly

related to the influence of gravity on fluid motion. It can be defined as:
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F=—— (A-1)

r \/a
whereu is the characteristic flow velocitg is the acceleration of the external field, and

the characteristic length depending on the geometry of the flow channel.

However, when it comes to buoyant jets, the densimetric Froude nuff)es (more

common, which can be expressed as follows:
0 A (A-2)

¥ (A-3)

where"Q is the modified gravitational buoyancy acceleratiol owis the density difference

between the jet flow and the ambient fluid.

To design an ocean outfall system, it is essential to adopt the most efficient discharge form
to reach rapid and efficient mixinghe classification of buoyant jets can vary depending on
the different standards. Buoyant jets can be classified based on the discharge location, the jet
density relative to the ambient water, or the discharge direction.

Regarding the discharge locatiomastewaters may be dischargeither as surface or
submerged jets. Surface discharges do not achieve efficient mixing and rapidly change to
density currents moving at the bottom of the surrounding water. However, the dilution rates for
submerged jets are much higher compared to sud&charges since the surrounding fluid
entrains into the jet in all directions. Previous studies confirm the idea that efficient mixing of
the highly concentrated brine effluent can be reached by submerged discharge in an upwards
direction as a high vetity turbulent jet(Roberts et al. 199'Kheirkhah Gildeh et al. 2015
Loya-Fernandez et al. 2018)

Considering the jet density compared to the surrounding water density, jets can be
categorized into two main groups: positively and negatively buoyant jets, as shbignria
A-3. A positively buoyant jet has a density less than the ambient fluid dénsity”( ) so that
both momentum and buoyancy affect the flow dynamics. Thermal discharges from power
plants into colder ambient water and sewage discharges into denser ocean water can be the
most applicable examples pbsitively buoyant jets. The effluent rises because of buoyancy

forces until it reaches the water surface, and then spreads horizontally as plumes. However, the
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effluent may not reach the water surface in a stratified ambient. In stratified receiving water,
the effluent rises to a level where its density is the same as the ambient water, then spreads
horizontally. In contrast, aegatively buoyant jet has a density higher than the ambient water

& " ); as aresult, its trajectory is completely different. Since the jet density is higher than
the receiving watethe negative buoyancy causes the dense jet to reach a terminal rise height
and then fall back to the lower boundary. Once the dense jet impacts the seabed, it spreads as

a density current

i Farfield
. . i 1 Nearfield | _
Desalination No Shoreline Effect 1 -

! Mixing Processes Transport Processes
Power Plant_ t

Submerged Outfall Pipe

Negatively Buoyant Jet
>

Figure A-3 Schematic of flow discharges in positively and negatively buoyant jets

(U, T, Sdenote the velocity, temperature, and salinity parameters, respectively; the subsorgdsepresent

the jet and ambient characteristics, respectively.)

A buoyant jet can also be discharged horizontally (horizontal jet) or upwards, either
vertically (vertical jet) or at some angle to the horizontal (inclined jet). The vertical dense jet
in stagnant water tends to fall back on the source. This featurdgodisite dilution process and
causes lower dilution, which may not be desirable in outfall discharge d&siggimer et al.

2015 Roberts et al. 199Fischer et al. 2013)n contrast, inclined jets can clear the effluent
from the jet discharge site because of their horizontal component of mom@hhaimce and
List 1973)

A.3 Outfall Discharge Modeling

A.3.1 Governing Equations

The mathematical representation of fluid flow processes in outfall discharges generally
involves a set of partial differential equations (PDES) of continuity and momentum, which are
known as NaviefStokes equations.
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The conservation of mass is governed by the continuity equation, which can be written in
the incompressible form (which means the pressure does not affect the density of fluid) as

follows:

—a

T 6T 0 0 2 d
Tl o7 & " (A-4)

whereo, v, and0 are the mean velocity in they, andz directions, respectively.

The momentum equations for the thidimensional incompressible fluids and in npon

conservation form can also be expressed as:

06 pr i 1T 1o 1 1o 1o (A-5)
06 T el o To To fTo fab Ta

[O VIR oY N I To T To T ro 77 (A-6)
o6 Tale? Te fo To fa ta 27

00 pt AT TO T 1o T 10

Vo "TaTo To To To Tat Ta (A7)

whereois time,a is the effective kinematic viscosity ( #4 4 ;4 is theturbulent

kinematic viscosity), and represents the fluid pressure.

It is worthwhile mentioning that to capture the variable density impacts, the buoyancy term

"Q— only exists in the momentum equation in the vertical directyerofrdinate), and the

term” exists in all momentum equations. For an incompressible fluid, the density can be
calculated for both the surrounding fluid and the jet considering temper@juaad salinity
(S). In this regard, normally the empirical equation proposed by Millero and Poisson is applied
(Millero et al. 1981)

"RY T QY dYT @Y (A-8)
where empirical parametets (the density of water changing with the temperatwad), and

c can be defined as presented in Taki8.

Along with the NavieiStokes equations, the advectdiffusion equation governs the fluid

concentration and temperature evolution over time in the system as follows:
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Table A-3 Definition of empirical equation parametersed for the determination of dengiMillero et al.
1981)

Empirical equation parameters (T[°C]): » a4 = #1 P ¢4

Empirical Coefficients

Parameters ) a a # P ¥

WWAT ¢ U O WO WU WBiwu g pEimpoyY pp gy ©® 0 OOo(¢

pm pm pm pm pm
a TYCTTOu TP ww Xt oy g T QX V& Px L
pm pm pm pm
b VX CT @ P8I G ¢ X PHUL T @
pm pm pm
c ®@opT
p Tt
06 16 16 16 (A-9)

L (A-10)
— Q — — —;withQ — —
where C is the fluid concentration/salinity is the diffusion coefficient,T is the fluid
temperature;Q is the heat transfer coefficier®r is the Prandtl number, arfer; is the

turbulent Prandtl number.

Once the simplifying assumptions have been used, the governed PDEs are solved using
available numerical techniques. It should be noted that the successful applications of these
governing equations on outfall discharge modeling have been validated inrge&arch
(Kheirkhah Gildeh et al. 201&heirkhah Gildeh et al. 201&Kheirkhah Gildeh et al. 2016
Yan et al. 2020pYan et al. 2019Yan and Mohammadian 2019)

A.3.2 Solution Methods and Simulation Techniques for Discharge Modeling

There are three different solution approaches for the modeling of the behavior of outfall
discharges, including lengitale models, jet integral models, and computational fluid
dynamics (CFD) model@ aherian and Mohammadian 202l¢ngthscale models, which are
driven from the dimensional analysis of jet and plume mixing behavior, are a type of semi
empirical approach requiring large amounts of experimental and field data in order to generate

a relatively accurate performance (SartionsA.4.1.1 andA.4.2.1 for details). As a result,
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these models are obtained from highly simplified formulas for the flow characterization of
outfall discharges and can only be reliable in obtaining general knowledge of their design.
CORMIX and NRFIELD are among the common simulation tools being used basix
length-scale models.

