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Abstract

Introduction: In recent years, the scarcity of freshwater resources and the increasing water
demands due to population growth and industrialization, have turned the issue of supplying
drinking water into a global subject. Therefore, exploiting unconventional water resources,
such as saline and brackish water using emerging technologies for desalination, has emerged
as a promising solution in coastal areas. Desalination through Reverse Osmosis (RO)
technology besides freshwater produces brine effluent as a byproduct, which has more
salinity and density than the feeding water. Improper disposal of this effluent into coastal
bodies will have serious environmental impacts on the receiving environment and can
severely affect the aquatic ecosystem. To prevent negative impacts, the effluent is discharged
through submerged nozzles diagonally, with a high initial velocity and momentum, at a
distance far enough from the shore. Using this method, the outflow is mixed with the
seawater due to disturbances and the concentration is reduced down to the tolerance of the
marine environment. In this study, the results of an experimental study were reported in the
stationary environment to investigate the time evaluation of the discharge, and the process of
mixing and dispersion for 60° inclined dense discharge.

Methodology: The planar laser-induced fluorescence technique (PLIF) has been used to
capture the flow central plane in this study. The system consisted of two swift scanning
mirrors to provide a flat laser sheet across the centerline of the flow. The laser sheet was
formed by the oscillation of a 100 milliwatts green Diode-pump solid-state laser (DPSSL)
beam with 0.5mm width. With an infinitesimal quantity of a fluorescent dye (Rhodamine
6G), the discharged effluent would be fluoresced under the laser. The reflected light is
captured by a CCD camera (Mars 640-300G 1/4"@4.8um) in the grayscale form at the rate of
100 frames per second. The procedures were controlled by a computer server equipped with
an I/O board and controlling software and the images were continuously downloaded to the
hard disk of the server for later processes. The captured images were then modified and
calibrated for laser attenuation and sensor response for each pixel using clear and dyed
water of known concentration.

Using this technique, the system can illuminate the instantaneous behavior of the flow and the
production, development, and dissipation of turbulent eddies along the flow. By capturing the
flow instance behavior, the formation of turbulent eddies and their impacts on turbulent
diffusion and flow mixing and entrainment have been investigated. Also, concentration
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fluctuations at the centerline, the effects of Kelvin-Helmholtz instability, and shear entrainment
on the flow mixing process were discussed.

Results and Discussion: By illuminating the flow behavior, the development of flow regimes
in jet and plume-like regions and the formation of instabilities, and the dissipation of eddies
were studied. For this purpose, the instantaneous images of the flow evolution for different
times were extracted and depicted using a non-dimensional parameter developed
specifically for this purpose. The different processes of flow mixing and dilution along the jet
and plume regions were analyzed by describing the physics of eddies formation and
dissipation long the inertial subrange. The formation of flow packets out of the main path is
affected by the intensity of velocity fluctuations. The vortices take their energy from the
averaged velocity and transfer it from the biggest formed scale i.e. integral scale to the
smallest vortices i.e. Kolmogorov's viscous subrange in a cascade of energy. The Energy
Cascade is basically an energy spectrum that characterizes the turbulent kinetic energy
distribution as a function of length scale. The scales of turbulent structures are directly a
function of velocity fluctuation in each region and direct the process of the entrainment that
led to the increases of dilution from the nozzle tip to the seafloor. These days, numerical
simulations are becoming a common way of modeling the brine discharge in the marine
environment. It is time-consuming and needs high expertise. The models are usually
unsteady and after full development, the flow time-averaged image of the last 45 to 60
seconds is used for identifying the flow geometrical and mixing behavior. Using these
experiments, it observed that the non-dimensional time required to flow fully developed and
reach the impact point is about T'=5.7. Knowing that will help engineers find the optimal
duration of time needed for the simulation and modeling.