Jet integral models solve the flow governing equations based on their integration over the
crosssection and then these PDEs are transformed into a simple set of ordinary differential
equations (ODEs) while using numerical solution methods such as the Ruttg formula.

In these models, the velocity profile of jets is assumed to be axisymmetric and Gaussian, having
no radial variations. The deficiency in comprehension of horizontal and lateral boundary
effects, unsteady ambient flow situations, and utstadarfield conditions (reentrainment of
effluent into the jet as an example) may cause some limitations in the applications of jet integral
models. JetLag of VISJET software, UM3 of Visual Plumes software, CoreJet of CORMIX

software are among the aale simulation tools being used based on the jet integral models.

The application of CFD modeling in the simulation of a large number of turbulent flows in
nature, as well as engineering, has been increased re¢ésmkins et al. 2012)n CFD
modeling, some turbulence closure assumptions are usually adopted to be able to numerically
solve the equations of continuity and momentum; to review various CFD methods see
(Sotiropoulos 2005)In general, two widelused discretization methods are developed to
address governing equations of the flow problems, namely finite difference method (FDM) and
finite volume method (FVM). Different software packages and codes are being applied in the
CFD numerical simulations such as ANSYS Fluent, OpenFOAM (OPEN Field Operation And
Manipulation), and SU2 code.

With the recent advent of progressive CFD tools and robust computational resources, there
is a great opportunity to overcome the deficiency of lelsgtie and jet integral models in the
simulation of outfall discharge systems. CFD techniques can prowdedetailed information
on the flow fields of outfall discharges without considering some of the simplified assumptions
of previous approaches. However, they require more sophisticated computational procedures
to close the system of equations. Since mbshe flow in outfalls are turbulent, the analysis
of different applicable turbulence modeling approaches is important in order to accurately

determine the discharge behaviors.
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A.3.3 Turbulence Modeling

Turbulence modeling involves a large number of scale motions that need to be resolved or
modeled. The three methods of Reynedderaged NavieBtokes (RANS), large eddy
simulation (LES), and direct numerical simulation (DNS) are the main numerical meateztls

to model turbulent flows. The application of DNS foe prediction ofthe mixing behavior of

outfall discharges is limited since it requi@sery high computational cost, although it can
resolve all the turbulent flow problems. In this section, the two most practical modeling
approaches of RANS and LES in outfall discharge modeling are described.

A.3.3.1ReynoldsAveraged NavieStokes (RANS)

The focus of the RANS method is on the effects of turbulence on the mean flow field properties.
In this approach, NavieBtokes equations are usually time averdggfdrebeing numerically
solved. More precisely, any instantaneous flow variable is decomposed into mean and
fluctuating componentsAfterward, they are replaced in the original equations, then the
obtained equations atime-averaged(Versteeg and Malalasekera 20MMoukalled et al.

2016) FigureA-4 represents fluctuating ( 0 ) and mean() components of an instantaneous

variable ' 0). Each instantaneouwsriable [ 0 ) can be demonstrated as in. B&4-11):

no non o (A-11)

For instance, the instantaneous values of velooityafd pressure)j can be decomposed

as fluctuating components 6&andngand mean values asandnf
6 o6 © (A-12)
. e A-13
n ni nee ( )

The spread of the fluctuation component about the mean is usually represented by the variance

n Py Qo (A-14)

The velocity variancesd , 6 ,and 6 are employed to define the turbulent kinetic
energy pemass Q as Equation (B), whered ,6 ando6 are the fluctuations of the velocity

components.
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Figure A-4 An instantaneous variable and its mean and fluctuating components

Time averaging of NavieStokes equations leads tocaled RANS equations, which can
be expressed as follows:

n (A-16)

1AL Te 16 L, (A-17)

where* is the dynamic viscosity of the fluid.

The process of time averaging results in the introduction of six extra unknowns of the
Reynolds stress tensor’(0%9%). These unknown terms must be estimated to be able to close

the system of equations; otherwise, the closure probteargesTherefore, various turbulence

models are developed to perform the estimations, which introduce additional transport
eqguations in most cases. Turbulence models can be categorized based on the number of these
extra transport equations into:

1 Algebraic models (zero additional equation)

In these models, eddy viscosity is computed based on an algebraic equation.

1 SpalartAllmaras models (one additional equation)

In these models, one turbulent quantity is obtained based on a transport equation, and
another turbulent quantity is acquired based on an algebraic expression.

f Q -andQ 7 models (two additional equations)
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These models are more complicated and apply two transport equations, which describe
transport of two scalars. For instance, in the case oKxthe model, one transport
equation is applied to describe transport of the turbulent kinetic energy and one for its
dissipation.

1 Reynold stress models (seven additional equations)

These models consider six transport equations for the Reynolds tensor and one equation

for the length scale of the turbulence.

From another point of view, the RANS turbulence models can be classified into Eddy viscosity

model and Reynolds stress model (RSM), as discussed below.

A.3.3.1.1Eddy Viscosity Model

This model has been proposed based on the Boussinesq assumption, which declares that

Reynolds stresses are proportional to mean rates of deformation:

66 T = = " 0 (A-18)

where' is the eddy viscosity and is the Kronecker delta:

1 PRQ Q
(A-19
1 TRQ Q
The Kronecker delta causes the correct answers for the normal Reynold stresse§ where
'QQ 7 , shear stress transport (SS®) 1 , standardQ -, renormalization group (RNG)
Q -, and realizabléQ - canbe the best examples of the turbulence models based on the

eddy viscosity model.
A.3.3.1.2Reynolds Stress ModeREM)

This model applies the Reynolds stress transport equations to obtain the Reynolds stress tensor.
Accordingly, the direct effects of the Reynolds stress field can be achieved. This leads RSM to
perform better compared to the Eddy viscosity model underdhditions where the flow

fields are sophisticatgdVer st eeg & Mal al aseker a, 2007)

The Reynolds stres¥ () and the transport equation"éf are presented as E¢8-20) and

(A-21), respectively:
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where— is the rate of change of , 6 — is the transport term by convectiah, is the

production rate ofY , O is the transport term by diffusion, is the dissipation rate of |,

L s the transport term hiyirbulent pressuestrain interactions, angj is the transport term

by rotation. In RSM, three terms: convection, production, and rotation maintain their exact
forms, and the terms of diffusion, dissipation rate, and presswai@ interactions need to be
modeled; se@_aunder et al., 1979nd(Rodi, 1984)or the required models.

A.3.3.2Large Eddy Simulation (LES)

The LES approach was first proposed by Smagorifs863) LES is a method in which the
different behavior of large and small eddies is considered. The large eddies are almost
anisotropic and their behavior is affected by external forces, the geometry of the domain, and
boundary conditions, while the small edslere almost isotropic and homogene@lersteeg

and Malalasekera 200Zhiyin 2015) Furthermore, the large eddies are the reason for most of
the momentum transfer, and incorporate most of the turbulence d@digiyn 2015) Unlike

the RANS models in which all eddies are modeled, in the LES approach, the unsteady nature
of the large eddies is directly computed, and just small eddies are modeled using turbulence

models.

LES employs the following steps to simulate the behavior of flows. The procedure of the
LES approach is demonstrated in Figur& AAt first, a spatial filter function and a filter size
are determined to distinguish between the large and small eddieswvakite the filter is
applied to the flow equations; the large eddies are resolved and the small eddies are eliminated.
At the end, the small eddies are modeled usinegsigbscale (SGS) models. It is worth noting
that the accuracy of LES strictly deperats the adopted SGS mod&lohammadian et al.
2020) The small eddies can be accurately modeled since they are independent of boundary
conditions and the flow typ@oukalled et al. 2016)
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Figure A-5 Spatial filtering in the LES approach

The filtering operation in this method is defined as follows:

B 0GBV » OB AW'Q A @ (A-22)

where 'OcBo & is the filtered functionYis the filter size, and @& is the original
function. Box filter, Gaussian filter, and spectral cutoff are the most common filtering functions
in LES. The filter size ¥) should not be smaller than the cell size. The truncation error can be
almost eliminated when the filter size is larger than the cell(taed, 1997) It is usually

considered to be the cube root of the cell volfmée r st eeg & Mal al aseker a
Yy  YVYa (A-23)
whereYa Yoy andYa are the grid cell sizes i 3 andadirections The filtered NavietStokes

equations including continuity and momentum equations can be presented for an

incompressible fluid as Eq8A-24) and @A-25), respectively.

1o 4 (A-24)
T

16 160 prar 16 1t (A-25)
T o T "To Tow Tw
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where ¢ is the filtered velocityf[is the filtered pressure field, and indicates the SGS

stresses.

The difference between the filtered velocity and the actual velocity is indicaierbih R
eference source not found.The SGS stress can be defined as follows:

T 00 00 (A-26)
The SGS stresses in LES are somewhat like the Reynolds stresses in RANS, but they are
created as a result gpatial filtering operation, not time averaging. Furthermore, like the

Reynold stresses in RANS, they need to be modeled. They can be modeled either via standard

or dynamic Smagorinsky methods.

U4

Figure A-6 Comparison of the filtered velocity and the actual velocity

A.3.3.3Comparison of Turbulence Modeling Approaches

The relative advantages and disadvantages of applicable turbulence modeling approaches for
the prediction of the mixing behavior of outfall systems can be explained by considering their
conceptual differences.

RANS has somadvantages over LES in simulating outfall discharges. The main relative
advantages have to do with the computational cost and the validation. Time averaging and
modeling all eddies allow RANS to have reasonable computational cost, which makes it quite
favorable for industrialandfub c al e si mul ati ons. When an engi
state flow, simulation of detailed instantaneous flow is a waste of time and money. The

computation of unsteady flow equations in LES leads it to require a mgehn tamputational
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expense compared to RANS. In addition to the fact that high computational time is undesirable
for industrial applications, it may also lead to the unreliability of simulation results. The high
computing times required for LES prevent performing multiplel-dependency tests and
sensitivity analysis in industrial studies, which may result in unreliable predici®sust

2010) Furthermore, the performance of RANS is validated by many studies, while there are
fewer LES models, resulting in a lack of validation compared to the RANS method; therefore,
the risk of applying LES models for field scale diffusers can be somewhaMogh precisely,

to the authorso6é6 knowledge, there is no vali
diffusers, even at the research stage. The limited studies on single port diffusers have
mentioned the weakness of SGS models in dealing with Idwlnce intensityZhang et al.

2015) the reproduction of the wall interaction procegZésing et al. 2017and the convective
mixing due to the buoyaneaynduced instability(Zhang et al. 2016)in addition, a need for
considering stratified effects in SGS models has been ridiag et al. 2019)Due to the
mentioned advantages, RANS has been the most widely used approach in industrial

applications for turbulent flow simulations in recent decdtitsukalled et al. 2016)

On the other hand, LES has some unique features that distinguish it from RANS. The main
superiority of LES over RANS is its accuracy and the detailed information that it can provide.
Directly computing and capturing the large eddies which incorporate ohtis¢ turbulence
energy has made LES a more accurate approach compared to RANS, in which all eddies are
modeled. The dimensions of this difference may be even more highlighted fesdadéd
simulations. The accuracy of RANS has always been a concembirent flow problems due
to time averagingMohammadian et al. 2020Furthermore, unlike RANS, LES is capable of
providing statistics of the resolved fluctuations. With the recent advances in computational
resources, more attention is given to these models, and the application of LES for industrial

problems is becoming me promising(Moukalled et al. 201;@8Mlohammadian et al. 2020)

It should be noted that taking advantage of hybrid approaches such as detached eddy
simulation (DES) has shown great potential in the simulation of turbulent flows, although it
has not been adopted to simulate outfall discharges yet. For comparisonAFabis the

differences between different turbulence modeling approaches
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Table A-4 Comparison between different applicable turbulence modeling approaches for outfall discharge

modeling

Turbulence  Advantage Limitations Applications

Models

DNS 1. Resolves NS equations with 1 1. Extreme computational cos Simple flow or low
turbulence approximation 2. Very fine meshes required Reynolds number flow
2. Resolves altemporal and spatia capture all the spatial scales less applicable «
turbulence scales engineering problems

RANS Most computationallyinexpensive Cannot be accurate within tF Most suitable for stead
and easy to implement entire flow field flow

LES 1. High accuracy, as it directl 1. High computational cost Unsteady flow with
computes large scale eddies 5 Smaliscale  turbulence vortex and recirculation
2. Much cheaper than DN theory still needs developmel
computationally due to modeling ¢ for complex geometries
only small scales

DES Combines the benefits of botl 1. Difficult to couple RANS Massively separated flov

RANS and LES LES interface

2. Unaffordable for large

computational domains

A.4 Outfall Discharge Analysisand Design

A.4.1 Single Port Effluent Discharges
A.4.1.1Dimensional Analysis

The primary flow parameters for a single brine jea gtagnant ambient fluid are illustrated in
FigureA-7. At first, due to the initial vertical momentum flux produced by the diffuser, the jet
movesupwards. The buoyancy forcesntinuously decrease this momentum flux until it
almost vanishes at thmoint where the jet reaches its maximum. Subsequehtyjet turns

downwardsand falls back to the sea bottom and develops as a gravity current.
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Figure A-7 Definition sketch for typical inclined jet parameters

Typically, jetdensimetric Froude numbefo, discharge volume fluxd , discharge
momentum flux 0 , and discharge buoyancy fluk determine the primary flow

characteristics ahejet. These variables in the dimensional analysis are defined as follows:

4 ‘Q ., e “Q = R ¥ " 4 4
0 TYh) TY YU b Q V) QU (A'27)

whereC is the reduced gravitational buoyanagceleration at the sourcBurthermore, the

flow characteristics mainly depend on some length scales derived from the volume,

momentum, and buoyancy fluxes. These length scales are as(b&low J . W. Roberts
1988)

o« T od

U 0

o] 0

lo quantifies the distance over which the volume flux of the entrained ambient fluid becomes
approximately equal to the initial volume flux. Therefore, for distances from the nozzle much
larger tharlg, the initial volume fluxwill not dynamically be of significancéw is a measure
of the distance over which the buoyancy generates momentum approximately equal to the
initial momentum. At distances from the nozzle much greater liaghe effect ofinitial
momentum fluxbecomes negligible and the buoyant jet has essentially become a plume
(Wright 1984 Roberts et al. 199 Doneker and Jirka 2007t should be mentioned that since
the direction of momentum and buoyancy are different in negatively buoyant jets, the initial

momentum flux will always be an important paraméRoberts et al. 1997)
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Considering the assumption that states the flow is fully turbulent, any dependent variable,

for examplethe terminal rise heighb, is a function oD , 0 , andd only:

®w Q0 M M (A-29)
The maximum rise height can be expressed in terms of the two Eraiés:

w ., a

— Q- (A-30)

a a

Forlu >> | g, the effect othe source volume flugecomesegligible, and EqA-30) turns

into:

W

(‘]— v (A-31)

whereK is a constantq. (A-31) can be rewritten as below for a royet

© oo (A-32)

where "0 is the jetdensimetricFroude number and is a constant. Applying the same
procedure, the other geometric jet parameters including the maximum centerlinecheight
its relevant horizontal locatio, the thickness of the spreading layey the impact point
location w, andthe length of the nedreld w can be similarly obtainedis Eq. A-33).
Moreover, the minimum dilution at the horizontal locatior("Y), the impact dilutionY, and

the ultimate dilutionY are found to be constant as follows:

O (O L@ O O e Ve Y a R A-33
aohooboaooqo © oot @ (A-33)

These constants)to @) are estimatetly experiments and specify the trajectory of the jet and

dilution rate at different points for the jet.
A.4.1.2Numerical Studies

Generally, employing the proper discharge characteristics (like angle and configuration) and
appropriate ambient water characteristics (like water depth and forcing currents) would be
beneficial in obtaining an efficient mixing of effluent discharges thi® receiving water
bodies. Extensive studies have been conducted on the flow behavior of jets and plumes, taking

into account the optimization of the dischar

Among the conducted studies, the use of numerical simulations in comparison with the
experimental works are less explored for the assessment of outfall discharge systems, although

the numerical methods can be seen as an inexpensive and practical appribesHield.
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Literature reviews show that improvements during the last two decades in the computational
resources provide an ability to extract accurate numerical results for the entire field of outfall
regions. Thus, the applications of numerical methods to jet amdepype flows still need

further attention. In the following paragraphs, a summary of numerical studies on single port

effluent discharges is presented.

Hwang et al.(1995) numerically investigated the initial mixing of a vertical buoyant jet
discharge into a density stratified crdksv using theQ - turbulence model, which
successfully shows the evolution of vortex pairs as a consequence of jet and ambient flow
interactions. Blumberg et gl1996)and Zhang and Adan{999)employed the fafield CFD
circulation models to predict the nefagld plume characteristics of sewage outfalafeiadou
et al.(2005)investigated the inclined negatively buoyant jets using the ANSYS CFX tool while
applying the shear stress transport turbulence model to close the problem. This model is based
on combining théQ 7 andQ - models. They compared the results of the numerical model
with the experimental works of Roberts et @997) and Bloomfield and Ker(2002)
demonstrating relatively acceptable predictions for the terminal rise heights of the negatively
buoyant jets studied. However, considerable discrepancies were observed for the forecast of

the return point.

Furthermore, Kim and Ch¢006) numerically studied the mixing characteristics of both
the surface and submerged heated flow discharges issuing into ambieffibevdssapplying
the RNGQ - method as the turbulence closure method. The 4ttireensional model was
successfully built using the commercial CFD software package-BIowl he effect of various
levels of water depth (shallow and deep ambient water) was also investigated ondhe initi
mixing of buoyant flows. Applying the ANSYS CFX model, Oliver et(a008)examined the
geometrical and bulk flow parameters of inclined negatively buoyant jets. Two S@ts -of
simulations, one based on the standard-@goationQ - turbulence approach and the other
based on the calibration of turbulent Schmidt number in the tracer transport equation, were
employed in this study. Although a comparison of the results from the standard and calibrated
"Q - approaches was more accurate than the analytical and integral model predictions, the
implementation of these approaches could not provide a precise prediction for the bulk flow

parameters at the centerline maximum height.

Papanicolaou et a{2008) proposed Gaussian distribution and-tegt integral models for
the prediction of concentration and velocity in negatively buoyant jets. In addition, different

jet entrainment coefficient values were applied to measure the geometrical parameters and
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dilution at the return point locations and the maximum centerline. Findings showed that the
geometrical characteristics were underestimated, particularly when using the Gaussian
formulation. HUAI et al.(2010) applied the realizablé&) - turbulence closure model to
predict the behavior of wall buoyant jets and then conducted a comparison between the
numerical results (such as centerline trajectory, cling length, and dilutions) and the analytical
and experimental data. A linear relatioqshetween the dilutions of temperature and velocity

and the distance from the nozzle was also suggested.

Christodoulou et a2010)proposed that the centerline trajectory and the upper boundary
of inclined negatively buoyant jets with discharge angles in the range of 30° to 85° could be
estimated in a nedimensional form by a second degree polynoniRalomar et al(2012)
studied the accuracy of different commercial software tools including VISJET, Visual Plumes,
and CORMIX (CorJet) to model the behavior of brine jet discharges into both stagnant and
dynamic receiving water environments. Results revealed that these coainmeociels
underestimated the geometrical characteristics such as the terminal rise height of the jets. In
addition, the dilution at the impact point was predicted with a deviation of 50% to 65%.
Consequently, the commercial software models should bedsyadi highly conservative
when approximating the dilution levels. Oliver et @013) presented a modified integral
mod el for the simulation of a ne-jedtrdgienel v bu
According to the obtained results, it was claimed that the developed model could predict both
the geometrical and dilution paramete&rith a higher accuracy than the previously introduced
models by considering the influence of additional mixing in various initial conditions for

submerged outfall discharges of brine effluents.