Conclusion: It is known through the basics of physics that the maximum range for projectile
motion happens when it is launched at an angle of 45 degrees. However, the previous
experiments exhibited that the maximum dilution at the impact point occurs at the nozzle
with 60° inclinations where the flow path is the longest. It was carefully examined by
explaining the complex action of turbulence on flow mixing and dilution. The formation of
eddies initially begins due to Kelvin-Helmholtz instability and it leads to velocity
fluctuations with different time and length scales in the body of flow. The result is
concentration dispersion with different magnitudes along the flow path in inclined dense
discharges.
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Fig 3. Instantaneous picture of flow time evaluation for 60° dense discharge
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Fig. 4 The tie-avered picture of flow for 60° dense discharge
a0 Pyl b S8z by adis o Jlz Gy eSils sl g B S

Gaussian

O X/dF=0.45

A X/dF=1.9

X/dF=2.8

[m]

C/CO

Jraranantanantaresesess oy

Fig. 5 Normal profiles of flow concentration along the jet-like, maximum rise height, and plume-like region
UL’)'> J.iw f»}b 0dgde g C?‘ alags ~Jiw S 0dgdse O ub).> u.!al.c)‘ JLe).: sl T o I J&w

o] Ls s ahs o cbl glpley 5 Sy Sl

cx:Ex+C'x (23) 0l (oo o)L..‘L‘ 3,9 u.,.a_ey dw O QL.’.)’ 6}5)“’

o il e s sl 4 il aleE han i e S Jp abaii Sy il laalais
‘) (5LA\) ‘g;l—i-" ‘“)M ..\.uLo) o|55clb é’)—dw d_]a.:‘) )I obLM‘l_iLJa.ws...a clale o)l..bl .\.»569 QL""}’

Slwg adlgo g lawgle dilge 90 rex Ojgo 4 lgE o Prs Oe )

. . e . PR ° T
ol g St SLS ol g Caond 0,5 ol ax:le Cdr 22)
0

d)uiduuﬁ)‘oobaw‘l_:gjw)}loﬂjo\)y _ _ _ :
S =55 el an Slaj )0 (655 5l ol o &S

DS o0 el (o slaglwg Gl (5 SYe b
L ol aais o o cdale 0gd oo cdnlin a5 job lan

Slwgs sl ilse pdi gl 0gd o oo g 455

du . L] (5‘)—’ - "QS U"‘ \)9_...4‘5‘; oolazw! (RMSl) _
bl abais o] o cdale log Gl g el Clle fgame

1 Root Mean Square

Journal of Hydraulics
17(4),2022
118



V¥ OL{.A»A} g c)l.o.{;') Y 099

Sy yuad

7R (i 5 s sl (BB (oulie 2
S5 e laasls 5 el jo ol 2 b S
5 00,5 Jitie yiSzsS slaalo S 4 1) Suasl otix
8Ly iz 65 Jbw ) imaw o 5ol o
el Gl oS o Sy JolS o b a |,
Sl Slo Ses a5 a8 5 IS slaails I o 5 SasS
JS w1y 053 5l 5SS slaals e o551 Jli!
S0 S oo hos 2le)S hHl ] (S8L)e 655
s 5 o el BTl Plredl wasl oy
wl b S, sleals 5 5h als 5w 4o Tl sl Jsl
o=l 50 il e 01,8 SO (45,8 slaals 5 4
Olayz 5o as8,s JSS laals 5 0 25 )5 olal w2l
2 g 039 edtipdy b e (Jo b slaaasiis | (b
3l Fabite YalS sla (g g ojlail ccalize slacue
als S ol (s g 595l e) alo SouSo
loals 8 laie b g oo b ,2 (65, odwee odijlo 0
S eS We—boe atbid IS Wlie Ly
25 s @55 Plradl aml o ady glaals S
ObeSs 090> L e Sz dod 50 g 0092 Jlw )
slagel plyte Ly as wisdpe (o8 Tuig e 5 0o
oobde ol 5o digdige Lt B9 5 5odsS L
33,5 oo ol alabu 51 Loy UKt & (65,31 ones i3y
o =lien o1 50 el anl ) s (Plresl anlyb
S5 an iz (55, 31 (55,0 JLEi sgame
33 (Plovedl &) by 4 (Los (38D (ole S
JUST S le (ol 4 098 0 J 505 als S 0 58595
Sl 5 55 dbal 4 plz 5ol 51 (Seasl (655
50 als 5 ojlail 09 o iS55 Ll (Sl 23l
el ool jo (chiz 655 @i (Sisse (Slos 42U
sl S0 cr anl 0 as oo lis 1) (655
5 b (Sraal gLl ol g o ls > ol
2 P aY b Cod g HagelanolS slacslabl
5 00 JLET (Ggmal T 5 S2) Sl 50 S o 50