Kheirkhah Gildeh et al(2014) numerically investigated the threlémensional fields of
velocity and temperature for both saline and thermal wall jets. The buoyancy modified solver
was applied to simulate negatively buoyant jets in the OpenFOAM software. A modified
version of PisoFoamsolver was created that involves the density equation as a function of
salinity and temperature. Seven turbulence models were used to evaluate the accuracy of RANS
models for the simulation of jet discharges. The LauiiceRodi (LRR) turbulence models
were introduced as the most reliable approach among those studied. Kheirkhah Gildeh et al.
(2015) employed different turbulence models for the simulation of the inclined dense jet
discharges (with the two angles of 30° and 45°) into the stationary shallow waters,
demonstrating that the LRR and the realizale- models could predict this flow type more

precisely than the other turbulence closure models examined.
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Kheirkhah Gildeh et al(2016) also applied the LRR and Realizatf® - turbulence
models to investigate the geometrical and flow properties of 30° and 45° inclined negatively
buoyant jets with a densimetric Froude number varying from 10 to 34. Moreover, the influence
of buoyancy on the turbulence model was studied by modjfyie standar® - model using
the standard Boussinesq gradient diffusion hypothesis (SGDH) and general gradient diffusion
hypothesis (GGDH) approaches. Considering that the buoyancy term in the turbulence model
resulted in a wider spread of dense ggtshe inner half, this points out the more realistic results

according to the physical experiments.

In addition, Zhang et a{2016)presented a numerical simulation of a submerged negatively
buoyant jet in the OpenFOAM software and app
both the Smagorinsky and dynamic Smagorinsky SGS models, then validated the obtained data
with the experimest conducted. More recently, Ardalan and Vafé@019) numerically
modeled 45° inclined thermahline effluent discharges into the stationary environment using
the realizabléQ - turbulence modeExperimentadata were applied to calibrate the model
results. The findings demonstrated an acceptable simulation performance for the prediction of
geometrical characteristics in the therygaline jets studied.

A summary of some prominent numerical studies using the RANS approaches to simulate
single jets is presented in Tal#e5. These studies confirm the predictive capability of these
models in simulating the mixing behavior of single jets. Among different RANS models, the
realizableQ - and LRR models can be considered as the most reliable models for single jets
and can be utilized when designing outfall systems. Furthermore, Rableresents a

summary of numerical studies using the LES models for thdaiiom of single jets

Table A-5 Prominent numerical studies using the RANS modeling approaches for the simulation of single jets
and their remarks

Ref. Applied models Jet type Outcome/Remarks

f The realizable ¥ U model prov

accurate predictions of the mixing in tt

StandardQ -, . .
negatively buoyant plume and the spreading
(Plumetal., realizableQ -, 60° inclined |
ayer.
2008) standardQ 1, dense jet 1 The RSM models required unacceptal
and RSM

processing time for the level of accuracy requil

for the problem.
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(Oliver et al.,
2008)

StandardQ -

and calibrated

Q -

il

Inclined dense

jet

il

A 'Q - model based on thealibration of the
turbulent Schmidt number was proposed.

"Q - models led to more accurate predictions
the behavior of inclined dense jets comparec
integral models and analytical solutions.

Both models underestimated the flow spread .
the centerline dilution at the maximum height.
There was no improvement in the quality of t
predictions of bulk flow parameters at tl
centerline maximum height when usin@® -

models compared to analytical solutions.

(EI-Amin et al.,
2010)

StandardQ -,

realizableQ -,
RNGQ -,and confined vertical

standardQ 7

{ The realizable ¥ U0 model prov

Heated and

unheated

jets

accurate predictions of the jet characteristics.

9 The heated jet was a lazy plume.

I The maximum velocity was theoretical

predicted.

(Huai et al.,
2010)

RealizableQ

Horizontal wall 1

jet

The realizable®@ - model could successfull
predict velocity distribution and temperatu
dilutions.

Velocity profile had a Gaussian form after t
distance of 5¢lfrom the nozzle.

The distributions of velocity and temperatu
dilutions indicated a similarity along the axi
direction at centerline in the nefeld.

(Kheirkhah
Gildeh et al.,
2014b)

StandardQ -
realizableQ -
RNGQ -,Q

1 SST, LRR,

and Launder

Gibson

Thermal and

saline wall jet T

The LRR and realizablek U model s
most accurate solutions for saline and ther
wall jets.

Streamwise and spawwise profiles for velocity
and temperature were salfnilar after an initial
distance from the nozzle.

The streanrwise temperature profiles had
general Gaussian pattern at various distances

the nozzle.

9 Bed slope shortened the cling length.

9 The bed roughness effect on the temperature

was less than on the velocity field.

(Gildeh et al.,
2014)

RealizableQ

and LRR

60°, 8%, and 88 1

inclined dense

jets

Brine discharges could be accurately mode

using therealizableQ - and LRR models.
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The terminal rise height was underestimated
about 5% using both models.

The terminal rise height for 80° jets whigher
than 85° jets.

The LRR model captured secondary flows &
buoyancyinduced forces since it considers t

effects of the stress anisotropy.

RealizableQ
(Kheirkhah -,RNGTQ -,
Gildeh etal., nonlinearQ -,
2015b) LRR, and

LaunderGibson

30° and 45

inclined dense

jet

The LRR and realizablekU model s
more accurate solutions compared to the o
models.

Thenonlineark U model 1l ed tc¢
results.

The dilution was slightly underestimated by
models.

Port inclination did not have a significant effe
on the dilution at the return point.

The crosssectional velocity and concentratic
profiles of the outer half of the jet had :

axisymmetric Gaussian pattern.

(Kheirkhah
Gildeh et al.,
2016b)

RealizableQ -
and LRR

30°and 43

inclined dense

jet

The LRR model led to a slightly better predictir
of the jet geometry and dilution characterist
since it could capture secondary flows a
buoyancyinduced forces.

After the potential core region (6> 3), the
maximum velocity at the jet centerline decreas
almost linearly.

Considering the densiiynduced term in the
turbulence model caused the inner part of the

to spread more widely.

(Ardalan &
Vafaei, 2019)

RealizableQ -

45° thermat

saline jet

il

Thermatsaline discharges could be accurat
modeled by theealizableQ - model.

The accuracy of the predictions decreased fi
the jetlike regions toward the plurdée region
The outer side boundary of the flow was predic
less accurately compared to the inner si
boundary.

The salinity and temperature dilution ratios
thermalsaline jets were 93% and 89% for t

return point and the centerline peak, respectivi
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9 The combination of saline and thermal efflue
could be groper approach to optimize the mixir

of effluent.

(Yan,

Mohammadian, RNG™Q

et al., 2020)

1 The accuracy of theRNG Q - model in
simulating inclined jets in linearly stratified fluid
was evaluated.

9 The prediction errors for the terminal rise heig
4% inclined

plane jet

the depth of the unddiow, and the spreading
layer thickness were about 4%, 9%, and ¢
respectively.

1 A new length scale that characterizes the efft

of ambient stratification was proposed.