FSzsS 4 5S 5 sleaia 5l o550 Jsl T 5l e

2 Energy Dissipation
3 Energy Transfer
4 isotropic

139 o0 Al 133 O g0 4y 0l (6 S 03l

Crus= C~ (24)
slaol o bluwy (S slagl > Jole adss o
e Byl g 3, S5 S 456 Jobo 53 5 0l
Blyzul g Ol ¢ e Slael [0 a5 >0 wies ol
pol oogamme ;5 5 a8l l3l mpad 4 bplugs Jlee
Az yp s Cnl A ey oo D93 e dnd 4y SO
PSSy JSbpgh 4l a4 S8 co axl 5l b >
Sloy Gl wlio o] o0 5 Galidl clale lug wgd
L a0 005 S50 ,dad 5l ol als 5 ol S
asls S ol dgsl gls al38l g Sllwg yais Sy
e b 500D oy s Jsbo (slo plidn | ont
093 Cad b g o5l 4 atas il by 0 4l S e
L (2lsmem (el 0l 50 9290 (st 55
Syrge SBAIS,T 505 alliy S e (5555
S gledns s obasls g o> aabg (b y> )0
dng bl osge 1) (eSSl b (Sl 55
s, s slaasls 5 ey ey g lubl olul o )b,
a9 ad)S Sl (s 5l 055 (65, eoes
Qg AiiS e Jilse 395 (9,0 40 xS oS slaals I
b S sS sloals S o 5 sloals S Sl (53, JUim
sloasls 5 el ol o il By pae V(65,1 Ll
S35 e g a5 by Ao Sl 655l S92 g
5 0sS o Ll og 2 5l 5 Sao8 slaasls 5 (sl 1
slaasls S 6l 65,50 ol plajen 4ls )5 52 &g,
aS Jdo ol as als 5 0s dales 0e5 5l 555
S35l e B Wl s Jie 5 S5 sS slaals S
ol ooy o2 sk a5 00,8 3l ) (Seasl piix
3 35290 wgte Gy (i 65,50 5l 4T e
Iy ol i S go 4ndss 095 5l 35 5 slaals 3

30 e 3 ;:1‘4%-“5@ ! J"‘*")’“W&))‘" Lg]).g

1 Energy Cascade

Journal of Hydraulics

17(4), 2022

119



1) ‘dbm 9 ‘_?).a)g.c @.«Jlf

e 3 BBy g LY wiylyd (AR Lol oy

2 ol ) im0 &S 6ol slasgls
I S LSRN I+ PP RNV ‘sbli&';ilao)’-" Oladlas
50392 ol (rl S8 G Saezn 5 (AU cl oad
S8 bl Gl yin Glagw,p )90 g5o5e )

Siloge BT Bz slaglyz 3d5 5 Lo
g bl (silusno b Cusl odd (orw -7 K2 5
=25 St (sS Sl i s Ol Sl
S e a ol adsl o)Lt St ces ol
S L8, g Sl by s (sl ogee oS!

058 5 lag s ol ) e ]

& Jl 458y gl piiego Bae il yo g

.MO‘SA
Al 50 5 Sy Saplug Sgliie Bald o 5 cnl @
Slaciel jo Gy (S bl Gad g &,08 Sglite e
2ol 3 Felbite (ST LS, psly g cr axl
adgl bS] ol slgl B 50 ilas 51 o e slatal
Lol e 655 ggd90 (il 9 95 o0 oLl
arie dgly Ly alipy S ool oS > 5l gl
e sleaglez )18, crizmes £9050 (nl S (0
sloce I goazmy )l |y hle gladil 5l (29>

Ay oo a5 4y a8 oo 5l L YL 4 g, (g0g0e j5lils

Concentration

2084

30 40

50

60 70 80 920 100

Second (S)

180%
160%
140%
120%
100%
80%
60%
40%
20%
0% l

Concentration

20 30 40

500%

50

60 70 80O 90 100

Second (S)

450%
400%
350%
300%
250%
200%
150%
100%
50%
0%

Concentration

20

30 40

Fig. 6 The flactuation of flow concentration (a) in jet like region (% = 0.45), (b) in maximum rise hieght (ﬁ

50

70 80 90 100

Second (S)

1.9),¢)in

plume-like region (ﬁ =28)
‘ (ﬁ=0.45) o,z JKi G odgaze @) o cdale slalug £ S
(5:728) obyr IS8 sk 4l )3 (7 5 (5:=1.9) elis )| anca abais 10 (0)

Journal of Hydraulics

17(4), 2022
120



V¥ Om} g o)l.o.{;') Y 099

Sy yuad

S S 35
S G55
T (8) siloj oliie
Uj M50 ailas 5l e (25,5 oy
d; (mm) J56 aslas Jols i
G kgm?) co (55
C, (kgm™®) Lass adgl (59
C Kkgm?®) (5,5
T ORES
T a2 ol
(olg by alis

Pj kgm?®) (25,5 o JBx
Pa (kgm?®) b JK>
1 zocio — ¥

Abessi, O. (2018). Chapter 7 - Brine Disposal and
Management- Planning, Design, and

Implementation. Sustainable Desalination

Handbook, pp. 259-303.

Abessi, O. and Roberts, P.J. (2014). Multiport
diffusers for dense discharges. Journal of Hydraulic
Engineering, 140(8), 401-432.

Abessi, O. and Roberts, P.J.W. (2015a). Effect of
nozzle orientation on dense jets in stagnant
environments. Journal of Hydraulic Engineering,
141(8), 60-75.

Abessi, O. and Roberts, P.J.W. (2015b). Dense jet
discharges in shallow water. Journal of Hydraulic
Engineering, 142(1), 401-413.

Abessi, O. and Roberts, P.J. (2017). Multiport
diffusers for dense discharge in flowing ambient
water. Journal of Hydraulic Engineering. 143(6),
401-407.

Abessi, O., Roberts, P.J. and Gandhi, V. (2016).
Rosette diffusers for dense effluents. Journal of
Hydraulic Engineering. 143(4), 601-629.

Abessi, O., Ramani, Firoozjayee A., Hamidi, M.,
Bassam, M. and Khodabakhshi, Z. (2020). Three
Dimensional Laser Scanning  System  for
llumination of Fluorescent flow for the
Environmental Hydraulic researches. J. Hydraul,
14(4), 69-81.

Abessi, O., Saeedi, M., Hajizadeh, N. and
Kheirkhoh, H. (2011). Flow Characterization
Dilution in Surface Discharge of Negatively

G5 a9 gods gox —F
g XS ol s g oy (Sloj anwgs (gl cnl 5o
s sleolay slaglaz alss 1o 53y
Dygme dm azr > Frodnsly cod (dobe slayyS i el
o=l 5o a8 asl caloads o)) 5 gy 2R Loj]
il inl asd 5 1,8 axgi 0 )90 5 sk 4y aslllas
Sl sz 9 Ol Sloj A )3 o Gl el
2 0l 8L 5 Lagssl Ploasl 5 Sl «(5,5 S
el baoe 5o Glo o DS clale  Saasy
slagles slp Ol axwgs 5l slalad slo pgas g0
oAl Al pgal A dmy o DHge & g gl Pl i
9 S co axbslal jo b > ST e el
B8y Sl Sepd s by Jlow S8 pshy
Oleyz slatins (6,5 IS8 (Sigfe wwiadl slapl
JUisl s gy (cdald) Co o slaplag Dol i Sk
olasr cz i) by o oS Szl b e 51 (55
odzrn S jed G b Sl )00 (g S
S Oz B8y Dol e (ol 2 LIS g (Sead]
S I Glapl z adss jo 4l SO oS > i
Oml 0 eS8 Con 0 )90 4z )0 P 090 sla 5L
Jid, 4 Sail 6,58 U sl oo orw by ol 4 e
5 oy sa s o L > Seeldg e so oy
00l oai pdy o sloo S yo ,50 slasluy LM