Table A-6 Prominent numerical studies using the LES modeling approach for the simulation of single jets and

their remarks

Ref. Jet type Outcome/Remarks
9 Buoyancy flux had a positive effect on thenetration rate.
i The penetrative distances driven by the initial buoyancy and mome
R-Q. Vertical fluxes were independent.
Wang et downward jet T The total penetration distance can be treated as a linear combination
al, 2011) penetrative mechanisms driven by the initial buoyancy modhentum
fluxes.
1 LES model, compared to standafd - and®Q 1 models, led to more
accurate results of both the kinematic and scalar mixing characteristi
{ StandardQ - and@ 1 models were unable to predict the strc
(zhang et Wall jet anisotropic spreading of the wall jet near the boundary.
al., 2015) 1 The weakness of the Smagorinsky SGS model in dealing with
turbulence intensity in regions far from the centerline led to faster redu
of spanwise turbulence intensity in those regions.
9 The velocity decay rate was dependent on the Richardson number.
1 The Richardson number had a significant positive effect on the ve
deflection.
(Ghaisas 1 The anisotropy increased when increasing the Richardson number.
etal., Horizontal jet T The coflow affected the jet trajectory and the radial haifiths, but not
2015) the turbulent energetics.

1 The Reynolds number, Re, had no effect on the total radial spread, |

trajectory, and the turbulent fluctuations.

9 The ratio of scalar and velocity spreads was-oamstant.
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Coherent vortex rings were formed on the upper side of the jet, \
intermittent coherent vortices and smsdhle structures were produced

the lower part.

(Zhang et
al., 2016)

45° inclined jet

The LES model was able faredict the geometric characteristics witt
slight overprediction of 10% and the return point dilution with an unc

prediction of 20%.

9 The LES approach outperformed the integral models.

==

The jet spread widths were reasonably predicted in regions close -
nozzle, but not beyond the centerline peak.

Both the Smagorinsky and dynamic Smagorinsky SGS models wet
fully able to capture the convective turbulence under the influenc

buoyancy.

(Zhang et 45° and 60
al., 2017) inclined jets

The LES model was able to simulate reasonably well the geon

characteristics.

9 The return point dilution was underestimated by 20%.

9 The LES model was able to reproduce the localized concentrationupu

at the impact point.

9 The LES model could reasonably reproduce the-tiweraged first orde
mixing characteristics.

(M. Jiang T Turbulence kinetic energy spect

etal, 4% inclined jet at the frequency from 2 to 20 Hz near and beyond the centerline pea

2019) 1 SGS models needed to be improved in such a way that incorpora

stratification effects.
1 The model was able to reasonably predict the geometrical and

(Tofighian  15°, 3C°, 4%, 60, features; however, thilow features were still underestimated by up

etal,  and 78inclined  25%.

2022) jets 1 The model was able to reproduce the local concentration-bpittear the

impact point.

't is worthwhile mentioning the CFD model:i
readrl d jet and plume applications that may
particulate matters in dredge ddespogsalri ageit
reclamation can be the best examples of thes
shed | ight on their design development-. I n t
based modeling to analaywzieortshe fmisxiinnggd ea npdo r ft |

pl umes has

al

2014)

I

been confliAzmend ie€hpheeR2@Cdf2ns 2O QIO e
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A.4.2 Multiport Effluent Discharges

A.4.2.1 Dimensional Analysis

Although the mixing of inclined dense single jets has been widely investigated for many years,
the behavior of multiport diffusers has recently gained more atteftiwse diffusers have
been applied in some areas around the world; the reliesdamces include the Australian cities

of Melbourne, Perthand SydneyMissimer et al. 2015Results demonstrated that discharges
from a multiport diffuser can achieve a higher dilution in comparison with an equivalent single
port discharggFischer et al. 2033 ee and Chu 2003Marine outfalls may be designed as a
diffuser with multiple ports (multiport diffuser). There are different designs depending on the
site-specific conditions. For example, nozzles can be aligneditegtionally in the offshore
direction to decrease impts on the sensitive receivdilsai and Lee 2012)Jirka (2006)

reported a summary of other types of diffuser designs.

In modern outfall designs, the wastewater is typically discharged through a number of risers
mounted on the outfall; each riser is fitted circumferentially with lorizontal nozzleéLai
and Lee 2012)Figure A-8 shows the perspective view of these risers with-reo#zle
configuration. With this type of nozzle arrangement, experiments have shown that the diffuser

length can be minimizefdsaacson et al. 1983)esulting in a coseffective construction.

Rosette Riser

Figure A-8 Perspective view of multiport rosette diffuser on a submarine outfall

(the obtained jet flovis shaped like a rose, and is called a rosette jet group)
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Considering the multiport diffuser illustrated in Fig¥yed (with discharge either from one

or both sides) whose port spacind jsthe constants on the righnd side of EqA-33) then

become functions ef— (Missimer et al. 2015)

QO 50 QO O QQO
Qb
n Q0

(A-34)

ol < D‘g

Therefore, the effect of the port spacing is completely encapsulated in the dimensionless

parameter— (Missimer et al. 2015)

}<—L p—|

N

Figure A-9 Definition diagram for the multiport dense jet

When the jets are adequately far from each otherl( 1), the jets do not have any

interactions and behave as single jets, and &@3] can be applied for the multiport instead

of Eq. (A-34). On the other hand, when the ports are close togethet 1, they are
considered as if they are discharged from a line. Thus, the jet parameters are introduced per
unit diffuser length rather than the individual jet parameters. The discharge volume,

momentum, and buoyancy fluxes per unit length can be introdase@, mo, and b,

respectively:

~
g

0 s ,
no=m  Yino ¢n (A-39)

whereQr is the total discharge from the diffuser dni the diffuser length. The terminal rise

height for a line source is as follows, instead of Bg29):
® "on o (A-36)

which following a dimensional analysis becomes:
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o’

0E¢Ei Oowe o (A-37)
For a long diffuser® and @ can be expressed @sf0 and 0 T0 , respectively.

Considering the concept of the Froude number, EeB7) can be expressed @dissimer et
al. 2015)

©  a Y 7 A-38
a5 © 9% (A-38)

The other geometrical parameters can be presented using the same procedure and for
dilution (Missimer et al. 2015)

RPN A-39

5 © 90 (A-39)
wherecyo andci: are experimental constants. Egs-38) and @A-39) show the negative effect

of the port spacing on the terminal rise height and the positive effect of it on the dilution

(Missimer et al. 2015)
A.4.2.2Numerical Studies

There are a number of studies using CFD to investigate the jet interaction in multiport diffuser
discharges. Anderson and Sp@001)studied twin parallel plane momentum jet discharges
using CFD and compared them with their experimental observations. A recirculation region
was successfully simulated, which was also observed in experiments. Law(2004)
reported the first CFD computation of rosette jet groups with-@0r8risers, which required

a run time of four days. Kuang et §006)carried out a numerical study to investigate the
plume interaction above an alternating diffuser. The negative cavity pressure was confirmed
by the computation. The merging process between neighboring jets was found. The
dependency of the degree of intgran on nozzle spacing was also observed. The computation
was however performed with an assumed infinite water depth, which is somewhat different
from the actual situation. Xiao et §2006)conducted a numerical study of four tandem jets in

a crossflow. The sheltering influence observed in the experiments was well reproduced. Jet
trajectories were in agreement with experimental data. Rear jets were deflected to a similar
degree by the amhné crossflow. The induced velocity and pressure field, which are difficult

to determine comprehensively in an experiment, were also obtained. The flow field showed a

decrease in the effective crefdsw velocity after being sheltered by the front jet.
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Lai and Leg2012)also presented a general seanalytical model for the dynamic interaction
of multiple buoyant jets in a staghant environment. Results showed that jet merging and mixing
can be remarkably influenced by jet interactions. Model predictions of the jetidregec
merging height, the centerline velocity, and concentration of the buoyant jet group are

corroborated by the experimental findings.

Some of the prominent studies on the modeling of multiport jets are presented il\I@able
The prediction capabilities of the RANS models for rosette buoyant, multiple inclined, and
multiple vertical jets have been indicated in recent studies. These studies show that multiple
jets can be simulated using the RANS models with reasonable Regaurding the previous
studies focusing on the different turbulence closures, the RNG model led to more
accurate results compared to the other RANS models fimugamultiple jet types. Thus, this
model can be applied as a reliable model to predict the mixing behavior of multiport diffusers.
Although the effect of port spacing on the mixing behavior of multiple jets has been well
studied, the effect of port indation on the mixing process has not been well recognized.
Furthermore, to the authorsé knowl edge, mu | t
LES models. The reason may be the high computational cost and complexity when it comes to

the simulatiorof the complex geometry of multiport discharges.

Table A-7 Prominent numerical studies on the simulation of multiple jets and their remarks

Ref. Method  Applied models Multiple jet type  Outcome/Remarks
Differential 1 A numerical model
(Anderson
) Reynolds stress  Dual, parallel
& Spall, Numerical )
(RSM) and planar jets
2001) -
standardQ -
1 A theoretical model
(H. J. 1 Individual jetsasymmetrically sprea
Wang & _ Uni-directional during jet merging.
Theoretical - :
Davidson, multiple jets 91 Models that employed the summatic
2003a) of velocity and tracer distribution
underestimated centerline dilutions.
(P. C. 1 A theoretical model

Yannopoul Entrainme 1 The merging effect became significa

Uni-directional . .
0s & nt i} g on the centerline velocities ar

- multiple jets ,
Noutsopou restriction concentrations after about double t

los, 2006)
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distance where the nearby optical

boundaries intersected.

(Tang et
al., 2008)

Numerical

Eddy viscosity

Multiple inclined

jets

1 A numerical model

1 Unlike empirical mixing zone models

the complex interplay of the ambie
flow and thermal jets and jet
interactions could be properly resolvt
via the CFD model.

(A.C. H.

Lai & Lee, )
analytical
2012)

Semi

Rosette buoyant

jets

1 A Semianalytical model

1 Jet interactions significantly affecte

mixing behavior.

Dynamic interactions between the j
groups were negatively affected |
ambient crosglow.

(Yan et al., )
Numerical
2019)

StandardQ
and RNGQ

Rosette buoyant
jets

with upward and

downward 36,

45° and 60

inclined ports

1 A numerical model

9 The port inclination affected mixing

behavior.

The RNG Q - outperformed the
standardQ -.

Jets became less diluted in the ca

with greater angles.

I The better performance of the RN

"Q - was due to the consideration
the influence of the Reynolds numb
on the effective turbulence transpo
incorporating a new term in the and
determination of the inverse effecti

Prandtl numbers.

(Yan &
Mohamma Numerical
dian, 2019)

StandardQ
and RNGQ

Multiple 6(°

inclined jets

1 A numerical model

9 The port spacing significanth

impacted mixing behavior.
The RNGQ - model outperformec
the standard) -.

1 Both the standard and RN® -

models could provide results ¢
terminal rise height and impas

dilution with errors smaller than 15%
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Singlegene 1 Al-based models

The MGGP models outperformed tt
SGGP models and the existir

genetic T

(Yan & o programming
Artificial iorbased irical model
Mohamma (SGGP) and Multiple 60° regressiorbased empirical models.
. intelligenc ) o )
dian, A multigene inclined jets
e
2020a) genetic

programming
(MGGP)

1 Al-based models
1 The nondimensional vertical
displacement of the merging point ai
concentration where the jets were w
mixed became more sensitive to pr
(Yan & spacing than to the Froude number.
Mohamma Multiple vertical T The  nondimensional  centerline
dian, Al MGGP jets concentration was more sensitive
2020b) the Froude number than to por
spacing.
9 There was no clear trend regarding 1
sensitivity of the nordimensional
vertical displacement of the mergir

point versus the Froude number.

1 A numerical model
1 Crossflow conditions significantly
affected mixing behavior.
1 Quasiquiescent conditions produce
(M. J. the largest areal extent across 1

Baum & _ Multiple 60° salinity spectrum.

_ Numerical Q1 (SST) o ) -
Gibbes, inclined jets 9 Crossflow decreased the salinit
2020) footprint.

1 Impact distances and dilutions we
about 10% lower for the logarithmi
crossflow regime compared to th

equivalent uniform velocity regime.

StandardQ -, 1 A numerical model

RNGTO - 1 The port spacing significanth

Yan et al., 5 Multiple vertical ; i ;
( Numerical standardQ 1 . P influenced the mixing behavior.

2020) andQ | jets  The RNG'Q - outperformed othel

(SST) RANS models.
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9 The port spacing positively affecte
the characteristic jet width in th
streamwise direction.

1 The jets with larger portspacing
merged at locations farther from tt
nozzle.

1T A new formula for -centerline
concentration profiles considering tt

effect of port spacing was proposed.

A.5 Knowledge Gaps

According to the literature review on outfall discharge modeling, thergsoane main gaps in
the existing numerical modeling that need to be considered. Addressing these deficiencies can
lead to more realistic predictions of outfall discharge behavior via modeling. The major

knowledge gaps can be expressed as follows:

1 The effect of neighboring boundaries including the bottom layer roughness, the bed
slope, and shallow water surface on the mixing behavior of jets requires further
research.

1 With the advancements in computational resources, more attention should be given to

hybrid simulation approaches.

1 To capture precisely the coherence structures and turbulence behavior of discharge
flow, the use of instantaneous CFD analysis instead of time averaging should be further

explored.

1 Simulation difficulties such as mesh generation deficiencies and instability of models
for outfall discharge modeling, particularly for complex multiport diffuser

configuration, need to be considered.