YW

‘5)|)iwh.w -0

)| |) g2 UJL))..\_% w‘).o aJlao L)lf"\"'“""}’ 9 L)‘ < 2o’
el b 5l el Sy et (saio oRAS Coles
A )lo go el BNUT/390035/1400 o jlouis s g5

Lol Cow ppd -F
e 30 g la adaly o aid,y IS 4 sladilis g loles den

RV R TR IR |-

Lp (m) Job wlde
frd Qe dy9,8 doe
g\ (mS‘Z) W) C)Lo\ w‘; &_JL.MJ

Journal of Hydraulics

17(4), 2022



VP oo g (o 3 590 Sudlf

e 3 BBy g LY wiylyd (AR Lol oy

Tofighian, H., Aghajanpour, A., Abessi, O. and
Ramezani, M.M. (2021). Simulation of Inclined
Dense Jets in Stagnant Environments: an LES and
Experimental ~ Study.  Environmental  Fluid
Mechanics, 138(1), 358-361.

Wang, H. and Law, A.W. (2002). Second-order
Integral Model For a Round Turbulent Buoyant Jet.
Journal of Fluid Mechanics, 459(1), 397-428.

Zeitoun, M., mcllhenny, W. and Reid, R.O. (1970).
Conceptual design of outfall systems for
desalination plants, Office of Saline Water
Research and development progress.

Buoyant Flow in Stagnant and Non-Stratified Water
Bodies. Journal of Water and Wastewater. 22(4),
71-82. (In Persian)

Fischer, H.B., List, J.E., Koh, R.C.Y., Imberger, J.
and Brooks, N.H. (1979). Mixing in inland and
coastal waters. Academic Press, Waltham.

Jirka, G.H. (2008). Improved Discharge
Configurations  for  Brine  Effluents from
Desalination  Plants., Journal of Hydraulic

Engineering, 134,116-120.

Kikkert, G.A., Davidson, M.J. and Nokes, R.I.
(2007). Inclined Negatively Buoyant Discharges. J
Hydraul Eng., 133(5), 545-554.

Lai, C.C.K. and Lee, JHW. (2012). Mixing of
inclined dense jets in stationary ambient. J Hydro-
environment Res, 6(1), 9-28.

Oliver, C.J. (2012). Near field mixing of negatively
buoyant jets, PhD Thesis, University of Canterbury,
Christchurch, 102 p.

Papakonstantis, 1.G., Christodoulou, G.C. and
Papanicolaou, P.N. (2011). Inclined Negatively
Buoyant Jets 2: Concentration Measurements.
Journal of Hydraulic Research, 49(1), 13-22.

Pincince, A.B. and List, E.J. (1973). Disposal of
brine into an estuary. Journal of Water Pollution
Control Federation, 45(11), 2335-2344.

Ramezani, M., Abessi, O. and Rahmani Firoozjaee,
A. (2020). Numerical Simulation of Dense
Discharges from 30° Submerged Inclined Jet in
Free and Bed-Affected Conditions. Journal of
Hydraulics, 15(3), 75-91. doi: 10.30482/jhyd.
2020.228141.14541 (In Persian)

Roberts, P.J. and Toms, G. (1987). Inclined Dense
Jets in Flowing Current. Journal of Hydraulic
Engineering, 113(3), 323-340.

Roberts, P.J., Ferrier, A. and Daviero, G. (1997).
Mixing in inclined dense jets. Journal of Hydraulic
Engineering, 123(8), 693-699.

Journal of Hydraulics

17(4), 2022

122