1 One of the most important challenges in applicability of CFD methods is to define the
appropriate mesh and boundary conditions in a way that provide stable results. The
definition of high mesh resolutions required for the accurate and stable solutiom can b
translated into high computational cost. Meshfree CFD methods such as smoothed
particle hydrodynamics (SPH), which have been recently studied in fluid mechanics
problems(Aristodemo et al. 2035Hu and Adams 2015 ranDuc et al. 2017Liu et
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al. 2021 Meister et al. 201 Ayith the idea of replacing the mesh with a set of arbitrarily

di stributed particles, can overcome the
method as the nexjeneration of CFD approach should be investigated further for the
modeling of outfall disharges.

1 The applications of lattice Boltzmann method in the modeling of fluid flow within the

complex outfall geometries are worthwhile to examine.

1 A more realistic scenario involving ambient flow and wave currents representative of a

coastal situation should be studied in future research.

1 Dynamic of ambient stratification in CFD analysis of outfall discharge requires further

investigation.

1 Investigating the flow discharge behavior beyond the impact point, intermediate and

far-field regions, in CFD studies should be conducted in detail.

1 Modifications to turbulence models, such as the incorporation of buoyancy terms, have
demonstrated an effective way to enhance the prediction of jet characteristics and

should be further explored.

1 As Al techniques have been introduced as promising approaches in the prediction of
mixing behavior in recent years, collecting rich data based on experiments and CFD
simulations can be a valuable basis for future Al studies.

A.6 Concluding Remarks

Outfall systems have been introduced as a solution for the adverse environmental impacts on
marine life resulting from the disposal of effluents in oceans and seas. Outfall discharges
protect marine habitats by providing rapid mixing, which leads to aidisgdinity and thermal

levels. Modeling of outfall discharge empowers engineers to predict the mixing behavior of
discharges and design proper discharges that meet water quality standards at the point of
compliance. This chapter provided a compreherg@geription of the basic concepts involved

in outfall discharge modeling and a critical review on the currentsfates-art in this field.

Thanks to the advancements in computational resources over the past two decades, the
application of CFD modeling in the prediction of-faixing behavior has been dramatically
increased. It was shown that numerical modeling is a promising tool for simguitetih outfall

single and multiple discharges, and it can be predicted that, in the near future, CFD modeling
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will be widely applied in engineering designs to decrease experimental and field costs.
Considering the pros and cons of different turbulence modeling approaches, the LES approach
provides more accurate results compared to the RANS approach, althoughrésdigher
computational cost. Therefore, as computational resources improve, more attention should be
given to the application of the LES for outfall discharge simulation, compared to the RANS.
Regarding different turbulence closures adopted in the RApproach, realizabl®@ - and

RNGQ - models have shown better performance in the simulation of single and multiple
jets, respectively. These comparisons would provide valuable insight into the efficient
modelingof outfalls for engineering applicationSinally, by the identification of knowledge

gaps and research directions, this study can be addressed as a reference for future researchers

conducting numerical assessments on the outfall discharges.

Nomenclature

Abbreviation

Al Artificial Intelligence

AlZ Allocated Impact Zone

CFD Computational Fluid Dynamics

DES Detached Eddy Simulation

DNS Direct Numerical Simulation

EPA Environmental Protection Agency
FDM Finite Difference Method

FVM Finite Volume Method

GGDH General Gradient Diffusion Hypothesis
LES Large EddySimulation

LMZ Legal Mixing Zone

LRR LaunderReeceRodi

MGGP Multigene Genetic Programming
NPDES National Pollutant Discharge Elimination System
ODE Ordinary Differential Equation
OpenFOAM OPEN Field Operation And Manipulation
PDE PartialDifferential Equations

RANS ReynoldsAveraged NavieStokes

RNG Re-Normalization Group

RSM Reynolds Stress Model
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SGDH Standard Gradient Diffusion Hypothesis

SGGP SingleGene Genetic Programming
SGS SubGrid Scale

SPH Smoothed Particlelydrodynamics
SST Shear Stress Transport

WFD Water Framework Directive

ZID Zone of Initial Dilution

Mathematical Symbols

a, b, andc Empirical parameters in Millero and Poisson equation
Bo Discharge buoyancy flux

bo Discharge buoyancy flux penit length

C Fluid concentration

Co Initial jet fluid concentration

Ca Ambient fluid concentration

W to® Constants in dimensional analysis

D Diffusion coefficient

O Transport term by diffusion

do Jet nozzle diameter

Fo Jetdensimetric Froude number

Q Acceleration due to gravity

Q Modified acceleration due to gravity

Q Initial modified acceleration due to gravity
Ha Ambient flow depth

ho Port height

o) Turbulent kinetic energy penass

ko) Heattransfer coefficient

L Diffuser length

Im Jetto-plume Length Scale

0 Portspacing

lo Discharge Length Scale

Mo Discharge momentum flux

Mo Discharge momentum flux per unit length
p Fluid pressure
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Greek symbols

v

Yy

Fluctuating component of pressure
Mean/ filtered component of pressure
production rate ofY

Prandtl number

Turbulent Prandtl number

Discharge volume flux

Discharge volume flux per unit length
Reynolds stress

Reynolds numbers

JetReynolds Number

Salinity

Jet discharge dilution

Centerline peak dilution

Impact dilution

Ultimate dilution

Terminalpeak dilution

Temperature

Jet discharge temperature

Ambient fluid temperature

Time

Jetdischarge velocity

Ambient flow velocity

Fluctuating component of velocity
Mean/ filtered component of velocity
Mean velocity in the, y, andz directions
Horizontal distance to jet terminal rise height
Horizontal distance to jet impact point
Horizontal distance to nedield location
Maximum centerline height
Thickness of the spreading layer

Maximumterminal rise height

Filter size
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Ya Yy andYa  Grid cell sizes it ¢y anda directions

o) Density difference between the jet flow and the ambient fluid
q Kronecker delta

- Dissipation rate ofY

— Jet discharge angle relative to the horizontal

: Dynamic viscosity of théuid

: Eddy viscosity

o kinematic viscosity

o Effective kinematic viscosity

o Turbulent kinematic viscosity

L Transport term byurbulent pressurstrain interactions

” Jet discharge density

” Ambient flow density

” Density of water changing with the temperatureMilero and Poissor

empirical equation

T Subgrid scale stresses

no Instantaneous variable

n Fluctuating component of an instantaneous variable
n Mean component of an instantanevasgable

m Transport term by rotation
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Appendix B: Test Setup and Equipment Employed in this

Research

Fi g u-dlydréulics laboratory at the University of Caglidrit 2@l yhowi ng LI F s
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Figure B-2 5-W diodepumped soliestate (DPSS) continuous green laser
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Figure B-3 Digital chargecoupled device (CCD) camera, Mikrotron EoSens 4CXP

CoaXPress
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Figure B-4 Designed diffusers witthe discharge angles of 30°, 45°, and 60°

(a) (b)
Figure B-5 (a) Gravity hydrometer an(b) flow meter
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